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INTRODUCTION

The variousiﬁechanisms‘controlling metabolism in growing ceils have
been established fgr_a number of ﬁicroorganisms. These mechanisms include
regulation of the amount and the activity of enzymes. Regulation of enzyme
activity includes both negative feedback inhibition, common in anabolic
sequences; and precursor activation (feed-forward), where an intermediate
ggtivates an enzyme distal in the pathway, such as the activation of pyruvate
kinase in the glycolytic Embden-Meyerhof (EM) pathway by fructose-1,6-di-
phosphate  (FDP). . .

Less well understood are the factors influencing the alternate pathways
for an intermediate. For example, a major branch point in glucose catabolism
occufs at glucose-6-phosphate, which may be metabolized by either the EM
’ pathﬁay or the hexosemonophosphate (HMP) pathway. Because these pathways
“have different metabolic functions, it is important to determine the factors

thatktegulate the relative and absolute amounts 6f glﬁcose traversing each
pathway upder various conditions.

Ihe problem of the distribﬁtion of glucosé between the EM and HMP
pathwafs has been investigated by others in streptococci. It was observed_
that the in vitro activity of 6-phosphogluconate dehydrogenase in the HMP
pathway was 1uhibitéd by the EM intermediate FDP. It was suggested that tﬁe
same control operated in vivo and thus accéunted for the homolactic ferﬁen—
tatiﬁn of glucose via the EM pathway.in thesé_organisms.

'In;cantrast to gfowing cells, comparatively little is known about the
controls in non—growingv(non-feplicating) cells. Would the saﬁe controls

operate or would they be replaced by new controls as a response to the




'change.in the metabbi&c requirements of the organism? Would éuch a drastic

change from growth to nod-growth cause a loss of control, resulting in

alterations in tﬁe pattern of pathways or in the levels of intermediates?
This investigation was initiated to examine these phenomena in

Staphylococcus aureus. This organism possesses both the EM and HMP path- '

ways, which operate simultaneously. The oxidative portion of the HMP path-~
way 1is more variable thap the EM pathway, both in percentage and in

absolute amount of glucose cataﬁolized; The activities of the pathways

in S. aureus and in almost all other microorganisms are usually estimated in
non-gowing cells. Therefore, this investigation attempted to answer three
questions: (1) What are the activities of the EM and HMP pathways in non-
growing cells under various conditions? (2) Do the levels of any glycolytic
intermediates change significantly when growing cells afe subsequently
incubated under non-growing conditions? (3) Do any of the infermediates

influence the activity of the EM and/or HMP pathways?




—

REVIEW OF THE LITERATURE

A, Cavrbohydrate metabolism of S. aureus
1. Pathways of carbohyd.ate metabolism

One of the earliest studies on carbohydrate metabolism in S. aureus
was by Friedemann (88), who measured lactic, formic, and acetic acids,
and alcohols produced during semi-aerobic growth in a beef~-infusion pep-
tone medium sﬁpplemented with glucose. Later, Friedemann (89) quanti-
tated the products of glucbse metabolism in unshaken, semi-aerobic cul-
tures, and found two main reactions for glucbse. One was conversion of
77-91% of the glucose to ;actic acid, and the second involved further
splitting of 2-17% of the three-carbon intermediates to ethanol and car-
bon dioxide. Formate and acetate were also found. Probably the first

study of the individual reactions of the Embden-Meyerhof (EM) pathway

. was that of Fosdick and Rapp (80), who used dried powders of S. aureus

for in vitro assays of the intermediates generated after the addition

Af a known EM pathway intermediate. Hexosemono—.and -diphosphates,
triose phosphates, pﬁosphoglyceric acid; pyruvic acid, and lactic acid
were detected.

a Evidence for the presence ofbthe hexosemonophoéphate (EMP) path-
way was first suggested by Fusillo anﬁ Weiss (90), but the simultaneous
operation of Both the EM and ﬁhe HMP pathways was found by Hancock (104),
who examined the effects of streptomycin on S. aureus. In non-growing
cells incubating in phosphate buffer plus labeled giucose,'streptomycin

caused a slight decrease in productiqn of 14002 from both glucose-1- and

‘-6—140, but the actual participation of the pathways was not quantitated.

