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ABSTRACT

and accumulate twenty common amino acids by systems with enzymatic
properties; that is the systems are energy dependent, temperature
sensitive, are saturated at high amino acid concentrations and

are lost by mutation.

During growth on a synthetic, amino acid free medium this
microorganism maintained a low, but significantly concentrated
heterogeneous pool of amino acids for syntheses and this pool
(native pool) was found to be in equilibrium with low levels of
exogenous amino acids with at least one exception.

Amino acid pools established from an exogenous source were
foﬁnd to behave differently. Whereas some amino acids were
unchanged .during the passage through the intracellular pool others
underwent extensive degradation: Some amino acids or their
degradation products were shown to be compartmentalized or made
unavailable for metabolism. Proline did not form large pools under
physiological conditions due to an imbalance between the rate of
“transport and the rate of protein synthesis. A multiplicity of
intracellular proline pools was elucidated by inhibitors and
studies at low temperatures.-

The amino acid transport systems operative at very low

exogenous amino acid concentrations were shown to be strongly



stereospecific. Severa] transport systems were.elﬁcidated by
competitive inhibition studies and were found to recognize. amino
acids with similar chemical properties.: AISO'véry specific amino
acid transport systems were demonstrated within the aromatic and
basic amino.acid families. The multiplicity of amino acid carrier
functions was confirmed by pool displacement stﬁdiés and by the
selection of appropriate transport negativé (Tr™) mutants.

Low affinity amino acid permeases or carriérs wére shown to
operate at high amino acid concentrations for most of the amino
acids testéd. Low and high affinity permeasés could be separately
identified by kinetic studies."

Amino acid transport was found to be induced to high levels
by growth in the presence of the appropriate amino acid. Some
.evidence was presented to suggest that the contfol is coordinately
lTinked to amino acid degradative enzymes."

The constitutive levels of amino acid degradative enzymes were
found to be lowered in the presence of glﬁcose; With the exception
of arginine, constitutive deaminases wére inhibited by inorganic
ammonia, whéreas for the most part the constitutive transport functions
were not changéd. Induced transport levels were not markedly
influenced by the presence of these nutrients.

A novel mechanism for the transport and accumulation of amino
acids was formulated. This mechanism provides for thé accumulation
of high and low intracellular amino acid pools by an energy dependent

mechanism.
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INTRODUCTION

The cell membrane has long been known to be selectively
permeable to a great variety of low molecular weight métabolites.
The degree of perméability and selectivity differs markedly
however, with different life forms.-

Bacteria not only exhibit the properties of selective
permeability but also are able to concentraté.métabo]ites to a
~great extent from the external environment.. In recent years
investigators have tried to elucidate the biochemical mechanisms
involved in both the processes of selectivity and'accﬁmulation
common to most active transport systems.

It was the object of this investigation to study . the

a microorganism which does not rely on exogenous amino acids
for growth but is able to catabolize most amino acids as a

source of carbon or nitrogen.



LITERATURE REVIEW

The permeability of cells to low molecular weight metabolites
.such as amino acids has long been recognized as an important
cellular function. This preliminary step to metabolism could
profoundly influence cell growth, the rate of substrate utilization,
enzyme induction or repression and the feedback inhibition of
biosynthetic enzymes.: Conséqﬁently; the transport and accumulation
of amino acids by microorganisms has received much attention in
recent,yéars and several excellent reviews have been written on this
.subject.(Holden; 1962; Kepes and Cohen, 1962; Britten and McLure, 1962;

Wilbrandt, 1963; Quastel, 1964).

The first observation that selective amino acid accumulating
systéms existed in microorganisms was made by E.F. Gale (1947).
Gale showed that amino acids entered Staphy]écoccal cells, not by
a process of simple diffusion, but rather by a Qni-directiona]
“transfer mechanism which, in the case of some amino acids, required
a métabolizable energy source. These amino acids were then
' concentratéd into what Gale termed '"amino acid pools''.
The'propértiesvof the systems which transport amino acids into
microorganisms received little attention until the problem was

reinvestigated by using labelled amino acids to follow the uptake



of these compounds into cell suspensions (Cohen and Rickenberg,

1956). The investigators at-.the Pasteur Institute showed that

‘stereospecific, enérgy—dependent systems, which could maintain
intracellular amino acid concentrations Qp to 500 times that of

the external medium and which could also function in the absence

of protein synthésis:' As a result of théir work a modél - essentially
the same as the model described for carbohydrate transport (Rickenberg,
Cohén,.Buttin, and Monod, 1957) - was postulated to describe the
sequence of évents mediating amino'acid’accumﬁlation in E. coli.

This model was subsequently modified by Kepes (1960), for carbohydrate
'transport; to include not only a stereospecific enzyme-like permease
‘but also a less specific '"transporter’ for movement of metabolites
.across the cell membrane.

At approximately this same time, investigators at the Carnegie
Institute (Britten and McLure, 1962) developed a sensitive Millipore
filtration téchnique to follow the rapid accumulation of amino acids
by E. ¢coli. These workers found several distinct amino acid
‘accumulating systems in E)'Egli_and compiléd a most comprehensive
description of the properties of thése'amino acid transport systems.
They found that many prOpertiés of amino acid pool behaviour were not
commensurate with the perméase'mode] proposed by thé workers at the
Pastéur lnstitute; As a result, an alternate model - the 'carrier"
model =~ was proposed to explain théir observations of amino acid

“transport and pool maintenance. Thesé‘workers.aISO'considered in some
detail, the ésmoregﬁlation of the amino acid pools and found that
mainténance and establishment of intracellular amino acid pools were

intrinsically affected by the osmolarity of the external medium.



.

Some amino.acid concentrating systems in E. coli have been

shown to be subject to loss by mutation. Schwartz, Mass and Simon
.{(1959), isolated mutants of E. coli W resistant to the arginine
analogue, canavanine, or to the glycine analogue, D-serine. These
mutants were subsequently found to be unable to concentrate the
respective natural amino acids.

Although the éccumulation process for amino acids in
microbial cells has been shown to havé rigid structﬁral requirements,
to obey saturation kinetics (Holden, 1962), and to. be subject to loss
by mutation, recent evidence has suggésted that thése observations may
be secondary conséquences of the activity of specific amino acid
recognition sites or ''permeases'' residing at the céll.mémbrane surface.

By selecting E. coli W.auxotrophs which wéré unable to grow tn
thé'presence_of low concentrations of the required amino.acids, Lubin,
Budreau and Gfossf(1962); isolated several mutants defined as
‘transport-negative (Tr-), which were linkéd to permease mutants of
the B-galactoside system. These'workérs demonstrated that under
conditions in which the primary means of entry of proline was by
diffﬁsion (Tow température, high external concentration, or presence
.of 2;4-dinitrophenol); the rates of proline entry into both the wild
type and mutant cells were almost identical. From comparative
studies with the Tr mutant and the parent strain; these workers have
'argﬁed against'thé ""binding-site theory'' of Britten and McLure (1962).
Kessel and.Lubinf(1962); démonstrated that the process of exchange at
0 C was markédiy réduced in the Tr  strain, théreby firmly establishing
a rélationship bétwéen uptake and exchange processes.  Kaback and

- Stadtman . (1966), corroborated the observations of Kessel and Lubin



by carrying out experiments with isolated whole membrane preparations
from both wild type (W6) and a proline transportless mutant (W157).
Membranes from the wild type were able to incorporate and concentrate
proline, whereas membranes from the mutant were unable to carry out
these functions. In addition, mémbranes from the .mutant were unable
to exchangefaccumulated'proliné with exogenous proline at 0 C.

Kessel and Lubin'(1962);.sﬁggestéd that the mechanisms for proline
uptaké and exchangé appeared to.be.closely related.

Tristram and Nealéf(T968), selected a.number of
B;Afdehydroproliné and azetidine-2-carboxylic.acid resistant strains
of E}'ggllleo;_which had deféctive'tranSport mechanisms. |t was
. found that.the rate of exchange at 0 C betweén labelled intracellular
and unlabé]léd extracellular proline was independent of the initial
external proline concentration in the rangé of 1077 to 7.5 x IO—A M.

At 10.C the maximum intracellular proline concentration was dependent
. upon the extérnal proline concentration. This suggested that the pool
size was a.function of permease activity but that exchange at 0 C

was not. Howevér, a direct correlation was demonstrated between the
ability.of proline ana]pgués to inhibit proline uptake and the ability
to affect change:

»Also; an azetidine-resistant strain; with a diminished proline
pérméasé;'iackéd thé ability to.exchange intracéllular and extracellular
‘pro]ine; 3;4-déhydropro]ine'or'azetidiné; This‘sqggestéd'that uptake
and exchangé'are in fact related'procéssés in E. coli. As the previous -
workérs have‘shown;.thé systems of amino acid accumulation in micro-
QrganismS‘aré excéedingly complex and recently no attempts have been

made to further elucidate the proposed models or to formulate new



models. Currently, the attention of most investigators has been
focused on a singular aspect of amino acid uptake systems, namely

the stereospecificity of the transport process.:

FerroLuzzi-Ames (1964), investigated the aromatic transport

system of Salmonella typhimurium and from kinetic analyses of their

systém demonstratéd thé éxisténce,of both specific and non-specific
permeases for thése‘aminofacids.' Specific, high-affinity permeases,
as wéll as a non-specific; low-affinity general permease; were found
for pheny]alanine; tyrosine, tryptophan and histidine. These
results were confirmed by the isolation of Tr_.mUtants of -S.
typhimurium-deficient éither in the general or in the histidine
specific permease (Shifrin, Ames, Ferroluzzi=Ames, 1966).

Although most'stﬁdies have indicated that bacterial amino
-acid-incorporating systems are strictly stereospecific, recognizing

only structurally related amino acids, recent studies with

permeases exist in this microorganism. Béhk] and Hochster (1966, 1967),
compared both the valine and proline ﬁptake systémsﬁin,tumorogenic

and non—tﬁmorogénic strains of Agftuméfaéiens.‘ The general properties
of the accumulation process and the rigid structural réquirements in

the non-tumorogenic strain; with valine; were similar to those observed

in E.'coli. The tumorogenic strain, however, displayed both an

independence from an external energy requirement and a non-specific

competition for transport by structurally unrelated amino acids.  Both



strains showed a marked lack of structural specificity for the
proline incorporating system, as a number of unrelated amino acids

inhibited the uptake of this amino acid.

. Halpérn and Lﬁpof(T965); investigatéd the glutamate transport
of'E;'gglL; strains H and K12, in a novel manner. These workers obtained
’.mﬁtantSiwhiCh, hnliké thé parént strains;'cohld grow on-glﬁtamate as -
the sote carbon soﬁrce: The.mﬁtation résultéd’in incréased ability of
thésé'célls to transport glutamate and itS'analnges.' Exténsivé
kinétic analysés of this phénomenon (Halpern and Even-Shoshan, 1967),
led to:the'démonstration that the glﬁtamaté:pérmeasé'of-gg'ggli;was
allosterically inhibited by glutamate. '

It was found that thé strﬁcturally similar compoﬁnds,'
d-kétoglutaraté and aspartaté; non-competitively inhibited transport
activity: Thévauthors.sﬁggéstéd that thesé'COmpounds-aISO'bind to thé
allosteric site. Sﬁbséqﬁently; Marcus and Halpérnf(1967), mapped the
‘ géné détérmining glﬁtamaté‘transport‘(g]t:C) in Eﬁ'ggllleZ?l The
important observations that the transpbrt gené was génetica]ly similar
to thé-glﬁtamate‘décarboxylasé'gene.(gad); and that thé-glt c gene
was probably a réghlator gené for this thaké system; weré made. Since
both parent and mﬁtant strains had similar,affinitiés for the.sﬁbstrate,
the .authors suggested that the,glutamaté.pérméase‘was ﬁnder génétic
- control, béing partly répresSéd in thé wild-typé and dérépresséd in
glt C+,mﬁtant§;

There are only a few reports in the literature of inducible



transport systéms.' Boezi. and DeMoss . (1961), démonstrated an inducible
tryptophan transport system in E;‘Egﬂi‘T3A; however, thé induction
inéxplicably réquiréd the'présencé of casamino acids, indicating

that induction by a singﬁlar induqér was not the mechanism. These:
workérs démonstratéd’that'aminofacid'transport systems, including

the tryptophan transport systém; wéré inhibitéd by pyruvate and
stimuiated by formaté; théreby.suggésting that thé intermediary

metabolism of the organism regulated the activity of the transport

process.  An inducible glutamate transport system in Mycobacterium

Hall and Lichstein, 1967). It was found that glutamate-catabolizing
énzymes wéfé constitﬁtivé in thése'qrganisms and that thé oxidative
lags éxhibited by resting cells were.dﬁé to the induction of a

4 spécifiq glhtamate permease.

Inui and Akédof(T965), réportéd thé first‘cdncrete.evidénce

for the repressibility of amino acid transport systems in-E. ¢coli

leOli ThéSe‘workérs foﬁnd that the uptake of cycloleﬁciné aﬁd leucine
was réducéd whén célls had prévioﬁs]y béen grown in a médium

containing cycloleﬁciné, L-leﬁciné or L-methionine, whilé other amino
‘acid- transport systéms weré ﬁnafféctéd. Kinetic stﬁdiés of.représsed

" cells indicated that both the rate of influx and efflux were.altered.

show extensive similarities to mammalian systems with respect to cell

permeability. Many observations have suggested a lack of specificity



of amino.acid transport and thus demonstrate the resemblance of the
fungal to the mammalfan systems., " Récently, however, contrary.evidence
has been.accumulating which indicates a multiplicity of amino acid
transporting systems both in Neurospora sp. and yeasts.

Zalokar . (1961), studiéd'proline uptake in N. '¢rassa mycelial
mats and demonstrated saturation kinetics for the uptaké of this amino
facid; indicating that a perméase-liké.function existed. The kinetics
and energy réquiréments for phenylalanine uptake into conidial
.sﬁspénsions.wére.sﬁbséqﬁently demonstratéd by DeBusk and DeBusk' (1965).
However, compétition studies between phenylalanine and twenty-three
other 'amino.acids showed that there‘existéd a lack of specificity of the
: ﬁptake'proceSS‘for phenylalanine;
LéSterf(1966), foﬁnd that mﬁtants,of N. ¢rassa resistant to
- b-methyl-tryptophan were defective not only in the transport of
tryptophan and its méthyl-analoéues,but also in thé'transport‘of a
.number of other unrelated amino acids. This implied a lack of specificity
for the amino acid uptake systems. Stadtler . (1967), qualitatively
corroborated these results but also found that revértants,of transport
negativé.mutants resistant to 4-methyltryptophan consequently recovered
the ability to actively transport-aromatic amino acids. These results
were most simply éxplainéd by the'occurrénce,of supressor mutations
in another géné controlling a differént'transport system. It was
.nggésted.that the second mﬁtation had modified a different uptake
system; resﬁlting in the expansion of its sﬁbsfrate rangé. Subsequently

this.second system was shown to govern the transport of basic amino

‘acids as had been demonstrated previously by Bauerle and Garner (1964).
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and citrulline with respectively decreasing affinities for a single
basic amino acid permease. Wiley and Matchett (1967), showed that

N. ‘crassa actively transported tryptophan by a stereospecific transport
system which was specific for a family of néutral'amino acids that
were not nécessarily structurally related. These investigators found
that an-d-aminq groﬁp next to a carboxyl group and an uncharged side
chain were the minimal structural réquirements for activity with the
“transport site:

It is important to realize, as Kappy and 'MétZenberg CL967)
have'emphasized; that general transport defects can.occur, not only
through an.alteration of spécific*or génera] uptake systéms, but also
by membrané.alterations affecting the activity of mémbrané—associated
‘proteins .such as permeases.- Thesé'authors isolated a temperature
‘amino acid analogues by virtue of a décreased ability to transport
thése'analpgues and their natural cogenera.across the cell membrane.
They-aISO'showed; by several criteria, that this mutant likely possessed
a structﬁral memQrane defect which could account for thevnégative
amino . acid perm;ability; Holden (1965), showed that a defect in
glutamate transport by a vitamin 36 réquiring strain of

‘Lactobacillys plantarum could be restored by the addition of acetate,

ammonium jons, and vitamin B6' It was suggested that the vitamin
influences transport indirectly, either by modifying the tertiary
structure of membrane components or by participating in their synthesis."

Studies on the amino acid transport systems of the yeast

‘Saccharomyces céréevisiae by Surdin (1965), suggested that the substrate

specificity of transport was considerably less than that observed with
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bacterial systems. It was shown that although the accumulation system
could concentrate amino acids up to 1000 fold,.all of the amino acids
studied were concentrated by a single permease but at widely varying
rates.  Surdin aISO'isolatéd a mutant with a ten fold lower level of
permeasé'and found that the specificity properties of this residual
pérmeasé'aré ésséntially the same as thosé:of the parent strain.
Récéntly; conflicting‘évidéncé has accumulated regarding the
specificity of yéast“amino'acid perméation. Maw . (1963), studied the

'BSS-labelled amino acids into brewers' yeast and found

incorporation of
that thefaccﬁmulation,of thévsulfur amino acids was inhibited by certain
other amino acids having a close structural relationship to them.
‘Grenson (1966); postulated that in §3fCéféVisiae-both‘géneral and
specific aminofacid'pérmeases weré operativé. 'Grénson foﬁnd that only
those amlno acids that were structurally related to arginine would
compete. for that particﬁlar'transport mechanism and the other naturally
occﬁrring amino .acids had absolﬁtely no efféct on .the incorporation of
argininé.' It was also shown by kinetic analysis, that is;'thé comparison

.of Km and K, values, that the inhibitory amino acids were being

1
‘transported by the same mechanism as arginine. Thése results were
confirmed by the selection of a transportless mutant common for the
competitive amino acid inhibitors. However, it should be noted that
théir.mutant recovered thé ability to transport'arginiﬁe, without
réversion;'when ammonium jons were removed from the’mediﬁm. It was
-suggested that this transport systém was under metabolic control.
Another.mutant.se]éctéd in this study was similar to the mutant isolated

by,Surdih‘gs;ilQ(T965), in that it was affected at the level of general

‘amino acid permeation. Grenson, however, objected to the conclusions
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of Surdin‘'et al., primarily because of the.ten fold differencé between
the Km for transport of an amino acid and the apparent Michaelis -

" constant for the same amino acid when acting as an inhibitory_agént (K])
in the transport of another amino. acid. ‘Grenson.(1966), has also
demonstrated the existénce,of a specific lysine perméasé'in yeast

which doé§hot féqognize.other basic aminofacids;' A spécific lysine
'transportléSS‘mutant was isolatéd'which did not afféct the uptake of
other basic amino acids:'

V.

