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ABSTRACT.

Ph.D. G.Dennis Sprott ' Microbiology

MECHANISM'OF‘ ENERGY COUPLING AND KINETICS OF Na+—DEPENDEN']}
TRANSPORT IN CELLS AND IN ISOLATED MEfiBRANE VESICLES

OF A MARINE PSEUDOMONAD

Transport in marine pseudomonad ATCC 19855 was studied using A
isolated membrane vesicles. Whe;\ Na+ was treated as a substrate
in the trar;sport process, kinetic analysis revealed a sequential
bi bi mechanism. Short chain primary alcohols, NADH and4 ascor-
bate -TMPD (N,N,N',N'—tetramethyl—p—phenylepediamine) energlized L-
alanine transport. With ethanol, initial rates of oxygen uptake
were approximately 4% of that obtained with NADH or ascorbate-TMPD,
yet the extent of transport was similar. for each energy source. .
Succinate oxidation was not coupled to transport. Unlike results
using NADH and ascorbate-TMPD, excellent correlation was obtiMned
between inhibition of ethanol oxidation and inhibition of ethanol
iven tranisport. Transport inhibif:ion by 2,4-dinitrophenol
ref specific inhibitlon of ethanol oxidation. Approximately
25% of cytochromes b and c were red;xced by ethanol. It was con-

cluded that only that part of the respiratory activity coupled to

ethanol oxidation is also coupled to transport in vesicles.
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- RESUME «
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Ph.D. G. Dennis Sprott Microbiologie

»

1

LE MECANISME DU COUPLAGE DEAL‘E’NERGIE(,ET LA CINETIQUE DU TRANSPORT
AW N ' A
LIE AU Nat, CHEZ DES CE‘I;LULES ET DES VESICULES MEMBRANEUSES D'UNE

PSEUDOMONADE MARINE

Le phénoméne de transport a/été étudié chez la pseudomonade
m‘arine ATCC 19855, & 1'aide de vésicules membraneuses. Lorsque
1'ion Nat fut considéré comme substrat du processus de transport,

!

1'analyse cinétiqpe révéla un mécanisme séquentiel binaire-binaire.

Les alcools primaires & courte chalne, le NADH et 1'ascorbate-TMPD -
(N, N,N' ,N‘-tet;'améthyi-p—phénylénediamine) activérent le transport
de la l-alanine. Avec 1'éthanol, les taux initiaux d'incorpora-
tion d'oxygene furenf, approximativemér;t de 4% des taux obtenus. avec
le NADH ou l'ascorbe;.te-"I'MPD, bien que le niveau de transport fiit
similaire pour chaque source d'énergie. L'oxydation du succipate
n'&tait pas couplée au transport. A 1'opposé des résultats obtenus
avec le NADH et 1'ascorbate-TMPD, 1l'inhibition de 1'oxydation de
1'éthanol et celle du trafnsport activé par 1'éthanol montrérent une
,exé‘ellente corrélation. L'inhibition du tra.nspc;rt par le 2,l-gini-
trophfnol a put- 8tre directement relie & une inhibition spécifique
de l'oxydation de 1l'éthenol. L'éthanol réduisait environ 25% des
cytochromeé b et c. 'Ceci permit de conclure que seulement une par-
¢ tie de 1'activité respiratoir(::i couplée & 1'oxidation'de 1'éthanol

était aussi couplée au processus de transport dans les végicules.
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A}

CLAIM of CONTRIBUTIONS to KNOWLEDGE

1.

Unlike cells a low rate of L-alapine metabolism was exhi-
bited by vesicles, thus allowing transport studies without the

use of non-metabolized analogues. .

The complete absence of endogenous metabolism in the vesi-
¢le s&stem was conducive to a study of energy sources for
transport. Short chain primary alcohols, NADH, and ascorbate-

TMPD were found to be coupled to electron flow and to transport.

Studies using various energy sources and transport inhibi-
tors strongly indicated that only part of that respiratory
activity coupled to NADH and ascorbate-TMPD oxidation was coup-
led to transport. Fthanol was efficiently coupled to' transpért.
The extent of ethanol oxidation, but not that of NADH, succinate

or ascorbate-TMPD, was directly related to tramnsport. Oxygen

was required for transport energized by ethanol.

v

The first case of a Na+—8pecific transport system in vesi-
+
cles of a bacterium is described. No Na -requirement for

oxygen uptake induced by ethanol or ascorbate-TMPD was found.

v

A K+~requitement for transport in vesicles could not be
demonstrated. Sufficient K' remained bound to the vesicles to

[
account for the level of amino acid transported. Under these

xix

X



conditions a true Nét effect on transport kinetics was deter-
mined. The transport process followed a sequential bi bi

+ .
mechanism, where Na and amino acid are the two substrates.

Bisubstrate transport kinetics were shown for Na+ and AIB
in cells, but only if steps were taken to hold the intracellu-

+
lar K concentration constant. In this case, the kinetic para-

" meters for transport in cells and vesicles with.the exception

of Vpax were nearly identical.

22na appeared‘to penetrate only to the cytoplasmic membrane

in Complete-Salts washed cells. When the ion gradients were

_ disrupted by washing the cells in 50 mM MgSO4 and the cells sus-

+
pended in Complete Salts, the internal Na was rapidly extruded
from the cell interior. The accumulation of AIB within the cells

+
was not accompanied by detectable levels of intracellular Na .

Cell wall fractions isolated from this organism bound L~
alanine and L-leucine as determined by equilibrium dialysis tech-
4 .
niques. The same fractions when added back to cells ingreased

the initial rate of uptake of either L-alanine or L-leucine. No

activity was observed for AIB.

B



INTRODUCTTION

Three major findings, two of which were discovered in this
~1abogato§§, led to the initiation of the present study. These find-
ings were that membrane vesicles o% Escherichia coli could actively
transport amino acids; that clean cytoplasmic membrane preparations
could be prepared from the marine psegdomonad (ATCC 19855), and that
Na+ was required for the active transport of amino acids into cells

of the marine pseudomonad.

Convincing evidence has been presented for the active transport
of amino acids (Kaﬁack and Milner, 1970) and B-galactosides (Barnmes
and Kaback, 1970) into isolated membraﬁe vesicles isolated from E.
coli. Uptake specifically required the conversion of D-lactate to
pyruvate, and could be prevented by inhibitors of electron flow or
by anaerobiosis. The membran; preparations used, however, were not

pure as shown by electron micrographs in which two double track

structures were present (Kaback and Deuel, 1969).

When cells of a marine pseudomonad (ATCC 19855) were -washed in

0.5 M NaCl and suspended in 0:5 M sucrose, non-dialyzable pafgrial
was released from the outer cell wall layer (Buckmire, Ph.D. Thesis,
1967). Later, Forsberg (Ph.D. Thesis, 1969) analyzed the material
released and observed the cell forms remaining after these treat-

ments by electron microscopy. From this study it was concluded that
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several ‘discrete wall layers were present and a-model of the cell
wall strnéture was formulated (Forsberg et al., 1970a,b). Further, ;
lysozyme treatment of the cell foré? (mureinoplasts) remaining after
0.5 M NaCl and 0.5 M sucrose treatments resulted in the formation

of true protoplasts (Costerton et al., 1967). This latter finding
was used to advantage by Martin and Macleod (1971). These authors
disrupted the protoplasts by French pressure cell treatment and
isolated a clean membrane fraction by differential cenérifugation.
This membrane fraction gave aﬂsingle band in a sucrose density gra-
dient and contained about 63% :rbtem and 317 1ipid. Both chemical
analysis and electron microscopy revealed the absence of contamina-
ting cell wall or cytoplasmic constituents. Furthermore, nearly

all of the membrane fraction was vesiculated when examine9 as thjin-

sections. e
s

4
Previous studies using cells of the marine pseudomonad have -

~
~

shown a Na+ requirement for the transport of amino acids (Drapeau

and MacLeod, 1963a; Wong et al., 1969). Two functions for Na+ in AIB~
uptake were observed, one f the prevention of leakage of material - l
from the cells, and the oth€r for the uptake of AIB into the cells
(Wong et al., 1969). The cells possessed sufficient internal re-

serves to energize transport. This fact accounted for the absence

of studies concerning transport energetics.

It was hoped at the outset of this project that the membrane
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fraction isolated by Martin and MacLeod (1971) would actively trans-
’

port amino acids as did E. coli vesicles. Furthermore, it was

hoped that the high level of endogenous energy for transport present

in these cells would be lost, allowing a study of the energetics of

transport. Finally, such a purified transport system could be used

to further elucidate the role of Na+ and K+ in the transport process.

K
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LITERATURE REVIEW

Transport into isolated membrane vesicles

In dilute paline solution or water, erythrocytes swell with the
loss of‘pgsp of their cytoplasmic constituents. The cell may be
restored by the addition :f appropriate levels of salt to form
ghosts (Stein, 1967a). Such ghosts exhibit permeability characteris-

3
tics similar to the original cells. Considerable progress made
recently in the field of bacterial transport is largely attributable
to the adoption of the Asolated membrane technique to bacteria 3 ;f
(Kaback, 1970). Membrane vesicles of E. col? actively transported
proline in the presence of glucose, with transport activity subject

to inhibition by anaerobiosis or compounds known to inhibit either

electron flow or oxidative phosphorylation (Kaback and Stadtman,

*1966). Furthermore, the activity observed was not attributable to

undisrupted cell forms' since sonication of the membrane preparation

did not prevent proline uptake (Kaback and Deuel, 1969).

An extensive survey has been made to identify the compounds
which' can be utilized by vesicles of E. colt to energize transport.
D-lactate stimulated proline uptake most dramatically being converted
stoichiometrically to pyruvate (Kaback and Milner, 1970). Of all
the metabolites and cofactors tested only succinate, L-lactate, D?L-

a-hydroxybutyrate, and NADH could partially replace D—lactate; The
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transport of several othéer amianacids showed the same trend. Sim—

»

ilar studies proved t%@ transport of B-galactosidZs was- coupled- to

a membrane bound D-lactate dehydrogenase (Barnes and Kaback, 1970)

through an electron transport ch{}n. Hiéh éoncentfations of arsen-

ate or oligomycin did not 1nhibif’iransport guégesting that oxida-

tive phosphorxlation was not invelved. Like the transport sy;tems

for amino acids and B—galactoside;, D-lactate oxidation was coupled
*

to an inducible galactose transport system in vesicles of E. coli

(Kerwar et al., 1972).

3

Konings and Freese (1971) pointed out the necessity for con-.

stant aeration of vesicles of B. subtilis during transport studies,

and implied that some of the work done by Kaback and coworkers r

%hOUId bé reconsidered in view of these findings. In vesicles of
B. subtilis 90% oxygen consumption was recorded 4.3 seconds after
NADH additionm. ﬁnder aeration conditions NADH was found to be a
very effective energy source for L-serine transport. Further, ;hese

authors showed that the artificial electron donor system ascorbate-

PMS could fully energize transport in the presence of oxygen.

In a more detailed study, Konings and Freese (1972) showed
aminp/acids to be actively transported by membrane vesicles of B.
subtilis using the physiological electron donors NADH, NADPiI, L-a-
glycerol phosphate, ifiactate, and succinaée. 'In contrast to E. coli

vesicles, D-lactate had little stimulating effect on transport in
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vesicles of B. subtilis. The efficiency of the electron donors in
energizingetransport was determined by comparing rates of oxida-
tion and transport. No relation was found between the rate of

.

oxidation of a compounq and its ability to energize transport,
suggesting to the authors an ability of certain oxidizable sub- ;
strates to donate electrons more specifically to the transport

coupling sites.

A significant contribution was made by Hirata et al. (1971)
using electron transport particles from Mycobaéfeélgm phlei. Up-
take of proline against a gra&ient occurred with succinate, NADH '
or an artificial electron donor ascorbate~TMPD. Since tﬁe latter
two destrates were most efféctive for transport but least effi-
cient for oxidative phpsphorylg%ton, and since arsenate and the
absence of coupling factors or phosﬁhate did not prevent transport,
it was concluded that transport was independent of oxidatiYe phos-

phorylation. Glucose, D-lactate, fumarate and ATP had no effect on

transport.

The conversion of L-a-glycerol-phosphate to dihydroxxacgtone
phosphate was coupled to the active transport of 16 amino acids in
vesicles of Staphylococcus aureus (Short et al., 1972a). Other
electron donors, with the exception of ascorbate-PMS, did not replace
a-glycerol-phosphate. These authors also found no relation bétween

rates of oxidation of electron donors and their ability to stimulate
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amino acid transport. Since the Michaelis constant for a-glycerol-
phosphate:dichloroindophenol reductase, for a-glycerol-phosphate )
oxidation, and for a-glycerol-phosphate stimulated transport were

'all the same, it was concluded by Short et al. (1972b) that the

rate limiting step for transport was a-glycerol-phosphate oxidation.

" Membranes prepared from E. coli, S. typhimurium, Pseudomonas
putida, Proteus mirabilis, B. megateriwm and B. subtilig concen-
trated proline in the presence of ascorbate-PMS (Konings et al.,
1971). Further, ascorbate-PMS was found to reduce the respiratory
chain in E. coli vesicles before cytochrome by, but after 807 of

the flavoprotein.

A membrane fraction was isolated from Azotobacter vinelandii
which contained highly active L-malate oxidase not linked to pyri-
dine nucleotide (Jones and Redfearn, 1966). A supermatant fraction
did contain NAD+—11nked malate dehydrogenase. In this reSpect,"h
similarity is observed to the Eg,coli system where membrane bound
D-lactate dehydrogenase is flavin linked, while the cytoplasmic
enzyme is a pyridine nucleotide dependent enzyme (Kaback, 1972). It
was not Surprising then, that membrane vesicles from A. yinelandii—
actively accumulated glucose by thé/éanversion of L-malate to o;al—
acetate via L-malate dehydrogenase, or that flavin adenine dinucleo-

tide was required for maximum transporf‘stimulation (Barnes, 1972). ,

!

Membrane vesicles of E. coli, B. subtilis and a Pseudomonas sp.




transported D-lactate, L—lactate and succinate in the presence of

an electron donor (Matin and Konings, 19733. Four electron donors
were tested, L-glutamate, D-lactate, L-lactate and succinate. 1In
the case of:‘ B. subtilis membranes, only NADH was oxidized signifi-
cantly and only NADH energized the uptake of the three substrates.
However, in vesicles of E. col? and the Pseudomonas sp. NADH, L-
lactate and D-lactate energized the transport of succinate, while
NADH and succinate energiz;d the transport of D-lactate and L-lac-
tate. At concentrations o'f D-lactate, L-lactate and succinate in the
micromolar. range, little transport occurred unless an additional

& -
energy source was added. It is possible, the authors conclude, that

at high concentrations these com;:ounds may provide the energy for

their own transport. This point was technically difficult to test.

Vesicles prepared from P. aeruginosa were found to a.ctively
transport gluconate, but only if during the isolation the use of Tris
and ethylenediaminetetraacetic acid was avoided. Thus, a ;1ew proce-
dure for membrane isolation was developed by Stinnett et al. (1973)
involving osmotic lysis of cells treated with LiCl and lysozyme.,

In these preparations active gluconate transport occurred via a
flavin adenine dinucleotide-linked L\-malate dehydrogenase and via

a D-glucose dehydrogenase. The authors claim credit for the first

demonstration of a physiological role for glucose dehydrogenase.
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Mechanism of energy coupling to active tran.sport

a. General

Since the cytoplasmic membrane is permeable allowing simple
diffusioné(Wilbrandt, 1954) , Cohen and Monod (1957) have suggested
that at the steady state there is a balance between active uptake
and leakage of the substrate. The coupling of energy to a facili-
tated diffusion system may thus occur in two possible ways. The
energy source may either reduce the rate of efflux*or it may increase
the rate of influx of the solute. Farly experiments by Winkler and
‘Wilson (1966) showed that metabolic inhibitors reduced the K¢ of
exitL of B-galactosides from cells of E. coli, whereas the Ky of en-
trance remained constant. Manno and Schachter (1970) developed a
rapid proced‘ure to separate thick cell suspensions from the medium
by centrifuging through silicone. in contrast to Winkler and Wilson,
these authors reported energy uncoupled cells not only to have-a
decreased maximal velocity, but to show an increased Ky for influx.
Kaback and Barnes (1971) found lactose acci;mulation in vesicles of
E. coli to represent an equilibrium state between influx and efflux
at a variety of temperatures. Temperature-induced efflux zmdl KCN-

induced efflux showed an apparent affinity constant which was about

sixty ti}mes higher than the affinity constant for influx.

That electron flow is the ultimate source of energy for trans-

port has been well established. How the flow of electrons through




the cytochrome system is coupled to transport is still controversial.

Three possible mechanisms are through cation gradients, through high
energy phosphate bond intermediates, or by a novel new mechanism
suggested by Kaback and Barnes (1971) concerning a redox carrier

protein.

b. The redox carrier concept
Kaback and Barmnes (1971) presented the following scheme for D-

lactare dehydrogenase coupled transport systems in E. coli:

-~
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The basic premise in"explaining how electron flow could be coupled
to transport is that a redox carrier protein is coupled between a
flavoprotein and cytochtomerl. The catriér is shown to exist in
either a high‘affinity (oxidized) state or a low affinity (reduced)

state. Electrons from D-lactate were hypothesized to reduce a
'

10
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critical disulfide in the carrier, resulting in a marked decrease

in the affinity of the carrier with release of the ligand on the
inside of the membrane. The cycle ‘could be completed by reoxida-
tion of the disulfide by cytochrome bj and ultimate formation of

HZO. When the substrate concentration inside the ﬁe;brane became
high enough to saturate the reduced form of the carrier the rate of
influx and efflux would be equal. To explain carrier mediated efflux
in energy poisoned membranes it was necessary to include in the

model a step to show that the reduced form of the carrier could

"wvibrate'.

-

Experimental evidence for the model is based primarily on the
lack in correlation between the rates of oxidation of various elec—
tron donors and transport, and on the effect of inhibitors on influx
and efflux. D-lactate, NADH and succinic dehydrogenases were shown
toﬁcouple through different flavoproteins to cytochrome b; (Barnes
and Kaback,\197i). Since D-lactate was the primary electron donor
for transport, the carrier was positioned in the branch from the
main chain between D-lactic dehydrogenase and cytochrome bj. Further
positioding of the carrier and evidence on its redox nature was
obtained using inhibitors. It was found that onl},inhibitors ac¢ting
after the D—lactate‘flavoproté;; caused efflux. i; other words,
reduction of the respiratory components between D-lactate dehydro-

genase and cytochrome b; caused lachsé efflux. Amytal, an inhibitor

at the flavin level, and oxamat;, an inhibitor of D-lactic dehydro-
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4

genase, caused little or no ‘éfflux. Consequently, the carrier was
positioned between flavoprotein and cytochrome b);. Inhibition of
transport by PCMB was reversed by dithiothreitol. Furthermore,

, N
PCMB inhibited temperature induced efflux of lactose and lactose

exchange. These findings were interpreted as evidence for the sulf-

hydryl dependent nature of the carrier protein.

It has been shown in vesicles of E. coli that far more D-lactate
is oxidlzed than glucose-6-phosphate transported (Dietz, 1972). 1In
fact, Kaback and Barnes (1971) reported that the Vpax for the D-lac-
tic dehydrogenase can account for the sum of the Vpax values of all
the transport systems found in the membranes. More recently the
model presented was found to require slight revision, since Hong
and Kaback (1972) isolated mutants abie to oxidize D-lactate but

-
defective in transport. The authors suggested that the carrier pro-

teins may be components of shunts from the main portion of the res-

piratery chain.

c. High energy phosphate compounds
In cells of E. coli treated with cold Tris-HC1l buffer to deplete
them of intracellular nucleotides and K+, a stimulation of the lac-
tose transport system was obtained by adding purine nucleoside tri-
phosphates, especially ATP (Scarborough et al., 1968). Klein and
Boyer (1972) concluded that cells of E. coli actively transport cer-

tain amino acids, carbohydrates, and catigns using either oxidative

12
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energy or phosphate bond energy. Their conclusions were baéed on
studies where ATP levels in cells were dramatically lowered by
incubation with arsenate and low phosphate. Under this conditio
aerobic proline transport was uninhibited, as was the case with
vesicles, while anaerobic transport was sharply depressed. This

finding seems to answer the apparent inconsistency of the Kaback

and Barnes (1971) model, since that model does not explain anaerobic

M \

transport. One may argue that a physiological electron acceptor is
functional in place o% oxvgen in facultative anaerobes growing in
the absence of oxygen. However, a transport mechanism in strict
anaerobes based on the model ﬁbr E. coli (Kaback and Barnes, 1971)

is difficult to envisage.

Berger (1973) arrived at similar conclusions to Klein and Boyer
(1972). Proline uptake into cells of E. coli could be driven by oxi-
dative energy derived from D-lactate or by substrate level processes
driven by glucosé. The oxidative pathway was sepsitive to cyanide |
but not to arsenate and did not require the Ca, Mg-dependent ATPase.
The substrate level process was sensitive to .agsenate but not to
cyanide, and required a functional ATPase. In cgntrast to Qroline,
the transport of glutamine was driven directly by phosphate-bond

energy formed by either oxidative phosphorylation or glycolysis.

Further attempts were made to relate the membrane vesicle be-
haviour to that of cells of E. coli. Intact cells of mutants defec-
tive in D-lactate dehydrogenase and electron transport were found

- ¥



to transport proline and alanine normally (Simoni and Shallenberger,
1972). Mutapts defective in Ca, Mg—-stimulated ATPase were also
defecti;e (iF:roline and alanine transport. These results clearly
showed transﬁﬁét in E. coli cells could occur in the absence of
D-lactate oxidation or electron.flow. The authors suggest that in
vesicles the Ca, Mg-ATPase may in somz mysterious way ''couple elec-

tron transport energy'ﬁirectly to active transport without going

through ATP".

B-galactoside accumulation in mutants of F. coli defective in

the Ca, Mg-ATPase was studied by Schairer and Haddock (1972). The

ATPase was found necessary for transport in the presence of cyanide.

