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; ’ ABSTRACT ’
M.Sc. . GITA KHANNA Microbiology

NA+—DEPENDENT ACTIVATION OF RESPIRATION AND MEMBRANE TRANSPORT
L ‘ \ IN A MARINE BACTERIUM -

o »

il

+ 1
%, The quantitative Na requirement for maximim respiratory activity
. -4
was examined’ and compared with that for the maximum rate of tians-

‘ +
port in the marine organism, Alteromonas haloplanktis. Na ~dependent

actzivation of respiration was examined using several eicogenously—
added oxidizable substrates. NADH was actively oxidized by intact
cells but Na® had no stimulatory effect. Howex;er, oxidation of NADH
or ethano.]; by toluene-treated cells required 100 mM or 50 mM Na+
O respectively for maximum activity. Succinate and ﬁlemb;ane—bouﬁd
ascorbate /TMPD ‘oxidases‘ showed no» sp?cific requirement for Na+,_
whereas soluble ascorbate/TMPD oxidase required 5 mM NaCl for maxi-
mum activity. Ethanol oxida;tion by }mtact cells was stimulated by
2 mM NaCl. Maximum rates of o-aminoisobutyric acid (AIB) transport
were shown to require 250 mM Na+. Since, with ethanol as an energy

-

’ +
source, only 2-mM Na is required by whole cells.for maximum rate of
'
regspiration and 250 mM Na© 1s needed for maximum rate of AIB
transport into the cells, there is clearly a Na+ requirement for

transport of AIB yhich is separate from the Na+ requirement for

respiration. '




RESUME

. ‘ ‘
M.Sc. ‘GITA KHANNA , Microbio“’logie

/

{ DEPENDANCE DE L'ION NA' POUR L'ACTIVATION DE LA RESPIRATION ET
DU TRANSPORT CHEZ UNE BACTERIE MARINE

;
+ .
Les besoins en ion Na pour une actiJite respiratoire maximale

‘ ) - - - / s
ont été quantifiés et comparés avec ceux requis pour un taux maximal

de transport chez 1'organisme marin, Alteromonas haloplanktis. On a

examiné 1'effet stimulateur de 1'ion('1(1a+ sur 1'activité respiratoire
des cellules entiéres au moyen de/plusieurs substrats oxydables

exogénes. Le NADH &tait activement oxydé par les cellules entiéres
i +
sans aucun effet stimulateur de/l'ion Na . Cependant, 1'oxydation
“
des substrats NADH ' et &thanol par des cellules traitées au toluéne

exigeait 100 mM et 50 mM respectivement pour atteindre une activité

f
maximale. Les oxydases liges au succinate et 3 1'ascorbate/TMPD de

la membrane n'ont pas montré de dépendance s%écffique pour le Na+
alors que l'oxydase‘goluble de l'ascorbate/TJPD exigeait 5 mM NaCl
pour atteindre une activité maximale. L oxydation de 1'éthanol par
les cellules enti8res &tait stimulée par 2 mM NaCl. Le taux maximal
de tgbnsport pour l'acide a—amino—is;butyrique (AIB) exigeait la
préseLce de 250 ©M Na'. Comme 1'activité respiratoire des cellules
entidres avec 1'éthanol requiert 2 mM Na+ et que le transport actif
de 1'AIB requiert 250 mM Na+, on peut donc déduire ‘que l'exiggnce en
Na+: pour le transport de 1'AIB est bien différente et séparée de

/ .
1'exigence en Na' pour la respiration. !
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AIB

CoQ

7

‘a-aminoisobutyric acid
coenzyme Q

reduced nicotinamide adenine dinucleotide

N,N,N',N*~tetramethyl-p-phenylenediamine
dihydrochloride

lgg‘ionsll Na+
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INTRODUCTION

ld

S The feature which distinguishes gram negative marine bacter
¢ most cleai:};y, from their terrestrial counterparts is the strict

dependence of the marine species upon the presence of Na+ in the

environment for optimum growth and metabolisn? (MacLeod, 1965).

T gnrépeau and Macleod (1966) demonstrated that the Na+ requirement for

2 P the growth of a marine bacterium, Alteromonas haloplanktis, reflects

‘ . ‘
1 a requirement for Na to transport metabolites into the cells. In

s

adqlﬁition, Na-"' was also found to have a function in preventing the
] - .
0 loss of intracellular solutes from the cells (Wong et al., 1969).

Thus, it is8 apparent ‘that marine bacteria require Na+ for the
4

maintenance of cell integrity and for active transport functions
; in the cell membrane. Recent studies by Unemoto et al. (1977)
demonstrated that Na+ was required for maximum activity of the

S membrane-bound NADH oxidase of the marine organism Vibrio algino-

lyticus; bimilar results were obtained with the moderate halophile ‘ -

i ) lVibr:Lo costicola. As‘the NADH oxidase from non-halophilic Eecéherichia

] «

coli showed no specific requirement for Na+ (Unemoto et al., 1977), L

e
*

the Na+—dependent activation of NADH oxidase was considered to be a
{ . -

characteristic feature of halophilic bacteria.




- of ﬁeta@olitgs (Drapeau and MacLeod, 1963, 1966), as well as a

—- . [P , RS - e e e [T

-

Since Né+ has been shown to have a function in the transport

specific involvement in the respiration of marine organisms (Unemoto
et al., 1977), it seems necessary to differentiate the quantitative
Né+ requirement for the maximum activity of each of these processes.

The objective of the present research was to detefmine the

quantitative Nét requirement for transport and respiration in the

) E

marine bacterium, Alteromonas haloplanktis. The N&+ requirement for, .

the maximum oxidation of several exogenous substrates was examined
and compared quantitatively with the concentration of Na+ needed for
maximum uptake of the non-metabolizable analogue, a—aminoisobutyric
acid, into the cell., Based on the quantitative Né+ requirement for
the maximum respiration of different oxidizable substrates, an

’

additional purpose of this investigation was to identify the possible

site of Na+—dependent activation in the electron transfer chain of

A. haloplanktis., \ ?

e Y 7 T T T ot
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1

LITERATURE REVIEW .

X
1. Role of Na+ in marine bacteria

A large proportion of the bacterial flora 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 that a marine luminous
bacterium had a specific requirement/for Na+. Later, Mudrak (1933)
confirmed and extended Richter's findings by" demonstrating that ten
additional strains of marine luminous bacteria also required Na+ for

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

salts were required for the growth of a number of marine isolates
and could not be replaced by equimolar concet{trations of K+ salts.
Using a chemically defined medium, MacLeod et al. (1954) investigated

the requirement for indrganic ions for the growth of six marine

\ : +
bacteria and found that all of them had a requirement for Na+, K,

ug'?, 2o’

required Ca+2 and Cl—l. When the quantitative requirements of three

- (
and 8042 for growth., Several of the organiams also
marine bacteria for -Na+ and K+ were further investigated, MacLeod
and Onofrey (t1957) found  that the maximum rate and extent of growth'
was achieved with 0.2 to 0.3 M Na+. Li+, Rb+ and Cs+ had no capacity
to replace Na+, although K exhibited some sparing action at sub-

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

ey e s e =




for marine bacteria was also shown by Payne (1960) in his 'study of
the growth and metabolism of:a marine pseudomonad. Recently, Some
700 strains and species of marine bacterla were examined gnd shown to
grow only if Na+ was present in the medium-%(vReichelt and Baumann, °

1974).

A Na+ requirement ‘for growth was initially believed to be a
characteristic unique to marine Ccteria; however, "Btudies cox;dut:ted
on some terrestrial bacteria have revealed that several species of
the latter also require Na+ for growth. Halophilic bacteris have
been isolated from several salty non-marine environments. As
described ;.n numeroys reviews (Larsen, 1962, 1967; Dundas, 1977),‘
these ‘organisms collectively labelled as "extreme halophiles" are
unique in that they not only tolerate but require bfaCl concentrations
above 10~15% for suryival; and often need 20% NaCl for optimal growth.

Among the non-halophiles, however, Escherichia coli was found to
!

require 3 mM godium for an optimal growth rate on glutamate (Frank

* and Hopkins, 1969). Salmonellz; typhimurium requires about 8 mM Nat

for an optimal yield in the fermentation of citrate (0'Brien and

Stern,; 1969). The rumen inhabitant Bacteriodes amylophilus has also

been shown to require 60 mM sodium for sn optimal growth rate and
yleld (Caldwelk et al., 1973). With the exception of some ecologic-

ally specialized or.ganisms that inhabit environm’ents with relatively

+
constant Na concentrations, most terrestrial organisms do not

appear to have a specific requirement for sodium. Where a requirement

’

has been demonstrated, it has usually been found to be considerably
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lower than observed in marine* bacteria and is often dependent on the

¥
conditions of cultivation.

»

Studies on Na+—dependent growth and the physiological basis
for this feature had been confined to two marine species, Alteromonas

haloplanktis and Photobacterium fischeri. MacLeod and his co-workers

have shown that Na+ serves two functions in “these organisms. One is
a specific 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 intracellular solutes

from the cells (Drapeau and MacLeod, 1965; Wong g_ﬁ_g_l!._., 1969;

MacLeod _e;t;é_l“., 1978). Recent studies on the marine bacteria

Photobacterium phosphoreum and Vibrio alginolyticus have revealed

that Na+ has also a function in the respiratory actimities of these

organisms (Watanabe et al., 1977; Unemoto et al., 1977).

a. Na+—dependent transport in
marine. bacteria
) )
+
Earlier studies by MacLeod et al. (1958) revealed that Na is-—
. \

required for the oxidation of exogenous substrates by cell su\spensions

of A. haioglanktis. For the oxidation of monobasic acids and hexose

sugars, 0.05M Na+ was required; for di- and tri~basic acids, however,
" [ €

two to three times this level of Na+ were needed. When cell-free

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

tricarboxylic acid cycle c\ould be shown to require Na+ specifically

&Y
for activity (MacLeod and Hori, 1960). That the requirement for Na
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by intact cells of A_ haloplanktis might represent a Na+ requirement
for the transport of metabolites into the cells was first indicated by
Drapeau and MacLeod (1963). They showed that the active transport of
the non-metabolizable amino acid analogue, a~aminoisobutyric acid
(AIB) into cells of A. haloglzxtiktis and P." fischeri is Na+—dependent.
Mor/g detailed studies with the marine bacteria (Drapeau and MacLeod,
1966) revealed that the amount of Na+ required for transport varied
with the compound transported and corresponded to the Na+ require-
ment for the oxidation by ‘yhole cells of the corresponding metaboliz-
able substrate. This led to the conclusion that the Na+ r:’quirement.
for oxidation represents a Na+ requirement for transport. This
conclusion w;‘s substantiated by the evidence that the quantitative
Na+ requirement for the uptake of D-fucose, a non—nlgtabolizable
analogue of D-galactose, was similar to the amount, of Na+ needed for

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

Recent studies by Wong et al. (1969) have shown that the
uptake of inorganic orthophosphate by the marine bacterium A. halo-
planktis is also a Na+—dependeut process. Subsequent st;udies

‘.
conducted on K+-dep1eted cells of the_ marine bacterium (Hassan and

Macleod, ‘1975; Thompson et al., 1970) revealed that K+ transport 18 a

saturable process and requires Na+. - /

Hence, the results obtained from transport studies have led to
the conclusion that the primsary function of Na+ in A. haloplanktis is
to permit the transport of essential metabolites into the cell.

Since other alkalli metal ioms could not satisfy tge Na+ requirement




T

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

.

was a specific one,

+
b. Na requirement for the retention
of intracellular solutes

¥

In the course of studie& on AIB uptake in A. haloplanktis,
Drapeau and MacLeod (1965) found that the retention of this non-
metabolizable compound by the cells was also markedly affected by the
ion composition and concentration of the suspending medium. Cells
were allowed to accumulate 1%C~labelled AIB, separated from the medium
and then resuspended in different salt solutions. When the preloaded
ce&w«:—: resuspended in a sollution of NaCl, KC1 and MgSO4, the
labelled compound was retained by the celis even after one hour of
incubation. However, when the suspending medium~¢dntained only
0.05 M MgSOa, the 1abe)1 in the c;ells was rapidly lost. It was also
observed that in the absence of a sufficient concentrati:m of cationg,
the cells lost their viability (Wong et al., 1963). Since the
release of int;:acellular ATIB occurred prior to the loas of viability,
loss of viability is probably a long-term conaec‘luence of changes l
associated with the loss of intracellular solutes (Wong et al., 1969).
In these experiments, suff,icient: Mg+27was present to prevent lysis
of the cells. LiCl and, to a lesser extent, KCl were both partially

effective in preventing the loss of 1“C-AIB from the cells. Since

prevention of release of AIB from the cells could be effected, at

least partially, by other ions, the role of Na+ in this function is

s

[t
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a less specific one. Somewhat similar obsefvations were made by -

Srivastava (1965) with the marine bacterium Photobacterium fischeri.