Recently some progress has been made in the actual biochemical
identification of the componénts‘of thé'active'transport system.
Kaback and Stadtman:(T966); réported that carefully isolated membrane
'préparations from E}‘Egli_wéré able to.actively incorporate and
concentrate‘proliné.' In a comparativé study with the wild-type (W6)
and'transportléss strains (W157) isolated by Lubin'et’'al. (1962), these:
workérs foﬁnd that thé uptaké‘procéss:in thé wild typé cell mémbranes
demonstrated saturation kinetics;'wheréas the amino acid passed through
the mutant membranés only by simple diffusion.

Neu and Héppelf(1965), and Nossal and Heppélf(l966); showed
that.cold osmotic shock'treatmént of bacteria'caﬁséd the loss of
' cértain,enzymes.and'protéins asSociatéd'with the cell envelope.
Piperno and 0xénderf(T966), used thiS'procedﬁre to isolate and purify
a‘protéin'from E;'ggﬂi_which would bind eithér léﬁciné; isoleﬁcine,
or valiné; Thé dissociation constants for thé'léucine and the‘isoléucine

‘protein complexes were found to.be indistinguishable from their respective


http://to.be

Km values for transport into whole cells.  These results.suggest

that the binding protein is a component of the transport system
responsible for the concentrative uptake of leucine, isoleucine,
and valine by E. ¢oli K12. .All attempts.to restore the
transport process to shocked cells by adding back the binding

protein were unsuccessful.

13
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MATERIALS AND METHODS

proline transport negative strains;'Egfaérugih05a=A5; IB9 and 1B10,
TA3 and TA10 which were argininé; isoleuciné, and tyrosine transport
negative strains; and.P22;_a strain unable to catabolize proline.
Stock.cu]turés wéré maintained at 6 C on ammonium salts minimal

agar slants with glucose as the solé carbon sourcé. Histidine
.(SOIﬁg/m]) was added to.maintain WKM;.the histidiné.auxotrOph.

Célls required for experiméntal procédures weré grown
from a 20 hr inoculum in Roux flasks at 30 C in a medium
containing 0.3% NHhHZPQh,-O.2% K2HP04 and 0.5 ppm iron as -
.FéSOA:7H20>at pH 7;4,.and supplemented with‘SOVﬁg/m] histidine
- for WK4. Glucose and MgSOu.ZHZOIWére added séparately, after
sterilization; from 10% stock so]ﬁtions to givé final concentrations -
_of»O:Z%.and-0.0S% respectively (minimal médium).

Cﬁlturés weré routinely checked for purity and for production
of thé-Speciés characteristic pigmént pyocyanin by streaking cells
on King's mediﬁm (King; Ward and Ranéy; 1954): WKL was. routinely
: checkéd for reversion by stréaking cells on minimal medium.
Transport négative strains were checked for reversion by streaking

- cells on agar medium containing the appropriate amino acid as a



sole carbon source.

Cells from late logarithmic phasé'wére harvested by
centrifugation at room temperatﬁré and were .quickly resﬁspendéd
to: the désiréd'concéntration in minimal mediﬂm: The concéntration
of cells was establishéd by méasﬁring the optical density at 650 mﬂ
ﬁsing a Model B BeCkman'spectrophotométér: The cell suspensions were
stirréd.on a‘TroemnerJSmeérgeablé magnétic stirrer (Henry
Troemner Inc., thladelphia, Pa.) for 10 min prior to the’
addition of the radidactive amino acid. This procedure was found to

~give reproducible incorporation data for any one amino acid.

I11. Seléection of Mutants -

I. Mutagenesis -

Wild typé logarithmic phasé‘cells were harvésted‘from
minimal medium by céntrifugation at 13;0001x g for 10 min,
réSGSpended‘inva 5;5 citrate buffér to a density of approximately
f'109,cellsApér'ml, and shaken at 30.C for 1 hr. N-methyl-N-nitro-
N'-nitrosoguanidine was added to give a final concentration
of lOO.ﬁg/m] and the cells were shaken for 40 min; The .culture
was .quickly chilled to 0 C and centrifuged at 6 C. The cells were

washed twice with minimal medium, then resuspended to the original

. volume in.supplemented media to enrich for the desired mutant and
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then incubated at .37 C for 2-6 hr.
: 2._Amino.acid.auxotrophs '

The mutageriized culture was incubated for 6 hr in minimal
medium.supplementéd with 50'ﬁg/ml of the required amino.acid; The
cells were diluted and plated directly on minimal med i ur containing
) I‘ﬁg/m] of the desired amino acid. The plates were incubated for
48 hr and.aﬁxotrophs were detected as single minuté colonies."
Thésé'isolates wére checked by patching on both minimal agar and

- minimal agar supplemented with 50 ug/ml histidine.
3. Transport negative strains

YMQtagenésis was carriéd.out on célls which had been first
adapted to grow on the désiréd amino acid as the solé'carbon source.
Aftér‘washing with medium the treated cells were grown in minimal
medium for 2'hr; thén plated on solid mediUm with 0.1% of the
amino.acid as the sole carbon soUrce: After a 48 hr . incubation,
minute.colonies Weré picked, washed in drops of sa]iné, and patched
onto.both amino acid minimal and g]ucose'mihimal,platés.' After
: fUrther incubation and daily scoring, thosé‘colonies which grew

-slowly on amino acid minimal.platés and normally on glucose minimal
'-platés wéré Selectéd for . further studiés:' These seléctéd colonies
.were grown in minimal mediﬁm and ‘amino ‘acid ﬁptake experiments were
carried out to determine the initial (30 sec) rate of ]hc-amino

6

‘acid.incorporation at a concentration of 100 M. Growth curves -



on the mutants with defective transport systems were carried out

to make.sure no other genetic function had been altered.

IV. Uptake of Labelléd Amino Acids

The incorporation,of'140¥aminofacids into.cells and
- cellular constituénts‘was studiéd'by two différent'procédUrés;'
thé choice of which dépénded-upon the nature of thé experimént.

In the first"procédﬁre; the incorporation,of'IAC;amino
'acids:into,wholé.ée]Is;'protein; and pools weré détérmined‘by the
Millipore filtration procedure of Britten and'McLuref(T962);
Céllsvweré filteréd on a Tracerlab E8B precipitation apparatus
(Tracerlab; Waltham, Mass.) and immediately washed with 2 ml of
minimal mediﬂm; This procedure did not remove pool amino acids.:
’Driéd'filters wére<placed in vials containing 10.ml of scintillation
. fluid (Liqdiflﬁor; New England Nuclear Corporation) and the vials-
‘were assayed for radioactivity in a.Nucléar Chicago liqﬁidfscintillation
spectrométer modé]:725:

In.thé.Sécond'proceduré; the rate of incorporation of amino
‘acids into who]é cells was determinéd éssentially by the method of
FérroLﬁZzi+Amés[(1964); which was modified as follows: 1 ml of a
vigorously stirred, heavy céll.sﬁspension was addéd'to.a test  tube
~.containing 3 ml of minimal medium and thé”lhc;aminofacid; at the
désiréd*spécific‘activity; Thé'reaction mixturé'Was stirréd on a
.'TrOémhér'magnétic stirrer using miniatﬁré stirring bars.  Aliquots -

were . removed for filtration at 15 sec time intervals. Filters .were



dried and assayed for radioactivity and rates of amino . acid transport
were calculated from the earliest linear incorporation data. This
method was used for the demonstration of saturation kinetics, and

to determine the kinetics of compétitivé inhibition, since it
pérmittéd a.seriés of réactions to be completed within a short period
of timé and théreby éliminatéd variation in ratés of "transport due
to,cell‘prolifération;

Expériménts;'désigned to detérmine the rates of amino.acid
transport as a fﬁnction of incﬁbation témperature; wéré performed in
'watér4jackéted réaction vessélé maintained at thé desired temperature
with a Lauda K-2/R témperaturé-controlled circulating water pump
(Brinkmann Instrﬁménts;'lnc:, Wéstbury; N.Y;): Céll.sﬁspensions were
;allowed to equilibrate at thé desiréd temperature for 15 min prior
to.thé initiation of the transport experiment by thé addition of the

C-amino'acid: The reaction mixtures were continubﬁsly'agitated with
a magnétic stirrer.

Stﬁdies on the maintenance of amino acid pools at low temp-

'eraturés weré carried:out in the water-jackétéd reaction vessels

described for transport studies, which had been precooled.

L e L

1

The rate of uptake of 1076 to 1077 M 1I*C'-amino acids in the

presence of 10#& or 10-3 M'1264amino'acids was determined as follows:
3 ml of minimal medium, containing the amino acids to be tested for
competitive inhibition, and the test']qC-amino acid were added to an

18 mm test tube. These reaction tubes were equilibrated at 30 C and

18
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1 ml of a dense cell sﬂspension (0.4 mg dry cells/ml) was added
with continuous agitation to initiate the reaction. Samples were
collected with a 1 mi tubércﬁlin syringé at .15 sec intervals and
fi]tered; The degrée_of compétitivé inhibition was calculated
from thé rédﬁction in the rate of 1L*.C'-;aminofacid incorporation

relative to the appropriate control.

VI. Competitive Pool Displacément. .

Cé]l.suspensions weré'preincubated withrZOOIﬁg/m] chloram-
ohenicol for 30 min at 30 C prior to the addition of 'YCzamino
‘acid to a cdncéntration of-lofﬁ M; Pool formation was followed
and when maximal; thé incubation témpératuré was reduced to 10.C.
The point of maximal pool formation had been determined in’préliminary
expériments.' All'preforméd pools wére foﬁnd to bé stablé at this -
témperature and protein synthesis was negligib]e: To initiate
the éxchangevreaction, a competitivé:12C4amino acid was added to
a final concentration of 10#4 M and the rate of exchange determined

from the loss of pool label over a.15 min time interval.

“"in.the Cell - Pool-and in the Culture Medium:

A sensitive quantitative measurement of pool amino acids -
and amino acids excreted into the growth medium was devised as follows:
cells were grown in 10 ml of minimal medium containing 111 umoles of

uniformly labelled'14Cfglucose‘with a specific activity of 2 m¢/mmole
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and logarithmic or stationary phase .cultures were harvésted by
centrifugation at-10,0001x_g_at room temperaturé. The supérnatant
fluid was carefully décanted and thévtube wiped'fréé'from adhering
]iqﬁid; The resulting packéd cells wére extracted with 5 ml of 5%
“trichloroacetic acid (TCA) and thé residual cellular material was -
removed by centrifﬁgation at 10,000 x g for 10 min at 6 C. This
procédure'was répeatéd'tWicé and thé'TCA éxtractsvweré combined.

The growth médium was deproteinizéd with cold 5% TCA in a similar
mannér;. Thé TCA was removéd'from thé fractions by éxtracting 5

times with cold ethyl ethér: The resulting aqueOQS'Saﬁplés wére
.evaporated to:dryness in an air stréam. Each dried samplé was -
dissolved in distilled water and applied to a columnf(1;2 x -10 ¢cm)

of DowéXUSO (H+ form). Thé column was washéd with:distilled water
until no further radidactivity.wasreIUtéd and the adsorbed compounds -
weré,thehvélutéd'with 100 .ml of iM ammoniﬁm hydroxidé. The .eluate was
‘evaporated to dryness and the residue dissolved in 0.1 mi of distilled
water; Samplés were‘quantitativély applied to cellﬁlose'thin layer
,p]ates‘(cellﬁlosé'powder MN 300) and the radioactive compoﬁnds were
séparatéd two-diménsionally by the method of Jones and Heathcote. (1967).
The résﬁlting chromatograms wéré éxposéd for 1 week to medical x-ray

- film. (Eastman Kodak Co:; Rochestér; N.Y:): “The films were dévéloped
and thé'radioactivé areas detected by this method weré‘scraped loose:
.'from.thé.platés and drawn, by Vacuﬁm; into scintillation vials which
»wére.SUbséqﬁently filled with a toluene scintillation. fluid and assayed
. for radioactivity in a ]iqﬁid’scintillation spéctrométér; The addition
.of from 5 to 60 mg of cellulose caused no incréase'in.quénching under

these conditions. It was found by this method that amino acids could



be detected in amounts as low as 1 x 1075 ﬁmoles.'

Confirmatory qualitative amino acid analysés weré carried out
by two-dimensional chromatography on both thin layer and'papér.
Thin layer-platés wéré coated with Silica Gél G,'spottéd with the
radioactivé Samplé, and dévélopéd in a solvent_systém,of chloroform-
méthanol*ammonia:(Z:Z:] v/v) and invthé Sécond diménsion in phenol-
water (75:25 v/v) (Randérath; 1963); Papér chromatograms, “spotted
with thé'fadidactive samplés;'wére devélopéd in thé first dimension
in a solvent system of n-butanol-acetic acid-water (120:30:50 v/v)
and in the second dimension in phenol-ammonia :(200:1 v/v) (Smith,
. 1960)". Chromatograms from both these methods were analyzed by radio-
-autography and by ninhydrin detection of the appropriaté carriér

2C;amfnofacids:

Cﬁlture.supernatant fluids, which were collected by filtration,
were reacted with 1072 M Z,A-dinitrophénylhydrazihé in 2N HC1 for
_ 1'hr at'38'Cl. The keto-acid hydrazohés were extracted into ethyl

‘acetate and .purified by extraction with 1 M tris-(hydroxymethyl)amino-
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" methane buffer (Tris) pH.11.0. The acid hydrazones were.further extracted

into ethyl acetate, dried to a small volume, and the derivatives were
_separated by paper chromatography in a solvent system of n-butanol-

_ ethanol-ammonia (0.5 :N) -(70:10:20 v/v) as described by Smith (1960).

Celis from a culture in logarithmic phase were harvested by

~ centrifugation and fractionated. according to.the procedure of Roberts -

"gﬂigl.f(1955). The protein residue remaining after extraction.with



Vhot TCA was further extracted tWicé with ethyl ether to remove residual
~ TCA and the samplés were air-dried; Thé'protein'was hydrolyzed with
6N HC1 for 18 hr at 100 C in séa]éd_glass vials: After hydrolysis,
the acid was'rémovéd by flash.é?aporation and the water-washéd residue
was dried and dissolved inAO:] M citrate-buffer (pH-5;5). Amino
acid'analyses'wére carried‘oﬁt Using a Beckman Model 120C. amino
‘acid analyzer;

.Qualitativé 1Z*C-amino acid analyses of thé'protein,of cells
which weré grown in the'présénce,of Tow concéntrations,of radioactive
'aminofacids.weré'carried.oﬁt by paper chromatography as déscribéd

above.

IX. Chemical Fractionation of Whole Cells.

The chemical fractionation procedure Qséd was esséntially that
of RobertS'gE;gl,f(1955); with thé modification by Clifton and Sobek
f(1961); The hot TCA soluble fraction was prepared by héating the
samples in 5% TCA for 20 min at 90 C rather than at 100 C for 30 min.
.Aliqﬁots of the cell fractions wéréAplated in duplicate onto stainIéSS‘
steelvplanchéts,“dried undér an infra-red lamp; and weré counted at
infinité.thinness with a thin end window Géiger.tube attached to a
Nﬁcléar Chicago scaler modéT TSIAﬂéquppéd with an.aﬁtomatic.gas-

. flow countér. Corréctions were made for baquroﬁnd. ln'order to
réducé statistical deviation; at least-1000,tountsvweré récorded

when possible.

22
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X. ‘Chemi¢als -

Amino acids Qsed as carriers fof 1L*‘C-'aminofacids»w‘eré
obtained‘from.Nﬂtritiona] Biochemicals Corp;,-C}évéland; Ohio.
L-tryptophan (méthylené-lqt) was obtained from Nucléar-Chiqago
Corp.; Destlaines;:]ll; The other radioactive amino acids and
:'14Q+QIQCOse‘wéré.pﬁrchased'from Schwarz Bioresearch Inc.;
Orangébﬁrg, N.Y;;'and were obtained as théllhciuniformly labelled
“product with the excéption,of L-hydroxyproline-3H(hydroxyl-3H);
All radioactivé amino acids wéré checked for purity by thin layer
' chrOmatography'(Jonés and Heathcoté; 1967) and radioaﬁtography.

N-methyl-N-nitro-N'-nitrosoguanidine was obtained from Aldrich

Chemical Co. Inc., Milwaukee, Wisc.



RESULTS AND DISCUSSION

1. Uptake of amino acids -

The initial rate of incorporation of amino acids into whole
cells during exponential growth was first order with respect to
cell mass and was reproducible under the experimental conditions -
used (Fig. 1). |

The time course of amino acid uptake and distribution within
the cells was studied. Figure 2 shows the results of an experiment
measuring the uptake of'1hc-tyrosine. Tyrosine was taken into the
cell immediately and rapidly until the supply in the medium became
exhausted. The entry of labelled tyrosine into TCA precipitable
material was linear, and after two to three minutes continued at
the expense of the amino acid pool. At three minutes, the
tyrosine concentration in the pool was 13,350 times greater than
the tyrosine concentration of the medium. This pattern of
incorporation corresponds to the patterns of amino acid uptake

into E. ¢oli (Britten and McLure, 1962; Tristram and-Neale, 1968).
. 2. Precursor-Pool relationships

The incorporation of tyrosine (Fig. 2) was typical of

24



many of the aminé acids studied. The negligible Tag in the
entry of amino acid into the protein fraction suggested
either that passage of the amino acid through the pool was not
obligatory for entry into protein, or possibly, that the amino
acid concentration in the native pool of growing cells was very
low and thus had a negligible influence on the specific activity
of the labelled amino acid which was transported into the cells.
Valine was selected as the amino acid to test these
possibilities.  When added to a concentration of 10?6 M, the amino
acid was completely removed from the external medium by 90-120
sec, precisely the time at which the pool level was maximal
(Fig. 3, inset). 1In a similar experiment, a 90 sec preincubation
witH:12C*valine at 1df6 M was followed, at zero time, by a .pulse

of 14

e_valine incorporation into TCA insoluble material (Fig. 3)

C-valine at the same concentration. The prolonged lag of

was .due therefore to the equilibration of the radioactive amino
acid with the:]2C~valine pool.

