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ABSTRACT 

Ph.D. G.Dennis Sprott 

MECHANISM OF ENERGY CoqPLING AND KINETICS OF Na+-DEPENDEN~ 

TRANSPORT IN CELLS AND IN ISOLATED MEkHRANE VESICLES 

11 
OF A MARINE PSEUDOMONAD 

Transport in mar~ne pseudomonad ATCC 19855 was studied using 

isolated membrane vesicles. + . When Na was treated as a substrate 

in the transport process, kinetic analysis revealed a sequential 
4 

bi bi mechanism. Short chain primary alcohols, NADH and ascor-

bate-TMPD (N,N,N' ,N'-tetramethyl-p-phenyle~ediamine) energized 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 o~ned 
between inhibition of ethanol oxidation and inhibition of ethanol 

transport. Transport inhibition by 2,4-dinitrophenol 

specifie inhibitlon of ethanol oxidation. Approximate~y 

25% of cytochromes ~ and ~ were reduced by ethanol. It was con-

cluded that only that part of the respiratory activity coupled to 

ethanol' oxidation !s also coupled to transport in vesicles. 
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RESUME 

Ph.D. G. Dennis Sprott MicrObiologie 

, ",. 1 ,. 

LE MECANliSME DU COUPLAGE DE, L'ENERGIE "ET LA CINETIQUE DU TRANSPORT 
~, • l " 

" " 
LIE AU Na+: CHEZ DES CELLULES ET DES 'vÉSICULES MEMBRANEUSES D'UNE ., 

PSEUDOMONA1)E MARINE 

,. .... l''t' .... td·' h d Le phenomene de transport a, E' e e u 1e c ez la pseu omonade , 

marine ATCC 19855, à l'aide de vésicules membraneuses. Lorsque 
1 

l'ion Na+ fut consid~re comme, substrat du processus de transport, 

l'analyse cinéti~e révéla Un mécanisme séquentiel binaire-binaire • 
. 

Les alcools primaires à courte chaîne, le NADH et l'ascorbate-TMPD 

(N~N,N',N'-tétraméthyl-p-phénylènediamine) activèrent le transport 

de la L-Iilanine. Avec l'éthanol., les taux initiaux d' incorpora-

tion d'oxygène ~urent app~oximativem~nt de 4% des taux obtenus. avec 

le NADH ou l' ascorbate-TMPD, bien que le niveau de transport ~ût 

similaire pour chaque source d'énergie. L'oxydation du succinate • 
n'était pas couplée au transport. À l'opposé des résultats obtenus 

avec le NADH et l'ascorbate-TMPD~ l'inhibition de l'oxydation de 

l'éthanol et celle du transport activé par l'éthanol montrèrent une 
() 

,excellente corrélation. L'inhibition du transp~rt par le 2 ~'4.."I!iïni-

troph~ol a put- être di~ectement reli~e à une inhibition specifique 

de l'oxydation de l'éthanol. L'éthanol réduisait environ 25% des 

cytochromets È. ~t~. Ceci permit de conclure que seulement une par-

, tie de l'activité respiratoire couplee à l'oxidation de l'éthanol 
. ." 

était aussi coùplée au processus de transport dans les vesicules . 
Co 
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C LAI M of CON TRI BUT ION S to KNOWLEDGE 

1. Un1ike ce11s a low rate of L-a1~ine metabo1ism was exhi~ 

bited by vesic1es, thus a110wing transport studies without the 

use of non-metabo1ized ana10gues.~ 

2. The complete absence of endogenous metabo1ism in the vesi-

-' 
é1e system was conducive to a study of energy sources for 

transport. Short chain primary a1coho1s, NADH, and ascorbate-

TMPD were found to be coupled to e1ectron f10w and to transport. 

3. Studies using various energy sources and transport inhibi-

tors strong1y indicated that on1y part 0f that respiratory 

activity coupled to N~DH and aseorbate-TMPD oxidation was coup-

led ta transport. .. Ethanol was efficient1y coup1ed to transport. 

The extent of ethanol oxidation, but not that of NADH, succinate 

or ascorbate-TMPD, was direct1y re1ated to transport. Oxygen 

was required for transport energized by ethano1. 

4. + The first case of a Na -specifie transport system in ves1-

c1es of a bacterium is described. + No Na -requirement for 

oxygen uptake induced by ethano1 or ascorbate-TMPD was found • 

5. 
.., + 

A K -requi~ment for transport in vesic1es could not he 

demonstrated. + Sufficient K remained bound to the vesic1es to 

account for the 1eye1 of amino ac1d transported. Under these 
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6. 

conditions a true Na+ èffect 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 ~old the intracellu­

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

meters for transport in cells and vesicles with~he exception 

of Vmax were nearly identical. 

7. 22~a appeared?to penetrate only to the cytoplasmic membrane 

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

. disrupted by washin~ the cells in 50 mM MgS04 and the cells sus­

+ pended in Complete Salts, the internaI ~~ was rapidly extruded 

from the cell interior. The accumulation of AIB withia the cells 

+ was not accompanied by detectable levels of intracellular Na • 

8. Cell wall fractions isolated from this organism bound L-

alanine and L-Ieucine as determined by equilibrium dialysis tech-
t 

niques. The' same fractions when added back to cells inçreased 

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

activity was observed for AIB. 

1 
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l N T R 0 DUC T ION 

Three major findings, two of which were discovered in this 

>1aboratoIJ' 1ed to the initiation of the present study. These find-. , 

ings were that membrane vesic1es of Esaheriahia aoZi cou1d active1y 

transport amino acids, tqat c1ean cytoplasmic membrane preparations 

cou1d be prepared from the marine pseudomonad (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 amine acids (Kaback and Milner, 1970) and a-ga1actosides (Barnes 

and Kaback, 1970) into isolated membrane vesicles isolated from E. 

aoZi. Uptake specifically required the conversion of D-lactate to 

pyruvate~ and could be prevented by inhibitors of e1ectron f10w or 
" 

by anaerobiosis. The membrane preparations used, however, were not 

pure as shawn by e1ectron micrographs in which two double track 

structures were present (Kaback and Deuel, 1969). 

When ce1ls of a marine pseudomonad (ATCC 19855) were~~~n 

0.5 M NaC1 and suspended in 0.5 M sucrose, non-dlalyzable ~~rial 

was released from the outer cell wall layer (Buckmire, Ph.D. Thesis, 

1967). Later, Forsberg (Ph.D. Thesis, 1969) analyzed the mate rial 

re1eased and observed the cell forma remain~ng after these treat-

ments by e1ectron microsc~py. From this study 1t was concluded that 

1 
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several-~screte wall layers were present and 8Îmodel of the cell 

wall st~uèture was formulated (Forsberg et al., 1970a,b). Further, . 
lysozyme treatment of the cell forma (mureinoplasts) remaining after 

0.5 M NaCl and 0.5 M sucr08e treatments resulted in the formation 

of true prctoplasts (Costerton et al., 1967). This latter findin~ 

was used to advantage by Martin and MacLeod (1971). These authors 

disrupted the protoplasts by French pre.sure cell treatment and 

isolated a clean membrane fraction by differential centrifugation. 

This membrane fraction gave a single band in a sucrose density gra­
h ... 

dient and contained about 63% protein and 31% lipid. Both chemical 

analysis and electron microscopy revealed the absence of contamina-

ting cell ~o1al1 or cytoplasmic constituents. 

aIl of the membrane fraction was ve$icu1ated 

sections. 

Furthermore, nearly 

when examine~ as th!in-

1 
Previous studies using ce Ils of the marine pseudomonad have· 

+ shawn a Na requirement for the transport of amine acids (Drapeau 

+ and MacLeod, 1963a; Wong et al., 1969). Two functions for Na in AlB 

uptake were observed, one prevention of leakage of mate!ial ~ 

from the cells, and the 0 the uptake of AIB into the cells 

(Wong et al., 1969). The cells possessed sufficient internaI re-

serves to energize transport. This fact accounted for the absence 

of studies concerning transport energetics. 

lt was hoped at the outset of this project that the membrane 

2 
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fraction iso1ated by Martin and Macleod (1971) would active1y trans-

port amine acids as did E. coli vesic1es. Furthermore, it was 

hoped thât the high 1evei of endo~enous energy for transport present 

in these cells would be lost, a1lowing a study of the energetics of .. 

transport. FinaIly, such a purified transport system cou1d be used 

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

" 
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LIT E RAT URE R,E VIE W 

Transport into isolated membrane vesicles 

In di lute saline solution or water, erythrocytes swell with the 
\. 

loss ofcm6~t of their cytoplasmic constituents. The celi may be '. 

restored by the addition of appropriate 1evels of salt to form 
~~ 

gh?sts (Stein, 1967a). Such ghQsts exhibit permeability characteris-
.... 

tics similar to the original cells. Considerable progress made 

recentIy in the field of bacterial transport is 1argely attributab1e 

to the adoption of the ~solated membrane technique to bacteria 

(Kaback, 1970). Membrane vesicles of E. coZi actively transported 

proline in the presence of glucose, with transport activity subject 

to inhibition by anaer'obiosis or compounds known to inhibit either 

-1 1. electrpn f10w or oxidative phosphorylation (Kaback and Stadtman, 
, 
" 1966). Furthermore, the activity observed was not attributable to 

\ 

Jo 

undisrupted cell forms\ since ,sonication of the membrane preparation 

did not prevent proline up~ke (Kaback and Deue1, 1969). 

An extensive survey has been made to identify the compounds 

which' can be utilized by vesic1es of E. coZi to energize transport. 

D-lactate stimulated proline uptake most dramatically being converted 

stoichiometrically to pyruvate (Kaback and Milner, 1970). Of aIl 
1\1 

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 othèr aminbaçids showed the same trend. Sim-
~- .,.~ 

~ ~ 

ilar studies proved t~ transport of B-galactosides was"coupled-to 

a ~mbrane bound D-laètate dehydrogenase (Barnes ang Kaback, 1970) 

~ 

through ~n electron transport chain. High concentrations of ars en­
'-. 

~ , , 
~te or oligamycin did not inbibitftransport suggesting that oxida~ 

tive phospharylation was not invô!ved. Like the tr~sport systems 

for amino acids and B-galactosides. D-lactate axidation was coupled , 
ta an inducible galactose tr?nspart system in vesicles of E. coli 

'4 (Kerwar et al . .) 1972). 

Koning~ 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 
should be reconsidered in view of these findings. In vesicles of 

B. 'subti'Us 90i. oxygen consumption -was recorded 4 ~ 3 seconds after 

NADH addition. Under aeration conditions NADH was found· to be a 

very effective energy source for L-serine transport. Further, these 

authors showed that the artificial el~ctron donor system 8scorbate-

PMS could fully energize transport in the presence of oxygen. 

In a more detailed study, Konings and Freese (1972) showed 

aminp/acids to be aetively t~ansported by me~rane vesicles of B. 

subtilis using the physiologieal electron donors NADH, NADPH, L-a-
, 

glyeerol phosphate, i-laetate, and 8ueeina~e. .In contraat to E. coU 

""sicles, D-l-r- &ad l1ttle sU .... lating effect ... transport in 

5 

, 

/-. 



vesic1es of B. subtilise The efficiency of the e1ectron donors in 
o 

energizing transport was determined by comparing rates of oxida-

tion and transport. No' relation was found between the, rate of 

oxidation of a compouo1 and 1t:s abi1ity to energiz'e; transport, 

sugges~ing to the authors an ability of certain oxidizable sub-

strates to donate e1ectrons more specifica11y to the tr~sport 

coup1ing sites. 

A significant contribution was made by Hirata et al. (1971) 
'0 

using e1ectron transport particles from Myoobaote~ phlei. Up-

take of proline against a gradient occurred with succinate, NADH 

or an artifi~ electron donor ascorbate-TMPD. Since the latter 
l' 

two substrates were Most effective for transport but 1east effi-

~"" ... 
cient for oxidative phpsphory1ati~, and aince arsen~te and the 

absence of coup1ing factors or phosphate did not prevent transport, 

it was concluded that transport was independent of oxidative phps-
• 1 

phory1ation. Glucose, D-1actate, fumarate and ATP had no effect on 

transport. 

The conversion of L-œ-g1ycerol-phosphate to dihydroxyacetone 
~ , 

phosphate was coup1ed to the active transport of 16 amino acids in 

vesic1es of Staphy'Loooo(!Us au1'eUB (Short et al., 1972a). Other 

e1ectron donors, with the exception of ascorbate-PHS, d1d not replace 

o-glycero1-phosphate. These authors a1so found no re1at:l.on between 

rates of oxidat1on of e1ectron douors and their ab11ity to stimulate 

T ' 
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amine acid transport. Sinée the Michaelis constant for ~-glycerol-

phosphate:dichloroindophenol reductase, for ~-glycerol-phosphate 

oxidation, and for a-glycerol-phosphate stimulated transport were 
. 
aIl 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. typhimuTium, Pseudomonas 

putida, Proteus mipabilis, B. megaterium and B. subtilis concen-

trated proline in the pre·sence of ascorbate-PMS (Konings et al., 

1971). Further, ascorbate-PMS was found to reduce the respiratory 

chain in E. coli vesic1es before cytochrome bl, but after 80% of 

the f1avoprotein. 

A membrane fraction was isolated from Azotobactep vinèlandii 

~hich contained high1y active L-ma1ate oxidase not linked to pyri-

dine nucleotide (Jones and Redfearn, 1966). A supernatant fraction 

did contain NAD+-linked malàte dehydrogenase. In this respect, 'à 

similarity is observed to the ~~oli system where membrane bound 

D-1actate dehydrogenase i8 f1avin linked, while the cytoplasmic 

enzyme i5 a pyridine nuc1eotide dependent enzyme (Kaback, 1972). It 

wa8 not surpr!sing then, that membrane vesicles from A. ~ine~âii 
é' __ 

active1y accumulated glucose by the conversion of L-malate to oxal-

acetate via L-malate dehydrogenase, or that flavin adenine dinucleo­

tide was required for maximum transpori stimulation (Barnes. 1972) •• 

Membrane veslc1es of E. coli, B. subtilia and a Pseudomonaa sp. 
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transported D-lactate, L-lactate and succinate in the presence of 

an electron donor (Matin and Konings, 1973). Four e1ectron donors 

were tested, L-glutamat~, D-1actate, L-lactate and succinate. In 

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. coli and the Pseudomonas sp. NADH, L-

lactate and D-1actate energized the transport of succinate, while 

NADH and succinate energized the transport of D-1actate and 4-lac-

tate. At concentrations of D-1actate, L-lacta~e and succinate in the 

micromo1ar- range, little transport occurred unless an additional 
t. 

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

at high concent~ations these compounds May provide the energy for 
• 

their own transport. This point w,s technically difficult to test. 

Vesicles prepared from P. aeruginosa were found to actively 

transport gluconate, but on1y if during the isolation the use of Tris 

and ethylenediaminetetraacetic acid ~as avoided. Thus, a new proce-

dure for membrane isolation was deve10ped by Stinnett et al. (1973) 

involving osmotic 1ysis of cells treated with LiC! and lysozyme., 

In thes~ pr~parations active gluconate transport occurred via a 

flavin adenine dinucleotide-linked L-malate dehydrogenase and via 
\ 

a D-g!ucose dehydrogenase. 'l1l.e authors c1aim credit for the first 

demonstration of a physiologies1 role for glucose dehydrogenase. 

8 
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Mechanism of energy coup.ling to active transport 

a. Genera Z. 

Since the cytoplasmic membrane is permeable al10wing simple 

diffusion~(Wilbrandt, 1954), Cohen and Monod (1957)' have sugges~ed 

thât at the steady state there ls a balance between active uptake 

and leakage of the substrate. The coup1ing 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. Early experiments by Winkler and 

Wilson (1966) showed that metabolic inhibitors reduced the Kt of 

exit of B-galactosides from cells of E. coU. whereas the Kt of en-.. 
trance remained constant. Manno and Schachter (1970) developed a 

rapid procedure 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 oo1y to havena 

" decreased maximal velocity, but to show an increased Km for influx. 
, 

Kaback and Bames (1971) found lactose accumulation in vesicles of 
, 

E. coli to represent an equilibrium state between influx and efflux 

~ 
at a variety of temperatures. Temperature-induced efflux and KCN-

induced efflux showed an apparent affinity constant which was about 

sixt Y t1mes higher than the affinity constant for influx. 
~ 

That e1ectron flow ls the ultimate source of energy for tr8l,ls-

port has been weIl establ1shed. How the flow of electrons through 

, .. 

~/ ______________________________ t 
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the cytochrome system is coupled to transport i8 still controversial • 

Three possible mechanisms are through cation gradients, through h!gh 

energy phosphate bond intermediates~ or by a novel new mechanism 

suggested by Kaback and Barnes (197l) concerning a redox carrier 

protein. 

b. The raedox aamero aonaept; 

Kaback and Barnes (1971) presented the fo11owing scheme fat D-
~ 

laétatte dehydrogenase coup1ed transport systems in E. aoU: , 

-- - ---------- - ~ 

f:v;t . r;v:obY' 
OX~OKÀ 

I·~N:"':::::=--= Q)UOllED .~---

/1 

;

// )ow Km 

OUT / , OUT 

PYAX~O~RED;Y" ~1~H.~",-PYRXREDv1. ~OK 
'fp H St1 yto~ __ '___ _ fp ~~bt 

o LAC OX O!- O-LAC OX O-.X_--:=: 
IN REOUCEO REDUCED IN 

,\ 

, The basic premise in" explaining how e1ectron flow cou1d be coupled 

to transport is that a re~ox carrier ptotein is coupled be~een a 
li 

flavoprotein and cytochrome b 1- The carrier ie shawn to erlst in 

either a high'affinity (oxidized) etate or a low aff1nity (reduced) 

state. Electrons frOJll D':"lactate vere hypothes1zed 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-

tian of the disulfide by cytochrome bl and ultimate formation of 

H O. When the substrate concentration inside the &e~brane became 
2 

high enough to saturate the reduced form of ~he carrier the rate of 

influx and efflux would be equal. To explain carr1er mediated efflux 

in energy poisaned ~mbranes it was necessary to include in tne 

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

"vibrate" • 

.~ 
Experimental evidence for the model is based primarily on the 

lack in correlation between the rates of oxidation of varlous elec-

tron clonors and transport, artd on the effect of inhibitors on influx 

and efflux. D-1actate, NADH and succinic dehydrogenases were shawn 

to couple thr.ough different f1avoproteins to cytochrome bl (Barnes 
... 

\ -
and Kaback, 1971). Since D-lactate was the primary electron donor 

for transport, the carrier was positioned in the branch fram the 

~ain chain between D-1actic dehydrogenase and cytochrome bl. Further 

positiorling of the carrier and evidence on its redox nature vas 

obtained using inhibitors. It was found that only,inhibitors acting 

after the D-lactate jflavoprotei~ caused efflux. In other vords, 

reduction of the respiratory components between D-lactate dehydro-

genase and cytochrome bl caused lactosè efflux. Amytal, an inhibitor 
~ 

.-
at the flavin level, and oxamate, an inhibitor of D-lactlc dehydro-

Il 



genase, caused litt1e or no efflux. Consequent1y, the carrier was 

positioned between f1avoprotein and eytoehrome bl. Inhibition of 

transport by PCMB was reversed by dithiothreito1. Furthermore, 

PCMB inhlbited 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 vesieles of E. aoli that far more D-1aetate 

is oxidlzed than glueose-6-phosphate transported (Dietz, 1972). In 

fact, Kaback and Barnes (1971) reported that the Vmax for the D-1ac-

tic dehydrogenase cao account for the sum of the Vmax values of aIl 

the transport systems found in the membranes. More recently the 

model presented was found to require slight revision, sinee Hong 
1 

and Kaback (1972) isolated mutants able 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-

piratory chain. 

c. Bigh eneI"gy phosphate acmpounds 

In cel1s of E. aoli treated with cold Tris-HCI buffer to deplete 

them 'of intracellular nucleotides and K+, a stimulation of the lac-

tose transport system was obtained by adding purine nucleoslde tri-

phosphates, especia11y ATP (Scarborough ét aZ., 1968). Klein and 

Boyer (1972) concluded that cella of E. ooU actively transport cer-

tain amino acids. carbohydrates, and catiqns using either oxidatlve 

12 



energy or phosphate bond energy. Their conclusions were based on 

studies where ATP levels in cells were dramatically lowered by 

inoubation 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 Bames (1971) model, since that model does not exp1ain anaerobic 

transport. One may argue that a physiological electron acceptor is 

functional in place of oxygen in facultative anaerobès growing in 

the absence of oxygen. However, a transport mechanism in strict 

anaerobes based on the model for 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-Iactate or by substrate level processes 

driven by glucose. 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 tzosenate but not to 

cyanide, and required a functional ATPase. In c trast to ~roline, 

the transport of glutamine was driven direc y 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-1actate dehydrogenase and electron transport vere found 

, 

1 
; 
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• to transport proline and alanine normally (Simoni and Shallenberger, 

1972). Muta~~ defective in Ca, Mg-stimulated ATPase were also 

defective ~ proline and alanine transport. These results clearly 

\. .J 
showed transport in E. aoLi cells could occur in the absence of 

D-lactate oxidation or electron .flow. ;l'he authors suggest that 'in 

vesicles the Ca, Mg-ATPase May in sorne mysterious way "couple elec-

1 tron transport energy directly to active transpor't without going 

th rough A TP" • 

B-galactoside accumulation in mutants of E. aoLi defective in 
• 1 

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

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

Conviftcing evidencQ against the involvement of high energy 

phosphate co~pounde in prolrhe transport into elect~ransport 

particles of-~. phLei has been presented (Hirata et aL., 1971). 

When depleted of coup1ing factor the particles tould n~t 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 the'ory 

This theory has arisen largely ~rom the finding that uncouplers 

of oxidative phosphorylation block many transport processes. The 

inhibition of galactoside tran~port by 2,4-dinitrophenol W88\ ex-

plained by Mitchell (1963) in his cheudos1llOtic hypothesis as an 

14 
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effect of the uncoupler to allow pro~ons to diffuse across the 

lipid membrane. He th~ formûlate,d the idea of proton-sugar sym-

port. As ATP is hyd~~lyzed by the Mg-dependent ATPase protons 

are ejec~ed giving rise to a proton gradient across the membrane •. 

