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ABSTRACT

A mutant of Escherichia coli K12 lacking pyruvate

dehydrogenase and phosphoenolpyruvate synthase was used to

-

study transport of pyruvate by whole cells. Uptake of

L
pyruvate 1s maximal with mid-log phase cells and the
Michaelis constant for transport.is 20uM. Pretreatment of

the cells with respiratory chain poisons or uncouplers, with

the exception of arsenate, inhibits transport of pyruvate by

‘up to 95%. Lactate and alanine, natural analodgues of

pyruivate, competitively inhibit transpbrt only at very high
conéentratxops. Tﬁe synthetic analogues 3-bromopyruvate and
pyruvfc’acid‘methyP egter are good competig{ve inhibitors.

In oerder to further minimize metabolism of pyfuvate;
membrane vesicles of a wild type E. coli Kl2 were prepareé;
Transport is dependent oﬁlan artificial electron donor
Ssystem, phenazine methosulfate and fodium ascorbate, gdded
to the vesicles, Pyruvate is concentrated 7-15 times in

these energized vesicles and the Hichaelis'constant_is‘lSuﬁJ

Uptake of pyruvate can also be energized by a phenaziné -

methosulfate and NADH system, but not by the metabolic,,

intermediates lactate, glucose or A®BP. Energy poisons, with
- ‘ .

the, exception of arsenate, inhibit the tiahsport of . T

pyruvate. Synthetic analogues such as 3-bromopyruvate are

good competitive inhibitors of transport. <Lactate imitially

[ 4
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Sppeared to be a good competitive inhibitor of -pyruvate
transport in vesicles, but under condit1?ns in which the
oxi1dation of lactate to pyruvate 1s mininlzed, thi1s apparent
inhibition disappears.

Transport of pyruvate 1n whole cells was also found to
pe sensitive to osmotic shock; indicating that a périplasmlc
binding protein was 1nvolved 1n the transport system.

Column chromatography technigues were employed in an attempt
to isolate this binding protein from osmotic shock fluid.
Partial purification of pyruvate binding activity was
achieved tﬁrough the use of an affinity column, but
purification to homogerfeity was not accomplished with
subs§queht column steps. The binding protein has been
tentatively identified as a 36,000 molecular weight monomer
by SDS-polyacrylamide gel electrophoresis.

A brief summary of thgse results indicates that

byruvate is transported in Escherichia coli by a unique and

specific active transport system. This transport system
utilizes the respiratory chain to provide the driving force

for uptake and appears to have a periplasmic component

capable of binding pyruvate.

iv
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CHAPTER 1. TRANSLOCATION OF SUBSTRATES BY GRAM-NEGATIVE

BACTERIA

- 1.1, INTRODUCTION

-~

Bacteria h;ve Sevelopeé’aanumber 9f mechanisms to bring
essential nutfients across their relatively impermeable
) Cytoplasmlc membrane. In the past two décadeg, a number of
these translocatxon mechanisms have been studxed intensively

‘

and by using a.combination of biochemical and genetic

technigues, advances have been made 1n the areas oﬁ enerqgy
P - coupling to transport and the mglecul’dr mechanisms of

transport. Gram-negative bacteria have been studied more

intently thét any of the bacteria, partially because E. coli

are the best understood -of the‘micro-organisms,~but also

because the complexrty of the gram-negative membrane system
.( ]

has resulted in bore diverse and 1ntrlgu1ng transport

mechanisqs. «

-

\

s
N

1.2 (‘f THE GRAH—NBGATIVE CELL ENVELOPE

’A s@hematlc (from Mltcheg} 1985) of the gram- negat1ve
e e <.
cegr envelope is presented in Fxgute 1-1 to facilitate
_:_/ °~ -
.ﬁ:f? ;dxscussxon of Eransgort concepts. The.gram—negatlve cell .
. ’:‘::‘; (‘"

J"_;";ff\’* envelope is composed of three s;garate regions: the quter
membrane and cell wall, the cytopiapmic membtape, and the
periplasm which forms a compartmept between the two

me&branes. The outer membrane, degcribed in detail in a o

recent review by kugtenberg and Van Alphen (1983), is a .

— ) P 2 R R A L AR A gl




FIGURE 1l-1. SCHEMATIC OF THE GRAM-NEGATIVE CELL ENVELOPE

>

The basic components of the gram-negative bacterial
envelope are represented. LPS = lipopolysaccharide, PL =
phospholipid, P = porin, LP = lfpoprotein, A = OmpA protein,
Léma = maltopérin»orrlambda receptor protein, PG =
pepﬁidoglycan layer, MalE = maltose binding pr;tein, MalF,
G, K = membrane-bound or assbciafeq components of maltose
‘transport, Fo and Fl = membrane-bound and cata{yti;
components of ATPase. The respirator§ chain is repr%sented
in an undefined m;?ner by the large rectangle’ in the
cfzoplasmic mpmbrihe. élements of this schematic relevant
to solqté tgansport are discussed N14bre.detail in the

+ ‘.

text. - ~
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bilayer membrane formed by an outer lipopolysaccharide
leaflet and an inner leaflet of phospholipid and
lipoprotein. EDTA treatment of bacteria, especially in the
presence of Tris buffer, removes about half of the
lipopolysaccharides from the cell (Leive, 1974), presumably
by removing divalent cations which are required for the
assembly énd maintenance of the lipopolysaccharide
interactions (Schindler and Osborn, 1979). This treatment

- leaves the outer membrane freely permeable to solutes as
large as 1ysozyme; Lipoproteins covalently attach the outer

membrane to the rigid peptidoglycan layer (Braun, 1975) of

B e L

the periplasmic space. The outer membrane ‘also contains

. . séveral other proteins, represented in ghe schematic by

. non-specific.pore-forming proteins known as porins, the
structural oﬁpA protgip, and the specific pore}forming

; maltoporin complex (also known as the bacteriophage lambda ’

receptor or LamB). The lambda receptor increases the

permeability of the outer membrane for'maltose and

maltodextrans (Boos, 1984).

The pepfidoglycan layer is a network of linear chains
of alternating N-acetylglucosamine and N-acetylmuramic acid —/
suga:-;esidues’which are cross-linked to ‘form a monolayer by
tetrapeptide brldges (Schleifer and Kandler, 1972). This
peptidoglycan layer forﬁs a rigid structure which enables

the cell to withstand osmotic pressure and gives the cell

its characteristic rod shape. Lysozyme specifically cleaves

— T R R R L e V)
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the sugar backbone of the peptidoglycan layer (Gﬁuysen and

Shockman, 1973), creating spheroplasts which are osmotically
sensitive (Kaback, 1974).

The periplasmic space was first propesed by Mitchell

. (1961) to describe a hypothetical compartment existing

between the inner and outer membrane in gram-negative cells.
Stock et al. (1977) have since confirmed that the periplasm
exists as a separate comparsment of the whole cell, contains
20-40% of the cell water, and that a Donnan equilibrium
exists between the periplasmic space and the external
medium. Contained within the periplasmic space are the
breyiously described peptidoglycan layer as well as various
enzymes (Beacham, 1979) and binding proteins'(Oxender and
Quay, 1976).

The cytoplasmic membrane is the most complex of the
regions of the cell envelope. The membrane is gohposed of a
phospholipid bilayer in which proteips are either embedded
in the lipid bilayer as integral proteins, or loosely
associatéd as péripheral proteins. Some of these proteins
are responsible for the traéspprt-of solutes across the
cytoplasmic membrane, Eepresented in Pigure 1 by the lactose
permease and the maitose membrane-bound complex. This .

J
membrane is also the site of energy transduction in the

cell. The respiratory chain is represented in the schematic

in an indeterminate manner because bacterial respiratory

"chains are more variable than those found in mitochondria

-

o
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(Harold, 1972). The constituents of the respiratory chain

are produced in Escherichia coli only when the cells are

P

grown qerobically and the components of the chain vary from
organism to organism. Also present in the cytoplasmic
membrane is the ATPase, which is capable of both
synthesi1zing aﬁd hydrolyzing ATP; functions which are
coupled to the flow of protons. fhe ATPase is composed of a
peripheral protein complex (F

i) and an integral membrane

protein complex (F,). Reviews by Downie et al. (1979),

0

‘and Futal and Kanazawa (1983), discuss the structure,

function and genetics of the ATPase in greater detail than
can be acéommodated within the scope of this thesis.

Transport through the cy;oplasmic membrane has been
studied by using isolated membrane vesicles as a modei
system. Membrane vesicFes are prepared by forming
spheroplasts by the addition of EDTA and lysozyme to ce;ls
in 20% suérosé and then lysing the spheroplasts by transfer
to a hypotonic medium (Kaback, 1971). This procedure leaves
the cell devoid of cytoplasmi; contents, the peptidoglycan
léyer,.and with an outer membrane disrupted due to removal
of lipopolysaccpatide by EDTA chelation. A model system‘
reduced to the elements still retained in the cytoplasmic
membrane in this manner has a clear advantage in termg Tpf
simplification,

1.3. ENERGY COUPLING TO TRANSPORT IN GRAM-NEGATIVE

BACTERIA

.
[
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Energy coupling to transport has been 1i1ntensively
examined in the past twenty years and the driving force for
many of the transported solutes has been elucidated. A

brief historical overview of the literature shows steady

progress in the understanding of the energetics of

transport; from the early comprehensive reviews of Harold
(1972); Simoni and Postma (1975); and Hamilton (1975); to
the reviews by Kaback et al.(1977) and Konings (1977) that

concentrate on energy coupling in membrane vesicles; and

, finally the more recent reviews by Konings et al.(1984) and

Hellingwerf and Konings (1985) that summarize the current
status of eﬁérgization. A brief outline of these methods of
e;;rgy coupling will aid in understandinb the following
chépters in this thesis.

| Translocation of most solutes is mediated by the energy

derived either from an energy-rich phosphate intermediate

such as ATP or by the proton motive force. According to the

chemiosmotic theory, of Mitchell (1968), an electrochemical

proton gradient is created across the cytoplasmic membrane.
by the extrusion of brotons to the external medium by

electrogenic proton pumps. This electrochemical gradient of

* protons exerts an inward force known as the proton motive

force, and this proton motive force has two components; the

PH gradient'and the electrical potential., The driving force

" for translocation of solutes is provided by one or thh

compongnts of the proton motive force (Hellingwerf and
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Konings, 198S5). . . .
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Extrusion of protons to generate the proton motive force
in bacteria occurs primarily via electron transfer in the
respiratory chain and via ATP hydrolysis by the cytoplasmic
R [ 4

. membrane ATPase. However, transport mechanisms have been

linked in membrane vesicles of aerobically grown cells to

[ : the respiratory chain rather than ATPase activity (Kaback,

1974; Konings et al., 198l)., -Fermentative bacteria, which

i . lack electron -transfer systems, are‘capable of generating a
i proton motive force by efflux of an end—produét of
metabolism (lactate) in symport with a proton (Ten érink agd
{ Konings, 1980; Ten Brink gﬁ_éi., £985). Solute transport in

the phototrophic bacteria Rhodopseudomonas sbheroides has

also been shown to depend 6n light-induced cyclic electron

- flow as well as the proton motive force (Hellingwerf et al.,
1979%; Elferink et al., 1983).

% Energy coupling in the translocation of solutes in

systems dependent on ATP or other high-energy phophorylated

intermediates is not as well understood as the systems

«

3 dependent on the electrochemical proton gradient. ATP

dependent transport is confined to periplasmic binding

protein mediated systems with only a few exceptions
(Hellingwerf and Konings, 1985).

'y 1.4. DEFINITIONS OF TRANSPORT —

Defining some of the mechanisms by which solute is

translocated across the membrane-is necessary for clarifying
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some of the distinctions made 1in the following chapters. A
brief description ¢of each mechanism, taken from Kaback
(1974); and Harold (1972), follows:

Passive diffusion applies when a solute crosses the

membtane without the expenditure of metabolic energy or any.
specific carrier being involved. The solute is not altered

or modified during passage through the membrane and

accumulation of substrate never exceeds equilibration.

Facilitated diffusion 1is distinguished from passive

diffusion by the involvement of a specific carrier in the
membrane. ' Accumulation of the solute takes place at ;
faster rate than simple diffusion and saturation kilnetics
and substrate stereospecificity can be observed, Like
passive diffusion, no metabolic energy is expended in the
process and accumulation against a concsntration gradient

does not take place. .

Group translocation describes the reaction of an

enzyme system oriented 33)03; the membrane. The solute is
covalently modified during passage across the membrane and
trdnslocation is concurteét with the modification. The
solute is accumulated againsg a concentration gradient and
the energy expended in this translocau%?n process is
chemical. The best example of this mechanism of transport
is the well defined bhosphotransferase (PTS) system for
.carbohydfates in enteric bacteria (rev}ewed by Mitchell,

1985). : h




Active transport describes translocation systems which

are dependent on metabolic energy for accumulation of solute
against an electrochemical or osmotic gradient and reguire a
specific membrane carrier. The solute is not altered in the
translocation process and saturation kinetics are opserved.
Wilson (1978) divides the active transport systems in
bacteria into two classes; the membrane bound transport
systems, and the periplasmic binding protein mediated
systems. A brief description of each class of active
transport and examples of transport systems typical of the
class. are outlxned below.

l.4.1. Binding protein mediated transport

This class of transport system is dist}%guished by
dependence on ATP for translocation and the‘presence of a
peripla#mic protein which carries ; specific substrate
recognition site for the system. The binding protéin

. . { )
mediated transport systems are sensitive to the osmotic

shock procedure of Heppel (1967), whlch select%yély remowes
the periplasmic contents of gfam-negat1ve bacterla, and are
inactive in ves$icles. The membrane carriers of the system
have no ggcognition site for the ;ubsttate, ;hich'accounts

for the‘lack:6f tramsport -activity in membrane vesicles.

One of the bésf defined binding-protein systems is the

mal;ose-gfansﬁort{gystem in Escherichia coli . A model of

thi's transport system is represented in Figure 1., The"

system consists- of five gene products, with one.specific

W —r—————ATE S
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" molecular weight of- 45,000 and has been purified €o
* /

- Matsushita et al,(1983) and Wilson et al.(1984) h

pore-forming protein in outer membrane ( lamB ), a

periplasmic binding protein (E), two cytoplasmic membrane
ptote;né (F and G) whicﬁ'have no known functioq, and a
periphéral membrane protein (K) which is associated with G
({Boos, 1984). The maltose-binding protein interacts with
both the outer membrane protein and the inner membrane
proteins, and the peripheral K protein is apparently the
site of ATP action in the transport system.

1.4.2. Membrane-bound transport systems

-

Membrane-bound transport systems are retained in
membrane vesicles and utilize the proton motive force to
drive ‘active transport. The proteins involved in transport
are fixed in the mémbrgne and typically only a single
carrier protein is involved in transport (Wilson, 1978).

Represented in Figure 1 as an example of a membrane
pound transport system is the lactose permease, an inducible

membrane protein that acts as a proton symport to

translocate lactose and protons with a l:1 stoichiometry

' (West and Mitchell, 1973). This system consists of a single

integral membrane. protein (the lac carrier protein) with a

s

L

a
homogeneity in a functional state (Newman et al(, 1981).

separately reported reconstitution of the lactose carrier

protein into proteoliposomes with retention of active




transport. A lactose recognition site and a proton-coupling
site have been postulated for the carrier protein, but
neither site has been verified.

Also classified by Wilson (1978) as a membrane-bbund
ﬂ transport system is the dicarboxylic acid transport system
of E. ¢coli . The system transports succinate, fumarate and

L ' malate and has been documented in both whole cells and

membrane vesicles (Lo et al., 1972; Rayman et al.,, 1972).

i However, the molecular mechanism of dicarboxylate'transport

(Lo, 1977) is more complex than that of the lactose

permease, Transport is mediated by three proteins; two,
integral cytoplamic membrane proteins and one
periplasmically associated binding protein. fhe membrane
bound proteins presumably form a channel through the

cytoplasmic membrane and each ﬂhﬁ a substrate recognition

site. The proteins are arranged 'so that one recognitidn
site 1s exposed on either side of the membrane. Specific
binding of substrate to the periplasmic binding protein also

takes place, but the exact function of this binding protein

is not known.

