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‘ : : ABSTRACT » ‘ .
M.Sc. - RANDAL DRONIUK . - . Microbiology .

/

SODIUM-STIMULATED TRANSPORT OF METABOLITES -
IN TWO MARINE BACTERIA ’ ., . b

Y ’

‘g ® - )

The effects onga+ on the transport of a variety of metabolites

were examined in the marine bacteria Alteromonas haloplanktis and Vibrio

fischeri. A. haloplanktis required Na* for the uptake of all substrates
‘ Egsted. V. fischeri showed some ability to transport metabolites in the
@aqgence of Na*. Na® was required by tﬁis organism for the optjmaj uptake
of all th; substrates tested except D-g]ucose; the accumu]ation‘of which
was unaffected by the sdon. \L%+, b;t not K+, was able to replace Na+ in
promoting the uptake of some metabolites by ‘both organisms. The Na*
requi;ement for maximumsrates of transport exceeded the Na+ requirement
for a maximum rate of respiration in both bacteria. The intracellular
conceptration§ of transported metabolites wére’determined, and both
organisms accumulated all of thé substrates égainst their concentration’
gradients. Larger gradients were accdmu]a}ed by the cells at high Na+
concengrations than at tow Na* Eoncentr;fions, even though the extgrnal
osmotic pressure was the same under both conditions. When they were )

‘accth1aﬁed, the size of the gradients increased with time. These results

indicate that the thabolites were actively iraﬁsported by the cells.
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s RESUME -

» 7 M.Sc, . RANDAL DRONIUK - * Microbiologie

N ’ '
b

. . .
. STIMULATION DU TRANSPORT DES METABOLITES PAR -
L'ION SODIUM CHEZ DEUX BACTERIES MARINES .

©

2

Les effets de 1'ion Sodium sur-le transport de plusieurs

métabelites ont &té étudiés chez les bactéries marines Alteronomas .

halop] anktis et Vibrio fjschgr"i. A. haloplanktis requiert le Na© pour
le transport de tous Jes substrats examinés. L'ion Na* ne Istimgﬁ“lait
B n_uﬂement le t:ransport du glucose par V. fischeri. Cet prganisme
trénsportait‘]gs aLtres substrats en 1'absence de Na+,6m;1"s la présence
de cet jon éta;it nécessaire 2 1'obtention des taux maximau; 'de transport.
JLe L1‘+, mais pas le K+, pouvait}ﬁ*mp]acer Te Nat comine stimulateur au
.transport de certains métabolites par les deux organismes. Chez les
deux bactéries, 1'exigence en Na' pour: les taux maximaux de transport

N

~tfait plus grande que T'ex.igence en Nax+ pour un taux max-imum de respir-

b{ ation. Les déterminations des concentrations intracellulaires des

-

substrats transportés révélérent, dans )1es deux cas, des concentrations’
supérieures aux celles trouvées dans le milieu. On trouva que.
, 1'accumulation aes méta%iites était plus efficace dans' Tes milieux
contenant de g;'andes contentratibns:&e Na* que dans les milieux
“'jébntenant.de faiMes concentrations de Na+. Enfin,"Jes concentrations
intracellulaires des substrats augmentaiegt en;'fonction du temps. Ces

résultatd suggérent que les ‘métabolites étaient activement transportés

par les cellules. L ) C
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. GLOSSARY ®

a-aminoisobutyric acid

-

choline chloride

\ L1

complete salts tris buffer

3

* reduced n1cot1qamide adenine dinucleotide

S

phosphoeno]pyruvate tfans%hrase sysgem

, 4 o

inorganic phosphate .

proton motive force
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INTRODUCTION A
Iﬁvestigations of the ionic requirementsnbfumariné bacteria
have shown that these organisms have a specific sodium requirement for
growth which distinguishes them %ﬁom most of their terrestrial counter-
pgkts (MacLeod and Onofrey,‘1957; Reigﬁg]t and'Baumann, 197&). Thgv
physiological basis of this sodium debendence has béen studiedbiken-

sively only in Alteromonas haloplanktis, where it has been demonstrated

that the need for sgdium is related to the function of several critical
cellular processes (MacLeod, 1980). Na* s specifically required for
membrane transport (Drapeau and MaclLeod, 1963) and is regquired ]e§s
specifically for_its osmotic actiof which affects the retention of ‘
intracellular solutes (wgng et al., 1969;rMacLe0d gglgl.; 1978). Recent -
studies have defined the role of sodium ‘in eﬁergy coupling to the
transport of a-aminoisobutyric acid (AIB) (Niven and MacLeod, 1978; -
‘]980). Sodium has also been shown to influence the respiratory activjty

0

of A. haloplanktis (G. Khanna, M.Sc. thesis, 1980).

)
-This project was undertaken to expand our understanding of the

-

role of Na* in membrafe transport by marine bacteria. Most of the . -
previous work on this topic was done using the non-metabolizable alanine
analogue AIB as a substrate, therefare it was considered that it would be
more relevant to examine the uptakes of metabolizable substrates which

bacteria could actually use for growth. It woﬂ]d also be useful to study

another marine bacterium, in addition to A. haloplanktis, to determine

if Na+ inf]h?hceérboth organisms'in the same way. Some of the techniques

Y

o i e Tbst £

El

1
i
‘g
B3




- ° .
have been refined g;nce previous stud1es were done, and other mod1f1cat1ons
in experimental des1gn were needed to account for osmotic effects on
membrane permeabi}1ty (MacLeod et al., 1978) and the effects of Nat on
respiration (G. Khanna, M.Sc. thegis,'1980). ®
- ) l . i
The effects of Na© on transport were studied in the marine

bacteria Alteromonas haloplanktis and Vibrio fischeri. The aim of this

research was to determine 1) if there is a Na+ yeqdirement for transport
exceeding that ﬁpr respiration, 2). if Kt or Li* can spare the need for
Na+, and 3) EF substrates are accumulated against their concengrafion

gradients by an*active transport mechanism: !

The existence of an ahsolute Na+ requirement for the uptake
‘of nutrients would presumably be a major factor preventing marine

bacteria from growing in the absence of Na+.

Q
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LITERATURE REVIEW L e
v Y f.J'j“ LR
Ry B “’,{,;'guf;
. /",4 ‘{’::"ﬂv
1. The sodium requi¥rement for growth . Mo

The sea is one of the most important environments on this
planet. There is an epormous biological diversity within, its boundaries
..... indeed, life is thought to have originated Tn the sea. Perhaps .
the single most important physical characteristic of the marine environ-
ment (besides an abundance of water) is its salinity, and most marine
organisms have physio1egic51 features which allow them to accomodate to
the problems associated with living in a saline environment, {n most
cases, these adaptations are associated with a dependence on safinity for
survival. These creatures are therefore restricted to living in the sea
and their marine nature often distinguishes éhem from similar organisms

found in other habitats.

~ o ,

That marine bacteria hgve a special requirement for- inorganic
jons was first reported by Fischer (1894), who observed that the highest
" plate counts were obtained from seawater samples when the‘plating"medium

was prepare& with seawater or supp1emeﬁted with 3% NaCl. Harvey (1915)

5] 4

found that 1um1nescent marine bacteria d1d not luminesce in fresh water.
.The presence of sucrose as well as salts, perm1tted the organ1sms to
luminesce. He concluded that sa]ts were needed to provide a suitable

- extracellular osmotic pressure.

.
[ a

1

Richter 11928)‘spowed~¢hat a.marine bacterium had a specific

Na* requirement for growth, and these results were confirmed by Mudrak

-

e




# : , :
(1933) and Dianova and Voroshilova (1935). Other researchers reported,
howeve:, that the apparent Na' requirement for growtﬁ was :an unstable
characteristic that could be eliminated by "training"wthQ’organisms to
|- i

urvive on progressively Tower amounts of Naf (see MacLeod, 1965 and 1968

Y

or reviews). - N
/ B .
~ Using chemically defined media, MacLeod and co-workers ,inves-
tigated the nutritional requirements of marine isofates for ‘the purpose
of resolving the controversy as to whethér‘there were bacteria native to
" the ‘marine environment wjth unique_ionic requirenents that distinguished
them from terrestrié] bacteria. Seawater could Be replaced by an ,
artificial salts mixture (Macleod et al., 1954) and re;uirgments for

Mg*2, poj3,. s0;°

So,", K+ and Na+ were demoﬁstratgd (MécLeod qnd Onofrey,

4
1956). It was the requirement for Na+, howevqr, that dis%ipguished these

&

ma‘ine bacteria from non-marine forms. Further studies e;tab1ished the
highly spec{fic nature of this need for Nat. Two hundredﬁto 300 mM
Na© was required for the’optimal growth of three marine bacteria (MacLeoq’
aéd Onofrey, 1957). ‘L1+, K+,\Rb+ and sucrose could repTgceasome,‘but
n%ver all, of the Na+t‘ It was concluded that the primary effect of Na¥
was not osmotiq, since if this was the case, one should be able to y
”r&p1ace‘it entirely with another solute.
{

M;cLeod and Onofrey (1956, 1963) were unsuccessful in their

attempps to train marine bacteria to grow in a Naf—free chemically

defined medium. A marine pseudomonad grewgs1ow1y in a complex medium

with no added Na+, but analysis of the medium revealed that there was

1
A




n
/

s

28 mM Na+ present as confamﬁﬁation. Attempts to mutate mar%ne bacteria

1y
1]

@totya+-independégg§ have,alsg,beeﬁ unsuétessfu? (Gﬂw et al., 1981).
’A1though they may grow jnbsﬁboptima1 ievei; of N§+, it‘is evident that
the Na* requié;menf'for'g?owth of marine bacter{a 15 a very stable o .
characté}isfig of these organisms.
< : .ot

The eiisfénce’of a Na+ requirement for the growth of marine ' 3

bacteria has been well documented. Tyler et al. (1960) reported that a

marine}pseudomonad needed at least 60 mM Na+ for grthh. A marine

Vibrio studied by Pratt and. Austin (1963) grew only in the presence of :
- \ / -

2

Na+, §]though“K+ or Mg+ could partia]ﬁy spare this requirement. Four

strains of Photebacterium fischeri examined by Srivastava and MacLeod ) 5

.

(1971) required between ZSQand 300 mM Na* for optimum growth. Reichelt

and Baumann (1974) scre;ned 700 strains of marine bacteria and found that

*

. -4
they grew-only in the presence of Na+. Vibrio alginolyticus grew best

LA

in 500 mM Na' (Unemoto et al., 1977) as did Vibrio parahaemolyticus

(Morishita and Takada, 1976). 1In thév1at§er case it was found that Li"
could replace most of the Na+, but there was a minimum essential require-

ment for 3 mM Na'. The authors concluded that there is a specific need
Sl e , )
for Na* pfhs a requirement for osmotic support which may be provided by

Na't or other solutes. A psychrophf]ic marine Vibrio grew best in 200-to
300 mM Naf\ however at suboptimal Na+ levels addition of §+ or Mg+2

stimulated growth (Hayasaka and Morita, 1979). d

“ Q
v Marine bacteria have a characteristically stable Na+ require-

. »

ment for growth, but it is now recognized that this feature is not unique

-
@

£
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l“(Sistrom, 1960), Pseudomonas stutzeri (Kodama and Taniguchi, 1976) and

to - these organ1sgf.' The " rumen bacter1a, Bacteroides succinogenes .

(Bryant et al. 1959) and Bactero1des amylophitus (Caldwe]l et al., 1973)

have been shown to requ1re Na , and in the latter case ne1ther K ‘Li +,

Rb* nor Cs¥ was able to replace Nat . Extreme halophiles grow best in
media containing 20 to 30 percent NaCl (Larsen, 1967). The moderate

halophiles Micrococcus halodenitrificans and Vibrio costicolus were shown

to have a stable salt requirement (Forsyth and Kughner, 1970). Absolute

Na+ requirements have been reported for Rhodopseudomonas spheroides

an alkalophilic Bacillus {Kitada and Horikoshi, 1977).

1

Some organisms do not need Na+ for growth, but may be

halotolerant or are affected by Na+ only under certain conditions of -

growth. Escherichia coli needed 3 mM Na+ for optimal growth when

‘ 7g1Utamaté was the sole carbon source (Frank and Hopk{ns, 1969).

. + .
Aerobacter aerogenes was shown to have an irreplaceable Na ' requirement.

for anaerobic, but not aerobic growth on citrate (0'Brien and Stern,

4

1969 a, b). Salmonella typhimurium néeded 7 mM N32 for aerobic growth
on citrate and thls/requiﬁement was not spared by NHZ s Kf, Li+, Rb* or

Cs™ (0'Brien et al.; 1969).
& :

. -

2. The effect of Na© on marine bacteria

7 i
N . .

a. Transport
Studies on Na -dependent growth of mar1ne bacterla indicated
that the jon influencéd more than Just the osmotic pressure of the

medium. The extreme stability of the requirement suggested that perhapsk

'Y
i
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Na© was associated with the function of some-essential aspects of

cellular physiology. :

4 0

In order to determine: the role of Nt in the growth of 7 .~
A. h;]oglanktis, the effect of Na© concentration on the metaboljsm of
organic substrates was investigated (MacLeod et al., 1958; MacLeod and -
Hori, 1960). Fifty to 200 'mM Na™ was needed for the optimal oxidation of
a Variety'of éarboxy]ic acids by whole cells. When cell-free extracts

were tested, neither Na+ nor_K+ stimulated oxidation of the substrates.

It was proposed- that perhaps Nat was required by the'ce11§_to transport

metabolites across the cytoplasmic membrane.,

o

6

Payne (1960) showed that Na* stimulated uptake and. oxidation of

7
glucuronate in whole cells of a marine bacterium. He interpreted his

results as indicating that Na+ jﬁduced a glucuronate permease system, but

that it was not needed for the actual uptake of substrates. ’
A .

.Drapeau and Macleod (1963) found that a-aminoisobutyric acid

(AIB), a non-metabolizable analogue of alanine, was rapidly“accumulated by

cells of A. haloplanktis in the presence of 200 mM Na®. There was no )
/ < ) ] . A
uptake in the absence of Naf, and the requirement for the ion was shown to

be very specific in that neither K+, L1+, RB+,1NH4+ nor’ sucrose was able

<
i

to stimulate trénspprt. Cells began to take up&Yadioactivity immediately

after addition of 14C—AIB, and chloramphenicol did not inhibit transport.

* Payne's theory of a Na+-induced permease was therefore discounted. The

uptake of D-fucose, an analogue of galactose, was also shown to be Né+--

dependent.

o g e S e 8 R
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Anéther maripe organism, Photobacterium fischeri, was'
subsequently found to require Na+ for the transport of AIB (Drapeau et
al., 1966). Further studies showed that there was a relation between ———— |
Na+-dependent transpgrt and growth of.ﬁ.\ha1op1anktis. The Na© require-
ment for oxidation of alanine and galactose was s%milar to the Na¥ ’
requirement fofﬁtransport of their non-metabolizable counterparts AIB
and fuqosé: This suggested that the Na+ requirement for oxidgtion °
represents ‘a Na* requirement for transbort.’ The 200 mM'Na+ requirement
for optimum %qansport'and:oxidation of ®lanine corresponded well to the
requiremenf for growth wheh alanine was tﬁé sole carbon source. Only A
50 mM Na+ was needed for the oxidation and transport of galactose as
compared to 200 mM Na® for growth. It was ‘suggested that the extra Na*
needed for growth above the 50 mM 1Eye1 fepreseqﬁs a non-specific need

> s

for a medium of syitable ionjé strength (Drapeau et al., 1966).

Paul Wong (Ph.D. thes1s, 1968) examined the effects of inorganic
ions on the transport of metabo11zab1e substrates by A. ha]og1ankt1 and
P. fischeri. After ten minutes, both organisms had accumu]ated amino -
acids in a 200 mM NaCl1 buffer, but not in a 200 mM choline ch]orjde Buffer.
The lack of uptake in the latter case was not due to inhibition by éhol{ne
chloride (ChC]) since the uptake in 200 mM ChCl "4200 mM NaC] was similar
to that in 200 mM'NaC] alone. K R L1 s NH4+ and sucrosehd4d~not stinulate - - -
transport. N§- stimu]ated the uptake of inorganic phosphdte in both
bacteria. A. haloplanktis took up D-galactose best.at 100 mM Na*,
whe}eas 200 fo,300 mM Na+,was neéded for the optimum uptake of citrate,

succinate and malate. : ’ . .

@
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Many aspects of membrane transport in A. ha]oglanktig‘have been
characterized in subsequeht stadies. Kinetic ana]ysis‘pf AIB transport
showed that, between 0 and 50 mM Na+, the Km décregsed but Vmax remaiﬁed
constant. Between 50 and 200 mM Na+% the K, Was constant and Vmax
increased (Wong et al., 1969). DeVoe et al. (1970) showed that whole -
ce]%s and protoplasts have the same capacity to transport AIB, Na+ was
required in Both cases and these results suggested fhat Naf affected
transport at the level of the cytoplasmic membrane. The essential role
of intracellular K in transport has been described (Thompson and
MacLeod,?f971; 1973, 1974b) and N;+-dependent K* transport was reported
by Hassan and MaclLeod (1975). Kinetic studies have revealed the \
existence of three neutral amiﬁo acid transport systehs in this organism
(Fein and MacLeod, 1975;.Pearce et al., 1977). |
s .