It is this potential which Mitchell (1963 and 1970) suggested 
.. 

could main tain the concentration gradient of sugar. The energy 

required for transport would be dbtained from the passage of a pro-

ton in the same dirêction as the lactose mo1ecule down its e1ectro-

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

lactose porter is a proton"symporter". 

The effect of un~ouplers on transpor,t is not an effect on 

alteration of ATP levels in the cell (Harold, 1972a). Active trans-

port of many solutes is abo1ished by uncoup1ers under anaerobic 

conditions, yit 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 (Barne~ and Kaback" 1970). 

West (1970) eva1uated the tneory of Mitchell in E. ~Zi in 

relation to lactose transport as follows. In métabolizing cells if , 

protons flow into the cell during transport, then an equal flow of 

protons out of the cell'should oc~ur becayse of the flow of elec­

trons down the respiratory chain and the ATPase. When lactose was 
i' 

added to the cells protons were taken up by parenta; cells but not 

by a mutant lacking the permease. The floW of protons was roughly 
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proportion al to that of lactose. Energy uncoupled transport mutants 
JJ. 

were isolated which showed a lower ratio of proton to a-galactoside 

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

Harold and coworkers have studied transport in Streptococcus 

faecaliB. The organism 1acks cytochromes and the capacity for oxi­

dative phosphory1ation, ob{;ining energy from glycolysis and argin-
~ 

ine degradation (Harold, 1977b). 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 col1apsed the proton gradient and 

abolished active transport. 

Studies hy Eddy and Nowacki (1971) using ATP-dep1eted yeast 

+ cells have shawn proton uptake and K extrusion to accompany amino 

acid accumulation. In the anaerobe Streptococcus Lactis; which 

1acked oxidative phosphorylation and required the addition of a 

metabolizable substrate before active transport could occur, the 

;' 

active transport of thiome.thyl-B-galactoside was energized by net 

ionie movements (Kashket and Wilson, 1972). This was accomp1ished 

by adding valinomycin in the absence of metabolizahle substrates. 

+ The data supported the view that K induced efflux was associated 

with the entry of protons and the sugar into the cells vià the sugar 

transport carrier. 

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

• 

~ " 
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presence of D-lactate (Reeves, 1971). This observation does not 

account for active transport in the vesicle~, since lac~e or 

amino acids had no effect on the degree of acidification anQ since 

vesicles treated with phosphorylase leaked solute but still gave 

pH effects (Kaback, 1972). 

+ Na -dependent transport 

a. Mammalian 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 Na . and K are established 

+ by tt:,e operation of a Na, ~ATPase often called 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 

element. The mobile carrier was depicted as having, two separate 

+ + binding sites, one for Na and one for the ligand. Binding of Na 

to the carrier reaulted in a high affinity forro, while the release 

of Na+ at the inside surface of the membrane, where the Na+ concen-

tration was relatively low, resulted in ligand release. Evidence 

was presented for K+ 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 transpo~t (Kimmich, 1970; Schultz and Curran, 1970). How-

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

( 
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side of the membrane (Johnstone, 1972). Kimmich (1970) suggested 

that t~e 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 celZs 

+ + The requirement for Na and K for transport in animal ce11s 

has been extended to marine bacteria and recent1y to severa1 terres-

trial bacteria. + Tom1inson and Macleod (1957) found both Na and 

K+ to be essential for oxidation of added metabo1izable compou~ds 

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 K to be 

r~quired for transport of solutes into the marine pseudomonad and 

. into Photobacterium fi8cheri. 

The transport of certain solutes into several terres trial 

+ " bacteria has also been fotmd to require Na. Glutamate uptake into 

. + 
cells of E. coli was stimulated by Na (Frank and Hopkins, 1969), 

a1though Na+ did not specifically enhance succinate transport into 

'- ' 
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vesic1es (Rayman et al., 1972). Glutamate transport into cel1s 
d' 

and isolated cy,.top1asmic membrane vesic1es of B. Uchpniformis .. 
a1so markedly stimu1ated by Na+ (MacLeod et "'ai: , 19ï3). For 

<:) 
was 

" + anaerobic growth on citrate Aerobacter aerogenes requlred Na 

(O'Brien and Stern, 1969). The citrate transport system of Aero­

+ bac ter requires Na as does oxa1acetate decarboxylase, the proposed 

+ • carrier protein (Sachan and Stern, 1971)., In a study of the Na -

dependent melibiose permease system of SaLmonella typhimurium, 
a 

+ Stock and Roseman (1971) ,showed Na to cotransport with the soJufe. 

+ The possipi1ity of Na gradients being involved in transport was 

therefore suggested. Thompson and MacLeod (1973a) have shawn this 

not to be the case in a marine pseudomonad, since abolition of 

+ + both the Na and K gradients did not affect transport. Cotrans-

port was not tested by the latter authors. + In summary, the Na -
, 

requirernent for transport in terres trial bacteria, where present, 

+ seems less ~ecific for Na and is satisfied by a 1awer level of 

+ . 
Na than in the marine bacteria examined. 

Several bacteria iso1ated from tberumen have an ob1igate 

+ requirement for Na for growth (Bryant et al., 1959; Hudson and 

Caldwell, 1972). 

In the marine pseudomonad, kinetics of AIB uptake into the 

cell~ revealed Na+ to change the Km (Wong et al., 1969). This was 
+ l ' 

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

ity of an AIB, carrier proteine Simi1ar finding8 vere reported'~by' 
"''' 

JI 
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Halpern et al. (197~ for glutamate transport bi E. coli. A K+-

requirément for transport was a1so demonstrated by the latter 

c. Application of bisubatrate kinetica ta Na+-dependént trans-

popt 

1 
Graphic determination of the four parameters required to 

specify a bisubstrate reaction has been described (F1orini and 

Vestling, 1957; Dalziel. 1957). The initial rate equation relating 

these parameters is shawn below: 

,. A BAB 
V = l + !DL + 1. + Ks Km 
vI A B 1 AR _ 

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

1imiting Michaelis constants for A or B, and KsA represents the 

dissociation constant for A. The 1imiting maximum velocity is 

represented by V and the initial velocity as vI. With o~e sub-

strate concentration constant, the other is varied giving one, prim-

ary Lineweaver-Burk plot (Lineweaver and Burk, 1934) for each sub-

strate (graphs 1 and 2 in follawing illustration). l'wo secondary 

plots are then made from each primary plot as described in Mahler 

and Cordes (1971). As shawn in the f0110wing i1lùstration, a 
.ç:, 

hypothetica1 case for a bisubstrate mechanism invo1ving a ternary 
"1 

comp1ex, curves 1 and 2 in the intercept plot must inter'ect on the 

ordinate and have equa1 s10pea in the slope plot. 

1 
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The nomenclature used for reactions of two or more substrates 

is that of C1eland (1963). A reaction wi th NO substtates and two 

products ia a Bi ~i reaction. When both substrates must add to the 
1 

enzyme bef~re 80y products are re1eased the mechanism is called 

> "sequential". Such reactions are designated "ordered" if the sub-

strates must add in a def1n~te way and the products lea~e similar1y 
, 

and ar~~esignated "random" if the substrates do Dot react in any 
", 

deff,n1te orde 
/ 

.. 
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+ Recently Thomas and Christènsen (1971) app1ied Na -dependent 

t,ransport kinetics of ser1ne uptake in pigeon erythrocyte to a 

two substrate mechanism. Both primary Lineweaver-Burk plots were 
1 

linear and the sequentia1 reaction W8S apparent1y random. Prev-

ious experiments (Vidaver, 1964a,b).ha~ shawn similar effects in .. 
+ -

pigeon erythrocyte where two Na atoms cotransported with each -, 

glycine m01ecu1e. 

d. Isolation of transport components 

Fox and Kennedy (1965) first demonstrated the solubi1ization 

of a membrane bound transport component. Using the finding that 

N-ethy1 ma1eimide (NEM) irreversib1y inhibited the B-ga1actoside 

permease but on1y in the absence of B-galactosides, the authors 

deve10ped a}oa1-1abel technique to idetitify the NEM binding com-

ponent. So1ubilization with Triton X-lOO released this component 

whièh they called the M proteine The M protein was considered the 

pèrmease because it reacted with NEM, was induced by inducers of 

the Lac operon and bound B-ga1actosides. Also, the M protein was 

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

Membrane vesicles of E. coli when partially solubilized using 

Brij 36-T, re1eased protein components which bound pro1ine (Gordon 

et aL, 1972). The solubilized erude extraet vas passed through 

a Sephadex G-100 COlUDDl. Three 280 Dm ab·sorbing peaks emerged. 

AlI 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 (14C] 

proline binding. Many of the characteristics of the vesic1e 

transport system were observed for binding. Proline binding was 

lnhlbited by. PCMB and the inhibition was revers~d by dithtothrei-

toI. Electron transfer inhibitors and DNP did not inhibit. 

A second type of proteins'believed to be part of the trans-

port system 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 and are lacated externa1 ta the cytaplasmic 

23 

membrane (Heppe1, 1967 and 1969). The osmotic shock procedure was 

described for E. ~oli and related gram-negative arganisms (Neu and~, 
Heppel" 1964; Nassal and Reppel, 1966) and is as follows. Cells 

are suspended in 0.5 M sucrose containing ethylèn~diaminetetraace-

tate, centrifuged, and rapidly dispersed in cold di1ute MgC12' 

Several hydro1ytic enzymes and binding proteins we~e released from 

the cells, while the shocked ~ells 'remained viable growing in fresh 
c~ , 

medium after a lag phase. 

The sulfate-binding protein from Saùnonella typhimurium (Lan-

gridge et al., 1970), and the leucine-binding protein from E. ~oli 

(Penrose et al., 1968) have been crysta11ized. A second 1eucine-
• 

binding protein from E. coti, which did no~ bind either iso1eucine 
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• or valine was crysta1lized by Fur10ng and Wein~r'(1970). Recent1y 

the shock-re1eased proteins were discU8sed in a review (Kaback, 

1970) • 

Arguments in favour of these binding-proteins being involved 
1 , 

in active transport are as fol1àws: 

(a) osmotic shock large1y inhibited transport in the shocked cel1s 

with a simultaneous re1ease of binding protein; 
.. 

(b) transport~negative mutants 1ack the binding protein; 

(c) the'affinity constants for binding and transport are similar; 

(d)· the binding is revérsib1e: 

(e) Boos and Gordon (1971) have shawn the ga1actose-binding pro-

tein of E. coli to exist in two conformationa1 states. Fur-

thermore, over the c'e11 growth cycle the degree of gà1actose 

binding protein synthesized c1ose1y para11eled the transport 

capacity of the ce11 for galactose (Shen and Boos, 1973). 

This ~vidence has not estab1ished the exact location of the ~ind-

ing proteins in the ce11 or their exact Eunction in the transport 

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

favour of theirparticlpation in active transport • 

• 
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MAT E RIA L S and METHODS 

Organism 

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

has been classified as a PseudOmonas sp. type IV by the Torry 

Researèh Group, Aberdeen, Scotland. Recently, Baumann et al. 

(1972) classifted this organism as an Alteromonas marinopraesens 

strain 214. A number of variants arise during growth on labora-

tory media (Gow, Ph.D. Thesis, 1973). In this study the rough 

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

Growth Medium 
•• 

Cells were grown in a medium consisting of nutrient broth, 

0.8%; yeast extract, 0.5%; MgCI2, 0.026 M; KCl, 0.01 M; and 

Fe(NH4)2(S04)2, 0.1 mM. The culture was maintained by monthly 

transfer to slants of medium containing 1.5% agar. 

- Cel! Growth ; 

\ 

Cells were gro'iiilb by the procedure of DeVoe et al.. (1970) re-

sulting in a high yield of late-1og cells. Cells stored at 4 C 
ç 

on an agar slant were inoculated into 10 ml of broth medium in a 

50 ml Erlenmeyer flaak. After growth for 8 hours, the flask ~on- , 

tenta were used to inoculate a 250-ml volume of broth medium con-

tained in a 2-1 Erlenmeyer flask. Mte.r a 5 hour growth intenal, 

40-ml aliquots of this latter culture vere transferred to fresh 
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250-ml samples of medium and tpese vere incubated for 5 hours. 

At each step broth cultures were incubated at 25 C on a,rotary 

shaker. 

Complete Salts 

Complete salts-Tris (CS-T) refers to a salts buffer solution 

comprised of MgS04, 50 mM; KCl, 10 mM; Trizma base, 50 mM adjusted 

to pU 8.3 with HCl; and NaCI at indicated côn~entrations. 

Membrane isolation 

Following the finalS hour incubation the cells were harvested / 
,/ 

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, re~uspended into the same volume 

of 0.5 M sucrose and centrifuged immediately. The resulting cell 

fo~ have been called mureinoplasts, sin~e they still retain the 

peptidoglycan layer (DeVoe et aL., 1970). Mureinoplasts were then 

converted to protoplasts by resuspenslon lnto CS-T containing 150 

lJg lysozyme ~er ml. Protoplast formation was routinely checked by 

phase microscopy", however, throughout over 100 membrane preparations 

protoplasting'vas judged vell over 90% efficient vlthin 5 min or 
\ 

less. Protoplasts vere _collected by centrifuging at 10,000 x g at 
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t 
4 C, and resuspended into CS-T using a glass tissue homogenizer. 

This mate rial was then passed through a Frençh pressure -ce11 

(American Instru~t Co., lnc., Silver Spring, Md.)(.at 15,000 to 

16,000 lb/in2 direct1y to a precoo1ed CS-T solution containing 

lysozy~ (150 ~g/ml), deoxyribonuclease (50 ~g/m1), ~d ribonu-
# 

c1ease (50 ~g/ml). ' Materia1 sedimentable within 10 min at 4,080 

x g was discarded.' The supernatant ~as ce~~fuged at 75,000 x 

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

twice with CS-T. The product was primari1y vesic1es (Martin ~d 

Macleod, 1971), which were pigmented a deep pink. These vesicles 

when resuspended into CS-T (a glass homogenizer had to be used) 

to ~ optica1 density of 0.450 using a Spectronic 20 (1 cm 1ight 

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

During vesic1e isolations CS-T contained either NaC1 (75 mM) 

or LiC1 (200 mM) in place of the NaG1: Care was taken during the 

isolation to keep the materia1 cold whenever possible. 

Yiable cell counts in vesic1e preparations 

The number of viable ce11s was determined by spreading dilu-

tions of the membrane preparations on a solid medium containing 

the same components as that used to grow the organisme 

Transport 88say using Vesicles 

Membranes adjusted to 20 mg/ml were added in 50-~1 amounts to 
~ 

a series of serologicsl tubes stored in iee, each tube correspond-/ 
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• ing to one transport as say • 
.../ 

Where potential inhibitors were 

tested,solutions of the compounds in CS-T were added in a yolume 

of 50 ~l. In tubes without inhibitor, 50 ~l 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 

~l either of the energy source in CS-T or CS-T alone was added, 

followed immediately by 20 ~l 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 170 ~1. Energy sources and inhibi,­

\ 
tors were added at molarities recorded in the legends based on the 

final volume of the assay. In most experiments NADH, ethanol and 

ascorbic acid (neutralized with Tris) werejsdded at 25 mM; TMPD 

at 150 ~M and PMS at 100 ~M. Following the addition of label, the 

tube was incubated for specified times and the reaction mixture 
, 

diluted with 0.4 ml CS-T. The suspension was filtered quickly and 
~ 

washed 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-[ 14C]a1anine was 1.8 ~ 

and,either 156 or 173 ~Ci/~mole. In other experiments the details 

aTe given in the legends. 
.r' 

Transport assay using cells 
~ 

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

28 

Separa te cell pellets were resuspended to 200 ~g dry weight ~e1l8 , 
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per ml. Resuspension fluids consisted of CS-T varying the NaCI . 
concentratton for each pellet as desired and including chloram-

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

using 0.5 ml of cell suspension per serological tube. The sequence 
1 

of additions was as describ~d for ve~cle transport. Following 

uptake of the labeled s~bstrate the entire tube contents were drawn 

into a Pasteur pipette (as in the vesicle assay) and filtered using 

0.45 ~ Millipore filters. Filtere~l1s were washed with 5 ml 

CS-T (NaCl 200 mM). 

Radioactive counting 

The filters in vesicle and cell assays were dried slowly w~th 

an infra red lamp and counted in a Nuclear Chicago I~ocap/300 

liquid scintillation spectrometer using 5 ml scintillation fluid 

(5 g 2,5-diphenyloxazole/l toluene). Samples were counted with an 
, 

efficiency of 87% for €arbon-14 and 65% for tritium. 

Recording transport data, 

Results from duplicate assays were averaged. Using the calcu-

lated specifie activity (Wan~ and Willis. 1965), transport was 
" 

reported as either pmoles or ~les of amino acld per mg dry weight 

of vesicles or cells. Since uptake of AIB or L-alanine into cells 
, 

and vesicles was linear f.or at least the first minute at the con-

centrations used, initial 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 resuspend7d into salts-chloramphenic~l solution as 

\ 
previously described. L-alanine (1 x 10-5 M, 14.2 ~Ci/~mole) or 

ArB (1 x 10-~ M, 0.78 ~Ci/~mole) were added to the cells. After 

vortexing, a time of 1.0 min was aliowed for the cells to take up 

the amino acid. "At this point the cel1s were filtered and washed. 

A total of 6 filters were immersed into 35 ml of ho~ water contained \ 

in a ,0 ml Erlenmeyer flask and the flask immersed into boiling 

water for 20 min. The fluid containing cell debris was spun at 

39,000 x g for 30 min. Extraction efficiency wss calculated by 

counting samples of the supernatant fluid and of the pellet resus-

pended in wate~. Extracts were flash evaporated at 50 C to approx-

imately 2 ml, and desalted by passing through a column of Ion 

Retardation Resin AG Il AS (BioRad) with bed dimensions of 0.9 cm 

x 20.5 cm and equilibrated with water (flow rate 9 ml/min). The 

entire extract was applied to the column and 5.0 ml fractions 

collected. Each fraction was tested for CI- with AgN03 and 0.1 ml 

counted for radioactivity. Most o,f the radioactivity which cou;ld 

be recovered emerged in the first few fractions and Cl- was not 

found in these fractions. Fractions containing radioactivity were 
f 

pooled and concentrated to about 0.5 ml by flash evaporation. 

Aliquots of these final concentrates were counted for quantltatlon 

of radloactlvity spotted on thin layer plates. 

Glass plates (20 x 20 cm) were spread with Cellulose powder 

30 
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(MN 300) 300 ~ in thickness. Extracts and standards (about 2,000 

DPM) , vere spotted and the plates developed by two dimensiona! 

chromatography (Jones and Heathcote, 1966). The first solvent was 
., 

propan-2-ol-formic acid-water (40:2:10, v/v) and the second vas 

t-butanol-methy! ethyl keto~e-ammonia-water (50:30:10:10, v/v). 

Each developed-plate was spotted vith marker radioactive material 

and placed in intimate contact with X-ray film (RP/SX-Omat, rapid 

processing medical X-ray film, RPS-2, KOdak

t
. After two weeks . 

",._\ 

exposure time in a dark room, the film was eloped using the 

facilities at the Ste.-Anne-de-Bellevue Vet rarts 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 adsorbettt 

vere marked and r~moved to counting vials. Samples were counted 

using aquasol (a product of New England Nuclear Corp.). 
~ 

The metabolism of L-alanine by vesicles was determined in a 

similar manner to that described for cells. Uptake assays were 

performed using 1.0 mg membranes per assay, 1.8 ~M L-a1anine (156 

~Ci/lJmole), and 2 mM ethanol as energy source. Hot water extrac-

tion foll~ed a 10 min uptake interva1. 

Cytochrome analysis 

A Phoenix dual wavelength split beu sc81'tning spectrophotometer 

was used tO'obtain difference spectra as descrlbed by Chance (1953) 

/ 
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and by Chance and Williams (1955). Potential ele~tron donors and 

~nhibitors were added as described in figure legends, giving a 

final volume of 3.1 ml. 

Oxygen uptâke 

J. J; 
Oxygen c"onSU1Jllltion measurements were performed using a Clark 

electrode (Table 12) or a Beckman electrode, connected to a Heath 

recorder. Reaction mixtures Were prepared as for cytochrome 

analysis in 3.1 ml, added t~ an enclosed chamber made from plexi-

glass. 

ATP assay 

The various energy sources were added at the conçentrations 

used in transport assays to tubes containing 3.8 m~ membranes in 

a finai volume of 0.6 ml. After 1.0 min, ATP was extracted with 

boiling Tris buffer (50 mM, pH 8.3) and assayed by the luciferin 

luciferase reaction (Ho lm-Hansen and Booth, 1966). 

Estimation of intravesicular volume 

The double label technique of Hunter and Brierley (1969) was 

used with sorne modification. Approximately 3.5 pCi of [14C]inul~ 

/' 
and 10 ~Ci of 3H20 were added to 

., 
7.5 ml. CS-T (NaCl 75 mM). After 

" 
>-'" 

~-- ---............ ~ ~ 
75 mg memliranes in a volume of 

--....~ - '< 
" '\ 

incubation for :3" diin witn occa­
'It, 

donal mixing the membranes "were spun at 36,000 x g <Îmax> for 

10 min to obtai~ a tightly packed pellet. The wet weight'\Tf''<~e 
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( 
pellet was determined and assumed to be its volume. The membranes 

in the pellet were resuspended and diluted to 2.0 ml with' 1.0 M 

nC104, memb;ane debris was removed e by centJ"ifugation and thè radio-

activity of the- supernatant was determined. Correction was made . 
(" 

for over1ap of 14C int~ the 3H channel. 
, .. 