.
-

“l.5. PYRUVATE TRANSPORT IN ESCHERICHIA COLI

The history of pyruvate transport in Escherichia coli

is remarkébly brief. Uptake of pyruvate from the growth

medium was examined by Kornberg and Smith (1967) in mutants

-

lacking in phosphoenolp}ruvate synthase activity. The pps .

mutant strains'were mutagenized and recombined with another




strain. One of the :ecombinan;s (K2-1t-6) obtained was

»

unable to remove pyruvate from the media at a normal rate
compared to the parent strain, but was not inhibiteé in,
growth by tﬁe addition of pyruvate with anothérﬁcarbon
source. This mutant (designated usp ) was presumed to lack
a system for the uptake of pyruvate, This usp strain was
recombined again to restore phosphoenolpyruvate synthase
activity. A resulting recombinant (Ké-S) was able to grow
on glucose and lactate, but still unable to grow on
pyruvate. This result demonstrated that the usp trait was
transferable and that this transport system was not’
concerned with the uptake of lactate. Uptake of |
oxaloacetate and w-oxoglutarate was also not'affected in the
: , .

usp mutant.

Uptake of pyruvate in membrane vesicles of Escherichia

coli was demonstrated by Matin and Koﬁings'(1973). The
artificial electron donor system ascorbate-phenazine -
methosulfate was required to energize transport in these
vesicles: and pfruvate was accumulated in the vesicles to
seyen times the external conceqlration. Pyruvate was also

shown to inhibit uptake of D- and L-lactate in Escherichia

coli -, a” result that suggests a compon transport system for

-

the monocarboxylic acids. This result contradicts the

findings of Kornberg and Smith (12§1L;<§ A
) Ogino et al. (1980) used proton cortrelation nuclear

magnetic resonance to follow pyruvate transport in anaerobic

’




in s s ot Gt e B

.

Escherichia coli cells. This technique was used to follow

o

the decrease or increase of metabolites in the cell meéiqm
and was checked by lysis of the cells and fdentifi;ation of
the accumulated métabolites. The results of these studi;s
indicated that pyruvate is selectively taken up by anaerobic
cells and accumulated against a concentration gradient,
Uncouplers such as dinitrophenol completeiy inhib{ted the.
transport of pyruvate into the cells, indicating that the
energy for uptake originated in the proton motive force.
Efflux” of pyruvate, mediated by facilitated diffusion, was
also observed when the pH of the cell suspension was .
decreased. ‘

Although these studies indicate the presence of a

pyruvate transport system ' in Escherichia coli , many details

such as the kinetics of transport, substrate specificity,
and the molecular mechanism of translocation had not been’
determined. Hopefully, this thesis will answer some of the
questions that remain in the area of pyruvate transport and
will be used as a basis to elucidate the complete mechanism

of transport.

J &
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CHAPTER 2. THE TRANSPORT OF PYRUVATE IN WHOLE CELLS OF AN

" ESCHERICHIA COLI K12 MUTANT.

INTRODUCTION

The initial stage in the investigation of pyruvate

uptake in Escherichia coli was to determine if pyruvate

s

accumulation could be demonstrated in whole cells. Once
uptake of pyruvate could be demonstrated in the whole cell
f§ystem, characterization of the transport system could be
pursued. A critical step wn the characterization process
would be establishing the energy dependence of the uptake of
pyruvate in order to meet the criteria of active transport

processes as outlined in the introductory chapter. The

other criteria of active transport, accumulation of the

solute unchanged against the concentration gradient, would

also ideally be demonstrated, but e%imination of all
pyruvate metébolism was not podssible with E. coli strains
that were available from the E. coli Genetic Stock Cente;.
Elimination of all pyruvate metabol}sm is theoretically
possible by judicious crossing of aQailable mutant.strains,
but this course of action would entail lengthy testing for
the enzyme activities ;nd because of the pivotal position of
pyruvags in cell metabolisw, success could not be
guaranteed. 1In view of the fact that Matin and Konings
(1973) had demonstrated uptake of pyruvate in E. coli

membrane vesicles, we chose to minimize pyruvdte metabolism
Al L]
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\Eynthetase and pyruvate dehydrogenase.
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in whole cells and use Kaback vesicles, i1n which the
cytoplasmic contents are eliminated, to verify and expand on
the whole cell results, Towards ﬁhis end, we obtained a

mutant strain of Escherichia coli Kl2 which>lacks two of the

major enzymes in pyruvate metabolism, phosphoenolpyruvate’

2.2. MATERIALS AND METHODS

2.2.1. Chemicals

All common chemicals were obtained from commercial
sources and were of reagent grade or better purity.
[3-14C] pyruvate, sodium salt, 15—20mCi/mﬁole, was
obtained from New England Nuclear. N-ethylmaleimide,
2,4-dinitrophenol, iodoacetimide, carbonyl-m-chlorophenol
hydrazone and p-hydroxymercuribenzoate were obtained from
Sigma.: D(-) lactate, 3-bromopyruvate,.and pyruvic acid
methyl ester were also received from Sigma. Precoated °
silica gel thin layer chromatography plates: Si 250 f20cm X

20cm), were obtained from J. T. Baker.

2.2.2. Bacterial strains

The bacterial strain chosen for th; whole cell studies

was ‘a mutant of Escherichid coli K12, kindly provided by the

E. coli Genetic Stock Center (E. C. $#5688). This mutant,

designated th 596 (Langley and Guest, 1977), has the

genetic markers pps-1 , relAl , thyASé , metBl , azi-14 , !

ton-54 , tsx97 and ( aroP-aceF )73. A full explanation of
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these geﬁetic markers and the appropriate references are
given 1n Bachmann (1983). JRG 596 1s defective in two of
the major pathways of pyruvate metabolism, pyruvate
dehydrogenase and phosphoenolpyruvate sythetase. Pyruvate
canngt be converted by the cell to acetyl-coenzyme A due to
the deletion (( aroP-aceF )73) of the genes coding for tw;
components of the pyruvate dehydrogenase complex; pyruvate

dehydrogenase (Elp) and dihydrolipoamide

acetyltransferase (E,_.). The other metabolic route,

2p
conversion of pyruvate to phosphoenol éyruvate, is blocked
by the defect in the phosphoenol pyruvate syntﬁetase gene
( pps-1 ).

2.2.3. Bacterial growth media and methods

rd

The bacteria wete routinely grown on M9 minimal salts
medium (Miller, 197 ), supplemented with magnesium sulfate,
calcium chloridey thiamine, methionine, and thymine.
Glycerol ané acetate were added as the carbon sources. The
minimal medium was rqutinely inoculated with JRG 596 grown
on Luria Broth (LB) medium (Miller, 1972) supplemented with
thiaminé and thymine. The mutant st;ain was regpla;ly

checked for reversioa§ by plating onto a series of

nutritional marker plates. These marker plaées consisted of °

M9 salts medium containing magnesium and calcium, solidified

by 1% ‘agar and containing -all but one of the other required
' lod

nutrients. Cell growth and concentration were determined

with a Klett-Summerson colorimeter using Filter 66. The

~r
o~
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Klett readings were correlated to optical density, wet

weight and dry weight of the bacterial cells. (See Figure

-

-l ) ’—-\\\\ K s~ .
2.2.4. Harvest and preparation of JRG 596 ‘

-

The bacteria were routinely harvested by centrifugat:on

at approximately 10,000 x g for 10 minutes. The pelléted
cells were then wasned twice by resuspension in ice-cold
50mM potassium phospHate buffer, pH 7.5, followed by
gentrifugation. _ These washed cells were then gently
suspended 1n 50mM potassium phosphate buffer, pH 7.5,
containing. 0. 1lmM MgClz and OzlmH CaCl2 and the cell
concentration adjustéd to 0.36émg dry weight of cells/ml.

2.2.5. The brahsport assay procedure

In a typical pyruvate transport assayewith strain JRG

596, a small volume of the washed cell suspension was added

- -

at 'zero' time, with mixing, to an equal volume of 40uM

[3-14C] sodium pyfbvate in 50mM potassium phosphate

buffer, pH 7.5. Reagents and cells were equilibrated to.
room temperaﬁuré (23°C) érior to mixing and held at room
tgmperature during theAassays. At various time intervals,
aliquots,'typically 1.5 ml, of the assay mixture were
removed and filte;ea immedia%ely through 0.45um Hilli;ore
filters held in place on a filtration manifold. The filters
were immediately washed twice yith 3.5 ml of SOmM phosbhate

buffer pH 7:5, containing O.1lmM Cacl2 and 0.1lmM

MgClz. Each filter was then dissolved in 10 ml of

~ .
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FIGURE 2-1. CORRELATION OF KLETT READINGS TO OPTICAL
DENSITY AND DRY WEIGHT.

-

These graphs were used to relatetxlett readings (from a
Kletgz erson colorimeter) to optical density and to dry
weight wheh needed for calculations or comparative purpose;.
Klett flasks, which eliminated sampling of the bacteria,
w.ere used to generate standard growth curves. Optical
density readings.were taken at 510 nm on a Gilford 2400
spectrophotpmetér.' Dry weight readings were taken by drying

aliquots of bacteria in pre-weighed aluminum weighing boats.
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Scintiverse E (Fisher Scientific) scintillation fluid and
the radiocactive pyruvate within the bacteria counted by
scintillation counting. The -amount of pyruvate adhering to
either the bacteria and/or the filter was measured by using
heat killed cells and extrapolated to zero time. This
amount was subtracted from the -experimental valué; at each
pyruvate concentration. Iniéxperiments in which the
concentration was varied, such as the determination of the
Km of transport, the amount of [3-14C] pyruvate was

held consfédt at 300,000 dpm/ml of the assay medium. The
initial rate of pyruvate uptake by whole cells was
determined by taking samples after 30, 60, 90 and 120
seconds. Eatl; time sampling was required due to the rapid
uptake of pyruvate by the bactéria.

2.2.6., Temperature effects on efflux and uptake

The effect of temperature on efflux and uptake of
pyruvate was determined by a variation of the basic assay
procedure above. Uptake oé pyruvate at temperatures ra%ging
from 0 to 50°C was determined by equilibrating the
uptake buffer to the temperature under study. The bacteria
were then added and transport allowed to occur for ten
minutes at that temperature. The cells were then filtéted,
washed and counted as described previously. For
determination of efflux, the bacteria were preloaded with’

pyruvate by exposing the bacteria to the assay buffer for.

ten minutes at room temperature. Aliguots of 1.5 ml of the

,~~



preloaded bacteria were then centrifuged in an Eppendorf

centrifuge and washed twice to remove external pyruvate.
Washing and centrifugation were completed within 45 seconds.
The bacterial pellet was then resuspended in 1.5 ml of SOmM'
potassium phosphate buffer, pH 7.5, containing calcium and
magnesium, previously equilibrated to thé temperature under
study, and efflux was allowed to occur at that temperature
for 10 minutes. The cells were then c;:}rifuged and a 1.0

ml aliquot of the efflux fluid was counted and corrected to

1.5 ml total volume.

2.2.7. The effect of energy irhibitors and sulfhydryl

reagents on pyruvate uptake

Various energy inhibitors and uncouplers were tested

for their effect on uptake of pyruvate in JRG 596. The

bacteria were preincubated with the inhibitor for 30 minutes
at room temperéture, then the uptake assay was conducted as
described previously. The initial rate of uptake was
determined by éampling at 30, 60, 90 and 120 secondé ang the
betcent inhibition was calculated by c?mparison wiph an
uninhibited control. The pyruvate concentration was held
constant at 20uM, the Km of transport.

Sulfhydryl reaéents were preincuBatedzwith the baéteria
for 30 minutes as in the case of the énergy poisons, and the
percent inhibitions calculated as described in the previous
paragraph.

2.2.8. The effect of analogue inhibitors on pyruvate

-




uptake

In order to determine the specificity of the pyruvate

transport system, various analogues were added
simultaneously with the pyruvate to determine which were
potential competitive inhibitors of the transport system.
The initial rates of transport, in the pfesence of several
different concéntrations of the purported inhibitor, were
détermined, and compared to the initial rate of transport in
the absence of the analogue. Percent inhibition values were
.then calculated from the;e valules. Potenéial compé%itive
inhibitors were further analyzed by deterﬁining the initial
rates of uptake at varying pyéuvate concentrations and a
constant inﬁibitor.concentrafion. Lineweaver-Bu;k (1934)
plots were g}aphed-using these data.

2.2.9. Thin layer chromatography of the cell contents

The bacteria were loaded with pyruvate_according to the '
basic transport assay and aﬁ time intervals the cells were
filtered and washed as described in the Methods section.

The cytoplasmic conténts of the filtered bacteria were then
extracted with 0.1 ml of chloroform and 0.2 ml of methanol
followed by 2.0 ml of distilled water according to the
méthod outlined by Matin and Konings (1973). Th{s extract
was centzifﬁged at 2,000 x g to .Jgemove the chloroform layer
and the upper agqueous layer was lyophilized overnigﬂt. The
lyophilized pytopiasmic extract was redissolved in less than

100 nl of distilled ;ater and spotted on precoated silica
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gel thin layer plates. A chromatography tank was prepared
previous to spotting the plates according to the procedure
of Per Nygaard (1967). Isocamyl alcohol and S5M formic acid *
(2:1) were thoroughly mixed in a separatory funnel and aft;r
separation, the lower acid layer was used to saturate
Whatmann 3MM filter paper. This filter paper was then
p;sitioned in the chromatography tank in such a way that it
was kept clear of the formate-saturated alcohol which was
used as the running solvent in the bottom of the tank. The
spotted and dried plate was then run in the isoémyl alcohol
until the solvent reached appproximately three-quarters of
the way up the plate. The plate was then air-dried
overnight and the radioactive spots detected by
autoradiogréphy on Kodak X-ray film for 5-7 da&s.

2.3. RESULTS s

2.3.1. Characteristics of the upfake of pyruvate in JRG

596

A ‘'typical growth curve for JRG 556, the pyruvate
metabolism mutant, is shown in Figure 2-2. The cells'weze .
grown at 37°C on supplemented M9 as describj
previously, reaching mid-log phase of growth at
approx{ﬁately 15 hour; using a 1% inoéulum. The pyruvate
uptake activity is also represented on this graph and it is
very clear that uptake of pyruvate peaks éharply during the

exponential phase of growth. In view of this result, the

-bacteria were routinely harvested at mid-log phase of growth
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" FIGURE 2-2. GROWTH CURVE AND PEAK OF TRANSPORT ACTIVITY.

The relationship between cell growth and uptake of

pyruvate in JRG 596 was used to optimize transport activity.

The open circles indicate the extent oF growth at 37°% -

in miniﬁal.MQ medium with acetate and glycerol as carbon
sources. The pyruvate uptake was determined from the total
uptake éf pyzhyate in 10 minutes at a concentration of
pyruvate of SOuM in the u;take assay. The uptake of
pyruvate is exprgssgd in te;ms of nmoles per'milligtam dry
weight of cells. Complete details of the growth medium and

pyruvate trdfisport assay are presented in the Materials and

Methods section.

|
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in order to optimize uptake activity.

The time ‘dependence of pyruvate transport is p:esented
in Fiqure 2-3, Pyruvate is accumuiéted linearly fa& about
two minutes, then approaches séeady state concentrations at
approximatel& 10 minutes. The leri curve represents the . -
results of the pretreatment of the cells with the uncoupler
CCCP. There is a significant reduction~in uptake activity.
A similar reduction in uptake activity can be achieved with

heat-killed cells.

2.3.2. The effect of temperature on pyruvate uptake and

efflux

" The effect of temperature on uptake and efflux of
pyruvate is shown in Figure 2-4. Efflux and gptaka‘lere
determined at steady state (10 minhtes) conditions as
described in Methods. Uptake of pyruvate increases sharply
from 0 to 10°C, then blateausgat a constant high level
of uptake unéil about 25°C, where uptake activity falls

off to approach zero at approximately 50°. ‘The level of

2

efflux is stable from 0 to 25°C, at which point efflux

increases to peak at-40°C and gradually decreases again.

2.3.3. The Michaelis constant of pyruvate transport

The Km of pyruvate transport was determined by
obtaining the initial rate of transport, as described in
Methods, at varying pyruvate concentrations. Two different

stages of cell growth wereé chosen, mid-log and late-log, to

determine whether or not other pyruvate transport systems




FIGURE 2-3. THE TIME COURSE OF PYRUVATE UPTAKE BY

STRAIN JRG 596 GROWN TO MID-LOG PHASE.
Pyruvate uptake has been determined at a final pyruvate
concentration of 50uM in the uptake assay. The solid

circles indicate the pyruvate uptake in untreated cells,

The open circles indicate the pyruvate uptake by Cells

preincubated at 23°C for 30 min. in the presence of 1luM

e ey semma e

CCCP. Pyruvate uptake is expresgéd in terms 'of nmoles of

pyruvate taken up per mg dry weight of cells.
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FIGURE 2-4. THE EFFECT OF TEMPERATURE ON EéFLUX AND

UPTAKE OF PYRUVATE.

