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’ . -ABSTRACT
3
UptaLe of L-leuciné by suspen51on cultured ¢ells of Ammz vzsnaga '
was,lnvestlgated. The rate of L- 1euc1ne upta}e was found to initially (9
increasefwith the age of the cell-culture.» The maximum rate of uptake"

was reached 3-5 days after inoculation then declined rapidly as cells

.reached the stationary phase of growth Vitrogen starvation of cells

for up to 24 h resulted in an increase of approx1mate1y 10- fold 1n the”

L-leucine transport rate. o
L- 1euc1ne uptake was found to partlally*fulflll the cr1ter1a,for
an‘actlve transport system. Uptake was saturable 1nd1cat1ng carrriﬁx\
mediation. Doubie reciprocal plots for_L—1euC1ne uptake by'both \
nitrogen Starved»and nitrogen sufficient cells nere biphasic. The
energy dependence of L- 1euc1ne ‘uptake was demonstrated by strong

temperature dependence and by sen51t1v1ty to d1n1trophenol ollgomyc1n

"and azide. Uptake agalnst a concentratlon gradlent ‘could not be -

“demonstrated c°nc1us1ve1y, 51nce 32%. of.the transported L 1euc1ne was. N

- /

rncorporated 1nto proteln and smaller amounts were recovered from other

. cell fractlons Uptake appeared to be vectorlal however as only a- low

‘A. visnaga appeared to. be 1ntermed1ate between the specificities

rate ‘of efflux could be detected R : R
-. Uptake of L-leucine was reduced in the presence of a varlety of

neutral amino acids. The Spec1f1c1ty of the L 1euc1ne carrier of

reported for. bacter1a1 and fungal transport systems

The soluble amino acid pool of A. vtsnaga cells decreased during

iver , o T



-

periods of nitrogen-starvation comparable to those used in determin-

_ ation of transport rates, suggesting a regulgtdry role for one or more

“amino acids. Preloading"nitrogeh'starvedﬂcells‘with‘ammonium’sulfate
or L-leucine caused a fapi&'decay of transport actifiyy. Transport -
of L-leucine by starved and unstarved cells showed different degrees of

»

sensitivity to the inhibitors oligomycin, sodium'azide and dinitro-

phenoi;walthoughvthe effects of the latter two compounds were similar
-'0 - \ ] . -. . . .

for both groups of cells. These data may reflect the existence of
.different carfiers for L-leucine under different nutritional tonditions._
. ~ ’ ’ : Co - B :
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1. LITERATURE REVIEW

A. Suspension Culture of Plant Cells

1. General
The first suspension cultures of plant cells that were.

capable of repeated subculture were isolated about twenty years ago

' (Mu1r et aZ , 1954). Shortly afterwards Nickell (1956) demonstrated

the fea51b111ty of grOW1ng such. cell suspenslons as if they were
cultures of "mlcroorganksms" and is credlted with be1 g the flrst to

- =
utilize suspension cultured’ cells far b1ochem1cal 1nv st1gat10ns

(N1cke1§f3nd Tu1eckeﬁji959 1961) .

-

The' advances in methodology and appllcat1on that have’

7
7

'occurred in the intervening years are dlscussed.ln detall in the

_comprehen51ve volume edlted by Street (1973a) The present review w1ll

‘deal only with those topics that bear d1rect1y on the present work.

<

2. Growth of plant cells in suspen51on culture

- Most b1ochem1ca1 1nvest1gat10ns of suspen51on cultured cells

C to date have been conducted with batch suspen51on cultures.” ThlS

' technique 1nvolves the 1solat1on of an 1noculum of cells 1n a flnlte

volume of nutrlent medlum in a system that is closed except for 9

- exchange of gases with the out51de a1r (K1ng and Street, 1973). Cells
' grown in batch cultures generally remain parenchymatous w1th th1n L

walls and’ ‘large vacuoles (Yeoman and Street 1973).

The rate of cell growth in such a system depends on the

;ourceiof‘tissue, conp051t;on of the medlum, size of the inoculum and~
o .
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many other faqtorsi—\crowth may be monitored by changes in dry weightﬂ
fresh welght cell number packed cell volume, DNA content and nitrogen
or carbohydrate accumulatlon. Doubllng times measured by these means
for various tissues range from 20 to 48 hours (Dougall 1972) . These .
values are greater than those of 21-27 hours obtalned for_cultured; ’
‘intact tissues (Phllllps and Torrey, 1973) . | \:.
‘ K1ng and Street (1973) have compared the growth pattern |
evealed by the techn1ques glven above to the classical lag, log, and
stationary phases of bacter1a1 growth The drawbacks to this inter-
pretatlon are dlscussed by Rose and Martln (1974) Several 11nes of
ev1dence suggest that batch cultures possess twofdlscrete growth phases
Henshaw et al. (1966) and Fletcher .and Beevers (1970), on the bas1s of
cell counts and measurements of cell diameter, d15t1ngu1shed a cell »

- division phase and a cell expansion phase. These phases were character- -

- have Based their conc1u51ons on chemical analyses have recognized a

1zeq§§:1mary by changes in '"C-acetate metabol1sm Other workers who

"cytoplasmlc growth phase" and a "maturatlon phase' (Rose et al., 1972

Rose. and Martln; 1974). The cytoplasmlc phase is characterlzed by a

hlgh rate of nitrogen metabollsm relative to the 1ncrease in dry welght.

In contrast the maturatlon phase exhiblts large 1ncrementsN1n dry IS

weight relative to 1norements in cell n1trogen The two phases may

Laddltlonally have different pH optima (Ne51us -and Fletcher 1973)

3.. Nitrogen metabolism of suspension cultured plant cells,”

‘Most studies of nitrogen metabollsm in suspen51on cultured
cells have dealt with the suitability of various nitrogen-conta1n1ng

compounds asbnutrients. In genen%%s a combination of nitrate and

.



é’ | I _ . .
ammonium ions is. the best n1trogen source for in vitrod plant cell grcwth
(Gamborg et al-, 1968), although some spec1es may ut111ze nltrate alone

A(Tllner 1966) Ammonium ions alone w111 support growth if- the culture-
med1um contains an organlc acid that is a Krebs Trlcarboxyllc AC1d Cycle

'._1ntermed1ate (Gamborg and Shyluk, 70).

/ ~..ihe responsepof cultured tissue to aminovacids adde% to the

. medium is variable. Some amino acids maytstimu(ate gr0wth A number of
cell lines, for example requ1re,case1n hydrolyzate in the medium for"

optnnal growth L- glutamlne and L- alan1ne w111 substltute for. ammonlum'>

ions to alleviate the requlrement of - soybean for reduced n1trogenous B

.,compounds (Bayley et al., 1972). Cells of Acer pseudoplatanus release
amlno ac1ds 1nto the culture medium shortly after - 1nocu1at1on (Slmpklns

Vand Street 1970) These compounds may . be re5p0n51b1e for the
stimulation of cell growth by "cond1t10ned medlum", that is, medium in

which other cells'havelpreviously been incubated » |

In contrast, the presence of m1111molar concentratlons of

: some amino ac1ds, 1nc1ud1ng L- leuc1ne, is 1nh1b1tory to growth of

soybean (Gamborg, 1970). and Paul's Scarlet rose (Dougall 1965)

L- 1euc1ne has been shown to repress nitrate reductase in tobacco

cultures (Fllner 1966 Heimer. and F11ner 1970), and it has been

suggested that such a repre551on is the mechanlsm of growth’ 1nh1b1t10n.,'
Data from several sources 1nd1cate that suspen51on cultured

cells undergo a phase of rapid n1trogen metabol1sm shortly after

1nocu1at1on and before large 1ncrements in dry welght are. achleved

(G1van and Collln 1967; Venma anduMarcus 1974 Rose and Martin, 1974).\

Total insoluble (leen and Collln - 1967) and soluble nltrogen (Simpkin

 and Street,‘1970)~content ‘per cell reach a peak_early in the growth
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cycle, then decline rapldly Thus, in batch cultures n1tr0gen metabollsm

"~ metabolism uncoupled from cell d1v1510n and the mean compos1tlon of

cells changes contlnuously (King and Street 1973)

4

7

The b1osynthe51s of several amino- ac1ds anlud1ng L- leuc1ne

by suspen51on cultured cells has been 1nvest1gated Dougall (1965

1966) and Dougall and Fulton (1967a b) studled the 1ncorporat10n of

. 1*C-glucose 1nto proteln in the_ presenCe of varlous amlno ac1d$

~

EV1dence was ‘obtained. that (l) the synthe51s of L- 1euc1ne proceeds via '

a-keto-isovaleric ‘acid and 2) that exogenous L- leuc1ne 1s probably : 3

Utilized preferentially to endogenous L-leuc1ne as suggested by Oaks

(1965a,b) .

| Fletcher and Beevers (1970) u51ng 18C- acetate, establlshed

that, proteln precursor pools of amlno acids are apparently small in:

- rapldly grow1ng cells of Paul's Scarlet rose. This was espec1ally true'

for-L-leucine, Wthh had a very small pool compared to'other amino ac1ds;

In the same. study, the’ precursor pools of older cells were found to be

elther expanded or in ready equ111br1um w1th the same constltuent else—

where in the cells.

The two preceedlng studles, as well as others (e g. Maretzkl,

N1ckell and Thom 1969 ;- Maretzk1, Thom and N1dkell 1969; Dougall 1970),

'have establlshed that the 1ntermed1ates of amlno ac1d metabollsm in

_cultured plant

4. Solute

cells are the same,as.those of intact plants.

transport by suspenslon cultured plant cells

. Solut

e transport by cultured plant cells has not been -

exten51yely studied. Active tranSport systems have however been

‘ reported.for gl

ucose (Maretzk1 and Thom, 1972a,b)’ and L-hlstldlne

2



4 (Maretzki .and. Thom, 1970) in sugarcane sulfatekin tobacco (Hart and -
" Filner, 1969 Smlth 1974 1975) and L-alanine in. soybean (Klng and
Oleniuk 1973). Energy dependent proton efflux (or hydroxyl 1nflux)
Has been descr1bed for suspen51on cultures of bean rye, and sycamore

‘leaf cells (Flsher and Albershglm, 1974). B

‘B. Leucine Transport Systems .in Microorganisms

1. Introductlon

The ex1stence of solute transport systems in. the plasma
Amembrane ‘of cells has long been recognlzed It is generally belleved
'that transport systems prov1de a mechanism for regulatlng the 1nterna1
comp051t10n of cells, as well as for capturlng scarce but potentlally
‘useful compounds from the surroundlngs

Amlno ac1d tranSport has been studled extens1ve1;}in micro-
organlsms and an1ma1 cells and has been found to be a matter of str1k1ng
complexity. Recent developments in studles of amino ac1d transport~1n
t»animai‘tissues are reV1ewed by Helnz (1972) and Sanford and Smyth -
,.(1972);. o g | o | S

fhe process of amlno acid transport is best understood 1n
nucroorganlsms, ma1nly as a result of thelr su1tab111ty as exper1menta1
organ;sms. In partlcular, the- ava11ab111ty of tranSport mutants has
been an.inportant factor in reveallng-detalls of problems such’ as.
energetlcs and mechanlsms that cannot be ea511y résolved by any other'
method Rev1ews of transport in bacterla (Kaback 1972) bacter1a1
rmembrane Ve51c1es (Kaback 1973), and mlcroor%antsms in general "

.(Oxender, 1972) have>recent1y'become avallabie.

VO
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Atypes of membrane transport are dlscussed by Steln (1967). By his

R . | ~ 6
// . N
/2. Kinetics
% I

/
/

The, experlwental criteria for dlStlﬂgUlShlng among various

’crlterla namely/Saturab111ty, substrate 5pec1f1c1ty, and compet1t1ve.

1nh1b1tlon by s ructurally similar compounds the tranSport of natural

- amino ac1ds pears to be carrlerrmedlated in most mlcroorganlsms

Plots of the 1n1t1a1 rate of a medlated transport process vs .

substrate concentratlon usually show a hyperbollc curve approachlng a

maximum 51m11ar to the Mlchaells—Mentof curve observed for enzymatlc

reactlons Double rec1proca1 (Llneweaver Burke) plots of uptake data

' show a stralght line if transport conforms str1ct1y to. Mlchaells—Menton

o

kinetics.‘ Whlle most transport systems conform to the thhaells—Menton

I . el

relatlon dev1at10ns have been dbserved At high concentrat:7§ '
m the

“dev1at10ns from 11near1ty may occur, presumably resulting fr

ex1stence of a non saturable dlffu31on component (Helnz 1972) In
some m1croorgan15ms however thls component exh1b1ts stereospec1f1c1ty,

1nd1cat1ng that 'a medlated tranSport system w1th a hlgh Kqn may be

'operatIng A number of Llneweaver Burke Dlots for transport systems

rhave been unmlstakably non- 11near even at moderate concentratlons of

~amino ac1ds . The transport data obtained for L-valine (Plperno and

‘ Oxender 1968) and L- leuc1ne (Guardlola et aZ., 1974a) w1th Escherzchta

' colt’ L- hlstldlne w1th SaZmoneZZa typhtmurtum (Ames, 1964) and b351c

* amino ac1ds with yeast (Grenson 1966) have been g1ven blpha51c \

rec1proca1 plots. -These have been generally interpreted as ev1dence
of two distinct transport systems although alternative 1nterpretatlons

‘are possible (lesen, 1974)

7

. ¢
‘ Mlchaells Mepton constants (Kﬁ) for L-leucine uptake by E. coli

.
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range from 0.2-4 y M (Piperno and Oxender, 1968; Claus et al., 1973;
Wood, 1974). Kn valub5/for L-leucine uptake by membrane vesicle w
éreparations~are generally higher, ranging from 1-18 u M (Kaback, 1973).
Values for fungal systems are still greater, e.g-, 110 u M for
Neurospora (Pall, 1970), 30-1000 ;\ﬁsfor dlfferent strains of yeasts
(Bussey and‘Umbarger, i970j, and 10 u M for Penicillium chrysogerum

. (Benko et al., 1969). The above‘values are as given in Table 1.

3. Specificity

| Generalizatipn‘about interactions between the;differentmamino ~
acid substrates of carrier systems is complicated by the large number of
" different systems prOposed for varlous tissues. The substrate
spec1f1c1tles that ‘have been sugqested for a number of anlmal Cell and
_bacterlal systems are summar1zed by . Sanford and Smyth (1972).