These'résults suggested that exogenously supplied amino acids
entered the cell and accumulated in an intracellular metabolic pool,
and that entry into this pool was necessary for incorporation into
protéin. Similar results were obtained for the incorporation of
: 1l{C-proline into E. ¢oli (Britten and McLure, 1962). To account for
the negligible lag bf 1l*‘C—amino acid entry into cellular protein.
in the absence of a preloaded pool; concentrations of de novo

synthesized amino acids in the native pool of growing cells must,

therefore, be relatively low.
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When the time course’of.1ht-amino acid uptake was
determined for all the commonly occurring amino acids, it was
found that only the incorporation of glycine, serine, and
- glutamate exhibited a lag prior to entry into protein. Figure
-4 illustrates the incorporation of'IAC-glutamate into whole cells
and into the TCA insoluble material of P. aeruginosa. With most
amino acids tested; ]ht‘entry into protein was essentially linear
“from zero time.

These results suggested that most amino acids were present in
the pool of growing cells at low levels, but that a few, such as
~glutamate, were present at relatively high concentrations. .Glutamate

has .also been reported to be present in relatively high concentrations

in the pool of E. ¢oli (Britten and McLure, 1962).
3. Comparative rates of transport

From the results of rate studies of amino acid uptake, it
became obvious that a large variation in rates of transport for different
amino acids existed. Experiments to determiné']hc-amino acid
incorpofation rates weré performed for all the common amino acids by
rapid sampling in order to obtain accurate, comparative values. From
the results of Table |, it can be seen that there is approximately a
 forty-fold variation in the rates of transport; from a low of
0 1.92 x 1079 ﬁmoles/min[mg dry weight of cells for cysteine to
80 x lofyiﬁmoles/min/mg dry weight for leucine. The basic and aromatic
amino acids were incorporated much more rapidly than the acidic or

neutral amino acids.’
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The only amino acid tested to which these cells were
impermeable was hydroxy-L-proline. Experiments to detect uptake
of this amino acid showed that no radioactivity was incorporated
either into the amino acid pool or into the protein.Kaback .and
Stadtman (1965), reported that hydroxyproline could exchange

with']hC-proline concentrated in membrane preparations of E. coli.

This suggested that the proline concentration mechanism also

functioned with hydroxyproline.
L4, Distribution of radioactive amino acids in the cell

To establish whether or not the exogenously .supplied
ht;aminofacids which were incorporated into the TCA insoluble
material rémained unchanged .during passagé through the intracellular
pool; culturés were allowed to incorporate spécifié'1ht-amino acids
added at low concentrations and the distribution of radioactivity within

the cells was determined by chemical fractionation. For'14C?histidine,

ll*C'-isole'uciné,'v“’C-phenylalanine, and‘1hc?proline, approximately

90 percent of the radioactivity was incorporated into the protein
fraction, whereas with 14t-arginine,’ ]hc-glycine and 14C'-serine only

. 58.3 percent; 50.7 percent, and 56.7 percent respectively were found

in thé hot TCA insoluble fraction (Table Il). 'A significant percentage
of the label found in the cold TCA soluble fraction with the

| C-arginine experiment accounted for this deviation. With 1l*(;-.glycine

a large percentage of the added radioactivity was found, understandably,

in the nucleic acid fraction. Also, the.nucleic acid fraction



Table |, Rates of transport of ‘amino acids into whole cell
: of ‘P. aeruginosa.
AMINO ACID RATE .OF TRANSPORT RELATIVE RATE"
-6 ﬂmoles/mih[mggggy weight .
10" M x 1077 M

-hydroxyproliné 0 0

cysteine 1,92 1.00
threonine 3.54 1.85

: aspartaté' NS R 2.1k
serine L.20 2.19
..glﬁtamate k.67 2.43
‘proline 5.75 - 2.99
_glycine 5.90 ° 3.08
tyrosiné ' 14,40 7.50

" methionine 19.90 9.90
valiné 23.60 12.30
histidine 27.40 14,30
alanine 27.60 14.40
phenylalanine 32,30 - 16.80 ¢
lysine 33.60 117.50
isoléﬁciné 39.20.- 20.42
“tryptophan 52.00.° 27.10
‘arginine 80.00. " L1.60

~leucine 80.00 41.60

32
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accounted for a large percentage of the tabel when cells were

~grown -in the presence of 1l*.C-serine. This was attribﬁted,
presumably, to the presence of the transhydroxymethylase reaction.
The relatively low amounts of label found in the.acid-ethanol
soluble fractions were assumed to be present as alcohol soluble
protein, however, the higher proportion of label in this fraction
from cells 1abélled witH'14C-sérine was naturally attributed

to the synthesis of lipids or phospholipids.
5.  Energy requirement for amino acid incorporation

Most metabolite transport systems in microorganisms are
sensitive to poisoning by metabolic inhibitors such as dinitrophenol,
iazide;'or other uncouplers of energy metabolism. Cél]vsuspensions :
acids whén'tréated with such inhibitors.  When cells were preincubated
for 30 min at 30 C in the presence of 30 mM sodium<azide or with
30 mM sodiﬁm:azide.plus 1 mM iodoacetamide, ‘a markéd reduction in
amino acid transport ability was observed as measured bf 1"‘*.(3--pré>.line
incorporation into whole cells (Fig. 5). Preincubation of the cell
suspensions for 30 min with sodium azide inhibited the rate of
incorporation of this amino acid by 97 percent and by 99 percent
when both sodium azide and ifodoacetamide were added to the
preincubating mixture., This second, rélatively minor increase in
inhibition of proline uptake with iodoacetamide was presumably

due to the termination of substrate level phosphorylation.



Table Il. Distribution of-radiocactivity in the cell fractions

.of P. aéruginosa grown in the presence of "' *C-amino
" acids.:
FRACT I1ON
The-amino acio '
. cold TCA 'acid ethanol hot TCA = residual
. ~soluble... .soluble  soluble protein
% of total radioactivitya)
‘arginine 35.5 3.8 2.4 . 58.3
-glycine h1 4.8 - 4o b4 . 50,7
histidine 2.5 3.7 2.7 91.1
isoleucine 0.7 b3 4.7 90. 3
phenylalanine B S I 4.6 k2 90.1
proline 12,0 . 6.5 3.7 .87.8
serine 6.3 . 11.9 25.1 - 56.7
‘a)

" material.

Percent of total radioactivity.incorporated into.cellular
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The conclusion that the incorporation of amino acids
was energy dependent was substantiated by the observation that
cell suspensions of P. aeruginosa did not incorporaté ]hc;proline
at 0 C. Cél].sﬁspensions'which were chilled to 0 C for 10.min
prior to the addition of’1hC-proline at a level of 1676 M

showed no significant amount of 1L}C--proline uptake .over a

3 hr time interval.

6. Effect of temperature on the rate of amino acid transport

is température dependént; Thé rate of 1LlC-valine incorporation
into.cell.suspénsions at various temperatures is shown in Figure
'-6: Below 10 C the rate of'1hc;valine incorporation was negligible,
but increased rapidly with increasing temperature to the maximum
rate, exhibited at 45 C: At temperatures exceeding 45 C the rate

,of‘]h

C-valine uptake declined sharply, a characteristic common to
' most’enzymé systems;' Incubation of whole cells for 30 min at 55 C
was found to inactivate permanently the valine transport system.
Thé fact that transport of valine could be dissociated from growth
was evident from the observation that thé rate of valine transport
was high at.45.C; whereas, growth of the organism does not.occur

at this temperature. The-Q]o.for valine uptake was found to be

approximately 2.75.
- 7. Dependence of the rate of transport on substrate concentration

The rate of uptake, for most of the amino acids studied,
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increased concomitantly with the exogenous amino acid
concentration. The uptake system, however, tended to become
saturated at high external amino acid concentrations; The
kinetics. of incorporation of 1l*.(l-phenyl_alanine are shown in
Figure 7. Michaelis' constants were of the order of 1077 M

to 10#6 M for most of the amino acids studied. The adherence

of the uptake‘process'to Michaelis-Menton kinetics, the
dependence upon energy metabolism, temperature sensitivity,

and the loss of this uptake process by mutation strongly suggest

that the amino acid incorporation process is mediated by a

protein, presumably a permease.
8. Concentration of amino acids in the intracellular pool

From the kinetics of amino acid incorporation into the protein
fractions;'it was assumed that a wide variation in concentrations
of the différent'amino acids existed within the native amino acid
pool. Diréct measurement of these amino acids was carried .out to
determine whether or not a correlation existed between native
pool composition and the variation in rates of transport. The
amino.acid composition of the growth medium was also determined in
ordér to establish the concentration gradients maintained between
the intracellular and extracellular amino acids.-

Thé composition of the amino acid pool of cells growing
logarithmically was foﬁnd to be extremely heterogeneous. Figure

8 represents the distribution of .35 positively charged compounds



' 39

= o
4 /
S
o o
(&)
. o 2r
©3 / ®
= '®) © ‘
N~ / = .
pr — °
= lo |z /
=2/ =3 N °
N —'@\) /
wn 1ad ®
w 0 |2 -
.| o L
ol 2
: E 0 Y 1 2 3
= | ' 4 8 I?G 16
- | = M/L x 10
oL ES

4 8 8 10
[s] MUMOLES/ ML.

Fig. 7. Saturation.kinetics of phenylalanine incorporation by

: '~ P. &eéruginosa. Cells, in minimal medium, were
incubated for 30 s £ at 30 C in the presence of increasing
concentrations of ' 'C-phenylalanine. Inset: Lineweaver-
Burk plot.



4o

identified as amino acids. The .quantitative compositions of
the pool, the.culture medium, and the concentration ratios
are listed in Table IF1I. -

The linear amino acid incorporation kinetics into the
protein fraction for most of the amino acids tested previously,
suggested that the concentration of some amino acids in. the
native pool was low. Glycine, serine, alanine, and glutamate
were present in concentrations approximately 7 to 30 fold
higher than the other amino acids found in the native pool,
and the incorporation data for glycine, serine, and glutamate
(Fig. -4), demonstrate ''precursor-pool'' kinetics. However,
as can be seen from Figure 9, alanine deviated from this trend.
This suggests that of the amino acids tested, alanine was the
only one which did not first equilibrate with all of the native
alanine amino acid pool prior to entry into protein. These:
resu!ts,'thérefore, suggested that intracellular pools may be
compartmentalized in different ways.-

From the amino acid concentration ratios (Table Ik1), it
can be seen that concentration gradients of approximately 100
to 400 fold are maintained within the cell during logarithmic
“growth.

An identical experiment, with cells that had been in the
stationary growth phase for 3 hr, demonstrated that all intracellular
and extrace]lﬁlar amino acids had been utilized with the exception
of methioniné, which was found in high concentration in the
stationary phase culture medium.

"From the data of Tables | and IIl, it can be seen that,
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Table I11. Composition of.the amino acid pool and culture
-supernatant fluid of P. aeruginosa during
logarithmic growth.

AMINO ACID  POOL - SUPﬁES?gANT S— oo
SUPERNATANT FLUID
'ﬁmoles/ml
isoleucine Sk x 1070 b7 x 1077 - 2hh
phéhylalaniné C 1,25 x 107& 4;53 x 1077 277
leucine - 135 x 1070 91 x 1077 232
valine | .-2:391x.1ofé x0Tt 169
tyrosine 2,55 XIIOfQ 0 '
thréonine 3.1‘72' X 10‘.-'# 2,00 x 10-Ll 186
_glycine 778 x 107" 5,60 x 107" 139
serine 163 x 1073 3.80 x 107° b2y
alanine - 166 x 1073 6.99 x 1078 - 237
glutamate. 3.00 x 1073 7.73 x 107° 388
_glutamine 3.93 x 1073 0
_glucosamine 0 1.81 x 107>
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with.the exception of .alanine, amino acids present in the
hativé intracellﬁlar pool at high concentrations aré'transported
at a rélatively low rate into P. aeruginosa.

In this Qrganism'thé infracellu]ar concentrations of most
amino.acids . in the native pool were found to.be surprisingly
low in relation to. reported pool levels of other microorganisms
(Holden, 1962), and some amino.acids were not detectable by the
sensitive method employed for their estimation. However, it is
important to emphasize: that most investigators have uséd less -
direct methods to determine the levels of amino acids present in
the pool and many analyses must be regarded with some caution
since the pool may contain a great variety of nitrogenous
compoﬁnds as has been demonstrated for the pool of P. déruginosa
(Fig. 8).

Thé total amino.acid pool levels for P. aeruginosa:when
~grown .on minimal médium, are approXimatéIy one pércent‘of those
répdrted'for Es'ggll.(Holden; 1962). Few reports are available
on . the composition of the amino.acid pool of Gram-negative
bacteria and thé data. reported here represént the lowest native
amino:-acid pool levels determined for any microorganism to date.
-Also; thése'data'are the first reported for an obligate aerobe.

When thé individual components of the intracellular pool
wére éXaminéd, striking differences in the amino. acid concentrations
wére{again observéd; For instance; FérroLu221+Amésf(T964),
répOrtéd intracellular concentrations of histidine of»0.0G[ﬁmoles/'
:'gm'dry.weight,of-§;'tzghimuriﬁmnbut we have not been able to detect

this amino.acid in the native pool of P. aetrugincsa. In fact,
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the only amino acid which approached this concentration was -
~glutamate. Glutamate concentrations of 0.5 - 2 ﬁmo]es/gm dry
weight of E. ¢oli were reported by Britten and McLure (1962),
and this is 10 fold greater than the glutamate pool level in
P. aeruginosa.

Amino acids such as glutamate, alanine, glycine, and serine,
which have multiple physiological roles, not only as direct
precursors for protein, cell wall and cell membrane synthesis
but -also as precursors for other cellular metabolites, would
be expected to be present in the pool in higher concentrations
than most'othér amino aéids. One a]so-woﬁld expect, -on first
analysis, that these amino acids would be transported more
efficiently than those for which the cell has a lower requirement.
It is reasonable, however, that the low transport rates found
for thesé’aminofacids are due to the fact that the cell does not
rely on an exogenous supply of these amino.acids, since they may
.bé readily synthesized from the carbon skeletons available from

the metabolism of glucose.
9. ‘Amino acid composition of the cellular protein

In order to determine if the composition of the cellular
protein reflected the efficacy of amino acid transport, protein
was isolated from logarithmic phase cells and.sﬁbmitted to amino
acid analyses. The results (Table 1V) were compared to the
tabulated amino acid transport rates (Table 1).

Although the transport rates of some of the 18 amino.acids
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tested (proline, valine, leucine, and alanine) compared favourably
with their relative abundance in the protein of P. aéruginosa,

the majority of the amino acids showed no rigid correlation.
However, when the data of Table |Il was compared with that of
Table IV, it was observed that those amino acids that are present
in the nétive'aminofacid pool are essentially those‘présent in
highést'concentrations in the protein. The amino acids present

in the pool in relatively low concentrations, that is leucine,
isoleucine, valine, and phenylalanine were transported rapidly,
whéreas the amino acids present in relatively high concentrations,

were transported.slowly.

- 1. Time course of pool formation

When experiments,designed to determine the rate of
incorporation of amino acids, were performed for all of the
amino acids commonly.occurring in protein, significant variations
in,thése:incorporation kinetics wére found. Figure 10. represents
the foﬁr patterns of incorporation found with these amino acids.
Most of the.aliphatic;'aromatic, and basic amino acids demonstrated
thé'pattern,of uptake illustrated by Figuré 10A, and when pools
were chromatographically analyzéd thé amino acid was found, for
thé most'part; to maintain its chemical integrity.. For example,
chromatography and radioautography of the isoléucine pool is

demonstrated in Figure 11.. Most of these amino acids also



Table IV. Composition of the cellular protein of
" P.aeruginosa. -

~ aspartic acid

AHINO ACID  coeeTRar 10N
methionine 1,00
histidine . 1.38.
lysine - 1.85
tyrosine . 2.27
phénylalanine 3.09 .
isoleucine 3.76
‘proline 3.95
serine 4,28
‘arginine L. 46
threonine - b.5h

_ glﬁtamic'acid . 5.48.
‘valine - 6.52
~glycine - 8.ho.
leucine - 8.51

- 8.

1.

“alanine o1




demonstrated high transport rates (Table:1), and the results

agree with the kinetics of amino acid incorporation in E. c¢oli

(Britten and McLure, 1962). However, when incorporation studies
were carried .out under identical conditions, several amino acids
were found to deviate from this general pattern. Figuré 10B
-illustrates the incorporétion kinetics -common to the amino.acids -

A glycine;.serine; and glutamaté. It can be seen that pool formation
: comménces rapidly onn the addition of the labelled amino acid,

but the pool is only partially rémoved for protein synthesis;

the rémaining fraction being lost only very slowly over a long
period of time - if at all.