The open sgquares denote uptake of pyruvate at various
temperatures. The closed squares indicate efflux of
pyruvate from preloaded cells over the same temperature
range: Complete details of the temperature incubations and
the uptake and efflux assayé are given in the Materials and

Methods section.
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exlst at varxoﬁs stages of cell growth. It 1s evident from
the results presented 1in Fxggre.z-s that éhe Ky of
transport extrapolates to the same value at both stages of
growth; 18-19uM. Botn lines were generated by linear
regression'analys1s.

2.3.4. ‘The effect of energy poisons on pyruvate uptake

A variety of energy inhibitors and uncouplers were
tested to determine 1f the transport of pyruvate 1n E. col:
1S an energy requiring process. Table 2-1 lists the energy
inhibitors which were examined. Potassium cyanide and
sodium azide are both fairly effective as inhibitors, but
the uncoupling agents 2,4-dinitrophenol and CCCP are both
extremely effective at blocking pyruvate uptake. Sodium
arsenate shows no inhibitory effect on pyruvate transport in
cells starved of ATP by dinitrophenol exposure.

2.3.5. The effect of sulfhydryl reagents on pyruvate

transEort

The data prgsented 1n.Table 2-2 outlines the effect of
sulfhydryl reagents on pyruvate uptake ;n E. col1 strain .JRG
596. All the sulfhydryl reagents had differing levels of
inhibition on pyruvate uptake when the cells were
preincubated with the reagent for 30 minutes prior to the
tri1yl. Of the three reagents studied
p-hydroxymercuribenzoate was the most effech{xe inhibitor
with appproximately 60% 1nhibition at lmM final

concentration and N-ethylmaleimide the least effective

N« .
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FIGURE 2-5. THE MICHAELIS CONSTANT OF PYRUVATE
TRANSPORT AT TWO DIFFERENT STAGES OF CELL

GROWTH.

Determination of the Km for the pyruvate uptake 1in

strain JRG 596 grown to mid-log phase (triangles) and

late-log phase (circles). The open and closed symbols

denote data obtained from two separate efperiments. The
lines have been determined from linear regréssion analysis
of the data. The velocity represents the initial rate of
pyruvate uptake expressed 1n nmoles per min per ég dry
weight of cells., The K, was determined to be 18-19uM at

both stages of cell growth and the Vm for the mid-log

ax
cells was 10-14nmol per.mg dry weight of cells per minute.
Specific acitivity of the labelled pyruvate used was

19.8mCi /mmol.
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Table 2-1. The Effect of Various Energy Poisons on
Pyruvate Uptake in Strain JRG 596.

Inhibitor Concentration gInhibition
Sodium azide 1mM 60 -
Potagsium cyanide 1mM 52
Sodium arsenate? 0.2mM 0
2,4-Dinitrophenol 0.8mM 95
ccee ’ " am : 75

10uM 95

Cells were grown to mid-log phase, washed and resuspended
in 50mM potassium phosphate buffer, pH 7.5 as described in
Methods. The cells were preincubated with the inhibitor
for 30 min at room temperature prior to the determination
of the initial rate of pyruvate uptake.

The % inhibition was determined by comparing the initial
rate of pyruvate uptake in control and inhibited cells at
a pyruvate concentration approximating the K_ value

of 20uM, m .

%The effect of arsenate was tested in starved cells
according to the method outlined by Berger and Heppel
(1974). Bacteria were grown normally and then exposed to
dinitrophenol for 8 hours. The starved cells were washed
extensively, suspended in buffer, and exposed to arsenate
for 5 min., An electron donor system, 20mM ascorbate and
200uM phenazine methosulfate, was added and incubated

for another 5 min. Transport was initiated by the

addition of labelled pyruvate, and samples were taken at 20,
40 and 60s. Transport was dependent on the presence of the
electron donor system and percent inhibition was determined
by comparison w§th an uninhibited control.
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Table 2-2. The Effect of Various Sulfhydryl Reagents on
Pyruvate Uptake in Strain JRG 596.

Inhibitor Concentration $Inhibition
N-Ethylmaleimide 1mM - 18
lodoacetamide 1mM 38
p-Hydroxymercuribenzoate ImM S8

Cells were grown to mid-log phase, washed and resuspended
in 50mM potassium phosphate buffer, pH 7.5 as described
in Methods. The cells were preincubated with the inhibitor
for 30 min. at room temperature prior to the determination
of the initial rate of pyruvate uptake.
The § inhibition was determined by comparing the initial
rate of pyruvate uptake in control and inhibited cells
at a pyruvate concentration approximating the K

m
value of 20uM.




inhibitor with 18% inhibition at the same concentration. It

is apparent from these results that a sulfhydryl group is
involved somewhere in the transport process. The varying
response of the transport system to the sulfhydryl reagents
may be due to the ability of the reagent to penetrate the
cells to the site of action.

2.3.6. The effect of substrate analogues on pyruvate

transgort

In  order to establish the specificity of'the pyruvate
transport system, substrate analogues were added
simultaneously with the pyruvate in the standard uptake
assay. The initial rate of pyruvate uptake in the presence
of the analogue was compared to the initial rate of
transport in the absence of the inhibitor. The percent
inhibition for several different concentrations of analogue
was calculated from the initial rate dsta, and the results
are présented in Table 2-3. An increase in the percen{
inhibition with idcreasing concentration was interpreted by
us to be indicative of a potential competftive inhibitor,

-Only four of the tested substrates were found so display
}néreasing inhibition with increasing concentration. The
synthetic analogues 3-bromopyruvate, pyruvic acid methyl
ester and the natural aﬁ?logues lactate and alanine display
this .proportionate response. The other analogous substrates

listed in Table 2-3 displajed no such increase in

inhibition, denoting non-specific inhibitiond at work.




Table 2-3 The Effect of Various Pyruvate Analogues
] on Pyruvate Transport in JRG 596.

L X
Inhibitor Concentration (mM) tInhibition
3-8romopyruvate 0.025 34
) 0.050 65
0.100 85
PAME 0.050 57
0.100 62
1.0 94
L-Lactate 1.1 12
! 2.1 16
Alanine 0.56 9
1.1 13
2.1 27
Acetate ) 0.56
‘ 1.1 20.6x5.5
2.1 .
Glycine 1.1
2.1 36.5%£1.5
Succinate 0.56 ‘
1.1 30.0%2.6
201
Malate 0.56
1.1 38.0+4.6
2.1

-

Cells grown to mid-log phase”in minimal medium were washed
and resuspended in 50mM potassium phosphate buffer, pH 7.5.
The cells were then added to a mixture of pyruvate and
inhibitor at zero time. The § inhibition was determined by
comparing the initial rate of pyruvate uptake in control
and inhibited ‘cells at a pyruvate concentratjon
"approximating the Km value of 20uM.

[~
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2.3.7. Kinetic study of the natural analogues L-lactate

and alanine

All potential substrate inhibitofs were subjected to
kinetic analysis in order to determine the type of
inhibitory behavior and an inhibitor constant., The data for
the plots was obtained as described in the Methods section,-
and plotted by the method of Lineweaver and Burk (1934).
Although several different concentrations of lactate and
alanine were used to determine the Inhibitor constant, only
-one of the lines is rgpresented in Figure 2-6. All the
lines plotted ;e:e the result of linear regression“analysis
of the data and intersect the vert?cal axis at the same
point, indicating competitive inhibition. The inhibitor
constant (Ki) calculated for alanine was 8.0mM and for
lactate was 7.5mM, Consiéering the Km of the pyruvate
transport system had previously been determined to be 20uM,
the millimolar values of the natural amalogue inhibitor
constants can only be interpreted as being beyond the range

B

of physiologically important substrate inhibition.
¢

2.3.8. Kinetic study of the synthetic analogues

3-bromopyruvate and pyruvic acid methyl. ester

Similarly to lactate and alanine,Tthe kinetic studies

on the synthetic analogues 3-bromopyruvate and PAME were

plotted by the Lineweaver-Burk double-reciprocal method.
Figure 2-7 dépicts these results. 3-bromopyruvate

intersects the vertical axis and the control line at both-
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FIGURE 2-6. INHIBITION CURVES FéR THE NATURAL PYRUVATE

ANALOGUES L-LACTATE AND ALANINE. -

Competitive inhibition ¢f pyruvate uptake in strain JRG
596 by the ﬁonocarboxylic acids lactate and alanine. The
inhibitor was added simultaneously with the pyruvate to the
reaction mixtﬁre and the initial rates of pyruvate uptake
were deéermined'as mentioned in Methods. The veloecity is
expressed in‘nmoles of pyruvate taken‘up per min.per
milli;ram dry weight of‘cellé. (@) control, (O) in the

presence of 1lmM alanine, (A ) in the presence of 1lmM

L-lactate.
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FIGURE 2-7. INHIBITION CURVES FOR THE SYNTHETIC

PYRUVATE ANALOGUES 3-BROMOPYRUVATE AND

PYRUVIC ACID METHYL ESTER.

Competitive inhibition of pyruvate uptake 1n strain JRG

596 by the synthetic analogs 3-bromopyruvate and pyruvic
acid methyl ester., The injibitor was added simultaneously .
with the pyrUVate'to thgf reaction mixture énd the initial
rates of pyruvate upta e “were determined as'ment;oned in
Methods. The velocity is expressed in nmoles of pyruvate
taken up per min per mg dry weight of Cellsﬁ

(A) ,The effect of 3-bromopyruvate, (@) control, (O) in

i

E of S0uM 3-bromopyruvate;

the presence of 25uM 3-bromopyruvate; (@) in the presence

{B) The effect of pyruvic acid methyl ester. (@) control;
(A) in the presence of S0uM PAME, (A) in the presence of

200uM PAME,

Ao g, o+

»
-

-~

.




TR

N

(=AM - FIVAMIA

olo

r
VELOCITY !

N X

-0t




4

concentrations of inhibitor tested. PAME also displays this
behaviour, which is typical of competitive inhibition. The
calculated inhibitor constants are 25uM for 3-bromo§9ruvate
and 100uM for PAME. In this o3se, in direct contrast to the
natural analogue results, the synthetic analogues afe very
good.competiti;e inhibitors’ of pyruvate transport.

2.3.9. The fate of pyruvate in the cytoplasm of JRG 596

Escherichia coli cells were loaded with pyruvate for

various time periods and the cytoplasmic contents extracted
as outlined in Methods. The cyfsplasmlc contents were ‘
separated by thin layer chromatography ;nd the position of
the resulting radioactivé spots coﬁpared, by means of
autoza@iography, to a pyruvate standard. At early time
intervals, less than two minutes, p}ruvate could be
discerned to bg tﬁe princgpal radioactive substance
extracted from the cytoplasm (results not shown). At ten
minutes, several other unidentified bands were easily
_discegnable, buF theiﬁ same bands were at best very faint at
twé minutes...We interpreted these results to mean that
metakolism of the pyruvate did take place, but at the early
time intervals during which the kinetic resulés were .
obtained, metabolism ¢f pyruvate could not adversely affect
the results. |
2.4.  DISCUSSION

It is clear from the results presented in this chapter

ghaé\ghére is- ample evidence to support the conclusion that
t ) 4
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a unique actgve transport system serves to tdke up pyruvate

in Escherichid coli Kl12. Uptake of pyruvate does occur 1in

whole cells as demonstrated in flgure 2-3, This uptake 1s'
largely abolished when tﬁe cells are heat-killed or treated
with an enérgyninyibxtor Such as CCCP, 1ndicating that the
cells must be viable or capable of'p;oduéing metabolic
energy in order to support transpart., Uptake activity peaks
during exponential growth of the baCterla; when mo;t
mefabolic functions a;é at the}r‘hxghestﬂlevels and the
requirement for nutrients is‘ajéé high.

Kinetic studleshqfngﬁe éirdvate‘transport systeQ'

. *

(Figute 2-5) revealed thé&li%»iwo different stages of cell
growth,‘only one K_ value“o£‘2hun could be determined.

Both af the double Lécxproéal lines were stralght and
unbroken, 1nd1cat1ng;:hat tA;;e-was no other system wl*n a
different affinity for pytuvatg contributing to the
transport activity. AlthOugh genetic studies have not peen
carried out to pxnpoxnt the number of pyruvate transport
-systems operatzng in E. CDll , the kinetic evidence favours
a single system.

Studies were cazriéd‘odt with various enegéy inhibirtors

in order to determine the energy requirements of the . - f\

transport system and, if pgssible, the source of .this.

energy. Table 2-1 lists the inhibitors tried and their “e *

effect on uptake. Azxde, cyanide, 2, t—dxnxt:ophenol and s

CCCP are all potent inhibjtors of pyruvate transport. The -

wvr- - ~
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best of the 1inhibitors are the uncouplers dinitrophenol and

CCCP. The uncouplers act by collapsing the proton gradient

&

and 1n§erfer1né with phosphorylation without 1mpeding
electron flow (Boos, 1974). Azide, which :inhibits ATPase
activity 1n E. col1l (Rolsin and Kepes, 1973), possibly by
uncoupling the proton motive force from the ATPase, 1s also
an effective i1nhibitor. Potassium cyani:de prevents the
reduction of éxygen in the ter%xnal step of electron
transport and also i1nhibits transport of pyruvate. The oniy
16h1b1tor incapable of 1mpeding the uptake of pyruvate in
JRG 596 was found to be sodium arsenate. Arsenate had no
effect on the rate of transport 1n cells starved of
endogenéus ATP Dy dinitrophenol exposure. Arsenate 1nhibits
’Mphosphozylatxon reactions by substituting for 1norganic

phosphate,.usually.yxeldxng unstable low energy arsenate

compounds. Thé conclusion which must oe drawn from-these
results 1s that pyruvate transport 1s dependent "upon the

‘genetgtxonﬁbf metabolic energy, most probably generation of

the proton or pH gradient, $ince disruption of the gradient

";b}'uncouple:s has the most deleggr;ous effect on uptake.
ATP does not appear tc bé obiliqatory ‘for transport since
"'sod1am arsenate does not inhibit uptake and has been shown

by Bétgex‘and Héppel (1974) @o elxmxnaté;the production of

ATP 10 starved E. coli, Since the whole cells stall contain

e ” + T '
o anh;qgactuMgz -Caz*-ATPase however, ATP 1nvolvemengw,

in the traasport ptoceas‘cannob be entirely ruled out until

-, . -
LN . . -

- ATPasg
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deficient mutants (Prezioso et al. , 1973) are used to
eliminate this poss;bxlxty..

The action of uncouplers alse does not appear to be
comfined solely to affecting proton conduction. Kaback et
al. (1974) has shown that CCCP 1s capable of acting s@mply
as a sulfhydryl reagent, and 1nhibition of D-lactate driven
transport can be reversed by the addition of sulfhydryl
compounds., 2,4-dinitrophenol was shown by Smith and Montie
{1975) to affect the ;ransxtlon temperature of bacterial
membranes and inhibition of transport does not take place
belbw that temperature. This information can only confuse
the obvious conclusion that pyruvate transport 1s dependent
on the genératlon of the proton motive force hypothesized by
Mitchell (1963) as outlined in the first chapter. More

+

" ri1gorous examination of the transport system with

2“‘—Caz*—ATPase mqtanté and other energy i1nhibitors

Mg
wlll be necessary to definitely pinpoint the source of the
energy upon which pyruvate ;ptake 15 dependent.