Carrler spec1f1c1ty for L-leucine’ has been exten51vely studled
in £. coli. L- leucine ‘transport is mediated by at least three d1st1nct
systems (ClaUS et al., 1971::¥8§é~\i212) and perhaps has as many ‘as f1ve
(Guardlola et al , 1974a b) Penros t aZ (1968) f1rst characterlzed
a transport act1V1ty that is sensitive to osmotlc shock treatment and
specific for'L-léucine; L-iseleucine,rL—vallne and L-threonine.
Subsequehtly, a second osmotic sheCR-sensitive system transporting
L-leucine only was detected (Furlong and Welner 1970) Both systems
are repressed by the presenee of L-leucine in the growth medlum

The observatlon/tﬁgt leuC1ne transport act1v1ty was retalned
in osmotlcally shocked.cells lead to the dlscovery of a third. transport
system, ‘which med1ates uptake of L- 1euc1ne L- va11ne and L-isoleucine

(Wood, 1974). ‘The existence of thlS system has been ver1f1ed by use of
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specific transport nutants (ﬁahmﬁnian et al., 1973). This shock-
resistant system is not repressed by the presence of L-leucine in the
medium, and unlike the shSCk-sensitive sttéms, is found in membrane
vesicle S}eparations.

. Transport systems in fungi appear to be generally broader in
specificity for amino acids than those of baéteria, although a number
of highly specific transport.systems have been described for amino
acids other than L-leucine. Under conditions of rapid‘growth and
nitrogen sufficiency yeast (Grenson et al., 1966; Grenson, 1966; Gits
and Grenson, 1967; Magaiia-Schwenke and Schwenke, 1969), Penicillium
(Benko et al., 1967) and Neurospora (Pall, 1970) possess systems with
narrow specificity for certain I acids. In old,'élow;growing |
cultures, or under starvation cohditions, yeast (Gits and Grenson, 1967,
1969), Penicilliwn (Benko, 1967, 1?69) and Neurospora (Pali, 1970) have
additional transport systems-that‘mediate the uﬁtake of a wide variety
of amino acids. _It has been suggested (Pall, 1970} that the two
cétegories differ in function: The specific systems serve mainly to
proyide certain amino acids for prottin synthesis, while systems that
‘deVélop under gtarvation,conditibns or in old cultures primarily provide
a source of reduced nitfogen,or carbon. |

L-leucine_is trgnspoftéd via a general amino acid permease in -
-;tarved mycelia of P. ahpysogenum (Benko éi al., 1967). L-leucine
uptakevby nitrogen sufficient mycelia- apparently occurs by free
‘diffusion (Hunter aﬁd Ségel, 1973aj. ¢Under starvation conditions,
L-ieﬁciné influx is foilowéd,by efflux of a-ketoisecaproic acid into
the incubation medium and is inhibited by preincubation with am?onium

chloridé or L-leucine (Hunter and Segel, 19735).. Activity of the

&
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general amino acid pcnneusvc (and l.«le(.lcine uptake) is strongly but
reversibly inhibited by anacrobic conditions and by DNP (Hunter and
' :
Segel, 1973b). No constant corrclatio;rgctween transport activity and

intracellular levels of ATP yas observed.

\
'y

4. Mechanisms of amino acid transport -

The membrane componenfs responsible for transport of amino
écids hdave not been isolated. It has been found, however, that low
molecular weighit proteins are released from gram-negative bacteria
(Furlong and Weiner, 1970; Claus et al., 1970; Wood, 1974) and yeast
(Vorisek, 1973) by osﬁoticlshock, with a concomitant loss of L-leucine
transport activity. The released proteins do not possess enzymatic
activity, but are believed to be the substrate recognition factdrs of
transport sysfems. The evidénée,for this role 15 indirect but of
‘ipressive volume. The most convincing observations, as discussed by
Rosen and Heppel (1973) are: - . N

1) Osmotlc shock causes simultaneous loss of (ransport act1v1ty
and appearance of binding activity in the shdck fluid.

2) Binding proteihsAaré 1ocaliiea in the cell envelope where
transport factors are expected to re51de

' 3) Parallel repression of transport act1v1ty and blndlng

. protein Synthesis and parallel induction of both have

been,obser&edt' | » / |

4) Trénsﬁort activity énd-binding bxxthe_feleased pfoteihs
exhibit similar specificity. '

‘5) Km Qalues for binding and for transport are similar.

: 2
‘Although the molecular basis of amino acid prénsport has not
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been clucidated, several general models have been proposed.  The term
“"permease’ is prevalent in literature on amino acid transport. The
‘permeasc concept was originally proposed for B-gulgctosidc uptake by
E. coli by Cohen and Monod (1956) and l;FEf rcyised by Kepes and Cohen
(1961). The revised permease system model invokes two membrane
components: (i) an inducible, stereOSpecific protein permease that
combines with external substrates to form a complex and (11) a transport-
er that }eacts w1th the permease-substrate complex and an energy source
to form a substrate-transporter complex that passively dlfoSeS across
\ghe cell membrane. The first step is the rate-limiting reaction.

’ Experimental evidence so far has not supported all features.of this
model (Oxender, 1972). “ ‘ ’
An aLmernetive? widely cited model (e.g., Penrose et al.,
1970- Hunter and Sege}/ 1973a). proposes a three-step process consisting
“of: (1) b1nd1ng of the solute to a macromolecular mediator in the
membrane’(11) translocatlon of the sUbstrate -mediator complex across
the oemotlc barrler and (111) coupling of the process to metabolic
energy by conversion of the med1ator to a "high energy" form with low
affinity for the substrate. .
“"A number of thermodynamlc cons1derat10ns and experimental
facts argue against mo&els that invoke mobile carriers. Singer (1974)
has, therefore, proposed a generalized trahSport model invoking a
prote1n lined pore that spans the cell membrane. A:conformational
‘change in the pore protelns translocates a solute b1nd1ng site across
the membrane. An extension of this model provides a possible

explanatloh for the role of the bgﬁding protéins with the”integral pore

proteins dlscussed above, whereby association of the b1nd1ng protelns

"



with the integral pore proteins is necessary for the conformistional
changes that “open'" the pore. No direct cv—ﬁlum'c is yet available to

support this model.,

Much experimental effort has been expended to identify the
energy donors for amino acid transport and to clucidate the mechanism
of the coupling of. metabolic energy to transport. Early studies of
bacterialitranspart implicated the high-energy phosphate bond in the
coupling process (Schachter,and Minlin, 1969). Subsequent studies with
' memVTaﬁe vesicles(see Kaback, 1974) and mutants (Klein and Boyer, 1972;
Or et al.,-1973) suggested that ATP most likely played an indirect
role in transport. Results obtained with uncouplers led *o the
suggestion that the undefined "high energy membrane staté” generated

o
by»electron transport is the immediate energy donor for amino acid
uptake (Klein and Royer, 1972; Pavlovsova and Harold, 1969).

Recent work by Berger (1973) and Berger and Heppel (1974)
indicates that different modes of energy coupling may exist for
dlfferent transport systems, dependlng on whether or not thaey are
sensitive to osmotic shock. Osmotic' shock- sen51t1ve ‘transport systems
of E. coli appear to derive energy directly from ATP, while‘osmotic

Y\
shock-resistant systems are ériVen By the high-energy membrane state.
'Woéd (1971) has partially confirmed this pattern for the shock-sensitive.
and shock-resistant 1euc1ne transport systems of E. coli.
Two models for the coupling of ‘metabolic gg;;gy to transport

are prominent at the present time. Available experimental evidence

does not yet permit a clear choice between the two. Kaback and Barnes
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(1972), on the basis of membrane Ve51c1e studies, have prooosed a model

that visualizes amino acid carriers as recyclable electron _transport

‘intermediates, Redox changes, occurring as the cdrriers mediate the

flow of reducing equivalents to oxygen, result in translocation of a
. . . N :

- carrier-substrate complex to the inner membrane surface. Shortcomings

of this hypothesis are discussed by Kaback (1974) and Mitchell (1972).
An alternatlve explanatlon of energy coupllng, which at this
time appears to be best ‘supported by exper1menta1 ev1dence is the

chemiosmotic model of Mitchell (1972) Accordlng‘to thlS model

oxidation of ‘electron donors, OT hydroly51s of ATP is accompllshed by

.expulsxan of protons 1nto the external medlum, resultlng in a pH or

v electriCai gradient, or both, across the membrane. A proton motlve

force is thus created that tends to pull protons back across the

membrane and prOV1des the dr1V1ng force for solute uptake. TranSport

of one solute molecule and one or more protons is Droposed to occur v;a

.a bifunctional carrier. The early ev1dence for and the. 1np11cat10ns of a

" are not conslstent with experlmental data.

this model are'discussed.by'Harold‘(1972). More dlrect evidence
support}ng“Mitchell;s hypothesis is provided by recentistudies
(leata ‘et al., 19733 Asghar et al.,. 1973; West, 1973 Hunter andﬂﬁegel

1973) haback (1974) has dlscussed those aspects of the model that

’

-

6. Regulatlon 'Q e
. Regulation of amino acid - transport systems has been studled

most exten51ve1y in-fungi, perhaps because.fewer svstems are involved . .
;
hqn in bacterlﬁ 1he amino acid transport activity of many fungal

.

systems depends on the 1va11ab111ty of su1tahle nltrogen or calbon

-

Y » ‘,)

I4
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sources in the growth_mediumr Nitrogen starvation frequently results
in an‘increase'in transport activity (Benko et al. 1967 1969; Hackette
et aZ.; 1970; Magana-Sch%encke and Schwencke, 1969 Pall, 1969; Grerison
et al. 1970) as’ . a result of derepression or de1nh1b1t10n Regulatory
comp0unds have not been conc1u51ve1y,1dent1f1ed but amlno ‘acids and
ammon;um ions are the most 11ke1y candidates. Amino acid pools have
been observed to decrease with starvation (Bussey and Umbarger 1970),

) Tran51nh1b1t10n which is generally assumed to result from a dlrect B
zlnteractlon of the 1ntrace11u1ar substrate with a component of the
_transport system or)feedback 1nh1b1t10n by a metabollte of a tranSport
bsubstrate have been suggested as regulatorv ‘mechanisms for several
systems (Grenson 1966 Grenson et aZ., 1966; Gits and Grenson, 1967
Grenson. and Hou, 1972; Benko et al., 1967 1969 Hunter and Segel 1973a,

B

Pall 1971; Ring et aZ , 1970 Busseyvand Umbarger 1970) .
" Transport of L- 1euc1ne by the general amino acid permease of
P. chrysogenum has been found to be only partlally regulated by trans—.;
' inhibition'(Hunter and Segel 1973a) Transport activity was signific-
antly decreased 1n the presence\of substrate, as a result of degradatlon
of a permease component or induction of a regulatory protein such as a .
,7transam1nase . . ";'-‘ | .

Ammonlum jons have been suggested as the regulator of the
ac1d1c amino acid transport systems of Aspergillus nidulars (Robinson
et aZ., 1973) .. No correlation between the pool size of any amino ac1d
and transport activity was observed. .Addition of ammonium 1ons‘to‘
conidia resulted in a_rapid decrease in transport activity.. Studies of

mutants suggested that ammonium, ions specifically repressed symthesis

" of the permease. ' _ ' . , . -



.
The mechanism for regulation of amino acid transport in
bacteria’may differ from that in fungi. Amino acid pools increase in

several bacteria under starvatlon cond1t1ons (Ames 1964; Mandelstam,

'1960) although transport rates may also increase. In contrast,

‘ L-leucine transport by Pseudomonas aefuginoSa decreases with starvation,

although the L-leucine pool decreases as well (Kayaand Cronlund. 1969).

At 1east one transport,/xstem for L- leucine in E. COZL is repressed by

the ~presence of L- 1eu6;ne in the medium (Wood, 1974) However, detailed

studles of L- 1euc1ne ‘transport mutants of E. colz 1nd1cate that the -

regulatlon of L-leucine’ uptake by the multiple systems that exist in

>

thlS -and other bacteria is exceedlngly complex (Guardlola et al.

19742,b)..

C. Transport of Leucine and Other Amino Acids by Plant Cells

1. General
< ~ Although transport of inorganic nutrients has been extensively

e

studied in plant tissues; transport>of amino acids and other organic.

‘solutes has received little attention. In fact, feW'detailed studies

of aminoeacid transport‘are.available However in con1unct10n w1th
studies. of other processes uptake has been moni tored (e g-, Osmond and

Harris, 1971; Leonard "and Hanson, 1972a,b).

2. ChZoreZZa
Uptake by ChZoreZZa vngarts of L- methlonlne at external

concentratlons of 0.1- 10 0 umoles/ml has been found to be energy

./dependent (Schr1ft,.1966). Ana1y51s of the accumulated rad10act1v1ty

showed that more than 90% was in the form of L—methlonlne suggestlng

15
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that uptake against a concentration gradient was occurring.
- L-proline uptake by Chlorella pepenvidosa is most active in
~growing cultures after depletion of glucose 4nd near- depletlon of ?

nitrate from the growth medium (McNamer and Stewart 1973). L- prollne

;'uptake by stationary phase cultures - required glucose and occurred only

after a long lag phase suggesting that the accumulation of carbohydrates

3 Storage tlssue

Birt and Hird (1956) were the £1rst to demongtrate the

' mediatedvtranspOrt of L-leucine and other am1no-ac1ds in higher plant

tissue. The rates of uptake of amino ac1ds by Carrot slices were- found

" to increase with prolonged washlng of the tlssue. Subsequent studies ’

(Blrt and Hird, 1959a ,b) established that L- 1euc1ne was transported

against a concentratlon gradient and ‘that. uptake was sensitive to

'metabollc 1nh1b1tors. Competltlon experlments suagested that carrier

specificity was qulte broad, though greater afflnlty for amino ac1ds
with 11p0p ilic 51de chains was observed. The ‘carrier affinity was

also greater for L-amino ac1ds than for thg corresnondlng D-amino ac1ds

-4, procotyl tissue

The uptake of L-glutamic ac1d L- 1y51ne and glyc1ne by

~ sunflower hypoCotyls was 1nVest1gated by Rheinhold and Powell (1958).