-




2
The work of Strasters and Winkler (283) was an important contribution
. to elucidation of the major pathways of carbohydrate metabolism in S.°
aureus, The quantitative conversion of glucose to L-lactic acid under
anaerobic conditions in the presence of arsenite again‘demonsttated the
presence of the Eﬁ pathway. The EM pathway enzymes giucosephosphate iso-
merase, phosphofructokinase, fructose-l, 6-diphosphate aldolase, glycer-
aldehyde-3-~phosphate dehydrogenase, and lactic dehydrogenase were demon-
strated in cell-free extracts, the last two enzymes being more active in
cells grown in the presence of glucose. In contrast, fructosediphospha-
tase was more active in cells grown without glucose. Measured manomet-
rically, gluconate caused greater oxygen coﬁsumption and carbon dioxide
-evolution than ribose, suggesting that a complete HMP pathway was pre-
sent. This was supported by the presence of the enzyme§ of the HMP path-
way in cell—freg extracts. Comparing cells grown in nutrieﬁt broth with
or without glucose,yit was demonstrated manometrically that oxidation
vof gluconate, ribose, lactate, acétate, several tricarboiylic acid (TCA)
» cycle intermediates, and a number of amino acids, was suppreséed in the
glucose-grown cells. The use of glucose—1—14c and glucose—U—lQC indi-
cated‘that both EM and HMP pathways functioned simultaneously, and after
quantitating the lébeled carbon recovered, it was estimated that at least
64Z of the glucose was metabolize& through the HMP ﬁathway in cells grown
wichout_glucose, whereas in the glucose-grown cells, the activity of the
HMP pathway decreased to about 472. The uncertainty about the actual
percentages arose because of the possible recycling of fructose;G-phos-
phate produced by the traésaldolése-transketolase reactions in the non-

oxidative segments of the HMP pathway. Fructose-6-phosphate can be




3
converted tovglucose-6;phosphate (G6P) which reenters the HMP pathway.
Significant recycling of this type can cause a lower than actual esti-
mation of the activity of the HMP pathway, since the G6P can partially
spare that formed from the exogenously;supplied labeled glucose. The
phenomenon of recycling was giscussed by Wood and Katz (326).A'Strasters
and Winkler (283) also found no evidence for the presence of the Entner-
Doudoroff pathway in cells grown with gluconate, nor did they find phos-
phoketolase, a key enzyme in a fourth major pathway of carbohydrate me-
tabolism. |

Quantitatively, the main étoducts of aerobic glucose catabolism
were acetate and carbon dioxide (283), with some lactate, as found by
Gardner and Lascelles (92) in bdth growing and non-growing cells. Theodore
ind Schade (291) assayed the products of the anaerobié cétabolism.of glu-
cose and found 73-94% lactate, 4-7% acetate, and small amounts of pyru-

vate.

2. 'Metabolism of pyruvicAacid

Pyruvic acid may be met#bolized by several different reactions,

depending on the organism ;nd conditions. Although it had been shown
‘ that glucbse was converted to lactic acid.under anaerobic conditions

(89,283) and that fhis conversion was quantitative in the presence of
atsenite‘(283), Krebs (163) demonstrated eaflier ;hat 2 molecules of py-
ruvate specificallyrunderwent a‘dismutation to lactic and acetic acids
plus carbon dioxide, the reaction representing an intermolecular oxido-
reduction. The dismutation of pyruvate was stimulated up to l4-fold by
yeast extract and also by purified vitamin By (thiamine). The dismgta—

tion of pyruvate under anaerobic conditions was confirmed by Barron and
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Lyman (7), who also found th;t the raté of dismu;ation, measured by 602
evolution, was greater than the rate of oxidation, measured by oxygen
uptake. Diphosphothiamine, the active form of thiamine, stimulated py-
ruvate oxidation in non-growing S. gg:ggg by 38%.