Sulfhydryl reagents, which inhibit transport of
pyruvate to various extents (Table 2-2), would indicate that
a sulfhydryl group 1s involved somehow 1n the uptake
process.. This {nformatlon may be useful in characterizing
the components of thé transport system at some later daté.
Kabaék and Barnes (1971) had proposed a transport model

which utilized the oxidation and reduction of a sul fhydryl

group containing carri€r protein as the method of



translocation, but this model has since been displaced by
the author by one favouring chemiosmos:is (Kaback, 1974).
The pyruvate uptake system also appears to be specific
for pyruvate. The kinetic results of the analogue studies
demonstrated gquite cléarly that neither of the natural
analogues, lactate or alanine, was a candidate for a
substrate competitor of uptake. Only the synthetic
analogues, PAME and bromopyruvate, had i1nhibitor constants
in the range of a potent competitive inhibitor, clearly
demonstrating that the transport system has a narrow
speciﬁlcxty range which recognizes small modifications in
the pyruvate molécule. Neither of these artificial
analogues should have been metabollzed to any extent within
the cell, and this Yact, coupled with'the short time
interval during which the kinetics were studied, ieads to
the conclusion that the competitive 1nhibition tykes place
at the level of a transport element rather than at the
cytoplasmic enzyme level. According to the results from the
thin layer chromatoéraphy of the cytoplasmic contents,
pyruvate was not subject to significant metabolism durxngs
the first two minutes of uptake, so competitive inhibition

~

of the gytoplasmic enzymes by the synthetic analogues does

not explain competitive. inhibition results obtained within
that time period.
Ideally, transport of.a substrate should take place 1n

the absence of metabolism 1n order to demonstrate true

(v

(@D



active transport, Accordxng‘to the detailed analysis of the

effect of metabolism on the kinetics of traﬁsport by
Christensen (1975), metabolism of substrate should not 7/
affect the kinetic'results, providing the 1initial rates of
transport are taken at early time 1ntervals. However,
without. the absence of metabolism, concentration of the
substrate against the gradient 1s subject to question.
Calculating the concentration of pyruvate within the whole
cells at steady state (10 minutes), using an {nternal volume
of 2.7 wl per milligram dry weight (Winkler and wWilson,
1966), results 1n a value of 8.lmM, Compared to the
external concentration of SOQH, 1t would initially appear
that pyruvate is céncentrated over 150 times against the
gradient. However, according to the thin l;yer
chromatography of the cell contents at ten minutes, pyruvate
had been éartially metabolized to several unknown compounds.
he amount of unmetabolized pyruvate could have been
lstma;ed by scraping the labelled bands and counting, but
the variable effxcienc; of both‘the extraction and
. separation procedures would still have led to inaccuracy 1in
the cq@dulatfon of tne amount of unmetabolized pyruvate 1n
the cé&ls. Instead of' relying on the whole cell system,
with eﬁzyme systems still capable of metabolizing pyruvate
to demonstrate the accumulation of pyruvate against the

concentration gradient, we decided to repeat and confirm the

whole cell transport studies using membrane vesicles. The




-

membrane vesicle results are presented 1n the following

chapter.
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CHAPTER 3. THE TRANSPORT OF PYRUVATE IN MEMBRANE

VESICLES OF ESCHERICHIA COLI Ki2.

-

3.1. INTRODUCTION : .

The prev1ous chapter presented the results from
pyruvate uptake studles u51ng a mutan; straxn of E. coli K12
defectlve'ln pyruvate metabolism. With this mutant ;e were
able to demonstrate that‘pyruvate is taken up by an energy
dependent process. No klnetlc ev1dence of more than one
uptake system could be presented ana all the analogue
%nhibitor studies indicated that the transport system was
specific for pyruvate alone. Since catabolism of pyszate
was not totally eliminated in the mutant strain of E. coli ,
one of the criteria of active tz?nsport, accumulation og
substrate against the concentra{ion gradient, could not be
substantiated to our satisfaction. Matin and Konings (1973)
had demonstrated that uptake of pyruvate in membrane
vesicles of E. coli K12 did occur, but did not go on to
characterize this pyruvate uptake system, Membrane vesicles
are a eystem devoid of the cytoplasmic contents and .
cohsequently the soluble enzymes. Catabolism of pyruvate
woulq therefore be greatly reduced, if not eliminated, by
using such a system for the demonstration of active
transport of pyruvate. We decided to usde membfane vesicles

to repeat and enlarge on the information already obtained

from the whole cell studies. This chapter will aesczibe

&"
sl



these studies.

3.2. MATERIALS AND METHODS'
3.2.1. Chemicals //

. All common chemicals, such as the cation sources, were

obtained from commercial sources and were of reagent grade

14

or better purity. [3-" 'C] pyruvate, sodium salt, °

15-20mCi/mmole, was obtained from New England Nuclear. The

isotope was routinely checked by scintiliation counting for

4

concentration corrections after-dilution. The .quantity of

-

pyruvate delivered varied from the gtatéd weight from 'vial

to vial and a correction using the speéific aetivi£y was
necessary to~p;eserve accuracy. THe purity of the pyrévgte,
was periodically checked by thin layer chrpmatoggabhy;
Phenazine methosulfate was obtained from Sigma and was"
diluted just prior to use. The diluted PMS was kept iﬁl£he’ .
dark whenever possible. Ascorbic acid was also diluted a;d

the pH adjusted to 6.6 immediately Befo:e the assays were -

starteq.-"Other eneréy sources, such as NADH and D(-~) lactate

were also obtained from Sigma. The electron transport

iqhibitors, suchcas CCCP angd 2,4-dinitrophenol, the

sulfhydryl reagents such aé‘ﬁ;ethylmaleimide and the pH

buffers were also receivad from Sigma. Precoated silica gel

thin layer chromatography plates, Si 250 (20cm «x 20cﬁ), were
' ’

obtained from J. T. Baker.

. 3.2.2. ' Bacterial strain and growth media

The bacterial strain chosen for the preparation of the




“

membrane vesicles was a wild type E. coli K12, designateé
\ﬁft H. The bacteria were roufinely grown in 12 liter
patches in qf:lsrunswick fermentors on Luria Broth (Miller,
1972). ThiQ)enriched broth was inoculated to 1t with an E.
coli K12 culture also grown on LB medium to midelog phase of,
growih. The férmentor cultures were .grown to mid-log stage
of érowth (approximately three hours) and harvested by means

~

of a Pellicon filttation unit .(Millipore).

3.5.3. .Preparation of the membrane vesicles
v

The membrane vesicles were prepared by the method of
Kaback and Stadtmén (1966) . These Kaback vesicles were
prepared by forming spheroplasté by-resuspending washed

RS . ’

.bacterial cells in a lysbzyme—EDTA buffer, followed by lysis ) .1i
Qf the Spheroplastsf}h hypotonic byffer containiny DNase and-

«

RNase. The resultant vesicles were extensively washed by

differentjal centrifugat{on and tesuspended in (0.1M .

™\ potassium phosphate buffer, pH 6.6. The protein

concentration was determined by ‘the mé;hod of Lowry et al.

. {1951) and tMe protein concentration of the véesicles

.

' gdjuétedfto.ﬁ-S mg per ml. .The vesicles yﬁ‘: then divided

. '
into small aliquots and stored-at -70°C. Aldquofs of
. Q?e vesicles were thawed at room témperature immediately

prior to use. . 4

03.2.4.”'~S;9néara-aésqy for pyruvate uptake in membr ane
= - N

- vesicles = o ‘o ({“ .

The standard assay for pyruvate uptake in membrane

.




‘reaction at a concentration of 20uM. Total volume of the

' were washed twice hy 3.5”m1 of 0.1M LiCL. Filtration and®*

3 _ ' &£

-

Qesicles was adapted from the meth?ds of Rayman et al.
(1972) and Matin and Konings i1973). Aligquots of the
membrane preparation, con;aining 0.1 to 0.2 mg of protein,
were d{}g&gg‘iP SOmM potasbdium phosphate buffer, pH 6.6, and
supplemented with magmesium sulfate to 50mM. The buffered
membrane vesicles were then preincubated for fifteen minutes

at room temperature (23QC). After fifteen minutes, an

attificial electron donor system, 20mM sodium ascorbate, pH
[ ]

‘6.6 and 200uM phenazine methosulfate was added.
. 2

[3-%4C]—sodium pyruvate was added to- initiate the

reaction mixture was 0.1 ml. At time intervals, the
* 1 3

reacti&n was sEopped by dilution by the addition of 3.5 ml

of 0.1M LiCl and filtered through 0.45um Nucleopore filters

on a ten place filtration manifold. The filtered vesicles
washing were qémpleted wighin 30 seconds. The filtets were
then dissolved in 10 ml of Scinfivetse E scintillatioh\fluid
(Fisher) and the radL&active pyruvate contained within the
vesicles was measured by.scintillation counting. Each
sample was corrected by a 'zero' time control obtained by
dilutingitge reacgion mixture Qith LicCl priOr(po the
addition of the labelfed.pyruvate and filtering and ceounting

as above. . )

3.2.5. - The pH profile of pyruvate ug;aﬁé in.vesicles

The pH profile of.theiuptake of pyruvate in membrane-

Y

.
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vesicles was determined by using buffers with effective pH
ranges which fell within éhe range of.interest.‘ The buffers
of choice and their pH ranges are as follows: MES, .
2-[g—morpholino]ethaneSulfanate; pPH 5.8-6.5, BES,
(N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonate); pH
6.6-7.6, T}icine, (N-tris[hydroxymethyl]methyl glycine); pH
.7.6-8.8. The standard transport assay as.outlined above was
followed using these buffers at the appropriately adjusted
pH instead of the standard phosphate buffer. Uptake was
allowed to progeea’?or ten minutes and then duplicate

samples were filtered, washed and counted.

3.2.6. The effect of various energy sources and cations on

pyruvate transport in membrane vesicles .

Various energy sources were used in thé standard uptake
assay in an effort to determine the energy dependence Jf the
transport system. The energ} sources were simply
substifuted for the PMS-ascorbate electron donor system in
the;assay mix, ' : .

The cation, dependence of the ttanspézt system was aiso
examined, Various cation sources were substituted for
Hgso4 and pzeincub;ted with the membranes for fifteen

minutes prior to the addition of the electron donor source.

The rest of the standard assay procedure’ followed as

outlined aboyve. . .

3.2.7. _The effect of energy inhibitors and sulfhydryl

reagents on pyruvate uptake in vesicles

O~



~ .

Energy iphib1tors and sulfhydryl reagents were
preincubated with the Q?mbrane vesiclés for fiftéen minutes
_p;ior to the addition of the pyruvate and electron donors.
,The‘sta%dard assay was then followed §or ten minutes (steady‘
‘séate), filtered and counted. .The inhibitor assays were

then compared to an uninhibited control, assayed under

identical conditions, and ‘the percent 1inhibition calculated

]

s

from these two values.

3.2.8. The effect of analogue inhibitors on pyruvate J

uptake 'in vesicles

Prelimjnazy studies were carried out to determine which
pyruvate analogues were potential inhibitors of pyruvate
uptake 1in the membrane vésicies. In these studies, the
analogue was added simultaneously with the pyruvate and the
amount of pyruvate inside the vesicles was counéed at ten
minutes. Percent inhibition df tfan@port was calculated by
comparison of the analogue va}ues to an uninhibited control.
The concentration of.the analogug'was varied to determine
the effect of increasing concentrétibn on the extent of
inhibition.

Those analogue inhibitors which displayed potential _ ;'
competitive inhihitign were examined in more detail by
kinetic analysis, These studies were carfied ogt either by
va:yiné the inhibitor concentrat.on at a constant pyruvate
concentration or by varying .the pyruvate concentration at a

. . . ‘
constant inhibitor_concentration. The resultant graphs were

<«
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used to determine the nature of the i1nhibition, either
competitive or non-competitive, and an inhibitor constant.

3.2.9. The fate of pyruvate in membrane vesicles

Membrane vesicles were also assayed to determine
whether or not pyruvate was metabolized during transport or
while accumulating within the vesicles. The vesicles were
exposed to labelled pyruvate as described above in' the
transport assay, but the concentration of pyruvate was
increased to either 100uM or 500uM. In the case of the

14C]—pyruvate was

hrigher pyruvate concentration, [
maintained at-100@M and unlabelled yruvate was\added to
make up the final concentration of 500uM. At time
intervals, 20 pl aliquots of the assay mixture were spotted
directly on thin layer chromatography élates and air dried
according to the procedure of Kaback and Milner (1970). The
plates were thef immediately developed by the ‘hromatography
methed of Nygaard (1967) as described in the previous
chapter. hThe radioactive spots were detected by
autoradioqrabhy by exposure to Kodak X-ray film for 7 dgys.

-

3.3. RESULTS

-

3.3.1. Characterization of the pyruvate transport system

in membrane vesicles

-

_ The initial stage in this study was to establish that
transport of pyruvate in membrane vesicles did indeed occur.
Matin and Konings (1973) showed that uptake of pyruvate took

place in vesicles of E. coli K12, But duplicatioﬁ of this

-




1
was required before proceeding with the characterization Jof
the transport system. Optimal pyruvate uptake occurred 1n
vesicles prepared by means of a Teflon and glass

motor-driven homogenizert: The results of the time course of

pyruvage uptake 1n membrane vesicles prepared in thls manner
are presented 1in Figu{e 3-1. It 1s evident that uptake of
pyruvaté in E..col1 membrane vesicles 1s stimulated by the
artificial electron donor system ascorbate-PMS, Py:uvate.;s
accumulated rapidly and linearly for roughly one minute and
then the rate of uptake tapers off gradually and reaches
steady state at about five minutes. It can be calculated
that :he internal concentration of pyruvate in éhese
vesiclés at steady state is 110uM, assuming that the
internal volume of the vesicles 1s 3 ul per’milligram
membrane protein (Konings-.and Freese, 1972). Comparing this

internal concentration value to the external pyruvate

concentration of 15uM yields a figure of seven times the

external concentration.. In the absence of electron donor,
the ccncenfration of pyruvate inside the vesicles is roughly
20uM, a value very close to that of the external
concentration, and implying a simple equilibration process
was involved. , Other membrané végicle pgﬁFaraCions were
observed to déke up diffexent'quantities of pyruvate, A
maximum value of fifteen times Ehg external pytuvateT .

concentration was achieved with one of these other .batches.




FIGURE 3-1. THE TIME COURSE OF PYRUVATE UPTAKE IN

MEMBRANE VESICLES.

Pyruvate uptake in E. coli K12 membrane vesicles was
determined at a final pyruvate concentration of 15uM. The
open ci;cles indicate pyruvate uptake in éhe presence of the
electron donor system 20mM sodium ascorbate, pH 6.6 and
ZOOQH phenazine methosulfate.\ The closed symbols denote the

uptake of pyruvate in vesicles in the absence of the

electron donor system.

- QR ratamrue st < L et adiiA Sk AR " )



\J

T = T A | | | | |
- FOA ® / -
. K
« ﬁ.
- Tol/ ® -
51/ ®
—O0—A. ) .
1 1 L LAk T S -
79 [¥e) 0 O 0
" R ¥ 8 = = -8

(1-u1dj01d aubaquiaws Bw 8jowu) A LIAILIV INV.LDN

15

10
TIME (min.)




Due to the variability 1n uptake actﬁvity found i1n the
vesicle prgparations, experiménts in which comparison of
results was a critical factor were completed with the same
batch of ve;icles.'

The pH optimum of pyruvate uptake was then determined
1n order to verify that the yesicle assay conditions were
appropriate for the substrate. Figure 3-2 shows the results
of this stddy. Uptake displays a broad peak of activity
between pH 5.5 to 7.5, with maximum activity at pH 6.0. The
assay PpH Af 6.6 was retained for future assays however, due
to the presence of pyruvate oxidase activity fodnd in
membrane vesicles of E. coli B wild type bacteria
(Shaw-Goldstein et al., 1978). The Ko of this pyruvate
oxidase, which converts pyruvate to acetate and-COZ,
80mM at pH 7.5, but decreased ;o 3.2mM at pH 6.2. In order

was

to minimize the activity of the pyruvate oxidase énd.lesseh
the chances of pyruvate being'metabolized, the standard pH
value of 6.6 was used, although a slightly lower uptage
activity would be the result.

Altﬁough uptake activity can be energized with the
artificial electron donor system ascorbate:PMS (Figure 3-1),
other energy sources were tested for their ability to
stimulate uptake of pyruvate in the vesicles. The results
of these studies are shown in Table 3-1. It is clear from

these results that PMS-ascorbate is the best of the energy

sources for stimulation® of pyruvate transport. The only

.y
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FIGURE 3-2. THE pH OPTIMUM OF PYRUVATE TRANSPORT IN

VESICLES.

AN

To optimize the tfansport assay in membrane vesicles,

the pH optimum of uptake was determined. The transport

assay was carried out essené‘hlly as described in the

' Materials and Methods section, except for the substitution

.

of the phosphate buffer by the buffers indicated at the

bottom of the'graph.' The transport assay was allowed to

L)

proceed for 10 minutes to steady state conditions and the

transport activity (nmoles pyruvate per milligram membrane

protein) of duplicate samples was determingd.. All the

’

samples were c*rected for 'zero' time controls, in which

the amount of pyruvate adhering to the exterior of .the

vesicles or the filters was determined by stopping the

assay before the addition of the labelled pyruvate. The

buffering range of the substitute buffers is indicated by

- the arrows at the bottom of the graph.

system used was PMS-ascorbate.

The ¢lectron donor

~
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Table 3-1. The Effect of Various Energy Sources on

-

Uptake of Pyruvate by Membrane Vesicles
of E. coli Kl2.

the

Energy source

Concentration (mM)

Uptake Activity
(nrmoles pyruvate/
mg protein/l0 min.)

None

Sodium ascorbate
PMS’ |
Ascorbate + PMS
NADH _ .