1

Convihcing evidence against the involvement of high energy
phosphate coﬁpounds in prolﬁae transport into electron transport
particles of -M. phlei has been presented (Hirata et al., 1971).
When depleted of coupling factor the particles tould not carry out
oxidative phosphorylation but could take up oxygen in the presence
of NADH or ascorbate-TMPD. Under these conditions proline trans-

port was stimulated about 4-fold. ’

d. Proton gradient z;he‘ory
This theory has arisen largely from the finding that uncouplers
of oxidative phosphorylation block many transport processes. The
inhibition of galactoeidé transport by 2,4-dinitrophenol was\ ex~

plained by Mitchell (1963) in his chemiosmotic hypothesis as an

14



effect of the uncoupler to allow protons to diffuse across the

.

lipid membrane. He thqs formﬁlat%d the idea of proton-sugar sym-
port. As ATP is hydrolyzed by the Mg-dependent ATPase protons

are ejected giving ;ise to a proton gradieng across the membrane.:
It is'this potential which Mitchell (1963 and 1970) suggested
could maintain the concentration gr;dient of sugar. The energy
required for transport would be dbtained from the passage of a pro-
ton in the same diréction as'the lactose molecule down its electro-

chemical potential gradients. In the language of Mitchell, ''the

lactose porter is a proton’ symporter".

The effect of uncouplers on transport is not an effect on
alteration‘of ATP levels in the cell (Harold, 1972a). Active trans-
port of many solutes is abolished by uncouplers under anaerobic

conditions, yet the carrier remains functional as a facilitated

diffusion system (Pavlasova and Harold, 1969). Further, membrane

vesicles giving active transport without ATP involvement are subject

to inhibition by uncouplers (Barnes and Kaback, 1970).

West (1970) evaluated the theory of Mitchell in E. coli in
relation to lactose transport as f?llows. In metabolizing cells 1£
protons flow into fhe cell during transport, then an equal flow of
protons out of the cell should occur becayse of the flow of elec-
trons down the respiratory chain and the ATPase. When lactose was
added to the cells protons were taken up by parentaly cells b\;t: not

by a mutant lacking the permease. The flow of protons was roughly

15



proportional to that of lactose. Energy uncoupled transport mutants
2
were isolated which showed a lower ratio of proton to B-galactoside

uptake than the parent (West and Wilson, 1973).

Harold and coworkers have studied transport in Streptococcus
faecalis. The organism lacks cytochromes and the capacity for oxi-
dative phosphorylation, obfgining energy from glycolysis and argin-

S

ine degradation (Harold, 1972b). The authors propose that during
fermentation of glucose proton extrusion occurs, the proton move-
ment being coupled to active transport (Harold and Baarda, 1968:

Harold et al., 1970). Uncouplers collapsed the proton gradient and

abolished active transport.

Studies by Eddy and Nowacki (1971) using ATP-depleted yeast
cells have shown proton uptake and K+ extrusion to accompany amino
acid accumulation. In the anaerobe Streptococcus lactis] which
lacked oxidative phosphorylation and required the addition of a
metabolizable substrate before active transport could occur, the
active transport of thiomethyl-f-galactoside was energized by net
ionic movements (Kashget and Wilson, 1972). This was accomplished
by adding valinomycin in the absence of metabolizable substrates.
The data supported the view that K+ induced efflux was associated
with the entry of protons and the sugar into the cells via the sugar

transport carrier.

Membrane vesicles of E. coli generated a proton gradient in the

16



presence of D-lactate (Reeves, 1971). This observation does not
account for active transport in the vesicles, since lajgh:e or
amino acids had no effect on the degree of‘acidification and since ‘
vesicles treated with phosphorylase leaked solute but still gave

pH effects (Kaback, 1972).

+
Na -dependent transport

a. Mamalian cells

A common feature of transport systems in most mammalian cells
is the requirement for both Na+ and K+ (Schultz and Curran, 1970).
Evidence suggests that the gradients of Naf and K+ are established
by tﬁg operation of a Na, EyATPase often calle& the Na+ pump (Skou,
1965). Crane (1965) and Crane et al. (1965) proposed a model for
intestinal transport in which the Na+ gradient was an essential
elemen£. The mobile carrier was depicted as having two separate
binding sites, one for Na+ and oné for the ligand. Binding of Na+
"to the carrier resulted in a high affinity form, while the release
of Na+ at the inside surface of the membrane, where the Na+ concen-
tration was relati;ely low,~ resulted in ligand release. Evidence
was presented for Kf competition with Na+ for the Na+ binding site.

The Crane hypothesis, however, has fallen short in several instances

—— where abolition of the Na+ and K+ gradients reduced but did not

eliminate transport (Kimmich, 1970; Schultz and Currén, 1970) . How-

ever, the affinities for Na+ and K* need not be the same on each

17
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side of the membrane (Johnstone, 1972). Kimmich (1970) suggested
that the Na,K-ATPase generated a high energy intermediate coupled

to active transport.

Cotransport of Na+ and ligand has been shown to occur in many
mammalian transport systems (Crane, 1965; Schultz and Curran, 1970;
Thomas and Christensen, 1971), and has been taken as evidence for °
the formation of a ternary complex (Schultz and Zalusky, 1965;

Schafer and Jacquez, 1967).

b. Bacterial cells

The requirement for Na+ and K+ for transport in animal cells
has been extended to marine bacteria and recently to several terres-
trial bacteria. Tomlinson and MacLeod (1957) found both Na+ and
K' to be essential for oxidation of added metabolizable compounds
in a marine pseudomonad. Both Na+ and K+ were required for indole
production from tryptophan by a marine vibrio (Pratt and Happold,
1960). Drapeau and MacLeod (1965) and Drapeau et al. (1966) pre-
sented the first definitive experiments showing Na+ and Kf to be

required for transport of solutes into the marine pseudomonad and

- into Photobacterium fiechert.

The transport of certain solutes into several terrestrial
~bacteria has also been found to require Na+. Glutamate uptake into
cells of E. coli was stimulated by‘Na+ (Frank and Hopkins, 1969),

although Na+ did not specifically enhance succinate transport into

18
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vesiclgg (Rayman et al., 1972). Glutamate transport into cells

and isolated cytoplasmic membrane vesicles of B. lichentformis

[

was also markedly stimulated by Ng+ (MacLeod et“ai:, 1973). For
anaerobic growth on citrate Aerobacter aeroge;es required Na+
(0'Brien and Stern,c1969). The citrate transport system of Aero-
bacter requires Na+ as does oxalacetate decarboxylase, the proposed
carrier protein (Sachan and Stern, 1971). 1In a study of the Na+—
dependent melibiose permease systeﬁ of Salmonella typhimurium,
Stock and Roseman (1971) .showed Na+ to cotransport with the sq}uge.
The possipility of Né+ gradients being involved in transpo}t was -
therefore suggested. Thompson and Macleod (1973a) have shown this
not to be the case in a marine pseudomonad, since abolition of
both the Na+ and K+ gradients did not affect tramnsport. Cotrans-
port was not tested by the latter authors. In summary, the Na+—
requirement for transport in terrestrial bacteria, whefé present,
seems less sfecific for Na+ and is satisfied by a lower level of

3

+ )
Na than in the marine bacteria examined.

Several bacteria isolated from the rumen have an obligate
requirement for Na+ for growth (Bryant et al., 1959; Hudson and

Caldwell, 1972).

In the marine pseudomonad, kinetics of AIB uptake into the
cellg revealed Na' to change the Ky (Wong et al., 1969)., This was

| .
interpreted as evidence for an effect of Na+ in altering the affin-

ity of an AIB.carrier protein. Similar findings were reportedfby'“»

<
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Halpern et al. (1973) for glutamate transport by E. coli. A K'-

requirément for transport was also demonstrated by the latter
aut§2;si

Lc. Application of bisubstrate kinetics to Na+—dépend5nt trans-

~

port 4

Graphic determination of the four parameters required to
specify a bisubstrate reaction has been described (Florini and
Vestling, 1957; Dalziel, 1957). The initial rate equation relating
these parameters is shown below:

, A B A B
Y.=1+§m_+5m_+§s__§m_
Vl A B ' AB .

The two substrates are represented by A and B, KmA and KmB are the

limiting Michaelis conétants for A or B, and KSA represents the
dissociation constant for A. The limiting ma#imum velocity is
represented by V and the ifitial velocity as v,. With one sub-
strate conéentration constant, the other is varied giv;ng one prim-
ary Lineweaver-Burk plot (Lineweaver and Burk, 1934) for each sub-
strate (graphs 1 and 2 in following 111ustration)L Two secondary
plots are then made from each primary plot as described in Mahler
and Cordes (1971). As shown in the following illustration, a
hypothetical case for a bisubstrate m§Zhanism involving a ternary

9

complex, curves 1 and 2 in the intercept plot must inter‘ect on the

ordinate and have equal slopes in the slope plot.

-
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The nomenclature used for reactions of two or more substrates
is that of Cleland (1963). A reaction with two substrates and two
products 1s a Bi Bi reaction. When both substrates must add to the
enzyme before any produ:::ts are released the mechanism is called
"sequential'. Such reactions are designated "ordered" if the sub-
h str\ates must add in a defini\te way and the products leave similarly
and \a\ré\d\esignated "random" 1if the substrates do not react in any

/s

defiﬁite orde

-—
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Recently Thomas an; Christensen (1971) applied Na+—dependent
transport kinetics of serine uptake in pigeon erythrocyte to a
two substrate mechanism. Both primary Lineweaver-Burk plots were
linear and the sequéntial reaction was apparently random. Prev-
ious experiments (Vidaver, 1964a,b)‘h§§;shown similar effects in

pigeon erythrocyte where two Na+ atoms cotransported with each -~

glycine molecule.

d. Isolation of transport components
Fox aﬂd Kennedy (1965) first demonstrated the solubilization
of a membrane bound transport component. Using the finding that
N-ethyl maleimide (NEM) irreversibly inhibited the B-galactoside
permease buF only in the absence of B-galactosides, the authors
v developed azﬁual-label technique to ideritify the NEM binding com-
ponent. Solubilization with Triton X-100 released this component
which they called.the M protein. The M protein was considered the
permease because it reacted with NEM, was induced by inducers of
the Lac operon and bound B-galactosides. Also, the M protein was

absent in a permease-less mutant of E. colt (Fox et al., 1966).

Membrane vesicles of E. coli when partially solubilized using

Brij 36-T, released protein components which bound proline (Gordon

et dZ., 1972). The solubilized crude extract was passed through

<

a Sephadex G-100 columm. Three 280 nm absorbing peaks emerged.

All three fractions bound proline but peak III had the highest



specific activity. Little if any phospholipid was associated
with peak III. Furthermore, only proline itself inhibited [1%c]
proline binding. Many of the characteristics of the vesicle
transport system were observed for binding. Proline binding was

inhibited by PCMB and the inhibition was reversed by dithiothrei~

tol. Electron transfer inhibitors and DNP did not inhibit.

A second typé of proteins'believed to be part of the trans-
port s&stem have been extensively studied. These are the proteins
released from bacterial cells by osmotic shock. Unlike the M
protein or proline-binding protein described, the shock proteins
are water soluble anq are located external to the cytoplasmic

nembrane (Heppel, 1967 and 1969). The osmotic shock procedure was

23

described for E. coli and related gram-negative organisms (Neu anJ\\“ﬂ

Heppel, 1964; Nossal and Heppel, 1966) and is as follows. Cells
are suspended in 0.5 M sucrose containing ethylenediaminetetraace-
tate, centrifuged, and rapidly dispersed in cold dilute MgCl,.

* Several hydrolytic enzymes and binding proteins were released from
the cells, wh}le the shocked c€lls remained viable growing in fresh

medium after a lag phase.

The sulfate-binding protein from Salmonella typhimurium (Lan-
gridge et al., 1970), and the leucine-binding protein from E. coli
(Penrose et al., 1968) have been crystallized. A second leucine-

binding protein from E. coli, which did not bind either isoleucine
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or valine was crystallized by Furlong and Weinef‘(1970). Recently

the shock-released proteins were discussed in a review (Kaback,

1970).

Argum7nts in favour of these binding-proteins being involved

in active transport are as follows:

(a)

(b)

(c)

(d) -

(e)

osmotic shock largely inhibited transport in the shocked cells

with a simultaneous release of binding protein;
transport-negative mutants lack the binding protein;
the‘affinity constants for binding and transport are similar}
the binding is reversible:

Boos and Gordon (1971) have shown the galactose-binding pro-
tein of E. coli to exist in two conformational states. Fur-
thermore, over the cell growth cycle the degree of galactose
binding protein synthesized closely paralleled the transport

capacity of the cell for galactose (Shén and Boos, 1973).

This dvidence has not established the exact location of the bind-

ing proteins in the cell or their exact function in the transport

sequence of events, nevertheless, the evidence is very much in

favour of their’participation in active transport.
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MATERTIALS and METHODS

Organism l.
The organism used and designated B-16 (ATCC 19855, NCMB 19)

has been classified as a Pseudomonas sp. type IV by the Torry
Research Group, AWerdeen, Scotland. Recently, Baumann et al.
(1972) classified this organism as an Alteromonas marinopraesens
strain 214. A number of variants arise during growth on la£ora—
tory media (Gow, Ph.D. Th;sis, 1973). 1In this study the rough

variant-3 was used (Gow et al., 1973).

Growth Medium

o ' -
Cells were grown in a medium consisting of nutrient broth,

0.8%; yeast extract, 0.57%; MgCl,, 0.026 M; KC1l, 0.01 M; and
Fe(NHy)2(S04)2, 0.1 mM. The culture was maintained by monthly

transfer to slants of medium containing 1.57 agar.

Cell Growth - Y

“~ ’

Cells were groﬁh gy the procedure of DeVoe et al. (1970) re-~ ‘
sulting in a high yield of late;log cells. Cells stored at 4 C ﬂ
on an agar slant were inoéﬁlateé into 10 ml of broth medium in a
50 ml Erlenmeyer flask. After growth for 8 hours, the flask con-,
tents we;e used to inoculate a 250-ml volume of broth medium com-
tained in a 2-1 Erlenmeyer flask. After a 5 hour growth interval,

40-ml aliquoté of this latter culture were transferred to fresh



250-m1 samples of medium and these were incubated for 5 hours.

At each step broth cultures were incubated at 25 C on asrotary

shaker. ' : .

Complete Salts

Complete salts-Tris (CS-T) refers to a salts buffer solution
comprised of MgSO4, 50 mM; KC1l, 10 mM; Trizma base, 50 mM adjusted

to pHl 8.3 with HC1l; and NaCl at indicated congcentrations. -

Membrane isolation

Following the final 5 ﬁour incubation the cells were harvested M/'
at 16,000 x g at 4 C and washed three times by resuspension in,and
centrifugation from,volumes of 0.5 M NaCl equal to half the volume
of the growth medium. The cells were then resuspended into half
volume of 0.5 M sucrose and incubated 30 min on a rotary shaker.
These cells were then centrifuged, resuspended into the same volume
of 0.5 M sucrose and centrifuged immediately. The resulting cell
: forms have been called mureinoplasts, sincée they still retain the
ubeptidoglycan layer (DeVoe et al., 1970). Mureinoplasts were then
converted to protoplasts hy resuspension into CS-T containing 150
Hg 1ysozyme’$er ml. Protoplast formation was routinely checked by
phase microscopf; however, throughout over 100 membrane preparations
protoplasting was Judged well over 90X efficient within 5 min or

N
less. Protoplasts were collected by centrifuging at 10,000 x g at

2

-~
&



4 C, and resuspeﬁded into CS-T using a glass tissue homogenizer.
This material was then passed through a French pressure cell
(American Instrumépt Co., Inc., Silver Spring, Md.) at 15,000 to
16,000 1b/1in? directly to a precooled CS-T solution containing
lysozyme (150~ug7m1), deoxyribonuclease (50 ug/ml), and ribonu-
clease (50 pg/ml). Mat;rial sedimentable within 10 min at 4,080

x g was discarded.’ The supernatant yas ceg&zﬁfuged at 75,000 x

g at 4 C for 20 min and the membranes which sedimented were washed

twice with CS-T. The product was primarily vesicles (Martin and
MacLeod, 1971), which were pigmented a deep pink. These vesicles
when resuspended into CS-T (a glass homogenizer had to be used)

to an optical density of 0.450 using a Spectronic 20 (1 cm light

path, 660 nm source) gave a dry weight of 20 mg membranes per ml.

During vesicle isolations CS-T contained either NaCl (75 mM)
or LiCl (200 mM) in place of the NaCl. Care was taken during the
isolation to keep the material cold whenever possible.

f
Viable cell counts in vesicle preparations

The number of viable cells was determined by spreading dilu-
tions of the membrane preparations on a solid medium containing

the same components as that used to grow the organism.

Transport assay using Vesicles

Membranes adjusted to 20 mg/ml were added in 50-ul amounts to

a series of serological tubés stored in ice, each tube correspond-

¥ L4
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ing tg/one transport ass;y. Where potential inhibitors were
tested;solutions of the compounds in CS-T were added in a volume
of 50 ul. In tubes without inhibitor, 50 ul of CS-T was added.
Immediately thereafter the tubes were placed in a New Brunswick
water bath at 25 C operating at 250 rpm for 15 min. Finally, 50
ul either of the energy source in CS-T or CS—T alone was added;
followed immediately by 20 ul of a solution of labeled amino acid
in CS-T. Each complete assay mixture, thus, contained 1.0 mg
membranes in a final volume of i70 ul. Energy sources and inhibi-
tors were added at molarities recorded ﬁp thé\legends based on the
final volume of the assay. 1In most experiments NADH, ethanol and
ascorbic acid (neutralized with Tris) were,added at 25 mM; TMPD

at 150 uM and PMS at 100 uM. Following the addition of label, the
tubg was incubated for specified times and the reaction mixture
diluted with 0.4 ml CS-T. The suspension was filtered quickly and
wajLed with 4 ml of CS-T. Wash fluids in kinetic experiments con-

tained the level of NaCl present in the uptake medium.

In the first section of "Results" L-[!“Clalanine was 1.8 uM

-

and either 156 or 173 uCi/umole. 1In other experiments the details

are given in the legends,

Pl

Transport assay using cells

* . <
Cells were harvested and washed twice in CS-T (NaCl 200 mM).

Separate cell pellets were resuspended to 200 ug dry weight icells

28
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per ml. Resuspension fluids consisted of CS-T varying the.paCI

concentratton for each pellet as desired and including chloram-

29

phenicol dissolved at 100 ug/ml. Transport was assayed at 25 C L

A -

using 0.5 ml of cell suspension per serological tube. The sequence
of additions was as described for vea{fle transport. Following
uptake of the labeled substrate the entire tube contents were drawn
into a Pasteur pipette (as in the vesicle assay) and filtered using
0.45 u Millipore filters. Filtere‘ ells were washed with 5 ml

CS-T (NaCl 200 mM).

Radioactive counting 4

The filters in vesicle and cell assays were dried slowly with
an infra red lamp and counted in a Nuclear Chiéago Igocap/300
liquid'scintillation spectrometer using 5 ml scintillati;n fluid
(5 g 2,5-diphenyloxazole/1 to}uene). %amples were counted with an

efficiency of 877 for earbon-i& and 65% for tritium.

e

N\

Recording transport data,

Results from duplicate assaysl;ere averaged. Using the calcu-
lated specific activity (Wang and Willis, 1965), transport was
reported as either pmoles or' fimoles of amino acid per mg dry welight
of vesicles or cells. Since uptake of AIB or L-alanine into cells
and vesicles was linear for at least the first minute at the con-
centrations used, initi;l rates in kinetic studies were based on

1.0 min uptakes.
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Metabolism of L-alanine by cells and vesicles

~

Cells were resuspendgd into salts-chloramphenicol solutionlas
previously described. L-alanine (1 x 1073 M, 14.2 uCi/umoie) or
AIB (1 x 107" M, 0.78 uCi/umole) were added to the cells. After
vortexing, a time of 1.0 min was allowed for the cells to take up
the amino acid. °"At this point the cells were filtered and washed.

|
A total of 6 filters were immersed into 35 ml of hot water contained
in a 50 ml Erlenmeyer flask and the flask immersed into boiling
water for 20 min. The fluid containing cell debris was éﬁun at
39,000 x g for 30 min. Extraction efficiency was calculated by
counting samples of the supernatant fluid and of the pellet resus-
pended in water. Extracts were flash evaporated at 50 C to approx-
imately 2 ml, and desalted by passing through a column of Ion
Retardation Resin AG 11 A8 (BioRad) with bed dimensions of 0.9 cm
x 50.5 cm and equilibrated with water (flow rate 9 ml/min). The
eﬁtire extract was applied to the column and 5.0 ml fractions ¢
collected. Each fraction was tested for Cl1~ with AgNO3 and 0.1 ml
counted for radiocactivity. Most of the radioactivity which could
be recovered emerged in the first few fractions and C1~ was not
found in these fractions. Fractions congaining radioactivity were
pooled and concentrated to about 0.5 ml by flésh evaporation.

Aliquots of these final concentrates were counted for quantitation

of radioactivity spotted on thin layer plates.

Glass plates (20 x 20 cm) were spread with Cellulose powder
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(MN 300) 300 u in thickness. Extracts and standards (about 2,000
DPM), were spotted and the plates developed by two dimensional
chromatography (Jones and Heathcote, 1966). The first solvent was
propan-2-ol-formic acid—wa:er (40:2:10, v/v) and the second was
t-butanol-methyl ethyl ketone-ammonia-water (50:30:10:10, v/v).
Each developed- plate was spotted with marker radioactive material
and placed in intimate contact with X-ray film (RP/SX-Omat, rapid
processing medical X-ray film, RPS-2, Kodak) . }{ After two weeks o
exposure time in a dark room, the film was eloped using the

facilities at the Ste.-Anne-de-Bellevue Vetdrans Hospital.

Each developed X-ray film was placed over the original thin
layer plate and aligned with the marker spots. Exposed areas on
the X-ray film corresponding to radioactive areas on the adsorbent

4

were marked and removed to counting vials. Samples were counted

using aquasol (a pt:oduct of New England Nuclear Corp.).

The metabolism of L—alanine by vesicles was determined it} a
similar manner to tbat described for cells. Upt§ke assays were
performed using 1.0 mg membranes per assay, 1.8 uM L-alanine (156
uCi/umole), and 2 mM ethanol as energy source. Hot water extrac-

tion followed a 10 min uptake interval.

Cytochrome analysis

T

A Phoenix dual wavelength split beam scanning spectrophotometer

was used to obtain difference spectra as described by Chance (1953)
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and by Chance and Williams (1955). Potential electron donors and
4inhibitors were added as described in figure legends, giving a
14

@

final volume of 3.1 ml.

Oxygen uptake ' -

Oxygén’c’onsumption measurements were performed using a Clark
electrode (Table 12) or a Beckman electrode, connected to a Heath
recorder. Reaction mixtures were prepared as for cytochrone
analysis in 3.1 ml, added to an enclesed chamber made from plexi-

glass.