To.elucidate the nature of this phenomenon, pools were
collected at time intervals indicated by arrows. in Figure 10, and
were analyzéd by radioautography (Table V). Radioautography of
compounds in the early.glﬁtamate pool is demonstrated in Figure
11.. At 5 min;’66% of the radioactivity in thé pool was found to
bé»glﬁtamate and a ''bound'' or slowly metabolized compound was
found to account for approximately 90% of the pool at a later time.
This compound did not chromatograph discreté]y and résistéd
identification by several methods." |

.Glyciné and serine also formed heterogeneous pools and,
in fact; thése’amino'acids did not account for the majority of
the radioactivity of the intracellular pool. The major labelled
" component was found not to be an aminofacid; purine, pyrimidine,
.nucleoside;'or.nucleotide, and did not form a hydrazone. This
matérial'proved to be heterogeneous and from its solubility in

" chloroform and chloroform-NaCl was assumed to.be lipid and
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Table V. Chromatographic analyses of 1L*C'-amino acid pools.-

1l’C-*Amino'Acid "IQC’Compounds ' Percent of Total Pool
_ Added in the pool. Radioactivity
early pool late pool

isoléucine isoléﬁcine 93.7 -
‘proline ‘proline 95.2 . -
_ -glutamate. - 4.8 -
glutamate- ~glutamate. 65.9 -

- compound X 1304 ' 89.5
-alanine 0.7 -
‘valine 9.4 -
isoleucine 0.4 -
leucine 0.3 -
‘proline 0.2 . -

~glycine - compound Y 93.3 . 92.6

~glycine 2 0.9

~glutamate. 1.2 - 1.6

threonine 0.9 1.2

serine 0.6 0.3

serine " compound. Z 86.8 1 89.2
~glutamate 1.2 -
aspartate. S -

threonine 1.0 . 0.6

serine. 0.9 1.7

-glycine 0.8 0.3

‘arginine ~glutamate. - 43,5 6.8
arginine . 121.2 -

putrescine 15,2 193.2
. y-aminobutyrate. 2.6 -
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.phospholipid. Since only a minor proportion of the added
C-amino.acid was identifiéd in the intfacellu]ar pool, it was
concluded that undér the conditions of the transport experiments,

.much of the amino acid was converted to lipid and phospholipid
without first entering the free amino acid pool. It was felt
that this conversion may have taken.place at the cell membrane.

The third class of uptake kinetics was observéd witH‘th-
‘proline and ]hc?threonine (Fig. 10C). In this case; essentially
no pool fOrmation‘occurred.dﬁrlng the course of the experiment;
that is;'thé'aminofacid entering the cell was immediately
- converted into TCA insolﬁble material. In order to investigate
this déviation'from normal pool behaviour, attempts were made
to.selectivély inhibit protein synthésis without.altéring the
ability of the'célls to transport'proliné.' It was found (Fig.
. 13) that the degree of protein synthesis could be manipulated by
the controlled addition of chloramphenicol (CM). At concentrations -
I’greater'thah 100_ﬂg/ml; growth was completely inhibited. The
rates,of'14C-proline incorporation into chloramphenicol treated
.cell.suspénsions“‘as a.function of the inhibitor concentration
‘are shown in Figure 14. It can be seen that over the range of
chloramphenicol concentrations employed, the rate of ]ht-proline
incorporatéd into the céll was relatively constant; whereas the rate
of entry of the label into the protein fraction was inhibited in a
manner proportional to the inhibitor concentration: As a result;
accﬁmulation of proline in thé intracellular pool increased

significantly.
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Preliminary experiments showed that the initial rate of
proline incorporation into whole cells did not vary greatly as a
function of témperaturé; howéver; thé rate of growth diminished
markedly at low temperatures. These observations were used to
confirm the resﬁlts obtained with chloramphenicol, since chloram-
phenicol has been shown to adversely affect pool formation in

E. ¢oli (Britten and McLure, 1962). When the incorporation of

| ]ht4proline into cell suspensions was followed at different
temperatures;’resﬁlts similar to those with chloramphenicol,

were obtained (Fig. 15). At 10.C - 20 C, the rate of protein
synthesis (as determined by incorporation of'14C-proline into

TCA insoluble material) was significantly lowered. Low rates of
'protéin synthesis were coincident with high proline pool levels.

At highér temperatﬁrés, large pools were not formed due to the
rapid incorporation of the labelled amino acid into protein.
These‘résults demonstrate that the rate of pool formation and

thé size of the intracellular pool are . functions of both the
capacity of the cell to transport an amino acid and to utilize that
amino acid for protein synthesis.- Thérefore, any demonstration of
pool formation must be the result of a balance of the above
variables, and not necessarily attributablé to the pool forming

" mechanism per se; Thus, if the time coﬁrseiof'1hc-proline uptake
is followed at 20 C (Fig. 16A) or at 30 C when the rate of protein
synthéSis has been decreased due to starvation for a required amino
facid; then pool formation (Fig. -16B) follows a course similar to
that reported for E. coli (Brittén and McLuré; 1962). Chromatography

of the labelled pool material, under these conditions, showed that
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the amino . acid retained its chemical integrity.
: 2., The fate of intracellular arginine

The fourth.class of uptake kinetics (Fig. 10D), was observed
with the amino acids arginine and cysteine. These amino acids -
_ fOrméd a relatively high pool level and this pool was maintained
. for extended periods of time. Thé'arginine pool was studied
fﬁrthér and Eigﬁré«17ﬂdemonstrates the kinetics and stability

‘of'1h

C?argininevpool formation.over an extended period. Once
fOrméd; the intracellular pool was stable and remained constant
-even .during cell growth. VDQring starvation for an éxpgénous

' carbon soUrcé, thé pool was maintained for periods as long as
twénty—four hours.  The pool was shown to éxchange witH;]2C~
arginine when the unlabelled amino acid was added after formation
and stabilization of thé lhc?pool. Héwever, the pool exchanged
at a greater rate when the po]yamine,vpﬁtrescine, was added to.
the cell suspension (Fig. 18). No exchangefoccﬁrred witH:]ZC*
‘spermine. The results of these experiments.suggestéd that the
stable pool formed from arginine was not the original amino.acid

‘but perhaps a degradation product. In addition;']hco recoveries -

2
from these experiments indicated that the oxidation of arginine was -

- constitutive in g}‘aeruginoSa;- It has been demonstrated that E.

" 'coli catabolizes both arginine and ornithine to putrescine (Morris

by way of y-aminobutyrate and succinic semialdehyde to succinate

(Jakoby and Fredericks, 1959). Consequently, the pools were extracted
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at the times indicated by the arrows in Figure 10D. Subsequent
chromatography indicatéd that.phtrescine and +y-amino butyric

acid were formed very quickly and that after the pool had stabilized,
the majority of the radioactivity was fodnd to be present in
putrescine. vPﬁtresciné was forméd as a product of ‘arginine
catabolism and was not dégfaded.fdrther.

Some investigators have implicated polyamines as structural
components .mediating the stabilization of the quatérnary structure
.of the ribosomes (Silman, Artman and Engelbérg; 1965; Choi and
Carr; 1967). This suggested that the intracellﬁlar.putrescine
was not a ''pool' of free putrescine, but rather.putfescine bound
to.intracéllﬁlar structures;'perhaps ribosomes or even .nucleic
facids;'and that'tréatment with TCA may have néutra?izéd thé charge
and permitted chemical extraction. However, whén célls containing
é‘1hC%putrésciné pool were extracted with a variety of réagents '
(Table VI); it appéared that the mainténancé of the.pﬁtrescine
'""pool'' "was -also markedly dépendént 6h cellﬁ]ar integrity. The
degreé of extraction of the putrescine pool was commensurate
with. conditions which were known to cause cell lysis; that ié,'
low or high pH's or high alcohol concentrations."

Sincé the putrescine pool was maintained during long periods -
.of carbon starvation; it was thought that enérgy may not have been
reqﬁired for its maintenance. To tést‘this hypothesis, large
pools,wére.allowéd to form froﬁv]ht-arginine by first preincubating
the cells with high concentrations of chloramphénicol (Fig. 19).

In thé'comp]eté abséncé of protein synfhesis (evidenced by the

e s ' 1 c . .
termination of the entry of hC-amlno.aC|d into protein) amino



Table VI. Lability of the putrescine pool.

REAGENT PERCENTAGE OF THE PoOL?)
BT LOST
10.ml media 12.0
0.25% TCA 80.6
5.0 % TCA . 100.0
10 % ETOH 30.3
120 % ETOH ' 60.2
Lo % ETOH 98.0
pH 10.5 (NaOH) - 122.0
pH 8.0 ‘(NaOH) . 100.0
- pH .-5.0 “(HCI) - 80.6
pH 3.0 (HCI) :85.0
pH 1.0 (HCI) .87.0

‘a)

Samples. of a cell suspension containing putrescine.were added
to.reagents . to.give the conditions described in the first

- column. After 10 min. at. 0 C these suspensions were filtered
and the filtrate collected and assayed for radioactivity. The
percentage of the pool lost was calculated from the increase
(if any) in the radioactivity of the filtrate.
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acid pools are unstable and ”éffiux“ réadily.: However, the pool
formed'froﬁ MC?argininé was stable under thése‘¢onditions and
essentially was unaffected by the addition of 30 mM NaN3 (Fig. 20).
This treatment afforded only a minor loss of the pool which was -
attributed to Unmétabolized argininé; This demonstrated that
,putrésciné was not maintained in the intracéllular pool by an
enérgy reqﬁiring mechanism, sincé energy déficiént.cells rapidly
lose their amino acid pools (Fig. 27). Wheﬁ:12C~arginine, at

high concentration, was added to the.culturé:after this largé

pool had beén fOrméd the resﬁlting éxchange rate'followéd two
isotherms (Fig!fZ]); The rapidly exchanging component was the
minor one and was attribﬁtéd to.the'preséncé of résidﬁal‘argininé
in theipool; whereas thé second moré-slowly exchanging component
was.the.pﬁtreséine pool. Lihéar exchange ratés*préviously
illustrated in Fighré’iBﬁoccﬁrred when théllqt-pool was homogeneous -
as was found for pools formed from low levels of éxogénbﬁévlhc;
‘arginine. Unliké the normal amino.acid pools in P. aéruginosa,
the putreséine pool was.also shown to be stable at 0 C.

"From thésé'kinds of data.it was concludéd that intracéllular
.pﬁtrésciné.mﬁst‘be physically bound or orientéd in an unﬁsﬁal manner
to somé intracellular structural component and is not found free
in the pool as in the case of other métabolic intermediates.-

Exogénous]y.supplied 1L*'C—aAr'ginine has beén shown to havé a
doﬁble.métabolic rolé; thé conversion to.pﬁtrésciné, and thé
incorporation into protein. Whén'protein synthesis was inhibited
with chloramphénicol; thé majority of thé incorporatéd'arginine was

converted to putrescine (Fig. 20). This demonstrated that the
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fate of the arginiﬁe pool was a result of the competition between
protein synthesis and catabolism; Howévér; no.pﬁtrescine waé
found in the pools extracted from cells grown on high spécific
.activity.U4]hC-glﬁcosé; Thése'results implied that arginine
synthesizéd dé novo was not as .available for catabolism as for
anabolism;

To détermine whether or not arginine which was synthesized
dé.nov0‘was unavailablé for cataboliém; an experiment was designed
in which arginine synthesized de novo would be inhibited and at
the same time an evaluation of the dégree of exégenous arginine
catabolism'coﬁld be détermined.

At high éxogénOUS'arginine concentrations, arginine synthesized
de novo would be terminated by feedback inhibition of ornithine
'transcarbamylasé; Whén a cell suspension was incubated with:0.4 mM

'14C4arginine (Fig. 22), the accumulation oF'14C+putrescine.in the

pool was foﬁnd to.be low felative to the incorporation of'1hc;
arginine.intO'protéin. This was expécted.due to the increased
competition for péol arginine for the pﬁrposé:of protein synthesis.-
Howéver;.during the time interval whén the exogenous arginine was
becoming éxhaﬁsted'(80-100_min); a greater proportion of the
incorporated éxogenous arginine was convérted to"pﬁtrescine. This
coincides with the time at which argininé synthesizéd de novo would
again rethrn to normal;v Had thé néwiy synthésized 12C'—arginine
equilibratéd witﬁ 14C—arginine committéd to.catabolism, no
”apparént”‘increasé'in the.putréscine pool would havé been observed

since the specific activity of the putrescine synthesized from an

equilibrium mixture of exogenous']AC-arginine and:]zcﬁargining
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synthesized de novo would have lessened. lt'was;:therefore,
concluded that arginine synthesized for incorporation into
protein was unavailablé for catabolism. Possibly this could
be exp]ainéd by a'grOSS'differénce in affinity . of thé'arginine
catabolizing énzymés and thé amino acid.activating énzymes for
thé.substraté'argininé.

To determine whether or not the formation,and’pré3umably

-the binding, of intracellular putrescine was peculiar to P.

,,,,,, . b . .
aeruglnosa-alone, C-arginine incorporation experiments were

. 23B it can be seén that this same phénomenon'occurs.in‘these
speciés but to different degrees.  From thesé incorporation
expériments it was evident that when the catabolism of arginine
was mostiactive,,évidénced by a loss . of label from the medium,
moré intracellular pdtresciné was forméd in E}LEdtidaa- This
stréssesAthe significance of the obsérvation made with P.
'aéruginOSa:that the fate of intracéllﬁlar'argininé was dependent
on thé compétition bétwéén‘catabolism'and anabolism.

Thé fOrmation_of.pﬁtréscine by the catabolism of "arginine
in Pseudomonads is undoubtedly ubiquitous;'however; the résults.'

of this investigation suggest that putrescine has no essential

physiological role, since it was not formed in detectable amounts.

when cells were grown on minimal medium. In the course of this
investigation, several mutants were isolated, which were unable
to catabolize arginine but these mutants grew normally on minimal

medium. This observation emphasizes the non-essential nature of

.70
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putrescine formation. 1t is possiblé, however, that.putresciné
biosynthesis may bé'important to structdral integrity in. the
absence of magnesiﬁm;

Cysteiné waS-aISO'foﬁnd to.accumulate. intracellularly in
~ P. geruginosa;-as much as 50% of the added radioactivity was found
in thé TCA soluble fraction of the cell. However; ﬁnliké the pool
formed from 1l*C'—a‘rginine‘,b the pool fOrméd’froﬁVIAC?cystéine was
found;_by chromatography and radioaﬁtpgraphy, to retain its chemical
identity. The nature of this intracel]ﬁlar'accumulation has not

been investigated.
3.  Pool formation and maintenance
-a. Formation

Under optimum conditions for pool formation, that is when
'protéinvsynthésiS'was partially inhibifed by low témpérature without
affécting thé‘amino'acid‘transport rate;'amino'acid pools.weré
saturated at a particular concéntration determined by thé lével
.of thé exogenods amino.acid. Figurev24,demonstratéd thé max i mum
pool level of proline obtainéd at an exogenOQS'prolihé concentration
At .this concéntration Lo%. of thé-éxogenoﬁs'aminofacid is incorporated
into.the'céilﬁlar pool; The concéntration ratio éstablished between
‘the internal and external proliné was found to.be in the range of
' 1000_fold: At highér extérnal proliné concentrations the capacity

of the pool became largely dependent on the external concentrations,
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and the resulting concentration ratios were found to decrease..
Wheh-ldfé M proline was allowed to form a maximum pool at 10.C

(Fig. 25A), the addition of all other amino acids, each to a

level of 10fé M, resulted in no significant changé,in the internal
proline pool. Consequently, the formation of'proliné pools in

this Qrganiém'is spécific. Also, a pre-éstablishéd proline pool

did not greatly influence the inéorporation of'1hc+léucine at

this températﬁré (Fig. 25B). Therefore, it was concluded that

the mainténance,of large pools is structurally specific and that

the maximum accﬁmulation,of oné amino acid is éntirely independent

.of thé'accﬁmulation of anothér unrélatéd amino acid. Pool

formation and maintenance weré found to bé-c]osély rélated'processes.'
At high external amino acid concentrations the pool capacity

increaséd and an equilibrium was established betweén the intra-
fvcellﬁlar and éxtrécéllﬁlar'proline. The pool did not increase without
éxchahging with'préloadéd intracellhlar proline. In the experiment
représéntéd by Figuré 26; an intracellﬁlar'proline pool ‘was established
with 1078 i Me proline at 10 ¢, and theﬁ’lzc?proline'was added to a
level of 16## M at the time indicated. Rapid exchahgé,of the pre-
Toaded pool occurréd until thé spécific'activity of extérnal and

internal proline were approximately the same.
‘b. Maintenance
The maintenance of high intracellular amino acid pools was -

found to be an energy dependent . function. When leucine was allowed

to.accumulate at 15 C and NaN3 (30 mM) and jodoacetamide (1 mM) were
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added, an immediate efflux of the accumulated amino acid occurred

b, Pool.mﬁ]tiplicity

Both:Britten andchLuré[(1962); and Kessel and Lubin (1962),
postﬁlated'from éxchange kinetics with ”pre]oadéd”vE;NEEELL-poolss’
that a‘mﬁltip]icity_of pools éxistéd in the‘qrganism; That is,
internal'proliné exchangéd with external proline in a‘mannér
not stablé to 0 C and SQch exchange reactions are impossible to
-perform with thé'Same degrée of précision.. Howevér, several other
“criteria were established to demonstrate that the.internal proline
pool of E;faerugihOSa:was asSociatéd with:thé Céll in différent
'ways:: The:éfflﬁx_of proline from the pool in thé'preséncé of

©30.mM NaN_ and 1 mM iodoacetamide is shown.in Figure 28, Unlike the

3

leucine pool (Fig. :27), a significant fraction of the proline pool
was lost very slowly in the absence of energy production and this -
loss was .due to the oxidation of the amino acid as .evidenced by the

loss of label from the reaction mixture. The NaN_, stable pool was -

3

subsequently shown to be exchangeable with‘lZC*proline when added
at'107A~M. Control experiments demonstrated that the exchange rate

was the same in the absence or presence of NaN,. Therefore, the

3

NaN3 stable component of the pool was exchanged by a non-energy
requiring mechanism. Perhaps.this component of the proline pool
is associated with some internal structure of the cell in such a

way as not to be considered a '"free' internal pool amino acid.
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However, even this 'stable'' proline pool was found to be effluxed
at 0 C,.althqﬁgh.much more slowly than the majority of the pool.
Whén the proline intracellular poolvwas allowed to accumulate at
. 10.C and then the cells qﬁickly chilled to 0 C, rapid efflux of

- most of the pool occurred within ten minutes of chilling and this
was followed by a.slower efflﬁx of a second component of this -
pool (Fig. 29).