Fosdick and Rapp (80) also studied pyruvate‘metabolism, but used
a cell-free system. They could not detect formation of éyruvate from
3~-phosphoglyceric acid under anaerobic conditions, but assumed that py-
ruvate was formed and reacted rapidly. Examining the reactions of py-
ruvate, no lactate was formed éerobically, but anaerobically therevwas
a quantitative conversion to lactate. Strasters and Winkler (283) also
observed the anaerobic dismutation of pyruvic acid, and under aerobic
conditions, pyruvate was oxidized to acetate and ;axbon dioxide by the
non-growing cells. The amount of CO); exceeded that of #cetate in cells
grown withqu; glucose, suggesting that some of the acetate was oxidized
’ by the TCA cycle. , .

| Watt and Werkman (313) compared thé éyruvate metabolism of S.

aureus grown in a peptone—ye#st extract ﬁedium with or without glucbse.
Cells grown without glucose maintained a high pH (around 7.4) and car-
ried out a dismutation of pyruvate to‘écetate, lactate, and CO2, whereas
glucose—gtdyn cells caused a decrease from pH 8 to pH 5, and converted
pyruvate to acetjlmethylcarbinol, acetate, and CO,. The acetylmethyl-
carbinol-forming system was stimulated by diphosphothiamine, but the
dismutating system was not. |

Although pyruvate kinase was proposed to be the rate-limiting en-
zyme in the EM pathway of S. gggggg;by Bluhm and Ordal (15), it has not
been studied in detail. However, this enzyme from a number of microbial

and mammalian sources has been shown to be activated by the EM pathway
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intermediate fructose-1,6-diphosphate (FDP) (95,119,149,180,185,314);
Such regulation by an intermediate of an enzyme distal in the pathway
is called precursor activation or feed-forward activation, in contrast

to feedback fohibition (119).

Lactate dehydrogenase (LDH) occurs in S. aureus. The effect of
growth conditions on activity (42,93) and the presence of isozymes (276,
277) have been exaﬁined. The activity of LDH from.a number of bacteria
(100,210,325) is dependent on FDP. In a survey of 130 strains of staphy-
lococci, Schleifer and Kocur (255) found fhat the FDP-activated LDH oc-

curred only in 21 strains of S. epidermidis, and not in S. aureus.

3. The tricarboxylic acid cycle and effécts qf glucose

One of the earliest suggestions of the presence of the Krebs tri-
carboxylic acid (TCA) cycle in staphylococci was the oﬁservation of Smyth
(271), who studied the effects of vitamin B; (thiamine) on pyruvate me-.
tabolism in S. aureus. Measurement of pyrﬁvate dismutation in non-growing
cells indicated that succinate, fumarate, aﬁd malate were fofned when
pyruvate or oxaloacetate were added to the incubation mixture. Addition
of thiamine stimulated pyruvate dismutation by 69% in cells grown in a
vitamin-deficient synthetic medium.

Stedman and Kravitz (274) providéd further evidence for a TCA cycle
in S. aureus by measuring the "sparking" of pyruvate oxidation by suc-
.cinate and‘fumarate, and of acetate oxidation by succinate, fumarate,

It—kétoglutarate,.L-malate, and oxaloacetate. From the similarity of
the sparking patterns of pyruvate and acetate oxidation by known inter-
mediates, and from similar amounts of inhibition of pyruvate and acetate

oxidation by selective inhibitors (fluoride; selenite, malonate, and
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arsenite),’the} concluded that both pyruvate and acetate were oxidized
by # camm;n route; most likely the TCA cycle.

Most of the enzymes of tﬁe TCA cycle have been identified in S.
aureus: aconitase (136), isocitrate dehydrogemase (42,136), &-ketoglu-
tarate dehydrogenase (223), succinic dehydrogenase (42,196,283), fumarase
(283), and malate dehydrogenase (283). Evidence for the éresence of ci-
trate synthase (condensing eﬁzyme) has also been preéented (94).