In considering the mechanism by which salts coul&-g;:event the
release of intracellular solutes from thé :éells, it was hypothesized
that D’Ia+ was required to maintain cytoplasmic membrane proteins in
the proper configuration to permit tight packing of membrame sub—

. |

mits (Buckmire Land Macl;eod, 1965). The possible osmotic effect of
Na+ in preventing loss of intracellular solutes.was-not considered
since individual salts were shown to differ markedly in their ability
to prevent loss of solutes from the cells. Lower concentrations of
NaCl and LiCl than KCl1 or NH401 were effective in this function
I(Drapeau and Macleod, 1965). Furthermore, itrwas, observed that the
concentration of NaCl in the cells was the same as that prevailing
in the medium (Takacs et al., 1964). 1In view of the recent findings
in A. haloplanktis that internal Na+ concentration 48 lower than the
external concentration (Thompson and Macleod, 1973), the role of Na+
in preventing loss of intrace?llular solutes from A. haloplanktis

cells as a result of an osmotic effect was re-examined. Recent

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

-gytoplasmic 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 Ca+ than
Na+, Li+ or Hg+2 in permitting 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 stretched cytoplasmic

membrane.




2, Role of Na+ in respiration

A

It is now firmly established that wall aeroblc bacteria possess
membrane-bound electron transport chains that result in net proton
translocation across a membrane of limited ion permeability during
oxidation-reduction reactions. The diversity of the ind-ividua1
membrane-bound redox components found in bacteria, as well as the
great variations in the physiological reductants and oxidants
utilized by bacteria, has been well documented in many reviews
(Haddock and Jones, 1977; Jones, 1978; Jones et al., 1975; Bartsch,
1968; Harold, 1972)., However, comparatively little attention has
been directed towards the composition and properties of the respiratory

chain of bacteria known to require Na+ for growth,

Recent studies on the electron transport systems of sgveral
halophiles belonging to the Halobacterium group which grow best in a
medium containing 25-30% NaCl, suggest that these bacteria have more
fhan one oxidase during their logarithmic phase of growth (La:u:sen,
1967). The halobacteria examined were shown to contain cytochromes
of the b- -and c~types as well as an o~type cytochrome oxidase (Cheah,n
1969, 1970a; Lieberman and Lanyi,‘ 1971). In addition, these bacteria
were shown to'have respiratory-linked NADH dehydrogenase activity
(Hochstein, 1975; Hochstein and Dalton, 1973; Lanyi, 1969a). Enzyl?es
of extremely halophilic bacteria have been found to_fequire high
concentrations of salts for maximum activity and stability. Extensive
reviews on the studies of these salt effects on haiophilic enzymes

have been written (Larsen, 1962, 1967; Brown, 1964; Dundas, 1977;
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Lanyi, 1974). The NADH ;xidases of H. cutirubrum and halophile AR=1
have been shown to be inactive without added salt and to require 2-3
M NaCl for full activity (Lanyi, 1969a, Hochstein and Dalton, 1968a).
At low salt concentration/s the enzymes were found to be irreversibly
inactivated (Lanyi, 1968; Hochsteir; and Dalton, 1968b). The salt
requirement of NADH oxlidase was Ifound to be non-specific since large
numbers of salts such as KCl, RbCl and CsCl could replace NaCl with
little or no loss of activity (Lanyl, 1969a). In addition to aalts/
of monovalent cations, other substances such as MgClz, CaClz,

spermine and polyamine have been shown to activate halophilic
resplratory enzymes (Lanyi, 1969b). Hence, on the basis of these
studies, and other similar observations, it has been suggested that

high concentrations of salts are essential for the maintenance of the

respiratory systems of halophiles (Lanyi, 1974). )

Some general features and properties of marine resplratory

systems have also been recently documented, Studies conducted on the

>~
i

A

marine bacterium Beneckea natriegens have shown that this organism

contains a complex respiratory system with four or possibly five CO-
binding cytochromes, including an unusual high potential soluble
c-type cytochrome, each of which could be acting as a(@terminal oxidase
(Weston et al., 1973, 1974). The presence of a periplasmic soluble
CO-binding c-type cytochrome has also been shown in Alteromonas
haloplanktis (Knowles et al., 1974), More recent studies on the =
extracts of E natriegens showed that th{a organism also -contains NADH,

succinate and ascorbate/TMPD oxidase acti}dtiea (Weston et al., 1974).
7
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The effect of Na+ on the respiratory chains of marine bacteria
was first documented by Unemoto et al. (1977). Using cell-free
extracts, they showed that the membrane-bound-NADH oxidase activity

of slightly halophilic marine Viiario alginolyticus required 0.3 M

Na+ for maximum activity. Other caﬁi'ons such as Li+, K+, Rb+, CB+,

Mgt%_:jgnd Ca+2 were relatively ineffective as replacements for Na+;

i \

hwéy‘ér;, K+ la'nd Mg+2 cooperated with Na+ for activation. In a
subsequent study, the resi)iratory chain of V. alginolyticus was“
examined to identify the components conferring the Na+ activation
(Unemoto and Hayashi, 1979)., The respiratory chain in this marine
organism was found to contain ubiquinone (Q), menaquinone (MK),
cytochromes of the b-, c~, d- and o-type. The membrane-bound and
partially‘ purified NADH dehydrogenase was stimulated two-\to three-
fold by the addition of 0.2 M Na' or K. No specific requirement
for Na+ was obgerved in this reaction step. e cytochrome oxidase
showed no requirement for monovalent cationé. The respiratory
activity of the membrane was lost on removal of the quinones and the
reincorporation of authentic Q-10 and MK~4 restored the activity.
The rate of MK~4 reduction by NADH was activated by Na+, but only
slightly by K"-.~ Likewise, the ubiquinone reductase was more
effectively activated by Na+ than by K+. These results strongly
sdggested that the site of Na+—dependent activation in the
respiratory chain of marine V. alginolyticus was at the step of

NADH-quinone oxidoreductase. f




N .
Na -dependent activation of NADH oxidase has also been

observed in another marine bacterium, Photobacterium phosphoreum.,

Based on the results obtained, it was suggested that Na+ activated
the cytochrome electron transfer system in this organism at a poiﬁt

between NADH and cytochrome b (Watanabe et al., 1977). Recent

& '

studies on the membrane bound NADH dehydrogenase of P. ghosghoreu;n
have shown that this enzyme, which contains FAD as a I;rosthetic group,
is activated by monovalent cations. The cation-dependence of NADH
dehydrogenase activity, however, was not specific since various
monUVfllent cations produced almost the same degree of activation as

Na' (Imagawa and Nakamura, 1978).

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

non-halophilic bacterium, Pseudomonas stutzeri, Respiration in this

organism proceeded' at an appreciable rate in the absence of K+ and
Na+. Howew}er, the oxygen uptake rdte 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+.
Hence, K+ is necessary for the enhancing function of Na+. Other

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

late respiration (Kodama and Taniguchi, 1976),

+ .
3. Na -dependent transport N

. £

Sodium—deper'xdent transport in bacteria has been recognized
for many years. Drapeau and MacLeod (1963) and Drapeau et al. (1966)

presented the first definitive experiments showing Na' and K to be

j ™
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required for the transport of amjmodeobutyric pqid and fucose into
N .

the marine bacterium Alteromonas haioplank}:is. Recent ‘studies have

shown that 2ll amino acid transport systems in Halobacterium halobium

membrane vesicles,were‘Na+—dependent. Glutamate uptake into the

@

cells and membhrane vesicles of Escherichia coli waaa shown to be

stimulated by Na+ (Frank at\d Hopkins, 1969; MAcDogrzald et al.,

1977b; Hasan et al., 1977).\In a study of the melibiose permease

A}

system of Salmonella typhimurium, Stock and Roseman (1971) showed \/\ .

that Na+ was required for the uptake of thiomethylgalactoside.
" +
Other examples of Na -dependent transport in terrestrial procaryotes -

Anclude * succinate twansport in Micrococcus lysodeikticus (Ariel

* and Groééowicz, +1974) and the transport of proline into Mycobacterium

‘et al., 1973). Lif in some systems exhibited}é?;:cts similar to

F}y those of Na+, as in thiomethyl galactoside uptake in S, tmhimuritm

;
|

-phlei (Hiratd et al.{ 1974).

Other cations were found to have less specific ‘or more elusive
effects. ‘Kt was found to be required for the accumulation of amino~
isobutyric acid in a marine pseudomonad (Drapeau and MaclLeod, 1966)

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

v

} .

(Stock and Roseman, 1971), but appeared ineffective in other systems, .
as in aminoisobutirric ‘acid transport in A. haloplanktis (Drapeau .

et al., 1963) and glutamate tramsport in E. coli (Kahame et al.,
’ ! .

1975; Hasan et al., 1977). o

That sodium 18 required for transport suggests that Na+ acts

o

as a cofactor influencing the binding of the substrate to the

o n ¢

oo 0 o




tranasport carrier and/or the conformation of that carrier. Na+ need

not nechs_arily be bourid to the carrier protein but if it is ;.nd the'
‘ Na+ is translocated at the same time as the substrate, then the

electrochemical Na+ gradient could serve as a driving force for

active tramsport of the,substrate in question. ki

a . LN

Eariydstudies by Thompson and Macleod (1973) appeared to rule
out the involvement of a Na* gradient in the accumulation of amino-
isobutyric acld by A. haloplanktis. When N§+ and K+ gradients were
seemingly gbolished (é;:tra—cellular iod concentratio;ls were adjuéted
to that estimatﬂed to be present intracellula%_y),there was no effect
on the uptake of the substrate. This conclusion was substantiated

by studies conducted by Kahane et al. (1975) in E. coli, where it was

i .
‘not possible to demonstrate substrate-dependent Na.t influx during

14

glutamate transport. The importance of a concentration gradient of «

Na+ in the Na+-stimulated transport systems had been rejected on the -

basis of other experimental results ‘as well. Results obtained on
» the effect of Na+ on the kinetic parameters, Km gnd Vmax, revealed

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

4

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

metabolite was decreased (i.e., the affinity for the tramsport
substrate was raised) in’the presence of Na+ and the Vmax was
unaffected include glutamate tranmsport in E. coli (Halpern et ‘al.,

1973), succinate uptake in M. ]ysodéikticus (Ariel and Grossowicz,

1974) and AIB transport in A. haloplanktis (Wong et al.; 1969). The

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

A Y
° (
.

e 3
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Y
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exemplified a case Where the Vmax for transport was increased in the

7
presence of Na+, whereas the Km remained unaffected. "This suggested

that the carﬂér tgraveréed the membrane more rapidly in the presence

of both substrates. /,*‘The observation that both the parameters, Km
and Vmax, did not }{hange with Na+ concentration has been used to

argue against cotranslocation of the cation with the substrate and in
, ) ~

. . favor of a cofactor effect.

Recent evidence for a H'/Na® antiporter in E. coli (West and
Mitchell, 1974) cells has stimulated a large number of new studies :
‘and the re-evaluation of a number of the earlier ones on the role
of ia+ gradient in t]gan5port in accordance with Mitchell's chemi-

O . osmot::l.c~ hypothesis. ' \
-

proton gradient effected by respiration, ATPase or bacteriorhodopsin

According to the chemiosmotic hypothesis, the transmembrane

activity is used to extrude Na+ from the bactetial cells by .a Na+—H+
antiporter resuiting in the creation of an inwardly directed trans-
_ membrane Na+ gradientg The chemical ‘and electrical components of
t}lis gradient, either separaﬁely or in comllpination can be used to

drive the intracellular accumulation o}. nutrients (Mitchell, 1966,

- 1973; Harold, 1972).

o

Evidence for the existen;é of a H+/Na+ antiporter in E. coli

was provided byjstudies conducted by West and M{tckell (1974).