Intravesicular space was 
• 

taken as the difference in space penetrated by 3H20 and by [1 4C] 
~" 

inulin. -
+ + Quantitation of Na and K 

, :f- + 
Determination of residual Na and K in membrane and ce11,prep-

.) arations was performéd as fo11ows. Samp1es were digested with HN03 

and HCl04 (Sanui and Pace, 1959) using Vycor diges'tion flasks as 

described by Rayman (Ph.D. Thesis, 1970). Pellet digests w,ere re-', 

suspended into distilled water. 

, + 
Supernatant fluids and pellet digests were ana1yzed for Na 

+ and K ~ing.a SP 90 Unicam f1ame emission spectrophotometer. 

:> 

~' + + 
Corr,ection was made for tIte effect of Na on the K assay. Reference 

standards were purchased from Fisher Scientific Co. Before use in 
) 

the assays, glasswafe was soaked overnight in,a solution of sulfuric 
) 

and nitric acids (2:1, v/v), ànd thoroughly rinsed with glass dis-

tilled water. 

, + 
Attempt to demonstrate Na and AIB co transport 

a. Fi Uer aBsay • ., 

~ 
Cells were washed once in a solution comprised of NaC1, 300 Rf; 
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• mM; and Tris buffer, 50 mM, pH 7.2. A thick celI sus-

the above salts solution, and :1ncubated 

Uptake assays were performed using 50 ml 

flasks each containing 5 ml of a solution of the follow-

LiCl, 200 mM; MgSO~. 50 mM; Naèl, 47 DM; and Tris, 50 

, pH 7.2. 

For demonstration of [P+C]AIR uptake, the 5 ml salts were 

supplemented with AIB (ISO ~M~ 1.0 ~Ci/~mole). At zero time cells 

+ vere quickly added to give 1.0 mg dry weight per ml (Na carry over 

vas 3 m~), and o. ') ml sanrples were filtered at intervals. Rapid 

filtration of 0.5 ml vas obtained usin~ Millipore pre fUters with-

out any 0.45 ).J filter. [Cells were"reproducibly retained by these 

filters to 80~ of control values, as determined using labeled 

cells and filtering on prefilters with or without an underlying 

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

added containing KCI, 200 mM; MgS04, 50 mM; and Tris, 50 mM, pH 7.2. 

-
For 22Na uptakes two flasks were used, eacli ~taining 5 ml 

of salts and one containing 150 pM [14C]AIB. Each flask contained 

-
5 ).JC~, 22Na. The aasay vas begun by adding 1.0 mg cells p~r ml. 

Filtration and washes were as for [14C}AIB uptakes. 

2~Na was coÙnte<l,. with an efficiency of 5% iA vials Cbntaining 

10 ml water (Parker and Elrj..éÎ?, 1970). 

Il 
" 
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b. Thiak aeZZ suspension aSBay 

Cells were harvested and washed once in either 0.05 M MgS04 

or in CS-T (NaCl 200 mM, pH 7 ',5) in volumes equal to those of the 

growth medium. Thick ce Il suspensions were prepared by resus~ 

pending the pellets ioto CSiT (NaCI 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. Separat~ fla8ks contained 10 ~Ci 3H20, 4 ~Ci [14Clsucrose 

plus 9 mM [12CJsucrose, approximately 3.5 ~Ci [14Clinulin, or 5 ~Ci 

22Na. 'fuere required [12CJAIB was 150 ~M and [14C]AIB was present 

at 1.0 ~Ci. Approximately 60 mg dry weight cells, added as 4.0 ml 

of the thick ce11 suspension, were added to start the assay. 

Incubation was continued at 25 C with shaking. The contents of 

each Erlenmeyer f1ask were then transferred after specified times 

to 10 ml centrifuge tubes and centrifuged for 10 min at 36,000 ,x g. 

As described for the estimation of intravesicular volume, the 

superdatant fluids were removed, di1uted 10 times with 1 M HCI04, 

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

counted directly. 

, Equilibrium dialysis 

Binding activity of cel1 wall fractions was tested using two 

equilibrium"dialysis techniques.' In the first"case, citrate buffer 

(Gomori, 1955) containing 2S mM NaCl (7.0 ml) was placed in the 

• 
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tube followed by a small stJrring magnet. The extract (1.0 ml) 

was placed in boiled dialysis tubing (Fisher),/and this in turo 

was placed in the test tube. After 1.0 hour equilibration at 4 C, 

the amine acid was added as the undiluted isotope to, the fluid 

outside the dialysis sac. Incubation was continued (or 20 hours 

at 4 C. Outside fluid and the dialysis sac contents (0.2 ml vol-

urnes) were cotmted using aquasol. Quenching was corrected for by 

the Channels ratio method (Wang and Willis, 1965), and the ratio 

of DPM 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 usin~ plexiglass (Weiner and Reppel, 

personal commtmication).1 The chambers were separated by boiled 

diaJLysis tubing (Fishe!). 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 si~e. The unit was placed at 4 C with rotation for approxi-

mately 20 h?urs. Mixing was facilitated by adding a glass bead 

to each side of the chamber. From each side~~f the chamher dt! ml 

volumes were withdrawn and cotmted in aquasol. 

Sepharose chromatography 

A Pharmacia colunm. (K 25/45, 2.5 x 45 cm) was packed wiéta 

Sepharose '4B (Pharmacia, fractionation range 300,000 to 3,000,000 
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MW). One part of the Sepharose was diluted with two parts of water 

and pQured into the' column using a long glass tube as the reservoir 

(2.5 cm diameter). The packed column had a béd 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. 
~\ 

r 
\ 

Radioactive mate rials 

L-[U-14C]alan~ne was purchased from Amersham Searle (156 ~Ci/ 

~mole) or New England Nuclear (173 ~Ci/~mole). Tritiated-H20 (1.0 

mCi/g), 3H-AIB (235 ~Ci/~mole), [carboxy1-14C]inulin (2 mCi!g), 
.~ 

[carboxyl.14C]AIB (10.4 ~Ci/~mo1e), 22Na, and 42K'were purchased 

from New England Nuc1ear Corporation. 

A1coho1 dehydrogenase assay 

The méthod of Kersters and DeLey (1966) was used. Reduction 

+ of NAD in the presence of ethanol was measured ab 340 nm. Calcu-

lat ions were based on an extinction of 6.2 us~ng a 1.0 mM solution 

read at 340 nm and using a 1 cm light path. A mit of enzyme is 

defined as that enzyme concentration required to reduce 1 ~mole 

+ NAD per min. The detection limit was 1-2 unit~ per 100 ml using 

0.1 ml of extract in an assay volume of 1.0 ml • 

r,L' 
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RESULTS 
" 

S "E C T ION 1. 

MECHANISM o F T R ANS P 0 R T 

Filtration Assay 

Since Kaback and co-workers had demonstrated that isolated 

membranes of E. aoZi vesiculated and were able to cQncentrate amino 

acids and sugars, the possibi1ity was examined that iso1ated mem-

branes of marine pseudomonad B-l6 would behave in a similar ~nner. 

,Attempts t~ fi1ter membranes of the marine pseudomonad on 0.45 ~ 

Millipore fi1ters resu1ted in severe prob1ems with fi1ter alogging. 

For this reason Whatman #3 prefilters were used to over1ay Mil1ipore 

filters of vari~ pore diameters. It was found that a 0.8 ~ Milli­

pore fil ter overlaid with a Whatman prefi1ter gave rapid filtration 

of up to 1.0 mg dry weight of ~mbranes. To test for the retention 

of the vesic1es on this fi1ter pad combination, the experiment shawn 

in Table 1 was performed. The cells were, 1abe1ed by adding [ 14C] 

oleic acid to the growth medi'um (Nelson and Macleod, unpublished) 

and the membrane fraction isolated. Either 1.0 "g membranes were 

counted dlrect1y or 1.0 mg samples filtered and the filt'r pads 

counted.' The fllters used retained 90% of the labeled membranés and 

in 6 filtratlons.proved to be very reproduclble. Later it vas found 

" 
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RetenÙon of [14C]ol.eia aoid label.ed ve&ia~ using a fil.tration 
aBBay. 

Six "'0.1 ml volumes each containing 1 mg (dry wt) of [14C]olei~ , 
acid labe1ed 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. direct1y 
to filters and counted. 

Sample 

Treatment 

Not filtered 

Filtered 

Vesicles 

cpm/1ll8 

23,641 ± 591 

21,599 ± 240 

• 

'. Retention 

% 

91 

1 

t 

\ .. 

, 

.. 
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that Millipore prefilters were more absorbent than the Whatman 

paper dises and consequently these were used for mQst of the 
\ 

experiments. 

General characteristics of the Vesicle Transport System 

a. Uptake of L-aZanine by membrane preparations 
\ 

Using the filtration assay for transport ~t 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 th; vesicle transport system 

~en isolated membranes were exposed to L-[14C)alanine, they 

either bound or transported the amine 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 than five times as was 

the case in Table 3. The lab.ility 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. Optimwn temperatuPe for L-alanine uptake 

The effect of temperature on the uptake of AIB into cella of 

i 
/ 

,. 
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T A BLE 2. 

vptake of L~[14clatanine by membrane vesiclea. 
Uptake was measured by the filtration &8say using 1.8 ~M L-[14cl 
alanine in the presence of 2 mM ethano1. The ~no acid was 
added to the membranes at zero Ume and the 88say mixtures fil­
tered at various times thereafter. 

Uptak.e Ume 

... min. 

0.5 

1.0 

.. . 1.S 
. 

2.0 

4.0 

6.0 

10.0 

Uptake of Radioactivity 

.épm/mg membranes 

1,744 

2,767 

3,639 

4,212 

6,002 

7,683 

8,566 

-

.. 
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T A BLE 3. 

Loss in L-alanine uptakf3 aapacity of vesial.ea ovel" time .aompal"ing 
~ tùJo storage temperatuJtes. 

Uptake o~ L-[l4cla1anine (1.8 llM; 2 Dif ethanol) was measured be­
ginning alter five washes in CS-T, corresponding to zero storage 
time and taken as 100% uptake capacity. 

\ 

Time of storàge 

hours 

0 

12 

'. 24 

l 
, 

~\ 
\ 
~ 

"'.. 

Temperature of storage 

25 C 3.5 C 

% 

100 100 

37 69 

32 56 

• 
/ 
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the'marine pseudomonad hà$ heen presented (Wong, Ph.D. thesis, 1968). 

Uptake was best at 25 C with less activity at 35 C and still 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
o 

, 
for cells, although the membr~e activity was depressed more strik-

ingly at temp~ratures above 25 C. After exposure to 35 C for 10 

minutes the membranes flocculated and showed little remaining acti-

vit y for L-alanine uptake. 

d. Optimum pH for L-al.an.{ne uptake 

The optimum pH for ~ptake of L-alanine by both intact cells and 

membrane vesicles was pH 8.3-8.5 (Fig. 2). Intact cells were less 

subject to transport depression at pH values toward the acid side of 

pH 8.3 than were vesicles. For example, if the rate of transport 
, 

at the optimum pH is taken as 100%, at pH 6.0 intact cel1s still 

retained 58% of their uptake.activity while vesicles retained only 

25%. 

e. MetaboUsm of L-al.anine. 

Amino acid transport studies require that a distinction be made 

between transport across the membrane and subsequent incorporation 
. 

of the label. For this 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 

vesic1es. 

Following equilibration of vesic1es at the speci-

fied temperature for 15 min, 'L-alanine (1,8 ~, 156, 

~Ci/~mole) and ethanol (2 mM) were added. Uptake was 

terminated after 10 min at the temperature tested. 
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Fig. 2. Effect of pH on L~lanine uptake by (A) vesicles and (B) 
1 

-.} 

intact cells. 

Buffers were added Just before the addition of 

ethano1 (10 mM) and L-alanine. pH values were measured , . V A 

in reaction-mixtures prepared ~ were those used to 

measure transport, but with omission of the radioactive 

cOmpoWld. The pH remained constant for a period which 

éxceeded the 1.0 min a110ted for uptake. In (A) L-alan­

ine was 1.8 IJM and in (BI) 0.5 mM, 1.55 lJCi/lJmole. 

Citrate-phosphate buffer (Gomori, 1955) using the K+ 

salts, 0 0 
\ 

salts, " " 

/' 

+, 
ma1eate buffer (Gomori, 1955) uslug K 

-
Tris, 50 mM, adjusted with HCI" •• 
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cells. Hot water extract'ion of cells filtered after 1.0 min expo-

sures to either of the amino acids, yielded extracts containlng 

about 95% of the label. Column chro~tography of the extracts gave 

recoveries of 72% for the AIB extract and 25% for the alanine extract. 

Radioactivity not recovered remained firmly bound to the resin. 

The desalted extracts were subjected to thin layer chromatography 

and the results recorded in Table 4. The AIB extract gave only one 

spot, with ~f values which compared weIl with the standard. In 

contrast, the alanine extract gave three spots on autoradiography. 

If spot one is taken as alanine, ~hen only 27% 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 desaltina 
\ .... 

step, metabolism of L-alanine by the membrane vesicles was ~termined 

(Table 5). Extraction of radioactivity from fil ter pads containing 

the membranes was 88% efficient. On two duplicate' thin layer plates 

five spots'were found, number one spot having Rf 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 with only one 

sp6t, showing that the appearance of spots two to five were metabol-

ism pr6ducts and not formed as decomposition products during the 
. 

extraction. This finding allows the study qf L-alanine transport 

into membrane vesicles without the use of nonmetabolized transport 

analogues. 
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TABLE ---4.-
< 

-----' 
Tabulation of Rf vaZues fol' AIE and L-aZanine extmcted fl'9m ceUs of a marine p~eudomonad. 

Amino acid Sample 

AIB: 

f Standard :.-./ /-v--

" , 
Filter extract 

Spot number 

1 

1 

Rf va1uè 

Solvent 1 

.77 

.71 

. Rf value 

Solvent 2 

.22 

!20 

% radioactivity 
remaining as 
AIB or alanine 

100 

----- -----------------~-----------------
\ 

) 
L-alanine: 

Standard 1 .58 .12 
" 

Fi1ter ext'ract 1 .48 .15 27 

2 .39 .10 

3 .30 .09 

(, 

e 

~ .... 

~ 
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TABLE 5. 

Tabutation of Rf values fop L-aUznine extpacted from membpanes . 
• 

• 

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

Sample 

Filter extract, 

plate 1 

Spot 

number 

1 

2 

3 

4 
.. 5 

, 

~ 

1 

Rf Value Rf Value 

Solvent 1 Solvent 2 

0.59 0.10 

0.20 0.00 

0.42 0.00 

0.59 0.00 

0 .• 00 0.00 

% r adioac ti vi ty 
remaining 
as alanine 

(Spot 1) 

92 

----------------------------------
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 ~xtract, 

heated membranes 1 0.61 0.15 100 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ,-

Standard, 

L-alanine 

.. 

1 0.60 

\ 

~~ 

.:.. , , , 

o.n 100 

/ 
/ 

J... 
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If L-[14C]a1anine is transported by the vesicles and not incor-

porated into protein or otherwise changed then the accumu1ated amino 

acid should exchanpe with high leve1s of externally added L_[12C] 

alanine (Stein, 1967b). The results of an e~ment to test this 

are shawn in Fig. 3 where radioactivity was lost from the membranes 
of 

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

f. WhoZe ceZZ contamination of the membpane fpaction 

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

taminants in the membrane prepara~ions could account for the uptake 

activity recorded. The number of viable cells was determined by . . 
spreading dilutions of the membrane preparations on a solid medium • 
containing the same components as that used to grow the organisme. 

Plat~ counts established that the number of viable ce Ils present in 

a typica1 incubation mixture containing the usual concentration 'of , 

membranes did not exceed 2 x 10 3 èe'ns. Of these, 1 x 102 fai1ed 

\ + 
to grow on the plating medium containing no added Na and hence 

could b~ cel~of the marine pseudomonad. Separate expertments 

established that a concentration of at 1east 1 x 106 ce1ls of the 

J' 
marine pseudomonad were required per assay to demonstrate transport 

activity. 

g. Di8tinc;,ion berueer!- tpansporl OP b nding of L-aZanine by. mtm, 

bp<;Ples 

It has been shawn uslng , this organism that 
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Fig. 3. 
" 

Counterflow experiment showing displacement of L_[14C] 

~lanine by L-[12C]alanine. 

L-[14C]alanine at 1:6 pM was taken up by membranes 

in the presence of 2 mM ethanol. The arrow indicates 
J 

addition of 10 ~1 CS-T (Curv1 1) or 10 ~1 L-[12c]a1anine 

(2.6 mM) in CS-T (Curve 2). 
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c~lls preloaded with AIB exposed to 0.25% phenethyl alcohol (PEA) 

. + 
lose both their intracellular K and AIB (Thompson and DeVoe, 

1972). The ef!ects of. the alcohol were completely reversible and 

were correlated to structural changes within the cell envelope. 

These findings were applied in the present study to distinguish 

active transport of L-alanine f~orn the mere binding of L-alanine 

to the membranes. Membrane vesicles were allowed to accumulate 
< 

L-[14C]alanine to the maximum level. PEA was then added to the 

reaction mixture and the level of radioactivity associated with the 

membranes measured with time (Fig. 4). In the presence of the 

alcohol, but not in its absence, radioactivity was quickly lost from 

the membrane vesicles. When the membrane!; exposed to PEA wete 

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 ~as reversibly released from the vesicles 1 

ind,icating active transport. This finding did not say anything about 

the specifi~ity of the accumulation, however. It was necessary, 

therefore, \0 establish that the amino acid uptake into vesicles 
.... 

exhibited similar ami~o acid competition patterns to that found for 
• v 

i~tact cells of the marine pseudomonad. The results in Table 7 show . 

(1 
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Fig. 4. Phenethy~ a1coho1 (PEA) induced 10ss of L-a1anine from 

vesic1es. 

Vesic1es were a11awed to accumu1ate L-[14Cla1anine 

(1.8 ~, 156 ~Cl/~m01e) for 10 min in the presence of 2 

t mM ethan01. 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%. On the basls of an interna1 space 

of 0.4 ~l/mg membranes (Table 21) the interna1/externa1 

concentration of L-a1anine changed from ~O.9 at zero time , 

to 2.9 after 36 min exposure to PEA. 
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1 ~ 
Ib-.l Reversibi1-ity of thè effect of 0,.25% phenethyl alcohol on L-alanine 

, , 

" 

., 

, 
, . 

• 

'f' " 

and non-e 
tre vol 
f1uids. 

uptake in vesicles. 

10 mg) were exposeJ to PEA 'for lé min. These vesic1es, 
posed vesicles, were each dia1yzed against separatê 1-1i­
s, of CS-T over 2 hours, 'fith' one change of the dlalysis 
p kes were performed as in Fig. 4. 

~ 

Exposure to Uptake time 

PEA min 

2 

" 

pmo1es/mg 

- ,. 
0 9.9 14.9 ./ 

,;) 

+ 9.3,· 15.0 .. 
.. ' . 

. . 
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TABLE 7. 

Effect of non-radioactive currino acids on the uptake of L-[ lltc.] 
aLanine by membrane8. 

[12c]amino acids were added at 180 ~M 15 min prior to the add­
ition of 1.8 ~M L-[14C]alanine. Uptake was continued for 10 
min in the presence of ethanol added initially at 2-mM. 

[12C]amino acid 

L-alanine 

L-serine 

Glycine 

AIB 

" 

% 

-~ .'" / 

" 
inhibition 
of uptake 

90 

86 

60 

59 

58 

56 ' 

53 

26 

22 " 

5 

4 

\ 

D-alanine 

D-serine 

L-threonine 

L-valine 

L-Ieuci!1e 

L-proline 

DL-phenylalanine 

Glyc1namide 

• > 

.. 
0 

r 
Il, • 

"'" 

" 

a 
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that a number of amino aeids strueturally related to L-alanine did, 
~ 

in fact, inhibit L-[14C]alanine t~ansport intd the membrane vesi-

cles. Similar results for intact cells using [14C]AIB have been 

reported (Drapeau et al.~ 1966). acid systems and their over-

lapping nature in these cells have been much more thoroughly studied 

by Fein (Fein and MacLeod, unpuhlished). 

i. Requirement fop Na+ in amino acid trQnspopt into isolated 

membpanes 

Because of the data already shown it was felt 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 (~~w, Ph.D. the;is, 1973) nor will they trans-

port AIB (Drapeau and ~LeOd, 1963a). This finding allowed a 

further test as to t~ physiologieal importance of the isolated 

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

.n 

J 

'activity observed with isolated membranes. A highly specifie, require-

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

branes could, in faet, be demonstrated in the presence of either of 

two energyosourees (Fig. 5). As compared to the control (CQNT), 

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

Neither Li+, ~+, Rb+ nor Cl-'had any ahi1ity to replace this function 
+ 1 +_ 

of Na. The/level of residual'Na in th'e assay.medium containing 
r. 

-- membranes was d~termlned by fI me photometry after digestion to be 
1 
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1 
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Fig. 5. 
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+ Requirement ,for Na for the uptake of L-alaniue and ~IB 

by vesicles. 

Vesic1es.were suspended in ~g-K-Tris solution, and 

di1utedr.,with this same solution (Control) or with this 

solutivn conta~nin~ sufficient NaCl, LiCl, KCl or RbCl 
J 

to give 200 mM. L-[14C]a1anine, 1.8 uM, 156 ~Ci/umole 

(A); [14clAIB, 55 ~~, 8.6,uCi/~mo1e (B). Shaded bars, 

ethanol at 2 mM; hatched bars, ascorbate-TM?D. Elrct~on 

donors and amino acids were added in Mg-K-Tris solution. 

Following 5 min uptake in~ervals, vesicles were filtered 

and washed with CS-T so1ution containing Liel (200 ~) 

in place of NaCl. 
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1.1 mM. In the,expè~nent deseribed NaCl was added at 200 mM, since 
( 1 ., 

this was the e~eentration found optimum for AIB uptake into intact 

cells (Hong et/ al., 1969). It was considered necessary to quanti­
+ ' 

tate the Na required by the isolated system. This experiment was 

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

1) and by dialys 1s (Curve 2). 
J: 

The dia1ysis procedure was time con-

suming allowing t~ for activity losses, and gave more erratic 

results than by the t~e dilution technique. In contrast to the 

intact cella. the ~a+ O?t!:::um was found to be about 75 mH using 

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

of the energy source (ethanol) used to aetivate transport is shawn 

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

+ showed quantitatively sinilar Na concentrations for optimum activity. 