There have been few studies on transport in ather marine

organisms., Baumann (1979) has recently repgrtedga Naf requirement for

the uptake of D-fructose by Pseudomonas doudoreffi. A psychrophilic

marine Vibéio‘took up both glutamate and TMG (methyl-B-D~-thiogalactoside)

in the absence of Na'. Transport was greatly enhanced by the addition

+

of Na+, but not by the addition of NH;+, Lit or rRb* (Héyasaka and Morita,

~1979). The_glucose: phosphoiransferase system of Serratia .marinorubra .

was unaffected by salinity (Hodson and Azam, 1979). ?£¢:a;pendent’uptake

of nitrate and urea has been demonstrated in a marine diatom (Rees et al.,

1980). ‘

Much of the sea is characterized by Tow nutrient concentrations,
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and recent studies ha;;\é amined the ability of marine bacteria to take

up substrates under these conditions. Akagi et al.
; , N .-
the concept of “oligotrophic™ and “heterotrophic™ marine hacteria.

Organisms of the former group’ appear to have a competitive advantage

©

(1980) have'introduced

which enab]es them to grow at lower nutr1ent concentrations. than organisms

_r group. An oligotroph and a\heterotroph were found to have
.2 uM and 1.8 uM respectively for pro]ine transport, and’Km's
of 13 uM and 3.2 uM for glucose transport. At Tow concentrations, both

substrates were taken up more rapidly by the oligotroph than by the

heterotroph, and ‘substrate specificity of the oligotrophic proline

transport system was mdch broader than that of the heterotrophic system
(Akagi and Taga, 1980). A high affini{y neutral amino acid uptake
system with broad substrate specificityqﬁas also been detected in
shaloplanktis (Pearce et al., 1977). Geesey and Morita (1979) found
tha a_marine psychrophile has a high affinity arginine uptake system

with a\ K\\nf 17 nM as well as a low affinity system with a- K of 4.5 uM.

\\

In a11 theee studies, the authors suggest that high affinity uptake

y be 'mportant adaptatioas which allow marine bacteria to

N
survive in a ﬁh{(jent-poor environment.

mechanisms

<

t

. Although this concept may be valid, it seems doubtful that it
would' be applicable only to marine organisms. Bacteria, in many environ-

ments often have to cope with the extremes of “feast or famire”.

'b. Energy coupling to transport

arly stud1es of AIB tra sport by A. ha]og]ankt1 indicated that

TTT—
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the process is energy depende%t. The cells' LndogehBﬁEc

P

could drive uptake, but addition of an exogenous electron

. . L N
gradient, and cells of A. haloplanktis were shown to accumulate-AIB to

an intracellular concentration of §00 mM from an jnitial extracellular:
‘P/ s y ¢

concentration of 100 uM (Wong et al.

1969). Sprott afd MacLeod .(1972) N

> & ° g
anine, into membrane vésicles ?\\\\
' could be energized by the oxidation of the XQESZZUS electron donors NADH - 5

.and cor'bate-1r'educed,'5:rMPD’D '

' ;//ffréaﬁzga/;;cotinamide adenine dinucleotide)
! Rl

(N, N, N', N' - tetramethyl - p - phenylenediaming d

reported that the transport of AIB and

drochloride).

3 Cells of A. ha]obTanktis can also oxidize ethanol and use it as an enérgy

./

source for transport (Sprott and MacLeod, 1974).. ]

RN

Thompson and MacLeod (1971) proposed a model explaining the AN

1e

effect of Na® on transport which Lgs based on the observation that Na' . .

-Km for Aih\gptake (Wong et al., 1969). Na* would increase

the substrate would be“released in response to a reduction in affinity

of the carrier for its sub t}ate. Further experiments seemed éo diécount
the possibi]ity\;hgf\g‘Na+ or
transport (Thompson ana\ﬁcheod, 973). At was estimated that Epe

( intracellular Na+ and K+ concenfréfions in A. haloplanktis were 90 mM
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and 440 mM respectively. Uptake of AIB was not inhibited, however, wﬁen

"the don gradients were supposedly e11minated'by suspending the c?lls in a
buffer containing 90 mM Na* and 440 M K*. Studies on the ability of
electron donors to stimulate transport (Sprott’and MacLeod, 1974; Thompson

and Macleod, 1974) indicated that perhaps energy-coupling could be

" "explainédsby Kaback's theory (Kaback and Barnes, 1971) that transport

carriers were redox proteins energized by the movement of electrons

through the respiratory chain.

~

In 1971, Stock and Roseman presented evidence for ahNa+-sugaﬁ

cotransport system in Salmonella typhimurium. Efforts at showing a

: / . ‘
similar mechanism in A. haloplanktis were unsuccessful (Sprott et al.,

22Na+ could not be‘detéctea in the cells., This suggested

1975) since
N % ) v ’ - ' (3

that the organism actively excluded the ion and that perhaps the intra-

cellular N@+ concentration was negligible. - Recent investigations have '

provided S}idence favoring a chemiosmotic interpretation of energy

coupling in A. ha]op]anktis.' Cellular respiration estab]isﬁes an

eﬁinwardly directed transmembrane proton gradient, and a;fNafr - H+ antiporter

catalyzes an electroneutral exchange of protons for Na* fons (Niven and
P LY . 1
MacLeod, 1978). The Na* gradient can drive AIB uptake via a symport *
mechanism (Niven and MacLeod, 1980).
a p) . ©
. !
c. Respiration ’ ’ '

An effect of ﬁa+ on bac9£r1a1 respiration was first observed

by Kodama and Taniguchi (1976) in their studies on Pseudomonas stutzeri.

Although cells respired in the absence of Na+ and KT, addition of K+

ST PSRVPVSURE D REeI
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qstimu]ated oxygeﬁ uptake slightly. Addition of Na® doubled the rate of’

respiration, but only in the presence of K.

E] .
t

Membrane preparations of the marine bacterium Vibrio

alginolyticus and the halophile Vihrio costicolus were subsequently

_reported to require 360 mM and 500-@M Na* respectively for maximum NADH
*, Rb, Cs”,
»

Mg+2 nor Ca+2 was able to repiace Na+, although'K+ and Mg+2 appeared to

oxidase activity (Unemoto et al., 1977). Neither L1+, K

cooperate with Na*. Recent studies on V. alginolyticus have led the

‘ j :
authors to conclude that Na® exerts its' effect at the step of NADH: |
quinone oxidoreductase (Unemoto and Hayashi,\1979a).

&

In Photobacterium phosphoreum, Na' stimulated oxidation of

wt

NADH by acting at a point between NADH and cytochrome:b in the electron
transfer system (Watanabe et al., 1977). Both Na* dnd 5+ were shown to
increase the affinity of NADH dehydrogenase for its substrate (Imagdawa

and Nakamura, 1978). ' _ ;

SR
Recent investigations have established that Na© influences.the —

respiratory activity of A, haloplanktis (G. Khanna, M.Sc. thesis, 1980). f

Two separate NADH dehydrogenase activities wére detegted. The exterqa]t
enzyme_was unaffected by Na+, but the internal enzyme required iOO mM

Na© for maximal activity. It- seemed paradoxical that cells which activ fy ’
exclude Na* should have an internal enzyme with a high Na* requirement.

. It was suggested that perhaps this is a control mechanism for keeping Na*

out of the cells. If Na' were to flood the cells, respiration would be

o}
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- ‘(Drapeau and MaclLeod, 1965; Wong et al., 1969). No AIB was lost when the

14

stimulated thus resulting in increased proton extrusion. Na* would

then be pumped out by the’Na' - H™ antiport

i
The oxidation of ethano] by an external aJcoho1 dghydrogenase "~

peaked at 2 mM Naf, whereas the intracellular activity was highest at

50 mM Na' and required the presence of NAD?. Oxidation of ethanol would

presumably generate NADH which in turn would be a source of reducing .

.

- power for the respiratory chain. Oxidation of ascorbate-reduced TMPD

required 5 mM Na+. Since 250 mM Na+ was required for a maximum rate of

transport of AiB, these results indicated that there is a Na+ requirement

for transport which exceeds that for respiration.

e i v L E

#

+ . .
The effect of Na  on endogenous respiration was less clear. @
— M {:1

O

In the p é of.éK+

s there was little variation in oxygen uptake between -

r in the abs , of K+, the rate doubled over the :

+ .
same range of Na concentrations,

-

d. Retention of intrace]]q}ar solutes and ;;ﬁﬁﬁﬁgté?feéis

Na* has been shown to be required for the retention o?\int(a-
cellular solutes by A. haleplanktis.. Cells preloaded with 1H4C-AIB in

the presence of Na+ Tost most of the label.when they, were resuspended 1in

A

" a Na+-freé salts solution containing enough Mg+2 to prevent 1ysfs

=,

09}15 were resuspended in a buffer containing Na+. 'Li+, and to a lesser
| . . o . ’
extént K', were partially effective in preventing the release'of AIB.

Wong g}_gl. (1969) discovered that there was a decrease in the viability
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of the cells which was proportional to the amount of AIB lost. This
effect may be a long-term cofisequence attributable to the loss of other-

essential intracellular solutes §uch as’K+.

{

Some of the early studies on A. haloplanktis suggested that Na*t

does not exert/qgfosmotic effect on cells of this organism. Takacs et al.

f B

~_~ (1964) showed that Na® apparently equilibrated across the cytoplasmic

membrane., Different jons also varied considerably in their ability to
protect cel{;\sﬁainsg\IXij?. Mg+2 was effective in preventing lysis at
1/10 to 1/100 of the concentratien of monovalent cations needed for
protection (MacLeod and Matula, 1962). Among mpnévaﬂent cations, K" and
NH4+ were only half as effective as Na+ and Li+. These results indicated
that the ability of salts to protect against lysis was not &ue to their
osmgkic action, since if that was the case, it would be expected thap
isomolar concentrations of the various ions would be equally effective.
Mg+2 has since been postulated to strengthen the cell wall by cross-
Tinking thé side chains of beptidog]ycan (Rayman and. MacLeod, 1975).
Other evidence indicates thaé ions may contribute to the maintenancg of
cell wall integrity in othér ways. At low salt concentrations, isolated
cell envelopes released a non-dialyzable electronegative complex of lipid,
protein and carbohydrate (Buckmire and MaclLeod, 1965)i It was postulated
that~catf0ns~p;atgg§g§ the cell against lysis by screening the negative
charges in the cell wa11;\\§ubsequent studies showed that the varioys cell
enveiope layers can be removed by mu]tipié\Washings in 0.5 M sucrose

(Fotéggrg et al., 1970). Na* was two to three times more effective than

K+ in protecting’Wholé"E§Tis\t om being lysed by Tritén-X-]OO detergent,

however neither ion was able towproﬁect mureinop1ast§\2£\\iot0p1asts
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(Unemoto and MaclLeod, 1975). 4
o It is now known that cells of A. haloplanktis actively exclude

Na* from the cytoplasm (Sprott and Macleod,. 1975; Nf@éﬁ and MaclLeod,
197@). The osmotic effect of extracelluiar solutes was c]arified in a
recent study which showed that ions differ in their abilities to penetrate
the cytoplasmic membrane (MaclLeod et al., 1978). If the intracellular
osmotic pressure is too great relative to the external pressure, the

cell will swell and low molecular weight solytes could be expected to
escape through the dilated po;es in the stretched cytoplasmic membrane.

2
and sucrose were more

136_AIB that

At equiosmolal concentrations, Na+, Li+, Mg+
effective than K+, st and Rb* in preventing the loss of
had Been previously accumulated by‘cells in the presence of Na*. This
‘phenomenon is best explained by the fact that K+: Cs+, and Rb¥ have

2. Ions of the former group

smaller hydrated radii than'Na+, th and Mg+
wou;d be able to penetrate a sgretched cytoplasmic membrane more readily
than those of the latter éroup, and would therefore be less capable of
providing~o;ﬁg¥3t~supgort for the cell. Consequently, higher cbncen- )
trations of small ions than large ions are requiréd to achieve the same
Tevel of osmotic protection. If there is a sufficient difference between
the internal and external osmotic pressurés, ions with small hydrated
cradi;\will penetraﬁs the stretched membrane better than those with larde
hydrated radii, and will thereforé no longer be effective as osmotic

~ 3

solutes.

(" !
It was observed that AIB uptake increased as the Na* concentration
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in the medium increased to 300 mM.” At suboptimal Na+ concentrations,

addition of LiCl or sucrose incfeased the steady state level of AIB taken

k)

up. As an 1ntrace11u1ar solute, accumulated AIB will contribute to the s« . J
internal osmotic pressu}e. » External solutes such as Li" or sucrose - -
presumably act as a balance to this internal pressure and therefore a]]ow'\
more AIB to be transported before a steady state is<achieved where uptake

rd

is balanced by leakage through the dilated pores of the cell membrane

£

i

(MacLeod et al., 1978). These results also demonstrated that the osmotic
action of certain cglions can protect against cell 1y§i§: If swelling ;
precedes '1ysis, larger ions such as Nat or L1'+ will prevent lysis at l
Tower concentrations than K' or NH4+ (MacLeod et al., 1978).
l

Hayasaka and Morita (1979) have reporfed that a marine Vibrio
has a non-specific solute requi%%m%nt for growth and transport. -Their
results can be interpreted as being due to the osmotic action of ions as
described by MacLeod et al. (1978). ‘At Na* Tevels suboptymal for growth,
the addifion of K* or Mg+2 was equally as effective in promoting growth
as was the addition of Né+. The‘organism ha§ a galactose transport system
that can be.induced by ga]actoée, fucose or TMG, but only in the presence
of Na*. Cells in-a medium containing 110 pM Natlcould not be "induced to -
take up TMG. Additiop of 330 mM Naf allowed induction to occur, as did ‘

addition of 330 mM K" or Mg+2, a]thouéh these latter ions were less

effective than Na'. The ability of <induced cells to transport TMG was
also influenced by thé concentration of so]utés in the assay medium. .
Cells suspended in a 110 mM Na+ salts solution took up TMG, however

“addition of 110 mM Mg+2, K+, Na* or Lit increased the amount of substrate ‘

et
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l g transported by 75 to 150 per?ent.’ Thé/authors concludeJ.that the non-
specific solute requi?emé;t has a major influence on the physiology of .
this drganism;‘ This requirément is defined as the additiogal solute
needed to promote optimal growth and cellular function after all specific
ion deficiencies haQe been satisfied. The existence of such non-specific

solute requirements for the growth of marine bacteria has previously been

alluded to by other authors (Pratt and Austin, 1963; Drapeau et al., 1966;

it S il

° Morishita and Takada, 1976).

3. Transport in non-marine bacteria

Na+ has Tong been known to play an important role in eucaryoti; f
) ] membrane transport (Crane, 1965; Schultz and Curran, 1970). It is only |
( in the last decade, however, that the'infTﬁence of Na* on transport and
membrane-related energy metabolism in many procaryotic systems has been ;
b Elear]y elucidatéd (Lanyi, 1979).
—

Na* affects the uptake of substrates in a wide variety of
bacteria (Table ]), however many of the,orgénismé listed here-do not have
an absolute Na+ requirement for growth. Some of the transport systems
are Na+-dependent, whereas othérs are me}ely stimulated by the ion. 1In

this latter group, it has been occasionally found that there are multiple

- uptake systems for a given substrate, only one of which is Na+-dependent.

Three glutamate transport systems have been resolved in E. coli, but only

one requires Na® (Miner and Frank, 1974; Sche]]eﬁberg and-Furlong, 19?7),

Two uptake systems were found for leucine in Pseudomonas aeruginosa

(Hoshino, 1979) and for glutamate in Bacillus subtilis (Kusaka and Kanai,

e . . \ ; B PR

W

i




o Ay

P N N

e A V] R At o AL £

P R SR s et e

-
K

- r—w\ t A}
. ah
. .
TABLE 1.a _ Effects of Na' on transport in non-marine bacteria
o . Effect o¥\Na+ —

Organism Substrate Effect of Cations on Kinetics Reference
Escherichia coli Glutamate Na'_ stimulates ) Fréﬁk‘and Hopkins (1969)
Escherichia coli Glutamate Km decreases Halpern ggizilh\(1973)
Escherichia coli ‘ Succinate ‘ Na+, Lit stimuTates -Rayman et al. (1972)
Escherichia coli TMG . Nat or Lit required Lopilato et al. (1978)

) Tsuchiya et al. (1977) °
Escherichia coli Melibiose Na© stimulates K, decreases Tanaka et al. (1980)
Escherichia coli K Nat stimulates - Sorensen and Rosen (1980)

TrikA system, ‘ )
- Na© or Lit stimulates .
_ b Kdp system - )

Salmonella typhifurium TMG Na® required Stock and Roseman (1971) )
Salmonella typhimurium TMG Na© or Lit required K., decreases . Tokuda and Kaback (1977) ..
Salmonella typhimurium - Melibiose Na* or Lit required Km decreases Niiya et al. (1980)
A]ka]bphi]ic Bacillus AIB Na't requiredﬂ Koyaﬁ% et al. (1976) .
Alkalophilic Bacillus Glucose Na® stimulates Koyama et’al. (1976)

?