Anaerobic cells were incubated in the preﬁence of + and the permeant

0 anion SCN , which compensated for any charge imbaljnce created by
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ionic movement across the membrank. Addition of Na+ caused
\

/gcidification of the cell suspension which was reversed in the

presence of the un/coupler FCCP. The authors comcluded that the ,Na+
influx caused coupled H+ efflux from the cells. When a pulse of

oxygen was Introduced, the H+ was expelled and returned slowly into
) , /
the cell in the abSence of Na+; however, in the presence of Na+, the
4

8

H+ returned rapidly.

)

The presence of I{+/l{a+ antiporters has since been shown in a

]

number of microbial systems. Lanyi and MacDonald (1976) provided
evidence for a H /Na' antiporter in H, halobium cell envelope
vesicles in whick'g the source of the proton gradient was the light-~
induced extr\lmion of protons by bacteriorhodopsin. Evidence for
q+/Na+ antiporters has also been shown in S. typhimurium (Tokuda and
Kaback, 1977) and marine”bacterium A. haloplanktis (Niven and

MacLeod, 1978).

The observation that Na+ is'required for the transport of a
number of substrates suggests that these substrates may be symported
- .
with Na , that the electrochemical potentlal inherent in the Na+

gradient provides the energy required for uphill transport of meta-

. bolites. Cell membrane vesicles of H. halobium, by virtue of their

light-dependent proton pump, bacteriorhodopsin, have provided a valuable

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

A detailed study by MacDonald &nd Lanyi (1975) on the uptake of

leucine in H. halobium vesicles suggested that the leucine transport
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system is not coupled to ATP hydrolysis and responds to membra;ne
potential rather than a pH gradient. The Na+—dependence of the
transport and the observation that a NaCl pulse caused transient
leucine influx in the dark in KCl-loaded vesicles, even in the
presence CCR, suggested tilat the uphill transport of leucine
¢cpuld be :Z:\t;db;}ymport with sodium which moves down a chemical
or electrical gradient. The idea that Na+ gradients drive amino

acid transport in H. halobium was reinforced by results obtained with
glutamate (Lanyl et al., 1976a; Lanyi et al., 1976b). The amino acid
was rapidly taken up into vesicles, but only when the external sodium
concentratio;l was appreciably higher than 4the internal concentration.
When NaCl was included in the vesicles in increasing amounts, light
induced accumula .n of glutamate occurred only after lags of
increasing lengths, Moreover, if vesicles were illuminated for varying
periods of time, d then the 'light turned off, the abilit} to accumu-
late glutamate remained, but slowly decayed with timex ¥} Na+
gradient was generated by the light-induced proton mgtive force

through the H+/Na+ antiport.

Subsequent studies by MacDonald et al. (1977a) with H. halobium
showed that, with the exception of cyateine, all amino acids are

transported in a Na+—gradient dependent manner.

»
4

The role of Na+ in several other bacterial transport systems

has been clarified recently. MacDonald et al. (1977b) demqpstrated

=

the presence of a Na+/ glutamate symporter in E. coli membrane vesicles.

b
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The results showed that the vesicles could accumulate glutamate in
the presence of an uncoupler when a concentration gradient of Na+
was provided. Transport under these conditions was sensitive to

monensin, a sodium ionophore, but not to.nigericin, a'K+ and H+ .

%ionophore. Further evidence for the electrochemical gradient of Na+

A

as the source of energy for active transport of substrates has also
been shown in S. typhimurium ;llembranes for the transport of thio-
methyl galactoside (Tokuda and Kabbgfck, 1977) . Recent studies in

A. haloplanktis (Niven and MacLeod, 1979, unpublished data) have
demonstrated that the uptake of am;.noisobutyric acid is driven by
the electrochemical gradient of Na+. An earlier study by Thompson
and MacLeod (1973) had demonstrated} that the inwardly directed Na+
gradient and an outwardly directed K+ gradient were not required for
the accumulation of AIB by A. hal*lanktis. -In these experiments,

+ +
the extracellular Na and K concentrations were adjusted to those

determined to be present intracellularly and this adjustment wads

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

now known that A. ha'nloglanktis exhibits respiration-driven proton
translocation and possesses an extremely active Na+/H+ 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
aboliﬁ; transmembrane Na+ and K+ gradients, the cells were still

'éapable of re-establishing such ion gradients.

18
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” Hence, at present, the evidence is overwhelming that many of
+ ' i
the Na -stimulated metabolite transport systems are driven by the
, Naq' gradient through a symport mechanism, -
} ' a
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MATERIALS ANRD METHODS

Organism e

Alteromonas haloplanktis, strain 214, variant 3, previously
known as a marine pseudomonad 1-3-16 (ATCC 19855) was the organism
used in this study. The culture was maintained by monthly transfer
to slants containing 0.8% (w/v) nutrient broth (Difco), 0.5% yeast

N
extract, 0.22 M NaCl, 0.026 M MgS0,, 0.01 M K#l and 1.5% nuerdent:
J

agar. (Difco)

Growth conditions

Cells were grown in a complex medium containing O.8% nutrient
broth (Difco), 0.5% yeast extract (Difco), 0.3 M NaCl, 0.026 M MgSO4,
0.01 M KC1 and KOH to pH 7.2. The inoculum was obtained by trans-
ferring a loopful of cells from an agaf slant to a 50 ml Erlenmy;r
flask containing 10 ml of complex medium. After 24 hours incubation
at 25°Con a gyrx;tory shaker (200 rpm), 0.3 ml (0.1% inoculum) of
the starter culture was transferred to 300 ml of medium in a 2-liter

flask. Incubation was for 16 hours at 25°C, 200 rpm to give cells

at the stationary phase of growth (pH 7.6, Eggp~6.5).

20,
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Preparation of bacterial suspensfon

Following 16 hours of growth, each 50 ml volume of culture
used was harvested by centrifugation (40,000 x g, 10 min. 4°C),
waghed twice with 50 ml volumes and once with a 25 ml volume of
complete salt golution (50 mM Tris (hydroxy methyl) aminomethane-HC1,

300 m¥ choline chloride, 50 niM MgSOl', 9 mM KC1l, 1 oM KH,PO, - pH 7.2).

2" 74

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 ice.

In experiments concerning the effect of K on 0, uptake, the
cells were washed and resuspended in a complete salt solution with-

out K (50 mM Tris/HC1, 310 mM choline chloride, 50 mM MgSO,, 0.006%

4°
(v/v) 85% concentrated phosphoriy‘f’acid - pH 7.2).

t

Preparation of toluene-treated cells

)
Stationary phase cells were harvested, washed and resuapended

-

as described previously. To the cell suspension toluene was added to
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 could be
stored on ice for up to 8 hours with no detectable change in the

S
activities being monitored. *

f
!
i
'
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Preparation of cell fractions

'
Washed cells we;-e suspended in complete salt soiution to a
concentration of 20-25 mg dry welght/ml, and the cell suspension was
then disrupte'd in a French Pressure Cell operated at 14000 1b per
sq/.in. Debris: was removed by cent;rifugation at 27000 x g for 15
minutes at 4°‘C. The supernatant fluid was designated the cell~free
extracg(CFE)\. This extract was subsequently separated i{}to

particulate and solublek fractions by ultracentrifugation at 150,000 \

x g for 3 hours at 4°C (Beckman Model L5-65 Ultracentrifuga/). The

top transparent half of the resulting supernatant fraction was

f

E retained as the soluble fraction, the protein content of which Was

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

14

3
b
i }
R

particulate fraction, was rinsed once with the complete salt

solution and resuspended in the buffer to a proteln concentration

-

of 8~12 mg/ml, Both fractions were then kept on ice.

. . Cell dry weight and protein determination .

The cell density of a given suspension was determined by

turbidity. The cell sample was diluted 200 x with complete salt

solution and the optical density read at 660 nm on a Gilford spectro-
photometer model 300-N. The cell dry weight content was then

determined using a previously calibrated curve relating turbidity

' (Eggp nm) to dry weight of the cells. An Eggp of 0.26 was equivalent I

g to a cell density of 20 mg dry wt/ml in the original suspeneion.~- !

P
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Protein was determined oﬁ varlious cell fractions by the Biuret
method (Gornall et al., 1949) using 0.5% (w/v) Ly;ozyme (Sigma) as
standard. The cell fraction was appropriately diluted with complete
salt solution. Some component of the salt solution reacted with the
protein solution to form a precipit:at:e.° To clarify the mixture, the
sgmple was centrifuged on a clinical centrifuge (International
Equipment Co. Model CL) for 5 minutes at.reading 7. The clear

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

under the same conditions.

Preparation of the oxidative substrates
h]

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

NADH, ethanol, succinate and Ascorbate/TMPD; N;§D+ was used as an
oxidized substrate. All 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. B-NADH (Sigma) and B-NAD+ (Sigma) were made up to a con-
centration of 150 mM just prior to addition to the reaction mixture.
Ascorbate (Fisher Scientific) was made up to a concentration of 600 mM
and TMPD (Eastman) was made up to the concentration of 20 mM. Some
difficulty was encountered in preparir:g a more concentrated solution
of TMPD since at a concentration greater than 20 mM, raising the pH

to 7.2 would cause the TMPD to come out of solution. Ascorbate and

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

they were prone to increasing autoxidation with time. Succinate and
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and ethanol were made up to concentrations of 0.5 M and 1 M, :
respectively. 1In the course of the éxperiment, all solutions of ;

substrates were kept on ice.

Experimental conditions for 0s .uptake -

Respiration was mgasured polarographically at 25°C using an 0y
electrode (Rank Bros., Bottisham, Cambridge, England).. The reaction
mixture contained different volumes of complete salt solution and
4 9 mM h
- pH 7.2) so that the final concentrations of salts

NaCl-salt solution (50 mM Tris/HC1, 300 mM NaCl, 50 mM MgSO

KCl, 1 mM KH2P04

were always 50 mM Tris/HC1l, 50 mM MgSO

9 mM KC1, 1 mM KH,PO, -

4 274
pH 7.2 and the concentrations of Na' were those required Lm;ler the , !
conditions of the assay. Where low concentrations of f’Na+ were |
examined, larger volumes of a more dilute NaCl salt solution (50 mM
Tr:l.s/Hél, 30 mM NaCl, 270 mM choline chloride, 50 mM M%Soa, 9 mM KC1,
1 mM KHZI-‘OI4 - pH 7.2) were added to the reaction vessei. In
experiments concerning the effect of either K+ or Li+ on the 02
uptake, different volumes of KCl- and LiCl-salt solutions werg added

to give the suitable final concentration in the reaction mixture.

To the aeroblic salt solution, different volumes of bacterial
suspension and cell fractions were introduced by means of a Hamilton
microliter syringe and the endogenous respiration subsequently
measured. To the aerobic cell susi»ension was then added substrates to

final concentrations of 10 mM for either succinate or ethanol,

el .