Since one component of the proline pool was shown to be
insénsitive to NaN3 and since the proline pool was effluxed at two
distinct rates at 0 C, it was thqﬁght that perhaps a critical
température may exist at which only one component of thé pool
w0uld,efflﬁx. When the proline pool was allowed to accumulate at .
- 10 C and then the ce]l.sﬁspension.quickly reducéd to 5 C; only one
major component of the proline pool was lost by efflux (Fig. 30).
The second pool rémained stablé for 90 min. However, when the
témpérature waS’brqﬁght back to 10 C thé first'pool.qﬁickly reformed.
Thése'data"aré intérpréted as evidence for thé existencé_of.multiple
‘proline pools in P. aeruginosa.

Chilling the cell suspensions to 0 C was not found to:causé
permanent'&amagé to the pool forming mechanisms;' When cells were
' cooléd to 0 C; held for 30 min; and then rewarmed to 30 C for 15

min, they were found to incorporate 14C-proline at the normal rate.
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111, "Specificity of the Amino Acid Uptaké System -

-1. Competition for amino acid uptake

Cohen and Rickenberg (1956) and Britten and McLure (1962),
obsérved that ‘amino acid pool formation was a competitive process
for structﬁrally related amino. acids. Both groups demonstrated
that strong competitive interactions existed between the various
aliphatic amino acids for the amino acid concentrating process.
‘Britten and McLure (1962), have also shown that a specific concentrating

mechanism is operative for the accumulation of proline in E. ¢oli.

From the comparative rates of transport of amino acids at low
sﬁbstrate concentration (Table.l1), it was observed that structurally
similar amino acids, or those with similar properties, were transported
at approximately the same relative rate. Thus the aliphatic, aromatic,
and basic amino.acids were transported more efficiently than the
acidic, neutral, or sulfur containing amino acids. These results
-suggested that thére may be '"families'' of transport systems operative
in g5faerugino§a:at lTow external amino acid concentrations.:

In order to détérmine the specificity of thé amino acid
incorporating processes;'competition éxperiments were carried out
in a mannér that would réveal réductions in the rate at which.
'préséncé,of high concentrations of other amino acids.  When

competitive experiments were performed it became obvious that
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several interacting transport systems were present in the organism.
A typical experiment is presented in Figﬁref31A; in which the
initial rate of proline transport was rapid at-ld_6 M IAC-proline.
The addition of ninetéén naturally oécurring amino acids, including
hydroxyproline.bﬁt excluding proline, each present at»iofh M

" caused no inhibition of ﬁptake of the amino acid. These results -
procéSS'as has béén shown previously in E. ¢oli. (Britten and
chLuré; 1962). Kaback and Stadtman.(1965), found that hydroxy-
proline was. a compétitive inhibitor of proline aCCUmﬁlation in

E;fggﬂi;membranes. This was not the casé'with P. aeruginosa whole
" cells since 10f4 M hydroxyproline éxerted no competitive inhibition
.of'proliné'transport. This résult was expected as no uptake of
‘hydroxyproline could be detected previously (Tablé»l). Specific
: thake‘mechanisms.were.aISO'found fof glutamic acid and aspartic
acid, suggesting that these'tWO'procésses were very spécific indeed,
in order to discriminate between . such structurally similar amino
-acids.-

Unlike the transport of proline, glutamic.acid and aspartic
-acid, thé‘transport‘of-all othér'amino acids téstéd'in this manner

‘were competitively inhibited by structurally related amino.acids."

Figure 31B demonstrates the inhibition of the incorporation of

14 L

C-lysine by the basic aminofacids;' At concentrations of 107 M,
only the basic amino acids inhibitéd lysiné'transport. Similarly,
amino.acids .classed asvaliphatic»(léuciné; isoleucine, valine,

and alanine) competitivély inhibited the thaké of'14C-isoleucine

(Fig. 32A), and amino acids classified here as aromatic (tryptophan,
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tyrosine, and phenylalanine), competitively inhibited the uptake
of 1L‘C"—phénylalaniné (Fig.,3ZB):

In addition to these’apparént fami]iés.of'transport systems,
other interactions wére found. A low molecular weight néutral
amino.acid transport systém was also:elﬁcidated. This systém was
foﬁnd to.reqognIZeualaniné; glycine, sériné; and threonine. Another
' more‘Spécific ﬁptake systém was found tO'reqognizéionly cystine and
' cysteiné,.bﬁt not methionine. The incorporation. of méthionine
appéars to présént a special case, as this amino acid was found to
enter on the permeasé:functioning for the.aliphatic amino acids,"
but véry wéakly, since it caused only minor inhibition of isoleucine
. uptake when'présent at 107# M; Howéver; méthioniné is incorporated
rélativély efficiently by E}‘aerugih0$a=(Tablévl), and it was found
that the aliphatic amino acids inhibitéd thé uptaké‘of this amino
‘acid only to a moderaté.dégreé. It was cOnclﬁdéd; therefore, that
methiOniné is réqognized by a spécific méthionine perméase‘with
high affinity for this amino acid and.also by thé.aliphatic permease
which has a low affinity for this amino acid. Thé révérsé'waS-alSO'
'trué; that is; the aliphatic amino acids entéréd thé céll chiefly
by a pérmeasé;of high affinity; howéver;.thésé’amino acids are
recpgnizéd.aISO‘by thé méthioniné.pérmeaSé:th with Tow affinity.
Thesé'competitions only become significant at éxtérhal‘aminofacid
concentrations exceeding 1073 M.

Complicating the spécificity_of the.pérmeaSegsystems.évén
.further; was the observation thatvthé‘aromatic‘aminofacids wéakly

4

inhibited isoleucine uptake at 10" ' M but at concentrations



exceeding 1073 M, the degree of competition was considerably

more significant. Again; the réversé,of this observation was
shown to be true, but to a lesser dégree. For -example, the
uptake,of']ht?tyrosiné was found to be very weakly inhibited by
other amino'acids; including the aliphatic amino‘acids; This
inhibition was found to be additive and only significant when
-aliphatic amino acids were éach présent at«lth»M. Thus, it was -
demonstrated that amino acid spécific and family specific pérmeases
_.functionéd at low amino acid concéntrations,but that thé same
degrée,of specificity was not maintained at high substrate

' concentrations:"Britten and'McLﬁréA(1962); concluded from a

study of thé interactions of thé,aliphatic aminofacidfaccﬁmdlating
system of E;'Egllvthat there wére specific méchanisms for the
formation and maintenance of small'aminofacid poois and ]éSS"
spécific; or cdmplétély nonspécific; mechanisms for thé formation

.of very large pools.  However, it should be noted that the '‘very

large pools'' referred to with E. coli:are not found in P. aéruginosa

(Table 111), and also that the competitions observed in this study
are focused primarily on the transport systems elucidated by rapid
sampling. In these experiments, the maximum pool capacity for

any one amino acid tested was not reached.
. 2.. Kinetics of competitive inhibition
Since Boezl and DeMoss.(1961), and Halpern and Lupo.(1965),

have shown that certain metabolites can non-competitively inhibit

the uptake of some amino . acids into E. ¢oli, it was necessary
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to demonstrate that the interactions observed between groups of
structurally similar amino acids weré competitive. When ratés

of amino. acid incorporation into whole cells were determined as

a fﬁnction of the éxternal amino acid concentration, saturation
kinetics were obsérved. For example; the kinetics of phenylalanine
o% structurally similar amino acids has been demonstrated (Fig. 7).
Doﬁble-réciprocal plots of thé 1L}'C-'amino'acid incorporation data
showed that thé observed inhibitions of amino acid uptake by
similar amino acids, were competitive. Thé competitive inhibition
.of léucine uptaké by valine at two differént valine concéntrations
is shown in Figure 33." Figure 34 demonstrates the competitive
inhibition of ]hc-lysine transport byj12C*arginine and Figure

35 demonstrates the inhibition of'IAC-phénylalanine uptake by
12C—tyrosiné. Theréfore, the obsérved interactions between
structurally related amino acids for théir respective transport

systems was shown to be competitive.
3. Specific and general transport systems

FérroLQZziFAmésf(1964), and Grénsonf(1966), demonstrated  that
' moré.than oné permeasé'may fﬁnction in thé transport of a particular
‘amino - acid in microqrganisms:‘

When the rélative degrees of compétitive inhibition were
éxaminéd in light of predeterminéd transport rates;‘various

incongruities became apparent.
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.a) Basic amino acids

Arginine transport was the most efficient system found
with the basic amino acids (Table 1), and arginine was

incorporated nearly twice as fast as lysine. . However, arginine

inhibited lysine incorporation bnly.slightly.(Fig.f31,ﬂTable Vi) .-

These results are construed as béing evidence for the multiplicity
of high affinity perméasés operativé with thé'baSIC'amino‘acids:'
‘Argininé doés not compéte as effectively a§;]2C—lysine for the
lysine specific_pérméasé,ﬁbut since‘argininé doés show somé
'.compétition for the permease, thén'arginine,mﬁstraISO'bé
recpgnizéd; with a lowér affinity, by thé lysiné'transport system.
The degrée‘of compétition,of argininé for thé lysine perméasé‘
was;'as éxpécted; a Iinéar.fﬂnction of thé log of thé'arginine
cOncéntration (Fih. 36). By éxtrapolation, it was cOnledéd
that 4 x 10™ mﬁmoléS/ml,of'arginine would bé'hecessary to
competitivély inhibit lysine incorporation completely. These
results:confirm thé existéncé of a separatéibaSic amino acid
pérméase'which réqognizeS'argininé with ]eQS'affinity than lysine.
When the basic amino acids were used to.competé against
oné anothér for their respéctive'transport.fﬁnctions;‘various
degrees of competition were observéd. "From Table VIl it can be
-seen .that theré exists two high_affinity,pérmeases for the basic

amino acids.' It can.also be seen from the list of amino acids

recognized by these permeases (Table XI) that for permease, bas 1,

93
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Table VII. Competitive inhibition of basic amino acid uptake.

Percent decrease in.the
incorporation rate of

4 fﬁ]ht—LySiné "]ht*Arginine '114t;Histidiné
1074 “1076 m
Ornithine - 33.4 31.6 83.2
Citrulline - S19.1 0 73.5
‘Arginine 66,7 99.5 87.7
Histidine - AR 0 73.7

Lysine 99.7 0 S 64,9 -
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which transports arginine, histidine, ]ysiné,'ornithiné, and
citrulliné,'thé'existénce,of a primary aminé othér than thé
d-aminq'grbup would séem to be the factor most  important for
recognition by.fhis transport systém: Pérmeasé;’bas 2;:appears
to,be'spécific for argininé and‘ornithiné. Howevér, thé nature

of thé ornithiné inhibition has not as.yét beén investigated and

it may; in fact, be noh—compétitive.' It was concluded that histidine
‘was transported principally by both pérméases since most of the
"basic amino acids wéré moré competitivé fof 1L'C’-histidine'transport
than was 'ZC-histidine itself. The transport of histidine in P.
"aeruginOSa:markédly différs from that reported for S.-typhimurium
(FerroLu221¥Ames;'T964), where histidine transport was shown to

bé médiated.by a spécific high affinity perméase and a low affinity,

-non-specific aromatic permease.
'b) Aliphatic amino acids

Again; incongruity was found bétween.the compétition‘data for
amino acids and the rate of transport (Table:I) with the aliphatic
amino-acids.  Of thé aliphatic amino acids tested; léucine was
transportéd at thé fastest'raté.but it was not as efféctive a
competitive inhibitor for isoléﬁcine uptake as was valiné‘or
iSoléﬁciné. When the various aliphatic amino acids wére tésted
.against'oné anothér for rélativé degreésfof competition for the
“transport system; it was foﬁnd that thé resﬁlts.wéré not compatible
with.thé éxisténcé,of.multiple pérméases within this family of

‘amino ‘acids.  The transport competition data.(Table VIIl), showed
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Table VIill. Competitive inhibition of .aliphatic amino acid
. uptake.

Percent decrease in the
: incorporation rate of

C-.
Competitor S : : »
A ”“1 CrAlanineiL]QC—Iso]éucine‘ 1L’C-—Valine ' 1l}C-Lei.lcine

1074y 1078y
Alanine 99.1 59.1 62.1  b7.6
Isoleucine - 73.6 95.5 99.0 - . 95.2
'Va]ine - 79.2 "'88.2 ° 99.2 " '88.0
Leucine - 41,6 . 56.9 - 60.2 23.8
Methionine -a) S 19.4 - -
Methionine -

1073 M - 4o.0 - -

a) Not tested.
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. Table IX. Competitive inhibition of aromatic amino acid

. -uptake.

Percent decrease in the
incorporation rate of

2C'—Competitor '''''''''''''''''' S ——
B SN .1k RS L U
C-Phenylalanine C-Tyrosine ~ C-Tryptophan
107 C1076
Phenylalaniné 9k.2 ‘ ‘9832 . -53.9
Tyrosine 1 88.4 97.0 - 52,0

- Tryptophan - 73.8 9k 4 88,2
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that a single aliphatic permease existed which strongly
recognized isoleucine and valine and, to a lesser degree,
alanine and_leucine. The order of the affinity of the aliphatic
amino acids for the transport system is shown in Table IX.

This interpretation, at first, would seem incongruous with

6 M (Table 1);

the rapid transport rate for leucine at 10~
however, these transport rates were determined at a single amino
acid concentration and are of value as approximate comparisons
between amino.acids.  As such, in no accurate way do these
incorporation rates describe the relative kinetic parameters
fof the uptake process. Competition data reflect relative orders
of - amino acid affinity for the permease.but do not accurately
reflect relative transport rates since the.turnover numbers for
amino acids being transported into the cell by a common uptake
system may différ by a large factor whereas the apparent affinity
constants may differ only slightly.

Alanine was also shown to enter by a permease recognizing
the neutral amino.acids.  From competition studies (Table X), it

was found that this transport mechanism recognized alanine most

efficiently and to a lesser degree glycine, serine, and threonine.
c) Aromatic amino acids

FerroLuzzi-Ames (1964), demonstrated that Salmonella.
" typhimurium possessed specific high affinity permeases for
histidine, phenylalanine, tyrosine, and tryptophan as well as

a general permease for-aromatic amino acids. The results obtained
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Table X. Competitive inhibition of neutral amino acid

. uptake.
Percént décréase in the
incorporation rate of
:]ZC~Competitor L T
'vjéCFA]aniné ’ ]AC—Glycine"1hC-Serine
1074 o 1076 u

Alanine 92.9 76.1 82.1
‘Glycine 73.9 . 77.6 5.75f1'

Serine ' 50.2 7.7 74,2

- Threonine ~  40.0 . 10,2 53.4 .
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with P. aeruginosa differ largely with respect to the specificity
of the permeases for aromatic amino acids. Of the aromatic amino
acids, tryptophan exhibited the greatest transport rate in this
organism (Table .1); however, this amino acid did not compete
for uptake of 1L’C-phenyl'alanine orllhc?tyrosine to the same
degﬁee ag'lzt-phenylalanine or'12C*tyrosine. Again another permease,
less specific for tryptophan, must be operative which mediates
aromatic amino acid transport in P. aeruginosa. In accordance
with the othér permeases described so far, this pérmease will be
referred to as aro 2 (Table XI). Tryptophan does compete for
the second aromatic permease,,afthough not as efficiently as -
tyrosine or phenylalanine. From the competition data of Table
X1, it can be seeﬁ that the simplest - description of the activity
of permease-aro 2, is that it recognizes phenylalanine and tyrosine
with high affinity and tryptophan with a lower affinity. However,
aro 1 was found to be more specific for tryptophan than for
phenylalanine or tyrosine; a1thqugh these latter two amino.acids -
competitively inhibited its activity, they did not do so to the

same degree as:]zc;tryptophan.
3. The isolation and properties of transportless mutants

The isolation of transport negative (Tr”) mutants for amino
‘acids was attempted by several methods. First, attempts to isolate

a proline Tr- mutant by the method of Lubin and Kessel (1962),

..........
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Table XI. Amino acid permeases of P. aeruginosa.-

FAMILY . _PERMEASE AMINO ACIDS?)
Specific sp 1 aspartate.
sp 2 ~glutamate
sp'3 methionine
sp k4 proline
Neutral nt 1 alanine
~glycine
serine

threonine

Sulfur sul 1.  cysteine
- cystine

Aliphatic al 1~ isoleucine
valine
-alanine
leucine

‘Aromatic aro. 1’ phenylalanine
tyrosine
“tryptophan

aro 2 . “tryptophan
phenylalanine
tyrosine

Basic ‘bas 1 arginine.
‘ornithine
histidine

bas 2 . - lysine
‘ornithine
arginine .
“citrulline
histidine

'a)Amino'acidS'are.listed“in.decreasing‘orders,of
affinity for their respective permeases."
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resistant to penicillin. Adaptation of the method by growing
mutagenized cultures of a prq]ine auxotroph of P. 'aeruginosa

in Tow concentrations.(1.ﬁg/ml) of the required amino . acid

with subsequent enrichment by growth recycling in thé presence
of hoolﬁg/m] dihydrostreptomycin, only resulted in the isolation
of strains resistant to the effects.of the antibiotic.