An.e#rly observation on the effects of glucose on the metabolism
of.§. aureus was that of Sevag et al. (2€3), who found that cells grown
in glucose broth were devoid of carboxylase actiQity (the araerobic evo-
lutiqn of CO; from pyruvate), whereas carboxylase was present in cells
grown in plain broth. Addition of cocarboxylase (thiamine pyrophosphate
or diphosphothiamine) stimulated carboxylase acti#ity by 50%. Sevaé and

‘Swart“(264) ex#miﬁed the effects of several substances during growth in
the prese@ce of ‘glucose on the subsequent oiidaiion of pyruvate, and
fouhd that methionine, cysteine, glutathicne, thiamine, adenylic acid,
or diphosphothiamine could not‘overcpme the inhibitory effects éf glucose
in the uediﬁn. Measurement of the ability of cells to oxidize pyruvate
du:ing-gfovth 1n»the presence of glucose showed that pyruvate was oxi-
dized early,‘vhen glucose utilization was at a -iﬁimum.

- Changes in the oxidétive ability of S. aureus during growth were
also observed by Powel#on et al. (236), who found that 6 h cells (grown
without glucose) accumulated acetate in the presence of glucose or gly-
cerol under non-growing conditions, but 10 h cells oxidized these car-
bohydrates completely to CO, and water. buring growth of the cells, the
pH of the medium decreased fgom an initial level of pH 7.4, and then

‘rose to a final pH of 8.6-8.8 at 24 h. The drop in pH was caﬁsed by the
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formation of acetic acid, which was de;ecﬁed in the medium. Goldschmidt
and Powelson (97) examihed the effects of age of cells and pH on oxida-
tion'of acetate and found that the presence of glucose in a synthetic
growth medium inhibited acetate oxidation.

In studies on the effect of growth conditions on the oxidative
ability of S. aureus, Collins and Lascelles (42) found that after growth
of cells in the presencé of glucose, non-growing cells could not.oxidize'
acetate, succinate, or malate. The glucose-grown cells also had greatly
reduced activity of succinate dehydrogenase, and malate dehydrogenase
was undetected. Strasters and Winkler (283) found that there was low
or no oxidation of citrate, isocitrate, ‘®-ketoglutarate, succinate,
fumarate, malate, or oxalacetate in bells grown with glucose, whereas
.these intermediates were oxidized either slowly or at 4-5 times the en-
dogenous raté in cells grown without glucose. The activity of succinate

-dehydrogenaée was lower, ﬁnd that of fumarase was undétected, in the
cells grown with glucose.

Ivler (136) compared the effects of growth in glucose on coagulase-
positive and coagglase-negative strains of S. aureus. The ability of |
noh—g:owing>cells of both typesvto oxidize acetate, citrate, ®&k-ketoglu-
tarate, succin#te, fumarate, and malaté decreased to zero after the
cells wére grown with glucosé. After grovthrwith-glucose, both coagu-
iase—positive and -negative cells had little or no aconitase or isocit-
ric'dehydrogenase activity.

These effects of glucoge on the synthesis of enzymes in S. aureus
resemble the phenomenon 6f catabolite repression, also known as the

glucose effect, which has been examined in E. coli (35,181,222,226).
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Although catabolite repression has not been studied 1n.staphylococci,
various aspects of cellular metabolism have beén implicated in this phe-
nomenon in E. coli, including products of glucose catabolism (209), pro-
ducts of pentose or triose metabolism (177), redox systems (40,60), glu-
cose-6-phosphate (131), and N—acetylglucqsamine (61,62). The cyclic nu-
cleotide adenosine—3',5'-mbnophosphate (cyclic AMP) has been intensely
studied ever since Makman and Sutherland (183) observed a 32% decrease
in the intracellular level of cyclic AMP in g,Aggli incubating in phos-
phate buffer. The addition of glucose to the incubation medium caused
a 99X decrease in the level of cyclic AMP in the cells. The relation-
ship between cyclic AMP and catabolitg repression was recognized when
.Perlman and Pastan (225) found that cyclic AMP could overcome the re-
pression of B-galactosidase synthesis cauéed by glucose. The mechanism

of the glucose effect in S. aureus is yet to be elucidated.