A\
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“ cells. In case of cell fractions, the respiratory rates were

25

2.5 uM for elther NADH or NAD" or 10 mM Ascorbate plus 0.5 md TMPD.
For each assay of Ascorbate/TMPD oxidase at different cation con-
centration: the non-enzymatic asutoxidation rate was also recorded and
_t;iI;Ls rate was then subtracted from the rate obgained after the
addition of Ascorbate/IMPD to the aerobic cell suspension. Although
the aul':oxidation rat;e increased witﬁ time, since the Ascorbate/TMPD
oxidase activity was always corrected for the autoxidation rate;

consistent results were obtained with respect to the cation concentra-

tion,

In all cases, the respiratory rate obtained with each substrate
was corrected for the endogenous rate under identical conditions of

-

assay. ' \

Rﬂoﬁg Oz—gptake ratesl

The 02 electrode was connected to a chgft recorder (model
8373-20, Cole fa,rmer Instruments Co,, Chicago, I1l.) to measure the

dissolved 02 tension present in the reaction vessel. 100% air

saturation of the buffered solution was equivalent to 1410 natoms

" 0/3 ml of reaction vo‘lume'(Chappell et al., 1964). Any percentage

change with time due to the activity of a known concentration of cell

suspension was then converted to natoms O htilized/min/mg dry wt of

’ ™~

recorded as natoms O/min/mg protein.
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Measurement of “C-AIB uptake

P

Washed cells were suspended,at a final concentration of 100 ug
dry weight per ml in a reaction mixture containing complete salt
solution and different volumes of NaCl-salt solution. The reaction
volume was 5 ml and the incubation temperature was 25°q. To the
cell suspension was added an+oxidizable subsjrate and the cells were
allowed to equilibrate for 1 minute. The oxidizable substrates were
added at the concentrations used in the oxidative assays with the
gxception of ascorbate/TMPD which was found to energize maximally
1\'*C--AIB uptake at concentrations of 10 mM ascorbate/1,0 mM TMPD
(Figure 24). The reaction was started by the addition of the !*C-AIB;
the final concentration of 1*C~AIB in the reaction mixture was 200 ]
umolar with a épecific activity of 0.5u Curiefu{nole. Evéry 30 seccndé
a 0,5 m1 aliquot of the cell suspension was filtered through a 0.45u e
HA millipore filter. The cells retained on the filters were washed |

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

The amount of 1"C--AIB',.takcan up by the cells during the first
3 minutes of incubatisn was measured. Over this period uptake was
linear with time, and thus the initial rate of uptake was expressed

as umoles 1%C-AIB taken up/min/mg dry wt of cella.'

Radiocactive counting

For !%C measurement, the millipore filters with their adhering .
washed cells were transferred to screw cap vials and dried slowly under

\
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"an infra-red '1amp. THen 8 ml of scintillation fluid (0.5 g POPOP, N
. 16.5 g PPO, 2 £ toluene, 1 ! Triton-X-100) were added to the vials
. and the samples counted in a Nuclear_ Chicago Isocap/300 liquid .-
scintillation spectrophotometer. All counts were corre'cteLfor

4

quench against a prepared quench curve and the efficiency of counting

-

was about 75% for lMc.

o Chemicals o -

NADH, NAD', lysozyme, unlsbelled a-AIB and Trizma base
(Tris (hydroxy-methyl) sminomethane) were obtained from Sigma
Chemical Co. Ascorbic acid and lithium chloride were products of
Fisher Scientific Cg'm'pany. Choline chloride and N,N,N', N'-
- tetramethyl p-pht;_nylené diamine dihydrochloride (TMPD) were obtalned

from Eaatmén Company. a~[1~1%C]-aminoisobutyric acid was obtained

¥

from the New England Nuclear Corporation. Millipore filters

(HA 0.45 u pore size) were from the Millipore Corporation. Suceinic:

acid'was from Baker Chemical Co. All other chenlcals wsed were of
. -

analytical grade. ; o

’
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21. Respiratory studies
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’ RESULTS 0
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A. Endogenous respliration ° .

1
© G

The first indication that endogenous substrates are actively
o . Red o
oxiglélzed by intact cells of marine Pseudomonad B-16 was provided by

Tomlinson and MacLeod (1957). It was later shown, with the same

organism, that these eddogenous reserves were oxidized at a sufficient

A
rate to drive' the uptake of AlB (Sprott-and MacLeod, 1374). Thes§

findings have been extended to determine the rate at which the endo-

. . \
genous substrates are oxidized in the presence of increasing NaCl ’ \

.
. N &

concentration. . . . —
s 3

‘ Table 1 shows the endogenous resp;ratory ‘rates obtained when
int;ct cells were added to ar aerobic salt solution containiong 10 mM
K+ and varyi;% concentrationg of Nall. There was a small increase in
the endogenous oxidation rates in response to Nat, reaching "a maximum

at 50 mM Nat. ”Altho:.lgﬁ the increment in the oxidation rates with -

increasing Nat conk:e\ntrations was small, the difference between 0 mM
and 50 M Nat was fztlmd to be statistically significant, suggesting
that théxﬂoxldation of endogenous substrates is slightly stimulated by
externally added Nat. When whole..,cglls were added to a reactioe

neédium without added potassium, there was a 50% reduction in the o

L2 [
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TABLE 1. Effect of Na on the endogenous respiratory rate in intact cells and toluenized
cells in the presence and absence of potassium

-

o

+ . Intact cells - Toluendized cells
Na concentration ,
(mM) +xt P _gte cxt P _grte °
Respiratory rate a -
0 “ 45.77 + 8.59 22,18 + 3.05 5,79 £1.23  5.90 % 1.13
0.5 ©_ 40.85 * 6.07 - - -
1.8 T 42.42 + 4,18 21.98 % 1.95 - -
2.0 41.21 * 6.00 24.54 * 2.96 7.05 + 1.49 7.87  2.77
5.0 48.55 + 7.89  26.85 * 5.28 5.57 £ 1.75 ° 7.18 + 0.61
10:0 ‘ 50.19 * 6.59 28.38 + 16.09 5.46 £ 0.55 5.33 £ 2,47 .
50.0 56.82 * 6.81 - ’ 4.71 % 0.84 4,81 £ 1,48
100.0 . 55.86 + 9.82 - 5.55 * 2.46 5.05 £ 1,23 ™
150.0 46,05 + 7,91 - =~ . - -
200.0 T - - R 4 5 - '
£9.70"  42.42 * 6.02 4,45 £ 1.74 6.43 * 0.81

250.0 + 46 .69

a Respiratory rate expressad as natomé O/min/mg dry wt. - ’

The salt solution containing K" consisted of 50 mM Tris/HCl 300 mM choline chloride,
50 mM Mgso,, 9 mM KC1, 1 mM KH PO, - pH 7.2.

62

2774 §
¢ The salt solution without K+ consisted of 50 mM Tris/HCI, 310 mM choline chloride,
50 mM Mgso,, 0.006Z (v/v) 85% concentrated phosphoric acid - pH 7.2.
7
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endogenous respiration (Table 1). Under these conditionms, the
oxygen uptake increased‘ﬁith Na+ céncentration, 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%
concentratio; there is little or no response of the endogenous
respiratory rate qg.K+, but that at lower Naf concentrations an
effect of K+ can be demonstrated. It is possible that the endo-
genous respiration of this organism has an absolute requireyent for
k+ which, at high Naf concentrations, may bensatisfied by small
amounts of contaminating K% present in the NaCl used. It is also
possible that Né+, at high concentration, can substitute for K+.

The data do not permit a distinction beqween these possibilities.
Table 1 further demonstra?es that the,endogenous reépiration by
toluenized cells was both Na® as well as xt independent. It is
worth noting that the oxidation rates are consideragiy lower in the
toluenized cells than in whole cells. Since tre;tment of whole cells

1

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

molecules across the membrane (Jackson and DeMoss, 1965), this
treatment would cause a loss of the endogenous substrates and hence

the lower oxidatiqn rates.

When intact cells were disrupted to produce cell-free extracts

and subsequently partitioned to produce particulate and soluble
» ] ,
fractions, the endogenous respiratory activities as shown in Table 2

were obtained. As is evident from the data, the oxyge7 uptake by

Y .
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TABLE 2, Effect of Na on the respiratory rate in cell-free extract and

\ particulate and soluble fractionsb

Nat concentration s Cell-free Soluble ~ Particulate’
(M) extract fraction _ fraction
0 3.82 £ 0,78 - 1.57 £ 0.42 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 . 4,931 1.3 ¢ - ‘ -
150.0 4,76 £ 0,78 - &
250.0 5.20 + 0.77 - et

-4
2 The respiratory rate is expressed as natoms 0/min/mg protein.

-

. b A11 the fractions were suspended-z; a salt solution containing
50 mM Tris/Hcl, 300 mM choline chloride, 50 mM MgSO4, 9 oM KCl and

1 mM KH,PO, - pH 7.2. :

-

Te




& mers aemmr—— TR

C)

()

O)

32

L

[}

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 well as the soluble fractions of

the cell free extracts showed no response to Nat.

B. Oxidation of reduced nicotinamide
adenine dinucleotide (NADH)

a. Oxidation of NADH by intact cells

Most membranes are impermeable towards pyridine nucleotides.
However, previous resdlts obtained in this laboratory (Calcott and

MacLeod, unpublished data) have demonstrated that NADH is oxidized

by whole cell suspensionsof A. haloplanktis. Figure 1 shows the

respiratory rate obtained with exogenously added NADH as substrate’

in the presence of various concentrations of NaCl. Na' had no

stimulatory effect. That NADH, and not some breakdown product, was
the substrate being oxidized was investigated by repeating the

experiment with NAD+ as substrate.' If NADH was being ;atabolised by

v

some 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

1 2

the rate of endogenous respiration, suggesting that exogenously

added NADH was in fact being oxidized by an NADH dehydrogenase

located on the outer surface of the cytoplasmic membrane.




t

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

Cells were suspended at a cell density of about 1 mg dry wt per ml
in a reaction medium containing complete salt solution (50 mM Tris/
HC1, 300 mM choline chloride, 50 mM MgSOA, 9 mM KC1, 1 oM KHZP04,
pH 7.2) and volumes of NaCl-salt solution (50 mM Tris/HC1l, 300 oM
NaCl, 50 mM MgSO,, 9 mﬁ RCl, 1 mM KH,PO,, pH 7.2), such that the
final concentration of Na+ in each reaction mixture was that which

was required umder the conditions of the assay, keeping the con-~

centrations of other salts constant. Endogenous respiration (o) O

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 (W) in the reaction medium, )

P v
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Since the experiment concerning the effect of Na+ on NADH
oxidation was conducte;i in a complete salt solution containing
10 mM K+, the possibility that perhaps K+ was substituting L;oi' a
Na+ effect had to be examine;l. Figure 2 reveals that, in the
absence of K+, NADH oxidase was stimulated by 2 mM Na+. However,
this activation by ﬁa+ was no longer apparent in the presence of
10 u K*. Conversely, oxidation of NADH was stimulated by 2 mM K,
ir{'eSpective of theyconcentration of Na+ present in the reaction
medium (Figure 3). The effect of another cation, Li+, on the
respiration of NADH, is shown in Figure 4; evén in the absence of
KT, 1:i+ had no effect on the oxidation of the substrate. It is

interesting to note that considerable NADH J}Xidase activity existed

even in the "absence of any added cation. P

b, Oxidation of NADH by toluenized cells

Toluene—-treatment of E. coli has been shown to render both
sides uof the cytoplasmic membrane accessible to exogenous substrates
(Jackson and DeMoss, 1965). Previous studies on A. haloplanktis
have shown the pre;ence of a second NADH d ydrogenase located on
the inside surface of the cytoplasmic membrane (Knowles, Calcott and
M,z;cLeod, 1975, wmpublished data; Calcott and MaclLeod, 1977,
unpublished data)., In view of these results, it was of considerable
interest to investigate the effect of Naf|~ on the activity of the
inner NADH dehydrogenase., To examine,the response of this enzyme to

N

Na', washed whole cells were treated with 1% toluene. The effect

34
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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 determination of the Na+-dependent activation of NADH
oxidaeel in the presence of 10 mM K+ (o), experimental conditions
were as described in Figure 1. For the determination of the Na+
effect on NADH oxidation in the absence of K+ (m), cells x:ere
washed and resuspended in a salt solution without K+ (50 mM Tris/
HC1, 310 mM choline chloride 50-mM MgSO4, 0.006Z 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/HC1l, 300 mM NaCl, 10 mM
;:holine chloride, 50 mM MgSO4, 0.006% v/v phosphoric acid, pH 7.2) O
to give the desired final concentration of NaCl in each incubation
medium. The respiratory rates recorded were corrected for

endogenous oxlidation at each concentration of Na+ tested. _
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Figure 3. Effect of K  on the oxidation of NADH by whole
cells, in the presence and absence of added (10 mM) NaCl,

In the determination of Kf—activation of NADH oxidation in the
absence of NaCl (m), ce'lls were washed and susPendeg in a \
complete salt solution without g and Na+, the composition of
whiich 18 described in Figure 2. In the determination of the K+
effect on NADH oxidation in the presence of NaCl (o), cells were
washed and suspended in a salt solution consisting of 50 mM Tris/
HC1, 10 mM NaCl, 300 mM choline chloride, 50 mM MgSOA, 0.006% v/v
phosphoric acid, pH 7.2. In each case K+ was added to the i:eacti}on
medium as KCl-salt solution (50 mM Tris/HCL, 30 mM KC1, 280 mM
choline chloride, 50 mM MgSOl., 1 mM KHZPOI‘,' pH 7.2) in :mount:s
sufficlent to give the desired final concentration of K shown.
NADH was ad&ed to a final concentration of 2.5 mM. The respiratory
rates were all corrected for endogenocus oxldation at every level

1

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.