—glutamic acid uptake had a Qio value.greater‘than one and was
reduced under anaeroblc condltlons 1eading the authors to conclude
that metabollc energy was required for accumulatlon of thlS amino acid.
Concentﬁatlon dependency was demonstrated 1nd1cat1ng carrier

medlatlon. Reana1y51s of the data by Nissen .(1974) suggests that uptake
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_of L-glutamic acid may be represented by a biphasic isotherm.

5. Leaf tissue . ’ - - ' ,/“r

o : : . . .
The existence of specific carriers for amino acids in leaf

- cells was first proposed by Mathes and Engelbrecht (1961) to explain
.the energy-dependent accumuiation of glycine by kinetinftreated areas
of excised. 1eaves,) More recently, ShtarkSall.et al. (1970) studied'
the uptake of a- am1n01sobutyr1c ac1d (AIB) by barley leaf str1ps AIB
- was not metabollzed by this tlssue and thus d1ff1cu1t1es in inter- k;
pretation resu;tlng from metabollsm of the,transported compoumd were
" eliminated. | ) |

Net uptake of AIB was linear.withltime and proeeeded against .
a concentratlon gradlent "~ The capac1ty of leaf strlps for accumulation
of AIB 1ncreased by a factor of four when the tissue was "aged” for
several hours 1n.a ca1c1um chlorlde solutlon The stimulation of net.
uptake was shown to’ result from 1ncreased influx of AIB rather than f
1ncreased efflux and was attrlbuted to reversal during the ageing
period of woundlng effects |
. ‘In a continuation &f thls work Rheinhold et aZ. (1970)
" conducted a detailed kinetic-analyéis of AIB. Uptake byvbarley leaf
strips. The data 1nd1cate that spec1f1c uptake mechanlsms are present '
in both fresh and aged strlps | lefu51on of AIB 1nto leaf cells
represented only a small fractlon of net uptake even at the hlah AIB
concentrations utlllzed in this work ConCentratlon dependency'curves
were found‘tovbe'biphasic and were qonsidered evidence for the exist-
~.ence of dual uptake mechanlsms u -

Uptake of elohteen amino acids by pea leaf fragments has been



: ‘ v : : - 18
reported by Cheung and Nobel (1973) The process Was strongly
temperature dependent (max1mum act1v1ty at 29°C) and sen51tlve to
. metabolic 1nh1b1tors and uncouplers Metabollc energy. derived from
”elther photosynthe51s or resplratlon could support uptake. Compet1t1on
‘studies suggested that all naturally occurring amlno acids were
:transported by the same carrler, but that AIB may enter via a separate '

carrier. ~ L
Ev1dence that plant cells possess shock- sensitive b1nd1ng
prote1ns analogous to those in bacteria has been obtalned (Amar and
Rhelnhold 19731\_ Aged strips of Phaseolus vulgarzs released 3.5% of
their total protein content when subJected to osmotlc shock at low
l temperatures. " The loss of proteln was accompanled by up to 99%
reduct1on of AIB uptake. ThlS decrease in transport activity could not
be attrlbuted to "leaklness” of the cell membranes as a result of
nonspec1f1c damage Although the data suggested a spec1f1c role of
s the released proteln in transport, b1nd1ng of AIB to the released

protein’ could not be demonstrated ’

;- '
6. Cultured plant cells

Two studies of amino acid transport by suspen51on cultured
cells are p;esently afarlagle Uptake of L- arg1n1ne and L- 1y51ne by .
' cultured sugarcane cells: was found to be a carrler mediated process and
was sens1t1Ve~to uncouplers and 1nh1b1tors of the cytochrome system

N

(Maretzk1 and»Thom f&?O) K1net1c data 1nd1cate that at least two

carrler sntes;ex1st fot\these am1no acids. .The blphaSIC concentrat1on
»dependency gurye "obtained for arglnlne uptake was con51dered to be-

the reiﬁlt of a speC1f1c system Operatlng at low arglnlne concentrat1ons.
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and a.non-specific Cdrr1er system: actlve at high concentrations.
Competition data 1nd1cated that the non- spec1f1c L- aré;nlne carrler may
be the same one respon51ble for L- 1y51ne uptake.

King " and Oleniuk (1973) 1nvest1gated L- alanlne uptake by
suspension-gultured soybean'éells. Uptake by nitrogeh stf1c1ent cells
was apparently nonfsaturabie and therefore not a‘mediated process.
Incubation of cells’ip a ﬁitrogen-free’medipm resulted in a 100-fold
increase in uptake rates. Under nitrOgen4starved'conditions, uptake
was a’satu}able‘prooess with a Km‘of>2.55 u M. DVP and: a21de rapldly
and effectiveiy inhibited’transport 1nd1cat1ng that transport was an ‘
energy-dependeﬁt proeess. Maximallrates of transport were observed in
young, rapldly growing cultures | )

It 1s apparent from a survey of the llterature ‘that transport

of amino acids by plant cells has, to date been studled only

‘Hsuperf1C1a11y While the a\allable data point to the ex1stence of

actlve transport systems f v amino acids in plant cells thezf%z

questlons of mechanlsm energy source and regulatlon have yet to be

investigated.
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. A. Sources of Materials

hemlcals
{/e Routine chemicals were ordered from\Flsher Sc1ent1f1c Company
band were of reagent grade Sucrose was obtained from the J.T. Baker
Chem1ca1 Company. Eastman Chemlcals supplied 2 4 dlphenoxyacetlc ac1d
and ammOnium 5ulfate was obtained from Mann Research Laboratorles
’ V1tam1ns amino -acids, ollgomyC1n Dowex ion exchange resin, and MES
(2[N- morphollno]ethane sulfonlc acid) buffer were supplled by Sigma
Chemical Company:. F1ne chemlcals were of the- hlghest purity available.
: L-leucine—lﬁC(U), L-leucine (1-'*C), L—alanlne—l“q.end Aquasol _~> 5

scintillation f%uid.were purchéséd from New England Nuclear Company.

2 Cell cultures

Amm?< vzsnaga was or1g1na11y obtalned as.a callus culture from
Dr. O. Gamborg of the Pra1r1e Reglonal Laboratory, Saskatoon Saskatch-.

ewan.

" B. Mainfenéhce of Cell Cultures

1 Growth conditions

Cells were grown aseptlcally in 500 ml erlenmeyer flasks
contalnlng 150 ml of suspen51on Cells were subcultured every 3. 5 days
CLD maintain the cultures in‘an actlvely grow1ng state. ¢ \ew flasks were

inocudated. by transferrlng a volume of cells suff1c1ent to glve an

}20 7
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initial dehsity of 1.5 mg dry weight/ml of suspension to a flask

containing sterile 1.0 B5 medium (Appendix 1). All transfer steps

were performed in a lininar. flowhood to maintain sterility. Cultures were

 were incubated at 27°C and under constant light on a New Brunswick

Scientific gyrotary shaker operating %t 150 rpm.

2. Measurement of growth parameters

a. Dry weight.

4dnf/we1ght

Growth was routinely monitored by det rmination

lFlve ml aliquots of cell suspension were collec ed on vacuum dr1ed

tared fllter paper disks, washed with d15t111ed water to remove debris,

"and dried overnight at 60 C in a vacuum oven.

b Packed cell volume.

Packed cell volume was used to estimate and to adjust the

: density of cell suspensions for experlments. Two to five ml_allquots of
 cell suspension were pipetted into a 15 ml graduated centrifuge tube

‘and spun for 5 minutes at top,speed (approx. 2000xg) in a cliﬁicgi

centrifuge.. Volumes were read to the nearest 0.1 ml.
. N - p

< BH

-

- fhe pﬁ of the_cultured medium wasvmeasured by transferring
5-10 ml of suspen51on to a smakl beaker, allow1ng the cells to settle

for 5 mlnutes and measurlng the pH with a.Comblnatlon electrode (A.H.

. Thomas Co ). In older cultures that contalned debrls a11quots were

flrst flltered through mlracloth and the pH of the filtrate was

determlned.
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Cr Mcasufement of Amino Acid Uptake by Cultured Cells

‘Thc'method used for measuring amino acid uptake (Fig. 1).was

a modification of the téchnique used by King and Oleniuk (1973). Cells

were harvested when the density had reached approximately 3.mg dry
weight/ml of suspension, uSually 24-36 h after»inoéulation; The c¢ells
from approximately 150 ml of suspension W¢re collected on miracloth,
washed with 250 ml of fresh 0-BS medium, and quickly transferred to a
beaker. The cells were diluted to give a density equivalent to 1.0 ml -
PCV/2.0 ml of suspensign or 15 mg dry weight/ml; Aliquots (2 mi) were
pipetted into 10 ml erlenmeyer flasks-containing 0:4 ml of 0-BS medium.
'2,4¥Djwas omitted from the B5 medium used for washing and assay since

v

it was found to‘haVe an inhibitory efféct on L-leucine uptake.“'
| ? ‘/Flasks were préinéubated for 20 minutes on a gyrotafy shaker
at 190'rpm; Assays were usually pérformedﬁat ambient Toom tempergture.
When a watef bath shaker was available, aSsaYs were performed at 23°C
or as otherwise indicated.-’After preincubétion, 100 ui of a so}utioni
of unlabelled amiﬁo acid coentaining 10° dpm ‘“C;amino acid (L-leucine .
or LQalahinef was added by a microliter syringe to each flaSk.v‘
Duplidate flaSk§ were’sacr;ficédlat apprdpria;e time intervals by pouf+
ing the contéﬁts onto tared‘miracloth‘disks held under vacuum in
Millipore filter ‘holders. The flasks-wére £apidly.rin$ed with 10 ml
of\O—BS medium, and this was subseéuently passed through the filters
tof&ash the cells. The cells colle;ted on the miracloth disks were
used for dry weight de;erminations.. | -

\

filtrate?to intfillation vials containing 10 ml of Aquasol universal

ﬁpt was determined by transferring 100 upl aliquots'from’éach

Y
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FIGURE 1.

-MEASUREMENT OF AMINO ACID UPTAKE
Cells grown to 2-3 mg/ml stage
Collect by filtration; wash

‘Resuspend in fresh growth medium

|

18C-amino acid of known specific

activity added to cell susp.

Q

Cells collected by f11trat10n wash

S N

Cells f11trate

Dry wt determlnatlon , 1%C assay

N

Uptake rate

nmoles/mln/mg dry wt.

Procedure for assay of amino acid uptake by suspensicn .

A

cultured cells of Ammi visnaga.
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scintillation fluid. Sufficient isotope had been added to the assay
vials to give a zero time reading of 10* ¢cpm/100 pl. Vials were
counted in a Nuclear Ch1cago Unilux II scintillation counter. - Counting
intervals were selected to g1ve + 1% count1ng eff1c1ency.‘ Counts were
corrected for backgreund and for quenching by the channel ratios method
(Wang and Willis, 1965) Total uptake was calculated as dpm in the
filtrate at time zero minus dpm in the filtrate after a spec1f1ed

interval, and was expressed on a dry weight basis.

D. Determination of L-leucine Transport at Different Stages of the

Growth Period.

A 500 ml flask containing 100 ml of 1.0 BS medium was
inoculated with 3.5 day old cells as described above. Aliquots were
aseptically removed at 2 h after transfer and approximately every 24 h

thereafter up to 140 h. Cells were washed, concentrated to 1.0 ml

PCV/2.0 ml suspension and assayed for uptake of 50 WM L-leucine at 24°C.

E. Nitrogen Starvation of Cells

_Celis that had been grown 24 h jin 1.0 BS medium were
aseptically collected on mlracloth in a Sterifil filtration unit
supplled with gentle vacuum. These cells were washed with 250 ml of
1 0 BS medium lacking inorganic nitrogen (Appendlx 1) and transferred
asépticall? to a 500 ml flask containing 100 ml of the same medlum.

“ During .the starvation perlod flasEinere incubated under the

condltlons descrlbed for malg%éhance di cell cultures.

——h

e
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1

IL%,$WKﬁcf &l Duration of Nitrogen Starvation on the Rate of L-lecucine

and L-alanine Uptake

Cells were starved as described above. Aliquots of 30-40 mlv
were withdrawn aseptically at the time of transfer to nitrogen-free
mediuﬁ, and at 4 h intervals thereafter up to 24 h. Uptakes of 10 uM
L-leucine and L-alanine were assayed separateiy using triplicate flasks

for each time point.
.

G. Concentration Dependénqy of L-leuciné Uptake by Nitrogen Starved

and Nitrogen Sufficient Cells

1. Nitragen sufficient cells
0 ) .
Cells grown in 1.0 BS medium for 36 h were assayed for

k]

_uptake at 8 concentrations of L-leucine (10, 15, 25, 50, 100, 133,

167, and 200 uM).
. o . ’ . -

2. Nigrogen starved cells >
Fanma

.

Cells were grown for 24 h in 1.0 BS5 medium, washed, starved
for an additional 12 h," and assayed for L-leucine uptake at 6, 8, 10,

15, 25, 35, 50, 60, 100, and 250 pM. .J

H. Measurement of L-leucine Uptake at Different pH Values

A nitrogen starved cell suspensibn (150 ml1) was divided
into éight equal fractions. Ceils from each fréction\;;;e collégted
by filtration and washed twice with 20 ml»éf.pﬂ adjusted nitrogen-ffee
°mediuﬁ containing 0.1 M MES buffer\{pﬂ 5.5). 'The cells were

resuspended to give 1.0 ml PCV/2 mi;ﬁf,cell suspension. Uptake of



20
50 uM L-leucine was assayed at pltvalues of 5.0, 5.5, 5.7, 584 6.0,

2

6.2, 6.5 and 7.0,

[. Measurecment Qf L-1lcucine Uptake at Different Temperatures

One-hundred and fifty ml of niffogen starved cell suspension
were divided into eight equal fractions. Cells from each fraction were
collected by filtration, washed and resuspended in 0-B5 medium that had
been adjusted to give a pH value 6( 5.9 at one of the experimental
- temperatures. The cells were preincubated for 20 minutes at the
indicated temperature before addition of labelled amino acid. Uptake
of $0 M L-leucine was assayed at 15, 20, 24, 26, 27, 28,(30, and 35°C.
Assays were done in a gyrotary water bath shaker to maintain the

desired temperature.