NADH + PMS
D(-)Lactate
Glucose

PEP .
fo:mace

ATP

.ADP

CAMP

20

20

20
20
20
20
20
20

20

-

0.073
0.110
0.044
0.712

0.064

.0.560

0:014

0.045

0.093

0.059
0.014

0.030

0.075

p—

.

The assay was pefformed as described in the Methods section.
The variou$ energy sources were added immediately prior to
the addition of ,pyruvate and .uptake was allowed to proceed
for 10 min, The pyruvate content of the vesicles was then
determined. All the assays-contained equivalent amounts of
vesicle protein and a final pyruvite concentration of 20uM.
When pllenazine.methosulfate was used.in cdnjunction with

another energy donor, PMS was added to a final

concentration of 0.2mM,

Y
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other energy donor capable of substituting for PMS and
ascorbate is NADH and PMS. NADH, like ascorbate, reduces

phenazine methosul fate séontaneously and the reduced PMS can

. Teed electrons 1nto the electron transport chain of E. coli

below the level of cY?ochrome 91 (Konings et al. ,

1971). Metabolic intermediates, such as glucose, PEP, and
formate do not stimulate uptake and in the case of
D(-)lactate, even inhibit transport. None of the adenine
nucleotides tested was capable- of supporting uptake of
pyruvate. -

The role of cagions in the transport assay was also
examined. Table 3-2'lists the various cations added to the
assay mixture in place of magnesium in order to determine
the cation dependehce of the transport sys;em. The baseline
uptake activity was established by adding no cation to the
membrane vesicles during the fifteen minuéé preincubation
périod (see‘Hethods). Magdés+um su1£§te generated the
highest uptake actiyity, which agrees witﬁ the findings of
Rayman.et al. (1972) for the succinate system, and is
consistent with the choice of cation by Matdin and Konings
(1973). Other cations, sﬁch as magnesium chloride,

.

potassium chloride and manganous chloride can substitute for
' ~

mabnesium sulfate to some extent, but none of these salts
could stimulate uptake to .the level of magnesium sulfate.’
Still others of the ‘cations tried, sucl as nickel_,and zinc,

were inhibitors of the uptake process. Another observation

that arose from these data is the effect of otbei

- - v




Table 3-2. The Effect of Various Cations on Pyruvate
Transport in E. coli K12 Membrane Vesicles.

Uptake Activity

Cation Added ({nmoles pyruvate/
: mg protein/
10 min).
None 0.058 \
MgSO4 . 0.125
MgCl2 0.085
NaCl 0.073
k1 ° 0.087
LiCl 0.069 b
MnCl2 . 0.084
Ca(NO3)2 _ 0.034
Feso4 . . 0.073
znCl, ' 0.028
BaCl2 0.050
Nicl, . 0.027 ]
CuSO4 -\ 0.015

The values represent the steady state concentrations of
pyruvate in the vesicles in the presence of the various
metals.-. The experimental conditions were as described in
Methods except that the membrane vesicles were suspended
in 50mM HEPES buffer, pH 6.5. The final *concentration of
all the cations used was 10mM,, except 2ZnCl,, which

w~as used at lmM. The &oncentration of pyruaate in all
cases was 20uM. s
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buffers, in this case HEPES, on LranSport activity.. The
maximum uptake, with mégnesium, in the HEPEé buffer wa;
0.125 nmole pyruvate/mg protein/10 minuteéz The cbmparable
Melue in the phosphqte’bdffer, under fdent;Zal conditions, @

was 0.712 (seé Table 3-1, PMS and*ascorbate). This

deleterious efféct of other buffer systems can also be seen

in uptake lefels of the pH gurve (Figure 3-2), .In view of
. N i 9."' - -

these o ations, tran7port'studies were carried out in

“the original S50mM potas!ium phgsphate buifer whenever

-

possible.,

- -

3.3.2. The Michaelis constant.of. pyruvate uptake in

[} . -

membrane vesicles - ! t\v,,'

The Michaelis. constant. of the pyruvate transport'SYStem

» ’ I

was determined for the_membrane vesiclés. Figurk 3-3 is the -, ;}
result of the compilation of the data from four different
Km'determinations. The K obtained by linear \

regression analysis was ¥SuM. This value compares

.

favourably with the Ko of 20uM found in the whole cell

sguéies. The best line generated from these data showed no

_obvious breaks (biphasic kinetics):that would indicate

anébhef transport system operating at-a different affinity.
; . \ I
3.3.3. The effect of*various energy inhibitors and - -

- . .. /
sulfhydryl reagents on pyruvate uptake by vesicles

e gl V4 :

various enerdy inhibitors and uncouplers were

"

preincubated with the vesicles to'detéfmine,the energy .

dependence of the trahsport system, Thé results of these |

)
- . . . -
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FIGURE 3-3. THE MICHAELIS CONSTANT OF PYRUVATE HPTAKE

IN KABACK VESICLES.

The open and closed symbols represent four different

determinations of the Ko of transport. Experimental

~

details are essentially as outlined in the Materials and

Methods section. Each point was calculated from the

initial velocity of trangport assayed at 30, 60, and 90

seconds in duplicate. Each initial velocity value was

‘corrected by a 'zero' time control in which the amount of

pyruvate adhering to the filter and vesicle exterior was
determined b& ghe addition of pyruvate to diluﬁed vesicles
immediately prior to filtration. The slope of the line
was determined by linear regression (cgefficient of
correlation =.0.984) and the K obFaineg was 15uM.

Velocity was expressed as nmoles pyruvate taken up per
L J

milligram vesiclelprotein per minute. The Vinax of

E?ruyate uptake in vesicle& was found to be 3-5 nmoles per

mg membrane protein per minute. The specific activity of
the .pyruvate used was 15.6mCi/mmole. "The electron donor

system ‘used was 20mM sodium ascorbate and 200uM PMS.

[ RY VI
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~coli membrane vesicles is an energy dependent process.:

~

assays, presented in Table 3;3, clearly show that uptake of
pyruvate is an enetgyspréﬁdént precess. Only sodium
arsenate shows a non-specific type of inhibition, unrelated
to increasing ca;centration. This result is not unexpected,
since it is unlikely that the ‘vesicles retain the
cytoplasmit precursors which are inhibited in
phosphorylation }eactions by arsenate. The uncouplers CCCP,
DNP are particularly effective in preventing uptake‘of
pyruvate. Azide, which has been described as an uncoupler
and an ATPase inhibitor in E. coli (Roisin and Kepes, 1973)
was also an effective inhibitor of translodation. The
electron transpo:t‘chain inhibitors antimycin A and -

1)

potassium cyanide also display inhibitory properties.: It is

evident from thesg results that transport of pyruvate in E.

1

The inhibition of transport resulting from the exposure
of vesicles to sulfhydryl reagents is Shewp in Table 3-4.
All of the reagents tested were effective inhibitors éf
transport, but silver nitrate aﬁd.marcutic chloridevwere

found to be the best inhibitors of transport: These resuits

‘would indicate that a sulfﬁydtyl group.is involved somewhere

N -

in the transport system, -especially in view of the

information provided by Kaback and. Barnes (1971) that . .

regspiration induced by PMS-ascorbai;f;s not affected by

N-ethylmaleimide treatment.

3
v

3.3.4. The 'specificity of the pyruvate transport system in-

(§s]
nNO
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Table 3-3, The Effect of Various Energy Poisons on the
Transport of Pyruvate in Vesicles. 55
) Inhibitor Concentration(mM) % Inhibition

Sodium arsenatea 0.5 18l3
5.0 18.3
Sodium azide 0.5 29.6 -
5.0 "69.4
potassium cyanidé 0.5 26.8
, 5.0 50.3
2,4-Dinitr9ph;nol : 0.05 30.1
- ‘ L ~ 0.5 88.6. ‘
A . . .. Y . . ’
oligomycin®® .+ 0.805 4.1
- ,0.05 33.6 .
ccep® . 0.0005 33.7
, 0.005 88.8 .
3 N ‘
Antimycin A2 - . 0.05 . . 5.0 L
0.2 - 6140 -

*
i

A .

The standard vesicle uptake assay was followed as described.
in Methods. The’uptake assays were allowed to proceed to
steady state .at 10 min. The inhibitors were preincubated
with the.'membranes for 15 min. at room temperature prior

_ to the addition of the electron donors and. labelled

pyruvate. The % inhibitions were calculated by comparison
of the inhibited uptake assays to an uninhibited control.
The pyruvaeé\concentration in these experiments was held

at 20uM,

e

3The sodiump arsenate experiment was carried out in
HEPES buffer, pH 6.5, instead of the normal phosphate

_ buffer and compared to a HEPES buffered control.

Ppissolved: in dimethyl sulfoxide and compared to a
control assay containing an equivalent amount of the
solvent, . . T

IS
L]




Table 3-4. -The Effect of Various Sulfhydryl Reagents on
the Transport of Pyruvate in Vesicles.

Inhibitor ’ Concentration (mM) % Inhibition
N-ethylmaleimide 0.05 _ 21.5 * °
. . 0.5 : 33.4
lodoacetate 0.5 0.0
5.0 35.3
*Silver nitrate 0.008 17.6
*0.08 98.5
Mercuric. chloride " 0.01 ’ . 20.7
0 0.1 39.2
Al :
v N

The standard vesicle'uptake assay was followed as described
in Methods. -The uptake assays were allowed to proceed to
steady state at 10 min. The inhibitors were preincubated
with the membranes for 15 min. at room temperature prior

to the addition of the electron donors and labelled
pyruvate. The % inhibitions were calculated by comparison
of the inhibited uptake assays to an uninhibited control.
The pyruvate ccncentration in these experiments was

held at 20uM. . '



-

vesicles . .

The initial stage in estainshing.the specificity of
the pyruvate translécation system was to expose the vesicles
to several concentrations of substrate analogues, and to
calculate the inhibition resulting from .addition of the
analogue. The results of these studies are shown in Table
3-5. M expected from the whgle cell results, .
» bromopyruvate,. fluorop&rqute and pyruvic acid methyi ester
show increasing ﬁnhibition with increasing concentration, é
good indication Aé competitive inhibition. Most of the
natural analogues, reéresented'in Table 3-5 by oxaléacetaﬁg
ard élanin{, disglay either non-specifié'or no inhibition.
_D»Laétate ahd~L-la¢téte both show in&icétions of being good
.competitive in@iﬁitbrs. "Oxalic acid and gl}oxyi;te are
included in the table for convenience but their signific?nce
will be discusseé En a later section of thése results, ‘ -
All of>the analdgues that pro@uced a pattern of
increasing inhibition with increasing'concenttatioh were
examined by kinetic means in order to establjsh“thé"type*qf

. ool . N

inhibition involvéd and an inhibitor constant. ® By this o
means the specificity of the py:qvate'transportrsystem in E,
coli membrane vesiete;‘coulo-ﬁe'detgtmined. ihe'gtaphic
methods of kinegic analysis_cﬁoséd'were the .- Ce

double-reciprocal plot of Linéweaver-aurk (Lineweaver and

Burk, 1934) and the method of 6ixon-(Dixon and‘Webb, 1964). Q

L 4




Table 3-5. The Effect of Various Pyruvate Analogues on the
) Uptake of Pyruvate in Membrane Vesicles,

* Inhibitor Concentration(mM) & Inhibition
3-Bromopyruvate 0.05 , 93.2
N 0.1 95.1'

3-Fluoropyruvate 0.05 10.8

\ : 0.1 59.3

0.2 88.5

Pyruvic acid methyl ester 0.05 23.4

. 0.1 40.6

- Oxaloacetate 0.05 . ) 28.1

) 0.1 . 25.7
D(-)Lactate 0.05 38.9 ’

. 0.1 80.6

. 0.2 97.7

L (+)Lactate e 0.5 78.7

. ) 1.0 90.6

Oxalic acid 10.0 ) 19.8

_ Glyoxylate : _ 1.0 15.9

The experimental conditions of the assays were as outlined
in the Methods section. The inhibitor was added
simultaneously with the labelled pyruvate and uptake"
allowed to proceed to steady state at 10 min. The
- % inhibiton was calculated by comparison of the inhibited
uptake valyes to an uninhibited control. The final
pyruvate concentration in ‘these assays was 20uM.




Pyruvic acid methyl ester was found to be a competitive

inhibitor of pyruvate transport by the doub;e—reciproéal
method and Figure 3-4 indicates that the K, of PAME was
52uM. Figure 3-4 also shows a plot of the initial velocity
of‘tzansport yersus‘substtaté concentration at a constant
bromopyzuvate concentrationﬂ The Ki‘6f bromopyruvate
was determined to be 6uM? .These results agfee favourably
with the whéle cell values presented in'Chapter } (Ki's
of 100uM and 25uM respectively).
From the results obtained from the energy donors (Table
3-1) and the analogue studies (Table 3-5), inhibition of
transpért by D-lactate was -a-‘forgone conclusion, The ﬁature
of the-inhibition and its extent was determined by exposing
the transport'assay system to various concentrations of
D-actate, the results of which gre presented in Figure 3-5.
Two concentratipns-of pyruvate were chosen for tﬁe assays
and both resulting lines extrapolafe to intetsect_jﬁ)the
x-axis, which denotes non-competitive inhibition in a Dixon
plot. The inhjb{tOt constan£‘(Ki) determined for
D-lactate from linear regression analysis was 360uM.
L-lactate was determined tQ be a competitive inhibitor
from the Linewééver-Burk plot shown in Figure 3-6. This WAS
not.unexpected in view of the whole cell results presented

in Chapter 2. However, the K, of f.-lactate in membrane

’

h
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FIGURE 3-4. THE INHIBITION CURVES OF THE SYNTHETIC
- PYRUVATE ANALOGUES 3-BROMOPYRUVATE AND
PYRUVIC ACID METHYL ESTER.

The inhibitor was added simultaneously with the
labelled pyruvate and the initial velocity of transport v
was determined in duplicate as deecribed in the Methods
section and corrected for a 'zero' time control. .The
lines were determined by linear regression analysis of the

'data; ‘The velocity is expressed in nmoles pyruvate
transported pér milligram membrane protein per minute.

-~

The dashed line is the uninhibited control. (5) In the

presence of 50uM PAME; (e) .In the Lresence of 10uM .
3-bromopyruvate. The K values determined were 52uM -
for.PAHE and 6uM for 3-bromopyruvate. Specific activity

of the pyruvate used was 18mCi/mmole. Sodium ascorbate

and PMS were added to each assay as the®electron donor

gource. : A J
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FIG¢RE 3-5. ° . THE INHIBITION OF PYRUVATE TRANSPORT BY

*

D-LACTATE.

The 1nhibition of pyruvate transport in membrane.

—

vesicles was determined from the initial rates of
transport as described in ghe Materials and Methods
.section. Transport was 1nitiated by the addition of

]

labelled pyruvate simultaheousiy with the lactate and

; , energized by the electron donor system ascorbatesPMS.

i v Velocity (V) is expreésed in nmoles pyruvate transported
per milligram membrane protein per minute. (A ) D-lactate
at a constant 7.5uM pyravate concentra}ion; (a) D-lactate

at a constant 20uM pyruvate concentration. Specific’

activity of the pyruvate used was 16.7mcz/mmole.,

-
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FIGURE 3-6. THE INHIBITION OF PYRUVATE TRANSPORT BY

L~LACTATE.

The inhibitor was added simultaneously with labelled
pyruvate to initiate traﬂsport. The init;al velocity of ‘
transport was determined as described in the Methods
sectidn,.and the lines determined by linear regression
analysis. The velocity is expressed in terms of nmoles
pyruvate transported per milligram membrane protein per
minute. (a) 200uM lactate; (a f 100uM lactate; (>)
éonttol. The specific activity of the pyruvate was

. - .
18mCi/mmole. Transport was assayed in the presence of

20mM sodium ascorbate and 200uM PMS as the electron donor

source.,
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vesicles was 37-40uM, which is significantly different from

the value of Y.5mM determined for lactate inhibition in

whole cells. The K, of lactate in the vesicles was also
close enough to the Km of transport of pyruvate to make

lactate a likely substrate for the pxgyvéte transport

system. This conclusion was b}opaéed by Matin and Konings

-

(19723) in their study of lactate;transport in vesicles, but
the high inhibitor constant of lsétate ifi 'whole ;:Ils
prevented us from concurring with that supposition. Since
there was such a discrepanc§ between the effect of lactate
in whole cells and membrane'vesicles, more information was
needed before the specificity of the pyruvate transport
system could be established.