4, Metabolism 6f carbohydrétes otﬁer than glucose

Staphylococci are able to metabolize a mnumber of hexoses other
than glucose. One of the characteristics used to separate S. aureus
from S. egidermiais is the utilization of mannitol. Murphey and Rosen-
blum (206)lfound that enzymes for mannitol metabolism were induced when
S. aureus was grown in the presenée of mannitol, glucitol (sorbitol),
or arébitol, although oniy manniCOl was metabolized. Growfh in ﬁhe pre-
sence of mannitol allowed the highest rate of uptake of mannitol, while
glucose, glyceroi, mannose, and fructose allowed the slowest rate, less
than half of that with no carBohydrate. This inhibition was attributed
to catabolite repression. The low, but detectable, activitj of a nico-

tinamide adenine dinucleotide (NAD)-1linked manﬁitol-l—phosphate dehydro-
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genase in uninduced cells increased about 17-fold when cells were grown
in the presence of mannitol. They presumed tﬁac mannitol-l-phosphate
was an intermediate in mannitol catabolism, but no mannitol phosphory—-
lating eniyme couldbbe detected (206). The induction of mannitol-1l-
phosphate déhydrogenase was also obsefved by Strasters (282), who also
found that in cells grown with mannitol and then incubéted under non-
growing conditions in the presence of mannitol, the level of mannitol-1-
phosphate accumulated about 5-fold compared to cells grown with mannitol
and incubated with glucose or fructose. Strasters (282) demonstrated
by paper chromatography the formation of a compound corresponding to
mannitol-l-phosphate by cells grewn and incubated with mannitol, but he
could not detect mannitoi kinase agtivity in'céll extracts, although
such activity was inducible. The problem of the elusive mannitol kinase
was solved when‘Simoni et al. (268) isolated a mannitol-specific and
mannitoi—induced factor III as part df the phosphoenolpyruvate-phospho-
transferase system of S. aureus. Edwards and Blumenthal (personal com-
munication) have'recently identified free mannitol as an intracellular
product in staphylococci and demonstrated that it is formed from glucose.

Chhpman (39) showed that lactose, as well as glucose, fructose,
glycerol, galactose, maﬁnoée, maltose, and trehalose, were fermented by
pathogenic and'by most non-pathogenic staphylococci. Hengstenberg et
al. (112) found that a number of carbohydrates, lactose included, oc-
chred as the phosphorylated derivatives intracellularly. Bissett and
Anderson (11,12) elucidated the pathway of lactosé metabolism in S.
aureus. The phosphotylated lactose was hydrolyzed to glucose and ga-
lactose-6-phosphate by a 6-phospho-/3-D-g§lactosidase (116). | The ga=-

lactose-6~-phosphate was then isomerized to tagatose-6-phosphate and a
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kinase formed tagatose-l,6-diphosphate, which was cleaved to dihydroxy-
acetone pﬁosphate and glyceraldehyde-3-phosphate by an aldolase distinct
from FDP aldolase. Thus, this pathway is different from the Leloir path-
way, where galactose is converted to glucose-G-phosphate'(147);

The utilization of a large number of carbohydrates By staphylo-
coccl has been used in the classification of these organisms.. From the
initial efforts of Baird-Parker (7,8), whb arranged the staphylococci
into six subgroups, the problem was compounded by Kloos and Schleifer
(152,153,256),who have proposed names for no less than ten species of

staphylococci.

5. Electron tranéport and respiration in staphylococci

.Aexobicaliy-gfown S. aureus possesses an electron transport sys-—
tem in the cytoplasmic membfane, along with a large fraction of succinic,
lactic, malic, formic, @& -glycerophosphate, and glﬁcose—ﬁ-phosphate de-
hydrogenases (196). TaBer and Morrison (286) examined the electron
transport system of S. gggggg in detail ;nd identified three hemopro-
teins in a particulate membraﬁe fraction:. cytochrome a, cytochrome b1,
and cytochrome o. The postulated scheme for electron transport was:
NADH or succinate —» flavoprotein —% light-sensitive component ——b
cytochfome L cytbchrome a —% cytochrome o (cytochrome oxidase) —%»
oxygen. Frerman and White (87) found that a shift from anaerobic to
aerobic conditions during growth of S. aureus resulted in a 15—foid in-
crease in the cytochrome a content and a 55~fold increase in the cyto-
chrome o content of the cells. The electron'transport chain and a num-
ber of oxygenéses and dehydrogenases were reéently shown to be associated