Alkalophilic Bacillus  AIB K, decreases Kitada and Horikoshi (1977,1980a)

¥ IS

Kitada and Horikoshi (1980b) 2

Alkalophilic Bacillus

Serine Na' required

PR IRPPRE) 9 PEPTT MLy b e i Pint i = o
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TABLE 1.b

Organism

Halobacterium halobium

Halobacterium salinarium

Moderate halophile

-Pseudomonas aeruginosa

- Bacillus licheniformis

Brevibacterium flavum

@

Micrococcus glutamicus

Aerobacter cloacae

Serratia marcescens

Mycobacterium bh}ei

Tk

Substrate
A1l amino
acids
Glutamate
Proline

Leucine -
Threonine

-~

Glutamate

Threonine,
serine

Threonine

Threonine

Threonine

_Proline

Effect of Cations

Nt

Na+

Na

Na
Na

Na
Na

Na
Na*

Naf

+ + .
Na_ or Li required

required

required

stimulates

.stimuTates

stimulates

or Li+ stimulates

A+
or Li stimulates

stimulates
stimulates

stimulates

Effect of Na'
on Kinetics

Vmax increases

Al
Km decreases

v increases

. 'max

Reference

MacDonald and Lanyi (1975)

Lanyi et al. (1976a,b)

MacDonaTd et al. (1977a)

Stevenson (1966)
Peleg et al. (1980)

Hoshino and Kageyama (1979) -

Shiio et al. (1973)
MacLeod et al. (1973)

Shiio et al. (1973)

3

<. Shiio et al. (1973)

" Shiio et al. (1973)
Shifo et al. (1973)

Hirata et al. (1974) ‘

0¢

T
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TABLE 1.c ) .
~ . g}
: Effect of Na'
Organism . Substrate Effect of Cations on Kinetics Reference
. . . + + . . ' . -
* Micrococcus lysodeikticus Succinate Na, or Li  required K, decreases Ariel and Grossowicz (1974)
Gluvose,valine Na' -stimulates _ ’
Pseudomonas stutzeri K+, B{ “Na® required- .~ Kodama and Taniguchi (1977)
2 Glutamate ’
. ¢ i e + . .
Bacillus subtilis Glutamate Na' stimulates K, decreases Kusaka and Kanai (1979)
Ectothiorhodospira Succinate . Na+ required Karzanov and Ivanovsky (‘1980)
r N .
* shaposhnikovii Maiate .-

Fumarate

12
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1979), but in both cases only onhe system actually depended on Na* for its

activity.

L " has been reported to st1mulate tngnsport in many cases. In
E.'coli, L1 was stimulatory, but less effect1ve than Na® for succinate

uptake (Rayman et al., 1972) and for K" transport via the Kdp system

(Sorensen\and Rosen, 1980). Similar effects have been observed in studiesJ

on Mycobacterium phlei (Hirata_gg_gl., 1974), Bacillus licheniformis

(MacLeod et al., 1973), Brevibacterium flavum (Shiio et al.,.1973) and

Micrococcus 1ysodeiktiéus (Ariel and Grossowicz, 1974). Li+.was more

effective than Na® in stimulating the uptake of melibiose and TMG

(thiomethyl-B-D-galactopyranoside} by Saimonella typhimurium (Niiya et al.,

1980; Tokuda and Kaback, 1977). Li* promoted TMG uptake better than Na*
in E. coli (Tsuchiya et al., 1977) but inhibited melibiose transport

(Tanaka et al., 1950) Proline uptake into E. coli was stimulated by

Lit but not by Nat (Kayama Gonda and Kawasaki, 1979).

In an effort to de%ermihe the mechanism of Na+-dependent*
transporf many .researchers exam1ned the kinetics of uptake, and in most
cases found that Na' .decreased the Km (Table 1) w1thout affecting Vmax'
Na* 1n§reased Vmax without affecting Km in Halobacterium halobium (Lanyi

, )
et'al., 1976a,b) and Mycobacterium phlei (Hirata et al., 1974). Thompson

and Macleod (1971) theorized that‘Na+ acts as a.cofactor whith increases

the affinity of a carrier for its substrate, and other workers toncluded

. that thfs model best explained their results (Ariel and Grossowicz, 1974;

22

Kahane et al., 1975). Stock and Roseman (1971) reported that Na© was

%
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cotransparted with TMG into cells of_§, typhimurium, buf attempts at .
demonstrating a similar effect in A, ha]og]anktis (Sprott and MacLeod, =
1975)‘and E. coli (Kahane et al., 1975) were unsuccessful. These latter
results did not disprove the existence of a Na+-substrat€ symporter however,
since cotransport would be difficult to detect if the Na* were pumped out
as quickly as it entered the cells. An efficient Na+ pump would bg
required for maintenance of a Na' gradient if this was to be used as the
dr?ying force for transport.

The chemiosmotic hypothesis (Mitchell, 1966; 1973) has recently
gained acceptance because of its ability to explain-many experimental
observations related to energy coupling and membrame transport. This
theory suggests that protons are outwardly translocated acéoss‘the
cytoplasmic membrane by respifation, hydrolysis 6f ATP or by light-
energized baEteriorhodopsin acfiQ}ty. Energy is therefore stored in the
form of a transmembrane e]ectrochemica}rffg}gg/gﬁggjgggg or protdn motive
force (pmf), which consists of two parts: "an inwardly directe& Lroton
gradient and an interior-negative membrane potentia}. The movement of
protons down their concentration gradient can be directed through a
membrane-bound AfPase°in orde; to synthesize ATP, or can drive.the uptakez
of a metabolite into the cell against its concéntration gradient (i.e.,
active trénsport). Although proton circu]atiqn appears to be the primary
form of membrane-1inked energy conservation and transmission in bactefiég
recent disébveries have illustrated fﬂe importan;e of Na+ gfadiéﬁts 16
energy coupling. A proton gradien% can be converted into a Na* Qradient

[

by means of a Na*-H" antiporter. A low intracellular Nat concentration

v . .
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is thus maintained by the exchange oR extracellular protons for intra-
cellular Na' jons.
I ‘
_ Na'-H" antiport activity has been demonstrated in E. coli (West
¢ ~
and Mitchell,. 1974), H. halobium (Lanyi and MacDonald, 1976), S. typhi-

‘murium’(Tokuda and Kaback, 1977), A. haloplanktis (Niven and MacLeod,

1978), Azotobacter vinelandii (Bhattacharyya and Barnes, 1978) and in an,
° )

alkalophilic Bacillus (Guffanti et al., 1980; Ando et al., 1980). Harold
and Papineau (1972) reported the existence of a Na*-H antiporter in

Streptococcus faecalis, but recent evidence suggests that,under certain:

L4

conditions ,the Na+ pump may be energized by an ATP-]inked—process‘(Hééfﬁé}

: S have redently detected a second light-energized ion puhp in
H. halobium. This pigment, called halorhodopsin, translocates Na+‘out .
* of the cell, however the primary Na+ circulation appears to be catalyzed

by the Na'-H' antiporter (Lindley and MacDonald, 1979).

'

-

It has now‘been shown in several bacteria that a Na+ gradient
can drive the‘uptake df nutrients intoacells. MacDonald and Lanyi (i975)
demonstrated that,in the presence of an artificia]aNa¥ gradient, leucine
was taken up into vesicles of H. halobium even though thé pmf had been
abolished by an uncoupler. Inhibitors of ATP and respiratién had no

effect, but transport was inhibited by the Na+ ionophores gramicidin and

monensin. Vesicles with an outward]y—directed.Na+ gradient did not take

up glutamate unti] the Na+ gradient was reversed by the activity ]

Ra¥-H* antipor;er"(Lanyi et al., 1976a). Evidence has also been presented
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for the existence of Na+-substrate symporters in E. gglj_(Hasan and
Tsuchiya, 1977; MacDonald et al., 1977b; Lopilato et al., 1978),

S. typhimurium (quuda and Kaback, 1977; Van, Thienen et al., 1978),

P. aeruginosa (Hoshino and Kageyama, 1979); B. subtilis (Kusaka and
Kanai, 1979), A. haloplanktis (Nivén and MaclLeod, 1980) and E. shaposh-
nikovii (Karzanov and Ivanovsky, 1980).

v
¥ <

4. Evolutionary and practical considerations of Na* dependence

7

‘It has been suggested that since life probably began in the

+ R e e )
. ..sea.,.the. Na—-depéndence”of ‘marine bacteria may have also been a charac-

A}

teristic of these originaj organisms. Perhaps marine bacteria were the
common 1ink between two divergent lines of evolution: salt-tolerant
( ‘ “ halophiles and terrestrial bactéiria lacking a Na* requirement (MacLeod

and Onofrey, 1957). Na+-dependént transport in a terrestrial bacterium
may be a vestigial remainder fromﬁg_ﬂgi:requiring ancestg?*ﬁuacLeod,
1980). Other authors have proposed that Na+-stimu1ated transport in
E. ggli'may indicate an evolutionary step towards acquiring Na+-dependence-
(Niiya et al., 1980). Such theories are merely speculative, howéver,

* . since little is known aheut the evo]upion of prokaryotes. Recent studies

» of bacterial phy]ogEny‘based on rRNA sequencing indicate that }he

_arcﬁaebacteria (e.qg. Ha1obactefia) and eubacteria diverged early in the

evo]uiiona?y process (Fox et al., 1980). It is'not inconceivable that

. - Na+-dependence could have arisen independént]y several times.

e

‘MacLeod (1965) has suggested that the Na' requirement of marine

(. bacteria is related to their ability to-survive and grow in the sea.
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~ Wilson and Maloney (1976) have speculated that an “ATP"-driven proton

26
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pump ., was a feature of pr1m1t1ve cells. Osmoregu1at1on could be ,

fac111tated by coup11ng a Na pump to fhe circulation of protons. Energy

\
stored in these transmembrane ion grad1ents\\\eld be used to drive v
energy-requiring processes such as the uptakeof nutrients. - . ' '
. N R
. ® \\ N

Skulachev (1978) has observed that conversion of a proton o

. + . ) 4 //
ient to a Na gradient may be advantageous to_a ecausethis :
P : ¢ - .

increases the capacity of the transmembrane energy reservoir. The size £

——

of a pH gradient that a cell can estigi?gﬁ_??ij?ﬁﬁiiaﬂﬁyﬂEﬁe need  to

. = ’ . EE
maintain a suitable cytoplasmic pH.—Proton translocation results 1in

“

alkalinization of the cytoplasm, however this obstacle can be overcome

-

without”affecting the membrane potential by exchanging Na*

(1978,

jons for

ke R et - W]

protons. Brey é}_gl. 1980) have taken the¢opposite approach by

suggesting that maintenance of an optimal pH is the brimary function of

Na+-@+ antiport activity. A mutant alkalophilic Bacillus lacking the

antip6?tey lost its abi]it&pfo grow in an extremely alkaline medium

(Krylwich et al., 1979). These resultf suggest that in this organism

the antiporter is responsible for maintaining an acidic cytoplasm

relative to the alkaline environment. A finajfconsﬁderationwis that cells

o 4

must maintain intracellular fonic conhditiors that are compatible with

L3

Réotein,synthesis in the halobacteria
1979).

shown to inhibit the oxidation of carbox9ﬁ1c acids by cell-free extracts

various metabolic processes.

reguires K and is inhibited by Na (Lanyi, 1974; Na* was also

of A, halop1ankt1 (MacLeod et al., 1958)

—_——
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‘transport studies of these substrates (MacLeod et a].,“1958)

MATERTALS AND METHODS

~

0rgan1sms«///////¢

Alteromonas ha]op]ankt1s, strain 214, variant 3, former]y known

as marine pseudomonad B-16 (ATCC 19855) was maintained at 4°C by monthly
transfers on s]ants of complex medium conta1n1ng 0.8% (wt/vol) nutrient
broth, 0.5% (wt/vol) yeast extract, 300 mM NaCl, 26 mM MgSO4, 10 mM KC1
and 1.5% (wt/vol) agar.

Vibriq fischeri, previously 1nown as Photobacterium fischeri

(Baumann 23.213: 1981), was the samg‘organism used by Draﬂeau et al. (1966)

and is kept in the culture collection (MAC 401) of this Department.

Cultures were'maintained at 20°C by bimonthly transfers on s1ants>co;sisting

of 0.8% (wt/vol) nutrient broth, 0.1% (wt/vol) yeast extract, 3.0% (wt/vol)
™

NaCl, 0.3% (wt/vol) glycerol and 1.5% (wt/vol) agar (Srivastava and

~ Macleod, 1971).

Growth\gk_d1t1ons

Alteromonas haloplanktis was grown in the same medium as used

for culture maintenance except that the agar was omitted anid the pH was
adjusted to 7.2 with KOH. This medium was supp1emented with 0.5% (wt/vol)

citrate, su%fﬁnate, L-malate or D-ga]actose to obtain cells for use in

-~ & .
Ten m1 of medium contained in a 50 ml Erlenmeyer flask was

'inocqlafed fram‘an agar slant and incubated at 25°C'for‘::§?ty four hours
. L \
: ' ‘ \
|
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on a gyrotory shaker (200 rpm). A 2.5 ml portion ofrthis starter culture -
was transferreg to 250 m1 of med1um ina 2 1 flask and incubated for
sixteen hours under the sameuconditions as the starter. At sixteen hours,
the culture pH was 7.8 to 8.0 (7.0 for galactose-induced cells) and the

cells were in the stationary phase of growth.

" Vibrio fischeri was grown in a medium containing 100 mM NaCl,

10 mM KC1, 2.5 mM MgSO,, 5.5 mM NH4C1, 0.5 mM CaC12, 100 mM tris{hydroxy-

q°
methy1)aminomethane (Tris) buffer, 0.5% (wt/vol) yeast extract and 0.3%

- J

& (wt/vol) glycerol. The pH was adjusted to 7.5 with HC1 (Srivastava and
MacLeod, 1971). The growth Sonditions were the same as those used for
A. haloplanktis except that the incubation times were only twelve hours.
The pH of a twelve hour stationary phase culture was 7.6.

|

, l

“y . N ])

’ |

>
<

&Preparatqgg of cells 7 &
< Twenty five ml portions 'of stationary p@g;e cells were harvested §

by centrifugation at 40,000 x g (4°C) for ten minutes and washed three *
.times with 25 ml volumes of complete salts-tris (CST) buffers. These
complete salts solutions contained 50 mM tris(hydroxymethy1)aminomethane, :

32P experiments) and

.50 mM MgSO 9 mM KC1, 1 mM KH2P04 (omitted from
combinations of tholine chloride, NaC], KC1 or LiC1 tota111ng 300 mM, as

required for the different experimental conditions. The pH was adjusted

to.7.2ywith HCI. The final volume of each stock of washed cells was 4 ml

| @ -

and these were stored in crushed ice.

-~

) "
Determination of céll dry weights:

Aliquots fram each stock of cells were diluted 50 to 200 times

p .




with the same complete salts solution used in the washingyprocedure. The
optical density of ansuitably diluted sample cell suspension was measured -
at 660 nm on a Gilford 300-N microsample spectrophotometer. The dry weight

of cells in the sdspension was determined by referring to a previously

calibrated curve relating optical density to dry weigh%. An optical
density of 0.260 was equivalent to 100 ug dry wt/ml of cells of A. halo- ;
planktis or 94 ug dry wt/ml of cells of V. fischeri. For transpart studies,
the densities of stock cell suspensions were adjusted with the appropriate

complete salts solutions so that a 1/50 dilution gave 100 ug dry wt of

cells/m].

~

Measurement of transport

a. 14C-1abe1]ed substrates \ v ;

Stock cell suspensions were diluted with the appropriate complete f

9

salts solutions and preincubated for £4 A minutes at 25°C on a water %

— -

Fath shaker (250 rpm). Aliquots of the suspensions were"then transferred

to a reaction chamber maintained at 25°C by circulating water. The suspgn-

"sions were constantly aerated by a magnetically stirred Teflon-coated bar.

e e

' Chloramphenicol (100 ug/ml1) was included for amino acid uptake experiments.

o

Ethanol (25 mM) was provided as an exogenous electron donor for A. halo-
14

it Bk 5 e e R

planktis one minute before addition of the “7C-labelled substrate. After -

all additions, the final reaction volume was 3.5 ml, and contained approx-

imately 100 ug dry wt of cells/ml.

In a1l cases, the-final concentration of the L-(14C(U)) - amino
[ 4
acids and q5(1 —‘&30) - aminoisobutyric acid was 200 uM, while that of
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a - X

(14

L-(1%¢(U)) - malic acid was 100 uM. The final concentration of D-(}%c(u))-

14

galactose, D-(14C(U)) - glucose, (1,5-""C)-citric acid and (2,3—14C) -

& .
succinic acid was 50 uM. The specific activities are indicated in the .

figure legends. ‘ o

-~

g

After addition of the substrate,0.5 ml samples were removed at
thirty second intervals and filtered through 0.45 u HA Millipore filters.
The cells retained on each filter were washed with 5 ml of the same com-
plete salts buffer used for washing and incubation. Controls were done
where 0.5 ml aliquots of the same reactién mixture containing no cells ,

were filtered and washed as described above. The counts on these control

(
filters represented non-specific binding of radioactivity to the filters.
The net uptake of radioactivity <into the cells was therefore equal to the
difference between the control counts and those obtained on the filters

used to filter the cell suspensions.