J. Measurement of Efflux Rate '

\_~

Nitrogen starved (13 h) cells from 250 ml of suspension were
collected by filtration and washed with 200 ml of fresh medium. Cells
were transferred to a flask containing 40 ml of nitrogen—fﬁee medium
and incubated 20 minutes on a gyrotary shaker at room temperature.
Duplicate aliquots were taken for dry weight determination. At time

)
zero, 1.6 ml L-iéucine—‘“c was added to give an initial extraéellular/
concentratiofi’ of SO%uM. After 5 minutes, contents of the flask were
poured onto miracloth held in a Sterifil unit. The flask was rinsed
with 150 ml of medium and this was also filtered through the same
N

miracloth disk.® The cells loaded with !“C-leucine were transfefred to

40 ml of fresh medium.- Aliquots (2 ml) of this suspension were
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transferred to each of 24 10 ml erlenmeyef flasks. Twelve flasks were

" preincubated (to minimize any effects as a result of trénsfer) for 5 .
minﬁpes before addition of L-leucine-*H. Dupllcate flasks were v ‘,/4"”
sacrificed at 9' 2 4, 6, 8 and 10 minutes as prev10usly descrlbed

Aliquots (100 ul) of the flltrates were"analyzedffor *H and '*C content

by the tripie‘ehannel'meihod of liquid scintillation counting (see Bush,

-

1964). S

[y

Efflux of !'“C-leucine 1nto 1eu21ne free medlum was followed

v

: 51mu1taneously with the Temaining 12 flasks. ~F1asks were sacrlflced at
".  the tlme 1ntervals 1nd1cate§\3ﬁgye\/,Al1quots (100 ul) of the filtrate
‘were then analyzed for 1C content. o o i

N

- K. Test fef'Sensitivity of L-leucine Uptake to Inhibition by Other
. Amino Aeidse ' v

; Nitrogen star?ed'cells were erepared for assay as described
ébeye except that the Volume of 0- BS medlum added to- the f&asks was
,redueed to O 35 ml. Potent1a1 competlng amlno acids were. added in 50 ul
of solution, 15 seconds before the addition of “C- leucine . The initial
'extracellular concentration of the amino ac1ds being tested was 1 mM.

Control flasks contalned 50 -ul of dlstllled wateﬂ

~

L. ,Recoveryﬂof‘Transported L-leucine-'"C

Cells were grown, washed and starved according to the normal .

procedure Uptake oﬁwx“céleucine was essayed at ‘room temperature in 50
¢
"ml rcactlon flasks containing 4 ml of cell suSpen51on 0.8 ml of 0- BS

[

“medium lacking nitngen and 0.2 ml Of’lSOtOpe solut1on. Flasks were

-
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flushed with air at a fﬁte of 50 ml/mln and were shaken contlnuouSly'
throughout the experiment. Flask contents were sacrlflced at 2 mlnutes
after addition of l"leeuc1ne The cells were removed from’ the mira-
cloth filters, transferred to. lS ml 80° v/v ethanol and homogenlzed at
4°C for 5 minutes at 3/4 speed in a Virtis homogenlzer The homogenate

was fractlonated according to- the method of Fletcher and Beevers (1970)

 (Fig. 2).

B
U

M. Determination of Size and Composition of the Soluble Amino Acid Pool

" Cells that had been growing in 1.0-B5 medlum for 24 h were
collected washed and transferred to nltrogen -free medlum Aliquots
of, suspen51on were taken after 0, 12, and 24 'h of nltrogen rvatlon,

- The cells were collected by fiftration, transferred to 15 fgof ethanol
(80° v/v) and homogenized as ag\VE' The amino ac1ds were separated |
according to the procedure in Fi 2 " then taken nearly to dryness, and
‘ resuspended in IN sodium. c1trate buffer (pH 2 2). The amino acids were
separated on a Beckman Model 121 Automatic Amlno Ac1d Analyzer with dual
columns of Beckman AP-28 re51n The standard assay temperature was 53°C.
B351c amino aC1ds were. eluted w1th 0 35 N sodium citrate buffer pH 5.3.
Neutral and ac1d1c amino ac1ds were. eluted from the second column Wlth'

0.2 N sodlum c1trate buffer pH 3. 35 followed by the same buffer at

‘ pH 4.25. Concentratlon of the standard amino acids was 100 uM.

N. Effect of L-leucine and'(NHQ)ZSQq-on’L—leucine Uptake by Nitrogen -

. T g, ' . -
Starved Cells of A. visnaga ' o : R

Cells that had‘been inCubated 24 h under normal maintenance
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conditions and subsequently n1trogen starved for 12 h were collected by
'.flltratlon washed and resuspended in 0- BS medium lacking nltrogen to

give a PCV of 0.5 m /2.0 ml of cell suspension. A 10 ml aliquot was
‘w1thdrawn for assay at time zero and the remalnlngpcells were distribut-.
ed equally among ‘ four 125 ml erlenmeyer flasks. One ml of concentrated A
stock solution was added to each of three flasks “to glve an 1n1t1a1
concentration of either 5 mM L-leuc1ne, 1 mM (NHq)zsoq or a comblnatlon
of 5 mM L-leucine and 1 mM (NH,)2SO.. The control flask received 1.0\

ml of distilled water. The flasks were incubated at 23°C on a gyrotary
shaker operating at 150 rpm. Aliquots of 10 ml were withdrawn:from each
flask at'time interfals of 30 60 ; 120 and 180 minutes after addition of
the preloadlngisolutlon The cells were collected by flltratlon washed
w1th 20 ml of 0- BS ‘medium lacking nltrogen and resu5pended in 5 ml of |

the -same medlum Uptake of L leucine from a 50 uM solutlon was assayed

in duplicate.

0. Iong—term Uptake of L—leucihe bleitrOgen Starved Cells

Cells that had been grewﬁ 24 h under.nofmal maintenance _
conditions were‘cbllected'by filtra igm, washed and starved ‘for 12 h as‘
descr.ibed previously. Uptake of L-mne—lkc from a S m\l selutlon was
assayed at 5 mlnute 1nta*wals up to 20 minutes and at 10 mlnute 1ntervals
from 20-100 mlnutes

P

P, fMeaeureméﬁt by Warburg Manometry of the Effect of DNP and NaN; on

Oxygen Uptake by Starved and Unstarved Cells of A. visnaga

- .

Aliquots were taken from nitrogen sufficient cell suspensions
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24-36 h after inoculation, wasned with ffesh medium and tranSfefred to
calibratea‘Warburg‘vessels .Both n1trogen sufficient cells and Cells
that had been Starv?d for 12 h were treated in the same manner as for‘
assays of L-leucine uptake.

Each Warburg vessel contained 2.0-2.5 ml of cell suspension,-
0.2 ml of NaNs or DNP in the sidearm and 0.2 ml of 103 potassiun
hydroxide ‘in thé Center well. Control vessels contained 0.2'ml of
distilled water in thé’sidearm :

OXygen uptake was measured at 27°C Flaéks were preincnbated'
with shaklng 20 minutes before the flrst reading was taken. Réadings
were taken at 5 mlnute 1ntetvals Oxygen uptake wa; measured 20 minutes

- before addlthﬂ of 1nh1b1tors and for an addltlonal 20 30 minutes in

the presence of 1nh1b1tors.

Q. Determination of the Effects of Resplratory Inhlbltors and Uncouplers

on L- 1euc1ne Uptake

1. Anaerobiosis . S

Cells that had beén nitrogen starved for 12 h were washed .and
concentrated as described'above. Aliquots of 4 ml were transferred to
50 ml reaction fiasks containing 0 4'm1 fresh 0-BS medinm 1acking
nitrogen. Flasks were 1n1t1a11y flushed w1th alr at 50 ml/mln for 15
‘minutes and subsequently w1th elther nltrogen or air for an additional

—

. 15 or .30 m;nutes before assay of the uptake of L-leuc1ne from a_SO‘uM

e

solution of the amino acid. S o

2. DNP and NaN;

Uptake of leucine by star.ed and unstarved-cells was‘assayéd
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as préviouslykdescribed; éxcept théf flasks initially_contained 2.0 ml
‘of cell susﬁengidn,énd 0;3 ml of fresﬁ 0-B5 medium. ‘Aliquots of 0.1 ml
of aqueous solutions of NaN; or DNP were added to assay flasks 0.5,
5.0, or 10.0 minutes before the addition éf.‘“C-leucine. Initial
.extracéilular concentrafioﬁ of leucine was'SO'uM. Confrols consisted
of flasks cantaining splutions of identical cqmpositioniplus Q;l mi

of distilled water. .

" 3. Oligomycin |
l Uptake of 50 M leuCine by étarved (12 h) and unstarved cells
was assayed.in.the preéehce of 5, 10 and 20 ug/ml oligomycin. The
inhibitor was added as 15 u1~a1iquots 6f ethanolic solutions; eilther 1;
5, or 10 minutes befofe»the ll’C-Ile.uciné. Control fiasks contained 15 pl

9

of ethanol.



II1. RESULTS

A. Growth of A. visnaga Cells in Suspension Culture

¢
{
A representat1ve growth Eurve show1ng 1ncrease in cell mass

(dry welght/ml) *is illustrated in Fig. 3. When medla WEre 1noculated
to a concentration of 1.5-2.0 mg/ml of cells from the linear portion of
‘the growth curve, little or'no lag phase was observed.. Cell mass
increased“for approximately four oa;s‘after'inoculation, then levelled
off”as the cells reached statiohary phase. Cultures maintained in the
,stationary phase generallybshoﬁed_a decline in cell mass that was |
assoc1ated w1th cell death and dlslntegratlon | |

The external pH of A. vLSnaga cultures fluctuated durlng the
_ érowth perrod (Flg. 3). .The pH drOpped to the minimm observed value
~of 5.6 shdrtly after 1nocu1at10n then recovered to a plateau value of
- 6. 2-6.3 during the 10gr1thm1c growth phase Stat1onary pﬁﬁﬁé was
preceeded by a drop in pH, although the pH was qulte varlable once the
cells actually reached the statlonary phase. The same -overall pattern

was observed in three consecutive growth experiments.

B. Uptake of L-leucine at Different Stages of the Growth Curve

.

The rate of L leucine uptake expressed on a dry welght ba51s
_f1ncreased with tlme after transfer of cells to fresh medlum (F1g 4)
The rate reached a plateau lasting from about 64 h to 112 h, and then
declined rapidly. The peak rate, observed durlng late lag phase and

early stationary phase represented a 2 5-fold increase over the rate

33
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suspensions of A. visnaga grown at 27°C

Cells were grown in 500 ml erlenmeyer flasks
containing 100 ml.of 1.0-BS5 medium. The flasks

~were incubated on a gyrotary shaker Operatlng

at 150 rpm, under constant 11ght

c
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FIGURE- 3. Growth (curve A) and pH (curve B) curves for ce11, .
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FIGURE 4.

 L-LEUCINE UPTAKE
(nmoles/min/mg dry wt)

, 0 ;1..' 1 1 1 1
0. 1 2 3 4 5 6
DAYS AFTER INOCULATION

I8

Uptake of L-leucine during growth of 4. visnaga cells
in suspen51on culture. v - 4

" A 500 ml flask containing 100 ml of 1.0-B5" medlum was

inoculated and incubated’ under normal maintenance
conditions. Aliquots were removed at intervals of
approximately 24 h and uptake of L-leucine from a 50.uM
solution was assayed at 24°C. Points are averages of
triplicate determinations. ~Agreement among aliguots

was *5% of the mean.

35
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measured 2 h after inoculation,into fresh medium.
N ‘o

C. Effect of Nitrogen Starvation on Growth of A. visnaga Cells

Fig. 5 illustrates growth curves for A. visnaga cells in
i.O-BS medium, 1.0-BS medium lacking nitrogen and 0-B5 medium lacking
nitrogen. G;gﬁth rates for cells in nitrogen deficient media were
comparable to control fates during the first 24 h after inoculation.
Beyond 24 h the growth rate of cells in nitrogen-free media declined.
Preliminary experiméﬁtS“showed a similar decline in.profein and RNA

L4

content of the cells after 24 h.

D.  Effect of Nitrogen'Starvation on L-leucine and L-alanine Uptake

Removal of o;gahicvnitfogen from the culture medium.fésulted
in increased uptake rates“fb; both L-leucine and L-alanine (Fig. 6).
| The greatest increase in ﬁptake rétes for both amino acids was observed
immédiately after transfer to nifrogen-free mediﬂm, although.the uptake

rates continued to increase slowly during subsequen@hours of starvation.

~ The rate of L-alanine‘uptake appeared to plateau after approximately 8 h,

while the rate of L-leucine uptake containued to increase slightly"
throughout the 24 h staryation period. The maximm stimulation of uptake

observed during_starvation was about 10-fold for both amino acids.

E. TConcentration Dependency of L-leucine Uptake

Uptake-of L¥1eucine by both starved and unstarved cells

exhibited saturation kinétics, indicating carrier mediation (Lehninger,

»
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CELL MASS (mg dry weight/m!]

s T

! : i | : !'V
1 2 : .3 4
DAYS AFTER INOCULATION ’

Growth of A. visnaga'éells in 1.0-BS medium (curve A),

.1.0-B5 medium lacking nitrogen (curve B) and 0-BS medium

lacking nitrogen (curve C).

Cells that had been grown 24 h in 1.0-B5 medium were
collected by filtration, washed with 250 ml of one of the,
indicated media and transferred to a 50 ml flask containing
100 ml of the same medium. Flasks were incubated under -
normal ‘maintenance conditions. - Aliquots for dry weight
determinations were -withdrawn at 24 h intervals.



FIGURE 6.

AMIND ACID UPTAKE (nmoles/min/mg dry wt)

o 1 - L 1 41,_:
| 24

-A. visnaga cells.

38

0 . 4 8 12 16
HOURS OF NITROGEN STARVAT_ION

Effect of the duration of nitrogen starvation on uptake
rates of L-leucine (curve A) and L-alanine (curve B) by

Cells that had been incubated 24 h in 1.0-B5 medium were

. aseptically collected by filtration, washed with 250 ml of

1.0-B5-medium without nitrogen and transferred to a 500 ml
flask containing 100 ml of the washing medium. Flasks
were incubated under normal maintenance conditigns during
the starvation period. Aliquots were removed at 4 h
intervals and uptake of L-leucine or L-alanine from 10 pM

was assayed. Points are averages of duplicate»determinatiops.‘

A
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1970)." - When uptake riates were blnttcd in the double-reciprocal form
(Figs.:7 and 8) cach ot the curves could be resolved into two phascs‘
‘Apparent Michaelis-Menton constant (Kp) values were calculated for each
of the two phases. The values for nitrogen starved ccils were 5.6 and
62.5 uM, while values-for nitrogen sufficient cells were approximately
double, 13.7 and 125 puM.