ATP assay

The various energy sources were added at the concentrations
used in transport assays to tubes containing 3.8 mg membranes in .
a final volume of 0.6 ml. JAfter 1.0 min, ATP was extracted with
boiling Tris buffer (50 mM, pH 8.3) and assayed by the luciferin

luciferase reaction (Holm-Hansen and Booth, 1966).

B

Estimation of intravesicular volume

The double label technique of Hunter and Brierley (1969) was
used with some modification. Approximately 3.5 uCi of [!“C]inulin

- PO SR
and 10 uCi of 3H,0 were added to 75 mg {:eﬁnbranes in a volume of

LN
~

LN - ' g, .
7.5 ml CS-T (NaCl 75 mM). After incubation fof 3 iin with occa-
£

sional mixing the membranes were spun at 36,000 x g (imax) for

10 min to obtain a tightly packed pellet. The wet weight ‘f-the



{ .
pellet was determined‘and assumed to be its volume. The membranes
in the pellet‘were résuspeﬂded and diluted to 2.0 ml with 1.0 M
HC10y, membrane debris was removed'by centrifugation and the radio-
activity of the’ supernatant was ditermined. Correction_was made |
for overlap of 14¢ into the 3H channel. Intravépicula; space was

taken as the difference in space penetrated by 3H20 and by [1%c]

inulin.

+
Quantitation of Na and K+

Determination of residual Na* and K* in membrane and cell prep-

e

arations was performed as follows. Samples were digested with HNO3

and HC10, (Sanui and Pace, 1959) using Vycor digestion flasks as

Caenn

described by Rayman (Ph.D. Thesis, 1970). Pellet digests were re-:

suspended into distilled water.

Supernatant fluids and pellet digest§ were analyzed for Na+

and K+~using.a SP 90 Unicam flame emission spectrophotometer.

§~ "

Cor;gction was made for th effect of Na+ on the K+ assay. )Reference
standards were purchased from Fisher Scieptifié Co. Before use in
the assays, glassware was soaked overnight in3a solution of sulfuric
and nitric acids (2:1, v/v), and thoroughiy rinsed with glass dis-

-

tilled water. ’

: +
Attempt to demonstrate Na and AIB cotransport

~

a. Filter assay P -

Cells were washed once in a solution comprised of NaCl, 300 mM;

LY
»

-~
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MgS0, {50 mM; and Tris buffer, 50 mM, pH 7.2. A thick cell sus-
pensign was made using tl';e above salts solu-tion, and incubated
withfshaking at 25 C. Uptake assays were performed using 50 ml
Erlgnmeyer flasks each containing 5 ml of a solution of the follow-
salts: LiCl, 200 mM; MgSOy, 50 mM; NaCl, 47 mM; and Tris, 50

, pH 7.2.

For demonstration of [!1“CJAIB uptake, the 5 ml salts were
supplemented with AIB (150 uM, 1.0 uCi/umole). At zero time cells
were quickly added to give 1.0 mg dry weight per ml (Na+ carry over
was 3 mM), and 0.5 ml samples were filtered at intervals. Rapid
filtration of 0.5 ml was obtained using Millipore prefilters with-
out any 0.45 u filter. [Cells were reproducibly retained by these
filters to 807 of control values, as determined using labeled

cells and filtering on prefilters with or without an underlying

0.45 y filter.] Immediately following filtration a 5 ml wash was

added containing KC1, 200 mM; MgSO,, 50 mM; and Tris, 50 mM, pH 7.2.

For 22Na uptakes two flasks were used, each containing 5 ml
of salts and one containing 150 yM [!"C]JAIB. Each flask contained
5 uCi,2?Na. The assay was begun by adding 1.0 mg cells per ml.

Filtration and washes were as for [1“C]AIB uptakes.

22Na was counted with an efficiency of 5% ih vials containing

10 mI water (Parker and Elrick’, 1970).

34
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b. Thick cell suspension assay ‘
Cells were harvested and washed once in either 0.05 M MgSOy
or in CS-T (NaCl 200 mM, pH 7.5) in volumes equal to those of the
growth medium. Thick cell suspensions were prepared by resus-

pending the pellets into CS-T (NaCl 200 mM, pH 7.5) to a dry weight

of 10 to 25 mg.per ml.

Assays were performed in 7.5 ml CS-T using 50 ml Erlenmeyer
flasks. Separatk flasks contained 10 uCi 3Hp0, 4 uCi [I“F]sucrose
plus 9 mM [!2C]sucrose, approximately 3.5 uCi [1*clinulin, or 5 wCi
22Na. Where required [!2C]AIB was 150 uM and [14C)AIB was present
at 1.0 uCi. Approximately 60 mg dry welght cells, added as 4.0 ml
of the thick cell suspension, were added to start the assay.
Incubation was continued at 25 C with shaking. The contents of
each Erlenmeyer flask were then transferred after specified timés
to 10 ml centrifuge tubes and centrifuged for 10 min at 36,000 x g.
As described for the estimation of intravesiculgr volume, the
superntatant fluids were removed, diluted 10 timés with 1 M HC10,,

cell debris was removed at 36,000 x g, and 0.2 ml samples were
} .

counted directly.

' Equilibrium dialysis

’ Binding activity of cell wall fractions was tested using two A
equilibrium dialysis techniques.: In the first’case, citrate buffer

(Gomori, 1955) containing 25 mM NaCl (7.0 ml) was placed in the

~ ' - »

-
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tube followed by a small stirring magnet. The extract (1.0 ml)
was placed in boiled dialysis tubing (Fisher),sand this in turmn
was placed in the test tube. After 1.0 hour equilibration at 4 C,
the amino acid was added as the undiluted }.sotope to, the fluid
outside the dialysis sac. Incubation was continued for 20 hours
at 4 C. Outside fluld and the dialysis sac contents (0.2‘ ml vol-
umes) were counted using aquasol. Quenching was corrected for by
the Channels ratio method {(Wang and Willis, 1965), and the ratio
of I/)PM‘in an equal volume of inside fluid to outside fluid calcu-

lated.

In the second method, an equilibrium dialysis unit with 40
chambers was constructed using plexiglass (Weiner and Heppel,
personal comnnmication).( ’i‘he chambers were separated by boiled
dia'iysis tubing (Fisher). Extract was added to one side of the
chamber (0.75 ml) and an equal volume of citrate buffer, pH 5.5,
added to the other side. Laheled amino acid was added to the "
extract side. The unit was placed at 4 C with rotation for approxi-
mately 20 hours. Mixing was facilitated by adding a glass bead

to each side of the chamber. From each side ’6f the chamber 0{.1 ml

volumes were withdrawn and counted in aquasol.

Sepharose chromatography

A Pharmacia colum (K 25/4_5, 2.5 x 45 cm) was packed wi&

Sepharose 4B (Pharmacia, fractionation range 300,000 to 3,000,000

[l
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MW). One part of the Sepharose was diluted with two parts of water
and poured into the column using a long glass tube as the reservoir
(2.5 cm diameter). The packed column had a bed volume of 200 ml,

and flow rate of 10 ml water per hour with a 15 cm pressure head.

Blue dextran or the outer-double-track component of the cell
. .

wall was added to the top of the column and eluted with distilled
water. Fractions of 3.4 ml were collected using an Isco PUP frac-

tion collector. .
\
L

Radiocactive materials -

L-[u-1%Clalanine was purchased from Amersham Searle (156 uCi/
umole) or New England Nuclear (173 uCi/umole). Tritiated-H,0 (1.0
nCi/g) ,V 34-AIB (235 uCi/umole), [carboxyl-!“Clinulin (2 mCi/g),
{carboxyl—‘ll:C]AIB (10.4 uCi/pmole), 22Na, and 42g’ were purchased

from New England Nuclear Corporationm.

Alcohol dehydrogenase assay

The method of Kersters and DeLey (1966) was used. Reduction
of NAD+ in the presence of ethanol was measured at 340 nm. Calcu-
lations were based on an extinction of 6.2 using a 1.0 mM solution
read at 340 nm and using a 1 cm light path. A unit of enzyme is
defined as that enzyme concentration required to reduce 1 umole
NAD+ per min. The detection limit was 1-2 unitg per 100 ml using

0.1 ml of extract in an assay volume of 1.0 ml.
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RESULTS
\ N [l

SECTION I. *

MECHANISM OF TRANSPORT

Filtration Assay

Since Kaback and co-workers had demonstrated that isolated
membranes of E. coli vesiculated and were able to concentrate amino
acids and sugars, the possibility was examined that isolated mem-
branes of marine pseudomonad B-16 would behave in a similar manner.
Attempts to filter membranes of the marine pseudomonad on 0.45 u
Millipore filters resulted in severe problems with filter glogging.
For this reason Whatman #3 prefilters were used to overlay Millipore
filters of variows pore diameters. It was found that a 0.8 u Mil11i-
pore filter overlaid with a Whatman prefilter gave rapid filtration
of up to 1.0 mg dry weight of membranes. To test for the retention
of the vesicles on this filter pad combination, the experiment shown
in Table 1 was performed. The cells were labeled by adding [l4c)
oleic acid to the growth medium (Nelson and MacLeod, unpublished)
and the membrane fraction isolated. Either l.O'Qg membranes were
counted directly or 1.0 mg samples filtered and the filter pads

counted.  The filters used retained 901 of the labeled membranes and

in 6 filtrations .proved to be very reproducible. Later it was found
\
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' TABLE 1. ‘ )

Retention of [1%Cloleic acid labeled vesic% using a filtmtian
“say.

Six 0.1 ml volumes each containing 1 mg (dry wt) of {1%Cloleic -
acid labeled membranes were filtered through separate filters.
The radioactivity retained by the filters was compared with that

obtained when six 0.1 ml volumes of membrane were added directly
to filters and counted.

Sample Vesicles ~ Retention
Treatment ‘ cpm/mg y4
5
Not filtered 23,641 + 591 -
Filtered 21,599 + 240 91

i3
1
\
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that Millipore prefilters were more absorbent than the Whatman
paper discs and consequently these were used for mgst of the
experiments.

)

General characteristics of the Vesicle Transport System

a. Uptake of L-alanine by membrane preparntians‘
Using the filtration assay for transport it was found that L-
alanine was taken up by membrane preparations incubated in a salts
solution containing NaCl (Table 2). Uptake of the amino acid con-

tinued as the incubation time lengthened.

b. Lability of thg vesicle transport system
When isolated membranes were exposed to L-[!%Clalanine, they

either bound or transported the amino acid. The activity was re-
duced considerably if the membranes were stored, especially if
stored above 3.5 C (Table 3). Although not shown, it was also found
that L-alanine uptake was considerably higher if the membranes were =
washed only twice during the isolation rather ;han five tiﬁes as was
the case in Table 3. The lability of the isolated membrane system
was of importance in planning the experiments to follow. Assays to
be compared were closely spaced in time to each other making it

unnecessary to correct for losses in activity.

c. Optimom temperature for L-alanine uptake

The effect of temperature on the uptake of AIB into cells of
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TABLE 2.

o Uptake of L+[1“Clalanine by membrane vesicles.

Uptake was measured by the filtration assay using 1.8 uM L-[1%c]
alanine in the presence of 2 mM ethanol. The no acid was
added to the membranes at zero time and the assay mixtures fil-
tered at various times thereafter.

- ¢

Uptake time , Uptake of Radioactivity
L min | Ccpm/mg membranes -
0.5 1,744
1.0 2,767
v * 1.5 . 3,639 "
2.0 4,212
[ 4.0 6,002 B
6.0 7,683
10.0 : ~ 8,566
‘ S
. - ¢ -
’ N ¢
]
J
\
P .
‘ 9 .




TABLE 3.

v

Losg in L-alanine uptake capacity of vesicles over time-comparing
N two storage temperatures.
Uptake of, L-[1*Clalanine (1.8 uM; 2 mM ethanol) was measured be-

ginning after five washes in CS-T, corresponding to zero storage
time and taken as 100% uptake capacity.

Time of storage - Temperature of storage ¢
hours 25 C ’ 3.5C
z A
0 100 ’ 100
12 37 69
. 24 32 56

N
LN
“+



the marine pseudomonad has been presented (Wong, Ph.D. thesis, 1968).
Uptake was best at 25 C with less activity at 35 C and stiil less
‘at 4 C. No activity was observed at 45 C. The uptake of L-alanine
by the membrane preparation ((Fig. 1) was similar to that reported
for cells, aithough the membrax}e activity was depi‘eséejdilﬁnore strik-
ingly at temperatures above 25 C. After exposure to 35 C for 10

minutes the membranes flocculated and showed little remaining acti-

vity for L-alanine uptake.

d. Optimum pH for L-alanine uptake
The~optimum pH for uptake of L-alanine by both intact cells and
membrane vesicles was pH 8.3-8.5 (Fig. 2). Intact cells were less
subject to transl;ort: depression at pH values toward the acid side of
pH 8.3 than were vesicles. For exémple, if the rate of transport
at the optimum pH is taker; as 100%, at pH 6.0 intact cells still
retained 58% of their uptake activity while vesicles retained only

25%.

e. Metabolism of L-alanine
Amino acid transport stu—d'ies require that a distinction be made
between transport across the membrane énd subsgquent inco;'poration
of the label. For th'is reason' the nonmetabolized amino acid, AIB,
has been used in previous studies (Wong et al., 1969; Thompson and
Macleod, 1971). The necessity for this procedure was evaluated in

\

this study by comparing the metabolism of AIB and L-alanine by the
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Fig. 1.

»
Effect of temperature on the uptake of L-alanine into
vesicles. - -

Following equilibration of vesic1§§ at the speci-
fied temperature for 15 min,'L-alanine (1.8 uM, 156
uCi/umole) and ethanol (2 mM) were added. Uptake was

terminated after 10 min at the temperature tested.

]
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Effect of pH on L-alanine uptake by (A) vesicles and (B3
intact cells.
Buffers were added just before the addition of

ethanol (10 mM) and L-alanine. pH values were measured

\
“

in reaction  mixtures prepared a7 were those used to
measure transport, but with omission of the radioactive
cdmi:omd. The pH remained constant for a period which
éxceeded the 1.0 min alloted for uptake. In (A) L-alan-
ine was 1.8 M and in (B) 0.5 mM, 1.55 uCi/umole.
Citrate-phosphate buffer (Gomori, 1955) using the K+

salts, O O ; maleate buffer (Gomori, 1955) using K+‘ .
\ .

salts, v v ; Tris, 50 mM, adjusted with HCl, @ @ . -

/
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cells. Hot water extraction of cells filtered after 1.0 min expo-

)
[

sures to either of the amino acids, yielded extracts containing
about 957 oflthe label. Column chrom%tography of the extracts gave
repoveries.of 727 for the AIB extract and 257 for the alanine extract.
Radioactivity not recovered remained firmly bound to the resin.

The desalted extracts were subjected to thin layer cﬁromatography

and the results recorded in Table 4. The AIB extract gave onl& one
spot, with R¢ values which compared well with the standard. 1In
contrast, the alanine extract gave three spots on autoradiography.

If spot one is taken as alanine, then only 277 of the radioactivity

spotted on the thin layer plate was not altered over the 1.0 min

exposure time to the cells.

Using similar techniques but with omission of the desalting

s

step, metabolism of L-—alanine by fhe membrane vesicles was‘Qétermined
(iable 5). Extraction of radioactivity from filter pads containing
the membranes was 887 efficient. QOn two duplicate' thin layer plates
five spots were found, number one spot having Ry values similar to
L-alanine and accounting for 92 or 98% of the total. PPM spotted.
Heated membranes on the other hand, yielded an extract Qith only one‘
sp6t, showing that the appearance of spots two to five were metabol-
ism prdducts and not formed as decomposition products during the
extraétion. This finding allows the study of L-alanine transport

into membrane vesicles without the use of nonmetabolized transport

analogues.

-~
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TABLE -~ 4.-

—

Tabulation of Re values for AIB and L-alanine extracted from cells of a marine pseudomonad.
B ~

~
R¢ value *Rg value % radioactivity
Amino acid Sample Spot number remaining as
Solvent 1 Solvent 2
AIB or alanine
AIB:
. < Standard 1 .77 .22 -
-
“ '
_Filter extract 1 .71 .20 100
\ti '
J
L-alanine:
) Standard 1 .58 12 -
Filter extract 1 .48 .15 27
‘ 2 .39 .10
3 .30 .09 . -
{

Ly




R TABLE 5.

Tabulation of Ry values for L-alanine extracted from membranes.

Between 4,000 and 6,000 DPM were spotted per TLC plate. From 91 to-
98 per cent of spotted radioactivity was accounted for on removal ™
of radioactive adsorbent. ;

e
Al

Sample Spot Rfe Value Rf Value 7 radiocactivity
number Solvent 1  Solvent 2 :ngiZ:gge
' (Spot 1)
Filter extract, 1 0.59 0.10
plate 1 2 0.20 0.00
’ 3 0.42 0.00 92
4 . 0.59 0.00
4 *5 0..00 0.00
___________ ‘..._._____..._.__...__.__...._._._._._...._._.._._
Filter extract, 1 0.60 0.15
plate 2 2 0.20 0.00
3 0.38 +0.00 98
) 4 0.52 0.00
. 5 ) 0.00 0.00
Filter extract,
_heated membranes 1 0.61 0.15 100
Standard, ’
L-alanine 1 0.60 0.1s. 100 .
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If L-[1"*C]alanine is transported by the vesicles and noé incor-
porated into protein or otherwise changed then the accumulated amino
acid should exchange with high levels of externally added L-[!2(C]
alanine (Stein, 1967b), The results of an expetiment to test this
are shown in Fig. 3 where radioactivity was lost from the membranes

4

in the presence but not in the absence of unlabeled amino acid.

/

f. Whole cell contamination of the membrane fraction ;o

It was important to determine whether bacteria present as con-
- ~

taminants in the membrane preparations could account for the uptake
activity recorded. The number of viable cells was determined by
spreading dilutions of the membrane preparations on a solid medigm
containing the same components as that used to grow the organisms,
Platz counts established that the number of viable cells present in
a typical incubation m;xture containing the usual concentration of
membranes did not exceed 2 x 105 ¢ells. Of these, 1 x 102 failed
to gro@ on théiplating medium containing no added Na+ and hence
could be celigxbf the marine pseudomonad. Separate experiments
established that a concentration of at least 1 x 10° cells of the

marine pseudomonad were required per assay to demonstrate transport

activity.

g. Distinction between transport or binding of L-alanine by Mfm—
X, \
brgnes

It has been shown using intact ce

. #

s of this organism that

r

$
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Fig'; 3. Counterflow experiment showing displacement of L-[1%c]

alanine by L-[!2C]alanine. ‘ ‘

L-[1*C]alanine at 1.6 uM was taken up by membranes
in the presence of 2 mM ethanol. The arrow indicates
addition of 10 wl CS-T (Curv1 1) or 10 ul L-[!%C]alanine

(2.6 sM) in CS-T (Curve 2).
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cells ngloaded with AIB exposed to 0.257 phenethyl alcohol (PEA)
lose both their intracellular K+ and AIB (Thompson and DeVoe,
1972). The éffects of.the alcohol were completely reversible and
were correlated to struc;ural changes within the cell envelope.
These findings were applied in the present study to distinguish
active transport of L-alanine from the mere binding of L-alanine

to the membranes. Membrane vesicles were allowed to accumulate
L-[!“C]alanine to the maximum level. PEA was then added to the f
reaction mixture and the level of radioactivity associated with the
membranes measured wigh time (Fig. 4). 1In the presence of the
alcohol, but not in its absence, radioactivity was quickly lost from
the membrane vesicles. When the membraneb exposed to PEA'wese

'

dialyzed against CS-T in the absence of the alcohol they were
found to be capable of taking up L-alanine again to levels prevailing
before PEA treatment (Table 6). This latter finding shows that radio-

activity was not released by a dissolution of the membrane.

h. Amino acid competition
Radioactivity was reversibly released from the vegsicles .
indicating active transportl~ This finding did not say anything about
the specificity of the accumulation, however. It was necessary,
therefore,‘%o establish that the amino acid uptake into vesicles

exhibited similar amino acid competition patterns to that found for

L k)
intact cells of the marine pseudomonad. The results in Table 7 show

€
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Fig. 4.

S
e b

Phenethyl alcohol (PEA) induced loss of L-alanine from
vesicles. .

Vesicles were allowed to accumulate L-[1*C]alanine
(1.8 uM, 156 uCi/umole) for 10 min in the presence of 2
mM eéhanol. At zero time either CS-T solution (Curve 1)
or PEA in CS-T (Curve 2) was added. The final PEA con-
centration was 0.25%Z. On the basis of an intermal space
of 0.4 ul/mg membranes (Table 21) the internal/external
c?ncentration of L-alanine changed from 10.9.at'zero time

to 2.9 after 36 min exposure to PEA,

-
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TABLE 6. ~

’ [

Reverhzbtitty of the effeet of 0.25% phenethyl aZcohoZ on L-alanine
uptake in veszcles.

Vesicles 10 mg) were exposeé to PEA for 18 min. These vesicles,
and non-e posed vesicles, were each dialyzed against separate 1-1i-

tre volumes of CS-T over 2 hours yith one change of the dialysis
fluids. @p kes were performed as in Fig. 4. ‘ '
Exposure to - Uptake time
PFA min N
. 2 6 N
. AR
) pmoles/mg
e . . , .
o - 9.9 . 14.9 e o
L3 ;?
¥ . - \ - - -
+ 9.3. 15.0 q . .
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’
TABLE 7. >
Effect of non-radioactive amino acids on the uptake of L-[1%C)
alanine by membranes.
[!2Clamino acids were added at 180 uM 15 min prior to the add-
ition of 1.8 uM L-[!"“C]alanine. Uptake was continuved for 10
min in the presence of ethanol added inifially at 2-mM.
[12C]amino acid Z inhibition
: of uptake
L-alanine 90
L-serine 86 =
Glycine . 60
ATB ' 59
D-alanine ' ) , 58
D-serine 56 °
L-threonine 53
L-valine L., 26 ’
L-leucine 22 -
L-proline s
DL-phenylalanine 4 ’ '
\ Glycinamide 0
\ S - R
e
. R ‘«..

o
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that a number of amino acids structurally related to L-alanine did,
¢

in fact, inhibit L-[!"C]alanine f;ansport into the membrane vesi-

By

cles. Similar results for intact cells using [IMC]AIB have been
reported (Drapeau et al., 1966). A71no acid systems and their over-
lapping nature in these cells have been much more thoroughly studied

by Fein (Fein and MacLeod, unpublished).

i. Requirement for Na' in amino acid transport into isolated
membranes
Because of the data already shown it was fe}t that the uptake
of L-alanine by the membranes did represent the transport system
operative in intact cells. Cells of this organism will neither grow
in the absence of NaCl (S&w, Ph.D. thégis, 1973) nor will they trans-
port AIB (Drapeau and MacLeod, 1963a). This finding allowed a

further test as to the physiological importance of the isolated

il

+
membrane system, since Na should also be required for the transport

‘activity observed with isolated membranes. A highly specific require-
. .