Matin and Konings (1973) had found, that 1mM glyoxylate
was capable of inhibiting trapsport of both D- and L-lactate
by 55% and 74% respectively. Similar results were obtained
with 1lmM pyruvate, lééding to their supposition that these
monocarboxylic acids share the same transport system.,
Glyoxylate was obtained and added to the pyruvate transport
assay system in order to find out if 1lmM glyoxylate
inhibited pyruvate transport to a similar extent. Table 3-5
shows that 1mM glyoxylate inhibits pyruvase by only'16§
however, Various concentrations of glyoxylgte were then
added to the pyruvate uptake'assay and thg gnitial velocity
results, two different pyruvate concentrations, are

!

presented Figure 3-7. Glyoxylate is a non-competitive

Py

-

R




——————— W

cameme e im e -

&
FIGURE 3-7. THE INHIBITION OF PYRUVATE TRANSPORT BY

GLYOXYLATE.

' The inhibitor '‘was added simultaneously to the ‘assay
mixture with labellgd pyruvate. Initial velocity of
transport was determined by sampling at early time
poin;s as described in the Materials and Methods
section. Both lines were the result of linear
regression analysis of the‘'data. Velocity (V) is
expressed as nmoles pyruvate taken up per milligram
membrane protein per minute. (0 ) Glyoxylate at.a
constant 7.5uM pyruvate concentration; (@) Glyoxylate
at a constant 20uM pyruvate concentzation.‘ PMS and

ascorbate were added to each assay as the electron donor

source,
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inhibitor of pyruvete translocation with a K of 215uM.
From these two pieces of information, it is unlikely that
the lackate tr?nsport system deScribed by Matin and Koninés
and.our pyruvate transport Ssystem are identica;. Other
possible explanations for the very effective competitive
inhibiti by L-lactate of pyruvate transport in membrane
vesicles were then explored. .
E. coli has been shown to habe both D- and L-lactaée

dehydrogenase actiwities in the membrane (Kline‘ang Mahler,

w ¢hese'dehydtogenase§ oxidize their respective

1965
AN
1a‘taté Stereoisgﬁz¥§ to pyruvate in normal E. coli membrane

égxcles (Kod?ngsJ/kg77). Mwtin and Konings (1973) were
¥

ey

:asle ta démonstrate that Gptake of D-lactate was not

depeadent on oxidation< of the lagtate by inhibiting the-

S

activity of the membrane-bound D-lactate dehydrogenase

{D-LDH). up to 98% by -the addition of the analogue inhibitor

‘\ \
-oxalic acid. Konings (1977] also stated that uptake of

L—lactate,is'not depen&ént on oxidation. In this ca!e,

membrane vesicles were prepared that were not induced for

L-LDH (K11ne and Mahler, 1965). Snoswell (1963) described

NAD- xndependent D- and L- {?gﬁate dehydrogenases in
SEN

Lactobacillus arabinosus f enaymes similar to the E. coli

lactate dehydrogenases, wh?éh are also thxbrted by oxal};r*\

acid. Thezefore we decjded to add’ oxalate to the py:uvé&e
<\,//

. trapsport assay to see what effect, if any, inhibition of

D-LDH and L-LDH had Un:pyruvate transport. Table 3-5 shows




that 10mM oxalate alone inhibits pyruvate translocation no

more than 20%. This result is consistent with a shared .

tfansport system since transport of the lactates and

pyruvate appears to be independent'of oxidation, 10mM
- . » . Y s .
oxalic- acid was then added to an inhibition experiment to

-determine what effect oxalate haq on inhibition of pyruvate

transport by L-lactate. The results of this experiment are

" ptesented in Figure 3-8. Surprisingly, the additien of

L]

oxalate abolished thé.iﬂhibition of transport b& L-lactate.

The velocity of uptake fémainqp the same, within

experimental error, fox up to 200uM lactate. This result

’

implies that the inhibition of pyruvate transport is

dependent on L-lactate oxidation, rather than transport of

L-lactate. | _ ) o

- 3s3.5. Fate of pyruvate in the membrane vesicles
[4 -

The vesicle contents were separated by thin layer

éﬁromqtogtaphy as described previously in Chapter 2 and the

i:;Séthcds sectjdh. The resulting autoradiogram is shown fn
: Figure'%zg, Each samﬁ!e,applied to the silica gel plate

:;'essentially\contafned & pyruvate standard, since the

’

pyruvate in the assay mixture was not separated from the

internalized pyruvate before application. Even at the >K\§§

higher pyruvate concentration (500uM), no new products are

produced in the ve;icles. since no bands other than those

-

present in the standard are visible. There is also no

P

' L]
£ncrease in intensity of any of the minor bands over time,’
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FIGURE 3-8. THE INHIBITION OF PYRUVATE TRANSPORT BY

L-LACTATE IN THE PRESENCE OF OXALATE.

L-laétaée was added simultaneously with 25uM
pyruvate and l0OmM oxalic acid to the transport assay
mixture. Each initial velocity curve was done in
duplicate as outlined in the Materials and‘Methods

section. #elocity' (V) is expressed as nmoles pyruvate

taken up p€r miliigiam membrane protein per minute.
) - .

b ‘ .
Increasing the lactate concenﬁfation had essentially no

‘effect on the initiali&é&ocity of transport. The energy

-

source was PMS-ascorbate and the specific acdtivity of

- [

pyruvate used was. 18mCi/mmole.
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FIGURE 3-9. THE FATE OF PYRUVATE IN MEMBRANE VESICLES.

Aliquots of the vesicle assay mix were séotted directly
on thin layer ch;omatographyAplates, developed, and
autoradiographed as.desctibed in" the Methods section. The
time course study was conducted at two p&fuvate.
concentrations, 0.lmM and 0.5mM, as denoted at the bottom of
the autoradiograph. The quantity of labelléd éyruvate was
equivalent at both pyruvate concentrations. 'Each sample was
spotted at 30 seconds, 1.5 and 5.0 minutes after initiation
of transpd;t. A pyruvate standard (STD) was also spotted

for comparison.
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which effectively rules out metabolism of pyruvate in the
vesicles to a degradation product already present in the
pyruvate standard. This method of analysis was chosen to
avoid extraction and concentration of the vesicle contents,
procedures which ;nvariably resulted in some degree of
degiadakion of the pyruvaée molecule.

3.4. DISCUSSION '

Membrane vesicles are a well defined model system
(Kaback, 1974; Kaback et al., 1977) devoid of cytoplasmic
contents and therefore provide a great advaﬁtage over -whole
cells as a method of study in as far as determination of
energy source and limitation of substrate metabolism.

Energy sources must be provided_gxogenously, and the only"
enzymes in vesicles are restricté; to the membrane itself.

It is clear from the cumulative evideﬁce presented in
this chapter that pyruvate is transported by an active
transport process in membrane-~vesicles. A non-physiological
energy donor source, ascorbate-PMS, was necessary to
stimulate uptake of pyruvate beyond simple equilibration and
steady ;tate conditions were observed in the timelcoursé
study. Pyruvate was accumulated up to 15 times the external
conceqtration inside the vesicles, fulfilling the criteria
of active transport of accumulation agéinst the

concentration gradient. The lack of metabolism of pyruvate,

shown by thin layer chromatography (Figure 3-9), agreed with
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the finding of Kaback and Milner (1970), that pyruvate,

produced from D-lactate by D-lactate‘dehydtogenase, was not
significantly metabolized inside membrane vesicles.
Shaw-Goldstein et al.(1978) had found that E. coli B
membrane vesicles, when exposed to millimolar concentrations
of pyruvate, were capable of converting pyruvate to acetate .
and CO2 by ghe acéivity of a pyruvate oxidase. However,
due to the low guantities of pyruvate oxidase found in
vesicles, and the high Km (see section 3.3.1) of the
oxidase, it was highly unlikely that the oxidase would
metabolize pyruvate at the goncentrations used in the
transport asshys.

The pyruvate transport system also appears to be unique
in E. coli . The best evidence for this assumption is the

monophasic kinetics displayed in the double-reciprocal plot

(Figure 3-3) useéd to determine the Kn of transport. As

mentioned in the preceding chapter, different transport

systems usually have different K, 's of transport,

resultiné in a biphasic plot. The Michaelis constanis of
transport found in the whole cells and membrane vesicles
were alss very similar (20 and 15uM respectively), implying
that the same pyruvate transport system was being examined
in each of the bacterial preparations. However, without
addigional evidence, prefenablf a;chozough examination of

the geneti¢ background of the tzansport'systéﬁ in regard to

the number, products, and location of the genes involved in

}a
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pyruvate translocation, we cannot state conclusively that
only ome pyruvate transport system exists in E, coli .

It 1s apparent from the results presented 1in this
chapter that pyruvate transport in membrane vegicles is
dependent on metabolic energy. Translocation of pyruvate
does not proceed without the addition of an exogenous
electron donor system to activate the respiratory cha}n.
From the results obtained by exposure of the vesjcles to the
various energy poisons, especially the hiéh degree of
inhibition of transport in’response to addition of the
uncoupling agents, the Jdriving force for translocation
appeérs to be the proton motive force predicted by the X
chemiosmotic hypothesis of Mitchell (1963). This hypothesis
was/outlined in the introductory chapter. There is not
enough evidence,'howeyer,to completely dismiss the
possiblility that ATP is somehow involved in the transport
process. Neither ATP or ADP was capable of stimulating
transport when added exogenously to the vesicles, but there
are conflicting reports on the ability of the adenine
nucleotides to penetrate to the qytoplasmié side of the
plasma membrane to the site of the ATPase XWeissbach et al.,
1971, Brockman and Heppel, 1968). In view of the fact that -
normal vesicles cannot catalyze oxidative phosﬁﬁK?;iation
(Klein et al., 1970), and arsenate does not inhibit
transport, it is highly improbable that ATP is obligatory to

the translocation process. However, at this stage of our




investigation, it is not possible to state unequivocally
that the energy coupled to the translocation process
¢ originates solely in the proton motive force generated Sy
the respiratory chain. ’Experiments will have to be done
using membrane vesicles prepared from uncA mutants lacking

> the Caz*, ng*-ATPase (Butlin et al. , 1971) and

"vesicles preloaded with ATP 1in order to eliminate the

possibility that the ATPase can contribute to the generation

of the proton gradient and drive transport as well.

The specificity of the transpart system was the most
intriguing problem presented during this study. As expected

from the whole cell tesulis, both the non-metabolizable

—fre e

" synthetic analogues, 3-bromopyruvate and PAME, were good

competitive.,inhibitors of‘gptake. D-lactate was found to De

—

a non-competitive inhibitor of transport, a not unexpected

e

result since D-lactate is transported into the vesicles.by
the lactate transport system and converted to pyruvate by
v the membrane bound D-LDH ({Konings, 1977). D-lactate would

therefore be responsible for ra;sing the le;el of pyruvate

within the vesicles. The resulting inhibition is apparently
not due to competifion for a common carrier, but is probably
due to the dilution of the labelled pyruvaté that had been °
translocated. The case of L-lactate is more.complex,
especially in regard to the whole cell results: :
L-lactate was a competitive inhibitor of pyruvate

transport in whole cells, but the high K; led us to ’
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conclude that only very high concentrations of lactate could
overcome the low affinity of a common carrier for lactate.
Such was not the case in the membrane vesicles. The Ky

of L-lactate competitive inhibition in vesicles was
comparable to the Km of tzansport‘p{ pyruvate,

indicating a shared uptake system{ Since Kaback vesicles

are essentially an artificial system and the whole cell
response to inhibition of pyruvate transport by L-lactate

was known to deviate from the vesicle results, other

possible explanations for the vesicle response to lactate
inhibition were sought,

- As stated in the Results section (3.3.4), Matin and

*\\ Konings (1973) had fgund glyoxylate to be a potent inhibitor
of transport of both D- and L-lactate. Glyoiylate, at the
' same concentrationf inhibited pyruvate transport only
marginally (see Table 3-5). It ‘is unlikely that the
) pyruvate and lactate transporé sys%ems are identical -
consxdetxng this lack of cfoss inhibition. Based on this

»

information, two possible explanations ceuld account for the
. ( . . * ] .
] lack of 1nh1b1t1on by gdyoxylate. ' > M

. (i) Another pyruvate—lactate'transbort system,

1n$ens1txve to glyoxylate, exists separately from the D-and

.L lactate ttansport ‘system of Matin and Konings (1973). and
has a very.similar Km fos L-lactate transport.

: % (if) The kinetic results, although apparentiy sho;ing~

. <

s competitive inhibition by lactate, may be misleading and .
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lactate may not be a true substrate inhibitor, Lactate'may
be affecting transport of pyruvate by some mechanism other
"than competition for the same substrate binding site, but
the method used for kinetic analysis was not. able to
distinguish between the two behaviors. The most likely
source for lactate inhibition is the conversion of iactate
to pyruvate by L-lactate dehydrogenase, leading to dilut;on
of the labelled pyruvate pool within the vesicles.

The first of these explanations is plausible; but is

-

inconsistent with our whole cell resultg and with the

finding of Matin and Konings (1973) that D-lactate and

’L-lactate shared a single transport system. Resolution of

the transport systems would require a ﬁulllanalysis o§ the
number of genes involved in lactate and pyruvate transport.
Since this analysis would require a fair length of time, the
second of the explanations was examined first by the simple
‘expedient of adding oxalate to the transport assay as

~ v

described in the Results section.

The results achieved with the oxalate exposure indicate.

that the secomd explanation is the most probable~one.
Oxalate, a potent inhibitor of Laqfafevdehydrogenases, was

shown to eliminate the inhibitio f\Byruvate transport by

/dszto 200uM lactate. It would appeay’ that an active L-LDH

is essential to the inhibition of pyruvate t:anslécaélon by

L-lactate and the transport system is apparently specific-

for pyruvate in E, coli . ’ ' ‘\ o
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Since the K_ of L-lactate dehydrogenase is'33ﬁM
(Matin and Konings, 1973) it is possible that transport of
lactate through the lactate transport system, followed by
oxidation to pyruvate, is sufficiently fast to act as
another pyruvate transport system and exerts some form of
' feedback' control on pyruvate tragsport. Although it is
interesting to speculate, further work needs to be done
before any contfolling link between pyruvate transport and
L-LDH can be substantiated, however. The effect of oxalate
on L-LDH should be established as a specific inhibitor of
the lactate dehydrogenase only. Ogino et al.(1980)
concluded that efflux of pyruvate in anaerobic E. coli cells
takes place by means of carrier-mediated facilitated
diffdsipn. This. carrier, which is activated by a decrease
in the-pH gradient, may Jhﬁo be responsive to oxalate
treatment. Repetition of the‘effgct of;oxalate on lactate
inhibition by using the covalently bound lactate
dehydrogyenase inhibitor 2-hydroxy-3-butynoate (Walsh and
Kapack, 1974) Qould also be a major step in confirming this

link. Preparation of vesicles from E. coli lacking L-LDH

.activity, either using mutants or growing cells under

conditions in which L-LDH is not induced (Kline and Méhler,
1965), would also be an easy test of the effect of LDH on
pyruvate transport. If inhibition of pyruvate trgnsport by
lactate . does not occur in these vesicles, then control of

pyruvate transport linked to the dehydrogenase could be



confirmed. In fact,.the difference between 'the whole cell
response to-L-lactate as an‘inhibitor of pyruvate transport
and the Yesicle response may be the simple reason that the
whole cells are grown on a defined mediué containing
giycerol which should not induce L-lactate é;hydrogenase
(Kline and Mahler, 1965) and the ;esicle cells were grown on
a complex medium which contained sufficient lactate to cause

.

induction of the LDH.
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CHAPTER 4. PARTIAL PURIFICATION OF A PERIPLASMIC

PYRUVATE BINDING PROTEIN.

=

N o . i
4.1. INTRODUCTION

In the early stages of the characterization of pyruvate

translocation in Escherichia coli K12, the transpart system

was tested for osmotic shock sensitivity. The bactq;ia were
subjected to the osmotic shock procedure of Nossel ana
Heppel (1966), which selectively removes the periplasmic
proteins from gram-negative cells, and the pyruvate
transport activity of these 'shocked' cells was assayed.
Pyrdvate transport aétivity after osmotic shock treatment
was sharply reduéed, indicating that a periplasmic component
of the transport system had been lost. Shock-insensitive
proline transport was also reduced by the osmotic shock
procedure, but with a much laower percentage loss of
activity, indicating that damage fo the bacteria cells was
not solel;‘responsible for the reduction of pyruvate
transport activity. This chapter outlines the methods used
in the attempts to purify the periplasmic'protein involveé

in pyruvate transport in whole cells.