. - o

F. L-leucine Uptake as a Function of pH

Uptake offL—leuéine by nitrogen starved cells was maximal
near pH 5.8 (Fig. 9). This pH is very close to the pH value of the
.‘culture medium when cells were normally harvested for experiments The
transport rates did not vary greatly within the pH range of 5.6-6.3

normally ¥ound during growth of the cultures.

G. hL—leuci§§>gptake as a Function of Temperature

\

L-leucine transport was strongly temperature dependent, as

indicated in Fig. 10. The maximum rate of L-leucine transport was
reachéd at appro*imately i7°C, with a Qo value of about 4 between
15°C and 25°C. The rate of L-leucine uptake decreased rapidly at
temperatures exceeding 28°C. | \

l

H; L-leuciné Efflux from “Preloaded” Cells 7;

The results obtained using\the double label method to

estimate efflux are summarized in Fig.y 11. The in¥tial rate of L-leucine
e -
entry into starved cells of A. visnaga was 0.543 nmol/min/mg dry weight.

T
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Doul reciprocal plot for lL.-leucine uptake by nitrogen
starved cells of A. visnagqa.

Cells were grown 24 h in 1.0-BS5 medium, washed, starved
for 12 h and assayed at 24°C for uptake of L-leucine at
10 different concentrations. Points are averages of two or

more determinations. Agreement among determinations was
+4.5%. '
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FIGURE 8.
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Double reciprocal pleot for L-leucine uptake by nitrogen
sufficient cells of 4. visnaga.

Cells grown in 1.0-B5 medium for 36 h were collected by
filtration, resuspended in fresh medium and assayed at -

~.24°C for uptake of eight concentrations of L-leucine.

Points are averages of 2 or more determinations..

- Agreement among detcrminations was *#4.5%.
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FIGURE 9. | p;éke'Of L—leucine'bynA. vﬁsnaga cells-as a function of

Nitrogen starved cell suspension (150 ml) was divided
into eight fractions. Cells from each fraction Were.
collected by filtration and washed with pitrogen free
0-B5 medium containing 0.1'M MES buffer. The pH values
of the washing solutions were the same as ‘those of the
assay. solutions. Uptake of L-leucine from 50 pMe %
solutions at 8 diffetent pH values was assayed at 24°C.

e Points are averages of duplicate determinations. )
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FIGURE 10.

, Lf.LEU'CI'NE VU;PTAKE '('h m,o’lefs'/min /mg ‘dry wt)

P R S L 1 1
o'~ :
o 15 20 25 " 30 . 35

A‘ASSAY TEMPERATURE (°C)

Uptake of L- 1euc1ne by A. visnagavéells as a_function'df .
temperature,

*Nitrogen starved cell suspen51on {150 ml). was d1v1ded into
eight fractions. Each:fraction was collected by filtration

“ washed and resuspénded in 0-B5 medium adjusted to a pH
: vvalue of 5.9 at one of the experimental temperatures.

Cells were preincubated 20 mip before assay of L-leucine
uptake from a 50 pM solution. Points are averages of

duplicate dete{p@nations.
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When preloaded cells were resuspendea in 0-B5 medium lacking nitrogen,
the rate of L-leucine efflux was caléulated to be 0.003 nmol/min/mg dry
weight. The rate of *H-leucine uptake by cells that had been préioqded
with'f“Cileuéiné was the same as measuréd for L-leucin¢ influx into
cells that had not.bqen prelqéded. This indicated that;the degree of
preloading utilized did not affect the initial rape-of'ﬁptake. Thus, -
conditions employed in tﬁé preloading expefiments Still approximated N
“the conditions norméllyvused for other transpoft assays. The amount of
'*C-leucine present in the external medium was greater when the medium
contained L—leucine; presumébly because diiution of the isotbpe by
unlabelled L-leucine reducéd the amount retraﬁspbrted into ‘the cells.
Using this larger quantity; efflux of accumulated‘L—1eucine'wé§'éstim-‘

ated to be 0.004 nmol/min/mg dry weight.

-
-

q

I. Recovery of Transported '*C-Leucine and'Métabolites”,

Dis;ributioﬁ of '“C in;garidus cell fractioms is gi&en in
Table 2. The amount pfkradioactiVity feco&ered was calculated to be
9.7% of that ;fansp >ed. As anticipdted, most of the 1abel_was
recovered in%xhe sblubie amino'acid and brotéin amino acid fractions.
, Apprdkimately 10% of the tqtal coﬁnts_were fecovered in the 1lipid and
organié acid fractiohs,:indicatggg,that.éome degradatibn of Lélgutine
was otcurring. Insighificant amounté'bf fadioécti?iiy (less than 0.10%)
were recové;ed in the sugar or COzvfraéﬁiQns. | |

AI.\, el

J. Inhibition of L-leucine TranspOrtvby‘Other Amino Acids"
The results given -in Table 3 irdicate that L-leuéiﬁe'uptake by

e

e
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TABLE 2. Recovery of Transported L-leucihe—lﬁC from A. visnaga Cells ' .
\ . :

Fraction | E dph recovered - . % of transported dpm

oS :

CO, ' c . 834 : 0.1

Lipids L 165500 . 8.5

Organic acids = ‘ - 7800 ‘ C1.0

Sugars - 1066 | 0.1 -

Amino acids © . 382000 N

Protein amino acids 248000 0 32.3
DPM added as L-leucine-'“C 1.079 x 10°
DPM reﬁaining in filtrate 0.309 x 10°
DPM transported - : 0.770 x 10°
% of transported cpm

fecovered ‘ o 91.7

Uptake of L—léucine—?“c from a 50 M éolutiqn was assayed at room
tehperatpfe inASO.ml reaction flasks._.Eaéh flésk contained 4 ml of
nitrogen starved cell sﬁspénsion,jO.S_ml_O-BS-medium lackingvhitrggén
and_0.2 ﬁl isotope solution...Flasks were flushediwith air at a -
rété:of 50 mi/min.ahd were shaken continuously. Flask contents were
sacrificed 2 min after addition ofgf“C-leﬁcine and the cells were

-homogeﬂized in 80% (v/b)‘ethanol using a Virtis 45 homogenizér. The

homogenate‘was'fractionated according to the method of Fletcher and ——— "

N
—
Beevers (1970). e

e
T
e

[—

T
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TABLE 3. Effects of Unlabelled Amino Acids on Uptake of L-leucine-'*C -

by Nitrogen Starved A. visnaga Cells

Amino Acid - S gﬁ' % Inhibition of L-leucine thake
L-alanine | - ' 92
L—iSoleucine - ' o _ . 78‘
L-valine _ ‘ | - 73
L-proline ST - . 69
Glycine o ‘ : . v .62
D-alaﬁine_', ' R vi _ a0
D-leucine . S L s
L-glutamate S 54
L-asparfate ' A | | | 45‘
Lélysine ' o ‘ o o 8 - 30

Uptake of L- 1euc1ne tae from 50 M 'solutions was measured in the
presence of 1 mM concentratlons of unlabelled amino acids. Assay
vA»flasks contained 2. O ml of n1trogen starved cell suspen51on and 0.35 ml
fresh 0-B5 medium 1acking nitrogen. Unlabelled amino acids were added

in"50 pl of solution 15 sec before the addition of '“C-leucine.

Control flasks received 50 ul of distilled water.

4
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'nitrogenistarvcd‘cells is inhib;ted.by a variety of representative
neutral, acidic and basic and D-amino acids. .Inhibition.by other
neutral_amino acids.was nost pronounced,‘SUggesting that the carrier
vnossesses'sene prefetence for this class. L-alanine the mdst effect-
ive innibitot caused a 92% inhibition of L- 1euc1ne uptake compared
-to 78% and 73° for L- 1soleuc1ne and L- valine respectlvely, Wthh are
struoturally more 51m11ar to L- leuclne D alanine and D- 1euc1ne were
1ntermed1ate in thelr effectlveness as 1nh1b1tors as was L—glutamate.

L-aspartate and‘L—1y51ne, a bas;c-amlno ac1d,:were the least effective

inhibitors of the amino acids tested.

~

- K. Qualitative and Quantitative Changes in the Soluble Amino Acid Pool

During Nitrogen Starvation

Cqmposition of the cellular solubie amino_acid pool_of A.

: u1enaga 15 glven in Table 4. Relatine to othef‘aminb acids and
con51stent w1th their respectlve metabollc roles, L- aspartate

. L- glutamate L serlne and L- threonlne were present in the greatest
concentratlons. In‘contrast; L—leuc1ne was. present only in small
,‘namounts.liThe eoncentrations of all amino acids eventnaIIY’decreaSed
;-with starvation .aithbugh the cencenttations.of L;IYSine aL-tnreenine;:

L- arglnlne and glycine remalned the same- or - 1ncreased sllgﬁtly after

0
Kl

the first 12 h. The depletlon was most pronounced for the acid amino
acids; in comparlson the decrease in size of the L- 1euc1ne pool was

sli ght .
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TABLE 4. Changes in Size and Composition with Nitrogen Starvation of

. -
& the Soluble Amino Acid Pool of 4. V¥
Amino Acid . 0h 12 h N\
Lysine , 25.3 41 17
 Histidine 48.1 36 14
Arginine 12.4 : 18 ' trace
Aspartic acid To730 .. 187 27
Threonine 693 846 201
Serine | . 984 S 333 . . 8L
Glutamic acid 1566 433 92
Proline . 40.2 : ‘trace trace
Glycine ) 36.1 56 21
Alanine Y310 o 118 27
Valine o 272 o2
Methionine = 12 8
Isoleucine - . 68 . 22
Leucine . 39 11
Tyrosine ‘ . 58 18
Phénylalanine_ - 6 . trace trace

Cells were grown 24 ﬁ'in 1.0 B5 medium before tfansfer to nitrogen

' free,medium. Aliquots Qf cell suspension were saﬁpled after 0, 12 and
24 h of nitrogen starvation.’ Cells were collected by filtration,
»ﬁomégenized in 15 ml of 80% (v/v)‘ethanql and frécﬁionated_éccording
to the ﬁethod'of Fle}cher and Beevers (1970). Amino acids were

' separatéd on a Beckman Model 121 Automatic Amino Acid»Ahalyzer;
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‘¥4$%—5HBQIGSSLOR of L-leucine Uptake by Ammonium Sulfate and L-leucine

be effect of preloading nitrogen starved cells with high
concentrati L—leuéine, (NtL,) 280, or both is illustrated in Fig.
12, All thkee tre;tments rapidly and'effectively diminished the rate
of L-leucine up Preloading with L-leuc¥ne reduced uptake tb nil,
while cells preloaded with (NHu)ZSSZ retained about 10% of the Eontrol
activity. Suppression of transport‘wés most rapid when cells were

treated with both L-leucine and (NH,),SO,.

’

M. Long-term L-leucine Uptake by Nitrogen Starved Cells

‘Results for long temm uptake of L-leucine by starved A. visnaga
cells are given in Fig. 13, The '*C content of the cells increased
continuouély, although at a decrea51ng rate, throughout- the 100 minute
ipcubétion period. No evidence for effl&x_of ;ubstantial amounts of

radioactivity was obtained.

N. Inhibition of Respiration by DNP_and NaNj;

Dose response curves showing the effec;s of DNP and NaN, oﬁ ) ~
0X§gen>uﬁtake"by stafved and‘unstarved cells of A. visnaga are given in
JFigst'14 and lsrfespectively; DNP adﬁinistered in finél concentrations
of 107¢ to 107 M resulted in appfbximatelyJSO% stimulation of oxygen .
-uptéke,_consistent with its role as>an,uncoupler. At cbnéentrations - /ﬁ\\;g/;>
-exceeding 107 *M, the rate of oxygen uptéke declined, suggesting that
~ :

Vsecondary effects of the inhibitor were occurring. The response to DNP
A

" was quantltatlvely similar for both starved and unstarved cells



FIGURE 12.

*Flasks wer
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L-LEUCINE UPTAKE (nmoles/min/ mg dry wt)

o 30 60 90 120 150 180
MINUTES
Suppression of L-leucine uptake by 5 mM L-leucine (curve A), -

1 mM (NH,) SO, (curve B) or a combination of 5 mM L-leucine
and 1 mM (NH,).S0, (curve C).

‘Nitrogen starved cells (12 h) were collected by fil.tr.ation,‘

washed anderesuspended in 0-BS5 medium lacking nitrogen to
give a PCV of 0.5 ml/2 ml of cell suspension. The suspension
was then distributed equally among 4 flasks. One ml aliquots ' -
of concentrated stock solutions were added to each of 3 flasks
to give the indicated concentrations of preloading compounds.
The contrOé flask (curve D) received 1.0 ml distilled water.
incubated at 23°C with constant shaking. Aliquots
were removed from each flask at 30, 60, 120 and 180 min after
the additions. These cells were washed, resuspended in 0-BS
medium lacking nitrogen and assayed at 23°C for uptake of '
L-leucine from a 50 uM solution. Points are averages of

" duplicate determinations.



L-LEUCINE UPTAKE
[nmoles /min/mg dry wt)

FIGURE 13. Long term uptake of L-leucine by nitrogen starv ”h?;hQ
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cells of A. visnaga. :

;‘&'

Nitrogen starved cells (I2 h) were collected by -
filtration, washed and resuspended in 0-B5 medium
lacking nitrogen. Uptake of L-leucine from a 5 mM
solution was assayed at 23°C. Points are averages
of duplicate determinations.

s
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FIGURE 14. Dose response curve for the effect of DNP on oxygen uptake
» . by unstarved (curve A) and nitrogen starved (curve B)
cells of A. visnaga. i
Aliquots were taken from nitrogen sufficient cell suspensions
36 h after inoculation, washed with 0-B5 medium and transfer-
red to calibrated Warburg vessels. Aliquots-from nitroges s
starved cell suspensions were treated similarly; except R

that 0-BS medium lacking nitrogen was usedsfor washing’and = . 1 -~
_resuspending. Each Warburg vessel contained 2.0 m¥:of cell - '
suspension, 0.2 ml of 10% potassium hydroxide+if the center
well and 0.2 ml of inhibitor solutfon in the ‘side.amm/. Contiek> ., <
. flasks contained 0.2 ml of distilled water in' the sidé am.” - o
Oxygen uptake was measured‘at 27°C ‘after 20 mim of prelfcubation = -
-with shaking. ' R TR T B SR

i . . 23 X . -
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FIGURE 15.