Uptakes were measured for three minutes after addition of the
substrates. 1In those figures where uptakéE are expressed as initial
velocities (nmol/min/mg cell dry wt), the values used were equivalent to

the amount of substrate accumulated by the ce]ls'at one minute,

¥

b. Phosphate ' ‘ o
The method was the same as that used for 14C—]abeHed substrates
with the following modifications. ‘Ai;&EBﬁBT€€E"salts buffers used for
Qashing of cells, incubation and rinsing were the same as previously

described except that 1 mM KH2P04 was gfiided. The membrane filters

e S T NS VS
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L 4
(Amicon) were pretreated by boiling in 1 mM KZHPO4 (Grillo and Gibson,
1979); this resulted in greatly reduceddﬁzPi counts on the control filters.
The reaction mixtures were contained in 50 ml disposable polystyrene
beakers (Fisher), and these were incubated at 25°C on a water bath shaker

(250 rpm).

Inorganic phosphate, in the form of K2H32P04, was added to a

final concentration of 25 uM and a specific activjty of -50 uCiCumo]. All
glassware was cleaned with a phosphate free detergent and concentrated acid. ?
"The half Tife of the 3ZP,i received from New England Nuclear was checked 45
by counting the radioactivity in a set of standara vials at twenty four

-

hour intervals.

Intracellular volumes . Z

A value of 1.6 ul/mg dry wt of cells was used to calculate the
intracellular metabolite concentrations in A. haloplanktis (Thompson and
MacLeoq} 1973)."

The intracellular volume of V. fischeri was determined by
measuring the extracellular fluid volume of a paqkeq cell preparation.
Fifty ml Erlenmeyer f]asks, containing 12 ml of washed cells (11-14 mg cell
dry wt/ml) in CST - 390/mM NaCl and 3 mM 14C-(U)-sucrose (specific activity

. of 0.053 uCi/umol), were incubated at 25°C for fifteen minuteé on a water
bath sh&ker (Thompson and MacLeod., 1973). Ten ml volumes were transferred
tto'preweighed ultracentrifuge tubes and the-cells spun down for forty five

minutes at 50,000 x g (4°C) in a Beckman L5-65 ultracentrifuge (Buckmire

/

e e Suiakeb A . . e
e .
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/
and Macleod, 1970). The supernatants (S1) were poured off and the tubes

plus pe]]ets>were’weighed. The cells were resuspended in CST-300 mM NaCl

(final volume 10 ml) but the ¥4C-sucrose was omitted. The cells were spun ,//(’
down as before and thg supernatants (S2) were recovered. The volumes of |
extracel]u]ar‘fluid trapped in the first pellets we;é determined by com-

) , ;
paring the radioactivity per unit volume of S1 to that of S2,as described i

by Buckmire and MacLeod (1970). The total available fluid space in a .

pellet was equal to the difference between the weight of the packed weti R
pellet and tﬁe total dry weigpt of ce11§ in the pellet. ;
¢ !
The dry weight of cells was determined by adding 3,m1 of CST- |
300 mM NaCl, or 3 ml aliquots of the same qé]l suspensions used above, to
acid cleaned 10 ml beakers that had been previously dried to constant
weight. The solutions were dried at 80°C until constant weight was
achievea on three consecutive days. The residues in the beakers were

ashed at 500°C for twenty four hours and, the constant weights were deter-

mined as aboveg The dry weight of .cells was the difference between the

S RN

weight of the preashed material, the weight of the ash and the weight of

t
entrapped water lost from the complete salts aliquots during ashing.

(Forsberg et al., 1970).

Bihend  $oie -4 v

Extraction of intracellular substrate pools after transport E

a. Mcotabelled substrates . ' Lol
The procedure was similar to that used by Sprott and Macleod
(1974). Transport was measured as previously described, except that the

final teaction volume was 1.1 ml./ Each reaction mixture at each Na* .ﬂ




.1 ml water. If a more concentrated extract was needed, these 1 ml volumes

’trich1oroacetic‘aciq (0°C) (Wilkins, 1972; Grillo and Gibson, 1979).

the counts obtained from the cellular extracts. The extracts were cen-

33

concentration was sampled twice (at 0.5 and 3 minutes). .After fi]fering
the samples and rinsing with 5 ml CST, each filter for each time and Na* 4

concentration was ‘transferred as quickly as possible to a separate cen-

trifuge tube containing 20 ml water and maintained at 90°C in a water bath.
Each uptake experiment was repeated six times using cells from the same
stock suspension. Thus, a total of six filters w%th 300 ug dry weight of
adhering cells were collected at each Na* concentration at 0.5 and 3
minutes. The tubes containing the filters were incubated.at 90°C for
twenty minutes after addition of the last filter and then were centrifuged
for fifteen minutes at 40,000 x g (4°C). The supernatants were collected.

A further 20 ml of water was added to each tube containing the filters, and

these were heated for twenty minutes at 90°C and centrifuged as before.
Each supernatant was pooled with its corresponding fraction from the first Lo
treatment, thus giving a total of 40 ml -of extract #r each time and Na+ 5
concentration. The extracté were freeze dried and each was resuspended ip |

i

o, A ]
were dried and resuspended in 0.2 mT water.

\

i ¥
b. Extraction of 32P.

N 1

32

Intracellular Pi pools were extracted By goaking individual

filters,containing 50 ug dry wt of cells,for one Hour in 2 ml of 5% (wt/vol)

Filters from control riins (no cells) were also extracted, as significant

amounts of radioactivity were recovered which had to be subtracted from

trifuged for fifteen minutes in a‘clinical centrifuge (4,800 rpm) and
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3

the supernatants were recovered for analysis.

<
[

Analysis of cell extracts ‘ e
a. Thin.layer chroma%ography of amino acids - J

A micropipette was used to spot 5 ul o% concentrated radioactive ©
extract on a thin layer plate (0.1 mm cellulose, MN300). To facilitate
detection, 1 ul of,a 50 m¥ solution of the amino acid to be isolated (or
of any other reference amino acids desired) was also spofted. The spot
was dried in a stream of. warm air. The method of Jones and Heathcote (1966)
was used to &eveJopithe‘plates ané detect the isolated amino acids. The

)first dimension solvent (80 ml propar-2-o1, 20 ml water and 4 ml formic acid)

was run 12 to ¥3.cm from the 5?1gin and the plates were then dried in a stream

of warm air. The second dimension solvent (50 m1 tertbutanol, 30 ml methyl
\

¢ TR Wit DMt e 3.

ethyl ketone, 10 ml NH40H and 10'm} water) ran 12 to 13 cm and the plates

were dried as before. The spots were detected by sprdying the plates with

T, -

ninhydrin reagent (0.3 g ninhydrin, 20 ml glacial acetic acid, 5 ml" 2, 4,

e Bt o

6 - trimethylpyridine (%§-collidine)-and-75 ml-ethanol)—and-warming them in - P
a stream of hot ajr.- The spots were sﬁraped into scintillation vials and

the ?bdioactivity was measured. See aqpendum for further information oh

. this procedure. \

{ .

b. Thin layer chromatography of citric acid cycle compounds
The plates were spotted as above, dried #n a stream of cool air
and developed 15 cm from the origin in both dimensions using the method of
Myers and Huang (1969). Th; first dimension solvent contained 70 ml
ethyl ether, 20 ml formié acid and 10 m1.watkr. The second diyension

solvent was composed of 83 ml Tiquid phenol, 17 ml water and 1 m] formic

-
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acid. The plates were dried and the spots detected by spraying ﬁth
bromocresol green indicator. This reagent was prepared by dissolving
0.04 g bromocresol green in 100 ml ethanol and adding 0.TN NaOH untj} a

blue coloration appeared. The spotj were scraped into vials for measure-

.ment of radiocactivity. g ' “
k h

e
o

L]

c. Paper chromatOgraphy<of sugars
D-galactose was. isolated from extracts by descending ehroma-

tography on 40 cm strips of Whatman no. 1'chromatognaphy paper (Hais and
Macek, 1963; Zweig and Sherma, 1972). Ten ul of 10 mM D-galactose and /
5 ul of radioactive extract were spotted and dried under a stream of warm
air. The solvent (160 ml isopropanol and 40 ml water, or 80 ml N-butanol,
80 ml pyridine and 40 m1 water) was allowed to run at least 30 cm from the
origin. The isolated galactose spot was detected py spraying the driézg
chromatogram with phthalate-aniline reagent (6.25 ml butanol, 93.75 ml
water, 0.91 ml aniline and 1.6§ g potassium hydrogen phthalage) and heating
for five-minutes-at 100°C. The qaiactdée spot was cut obt and placed in “
a scintilTation vial and the radicactivity was measured. ‘

32

d. Pi analysis

The 3

P in extracts was precipitated in the forin of phospho-
molybdate sal% (Sugino and Miyoshi, 1964). A O,i m} Qo1ume of 4 mM
KZHPO4 and 0.35'mL of a reagent containing one pért 0.2 M triethylamine,
two parts 0.08 M ammonium ho]ybdate and four parts water,were added to

1 ml samp1es’of trichloracetic acid extract. The mixtures were allowed to

stand for thirty minutes and the resulting precipitates were filtered on

Ao

et ebhns At S AR !a‘f;%r? i




- gD

0.45 u membrane filters and rinsed with 5 ml water. The filters were

transferred to vials and the Cerenkov radiation was measured.

i
°

Radioactivity measurements

14C-1abeHed material were placed in plastic screw

Filters with
cap vials and dried under a heat lamp for fifteen to thirty minutes. A
10 m1 volumé of scintillation fluid (Aquasol) was added to each vial and
these were counted for ten minutes each on prograff 2 of a Nué]ear Chicago
IsoE?p/SOO 1iﬁuid scintillation spectrometer. The counts were cﬁrrectéd
for quench Qsing the channels ratios method (Wang and Willis, 19658).
£ 32

For the measurement o P, 10 ml of waterfﬁéélzadea to each

vial and the Cerenkov light emission was measured on program 1 of a Beck-

4

man LS 7500 1iquid scintillation counter. The counts were corrected by/’
taking the efficiency of counting and the decay rate of 32P into conéfdeh-

ation, / -

’ ‘ .

. Estimation of intrace]lu]aé substrate pools

1

. After having.ana]yzbd a known volume of cell extract, one can
extrapolate back and determine the amount of unmodified radioactive
substrate in the entire extract. Since-this extract was obtained from a
known quantity of cells, the amqynt of substrate in these cells can be

determined. The +intracellular volume was uséd to convert the nmol

" extracted sqbstrate/mg cell dry wt to an intracellular concentration.

-
.




Respiration

Respiration was méasured polarographically in an oxygen
electrode apparatus (Rank Bros., Botti;ham, Cambridge, England) where a
coﬁﬁ?éte saTts solution (25°C) was aerated by a magnetically stirred

—_—

Teflon-coated bar. About 1 mg dry weight of cells was added to bring the

. final volume of the suspension to 3 ml, The electrode was conpnected to a

chart recorder (model 83860-40, Cole Parmer Instruments Co., Chicago,
I11.). One hundred percent air saturation of the 3 ml suspension equalled
1410 natoms 0 (Chappell, 1964) and the rate of oxygen consumption was

measured as natoms O/min/mg cell dry wt. . -

Flame spectrophotometric analysis of Na+

Na+ contamiﬁqtion in buffers was determined by flame emission
spectrophotometry using a Unicam SP90A atomic absorption spectrophotometer

(Pye Unicam Ltd., Cambridge, England).

Chemicals - e TS —— -

Nutrieﬁt broth, yeast extract and agar were'pufchased from Difco
Labaoratories (Detroit, Mich.). L-1%c-malic acid was obtained fnqmwAmersham/
Searle Corp. (Arlington Heights, I11.). All ofhef.ragﬁoactive materials,
scintillation counting vials and Aquasol were‘products qﬁ(New England
Nuclear (Boston, Mass.). Mehbrane filters were supplied by Millipore Corp.
(Bedford, Mass.) and Amicon Co. (Lexingtén, Mass). Tris(hydroxymethy])—
aminomethane and chloramphenicéﬁ were obtained from Sigma Chemical Co.

(St. Louis, Mo.). Ninhydrin and 2, 4, 6 - trimethylpyridine were from
Bager Chemical Co. (Phillipsburg, N.J.) and choline chloride was purchased

[

§
2
}
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from Eastman Kodak Co. (Rochester, N.Y.). Bromocresol green and potassium
hydrogen phthalate were products of Fisher Scientific Co. (Fair Lawn, N.J.).
Thin layer chromatography plates were supplied by Brinkman Instruments

(Canada) Ltd. (Rexdale, Ont.). A1l other chemicals were of analytical

quality.

S s e = v h o C A e emaa o " tn g |




“the réﬂiogctivity accumulated in ten minutes by cells suspended\in a
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RESULTS

¥ 13

J
I Effect of Na© on transport

a. Alteromonas haloplanktis

The effect of Na+ on the transporp/gf/m olizalile substrates

s //
by A. haloplanktis was first examined-by Paul Wong (Ph.D. thesis, 1968).

14

The ability to take up ~'C-labelled amino acids was evaluated\by measuripg

buffer containing ei%her 200 mM NaCl or 200 mM ého]ine ch]orjde.
also determined the effect of a range of N§+ concentrations on the uptake§
of D-galaéfose, éi (inorganic phosphate) and three carboxylic acids, how-
ever no choline chloride was used as an ¢smotic balance when suboptimal
Na+ concentrations were tested. It has simce g®en shown that the add{tion
or removal of Na' has a direct influgnce on transport, as well as an effect

3

on the retention of:solutes by cells that can be attributed to changes in
fhé osmotic pressure of the medium (MacLeoq é}_gl., 1978). It is ‘impor-
tané to distinguish betweendthese\th effects, therefore throughout this
stydy, choline chloride Q;s used as an osmotic balance to compensate for
the absence of Na+. When the cqnfgntration of Na+ was less than 300 mM,
sufficient choline chloride was added to bring the total concentration of

-

NaCl and choline chloride to 300 mM,
E
Sprott and MacLeod .(1972; 1974) have demonstrated that electron
donors such as ethanol can bromote transport in A. haloplanktis by stimu-

lating respiration. Na+ has also been shown to affect the respiratory

'activity of this organism (G. Khanna, M.Sc. thesis, 1980), therefore it

-

\
1




. off between 200 and 300 mM Na+; but increased again beyond this point7
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was poss1b1e that any addition of Na't resu1t1ng in increased transport
ability of the ce]]s m1ght have been due to a st1mu1at1on of resp1rat1on

The use of ethanol as an energy source for A. ha1oplanktis provided a.

. means for d1st1ngu1sh1ng between the effects of Na© on transport and

respiration. Two mM Na is required for a maximal ethanol-energized -
respiratory rate (G. Khanna, M.Sc. ‘thesis, 1980), therefore any ) s
enhancement of transport by Na* above the 2 mM Tevel ;houlq‘be attributgble (
to a direct effect of the ion on the uptake system rather than to a

a

stimulation of respiration,

The gffect of Na' on the-uptake of a variety of metabolites by

A. haloplanktis is shown in Figures 1, 2 and 3. The initial rates of

uptake of each substrate were determined on the basis of the radiocactivity

accumulated by the cells after one mindte of incubation in the presence

.

of the substrate. None of the eleven substrates were transported in the
absence of Na , and in all gases, uptake was stimulated by the add1t1on
of Na*. The sensitivity to N;\ of the different transport systems vafied
considerably. Cells suspended in a 10 mM NaCl buffer Were capable of
taking up substan§;a1 quantities‘of Pii L-1ysine and D-galactose. Under
the sae conditions, cigkate, succinate and(L-]eucine were not taken up

at all. The maximum rates of transport of D-galactose ang P}-were reached
at 50 mM Na”. The rates of uptake ?¥ succinate, L~lysine, L-arginine,
L-g]y}amate and L-malate peaked--in-the range of 200 to 300.mM Na+. The -

maximum rate of uptake of L-alanine and L-Teucine was only achieved at

-.400 to 500 mM Na*. The rate of citrate accumulation appeared to Tevel
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High Na+ concentrations inhibited th@ uptake of D-galactose, as well as

the uptakes of the basic and acidic amino acids.

‘if'_"
b. Vibrio fischeri

Previous étudies on V. fischeri have demonstrated that Na*
§timu1ates'the‘uptake‘of AIB (Drapeau et al., 1966), amino acids and Pi

(ﬁ. Wong, Ph.D. thesis, ]968). No exogenous energy’;ource was provided
for the <e11§ in these experiments. The cells clearly had adequate
endogenojs energy reserves to drive uptake in_fhe presence of a sufficient
concentration of Nat. It was not known, however, if Na* influenced
respirat;on. Perhaps fhe inability of cells to transport substrates fn :
the absence of Na* actually represented a requirement by transport for

Na'-dependent respiration. “

The effect of Na+ on endogenous respiration and AIB transport
was examined (Figuré 4). The uptake éf AIB was Na+-dependent,,however .

there was no effect of the ion on respirations If the respiratory activity

was the same at all Na* concentrations: the cells should have been

equa]T% capable of generating a pmf (proton motive force). These results

suggestithat a pmf alone was not able to drive the uptake of AIB. Na "

was required, perhaps in the form of an electrochemical Na* gradient, as
has been demonstrated for other Na+-dependent ransport systems (MacDonald
and Lanyli, 1975; Hasan and Tsﬁchiya, 1977; Niven and MacLeod, 1980).