primarily vith protoplast membranes instead of mesosomal vesicles (292).
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The repeated observations on the reduced oxidation of lactatg,
acefate, and intermediates of the TCA cycle after growth of S. aureus
in the presence of glucose (42,136,236,283) have been explained by de-
creased activities of succinic dehydrogenase, isocitric dehydrogenase,
and fumarase (42,283), but Strasters and Winkler (283) found a 40% re-
duction in the citochrome content of S. aureus grown with glucose.

In addition to oxygen, staphylococci caﬁ use nitrate (NO3™) as a
terminal electron acceptor (37,38,173). This process is called dis-

similatory nittéte reduction (74).

6. Nutritional requirements of staphylococci
Staphylococci aie hetgrotrophic organisms requiring a number of
preformed amino acids and nicotinic acid (or nicotinamide) for growth.
In 1932, Hughes (133) discovered a substance in meat extract that stimu-

lated the growth of staphylococci in a synthetic medium. Knight (154)

" confirmed the existence of this "staphylococcal growth factor" isolated

from yeast extract (marmite) which ailowed aerobic growth in a medium
of acid-hydrolyzed gelatin plus glucose, tryptophan, tyrosine, and cys-

tine. ‘Fildes et al. (77) developed a synthetic medium consisting pri-

bmarily of amino acids, glucose, phosphate, and the "staphylococcus

growth factor." This allowed aerobic growth,_but for anaerobic growth,
pyruvic acid and a "fatﬁor III" were necessary. Richardson (242) found‘
that "factor III" was uracil and Knight (156) identified the growth
factor as nicotinic acid and vitamin B} (anéurin). Nicotinamide was
more effective than nicotinic acid and nicotinamide and vitamin B
(thiamine) were effective at very low concentrations, 2.5 x 108 M and

4 x 10710 M, respectively (155). Thus, it became possible to grow
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staphylococci in a completely defined, synthetic medium.

Knight (155) found that nicotinamide adeniné dinucleotide (NAD, co=-
zymase) could be replaced by nicotinic acid (or nicotinamide) as part of
the "staphylococcal growth factor," thus demonstrating that nicotinamide
was the constituént of NAD required as a vitamin for staphylococci. The
metabolic role of NAD and NADP in oxidation-reduction reactions was
established by Warbu;g and Christian éround.1934. |

S. aureus was originally considered able to utilize only nicotinic
acid or nicotinamide (157), but Wadke (306, 368) has shown that these
can be replaced by a number of niacin analogs that are fully effective,
but only at much higher concentration, viz., mg instead of ug per ml.

The story of thiamine began with Auhagen (161), who discovered co-
carboxylase, a dialyzable factor necessary for the activity of carboxy-
lase, which converts pyruﬁic acid to acetaldehyde and C02.' The active
fdrm of cocarﬂoxylase was found fo be a pyrophosphoric ester by Lohmann
and Schuster (161) in 1937. The name fhiamine was first applied in
1937;.thus. the aétive form 1srknown as diphosphothiamine (DPT) or
thiamine pyrophosphaté (TPP).. The role of thiamiﬁe in pyruvate metaboiism
of siaphylococci was determined_by Hills (121).

Studies on the amino acid requ}tements of éiééh&lococci probably
began with Gladstone (96) in‘1937, Qho grew 26 clinical isolates of
staphylococci (primarilylé. aureus) in a~synthetic medium containing
16 amino acids. Fildes and Richardson (76) found tpat the requirement
for a sulfur source could be satisfied by a number of mercapto- or di-
thio- compounds, but cystine was far superior to any of them, being ef-

fective at a concentration of 10-6 M. The amino acids generally
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considered to be essential for staphylococci include arginine, cysteine, *

proline, and valine (73,166). Most recently, nutritional mutants of
S. aureus H were grown in media in which the only amino acids were ar-
ginine, cysteine, glutamic acid,and proliné’(3).