+
ment for Na for the uptake of L-alanine or AIB into isolated mem-

\

branes could, in fact, be demonstrated in the presence of either of
two energy. sources (Fig. 5). As compared to the control (CONT),

only in the presenee of NaCl did uptake of the amino acids occur.

+

Neither Li+, K, Rb+ nor C17  had any ability to replace this function

!

+ .
of Na+. The,;level of residualiNa in the assay medium containing

- membranes was dgtermineq by flame photometry after digestion to be

1 'ﬂ\ |
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Fig. 5.

K
Requirement for Na+ for the uptake of L-alanipe and AIB

by vesicles. )
Vesicles were suspended in Mg-K-Tris solution, and
diluted-with this same solution (Control) or with this
solutien conta%?ing sufficient NaCl, LiC1, g?l ;r RbC1
to give 200 mM. 1-{1*CJlalanine, 1.8 uM, 156 uCi/umole
(A); (!%claiB, 55 uM, 8.6.uCi/umole (B). Shaded bars,
ethanol at 2 mM; hatched bars, ascorbate-TMPD. Elgct;on
donors and amino acids were added in Mg-K-Tris solution.
Following 5 min upt;ke intervals, vesicles were filtered

and washed with CS-T solution containing LiCl (200 mM)

in place of NaCl.
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1.1 mM. In Ehe'expé}imept éesctibed NaCl was added at 200 mM, since

this was the ¢ /centraticn fgund optimum for AIB uptake into intact

cells (Wong et/al., 1969), It was considered necessary to quanti-

tate the Na+ ;equired by the isolated system. This experiment was

ﬁérformed in two ways, by a tube dilution technique (Fig. 6, Curve

1) and by dialysis (Curve 2). The dialysislprocedure was time con-

suming allowing tine for activity losses, and gave more erratic

results than by the tvbe dilution technique. In contrast to the

intact cells the Na+ opti—um was found to be about 75 mM using

either technique. That this lower level of Na+ was not an effect

of the energy source (ethanol) used to activate transport is shown

in Fig. 7. Transport energized by either ethanol or ascorbate-TMPD

showed quantitatively sinilar Ha+ concentrations for optimum activity.
)

This 1s particularly interesting since reduced TMPD was found in

mitochondria to couple at the level of cytochrome c (Jacobs, 1960).

Electron Donors for Transnort

Recent studies with intact cells of the marine pseudomonad have

shown that ethanol and various straight chain<:1cohols stﬂwﬂlate

the concentrative uptake of AIB (Thompson and Macleod, 19}gb)L”
comparison between various potential energy sources for trapsport

is shown in Pig. 8. Zthanol stimulated L—alanine transporp’into
meémbrane vesicles to an exteant comparable to that obtained'hith NADH

or ascorbate-TMPD, . It was observed previously that a cansiderable

57
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Fig. 6.

4

<

Quantitafive requirement for Na+ for L-alanine uptake into
vesicles. Al

Vesicles pré{:r;n'ed in the absence of a&ded Na' were re-
exposed to this ion in two ways. In the tube dilution assay
(Curve 1) vesicles were diluted 1:1 in test tube;,s with cs-T "
contain::\;:?ficient NaCl to give the desired concentration.
The dialysis method (Curve 2) a'llowed a slower addition of
NaCl. Vesicles in dialysis sacs’ (10 mg per sac) were di;i-
lyzed 1 hour in CS-T containing the final desired NaCl level.
Each sac was dialyzed at 4 C against l-liter volumes chanéed

every 20 min. Uptakes were for 1.0 min using L-alanine (1.8

pM) and ethanol (2 mM).
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Fig. 7.

+
Quantitative response to Na of L-alanine uptake into

vesicles.

Using the tube dilution method Né+ was added to
vesicles at the concentrations shown. Uptakes were
for 170 min using L-alanine (1.8 uM) apd either ascor-

bate-~TMPD (CurQe 1) or 2 mM ethanol-(Curve 2).
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Coffiparison offfhe ability of selected compounds to stimu-
late tﬁe accumulation of L-alaniné into vesicles.

.. Curve 1, ascorbate-TMPD; Curve 2, ethan:ol at 25 mM;
Curve 3, NADH; Curve 4, ascorbate-PMS; Curve 5, ascor-
bate; ‘Curve 6, no added energy source; Curve 7, no added

energy source, plus KCN at 1.0 mM. . ‘
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amountaof L-alanine was taken up by vesicles in the absence of added
el/ectron donors. . The radioactive preparation used had been supplied
as a solution containing ethanol, thus resulting in the addition of
1-2 mM ethanol to the incubation medium. As can be seen in Fig. 9,
this amount of e'thanol is capable of stimulating transport appreci-
ably and could account for the.high level of activity obtained prev-
iously. The results in Fig. 8 were obtained with a radioactive L-al-
anine preparation from which ethanol had been'removed by evaporation
under vacuum. Uptake in the absence of an added electron donor was
very low (Curve 6)* and this endogenous activity was reduced only

sliéhtly by the addition of KCN.‘Also shown i1s the low activity

induced by ascorbate-PMS ‘or by ascorbate alone. -

Intravesicular space was det;zmined to be 0.7 ul per mg of ‘pro—-
tein. This wvalue 1s 1low compared to those rt_;ported for. other
bacterial membrane preparations (Hirato et al., 1971; Kaback and
Barnes, 1971; Konings and Freese, 1972) and may be attributed either
to a lower percentage of the membranes existing'gs vesicles, or to
partial collapse of these wvesicles-as a result of centrifugation in
the course of determining the intravesicular space. The latter
possibility seems unlikely and our intravesicular space correct,

since L-alanine can be calculated on the basis’ of the above space

4

to equilibrate across thg membrane in the presence of KCN (Fig. 8,

Curve 7). The capacity of the vesicles to concentrate L-alanine

’

in the presence of energy sources, expressed as a ratio of internal
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Fig. 9.

Effect of ethanol concentration on the rate of uptake of
L-alanine by vesicles. / | )

Ethanol additions were just before the hdditioq of’
L-[1%C]alanine (1.8 uM), and uptakes were measured after

8 / .

1.0 min. ? -
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to external concentration, is also shown. It is evident that added
electron donors produced concentrations of the amino acid in the
vesicles whi?h,were 30 to 40 times that present in the suspending

emedium.

Data had been obtained .comparing various compounds for their
ability to energize transport, prior to the discovery that ethanol
could serve in this capacity. This data is shown in Table 8 and
was obtained with 1-2 mM ethanol in all the assay systems. .Conse~
quently, in the absence of any test compound considerable activity
was observed. Of the compounds tested only NADH and ascorbate-
TMPD stimulated transport over the endogenous. The reason for this
additional stimulation over that obtained with 1-2 mM ethanol is
evident from the data in Fig. 9 showing transport to be only par—
tially activated by 1-2 mM ethanol. Yo stimulation was noted for
D—lgifate and D,L-a-glycerophosphate, compounds known to be effective,

respectively, in vesicles of E. coli (Kaback and Milner, 1970) and

Staphy lococcus aureus (Short et al., 1972). .

ificity of Alcohol energized Transport )

In order to gain some insight into the possible mechanism of
action of alcohols in energizing transport the alcohol specificity
was tested. Alcohols tested for their capacity to promote transport

~

(Table 9) showed a chain length of at least 2 carbon atoms to be



Effect of‘potenttal electron donors and ATP on the uptake of L-alanine
and AIB by membrane beSthes n

Compounds were tested at 20 mM except ﬁor NADH at 25 mM, TMPD at 150
uM, and PMS at 100 uM. Uptake period, ‘S min. Uptakes were expressed
as the ratio of the uptake in the presence, to uptake in the absence,
of an added test compound. L-alanine, 1.8 uM; AIB 55 uM.

£

7

L-alanine AIB
Compound tested
Uptake | Ratio Uptake Ratio
cpm/mé cpm/mg
. ” *
None 5,558 1.00 1,732 1.00
NADH 9,554 1.72 59,496 . 3.17
D(-)-Lactate 3,983  0.72 1,051 0.61
D,L;a—Glycerophosphate 3,981 0.72 1,218 0.70
Ascorbate-TMPD 15,100 2.72 5,667 3.27
Ascorbate-PMS 2,593 0.47 2,321 1.34
Ascorbate 4,836 0.87 1,279 0.74
T™PD 1,360 0.25 not tested 2 .
PMS ' 1,480 0.25 819 0.47
Succinate 5,956 1.07 1,301 0.75
ATP 4,241 0.76 932 0.54
f .
¥ S
o > ’
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TABLE 9.

Comparison of abzlu:y of various alcohols to energize L-alanine
transport into membrane vesicles of the marine pseudomonad.

Alcohols tested at 25 mM were added to ‘the membranes just before \\
L-[1"*Clalanine. '

¥

Transport \
Alcohol pmoles/mg/min
Q "none 0.70
methanol 0.73
ethanol d . . 2.60
1-propanol 3.04
1-butanol ! 2.90
1-pentanol . 2,21 \\
2-propanol 1.43 ic\
2~methyl-l-propanol - - ' 0.86

. 2-methyl-2-butanol - , 0.65 \
‘ 1,4-butanediol .- 1.04 \

: \ | | \

A \'
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essential for activity. Transport with l-propancl and l-butanol

was even sliphtly better than with ethanol. A further increase in

*chain length beyond four carbon atoms, or the presence of methyl

or hydroxyl groups on the carbon atoms other than carbon-1, reduced

L-alanine transport stimulating activity. A close parallel exists
' »

between the transport promoting capacity of the alcohols observed °

here and the specificity of the alcohol dehydrogenase isolated by

Kersters and Deley (1966) from Gluconobacter.

An attempt to energize L-alanine transport by NADH generated
N + )
endogenously by NAD , ethanol and alcohol dehydrogenase (Sigma) is
shown/ in ijle 10. This technique was effective in energizing pro-

line transport into Mycobacterium phlei &lectron transport particles

/
(Hirato et al., 1971). The addition of Napt and enzyme in the

presence of ethanol actually reduced the uptake of L-alanine over
that obtained with ethanol alone. As can be seen, this reduction
was due to the prg;ence of the added enzyme. However, it was also
possiéle that/}h@lpresence of the membranes interfered with the alco-
hol dehydrogenase reaction. To test this possibility two assays
were set up as in Table 10 containing e hggol; NADt and enzyme, °
either with or without membranes. The reaction was started by add-
ing the enzyme. After 1.0 min at 25 C the volumes of each assay
were diluted to 2.0 ml and centrifuged 10 min at 36,000 g. The two

supernatant fluids both gave ah absorbance of 0.60 at 340 nm using

the Unicam SP 800. Thus the presence of membranes did not 1nterfere
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TABLE 10.

-~

7/

Effect of components of the alcohol dehydrogenase reaction on a
L-alanine transport into membrane vestcles.

NADH, NAD* and ethanol were added at 25 mM. Enzyme refers to
alcohol dehydzgenase (E.C. 1.1.1.1.) added to give 6 ug pro-
tein (1.06 Intlernational Units) to the incubation medium.

Addition Transport
_ pmoles/mg/min

Experiment 1:

none 0.92 )

apt - . 1.04 - P
enzyme / 1.08 . .-

enzyme + NAD* 0.83

ethanol ' - 4,16

ethanol + NAPY 4.00

ethanol + enzyme A 2.34

ethanol + NADY + enzyme 1.43

NADH ’ 3.90

— e e - . — — v e W G MAwa e e G e S s Gmaa e Gt eme G e e e e e

Experi'ment 2:
2

ethanol 4,65
_ethanol + énzyme " 2.13 )
NADH 3.83
NADH + enzyme 2.05
ascorbate-TMPD. 2.38
ascorbate-TMPD + enzyme 1.71
ethanol + NADH- 5.31
ethanol + NADH + enzyme 2.09
ethanol + NAD' + enzyme - . 1.37 ®
, 2
—
o 5""
) ~
' 0 ; ¥ 3
f .
- 4
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with the production of NADH by the added alcohol'dehydrogenase.)
Since” the enzyme inhibited transport in the presence of' ethanol,
NADH,‘ ascorbate—-TMPD or with combinations of etha‘nol and NADH,
Table 10, it would a‘ppear that the enzyme is nonspecifically block-

/' I

ing alanine uptake.

Cytochrome Ahalysis and Alcohol dehydrogenase Assays

The finding that electron donors such as NADH and ascorbate-TMPD
could energize transport of alanine into membrane vesicles (Fig. 8)
convincingly linked electron flow to active transport. For this
reason, and becau;e of a complete lack of information regarding the

electron transfer components in the marine pseudomonad, a study of

the cytochromes was initiated.

Membrane components reduced by either NADH or by dithionite and
scanned under steady state conditions yielded the results shown in
Fig. 10. The alpha peaks associated with cytochromes b and ¢ (Chance
and Williams, 1955; Appleby, 1969) appeared at 560 and 552Anm,
respectively. An absorption <;\n,aximum for the beta.peak was observed
at 524 nm and for the Soret peak at 428 nm. The Soret peak and the
beta peak represent a mixture of those peaks from cytochrome b and

. N /
cytochrome c¢. Although not shown, the addition of ferricyanide

-~

added to ensure complete oxidation of membranes in the reference

cuvette, had no effect on the dithionite reduced spectrum.

68




Fig. 10.

Ahalysis of respiratory components present in vesicles of

the marine pseudomonad.

\..
The oxidized-oxidized bageline was obtained by scanm>

' ing freshly aerated membranesj (5.2 mg) present in sample

and reference cuvettes. Sodium dithionite (1.0 ng/mf),
ascorbate-TMPD, NAbH and ethanol were tested by adding :ach
to a suspension of vesicles and recording the scani;f¥er'
peak heights became constant. Thg ethanol scan‘was record-
ed 10 min after the addition of ethanol. The reduced-
reduced baseline was obtained by addjng dithionite to both
reference and sample cuvettes. GO was then. bubbled for 3:
min thtgugh the contents of the sample cuvette and the

di;hionite—reduced plus CO minus dithionite-reduced scan

recorded. Curve 1,/ dithionite; Curve 2, ascorbate-TMPD

(2.7 mM' - 16 uM); Curve 3, NADH (2.7 mM); Curve 4, ethanol

(2.7 mM); Curve 5, dithionite plus CO minus dithionite;

Curve 6, reduced-reduced; Curve 7, oxidized-oxidized.
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A
With ascorbate- -as the electron donor, cytochrome c was

reduced to a slightly gl:eater degree than "with NADH. This suggests

that the added NADH does not reach all of 'th;z available NADH dehy-

drogenase coupling sites. Also, with ascorbate-TMPD the 560 nnf

peak decreased considerably compared to the peak at 552 nm, indi-‘

cating comparative‘ly less cytochrome b téduction than had been

obtained with NADH or dithionite. This obsez:va\tion was verified by

a shifting of the Soret peak from 428 to 425 nm. It can be con-

ctuded that reduced ™PD couples primarily to cytochrome ¢; however,

A

cytochrome b was partially reduced. Either some electrons are
1

donated from TMPD directly to cytochrome b, or a back flow of elec-

trons occurs from cytochrome c. ‘A back flow of electrons from

e
¢

ascorbate-TMPD has been observed (Klingenberg, 1968). Also, the

trough at ?bout 455 nm, tentatively idemtified as flavoprotein, was

_ of interest. This component was, not reduced with ascorbate-TMPD

but did show up in dithionite and NADH reduced membranes.

A o

Membranes of this organism do not contain detectable levels of

cytochrome a using our experimental conditions. Peaks which could

.

be attributed to this type of oxidase (Castor and Chdnce, 1959) were
absent on reduction of the respiratory components by dithiomite,
ascorbate~TMPD, or NADH, The dithionite-reduced plud CO ’Qmus dithio-
nite~reduced spectrum showm ((;Eurve 5) 1s, however, characteristic

k] -

of a cytochrome o, having'a peak at 415 om and a trough at 426 nm

/ - 1

[+]
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(Castor and Chance, 1959). The 415 nm peak may be low because of

the dropping baseline in this region (Curves 6 and 7).

\
Considering the previous observation that alcohols energized

transport and showed similar specificities to Gluconobacter alcohol
dehydrogenase (Table 9), it was surprising to find that no detect-
able cytochrome reduction was found in membranes using ethanol as
the electron donor: (Fig. 10, Curve 4). When whole cells were
analyzed for cytochrome reduction (Fig. 11) it was observed that
NADH and ethanol gave similar results, with peaks appearing at 550
and 560 nm. These cells were expected to contain considerable
alcohol dehydrogenase since this organism can grow using ethanol

as sole carbon source (Baumann et ai., 1972). Unlike the cells, no
production of NADH was noted when ethanol and NAD+ were added:to
the membranes. Assays were performed using membranes poisoned with
1.0 mM KCN or suspended in the‘absence of any inhibitor. As shown
in Table 11, an NAD-linked alcohol dehydrogenase was not released
from the cells until they were broken open. Some release during
protoplasting was likely the result of lysis of a low proportion of
the protoplasts. Assays performed using membrames poisoned with

1.0 mM KCN, to. prevent the reoxidation of reduced NAD, were negative.

These results indicate a production of NADH on the additiom of
ethanol to cells, The NADH formed by cytoplasmic alcohol dehydfa—

genase would be expected to cause the reduction of cytochromes b and

71




Fig. 11.

Analysis of respiratory components in cells reduced by
ethanol and by dithionite.

Each cuvette contained 1.5 mg dry ;eight of cells.
Cells in reference cuvettes were oxidized with ferricy-
anide. Scans werévrecordeq/when peak heights remained
constant. Curve 1, dithioéite; Curve 2,yethanol Q.5

mM); Curve 3, no electron donor.
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TABLE 11.
)
Release of NAD-linked alecohol dehydrogenase from cells of the marine
pseudomonad during membrane isolation.
Total units represent the total enzyme released from 375 mg cells. '
Assay material Total units i
» Sonicated cell extract ‘ 43.7 - -
Sonicate,d cell extract + 1 mM KCN 34.9 . ﬁ :/; h
NaCl supernatant fluids none detected
Sucrose supernatant fluids none detected .
Protoplast supernatant fluid 12.4
Membrane wash flu}.d 0.4
Cytoplasmic contents 42.1
Membranes (5.3 mg) + 1 mM KCN. none detected
7 ~



c. In membranes not containing the cytoplasmic enzyme no cytochrome
reduction would be expected. Previous data has, however, indicated
a membrane bound alcohol dehydrogenase (Tablell). Two alcohol
dehydrogenases have been observed in acetic acid bacteria (Nakayama
and Deley, 1965). One is membrane bound and is an alcohol-cyto-
chrome 553 reductase, Ypile the other is an NADH-linked soluble

enzyme in the cytoplasm.

Sites of HOQNO and KCN inhibition in the respiratory chain

Because of the unexpected lack of correlation between the ability
of ethanol to energize L-alanine transport on the one hand and to
reduc% the, cytochrome components on the other, it was decided to
test the ability of various energy sources for transport to induce
cyanide and HOQNO sensitive oxygen uptake (Table 12). In the absence
of inhibitors it is evident that NADH gave more oxygen uptake than

ascorbate-TMPD, while the oxyget; consumed was low when ethanol was
the électrcm s;urce. Oxygen uptake in the presence of alcohol in
particulate preparations containing the entire respiratory chain has
been taken as a measure of alcohol dehydrogenase activity (Kersters
and Deley, 1966). Since considerable oxygen uptake was found with

NADH it 1s possible to conclude that alcohol dehydrogenase activity

in these membrane preparaqons is quite low,.

| ,
Oxygen uptake data show HOQNO to inhibit NADH induced uptake
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TABLE 12.

Rate of oxygen consumption by membranee of the marinepseudomonad
in the presence of various enérgy sources and inhibitors.

Oxygen was taken up at a linear rate for at least 1.0 min and cal-
culations were based on the initial rates. Data obtained with
ascorbate-TMPD was corrected for oxygen taken up in the absence of
“membranes.

Oxygen congpmed

Energy source Inhibitor
ng atoms O/min/m

7
None None ‘0
NADH None 56
NADH HOQNO 21 '
NADH KON 4
Ascorbate~-TMPD None . 40 )
Ascorbate-TMPD HOQNO 37
Ascorbate-TMPD KCN
Ethanol None
Ethanol HOQNO <1
Ethanol ' KCN <1

Methanol None




>

by 62.5% and ascorbate-TMPD induced uptake by only 7.5% (Table 12).
Since reduf:ed TMPD couples primaridy to cytochrome c (Fig. 10),

it may be deducted that'HOQNO acts on the NADH dehydrogeﬁase side
of th'is cytochrome. That the site of HOQNO inhibition probably
lies between flavoprotein and cytochrome b is shown in Table 13
where the percentage reduction of the respiratory compoélents by
NADH was compared in the presence and absence of HOQNO and KCy . The
percentage reduction of flavoprotein by NADH was not affec&t‘:ed by HOQNO
while the percentage reduction of cytochromes b and c were about
equal and less than in the anaerobic control. 1In E. coli electron
flow is inhibited by HOQNO at the level of the quinone (Cox et al.,
1970). Thus in the marine pseudomonad a quinone component may be

involved in electron flow between a flavoprotein and cytochrome 1_)_.‘

Similar considerations leid to the conclusion that KCN acts at
or near the terminal oxidase. KCN strongly inhibited both NADH and
ascorbate-TMPD stimulated oxygen uptake (Table 12). Also, the per-
centage reduction of respiratory components by NADH (Table 13) was
similar whether recorded in the presence of KCN or in an anaerobic

control.

Effect of inhibitors on uptake of L-alapine

Because of the low alcchol oxidase activity in the membranes,
the involvement of electron flow in ethanol energ}zed amino acid

transport became of considerable interest. The possibility that
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TABLE 13.

Effect of inhibitors on the percentage reduction of respiratory
components under anaerobic steady state conditions using NADH
as the electron donor.