4

s was the case with A. haloplanktis, Na* had varying effects
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- . 1
(Figures 5 and 6). D-glucose was unique in that its uptake was unaffected

A

by Nat. The/transpdrt of a11'othef substrates was stimulated by the
addition of Na+.‘l Except for L-alanine,.a11'the substrates were taken. up
in the absencg of added Na®, but at rates which were poor in comparison to
theymaximum rateés ob;pined in the presence of Na+. The rates of uptake of

L-alanine, succinate and L-arginine peaked at‘50, 100 and 200 mM Na©

i

respectively, and then decreased at higher concentrations. The transport
of L-gTutamate levelled off between 50 and 200 mM Na+ ang that of P1 did .
the same between 200 and 300 mM Na+. In both cases, ubtake was further

stimulated at higher Na' concentrations. -

These resu1%§\111ustrate that, except for the transport of D-

TR ek o Pt KR s

glucose by V. fischeri, Na+ is required for\the optimal uptake of metabolites

by these two marine bacteria.
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Figure 1. Effect of Na* concentration on the rate of uptake 6;T;TEE?HE,
, i]eucine, succinate and galactose by A. haloplanktis.
[(\L s
Cells were suspended at a density of about 100 ug dry wt/ml
in complete salts buffer (50 mM MgS0,, 9 mM KCT, 1 mM ~d
'KH2P04, pH 7.2 plus NaCl and choline chloride as required).
At Na* concentrations of less than 300 mM, choline chloride
was added, as an osmotic balance, such that the total
_cancentration of NaCl and choline chloride was 300 mM. !
’ Ethanol was added to a final concentration of 25 mM. The
rates of uptake of the following radioactively-labelled
substrates were determined at each of the various Na*
concentrations: o | ' !
L-alanine
L-leucine
Succinic acid

» > @ O

D-galactose §

The specific activity of the substrates was 0.5 uCi/umol in
all cases. Other conditions were as described in the
Materials and Methods. .
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Figure 2. Effect of Na' concentration on the rate of uptake of glutamate,
aspartate, arginine and lysine by A. haloplanktis.

JRS—

O L-lysine

® L-arginine

A L-aspartic acid
A L-glutamic acid’

The specific activity of the substrates was 0.5 uCi/umol in

all cases. Other conditions were as described in Figure 1.
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Figure 3.

Effect of Na* concentration on the rate of uptake of citrate, ..

malate and 3P, by A. haloplanktis. ' ’
. {

O Citric acid L =

® L-malic acid i

232, ,

i
The specific activity of citrate and malate was 2.5 u€i/umol,
and that of 32Pi was 50 uCi/umol. Other conditions were as

described in Figure 1.
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Figure 4. Effect of Na+ concentration on endggenous respiration and

the rate of uptake of AIB ( «-aminGisobutyric acid) in
V. fischeri.
Y. rischeri

Respiyation (0) was measured as described in the Materials
and Methods. The rate of uptake of AIB (®) was measured as
described in Figure 1, except that the ethanol was omitted
from the 1ncubati&n medium., The specific activity of the
AIB was 0.5 uCi/umol.
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Figure 5. Effect of Nat concentration on the rate of uptake of glucose,
bt alanine and succinate by V. fischeri.

O D-ghucose

A Succinic acid

@ L-alanine

The specific activity of alanine and succinate was O.'guCi/
umol, and that of glucose was 5 uCi/umol. Other conditions

\were as described in Figure 1, except that the ethanol was
omitted from the incubation medjum.
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Figure 6.

.
Y I3

Effect of Na© concentration on the rate of uptake of

g]utamate, arginine and 32P by V fischeri. e

® L-arginine - a7 O

A L-glutamic acid :

o] 32P'i 7 |
L0 ’

The specific activity of arginine and glutamate was 0.5
uCi/umol, and that of 32P1 was 50 uCi/umol. Other -
conditions were as described in Figure 1, except that
the ethanol was omitted from the incubation medium.
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11 Effects of Na+, K+ and Li+ on transport

a. Alteromonas haloplanktis

Previous studies have indicited that there is a speci%ic.l‘ia+
requirement for fhe transport of AIB, L-alanine, L-serine, ﬂtglutamate
and L-tyrosine by A. haloplanktis (Drapeau g}_él., 1966; P. Wong, Ph.D.
thesi;, 1968). In the absence of Na+, neither NH4+, K+, Li+ nér sucrése ‘
could promote uptake. The -ineffectiveness of these so]utes‘did not

appear to be due to inﬁibitory effects, since addition of Na* restored

_the ability of the cells to transport the substrates.

The specificity of the Na* reqﬂirement for transport was.

.examined in the present study by comparing the ability of cells “of A.

ha]op1ank£is to take up metabolizable substrates under five different
Naloplanktls >

sets of éondjtions. The total concentration of the cations being tested

.was always kept at 300 mM in order to minimize the possible influence of

osmotic effects on transport.

Under the conditions!chosen, the cells were suspended in:
1) 300 mM QHC1 (Choline ch10r1dé). This served as the Na+-ffée control. , -
2) 106 mM NaCl + 290 mM ChC17 This provided more than sufficient Nal for
a maximum rate. of ethano?-energized respiratiop. ] (l B
3) 300 mM NaCl. This provihed the level of Na+ fequired for optimum‘
growth of the ;rganism.f Apéateiof uptake in 300 ﬁM Na* higﬁer thaﬁ
that in 10 mM Na® should be:dué to a specific effect of Na* on the

. . + X .
‘transport system, since both concentrations of Na  permit a maximum
v - 1 ’

rate of ethanol-energized respiration.

-
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_those in 10 mM NaCl + 290 mM GhC], it was seen that Li~ had vaFying effects

‘on metabolite transport by A. haloplanktis. Li* had no effect on the

50

4) 10 mM NaCl + 290 mM KC1.

4

5) 10 mM NaCl + 290 mM LiCl1. These latter two conditions allow us to
- ) 'f’
determine if K or Li* can replace the Na* required for transport

beyond the Tevel needed for maximum réspiration.

Uptake was followed for three minutes after addition of the
radioactively labelled substrates‘to cells suspended jas CST buffers. In
the absence of Na+, the cells did not actively accumulate any of the
eleven metabolites tested (Figure 7 to 17). Significant quantities of
some substrates, such as L-lysine (Figure 12), became associated with the
cells under these conditions. Thk1s wa; considered to répresent binding,
rather than transport, since the process was completéd by the time the

1%
first sample was taken at thirty seconds. After this point, there was no

cthange in the rate of substrate “accumulation™.

4
”

A1l of the substrates, except f;r L-Teucine, sdccinate and citrate
(Figures 8, 13, 16) were taken up b§ ce]]s,in«§ST 10 .mM NaCl + 290 mM ChC1.
In all cases, the rates of transport in 366/mM NaCl were superior to those
in 10 m¥_NaCl + 290 m ChC1. The rates of uptake in 10 mM NaCl + 290 mM
KC1 never exceeded those in_]O‘mM*NaC1 +.290 mM~ChCI.

Upon comparisorr of the.uptakes in 10 mM NaCl + 290 mM LiC Qith

t

/ * s 1
uptakes of L-alanine and L-leucine, whereds the ion inhibited the uptakes

of L-glutamate and® L-aspartate (Figures 7 to 10). The transport of L

§
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L-argininél L-lysiine, L-malate and citrate appeared to bejs1ight1y - ,

stimulated by the ion (Figures 11, 12, 15, 16).

\
Cells_of A. haloplanktis in 10 mM NaCl + 290 mM ChCl did not

take up succinate, but there clearly was accumulation of this substrate
when the ChCl was replaced with LiClu(Figure ]3),‘ This rate of uptake
was appro*iméte]y equivalent to that in 25 mM NaCl + 275 mM ChCl. This
effecf was so prominent, that the stimulatory ability of L1'+ was tested
in the absence of Na+, however no succinate was transported by cells in

the 300 mM LiCl buffer.

The transport of D-galactose was also found to be significantly
influenced by Li+ fFigure 14). Ten mM Nah1 + 290 mM LiCl was much more
effective in promoting uptake than ]6 mM NaCf‘+ 290 mM ChCl, but was less
efféctive than 300.mM NaCl. Unlike succinate,.D—ga1actose was trans-
ported by cells suspended in 300 mM LiCl. This rate of uptake was the
same as that observed in 10 ﬁM NaCl + 290 mM ChCl. |
Iﬁ'those cases where Li~ promoted t;ansport, it wgg less
effective than an equal amount of Na+, except in the case of Pi tfansport
by A. halbplanktis (Figure 17). The uptake in 10 mM Na* + 200 mM Li*
slightly exceeded that in 300 mM Na'. Tn 10mM Na© + 290 mM Li*, the
ratg of Pi uptake was approximately gquiva]ent to that in 200 mM Na+
(Figure 3). At Na© concentrations higher than 200 mM, the uptake of'Pi'
was s1ight]s;1ess than the maximum rate, and this may account for the-

differences oﬁgerved in Figure 17. The ratg of transport in 300 mM LiCl

i
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was similar to that in 10 mM NaCl + 290 mM ChCl1.

-~

N

The possibility had to be considered that the apparent

stimulatory effect of it was actually due to the presence of significant

. amounts of c5ntaminating Na+ in the stock of LiCl used in the buffers.

!
Flame spectrophotometric analysis of CST buffers indicated that this

was not the case. Solutions of 600 mM ChCl and 600 mM LiCl both contained
approximately 15 uM Na*. A double strength CST buffer containing either
600 mM ChC1 or 600 mM_LjC] contained approximately 20 to 25 uM Na+.

b. Vibrio fischeri

The effects of Na+, K" and LiT on the transport.of five meta-
bolizable substrates by V. fischeri (Figures 18 to 22) were examined under
conditions similar to those used for A. haloplanktis. The maximum con-

centration of Na* tested was 100 mM, which corresponded to the level of

Na* in the medium used for growth of the cells, The suspending buffers

were balanced to 300 mM with choline chloride, as was done in Figures 4
to 6 Where it was desirable to examine transport ability over a wide
raége of Na’ concentrations without variations in osmotic activity.
Ethanol was not, added as an energy source because cells of V. fischeri

do not oxidize fﬂi§ substrate., Furthermore, endogenous respiration alone
can drive transport, and this former activity is not affected by Na+

(Figure 4).

A1l of the substrates, except L-alanine, were taken up to some

extent by cells in the 300 mM ChC1 buffer. Pi in particular was taken up
\
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at a very appreciable rate by cells in the absence of Na+, as compared

to the uptake in 100 mM Na® (Figure 22). It should be noted that this
latter rate is much less than the maximum obseryed in the presence of
higher concentrations of Na© (Figure 6). Transport of succinate and Pi
*(Figures 21, 22) wasii%t enhanced by the addition of 10 mM NaCl. The
uptake of L-alanine, L-glutamate and L-arginine (FigLres 18, 19, 20) by
cells in 10 mM NaCl + 290 mM ChC1 ezﬁ%eded that in 300-mM=ChC1. In all
cases, there Qas greater uptake of the metabolites in 100.mM NaCT’than in
10 mM NaCl. The ability of cells to transport subs;ra?es in 10 mM NaCl +/
90 mM KC1 + 200 mM ChCT never exceeded:thatvin 10 mM NaCl + 290 mM ChCT.

The Na'-sparing ability of Li® wés(examined by comparing the
rates of transport by cells of.M.’fjscheri in 10 mM Nag] + 90 mM LiC) +
200 mM ChCl with the rates in/10 mM NaCl + 290 mM ChCl. The-uptake of -
L-arginine was similar under both conditions (Figure 20), whereas %-a]anine
transport was slightly inhibited by Li* (Fjgure 18). In the presence of
10 mM NaCl, 90 mM Li+ ;1ear1y had a positive effect on the accumulation
of L-glutamate, howevér this combination was less effective than?100 mM
Na+ (Figure 19). . The transport of glutamate in 100 mM LiCl + 200 mM ChCl
was negligible and similar to that in 300 mM ChCl. As was bpserved with
A. haloplanktis, the uptake of succinate by V. fischerilwas stimu]ated;by

-~
200 mM ChCl was wvery low but slightly greater than that in 300 mM ChCl,

///”ﬂrﬂivin the presence of 10 mM Na+ (Figure 21). The rate in 100 mM LiCl +
The rate of Pi transport (Figure 22) in 10 mM NaCl + 90 mM LiC1 + 200 mM
ChCl was similar to the rates observed in 10 mM NaCl' + 290 mM ChC and in

;

300 mM ChCl. These rates were greater than thé rate in 100 mM LiC1 + 200

LY
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mM ChC1. Thus, in the absence of Na*, Li" appeared to have an inhibitory
effect on P, transport by V. fischeri.
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Figure 7.
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Effects of Na+, K" apaLit on the rate of uptake of

L-alanine by A. haloplanktis.

«

Cells were suspended at a density of about 100 ug dry wt/ml
in the various complete salts buffers. The final corcen-

- tration of ethanol was 25 mM, and that of L-alanine

(0.5 uCi/umo1) was 200 uM. Uptake was measured in the

following CST buffers:

" ©300 mM ChC1 (Choline chloride)

@ 300 mM NaCl

& 10 mM NaCl + 290 mM KC1

A 10 mM NaCl + 290 mM ChC1

O 10 mM NaCT + 290 mM LiCl
! ‘

Other conditions were as described in the Matephials and

Methods.
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Figure 8.

Effects of Na+,lK+ and Lit on the rate of uptake of
L-Teucine by A. haloplanktis.

The uptake of L-leucine (final concentration 200 uM,
specific activity 0.5 uCi/umol) was measured in the
following CST buffers:

O 300 mM ChC1

® 300 mM NaCl

A 10 mM NaCl + 290 mM ChC1 (actual data plotted)
A 10 mM NaCl + 290.mM KC1 (a)

A 10 mM NaCl + 290 mM LiCl (a)

Conditions were as described in Figure 7.

a - Under these conditions, the results were not significantly
different from those obtained when uptake was measured in
CST 10 mM NaCl + 290 mM ChC1 (actual data plotted).
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Figure 9.
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Effects of Na+,"K+ and Li+ on the rate of uptake of ’

L-glutamic acid by A. ha]og1ankt§§@

The uptake of L-glutamate (final concentration 200 uM,
specific activity 0.5 uCi/umol) was measured in the
following CST buffers:

O 300 mM ChCl
@ 300 mM"NaCl
4 10 mM NaCl + 290 mM KC1
A 10 mM NaCl + 290 mM ChC1
O 10 mM NaCl + 290 mM LiCl

Conditions were as described in Figure 7.

3

P PN o vetdiehi_

R




57

N - - k
- (imKip 182 bw/jowu) INVLdN ILVNVL

~
N,

)
|

1
o

L
e

T
O

'y

el

o

N719-1



——— et

v e i

e e was b b s S AV b e et e

Figure 10. Effects of Na*, K" and Li* on the rate of uptake of
L-aspartic acid by A. haloplanktis. -

The uptake of L-aspartate (final concentration 200 uM,
specific activity 0.5 uCi/umol) was measured in the
following CST buffers: .
© 300 mM ChC1 (actual data plotted)
® 300 mM NaCl o

A 10 mM NaCl + 290 mM ChCl

O 10 mM NaCl + 290 mM KC1 (a)

O 10 mM NaCl + 290 mM LiCl1 (a)

Conditions were as described in Figure 7.

S

‘a - Under these conditions, the results were not significantly
different from (f{c;se obtained when uptake was measured in
CST 300 mM ChCl (actual data plotted). ’
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Figure 11. Effects of Na+, K" and Li+ on the rate of upt;ke of
- L-arginine by A. haloplanktis. h .

. The uptake of L-arginine (final concentration 200 uM,
) specific activity 0.5 uCi/umol) was measured in the
.. following CST buffers:

b ©

}

0300 mM ChCI

® 300 mM NaCl
' A 10 mM NaCl + 290 mM KC1
. K A 10 mM NaCl + 280 mM ChC1 .
O 10 mM NaCl + 290 mM LiCl '

3

Other conditions were as described in Figure 7.
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Figure 12. Effects of Nat, K" and Li* on the rate of uptake of
L-lysine by A. haloplanktis.

The uptake of.L-lysine (final concentration-200 uM,
specific activity 0.5 uCi/umol) was measured in the
following CST buffers:

O 300 mM ChCT o
® 300 mM NaCl - - L

A 10 mM NaCl + 290 mM KC1 ¥

A 10 mM NaCl + 290 mM ChCl '

O 10 mM NaCl + 290 mM_LiC} L
v VN

Other conditions were as described in Fidure 7.
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Figure 13, Effects of Na+, K* and Li* on the rate of uptake of
succinic acid by A. haloplanktis. &

The uptake of succinate (final concentration 50 uM,
- specific activity 0.5 uCi/umol) was measured in the
following CST buffers:

0300 mM ChC1 (actual data plotted)

® 300 mM NaCl < ,
O, 10 mM NaCl + 290 mM LiC1

O 10 mM NaCl + 290 mM ChC1 (a)

O 10 mM NaCl + 290 mM KC1 ~ (a) -
: | © 300 m LicT (a) ¢
‘ A 25 mM NaCl + 275 mM ChC]

Other conditions were as described in Figure 7.

a - Under these conditions, the results were not significantly
' ‘ ' " different ?:Bm those obtained when uptake was measured in -
; . - CST 300 mM ChC1 (actual data plotted).
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Figure 14. Effects of Na', k" and Li* on the rate of uptake of

D-galactose by A. haloplanktis.