Experimental conditions were as described in Figure 2. Monovalent
cations, Na® (@) and L1t (0) were added to the reaction medium

as NaCl salt solution without K , and LiCl-salt solution without
UK (50 mM Tris/HC1, 300 mM LiCl, 10 -aM choline chloride, 50 mM | o /
ngsoa, 0.006% v/v phosphoric acid, pH 7.2), respectively. The
respiratory rates were corrected for the endogenocus oxidation rates
at each concentration of monovalent cation tested.

4

L | | o




P - P Jm
T 1
b . .-.q + 1 JUJ-‘ nmm
i Z 3 E
- e o ,Bw
‘ % i 1 &
X
- i~
! 4 - .SW.
’ P~ o' u B 15
! @ |8
3
. N 1M
L - ] 4™
- 0 o i~
L e A/M i ~o
m m 8 °
\ V N
( dybiom Lip Bw/upu/Q Swolou)  IiVH  AMOLVUIJSIY
S f - c
" AN




38

T
Qﬂ
i
>
.
'v
LY

Y

of Na+ on toluene-~treated cells is shown in Figure 5. NADH
oxidation by toluenized cells w—as found to require 100 mM Na+ for
maximal activity. While the NADH dehydrogenase was stimulated by

-Na+, considersble activity was observed, even in the absence of the

-1

e

cation. However, since the treatment-wIthitoluene 1s exposing both Rl s N

’ f'aces of the membrane to the substrate, this activity probably .
o R . 4 . ¢
.ﬁ»:i‘ ’ » corresponded to the ox:ifdation of NADH by the Na+—independent NADH

\ 2 . oxidage on the outer surface of the cytoplasmic membrane. Figure 6

@ .

o)

* N + for fnaximum. activity of the NADH oxldase on the inner surface of
8

- L

i ' " reveals that no concentration of K+ could reduce the requirement for g
1

the cytoplasmic membrane. |5 | :, in contrE's"t’,/ could activate to about
50% the rate at which Na+ stimulated NADH oxidase activity inside the
* () \ cell (Figure 7).

! ) ’ .

E v

- In a recent paper, De Smet et al. (1978) presented evidence
” —— o ’

to demonstrate that intact cells of E. cdili treated with toluene in

s - the presence. of }{’g+2 remained relatively impermeable to pyridine

»

3

2 BN nuclecitides. This, however, does-not appear to be the case with\ -

1%' ' ' \
’ /  A. haloplanktis. When these organisms, resuspended in complete salt

"~ ©

S \pressﬁre%:eﬁl and cell free extracts prepared, NADH oxidation by these \

extracts was qualitat:lvgly’ similar to that obtained by toluenized
.

}

. . v - 3 &
: . N relative rate of NADH oxidation by the cell free extracts was lower

, o - solution containing Mg+2, Were disrupted Uy passage through a French \\

+

, cél1ls with respect to Na+ (Figurg, 8). Quantitatively, however, the

than by toluenized cells. This implied that toluenization is a
’ Ly Ll
F 2 ’ e agg

x ' , N .
Y O P gentler treatment. Furthermore, ghg vobservition that treating whole
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Figure 5. Effect of Na' ¢oncentration on the rate of NADH
oxidation by intact and toluene-treated cells of A. haloplanktis,
\ @ . ,
S

)

O -~ intact cells; m -~ toluene-treated ‘cel/?s. |
Conditions were as described in Figure 1. The substrate, NADH,
wa:s added to a final concentration of 2.5 mM in the reaction
medium. With both intact cells as well as toluZniozed cells, the
respiratory rates were' corrected for endogenous oxldation at each
lével o%.Na+ tested, '
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Figure 6. Effect of K+ on the quantitative re‘quirement for
Na' to stimulate NADH oxidation by toluene~treated cells.

Cells were washed, tolueni%ed and suspended in different salt
solutions, the K concentrations of which were either 0 mM K (@),
10 mM K+ (®) or 400 mM k+ {0), maintaining t;he concentrations of
all other salts constant. Na‘+ was added to the reaction mixture,
in all cases, as NaCl-salt solution. The substrate, NADH,'waa
added to a final concentration of 2.5 mM. The resplratory rates

were all corrected for endogenous respiration.
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Figure 7. Na+ (m) and Lt (o) activation of NADH
oxidation in toluene-treated cells, .

e
]

Both curves repreélt\ resplratory rates in the presence of 2.5 mM
NADH corrected for endogenous respiration at each level of cation
testdd. Na and Li' were each added as NaCl- and LiCl-salt

solutions. Other conditions were ag described in Figure 4.
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Figure 8. Respiratory response of toluene-treated cells
(@) and cell-free extracts (4) of A. haloplanktis to the
oxidation of NADH in the presence of increasing NaCl concentra-
tions.
/

The substrate, NADH, was added to the reaction mixture to a
final concentration of 2.5 mM. All other conditions were as
described in Figure 1. The respiratory rates, adjusted for

endogenous oxidation, are expressed as natoms O/min/mg protein.
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cells with toluene resulted in an increase in NADH oxidase activity A

provided adequate evidence to suggest that the cytoplasmic membrane

of this organism is permeable to NADH,

N

C. Oxidation of ethanol
a. Oxtdation of ethanol by intact cells

Previous work conducted in this laboratory has shown that
ethanol is oxidized actively by whole cells of A. haloplanktis
('fhompson and Macleod, 1974)., Figure 9 demonstrates the effect of
Na+ on the oxidatim of ethanol by intact cells. It was found that
ethanol oxidase activity was s}:imulated in the presence of 2 mM Na+.

)
Since the activation of ethanol oxidation by Na+ was observed in the

4

presence of K+, Zt was of Interest to investigate whether K+ had

1{,

a response on Na+ effect. Figure 10 shows that in the absence of
radded K+ in the reaction medium, maximum activity of ethanol oxidase
waﬁxbtained in the preseﬁce of 5 nM Na+. Hence, it appears that

K+ can spare partially the Na+,requirement for ethanol oxidation by
intact cells; however, 1t cannot reduce the requirement below 2 mM
Na+. That K+ could stimulate ethanol oxidation, both in the presence
as well as in the absence of Na+, suggested that there is a specific
requirement for K+ besides the requirement for 2 mM Na+ for the ‘
maximum res;firation of ethanol (Figure 11). This requirement was
ghown to be for 1 mM K'. Lit was shown to spare the requirement

!
for Nat by 507 (Figure 12). The data shown in Figure 12 are the




Figure 9. Effect of Na+ on the oxidatien of ethanol by
whole cells.

-

Ethanol was. added to a final concentrationt’ of 10 mM, all other

« conditions were as described in Figure 1. The respiratory rate

!
li
recorded was adjusted for endogenous respiration at each con-

+
centration of Na tested.
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(7—-/ Figure 10, Effect of Na+ on the oxidation of ethanol by

A

intact cells in the presence (m) and absence (D) of potassium,
Experipez;tal conditions were as described in Figure 2. The
substrate ethanol was added to the reaction mixture to a final
concentration of 10 mM,
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' F}éure 11, Effect of K+ on the oxidation of ethanol by .
| whole dlls, in the presence (W) and absence (0) ,of 10 mM NaCl.
- Experimental conditions were as described in Figure 3, exce‘i;t for ‘ -

the determination of the effect of 250 mM K+q'on ethanol oxidase “
‘activity. Both in the presence and absence of Na+, the K+ was i
. /added té the reaction mixture as KC1 salt solution co“n_siat:‘lng of
50 m Tris/HCL, 310 mM KC1, 50 uM MgSO,, 1 M KH,PO,, pH T2, 0~
_The' gubstr‘ate, ethanol, was added to a final con‘E’éE\{::atior: of

' 10 mM ethanol. The ethanol oxidase activity at each concentration

v ] 'S »
of KT tested, was adjusted for endogenous respiration.
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' Flgure 12. Effect of Li' (o) and Na' (m) on the
oxidation of ethanol by intact cells, in the absence of added

potassium,

The composition of the reaction media was as described in
Figure 4, The respiratory rates were all adjusted for endogenous

rates at each concentration of monovalent cation tested.
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effect of Na* and 11" on ethanol oxidation by intact cells in the
absence'of K+ - this was done to avoid the interfering sparing

effect of K+ on the Na+ requirement.

.'” Recent studies done on the speiffic cOupiing of %thanol to
éransport have led to the conclusion that there are possibly two ~ /
alcohol dehydrogenases in this organism, One of these enzymes has
been shown to be an NAD+—linked alcohol dehydrogenase present in X N

s ]
the cytoplasm (Sprott and MacLeod, 1974). Since the Na+ require-

&

ment for the inner NADH oxigﬁse activity (100 mM Na+) far exceeded
the quantitative Na+ requirement for ethanol oxidation (2 mM), it
seemed likely that ethanol oxldation by whole cells is catalyzed by

an enzyme other than a cytoplasmic NAD+Flinked ethanol dehydrogenase

“

- perhaps another al'cohol dehydrogenase located on the outer surface

<

of the cytoplasmic membrane., This suggestion is consistent with the

At

previous findings of Sprott and MacLeod (1974) that ethanol could

energize the uptake of mgta%olites intd membrane vesicles which lack
t

the cytoplasmic alcohol dehydrogenase. .

b. Oxidation of ethanol by toluenized cells (

LN " Following the results obtaimed thus far, it was of interest

P

to investigate the possible effect of Né+ on theézntracellular NA5+—

linked alcohh%\dehydrbgenase present in this organism. To explore this

”

possibility, intact cells were treated with 1% toluene %Ed tested

for the response of ethanol oxidation to Nd+. Figure 13 revealed

’

~—.rt
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, JFigure 13. Effect of Na+ on NAD+, ethanol and NAD+ +
ethanol oxidation in toluene-treated cells. P

(

)

Experimental conditions were as described in Figure 1. The
substrates were added to final concentrations of 2,5 mM NAD+ (0);
10 uM ethariol (®); 2.5 uM NAD' plus 10 mM ethanol (®).