This 19 particularly :!nterestlng sinee reduced nfPD was found in 

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

Electron Donors for Tra~s~ort 

Recent studies vith intact cells of the marine pseudomonad have 
<!:; 

shawn that ethano! and various stralght chain a1coho1s st~ate . , . '.\ 

the concentrative uptake of-AIB (Thompson and MacLeod, 19~~ë;~A 
1 

comparison betweed various,potential energy sources for tta~sport . ,,,-, 
: \\, 

is shown in Fig. ,8. ~thanol stimulated L~alanine transpor~ into 
" \ 

~mbrane vesicles to an extent comparable to that obtained ~ith NADH 

or ascorbate-~D. !t vas observed previously that a cQnsiderable 
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.cr 
Fig. 6. Quantit~ive requirement for Na+ for L-a1anine uptake into 

vesic1es. 
" . + Vesicles prepared in tbe abse~ce of added Na were re-

exposed to this ion in two ways. In the tube 'dilution aasay 

~ (Curve If vesic1es ~ere diluted 1:1 in test ~ubes with CS-T ~ 

contain~~ficient NaCl to give the desired' concen~ration. 
, 

The di.alysis method (Curve 2.> allowed a slower addition of 

NaCl. Vesic1es in dialysis sacs (10 mg per sac) were dia-

1yzed 1 hour in CS-T containing the final aesired NaCl level. 

Each sac was dialyzed at 4 C ag~inst 1-1iter volumes changed 

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

llM) and ethanol (2 mM). 
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Fig. 7. Quantitative re~ponse to Na+ of L-a1anine uptake into ' 

f 

vesic1es. 
o - + 

Using the tube dilution method Na was added to 

vesic1es at the concentrations shawn. Uptakes were 

for l~O min using L-a1anine (1;8 ~M) ~d either ascor­

tbate-TMPD (Cu"';" il 'or 2 mM ethanoh(Curve 2). 
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Fig. 8. Co~arison of the abili~y of selected compounds to stimu-,. 
late the accumulation of L-alanine into vesicles. 

Curve 1, ascorbate-TMPD; Curve 2, ethMol at 25 mM; 

Curve 3, NADH; Curvè 4, as corbate-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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amount of L-alanine was taken up by vesicles in the absence of added 

electron 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 ~ncubation medium. As can be seen in Fig. 9, 

this amount of ethanol is capa61e of stimulating tra!1sport appreci­

ably and could" account for the. high level of ac.tivity obtained prev-

ious1y. The results in Fig. 8 were obtained with a radioactive L-al-

anine preparation from which ethanol had been 1 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 

slightly by the addition of KCN ~ Aiso shawn is the low activfty 

induced by ascorbate ... PMS or by ascorbate alone. 

Intravesicu1ar space was determined to be 0.7 ~l per mg of pro-

tein. This value is low compared to those reported 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'4S vesic1es. or to 

partial col1apse of these ve~ic1e-&- as a resu1t of centrifugation in 

the course of determining the intravesicular space. The latter 

possibility seems un1ikely and our intr~vesicular space correct, 

since L-alanine can he calculated on the hasis' of the above space 

to equilibrate across the membrane in the pre~ence of KCN (Fig. 8, 

Curve 7). The capacity of the vesic1es to concentrate L-a1anine 

in the presence of energy sources, expressed as a ratio of internaI 

, 

..1, 
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Fig~ 9. Effect of ethano1 concentration on the rate of uptake of 

L-a1anine by vesicles. 

Ethana1 additions were just before the addition of' 

L-[l~C]alanine (1.8 ~M), ~nd uptakes were measured after 

1.0 min. 
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to external concentration, is also shawn. It is evident that added 

electron donors produced concentrations of the amino acid in the 

" vesic1es whi~,were 30 to 40 times that present in the suspending 

.medium. 

Data had been'obtained .comparing various cornpounds for their 

ability to energize transport, prior to the discovery that ethanQ1 

could serve in this capacity. This data is shown in Table 8 and 

was obtained with 1-2 mM ethanol in a11 the assay systems. Conse-

quently, in the absence of any test compound considerable activity 

was observed. Of the cornpounds tested only NADH and ascorbate-

TMPD stimu1ated 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 on1y par-

tially activated by 1-2 uM ethanol. No stimulation was noted for 

D-lactate and D,L-n-g1ycerophosphate, cornpounds known, to be effective, 
'4-

respective1y, in vesicles of E. coli (Kaback and Mi1ner, 1970) and 

Staphylococcus aureu8 (Short et al., 19?2). , 

of A1cohol ener ized Trans ort 

In order to gain some insight into the possible mechanism of 

action of a1coho1s in energizing transport the a1coho1 specificity 

was tested. A1cohols tested for ~heir capaclty to promote transport 

(Table 9) showed a chain 1ength of at 1east 2 carbon atOllS to be 
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Effect of potentiaZ eZectron donoros and lTP on the uptake' of L-alanine 
and AIB by membrane vesic Zes . ~ 

Compounds were tested at 20 mM except ~or NADH at 25 mM, TMPD at 150 
~M, and PMS at 100 ~M. Uptake period,' 5 min. Uptakes were expressed 
as the ratio of the uptake in the' presence, to uptake in ,the absence, 
of an added test compound. L-a1anine, 1.8 ~M; AIB 55 ~M. 

1 

L-a1anine AIB 
Compound tested 

Uptake i Ratio Uptake Ratio 

! 
cpm/mg cpm/mg .. 

None 5,558 1.00 1,732 1.00 

NADH 9,554 1.72 5.496 3.17 

D(-)-Lactate 3,983 0.72 1,051 0.61 
': 

D,L-a-G1ycerophosphate 3,981 0.72 1,218 0.70 

Ascorbate-TMPD 15,100 2.72 5,667 3.27 

Ascorbate-PMS 
j 

2,593 r 1.34 0.47 2,321 

Ascorbate 4,836 0.87 1,279 0.74 

'lMPD 1,360 0.25 not tested « 
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 

{ 
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TABLE '9. 

Comparison of abiLity of variou8 aLaohols to energize L-alanine 
transport into membrane vesiales of the 11ICl.Pine pseudomonad. 

Alcoho1s tested at 25 mM were added to 'the membranes Just before 
L- [ 1 4e ] alanine. 

A1coho1 

none 

methano1 

ethano1 ~ 

1-propano1 

1-butano1 

I-pentanol 

2-propano1 

2-methy1-1-propanol/ 

2-~ethyl-2-butanol 

1,4-butanediol 

.. 

.' 

) 

Tra1\sport 

pmo1es/mg/min 

0.70 

0.73 

2.60 

3.04 
, 

2.90 

2.21 

1.43 

0.86 

(}~65 

1.04 
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essentia1 for activity. Transport with 1-propano1 and 1-butano1 

was even sli~ht1y better than with ethano1. A further increase in 
\ 
\chain 1ength beyond four carbon atoms, or the presence of methy1 

or hydroxy1 groups on the carbon atoms other than carbon-l, reduced 

L-a1anine transport stimu1ating activity. A close para11e1 exists 
J . 

between the transport promoting capacity of the a1coho1s observed 

here and the specificity of the a1coho1 dehydrogenase iso1ated by 

Kersters and DeLey (1966) from Gluconobactep. 

An attempt to energize L-a1anine transport by NADH generated 

+ endogenoùs1y by NAD , ethano1 and a1coho1 dehydrogenase (Sigma) 1s 

sho~ 1n T1h1e la. 

1ine transJort into 
/ 

This technique was effective in energizing pro-

Myaobacterium phlei ~lectron transport partic1es 

~ --- ___ '(Hirato et al. J 1971). 
- ----- " 

+ The addition of NAD and enzyme in the 

presence of ethano1 actua11y reduced the uptake of L-a1anine over 
/ 

that obtained with ethano1 a10ne. As can be' seen, this reduction 

was due to the preyence of the added enzyme. However, it was a1so 

possible that ~e' presence of the membranes interfered with the a1co­

ho1 de~ogenase reactioo. To test t~iS poS~ibi1ity two assays 

were set up as in Table 10 containing ~h~l, NAD~ and enzyme, 0 

either with or without membranes. The reaction was started by add-

ing the enzyme. After 1.0 min at 25 C the,vo1umes of each assay 

were di1uted 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. TItus the presence of med>ranes did not Interfere 
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1 

Effeat of aomponents of the alaohoZ dehydrogeruise reaatio~ on 
L-aZ~ine transport into membrane v~8iaZes. 

NAOH, NA:D+ and ethano1 were added at 2'5 mM. Enzyme refers to 
a1coho1 dehyd~genase (E.C~ 1.1.1.1.) added to give 6 ~g pro­
te in (1.06 In~rnationa1 Units) to the incubation medium. 

Addition 

Expe rimen t 1: 

~one 
NAD+ 
enzyme 
en zyme + NAO+ 
ethano1 
ethano1 + 
ethano1 + 
ethano1 + 
NAOH 

NA»+ . , 
enzyme 
NAD+ + enzyme 

Transport 

pmo1es /~g/min 

o·.n 
1.04 
1.08 
0.83 
4.16 
4.00 
2.34 
1.43 
3.90 

--------~------------~---------
Experi~nt 2: 
~ 

ethano1 
ethano1 + enzyme 

'NADH' 
NAOH + enzyme 
ascorbate-TMPO_ 
ascorbate-TMPD + enzyme 
e thano1 + NAOH-
ethano1 + NADH + enzyme 
et-hanol + NAD+ + enzyme ' 

4.65 
2.13 
3.83 
2.05 
2.38 
1.71 
5.31 
2.09 

~ 1.37 

• 
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~ with the production of NADH by the added alcohol' dehydrogenase • 

Since" the enzyme inhibited transport in the presence of'ethano1, 

NADH, ascorbate-TMPD or with combinations of ethanol and NADH, 

Table 10, it wou1d appear that the enzyme ls nonspecifica11y b1ock-

ing alanine uptake. 

Cytochrome ,Analxsis and Alcohol dehydrogenase Assays 

The findlng, that electron donors such as NADH and ascorbate-TMPD 

could energize transport of alanine into membrane vesicles (Fig, 8) 

convincingly 1inked electron flow to ac~ive transport. For this 
, 

reason, and because '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 peak:'s associated wi-th cytochromes È.. and ~ (Chance 

and Williams, 1955; App1eby, 1969) appeared at 560 and 552 nm, 

respective1y. An absorption maximum 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 t1'tose peaks from cytochrome 2. and 
/ 

cytochrome~. A1though not shown, the addition of ferricyanide 

added to ensure complete oxidation of membranes in the reference 

cuvette, had no effect on the dithlonite reduced 9pectrum • 

.. 
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Fig. 10. Analysis of respiratory components present in vesicles of' 

the marine pseudomonad. 

The OXidized-OXidize~da line was obtained by scann~ 

freshly aerated membranes (5.2 mg) present in sample 

ref~rence cuvettes. So ium dithionite (1.0 mg/~), 

ascorbate-TMPD, NADH and ethanol were tested by adding each 
1 . ~, 

ing 

and 

, 
to a suspension of vesicles and recording the scan after 

péak heights became constant. 
. 

The ethan01 scan was record-

ed 10 min after the addition of ethan01. The reduced-

reduced baseline was obtained by ad~g dithionite to both , 
p-

reference and samp1e cuvettes. CO ~as then.bubhled for 3 
\. 

min through the ,contents of the samp1e cuvett~ and the 

d~_thionite-reduced plus CO minus di thionite-reduced scan 

recorded. Curve 1,/ c!ithi8llite; Curve 2, ascorbate-TMPD 

(2.7 mM' - 16 \lM); .Curve 3, NADH .<7.7 mM); Cune, 4,' ethanol 

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

Curve 6, reduced-reduced; :Curve 7, oXidlzed-oxldized • 
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Wi~h ascorbate- .as the electron donor, cytochrome ~ was 

reduced to a slightly greater degree than with NADH. This suggests 

that the added NADH does not reach aIl of the available NADH,dehy~ 

drogenase coupling sites. Also, witH ascorbate-TMPD the 560 nm 

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

cating comparatively less cytochrome b reduction than had been 

obtained with NADH or ditbionite. This observation w~s verified by 
" .. 

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

c}uded that reduced TMPD couples primarily to cytochrome ~; however, 

cytochrome ~ was partially reduced. Either some electrons are 

donated from THPD directly to cytochrome ~, or a back flow of elec-

trons oc cura from cytochrome c. 'A back flaw of electrons from 
_./ , 

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

trougn at about 455 nm, tentatively identified as flavoprotein, was 
Q 

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

but did show up in dithionite and NADH reduced meubranes. 

Membranes of this organism do not contain detectable levels of 

cytochrome !. using our ~xperimental conditions. Peaks which could 

be attr~buted to this type of oxidase (C~tor and Ch~ce, 1959) were 

absent on reduction of the respiratory components by d1tàioôite, 
" 

ascorbate-TMPD, or NADH. Th; dithiOD:1te-l-èd~ced pl~ CO 'minW3 dithio-

... " nite-reduced spectrua shawn (Çu~ 5) ls, however, characteristic 
, 

of a cytochrome .!!" haring a peak st 415 Dm and s trough at 426 ma 
" 

/ 
0 .' 

, " 
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(Castor and Chance, 1959). The 415 nm peak may be 10w because of 

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

\ 
Cons ide ring 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 donorr (Fig. 10, Curve 4). When whole cells were 

analyzed for cytoch~ome reduction (Fig. Il) it was observed that 

NADH and ethanol gave similar result~, 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 al., 1972). Unlike the cells, no 
' .. 

+ production of NADH was noted when ethanol and NAD were added·to 

the mempranes. Assays were performed using membranes poisoned w1th 

1. 0 mM KCN or suspended in the àbsence of any inhibitor. As shawn 

in Table Il, an NAD-li~ked a1cohol dehydrogenase was not released 

from the cells until they were broken open. Sorne release during 

protoplasting was ~ikely the result of 1ysi8 of a low proportion of 

the protoplasts. Assays performed using membranes po1soned with 

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

These results indicate a production of NADH on the addition of 

ethano1 to cells. the NADH formed by cytop1asmic alcoho1 dehydiô-

genase would be expected to cause the reduction of cytochromes b and 
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Fig. Il. Analysis of respiratory components in cells reduced by 

ethanol and by dithionite. 

Each cuvette contained 1. 5 mg dry weight of cella. 

Cells in reference cuvettes were oxidized with ferricy-.. 
anide. Scans were recorded,when peak heights remained 

: , 
constant. Curve 1, dithionite; Curve 2, ethanol (2.5 

mM); Curve 3~ no electron donor. 
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T A BLE 11. 

Release Of NAD-Zinked alaohoZ dehydPogena8e from cella of the marine 
pseudOmonad during membrane isoLation. 

Total units r~present the total enzyme released ~rom 375 mg cells. 

Assay mate rial Total units 

.,. 
Sonicated cell extract 43.7 --

~-

Sonicated cell extract + 1 mM KeN 34.9 

NaCl supernatant fluids none detected 

Sucrose supernatant flu~s none detected 

Protoplast supernatant fluid 12.4 

Membrane wash fluid 0.4 

Cytoplasmic contents 42.1 

Membranes (5.3 mg) + 1 mM KCN· none detected 
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c. In membranes not containing the cytoplasmic enzyme no cytochrome 

reduction would be expected. Previous data has, however, indicated 

a membrane bound alcobol dehydrogenase (Tablell). Two alcohol 

dehydrogenases have been observed in acetic acid bacteria (Nakayama 

and De Ley , 1965). One is membrane bound and is an alcohol-cyto-

chrome 553 reductase, while 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 

reduc4 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 i9 evident that NADH gave more oxygen uptake than 

ascorbate-TMPD, while the oxygen consumed was low when ethanol was 
.-/ 

the electron source. 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 upteke JWas fotnld with 

NADH it is possible to conclude that alcohol dehydrogenase activity 

in these membrane preparattons is quite low. 

j 
Oxygen uptake data shaw HOQNO to inhibit NADH induced uptake 

.. "" 
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TABLE 12. 

Rate of oxygen consumption by membranes of the marine 'pseu.d.onrmad 
in the p1'esence of vazoious enërgy sources and inhibitors. 

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

-membranes. 

Energy source 

None 

NADH 

NADH 

NADH 

Ascorbate-TMPD 

Ascorbate-TMPD 

Ascorbate-'lMPD 

Ethanol 

Ethanol 

Ethanol 

Methanol 

, 1 

Inhibitor 

None 

None 

HOQNO 

KCN 

None 

HOQNO 

KCN 

None 

HOQNO 

KCN 

None 

Oxygen COllllpmed 

ng atoms O/min/ut. 

) 

0 

56 

21 

4 
" 40 

37 

0 

2 

< 1 

< 1 

0 
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by 62.5% and ascorbate-TMPD induced uptake by only 7.5% (Table 12). 

Since reduced TMPD couples primari~y to cytochrome ~ (Fig. 10), 

• it may be deducted that HOQNO acts on the NADH dehydrogenase side 

of t~is cytochrome. That the site of HOQNO inhibition probably 
" 

lies between flavoprotein and cytochrome ~ is shawn in Table 13 

where the percentage reduction of the respiratory components by 

NADH vas compared in the presence and absence of HOQNO and K~. The 
.~\,. 

percentage reduction of flavoprotein by NADH was not affected by HOQNO 

while the percentage reduction of cytochromes b and c were about 
J-

equal and less than in the anaerobic control. In E. coli electron 

flow i8 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 ~. 

" 
Similar considerations lead to the conclusion that KCN acts at 

or near the terminal oxidase. KCN strongly inhibited both NADH and 

ascorbate-TKPD stimulated oxygen uptake (Table 12). Also, the per-

centage reducti~ of respiratory components by NADH (Table 13) was 

.similar whether recorded in the presence of KCN or in an anaerobic 

control. 

Effeet of inhibitors on uptake of L-alaoine 

Beeause of the low aleohol oxidase aetivf.ty in the mellbranes, 

the ~nvolvement of electron flow in ethanol ener~zed amine acid 

transport became of considerable interut. 'lbe P08sibility that 
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T A BLE 13. 

Effect of inhibitors on the percentage reduction of respiratory 
components under anaerobic steady state conditions usihg NADH 

as the etectron donor. 

Steady state values were determined using a split be~m spectro­
photometer. Reaction mixtures containing no inhibitor were 
scanned after anaerobic steady state w~ achieved. Steady state 
conditions were rapid1y obtained in the presence of either in­
hibitor. Values for per cent reduction were determined from 
peak heights or f1avoprotein trough, as compared to dithionite 
(1.0 mg/ml) reduced samp1es containing no inhibitors. 

Component Inhibitor added 

None HOQNO KCN 

% reduction 

Soret 65 18 59 

Cytochrome p- 71 36 67 
.... 

Cytochrome ~ 64 32 60 

Flavoprotein 60 55 50 
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electron flQW was perhaps not involved in alcohol driven transport 

was tested using variou~ inhibitors. 

The effect of replacing air with N2 is shawn in Fig. 12. Sero-

logica! tubes containing membranes were sea!ed with serum caps 

and flushed with N2 for several minutes. Either ascorbate-TMPD 

or ethanol, plus L-[ l.AfC]alanine, were added through the serl,lID. cafr 
, 

and transport measured with time. As compared to controls tested 

for transport with normal aeration (Curves 1 and 2), the N2 flushed 

samples gave lowered activity for ascorbat~-TMP~ or ethan~l. 

The effect of concentration of various inhibito~s is shawn in 
\ 

Table 14. Although an accurate Ki cannot be determined from this 

data, roughly 50% inhibition occurred for DNP at 3 mM, for KCN at 

0.5 mM, and for NaN3 at Il mM. Ouabain, an inhibitor of the (Na+ + 
+ K )- activated ATP'ase (Schultz and Curran, 1970), was found to 

show no inhibition. This ia conaistent.with the previous finding 
;po 

that cells of this organism lack an ATP'ase specifically activated 

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

The effect of a wider range of inhibitors on transport i9 shawn 

in Table 15. Inhibitions were similar both quantitatively and quali-

tatively when NADH or ethanol were the electron donO~8. Marked 

differences were apparent when ascorbat~TMPD energized transport. 

Transport was inhibited by HOQNO with either NADH or with ethanol 

but not with ascorbate-TMPD as electron donor. Both KCN and DNP 
~. ~, 
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Fig. 12. Effect of, a N2 atmosphere on L-a1anine uptak~ by vesicles. 

Membrané suspensions contained ~'in sero1ogicà\l t:"es ' 

were either-1eft open to the atmosphere or sealed with 

serum caps and f1ushed with N2 f~r 5 min. In the case of 

sealed,tubes subsequent additions were made by injection . 
through the cap •. Curve 1, air, ascorbate-TMPD; Curve ~ 

air, ethano1 at 25 mM; Curve 3, 4, N2, with ascorbate-TMPD 

or ethano1. L-alanine, 1.8 pM, 156 pCi/~mole. 
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1 TABLE 14. 

. 
'Effect of metabolic inhibitors on the uptake of L-[ l'+C]aZanine by 

membranes. 

Inhibitors vere added 15 min before the addition of energy source 
(ethano1, 1-2.mH) ~d L-[1~C]a1anine (1.8 ~M, 156 ~Ci/umo1e). Up­
take in this experiment was conc1uded after 10 min. Reaction 
mixtures contained OS-T, Na+ 200 uif. 

Inhibitor Concentration % 

nM Inhibition 
« 

DNP 10 82 
1 , " 40 
0.1 36 

KCN 10 87 
1 68 
0.1 24 

10 46 
1 14 
0.1 2 

PCMB 1 79 
0.1 39 

IAA 10 42 
1 6 

Ouabain 1 (-11) 

1 _ 

80 
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T A BLE '15. 