[NaN3] (M)

Dose response curves £51 the effect of NaNj on oxygen untake
by unstarved (curve A) and nitrogen starved (curve B) ceclEgs
of A. visnaga. '

Aliquots were taken from nitrogen sufficient celi suspensions

36 h aftér,i@oculation, washed with fresh 0-B5 medium and
transferred *to calibrated Warburg vessels. Aliquots from
cell suspensions that had been nitrogen starved for 12 h

were treated similarly except that nitrogen-free medium

was used for washing and resuspending. Each Warburg vessel
contained 2.5 ml of cell suspension, 0.2 ml sodium azide

in the side arm, and 0.2 ml 10% potassium hydroxide in the
center well. Oxygen uptake was measured at 27°C after 20 ‘
min preincubation with shaking:



bNitrogen éufficient eeils treated with 107% to 107 * M NaN,
showed either a slight stimnlation of.oxygen uptake or no apparent
effect Nitrogen starved cells responded to. the lowest concentrations
 of NaN w1th a sllght increase in oxygen uptake but 1nh1b1t10n of
-oxXygen uptake, the classical respgnse.tg NaN3, occurred at concentra-

tions greater than 10 * M. .

0. . Inhibitidn of L-leucine Uptake bZAInhibitors;of Respiration and

"Energy Metabolism

‘Table 5 summarizes the effects of inhibition of fespiragion.

2 -
R

' and energybmetaboliém on L—leucinegtransport. Inhibitor.cencentrations,
with ‘the exception of oligomyein were chosen on the basisﬁof their
effects on oxygen uptake and were kept as low as, p0551ble to minimize
nonspec1f1c effects of the 1nh1b1tors u

.L—leuc1ne-transport by.nltrogen;sufficient andanitrogen

“starved cells_responded diffetently tovthe inhibitors employed.

VL—leucine‘transpdrt_in nitfogen snfficient'eelle was_inhibited 80% by
107" M DNP, 43% by 10'1"'M NaN; and 43% by 10 ug/ml oligom.ycin. The

‘Correspondlng percentages for nltrooen starved cells treated under‘
identical condltlons.were 358, 96° and 74% for DYP \a\a and oligomycin
respectr$e1y (Table-é). i

'
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TABLE 5. Inhibition of L-leucine Transport by A. uishéga Cells by
‘ Inhibitors of Energy Metabolism and Respiration.

5,

Amino Acid : Nitrogen status : Inhibitor ‘ %‘Inhibition

' L-alanine . starved ~ DNP 107*M o ‘ 99

" L-leucine . \ 10" //l;f ' Sé
L-leucine 10;f ‘ 80

<. L-leucine | -'wv starved o -~ NaN, 10_4 - 96

. L-leucine ‘ . SUffiéieﬁt~' - | NaN, iO’“ . 43:<
L-leucine » bétarved ‘ ' Oligomycin-lo_ug/ml - 69
L-leucine sufficient - Oligomycin 10 ug/ml - 43
L;leucine o starved - -0, (30 min)‘>', ‘ 51
AL-leucinéi » '> : _sférved | -0, (15 min) - 51

A. Chemical inhibitors. - Nitrogen sufficient cells -and cells that had .
been starved 12-14 h'were collected by filtration, washed and
-Tesuspended in 0-BS medium and 0-BS5 medium lacking nitrogen respectively.’
Assay flasks contained 2.0 ml cell suspension and 0.3 ml fresh B5 '
- medium. Aliquots of 0.1 ml aqueous DNP or NaNs;, or .05 ml ethanolic -
oligomycin were added to dassay flasks 5 min before the addition of
L-leucine. The initial extracellular concentration of L:ileucine was -
50 uM.  Control flasks contained solutions of identical composition
plus 0.10 ml distilled water on 0.05 ml ethanol in pface of the
inhibitors. o _— : '

B. Anaerobiosis. -Cells that had been nitrogen starved for 12 h were
washed and concentrated to a PCV of 1.0 ml 12.0 ml of cell suspension.
Aliquots of 4 ml were transferred to 50 ml reaction vessels containing
0.4 ml fresh 0-B5 medium lacking nitrogen. The flasks were initially
flushed with air at 50 ml/min for 15 min and subsequently flushed with
air or nitrogen for an additional 30 min before assay of L-leucine
uptake- from a 50 uM solution. ’
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A. Growth of 4. pisndga-Cells-in Suspension Culture

The groch of A. véﬁpaga cells in suspension cultnre.conform—
ed to the pattern observed for growthAof cells of other plant species
(e.g. Street, 1973). Plant cells in suspen51on culture typically
eXhlblt a three stage growth curve, consisting of an apparent lag
phase, an exponentlal phase and a statlonary phase With A. visnaga,
the lag phase could be reduced 1in duratlon or ellnlnated'if new
cultures were inoculated to a minimum of 1.5-2. 0 mg dry uelght/ml of
exponentlally QrOW1ng cells.

) “The dodbllng time fér exponentlally grow1ng A. visnéga
cnltures was 30-36 h. This compared favorably with doub11ng timed of
20—48 hhobserved for suspension cultures of a variety of different
planb_species (Dougall, 1972).

 The factors that influence the pH of the growth medium are
numerous (Raven and ‘Smith, 1974), the most important being uptake of
_ammonlum 1ons, release of carbon dioxide and the preferential uptake
of hydroxyl or hydrogen ions. It is not p0551b1e at this time to
prec1se1y correlate the pH of the culture and the metabolic state of

£

the culture. Howevergkln ‘the context of the present study it is

&

1mportant ‘to note that Vcl1cw_§and Rose (1973) have suogested that pH

changes during the growth of the culture might be an 1mportant factor

influencing nitrogen metabolism.

57 | o L
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B. Uptake of L-leucine at Different Stageé of the Growth Curve

Assays bf transporf activity performed at different points on
the‘gréwth curve indicated that thé rate of L-leucine transport did not
remain constant in‘actively‘gTOWingrcultures-(Fig; 4). The ;eak rate

‘tepresented a 2.5-fold inexease over Fhe rate measured shortly after
inoculation into new medium. It is possible that: this -increase in
uptake.rate was associated with decreasing 1evels.of inorganicvnitrogenA
in the médiﬁm, particularly ammonium ions. Hunter and Segel (1973),
for example, found that the presepce70f ammonium ions in the éulpure
medium inhibited‘amino acid transport by P.bchrysogenum. Althougﬁ
- inorganic nitrogen 1ev§ls were nof monitored in the pregent work, other
studies-(Béyley et al,, 1972; Rose and Martin, 1974).have shown‘that
ammonium ions are rapidly aepléted Erom?the medium by newly inoculated
"‘cultures.

| - AlternatiVély, transport rates over the growth curve may Be
influenced by intracellular ievgls'éfvsolublé nitrogen. Suspension
cultured plant ceiis appeér to‘undergé a rapid phase ofvnitrogen
metabolism shortly aftér inoculation, caUSing tdtal iﬁsoluble (Givaﬁ ’
and CQllin; 1967) and soluble nitrofen (Simpkin and Street, 1970) .
coﬁtent pér cell to-peak'eafly in theﬁgrowthréurve, then decline'rgpidiy.l
It is possible that the transient increase in L-leucine transport rate
observed in growing A. visnaga»célls is inversely correlated with the |
sblubie.nitrdggn pool or somé-component of that-pool. k

From a funcfional point Qf view, activatibnkéf‘an,amino acid
transport system would be advanfagéous under conditions of nitﬁogen E

scarcity, since it would permit recovery of amino acids being

\ ¥
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translocated from roots or scmescing tissues (sce Nelson and Gorham,

1959 ;. Muhammad and Kumazawa, 1974), as well as recovery of leaked

amino acids from within intracellular spaces. '
It should be_hoted fhatﬂKing and Oleniuk' (1973) have J;;;:Zea'

tesults for L-alanine uptake.by suspension cultured soybean cells that
contradlct the results obtained for L-leucine uptake by A. ursnaga. |
In soybean cells, L-alanine uptake was observed to decrease with the
ageitcell ﬁass) of the culture.  The data presented, however, were
not extensive ahd represent uptake over a limited region (2.4 mg/ml to

3.9 mg/ml dry weight) of the growth curve.

C. Effect of Nitrogen Starvation on L—leucinerand L-alanine Uptake

In order to further explore. the posslbility fhat uptake of
L-leucine was correlated w1th the nltrogen status of the tlssue ’uptake
\;ﬂwas assayed in cells that had been 1ncubated ‘in nltrogen free medlum
It is evident from Fig. 6 that nitrogen starvatlon resulted in an
approximately 10-fold increase in'L-leucine uptakelover the'rate
. measured'in nitrogen sufficient cells.' While increases of similar
magnltude have been observed for the uptake of —amihoisdbufyric acid'
(4%) after 'ageing' of barley leaf strips in CaSOq (Shtarkshall et.al.
1970), and for L- leucrpe (3.5x) and glyclne (2x) uotake by corn roots-
washed in CaC12 (Leonard and Hanson 1972a ,b), consxderablv greater
increases in transport activity have also been recorded. Increases
under nltrogen'starved‘COnditions of 80 ;oiloo—fold have been reported
~ for uptake of varidusvamino acids by P. chrysogenur (Benko et al., = '

1967), yeast (Schwencke ahd Magafa-Schwencke, 1969) and cultured soybean

T
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‘cells (King and Oleniuk, 1973).
The'diftérence in magnitude of the response.to starvation of
'sovbean and A. visnaga cells was not anticipated. Fig. 6 indicates

that the pattern of L-alanineé uptake was similar to that of L-leucine
in starved A. visnaga cells; thus the difference appears to reflect
dlfferences in cell lines rather than being a functlon of the amino -

acid used in each study.

D. Concehtration»Dependency'of L—leucine.UEtake

’ “\ Uptake of L- 1euc1ne by starved and unstarved cells was
apparently carrier mediated. In addltlon when transport rates were
. plotted vs concentratlon of L- 1euc1ne in the double. reclprocal form
(Fig. 7 and: 8) each of the curves could be resolved into two phases
Bi- or multiphasic kinetics.havelbeen observed in a variety
" of other transport systems, but their lhterpretatioh remains a subject
:for debate. In animdl cells,fsuch kinetics have been attiibuted to.
either increased rates of'diffosggn at high oermeant concentratlons or
to the existence of multiple carriers‘for a given permeant (Heinz,
1972). Similar curves for L-leucine uptake by E. coli have been
interpreted as representihg multiple carriers (Guardiola et al., 1974a).
Thiszconclusloh appears tobbe verified by studles of transport mutant§
| (Guardiola,et al., 1974b). " '
The interpretation of biphasic uptake k1net1cs in plant cells
hds been further complicated by the ex1stence of tuo cell membranes the
plasmalemma and thE’tonoplast w1th whlch mechanlsms for solute

transport could be associated. It has thus been argued that muliphasic
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isotherms for ion uptakc rcprescnt either two sites operating in-
parallel, both in the plasmalemm1 (Epsteln 1972), or a paﬂi$ operatlng.

in series, one in the tonoplast and the other in the plasmalemma

(Laties, 1969) Recently, lesen g1973) and Llnask and Latles (1973)

have proposed that uptake of organ1c and 1norgan1c solutes is medlated

by a single structure that is located in the plasmalemma. This

& m‘

structure is postulated to undergo "all-or- none" changes of state at
certaln distinct permeant concentratlons and these changes can be

descrlbed'by a series of phases, each following Michaelis-Menten

kinetics. This model is supported by the kinetic characteristics of

plasma membrane-associated ATPase, identified in oat roots, which

appear$ to have a role in ion transport (Leonard and Hodges, 1973).
Analysis or reanalysis by Nissen (1974) of published kinetic‘

data indicates that transport of a wide variety of inorganic ions can

be described by multiphasictuptake mechanisms. More relevant to the
present work iS'the_fact that amino acid-transport by barley leaf

strips (Shtarkshall et al., 1970), wheat roots (ref. 37 in Nissen,

1974) possibly sunflower hypocotyl segments (Rhelnhold and Powell,
1958) , ‘and cultured sugarcane cells Uﬂaretzkl and Thom, 1970) can be
reinterpreted according to the model of Nissen and are 1n agreement W1th
the results obtalned for A. vtsnaga |

The. saturablllty of L 1euc1ne uptake in nitrogen sufficient -
cells suggests that these cella'possess a constitutive transport T
system for thlS and perhaps other”amlno acids. This is in contrast to
soybean (hlng and Olen1uk 1973) and P. chrysogenum (Hunter and Segel,

1973), where L—alanlne_and L-leucine uptake respectlvely are apparently

- non-saturable under nitrogen sufficient conditions and.presumably

[y
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" result from diffusion. This may account, at least in part, for the
difference in the'magnitﬁhc of the increase in transport activity
breught.abeut by;nitrogen starvation.“ : b - ( //_//

' Km values reported for L-leucine transport systems of plants
and'microorganisms are summarized in Table 1. Althpugh direct
' comparisons of Kpwvalues are difficult to make because_Of variatibns
in the concentration range employed, nutrltlonal status -etc. the
hapoarent Km values of 5.6 uM and 62.5 uM obtained for L- 1euc1ne
transport by nitrogen starved A. visnaga cells compare favourably
with.yalﬁes obtained for amino'acid uptake in other suspension cultured‘
cells, yeast and fungi.: The values were much lower than tﬁese'reported
for L—leucihe aﬁd'AIB uptake by leaf tissues‘(Table 1. Herver,
L-leucine uptake'by plant tissues was examined only at high external
Qpncentrations; it is possible that uptake at lower conceﬁtrations
would have shown multiphasic kineties,and.additional Km ralues.“‘Further—
more3precent evidence has suggested that uptake of AIB, which is used
in investigations of amino-acid transport primarily because it 1is not
metabollzed by most tissues, occurs via a different carrier than the
one respon51b1e for transport of naturally occurrlng amino aC1ds
(Cheung and Nobel, -1973).