Steady state values were determined using a split beam spectro-
photometer. Reaction mixtures containing no inhibitor were
scanned after anaerobic steady state was achieved. Steady state
conditions were rapidly obtained in the presence of elther in-
hibitor. Values for per cent reduction were determined from
peak heights or flavoprotein trough, as compared to dithionite
(1.0 mg/ml) reduced samples containing no inhibitors.

Inhibitor added

Component
None HOQNO KCN
% reduction
Soret 65 18 59
Cy;ochrome b 71 36 67 ™
Cytochrome c 64 32 60
Flavoprotéin 60 55 50
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e
electron flgw was perhaps not involvad in alcohol driven transport

was tested using various inhibitors.

The effect of feplacing air with N, is shown in Fig. 12, Sero~
logical tubes containing membranes were sealed with serum caps
and flushed with N, for several minutes. Either ascorbate-TMPD
or ethanol, plus L-[**C]alanine, were added through the serum caf
and transport measured with time. A; compared éo controls tesged
for transport with normal aeration (Curves 1 and 2), the N, flushed

.

samples gave lowered activity for ascorbate-TMPD or ethanol.

The effect of concentration of various inhibitoss is shown in
Table 14. Although an accurate Ky cannot be determined from this
data, roughly 502 inhibition occurred for DNP at 3 mM, for KCN at
0.5 mM, and for NaNj3 at 11 mM. Ouabain, an inhibitor of the (Na+ +
K+)— activated ATP'ase (Schultz and Curran, 1970), Qas found to
show no inhibition. This is consistent,with the previous finding
that gélls of this organism lack an ATP'ase specifically activated

by the combination of Na+ and K+ (Drapeau and MacLeod, 1963b).

T

The effect of a wider range of inhibitors on transport is shown
in Table 15. Inhibitions were similar both quantitatively and quali-
tatively when NADH or ethanol were the electron donors. Marked
differences were apparent when ascorbate*-TMPD energized transport.
Transport was inhibited by HOQNO with either NADH or with ethanol

but not with ascorbate-TMPD as giectron donor. gBoth KCN and DNP

-



Fig. 12.

-

Effect of a Ny atmosphere on L-alanine uptake by vesicles.
Membrané,suspensions contained ‘in serological €‘be§ |
were either-left open to the atmosphere or sealed with
serum'caps and flushed with Nj §9r 5 min. In the case of
sealed tubes subsequent additions were made by }njection
through the éap.. Curve 1, air, ascorbate-TMPD; Curve li
air, ethanol at 25 mM; Curve 3, 4, N, with ascorbate-TMPD

or ethanol. L-alanine, 1.8 UM, 156 uCi/umole.
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membranes.

7E'ffect of metabolic inhibitors on the uptake of L-{!"“Clalanine by

Inhibitors were added 15 min before the addition of energy source
(ethanol, 1-2.mM) and L-[!"Clalanine (1.8 uM, 156 uCi/umole). Up-
take in this experiment was concluded after 10 min. Reaction
mixtures contained OS-T, Nat 200 mM.

Inhibitor Concentration f 4
mM Inhibition
DNP 10 82
1 .- 40 !
0.1 - 36
RCN 10 87
, 1 68
0.1 24
NaNj 10 46 .
1 14
Q .1 2
" pCMB 1 79
E4 0 . 1 39
TAA 10 42
. l 6
Ouabain 1 (-11)

\' s *:F

L‘\d"'} i
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TABLE '15.

Effect of metabolic inhibitors om the NADH, ethanol, and ascorbate-*
TMPD energiaed transport of LAélanine into membrane vesicles of the
’ marine pseudomonad.

3

The negative values recorded (in brackets) in the column under as-
corbate-TMPD indicate stimulation of transport. DMSO (dimethyl
sulfoxide) was added where indicated at 2.9%.

S
Inhibitor Concentration Electron donor added
oM NADH Ethanol  Ascorbate-
TMPD
4
Inhibition of transport (i)

HOQNO 0.02 ) 65 59 (-11)
KCN 1.0 93 90 96
PCMB 1.0 96 92 51
IAA 10.0 32 22 (-14)
NEM 10.0 88 87 (-26)
DNP 10.0 88 87 90
NaNg3 JEQ.O 30 41 93
DMSO ' . 66 1 (-22)
DMSO + %

valinomycin 0.1 76 78 (-4)
DMSO + ’

 antimycin A 0.1 71 - 78 (-23)
DMSO + ' ,

rotenone 0.1 68 74 (~-25)




inhibited transporéiessentially completely with afl three energy -
sources. The sulfhydryl inhibitors PCMB and NEM'inhibited trans-
port essentially completely and iodoacetate partially, when NADH
or ethanol served as electron donors. With aséorbate-TMPD,' PCMB

L]

inhibited transport only 50Z and the other two compounds not at all.

Several of the compounds tested stimulated L-alanine transport in

the presence of ascorbate-TMPD.

Dimethyl sulfoxide (DMSQ) was used to help dissolve valinomy-
cin, antimycin A, and rotenone. DMSO itself proved to be inhibitory
when NADH or ethanol were the electron donors but not when ascor-

.
bate-TPD was used. The combinations with DMSO of valinogycin, anti-
(mycin A, and rotenone inhibited only slightly more than the DMSQ
aione when NADH or ethanol drove tramsport, but were not inhibitory
when ascorbate-fMTD was the energy source. In a separate experiment
ethanol was used in place of DMSO as solvent for valinomyéin, anti~
_mycin'A and rotenone, again, no inhibition was observed with these
coypounds.

\As noted in Table 12, oxygen uptake with NADH was inhibited by
62,5% by HOONO. This value compares well to the 65% inhibition of
NADH stimulated transport by HOQNO (Table 15). Furthermore, HOQNO .
did not inhibit tr@nsport with ascorbate-TMPD and inhibited ascor-

bate-TMPD induced oxygen uptake By only 7.5%Z.

It has been shown that 360 nm light destroys oxidative phosphory-

G ' -
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lation in Mycobacterium phlei particles and that vitamin K; can

restore the activity (Brodie and Ballantine 1960; Kashket and Brodie,
1963). Furthermore, membrane vesicles of B. licheniformis lost
transport activity on exposure to 360 nm light and the activity was
recovered by adding vitamin K; of appropriate chain length (MacLeod
et al., 1973). Transport activity in vesicles of the marine pseudo-
monad as a function of exposure time to 366 am 1¥§ht is shown in

Fig. 13. Because of the sensitivity of the memérane transport system
to heat (Fig. 1 ) the 1rrad£ation was performed on membranes stored
on ice. 1If inactivation occurred by destruction of a quinone compon-
ent then ascorbate-TMPD should overcome the inhibition of transport.
This experiment is shown in Table 16. The per cent inhibition by

366 nm light on transport driven by NADH or ethanol was the same,}a
result to be expected if a quinone héd been destroyed or damaged.
Irradiated membranes were partially restored for transport by ascor-
bate-TMPD. As compared to ethanol and NADH, passing electrons
directly to cytochrome c overcame about 14%7 of the inhibition by 366
nm light. In membranes of Aerobacter aerogenes light of 354 nm was
found to destroy ubiquinone primarily, but also in some cases to
alter protein structures (Knook and Planta, 1971). Furthermore, in
B. licheniformig FAD and FMN had to be added back in addition to

quinone to restore full tramnsport activity (Macleod et al., 1973).

These results do implicate electron flow as the dgiving force

for transport although the mechanism of coupling of electron flow to




Fig. 13. Loss of L-alanine transport activity in vesicles on expo-
sure to 5366 nm light.

Vesicles (4 ml, 10 mg/ml) in a beaker of 3 cm inter-
nal diameter ‘;ere exposed at a distance of 5 cm to a 366
nm source.. The source was 110v, 50-60 cy., 9 watts, made
by Ultra-Violet Products, Inc. Uptakes were measured

°

using 2 mM ethanol as energy source.
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TABLE 16.

: Effect of the electron donor on recovery of L-alanine transport

into irradiated vesicles.

Vesicles ikradiated with 366 nm 1light in Fig. 13 for 120 min
were testefl\for transport and compared to non-irradiated mem-

branes. Ethanol 2 mM; uptake time 5 min.

»

x L-alanine Inhibition
Electron Donor Irradiated uptake 7
cpm/mg
Ethanol - 2,893
Eghanol + - 862 70
NADH - 3,192
NADH + 953 70
Ascorbate-TMPD - 5,184
Ascorbate-TMPD + 2,302 56
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transport 1is unclear.

Mechanism of energy coupling

Several possible mechanisms exist for coupling of the poten—‘
tial energy of electron flow through the respiratory chain to
transport. One such possibility is through oxidative phosphory-
lation. Scarborough et al. (1968) have implicated ATP in the
transport of B-galactose into cells of E. coli. In membranes of
the marine pseudomonad neither ATP (Table 8) nor ADP plus inorganic
phosphate (Table 18) had any stimulating effect. More direct evi-
dence for the laci of ATP effects in the membrane vesicle transport
system is shown in Table 17. The electron donors able to stimulate
L-alanine transport failed to stimulate ATP formation. DNP, an
uncoupler of oxidative phosphorylation (Harold, 1972a) and an inhi-
bitor of L-alanine transport (Table 15), had little or no effect
on the amount of ’ATP found preiggg in the membranes. It should be
emphasized tha£ the conditions of the assay were the same as used
in transport assays where no ADP or inorganic phosphate were added.
Under these conditions electron flow appeared uncoupled from oxi-

dative phosphorylation.

A furthef point of interest was the finding that ethanol in
combination with ascorbate-TMPD did not give additive effects ém

transport.

86
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TABLE

17.

ATP content of membrane preparations and L-alanine uptake into membrane
vesicleg in the presence and absence of electron donors and DNP.

Dashes (~) indicate assays not performed.

Additions L-alanine uptake ATP
Electron Inhibitor _ pmoles/mg/min pmoles /mg/min

donor }

None None 0.88 38

None DNP - 35
Ethanol None 9.87 31
Ethanol DNP - 26
Ascorbate~

TMPD None 11.14 24
Ascorbate-

TMPD DNP - 23
NADH None 9.73 19
Hscorbate-—

T™MPD +

Ethanol None 14.22 29




A second possible mechanism of energy coupling was described
by Kaback and Barnes (1971). This involved the positioning of a
redox carrier protein within the electron transport chain. Part
of the evidence for the hypothesis that the reduced form of the
carrierl mediated efflux was based on inhibitor studies in which
only those inhibitors acting on the terminal oxidase si;ie of the
carrier induced efflux. In the marine pseudomonad the ‘inhibitors
HOQNO, iAA and NEM do not give inhibition when electrons are donated
directly to the cytochromes by ascorbate~TMPD (Table 15). Thus, an
opportunity for testing the theory devised for E. coli was appar-

ently afforded.

Membrane vesicles preloaded with’ L-[!"*C]lalanine were exposed
to various :lnhibicOrs.;and the level of radioactivity remaining in
the vesicles determined at intervals (Fig. 14). It can be seen that
those inhibitors which inhibited uptake of L-alanine in Table 15
also caused the release of the amino acid. With ascorbate-TMPD as
electron donor, KCN, which prevented uptake of the amino acid, also
caused its rapid release. PCMB, however, which produced 50% inhibi-
tion of uptake caused no more release than compounds which did not
prevent uptake. Certain of the inhibitors caused an initial stimu-
lation of uptake of L-alanine whether or not they subsequently gave
release of the compound. In a separate experiment (Fig. 15), DNP
was found to induce rapid efflux in both ethanol and ascorbate-TMPD

systems,

88
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Fig. 14. Effect of metabolic inhibitors on retention of preloaded
L-alanine in vesicles.

Vesicles were allowed to £ake up L-[!*C]alanine (1.8

UM) for 6 min at which time a steady state concentration

- in the vesicles had been achieved. Either 50 ul of CS-T

or 50 ul of CS-T containing the appropriate inhibitor was

then added. Reaction mixtures were then filtered at the

indicated time intervals after the addition of the inhibi-

tor. Data is reported as percentage of L-alanine present
in the vesicles in the absence of thg inhibitor at each”

- time interval. Ethanol, 25 mM. Inhibitor concentrations,
as in Table 15. Curve 1, no inhibitor; Curve 2, NEM;

Curve 3, IAA; Curve 4, PCMB;,Curve 5, HOQNO; Curve 6, KCN.
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Fig. 15. Effect of 2,4-d1nit;ophénol (DNP) on retention of pre-
loaded L-alanine in vesicles.
Conditions were as in Fig. 1l4. Curve 1, ascorbate-~
TMPD, no inhibitor; Curve 2, ethanol, no inhibitor;
Curve 3, ascorbate-TMPD plus DNP; Curve 4, ethanol plus

DNP., -
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These results show an absolute requirement for electron flow
from ascorbate-TMPD coupling to the terminal oxidase in order to
prevent efflux. In ethanol driven systems efflux occurred irres-

2

pective of the point of inhibition.

3

Lack of correlation between oxygen uptake and transport

LR

Previous experiments havgtshqwn ethanol to induce a low level
of oxygen uptake compared to NADH br'ascorbate-THPb, yet to give
the same rate and extent of transport. A lack in correlation be-
tween raées of oxidation of various substrates and their ability to
activate transport was reported for E; ’col:ll vesiqlés (Barnes and

i

Kaback, 1971), although sil%h dramatic effec‘ts as reported here were

not observed. A more detailed study is shown in &able 18. gthanol
induced about 4% as much oxygen uptake as did NADH or asco:;rgatef

TMPD, yet promoted similar rates of tramsport. Of particular :l'nt;erest .
was succinate. The oxidation of this compound was not appreciably

coupled to tramsport. : e s

The site of action of transport inhibitors was investigated by .
spectrophotometric analysis of the; membrane- cytochromes. In this
experiment, the effect of various inhibitors on tﬁe reduction of
cytochromes b and ¢ by ethanol is shown (Table 19). Compared to a

_dithionite reduced control, at steady state (anaerobic or in the

presence of cyanide) only about 25X of the cytochromes were reduced.



' TABLE 18.
|\

. -t
Oxygen uptake and L-alanine iransport induced by various compounds
and inability of ADP and. KoHPO, to engrgize transpbrt in membrane

vesicles. . ,

Correction was made for bxygen consumption occurring with reduced-"
TMPD .in the absence of membrames. No 0, uptake occurred with the
other compounds in the absence of membranes. Transpdirt:'was mea-
sured after 1.0 min using L-alanine (0.3 .mM, 5.3 uCi/umole}, and
the transport values recorded were corrected for background ob-
served in the absence of any added energy Source. Energy sources
2.7 mM, TMPD 16 uM; KoHPO,, 12 mM; ADP, 2 mM. '

Oxygen consumed Transport

Compound
ng atoms O/min/mng pmoles/min/mg
None 0 0
. >
NADH 103 75
Ascorbate~-TMPD 74 92
/ )

Ethanol 4 7
Sucz:inqte 46 4
ADP + K,HPO, not tested 0




a TABLE 19.

o’

—

'Effect of metabolic inhibitors and anaerobidsis on the steady
state reduction of vesicle respiratory components by ethanol.

Vesicles (12 mg dry weight per cuvette) were mixed with the
inhibitor (concentrations as in Table 15) and ethanol (10 mM).
Scans were recorded at steady state 60 min later using ferri-
cyanide oxidized vesicles as reference. Per cent reduction
by ethanol was determined by comparison to dithionite reduced
vesicles, based on peak heights. A trough at about 477 um,
suggested to be flavoprotein,was observed in the comtxel(no
inhibitor) and in the cyanide treated vesicles.

K

o4
¢ Reduction
Inhibitor S
Cytochrome b Cytochrome c
(560 peak) (552 peak)
4
. None (anaerobic) 26 - 26
“KCN | : 26 3
?
HOQNO 7 13 °
y
PCMB 2 u 3
NEM 8 .6
TAA » 13 ; 11

93
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Iﬂe inhibitors HOQNO, PCMB, NEM and IAA act before cytochromes b
and ¢ since under anaerobic conditions the inhibitors pigtially
prevented the reduction of both cytochromes. IAA, an inhibitor to
the extent of only 227 with regard to ethanol energized transport
(Table 15), was also less effective in blocking cytochrome b and ¢
reduction than the other inhibitors used. A second experiment,
shown in Table 20, was performed using the same membrane prepara-
tion used in Table.l9. Inhibition of oxygen uptake by several
transport inhibitors was compared. Some of the inhibitors had
considerably different effects dependent on the energy source. In
fact, only whefi ethanol was used was there a correlation between
fnhibition of oxygen uptake and inhibition of tramsport (Table 15).
This finding was indicated quite remarkably for every imnhibitor

tested.

+
Gradients of Na and K+ in membrane vesicles -

Cells of this organism actively accumulate K+ with the active
expulsion of Na+ from the cells (Thompson and MacLeod, 1973a).
Further, the internal concentration of K+ governs the extent of AIB
accumulation (Thompson and MacLeod, 197i). It was of interest then
to test for the presence of cation gradients in membranes using the
eﬁergy sources found most effective in energizing transport (Table
21). By assuming that the Na+ and K+ released by digestion of the

membrane pellets was not bound significantly to the membranesj'and




TABLE 20.

Effect of inhibitors on initial rates of oxygen uptake in vesicles
expogsed to either NADH, ethanol, or ascorbate-TMPD.

For NADH and ascorbate-TMPD assays 6 mg vesicles per assay were
used, and 30 mg used in ethanol assays. NADH and ascorbate, 2.7
mM; TMPD, 16 ur; ethanol, 10 mM. Inhibitors at concentrations
used in Table 15 were added 1.0 min before the energy sources.
Negative values represent per cent stimulation compared to the con-
trols lacking inhibitors.

¢
re

¥

Inhibitton
Inhibitor
NADH Ethanol Ascorbate-TMPD
None 0 0 0
H8QNO 97 56 10
PCMB 99 87 (-11)
TAA " (-10) 38 (-11)
NEM (-3) 78 (-14)
DNP 18 82 23
f
_ s



TABLE 21,

Fat and K+ gradients in membranes in the presence or absence of energy saurces known to emergize ~
amino acid transport.

Ascorbate, NADH and ethanol were used at 25 mM and TMPD at 150 uM. Note: the procedure from the

time of addition of energy sources took 17 min, a period too short for depletion of the energy
sources.

e
) Internal  Nat - mM K* - mM
Energy Source Space .
ul/mg Inside  Outside Inside Inside  Outside  Inside
. Outside Outside
None 180 74 2.4 14 12 1.2
Ascorbate-TMPD - 97 76 1.3 42 10 4,2
NADH 256 122 2.1 37 10 3.7
Ethanol 0.36 180 74 2.4 30 10 3.0
Ethanol 0.43 185 7% 2.5 46 27 1.7
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by knowing the intravesicular space to be about 0.4 ul/mg membranes,
an internal to external cation ratio was calculated. The relatively
high level of external Na+ used for the NADH treatment was a conse-
quence of adding the Na-salt of NAgF. In spite of this and regard-
less of whether an energy source was included, the Inside/Outside
ratio of Na+ was either equal to or greater than 1.0. With ethanol
as energy source, increasing external K+ from 10 to 27 mM had no
effect on the Na+ gradient. As compared to Na+, the K+ bound by
membranes is.less (5 to 6 ug compared to 0.15 ug ion/mg membranes),
and the Inside/Outside K+ ratio in the absence of energy source was
consequently closer to unity. A small gradient did form in the
presence of energy sources, but largely disappeared as external K+
was increased to 27 mM. The small K+ gradient observed seems notlto
be involved in amino acid‘transportt since increasing the external
K+ level dissipated the K+ gradient (Table 21) but had no effect on

transport (Table,b22).

The transport of “2g into K+-dep1eted cells of this marine
pseudomonad is stimulated by ;he same electron donors which promote
the transport of L-alanine into membrane vesicles (Thompson and
MacLeod, 1973b). Because membranes were found to have little ability
to concentrate K+ using the previous technique, it was decided to
check this observation‘using 42g, The uptake of 42K by K+—dep1eted

cells and membrane vesicles was compared (Fig. 16) using ethanol as

o

[l



TABLE 22.

Effect of extermal Kt comcentrations on L-alanine transport into
membrane vesicles of a marine pseudomonad.

NaCl was maintained at 20 mM.
173 uCi/umole.

L-alanine was used at 1.8 yM and

R K+ added Transport

mM pmoles/mg/min
4 29
28 31

£
55 32
s
115 31
230 28
- 4 '
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Fig. 16. l{ptake of “2x by (A) K+-dep1eted intact cells a:; i?;}“(n) ' .
K+-dep1eted vesicles in the presence and absence of NaCN.
Ethanol (25 mM) and NaCN (10 mM) were added to cell
and vesicle suspens‘ions just prior to the addition of
sufficient “ZK solution to give 1 mM K+ (specific activ- )
ity 8.99 uCi/umole for A, and 3.38 uCi/ymole for B).
Curve 1, ethano]i; Curve 2, ethanol plus NaCN; Curve 3,

ethanol; Curve 4, ethanol plus NaCN; Curve 5, no ethanol.
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the electron dwmor. Under conditions permit;}ng the cyaqide sensi-
tive uptake of “ZKyby the intact cells, no uptake of *2K was
detected in the vesicles. Valinomycin induced uptake of “2K has
been reported for E. coli vesicles (Bhattacharyya et al., 1971).

In a separate experiment similar to that shown in Fig. 16 using
membrane vesicles, the addition of 0.1 mM valinomycin added as a

solution in ethanol, failed to stimulate the uptake of “2K,

+
K -requirement for L-alanine transport

Cells of this organism depleted of intracellular K+ by washing
with 50 mM MgSO, show a requirement for K+ for AIB uptake (Thompson
and MaclLeod, 1971). This also applies to L-alanine upéake ingo
cells as shown in Fig. 17. To determine whether membrane vesicles
required K+ for transport, the vesicles were prepared in the usual
manner except that the solutions used contained no added K-salts.
These membranes contained 0.15 ug K+ per mg of membranes, and trans-
ported L-alanine normally in a medium containing n; added K+ (Fig.
18,A). In fact, 10 mM external KCl slightly depressed uptake.
Attempts to displace the K+ remaining in the preparations by 10 mM
RbCl 1s shown in Fig. 18, B and C. Washing with RbCl resulted in
a loss in transport activity, which was not restored by adding 10 mM
KC1, and not further reduced by including 10 mM RbCl in the medium
during the transport assays. “Nhen analyzed, the K+ remaining in
RbC1 washed preparations was the same as that in membranes washed in

4

the absence of both KCI and RbCl.