Since some resistant strains of microq?ganisms have been
shown to be transportless for the natural amino acid and the
anaiogue, attempts were also made to isolate mutants resistant
to the following amino acid analogues: thiazolidine-2-carboxylic
acid (th%oproline), 3,4-dehydroproline, canavanine, ethionine,
thiosine, p-fluorophenylalanine, and 5-methyl tryptophan. However,
microorganisms, was resistant to low concentrations of these
analogues.  Consequently, attempts were made to isolaté.strains
resistant to very high concentrations of the analogues. Thirty
resistant colonies isolated with each analogue were first tested
for derepression of amino acid synthesis by cross-feeding experiments
with the appropriate auxotroph. None of the mutants tested were
derepressed for the synthesis of the amino acid and, therefore,
wére not excretor mutants. However, amino acid uptake experiments
with these mutants did not reveal any significant differences
relative to the wild-type strain. No attempts were made to
isolate strains resistant to 5-methyl-tryptophan because this
‘organism was found to utilize the amino acid for growth even at
very high concentrations.  The resistance to most of these amino

acid analogues was thought to be due to the presence of
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constitutive oxidizing enzymes active on the analogues as -
well as the amino acids. Cell suspensions incubated with
thioproline grew at a normal rate and catabolized this analogue.

The third method tested was designed to take advantage
of the cells ability to catabolize amino acids. [t was reasoned
that cells defective for the transport of a single amino acid would
~grow either slowly or not at all when plated on solid media
containing that amino acid as the sole carbon source. When
colonies isolated in this manner were routinely screened for
the incorporation of ]hc-amino acid added at low concentrations,"
it was found that the mutants fell into two genéral.classes.
Figure'37’représents the uptaké of 1L’C'-proline atv1dr§ M by the
wild type and two strains  isolated by this method; Oné mutant,
.P5; in which the transport abiiity for proline was altered
approximately 10 fold, was isolated. Most mutants isolated by
this method, however, exhibited transport rates approximately
the same as mutant P6 (Fig. 37). Mutant P5 incorporated.all
other amino acids rapidly from a 1l*.C-protein hydrolysate and
only failed to incorporate proline at a significant rate.
Therefore, this mutation was considered specific for the proline
transport system and, as such, agreed with amino acid competition
data (Fig. 31B).

Table XI1 lists the mutants isolated by this method for the
various groups of amino acids. Again, most transport defective
mutants obtained in this manner were found to be only partially
defective when testéd at low sﬁbstrate.concentration. Only one

transport defective mutant (A5) was isolated for the basic amino
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Table X11. Transport-negative. (Tr") mutants of P.

MUTANT DEFECTIVE PERMEASE
P5 sp k (proliné)
P6 sp b
P9 sp b
P11 sp k4
‘A5 bas 1
TA3 aro 2 .
TA10 ‘aro 1 |
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acids.  When tested for the ability to incorporate arginine,
lysine, and histidine the mutant was found to be more defective
for lysine transport than for arginine transport. Only
partial reduction of uptake with these amino acids was expected,
however, due to the presence of multiple permeases.  This mutant
could, therefore, be classified as a lysine transportless mutant
with a defect for the amino acid permease bas 1. Unexpectedly, A5
transported histidine more effectively than did the wild-type
strain. Thé réason for this has not been determined, however,
Grenson (1966), reported identical results with a canavanine
insensitive, transport negatfve mutant of §3'cerevisiaé which was
isoléted_by resistance to thé érginine analogue canavanine. It
was also shown by the competitive inhibition of arginine transport
that, in this yéast, histidine was incorporated on the basic
amino.acid pérmease.

0f the two aromatiC'tranéport.mutants examined, TA3 behaved
as a complete transport negative mutant analogous to .P5, the proline
Trf.mutént. This mutant was most strongly deféctive for the tryptophan
permeasé:suggesting that the aromatic permease aro 2 was defective
.but that the test amino acid was slowly incorporated via permease
aro 1. This interpretation was corroborated by the isolation of
Tr mutant TC10 which transported tryptophan at nearly the same
rate as the wild type strain and was only modérately déféctive for
phenylalanine or tyrosine transport. The transport defect could
be most simply described as a mutation at the lével of permease
aro 1.’

Two mutants for the aliphatic uptake systems were also
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isolated. The first, however, was found to be eqﬁally defectf;e
for all aliphatic amino acids as well as unrelated amino acids.
This mutant, [B16, may possess a general membrane defect affecting
transport .function (Stadtler, 1967), but it was not analyzed in
detail. The second mutant isolated, IB9, was found to be defective
only for transport of the aliphatic amino acids."

.When multiple high affinity permeases function to transport
a particular amino acid, then it is obvious that the transport rate
observed with growing cultures would represent the cumulative rates

of transport between at least two distinct transport systems.

IV. 'Compétition for the Amino Acid Pool

‘Britten and McLure (1962), and Rickenberg and Cohen (1956),
showed that the structurally similar aliphatic amino acids could
competitively displace one another from pre-established amino acid
pools in E. ¢oli. This exchange process was carried out at 0 C where
incorporation of the competitive amino acids was negligible and where
preformed pools were stable. Without exception, the amino acid pools
of P. aeruginosa rapidly effluxed at 0 C; however, the rate of
transport of most amino acids with the exception of proline, was
found to be markedly reduced at_10 C (Fig. 6), and eXchange reactions -
were, therefore, performed at this temperature. Figure 38 demonstrates
‘the -exchange of a'preloaded'lqt-valine pool by:12C—valine;'lzc-isoleucine,
12 L

C*leucine;']ZC—alanine, and'12C-methionine, each added at 10 ' M

to the stabjljzed, preloaded culture. When rates of exchange were
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Table X111. - Exchange of the aliphatic amino acid pools.

% of Pool exchange/min with

Pool amino acid

Leucine lIsoleucine Valine Alanine

) 1079 M
Leucine o 10.7 5.3 0
Isoleucine 3.1 28.6 . 20.1 . 0

Valine S 2.2 21,7 20.8 0

S 110



Table XIV. Exchange of the preformed basic amino acid pools.

% of Pool exchanged/min with

Lysine Arginine Histidine
“107H M
Lysine 28.2 31.8 21.0
Argininex - - -
Histidine 14,3 . 23.3 S 17.2

of .putrescine accumulation.

' “Arginine pools were not formed due to the secondary effects

111
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calculated for pools preloaded and exchanged with. the different
aliphatic amino acids (Table XI11), it was obvious that a very
close correlation existed between the amino acid uptake and
competition data (Table VI11). Both valine and isoleucine
exchanged readily with pools preloaded with these amino acids,
and isoleucine exchangéd with thé 1L}C'—leucine pool more readily
than valine. Neither alanine, methionine, nor lysine exchanged
with pre-established aliphatic amino acid pools. .Clearly from
these observations it cén be seen that the exchange process: for
the aliphatic amino acids was stereospecific for members of this -
family of amino.acids,iand fol]oWed the same competitive relation-
ships as fhe uptake process. Leucine was somewhat of an exception
as, although it was incorporated at a high rate in growing cultures -
(Table 1) and was found to exchange isoleucine and valine pools -
father poorly, it would not exchange with its own preformed pool.

Similar exchange data were obtained for the basic amino.acids

(Table XIV). Thé histidine pool was less efficiently exchanged by
histidine than by arginine. The lysine pool was most readily
exchangéd by arginine and lysine and to a Iésser degree by histidine.
The displacement,of amino acid pools with the basic amino acids was
shown to be family specific and.closely correlated with the relative
.affinities for the uptaké'system.

Aromatic amino acid pools were.also displaced only by members
of this family of amino acids. All three aromatic amino acids -
effectively displaced pre-established phenylalanine or tyfosine
pools, but only tryptophan displaced its own pool (Table XV). It

appeared, generally, that the displacement of an amino.acid from
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Table XV. Exchange of the aromatic amino acids.

107t u
Phenylalanine 84,2 51.3 31,1
Tyrosine 78.3 -77.9 - 26.7

‘Tryptophan - 4.6 . 5.2 - 72.7
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the pool of P. aeruginosa occurred by a process closely related to
the uptake systems and seemed to be strongly influenced by both

the structural relatedness of the exogenous amino acid, the
pre-established amino acid in the pool, and the affinity constants -
of the transport system for the amino acids involved. Therefore,
the displacement of amino acids from the pool is a function of the
uptake process and also of a family specific exit process which may
differ from the uptake process by its relative affinities for the
amino acids which constitute a family. Thus, whereas phenylalanine
or tyrosine pools are displaced efféctively by tryptophan, the
tryptopﬁan pool is displaced very.slowly, if at all, by these

amino.acids.

From a calculation of the maximum amount of amino.acid capable
.of éntering P. aéruginosa at concentratiéns saturating the high
affinity permeases (i.e. at Vmax)’ it was deduced that the amino
-acid woﬁld not approximate the necessary carbon réquirements,for
normal growth; The wild-typeAstrain catabolized nearly .all the
commonly ‘occurring amino.acids (Table XVI), and it was a natural
assumption that to serve as growth substrates the amino acids would
have to enter thé cell pérhaps by mechanisms other than those
revealéd at low amino acid concentrations. The kinetics of amino
acid uptake détermined at high substrate concentrations revealed

the presence of a second permease with a greatly reduced affinity

for the amino acid. Figure 39 illustrates the kinetics of both
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the high and low affinity permeases for the transport of glutamic
acid. At concentrations exceeding 10'._5 M, the second permeability
mechanism becomes the more important means of amino acid entry

into the cell. From the kinetics of amino acid uptake at high

amino acid concentrations (exceeding 2 x 107° M), it was found

that low affinity permeases or transport mechanisms were operative
for proliné, arginine, and ]euciné incorporation, .but none was
.evident for phenylalanine incorporation. It was, then, réasonable
to assume that these probably are the permeability méchanisms which
supplied the cell with h?gh amino . acid concentrations for catabolism.
FerroLuzzi-Ames . (1964), also-demonstratéd a non-specific aromatic
permease in S. typhimurium which was operativé at high amino acid
concentrations:' However, S. typhimurium doés not catabolize: the
aromatic aminofagids and the actual function of this permease

rémains a mystery. The nature of the stereospecificity of the low
affinity permeases has not been investigated.

It is postulated that permeability defects such as those

-illustrated by.mutant P6, a pro]ine.Tr_ strain,'aré in fact mutations
at the level of the low affinity permease; however; at present no

data are available to substantiate this."

Vi. Control of Amino-Acid Transport

Very few.clear demonstrations of the induction of permeability
functions in bacteria have been. reported. Lyoh'gzggl:f(1967), found

that glutamate transport was induced to high levels in
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presence of glutamic acid, but the nature and properties of the
induced and uninduced glutamate transport systems were not
thoroughly investigated. De Hauwer, Lavalle, and Wiame (1964),

observed that the arginine incorporation process of Bacillus -

.subtilis was indﬁced by growth en arginine and also that a mutant
dérépressed for the catabolism of ‘arginine was coordinately
dérepressed for the arginine transport function. This suggested
that the control of permeability was linked to catabolism, not
anabolism. FérroLuZzi—Amesf(1964), found that the histidine
“transport systém was neither induced nor repressed by'the,presence
of histidine, and concluded that the gene for the uptake system
was not within the histidine operon.

High rates of proline transport were found to be inducible
in P. aeruginosa. Growth in minimal medium containing 0.1%
proline inéreaéed the rate of the transport of proline when tested
at low substrate concentrations.' The concomitant addition of
high concentrations of chloramphenicol and proline to a logarithmic
phase'culfure prevented the induction of proline transport above
the constitutive level. Figure 40 demonstrates the incorporation
rate of 1L*‘C-proline at 10f6 M into the pool of induced and noninduced
P. aeruginosa. The control cells were also preincubated with
chloramphenicol prior to the initiation of the transport experiment
in order to normalize any secondary effects of the inhibitor on
the transport process. The kinetics of proline incorporation in
induced and noninduced cells are shown in Figuref41.. The affinity

constant for both induced and noninduced cells was of the order
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of 2 x 1077 M.
Although the control of the incorporation mechanisms for other

amino.acids has not beén inveStigated; some evidence gained from
the study of'transport.mutantsﬂsuggestéd that thé control of
amino acid transport in E}‘aéruginOSa'is.quitevgeneral. Four
‘mutants of E}faerugihOSa'unab]e to catabolize arginine as a carbon
‘source were able to transport arginine at increased rates relative
to the wild-type strain. Although the nature of these mutations
has not been thoroughly investigated, it is presumed that a
lesion in the arginine degradative pathway résulted in the
-accumulation of an indﬁcer for the transport system;

| Similarly, two .mutants.(TC2 and TCTZ)Zwéré isolated which
catabolized tyrosine poorly. Thesé.mutants-aISO'were able to transport
tyrosine at a rate.at least twice as fast as the wild~type strain.
‘No investigation of thé stereospecificity of théSé"transport

-alterations has yet been attempted.

1., Amino.acid transport

When E. coli cells were starved for glucose or maintained at
0 C; no significaht pool losses wéré observed; in fact; highly
concentrated amino acid pools were found to be stable for many
' hours under thése’conditions (Britten and'McLure; 1962). In direct
contrast to these'observations;'the amino acid pools of P. aeruginosa
Weré found to be rapidiy depleted during carbon or nitrogen

starvation. When cells were prelabelled by growth on high specific
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- Table XVI. 'Growth of P.'3éruginosa on amino ‘acids as carbon
' or nitrogen sources.-

Amino Acid Nitrogen Carbon
Source Source

Alanine
Arginine

Asparagine

+ + 4+ +

Aspartate

Cysteine
Glutamate
Glutamine
Glycine
Histidine
Isoleucine

Leucine

[+ + + |+ + + + |+ 4+ + + +

I+ + + + |+ + +

Lysine

Methionine

Phenylalanine

+ |+

Proline
Serine
Thréonine
‘Tryptophan

Tyrosine

+ + + |+ + + o+
1

Valine

no growth
slow growth after 48 hr
“growth at 2k hr

+ 1+ ]



activitf ]hc;glucose, and then allowed to exhaust the exogenous
glucose, the native amino.acid pool was rapidly depléted.
Radioautography of the extracted pool and culture supernatant
fluid revealed that all amino acids, with the exception of
methionine; had beén removed from both thé.cultﬁré supérnatant

.fluid and the intracellular pool.

utilize any . of the common amino acids as a solé nitrogén
soUrcé and most of thém as a sole carbon source (Table XVI).
It was obvious then, that in the absence of glucose or other
catabolizes the residual amino'aéids présént exogenoﬁsly and-
in its pool.

Thésé‘préliminary results suggested that the catabolism and
perhaps even tHe‘transport of amino acids might be influénced by
the presence of an oxidizable energy source such as glucose.

Transport rates for amino acids représentative of various
‘amino.acid families were determined at fréquent timé intervals
during periods of eithér carbon or nitrogen starvation. With
most of the amino acids tested, no drastic impairment of transport
ability was évidént ovér the starvation period (Tablé XVil). The
rates of glycine, alaniﬁe, and glutamaté transport increased to
]evéls twice as high as thosé'found with non-starved suspensions
(Fig;.42): The opposite effect was observed with members of the

aliphatic amino acids for the rate of transport of these amino

122
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Table XVIIl. Effect of carbon deprivation on amino acid
transport.

Rate of amino acid transport
percent of control

‘Amino acid

Control

Non-starved Starved 90 min Re-fedx

Alanine 100 172 92

Glutamate 100 ¢ 222 110
Glycine - 100 120 . 100
Leucine - 100, . L2 - 101
Valine - 100 . 6L . 104
Phenylalanine . 100 106 - 100.
‘Proline 100 95 102

Lysine 100 98 95

" “Glucose was added to the.culture 60 sec prior to the
determination of transport rate.
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acids decreased significantly during carbon or nitrogen
starvation (Fig. 43). The amino acid transport rates demonstrated
in Figure 42 and 43 were altered by a factor of approximately
two. Extended periods of starvation caused no further change.
From the results:.in Tablé XVIl it can be seen that short pre-
incubation with the deprivedAnutrieht,effective]y restored the
transport rate to lévels obsérved prior to starvation. The time
course for the restoration of lht-valine'transport by the
addition of ammonium.sulfate to cells previoﬁsly starved for
nitrogen is shown in Fjgurelﬂh. |

The nature of the maintenance of amino acid transport. functions
during extended périods,of nutrient deprivation was investigated
further. .Cultures were deprived of an enérgy source and transport
ability fofvihc-proline was observed at time intervals up to ten
hoﬁrs.' Only minor changes in the efficacy of proline transport
wéré observed (Fig. 45), and this was presumably due to cell
death:

It was obvious from a consideration of protein turnover rates
(Mandé]stam; 1960), that by the end of the starvation period it
was likély that over 50% of the cellular protein had been subjected
to.turnovér; Clearly then, the amino acid transport proteins in
P. aéruginosa were éxempt'from turnover;

It was réasonab]é to éssﬁmé that the.selectivé maintenance.
~of thése"transport systems .during exténsive.nutrient déprivation
sérved'somé physiological.function; As a result; the inflﬁence

of carbon or nitrogen starvation on pool behaviour was investigated.
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2. Pool formation and maintenance during carbon or nitrogen

starvation
a. Time course of amino acid incorporation

When proline uptake was followed in cultures that were
starvéd for carbon, the pools formed - from the exogenous ‘amino
‘acid were found to be metabolically unstable (Fig. 46). The
initial incorporation of label was rapid and the resulting
high pool levél formed within 2.5 min wasxsubsequéntly lost due
to both catabolism and protein synthesis. The relatively high
loss of radioactivity was unusual and the results suggested
that thé catabolism of proline must be regulated in some manner
by.the'présénce of glucose.

When .cultures were starved for nitrogen and time course
expériments for lht-proline incorporation carried.out;.quite different
resu]ts.weré obtained (Fig. 47). Again the initial uptake of proline
was répid; and a very large transient pool was fOrméd at 2.5 min,
due primarily to the reduction in the rate of protéin synthesis.-

: Howéver; this largé'amino'acid pool was not depleted by catabolism
but a significant fraction of the pool was excreted back into the
médium. A1l the radioactivity not incorporatéd into thé cell

' coﬁld béfaccoﬁntéd for in theAchturé.supérnatant fluid. It was
obvioﬁs then that thé faté,of the intracéllﬁlar amino acid pool

differed depending on the nature of the starvation. These results. -
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reinforced the observation that the catabolism of amino acids -
was controlled by the presence of glucose.