Effeet of metaboUe inhibito1'8 on the NAl)H, ethanoZ, and ascol'bate-" 
TMPD eneragiMd transporat of ~lanine into membrane vesieles of the 

, marine pseudOmonad. 

The nègative 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%. 

Inhibitor 

HOQNO 

KCN 

PCMB 

DMSO 

DMSO + 
va1inomycfh 

DMSO + 
. antimycin' A 

DMSO + 
rotenone 

\. 

Concentration 

mM 

0.02 

1.0 

1.0 

10.0 

10.0 

10.0 

\-Q.O 

0.1 

0.1 

0.1 

Electron donor added 

NADH Ethanol Ascorbate­
TMPD 

Inhibition of transport (1) 

65 

93 

96 

32 

88 

88 

30 

66 

76 

71 

68 

59 

90 

92 

22 

87 

87 

41 

71 

78 

78 

74 

(-11) 

96 

51 

(-14) 

(-26) 

90 

93 

(-22) 

(-4) 

(-23) 

(-25) 

, 

81 
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inhibited transport essentially completely with atl three energy 

soul;ces. The sulfhydryl inhibitors PCMB and NEM inhibited tr~s­

port essentially completely and iodoacetate partia11y, when NADH 

, or ethanol served as electron douars. With astorbate-TMPD,' PCMB 

inhibited transport only 50% and the other two compounds not ~t aIl. 

Several of the compounds tested stimulated L-alanine transport in 

the presence of ascorbate-TMPD. 

Dimethyl sulfoxide (DMSO) 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-'lHPD was used. The combinations with DMSO of valin01pycin( anti­

mycin A, and rotenone inhibitèd only slightly more than the DMSO 
l' ' 

alone when NADH or ethano~ drove transport, but were not inhibitory 

when ascorbate-TMPD was the energy source'., In a separate experiment 

ethanol was used in place of DMSO as soivent for valinomycin, ànti-

. mycin A and rotenone, again, no inhi,bition was observed with these 

c~ounds. 

As noted in Table 12, oxygen uptake vith NADH was inhibited by 

62.~ by HOQNO. This value compares weIl to the 65% inhibition of 

NADH stimulated - transport by HOQNO (Table 15). FurtherDtOre, HOQNO " 

did not inhibit trAnsport vith ascorbate.JOOD and inhibited ascor-

"bate-TMPD induced oxygen uptake by only 7.5% • 

. 
It has been shawn that 360 nm light destroys oxidative phosphory-
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lation in Mycobacterium phlei particles and that vitamin K2 can 

restore the activity (Brodie and Ballantine 1960; Kashket and Brodie, 

1963). Furthermore, membrane vesicles of B. Ziaheniformis lost 

transport activity on exposure to 360 nm light and the activity was 

recovered by adding vitamin K2 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 nm li~ht is shawn in 

Fig. 13. Because of the sensitivit1 of the mem6rane transport system 

to heat (Fig. 1 ) the irradiation was performed on membranes stored 

on ice. If 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 

resu1t to be expected if a quinone had been dêstroyed or damaged. 

Irradiated membranes were partially restored for transport by ascor-

bate-TMPD. As compared to ethanol and NADH, passing electrons 

direct1y to cytochrome ~ overcame about 14% of the inhibition by 366 

nm 1ight. In membranes of Aepobaatep aepogenes light of 354 nm was 

found to destroy ubiquinone primarily, but a1so in some caSê8 to 

alter protein structures (Koook and Planta, 1911). Furthermore, in 

B. liahenifo~8 FAD and FMN had to be added back in addition to 

quinone to restore full transport activity (MacLeod et al., 1973). 

~ These results do implicate electron flaw as the driving force 

for transport althougb the mechanism of coupling of electron flow to 

83 
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/ 

Fig. 13. LoBe of L-alanine transl'ort activity in vesicles on expo-
~ 

sure to '366 nm light. 

Vesicles (4 ml, 10 mg/ml) in a beaker of 3 cm inter-

naI diameter vere exposed at a dis tance of 5 cm to a 366 

nm source.~ The source vas I10v, 50-60 cy., 9 watts, made 

by Ultra-Violet Products, Inc. Uptakes vere BeaBured 

usin, 2 mM ethanol as energy source • 

.... 
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T A BLE 16. 

Effeat of tIze eZeatPOrl dono:ro on r'eaover-y of L-aZanine t:runspo:rot 

~ 
into ir:radiated vesiales. 

Vesicles i radiated with 366 nm llght in Fig. 13 for 120 min 
were teste for transport and compared to non-irradiated mem­
branes. Et ano1 2 mM; upt~e Ume 5 min. 

Electron Donor Irradiated 

Ethanol 

Ellhanol + 

NADH 

NADH + 

As corbate-'lMPD 

Ascorbate-'lMPD + 

~~ 

L-a.1anine 
uptake 

cpm/mg 

2,893 

862 

3,192 

953 

5,184 

2,302 

Inhibition 

% 

70 

70 

56 

85 

.... .-,! 

"~1 ': ~~~~r;i.X"~~_;1~~' ..... ~~;: 



transport ls unclear. 

Mechanism of energy coupling 

Several possible mechanisms exist for coupling of the poten-

~ia1 energy of e1ectron f10w through the respiratory chain to 

transport. One such possib11ity ie tbrough oxidative phosphory-

1ation. Scarborough et al. (1968) have implicated ATP in the 

transport of B-galactose into cells of E. aoli. In membranes of 

the marine pseudomonad neither ATP (T~ble 8) nor ADP p1u~ inorganic 

phosphate (Table 18) had 80y stimu1ating effect. More direct evi-
1-. 

dence for the 1ack of ATP effects in the membrane vesic1e transport 

system is shawn in Table 17. The electron donors able to stimulate 

L-alanine transport fai1ed to stimulate ATP formation. DNP, an 

t.mcoupler of oxidative phosphory1ation (Harold, 19728.) and an inhi-

bitor of L-alanine transport (Table 15), had litt1e or no effect 

on the amot.mt of )ATP fotm,d present in the membranes. lt should be 
~ 

emphasized that the conditions of tbe assay were the same as used 

tn transport assaye where no ADP or inorganic phosphate were added. 

Under these conditions electron flow appeared uncoupled from oxi-

dative phosphorylati~. 

A further point of interest was the finding that ethanol in 
\ 

combination with ascorbate-TMPD did not give additive effects On 

transport. 
., 
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T A BLE 17. 

ATP aontent of membrane preparations and L-alanine uptake into membrane 
vesicles in the presence and absence of eleatron dOnops and DNP. 

Dashes (-) indicate assays not performed. 

Additions 

Electron 
d9nor 

None 

None 

Ethanol 

Ethanol 

Ascorbate-
TMPD 

Ascorbate-
TMPD 

NADH .. 
Ascorbate-

l'MPD + 
Ethanol 

Inhibitor '-­
\ 

None 

DNP 

None 

DNP 

None 

DNP 

None 

None 

L-a1anine uptake 

pmo1es/mg/min 

0.88 

- . 
9.87 

11.14 

9.73 

14.22 

ATP 

pmoies/mg/min 

38 

35 

31 

26 

24 

23 

19 

29 

.. 

87 



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 hypothesls that the reduced form of the 

carrier mediated efflux was based on inhibitor studies in which 

on1y those inhlbitors acting an the terminal oxidase side of the 

carrier induced efflux. In the marine pseudomonad ~he inhibitors 

HOQNO, tAA and NEM do not give inhibition when electrons are donated 

direct1y to the cytochromes by ascorbate-TMPD (Table 15). Thus, an 

opportunity for testing the theory devised for E. ~oZi was appar­

ently afforded. 

Membrane vesicles preloaded with L-[14C]alsnine were exposed 

to various inhibitors,.and the level of radioactivity remaining in 

the vesicles determined at intervals (Fig. 14). It can be seen that 

those inhibi tors which inhibited uptake of L-alanine in Table 15 

also caused the release of the amino acid. With ascorbate-TMPD as 

eleetron donor, KCN, which prevented uptake of the amino aeid, alao 

caused its rapid release. POtB, however, which produced 50% inhibi­

tian of uptake eaused no IbOre release than compounds which did not 

prevent uptake. Certain of the inhlbitors caused an initial stimu­

lation of uptake of L-alanine whether or not they subsequent1y gave 

reiesse of the cOlipound. In a aeparate experi1lent (Fig. 15), DNP 

vas found to induce rapid efflux in both ethanol and ascorbate-1MPD 

systems. 
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Fig. 14. Effect of metabolic inhibitors on retention of preloaded -

L-alanine in vesicles. 

Vesicles were allowed to take up L-(14CJalanine (1.8 

~M) for 6 min at which time a steady state concentration 

in the vesicles had been achieved. Either 50 ~1 of CS-T 

or 50 pl 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 th, inhibitor at each' 

time interval. Ethanol, 25 mM. Inhibitor concentrations 

as in Table 15. Curve 1, no inhibi~or; Curve 2, NEM; 

Curve 3, LAA; Curve 4, PCMB;~Curve 5, HOQNO; Curve 6, KCN. 
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Fig. 15. Effect of 2,4-dinit~ophènol (DNP) on retent10n of pre-

loaded L-alanine in·v~Bicles. 

Conditions were as in Fig. 14. Curve 1, ascorbate-

'lMPD, no inhibitor; Curve 2, ethanol, no 1n'hibitor; , 

Curve 3, asçorbate-TMPD plus DNP; Curve 4, ethanol plus 

DNP. 

~\ 

/ • 
1 '. ~ .,. ~ . 



'---

'" ~ 
E ..... 
CI) 
CI) 

16 -0 
E .. ~ -
zl2 
0 

1-
Z 
W a t-
w 
cr: 
f- 4 

.. 
l&J 
Z ~ 

.,. 

0 
0 2 4 .R 8 10 

" >. MINUTE S 

• 

• 
) 

• 
, , 

-- ~ , " 



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-
/ 

pective of the point of inhibition. 

Lack of correlation between oxygen uptake and transport 
.. 

Previous experiments have shdwn ethanol to induce a low level 
;", .. 

of oxygen upt~ compared to ~ADH or 'ascorbate-TMPD~ yet to give 

the same rate and extent of transport. A lack in correlation be-
, 

tween rates ofaxidation of various substrates and their ability to 

activate transport was reported for E. "coli ve.siclés (Bames and 
'\ . 

1,,-') • 
,~ 

Kaback~ 1971)~ althqugh such dramatic effects as reported here were 
• 

not observed. A more detailed etudy ie shawn in Table 18. Ethanol 

induced about 4% as much oxygen uptake as did NADH or aecorbate-
, 

TMPD. yet promoted similar rates of transport. Of partfcular interest 

was succinate. The orldation of this compound was not appreciably 

coupled to transport. 

The site of action of transport inhibit:ora vas investigated by , 

spectrophotometric analysie of the membran~ cytochromes. In this 
~. 

experiment. the effect of various inhibitors on the red~ction of 

cytochromes b and ~ by ethanol is shawn (Table 19). Compared to a 

dithionite reduced control, at steady state~aerObic or in the . ~ 
presence of cyanide) only about 25% of the cytoéhrOIIIes vere reduced. 

, 
( 

( 
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TA BLE 18. 

\ 
.. 

O:1:ygen uptake and L-aZanine tzoansport j~d by V~oU8 compounds 
and inabi7.ity of ADP and, K2HPO .. ta erl8'l'giae t1'œt8ph'l't i'n membrane 

veaicl.es. " . 
" ., . 

Correction was made for oxygen consumption occurring with reduced-
TMPD ,in the absence of memranes. No 02 uptake occurred with the 
other compounds in the absence of membranes. Transport • was maa­
sured' after 1.0 min ustng L-alanine (O.3,mM, 5.3 ~Ci/~mole), and 
the transport values recorde'd were corrected for backgroUnd ob­
served in the absence of any added energy source. EnerJ)? sources 
2.7 DM, TMPD 16 ~M; K2HPO .. , l~ mM; ADP, 2 dl. ' 

Compound 

None 

NADH 

As corbate-'IMPD 

Ethanol 

Succlnate 

ADP + K2HPO .. 

$t 

Oxygen consumed 

ng a~oms O/min/mg 

0 

103 

.. 
74 

4 

46 

not tested 

Transport 

pmoles/mJ..n/mg 

0 

75 

92 

/ 

77 

4 

0 

" , 

\ 
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T A BLE 19. 

'Effect of ~tabolic inhibitol"S and anaB1'Obicfsis on the steady 
state zteduction of vesicle ztespirator']l components by ethanol.. 

Vesicles (12 mg d~ weight per cuvette) were mixed with the 
inhibitor (concentrations as ln Table 15) and ethanol (10 mM). 
Scans were recorded at steady state 60 min 1ater using ferri­
cyanide oxidized vesic1es as reference. Per cent reduct;1cm 

-by ethanol was determined'by comparison to dithionite reduced 
vesicles, based on peak heights. A trough at about 4 77 J nm, 
suggested to be f!avoprotein,was observed in the cont~l(no 
inhibitor) and in the cyanide treated vesicles. 

~ 

Reduction 

ln\libitor " 
Cytochrbme b Cytochrome c 

(560 peak) (552 peak) 

% 

None (anaerobic) 26 26 

~KCN 26 34 

HOQNO 7 13 
\) 

PCMB 2 " 3 

NEM 8 6 

IAA ~ 13 11 

., 
.. 

il 

" 
o 

93 

...... 
1 
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The inhibitor~ HOQNO, PCMB, NEM and IAA act before cytochromes È. 

and ~ since under anaerobic conditions the inhibitors partia1ly 
,;] 

prevented the reduction of both cytochromes'" lM, an inhibitor to 

the extent of only 22% with regard to ethanol energized transport 

(Table 15), was also less effective in blocking cytochrom.e ~ and ~ 

reduction than the other inhibitors used. A second experiment, 

shawn in Table 20, was performed using the same membrane prepara-

tion used in Table''119. Inhibition of oxygen uptake by several 

transport inhibitors was compared. Sorne of the inhibitors had 

considerab1y different effec~s dependent on the energy source. In 

fact, only when ethanol was used was there a correlation between 

inhibition of oxygen uptake and inhibition of t~ansport (Table 15). 

This finding was indicated quite remarkab1y for every inhibitor 

tested. 

+ + Gradients of Na and K in membrane vesicles 

+ Ce1ls of this organism actively accumu1ate K with the active 

+ expulsion of Na from the ce11s (Thompson and MacLeod, 1973a). 

Further, the internaI concentration of K+ governs the extent of AIB 
, 

accumulation (Thompson and MacLeod, 1971). It was oi interest then 

to test for the presence of cation gr~ent8 in membranes using the 

edergy sources found most effective in energizing transport (Table 
... 

+ + 21) • By assuming that the Na and K released by digestion of the 

---Embrane pellets was not bound significantly to the membranes. and 

• , 
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T A BLE 20. 

Elfeat; of inhibitOI"B on initial Pates of o:r:ygen upf;ake in vesiales 
e:r:posed to either NADH~ ethanol~ or QBcorbate-TMPD. 

For NADH and ascorbate-'lMPD assays 6 mg vesicles per assay were 
used, and 30 mg used in ethanol assays. NADH and ascorbate, 2.7 
DM; TMPD, 16 lJ!1; 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
trois lacking inhibitors. 

Inhibitor 

NADH 

None 0 
~ 

HOQNO 97 

PCMB 99 

IAA (-10) 

NEM (-3) 

DNP 18 

-

./ 

Inhibition 

Ethanol 

, 

% 

o 

56 

87 

38 

78 

82 

Ascorbate-'lMPD 

o 

10 

(-11) 

(-11) 

(-14) 

23 

- .. 

95 

t •• 

" . 
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T A BLE 21. 

N(f}- and J(#" gradients in membranes in the p1'esenae 01' absenae of enel'gy sauraes knOüm to ene1'giae 0 

amino aaid t1'an8pOl't. 

Ascorbate, NADH and ethano1 were used at 25 mM and TMPD at 150 lJM. Note: the pro,cedure from the 
time of addition of energy sources took 17 min, a per10d too short for dep1etion of the energy 
sources. 

Energy Source 

None 

As corbate-TMPD 

NADH 

Ethanol 
, 

Ethanol 

.. 

Interna1 
space 

)JI/mg 

0.36 

0.43 

Na+ - mM 

Inside Outside 

ISO 74 

97 76 

256 122 

1SO 74 

185 74 

Inside 
Outside 

2.4 

1.3 

2.1 

2.4 

2.5 

Inside 

14 

42 

37 
, 
30 

46 

K+ - mM 

Outside 

12 

10 

10 

10 

27 

Inside 
Outside 

1.2 

4.2 

3.7 

3.0 

1.7 

~ 

~ 



by knowing the intravesicular space to be about 0.4 ~l/mg membranes, 

an internaI to external cation ratio was calculated. The re1ative1y 

+ high level of external Na used for the NADH treatment was a conse-

quence of addin~ the Na-salt of NADH. 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 ene~gy source, increasing external K from iO to 27 mM had no 

+ + + 
effect on the Na gradient. As compared to Na , the K bound by 

membran~s is·less (5 to 6 ~g compared to 0.15 ~g 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 not to 

be involved in amino acid transport" s ince increasing the external 

K+ level dissipated the K+ gradient (Table 21) but had no effect on 

transport (Table,22). 

The transport of ~2K into K+-depleted celis of this marine 

pseudomonad is stimulated by the same electron donors which promote 

the transport of L-alanine into membrane vesicles (Thompson and 

MacLeod, 1973b). Recause membranes were found to have little ability 

+ to concentrate K using the previous technique~ it was decided to 

check this observation' using ~2K. The uptake of 42K by K+-depleted 

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

97 



T A BLE 22. 

Effeat of e:cternaZ J(f aOrlaentl'atipns on L-a'lanine transpOl't into 
membrane vesiaZes of a rria.Pine pseudomonad. 

NaCI was maintained at 20 mM. 
173 llCi/llmole. 

4 

28 

55 

115 

230 

" 

L-alanine was used at 1. 8 l!M and 

Transport 

pmoles/mg/min 

29 

31 

32 

31 

28 

98 
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Fig. 16. 

:--"'-r. 
+ ~. 

Uptake of ~2K by (A) K -depleted intact cells and by-(D) 
+ K -depleted vesicles in the presence and absence of NaCN. 

Ethanol (25 ~) and NaCN (10 mM) vere added to cell 
. 

and vesicle suspens-ions just priot' to the addition of 

+ -
sufficient ~2K solution to give 1 mM K (specifie aetiv-

ity 8.99 ~Ci/~mole for A, and 3.38 pCi/pmole for D). 

Curve 1, ethano\; Curve .2, ethllnol plus NaCN; Curve 3, 

ethanol; Curve 4, ethanol plus NaCN; Curve 5, no ethanol • 
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, .. 

the electron d,~or. Under conditions permitting the cyanide sensi-
" 

tive uptake of ~2~by the intact cells, no uptake of 42K was 

detected in the vesicles. Valinomycin induced uptake of 42K has 

been reported for E. aoZi vesic1es (Bhattacharyya et al., 1971). 

In a separate experiment similar to that shawn in Fig. 16 using 

membrane vesic1es, the addition of 0.1 mM valinomycin added as a 

solution in ethanol, failed to stimulate the uptake of 42K. 

+ K -requirement for L-alanine transport 

+ Cells of this organism depleted of intracel1ular K by washing 

+ with 50 mM MgS04 show a requirement for K for AIB uptake (Thompson 

and MacLeod, 1971). This also, applies to L-alanine uptake into 

cel1s as shawn in Fig. 17. To determine whether membrane vesicles 

+ required K for transport, the vesic1es were prepa,red in the usual 

manner except that the solutions used contained no added K-salts. 

+ These membranes contained 0.15 ~g K per mg of membranes, and trans-
, + 

ported L-alanine normally in a medium containing no added K (Fig. 

l8,A). In fact, 10 mM external Kel slightly depressed uptake. 

+ Attempts to displace the K remaining in the preparations by 10 mM 

RbCl i8 shawn in Fig. 18. B and C. Washing with RbCl resulted in 

a 10ss in transport activlty, which was not restored by adding 10 mM 

KCl, and not further reduced by lncludlng 10 mM &bCl ln the medium 

during the transport 88S8yS. + When analyzed, the K remaining in 

RbCl washed preparations was the same as that in membrànes washed in 

.. the absence of both Kef and RbC!. 

100 



Fig. 17. 
+ Requirement for K in the uptake of L-alanine and AI~ 

+ into'K -dep1eted cella. 

+ Cells were,depleted of K by washing once in 50 

mM MgSO~, washing aga in in CS-T (NaCl 200 mM and no 

KC1), and resuspending in the latter solution but con-
f 

taining chloramphenicol. The ce11s were then diluted 

into CS-T with or without 10 mM KCl. L-a1anine, 0.01 

mM, 14.2 ~Ci/~mole; AIB, 0.01 mM, 0.44 ~Ci/pmo1e. 

Dotted bars, no KCl; 
• 

Striped bars, KCl. 

Following the addition of the labeled amino ac11r, 

uptake of L-a1anine (lef~ graph) and AIB (right graph) 

was measured • 

.. 
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Fig. 18. Effect of KCl and RbCl on the transport of L-alanine into 

.. 

vesicles. \ 

Vesicles were washed twice in K+ free CS-T (A), or 

+ in K free CS-T containing 10 mM RbCl (B,C). Energy ,. , 

source, ascorbate-TMPD; L-alanine, 1.8 ~, 174 ~Ci/~mole. 