The respiratory rates were.all corrected for enhogenoua

+
respiration at each concentration of Na examined. "
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that there was no oxidation 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
/

k]

aerobic susgpension of toluenized cells, there was a significant

o +
stimulation of 02 uptake. This stimulation was Na -dependent, with a

\ 3

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

+ +
that even in the presence of 10 mM K, the Na requirement for maximum

ethanol oxidase activity in toluenized cells was not reduced (Figure

y

+
14). 1In contrast, Li , at low concentrations, could partially spare
+ T
this Na requirement; however, at high concentrations, it could

+
activate ethanol 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 alcoliol dehydrogenases present
in this organism. One of these is a cytoplasmic NAD+-linked enzyme

~
with a Na+\requiremeqt for/%O mM,'aﬁﬂ~§he other a membrane alcohol

v

dehydrogenasekwith a requirement for 2 mM Na+.
A
7

~

An interesting point to note is the relative rates of ethan61

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

. @

oxidation at the same Na' concentration (~ 300 natoms 0/min/mg dry wt),

both in toluenized ceils. As can be seen (Figures 5 and 13), the
M

T i

ethanol + NAD+ T spitgtory rate was significantly lower than that of

NADH oxidation. The possible explanation for this is that the ;

reébirat%on of ethanol plus Nap?t 1e limited by the rate at whic@

5}

) 7
the intracellula} alcohol dehydrogenase can functiom.
N r

e

i)
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+ Figure 14. Relative capacity of potassium to spare the
Na requirement for oxidation of NAD* plus ethanol in toluene-~
treated cells,. p

S
The conditions were as described in Figure 6, except that the K
concentrations at which the effect of Na+ on NAD+ plus ethanol
oxidation was examined were 0 mM K+ (o) and 10 oM K+ (m)., The
concentrations of substrates used were 2.5 mM NAD+ and 10 mM "~
ethanol. The NAD' plus ethanol oxidation rates were all adjusted

. +
for endogenous respiration at each concentration of Na tested.
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o+ +
Figure 15. Effect of L1 on the oxidation of NAD plus
ethanol in toluene-treated cells,
g + \
Na (o) and Ii1 (o) were added to the reaction mixture as
NaCl- and LiCl-galt solutions, respectively, as described in
Figure 7. NAD+ was present at 2.5 mM and ethanol at 10 mM. !
The respiratory rates reccrded were all corrected for
endoéenous resplration.
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D, Oxidation of succinic acid
a. Oxidation of succinate by intact cells

Earlier studies conducted on marine bacterium, A. haloplanktis
had shown that Na+ was required for maximum succindte oxidation
(Macleod et al., 1958). A moréudetailed investigation, however,
had.ghown that the intracellular enzymes of the tricarboxylic acid
cycle did not require Na' (MacLeod, 1965). These findings wer-e
thus extended by investigating the effect of Na+‘on succinate
oxidase activity‘in whole cells and cell-free extracts., Figure 16
shows that the maximum succinate oxidation rate, by. intact cells,
was achieved in the presence of 150 mM Na+. The activation of
succinate respiration exhibil;ed %ig?gi.ial kinetics with respect to

+
Na concentration, indicating that there is some cooperative inter-

°

A

action between Na+ and,succinic acidppoint of interest was the
p

finding that no respiratory activity/w, resent with succinate as

‘substrate in the absence of Na'. h > >
N " .
b. Oxidation of succinate by cell-free extracts a

R
e

Saince t‘he Na+ requirement for succinate oxidaticén was so much
in excess of that required for maximum ethanol .and NADH oxidation bf
whole cells, it seemed necessary to examine whether this requirement
for Na® 3id,not, in fact, reflect the involvement of Na' in the

transport of the substrate. In order to test this possibility,

L4

4 .
whole cells were disrupted to produce cell-free extracts (CFE).
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Figure {16. Quantitative requirement for Na+ for the
oxidation ¢f succinate by whole cells,
% ,

e %
Conditions were as described in Figure 1. The substrate was {:hd’ed
to a final concentration of 10 nM succinate in the reactiox{ ’
’ medium. The respiratory rate recorded was cortected for éndo-
genous respiration at each’ level of Na' tested,
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The effect of N&t on the oxidation of auccinate by CFE Was

3

subsequentiy measured. Since the cell-free extracts consist of

R \
membrane fragments, the question of transporting the substrate into

(SR

the cell is tht@ overcome. The results obt:ained indicated that

succinic oxidase activity was Na+—independent ("Fiéure 17).

- The respiratory rate of succinate in the CFE was considerably

-

lower than even the endogenous rate in whole cells. This could be \')\
because either ‘t‘he succinate dehydrogenase s soluble, or 1t is %
loosely bound to the membraﬁe such that upon. passage through the
French pregsure cell or dur:‘m% the washing proceciure, some component
of the succinate oxidase sy§tem*~is released from the me‘mbrane,

thereby becoming diluted in concentration.
-~

i‘Hence, irU{s evident fr‘bn'xl theu data presented that there is a
r;aquirement for 150 mM Na+ for the uptake of succipaté by whole
cells. However, there appears to be no rec(uiremegt f}ur this catlon
in the oxidation of succinate. '1";1ése fitndings“are in accogdmcé
with results obtdined by Droniuk et al. {(unpubliahed data, 1979)
showing that the uptake of ll+C—:slucc:lnate. is Na —dependent with 8
specific reqqirement ow; 150 mM Na for\maximum @E’ake.

*

- i
. E. Oxidation of ascorbate/TMPD

a. Oxidation of ascorbate/TMPD by whole cells

4

Studies with A. haloglanktis have revealed' that the artifiqial

electron donor, ascorbate/TMPD, can be oxidized by the ﬁganism and

g * ‘ \.




The composition of the guspending medium was as in Figure 1. The

. substrate was added to a fingl concentration of 10 mM succinate.
Respiratory rates recorded have been corrected for the endogenous
respiration at each ledel of Na' tested.
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5 i Figure 17. Effect of Na on the oxidation of succinate by
: cell-free extracts of A. haloplanktis. °° ¥
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appears to introduce electrons into the respi&ﬁ”&ﬁry chain at the

level of cytochrome ¢ (Sprott and MacLeod, ;,1974), Before attempting

‘to sexamine the effect of Na+ on the cytochrome c¢ oxidase activity in

whole cells,'; it seemed necessary to determine the optimum con-
&

# centrations of ascorbate/TMPD for maximum oxidation rates, Figure 18
démonstrates that at 250 mM Na+, the optimum conéntration of
( ascorbate/TMPD for maximum oxidase activity was 10 mM ascotbate/

3.5 mM TMPD. Oncé the optimum concentration had begn establisped,
the ascorbate/TMPD oxidase activity by whole cells was determined as ,/
a function of the Na+ ‘concentrations. The salt-dependent ascorbate/
TMPD oxidase activity is shown in Figure 19, As is evident ffom the
rqsults, ma%mum oxitiase activity is obtained with 5 mM Na+. In 4n
attegj:t to examine whether ascoxlbat?/'l'MPﬂ ;é;idase -is specifically
activated by Na+, ot;her cations as K+ andx Li+ were examined for
their ability to stimulate ascorba;te/Tl’dPD ’oxidat;;l.on. Figure 20
shows that the oxidation of ascorbate/Tlei) is activated equally by

- 5°Na‘*- and Li+; that Li+ can replace Na+ entirely. K+', however, ha'd no
effect in reducing the requirement Ifor Na+ for maximum ascorbater\{
TMPD oxidation (Figﬁre 21). Following the obawggﬁg.on that the
prese;ncé of K+ in the reaction medium increased the relative rate
of ascorbate/'mm; oxidation, it was decided to, investigate whether
- ascorbate/yMPD oxidase had a qrequirement? “For K'. Figure 21

¢ " demonstrates that‘in theJ absence of N§+, ascorbate/TMPD oxidation

had a requirement<*for 2 11114 K+. Thus, for the maximum oxidation of

- the artificial substrate ascorbate/IMPD by whole cells, there is a

\
\ X /

- g‘ . -\ 3

,,;3*"’%
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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 »f 250 mM Nat.

In Graph A, the concentration of Ascclarbate was maintained at 10 mM ,
and the amount of IMPD varied. In G;:\}iph B, thel concentration of
IMPD was maintained at 0.5 mM and the concentrations of Ascorbate
varied. All other conditions aré as described in Materials and
Methods. The respiratory rates at each level of Ascorbate/TMPD

tested were adjusted gﬁ@ endogenous and autoxidation rates, ¥
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\ﬁ Figure 19, Effect of N.a+ #n the Ascorbate/TMPD oxidase ®
activity in intact cells.

1\ Cells were suspet}ded in a reaction medium containing complete salt

!

/

solution and different volumes of NaCl-salt solution, such that
the concentration of Na+ present 1n the reaction mixture was that
/'which was required under the conditions of assay. At each con-
centration of Na+, the ASC/TMPD autoxidation rate was detérmined
in the absence of cells. The respiratory rates recorded were
corrected for both endogenous oxidation and autoxidation rate at
each conc‘entration of Na+ tested. The concentration of substrate

used was 10 mM Ascorbate/0.5 mM TMPD.
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Figure¥0. A.scorbate/TﬁPD oxidase activity in whole cells
in the presencebof increasing concentrations of NaCl (m) and
1iC1 (D). ) 3 L

»

N ’ a2 o
Conditions were as described in Fighre 19, eXcept that Lif wak} '
added as a LiCl salt~solution. In both curves, the respiratory
rates were adjusted for endogenous respiration an(.‘l Ascorbé\s\e/TMPD .

autoxidation rate at each concentration of cation tested.
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Figure 21, Capacity of Na and K to stimulate the

oxidation of Ascorbate/TMPD by intact cells of A. haloglanktia.
Cd
i . .

|

Curve 1 - response to Na' in the absence of added K .
Curve 2 - response to Na' in the presence of 10 K.
Curve 3 - response to K+/ in the absence of Na+.‘

The conditions for the deq(ermination of the Na+ effect on the
Ascorbate/'l.‘MPD oxidase activity\i.n the absence and presence of K
were as described in Figure 2. The conditiona for thé determina~-
tion qij the K+ effect on the Ascorbate/TMFD oxldase activity in
the absence of N; were as .described in Figuré 3. In all three

»

assays, the concentrations of substrates in; the reaction medium
we;@lo oM Ascorbate/O 5 mM TMPD. The resp\r\atory rates recarded

at each level of cation examined were adjusted for endogenous

and autoxidaticm rates. . o
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requirement for 5 oM Na and 2 mM l( : ,K appeared to have no ¢«
functipn :I.n sparing Na . ' T

™

| L coucarmen vy A
) ’ 9 P '
b. Oxidatiom of corbate/TMPD by cell-free extract\. -

s ST

Evidenge provided by Calcott and"iﬁclﬁ/od (1974, unpublishgd
data) suggests that there are ;:\;o terninal oxidaael in A. halo glank_tis.
an O-type cytoclarome and a c-type oxidase. In addition, there appears
to be a soluble periplasmic cytochrome c5yg which acte as a temigl

Y

oxidase oly. for the oxidation of artificial substrate ascorbatel
TPD (Knowles and MacLeod, 1974). In view of .these‘data, it becmef
of interest to 1nvest1éate V}Eich of the two ascorbate/TMPD oxidases,,
_the membrane-bound oxidase or the soluble cytochrome c, vas ,N:;"'- e "
dependent. Figure 22 demonstrates'the respiratory activities.
obtained of the oxidation of ascorbate/MD by the particulate and
solubile fractions of the cell-free extracts. As.is evident from the
;lata. there is con:siderable ascorbate/TMPD oxida.s“eo activi‘tyuin the
membrane fracti;:rn. | Rawe;ier, this activity was ‘not df:imilated “further
by Na+. The high speed aupematant fraction was nlso shown to have
agcorbateln!PD oxidase activity. This activiiy in contrast, was

L shom' to be Na+-depenéent. Several experiments conducteﬁ. under -
identical conditions of 'asuyJ revealed that the Na' requirement. ‘for ",
maximum activity of ascorbate/TMPD oxidase was either 2 ™ ox 5 mH.
The absolute Na _requirement for ucorbatelm oxidation by the

soluble fraction was difficult to ascertain. However, sinde

+
- ’

AS
N
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. Figure 22, Effect of Na' on the oxidation of Ascorbate /TMPD
by the particulate (®) and soluble fractions (m) of

A. haloplanktis. .

Composition of the suspending mediym was as described in Figure 1.

' All other conditions were as described in Materials /e/md Methods.

The congentration of the substrates in the reaction medium was -

10 nM Ascorbate/0.5 mM TMPD, The respiratory rates, recorded as
- ~

natoms 0/min/mg protein, were all corrected for the endogenous

' and autoxidation rates at each level of Nzo.+ tested,
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cytochrome levels and thelr functlonal activities' are highly °*

susceptible ‘to change with minimum alteration in aeration and 02

i

tension (Haddock and Jones, 1977; Jones, 1§r78; M. Jones 1975; ‘

Weston, Knowles and Collins, 1974), it is possible that some such- %

factor is functioning in the case éf ascorbate/TMPD oxidation by
the soluble fraction of this bacterium. However, this remains only
as a coﬂjecture.