4.2, MATERIALS AND METHODS

4.2.1. Chemicals

All common chem{cals were éurchased from commercial
sources and.were of reagent grade or better. [3-1401 =
pyruvate, sodium salt, 15-20mCi/mmole, .and [2,3- H]

proline, 36Ci/mmole, were obtained

116
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from New England Nuclear. Acrylamide and other chemicals
used for polyacrylamide gel electrophoresis were obtained
from Biorad and were of electrophoresis purity grade.
1,4-butanediol diglycidyl ether was obtained from ICN and
all column chromatography resins were obtained from
Pharmacia. 3-Hydroxypyruvate, CCCP and phenylmethylsulfonyl
fluoridé were purchased from Sigma.

,4.2.2. Bacterial strains, culture media and growth

cohéitions

The bacterial strains used for the isolation of the
periplasmic binding protein were the‘E. coli mutant JRG 596
described in Chapter 2, and the wild type E. coli K12
designated Hf?ﬂ. The mutant strain was grown ‘on ‘the
suppleménted M9 minimal meQ}um described in section 2.2.3.,
apd the wild type E. coli K12 was grown on minimal A medium
(Niller, 1972) with glucose or pyruvate added as the carbon
source. The bacteri; were routinely grown in 12 liter
batches in a New Brunswick fermentor at 379, with

vigorous agitation and aeration. At mid-log stage of

‘ growth, the cells were harvested by ultrafiltration using a
Pellicon (Mi{lipore) fiitratioh unit. .
In experiments in which induction of the pyruvate
. Binding protein in JRG 596 was the objective, the M9 minimal

media was supplemented with pyruvate and-one of the Krebs

cycle intermediates as well as the standard carbon soutces

,glyig‘ad and acetate. ‘ -

. ’
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4.2.3. Preparation of shock fluid by the osmotic shock

Erocedure

The initial phase of the purification of the
petiplasmic binding protein was tﬁe isolation of the
periplasmic proteins of the gram-negative cells by the
osmostic shock procedure of Nossel and Heppel (1966). This
basic procedure was modified for exponential phase cells and
large quan;ities of cells (Rosen and Heppel, 1973) as ‘
required. 1In a typical'preparation procedure, harvested
cells were washed two times with 10mM Tris-HCl buffer, pH
7.5 and the cells pelleted by centrifugation at 10,000 g for
10 minutes. - These washed cells were rapidly disperéed into
30 volumes of 30mM Tris-HCl, pH 7.2, 20% sucrose and 0.1mM
potassium EDTA and stirred at room temperature for 10
minutes. These cells were then pelleted by centrifugation,
and shocked by gentle dispersal into ice-cold 0.5mM
MgCl2 and stirred on ice for 10 minutes., The shocked
cells were centrifuged down and the supernatant fluid,
hereafter referred to as the shock fluid, was collected.

The shock fluid was buffered by the addition of potassium
phosphate and sodium arsenate, pH 6.6, to 25mM concentration
of each, To prevent proteolysis, ;otassium EDTA and PMSF,
pPH 6.6, were addei to SmM and 0, 1lmM respectiveiy. At this
stage of the'purification protocol, cell fragments and
remaining whole cells in the shock fluid were removed by

filtration through a 0.22 um Duropore membrane ‘(Millipore),




Protein concentration of the shock fluid and: subsequent
purification steps was estimated by the method of Bradford
(1976}, using bovine 'serum albumin‘*as a protein standard.

4.2.4. Transport assays in whole and shocked cells

The assays for the transport'of\pyruvate and proline
were carried out in the wild type E. coli HfrH. Use of the
wild type E. coli rather than the pyruvate metabolism mutant
JRG 596 aided in comparison of the results by maintaining
normal metabolism of both of the substrates. Suspension of
the shocked and‘whole cells and transport of pyruvate in
both whole cells and shocked cells was carried out by the
procedure outlined in section 2.2.4. Uptake of L-proline
was measured by the method of Kaback and Milner (1970). The
shocked cells used were the pelleted fraction remaining '
aéter tpe removal of éhe shock fluid as described above.

4.2.5. Preparation of the hydroxypyruvate affinity column

Preparatién of epoxy-activated Sepharose 6B was carried
out by the method of Su;dberg and Porath (1974). Sepharose
6B was extensively washed and suction dried on a coarse
scintered glass filter. Twenty grams of the dried gel wete
mixed with 20 ml of 1l,4-butanediol diglycidyl.ether and 20
ml of 0.6M NaOH containiAg 40 mg sodium Eofohydride. The

% suspended chromatography resin was then swirled for'B-lo .

hours at room temperature. This epoxy-activated Sepharose

was then extensively washed with distilled water and suction

. dried. Linking the 3-hydroxypyruvate to the activated resin
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was carried out by the method outlined by Pharmacia. The
epoxy-activated Sepharose was washed with 1 liter of 0.1M
sodium carbonate buffer, pH 9.0 and the suction;dried gel
was mixed with 100 ml of 0.1M hydroiypyruyaté in the 0.1M
carbonate buffer. This suspension was incubated at 37°%¢

.
in-a shaking water bath for approximately 18 hours. The

hydroxypyruvate-coupled gel was tnen washed extensively witg
0.1M sodium carbonate buffer, pH 2.0, followed by 0.1M
sodium bicarbonate bwffer, PH 8.0 and finally by 0.1M sodium
acetate buffer, pH 4.0. Excess active groups which had not
reacted with the hydroxypyruvate were blocked by exposure of
the affinity resin to 1M ethanolamine overnight. This’
hydroxypyruvate affinity gel was washed extensively with
dfstilled water and stored at 4°C until required.

4.2.6. Affinity column chromatography of the shock fluid

The affinity resin was equilibrated to room:temperature
and poured in a 1.5 by 30 cm column, The poured column was
equilibrated before each use by extengive washing with
column buffer, which contaidea ZSSM potassium phosphate,
<25mM sodium arsenate, 20mM NaCl, SmM EDTA and 0.lmM PMSF.
The shock fluid.was concentrated down to approximately 50 ml
by means of a 10,000 molecular wéight cut-off filter in an
Amicon ultrafiltration apparatus and the protein
concentration of the concentrated_shéck fluid was determined
as des%;ibed above. A quantity of pFobein, typically less

than 10 ml and 40 mg, was loaded on the affinity column.

N :
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When large quantities of protein were present, multiple

- affinity column separations were run, either sequentially or

concurrently. Protein not capable of binding to the
hydroxypyruvate was removed frqm the affinity column by -
elution with column buffér. The bound proteln was then
removed either by elution with a 0 to 0.2M sodium pyruvate
gradient added to the column buffer or by the addition of
NaCl, either as a 0 to 0.5M gradient or straight 0.5M NacCl,
to the column buffer. The Eolumn profile was determined by
teading.the optical density of the fractions at 00280'
When pyruvate was used as the eluent, protein in the
collected fractions was estimated by the dye binding method
of Bradford (1976), since pyruvate absorbs strongly in the
00280 range. Any peaks eluted by NaCl or pyruvate were
pooled and either used immediately or frozen for later

study.

4.2.7. Purification of pyruvate binding protein Sy other

column chromatography methods -

Other column chromatograhy methods were also tried to
improve on the partial purification aéhieved with the
hydroxypyruvate affinity column. The resins used included

chromatofocusing, G-100 ééphadex, G-75 Sephadex, CM,

cellulose, DEAE cellulose, and Sepharose 4B. All these

different chromatograhy resins and columns were prepared
according to information provided by Pharmacia o other

suppliers. Details of separatiop procedures wili\ge
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discussed later in the text where necessary.

4.2.8. Binding assays

Activity of the pyruvate binding protein was assayed by
measuring the ability of the isolated protein to bind
[14C] pyruvate. This binding activity was measured by
two different methods. When qualitative réiher than
quantitative data was of interest, binding activity was
measured by the simple expgdient of dialyzing a small
qguantity of the sample protein, in dialysis tubing, against
a volume of buffer containing labelled pyruvate. The
dialysis buffer conta;;ed 25mM potassium phosphate-25mM,
sodium arsenate, pH 6.6, 100uM PMSF, 10uM CCCP, 100uM -
pyruvic apié and approximately 100,000 dpm of [léC]

‘ 4
pyruvgte. The protein was exposed to the dialysis buffer

for 24 hours to allow complete equilibration. CCCP was,

igpluded in the buffer to e;im}nate uptake of pyruvate by -
any whole cells, that may have contaminated the protein
preparation. (Lee Chapter 2 for the effect of CCCP on
t:anspor£ in whole cells).

The second method of determining binding activity was
equilibrium dialysis. In equilibrium dialysis, equal .

volumes of protein and the labelled p?ruQa;e buffer

described in the last paragraph were added to yells

. separated by dialysis membrane. The dialysis cells were

(04
then rotated at 4°C until the label had equilibrated

’

across the membrane. Equilibration time was accurately

4
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determined by sampling, at various time intervals, a series.

T
of wells containing buffer instead of protein. After -

gquilibration, 31;;:;;3\35 each of);he‘uélls were xu!'?asmr.'e,d‘~
< P - !

by scintillation gounting.

‘

4.2.9. Polyacrylamide gel electrophoresis

T -

Progress of the purification was followed by separa§1on.
of the purified protein by'SDS polyaérylamide
electrodoresis; The PAGE system used was taken from Laemmli .
(197§) and a Protean (Biorad) electrophoresis unit was used
for the separations.- The'gel bands were stained either with
Coomassie brilliant blue or by the silver staining procedure

of Merril et al. (1982). 1

~

423, '‘RESULTS

4.3.1. The effect of osmotic shock’on proline transport

and pyruvate transport

-

{OSmotic shock .of gram-negative bacteria results in the
lo8s of many of the components normally found in the
periplasmic séace {Heppel, 1971). Loss of transpott
activity ;ollowing treatment of the cells by osmotic shock, .
has geéerally-been interpreted (Rosen and Heppel, 1973;
Betgef and. Heppel, 1974) to indicate the loss of a
shock-sensitive binding protein. Figure 4-1 shows the
efﬁgct of $smotic shock treatment on pyruvate transport gnd
on thg shock-inéensitive (Berger and Heppel, 1974) pqolﬁne

transport system. It is evident that both transport

activities are reduced by osmotic shock, but the drop in

_—————— r——r—g IR ERY R
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FIGURE 4-1. THE EFFECT Of OSMOTIC SHOCK ON PYRUVATE

TéANSPORT AND PROLINE TRANSPORT.
2

~ Transpbft asééys and the osmotic shock procedure using
E-Ncoli K12 HfrH cells were carried out as described in |
Materials and ﬁethods. Pyruvate transport was determined in
the presence of 20uM pyruvate and proline transport *in the
presence of 10uM p}oline to match the respective Km's of
transport. Both shocked and unshocked bacteria were diluted
to the same optical density for the transport assays. (@)
Proline uptake in unshocked cells; (O) proline uptake in
osmotically shocked cells; (e) Pytuvéte transport in
unshocked cells; (0) py:uvage transport .in osmotically

shocked cells.
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pyruvate transport is proportionally much greater than the
reduction in proline uptake. Proline transport was used as
a control to indicate the effect of osmostic shock on
cellular metabolism, since osmotic shock,.as well as
releasing the periplasmic contents,.- has been shown to affect
other aspects of metabolism (Heppel, 1969). Transport of
pyruvate has been reduced by roughly 90% in shocked cells,
whereas transport of proline suffered 5 50% loss of
activity. Clearly, the resulfs indicate that the drop in
pyruvate transport is not due to disruption of metabolic
processes alone. Attempts to purify the periplasmic
¢component responsible for the drop in transport activity
proceeded based on éhis result.

4.3.2. Affinity column purification of the periplasmic

component of pyruvate transport

Preparation of the shock fluid, as outlined in Methods,
achieved an immediate partial purification, since shock
releasable proteins constitute énly about 15% of the cell
protein (Ames and Higgins, 1983). . However, many enzymes and
binding proteins are released into the shock fluid during
the osmotic shocking procedure (Beacham, 1979; ‘Heppel et al.

1972). 1In order to purify the proteins in the shock fluid
capable. of binding to pyruvate, an affinity column with a
covalently linked pyruvate analogue, 3-hydtoxypyravate, was

prepared as outlined in Methods. Figure 4-2 shows the

elution profile of affinity columns using column buffer to
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FIGURE. 4-2. PROFILES OF AFFINITY COLUMNS ELUTED WITH

PYRUVATE AND SODIUM CHLORIDE GRADIENTS.

The hydroxypyruvate affinity colqgss were prepared as
outlined 1n the Materials a;d Methods saction. Protein not
bound to the affinity column was eluted with column buffer
and the optical density at 280 nm was used t&;folloﬁ this
protein elution. Pyruvate gradient elution (@ ) was

initiated at the beginning of the dashed line and was

continued to the termination of the gradient at 0.2M

pyruvate. The protein content of tnese fractions was
determined by the method of Bradford (1976) at 00595.
The indicated peaks were pooled and subjected to binding

analysis. The peak indicated with the asterisk bound the

greatest quantity of pyruvate per milligram protein. The

sodium chloride gtadﬁent (0) was initiated at the beginning
of the dashed liné and terminated at 8.5M NaCl. Protein
content of the fractions was determined by ODiBO' Thg
indicated peaks were pooled and the péak with the highest

pyruvate binding ‘activity is marked by the asterisk.

Fraction volume .was 2.7 milliliters.
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. elute unbound protein and pyruvate and sodium chloride

gradients to elute the bound protein fractions. The most
obvious feature of both column bzofiles is the large peak of
unbound protein which comes off.the column almost .
immediately. @ This unbound protein peak produces a protein
band pattern virtually identical to the shock fluid pattern
shown in the SDS PAGE gel in Figure 4-3.

' The protein peaks which bound the most pyruvate per
milligram protein (according to the simple dialysis binding
Study as outlined in Methods) are marked with an astérisk in
Figure 4-2. Pyruvate elution draws this binding peak off
the column at a lower molarity comparédAto the so&ium
chloride elution. The pyruvate b}ndiﬁg fractions eluted by
both sodium chloride and pyruvic acid show similar patterns
on SDS PAGE gels., A typicai pattern is shown in lahe AFF1l
in Figure 4-3,

Since the affinity column did not appear qapabie of
xgsolving one discrete pyruvate binaiyirprotein from the mix

of proteins loaded, the column was tested for ‘on-specific

binding of protein to‘the diglycidyl ether spaceX arm of the

epoxy-activated Sepharose. This was accohplfshed simply
loading shock fluid on epoxy-activated Sepharose wit the
hydroxyp&tuvate coupled to the spacer arm. This procedure
resﬁltéd in no ptofein being detectedcafter elution with
NaCli indicating that tpe spacer arm is not responsible for

binding any of the proteins eluted off the affinity column,
S




FIGURE 4-3. SDS~-POLYACRYLAMIDE GEL OF THE AFFINITY

" COLUMN PURIFICATION STEP.

A 12% SDS-polyacrylamide gel was poured and
electrophoresis of protein carried out accorQing to the
procedure of Laemmli (1970). The lanes were loaded as
follows: - (LMW) - low molecular weight protein standards

(Pharmaéia), 94K = phosphorylase b, 67K = bovine serum
albumin, 43K = ovalbumin, 30K - carbon}c anhydrase, 20.1lK =
soybean trypsin inhibitor, 14.4K = ®o-lactalbumin; (AFF II) -
protein bound to tﬁe hydroxypyruvate affinity column and
eluted with NaCl. The protein loaded had been previously
separaté@ on an affihity column, constituting the second
éass of bound brotein through the affinity column step; (AFF
I) - bound protein eluted from a hydroxypyruvate affinity

.

column; (SF) - the protein contained in the osmotic shock

fluid.

~
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However,, 20mM NaCl was incorporated into the column buffer
at this stage to discourage any non-specific binding to the
affinity column that may have occurred.

Another possible explanation for'the inébilit§ of the
affinity column to resolve a discrete pyruvate binding
protein was overloading of the affinity gel. To test this
possibility, the bound protein was eluted from the affinity -
éolumn with 0.5M NaCl and reapplied to the affinity gel.

The column profgle from this double affinity run is shown in
Figure 4-4. It is evident that some overloading of the
column¥did occur, since a small amount of progein came off
in the initial unbound peak; Of the approximately 7
milligrams 6f protein applied to the column, only a little
‘over 3 milligrams were éluted off in the bound fraction,
Howevef, when appled to a SDS PAGE gel, as shown in Figure
4-3, no greater resolution of a single binding protein was
achieved, although several Hands, notably at 95,000, 36,000,
25,000 and 22,000 molecular weight, appear to be enhanced by
this second pass and some minor bands were reduqed or
disappeared. Due to this inability of the affinity column.

to purify é discrete binding protein, other column

" chromatography procedurés were applied to this problem.