The vitamin requirements ﬁnd general nutrition of staphylococci

are discussed in more detail by Koser (161) and Elek (72), respectively.

7. Regulation of thé EM and HMP pathways

Regulation of metabolism occurs on two general levels: omne, on
the synthesis of enzymes, resulting in changes in their type and/or
amount; two, on the activity of enzymes, which may be caused by availa-
bility of'substrates éndrcofactors, and may result in a change in the
overall rate of a pathway, particularly if the enzyme is rate-limiting
for the éathway. Most of the research on staphylococci hﬁs bgen on the
second type of control, and the approach usually was to vary the gtowﬁh
conditions and observe resulting changes in pathway activity, end pro-
§ucts, or enzyme leyels. There have been few studies on isoiated enzymes.
b_ An_eatly study that established the roles of niacin (hence of NAD)
and:thiamine'in S. aureus was- that of Kligler et al. (151), who found
that niacin was absolutely essential for utilization of glucose and py-
ruvate under both aerobic and anaérobic conditions. In the presence of
niacin and thiamine éerobiéally, glucose was converted to lactate (20%),
acetate (40%), a trace of pyruvate, and presumably the remainder was
COp. Elimination of thiamine yielded 60% lactate and 40% pyruvate.
Therefore, niacin éaé essential for glycolysis and thiamine was in-
volvea in the further oxidation of pyruvate. Anaeroﬁically, aﬂded thia-

mine was unnecessary (the complex medium probably already contained low
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levels), but pytu§ate was essential for growth, ﬁhether produced glyco-
lytically or added exogenously. No growth occurred without niacin.
Glucose was converted priharily to lactate, and pyruvate underwent dis-
mutation to lactate, acetate, and.coz (151).

Hughes (132) found’that niacin (nicotinic acid) stimulated gly-
colysis by about 80% in suspensions of non-growing S. aureus. After
adapting a strain of S. aureus to grdw on the thiamine analog pyrithia-
mine instead of thiamine, Das and Chatterjee (49) found decreased glu-
cose oxidation, but greater acetate oxidation, by the adapted strain.
The ratio of ll’COZ from glucose—i—lAC to that from glucose-6-14C was
about 1.9 in the parent strain and 0.8 in the adapted strain. This re-
sult, combined with the decreased_glucose oxidation, suggested thatvsig—
nificant changes in operation of.the HMP pathway, and also to some ex-
tent in the EM pathway, had occurred.

‘ The use of radioisotopes provided greater capability for investi-
gation of pathways and of the effects of_inhibitors, analogs, etc. This
approach was used by Blumenthal et al. to measure tﬁe actual in vivo
participation of the péthways in S. aureus ﬁnder variousvconditions.
Montiel and Blumenthal (199) found that addition of glucose to the Tryp-
ticase growth medium caused a reduction of the activity of.the HMP path-
uay,ftom 34% to 26%, and a greater reduction of thevactivity of the TCA
cycle from 17.0 to 0.5, measured in non-growing cells incubating in the
presence of Cj~ or Cﬁ—labeied glucose. Blumenthal et al. (19) found
that addition of 1 mg of thiamine per liter of Trypticase Broth caused
a 20~ to 50-fold increase in activity of the TCA cycle and a decrease
in activity of the HMP pathway. Addition of 2-4 mg of nicotinic acid

‘per liter of Trjpticase did not significantly affect the TCA cyclé, but
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stimulated the HMP pathway 40-507 (19).

A brief explanation ofithe nature of the media used is in order.
Peptone refers to the diffusable peptides resulting from the partial hy-
drolysis of protéin from plant or animal sources. Tryptone is an enzy-
matic digest of casein with a high concentration of tryptophan, suitable
for the determination of indole production. Trypticase is a trade name
(BBL) for a trjptone derived from casein. Casitone is a trade namaz
(Difco Laboratories) for a pancreatic digest of casein.