Transport assays contained the following additions: 

Curves 1 and 3, no KC1; Curves 2 and 4, KC1 at 10 mM; 

Curve 5, RbC1 at 10 mM; Curve ~, KCl and RbC1 each at 

10 di • 

,. 
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Effect of K3 Fe(CN)6 

In intact ce11s of the marine pseudomonad containing their 

+ 
normal complement of in~race11ular K • the inhibition of AIB trans-

port by cyanicle cau be 1arge1y overcome by adding K3Fè(CN)s. 'l1lis 
J. • 

e1ectron acceptor when add'ed as the Na-salt did not overcome cyanide 

inhibited 1t2K uptake ('l1lOlllpson and MacLeod. 1973b). Since ih 

~ +. memurane vesic1es no effect of externa11y added K vas detected, 
<\ 

it shou1d be possible to restore _cyanide inhibited L-a1anine uptàke . 
by ferricyanide. 'l1lis vas tried in Fig. 19 but no appreciab1e 

~ , 

recovery in alanine transport vas obtained. Simi1ar resu1ts vere 
o ' 

found in a separa te experiment, where K3Fe (CN)6 at concentrations 

from 0.01 mM to 1.0 mM was added to the vesic1e suspension i..-diate-, 

.' 1y after the' KCN addition. J 

fi . • 

J 
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Fig. 19./ Effect of ferrlcyanide on the cyanide inhibited transport 

of L-a1anine in vesic1es. 

KCN was added 15 mdn prior to the addition of 
o 

or K3Fe(CN~6; Curve 2, KCN and K3Fe(CN)6 each at 6 mM; 

Curve 3, KCN at 6 Ù'f • 

.. --

-', ... 

,., , , . 

. ,. 



• 

20 

-0 
e ...... 
fi) 
cu -0 
E a. -! l&J ~\ ~ 

II- <t 
t-, 
Q. 
::::> 5 

0 
0 

./ 

1 , 

,-

• 

5 

.. 

,,">, . , 

10 . 
MINUTES 

• 

• 

'2 

" 

15 20 

'. 

) . 



• / 

SEC T ION II. 

KINETICS o F Na + - D E PEN DEN T T R ANS P 0 R T 

+ Preparation of Na -free med>ranes 

+ In the absence of any response to external K in the vesicle 

+ transport system, it was possible to obtain a true Na effect unin-

+ fluenced by K " The effect of NaCl on L-alanine transport is 

shawn 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 LiCl had replaced the NaCl (Curve 2). . . 
Both types of membranes were centrifuged and resuspended in CS-T con-

taining neither NaCl nor LiCI. The membranes were th en diluted with 

CS-T containing various conce~trations of NaCl (tube dilution Assay, 

Fig. 6). When tested for L-alanine transport 1.t can be seen that 

+ similar responses to Na were obtained with either membrane prepara-

tion. lt 18 a180 evident that membranes prepared in the abseuce· of 

NaCI, even when LiCI was used as a substitute, did not regain full 

transport capacity. The procedure sh~ for Curve 2 1f'a8 used to 

+ prepare Na -free membranes ln the followlng transport experiments. 

Using this method possible variations in the amount of Na+ carried 
\, 

over from the final membrane pellet was avoided. 

Effect of wash fluid on retention 

In transport studies using ,cel1s of, this organism the salt COll-

105 
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\ + 
Fig. 20., Response of L-a1anine transport tO\ Na concentration com-

paring vesicles prepared in the presence or absence of 

NaC1. \ 
\ 

Ascorbate-TMPD served as the energy source and L-[ 1lfC] 

alanine was used at 2.3 }.lM (173 lJCi/lJmo1e). Curve 1, 

vesic1es prepared in CS-T containing 200 mM NaCl; CUrve 2, 

vesicles prepared in CS-T with 200 mM LiC1 replacing the 

NaCl. 
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position of the fluid~sed to wash the filtered cells fe very im-

~ortant. In the absence of NaCI in the wash fluid, ~or example, 

AIB was dramatically lost from the cells (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 mM 

Nacl. Although sorne 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. 2l~ The,results in Fig. 21 show this effect of high 

Na+ levels not to be through an effect of Na+ on the apparent Km 

for transport. The Km remained at 0.08 mM even at 500 mM NaCl, 

while Vmax varied dramatically. 

Transport kinetics in vesicles using L-alanine 

+ Because of the Na -dependent nature of'~bis transport system 

+ it seemed quite reasonable that Na could be considered a\ a sub-

strate for the reaction rather than merely as an ion ~ctivator. 

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

cella (Schultz and Curran, 1970) probab1y by the formation of a 

.. 
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T A BLE 23. 

Effect of VaM-OUS NctCl ooncentrations on t~ ~tention of L-a'lanins 
in membrans vesicles of the marine pseudomonad. 

Membrànes were pre10adèd with L-a1anine (0.3 mM, 5.3 ~Ci/pmo1e) for 
6 min using ascorbate-TMPD as energy source and NaCl at 75 mM. The 
membranes were then fi1tered and washed with 5 ml CS-T (25 C) con-
taining the indicated NaCl concentrations. . 

\ 
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NaCl in wash f1uid 
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F18. 21. 
+ Effect of high Na concentrations on L-a1anine transport 

kinetics in vesic1es. 

The energy sourc.e was ascorbate-TMPD. L-a1anine» " 

5.3 ~Ci/~mo1e. Curve 1, NaC1 500 mM; Curve 2, NaC1 200-
\ 

uit; Curve 3» NaC1 75 mM..-' 
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ternary cOliplex (Schaler and Jacques, 1967). + If Wa -dependent 

transport 1n the marine pseudomonad involve. the foraation of • 

ternary cOJIIplex then transport shou1d exhibit bbubstrate kinetica. 

'" Of crucial importance in these studies is the fact th~t no apprec-

+ + iable K gradient or K tequirement in vedc1 •• for transport has 

+ been observed (Table 21, Fig. 18). The amount of internal K in t~e8e 

cells controls the rate of transport (Thompson and Macleod, 1971), 

+ and the amomt of internaI K is in tum a flUlction of the .xtem-

+ al Na concentration (Gow and Thompson, unpubl1shed). The.e con-

siderations appear to account for the fact that b18ubetrate kinetics 

are not observed with cells when using the procedùre of Wong et al.. 

(1969) as will be ahown later. The difficult1ea or1ginally observed 

vith cells should Dot exist in the vesicl. system. Thi. in fact, 

was found to be the case. Rec1procala of the rat.. of alanine 

transport are plotted against the reciprocale of alanine ('i8.122) 

+ or Na (Fig. 23) concentratioDs. In bath cases linear plota were 

obtained giving a point of interaection on or abave th. abscissa. 

If Na + ie taken as substrate ",," and alanine a. "B" thea x.~ calcu-

1ated froll Fig. 23 18 18 mM. The intercepte tabn frOll the ordinate 

of Fig. 23 whea plotted aga1nst the reciprocal of alan1ne concen-

tratian aleo gave a atra1ght line frOil which tbe l1aitinl.u:ÛlUII 

veloc1ty Wal calculated (Fig. 24). The .lope of Curve 1 in Fil. 24 

1. equai to !!land thi. provided a _an8 of calculal/DI r.". B. Thi. 
V 

method of determ1ning KaB .ee .. d IlOTe accurate thlD Hlployinl the 
o 

\ 
/ 

110 



'f ' 
, , 

( 

Fig.'22. Effect of Na + concentration on kinetics of L-alanine 

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 shawn. Curve 
" 

l, NaCl 50 mM <Km 6.1 mM); Curve 2, Na~l 25 mM (Km 0.10, 

mM);-Curve 3, NaCl12 mM (Km 0.14 mM); turve 4, NaC14.5 mM 

(Km 0.25 mM). 
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Fig. 23. Variation of the reciprocal of L-alanine transport velocity 

vith the reciprocal of NaCl concentration for several con-

stant L-alanine concentrations (mK)~ , 

Curve l, 0.015; Curve 2, 0.02; Curve 3, 0.04;' CuI've 4, 

0.1; Curve 5, 0.2; Curvé 6, 0.3; Curve 7, 0.5. The point 

1 
of intersection on the abscissa is ~ 
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'" Fig. 24. Secon~ry plots of the intercepts of the Lineweaver-Burk 
-', 

plots shawn in Fig. 23 against the reciprocals of L~al-

anine concentration (C~rve 1), or the intercepta from 

Fig. 22 against thé reciprocals of NaCl concentration 

(Curve 2). nU! point of intersection oIi tl1e ordinate ...i~ 

l/V. 
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double reciprocal plot in Fig. 22, since in that plot only an 

approximate 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. In Fig. 25 

the s10pes of the lines from the ~o primary Lineweaver-Burk plots 
• 

were plotted agairtst the reciprocals of the opposite substrates. 
(. 

Straight li~es with simi1ar s10pes were obtained. By knowing KmA, 

KmB and V, a value for KsA could be calculated. Experimentally 

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

Using these kinetic çonstants the theoretical initial trans-

port rates wére calculated from the relationship for a bisubstrate 

reaction (Dalziel, 1957; Florini and Vestling, 1957j, and these 

results are shawn in Fig. 26. + For Na concentrations between 50 .. 
and 12 mM the theoretica1 and observed data (compare Fig. 22 and 

26) correlate weIl. At 4.5 + 
mM Na , however, with the higher con-

centrations of alanine used, the observed velocity was higher than 

theoretical. Attempts to attribute this finding to al10sterism 

were negative. As shawn in Fig. 27 increasing alanine to 2 d1 did 

+ not overcome the Na requirement for transpOrt. The previous 

transport data shawn (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 i~ Fig. 27, considerable alanine ~aB associated with 
+. 

membranes in the absence of Na and this association was not 
~ 

.. 
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• 1 

Ftg. 25. r Secondary plots of the slopes of the Lineweaver-Burk 

plots shawn in Fig. 22 against the reciprocals of 

NaC1 concentration (Curve 1), or the s10pes from Fig. 

23'against the reciproca1s of L-a1anine concentration 

(Curve 2). The point of intersection on the ~rdinate 
K B K A 

is ~ 1 (Curve 1) and ~ (curve 2). S10pes were 

0.0040 (Curve 1) and 0.0042 (Curve 2). 
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Fig. ,26. Theoretical plots of L-alanine transport into membrane .. 
vesicles using the data calculated for a bisubstrate 

mechanism. The kinetic parameters used were calculated 

, 1 

from Fige. 22 to 25 and are recorded 'tin Table 26. 
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" 
Fig. 21. + Requirement for energy and Na for the transport of 

-
L-alanine into membrane vesic1es as a function of , 

L-alanine concentration. 

Specifie activity, 0.586 J,lc,th.llDo1e. Curve 1, 

NaCl 75 Ja"i plus ascorbate-TMPD; Curve 2, no added 

NaCI vith'either ascorbate-TMPD (squares) or vith no 

energy source (open circ1esJ • 
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~ 
energy dependent. At amino acid concentrations above 1.0 mM an 

energy independent increase in uptak~ has been observed and ia 

shawn 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), ~rans-

port kinetics of AIB in membranes was compared to those obtained 

for L-alanine. As shawn in Fig. 28 through 32, the same effects as 

observed for alanine were fOURd to app1y to AIB transport kinetics. 

+ Requirement for Na for electron flow 

Studies with certain halophilic bacte~ia have shown Na+ to 

stabilize and to activate sorne of the e1ectron transport chain com-

ponents (Lanyi, 1969). Since active transport of amino acids into 
c 

vesicles of this organism is dependent on electron flow, it became 

+ important to see if Na was involved in this process. Oxygen uptake , . 
induced by either ascorbaté-TMPD or by ethanol (Table 24) was not 

dependent on NaCI. It should be emphasized that even 60 mg mem-

branes per assay gave no trace of endogenous oxygen uptake. 

Optimum NaCI for L-alanine uptake in cella 

The relation between NaCl conc~ntration and uptake of L-alanine 

in cella of the marine pseudomonad ia shown in Fig. 33. An optimum 
1 

+ 
of 200 mM Na was found, and this supports the finding of Wong et al. 
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• 
Fig. 28. Effect of Na+ concentration on kinetics of AIB transport 

-
into membrane vesicles. 

The energy source was ascorbate-TMFD, and specific 

activlty of 3~-AIB wa~ 39.2 ~Ci/~mole. Curve l, NaCl 

50 mM (Km 0.02\mM); Curve 2, NaCl 25 mM (Km 0.03 mM); 

Curve 3, NaCl 10 mM (Km 0.05 mM); Curve 4, NaCl 5 mM 

(Km 0.12 mM). 
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Fig. 29. Var~ation of the reciproca1 of AIB transport ve10city 

vith the reciprocal of NaCl concentration for severa! 

constant AIB concentrations (uIf): 

Curve l, 0.005; Curve 2, 0.0066; Curve 3, 0.01; 

Curve 4, 0.0133; Curve 5, 0.02; Curve 6, 0.05; Curve 
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Fig. 30. 1 Sec...,.._--.rJ p19ts of the intercepta of the Lineweaver-Burk 

plots 8hown-~n Fig. 29 against the reciprocals of AIB 

concentration. (Curve 1), or ,the intercepta from Fig. 28 

against the reciproca1s of NaCl concentration (Curve 2). 
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Fig. 31. Secondary pl~ts of the, slopes of the Lineweaver-Burk 

plo~ sQown in Fig. 28 against the reciprocals of 
~ 

NaCl concentration (Curve 1)" or the slopes from Fig • . , , 

29 again&t the reciprocals of AIB concentration (Cu~e 

2). Slopes were 0.0485 (Curve 1) and 0.0380 (Curve 2). 
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Fig. 32. Theoretical plots:of AIB transport into memorane vesicles 

using the data ca~cu1ated for a bisubs,trate mechanism. 

r 

The kinHic :parameters used were ca1cu1ated from 

Figs. 28 to 31 and are recorded in Table 26 • 
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TA B'L E 24. 

tffect of NaCZ on the ethanoZ and ascorbate-TMPD induced oxygen 
upt . membr>anes. 

In assays invo1vi mM) and TMPD (16 ~M), membranes 
were used at 6 mg p su1ts were~corrected for oxygen 
taken up in the absence Membranes were used at 14 mg 
perassay when using ethano1 (2.7 ui1). No oxygen was consumed with 
ethano1 in the absence of membranes, or in the presence of 14 mg 
membranes without added energy sources. 

Energy Source 

Ascotbate-TMPD 
/1 

A!"corba te-TMPD ,. ... 
Ethanol 

Ethanol 

" 

, 1 

( 

1 

) 

" .' 

• 

NaC1 

mM 

none 

75 

none 

75 

" , 

Oxygen Uptake 

ng atoms O/min/mg 

55 

65 

,1.4 

1.4 

" 

. '. 
• ! 

124 

J, 
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Fig. 33. 
+ J 

'Response to Na concentration of L-alanine uptake into 

~ cells of ~ mari~e pseu~omonad. 

/ 
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! 
1 

1 
1 

/ 
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.... 

After the thirdrwash'of cells in CS-T (NaCl 200 mM) 
~ 

o 

individual cell pellets were resus~~,ded in CS-T con-

taining the indicated NaCI concentratidns. + The Na 

carried over from ~he pellets to the final cell suspen-

sions was 0.78 mM. L-alanine uptake was assayed after 

1.0 min using and 0.5 ~-L-alanine, 4.8 

llCi/~mole. 
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(1969) for AlB. ln,the absence of added NaC1, essentia11y no 

activity was observed. Ana1ysis of thes7 ce11s showed the Na+ 

<, 

carried over from the ce11 pellets during resuspension was 0.78 

mM. 

Transport kinetics in ce11s using L-a1anine 

,1 

The kinetics of alanine uptake into ce11s is p10tte4 using 

the method of Lineweaver and Burk (1934) in Figs. ,34 and 35. At 

+ the optimum Na leve1 of 20Q mM, the apparent Km was 0.03 mM. No 

. ' ~ 
change in Km was noted unti1 NaC1 was lowered be10w 10 mM. 

lt i8 known for this organism that p1asmo1ysis of the ce11s 

+ is accompanied by the 10ss of intrace11u1ar K (Thompson et aZ.~ . 
1970) • + Fo11owing the kinetic ana1ysis at each Na leve1 shown in 

Fig. 35, Sorne of the remaining ce11s were tested for p1asmo1ysis 

using phase microscopy. These resu1ts are shown in Table 25. 

+ P1asmo1ysis bays became evident when Na was reduced to 5 mM. The 

ce11s exposed to low NaC1 concentrations did not lyse to any extent, 

and this is jShown ~lso in Table 25 where readdition of Na + was 

found to restore transport to a level comparable with that obtained 

in the ce1ls çontinually exposed to 200 mM NaCl. 

Transport kinetics in cells using AIB 
~ 

The' aasay used to measure transport in cella was con~ider~1y 

different than that ,:used by Wong et al. (1969). RAther than using 

,/ 
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Fig. 34. 
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+ Effect of N~ on kinetics of L-alanine uptake into cells 
, -, 

of the marine pseudomonad. 

Ethanol (25 ~) was added just pr:.ior to L-alanine 

(4.8 ~Ci/~mole). Curve 1, NaCl 200 mM (Km 0.03 mM); 

, Curve 2, NaCl 50 mM, LiCl 150 mM; Curve 3, NaCl 10 mM, 

Lj/C~ 190 mM; Curve 4. NaCl ..smM, LiCl 195 mM. 

Note: extemal KCl was 10 mM in this experiment. 
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Fig. 35. Effect of law Na~ concentrations on the kinetics of 

, 

-
,. .' ~-

.. '. ... 

Q . 

L~alanine uptake into cells. 

Experimental conditions were as described for 

Fig. 34. Curve 1, NaCl 10 mM, LiCl 190 mM (Km 0.03 

mM); Curve 2, NaCl 5 mM, LiC~ 195 mM (Km 0.17 mM); 

Curve 3, NaCl 2.5 mM, LiCl 198 mM (Km 0.25 mM); 

Curve 4, NaC1 1.0 mM, LiCl 199 mM (Km 0.50·mM). 
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T A BLE 25, 

) 

{J3ZZ 1IfOrophoZogy on expoSU1'e of ceLLs of the' ma.rine pseudomonad to r./ 
tow NaCZ concentmtions and subsequent capaci ty to transpœ-t 

aLanine. • 

The celIs in separate packed ceU preparations were resuspended 
ioto CS-T containing the Üldiëated NaCI concentrations. *I1JIIlèd--...... 
iately after obtaining the data for each kinetic curve shawn in 
Fig. 35, the cells were examinèd by phase contrast microscopy for 
the presence of: p1asmolysis bays. Plasmo1ysis bays in "partial1y 
p1asmo1yzed" &118 were less numerous and less evident than in 
"p1asmolyzed cel~s". L-alanine uptake was measured for l min, 15 
min after ad]usting ,the cell suspension to contain 200 mM Na+. 

..-

" 

NaCI 

(mM) 

200 

10 

5 

2.5 

1.0 

* Cell Morphology 

normal 

normal. 

partially plasmolyzed 

p lasmolyzed 

plasmolyzed 

L-alanine uptake 

nmoles/mg/min 

25 

24 

29 -
~~-1 . 30 . 

28 

\ 

~ 
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10 ml of .uptake medium only 0.5 ml was used. This, was an edvantage , 

not on1y in the saving of 1abeled substrates, but a1so in mini-

mizing t'ime and effort required in performing large numbers of 

assays as were needed for kinetic analysis. Using the mqdified 

technique (Fig. 36) similar results to those ~ong et al. (1969) 

were obsérved. The apparent Km was found to shift from 0.03 mM 
;.' + 

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

in Vmax occurred until the Km shift waS complete. 

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

Wong-et al. (1969), external KCl was added at 10 mM. Using the 

j' data reported by Wong (Ph .D. thesis, 19'68) the second primary Line-

weaver-Burk plot is shown in Fig. 37 for AIB in.cer1s. Linear plots 

were not obtained either f~r this data or for that reported in Fig. 36. 

The obtained values deviate from the expected linear curves by show­

+ ing a lower ve10city than expected as Na concentrations are, decreased . . 
+ 

Since plasmo1ysis of the cel1s occurs if Na leve1s are decreased 

below 10 mM, it seems reason~ble that the observed lack of linearity 

+ 
could be through a variation in internaI K concentrations dependent 

on the levél of extemal NaCl. Very recent experiments by Gaw and 

Thompson have confirmed this. Finally~ Thompson and MacLeod (1971) 

130 

have shawn the amount of AIB taken up by cel1s is proportional ta --...Â, 
+ + the internaI K concentration. In qrder to prevent the 108s of K 

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

the uptake medium at the concentration found inside the ~ells by 

'. 

, 



Fig. 36. 
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+ Effect of Na on,kinetics of AIBOtransport into cells 

of the marine pseudomonad. 

No extema11y added ene"rgy ,source was used. Spec-

iUc acti vit Y 0.78 llCi /llmo1e. ,As'says pe'rformed at pH , 

8.3. Curve l, NaC1 200 mM (Km 0.03 mM); Curv~ 2, NaC1 

50 mM, LiC1 150'-' (Km" O.()3 mM); Curve 3, NaC1 10 mM, 
• f 

Lie1 190 mM (Km 0.5 mM) • 
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Fig. ~7. Oouble reciprocal plot of AIB transport velocity and 

NaCl concentration for cells using~e data of Wong 

et al. (1969) • 

AtB concentrations were (~M)~ Curve 1, 7.5; 
/ 

Curve 2, 10; Curve 3, 15; Curve 4, 25; Curve 5, 50; 
1 

Curve 6, 75; .curve 7, 100; Curve 8, 150. Note: ex-

ternal KCl was 10 mM and LiCl was used to maintain 

constant molarity. 
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Thompson and MacLeod (1973a). These results are sh~ in Fig. 38 

\ 

and in Fig. 39 whe~e llnear plots were in fact, obtained. The 
\ ' 

secondary plots ~n Fig. 40 and 41 'confirmed the resuPts' obtained 

using membrane vesicles. A comparison in the kirtetic parameters 
r 

,for transport into cells and vesicles is 9~Own in Table 26. As an 

addition to ihis experitnent' it was ~hown that external KCl as hlgh 

as 0.45 M did no·t affect the rate of tràIlsport (Table 27). It 

should bel noted that KCI concentrations above 0.45 M decreased the 

rate of AIB ~~ake into-cells. 