4




Fig. 17.

-

Requirement for K+ in the uptake of L-alanine and AIB
into’ K+-dep1eted cells. *

Cells were depleted of k by washing once in 50
mM MgSO,, washing again in CS-T (NaCl 200 mM and no
KC1), and resuspending in the latter solution but con~
taining chloramphenicol. The cells were then diluted
into CS-T with or without 10 mM KCl. L-alanine, 0.01~
mM, 14.2 uCi/umole; AIB, 0.01 mM, 0.44 ;Ci/umole.

Dotted bars, no KC1;

Striped bars, KCIl.

o]

Following the addition of the labeled amino aéiﬁz
uptake of L-alanine (left graph) and AIB (right graph)

was measured.
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Fig. 18.

Effect of KC1l and RbCl on the transport of L-alanine into
vesicles.‘ \

Vesicles were washed twice in Kf free CS-T (A), or
in K free CS-T containing 10 mM RbC1 (B,C). Energy
source, ascorbate-TMPD; L-alanine, 1.8 uM, 174 uCi/umole.
Transport assays contained the following additions:
Curves 1 and 3, no KCl; Curves 2 and 4, KCl at 10 mM;
Curve 5, RbCl at 10 mM; Curve 6, KC1l and RbC1l each at

10 mM.
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Effect of K3 Fe(CN)g

*

" In intact cells of the marine pseudomonad containing their
normal complement of intracellular I(+, the inhibition of AIB trans-
port by cyanide can be largely overcome by adding K3Fe(CN)g. Th:ls‘

2
electron acceptor vhen added as the Na-salt did not overcome cyanide

.

inhibited “2K uptake (Thompson and Macleod, 1973b). Since in
membrane vesicles no effect of externally added Kt was detected,

it should be possible to restore cyanide inhibited L-alanine uptake
by ferricyanide. This was trieq in Fig. 19 but no appteciaiBle
recovery in alanine transport w;s obtained. Similar results were
found in a separate experiment, where KsFe (CNS(; at concentrations
from 0.01 mM to 1.0 mM was added to the vesicle suspensiom 1!adiate-

&

« 1y after the KCN additiom.’




o~y
\\l
Q
i .
: o
(]
R .
) . 4 °“l .
Fig. 19.- Effect of ferricyanide on the cyanide inhibited tramsport '
. of L-alanine in vesicles.
KCN was added 15 min prior to the addition of
Vsl
K3Fe(CN)g and L-[!%Clalanine (1.8 uM). Cuxve 1, no KCN
, or K3Fe(CN}g; Curve 2, KCN and K3Fe(CN)¢g each at 6 mM; .
Curve 3, KCN at 6 mM. .
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SECTION II.

KINETICS OF Na+—DEPENDENT TRANSPORT

¢

+
Preparation of Na -free membranes

In the absence of any response to external I(+ in the vesicle
transport system, it was possible to obtain a true Na+ effect unin-
fluenced by ](+.. The effect of NaCl on L-alanine tramsport is
shown in Fig. 20. Part of the membrane suspension was washed in the
presence of 0.2 M NaCl (Curve 1) and the remainder was washed with a
salts solution where 0.2 M Li?l had replaced the NaCl (Curve 2).
Both types of membranes ;rere centrifuged and resuspended in CS-T con-
taining neither NaCl nor LiCl. The membranes were then diluted with
CS-T containing various concentrations of NaCl (tube dilution assay,
Fig. 6). When tested for L-alanine transpert it can be seen that
similar responses to Na+ were obtained with either membrane prepara-
t:iorn.6 It is also evident that membranes prepared in the absence of
NaCl, even when LiCl was used as a substitute, did not regain full
transport capacity. The procedul-'e shédwn for Curve 2 was used to
prepare Na+-free membranes in the following transport experiments.
Using this method possible variations in the amount of Na+ carrie.d

VKl

over from the final membrane pellet was avoided.

Effect of wash fluid on retention

In transport studies using cells of this organism the salt com-

105




Fig. 20. .

I

Response of L-alanine transport tA\Na+ concentration com—
paring vesicles prepared in the pféhence or absence of
NaCl. \
Ascorbate-TMPD served as the energy source and L-[1%¢]
alanine was used at 2.3 uM (173 uCi/umole). Curve 1,
vesicles prepared in CS-T containing 200 mM NaCl; Curve 2,
vesicles prepared in CS-T with 200 mM LiCl replacing the

NaCl.
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position of the fluid‘ﬁsed to wash the filtered cells is very im-
portant. In the absence of NaCl in the wash fluid, for example,
AIB was dramatically lost from the ceils (Drapeau and Macleod,
1965). No such dramatic effect was observed with vesicles (Table
23). In this experiment vesicles were preloaded with L-alanine,
filtered, and then washed with CS-T containing from 0 to 500 Qﬁ
NaCl. Although some effect was seen at 0 NaCl, with a possible
optimum of 150 mM, the level of NaCl in the wash fluid had little

effect on retention of alanine.

+
Transport kinetics using vesicles exposed to high Na concentra-

tions

+
At Na concentrations above 75 mM, transport was dramatically

reduced (Fig. 21%,’ The results in Fig. 21 show this effect of high

Né+ levels not to be through an effect of Na+ on the apparent K
for transport. The Ky remained at 0.08 mM even at 500 mM NaCl,

while Vpax varied dramatically.

Transport kinetics in vesicles using L-alanine

Because of the Na+-dependent nature of this transport system
it seemed quite reasonable that Na+ could be considered ag a sub-

strate for the reaction rather than merely as an ion activator.

Cotransport of Na+ and solute has been shown to occur in mammalian

cells (Schultz and Curran, 1970) probably by the formation of a

107




‘ TABLE 23.

Effect of various NaCl concentrations on the ‘retention of L-alanine
tn membrane vesicles of the marine pseudomonad.

Membranes were preloaded with L-alanine (0.3 mM, 5.3 pCi/umole) for
6 min using ascorbate-TMPD as energy source and NaCl at 75 mM. The
membranes were then filtered and washed with 5 ml CS-T (25 C) con-
taining the indicated NaCl concentrations. '

=

NaCl in wash fluid L-alanipe retained

M ) pmoles/mg
0 _ 83
10 . 105
; 25 o 105
50 111
75 110
100 ° o 115
150 L - ' * 138
200 124
250 119
e 300 133
500 103

|
S K
7

108



+
Fig. 21. Effect of high Na concentrations on L-alanine transport
kinetics in vesicles.
The energy source was ascorbate-TMPD. L-alanine,

5.3 uCi/umole. Curve 1, NaC1$500 mM; Curve 2, NaCl 200.

-

mM; Curve 3, NaCl 75 mM."
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ternary complex (Schafer and Jacquesz, 1967), If Na+-depcndcnt
transport in the marine pseudomonad {nvolves the fomtiofx of a
ternary complex then transport should exhibit bisubstrate kinetics.
Of crucial importance in these studies is the fact that no apprec-
iable l(+ gradient or K+ requirement in vesicles for transport has
been observed (Table 21, Fig, 18). The amount of internal K" in these
cells controls the rate of transport (Thompson and Macleod, 1971),
and the amount of internal X+ is in turn a function of the extern-
al Na+ concentration (Gow and Thompson, unpublished). These con-
siderations appear to account for the fact that bisvbstrate kinetics
are not observed with cells when using the procedﬁm— of Wong et al.
(1969) as will be shown later, The difficultieas originally observed
with cells should not exist in the vesicle system, This in fact,
was found to be the case. Reciprocals of the rates of alanine ’
transport are plotted against the reciprocals of alanine (Fig.a22)
or Na+ (Fig. 23) concentrations, In both cases linear plots were
obtained giving a point of intersection on or above the abscissa.

If Na' s taken as substrate "A" and alanine as "B" then K A calcu-
lated from Pig. 23 is 18 mM. The intercepts taken from the ordinate
of Pig. 23 vwhen plotted against the reciprocal of alanine concen-
tration aleso gave a strajight line from which the limiting maximum
velocity was calculated (Fig. '24). The slope of Curve 1 in Fig. 24
is equal to E%Eand this provided a means of calculaglng K‘B. This

method of determining K.B seemad more accurate than employing the
Q




Figld22.

. - C i

Effect of Na+ concentration on kinetics of L-alanine

3

[

transport into vesicles of the marine pseudomonad:
Energy source and other conditions were as for
Fig. 21. At low Na+ levels the activity observed in the

absence of Na+ plus KCN (1.0 mM) became significant, and
was subtracted before plotting the results shown. (;urve
1, NaCl 50 mM (im 0.1 mM); Curve 2, NaCl 25 mM (Kp 0.10
mM); Curve 3, NaCl 12 uM (Km 0.14 wM); Curve 4, NaCl 4.5 mM

(Kg 0.25 mM).
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Ij‘ig. 23. Variation of the reciprocal of L-alanine transport velocity
with the reciprocal of NaCl concentration for several con-
stant L-alanine concentrations (mM): |,

Curve 1, 0.015; Curve 2, 0.02; Curve 3, 0.04; Curve 4,
0.1; Curve 5, 0.2; Curve 6, 0.3; Curve 7, 0.5. The point

of intersection on the abscissa is __—;E
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Fig. 24. Secondary plots of the intercepts of the Lineweaver-Burk
plots shown in Fig. 23 against the reciprocals of L-al-
anine concentration (Curve 1), or the intercepts from
Fig. 22 against the reciprocals of NaCl concepttjation'
(Curve 2). The point of intersection on the ordinate is
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double reciprocal plot in Fig. 22, since in that plot only an

app%oximate point of intersection was obtained. The plot in Fig.

. 24 of intercepts taken from Fig. 22 against the reciprocal of Na+

concentration, deviated from the linear plot expected. 1In Fig. 25
the slopes of the lines from thg two primary Lineweaver-Burk plots
were plotted agailnst the reciprocals of the opposite Substrat;s.
Straight lines with similar.slopes were obtained. LBy knowing KpA,
KmB and V, a value for KSA could be calculated. Experimentally

determined kinetic constants are shown in Table 26 (page 138).

Using these kinetic constants the theoretical initial traﬁs-
port rates wére calculated from the relationship for a bisubstrate
reaction (Dalziel, 1957; Florini and Vestling, 1957}, and these
results are shown in Fig. 26. ﬁfr Na+ concentrations between 50
and 12 mM the theoretical and observed data (compare Fig. 22 and
26) correlate well. At 4.5 mM Né+, however, with the higher con-
centrations of alanine used, the observed velocity was higher than
theoretical. Attempts to attribute this finding to allosterism
were negative., As shown in Fig. 27 increasing alanine to 2 wM did
not overcome the Né+ requirement for transport. The previous
transport‘data shown (Fig. 22 ) had been corrected for alanine
bound to the membranes in the absence of Na+ plus 1.0 mM KCN, As
can be seen in Fig. 27, considerable alanine was associated with

membranes in the absence of Na+ énd this association was not




)

Fig. 25. . Secondary plots of the slopes of the Lineweaver-Burk
plots shown in Fig. 22 against the reciprocals of
NaCl concentration (Curve 1), or the slopes from Fig.
23 against the reciprocals of L-alanine concentration
(Curve 2). The point of intersection on the ordinate

K. B KA
is —1\'}— )(Curve 1) and —%- (curve 2). Slopes were
© 0.0040 (Curve 1) and 0.0042 (Curve 2).
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Fig. .26.

a

Theoretical plots of L-alanine transport into membrane
vesicles using the data calculated for a bisubstrate
mechanism. The kinetic parameters used were calculated

from Figs. 22 to 25 and are recorded.in Table 26.
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Requirement for energy and Né+ for the transport of
L-alanine into membrane vggicles as a function of
L-alanine concentration.
Specific activity, 0.586 uCi/umole. Curve 1,
NaCl 75 mM plus ;scorbate-TMPD; Curve 2, no added
NaCl with either ascorbate-TMPD (squares) or with no Wﬁ

energy source (open circles).
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energy dependent. At amino acid concentrations above 1.0 mM an
energy independent increase in uptake has been observed and is

shown here.

Transport kinetics in vesicles using AIB

-

Because of the extensive work done in this laboratory with
intact cells using the nonmetabolized compound AIB (Table 4), trans-
port kinetics of AIB in membranes was compared to those obtained
for L-alanine. As shown in Fig. 28 through 32,'the same effects as

observed for alanine were foumd to apply to AIB transport kinetics.

A

+
Requirement for Na for electron flow

Studies with certain halophilic bacteria have shown Na+ to
stabilize and to activate some of the electron transport chain com—-
ponents (Lanyi, 1969). Since active transport of &mino acids into
vesicles of this'organism is dependent on electron flow, it became
important to see if N§+ was involved in this process. Oxygen uptake
induced by either ascorbatée-TMPD or by ethanol (Table 24) was not
dependent on NaCl. It should be empﬁasizeq that even 60 mg mem—

branes per assay gave no trace of endogenous oxygen uptake.

Optimum NaCl for L-alanine uptake in cells

The relation between NaCl concentration and uptake of L-alanine
iq cells of the marine pseudomonad is shown in Fig. 33. An optimum

of 200 mM Na' was found, and this supports the finding of Wong et al.

4
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Fig. 28. Effect of Na' concentration on kinetics of AIB cransport.
into membrane vesicles. t -
The energy source was ascorbate-TMRD, and specific
activit;' of 3H\-AIB was 39.2 uCi/umole. Curve 1, NaCl
50 mM (Ky 0.0Z\mM); Curve 2, NaCl 25 mM (Kp 0.03 mM);
Curve 3, NaCl 10 mM (Ky 0.05 mM); Curve &, NaCl 5 mM

(Kp 0.12 mM).
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Fig. 29.

Variation of the reciprocal of AIB transport velocity

with the reciprocal of NaCl conce;\tration for several

constant AIB concentrations (mM): ’ ‘ ’ -
Curve 1, 0.005; Curve 2, 0.0066; Curvé 3, 0.01;

Curve 4, 0.0133; Curve 5, 0.02; Curve 6, 0.05; Curve

7, 0.10.
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Fig. 30., Sec plots of the intercepts of the Lineweaver-Burk '
plots shqwﬂlin Fig. 29 against the reciprocals of AIB
concentration (Curve 1), or .the intercepts from Fig. 28

against the reciprocals of NaCl concentration (Curve 2).
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. &
Fig. 31.‘ Secondary plots of the slopes of the Linéweaver-Burk
. plots shown in Fig. 28 against the f%ciprocals of
NaC}'goncentration (Curve 1),. or tﬁe slopes from Fig.

29 againsgt the reciprocals of AIB concentration (Curve

4 2). Slopes were 0.0485 (Curve 1) and 0.0380 (Curve 2).
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Fig. 32. Theoretical plotsfof AIB transport into membrane vesicles
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using the data caiculated for a bisubstrate mechanism.

The kinktic parameters used were calculated from

Figs. 28 to 31 and are recorded in Table 26.
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Effect of NaCl on the ethanol .and ascorbate-TMPD induced oxygen
 membranes.

mM) and TMPD (16 pM), membranes
were used at 6 mg perd #sults were#corrected for oxygen
taken up in the absence“ef.membranes. Membranes were used at 14 mg
per assay when using ethanol (2.7 mM). No oxygen was consumed with
ethanol in the absence of membranes, or in the presence of 14 mg
membranes without added energy sources.

In assays involvilg

Energy Source NaCl Oxygen Uptake
mM ng atoms 0/min/mg
Ascorbate-TMPD none 55
A_.{éJorbate—TMPD 75 65 '
v \
,Ethanol none 1.4
Ethanol 75 1.4 ’

b




Fig. 33.

I

. + 7/
Response to Na concentration of L-alanine uptake into_

[}

cells of in(mariﬁé pseugomonad.

After the third"wash of cells in CS—E (NaCl 200 mM)
individual cell pellets were resuspepded in CS-T con-
taining the indicated NaCl concentrati;ns. The Na+
carried over from the pellets to the final cell suspen-
sions was 0.78 mM. L-alanine uptake was assayed after
1.0 min using 25-uM ethanol and 0:5 ﬁM"L-alanine, 4.8

uCi/umole.

#
v i‘\l

EAN



35

200 300

100

NaCl! (mM)




(W

(1969) for AIB. In the absence of added NaCl, essentially no

activity was observed. Analysis of these cells showed the Na+

carried over from the cell pellets during resuspension was 0.78

mM.

Transport kinetics in cells using L-alanine

The kinetics of alanine uptake into cells is plotteq‘using
P .
the method of Lineweaver and Burk (1934) in Figs..34 and 35. At
the optimum Na+ level of 20Q mM, the apparent Ky was 0.03 mM. No

change in Ky was noted until NaCl was loweréd below 10 mM.

It is known for this organism that plasmolysis of the cells
is accompanied by the loss of intracellular K+ (Thompson et al.,
1970). Following the kinetic analysis at each Na+ level shown in
Fig. 35, some of the remaining cells were tested for plasmolysis
using phase microscopy. These results are'shown in Table 25.
Plasmolysis bays became evident when Na+ was reduced to 5 mM. The
cells exposed to low NaCl concentrations did not lyse to any extent,
and this is/shown also in Table 25 where readdition of Na+ was
found to réétore transport to a level comparable with that obtaiﬁ;d

in the cells continually exposed to 200 mM NaCl.

i

Transport kinetics in cells using AIB

~

The assay used to measure transport in cells was congiderably

different than that used by Wong et al. (1969). Rather than using

1
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Fig. 34. Effect of Na on kinetics of L-alanine uptake into cells

N

of the marine pseudomonad.

Ethanol (25 oM) was added just prior to L-alanine

(4.8 uCi/umole). Curve 1, NaCl 200 mM (Kp 0.03 mM) ;
, ' Curve 2, NaCl 50 mM, LiCl 150 mM; Curve 3, NaCl 10 mM, y
/ . - a
LiCl 190 mM; Curve 4, NaCl 5mM, LiCl 195 mM. /
Note: external KCl was 10 mM in this experiment.
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Fig. 35. Effect of low Naj concentrations on the kinetics of

L-alanine uptake into cells.

Experimental conditions were as described for
Fig. 34. Curve 1, NaCl 10 mM, LiC1l 190 mM (Km) 0.03
mM); Curve 2, NaCl 5 mM LiCl 195 mM (Kp 0.17 mM);
Curve 3, NaCl 2.5 M, LiC1 198 mM (Ky 0.25 mM);

Curve 4, NaCl 1.0 mM, LiC1l 199 mM (Kyp 0.50 -mM).
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/

) fcell morphology on exposure of cells of the marine pseudomonad to ..~
low NaCl eoncentrations and subsequent capacity to transpart
alanine. )

The cells in separate packed cell preparations were resuspended

into CS-T containing the indicated NaCl concentrations. *Iméd——\
iately after obtaining the data for each kinetic curve shown in

Fig. 35, the cells were examinéd by phase contrast microscopy for ‘
the presence of plasmolysis bays. Plasmolysis bays in "partially
plasmolyzed" cells were less numerous and less evident than in
"plasmolyzed cells". L-alanine uptake was measured for 1 min, 15 ,

min after adjusting the cell suspension to contain 200 mM Nat.

. * v
\\ NaCl Cell Morphology L-alanine uptake

(mM) nmoles/mg/min

200 normal 25
. ¥

10 - normal, 24

5. partially plasmolyzed 29 ~

. . oed

2.5 plasmolyzed ;;L/

’ 1.0 plasmolyzed 28

LN
.
e d
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——

10 ml of .uptake medium only 0.5 ml was used. '.l‘hi‘s-,was' an advantage

not only in the saving of labeled substrates, but“‘also in mini- p
mizing time and effort required in performing large numbers of

assays as were needed for kinetic analysis. Using the mgdified
technique (Fig. 36) similar results to those ofieong et ‘al. (1969)

were o}lisér.ved. The apparent K was found to shift from 0.03 mM

to 0.5 mM as Na+ was reduced from 50 to 10 mM. No notable change

ki \'

in Vpax occurred until the K shift was complete. ' .

In the experiments described in Figs.’ 34 to 36 and in those of

fWong' et al. (1969), external KC1 was added at 10 mM. Using the
}fdata reported by Wm;g (Ph.D. thesis, 1968) the second primary Line-
weaver-—Buqu plot is shown in Fig. 37 for AIB in.cells. Linear plots
were not obtained either for this data or for that reported in Fig.‘36.
The obtained values deviate from the expected linear curves by show-
ing a lower velocity than expected as Na+ concentrations are. decreased.
Since plasmolysis of the cells occurs if N'a+ levels are decreased
Lelow 10 mM, it seems reasonable that the observed lack of linearity
could be through a variation in intermal K+ concentrations dependent
on the level of external NaCl. Very recent experiments by Gow and
Thompson have confirmed this. Finally, Thompson and Macleod (1971)
hgve shown the amount of AIB taken up by cells is proportional to J
the internal K+ concentration. In order to prevent the loss of K+

from the cells during the kinetic study, external KCl was added to

the uptake medium at the concentration found inside the cells by



¢

y -~

* + .
Fig. 36. Effect of Na on kinetics of AIB transport into cells

> of the marine pseudomonad.

: No externally added energy source was used. Spec-

ific activity 0.78 uCi/umole. .Assays performed at pH
8.3. Curve 1, RaCl 200 m4 (Kp 0.03 mM); Curve 2, NaCl
50 mM, LiC1 150‘5& (Kpm' 0.03 mM); Curve 3, NaCl 10 mM,

/

LC1 190 ut' (Ry 0.5 m).
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Double reciprocal plot of AIB transport velocity and :
NaCl concentration for cells usingeZhe data of Wong

et al. (1969). - *T'*;T.