Phenylalanine transport was also relatively unaffected by
carbon or nitrogen starvation; howevér, this amino.acid is -
catabolized relatively slowly by P. aéruginosa, and as a result,
phenylalaniné was selected for pool behaviour stﬁdies.during
nutriént deprivation. As was demonstrated for proline, thé'1hc-
phénylalaniné which éntered the pool of carbon starved célls was -
rapidly oxidized (Eig; 48A), and only .31% of the added label was
recovéred at the énd of the experiment. When a similar experiment
was carried out under conditions of nitrogen starvation (Fig. 48B),
the results differed considerably from the experiment witﬁ 1L’C'—
‘proliné. Quantitative recovery of radioactivity again indicated
that the oxidation of phenylalanine was repressed by glucose or
a product of glucose degradation. Approximately 10% of the added
labél was recovered in the cells and the rest was found in the
' culturé supérnatant fluid. The pool was devoid of any radioactivity.

fimé course'expériments with a mutant, P22, which was unable
tO'catabolize?pro]ine as a carbon source, démonstrated that carbon
or nitrogen depri?ation caused no secondary alterations .of the
intracellular pool (Fig; L9). With this organism, all the
incorporatéd'radioactivity a§ ]hc;pro]ine was.accountéd for by the
label found in-thé’protein'fraction at the end of thé expérimént
éithér under conditions of carbon or nitrogén starvation. The pool
was found to be stable Qnder thesé'starvation conditions. This -

mutant grew well on minimal medium, thereby indicating that the
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Table XVIil. Fate of 14C-aminofacids incorporated into
nitrogen starved cells of P! aeruginosa.

Recoverya) Z 1hc in
Amino Acid of Thc Hydrazones Hydrazones
ERLS ' _ _
C-Glutamate 85.6 Pyruvate 81.4
a-ketoglutarate = 18.6
14 '
C-Aspartate 92.5 Pyruvate 90.5
a-ketoglutarate 9.5
1k . , , . _
C-Alanine 98.5 Pyruvate 89.3
a-ketoglutarate = 10.7
14 .
C-Proline 90.5 Pyruvate 65.5
o-ketoglutarate 34.5
‘a)

Percent recovery of'14C“from supernatant . fluid
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Table XIX. Fate of 1404amino'acids incorporated into
nitrogen starved cells.-

%.of.Recoveredf‘QC % TotaTa)

Deaminated Non-deaminated

Lysine 1 83.6 6.4 87.6
Histidine | 31.1 1 68.9 93.2
Phenylalanine  88.0 . - 12.0 83.3
Isoléucine 95.1 ° k.9 95.0
a)

Percent recovery of total 14C from culture supernatant fluid,
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mediated by the same enzymes.:
‘b. Fate of the amino acid pool

It was assuméd that the amino. acids added to nitrogen starved
cells were being deaminated; Two groups of ‘amino.acids were
examinéd to detérmine the nature of the products.éxcreted during
nitrogen starvation. The first group of amino acids included
proline, glutamate, aspartate, and.alanine. These were selected
as being'aminafacids which could be degradéd éasily due to their
closé'rélationship to main catabolic pathways in this microorganism.
Thé Sécond'group of amino acids inclﬁded lysine, histidine, phenyl- -
alanine, and isoléucine, and these were consideréd to.bé more remote
“from.such pathways;'

Typical amino acid uptake experiments were carried out with
each amino.acid ﬁnder conditions of nitrogén starvation. Culture
-supernatant fluids were collected after centrifﬁgation and were
analyzed either by éxtraction,of reacted Z;Q-dinitrophénylhydrazones,'
‘or,by-e]ﬁtion'from a Dowex 50 (H+ form) column. The results of
these'experiméntS‘are listéd in Tables XVIII and XIX. All of the
radioactivity from the amino acids of the first group (Table XV]II)
was extracted as the keto-acid hydrazohés.’ It was;‘theréfore,
conclﬁded that these amino acids were rapidly deaminated and the
résﬁltin§'1hc#kéto+acids wéré éxchanged with exogenougjlzt;keto-
‘acids which had'accumulatéd.during,glucose'catabolism'(McKelvie,

) 1.965)'.'
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Culture supernatant fluids from the.second group of
amino acids wére passed thrqﬁgh Dowex 50 (H+ form) colﬁmns,'
and in each case; esséntially-all of the label passéd through
the colﬁmn, indicating that thé amino.acids had undergone de-
amination (Table X1X). The only exception to this pattérn was
histidiné, however, the ring nitrogen may not have been completely
removed and, as a result, this amino acid would have adsorbed
more strongly to the column.

Thus, it appeared thaf under conditions of carbon or nitrogen
starvation; the controls which represséd thé’activity‘of enzymes
concerned with the oxidation or deamination of incorporated amino
acids were released. Control cultures which had been starved for
nitrpgén for forty-five minutes,'wére reincubated in thé'presence
of»O.]%ﬂ(NHh)ZSQA for the same time interval and thén were allowed
to incorporaté 1L*.C-'phenylalanine. It was found that thé time course
.of uptake had been restored to the normal staté. Thé failuré to
excrete significant quantities of labél was taken as evidence that
the présénce,of'ammonium ions inflﬁences thé‘activity of the
enzymés which deaminate amino.acids.-

Since ‘amino.acids synthesized from»glﬁcose.accumulate in
the native pool of P. aeruginosa, albeit at lTow lévels,'it would
be paradoxical physiologically to simﬁltaneously catabolizéithese'
amino acids which are necéssary for protein synthésis;‘ Thus the
‘qrganism’ﬁndoubted]y evolved control mechanisms which regulate
thé constitﬁtive lévéls of amino acid dissimilatory enzymés.'

However, these same controls were observed to be ineffectual with



respect to the high induced levéls of enzymes involved in amino
acid dissimilation, since thése'enzymes were induced.even in the
presence of high glucose concentrations.  This too would seem

to be physiologically efféctive and as a result woﬁld-al]ow the
organism to dégrade-glucose for energy, pentosés,’trioses,'

et cetera; and at the same time catabolize amino acids to supply
carbon skeletons for the synthesis of other essential metabolites
with a rélated chémica] structuré.

In conclusion, gg‘aerﬁgin05a>does not maintain the. internal
pool of ‘amino acids during .nutrient deprivation as has beén shown
for E. ¢oli (Britten and McLure, T962);.bﬁt rather controls its
lévéls of dégradative enzymes in.such a way as to allow maximum
usé;of both its pool aminofacids and‘also'amino'acids'presént in

the environment in extremely low concentration.

Unlike animal or plant cells, bacteria are able to concentrate.

low molecular weight metabolites to a very great extent .over the
external environment. For instance, Britten and McLure (1962),
havé reported amino acid concentration ratios greater than
28;000_for E;'ggll. As a result of this Qnique ability, concerted
.efforts have been directed at.elucidating thé mechanisms involved
in thiS'procéss.'

Al the‘available.evidencé concerned with.active transport
of carbohydratés”acrOSS’biological membranes is consistént with

the hypothesis that this process must consist of at least two

139
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distinct components. The basic components of this process have
been outlined by Winkler and Wilson (1966), for the transport

of B-galactosides into E. ¢coli (Fig. 50). The system involves

a substrate-specific membrane ''carrier' which facilitates
movement of the.substrate.acrOSS'the.perméability.barrier, and
also, an unknown mechanism which couples métabolic energy to

the carrier function which ultimately permits a net movement

of substrate: from the extracellﬁlar énvironmént into the cell
against-a concéntration gradient. In the absénce of énergy,
the'carriér facilitates the equilibration of internal and external
-substrate concentrations;' The process is not regardéd as simple
diffusion since it still demonstrates substrate.specificity and
saturation kinetics;' The glucose  transport systems of yeast
(Burger, Hajmova, and Kleinzeller, 1959), and erythrocytes (Wil-
brandt, 1963; Le Fevre, 1961), also have been demonstrated to
operate in this mannér and have been designated as carrier-médiated
“transport or facilitated diffusion.

Various workérs have shown, in both animal and bacterial
célls;‘that.whén enérgy métabolism is terminated with specific
inhibitors the mémbrane'carrier rémains intact,vbﬁt thé movement
:of.substrates.against'a concentration gradient is preVéntéd. Thus
.thé'active'transport systems for carbohydratés were converted to
facilitated diffusion.(Bibler, Hawkins, and Crane, 1962; Koch,
1964 Winklér and Wilson, 1966);

Thé'transport and ‘accumulation of amino acids in bacteria

has received less attention than carbohydrate transport systems
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as the processes have been found to be fraught with complexities.
The amino acid accumulation ability is less amenable to definitive
experimentation as more than one process is involved; that is,"
the accumﬁlation of ‘amino acid pools Qltimately is concerned

witH both the cellular synthesis of amino acids and the
incorporation of amino acids from thé extérnql environment.

The . active transport of amino.acids across mémbranés has been
shown to éxhibit somé'prOpertiés common to carbohydraté transport,
howévér; the process also was shown to posséSS'many uniqﬁe
properties;' The active transport system for amino acids as
visualized for E. ¢coli by Britten and McLure (1962), is shown in
4Figure,5i;. Similar to.sugar transport;'amino'acids presumably are
transported across the membrané by a steréospécific carriér to. the
intracellular milieu; where théy aré then concentrated by
association with-spécific sites., Thé site-amino acid

association was describéd as béing the energy-dépéndent process -
in'active'transport;

An even moré complex systém has béén encountered with P.
‘'aéruginosa.  As déscribed previously, thé'qrganism'constantly
maintains a low level of nativé pool ‘amino acids for protein
synthésis;‘at least during periods of nutriént abﬁndance, but
like E.'coli, this organism can alsO'cdncemtrate'aminofécids
to a véry high lével abové the exogénoﬁs concentration.

Unliké E.coli, however, thesé'cells constitutively catabolize
théféc¢umﬁlatéd'amino'acids especially during carbon or nitrpgén

deprivation.



- 143

OUTSIDE

l ,MEMBRANEl' INSIDE
l | |
A —;-—||»+C 4 Il ~ Energy coupled
| o KzTLKn | l
o ; AC = = +R _{%‘_“AR+~C

‘ K

' . 4 )
L

In the steady state:

ENTRY(into pool) = EXIT(into proten)

and AR+ C AC+ R
- reduces available C.
FOR ACTIVE
TRANSPORT:
K|<(AK2

Flg. 51. The carrler mode! for azino acld transport. A, smino
acld; C, membrane carrier; AC, moblile membrane cerrler-
. smino acld complex; R, non-mobile sites; AR, amino acld-
~ site complex ' (Britten and McLure, 1962). '



144

Preliminary studies on pool maintenance pheromena
demonstrated that intérnal amino acid pools which resultéd'from
the transport of amino acids addéd at low'exogénous concentrations -
weré effluxed in the absencé of energy métabo]ism'(Fig.'26-29).
This démonstrated that the ability to maintain significant
' concentration'gradiénts had been interfered with. Such data
do not provide insight into thé nature of this eff]ﬁx phenomenon;
howevér; rapid bﬁt ]imitéd initial amino acid uptake was observed
when célls Wére poisonéd with NaN3 (Fig. 5). This nggésted that
the actual transport process may havé béen unaffécted by the
inhibitor and that the ability to maintain amino acid pools had
been lost.

In order to pursue this observation.further, comparisons
of "transport ratés were madé with cél]s ﬁnder normal conditions,

cells poisoned with NaN, and ijodoacetamide, and with cells

3
maintained at 0 C: Cell suspensions were exposed to a concentration
of 1l*.C—proliné.which saturatéd thé high affinity. permease (2 x

' IOfS.M) and thén filtered at fivé sécond intervals during thé
incﬁbation périod; ‘Transport against a concentration gradient

was complétely abolished in the céIIS‘tréated with.NaN3 (Fig.

52). The amino acid; however, rapidly entered the cell until

the intracéllular concentration was approximately the same as

that in thé incubation mediﬁm: Protein synthesis was completely
inhibited by thé'préincubation with 30 mM NaN3 and 1 mM iodoacetamide.

The proline Tr mutant, P5, also had a limited transport capacity

at these proline concentrations. ‘Preincubation with NaN, did not

3
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significantly alter the transport rate and these inhibited cells -

only incorporated proline Qntil the internal proline pool had
equilibrated with the external medium.

When kinétics of transport into poisoned wild-type cells -
were determinéd (Fig. 53); it was observed from incorporation
datavobtainéd with fivé and ten sécond sampling timés;'that the
affinity constant for uptake at low prolihé concentrations was -
significantly rédﬁced, and also that Vmax was significantly
lowered. This suggested that either the high affinity transport
function had beén.altered by treatment of the cells with NaN3,,,
‘or that initial rateSWWené'not béing méasﬁred but rather; a
composite of the entrance plﬁs an additional efflﬁx componént.
The Km of amino.acid entrance was réduced approximately 10. fold
and the significance of this redﬁction in the Km for ﬁptake will
be discussed later. These data are then commensurate with the
hypothesis that the uptake or transport of proline occurs by an
energy-independgnt mechanism, and that another energy-dependent
function was involved, presumably for the accumulation of the

amino acid.

The incorporation of certain amino acids was previousiy shown

to be mediated by both high and low affinity permeases (Fig. 38).
Proline transport was not an exception, for.this amino acid is

incorporated into f;'aerugihOSa‘by permeases with widely varying
Km valués:' It was also demonstrated previously that the ability
to transport proline was induced by growing cells in thé'presénce
of the amino acid (Fig. 40). This*présénted a working model for

studying the effect of increased transport levels on the ability
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of the cell to concentrate amino.acids."

Mutant P22, a strain with a lesion in the catabolism of
proline, was. induced fof this transport function, by growth of the
organism' in thé'présénce of this amino acid. .Subseqﬂently; max i mum
pool levels.were established from 16#6 M'1AC‘Pro]ine-in the absence
of protein synthesis (Fig. 53). The indﬁced cellsfaccﬁmulated
‘proline to levels twice those‘fouﬁd with the uninducéd cells
and the réshlting concentration gradient increased approximately
- 10 fold. This indicated that the transpaft ability and
accumulation . function were coordinately inducéd;‘or that the
increased accumulation capacity was a consequénce,of increased
amino acid transport ability;

According to the mode visualized by Winkler and WEléon
(1966) for s-galactosidé transport (Fig; 49); an increased
influx COmponént would result in an increased concentration
capacity of the cell, but in their investigation and in the
studies of Koch (1964), the additional influx component would
be ineffectual in establishing high concentration gradients when
‘active transport was effectivély convérted to facilitatéd
diffusion by poisoning the cells with a metabolic inhibitor such
as NaN,..

3

Figure 55 demonstrates that this was also found to.be the case:
when induced cells were allowed to:transport 2 x 10?5 M'lhc?proline

after preincubation with NaN The cells did not.accumulate. intra-

3"
- cellular proline against a concentration gradient and therefore,
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intracellular amino acid accumulation in inhibited cells.

Fﬁrther investigation into the nature of the induced
uptake systém for proline was attémptéd. The kinetics of the low
affinity transport systems for both.induced and uninduced cells
wére détérmined and aré demonstratéd in Figuré‘56. The Km values
for uptaké weré foﬁnd to be identical with both kinds of cells -
and Vmax was mbderatély incréased with indﬁced cells, thereby
indicating that thé low affinity permeasé'waS-aISO'inducible.
Howéver; it was fé]t that thé.increasé'in'vmax coﬁld have been
dﬁe to.the influénce of the greatly incréaséd levé]s of the high
affinity proliné'transport function;

Thé Km values for amino acid incorporation determined with
NaN3 poisoned cells (Fig. 53), were found to be essentially the
samé as that of the Tow affinity.pérmease'operative in non-poisoned
- cells at high,substraté concentrations. The effect of NaN3 on
thé affinity constant for the high affinity perméase'could not be
detérmined sincé the equilibration of external and internal proline
~ concentrations at low éxogénous proline levels likely would have
occurred at a rate'impossiblé to measure by these methods.-

Thé increased concentrating ability of cells inducéd for
‘amino acid transport can theréfore be intérpréted in light of the
model described in Figure 50. [t is feasible that the rate of exit
.of an amino acid from the intracéllﬁlar pool is only moderatély
affécted,.if at all, by induction, and that the rate of amino acid
entrance into thé cell at low exogenoﬁs amino acid concentrations -
was'gréatly incréaséd.dué to the induced levels of the high affinity

permease (Fig. 54). Accordingly, this interpretation implicatés
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the low affinity permease as the entity mediating efflux observed
in Figurés26f29; and it opératés in‘éfflﬁx ésséntially only when
high internal amino acid concentrations aré'présent;

To tést'the'accuracy_of this hypothésis;'éfflhx and influx
stﬁdiéé weré carriéd.out as.fﬁnctions of internal and éxternal
amino acid cOncéntrations.' If thé intracéllular’aminofacid
concéntration is a.fﬁnction,of éithér pérméase; then différences
in’accﬁmulating'capacity of thé microorganism woﬁld bé révealed
at extérhal'amino'acid ]evels which would be condﬁcive to the
opération of a‘particﬁlar pérméase; sincé thésé'pérmeasés have
. gréatly differing.Km entrance valﬁes;' These studies were performed
with the amino acid valine to.obviate secondary_éffécts of efflux
due to.multiplé pool componéntS'previon]y described for proline
(Fig;‘ZBFBO); The experiment described in Figﬁrér57-sﬁbstantiates
the validity of this hypothesis.- Between 107/ and 107° M external
valiné cdncentrations;'the'accﬁmﬁlating capacity as révéaled by
the internal to éxtérnal'proliné cdncéntration ratios,‘incréased
markéd]y: At valiné concentrationS‘éxcééding 1676 M the ratios
décréased. Thé maXimhm cOncéntration ratios obsérvéd were approx-
'imatély 300,fold; Qndér the conditions of the experiment. Thus,"
at low éxtérnal'amino acid cOncéntrations (wheré thé majority
~of théﬁsuppliéa.14C-amino'acid entérs via the high affinity permease)
thé concentration ratio is high. At highér intracéllﬁlar amino
‘acid concentrations (wheré efflux via the low affinity permeases
becomes operativé) the concéntration ratio decréased concomi tantly
with increased exogenoﬁs'amino'acid;présﬁmably.dué to an increased

component of efflux. The precipitous decline in the internal to



external amino acid ratio when the exogenoﬁs valiné concentrations
exceeded 10#5 M;.sﬁggestéd that a large difference exists in the
ability to transport the'amino'acid.oﬁt_of thé cé]l relativé
to:transpprt intoAthé céll{ This différénté in influx and efflux
capacity codld féasibly bé attributed to the affinity for the
'transport'protéih if the affinity was drastically redﬁced on

the inside of thé mémbrané.sﬁrface:

Fngré’SS shows the increase in pool size as a function of
éxternal'amino'acid concéntrations.’ Thé pool‘increased with
incréasing exOgénous'aminofacid concénfration. Thus, at amino
‘acid cOncéntrations éxceéding 1076 M; while thé intracél]ular to
éxtracéllularchncentrationsratios décréased, thé pool Sizé
incréased. These data strqngly.sﬁggésted that at high intra-
cellﬁlar pool»lévéls a differencé in the affinity of the amino
acid for thé'transport function on thé inner membrane surface would
be ovércome and woﬁld résu]t in an increasing éffIQX'rate.which
ultimatély would causé‘the obsérved decline in the concentration
ratio (Fig; 57).