4.3.3. Purification of the pyruvate binding protein by

other chromatography methods

Other column chromatograhy methods were applied to the

partially purified affinity column preparation in attempts
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FIGURE 4-4. THE EFFECT OF REAPPLICATION OF THE BOUND

PROTEIN TO AN AFFINITY COLUMN.

Shock’fluid was loaded on an affihity column, as
described in Methods, and the ‘elution profile is :eézesented
in the top panel. .Bound protein was eiuted by the addition
of 0.5M NaCl to the phosphate-arsenate column buffer.
Elution was started ai the fraction indiqated by the arrow.
The protein peak eluted with NaCl was pooled, dialyzed to
remove the salt, Eﬁd reapplied to the washed affiniéy
column. The bottom panel shows the elution profile of the

' second qpplication of bound protein to the column. Bound
protein’ was again elut;d with 0.5M NaCl in'éoiumn buffer.

Fraction volume = 2.7 milliliters.
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to purify the protein to homoéeneity. One of the first

- methods tried was chromatofocusing, a chromatography methqd
marketed by Pharmacia which separates péﬁteins on the basis
of their_isoelectric point. Figure 4-5 shows an elution
profile of a chromatofocusing run with 3.7 milligrams of
protein from an affinity column rum. The eluted peak which
bound the most pyruvate (marked with an asterisk)
‘corresponded to an isoelectz}c point of roughly 5.5:
Unfortunately, the amount of protein contained in the pooled
fractions was insufficient, even after ammonium sulfate
precipitation; to apply to-a palyacrylamide gel. Subsequent
separations with the chromatofocusing column also produced
disappointing recoveries of the protein loaded, frequentlg’

-

with a 50% or greater loss of total protein loaded. For .
this reason, chromatofocusing was abqndoned in order Eﬁiiry
other methods-of separation.

Ion-exchange chromatography was also tried as a method
of reéolving the proteins eluting from the affinity column.
DEAE-cellulose and DEAE—Sephadex,'the former an anion
eicﬁanger and the latter an anion exchanger and molecular
sieve,. were both incapable of gesolving the binding protein
to homogeneity,f Although some resolution took place, the
yield of_ptoi;in was ﬁooiloﬁ for any procedure beyond
electgophoresis and binding studies.

~ Since the hydroxypyruvate attached to the affinity

L ] column had‘a free carboxy1~ggoup whic¢h cqould be ionized to a
’ s 4 kY
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FIGURE 4-5. ELUfLOﬁ PROFILE OF A CHROMATOFOCUSING

COLUMN.

\Chromatofocusing (Pharmacia) is a method af separéting
proteins based on their isocelectric point. Details of the
resin and buffer Systemé are protected by patent. Shock
fluid protein was partially purified by the affinity column
procedure and appiied.to the chromatqfocusing column.
Elution was carried out-by a decreasing pH gradient (0 ) and
the protein was detemmined by optical density (280 nm)
readings. The init%al large peak (above pH 7) was due to
the imidazole buffer used to equili;tate the column prior to

lbading. The indicated peaks were pooled and binding

activity determined. The peak labelled with the asterisk

had the highest specific activity of binding. Fraction

-

volume = 2,5 milliliters,

.
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degree on the column, it occurred to us that the affinity

column might also be acting as a ¢ation exchanger. To test
this possibility, a CM-cellplose column was poured and the
proteins which had bound to the affinity columm were loaded.
Unfortunately, only a few minor protein§ were retained on
the'CH-cellulose, indicating that the contamin;ting b:oteins
were not due to the affinity coldmn behaving as a cation
exchanger., )

Gel-filtration, with G-100-Sephadex and G-75-Sephadex,
was also applied to the affinity column proteins. Figure .
4-6 shows a G-75 elution profile, with two molecular weight
standards superimposed. Figure 4-7 shows the SDS PAGE gel
of the indicated pooled fractions. Separation has taken
‘Place but not to hohogeneity. 'Unfortunately, binding
activity was also absent in this particular separation.
Comparison of this gel pattern to previoésly run gels
revealed that a major band that normally runs at about
36,000 molecular weight in the affinity fraction is absent
from this preparation. This can be.easily seen in the
comparison to Figure 4-3, A check of previous gels in which
pyruvate binding was low or absent also showed a decrease or
-an absence of this particular band. In an early experiment
in which a tube gel was sliced and the protein extracted by

homogenization into buffer, the greatest pyruvate binding

activity was detected in the middle of the gel, which

coiresponds'to the 30-40,000 molecular weight rénge. This




FIGURE 4-6. ELUTION PROFILE OF A G-75 SEPHADEX COLUMN.

The G-75 sephadex column was prepared according to the
procedure outlined by Phazmacia.. Protein bound to the
affinity column was pooled, dialyzed, and applied to the
G-754column. Elution was carried out with the
phosphate-arsenate column buffer described in Methods.
Protein eluted from the G-75 column was followed by optical
density readings at 280 nm (0). The indicated peaks were
pooled and binding activity assayed. The column had
previously been tested for teéolugion of molecular weight 5:3
standards By the application of 2.5 millgrams of aldolase
(40K molecular weight peak), and 2.5 milliérams of trypsin
(23.3K moljzilar weight peak). This standard elution

profile (o is superimposed above the binding protein

elution s&ofile to give a rough molecular weidht estimate of

‘the eluted peaks.’
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FIGURE 4-7.. SDS-POLYACRYLAMIDE GEL OF THE G-75 SEPHADEX

POOLED FRACTIONS.

The pooled fractions of the G-75 sephadex column
elution profile (Figure 4-6) were applied to a 12%

polyacrylamide gel prepared and electrophoresed by the

method of Laemmli (1970). The lane designations are as

follows: (LMW) - low molecular weight protein standards
(Pharmécia), 9 = phosphorylase b, 67K = bovine serum
albumin, 43K = ovwalbumin, 30K = carbonic anhydrase, 20.1K =
soybean trypsin inhibitor, 14.4K = «:lactalbumin; (1v) -
Peak 1V,,G-75; (III) - Peak 111, G-75; (I1I) - Peak 1I, G-75;
(I) - Peak I, G-75; (AFF) - pooled protein bound to the
affinity column and loaded on the G-75 column; ‘(SF) -~ shock

fluid protein which was loaded ot the affinity column,
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informatton, plus the fact that most binding proteins occur
as monomers with molecular weights ranging from 22,000 to
42,000 (Boos, 1975), led us togtentatively identify the
pyiuvate-binding protein as this 36,000 molecular weight
monomer. However, this identification must still be
verified by purification to homogeneity and determination of
a pyruvate binding constant. There is also a possibility
that several binding proteins may be isolated for a given
substrate, és'Sweet et al. (1984) confirmed for citrate

transport in Salmonella typhimurium .

The greatest problem found with these methods of column
chromatography was resolution of sufficient gquantities of

the binding protein to carry out characterization. Since a

very sensitive md.Lod, comparable to an enzyme assay, was °

not available for detecting the binding protein in the
column fractions, columd resolution was limited by the need
to detect protein peaks by methods such as optical density.
If grgpter quantities of the binding protein were available
in the initial shock fluid,';hen columns such as the gel
filtration resins could be lengthened to provide better
resolution and still eqfure’that sufficient binding protein
could be detected. Towa:dé this end, attempts were made to

’

induce the pyruvate-binding protein in E., coli .

4.3.4, . Methods used to induce pytu&a;g-binding protein in

strains JRG 596 and HfrH
S

Induction of a-binding protein by exposure of the
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bacteria to the transportéd‘subsfrate has been successfully
achieved by many researchers (Sweet et al., 1984; Ito,
1982). The main obstacle associated with the induction of
.pyruvate-binding protein by the use of pyruvate in the
g:owin? medium was the fact that mutanfsfgsuch as JRG. 596,
that lack phosphoenol pyruvate syhthetase are in;ibited in
their growth by pyruvate (Brice and Kornberg, 1967). The
reason for this growth inhibition according to Flatgaard et

gl.(lé?l) is that the glyoxylate cycle is required in these

. \
phosphoenol pyruvate mutants to replenish the citric acid

cycle, but pyruvate represses these glyoxylate cycle
enzymes. The key role that pyruvate plays in these.
metabolic routes can be easily seen in Figure 4-8.
Supplementation of the growth medium with pyruvate and
various,citric acid cycle intermediates was tried {n a
aﬁtempt to induce pyruvate binding protein. Addition of
each of the Krebs cycle intermediates tested resulted in
successful groch of the mutant strain even in the presence

of pyrdVaté. However, no increase in pyruvate transport

activity over normal activity could be detected in these
@ .

ce;ls. - - - ]

The wild type E. coli HfrH was then grown on pyruvate
'as the sole carbon source in order to eliminate the |
possibility that only JRG 596 could not be induced for .
pyruvate binding protein. However, exposure of HfrH to
pyruvate resulted in no noticable increase in .the qpqnt;ty

.~




FIGURE 4-8. METABOLIC ROUTES OF ESCHERICHIA COL1 CELLS

GROWN ON PYRUVATE. . -

Schematic of pyruvate mgtabolisﬁ taken from Flatgaard
et al k1971). EnZymes are represented by number as.follous:'
(1) phosphoenol pyruvate synthase; (2) pyruvate kinase; (3)
phosphoenol pyruvate carboxylase; (4) phosphoenol pyruvate
ca;boxykinase; (5) malate synthase; (6) isocitrate lyase;
(7) pyrhvate dehydrogenase complex; (8) lactate
dehydrogenase (NAD linked or soluble); (9) D- and L-lactate

dehydrogenases (not NAD linked or membrane bound); (I) :

induction of enzyme; (R) repression of enzyme by pyruvate.

h | C
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of protein\binding to the affinity column and no perceivable
change;in ;and intensities in PAGE gels.
4.4. DISCUSSION

There has been sufficient evidence ;resented here to
mage a case for the presence of a periplasﬁic component of
the pyruvate. transport system. Treatment of the whole cells
lby osmotic shock leads to a reduction in pyruvate traquort
activity that cannot be accounted for strictly on the basis
of ‘impairment of metabolism. Transport of shock-inseqsitive
prqiine was .lowered by the osmotic shock progedure, but not
to the degree found for pyruvate transport (see Figure 4-1).
Protein release by osmotic shock was also able to recognize
and bind to affinity column bearing 3-hydroxypyruvate as
the ligand, bdz did not bind to a similar column using
alanine, coupled through the amino droup, as a pyruvate
anaiogue. @lthough the carbon chkbones of the two ligands

. are identical, the alanine lacks the keto group on the

second carbon. Th;s result would indicate a specific
recognition of the intact pyruvate molecule by the pfotein
that bound to the cqlumn. Elutian of the bound protein 31;6
takes place at a lower concentration of pyruvate than sodium
chloride (Figure 4-2), indicating that recobnition'of
pyruvate rather than simple cha;ge is responsible for éhg

L : effectiveness of pyruvate elution. The partially purified

protein was also “able to bind to pyruvate in equilibrium

dialysis studies, indicating specific recognition of free




pyruvate by one o' more of the proteins present.

Failure of the pyruvate affinity column to resolve only
pyruvate-binding pzoteéﬁ_is inexplicable at this point in
time. Strong protein-protein inéeractions may expl;in the
heterogeneity of proteins eluted frém the column, but the
péssibility remains that each of these proteins 1is capable
of binding to pyruvate Ey specific recognition of substrate
or a subsFrate‘analogue. '

This failure to achieve a one-éiep purificétidh of the
pyruvate-binding protein in E. coli , added to our™inability

} | tﬁ induce the binding protein, makes the task of purifying

the binding protein to hnmogenéity by gonventional- column
. . ‘
chromatography techniques a difficult if not impossible
task. The problems encountered in resolving tbe small
quantities of protein without a more sensitive method of
: detecting the binding protein were discusséd in the Results
section. Howéver,'even ié detection of small quantities of
pyruvate bindihg protein ;as possible, the problem of
.preparing sufficient (milligramf quaﬁtities of*binding
protein to do adequate chatacterization'stbaies would still
have to be solved.
Alteough purification of 1arge4quantit£es of citrate
binding protein pas been success%ully achieved (Sweet gé al.,
. 1984) by conventional chfomatogtaph} using large.quanéities
of cells as the starting material, simple scaling up of oué

p}epatation will probably not achieve the same " N
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" results. The citrate binding protein was inducible and
constituted a major protein in the shock-released startiﬁg
material, a condition that has yet to be realized for the
pyzuvate-binding‘pzotein.

In ozder'to,purify the pyruvate-binding protein to
homogeneity, it is likely that the genetic characteristics
of the transport system will have to be determined and the
techniques of cloning or immunological methods applied to
enhance the quantity of biﬁding protein available, Tﬁe
binding protein can then be pu}ified and thoroughly
characterized by detetm;patioﬁ of molecular weight, amino
acid seqdence, binding constants and specificities.

I1deally, reconstitution of pyruvate transport by .
additfon of éurifieq binding protein into a\mutant which
lacks or pioduces inactive binding protein is the best test
-of. the phy¥siological role of the binding protein in the.
cell, A similar reconstitution of transport activity has
been aqheivéd in the wgll characterized ma}tose,trapsport
systém (Brass et al., 1581); The purification of sufficient
quantiéies’of pytuvate-binding protein will hopefully allow
éucgessful tecénétitition studies to take place and erase

any doubts about the physiological function of the -

periplasm&c component of the pyruvate transport'syséem.

4.5. CONCLUSIONS

~" t

. .
There is ample evidence presented here to substantiate

'y
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the conclusion that transport of pyruvate in E. coli takes

place via a specific active transport system with a Ky

of roughly 20uM. Evidence accumulated from the whole céll
and vesicles transport studies indicates that driving force -~
for transport is the_elegtrochemicai proton gradient
generated by the re;piratqry thain (see Hellingwerf and
Koniﬁgs, 1985 for an overview of energy flow in bacteria).
Although a periplasmic component appears to be involved in
pyruvaée transport, hydrolysis of A%P, wh}éh has been found
to be the driving .force in iost periplasmfﬁ binding ptpt;in
tzanspé;t systems (Ames and Higéﬁhb, 1983), is not involved
in transport in vesiéles or thé whole cells.
Another common feature of periplasmic binding protein
— systems 1is théir inabiliﬁy to carry out transport in » .
memb;ane vesicles (Wilson, l97éfﬂ This lack of activity is
apbazently due go.the loss of the periplasmic components
during the preparation of vesicles. tThe pyruvate-binding
pzotéin'appears to be essential to whofe.cell transport, but
membrane vesicles are able to transport pytuyate wifhout the
petipiasmié component.’ .
| ?yrhvaté transport 18 not the only exteption to the .
norm of periplasmic. binding proteih transport systems fouﬁa
in the field of carboxylic acid transport. The
. dicarboxylat; transport system in E. coli has been well
ch{ractetized by Lo (1977), and like pyruvate transport, has
a periplasmic binding profein, {s active in vesicles, and is

i
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driven by an electrochemical proton gradient. Although
speculatfon about the molecular mechanism of pyruvate
transport 1s premature at this point in the investigation,
it seems likely that because transport is active in
vesicles, a membrane-bound cﬁmponent, containing a specific
pyruvate recognition site, is responsible for this transport
across the cytoplasmic membrane. The pyruvate-binding
protein must also contain a specific recognition site for
pyruvate and may be required for transport through the buter
membrane or/through the peptidoglycan layer of the
peripl;smic space. A mechanism Such as this was proposed by
Lo (1977) for dicarboxylic acid transport. ¢Eurther
characterization of the pyruvate transport system should’
determine if the'dicarboxylate transport mechanism 1Is common
. :

to other carboxylie acidé.

The specificity of the pyruvate’transport system,
although apparently restricted to pyruvate 1n whole Eells,
is still in guestion in membrane vesicles. Aithough

competitive inhibition by L-lactate in vesicles was

.

eliminated by the addition of oxalic acid, there still

-~ femains a possibility-that the membr;ne bound dbmbonent that
transports pyruvate in vesiclés 18 capable of recogniziné
lactate as well, -One explanation that would fit both the
wﬁole cell and the membrane vesicle -response to lactate is

that ‘the periplasmic binding protein in whole cells may be

the element that ultimately controls the specificity of the

N



system. The veracity of this explanation will have to be
determined by further zssicle studies as outlined in the
Discuésion section in Chapter 3, and determination of the
specificity of fhe binding site in purified pyruvate-binding
protein.

It is evident that much work remains to be done on the
pyruvate transport system in E. coli . Future work must
concentrate on an analysis of the Bumber of genes involved
in the pyruvate transport system and creation of mutant
strains that are deficient or defective in these gene
products. With these tools, a determination of the
molecular mechanism of transport may be eventually made and
many of the questions remaining in the field of pyruvate

transport answered.,

]
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