4 ¢ v

AIB concentratiogs were (uM): Curve 1, 7.5;
Cur;e 2, 10; Curve 3; 153 Curve Q, 25; Curve 5, 30;
Curve 6, 75; Curve 7, 100; Curve 8, 150. Note: ex~-
ternal KCl1 was 10 mM and LiCl was used to maintain - '

constant molarity.
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Thompson and MacLeod (1973a). These results are shown in Fig. A38

and in Fig. 39 where linear plots were in fact, obtained. The

~

) ‘ secondary plots %h Fig. 40 and 41 'confirmed the resufts obtained

using membrane vesicles. A comparison in the kinetic parameters
e

v for transport into cells and vesicles is shown in Table 26. As an

addition to fhis experiment it was shown that external KC1l as high

, ‘ as 0.45 M did not affect the rate of transport (Table 27). It
\ should be noted that KCl concentrations above 0.45 M decreased the

rate of AIB jggake into.cells.

v

A}

+
Cotransport of AIB and Na in cells

The simplest interpretation of ion effects in this transport
i

+ +
system would be that Na and AIB cotransport. Interpal K could

s

+ .
" then displace the Na from the ternary complex, and in turn AIB would

-

be reléased. Attempts to show 22Na and A}B cotransport were nega-
tive as shown in Table 28. Using a similar method and S. typhimu;-
ium, Stock and Roseman (1971) had shown an initial flux of 22Na

. —
entry in the presence but not in the absence of thiomethyl B-D-gal-
actopyranoside. Calculatiens based on the filtration data shown in
Table 28 assuming an internal space of 1.0 ul/mg cells seemed to
indicate that thg 22Na was not penetrating the cytoplasm. In order
to investigate this fq{ﬂber the thick cgll suspensibn.technique was
used (B ire and Macleod, 1970). In the first experiment'shown

(Fig. 42) the penetration of 22Na was compared for cS-T washed or

<

+ 133

B




Fig. 38.

>

¢ A

Effect of Na+ concentration on kinetics ‘gf A:IB transport
into cells using 0.5 M KC1 in the uptakeée medium.

Cells washed x 3 in CS-T (NaCl 200 mM) w:re .susper‘xded
into CS~T containing various NaC]: concentrations., The
molarity was kept constant using LiCl. Upta‘ke of [1%C]AIB
(0.78 Lféi/umole) was followed over 1.0 min intervals using
0.5 M KCl1, Tris, pH 7.5, and MgSO, as usual at 50 mM. In
all cases filtered ¢ells were washed with CS-T (K'Ci 10 oM

and' NaC1 200 mM). NaCl concentrations were (mM):

. Curve 1, 200; Curye 2, 50; Curve 3, 25; Curve“§, 10.

»
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Fig. 39. Second primary Lineweaver-Burk plot for AIB uptake into
-

ocells using 0.5 M KC1 in the uptake medfumjy - e
AIB/concentrations were (uM): Curve 1, 25; Cugwe 2, //:_
50; Curve 3, 75; Curve 4, 100; Curve 5, 150,
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. .
Fig. 40: Secondary plots of the intercepts of the Lineweaver-Burk '
. .

plots shown in Fig. 39 against the reciprocals of AIB

concentration, or the intercepts from Fig. 38, against
the reciprocals of NaCl concentration.
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u T , ™ i
. Fig. 41, Sec&ndary plots of the slopes of the Lineweaver-Burk
L )

plots shown in Fig. 38 against the reciprocals of NaCl
concentratiqn, or the slopes from Fig.”39 against the ‘
. reciprocals of AIB cohcentration. ) &

’ Slopes were 0.50 (solid circles) and 0.48 (open

, circles) ’ .
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TABLE 26.

t
®

Kinetic parametere for the transport of L-alanine and AIB into ves-
ieles or cells of the marine pseudomonad. .

: A B A
Transporter Amino Acid v K Km Ks

pmoles/mg/min =M mM mM
Vesicles L-alanine 385 18 0.091 17 '
Vesicles AIB Y 27 0.033 16
Cells AIB 4800 29 0.035 67
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TABLE - 27,
.
. Effect of KCl comcentration in the uptake medium on AIB transport
into cells of the marine pseudomonad.
Uptakes were performed in 10 ml volumes. One ml volumes were re~
moved for filtering at appropriate intervals. NaCl, 200 mM; [l;ﬂl_\q\N i
. AIB, 100 pM, 0.78 uCi/umole.
. ~ Uptake Time _KC1 (M)
) (min) 0.01 = 0.25 0.45 0.50 0.75 . 1.0
nmoles/mg
1 11 9 13 79 R 4
5 35 k1. 38 33 21 6 4
10 69 . 65 66 56 46 20 ,
.20 95 107 112 105 89 46
30 135 135 151 132 118 67
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TABLE 28.

An attempt to demonstrate cotransport of AIB and ?2Na into cells

uging the filter assay.

Time ~ AIB Uptake 22Na Uptake
min nmoles/mg ,

No AIB Plus AIB
, nmoles/mg

‘ e
0.16 0.2 0.02 0.03 ’
0.5 0.6 0.03 0.03 .
1.0 1.3 0.04 0.05
1.5 o3 0.05 0.06
2.0 6.1 0.05 0.04 :
3.0 11.8 0.06 0.07
4.0 — 0.03 0.03
5.0 25.1 0.03 : 0.03
° 1 > R




Fig.

4

5

Comparisca of 22xa pernetration into cells washed in Cé—T
or in 57 =M YgSO. using the thick cell suspension tech-
nique.

Tach cell type was added at zero time to the assay
fluids ccoteining 200 =4 NaCl.\ Centrifugation was begun
5 min later. it is éssu:sd that 3320 represents complete
penetratica, {ILC}sucro;e penetrates to the cytoplasmic

menbrane, and r2%cJinniin penetrates to the cell wall.

These peretrations are represented by dashed lines.
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MgSO, washed cells. In CS-T washed cells, AIB concentrated within

the cells yet the 22Na penetrated only to the extent of (l”Clgucrose.'
Tﬁis observation, however, is not necessarily inconsistent with a
cotransport theory, since the experimental variation is approxi-
mately * 37 penetration and 17 penetration corresponds to approxi-
mately 10 mM intracellular Na+. Washing these cells in 50 mM MgSO,
is known to alter the permeability of the cytoplasmic membrane
(Thompson et al., 1970). This procedure allowed 22Na to enter the
cytoplasm although no difference was noted in penetration when AIB
. !
was present or absent. The penetration was not to 100%, suggesting
that either Na+ does not completely penetrate, or as/the membrane

+
was returned to normal the Na was being extruded over the 10 min

period required for centrifuging.

A further investigation of cotransport using 22Na is shown in
Fig. 43. In this case CS-T washed cells were incubated for 30 min
in the presence or absence of AIB and 22Na. To ensure that cell
swelling was not . a factor, the controls (3H20, inulin and sucrobe)
were performed with and without AIB. Duplicate sucrose assays are
shown in the case where '‘AIB was included. It is obvious that in
spite of the large concengration of AIB in the cells cotranspoét
was not demonstréble by this method. It was calculated that the
cell ﬁellet took‘ub 1.78 umoles of AIB. Assuming an equal amount of
Na' uﬁi;ke and no efflux of Na+, the difference in 22Na occupation

N
of the total available fluid volume (TAFV) dug to cotransport would

s
*

7
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Fig. 43.

Penetration of 22Na into CS-T washed cells in the presence

or absence of AIB. . ~ ’

Penetration of ??Na was measured in duplicate assays
after 30 min incubation with shaking. Each assay contained
52 mg dry weight cells. The difference in 3H20 and [1%c]
Bucrose penetrations gave internal spaces of 0.94 and 0.84
ﬁl/mg cells for cells incubated without and with AIB,

respectively.
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be only 4%. This small difference would scarcely be detected by

"this method, an& certainly not at all if a Na+ extrusion mechanism

is functioning.

&

1 Extrusion of 22Na from ‘cells equilibrated with the isotope
after MgSOy waghing was observed (Fig. 44). With time the 22N
was extruded from the cells to approximately the level of the cyto-

plasmic mqmbra;e.

Rather than using 22Na to test the cotransport theory it was
decided to measure NaT directly bx;flame ghotometry, thereby bi- \
passing any possible isotope preference effects. Cells were incu-
bated in the presence or absence of AIB. The cells were collected
by centrifugation within the initial interval where little Na+
efflux was expected (Fig. #4), and the supernatant fluids and
pellets were digested.for Na+ anéiysis by flame photometry. Extra-
cellular Na+'1n the pellets was cotrected for by determining the
ug Na+ per ul in the supernatant fluid and by determining the 3H20
and [!%C] sucrose peneérations. Two such experiments are shown in
Table 29. Although th% method was very reproducible for the'suﬁé;-
natant fluids, considerable variation ochrred in the determination

of intracellular Na+. This was a result of the low intracellular

% volupe. 1In experiment 2, for example,the wide variation of 332 %

46 resulted from a difference in éer cent transmittance between the

tvo pellets of only 1.5. ¢ .

. . . é N
:
-.‘
.
.

144



" Fig. 44. Loss of intracellular 22Na as a function of time after h
> resuspension of MgSO, washed cells into CS-T (NaCl,

- 200 mM).
‘ \
The percentage of the total available fluid volume

(T.A.F.V.) occupied by AIB is given above the first bar

L JR 4
R . for each time interval. .:.‘ , no [!2c]a1s; ., 150
_ , ' '

wM [12C)AIB. '

} . -
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-

Intraceliular eoncentration a

Assays were performed in &upl

resuspension of MgSOy washed
fluids and centrifugation sta
in experiment, 1l and 153 mg in
iment 2 that AIB penetrated w

TABLE 29.

<

f va' in MgSe, washed g¢ells after reéa;?ension into CS-T in the
presence and absence of [!2C1AIB. .

icate. As in previous assays AIB was added at 150 uM. After
cells into C8-T, the cells were quickly added to the assay

rted 3 mif*tater. The dry weight of cells per assay was 99 mg
experiment 2. Separate assays using ['"CJAIB showed in exper-

ithin the given time Interval to 2192 ofﬁghe T.A.F.V, of the

packed cell pellet. ¢
7 o
.
Concentration of Na
Experiment Internal -
number space

pl/mg cells

no AIB - with AIB -

Extracellular Intracellular Extracellular Intracellular

3

mM mM mM mM -
1 0.68 186 *+ 1 142 + 90 187 + 4 227 + 33
2 0.65 “~~189 t 2 332 + 46 190 + 11 217 + 22
- e
- \ Ve
\/

991
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SECTION  TIII. _

POSSIBLE INVOLVEMENT OF CELL WALL

COMPONENTS I'N TRANSPORT

<

In the vesicle studies it was obvious that the activity obse;ved
was due to the cytoplasmic membrane. lowever, in intact cells one
cannot be so certain. Many reports of solute binding proteins have
been presented (see Literature Review) and evidence for their proba-
ble‘ role in transport given. In cells of the marine pseudomonad it
was found that various cell forms, including protoplasts, reta.ined
equal transport activity (DeVoe et al., 1970). It was copcluded that
the cell wall did not participate in the transport process but did
stabilize the: cytoplasmic membrane. Because thesé studies were con-
ducted only with Kthe non—metabolited-‘mmpound AIB, it was decided
to test directly for binding activity of L-alanine and L-leucine by

cell wall layers.

The isolation of outer—-double-track (ODT) and underlying layer

(ULL) is shown in Fig. 45. The procedure was developed from that of

i

' | Forsberg (Ph.D. thesis, 1969). An ultrafiltration step was substituted

for flash évaporation allowing concentration of the sucrose fraction

<«

at 4 C withou? altering the sucrose molarity. Steps were taken after

_ ultrafiltration (PM-10 filter) to ensure the removal of any possible .

"Jtell contamination, and the final supernatant fluid was separated



.

Fig. 45.

- N , ! 0
!
Isolation of cell wall fractions used for binding
I
studies. .
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by high speed centrifugation into a yellow pellet and a pink super-

natant fluid.

Thé final two fractions were assayed for L-alanine binding
activity by equilibrium dialysis techniques (Table -30). The super-
natant fluid (ULL) was entirely soluble and was pink, while the N
pellet when resuspended appeared water insoluble but did not settle
out. Binding was observed for the ODT fraction only. Quenching

was corrected for by the channels ratio method (Appendix 1), although

binding was evident even without this correction.

When the ULL was scanned with a Unicam SP 800 Spec:rophotometer
a resulg similar to that expected for pure cytochrome ¢ was obtained
(Fig. 46). Alpha, beta and Soret peaks were at 550, 522 and 415 nm
for the oxidized sample. Cytochrome c has been found {;1 the ULL by

Nelson and Macleod (unpublished observationm).

The infiuence of pH on L-alanine binding by ODT was evaluated
"in Table 31 using citrate and tris buffers. An approximate pH opti-
mum of 5.6 was found with no binding activity below 3.6 or above 7.5.
The relation between pH responses for tramsport into cells and vesi-
cles (Fig. 2) and for binding by ODT will be discussed in a later

section.

4

4

An assay to measure binding activity, in addition to the equili-
brium dialysis technique, was developed from the method of Briggs .

and Bourgeois (1968). In this assay the radioactive amino acid and



TABLE

30.

Binding of L-[1“Clalanine by isolated cell wall fractione.

Quenchifyg was corrected by the channels ratio method

Willis,
was perf
mg protein per assay.

(Wang and

965) using chloroform as quenching agent. Each assay
ned using citrate buffer, pH 6.0, and approximately 8

L-[!%C]alanine, 1 uM, 156 uCi/umole.

Fraction Sac Contents Dialysis Fluid Ratio
DPM DPM
Pink Supernatant
Fluid (ULL) 6,136 6,888 0.9
Yellow Pellet
(0DpT) 12,460 4,918 2.5
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Fig. 46. Oxidized spectrum of the "pink supernatant" fraction
using the Unicam SP 800.
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Effect of pH on L-alanine binding to isolated outer-double-track.

TABLE

Asngs contained 11.9 mg protein. The binding ratio is the ratio

of D

156 uCi/umole.

-

M in equal volumes of dialysis sac contents and in dialysis

fluids,following 20 hours dialysis at & C. L-[!*Clalanine, 1 uM,

»
-

Binding ratio

pH Buf fer
R %‘-

2.6 Citrate 0.94
3.6 Citrat? 0.95
4.6 Citrate 2,27
5.6 Cittgte 4,40
7.5 &ris-HCl 1.31 »
8.5 Tris-HC1 0.39
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cell wall extract were mixed. Antibody was then added. The anti-
body’had been prepared by injecting whole cells of thié,organism
into rabbi;s and was\kindly supplied by Dr. John Nelson, Jr. After
5.0 min it was assumed that agglutination was complete, and the
"antibody-cell wall-amino acid" complex was filtered. Without
agglutination the cell wall extract was not retained appreciably

by the 0.45 yu filters used.

Another assay was_developed in which the extract was added to
cells and transport capacity compared to control cells lacking the

ext ralct .

~

Attempts to fractionate the ODT by Sepharose 4B chromatography
is shown in Fig. 47, Absorbance at 280 nm was recorded (Zeiss spec~
trophotometer) and selected fractions assayed for activity. Two
assays were used. Firstly, uptake of L-leucine into cells was
measured by the filtration technique both in the presence and absence
of extract. Uptake was then recorded as nmoles above the control
lackiné extract. 4In this assay the results were somewhat efratic,
but nevertheless did show very dramatic increases in uptake dependent
on the concentration of extract used, éecondly, binding of the
radioactive L-leucine was measured using the assay involving agglg—
tination with rabbit B-16 antiserum and collecting the precipitaté‘

on Millipore filters. Counts remaining on the filters were found

to follow the pattern for 280 nm absorbance, indicating a relation
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Fig. 47.

. was added and incubation

Sepharose 4B column chromatography of the outer-double-~
track cell wall fraction.

Approximately 16 mg protein‘(iowry) was applied to
the.colum,. Transport stimulation was measured using cells
washed iﬁ)0.0S M MgSO, and deplasmolyzed 1.5 hours in CS-T.
Cflls and célumn extracts (0.25 ml of eacﬂ’ were mixed for o
15 _min, L-[!*C]leucine added (5 uM, 31.3 uCi/umole), and
uptake measured over 1.0 min. Antibody assays consisted
of 0.25 ml of the colum fraction PLEN;20 ml C5-T and
L-[1%Clleucine as above. At this time 0.05 ml of antibody

continued 5.0 min. Assays were
S ' ry

filtered on 0.45 p Millipore filters gnd not washed. Only
fractionq_}G and 50 did not agglutinate.
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between concentration of extract and binding. As can be seen, the
two assay techniques did not show optimum activities to be .present

for the same tube number. This may be taken as suggestive evidehge

that transport stimulating activity and: binding activity are{égn—

tributed to by different compoments- in the ODT extract. However,

~

it is equally possib that transport stimulating activity was /
’ ®

lower than expected because of a depression due to the high concen-

tration of extract wused in assayihg fractions 23-26.

The specific activity, for transport stimulation appeared higher

in the latter fractions emerginé from the column. ‘To see if this

-
>

was a useful observation the experiment shown in Fig. 48 was eon-

ducted. After ftzétionation of ODT using a Sepharose colum (A),

the ffactions were pooled to give three components (this is the shme)
run shown in Fig. 47). When components I, II or III were subjeéfed N
to rechgamatography (B, C) it was found that thib material behaved »
as did the original unfractionated component (A). It is thus un-

likely that a fraction rich in transport stimulating activity can be

_obtained by this method.

el hod

-~

Tubes 18 to 25 were pooled (Fig. 48, B) and this material anal-
yzed for tramsport stimulating activity using cells (Table 32).
Both L-alanine and lL-leucine uptake was stimulated by the extract’,
while AIB uptake was not affected. Similar results were found when

-
the extract was tested by equilibrium dialysis for binding of L-leucine



v

. o Fig. 48. Sepharose 4B fractionation of outer-double-track and

- 0 -
«3

¢ reaggregation.

[4

Part A reptesents the same profile as shown in-

s “ .

Fig. 47.

)

Column fractions were pooled into the three

)\

Part B represents the profile ob-
*

tained on repassing Fraction IJI through the columm..

3
fractions as shown.

“Part T represents the profile obtained on repassing -

Fractions I and I1 through the colum. = ° .
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TABLE  32.

' Effect of a Sepharose 4B fraction of outer-double-track on uptake

- of amino acids in cells.

Each assay consigted of 100 ug cells with or without extract, .and
[1%*C)amino acids at 10 M. Specific activities were L-alanine
14.2, L-leucine 31.3, and AIB 0.78 uCi/umole. Extract added per
assay contained 31 ug protein by the method of Lowry et al. (1951)
using lysozyme as standard, and 16 ug reducing sugar by the phenol
-sulphuric method (Dubois et al., 1956) using glucose as standard.

o

Amino Acid Extract Uptake Stimulation
¢ ) nmoles /mg B 4
L-alanine ) - 2.74
. yL—-alanine .+ 3.53 ! 29
1.00 *
L=leucine -y, °
« L-leucine + 1.86 ' 86
N\
AIB - 0 - 73 Y
AIB ‘ + 0.64 nil
*
b [}
v

35
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and AIB (Table 33). Thus, AIB uptake was neither stimulated by
the cell wall extract nor was it bound by the extract as measured

by equilibrium dialylsis .

-

It is evident froh the experiments described, that future~work
on the nature .of the binding material will require solubilization
of ODT as a first step in the purification. An equilibrium dialysis
apparatus was used to assay ODT and Triton X-100 solubilized ODT
for binding of L-alanine. Activity r;mained after solubilization
(Table 34), and exhaustive dialysis did not diminish this binding.
Until the cell wall factor(s) possibly involved in tramsport are
solubilized and purified it is not possible to state whether or not
the same component is responsible for L-alanine and L-leucine bind-

-

ing and for L-alanine and L-leucine transport stimulation. Further

work in this area is obviously required to answer this question.
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TABLE

Binding of L-leucine and AIB by tisolated outer-double-track.

Equilibrium dialysis assays contained 2 mg protein
either L-[!“C]leucine (0.5 uM, 344 uCi/umole) or [

uM, 8.6 uCi/umole).

er ml and
CJAIB (3.3

Amino Acid

Bindiné Ratio

L-leucine

AIB
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TABLE 34,

Solubilization of L-alanine binding activity from outer-double-
track uging Tritom X-100.

The crude extract (8 mg protein per ml) was suspended in citrate
buffer (pH 5.5) and 1% Triton X-100 added. After 10 min Tritom
X-100 soluble and insoluble material were separated by centrifu-
gation 30 min at 58,000 x g (Rmax). The pellet was resuspended
to a volume equal to the supernatant fluid using citrate buffer.
The equilibrium dialysis apparatus as described by Weiner and
Heppel was used. Crude extract 6 mg protein per assay; citrate
buffer pH 5.5; L-[1%C)alanine, 0.45 uM, 156 uCi/pmole. Note:
Rabbit B-16 antiserum gave positive slide agglutination tests
for all three of the extracts.

) ‘ Sample Binding Ratio at several dialysis times
20 hours 28 hours 40 hours
Crude extract 4.5, 5.7 ;
" Triton X-100 soluble 2.9, 2.9 2.7, 2.7 2.6, 2.5
Triton X-100
insoluble 3.9, 4.2




DISCUSSION

Using a rapid filtration technique it was shown that vesicles
of the marine pseudomonad actively accumulated L-alanine against a
concentration gradient. The activity observed does represent active
transport and not merely binding of radioactivity to the membranes.
Supbort for this conclusion is drawn from the findings that elec-
tron donors and oxygen are required for the uptake of alanine, that
respiratory chain inhibitors can prevent this uptake, and that these
same inhibitors and phenethyl alcohol cause the loss of the amino
acid from vesicles preloaded with alanine. The phenethyl alcohol
;ffect was reversible as it is in intact cells (Thompson and DeVoe,
1972), showing that the membrane wag nog/irreversibly damaged. In
addition, the activity was observed only if Na+ was added to the
uptake medium, with no sparing action by K€l, LiCl, or RbCl, as is
the case for intact cells (Drapeau et al., 1966). Alsdb, amino acid
competition and counter transport was observed. Most of the vesicle
transport activity was, therefore, indicative of the intact cell.
It secems most unlikely that the amount of aminq acid associated with
the vesicles could be a specific binding to tﬁe transport carrier

without its release to the intravesicular space.

+

There are several.lines of evidence to indicate that the uptake

of L-alanine by vesicle preparations is not due to intact cells

2
.
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present as contaminants. First, the numbeé of ceils detérmined by
ﬁlate count to‘;e pres?nt as, contaminants in the veqicle prepara-
tions was found to be insufficient to permit the uétake o% detect-
able amounts of'alanine. Also, oniylz fractio; of tue total cg}l
count was ablq_to'g;ow in a medium containing NaCl but not in its
absence,mand could be presumed to be cells of the marine pséudqmonad
(Gow, Ph.D.'thesis,°1973). Second, intact cells accumulatéd #2K

but vesicles did not. Third, transported alanine was rapidly meta-
bolized by cells contrasting to the slo; rate of“metabolism of
alanine associated with vesicles. Another is that the optimum Na+

.

concentration for the transport of alanine into vesicles is 75 mM

¢ -
while for cells it is 200 mM. Finally, efflux from prelogded cells
(Wong et al., 1969) and ﬁreloaded vesicles demonstrated dramatic

differences when inhibitors were added.