The uptake of D-galactose (final concentration 50 uM,
specific agtivity 0.5 uCi/umol) was measured in the
following CST buffers:

O 300 mM ChCl ‘ -

® 300 mM NaCl

A 10 mM NaCl + 290 mM ChCl (actual data plotted)

O 10 mM NaC1 + 290 mM LiCl

A 10 mM NaCl + 290 mM KC1 (a)

A 300 mM LiCl (a) , | :

.

Other conditions were as describéd in Figure 7.

T
!

Y

vy
a - Under these conditigns, the results were not significantly
different from those obtained when uptake was measured in
" CST 10 mM NaCl + 290 mM ChCl (actual data plotted).
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Figure 15.
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Effects of Na+, k" and Li+ on the rate of uptake of
L-malic acid by A. haloplanktis.

The uptake of L-malate (final concentration 100 uM,
specific activity 2.5 uCi/umol) was measured in the
following CST buffers:

O 300 mM ChCl

® 300 mM NaCl ‘

A 10 mM NaCl + 290 mM KC1
A 10 mM NaCl + 290 mM ChCl
O 10 mM NaCl + 290 mM LiCl

[

Other conditions were as described in Figure 7.
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Figure 16. Effects of Na', K™ and Li* on the ratesf uptake of

citric acid by A. haloplanktis.

The uptake of citrate (final concentration 50 uM, .
specific activity 2.5 uCi/umol) was measured in the
following’ CST buffers: ‘

O 300 mM ChC1 (actual data plotted)
® 300 mM NaCl |

O 10 mM NaCl + 290 mM LiCl

O 10 mM NaCl + 290 mM ChC1 (a)

O 10 mM NaCl + 290 mM KC1 (a)

Other conditions were as described in Figure 7.

a - Under thése conditions, the results'were not significantly
different from those obtained when uptake was measured in

CST 300 mM ChCl (actual data plotted).
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Figure 17. Effects of Ne+, k" and L;\ on the rate of uptake of
32 . '
P, by A. haloplanktis.

The uptake of 32P1 (final concentration 25 uM,

specific activity 50 uCi/ﬂmol) was measured in the
following CST buffers: @

0300 mM ChCl

©300 mM NaCl

A 10 mM' NaCl + 290 mM KC1
& 10 mM NaCl + 290 mM ChCl
O 10 mM NaCl + 290 mM LiCl
® 300 mM LiCl

- Other conditions were as described inFigure 7.
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Figure 18. Effects of Na+, k* and Li* on the rate of uptake of ‘
L-alanine by V. fischeri. : ' .

The uptake of L-alanine (final concentration 200 uM,

- . . -
[ ¥ v

JOpT——

‘specific activity 0.5 uCi/umol) was measured in the
following CST buffers:

O 300 mM ChCl

® 100 mM NaCl + 200 mM ChC1 .

A 10 mM NaCl + 290 mM ChC1 (actual data_plotted) ’ /

A 10 mM NaCl + 90 mM- KC1 + 200 mM ChC1 (a) » ‘
O 10 mM NaCl + .90 mM LiC1 + 200 mM ChC1 ‘ ’ .
- ‘ Other conditions were as %n Figure 7, except that the

\\\ "ethanol was omitted from the incubation medium.

& ' ‘ ¢

a - Under these conditions, the results were not sig‘;ni‘f'icant’ly
>
different from those obtained when uptake was measured in
! CST 10 mM.NaCl + 290 mM ChC1 (actual data plotted).
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Figure 19.

Q\/‘_ ] .

Effects of Na+, k* and LiT en the rate of uptake Jof .1
L-glutamic acid by V. fischeri. )

. ~

. i \ .
The uptake of L-glutamate (final concentration 200 uM, »
specific activity 0.5 uCi/umol) was measured in the
«~
following CST buffers:
b4

0 300 mM ChCl
® 100 mM NaC1 + 200 mM ChC1 -

A

»

o

TO mM NaCl + 90 mM KC1 + 200 mM ChC]
10 mM NaC1 + 290 mM ChC1
10 mM NaCl + 90 mM LiC1 + 200 mM ChCl

.9 “' } - i @‘

A
m 100 mM LiC1 # 200 mM BhC1 -

Other conditions were as described in Figure 7, except’ that
the ethanp] was omitted from the incubation medium.
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Figure Zd.thfects of Na+, K" and Li* on the rate of uptake of
' L-arginine by V. fischeri. .
ﬁ _"—_‘ \‘ -
The uptake of L-arginine (fina] coﬁcentration 200 uM,
specific activity 0.5 uCi/umol) was measured in the

AR

" following CST buffers: Lo

O 300 mM ChC]

@ 100 mM NaCl + 200 mM ChCl

A 10 mM NaCl + 90 mM KC1 + 200 mM ChCl
A 10 mM NaCl + 290 mM ChC1 . \ )
O 10 mM NaCl + 90 mM LiCl + 200 M ChCl 1

B e b i AR

Other conditions were as described in Figure 7, except
that the ethanol was omitted from the incubation medium._
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Figure 21. Effects of Na+, K+ and Li+ on the rate of uptake of

-

succinic acid by V. fischeri.
}

The uptake of succinate (final cqncentration 50 uM,
specific activity 0.5 uCi/umol) was measured in the
following CST buffers:

0300 mM‘CchC1 (actual data plotted)

© 100 mM NaCl + 200 mM ChCl -

D 10 mf NaCl + 90 mM'LiCl + 200 mM ChCT
m 100 mM LiCT + 200 mM ChC1

O 10 mM NaCl + 90 mM KC1 + 200 mM ChCl  (a)
0’10 mM NaCl + 290 mM ChCl (a)

Other conditions were as described in Figure 7, except

that the ethanol was omitted from the incubation medium.
) .

‘s . '
pd

a’ - Under these conditions, the results were not significantly
different from those obtained when uptake was measured in
CST 300 mM ChC1 (actual,data plotted).
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Figure 22. Effects of Na+, Kkt and ~L1‘+f&)n the rate of uptake of 32

P,
3 ' \ 1
by V. fischeri. » \f

The uptake of 32

7 activity 50 uCi/umol) was measured in the following

P, (final concentration 25 uM, specific

CST buffers: b

. ) " ‘
© 300 mM ChC] .
® 100 mM NaCl + 200 mM ChC] , :
A 10mM NaCl + 290 mM ChCl (actual data plotted)
O 10 mM NaCl + 90 mM LiCl + 200 mM ChC1
m 100 WM LiCl-+ 200 mM ChCl
A 10 mM NaCl + 90 mM KCT + 200,mM ChC1 (a) = .

Other conditions were as described in Figure 7, except
that.the ethanol was omitted from the incubation medium.

f

' «
4
o

a - Under these cond1t1ons the results were not significantly ‘
different from ‘those obtained when uptake was measured in
CST 10 mM NaCl + 290 mM ChCl (actual data plotted).
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; : : III Evidence for active transpOrt of metaboh’zab]e substrates

o

The metabohc act1V1ty of cells is a factor that must be taken
inte cons1derat1on when 1nterpret1ng data obtained 1n transport studies.
1 Rad1oact1v1ty detected in cells doegs not necessarily represent the
original form of, the substrate’ added to the medium. Without 1nformat1’on
~ about the identity of the radioactive material in the cells, one would be
unable to determine if the substrate had erftered by facilitated diffusion
or active transport. For example, a substrate may enter the cells by a
facﬂftated diffusion mechamsm and then be metabohzed into other
products. One way of c1rcumvent1ng this pr'oB”lem is to use non-metabolizable
° substrate analogues such as AIB, fucose or ™G, A)ccumu]ation of ?hes‘e
‘substrates could not be influenced by subsequent metabolic activity. A
second approach ,is to use membrane vesicles which transport substrates
without metabolizing them. These methods do 'ha\ee -disadvantages however.
=~ Not all substrates of interest have transportable ana]oguesl. The use of
. analogues may ;1150 be criticized on the grounds that these :\;ilre artifim’a]
substrates, the transport characteristics of which dn not-reb\resent
b \

"reality. Vesicles are artificial systems which may differ from whole

¥

cells. The transport ability of these membrane preparations may be

altered due to the inactivation.or loss of essential componhents of the

uptake systems, such as binding proteins. ‘ K

The non-metabolizabBle substrate AIB has been a useful tool for
examining transport in A. haloplanktis, however vesicles of this organism

have not been satisfactory for such studies. Vesicles did not take up K+,

%

- and their ability to take up L-alanine was quite poor in comparison to that

. 9 BN

N N
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of whole cells (Sprott and MaclLeod, 1974).
‘ (>

Active transport implies the accumulation of a chemi¢ally
unmodified substrate to an intracellular concentration which is greater
than that in the extracellular medium (Hamilton, 1975)5‘ The abi]ity to
congentrate a substrate against 1és gradient is depenaent upon the‘exPen-
diture of metabolic energy. Facilitated diffusion me;e]y results in
equilibration of the solute across thercell membrane and does not require
any input of energy. In order to distinguish betwgen active transport ;nd
faci]itatgd diffusion, it is useful to express data in such a way that

tintrace]]u}a} and extracelluar substrate concentrations can be compared
(Maloney et al., 1975). -~
an :
In this study, the possibility had to be considered that what

appeared to be Na+-st1mu1ated transport of metabolizable substrates was inm

fact a Na+-1ndependent facilitated diffusion process followed by Na'-

. dependent metabolism. The ability of cells of A. haloplanktis and V.

fischeri to accumulate substrates against their gradients was evaluated
at high and low congentrations of Na+. After a substrate was transported,
the contents of the cells were extracted and the unmodifiea substrate was
recovered and'quantitated. Since %He approximate intracellular v51ume of
the cells was known, the amount of substrate could be expressed'as a -~
molarity and compared to the original extracel]u]ay concentration. An

intracellular substrate concentration greater than that in the medium

would indicate that uptake had occured by an active transport mechanism.

'
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a. Intracellular vdlume of Vibrio fischeri

[}

The intracellular volume of A. haloplanktis has previously been

estimated to be 1.6 u]/hg (Thompson and‘MacLeod, 1973), however no such

»

. determination has been made for cells of V. fischeri. Radioactive inulin,

which is excluded by the outer membrane of cells, is commonly used as a
marker for extracellular water (Maloney et al., 1975). In A. haloplanktis,
sucrose is thought to penetrate to the level of the cytop]ashic membrane

(Thompson and' MacFeod, 1971), and would therefore not take into account

the volume of the periplasmic space when used for measuring cell volumes.

If this method is to be used for measuring.the intracellular volume of

"'!. fisché;i, it is necessary that the cells do not metabolize sucrose.

The ability of sucrose to stimulate ;espiration in cells of.this organism
was examined. As was the case in A. haloplanktis (Buckmire and MaclLeod,
1970), sucrose did not stimulate respiration in V. fischeri under con-
ditions where D-glucose and succinate greatly enhanced respiratory

activity.

14

cell preparations of V. fischeri. The total available fluid space, extra-
cellular fluid and cell dry weight in the pellet were measured in two
separate experiments (Table 2). The intracellular volume of the cells was
determined and an average value of 2.8 ul/mg was used for subseduenf
calculations of intracellular substrate concentrations. This estimate of
cell volume is comparable to similar values that have been determined for

other bacteria (Maloney et al., 1975).

)

C-sucrose was used as a marker of extracellular water in packed

GTTORP ¥ PRV YU




Table 2. Data for the determination of the intragellular volume of
V. fischeri,

K

The data was obtained and used to determine the intracellular R
volume, as described in the Materials and Methods. Tri-

plicate determinations were done in two separate experiments,

and the average of these two results was used.
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Intracellular Vo]ume of Vibrio fischeri

Weight of Wet Pellet (g)
Dry Weight of Cells (g)

Total Available Fluid
- in Pellet (a,b) (m1)

Extracellutar Fluid
Trapped in Pellet (c) (ml)

Intracellular Fluid
Trapped in Pellet (d) (ml)

Intracellular Volume (e) (ul/mg)

Q

Experiment 1

-+

0.568 * 0.003

0.110 £ 0.001

10,458 t 0.003

+

0.133 * 0.008

1+

0.325 T 0.010

'2.95%t 0.09

a - (Weight of wet pellet) -(Dry weight of cells)

b - /Density of compTefe salts buffer = 1 g/ml A

c - Determined as described in materials and meth&ds
d - (Total available fluid) - (Extracellular fluid)
e - Intracellular f]uid/éry weight of cells

74

Experiment 2

0.756 * 0.030
0.147 * 0.007

0.609 * 0.030

0.225 ¥ 0.018

2

0.384 £ 0.047
2.61 ¥ 0.31
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b. Effect of Na' on active transport of metabo?izable- substrates

-

Substrates were extracted and recovered from' cells at the

beginning  and eﬁd of each transport run. The rates of upfake by cells of -

A. haloplanktis in 300 mM NaCl were compared with the rates in 10 mM NaCl

+ 290 mM ChC1 (Figures 23 to 26). The rates of transport’ of all the

substrates tested were greater in the high concentration of Na* than those

#d\h

The unmod1f1ed substrates -were accumu]ated

»

to intracellular concentrations that exceeded the omgma] extracellular

in the Tow concentration of Na .
concentrations, and these outwardly-directed gradients increasecj with time.

Cells of V. fischeri also transported substrates against their

concentration-gradients (Figures 27, 28). The uptake of L-alanine by cells

1n 10 mM NaCl + 290 mM ChCl was s1m11ar to that in 100 mM NaC1 + 200 mM §

ChC1, however the substrate was not accumulated by cells ‘in 300 mM ChC]
The similar rates of uptake of L-alanine at 10 mM and 100 mM Na't are also

seen in Figure 5. The rates of transport of L-glutamate, L—ar‘gim’ne;'

—
succinate and 32P. were greater in 100 mM NaCT + 200 mM ChC] than in 10

-

mM NaCl + 290 mM ChCl. L- g]utamate was accumulat®d agalnst 1ts concentration

gradient even in the absence of Na . ‘

The ability of these two marine organisms to concentrate substrates

against their gradients indicates that the uptake is indeed an energy- y

.

requiring active transport pgocess.
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Figure 23. Effect of Na® on the ability of A. haloplanktis t
accumulate L-alanine, L-leucine and L-glutamate
against their concentration gradients.

©

bl oa
The substrates (final concentration 200-uM) were taken

up by cells suspended im either CST 10_mM NaCl + 290

mM ChCl ( & ) @r CST 300 mM NaCl ( ® ). The conditions

of uptake were as described in Figure 7, except that,

the specific activity of the substrates was 10 uCi/umol.
After samples of the reaction mixture were filtered at

0.5 and three minutes, the cell contents were extracted -
with hot water. The extracts were concentrated, and

the radjoactive substrates were reisolated by chroma- .
‘tography as described in the Materials and Methods

section. ‘ .

ROCNE N JE . S SV S SRR AP S P

PR

-

The nmol substrate/mg cell dry wt.extracted and
recovered®was converted to molarity as described in 3
the Materials and Methods (hmo]/mg : ul/mg = nmol/ul = mM).

? N

-
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i

rarty

The horizontal dotted line represerts the extracellular . j 4
i substrate concentration at zero time. The concentration
B gradient is the ratio of the intracellular substrate
concentragion to the extracellular substrate concentration. '
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Figure 24. Effect of Na* on the ability of A. haloplanktis to

| ' accumulate L-aspartic acid, L-arginine and L-1ysine , ] ;
. against "their concentration gradients.

The uptake of the substrates (final conceqtrafﬁon ' '

200 uM) was measured in the fo]lowing’CST buffers: " i

~

A 10.mM NaCl + 290 mM ChCl SN - z
® 300 mM NaCl : : _
&qu’ The_%pecific activity of aspartate was 10 yCi/umol,

and that of arginine and lysine was 20 uCi/umol. Other
conditions were as described in Figure 23.

The horizontal dotted 1ine represents the extracellular

,‘
e A el advieit o -

substrate concentration at zero time. The concentration
gradient is the ratio of the intracellular substrate
concentration to the extracellular substrate concentration. P
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‘Figure 25. Effect of Na' on the ability of A. ha]ogt'lanktis to .
-accumulate citric ‘acid, succinic acid and D-galactose

against their concentration gradients,

The uptake of the substrates (final concentration
50 uM) was measured in the following CST buffers:

4 10 mf NaCl + 290 mM ChC1

® 300 mM NaCl '

The specific activity of citrate was 20 uCi/umole,
that of succinate was 22.7 uCi/umol, and that of
D-galactose was 10 uCi/umol. Other conditions were
as described in Figure 23,

The horizontal dotted line represents the extra-
celtular substrate concentration at zero time. The '
concentration gradient is the ratio of the intra-
cellular substrate concentration to the extracellular
substrate concenwtion. .
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Figure 26. Effect of Na't on the ability of A. haﬂoglanktis’to
accumulate L-malig acid and 32Pi against their
concentration gradients. ) .
- The uptake of malate and 32
W 100 UM and 25 UM respectively) was measured in the
‘ following CST.buffers:

Pi (final concentration

i
°

A 10 mM NaCl + 290 mM ChCl
® 300 mM NaCl
oA
The specific activity of malate wds 20 uCi/umol, and
that of 32P1 was 50 uCi/umol. Other conditions were
as described in Figure 23. The 32Pi was extracted
into five percent trichloroacetic acid, and recovered
by precipitation of phosphomolybdate as described in
Materials and Methods. . T

\ The horizontal dotted line represents the extra-
cellular substrate concentration at zero time.
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Figure 27, Effect of Naf on the ability of V. fischeri to accumulate
L-alanine, L-glutamic acid and L-érginine against
their concentration gradients.