Pall (1969) has descrlbed two systems in Neurospora erassa
that are responsible for uptake of L- 1euc1ne and other neutral aplno
acids. System i is active in young, rapidly growing cultures and hasv
an apparent K, for L- 1euc1ne uptake of 120 uM; in comparlson, system II,
active in old, carbon starved cultures accounts for approxlmately 75%
of uptake and has a K of ¢_MM,? |

Once again, from a functional point of view, the lover Kn
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(greater affinity (Qr the carrier) would .be advantageous to the
‘orgahism in facilitation of more efficient rctficVal of amino acids
present at low concentrations in the external (extracellular) medium.
The fact that 1) L-leucine transport rates increase when there is
insufficient nitrogen in the culture medium and 2) the Ky for L-Teucine

transport decreases under the same conditions suggests that such a

system may be operating in cultured A. visnaga cells.

E. L-leucine Uptake as a Function of Temperature

L;leucineﬂtransport by nitrogen starved cells was found to be
strongly temperature—dependent,-a phenomenon 'that is‘usually'considered
charactéristic of active,.energy dependent systems (Lehninger, 1972).
Maximal uptéke was observed at 27°C, which was coincidentaliy the g
“temperature at which the cells were grown. Although reduced energy
production is thought to béktheimain féctor in diminishing'L—leucinert
tfanéport at low temperatures, it should be noted that some'trahSport
proteins can be extracted by cold osmotic shock (Farrell and Rose,
1971). A second pbint for consideration, one that is frequéntly over-
.1ooked, isvthat’changes in temperaturé cah‘initiate phase changes in
mewbrade lipids and.hé;cé éonformationél changes in‘membrahe—associzéed
proteins (see Fox and TsukagSShi, 1972). It is plausible that such a
;onfonnationZl chéngg could alter the affinity 6f the carrier fof its
substrate. In either situation, exﬁréétion of proteins or change of
conformation, cﬁanges in:transport activity would be obségﬁéd_ 2

independently of energy metabolism.-
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. L-lecucine Efflux from "Preloaded' Cells

Uptake rates that have been pfescntcd thus far represent oﬁly
net rates, i.e., the difference between influx and e(flux. It was
cpnsidercd important to obtain an estimate of the efflux rate alone so
that total uptake could be determined under experimental conditions.
Efflux is generally meésufed by preloading cells with labelled amino
acids, tﬁeniresuspéhding the cells in isotope-free medium. Radio-
activity that subsequéntly appears in the medium is taken.as a measure
of efflux. - Two difficuities a}e encountered with the ”pfeloading”
mefhod: (1) the pérmeant can undergo metabolic éonversion onceLit
enters the cell, thus reducing its concentraton, and (2) solutes
lost through efflux may be.retransported. Infiux and efflux?
therefore, would best be measufed simultaneously. In the present
study, this was attempted by using #C-leucine as the "prcloadéd” form
of leucine and 3H-leucine to estimate infiux. iAs_neérlybas can be
estimated, efflux of accumulatéd L—leucine under experiﬁeﬁtal
conditions was less than 1% of the netyrate (Fig. il . Although for
the reasons given abbve,-this estimate-may be iow,.fig%s'unlikely that

‘the real values are substantial.

G. Recovery of Transported '“C-leucine and its Metabolites

w

Extraction.and fractionation of the céilular contents of 4.
visnaga cells previously incubated'with,’“C-leucine indicated that
most of tbe 1abel'wpdid Be recoyeréd'in the soluble and protein amino
acid>fractions'(Tab1e 2). Although L-leuéine was not épecifitally

isolated, the work of others (Birt and Hird, 1959; Holleman, 1966, cited

-
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in Holleman and Key, 19673 Oaks, 1965; Cheung and Nobel, 1973)
suggests that exogenously supplicqﬂh—lcucinc gencrally does not under-
go cxtensive conversion to other amino acids. [lHowever, on the basis
of rhe conversion to protein ‘and other compounds it is difficult to
draw firm conclusions about intracellular concentrations of free
L-leucine during uptake, or to establish whether uptake occurred

against a concentration gradient.

<

lL‘ilnhibition of L-leucine Uptake by Other Amino Acids

Transport of L¥1éucine and other amino acids has been found
to occur via hlghly spec1f1c carriers in bacteria (Plperno and
Oxender, 1968), filamentous fungi (Benko et al., 1967, 1969; Pall,
1969, 1970), yeast (Grenson et al., 1966; Grenson, 1966; Gits and
Grenson; 1967)‘and mammalian cells (Heinz, 1972)}‘ Demonstration of
carrier specificity ideally involves a detailed kinetic analysis,
prcfcrably by the "ABC test'’ (Scrlxer and Wllson 1964) but even
without this detailed anaIVSls an indication of carrier specificity can_

L
be derived by simple inhibition tests.

- l'

L—Leuéine uptake by nitrogen starved A. visnaga cells was
1nh1b1tcd by a Var1ety of neutréi aéidic basic and D—aminANZcids,
with the ncutral amino acids belng the most effectlve 1nh1b1tors
Relative to most bacterial and ste'fungal systems (see pages
the transport sYétem resbonsible for L-leucine u?take in 4. visnaga
can be Considcred quite broad in its specificity. The published data
~for trangport éystems‘of other plant cells suggest that broad

structural specificity may be a common property. Cheung and Nobel

» &,
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(1973) huve found, for example, that a transport system present in
fragments cut f{rom pea leaves 1s responsible’ for the uptake of a
variety of neutral and positively charged amino acids, Similarly,
Birt'and Hird (1959) found that a number of amino acids were apparently
transportedlhy the same carrier, while amino acids with aliphatic
side chains were pTCfCTLntldl]y taken up. However, evidence of a
system specific for basic amino acids has been found in Suspen510n~
cultivated sugarcane cells (Maretzkl and Thom, 1969) and chloroplasts
have been fgund to pos3ess a carrier specific for glycine, L-alahine,
L—isoleucine; L-leucine and L-valine (Nobel and Cheung, 1972).
| In retéospect, it would have been informative to investigate
the inhibi;ion of L-leucine trénSport by°other amino acids in nitrogen
sufficient éells as well as in starved cells. Several fungi ﬁave been
found under nltrogen and carbon suff1c1ent conditions to possess
Telatively spe¢1fic transport systems, while under starvatlon condltlons
additional general (non—speéific) amino_acid transport‘systems become
active'(Pall; 1969, 1970; Benko et al., 1967). The data obtained for
nitrogen starved A. visnaga cells could represent such é general |
. ) .

system while masking a more specific system for L-leucine and

structurally‘related amino acids. ' . -

I. Qualitative and anntitatiVeVChanges in the Soluble Amino Acid Pool

During Nitrogen Starvation

It has been repeatedly sugge ecd that amino acid transport
systems are regulated by intracellular amino acids (Benko et al., 1969;

Ring et al., 1970; Pall, 1971). It has riot always been possible,.

<
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h(nsc\uxr, KT Ry
activity ('R‘&;!iwnso'n “‘ : ?@9@@(1”@%& %(Nwt’:nd\m 196»‘)) The
observation that the pool sizes of noatlyzagl gmlnd aagdb dccxcase under
.conditions of nitrogen starvation (Table 4)), whllc the ratc of lpuC1ne
transport is enhanced, is compatible with a regulatory role é&r some

component (s) of the soluble pool. It is not posslble hOWLver, to draw

e

) U
L

any conclusions about the identity of this component.

The data presented for amino acid pool sizes of A.‘visndngg
represent total soluble amino acids. It should be:noted tﬁat isotéﬁgm‘
studies conducted with maize root tips (Oaks, 1965) and saybean -
hypocotyls (Holleman and Key, 1967) have demonstratcd the ex1stence of
two dlStlnCt soluble pools of L- 1euc1ne a ''protein precursor' or
"metabolic' pool and a ”storage” pool. In both studies the protein
preéursor pool was depleted most rapidly when a source of translocated
or exogenous L-leucine was removed. Thus, it is relevant to ask (1)

whether multiple soluble poolé also exist in A. visnaga cells and (2) if

so, which pool is responsible for any observed fegulatory effects.
. : +

J. Suppression of L-leucine Uptake by Ammoﬁium Sulfate and L-leucine

The enhanced uptake of L-leucine By A. visnaga ¢ells under
‘storvation conditions was rapidly aiminishéd by preloading'cells with
L-leucine, (NH, ) 2SO, or both (Fig. lé).‘ Suppression of transport was
most effective with the combination treatment. The degree of Suppression

(or reinhibitién) of fransport was greater than that reported’fo} other
transport systems (Huntef and Segel, 1973: Pall, 1971).

Several explanations for the observed effects of L-leucine are

O

4
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possibloe:
1) Intracellular I teucine may transinhibit th e,
Although Gross et al., 1970) have postular 4 that e
imnhiﬁoninwﬂvm&dmrmniaﬁogvncmw<uwﬂnw:10
transport, transinhibition is generally assumed to result
fram a direct inté®action 6( an intracellular substrate
of the trﬁnsport system with some component of the carrier,
£ thus preventing its i}gnslocation.
2) Allosteric inhibition of the transport Syélcm by a
metabolite of L-leucine that is not a substrate may occur.
3) The transported L-leucine or a metabolite may 1nduce the
formation of a regulatory protein that binds to the cagrier.
Ammonia (or ammonium ions) has been cited as regulatory for
amino acid transport in Aspergillus nidulans (Robinson et al., 1973)
and P. chrysogenwn (Benko et al., 1969). The fact that (NHy)250
exhibited a similar re-inhibitory effect to that of L-leucine lends
cfedence to those explanations that invoke a role for a metabolite of
L-leucine. Unfortunately, this does not narrow the possibilities
greatly since point #1 wouldistill apply if the metabolite wereAa
substrate of the transporter. L-glutamate and L-glutamine Qould be
good candidates: in this respect, and in fact, these compounds have been
- shown to increase rapidly when suspension cultured cells are incubated
in the presence of ammonium ions (See King and Oleniuk, 1973).
The a;gumcnt above woulq not appi}’if armonium ions coulq
prevent the acpual entry of L—leuéine into the cells‘giEFer/by.
competition for a common transporter or by competition fQ;Nan energy

. source utilized by both systems. No information is yet available on the

@

N
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mechanism by which ammon}um 1ons enter plant Lells, but P. chrjoogenum

hdS been founf to posses% a highly specific transport system (whlch

excludes amino acids) for ammonium ions (Hackette et aZ.,'1970).\

’

Furthermore Hunter- and Segel (1973b) have found that ammonium ions:
exert their 1nh1b1tory effect on L-leucine uptake by that organlsm only

under cond1t10ns when the ammonium ion transporter is active.. They have

t

'concluded that the1r results can best be explalned by competltlon

between the two transporters for a common energy coupllngvsystem. The
relevance of this observation to L-leucine uptake in A. visnaga awaits
elucidation. .
’

K: Long-term L-leucine Uptake by NitrogenFStarved~Ceils :

I3

Uptake.rates for L—ledtine were usnailyjdetermined-nsing
shertftime intervals to insure that measurements reflected initial
rates of uptake. It nasrbeenfobserved, however; that events‘may occur
during 1ong—term‘uptake of amino acids that give an indicétion of the

manner in which:the transport process is regulated. Hunter and Segel

' (1973a) have observed that the '“C-leucine content of nitrogen starved -

mycelia of P. chrysogenum reaches a peak and then declines during

prolonged rncubationrwith the . labelled amino acid. The disappearance

of label was found to result from efflux of a-ketoisocaproic acid

~ back into the suspending medium. o

' The results, given in Fig. 13, indicate that the !“C content
of 4. visnaga cells increased continuously thrOUOHOUr the 1ong—term

incubation period. No evidence for efflux of substantlal amounts of

" label was obtained, suggesting that I—leuc1ne uptake hv ..'uzsnaga

Ao .
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cells does not fit the pattern observed for P. chrysogenum.

L. Inhibition of Respiration by{DNP and Azide

Inhibitors of'respitation and energy metabolism are frequently
empleyed in etudies of transport systems'tb demonstrate the "active',
energy dependent nature of the process (e.g., King and101eniuk 1973).
Before utlllzlng thls tethnlque ‘with A. visnaga cellﬁg it was con51der—
ed essential to demonstrate that the concentratlons of 1nh1b1tors
Vempleyed 1n_tran5port exper1ments elicited the expected effect on
oxygen consumption. ‘ AS indicated in Fig. 14, DNP'adminietered in
‘flnal concentratlons of 107% to 10 " M resulted in apprO\lmdtely 30%
stlmulatlon of 02 uptake consistant with its rdﬁ% a§ an uncoupler
'However ‘at concentratlons exceeding 10 “thheéﬁﬁm:(ﬂ’oxygen uptake

-:decteased, suggesting.that the inhibitor was exerting Secondary effects
on the cells. - The natute of the §econdafy effects was not investigated
in theppresent work, butfnonspeeific effects of. DNP_on cell membranes

>have‘been noted eleewhere (Mircevova, 1973).> The implications for
studies of membrane transport'systems are clear.

Slmllarly, the. 1nterpretat10n of oxygen uptake data obtained

L

%f dlffercnt congentratlons of NaNg (Flg 14) must be

1n thc presengea

F :

- Lnterpreted tautlously The C13551cal effcct of NaN;.is inhibition of
cytochrome oxtdase However, at high concentrations NaN; may also

affect proton conductance across membranes and 1nh1b1t ATPase activity

(Harold "1972) . Interprﬁtatlon is further comp11catcd by the existence
in some plant tissues of an addltlonal cyanide- 1n5en91t1ve pathway for

e e

oxygen uptake (e.g., Wedding et al. ,_197Sa;b). This ‘system perm;ts

K
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ox;ﬂen uptake to prtcedc at an undlmlnlshed.or even Stlmulatcd rate,
although the conventLQn;l pathway via cytochrome oxidase is blocked.
The rate of orygen uptake via the cyanide imsensitive pathway appears
to depend in part on the tightness before inhibition, of the‘couplingx«
of ox1dat1ve phosphorylat1on to electron transport |
The cx1stence of the cyanide- -resistant pathway in A. visnaga
has not been demonstrated but it 1is suggested by the fact that uptake
of L-alanine and L-leucine was strengly inhibited by NaNs; concentrations
that-did‘not inhibit oxygen consumption. A similar nattern was
observed for NaNg inhibition ofbphosphate uptake by beech mycorrhizae
(Harley et al., 1953). The slight diffe;enee in response of starved vs
unstarved cells may reflect ‘a dlfference either in energy coupling or
in the degree of eperatlon of the two pathways for each nutritional

' state. -

"M% Inhibition of L-leucine Transport by Inhibitors of Respiration

and Energy Metabolism . -

The L-leucine transport rates of_nitrogen sufficient and

W,

nitrogen starved cells responded differently to the inhibitors DNP,

'.NaN3 and ollgomyc1n (Fable 5) These differences could not be.
predlcted on the basis of the effects of the 1nh1b1tors on': oxygen

/

consumptlon ThUs these data may reflect underlv1ng‘dlﬁferences in .

z

the coupllng of metabollc enewngy to transport in cells hlth varylng
nutritional statUs -Berger-(1973) and Bcrger and "’ Heppel (1974) have'

«dCSLleCd two general classes of amino acld transpokt systems in E. ecoli.