EY

[}

2, N,a+ requirement for the uptake of
14%C~ATB into whole cells , : -

Previous studies have shown that the primary function of Na+

in Alteromonas haloplanktis is to permit transport of metabolites

into the cell. Among the substrates examined was }“C-a-aminoiso-

butyric acid (1*C-AIB), a non-metabolizable analogue of L-alanine,

which was found to require 200 mM Na+ in order to be tranaf;ortedl/

i

' .
into the cell (Drapeau and MacLeod, 1963, 1966). Further work done

by Sprott et al. (1972) demonstrated that the Na+-dependent ‘trans-

[
1

port process is an active one energized by the oxidation of electron

donors. Data have already beén presented in the earlier section of

this thesis that oxidation of various-electron donors appear also to

3

have a requiremént for Na+. In view of these findings, it was of

»

interest to test the Na+ requirement for LTy 5 uptake into whole

cells stimulated by the respiration of several substrates.




i1

O

A. Uptake of l“C-AIB as energlzed by
oxidativé substrates '

A comparison of the Na+ requirement for the tramsport of

14c-ATB using various energy sources is shown in Figure 23. As is

evident from the data, the initigl rate )of u;’take of AIB-required
about 250 mM Na+, irrespective of the electron donor oxidized to

energlze the process, .

Thej concentrations of the substrates used were those which
gave maximum'onddative activil.jir with -the exception of the artificial
_electron donot ascorbate/TMPD, which appeared maximally to energize

transport at concentrations of 10 mM ascorbate/l mM TMPD (Figure 24).
g

-

Ethanol stimulated “C-AIB uptake at a rate comparable to
that obtained with ascorbate/TMPD, whereas NADH 7net‘gized transport
to a slightly greater extent, particularly at' lower Na+ concentrations.,
The;poss:lble reason fPr thié is that NADH ils oxidized at a faster
rate, thereby generating a greater proton gradient and hence the
higher uptake rate. In the case of ethanol, ascorbate/TMPDy and
NADH, these exogenoué substrates are oxidized primarily by the
enzyme‘s located on the outer surface of the membrane and need not Be
transported into the cell, Succinate, in contrast, is oxidized by
an enzyme located on the cytoplasmic side of the membrame and thus '

has to be transported into the tell prior to its oxidation.

’ &

Succinate transport has been demonstrated to require 150 mM Na+. In

view of these results, {nitial rate of AIB uptake would be limited .

"




~

Figure 23. Effect of Na' concentration on the initial rates

of AIB uptake by A. haloplanktis in the presence of various energy
sources.

— o
\ v

4 . Cells were suspended at a cell density of 100 ug dry weight per ml
in a reaction medium containing complete salt solution and 1
different volumes of NaCl-salt solution such that the final

- concentration of Na+ in the reaction mixture wgsthat required
under the conditions of the assay, maintaini{at;e concentrations

] of all other salts constant. All other conditions were as

) described in Materials and Methods. The final concentfation of |

the various oxidizable substrates used to stimulate the uptake of \
14Cc_ATB were: : \

T
>

*— ——- e : NADH, 2.5 mM . \
&r——ere=-A 3 Ethanol, 10 mM . . \
m———-u: Ascorbate, 10 mM/TMPD, 1.0 mM /

O——0 ! Succinate, 10 mM

O~——0.t No added energy source - endogenous substrates .
. Radiocactivity of the cells was measured after 3 minut¢7 of ’,
LW L,

. incubation in the presence of 200 uM 14c.ATB (0.5 uCi/’\specific X

activity).

»
3
—_————
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: Figure 24, Determination of the conce/";trationa of
Ascorbate (m) and TMPD (@) required to stimulate maximum uptake
%C-AIB into whole cells of A. haloplankfis, in the presence .

E

{

of 250 mM NaCl.

In Graph A, the concentration of Ascorb te was maintained at 10 mM
In Graph B, the concentration

and the amounts of TMPD were- varied.
of TMPD was kept constant at 1.0 mM and the concentrations of

Ascorbate were varied, The radioactivity of the cells was
determined after 3 minutes incubation in the presenc,e of 200 ‘ym

1‘*@?13 (0.5 uCi specific activity)"
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4 »
by the Na requirement for succinate transport. It is evident from

Figure 23 that at low Na+ concentrations, t.he initial rate of AIB ,
uptake is low and it is only at concentrations greater thafx 50 mM
Na+ that any significant increase :!:n uptake rate is apparent,
reaching a rate comparabie to that obtalned with other oxidizable

+
substrates at high Na concentratiochs.

o

It was observed that a considerable amount of AIB is taken. /

up even in the absence of added electron donors;”this is probably
due to the endogenous activity of the cells. Even though endogenous
oxidation has been shown to be much lower than oxidat‘i_on 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 1s a ;equirement for K+, in addition to NaT for the maximum.

uptake of AIB into whole cells (Thompson and MacLeod, 1971), K+ was
shown to act at the intracelldlar level to bring about the accumula-
tion of AIB against a concentration gradient. However, this ftmctj/on
of K+ was demonstrated to be separate from the role of Na+ in 4
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 specific requirement for Na+ for AIB tramsport

was confirmed, since neither K+ nor I;i+ showed any ‘significant

68
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™

Figure 25. Effect of various monovalent cations om the
uptake of 1“C-AIB into intact cells of A, haloplanktis.

»
-

Na+ (o) was added to the reaction medium as NaCl-salt solution;
Li+ (®) and K+ (m) was added as LiCl- and KCl-salt sc;lut:ion;
all other conditions were as described in Figure 23. The
oxidative substrate used fo stimulate upt;ke of l%c-A1B was 10 mM
ethanol, Radioactivity of the cells was measured after 3 minutes
of incubation,. .

£
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capacity to spare the requirement for Na+. There was no uptake of

o

14c.ATB, even in the presarnce of 250 mM LiCl or KCl (Figure 25).

It is thus concluded, based on the obsérvations that:~ Na+
requirement for AILB uptake was several 'times greater than the Na+'
‘requirement for respiration, that‘Na+ has a role in transport which
is separate from it; role in the oxidative metabolism of this marine
bacterium. However, Na‘!‘ acts as a cofactor, *both f'or the active
transport of metabolites (AIB) as well as:for the maximum respiratory

¢

activity of A. haloplanktis.

.
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DISCUSSION

>

“ The Na+-:iependen't activation of the respiratory system of

A. haloglanktgis was examined by determining the'eff‘ect of Na' on the

’xidgt‘icm of se:verall exogenously added‘s"ubstrat;zs. The oxidizable
’ gubstrates examined, by virtue of their redox pqtentials, E:g)uld

&2

7 donate electrons direct;y to various electron caririers along the
respiratory chain. Results obtair.xed in the present stud};
demonstrated that NADH was actively oxidized by awhole cell,
'suspensiqns of A. halogIanlnitst; Na' had no stimulatory effect.
However, when the cells were tolueni'zg,d, equsing the inner surface -
of tile cytoplagmic membrane to the substrate, there was a sign‘ifi'cant
increase in NADH oxidase activit;y, and the maximum rate of oxidation
w;a obtained in the presence of 100 mM Na+ (Figure 5). These
observations suggest that there are two respiratory-linked NADH
d“ehjdr;og.enases in this organism; onefls located on the outer surface
of the cytoplasmic membrane and the other on thé inmer surface.
Based on the results obtained, the characteristic which distinguishes

.

these two enzymes 1s thelr response to Na+. Na+-dependqnt activation’

-

of NADH oxidase has also been observed in another marine bacterium,

Vibrio alginolyticus. Unemoto et al. (1977) reported that-the lysed

cells of this organism exhibited max:tmum oxidation of exogenously:

added NADH in the presence of 0.3 M NacCl. L

o

71 ’ |
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Alf;ggugh NADH dehydrogenase in most procaryote& 18 located

oondy on the inher surface of the membrane, there have beet\some

LY
reports on the presence of this enzyme on the outer surface of the 1
Y

membrane. Lombardi et al. (1974) have observed NADH oxidation by
-2 e '
intact cells dt'E. coli. Further studies on the fractionation of *\

.-

the electron transport chain of E. coli revealed that there are: two
NADH dehydrogenases, differihg in their ability to reduce various

dyey acceptors (Qendler and Burgess, 1974). Preliminary experiments

-

f 4 /
conducted with ferricyanide in A. haloplanktis suggested that there
" dre two NADH dehydrogenases in this bacterium (Calcott et al.,

_~unptblished data). >
N o5
Besides the observation that the two NADH dehydrogenases in o
, - /
this marine organism differ in their response to Na+, the possibIlity

that they may also differ in the nature of theilr prosthetic groups
still needs to be examined. Studies on ﬁ}le membrane-bound NADH

dehydrogenase of Photobacterium phosphoreum have shown that this

¢ @

enzyme contains FAD as prosthefic group. This NADH dehydrogenase

was found to be activated by mt%wvaleng cations, * These character=-
istics were in contrast to the nature of a NADH-FMN reductase, a !

’ N - e '
gsimilar enzyme obtained from the soluble fraction of the #awme ° .°

o

organism. The activity of the latter enzyhe was almost.“_' independent

of Na+ or K-h concentrationg in the reaction medium (Imggqa et _a,_],;., ” ¢
1978; Watanabe et al., 1977). ' . : :
(s o » N
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‘Earlier work conducted with w‘hole cells "o§ A. haloplanktis

(Sprott et al., 1975) suggested that under normal physiological

conditions where the intracellular K concentration is high, Na+

is expelled from within the cell. \More recently, Niven a..nd MacLeod

(19785 established that this organism posses;se; a I’ia+/H+ antiporter;

the tréhs?ﬁbrane proton gradient effected by respiration could then

be used to drive the antip‘orterhxediated extrusion of Na+. Although

~the K+ concentration in actively respiring cells is high, the

‘intracellular Na+ concentration would be maintalned at a.low level.

As the NADH dehydrogenase on the inner surface of the cytoplasmic

. membrane requires 100 mM Na+ for maximum activity, it would seem

: reasc1nable to suggest that this enzyme npy be involved in the

regulation of respiratory activity. Under normal physiologigal
conditions where the intracellular Na+ concentration is low, the
enzyme would be functioning at a suboptimal rate. However, under
certain abnormal conditions where the. physiology of the organism
is altered, resulting in an increase :h; the intra;::ellular Na+ . K
concentration, the Na ~dependent NADH dehydrogenase would be
a\ctivated. The resultlng increas in the re;piration—driven
proton translocation would stimulate Na+ extrusion via the Na*'/H"'-

antiporter and the intracellular Na+ concentration would be

#educed again,
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In recent studies on the specific coupling of ethanol to
-~ tramsport, it was& suggested that A. haloplanktis contains two
ethanol dehydrogenases (Sprott and Macleod, ‘1974; Thompson and
na};IAod, 1974). An NAD'-linked alcohol dehydrogenase was shown to
. be present in the cytoplasm, but such an enzyme wag not detected in |
membrane vesicles. Based on the observation that »\ethanol could
still stimulate transport in membrane vesicles, it was suggested
that there is a second ethanol dehydrogenase present in the membrane
of this organism. Results obtained in this present study support
this conclusion. It was observed that 2 mM Na+ was required for the
maximum oxidation of ethanc;l by wpole cells, whereas in toluenized
cells, 50 mM Na' was required for maximm oxidation of the substrate.
That toluenized cells could not oxidize ethanol umless NAD' was
present in the reaction medium, confirmed that the intracellular
alcohol dehydrogenase was NAD'F—linked. Ag the Na+ requirement for
the cytoplasmic ethanol oxidase activity (56 mM Na+) .far exceeded
t;we quantitative Na+ requirement for maximum ethanol ox:l.&ation by
whole cells (2 k:M Na+). it geemed likely that ethanol respiration
<
by whole cells is ca’talyéed by an enzyme other than the cytoplasmic
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 ascertain whether the membrane-
bound alcohol dehydrogenase is either NAD+-1inked via ;:he NADH
dﬁydrogenase located on the outer surface of the membrane, or

?

alternatively, whether it is a flavin-linked enzyme. _The
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obsefvation that the ethanol oxidase ;Etivity in ;oluenized cells
(~ 40 natoms 0/min/mg dry wt) was much less than the respiratdfy\
,rate on ethanol in intact cells>(~'200 natoms O/min/mg dry wt)
suggested that treatment with toluene destroys the membrane-bound
alcohol dehydrogenase. Hence, the respiratory rate onm, ethanol

. o J

measured in toluene-treated cells would reflect only the oxidation

”
of ethanol by the soluble NAD+—linked ethanol dehydrogenase.