+ 
Co~ransport of AIB and Na in cells 

The simplest interpretation of ion effects in this transport 

+ + 
system would be that Na and AIB cotransport. Inte~al K could 

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

be released. Attempts to show 22Na and AIB cotransport were nega-
• 

tive as shawn in Table 28. Using a similar method and S. typhimur­

ium, Stock and Roseman (1971) had shown an initial flux of 22Na 
.-----r 

entry in the presence but not in the absence of thiomethyl 8-D-gal-

actopyranoside. Calculatio~s based on the filtration data shawn in 

Table 28 assuming an internaI space of 1.0 pl/mg cells seemed to 

indicat~hat th~ 22Na was not penetrating the cytoplasm. In arder 

to in. igate this' f"{!ter the thick cell suspension tecllnique wàs 

used (B ire and Macleod, 1970). In the fi(st experiment shawn 

• (tig. 42) the penetration of 22Na was compared for CS-T washed or 
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F~g. 38. 
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, 
Na+ kinetics '~f AIB Effect of concentration on traITrt 

lnta cells using 0.5 M KC1 in the uptakë medium. 
", 

Cells washed x 3 in CS-T (NaCl 200 mM) were suspended 
1 

lnta CS-T containing various NaCl concentrations. The 

molarity was kept constant using LiCl. Uptake of [14C]AIB 

(0.78 ~i/umole) was fo11owed over 1.0 min interva!s using 

'0.5, M KC!, Tris, pH 7.5, and MgS04 as usuaf at 50 mM. In 

aIl cases filtered èells were washed with CS-T (KCl 10 mM 

andlNaCl 200 mM). NaCl concentratio~s were (mM): 

Curve 1, 200; tury~ 2, 50; Curve 3, 25; 

>, • 
. ..;. 
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Fig. 39. Second primary ~ineweaver-Burk plot for AIB uptake into 

cells using 0.5 
. ~ 

M KCl in the uptake medrum. W , 

AIB/concentrations were (~): Curve 1, 25; Cu~ 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-SÛrk . 
• 

plots s~own in Fig. 39 against the reciprocals of AIB 

concentration, or the inte~epts from Fig. 38, against 

the reciprocals or NaCl concentration. 
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Fig. 41. 
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Secondary plots of the slopes of the L1neweaver-Burk 

plots shawn in Fig. 38 against the reciprocals of NaCI 

concentration. 

reciprocals of 

or the slopes from F18.!'39 against 

AIR c~entration. 
the 

Slopes were 0.5'0 (soUd circles) and 0.48 (open 

circles). 
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T A BLE 26. 

o • 

Kinetia paPameters for the tPanaport of L-alanine and AIB into v~s­
ialea or aelZa of the marine paeudOmonad. 

Transporter Amino Acid 
v r.mA 

pmoles/ms/min mM 

Vesicles L-alanine 385 , 18 0.091 17 

Vesic1es AIB 
,. 

28 27 0.033 36 

Cells AIB 4800 29 0.035 67 

• / 
1 = 

J 

JO 
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TABLE '27 • 

• 
Effeot of Kez ooncentpation in the uptake mediwn on AIE t7'a1'l8pOl't 

into celLa of the'~ne paeudamonad. 

Uptakea were performed in 10 ml volumes. One ml volumes were re-
moved for filtering at appropriate intervals. NaCl, 200 mM; [14~ 
AIB, 100 ~, 0.78 ~Ci/~mo1e. ( ~ 

Uptake Time . KCl (M) 

(min) 0.01 0.25 0.45 0.50 0.75, 1.0 

nmo1es/mg 

1 11 9 13 
t' 

9 7 4 

5 35 38 38 33 21 6 

10 69 65 66 56 46 20 

,20 95 107 112 105 89 4~ 

30 135 135 151 132 118 67 

~ 

.. 
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T A BLE 28. 

An attempt to demonstrote aotrunsport of AIB and 2'2.Na into ae u's 
using thB fittel' aBsay. 

Time AIB Uptake 22Na Uptake 

min nmo1es/mg 

No AIB Plus AIB 

nmo1es/mg 

/" 
0.16 0.2 0.02 0.03 

0.5 0.6 0.03 0.03 

1.0 ).3 0.04 0.05 

1.5 3.1 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 

fi 

'. 
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7 
Fig. 42. Comparis~ of 22~a pe~etrati~ into cells washed in CS-T 

or in 50 =.~ :~gS04 using t'he t...~ic~ cell sus!)ension tech-

nique. ' 

Eec:t cell type ~.;as eë.cied at zero ti~e to the assay 

flu:!.ds cc:ltei:l.ing 200 ~·1 ~aCl. Centrifugatio:l was begun 

5 mn later. :t is ess~ed thet 3H20 represents complete 

penetret:"07l, 
.. , . ., 
t --C~sucrose !)enetrates to the cJ'toplasmic 

ïnese ?er-etrations are re?reser.ted by des~ed lines. 
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MgS04 washed cells. In CS-T washed cells, AIB concentrated within 

the cells yet the 22Na penetrated only to the extent of [14C]sucrose. , 
~is observation, however, is not necessarily inconsistent with a 

cotransport theory, since the experimental variation is approxi-

mately ± 3% penetration and 1% penetration corresponds to approxi­

+ mately 10 mM intracellular Na. Washing these cells in 50 mM MgS04 

\ 

ls known to alter the permeability of the cytoplasmic membrane 

(Thompson et aZ., 1970). This procedur~ a1lowed 22Na to enter the 

cytoplasm although no dlfference was noted in penetration when AIB 

was present or absent. The penetration was not ta 100%, suggesting 

+ that either Na does not completely penetrate, or as the membrane 

+ was returned ~o normal the Na was being extruded over the la min 

period required for centrifuging. 

A further investigation of cotransport using 22Na is shawn in 

Fig. 43. In this case CS-T washed cells were incubated for 30 min 

in the presence or absence of ArB and 22Na. To ensure that cell 

swelling was not,a factor, the controls (3R20, inulin and sucro~e) 

were performed with and without AIB. Duplicate sucrose assays are 

shawn in the case where'AIB was included. It is obvious that in 

spite of the large concentration of AIB in the cells cotransport - , . 
was not demonstrable by this method. It was calculated that the 

, ' 

cell pellet took up 1. 78 lJmoles of AIB. Assumin$ an equal amount of 

Na+ ~ake and no efflux of Na+, the difference iu 22Na occupation 

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

\ 

142 



.. 

Fig. 43. Penetration of 22Na into CS-T washed cells in the presence 

or absence of AlB. 

Penetration of 22Na was measured in duplicate assays 

after 30 min incubation with shaking. Each assaY contalned 

52 mg dry weight cells. The difference in 3H20 and [14Cl 

sucrose penetrations gave internaI spaces of 0.94 and 0.84 

~l/mg cella 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, and certainly not at aIl if a Na extrusion mechanism 

is rfunctioning. 

Extrusion of 22Na from"cells equilibrated with the lso~ope 
, ù 

after MgS04 washing was observed (Fig. 44). 
1 1 ~ 

With time the 22Na 

was extruded from the cells to approximately the level of the cytp-
~ 

plasmic ~mbrane. 

Rather than using 22Na to tes~ the cotransport theory it wa~ 

+ decided to measure Na, directly b~~flame ~otometry, 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 litt1e Na 

efflux was expected (Fig. 44), and the supernatant,fluids and 

+ -pellets were digested for Na analysis by flame photometry. Extra-

+ cellular Na 'in the pellets was corrected for by determining the 

~g Na+ per pl in the supernatant fluid and by determining the 3H20 

and [ 14C] sucrose penetrations. TWo such experiments ar~ shovn in 

Table 29. Although the method was very reproducib1e for the 'super-- , 
natant fluids, considerable variation occurred in the determination 

of intracellular Na+. This was a result of the low intrac~llular 

4 volume. In experiment 2, for example,the wide variation of 332 t 

46 resulted from a difference in per cent transmittance between the 

two pellets of only 1.5. 1 

1~ 
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Fig. 44. Loss of intracellular 22Na as a function of ti~ after 

., resuspension of MgS04 washed cella into CS-T (NaCl, 

200 Di'I) • , 
The percentage of the total available fluid volume 

(T.A.F.V.) occupied by AIB ~s given above the firet bar 

• for each Ume interval. 

-pM [12C1AIB. 
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T A BLE 29 • 
.-.; 

IntraceziuÙ2r cOncentra~ion af Na+ in MgSQ4 washed çeZZs a~er re~ension into CS-T in the 
presence and absence of [12C]ATB. ' 

Assays were performed in duplicate. As in previous assays ArB was added- at 150 ~M. After 
resuspenslon ôf:MgS04 washeè cells int~-T, the cells were quickly added to the assay 
fluids, and centrifugation started 3 mi later. The dry weight of cel1s per assay was 99'mg 
1n experimentJl and 153 mg ln e~erimen 2. Separate assays using [14C]AIB showed in exper­
iment 2 that AIB penetrated w1thin the Iven t1me 1nterval to 219% of~e T.A.F.V. of the 
packed ce1l pellet. ~ . 
L __ _ _ 

, '+ 
Concentration of Na 

Experiment Internal 
number space no AIB with AIB .." 

~l/mg cells 
Extracellular Intracellular Extracellular Int~cellular 

mM mM mM mM • 

... 

1 0.68 186 ± 1 142 ± 90 187 .± 4 227 ± 33 

2 0.65 --'189 ± 2 332 ± 46 190 ± 11 217 ± 22 
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SECTION III. 

'POSSIBLE l N VOL V E MEN T o F CEL" L W A L L 

COMPONENTS l' N TRANSPORT 

(, 

In the vesicle studies it was obvious that the activity observed , 

was due to the cytoplasmic membrane. However, in intact cells one 

cannot be so certain. Many reports of solute binding proteins have 

been presented (see Literature ~view) and evidence for their proba-

hIe role in transport given. In cells of the marine pseudomonad it 

was found that various cell forms, including protoplasts, retalned 

equal transport activity (DeVoe et al., 1970). It was co~cluded that 

the cell wall did not participate in the transport procéss but did 
, ' 

st'abilize the' cytoplasmic membrane. Because these studies wer~ con-

ducted on1y with the non-metaboliZed' <!ompound AIB. it was decided 

to test directly for binding activity of L-alanine ~d L-leucine by 

cell wall layers. 

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

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

" 

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

for flash ëvaporation allowing concentration of the sucrose fraction 

at 4"C withoul altering the sucrose molarity. Steps were taken after 
- . 

ultrafiltration (PM-IO filter) to ensure the re1DO'\Tsi of any possible-

-tell contaMination, and the final supernatant fluid was separated 
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Fig. 45. 
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Isolation of cell wall fractions used for binding 
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studies. 
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by high speed centrifugation into a yellow pellet and a pink super-

natant fluide 

The final two fractions were assayed for L-alanine binding 

activity by equilibrium dia1ysis techniques (Table ~O). The super-

natant fluid (ULL) was entirely soluble and was pink, while the 

pellet when resuspended appeared water insoluble but did not sett1e 

out. Binding was observed for the OnT fraction ooly. Quenching 

was c~rrected for by the channels ratio method (Appendix 1), although 

binding was evident even wlthout this correction. 

~ 

When the ULL was scanned with a Unicam SP 800 spectrophotometer 

a result sim1lar 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 s amp le • Cytochrome E. has been fotmd in the \ILL by 

Nelson and MacLeod (tmpublished observation). 

The influence of pH on L-alanine binding by ODT was eva1uated 

~in Table 31 lISing citrate and tris buffers. An approxi.ate pB opti-

mum of 5.6 was' found with no binding activity be10w 3.6 or above 7.5. 

The relation between ~H responses for transport into cella and vesi-

cles (Fig. 2) .'md for binding by onT will be discussed in a later 

section. 

An 88say to measure binding activity, in addition to the equili­

brium dialysis technique, vas developed froti' the _~od ~f Brius 

and Bourgeois (1968). In this 88say the radioactive aa:1no acid and 
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T A BLE 30. 

, 
Binding of L- [lI+C]aZanine by isolated cell lJal~ fraations.. 

QuenChi~was corrected by the channe1s ratio method (Wang and 
Wi1lis, 965J using ch1oroform as quenching agent. Each assay 
was per 0 d using citrate buffer, pH 6.0, and ~pproximate1y 8 
mg prote n per assay. L~[14C]alanine, 1 ~M, 156 ~Ci/~mo1e. 

Fraction 

Pink Supernatant 

F1uid (ULL) 

Yellaw Pellet 
(ODT) 

Sac Contents 

DPM 

6,136 

12,460 

Dia1ysis Flu~d 

DPM 

6,888 

4,918 

',' 

Ratio 

0.9 

2.5 

!, ,-'.,. 

" ' 
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Fig. 46. Oxidized spectrum of the "pink supernatant" fraction 

using the Unicam SP 800. 
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T A BLE 31. 

. 
Effeot of pH On L-alanine binding to i80'Lated outero-doubZe-tmok. 

AssiYs contained 11.9 mg proteine The binding ratio ls the ratio 
of DPM in equal volumes of dialysis sac contents and in dialysis 
fluids,fo11owing 20 ho~rs dialysis at 4 C. L-[14Clalanine, 1 ~M, 
156 ~Ci/J.lmole. 

pH Buffer Binding ratio 
"\ 

2.6 Citrate 0.94 

3.6 Citrate 0.95 , 

4.6 Citrate 2.27 

5.6 Citrate 4.40 
1 

7.5 .. Tris-HCl 1.31 b 

8.5 Tris-HCI 0.~9 
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e 
• cell wall extract: were mixed. Antibody was then add~. The anti­

body1had been prepared by injecting whole cells of thisJorganism 

into rabbits and was kindly supplied by Dr. John Nelson, Jr. After 

5.0 ~n it was assumed that agglutination was complete, and the 

"antibody-cell wall-amino acid" complex was filtered. Without 

~gglutination the cell wall extract was not retained appreciably 

by the 0.45 V filtera used. 

Another assay was.developed in which the extract was added to 

cells and transport capacity compared to control cells lacklng the 

extract. , 

AttemptS to fractionate the ODT by Sepharose 4B chromatography 

18 shawn in Fig. 47. Absorbance at 280 nm was recorded (Zeiss spec: 

trophotometer) and selected fractions assayed for activity. Two 

assays were used. First1y, uptake of L-leucine into cells was 

measured by the filtration technique both in the presence and absence 

of extract. Uptake was th en recorded as nmoles above the control 

lacking extract. 
. 

In this assay the results were somewhat erratic, 

but nevertheless d1d show very dramatic increasetl' in uptake dependent 

on the concentration of extract used. Secondly, binding of the 

radioactive L-Ieucine was measured using the assay 1nvolving agglu-

tination with rabbit B-16 antiserum and collect1ng the prec1pitate,l 

on M~llipore filters. Counts re~1n1ng on the filters vere found 

to follow the pattern for 280 nm ab8orbanc~. indicating a relation 
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Fig. 47. Sepharose 4B column c~rom8tography of the outer-double-

track cell wall fraction. 

Approximately 16 mg protein l (Lowry) was applied to 

the, colUlllI\. Transport stimulation was measured U81ng cells 

washed i~)0.05 M MgS04 and deplasmolyzed 1.5 hours in CS-T. 

Cells and c~lumn extracts (0.25 ml of each) were mixed for ~ 

15 min, L-(14C]leucine added (5 ~, 31.3 uCi/umole), and .. ' 

uptake measured over 1.0 min. Antibody assays consisted 

i of 0.25 ml of the column fraction pl~20 ml CS-T and 

L-[14C]leu~ine as above. At this time 0.05,ml of antibody 

was added and incubat.ion continued 5.0 min. ABBayS wefe 
'--- -f./ 

filtere~ on O. 45 ~ Millipore filters ~d not washed. Only 

fraction~ 16 and 50 did not agglutinate. 
-,; 

• 

. 
l~'<~J.~~L 
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between concentration of extract and binding. As ean be seen. the 

two assay techniques did not show optimum activities to be .pres~nt 

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

~ that t~ansport sti~lating activity and· binding activity are(c6n­

tributed to by different components' ln the OUT extract. However, 

it is' equally POSSibJ ~hat t~anSfi'lt stimulati~g activity vas 01 

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

tration of e~tract ,used in assaying fractions 23-26. 

The specifie act!vity, for transport stimulation appea~ed hLgher . 
in the latter fractions emerging from the co1umn. 'To see if this -. 
was a usefu1 observation the experiment shown in Fig. 48 was QO[l-

~ 
duct~d. After fractionation of onT usin'g a Sepharose co1umn (A), 

the fractions were pOGled to give three components (this i8 the same 

, 
1.55 

,. 

run shawn ~n Fig. 47). When components l, II or III were subjected ~ 

to rechromatography (B, C) it was found that thik material behaved 

as did the original unfractionated component (A).. It is thus un-
I 

likely that a fraction rich in transport stimu1ating activity can be 

, ob tained by th i8 me thod • 

Tubes 18 to 25 were poo1ed (Fig. 48, B) and this mate rial ana1-

yzed for transport stimu1ating activity using ce11s (Table 32). 

Both L-a1anine and L-1eucine uptake was stimu1ated by the extract', 

whi1e AIB uptake was not affected. Similar results were found when 
~ 

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

( 

J 
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Fig. 

, 

, 

48. 

... 

, , 

.. , 

• ; 

t 

Sepharose 4B fractionation of outer-double-track and 
.iJ 

.) 

reaggregat:ièm • 
, , .. 

Part A represents the same p,:-ofile as shawn in' 

Fig. 47. Colum. fractioos were pooled in"to the three 

/ 

fractions as shawn.' Part B represen~s ~he 'profile ob-
• 

tained on repassin~ Fraction IJI throu~h the column.· 

"",,, . 

Part t repre'Se.nts the profile obtained on repaSsing ," i . .' . 
Fra~tiOns l and II' through the column. ' 
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T A BLE 32. 

Effect of a Sepharose 4B fraction of outer!doubl.e-tmek on uptake 
of amine acide in cells. 

Each assay consiQted of 100 ~g cella with or without extract. ~and 
[l~C]amino acids at 10~. Specifie activities were L-alanine 
14.2, L-leucine 31.3, and AIB 0.78 pCi/pmole. Extract added per 
assay contained 31 \.Ig protein by the method of Lowry et al. (1951) 
using lysozyme as standard, and 16 Pg reducing sugar by the phenol 
-su1phuric method (Dubois et al., 1956) using glucose as standard. 

o 

, 
Amino Acid Extract 

-c 

L-a1anine 

1 L-alanine ,+ 

k-1eucine 
1 

Q L-1eucine + 

AIB 

AIB + 

.' 

.. 
G 

o 

Uptake 

nmo1es/mg 

3.53 

1.00 

1.86 

0.73 

0.64 

Il " 

StiJIIU1atïlon 

% 

29 

• 

'86 

ni1 
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and AIB (Table 33). Thus, AIB uptake was neither stimu1ated by 

the cell wall extract nor was it bound by the extract as measured 

by equ11ibrium dia1ysis. 

It is evident frofu the experiments descr1bed, that fut~ork 

on the nature ,of the binding mate rial will require solub11izat1on 

of ODT as a first step in the purification. An equ11ibrium dialys1s 

apparatus was used to assay ODT and Triton X-100 solub11ized ODT 

for binding of L-a1anine. Activity remained after solubilization 

(Table 34), and exhaustive dialysi. did not d1m!nish this binding. 

Onti1 the ce11 wall factor(s) possibly involved in transport are 

solubilized and purified it 1s not possible to state whether or not 

the same component is responsibie for L-a1an1ne and L-1eucine bind­
~ 

ing and for L-alanine and L-1eucine transport stimulation. Further 

won in this area is obvious1y required to answer this question. 

-

" 

.... - .- .. , 
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T-A BLE 33. 

Binding ~f L-Zeucine and AIB by isoZated outel'-doubZB-tmok. 

Equ1librium dialysis assays contained 2 mg protein per ml and 
either L-[14C]leucine (O.5 ~M, 344 ~Ci/~mole) or [14C]AIB (3.3 
~M, 8.6 ~Ci/~mole). 

Amino Acid Binding Ratio 
/ 

L-1eucine 7.1 

AIB 0.7 

, . 

, .. 
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'1 A BLE 34. 

SolubiliBation of L-a~ine binding activity tram oute~doubZe-
track using Triton x-zoo. 

The crude ex~ract (8 mg protein per ml) was suspended in citrate 
buffer (pH 5.5) and 1% Triton X-lOO added. After 10 min Triton 
X-lOO soluble and i~soluble material were separated by centrifu­
gation 30 min at 58,000 x g (Rmax). The pellet was resuspended 
to a volume equal ta the supematant 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-[l~C]alanine, 0.45 UH, 156 ~Ci/umole. Note: 
Rabbit B-16 antiserum gave positive sllde agglutination tests 
for aIl three of the extracts. 

Sample Binding Ratio at several dialysis tilDes 
20 hours 28 hours 40 hours 

Crude extract 4.5, 5.7 

. Triton X-IOO soluble 2.9, 2.9 2.7, 2.7 2.6, 2.5 

Triton X-lOO 

insoluble 

, 

3.9, 4.2 

t t .:ft ,'. f '7 
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• DIS C U S S ION 

Uaing a rapld filtration technique it was shawn that vesic1es 

of the marine pseudomonad actively accumu1ated L-a1anine against a 

concentration gradient. The activlty observed does represent active 

transport and nct merely binding of radioactivity to the membranes. 

Support for this conclusion is drawn from the findings that elec-

tron donors and oxygen are requlred 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 amine 

acid from veaicles preloaded with alanine. The phenethyl alcohol 

effect was reversible as it is in intact cells (Thompson and DeVoe, 

1972), showing that the membrane vas not~rreversibly damaged. In 

+ addition, the activity vas observed only if Na vas added to the 

uptake medium, vith no sparing action by KCl, Lie1, or RbCl, as is 

the case for intact cells (Drapeau et al.~ 1966). Alsb, amino acid 

competition and counter transport vas observed. Most of the vesic1e 

transport activity vas, therefore, indicative of the intact ce11. 

It seeas moat unlike1y that the amount of amin~ acid associated vith 

the vesiclea could be a specific binding to the transport carrier 

without its release to the intravesicular space. 