To,detérmine accurately the contribution of each permease to
the,éffIQX'procéss,'various pool'lévels wéré'pré-establishéd at
différént éxogenoﬁs valine cOncéntrations.' Thé cells wéré then
'immobilizéd on mémbrane filtérs and continﬁoﬁsly washéd for pre-
‘determined time intérvals.' Rates of efflhx from high internal
‘amino acid concentrations to low external concentrations were then
ca]cu]atéd and .plotted as a function of the pool size.

From the results demonstrated in Figure 59, it was observed

that the rate of exit or efflux of internal valine was a function

155



o
o

O

- (M/L)
w

LOG PO?&{VAL
.U'l .

v
O

156

L 4

EﬂL. A

143 167 200 250 330
| (M/L)

" Los[vaL]

- Flg. 58, The effect of the exogenous vallne
concentration on the vallne pool slze
(double negatlive reclprocal log=log plot).

* Cells wore prelncubated with 100 ug/ml
chloramphenicol at 30 € for 30 min then
pulsgd with the appropriate cencentratlion
of 19c-valine at 15 C. Samples were
flltered at regular time intervals untll
the maxioum poo! level had besn obtalned
In each case.



157

of the pool valine at lévels'gkéater than 1075 M; & concentration
at which the low affinity pérméase'becamé 0perativé. However,
‘at lowér pool cOncentrations;'whéré thé high affinity perméasé'
was operativé; no -apparent chahgés in_éfflﬁx rates'wéré obsérved.
When affinity constants for thé'éxit'pkocéss:were calculated,

very striking resﬁlts.weré found: Comparéd t0'thé‘affinity
- constants  for valiné uptaké via thé low affinity'perméase'the
affinity of the amino acid for the pérméase'on the.inside_of the
membranébwas found to have been reduced by a factor of approximately
: 5000:, Théorétically; this would permit c¢ncéntration gradiénts,of
this magnitdde to bé fOrméd. This has béén foﬁnd to.be'trﬁe for
s-galactosidé'accﬁmulation in E;'Egll (WInklér and Wilson, 1966).
Thésé'invéstigators found that the’maximﬁm concentration ratio
for B-galactosidé was 100. to 200_fold; and that,qualitativély :
at léast; thé ratio of.Km,of éxit to Km of entrance was.substantia]ly
hfgh.

: Thé magnitﬁde of the différencé in Km of entrancé and Km
.of éxit in this stﬁdy is considered to bé SOméwhat unique. The
low,affinity.pérméase'has a K of entrance approXimatély 10 fold
less than the high affinity permease, and as a result the efflux
rate would theofétically saturate at high internal valiné concentrations.-
H§wévér; as.alréady demonstratéd (Fig; 52); there is in addition;
an enérgy depéndent.fUnction which is résponsible for the
’accﬁmulation of high levels of amino acid in thé pool. This energy
is visﬁarized to act in a mannér similar to thé B-galactosidé

-accumulation system studied in E. '¢oli; that is, that energy is
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expended to.prevent the amino acid on the inside of the cél]
membrane  from recombining with thé‘transport'“carriér“. As a
resﬁ]t, the'apparént Km of éfflﬁx woﬁld be much'gréater than
Km for inflﬁx.
affinity . of thé'amino'acid for thé_éfflﬁx carriér and the energy
function caﬁsé'a concertéd inhibition of efflux. With‘thé
additional componént,of a high affinity pérmeaséfaccélérating
influx; the net result is a great intracé]lular‘accﬁmﬁlation.
Thﬁs thé'transiént high cdncentration'gradiénts éxhibitéd in
“transport éxpéfiménts at low amino acid concentrations (Fig. -2)
séémingly havé a rational exp]anation.

Thé data obtained so far éxplain the behaviour of rélatively
largé inttacéllular'aminofacid pools;' Howéver; thé maintenance
of relativély Tow intracellﬁlar amino acid pools reqﬁirés special
consideration; sinceé Eﬁ‘aerugihOSa:doés'not normally accumulate amino
‘acids to.very high levels when théY‘aré béing synthesized'gé;ggxg.
"From Fighre 59; it can bénobservéd that at low pool levéls valine
is not easily removed frdm the pool by washing and thé raté of
vefflﬁx does'not'gréatly depénd upon the intracellular amino acid
cOncéntration; Furthermoré; the'aminofacid'présént'in the pool
at low concentrations cénnot bé considéréd to-bé “boﬁnd”'or
COmpartméntalized (with.the excéption of'proliné); for if théy were
“immobi l'ized in.SQCh a manner; thén thé’aminofacid théOrétically
woﬁld not be removed at.all by éxcessivé washing: A measﬁrable
rateyOf,éflex doés'occur at low amino acid concentratigns

(Fig. 59), thereby suggesting that perhaps the high affinity
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permease does contribute somewhat to the efflux phenomenon.

The mechanism for the maintenance of low amino acid pool
levels at high concentration ratios is visualized as operating
in a manner similar to the maintenance of high pool levels; that
is, that the affinity of the amino acid for the high affinity
carrier must be drastically reduced on the inner surface of
the cell membrane. The ability 6f the cell to establish high
concentration ratios at low exogenous amino acid levels (Fig.

57), further implies that the difference in the K of influx
relative to the Km for efflux must be very large indeed to account
for these data.

This interpretation would seem to be borrie out by the
concentrations of amino acids in the native pool (Table Il1),
and also by the apparent concentration ratios which are established
between the native pool and the exogenous fluid. The average
concentration for amino acids found in the‘native pool was 1.93
X 10#6 M, and the average concentration ratio was found to be 255.
These values are extremely close to the concentration data found
experimentally for the amino acid valine (Fig. 57).

It is possible that some degree of compartmentalization of
intracellular amino acids occurs at low concentrations and that such
a process would prevent the recombination of the amino acid to the
carrier which would inevitabiy result in a concentration phenomenon.
However, it is felt that this concept may unnecessarily complicate

the actual pool forming mechanism in P. aeruginosa. In E. coli,

the pool maintenance ability was attributed to a combination of
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‘the amino acids with "'sites' which resulted in the compartment-
alization of the amino acid pool (Britten and McLure, 1962).  This

model was formulated largely to explain why pools in E. coli

are maintained under adverse conditions where they might be
maintained either at 0 C, in the absence of energy, during>nutrient
deprivation;'or,during excessive washing with amino acid free
media. Tristram and Néa]ef(1968).aISO'have.suggested that the
intracellular pool size in E. coli was a function of permease
‘activity.

Considerable variations between the affinity constants for
exit and entrance of amino acids iﬁ P. aéruginosa present an
attraétive basis for a model for maintaining intracellular pools.

The intracellular space of microorganisms consists partly
of an accumulation of metabolic intermediates, any one of which
might allosterically affect the function of a transport carrier in
a way that would reduce the affinity for the specific transport
substrate. - This hypothésis is not merely conjecture, since in
E."coli, Halpern and Even-Shoshan (1967), demonstrated that the
. glutamaté permease is non-competitively inhibited by aspartate
and d-ketoglutarate. Also Boezi.and DeMoss' (1961), showed that
pyruvate inhibited the transport of tryptophan in E. ¢oli. These
observations may explain some facets of the accumulation phenomenon

in E. coli.

The NaN3 sensitivity of pool maintenance in P. aeruginosa
may indicate that a high energy intermediate is involved in the

alteration of transport functions intracellularly.



kig. 60(A). Singlé'Carrier‘modél'for'aminofacid'tranSPOrt.:
Aout’ amino acid in the extérnal environment;

C, membrane localized cérrier protein;

AC, amino.acid-carrier COmpléx;

Ain’ amino.acid in the internal amino acid pool;

-K] - Kzg.rate:constants for the formation and dissociation

of the carrier-amino acid complex.
Fig. 60(B). Double carrier model for amino acid transport in
P. aeruginosa.-

5

Al, amino acid present at low external concentrations . (<10 2 M);

Ah, amino.acid present at high external cOncentrations'(>1Qf5-M).

Ah can react with both-C] and,Cz;
:C1,1high affinity permease or membrane carrier;

C2, low affinity permease or membrane carrier;

AIC],faminofacid-carrier complex formed at low amino acid
concentrations;:
AhC .,

high amino.acid concentrations;"

high affinity carrier-amino acid complex formed at

AhCz; low affinity carriér*amino’acid complex fOrméd at
high amino acid cOncéntratibns;'

K.entry and K’féntry, éqﬁilibriﬁm constants for the

reaction A+C < AC at thé‘outér-membrane.sﬁrfacé;

Ktéxit and K’téxit; équilibriﬁm constants for thé

réaction A+C <= AC at thé innér;mémbrané.sﬁrface;

Diffﬁsion constants forfoccﬁpiéd and ﬁnoccﬁpiéd carriérs
aré‘présﬁméd to.be éqﬁal.

During metabolic enérgy'prodﬁction, Ktéxit and K’téxit

‘are essentially negligible possibly through allosteric deactivations

_of-C1 and Cé carrier functions."
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Figure 60 illustrates a hypothetical model devised to
explain the amino acid transport and accumulation phenomenon
in P. aeruginosa. Thé amino acid js visualized to collide
with stereospecific mobile carriérs, to be transported into the
cell, and released at the inner membrane surface. The carrier
is prévented from récombining with the intracellular amino
acid by an energy dependent process and returns to the outer
mémbrané.sﬁrface unoccupied. This model provides for essentially
a unidirectional transport process at low amino acid concentrations

with an increasing component of efflux at high amino acid

concentrations.-
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GENERAL DISCUSSION

The enzymatic nature of metabolite incorporation into
cells, first démonstrated with carbohydrates by Rickenberg et
'1§l,f(1956), has been extended in recent years to encompass the
amino acids as well as other compounds.  The amino acid transport
systems of P. aeruginosa are no exception.  These systems have
all the properties ascribed to active transport systems; that
is, transport is seemingly energy dependent, temperature
sensitive, saturated at high substrate concentrations, is lost
by mutation, and results in the accumulation of the incorporated
metabolite at concentrations far exceeding those of the external
environment. Thé amino acid transport system, as well as accumulation
and catabolism, aré under genetic control and these functions may
possibly constitute an operon.

The property of substrate stereospecificity is.also
demonstrated by bacterial transport systems. However, this property
varies greatly with the nature of the microorganism. Bacteria have
now been shown to possess a high degree of substrate selectivity,
or stereospécificity, with regards to both.sugéré and amino acids
(Kepes and Cohen, 1965; Britten and McLure, 1962; FerroLuzzij-Ames,

' 196L4; Behkt and Hochster, 1967). It would seem that this special-
-ization diminished with the evolution of the procaryotic to the

‘eucaryotic cells. Whereas the bacteria maintain highly specialized
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tend to lose this property of specificity (Maw, 1963; Grenson,

- 1966; DeBusk and DeBusk, 1965). This change has been observed

(Behki aﬁd Hochster, 1967). The parasitic strain has seémingly
lost the stereospecificity of amino acid transport demonstrated
by the non-parasitic strain.

Apparently animal cells do not possess the high affinity
permeases démonstrated for microorganisms. Although several
distinct, but strongly interacting, amino acid transport systems
have récéntly been demonstrated with animal cells (Begin and
Scholefield, 1965; Eavenson and Christensen, 1967; Christensen,
Liang; and Archer, 1967), the affinity constants measﬁred are high
f(]sz to 1074 M) relative to bacterial affinity constantsf(1076
to 10?7 M). These animal permeation systems would seem to
~ correspond moré to the low affinity bacterial perméases,'which
~.function at high amino acid concentrations (FérroLuzziFAmes;'1964),
or to bacterial sugar transport systems (Winkler and Wilson, 1966).

The intracellular metabolic pools of microorganisms are extremely
compliex. These pools contain all the soluble intermediates of
anabolism and catabolism and it is not unreasonable that this multitude
of compoﬁnds is oriented in différent ways within the cell depending
on thefr métabo]ic fate. Thus, P. aeruginosa has been shown to
”compartméntalizé” putrescine, proline, and probably alanine
intracellularly. It has also been suggested that proline is compart-

mentalized in E. ¢oli (Britten, 1965). Secarz and Gorini . (1964),
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postulated that endogenous and exogenous arginine contributed

differently toward repressor formation in E. coli. Two distinct

metabolically active pools of tryptophan were demonstrated in

‘ ﬂf'crassa'(Matchétt and DeMoss;'T96h). Biosynthetically generated
“tryptophan was ﬁsed'preferentially for protein synthesis and
exogenous  tryptophan was preferentially oxidized via the
“tryptophan cYclé:
The maintenance offhjgh intracellular concentrations of amino
‘acids would seém to be a function of the degradative capacity of the
maintain low internal amino acid concentrations during growth,
E. ¢coli and SOmé fungi maintain high pool levels. However, E.
" 'coli does not dépleté its intracé]]u]ar amino acid pool under

conditions of nutrient deprivation. Hoch and DeMoss . (1966) ,

- showed that a constitutive tryptophanase in Bacillus alvei kept

the intracellular pool level of this amino acid to low levels.
times that of the external environment demonstrating that this
‘organism can express a high amino acid accumulation capacity
‘transientiy, but it normally does not do so.

Thé observation that nutrient deprivation (carbon or nitrogen)
does not significantly alter the amino acid transport capacity of
Es‘aerugihOSa may underline the true significance of the existence
of high affinity amino acid, or other métabolite, permeases.  McGrew
and Maléttef(T962), and Marr, Wilson, and Clark . (1963), demonstrated

that E. coli utilized small amounts of glucose for energy in
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maintaining viability without concomitant growth. Since then

P. aeruginosa catabolizes most amino acids, it would seem logical
that undér carbon or nitrogen starvation conditions the high
affinity perméasés fﬁnction to maintain viability, but not to
support growth. In this_rolé, these permeases should indeed be
considered biologica]ly advantagéous to thé survival of the
spéciés.'

The formation and maintenance .of intracellular pools of
metabolites is a ubiquitous phenoménon amongst microorganisms.
Mechanisms for concentrating metabolites must have been an early
évolutionary characteristic among lifé forms, since thé réady
availability of precursors for growth would certainly bé advantageous
for rapid.mﬁltiplication. It is feasiblé that the evolution of
the accumulation process parallé]éd thé decline in availablé
nutrients which is presumed to havé existed in the primordial
soup. Howéver; in the experimental.elﬁcidation of transport
mechanisms for amino acids stﬂdied in g;‘aerdgihOSa; a conscious
attempt was ﬁadé to formulate a méchanism‘which was not merely
commensﬁraté with récént models devised for carbohydrate transport,
but which also embodied the facets of simplicity and physiological
féasibility. Thus the unknown “enérgy function" opérating on
the inner membrane surface was postulated to be a high énergy
intérmediaté‘Such as ATP perhaps acting as an allosteric inhibitor
of thé amino acid complexing activity of the carriér. Koch . (1964) ,
calcﬁlated that oné molécule of ATP was required to permit the

active transport of one molecule of B-galactoside in E. coli.
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This may be true, but such a mechanism would certainly seem to
waste energy and woﬁld Iikély bé lost in lieu of a less wastéful
mechanism-during the coﬁrse of évolﬁtion.

Perhaps one of thé most . puzzling and as yet unsolved
properties of almost all models of carrier-mediated transport is
the'propérty,of‘térrier mobflity; Thé distance to be transversed
acrOSS'thé'mémbrané exceeds 70 A and it is difficult to visualize
how the carrier-amino acid complex moves across the structural
barriér of the bacterial membrane.

Thé,mUItifunctional nature of the bacterial cell membrane
underlines not only its importance to the integrity of the cell
.bﬁt,also’emphasizés its staggering complexity. A large number
of-spécifiC‘transport systemé for métabolités have now been
demonstrated in microorganisms. In addition to the rathér large
-number of permeases described here for amino acids, several have
béen demonstrated, and in some casés isolatéd, for carbohydrates
(Ganesan and Rotman; 1965);‘hﬁcléicfacids (Péterson and Koch,

A 1966); polyaminés (Tabor and Tabor, 1966), and ions (Pardee, 1966;
Petérs and Warrén; 1968): As moré Tow molécular weight metabolites
are testéd; increasing .numbers of'transportlfUnctions will undoubted-
ly be found. Since more than one function has been implicated

in the transport of some metabolités,'for example the sugars -
(Winkler and Wilson, 1966), the compléxity of the bacterial membrane

appears overwhelming.
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