-

' The uptake of the substrates (final concentration 200 uM,
specific actjvity 10 uCi/umol) was measured in the N
, following CST buffers: K | .
., © 300 mM ChCl )
A 10 mM NaCl + 290 mM ChC1
® 100 mM NaCl + 200 mM ChC1 ~
B )

Other conditions were as described in Figure 23, except

that the ethanol was omitted from_the fncybation medium.
Lo

The hqrizonta]j&ékEgd_]ine represents the extracellular

substrate concen%;ation at zero time. " The concentration

gradient is the ratid of the intracellular substrate

concentration to the extracellular substrate concentration.
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Figure 28. Effect of Na+ on the ability of V. fischeri to accumulate

|

succinic acid and 32Pi agains; their concentration
gradients. . '

The uptake of succinate and 32
50 uM and 25 uM respectively) was measured in the
following GST buffers:

Pi (final cencentration

© 300 mM ChC1 (data for succinate only)
A 10 mM NaCl + 290 @M ChC1 —
® 100 mM NaCl + 200 mM ChCl

The specific activity of succinate was 22.7 uCi/umol,
and that of 32Pi was 50 uCi/umol. Other conditions
were as described in Figure 23, except that ethanol

was omitted from the incubation medium. The 32P.'

i
was extracted into five percent trichloroacetic acid, /
and recovered by precipitation of phosphomolybdate \

as described in Materials and Methods . ‘
N,

The horizontal dotted line represents the extracellular
substrate concentration at zero time.

3
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DISCUSSION -

\

The results of this study i]]uétrate the imnportant influence of
Na* on the me_mbrane transport of metabolites 1'nothe two marine bacteria
examined. This aspect of the physiology of marine bacteria is of interest
as it relates to the Na' requirement for growth of these organisms. Such
information may provide insights into the mechanisms that{aHow marige

bacteria to survive in the sea.

Cells of A. haloplanktis required Na* for the transport of all

substrates tested. V. fischeri needed Na® for the optimal uptake of all
sub_strates %xcept D-glucose, the accumulation of which was unaffeucted by
Na*. The vaﬁoué uptake systems differed in their sensitivities to Na+,
as has been reported by other researchers in this laboratory. Nthough
there are similarities in the trends observed in this study, as compared
with pr‘evi‘ou's investigations, the results may not be entirelyﬁcomparable
because of differences in the conditions and methods of assay. For
example, 1'ln-wong's study (1968) the buffers ~we‘r'e not osmotically baTanced,
nor was any exogenous energy source provided for the cells, as was done
here. I my experilpénts, the amount of substrate taken up at one mfinut,e
was used as a measure of initia]@ﬂ'ocity. Wong determdined the uptakes
of P_i and AIB only after s;'xty mjnutes, and those of D-galactose and the
carboxylic acids after ten mihuj:es. 0

’ S

\

’:\,/ Wong (1968) reported that the maximum rates of uthake of

'D-gaTactose and D~-fucose by cells of A. haloplanktis were attained at 100

mM Na+, while those of L-malate andv P1. peaked at 200 mM Na+. Citrate and

¥ P 4 \
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succinate transport was optimal at 250 mM Na*. Similar results were
obtained in fc,his survey, with the except‘ion of citrate. The rate of
uﬁtake of this substréte leveled off between 200 and 300 mM Na+, bu)t then
increased at hjgher Na+ concentrations (Figure 3). ’

Three neutral amino acid transport systems have been resolved
in A, haloplanktis. Fein and MacLeod (1975) determined the effect of Na*
on the DAG and LTV-I systems, which take up ‘L-alanine, by measuring AIB -
transport. It was found that uptake was optimal at 300 to 400 mM Na+.
No ethanol was provided as an e;{ergy source, and LiCl was used as the
osmotic balance. It should be noted that 'LiCl is not suitable for this
purpose since it has sevéra] effects on the physiology of A. ha]og‘]anktis,
as will discussed later. 1In this study, the uptake of L-alanine
peaked a::)O mM Na®. Using an osmotically unbalanced medium, Sprott
et al., (1975) found that the maximum rate of L-alanine uptake by whole
cells was reached at 200 mM Na+, while the maximum rate in?vesicle‘s
occurred at 75 mM Na*. L-Teucine is taken up by the L1V-I and L1V-11
systems (Pearce et al., 1977), and thel pattern of uptake reported by thesz{z

workers was the same.as that observed in this study.

3
A f

The effect of Nf on AIB uptake bx‘y_. fischeri (Figur'e"4) was
similar to that observed by Drapeau et al. (1966). P, was taken up\by
V. fischeri in the absence of Na', however the ion clearly stimulated
Xransport (Figure 6). The rate of P, uptake leveled off between 200 and
300 WM Na® and then increased at high?r Na® concentrations. Using

carrier:-free 32P1., Wong (1968j also demonstrated uptake by this organism
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.of the medium may have a significant influence 6n: the transport of sub-

obtained for the uptakes of citrate by Afha]og]an'ktis (Figure 3) and P,

84

*

in a Na' -free buffer. The maximum rate of transport was attained at

200 mM Na®, however, and then decreased at Na* concentrations greater than

4

this. ¢
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It has previously been established that the osmotic activity

"

EN

Co (
strates by cells of A. haloplanktis (Macleod et-al., 1978; Pearce et al.,

1977), and by cells of a marine -Vibrio (Hayasaka and Morita, 1979). In
my experiments (’Figur‘es 1 to 6%, the buffers were‘osmoti\caﬂy balanced

only to the 300 mM level. When the rates of substrate uptake were '

¢

meagured in 400 and 500 mM Na+, the total salt concentration of the
I

[

suspending solutions was increased by 100 and 200 mM respectively. This

increase in osmotic pressure may have had an effect on the nature of the

. #

response obtained with certain substrates.

[ L4
/

+ . . . .
As the Na ‘concentratmn increased, discontinuous curves were

/

and L-glutamate by V. fiScheri (Figure 6). It would be interesting to do

‘further studies to determine if this phenomenon can be attributed to an
< . -y

increase in osmotic pressure at Na+ concentrations exceeding 300 mM. If
this is the case, the addition of appropriate solutes such as choline,

2

L1'+°; Mg+ or sucrose, would be expected to give results similar to those

obtained with additional Na+, if 300 mM Na+ is present in the medium.

It is interesting, however, that \disc’ontinuods curves were

obtained for only a few of the metabolites tested. Perhaps these substrates,
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-

whése accumulation is §t1‘mu]ated by high salt concentrations, are used
by the cells as internal solutes which serve to prevent plasmolysis at
hiéh osmotic pressures, A ceﬁ usually maintains its cytoplasm hyper-
tonic 1in reTation to the environment. Certain amino acids have been

shown to contribute to the regulation of intracellular osmotic pressure.

The marine bacterium Vibrio a]gino]ytigu's was found“to increase its

total f{nternal solute concentration as the amBunt of NaCl in the medium
in'c‘reased from 0.2 to 1.5, M. The concentration of\g']utamate increased
from 40 to 254 nM, and that of proline increased from 6.6 to 72 mM
(Unemoto and Hayashi, 1979b). A variety of non-ha]ophﬁes also respoﬁded
to changes 1in Nat concentration by altering their glutamate and proline

pools (Measures, 1975). '

Another‘pos—sﬁﬁ’ity 1's. that the discoﬁtinuous’ curves are the.,
results of combined up/takes mediated by mor: than one transport system.
It is not uncommon that a substrate can be accumulated by two or more
separa%e systems which may respond differently to Na© (Schellenberg aﬁd
Furlong, 1977; Hoshino, 1979). Studies on the kinetics of P1. transport
jn V. fischeri indicated that this organism may have high and Tow
affinity uptake systems, however the effects of Na* were not investigated
(MacLeod and DeVoe, unpubﬁshed data). It is thus evident that the
' interpretation of results such as these can be complicated unless the

1'nq1'v1'dua"1 transport systems for a given .sqbstrate are resolved and

their properties determined.
(4 ’7 !
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did not affect its activity.] 1’?11"5 may be because energy Lcouph’ng is
achieved by a phosPhoenolpyruvate; -sugar‘ phosphotrarisferase (PTS) ‘system.
Hodson and Azam (1’9,79) havé described such a Na'-independent transport
systém ‘in the marine bacteriurﬁ Serratia marinorubra. They also repoft

v

‘ha;ving found PTS systems in V. fischeri and Beneckea harveyi, as well as

x

in marine representatives of-the genera Flavobacterium, Pseudomonas and

B§c111\us. Studies in this 1aborat\ory on Photobacterium phosphoreum,

Vibrio natriegens and Vibrio parahaemolyticus indicate that these marine

bacteria may also take up D-glucose by a Na+-/1'ndependent mechanism. In

b D it it e

the absence of Na+, addition of D-glucose to cells of these organisms -

—

produced a significant stimulation ofmﬁon.l Presumably, the sugar i '
had to be transported for this to occur. Cells of A. haloplanktis were ‘
not stimulated undgr similar conditions (MaclLeod and DeVoe, unpublished

data). More de;cgiled investigations of the mechanism of sugar u_ptaké

would be required to ascertain tﬁe existence of PTS systems in these ;
bacteria, Transport via a PTS system does not réquire an eﬁergized - b
‘ membrane state and is tHerefore unaffected by uncouplers, inhibitors '
of electron transport and inhibitors of ATP synthesis. The accumylated

sugar, must also be recovered from the cells in its phosphorylated form {
o ‘ ¢

(Hodson and Azam, 1979).

Cells of V. fischeri took up succinate, L-arginine, L-glutamate .
and Pi in~’5he absence of Na+, however Na¥ stimulated transport significantly

and was required for the optimal uptake of these substrates. Recent -

studies have illustrated that the transport of some substrates by other

marine bacteria might best be described as Na'-stimulated.rather than Na'~
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dependent. In the absence of Na+, a marine Vibrio took up the galactose

analogue TMG and L-glutamate (Hayasaka\and Morita, 1979). Cells of

g. phosphoreum were ei]fso able to accumulate P1‘. under similar conditions ~
(MacLeod and DeVoe, unpublished data). As is the case with V. fischeri,

substrate transport by both' of these organisms was greatly enhanced by Na+.

»

! There are several possible explanations for the ability of cells

of V. fischeri to take up substrates 1in the absence of added Nat. Under -

, 3
o et AR .~ e TN

- these &ondi*tions,/L-argiﬁine and succinate (Figures 27 and 28) were not
accumulated against their concentration gradients. These results are con}
. . sistent with a facilitated diffusion mechanism of uptake. L-glutamate, i
however, was concentrated by the cells (Figure 27), which suggests that this’

,Z i
( substrate was actively transported. ~ The P1. pools were not extracted after

ot
RN s, e

uptake in CST = 300 mM ChCl1, however the rate of uptake 1’nbth1‘s buffer was
equivalent to that in 10 mM NaCl (Figure 22). Since P]. was actively trans-

ported in the latter case (Figure 28), this was presumably also true in the

PSS I VY

former. F

[ L

A second possibility is that Na* is not involved in energy
coupling, but-stimulates transport by promoting optimal function of the

carriers. Wong et al. (1969) demonstrated that Na© decreases’the K, for

¥
3
1

AIB transport in A. haloplanktis, and“similar results have been observed
in other.Na+-dependent microbial systems (Table.1). There is evidence

which indicates that, in Salmonella typhimurium, béth Nat and the mem-

brane potential “can increase the affinity of the melibiose transport

o~

system for its substrates (Tokuda and Kaback, 1978; Cohn and Kaback,

1980). Lanyi and Silverman (1979) have suggested that transmembrane ion
‘ :

PRS-
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gradients may regulate the activity of transport carriers in Halobacterium
halobium. .In all of these organisms, ho&ever, the energy for transport is
provided by an electrochemical Na'* gradient, Thus, Na¥ may be involved |

» in both energy transduction and regulatio‘n of the carriers.

< 2

4

A mare viable alternative is that v. ‘Fisc‘heri possesses both
Na+’-depkendent and Na+-indeppndent systems for the uptake"of some sub-

“

strates. Another consideration 1':s that the level.of NaJr contamination
in the "Na+-free" buffer is sufficient to allow for some degree of Na+-/
dependent uptake. If this is the case, the ‘upta‘ke systems must be {/er‘y
sensitive to Na+. Flame s,pectrophotometr;/ of a double szcrjength CST -
buffer containing 600 mM choline chloride showed that there ‘;/as only
about 25 uM Na© in this buffer. . ' ‘
»)

The fact remains that although some -of these t;abteria are

apparently capable of transporting mezcaboh'tes in the preseﬁce of Tittle

)
or no Na+‘, they clearly do have a specific requirement fors significant

quantiti’es of Na® for growth. V. fischeri requires Na* fofr' .growth in a
chemically defined medium with D-glucose as§the sr;1e source of carbon
(Srivastava and Macleod, 1971), despite the fact that Na+ is not required
for the uptake of this sugar or P.. What then is the basis of the Na*
requirement for g;rowth? Perhaps there is an absolute Na* re:quirement for
the uptake of K+, as hés been repqrted for A. haloplanktis (Has;an and
Macleod, 1975). Similarly, Na+lmﬂay be needed for the accumulation of,

2 3 ‘

C oy s + +
other essential ions such as Mg ~ or Fe ~,

r
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FhatNa' enhances the respiratory activity of some marine

bacteria (Watanabe et al., 1977; Unemoto et al., 1977; Khanna, 1980)

W’ndicates thaF this may be an important physiological basis for Na*-

. dependent growth. _Unfortunately, it is not clear if these bacteria have

an absolute dependence on Na+ for respiration. Under the conditions of
assay, the effect of‘.Na~+ was merely stimulatory, however this does not
preclude an absolute Na* requirement for ‘respiratw‘on. Cell suspensions of
A. haloplanktis, washed thr:ée times in choline chloride buffer, contained
less than 56 uM Na™ (Niven and Macleod, 1978). The washing procedure may
be ineffective in removing Na© from the micro—envjro:\ment wbére the Na+-
activated respiratory components are located. The amount of contaminating
N,aJr in the system may be' sufficient to provide for the partial or complete
function of Na+-dependent enzymes. '
1
Thé results of the present study 1ndicaﬁe that the Na* require-

ment for transport exceeds that for respiration in both of the organ%sms

examihed, After sufficient Na* (2 mM) was provided to allow for a max-

imum rate of ethano]~ener§1'zed respil;atidn by cells of A. haloplanktis, AN

slostosnae s

»
addition of more Na* continued to increase the rates of substrate transport. —  :

Khanna (1980) has demonstrated that the electron donors ethanol, NADH,
ascorbate-reduced TMPD and succinate ¢an stimulate the uptake of AIB by
cells of A. haloplanktis. The organism was also able to transport AIB
in the absence of an exogenous energy source. The enhancement qf AIB
uptake, by Na_+ was not attributable to a stimulation of respiration. In-
the aBsence of Na+, the endogevno_us rate of oxygen uptake by intact cells

was 46 n atoms 0/mg/min, whereas the addition of ethanol or NADH resulted

q

4
3
3
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in rates of 120 and 210 n atoms O/mg/min respectively. The cells did ;
not take up AIB under any of these conditions, In 250 mM Na*, the
endogenous rate of respirati'on was 47 n atoms 0/mg/min, yet the cells

rapidly accumulated thé‘“g‘u’astrate .

Na® di§ not affect the endogenous respiratory activity of V.
N ]

fischeri, however the uptake of AIB was Naf—dependent (Figure 4). It

should be emphasiied that these results do not show that respiration is
not influenced by Na*. More detailed studies on the ability of cells to
oxidize specific substrates must be carried out in order to ¢Tarify the
role of Na* in the resbirator‘y activity of V. fischeri. Under the con-

ditions used to measure transport, cells of .V, fischeri clearly have

s e
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sufficient endogenous energy reserves to drive the uptake of AIB, but
only in the presence of Na+. This suggests that Na' may be required to
effect .energy coupling. If this is the case, respiratory activity

presumably maintains an inwardly-directed electrochemical NaJr gradient

“
U

which is the immediate energy source for ac\tive transport. This jinter-
pretation is on]y,specu1ative, however, since the organism has not been
shown to have a Na*-H' an'tiporter, and the e;(periment does not attempt to o
d>t1 nguish between thé possible n;echanisms of energy coupling. As '
P

substrates in the apparent absence pf‘Nan might be explained if Na* -

viously mentioned, the ability of cells of V. fischeri to take up some

increased the affinity of the transport carriers for their substrates
(i.e.. decreased the Km) while energy is provided in a form other than a-
Na+ gradients There a]so migh‘g be two uptake systems: one powered by

A Na+ gradient, and the other by a proton gradient (pmf‘). It would be
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‘useful to study the energetics and kinetics of transport in V. fischeri
in or‘derL to clarify the role of Na+ jons 1in this pr(l>cess. .