There are several.1ines of evidence to indicate that the uptake 

of L-~~Y vesicle preparations is not due ~o intact cella 

16l 
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present as contaminants. First, the number of celi-s d~termiried bY. 
, 
plate count to be present as,contaminants in the vesicle prepara-. , . 
tions was found ~o he ~nsufficient to permit the uptake of detect-

:,. 
aple amounts of alanine. Also, only a fraction of the total ce1l 

" / 

, e 

count was abl~ to grow in a medium containing NaCl but not in its 
'Il 

absence, and could he presumed to ba cell~ of the marine pseudQmonad 

(G~, Ph.D. ,thesis, ·1973}. Second, intact cells accumulatt!d J42K 
" , 

but vesicles did not. Third, transported,alanine was rapidly meta-

holized ~y cells contrasting to the slow rate of metabolism of 

alanine associated with vesicles. 
. + 

Another i9 that the optimum Na 

concentTation for the transport of alanine into vesicles is 78 DM 
t 

while for cells it is 200 mM. Finally, efflux from prelo&ded cells 
. , 

(Wong et al., 1969) and preloaded vesicles demonstrated d,amatie 

differences when inhibitors were added • 

. 
Using the finding that cytoplasmic membrane represents 12% of 

the cell dry weight (Martin and MacLeod,' 1971), it can he calculated 

• 
that the Vmax for L-alanine uptake into'the ~nta~t ce~l was nearly 

ltOOO times greater than into vesicles. This 108s in sp~ctfic acti-

vity'is not characteristic of aIl vesicle transport systems studied, 

although McKillen et al. (1972) observed simflar effects for citrate 

transport in B. subtilis vesicles. In the case of E. ~oli, vesicles 

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

B. U~heniformi8 OfaeLeod et al., 1973) and S. au1'eUS (Short et al., 
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197~vesicles transport equa11y weIl ta the cells. The low level 

of transport in vesicles of the marine pseudomonad May be related 

+ ta the inability of the vesicles ta concentrate K. In intact cel1s, 

+ the intracellu1ar K concentration determines the rate and extent 

of AIB uptake (Thompson and Macleod, 1971), where at the steady 

+ state leve1 the K ta AIB ratio is 1.6 ta 1 (Thompson and Macleod, 

unpublished). It cao be calcu1ated from the data that vesicles, 
. 

prêpared under conditions td free them as completely as possible of 

+ ~ + K , still contained K in excess of that required for the amounts 

of amino acid accumulated. + In fact, the K ta L-a1anine ratio was 

10 ta 1. + Thys, a K ~quirement for vesicle transport may exist in 

spite oF the inahility ta demonstrate it. As compared ta cells 

(Wong et alo J 1969), the vesicles dramatica11y lost intrace11u1ar 

alanine on the addition of metabolic inhibitors. The inhibitor KCN 

blocks uptake of AIB (Drapeau et al., 1966) into ce11s, showing 

that the 1ack of ~fflux from cells was not through an inability of 

KCN to re~ch the membrane. Unlike results obtained for E. coZi 

vesicles (Kaback and Bames, 1971) inhibition af electron flow, 

regardless of the point of inhibition, resulted in net efflux. From 

these observations, it is likely that the low specifie activity 

observed is a consequence of a "pwap and leak" effect, electron 

flow being required for influx of aa1no acid which is continual!y 

effluxing from the vesicles. When influx and efflux rAtes becOIIIe 

the same. no net movement of solute would be observed. This effect 
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would explain the efflux data, but could not solely account for , 
the low specifie activity, since initial rates of transport were 

used in kinetic experiments for Vmax calculations. During the 

initial minute of uptake it can be calculated, uslng the intravesi-

cular space (0.4 ~l/mg) and kinetic data, that li.tle concentration 

of alanine above the outside level oc~urs. Thus, one should in 

this case be measuring influx primarily. The low specifie activity 

may merely reflect the low intravesicular K+ concentration. 

Previous to this study transport in cells of !his 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 transpott, following the original observation by Thompson 

• 
that AIB uptake into cells was stimulated by ethanol (Thompson and 

Macleod, 1973b). Both NADH and ethanol when added to vesicles re-

duced cytochromes ~ and ~, and a trough in the region of flavoprotein 

appeared (Jones and Redfearu,1966). Ascorbate-TMPD reduced rela-

tively morè cytochrome ~ than b and gave no evidence of flavopr~tein 

reductiqn. The point of entry of the electron donors is 11lustrated 

in Fig. 4~. 

Cytochrome Bcan8 using ethanol as electron source revealed 
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,Fig. 49~ Proposed si~e of energy couplin8, points of inhibition 

hy transport inhibitors"and points of coupling of 

electron donors, in a respiratory chain coupled to 
\ 

transport. 
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HOQNO, lAA,_NEM and PCMB to inhibit electron flow prior to cytochrome 

., b. The site of HOQNO inhibition did not change when NADH was used 
\-

in place of ethanol. The site of cyanide inhibition was found to be 

after cytochrome~. The scheme shown in Fig. 49 i9 e.tirely consis-

tent with the transport data. Inhibition of transport by the inhibi-

tors was th~ same whe~ NADH or ethanol were energy sources. However, 

ascorbate-TMPD bip88sed the sites of lAA, NEM, and HOQNO inhibition 

since transport was in these cases not inhibited. With ascorbate-

TMPD, inhibition by PCMB was about 50%, showing that PCMB inhibited 

after the site of TMPD couplin~ as weIl as before cytochrome,~. 

Inhibition by 366 nm light was partially overcome by ~corbate-TMPD, 

suggesting a quinone component to lie before cytochrome~. This 

compoQent 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 tbe use of a series of ~nhibitors and electron donors, results 

were obtained from which it i8 concluded that oniy part of the total 

respiratory activity in the ~esicles is coupled to transport. Total 

respiratory activity was measured as oxygen uptake induced by either 

NADH or ascorbate-TMPD. Ethanol oxidatiqn ls efficiently coupled to 
. 

that respiratory actlvity involved in saino acid t~an8port. while 

NADH and ascorbate-TMPD in addition to coupl1ng to transport respira-

tory chains, cQuple to the total respiratôry activity. Experimental 

results leading ~o and supporting these conclusions are as .ollawa: 
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1. Ethanol, NADH and ascorbate-TMPD are equa11y active in 

promoting transport yet NADH and ascorbate-TMPD promote more oxygen 

uptake by the vesicles than ethanol. In fact, based on initial 

rates, ethanol in~uced on1y 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 1ack in correlation between the capacity of a compound 
, 

to activate transport and to promote 02 uptake has been observed in 

vesicles of E. coli where amine acid and sugar transport is acti-

vated most effective1y by D-1actate (Kaback and Mi1ner, 1970; Barnes 

and Kaback, 1970). In vesic1es of the marine pseudomonad this was 

observed in é striking fashion, since ethanol actlvated transport 

ful1y but was slowly oxidized, while succinate showed the reverse 

effect. Specifie coup1ing of e1ectron donors in the case of etbano1 

and succinate would exp1ain these effects. Ethanol oxidation is 

efficiently çoup1ed to transport whi1e succinate oxidation ls note 

3. A series of inhibitors showed quantitative1y simi1ar 

effects on transport energized by NADH and by ethano1. This is re 
expected result if both NADH,and ethano1 are coup1ed to respiratdry 

\ 

activity tDvo1ved in transport since NADH and ethanol enter tbe re.-

piratory chaine at the same point (Fig. 49). When the effect of a 

series of inhibitors vere compared for inhibition of transport and 

oxygen upta1te 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. TItus. 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 i8 coupled to transport. 

\ 4. Considerable support for the h~thesis tbat ethanol oxi-

dation, but not that of NADH or ascorba~TMPD, i8 very specifically 

coupled to respiratory activity and transport was obtained. It was 

found that oxidase activity associated vith etbanol could be speci-

fically inhibited by lAA, HEM, and DNP. Important1y, the inhibitors 

lAA and NEM were equally $ effective for NADU driven transport as 

for ethanol driven transport. TItus, the data avai1ab1e shows that • 
NADH must be oxidized in two ways, on1y one of which is coup1ed to 

. 
transport. Of particu1ar importance, DNP inhibited ethanol oxida-

t~on witb much le8s effect on the oxidation of NADU or ascorbate-TMPD, 

yet DNP equally inhibited transport induced by aIl three compounds. 

lt ia con luded that in veaic1es of the marine pseudOWJllad DNP in-

blocking electron flaw in these 

involved in transport. 

-
5. Ethanol vas found to reduQe' oo1y 25% of the cytochra.es ~ 

and c vbich vere dithi1ite reduc1.ble. 

~ 
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6. An important question to be asked Is whether the amount of 

oxygen taken up in the presence of ethanol is 8ufficient to account 

for the ca1culated limiting ve10city for the uptake of amino acid. 

AS8uming one molecule of alanine transported per atom of oxygen con-
'" 

sume~ it can be calcu1ated that 4 ng (0) per mg per min would give 

lIrise to 316 pmoles alanine transported per mg per ~ The obtained 

value was about 250 pmoles per mg per min (Fig. if) with a limiting 
. 

maximum velocity of 385 pmoles per mg per min (Table 26). Experi-

mental and calculated data agree very weIl further supporting the con-

cept of efficient coup1ing of transport to ~thanol oxidation. 

The next important q~estion is how the energy from respiration 

i8 specific,ally coup1ed to tranaport. That e1ectron flow does not 

act by generating ATP ~or use in transport seems clear. ~one of the 

electron donor systems active in promoting tran~port served to gen-

erate ATP ln the veslcles. The production of à phosphory1ated hlgh 

energy intermedlate see~, unlikely since one would expect more of such 
- 11 

an intermedlate to be generated 5y NADH than 6y ascorbate~D as the 

latter introduces electron. lnto the resPtrat.ry~in pt1Darily at 

the level of cytochrome ~, yet both NADH and aBC te-TMPD ,re 

equally active in promoting transport. lt has been suggested that 

DNP may uncouple oxidation fram phosphorylati'on or d1scharge a pro" 

ton gradient (for review see Harold, 1972a). The p08s1bility thai a 
1 

proton gradient drives transport isJUn1ike1y, 8gain on the grounds, 
\ 

that on the basis of the cheudo81DOtic hypothesls (Mitchell, 1966) a 
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steeper gradient would be expected to result from the oxidation of 

NADH than from the oxldation of ascorbate-TMPD. Furthermore, neither 

proton gradient nor hlgh energy intermediate theories explain the 

specificity for t~ansport of the donors and inhibitdT9 used. 

In intact cells ethanol and dithionite rapidly reduce cytochromes 

band c to the same extent. Ethanol reduction of cytochromes in 
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cells most probably proceeds via NADH production by cytoplasmic alco- '.' 

hol dehydrogenase • 
• 

The data presented here ls best explalned by assuming, as pro-' 

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

redox induced c~formationai-Changes and reflects the redox potential 

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

believed to be involved in transport in the marine pseudomonad is 

shawn in Fig. 49. These chains alone are coupled to ethanol oxida-

tion and a carrier proteine Since, ascorbate-TMPD i8 coupl~d prim-

arily to cytochrome~, the carrier is shawn in the main chain after 

cytochrome~. It may be, however, that the carrier is located close 

to cytochrome ~, becauae cytochrome ~ was partially reduced by 

ascorbate-~D. That the site of energy coupling is not cytQchrome 
, 

oxida8e :Ls sQggested by studies with intact cells. These show that , . ' 

the inhibi tion of AIB transport by KCN can be overcome by adding 
. 

K3Fe(CN)6 as 'an electron acceptor (ThO~8on and ~cLeod, 197.3b). 

Inhibition of aftnine transport int" ves1cles by KCN, however, could 
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-. 
Dimethyl sulfoxide is a weIl knawn BoIvent and penetrant (Love-

lock and Bishop, 1959). Transport data indicate that in th~s 

organism It aets as a respiratory inhibitor at a site prior to 

cytochrome ~ (Table 15). 

When ascorbate-TMPD was the electron don or , those resp:l.ratory 

chain Inhibitors which did not Inhibit active transport in vesicles 

actua11y stimu1ated it, often showlng an increase in 02 uptake • 

• 
Therè 18 known to be some back flow of electrons in the respiratory 

chain when ascorbate-TMPD i8 the electron donor (Kl1ngenberg, 1968), 
1 

Perhaps ~nhibitors acting before the site of entry of electrons from 

reduced TMPD, channel electrons more efficiently through that part 

of the chain wherein resides the carrier. 

+ 'For some tilDe 1t has been known that Na is specifically required 

for transport in cells of the marine pseudomonad (Drapeau and MacLeod, 

1963). + Na i8 required for facilitated diffusion of AIB into the 

cells and this ,proceS'S shows amino acid competition ('11lompson and 

+ MacLeod, 1971). For this reason Na was thought to interact with a 

carriér protein. + In the present study, Na waS ~hown essentia1 for . . 
transport of AIB and L-alanine into vesicles.· Because of the requ:ire-

ment for e1ectron, flOli, and because ethano1 oxidation W88 directly 

+ related. to transport, the requirement for Na for ethan01 oxidation , 

vas tested. 
+' .' 

No Na requ:l.rement was found. 
"i 

ln cells of this organism the Na + conéentration used, when below 
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/' 

+ 
50 mM, aiters the apparent Km for AIB transport, while Na concen-

trations Aboye 50 mM alter the maximum velocity (Wong et al., 1969). 

+ The latter effect was shawn to he an effect of Na on the preven-

tian of leakage of AIB from the cells, being partially replaced by 

LiCI. Recently sucrase has been found to show a similar sparing 

action ta LiCI suggesting an ~motic effect in 'preventing leakage 

of accumulated radioactivity (~mpson and" MacLeod, unpublished). l, ..... 
CS~ch an osmotic effect has been shawn in E. coli K12, where suc rose 

reduced the exit rate constant with no effect on entry (Halpern et 

al.~ 1973b). Vesicles of the marine pseudomonad required less NaCl 

for full tFansport capacity than did cells (75 versus 200 mM). 

Increases of NaCI above 75 mM depressed transport indicating either 

an inhibi tion of alanine influx or increased rates of efflux perhaps 

through membrane damage. Certainly it would be an over simp1ifica­

~ 
tion to sugges t that the second function of NaCl found in cells ,\(1. e. , 

prevention of leakage) was not observed because of lover levels .ot' 
'-'/ "1 

alanine accumulation in vesicles, since in this case uptake should 

have remained constant as NaCl was increased from 75 to 200 mM. It 

is sugges ted that the difference between the quantities of NaCl 

required for maximum uptake of amino acid in v~sicle8 and'cells i8 

through an increased inhibitory effect of high levels of NaCl in the 

absence of cell wall or cytoplasme constituents. Furthermore It 19 
, + 

suggested that protoplasts require as much Na as do the intact cells 

for AIB uptake (DeVoe et al., 1970) since appreciable concentrations 
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ie 
of the amino acid occurs resulting in a need to osmotically stabi-

lize these cell forma. 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 

+ reciproca1s of ve10city against reciprocals of the Na concentrations 
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do not give straight lines (Fig. 37). Rather a plot ,is obtained .. 

+ showing that as Na is decreased below 200 mM the velocity of trans-

port becomes progressi vely less than expected. Since the concentra-
c 

+ tion of internaI K 'determines the extent of AIB transport into cells 
~ 

(Thompson and MacLeod, 1971), it is probable that the effect of Na+ 

+ on the maximum ve10city may reflect an effect of Na on the intra-

+ cellular le concentration • ... Support for this was found when c~!1ls 

~ exposed to NaCl below 10 nM appeared plasmolyzed (Table 25), a condi­

+ tion assoc1ated with the 10ss of internaI K ('nlompson et al., 1970). 

Recently experiments by Gow and Thompson have,shawn a direct relation "t 

+ between retention of internaI K and the external NaCI concentration. 

+ In contrast ta cells, vesicles do not de~strate a K -require-
, 

ment for transport. 
, + 

In this case an opportunity of studying Na 

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

With the vesicles both primary Lineweaver-Burk plots were linear. , . 
Furthermore, kinetic results with cells paralleled the vesicle kine-

tics if the KCl concentration in the suspending medium vas equal to 



that inside" the cells (Fig. 38). Active transport of glutamate in 

E. lXJU requires Na+ and K+ ions and kinetic experiments have been 
1 

lnterpreted (Halpern et al., 19138) as was the original work of 

Wong eral. (1969). The resulU presented here using vesicles and 

cells,: indicate extreme caution must be taken to maintain a constant 

internaI K+ concentration as Na+ is varied. Otherwise, kinetic 

+ results on the effects of Na May be artifacts due to changes in 

+ internaI K leve ls. 

+ 
If Na and the amino ac1d form a ternary comp1ex 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 kine tics. Fo11owing this s tudy i t 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 Lineweaver-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 (CIe land , 1963). 

The experimental data agreed extremely weIl with the theoretical for 
, 

1 
a bisubstrate mechanism for both amine acide, wi th the exception of 

+ " data obtained using a combination of 10w 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 concentration, and the recipro~a1 of Na c~centration. These 

plots for vesicles and cells are shawn 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 shawn for each of the mentioned figures the two curves must inter-

sect on the ordinate at the same point. In a bisubstra~ mechanism, 

this point of intersection has been called the "limiting intercept" 

l and is equal to V (Mahler and Cordes, 1971). 

The deviation from theoretical i~ still a matter for speculation. 

ln the equation derived for a bisubstrate reaction it is assumed that 

the rate limiting step is the conver~r activation of the ternary 

J" complex (F10rini and Vest1ing, 1957). At low Na+ levels' deviations 

from theoretical may occur because of a different step becoming rate 

li~iting. Using the kinetic parameters ca1culateq for the transport 

systems and the equation for a bisubstrate mechanism, Lineweaver-Burk 

+ plots were generated showing that at low Na concentrations the obtained 
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data fit the theoretical but for only the lower amino acid concentrations. 

Rather than a different step becoming rate limiting~ it may be that 

allosterism is involved. Such a posdlbility has been observed by 

J. Drozdows~i (Project, B.Sc., 1973) using vesicles of this organism, 

and D-galactose as the solute transported. ln the presence of an 

+ energy source he observed no Na -requirement for transport at high 

levels' of galactose. Attempts to demonstrate alloster1sm for alan1ne 
0(,.-

• 



transport were negative (Fig. 27). 

An interpretation,? 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 membrane, thus 

putting it into a conformation necessary for solute binding. The 

temary complex would then translocate acrosS the memrane. On the 

+ inside of the membrane whe~ the Na concentration is low ~ompared to 

the medium, the complex would dissociate. A secondary consideration 

+ of the hypothesis was that K at its high internaI 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 concentrations, and finally, Na and 

solute cotransport. Since transport kinetics do closely follow a 

bisubs trate mechanism, it is expected that a temary complex forms. 

+ + However, Na and K gradients are not formed in vesicles and further-

more, abolishing the gradients in cells of this organism has no effect 

on transport (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 
1 

on the inside and outside .elllbrane surface. 'Ibis _y accoœt for 
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+ + the absence of a req~rement for Na and K gradients in the pseudo-

monade In support of the suggestion by Johnstone, no K+ interference 

+ in transport was observed until K was added ta the assay medium above 

the expected internaI level (Table 27). The final point concerned 

+ Na and solute cotransport. Cotransport has been demonst~ated in 

animal cells (see Literature Review) and in S. typhimuTium (Stock 

and Roseman, 1971). In the marine pseudomonad attempts were negative 

to demonstrate cotransport by comparing the percentage penetration 

of 22Na into a packed cell pellet in the presence and absence of AIl. 

However, in a typical such experiment (Fig. 43) it was calculated 

+ + 
that if AIR and Na enter the cell,at a ratio of 1 ta 1 and Na does 

not efflux, then a difference of only 4% penetration due to cotrans-

port would be expected. The error in these experiments was about ± 3 

% indicating the inadequacy of the method for the purpose of demon-

strating cotransport. Furthermore, 22Na when allowed to penetrate 

by MgS04 treatment of the cells was fOlm4 ta 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 internaI concentration of K is closely related to Na efflux 

(Thompson and Macleod, 1973a). Then the cella were resuspended into 

CS-T with or without AIB and immediately centrifuged. + When Na was 

assayed by flame emission spectro8copy the error inherent in this 
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+ 
methQd 9f measurin~ intracellular Na appeared too large for any 

conclusion t~be drawn. No direct evidence, therefore, has been 

obtained in proving or in disproving the cotransport theory. , 

/ 
~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 ~ite 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 (Cle1and, 1963). To 

answer this question binding studies using the purified permease may 

be required. 

Introductory studies have been conducted to test the possibi1ity 

of cel1 wall components being invo1ved, either direct1y or indir-

ect1y, in solu~e transport across the cytop1asmic membrane. Binding 

studies 10ca1ized the activity to the outer wall, with no activity, 

being observed in the soluble under1ying layer (periplasmic space). 

This contraste to repor~s on perip1asmic binding proteine (Reppel, 

1967 and 1969) •. The isofated outer-doub1e-track bound both L-alanine 

and L-1eucine but not AIB\ and addition of the extract to cells stimu­
\ 

1ated the uptake of L-a1an~e and L-1eucine but not AIB. It has not 

yet been proven wbether t~is~timulation r.presents binding to the 

\ 

• 
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outer parts of the cell or an increase in intracellu1ar amino acid. 

Additional information on the possib~e invo1vement of cell wall in 

transport was ohtained by comparing pH responses in vesicles and 

cells for transport, and for binding to outet-double-track. Ce1ls 

were more resistant to acidic conditions than vesicles while hind-

ing wa8 opti.Jllum at about pH 5.6. Although the interpretation of this 

data i8 still open to question, it is clear that the cel1 wall cannot 

be ignored at this time if a complete understanding of the transport 

process ls to he achieved. 

v 

/ 
" 
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APPENDIX 1. 

Channels ratio quench correction curve for 11+C. 

Counting vials contained 6 ml of aquasol and 1.8 ml vater. 

Equal volumes of an aqueous solution of L-[14C]al~ine vere added 

tooeach counting vial. The DPM ggded in the absence of quenching 

agent was determined using the [ 14C]toluene spiking technique 

~Wang and Willis, 1965). Chloroform vas ~ed 8S quenching agent. 

Samples vere counted ~ing a Nuclear Chicago Isocap 300 liquid 

scintillation spectr~ter. 
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