N

' One class 1nc1udes systems sens1t1ve to osm6§3f shock that are -

L
N



associuted with periplasmhflnembrane'proteins and are absent, in
membrane vesicle preparations. The seeond group includes transport
systems whose binding proteiné ate not relcased from‘the'cell membrane
by osmotic shock. Evidence obtained by the use of a variety of energy
‘donors and inhibitors strongly suggested that shock-resistant systems
¢ire activated by the so-called "energized membrane state",‘whiie ATP,
or an 1ntermed1ate derlved fromwATP, is directly 1nvolved in driving
shock-sensitive systems. It hns recently been found (Wood, 1974) that
Leleucine uptake by different transport systems in E. colthprobably
fits the same pattern.

| To a limited extent it is p0551b1e to employ the same 11ne of
reasonlng to analysis of the inhibitor data for.L- 1euc1ne uptake by

A. visnaga. The sensitivity of nitrogen sufficient transport to DNP,
which as-an'uncoupler d1551pates the energlzed merbrane state generated
by electron tranbport suggests that possibly this state rather than

'ATP dlrecﬁ;y is the form in which energy is coupled to uptake. This‘

appears ;conflrmed by the relatively low sen51t1v1ty of nltrogen
. suff1c1eny ansport to ollgomyCLn. Ol1gomyc1n is known to deplete
N ATP’pgofﬁ in plants (Jacoby and Plessner 1970) apparently by

’///lnﬁ1b1t10n of m1tochondr1a1 ATPase, as no effect on the plqsma membrane
ATPasc of oat roots has been found (Leonard and Hodées 1973) The

fact that ollgomyc1n has any effect at all on L-leucine transport by
v \
A. visnagda cells can be explalned 1f the energized membrane state is
also generated by ATP hydrolysis. - . ( - » .
‘,iil¢~ In comparlson the greater sensitivity of L-leucine trdnspolt
Iby nrtrogen starved cells to ollgomyc1n Suggests a direct 1nvolvement

of ATP, as does the decreased sen51t1v1ty to the uncoupler DVP That

Eg

- _ Gia
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ATP may be supplied by oxidative phosphorylation or_at the substrate

 1cveI is indicated bf the 49% of uptake that‘persists.under anaerobic
conditions (Table 5). The results obtained with NaN;vdo not support
this hypothesis if indeed NaN, acts as an inhibitor of cytochrome
oxidase‘or as an uncoupler. However, if NaNj acts as an inhibitor of
AIPase under the present experimental conditions, the data are ‘
compétible. -

The major drawback to this manner of interpretation is that
it presumes that the results arise‘oniy from the initial effeets of

the inhibitors In~reality; the inhibitors of specific steps of energy

3

metabolism eventually have far reachlng secondary effects as substrates
accumlate. While thls problem can be c1rcumvented in work on micro-:

organisms by use of mutants this alternatlve is not yet avallable for N

»
¥

the study of plant cell tra&gaort systems ‘With these reservatlons a
it seems plau51b1e that the data reflect dlfferent modes of energy T

”coupllng, part1cu1arly if two ‘discrete transport systems are v1sua112ed
as being 1ny?1ved o "A Lt

, a
The m&chanism of energy coupllng to organlc solute transport

has not been- clearly e1UC1dated for any system The toplc remains
. c“
highlx’controver51al. even in those m1crob1a1“systems that,have been
. e Xa i

extensively studied. Evidence is accumulat1ng, however that suggests L

thet thefcoupling of energy'to solute transport 1nvolves a proton .
gradlent as prOpOSed by Mitchell . (1972) S
- ELcctrogenlc pumps . have recently been demonstrated in plaﬂ@

’c oy

cells (H1g1nhothd%\at aZ 4&970 H1g1nbotham ¢ 974 Raven and Smlth
1974; Poole, 1974, Lin and &;nsgn .1974) and At ‘has been suggested thdt

{1g1nbotham et al., 1970-

{

=

: _such_pumps play a role 1n(solute§transport
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Higinbotham, 1574;'ancn and Smith, 1974;,Lin and Hanson, 1974). ATP
hydrolysis has been proppsed as the driving force for such pumps, and
. this suggestion seems fo;bc supported by.the observation that %he'
vact1V1t) of the plasma membrane ATPase of oat’ roodglncreases under the
same conditions that enhance solute uptake (Leonard and Hanson 1972a b
- Leonard and Hodges, '1973).

- Evidence for the involvement of a proton gfadie@é in amino
aci? uptake has been ontained by Etherton énd Nuovo (1974) who meéeured

‘the transmembrane potentials of oat coleoptile cells in the presence and

absence of nipe amino acids. Introduction of an amino acid resulted in

rapid depolafization of the membrane, followed by partial repolarization.

The data obtained were consistent with a model 1n which amino acids are

3tran5ported by hydrogen ion co- tran‘ r VW« ms<a§ snggegted by
N ¥ & - “vv e a )

o
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o V. ~GENERAI, DISCUSSION

Amino acids nay cross cell membranes by three mechanisms:

1) Free diffusion along a concentration gradlent characterlzed
by 1ndependence from metabolic energy sources, low
temperature dependence lack of competition for uptake
among structurally related compounds and absence of
saturablllty as the amino acid concentrat1on increases.

2) Facilitated d1ffus1on which 1nvolves carrier med1ated
'tranSport drlven by an electrochemtcal or concentratxon
gradlentﬂof unmetabollzed substrate. : s 3

3) Active transport via a carrier system that relies on a
prlmary (ATP) - or secondary (proton or ion gradlent)
input of metabollc‘energy and results in net accumulatlon
of unchanged substnate agalnst a concentratlon grad1ent.

Evidence obtalneﬁ for leuc1ne transport by A vtsnaga 1nd1cates
that it is carrier medlated strongly. temperature dependent and energy
dependent. Concentratlve uptake could not be demonstrated conclus1ve1y,

*But other evidence obtalned suggests thﬁ!&b leucine transport in thlS

tlssuc Is ‘an active process rather than one of facilitated diffusion.

“as found for th1s amino ac1d in many anrmal tlssues

Although plant cells are not generally thought of as vau1r1ng
ey

solutes from their envirvnment in the same manner as heterotroph1c

P

Ce115' functlonal ro]es for amino ac1d transport systems in h1gher

plants can be v;suallzcd Recovery from 1ntrace11ular spaces of leaked

WL e Lt P 3
o

cids and capture of amkno ac1ds be1ng translocatcd from other

amino
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portions of the plant, for ecxample, wou]dklikcly involve uptake against
a concentration gradlent, neeessitating an activc»transport system as
opposed to simple or facilitated diffusion. In this connection'it,is
'interesting to noto that specialized “transfer cells" believed, to be
involved in the active transport o# various compounds.have been foundt
associated uith the vascular tissues of plants. Cercain of these trans-
fer cells are thought to specifically retrieve organic nitrogen
- compounds (Zu and O'Brien, 1971)

The use of’cell suspen51on cultures as exper1mental systems
for the study of biochemical and physiological problems has several
advantages compared to intaCt*plant tissuesf tl) cells may be
propagated rapidly under un1form growth cond1t10ns (2) cultured cells
are easlly manlpulated and (3) cells may be obtalned w1thout excision -
and subsequent wounding fésponpes
' With- respect to the plesent work, the ma)or d1sadvantage of
batch suspenS1on cultures is the tendency for the cell populatlons to
" be heterogeneoqp in . age, genetlc complement,tand degree.of aggregatlont
'Transpgtt data,otherefore;irepresent composite_valuesAand do not-
vnecessarily reflect the events occurringrin an‘individual'cell.

: Of the three'propertles mentioned aboye, yariability in the
deéreenof,cellﬁaggregation is probably the most serious proolem. Int
’contrast'to stud ¢ wlth.slngle cells,»L-leucinehuptake by cell
' aggregates undoub dly reflects both homocellular transport (frOm‘
Amedlum to cell) and transcellular transport (from cell to cell)
Symplastlc transport (transport from cell to cell via a cytoplasmlc :
cont1nuum) of amino acid analogues has been obscrved in plant tissues

(Miller and Braut1gam,‘1973), and probably occurs for L-leucine in
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aggeregates of A. visnaga as well,

In addition, the sizes of cell aggregates, and in some éa§cs,
the positions of individual cells in aggregates have been shown to
iﬁfluence the acﬁivify of oxidoreductive and hydrolytic enzymes (de
Jong et al., 1967), peroxidase-isoenzymes (Verma and Van Huystee,'1970b)
and rates of protein synthesié (Verma and Van Huystee, 1970a).
Extremely relevant to the study of L-leucine tr?nspoft 1s the ©
observation that the concentration of free amino éci&s varies with
aggregate size (Verma and Van Huystee, 1970a). _ v -

The heterogéneity Ofrplant suspension cultures with rcspec{'
to age or stage-qf'the growth cycle can Similarly'be-expected to

obscure details of regulation of éminofacid_transport. - Studies with

synchronous cultures of yeast, for example, have reggaled stepwise

a

\ayghanges in transport during the cell cycle (Carter and Halvorson, 1973).

The stage at which the increase occurs is characteristic for each

transport system, and is a potential tool for' determining which amino
’ 17

a0

acids are transported by a common carrier.

-

Methodology for synchronization of suspension cultured cells

(King et al., 1973) and maintenance of highly dispersed steady state
cultures (Kurz, 1973) have been very recently developed. Use of these

; \;7¢Hniques in future studies‘of transport phenomena would appear

Tomising.

" A second feature of suspension cultures that could be

‘constdered a disadvantage is the problem of relating results obtained

to the situation that exists in intactfplants; t.cils in fine

suspension culture do no't cqrrespohd morphologically to any of the.

\

types of tissue cells found ih'intact'plénts, are generally unstable,’

: ' '~
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and cannot be ind to follow normal pathways of cyto-differentiation
(Street, 1973b). (1t i? tﬂorcforc, legitimate to ask how represent-
ative the data ohtuIQZd with these cultures arc. A;fhough studies of
enzyhe activity and metabolic regulation in suspensibﬁ cultured cells

\
_ are felatively few, there are many reports on metaboiism of various
‘compounds'(sgmmarized by Dougall, 1972). The results of gﬁese studies
indicate that at least the metabolic intermediates are idcntiéal’with
those in intact plants.

“ Data obtained for L-leucine transport were qualitat}vely
similar to those reported for other plant cells. Quantitative
differences in rates and Km'ﬁélues between cultured tissues and excised
tissues can bé attributéd in part to di%ferences in experimental

conditions; it is, therefore, difficult to assess real differences among

tissue sources.

1329,
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V1.  SUMMARY AND CONCLUSTONS
Uptake of L-leucine by suspension-cul tured plﬁntvcclls of

Ammi visnaga hdas been investigated. This process was found to be
carrier mediated and strongly temperature dependent. Transport
activity reachéd a peak several days after indéulatibn,.suggesting that
the nitrogen status of the cultures was an important factor. This was-
verified by studies of nitrogen starved cells, which showed a 10-fold
increase in transport rates. Nitrogen starvation concomitantly caused
a rapid depletion in the soluble amino acid pool, indicating a possible
role in regulation of transport activity for amino acids. Preloading
starvcd cells w1th L-leucine or ammonium sulfate resulﬂ!d in a rapid
decrease in transport rates, perhaps as a result of feedback inhibition.

“GEfflux meﬁ§urements indicate that net uptake rates mainly
represent influx. Transported L—lepcine was‘metabolizedhby nitrogen-
starved cells; concentra: vc uptake was not demonstrated.

Transport of L-leucine

en starved and'unétarved cells
shoued dlfferent sen51t1v1ty to th itors oligomycin ‘azide and
DNP although the effects of the latter two compounds on resplratlon
were similar for both groups of cells. T S

On the basis of these data, 1t is concluded the (1) L—leucine
uptake probably occurs by active transport in starved cells of Ammi
.vLsnaga, (2) separate systems may be respon51b1e for uptake under
idifferent nutritional conditions, analpgous to those descrlbed in fungi,
_andn(S)‘suépensioh cultures éré a useful systeh‘for elucidatién of

transport processes in plant cells, although future studies should take

79
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advantage of recent improvement in tissue culture technology to

provide highly dispersed, steady-state or synchronized cell populations.

. -
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COMPOSITIONS OF TISSUE QULTURE MEDIA

(a) 1.0-BS5 Medium

Macronutrients

Nal, PO,

(NH. ), S0,

MgSO. -7t,0 -~ T
Iroﬁ compound (330 Fe)

CaCl; - 2H;0. (stock solution 15g/100 ml)

Micronutrients Stock so{@tion mg/100 ml
MnSO., -H,0 §\ 1000
H3BO; ' - 300
ZnSQy -7H,0 ~ 200
Na;MoO, - 2M:0 .25
cuso. 2.5
CoClL, - 6H,0 R 2.5
KI . . 75
' Vitdﬁins o ) Stoék solution mg/]00 mi
Nicotinic acid -., ;:&o ’
Thiamine HC1: 106
Pyridoxine HFI | 16
~
m- Inositol 1000

‘ " 92

1.0



(8] g
Sucrose 200 /1
Hormones? L oppm 2,4-D (50 mp/100m1) 2 ml

Final pt ot 1.0-B5 medium adjusted to S.5 with 0.2 N NaOH

(b) Modifications to 1.0-BS5 medium
1. 0-BS medium
contains no 2,4-D
2. 1.0-B5S Medium, nitrogen free i B

KNO; and (NHy) 250, elifn_,inated. 1.875 g/1 KC1 added.