Some substrates are known to be transported by ATP-dependent
systems which may or may not require the presence of a pmf (Rosen and
Kashket, 1978). Other metabolites are accumu]afed by group translocation
mechanisms such as the Na+-independent PTS system already discus[sed. This
latter method of uptake does not fit our criterion fo;* gcti‘ve transport,
however, because the .substrates are accumulated within a cell in a
chemically modified form. ‘As will be discussed later, the evidence
obtained in this study suggests that all of ‘the substrates tested, with

the exception of D-glucose, were “actively” transporfgd by cells \of V.

fischeri. )

The specificity of the Na* requirement for transport was
investigated by replacing NaCl with isomolal amounts of choline. chloride,
KC1 or LiCl. K+ was unable to stimulate transport, but Lit clearly had
a p(;sitive effect on the uptake of certain substrates by cells of both
organisms. In those cases where L1'+ promoted transport, it was generally
less effective than an équa'l quantity of Na*. In some cases, L'i+
appeared to have'an iinhibitory effect on transport.

Previous studies have indicat%d that there is an absolute Nat+
requirement for the transport of certain substrates by A. haloplanktis.
_Other cations were unable to spare the need for Na+ for AIB uptake

(Drapeau et "al., 1966; Khanna, 1980) or for the accumulation of some amino

it
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acids (Wong, 1968). The substrates whose uptakes wére found to be
promoted by Li* in this-study had not previously been tested in this .
regard. That Li* can partialiy replace the effect of Na+ on §ome
functions in A. haloplanktis has been docu%ented in other studies.
Stimu]afion of D-galactose uptake by Li* in the absence of Na' has

”1 previously been observed by Gerson (1980), Li+ also promotes the
retention of intracellular solutes, although it is less effective thén“
Na* (MacLeod et al., 1978). The Na*-H* antiporter recognizes Li*. This
ion aétué]]y appears to be bound more tightly by the antiporter than is’
Na+, thus ;esulting in an 1inhibition of antiporter aétivity (Niven and
Macgeod, 1978). Li+ stimulates the oxidation of NADH and ethanol by cells
of A. haloplanktis, albeit less effectively than Na+ (Khanna, 1980). The
ability of Li* to replace fat in promoting transport is commonly observed
in many other bacteria (see Liteéqture Review).

[}

There are several %ays in which Lit might affect transport. A
positive influence may be due to the fact that Li* is a better&external‘
osmotic solute than K* or choTine. Other evidence suggests, however, that
Li* has a specific ;timulatony effect on A, ﬁa]op]anktis similar to that
of Na+. The cells used in the respiration studies donerby Khanna (1980)
were toluene-treated to permit free passage of sclutes across the
cytoplasmic membrane, therefore Li* would not be expected to have an
osmotic effect on cellular activity. The fact that the ion stimulated the
oxidation of substrates indicates that it has a specific action similar
to that of Na+ on certain components of the respiratory chain. Lit

catalyzes antiporter activity (a non-osmotic function), therefore it is

e P P
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conceivable that an electrochemical L1+ ;radient mighé drive transport ) ,
in the same way that a Na* gradient does. Because the antiporter ‘is
inhibited by Li+, less energy'wou1d be stored in a Li+ gradientﬂthan a
Na* gradient, thus accounting for the lower efficacy of the former in

o

promoting transport.

A

A

In addition to possiQ]e contributions to the energy state of the,
cyt0p1ashic membrane, Lit may also influence the regul;;aibn of transport
carriers. Tokuda and Kaback (1978) showed that Li+, as well as Na+, coul&
promote subStrate binding in g, tyghimurium. nLi+ has been reported to

decrease the K. for melibiose transport in E. coli (Tanaka et al., 1980)

and in S. typhimurium (Niiya et al., 1980).

One of fae most striking feafures about transport in A. haloplan-
ktis and V. fischeri is the variation in senéiti;ity to Na* and Li* of the
~ pates of uptake of the various metabolites examined. The haximum rate of
transport of different substrates occur at different Na© concentrations,
uand a variety of‘responses to ii+ are detected. This suggests that there
may be a variety of independent-uptake systems for the different substrates,
and that these systems differ from one another in their properties. The
affinity of'some carriers for their substrates may beﬁ;timu1ated by both
Lif agd Na+ to varying degrees. Other carriers may be inhibited by Li+,
or be unaffected by the ion entirely. For example, the fact that Li* .
stimulates the uptake of L-glutamate by cells of V. fischgri only jﬁ the
presence ‘of Na+, implies that Na " may have two effects on tf&nsport. One

function, such as binding of the substrate, may specifically require'Na+,

N
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whereas both Na* and Li* may be capable of contributing to the electro-

chemical ion gradient. In those cases where Li+ alone promotes uptake,
the ion would be capable of increasing the affinity of the carrier for
its substrate. Substrate binding may be inhibited by Lit in another .

uptake system.

¢ .
< ) / _ g 5
It would appear that, among the alkalai metal djons, Li and
Na+ may have similar effects on these marine bacteria because of the

large size of their hydrated radii (MacLeod et al., 1978).

[4
L3

o It*should be noted that, in a sense, the e%fects of Lit can be

regarded as experimental artifacts. The concentration of L1'Jr in 35°/00

_seawater is only 26 uM (Brewer, 1975), therefore this ion would not be

expected to have a significant influence on the physiology of marine
bacteria in their natural environment.
\

Determinations of the intracellular concentrations of the
substr:ates transported by cells of A. haloplanktis and V. fischeri showed
that, at high concentrsations of Na+,‘the metabolites were generally
accumulated better than at suboptimal concentrations of Na+. Tht'e concen-
tration gradients also increased with time. The ability of a cell to
concentrate a solute agai;rj;t its gradient is taken as evidence for uptake
by an* energy-requiring active transport process,

4 )
‘Previous studies on transport in A. haloplanktis have demonstrated

the ability of cells of this organism to accumulate substrates against

»
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their concentration gradients. Transported AIB and D-fucose were
extracted from cells and chromatographically.recovered by Drapeau et al.
(1966). Wong et al. (1969) estimted that 50 uM AIB in the medium was
concentrated by cells to an 1nt;'ace11u1ar concentration of 600 mM, After

L-alanine was transported by vesicles, 98% was recovered in its original

form, whereas only 27% was recovered from cells (Sprott and Macleod, 1974).‘ 4

It has also been reported that whole cells of A. haloplanktis accumulated
. A. naigplanxtis
an intracellular concentration of 15 mM L-Teucine in three minutes from

the 5-uM concentration provided in the medium (Pearce et al., 1977).

o

This agrees very favorably with the results in Figure 23 that show an-

intracellular L-leucine concentration of 13 mM at three minutes}'.

’

[

Methods similar to those used in this study have been employed

by other regearchers in their studies on Na+-dependent transport. As
' S

is the case here, it has been found that a large proportion of the’

metabolizable substrates taken up by cells or vesicles of other orgam’sms'

can be recovered in their original form, thus demonstrating active

“3

transport. Stevenson (1966) reisolated 80% of transported glutamate,

representing a gradient of 50/1, from cells of Halobacterium salinarium.

Cells of B. licheniformis were found to contain 90% of the glutamate,
58% of the alanine and 52% of the aspartate that had been accumulated.
Between 82 and 85% of the same substrates were reisolated from vesicles
(_MacLeod et al., 1973). After ten minutes of uptake, 50% of transported

glutamate was recovered from cells of E. coli (Frank and Hopkins, 1969),

and most of the proline taken up in a Na+-dependent manner by vesicles

of M. phlei was recovered (Hirata et al., 1974). MacDonald et al. (1977a) "

concluded that most, if not all, amino acids were accumulated in an

9
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unaltered form by veésicles of H. halobium. Over half of the Pi taken up

by cells of P. stutzeri 1‘rg fifteen minutes was found not to have been

incorporated (Kodama and Taniguchi, 1977). Studies on P1. transport in

E. coli (Rosenberg et al., 1977) and Synechococcus (GriTlo and Gibson,
1979) showed that 63 to 72%, and 93% respectively, of the Pi was

recoverable in the first one to two minutes of uptake.

e S

Some of the substrates taken llip by cells Jof A. h%ﬁog]aﬁktis are
quickly mgtabo]ized in var"i‘ous ways. D-galactose is rapidly incorporated -
into 1ipopolysaccharide (Bilous and Macleod, unpublished data) and
succinate is oxidized by the cells (Khanna, 1980). The radioactivity in
the succ{:ihate and D-galactose pools represents only two to j:hree percent

of that “taken into “the cells, however these quantities of unaltered

substrates still represent.ountwardly-directed concentration gradients.

Nat s ‘required for: metabolites to cross the cytoplasmic

T

. membrane and be concentrated within the cell. As previously discussed, -

the exatt nature of the association of Na® with transport is not elucidated
in these experiments. There is much evidence, however, that Na+ promotes
transport b;rpvirtue of its effect(s) on the cytop]ésmic membrane, rather
than by stimulating other metabolic processes. In cells of A. haloplanktis,
the N$+ requirement for transport exceeds that for respiration, as demon- -
strated here and elsewhere (Khanné, 1980). Na* is actively pumped out

of the cytop.1asm by the Na+—H+ antiporter (Spiﬂott et al., 1975; Niven and
MacLeod, 1978), and would therefore no% norn;aHy be found in the cell at

concentrations as high as those required for maximum rates of transport.

Na© is required for the oxidation of succinate by whole cells of A. halo-

-
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planktis. bSince tolueneétreatéd cells and cell-free extracts did not need
_the ioﬁ for similar activity, the requirement by intact cells most likely
represents a requirement for transport (Khanna, 1980). The oxidation of

a variety of substrates by ce]l-freé extracts of A. haloplanktis was in
fact inhibited by those concentrations of Na+ required for maximum rates
of oxidatioé by whole cells, thus providing evidence for an effect of

Na+ on membrane t%ansport (MacLeod et al., 1958; Macleod and Hori, 1580). .
Membrane vesicles of A. haloplanktis, devoid of cytoplasmic metabolic

activity and endogenous energy reserves, needed both Na+ and an exogenous

electron donor to drive the uptake of L-alanine (Sp?ott and MaclLeod,

& astanink #

1974). Thus, while the energy for active transport was derived from the

AL R o

activity of the electron transport chain, Na+ was needed to complete the

coupling. This illustrates clearly that Na* must affect transport

ok M L Yy

primarily because of its association with the cytoplasmic membrane. (

N i

* The authors of other studies have interpreted their results as

1ndicafing that Na+ acts on the cell membrane. As-was the case with

N L ens s n - e

A. haloplanktis, the transport of amino acids by vesicles of an alkalophilic
Bacillus was dependent upon Na+ and the respiratory activity generéE;d by \\\\

xS, ST

electron donors. The Na+ requirement for transport exceeded that for

réspiration (Kitada and Horikoshi, 1980b). Although cells of P. stutzeri

:

respired in the absence of Na+, the ion was required for the uptake of Pi

and glutamate (Kodama and Taniguchi, 19763 1977). It was proposed that
the Na* requirement for growth of this organism reflected the critical
role of Na© in coupling respiration to energy~requ1r{ng membrane-1inked

processes. The active transport of substrates driven by a transmembrane
o’

electro-chemical Na* gradient has been demonstéated in a variety of
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bacteria, including A. haloplanktis (Niven and MacLeod, 1980). The
ability of Nat to promote the accumulation of substrates against their
gradients, as observed 1'(1 this survey, is best explained by the Na+
gradient mechanism of 'transport. In contrast, it is interesting that
.1°:he PTS-mediated uptake of glucose does not require Na+. This form of
transport is not dependent upon an energized membrane, as the energy is
supplied by phosphoenolpyrurate.

f

It is evident thawt there are no unique qualities which absolutely
define marine bacteria as being "marine” other than the fact that they are
found in the sea, and have the abﬂit;/ to grow and survive in that environ-
ment (MacLeod, 1965). These marine organ‘ismes are taxonomically distinct
species, which apparently share the common feature of requiring Nat for
érowth (Baumann, 1979). Baumann has suggested that there is an ecological
separation of"gran]-negative marine and terrestrial bacteria resulting
from specific adaptations to their respective habitats. Organisms usually
adopt a strategy which :1110Vls them to exploit a specific en/vironmenta1
niche. Perhaps the Na+ requirement for growth in some way facilitates the
survival and competitive ability of marine bacteria in the sea. As was
. discussed in the Literature Review, Nat in the sea represents a large
energy reservoir that a cell can maintain without the problem of internal
alkalinization (Skulachev, 1978). The abﬁity to store energy in the form
of a Na+ gradient may be advantageous under certain conditions in a

7
nutrient-poor envirghent such as the sea.
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In A. haloplanktis, the transport of all nutrients so far
examined is dependent upon Na+. This requirement appears primarily to
reflect the association of Na+ with the energy”state‘of the cytoplasmic
membrane. The pumping of Na+ out of the cell via the antiporter is
dependent upon the expendifure of energy in the form of a pmf generated
by reSpiratiﬁn (Niven and MacLeod, 1978). Respiration itself is
influenced by Na+, and it has been pos@u]ated that the Na'-stimulated
internal NADH dehydrogenase of this organism may be involved in the
regulation of réspiratory activity which ensures that Na+ is kept out of

the cell (Khanna, 1980).

The quesion arises as to how representative A. ﬁalog]anktis is
of marine bacteria in general. ’>Unfortunately there have been few studies
on the physiology of Na+-dependence in other marine prokaryotes. A
survey of the effects of ions on the maintenance of the structural integrity
of the céll envelope of a variety of gram-negative marine bacteria showed
that there was a wide spectrum of responses among the organisms to salts.
Furthermore, there was no clear cut distinction between marine and terres- .
‘trial bacteria in this regard (Laddaga and MacLeod, submitted for publi-
cation), Considerinb the diverse s;ectrum of organisms comprisin%'the
marine bacteria, it should not be expected that A. haloplanktis, or any
other organism, could serve as auniversal model. V. fischeri, as seen
in this study, and a psychrophilic marine Vibrio (Hayésaka and Morita,
1979) have some ability to take up substrates in the absence of Na+.
There is clearly a need for more detailed studies on the effects of Na*

on membrane-related energy functions in these bacteria.
- o ' I'4
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There is a potentially significant difference between A. halo-

)

planktis and V. fischeri which may account for the differences between

these two organisms: the former is a'strict aerobe, whereas the latter ‘
i§ a facultative anaerobe. If the ability to generate a Na* gradient is
dependent upon Na}—activated respiratioﬁ, howywou]d Na+ bi used by V.
fischeri 'under anaerobic conditions? Even though cells of this organism |,
could presumably generate a‘ pmf by hydrolysing ATP, the ability to %
maintéiq~a substantial Na* gradient might be Timited as compared to that
under aerobic conditions. If this is true, the transport systems in

V. fischeri may be sensitive to much smaller Na* gradients than those of

o

A. haloplanktis. Under the conditions used in this investigation, the

o

Tevels of contaminating Na* may have been sufficient to permit some
' transport to occur. Alternatively, there may be separate Na+-dependent

|
[ and Na+-independent uptake systems. If the Na* requirement for growth
| :

Bt 8 ot o s st 4 AT

reflects a need for Na'© for respiration, perhabs a facultative organism

wouid not require Na® at all under anaerobic conditions. Baumann (1979) i
s

has screened the Na+ requirements of his isolates only under aerobic

conditions. o . .

In conclusion, the marine bacterium A. haloplanktis needed Na®
for the active transport of a variety of metabolizable substrates. The ' &

+ . . s
Na requirement for transport exceeded that needed for maximum respiration,

and would therefore appear to be a major factor accounting for the depen-
dency of this organism on Na+ for growth. The situation is less clear in

V. fischeri; where substrates were taken up in the absence of Na+,

¢ 1o
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although the ion’was required for optimal rates of transport. Na© did
not affect the transport of D-glucose by cells of this organism, which
may indicate that this substrate is takenm up by a PTS system. That the
transport systems of the facultative anaerqbe V. fischeri differ some-
what from those of A. haloplanktis in their sensitivities to Na©, may
reflect a requirement in the former organism for transport systems

capable of functioning under anaerobic conditions.
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. ’ . ADDENDUM

Since the ninhydrin reaction results in ‘tﬁe removal of

0 4

carboxy]l gr;oups (as C02) from aml1'no acids, some lf*c label will be lost
when extracted amino acids are reisolated by TLC and detected with
njnhydm‘n. An experiment was conducted to estimate the reduction in
radioactivity attributable to this procedure.
Aliquots of 14C-amin‘o acids were treated in the following ways:
5) 5 ul was dispensed directly into a scintillation vial (control),
b) 5 ul was spotted on a TLC plate and then scraped into a vial,
¢) 5 ul was spotted on a TLC plate, sprayed with ninhydrin and then scraped
( into a vial after development of the colour, d) 5 ul was spotted, the
plate was d)gve1oped with the appropriate sol‘vent systems, sprayéd with
ninhydrin, and the detected spot was scraped into a scintillation vial.
! Scintillation cocktail was added to the‘vials and the radioactivity was

measured.,

The radioactive counts obtained after treatments b, c and d
( were compared to those obtained from the controls (a). The ‘counts obta ined
under condition b averaged, 90 percent of the control counts, and those of
conditions ¢ and d averaged 80 percent of the contrel éounts. Thus, of ‘the
radioactivity spotted on a TLC plate, about 10 percent is not recovered when
the spot is scraped. into a“ vial, and a further 10 percent is lost via the

¥
ninhydrin reaction. ' ! i
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