Usiné the finding that cytoplésmic membrane represents 122 of
the cell dry weight (Martin and MacLeod, 1971), it can be calculated
that the Vp,y for L-alanine uptake into’the intact cell was nearly
lmOOO times greater than into vesicles. This loas in specific acti-
vity is not characteristic of all vesicle transport systems studied,
although McKillen et al. (1972) observed similar effects for citrate
transport in B. gubtilis vesicles. In the case of E. coli, vesicles

transport more effectively than intact cells (Kaback, 1972) and for

B. licheniformis (Macleod et al., 1973) and S. aureus (Short et al.,

Y
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1972a) vesicles transport equally well to the cells. The low level
of transport in vesicles of the marine pseudomonad may be related

to the inability of the vesicles to concentrate K+. In intact cells,
the intracellular K+ concentration determines the rate and extent
of AIB uptake (Thompson and Ha;Leod, 1971), where at the steady
state level the K+ to AIB ratio is 1.6 io 1 (Thompson and MaclLeod,
unpublished). It can be calculated from the data that Jesicles,
preparéd under conditions to free them as coypletely as possible of
K+, still.cﬁntained.K+ in excess of that required for the amoun;s
of amino acid accumulated. In fact, the K+ to L-alanine ratio was
10 to 1. Thus, a K+~:2quirement for vesicle transport may exist in
spite of the inahility to demonstrate it. As compared to cells
(Wong et al., 1969), the vesicles dramatically lost intracellular
alanine on the addition of metabolic inhibitors. The inhibitor KCN
blocks uptake of AIB (Drapeau et al., 1966) into cells, showing
that the lack of éfflux from cells was not through an inability of
KCN to reach the membrane. Unlike results obtained for E. coli
vesicles (Ka;ack and Barnes, 1971) inhibition of electron flow,
regardless of the point of inhibition, resulted in net efflux. From
these observations, 1t is likely that the low specific activity
observed is a consequence of a "pump and leak" effect, electron
flow being required for 1nf1ux‘of amino acid which is continually
effluxing from the vesicles. When 1nf1ux'and ;fflux rates become

the same, no net movement of solute would be observed. This effect

t
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would explain the efflux data, but cquld not solely account for

the low specific activity, since initial rates of transport were

used in kinetic experiments for Vpgx calculations. During the

initial minute of uptake it can be calculated, using the intravesi-
~ cular space (0.4 ul/mg) and kinetic data, that listle concentration

of alanine above the outside level occurs. Thus, one sﬁould in

this case be measuring influx primarily. The low specific activity

: +
may merely reflect the low intravesicular K concentration.

s Previous to this study transport in cells ofwthis organism
was studied using endogenous energy. Endogenous oxygen uptake and
transport in vesicles was found to be negligible, thus allowing a
definitive study on energy sources. The transport system was
activated by NADH, and by the artificial electron donor system

ascorbate-TMPD. A group of short chain primary alcohols were found

to energize transport, following the original observation by Thompson
that AIB uptake into cells was stimulated by e;hanol (Thompson and
Macleod, 1973b). Both NADH and ethanol when added to vesicles re-
duced cytochromes b and c, and a trough in the region of flavoprotein
appeared (Jones and Redfearu,1966). Ascoerte—TMPD reduced rela-
tively more cytochrome ¢ than b and gave no evidence of flavoprotein
reduction. The point of entry of the electron donors is illustrated ’

in Fig. 49.

Cytochrome scans using efhanol as electron source revealed




.Fig. 49,

~

Proposed site of energy coupling, points of inhibition
by transport inhibitors, and points of coupling of

electron donors, in a respiratory chain coupled to
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transport. .
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HOQNO, TAA, NEM and PCMB to inhibit electron flow prior to cytochrome
b. The site of HOQNO 1nh1bit%pn did not change when NADH was used
in place of ethanol. The site of cyanide inhibition was found to be

after cytochrome c¢. The scheme shown in Fig. 49 is emtirely consis-

s
1

tent with the transport data. Inhibition of transport by the inhibi-
tors was thé same when NADH or ethanol were energy sources. However,
ascorbate-TMPD bipassed the sites of IAA, NEM, and HOQNO inhibition
since téansport was in these cases not inhibited. With ascérbate—
TMPD, inhibition by PCMB was about 50%, showing that PCMB inhibited
after the site of T™PD coupling as well as before cytochrome, c. -
Inhibition by 366 nm light was partially overcome by ascorbate-TMPD,
suggesting a quinone component to lie before cytochrome b. This
compopent has not as yet been characterized. Transport was inhibited

with either ethanol or ascorbate-TMPD as donors by flushing the assay

_ tube with nitrogen gas.

*

By the use of a series of inhibitors and electron donmors, results

were obtained from which it is contluded that oniy part of the total

urespiratory activity in the vesicles 1is coupled to transport. Total

respiratory activity was measured as oxygen uptake induced by either
NADH or ascorbate-TMPD. Ethanol oxidation is efficiently coupled to
that respiratory aotivity involved in amino acid tramsport, while

NADH and ascorbgte—TMPD in addition to coupling to transport respira-
tory chains, couple to the total regpiratory activity. Experimental

results leading to and éupportiﬁg these conclusions are as follows:




1. Ethanol, NADH and ascorbate-TMPD are equally active in
promoting transport yet NADH and ascorbate-TMPD promote more oxygen
uptake by the vesicles than ethanol. /In fact, based on 1n1;1a1
rates, ethanol induced only about 4% as much oxygen uptake as did

the other donors (Table 18). Ethanol drove transport via the res-

piratory chain and required'oxygen to act.

2. A lack in correlation between the capacity of a compound
to activate transport and to promote 0; uptake has been observed in
vesicles of E. coli where amiﬁo acid and sugar transport is acti-
vated most effectively by D-lactate (Kaback an& Milner, 1970; Barnes
and Kaback, 1970). In vesicles of the marine pseudomonad this was
observed in & striking fashioﬁ, since ethanol activated transport
fully but was slowly oxidized, while succinate sh;wed the reverse
effect. Specific coupling of electron donors in the case of ethanol
and succinate would explain these effects. Ethanol oxidation is

efficiently coupled to transport while succinate oxidation is not.

3. A series of inhibitors showed quantitatively similaf
effects on transport energized by NADH and by ethanol. This is Khe
expected result if both NADH, and ethanol are coupled to respiratory
activity involved in tramnsport since NADH and ethano}l enter the té&—
piratory chains at the same point (Fig. 49). When the effect of a ‘

series of inhibitors were compared for inhibition of transport and

'oxygen uptake using ethanol, it was found that in every case the

-
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extent of inhibition of oxygen uptake paralleled the inhibition of
transport. Thus, the amount of ethanol oxidized is directly related
to transport (i.e., efficient coupling). For NADH and ascorbate-
TMPD, however, the inhibition of oxygen uptake did not necessarily
correspond to transport inhibition, the most likely interpretation
being that only part of the NADH or ascorbate-TMPD induced respira-

tory activity is coupled to transport.

4. Considerable support Yor the hyp h‘thesis that ethanol oxi-
dation, but not that of NADH or ascorbafe-TMPD, is very specifically
coupled to respiratory activity and transport was obtained. It was
found that oxidase activity associated wi‘th ethanol could be speci-
fically inhibited by IAA, NEM, and DNP. Importantly, the inhibitors
IAA and NEM were equally as effective for NADH driven tramsport as
for ethanol driven transport. Thus, the data axailable shows that
NADH must be oxidized in two ways, only one of which is coupled to
transport. Of particular importance, 'DNP inhibited ethanol oxida-
tSon with much less effect on the oxidation of NADH or ascorbate~TMPD,
yet DNP equally inhibited transport induced by all three compounds.

It i8 congluded that in vesicles of the marine pseudomonad DNP in-

hibits ALransport by specifically blocking electron flow in these

T piratorﬁ chains involved in transport.

-~

5. Ethanol was found to reduce only 25X of the cytochromes b

and c which were dithicyﬂte reducible, ’ !

| -
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6. An important question to be asked is whether the amount of
oxygen taken up in the presence of ethanol 1s sufficient to account
for the calculated limiting velocity for the uptake of amino acid.
Assuming one molecule%of alanine transported per atom of oxygen con-
sumed 1t can be calculated th;t 4 ng (0) per mg per min would give
srise to 316 pmoles alanine transported per mg per mi The obtained
value was about 250 pmoles per mg per min (Fig. Zég/j::h a limiting
maximum velocity of 385 pmolés per mg per min (Table 26). Experi-
mental and calculated data agree very well further supporting the con-

cept of efficient coupling of transport to ethanol oxidation.

The next important question is how the energy from respiration
is specifically coupled to trangport. That electron flow does not
act by generating ATP for use in transport seems clear. None of the
electron donor systems active in promoting t;angport served to gen-
erate ATP In the vesicles. The production of & phosphorylated high
energy intermediate seems unlikely since one would expect more of such
an/interwediate t; be generated by NADH than by ascorbate<IMPD as the
latter 1ntrod;ces electrons into the respiratory chain primarily at
the level of cytochrome c, yet both NADH and asc te~-TMPD are
equally active in promoting t;ansport. It has been suggested that
DNP may uncouple oxidation from phosphorylation or d{scharge a pro-
ton gradient (for review see Harold, 1972a). The possibility that a

‘

proton gradient drives transport isfunlikely, again on the grounds.
)

that on the basis of the chemiosmotic hypothesis (Mitchell, 1966) a




K3Fe(CN)g as an electron acceptor (Thompson and MacLeod, 1902‘3b).

steeper gr"adient would be expected to regult from the oxidation of
NADH than from the oxidation of ascorbate-TMPD. Furthermore, neither

proton gradient nor high energy intermediate theories explain the

specificity for t'ransport of the donors and inhibitdrs used.

\

In intact cells ethanol and dithionite rapidly reduce cytochromes
b and c to the same extent. Ethanol reduction of cytochromes in

cells most probably proceeds via NADH production by cytoplasmic alco-~

hol dehydrogenase. ) .

The data presented here is best explained by assuming; as pro-

posed by Kaback and Barnes (1971), that a carrier protein undergoes

redox induced cor\formationalhéhanges and reflects the redox potential

:

of a specific portion of the respiratory chain. A respiratory chain

believed to be involved in transport in the marine pseudomonad is
shown in Fig. 49. These chains alone are coupled to ethanol oxida-
tion and a carrier protein. Since, ascorbate-TMPD is coupled prim—
arily to cytochrome ¢, the carrier is shown in the main chain after
cytochrome c. It may be, however, that the carrier is located close
to cytochrome b, because cytochrome b was partially reduced by
agcorbate-TMPD. That the site of energy coupling is not cytqchrome
’

oxldase is suggested by studies with intact cells. These show that

the inhibition of AIB transport by KCN can be overcome by adding

Inhibition of adanine transport inte vesicles by KCN, however, could i R

not be overcome by K3jFe(CN)g.




*

-

Dimethyl sulfoxide is a well known solvent and penetrant (Love-
lock and Bishop, 1959). Transport data indicate that in this
organism it acts as a regpiratory inhibitor at a site prior to

cytochrome c (Table 15).

When ascorbate-TMPD was the electron donor, those respiratory ~
chain inhibitors which did not inhibit active transport in vesicles
actually stimulated it, often showing an increase in 0; uptake.
There is known to be some back flow of electrons in the r:aspiratory
chain when ascorbate-TMPD is the electron donor (Klingenberg, 1968).
Perhaps inhibitors acting‘ before the site of entry of electrons from

reduced TMPD, channel electrons more efficiently through that part

of the chain wherein tesideq the carrier.

‘For some time it has been known that Na+ is specifically required
for transport in cells of the marine pseudomonad (Drapeau and Macleod,
1963). Na+ is required for facilitated diffusion of AIB into the
cells and this process shows amino acid competition (Thompson and
Macleod, 1971). For this reason bla+ was thought to interact with a
carrier protein. In the present study, Na+ was jphown essential for
transport of AIB and L-alanine into vesicles.” ‘Because of the require-
ment for electron flow, and because ethanol oxidation was directly
related.to transport, ti’he requirement for Na' for ethanol oxidation

o

- + * “
was tested. No Na requirement was found,
< .

In cells of this organiam the Na+ concentration used, vhen below




50 mM, alters the apparent Ky for AIB transport, while Na+ concén—
trations above 50 mM alter the maximum velocity (Wong et al., 1969).
The latter effect was shown to be an effect of Né+ on the preven-
tion of leakage of AIB from the cells, being partially replaced by
LiCl. Recently sucrose has been found to show a similar sparing
action to LiCl suggesting an ysmotic effect in‘preventing leakage
of accumulated radioactivity j}hﬂgpson and- MacLeod, unpublished).
Cstich an osmotic effect has been shown in E. coli K12, where sucrose
reduced the exit rate constant with no effect on entry (Halpern et
al., 1973b). Vesicles of the marine pseudomonad required less NaCl
for full transport capacity than did cells (75 versus 200 mM).
. Increases of NaCl above 75 mM depressed transport indicating either

an inhibition of alanine influx or increased rates of efflux perhaps .dﬂ!

through membrane damage. Certainly it would be an over simplifica-

tion to suggest that the second function of NaCl found in cellgﬂSi.e.,
prevention of leakage) was not observed because of lover levels ,of’
e .s,\z

alanine accumulation in vesicles, since in this case uptake should
have remained constant as NaCl was increased from 75 to 200 mM. It
is suggested that the &ifference tetween the quantities of NaCl
required for maximum uptake of amino acid in vesicles and cells 1is
through an increased inhibitory effect of high levels of NaCl in the
absence of cell wall or cytoplasmic constituents. Furthermore it is

suggested that protoplasts require as much Né+ as do the intact cells

for AIB uptake (DeVoe et al., 1970) since appreciable concentrations

-
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of the amino acid occurs resulting in a need to osmotically stabi-

l1ize these cell forms. In vesicles no such concentrations of the
+

amino acid occurs, thus possibly accounting for the lower Na re-

quirement. "

Using the data of Wong et al. (1969) for cells, plots of the
+
reciprocals of velocity against reciprocals of the Na concentrations

do not give straight lines (Fig. 37). Rather a plot is obtained »

» +
showing that as Na 1s decreased below 200 mM the velocity of trans-

port becomes progressively legs than expected. Since the concentra-
tion of internal l(+“determines the extent of AIB transport into cells
(Thompson and MacLeod, 1;71), it is probable that the effect of Na+
on the maximum velocity may reflect an effect of Na+ on the intra-
cellular I(+ concentration. Sﬁpport for this was found when cells

exposed to NaCl below 10 mM appeared plasmolyzed (Table 25), a condi-

tion associated with the loss of internal K+ (Thompson et al., 1970).

'Recent:ly experiments by Gow and Thompson have shown a direct relation !

. +
between retention of internal K and the external NaCl concentration.

X +
In contrast to cells, vesicles do not demonstrate a K ~require-

.\

. ‘ +
ment for transport. In this case an opportunity of studying Na

+
effects in the absence of any secondary K effects was presented.

»

With the vesicles both primary Lineweaver-Burk plots were linear.

Furthermore, kinetic results with cells paralleled the vesicle kine-

LY

tics 1f the KC1 concentration in the suspending medium was equal to

-



that inside* the cells (Fig. 38). Active transport of glutamate in
E. coli requires Na+ and K+ ions and kinetic experiments ‘Elave been
interpreted (Halpern et al., 1973a) as was the original work of

Wong et/al. (1969). The results presented here using vesicles and
cells,'indicate extreme caution must be taken to maintain a constant
internal K+ concentration as Na+ is varied. Otherwise, kinetic '
results on the effects of Na+ may be artifacts due to changes in

¢

internal K+ levels.

If Na+ and the amino acid form a ternary complex with a membrane
component on the outside surface of the membrane prior to transloca-
tion, then one could predict the transport system to exhibit bisub~
strate kinetics. Following this study it was found that Thomas and
Christensen (1971) have considered Na+ as a substrate in Na+-dependent
serine uptake into pigeon erythrocyte. Support for a bisubstrate
reaction was obtained from LineweavSF-Burk plots where a eommon point
of intersection was obtained, for alanine and AIB using vesicles,
either on or above the abscissa (Figs. 22, 23, 28 and 29). This indi-
cates a sequential rather than a ping pong mechanism, since parallel
lines would be expected if the sequence was ping pong (Cleland, 1963).
The experimental data agreed extremely well with the theore\atical for
a bisubstrate mechanism for both amino acids, with the exceptior; of
data obtained using a combination of low Na+ and high amino acid con-—-

>

centrations. This fact was demonstrated on secondary plots of the
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intercepts, taken from double reciprocal plots of velocity and amino

acid cc;ncentration, and the reciprocal of Na+ cencentration. These
plots for vesicles and cells are shown in Figs. 24, 30 and 40. The
non~linear plot obtained only deviated from theoretical at the lower
Na+ concentrations used. This is a very important observation, since
as shown for each of the mentioned figures the two curves must inter-
sect on the ordinate at the same point. In a bisubstrate mechanism,
this point of intersection has been called the "limiting intercept"

¥

and is equal to% (Mahler and Cordes, 1971). 7 i.

T‘t}e deviation from theoretical is still a matter for speculation.
In the equation derived for a bisubstrate ;'eaction it '19 assumed that ‘
the rate limiting step is the conversi r activation of the termary
complex (Florini and Vestling, 1957). At 1low Na+ 1evels. deviations
from theoretical may occur because of a different step becoming rate
limiting. Using the kinetic parameters calculated for the transport
systems and the equation for a bisubstrate mechanism, Lineweaver-Burk
plots were generated showing that at low Na+ concentrations the obtained
data fit the theoretical but for only the lower amino acid concentrations.
Rather than a different step becoming rate iimiting, it may be that
allosterism is involved. Such a poss¥bility has been observed by
J. Drozdowski (Project, B.Sc., 1973) using vesicles of this organism,
and D-galactose as the solute transported, In the presence of an
energy source he observed no Na+-requirement for transport at high
levels of galactose. Attempts to demonstrate allosterism for alanine .

<.
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transport were negative (Fig. 27).

An 1nterpretationy ion effects in mammalian cell transport
systems was presented by Crane (1965). This theory requires that
Na+ bind first to a permease on the outside of the membranme, thus
putting it into a conformation necessary for solute binding. The
ternary complex would then translocate across the membrane. On the
inside of the membrane where the Na+ concentration is low compared to
the medium, the complex would dissociate. A secondary consideration
of the hypothesis was that l(+ at its high internal concentration
could displace the Na+ from the ternary complex, resulting in a
further conformational change of the,permease with the release of
solute to the inside. This hypothesis requires first, the formation
of a ternary complex, second, a requirement for Na+ gradients for
transport and to a lesser degree Na'+ and K+ competition for binding
depending on their relative concentrationms, and finally, Na+ and
solute cotransport. Since transport kinetics do closely follow a
bisubstrate mechanism, it is expected that a ternary complex forms.
However, Na+ and K+ gradients are not formed in vesicles and furth;ar-
more, abolishing the gradients in cells of this organism has no effect
on transpor.t (Thompson and Macleod, 1973a). Nevertheless, Na+ and
K+ may be required for the association and dissociation of the ter-
nary complex, and it has been pointed out by Johnstone (1972)’ that
these ions may have different affinities for the transport system

! .
on the inside and outside membrane surface. This may account for




’

the absence of a requi:rement for Na+ and K+ gradients in the pseudo-
monad. In support of the suggestion by Johnstone, no K+ interference
in transport was observed until K+ was added to the assay mediumv above
the expected internal level (Table 27). The final point concerned
Na+‘and solute cotran?port. Cotransport has been demonstrated in
animal cells (see Literature Review) and in S. typhimurium (Stock
and Roseman, 1971). In the marine pseudomonad attempts were negative
to demonstrate cotransport by comparing the peréentage penetration
of 22Na into a packed ce'll pellet in the presence and absence of AIB.
However, in a typical such experiment ‘(Fig. 43) 1t was calculated
that 1f AIB and Na+ enter the cell ,at a ratio of 1 to 1 and Na+ does
not efflux, then a difference of only 47 penetration due to cotrans-
port would be expécted. The error in these experiments was about % 3
% indicating the inadequacy of the method for the purpose of demon-
gtrating cotransport. Furthermore, 22Na when allowed to penetrate
by MgSO, treatment of the cells was found to efflux quite rapidly
from the cells when resuspended into CS-T. A second method in which
Na+ was measured directly by flame photometry was also used. The
procedure adopted was to deplete the cells of K+, since it appears \
that the internal concentration of K+ 18‘ closely related to Na+ efflux
(Thompson and MacLeod, 1973a). Then the cells were resuspended into
CS-T with or without AIB and immediately centrifuged. When Na+ was

assayed by flame emission spectroscopy the error inherent in this
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»

+
method of measuring intracellular Na appeared too large for any
conclusion to,be drawn. No direct evidence, therefore, has peen

obtained in proving or in disproving the cotransport theory.

t

“"No evidence has been obtained for this organism showing which
+
of the two substrates, Na and solute, binds first to the membrane

component. Since the intercept plots do not pass through the origin,

the presence of one substrate on the active site of the enzyme prob-

ably affects the complexipg of the second (Florini and Vestling,

1957). Whether Na+ or the amino acid must complex first to the

enzyme by an ordered mechanism, or whether the mechanism is random,

cannot be determined from initial rate data (Cleland, 1963). To 5
answer this question binding studies using the purified permease may

be required.

Introductory studies have been conducted to tegt the possibility
of cell wall components being involved, either directly or indir-
ectly, in solute transport across the cytoplasmic membrane. Binding
studies localized the activity to the outer wall, ¥ith no activity.
being observed in the soluble underlying layer (periplasmic space).
This contrasts to reports on periplasmic binding proteins (Heppel,
1967 and 1969). .The isglatéd outer-double-track bound both L-alanine
and L-leucine but not AIQ\ and addition of the extract to cells stimu-

A\
lated the uptake of L—alan}pe and L-leucine but not AIB., It has not

yet been proven whether this\stimulation represents binding to the
/
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outer parts of the cell or an increase in intracellular_ amino acid.
Additional information on the possible involvement of cell wall in
transport was obtained by comparing pH responses in vesicles and
cells for transport, and for binding to outer-double-track. Cells
were more resistant to acidic conditions than vesicles while b%nd-
ing was optimum at about pH 5.6. Although the interpretation of this
data is still open to q'uest“i‘c;n, it is clear that the cell wall cannot
be ignored at this time if a complete understanding of the transport

process is to be achieved.

.
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