A

The Nap® dependency of the cytoplaémic ethanol oxidase
activity supports the coﬁ;lusion that ethanol oxidation generates
endogenous NADH in whole cells. Since the cytoﬁlasmic membrane-is
impermeable to NADH, the NADH generated intracellularly would
probably be oxidized by the NADH dehydrogenase located on the inmer
surfate of the membrane. GSince the maximum rate of NADH oxidation
(~400 natoms O/min/mg dry wt) is tenfold greater than that of
ethanol (~ 40 natoms O/min/mg dry wt) in toluenized cells, under
cgnditions of optimﬂm Né+ concentrations, the respiratory rate with
ethanol is apparently limited by the activity of the alcohol
dehydrogenase. Furthermore, thefNa+ requirement for maximum ethanol
oxidase activity (50 mM) is considerably greater than the Na'
concentrations required for the activation of the internal NADH
oxidase to produce a corresponding respiratory rate. This suggestgd
that 50 mM Nd+, in fact, r;flects the Na+ requirement for maximm

-t

intracellular ethanol dehydrogenase activity.
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éarly studies on cell-free extracts of A. haloplanktis showed

that none of the enzymes of the tricarboxylic acid cycle required

1

‘Na' specifically for activity (MacLeod et al., 1958; MacLeod and

Hori, 1960). Reault_s reported in the present study confirm these
observations for succinate d;ahlydrogenase as the succinate oxidase
activity of this organism was shown not to be stimulated by Na+. \ s
However, the oxidation of the non-physiological substrates,
ascorbate/TMPD, by whole cells was shown to be stimulated when 5 mM

Na' was included in the assay system (Figure 19). " A more detailed
investigation revealed that the Na+—dependent activation of -
ascorbate/TMPD oxidase in whole cells corresponds to the Na+
requirement for the maximum ascorbate/TIMPD oxidation by the soluble
fraction obtained from cell-free extracts. A recent study on the

cytochrome composition of A. haloplanktis demonstrated the presence

¥ / of a soluble CO-binding cytochrome csyg in the periplasm of t;his

organism (Knowles et al., 1974). The observation that there was
active respiration of NADH, succinate and ascorbate/IMPD by the
particulate fraction of A. haloplanktis, led to the suggestion that
the soluhlye cytochrome ¢ is associated with a side branch of the
main respiratory chain. In a more detailed study, Calcott and
MacLeod (‘mpubiisl}ed data) demonstrated that the periplasmic CO-
binding cytochrome ¢, presént in the soluble fraction obtained from
cell~free extracts, was ab}e to accept electrons from ascogbate/'m.PD
and these electrons could be used in the subsequent reduction of

oxygen. However, the soluble cytochrome ¢ was unable to accept
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electrons from NADH, succinate or a variety of other potential
electron donors. FPurthermore, i1t was débserved that the respiratory
activity associated with /this c~type cytochrome was sensitive to
several electron-transport inhibitors to which other terminal
oxidases are usually resistant. These observations confirmed the
earlier suggestion that the soluble cytochrome csy9 is not located
on the main respiratory chain of this organism, but is part of a
branch pathway. This periplasmic CO-binding c~type cytochrome,
although unusual, is not unique as similar cytochromes have been
found in other bacterla including the marine organism, Beneckea
natriegens (Weston and Knowles, 1973). However, tihe Na+—dependent
activation of ascorbate/TMPD oxldase in the soluble fraction of

cell-free extracts has only been examined and reported for

A. haloplanktis.

Results obtained in this study on the effect of Na' on
endogenous respiration bf whole cells revealed that maximum oxidation
of enddgenous substratés was achieved in the presence of 50 mM Na+.‘-* --
Ethanol and NADH oxidases located on the inner surface of the
cytoplasmic membrane have been shown to require 50 mM and 100 mM Na+ /
respectively for maximum activity; however, since even in the
p:l'eaence of 50 mM Na+ in the reaction medium, the intracellular
concentration of Na+ in whole cells is maintained at a low level,
the reason for the Na+-dependent activation of endogenous respirati?n

cammot be explained.




78

When the efféct of other monovalent cations on the
respiratory system of A. haloplanktis was examined, it was observed
that Li+ could stimulate oxidation of most substrates tested, albeit
at a slower rate than that activated by Na+. Results on the
ascorbate/TMPD oxidase revealed that L1* and Na' could stimulate
ascorbate /TMPD oxidation t\o the same extent. When the effect of K+
on respiratory activity was examined, it was found that K+ vas
relatively ineffective in replacing the N.a+ requirement for maximum
oxidation of NADH and ethanol in toluene-treated cells Q:‘igures 6
and 14) and for maximum ascorb’ate/'MPD oxidase activity in whole
cells (F:Lgure' 21)., However, in the absence of K+, the concentration
of Na+ required for maximum ethanol oxidase ac\tivity by whole cells
was increased, suggesting that K+ could partially satisfy the Na+
requirement for ethanol oxidation (Figure 10). In the presence of
10 mM K+, Na' activation of NADH ’oxidase in intact cells was
eliminated, suggesting that the effect of Na+ on the external NADH
oxidase is not entirely specific (Figure 2). Besldes a Na+ require—
ment, oxidation of NADH, ethanol and ascorbate/TMPD by whole cells
was shown also to require K+ for maximum activity. This K+ require-
ment was shown to be specific since even in the presem/:e of 10 mM
Na+. the concentration of K+ needed to activate the maximum oxidation

°

of substrates was not reduced.

An earlier study by Sprott et al. (1975) demonstrated that
the oxidation of ethanol and ascorbate/TMPD by membrane vesicles of

A. haloplanktis was not stimulated by Na+. In these experiments
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substrate oxidation in the absence of Na+ was determined in a
reaction medium containing 200 mM LiCl. Results presented in this
stufly have shown that the membrane-bound ascorbate/TMPD oxidase
f(‘: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+ couid e
partially replace Na+.g However, since the concentration of Na+
required for maximum ethanol oxidation is s.o low (2 mM Na+),
perhaps being even less in the§presenc’e of 200 mM LiCl, it is
possible that such small concentrations of Na+ were present in
contaminating amounts in a reaction medium containing no added Na+.
This would seem more likely under conditions where particular
attention was not given to the possibility that such small con-
centrations of Na+ would be sufficient to stimulate maximum oxidation
’ \
of substrates. Thus, under the conditions of the experiment where ¢
the reaction medium contained no added NaCl, but 200 mM LiCl, it
seems reasonable to 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. haloplanktis is
presented in Figure 26. The scheme summarizes the data on Na+
activation as presented in this study with respect to 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 showing the sites of Nat-dependent activation.

’
Cyt, cytochrome; CoQ, coenzyme Q; Fp, flavoprotein.
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A. haloplanktis has still not been fully elucidated, the nature and
b

sequence of the redox carriers remaln only speculative at this stage.

i -
~

NADH oxidase associated with the NADH dehydrogenase located'
on the outer surface of the cytoplasmic membrane, succinéte oxidase,
and the membrane-bound ascorbate/TMPD oxidase, all showed no specific '
Na+ requirement for maximum activity. However, 100 mM Na+ was
required specifically for NADH oxidation via the NADH dehydrogenase
located on the inside surface of the membrane. Ethanol oxidation
was catalyzed by two enzymes, a membrane bound alcohol dehydrogenase

\

which was shown to require 2 mM Na+ for maximum activity and an
”

NAﬁ+—linked cytoplasmic ethanol dehydrogenase which exhifited maximum
activity in the presence of 50 mM Na+. Ascorbate/IMPD oxidation by
the soluble fracti;n of cell-free extracts showed maximum stimulation
in the presence of 5 mM N&+. Since of all the redox carriers subject
to Na% activation, only the infiler NADH oxidase is part of the main .
respiratory chain, it can be suggested that the primary site of N§+—
dependent activation in the respiratory chain of A. haloplanktis is
at the‘reaction step of NADH~quinone oxlidoreductase located on the
inner surfacerof the membrane. Recent studies ﬁy Unemoto and

Hayashi (1979) demonstrated that the site of Na+—depq§gent activation

! : AN
iﬁ the respiratorybchain of Vibrio alginolyticus,}s at the level of

NADH: quinone oxidoreductase and more specifically at the quinone

. reduction portion of this step. They observed that the rate of

menaquinone reduction ﬁy NADH was activated specifically by Nﬁ+.

&.
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They further showed that the 'Ka value for Na+ for menaquinone
reductase was the same as that of NADH oxidase. Hence, based on
these results, they concluded that the site of’Na+ activation in the
electron transport chaln of thi; organiém was at the step of NADH:
quinone oxidoreductase. Results obtained in the present study
Lugg’est that tl:e primary site o\f Na+ activation d\n the respiratory
cha(':l;‘:of A. halonlggtis is also at the level of NADH: quinone
oxizloreductase located on the inside .surface of the membrane. mis
.conclusion was bas';d on the observatiﬁs that the oxidation of
succinate, which introduces electrons at t:hel level of CoQ, is Na+—
independent, whereas the NADH oxidation system located on the inner
face of the cytoplasmic membrane requires 100 mM Na+ for maximum
activity. However, I:he present data do‘not allow us to conclude

whether the éffect of Na+ i3 on the NADH dehydrogenase or the

. quinone reductase portion of the NADH-qugnone oxidoreductase.

It is noteworthy that since all the substrates examined could
be oxidized even in the, abser.me of added Na+ or K+, reaching a
maximum rate only when Na+ is present in the reaction medium, the
respiratory activity of A. haloplanktis would appear to be a Na+-
activated process. However, since Na+ could be present as a -
contaminant in a reaction medium containing no added N‘a+ at a
concenﬁtration sufficient to activate the oxidation of the substrates,
it is difficult to ascertain whether respiration of A. haloplanktis
is, in fact, a Na';-dependent or a Na+—actijvated process. Likewise,

() substrate oxidations shown to be Na+-independent do not exclude the

4
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. gradient are responsible for driving the transport of AIB into the
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possibility that Na+ is present at sufficient concentrations to

satisfy the requirement of T:he enzyme systems for Na+.

When the Na+ requirement for maximum transport of metabolites
was ei&mineél, results reported here provided strong supiaort for the
earlier conclusion that transport of a-AIln! into intact cells i% a
Na+-de"pendent process (Drapeau et al., 1966; Drapeau and Macleod,
1963). 1t was observed that 250 mM Na© was specifically required
for' the maximum uﬁtake of a~AIB, irrespective of thie oxidizable
substrate used to stimulate the process. Other cations such as K+
and Li+ were ineffective in actlvating transport of the non-

metabolizable substrate (Figure 25), confirming the Na+ specificity ‘
\]

of the transport system(s).

According to the chemiosmotic hypothesis, the transmembrane
proton gradient effe‘cted by respiration is used to extrude Na+ from
the bacterial. cells by(mearﬁof a Na'{P/H+ antiporter, resulting in
the formation of. an inwardly directed transmembrane Na+ gradient.
The chemical and elect;:ical coml;onents of this gradient could then
be used to drive the intracellular accumulation of metabolites
(Mitchell, 1963, 1973). In a recent study, Niven and MacLeod (1978)
provided evidence for the presence of an Na+/H+ antipor}er in

A. hdloplanktis. More recently, it has been shown that both the

chemical and electrical components of the trans-membrane Na+

cells, by a N’a+/AIB symport mechanism (Niven and Macleod, 1979, i




-

%

wpubiished data). Results from the présent studz suggest that this
Na™ ’
symporter has a specific requirement for 250 mHAfor maximum activity.

In conclusion, the quantitative Na+ requirement for transport
gf metabol:'lteq 1;3 separate from that for maximum respiratory
activity‘ "in the marine bacterium, A. haloplanktis. Evidence for
this is provided by the observation that 250 mM Na+ was specifically
required for the maximum rate of a-aminoisobutyric acid uptake, !
whereas depending on the substrate, the Na+ Vrequirement for maximum
rate of respirat}ion cox%‘ld. bé as little as zero (succinate oxidase)

or as much as 100 mM Na+ for an NAD+-11nked substrate being oxidized
inner

on the surface of the cytoplasmic membrane. The primary site

of Na‘t-dependent"activation in the respiratory chain was shown to be

at the level of NADH:quinone oxidoreductase located on the inside .

LJ
’

. {
sur/f/ace of the cytoplasmic membrane.
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