To more effectively control the vitamin levels during growth of
S. aureus, Ho§ et al. (128) employed a "vitamin-free"™ Casitone without
the addition of glucose, which had been shown to inhibit both the HMP
pathway and the TCA cycle (199,283). They found about 6% HMP pathway
and low levels (0.1-0.6 gmol/g dry wt) of the nicotinamide coenzymes in
cells grown in unsuppleménted medium, Addition of niacin increased the
HMP pathway'to around 20% and caused a 10-fold increase in the NAD con-
centration (128). There were also 2- to 3-fold increases in the ac-
tiviies of C4P and GPC dehydrogessses in the miscin-supplemsntsd me-
dium. Effects of‘niacin oﬁ metabolism in suspensions of non—growiﬁg
S. aureus vere observed by Wadke et al. (307). Cells grown without nia—
cin were incubated in phosphate-buffered glucose. Upon addition of nia-
cin; NAD and HADPilevels increased by factors of 15'énd'2,\respectively,
and the HMP pathway was stimulated 3-fold in the non-growing cells, even
in the presence of 100 g of chloramphenicol/ml to preclude prbtein
synthesis. In a continuation of this work by Hoo et al. (127), S. '
aureus was incubated in phosphate-buffered glucose for 8 h, and both
pathways aﬂd NAD&P) levels were measured.. Initially, the activity of

the HMP pathway was about 18I, with 2.4 Jmol NAD/g dry wt. After 6 h,
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the HMP pathway had decreased to 8% and NAD to 0.6 mmol/g. At this
‘time, niacin was added to the suspension of non-growing cells to a fixial
concentration of 100 /(g/ml, and after 2 additional h of incubation,
the HMP pathway increased to 16X and NAD to 1.2 ,g.mol/g. During the
entire 8 h, the activity of the TCA cycle remained relatively constant,
and NADP, which had also remained constant, increased from 0.5 to 0.8
pmol/g after addition of niacin (127). This seemed to suggest that NAD,
and not NADP, was controlling glucose catabolism through at least the
oxidative portion of the HMP pathway. This variability of the HMP path-
way from laBout 6% to more than 20X has been called the "expandable por-
tion" of the HMP pathway by Blumenthal (17), who also‘showed that maxi-
@ growthbf S. aureus in thiamine-supplemented Vitamin-free Casitone

was obtained with 0.05 mg niacin/ml and about 117 HMP pathway. Higher

'concent:rat'io'ns of niacin, up to 0.25 pglml, caused no increase in growth

of l:hé_ organisms but allowed HMP pathway activity to increase to 22Z.
Higher niacin concentrations, up to'50 -‘glml, during growth caused no
further increases in either grcwth or HMP pathway activity. Measure-

ment of NAD levels with increasing niacin concentrations during growth

_of S. aureus resulted in a 19-fold increase to a maximum of 5.7 mmol/g

at 2.0 mg niacin/ml. In contrast, NADP underwent only a 3-fold in-

~crease, to a maximum of 0.6 ’.mollg at 2.0 mg niacin/ml (17). Again,

this suggested a relationship between NAD levelsv and the activity of
the HMP pathway. This problem vaé at least partially solved by Montiei
et al. (»200), who discovered isozymes of G6P and 6P¢ dehydrogenases
that could hse either NAD or NADP as coenzyme, if the NAD concentration
wvas about.lo times higher than NADP. Therefore, the extent of glucose

catabolism by the HMP pathway in S. aureus can be varied by glucose and
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niacin in the growth medium.

The EM and HMP pathways were also affected by the pH of the growth
medium. Using a vitamin-supplemented casein hydrolysate medium, Morse
(203) found greater EM pathway activity in the presence of glucose or
at pH 7.7, and greater HMP pathway activity in the absence of glucose
or at pH 5.6.

Bluhm and Ordal (15) examined the effects of sublethal heat on
the activity of the glycolytic enzymes of S. aureus in cell-free extracts.
Only the activities of fructosediphosphate (FDP) aldolase, LDH, and bu-
tanediol dehydrogenése were reduced significantly as a result of heating
the whole cells at 52C. Pyruvate kinase had the lowest activity, sug-
gesting tﬁat it was the rate-limiting enzyme in the EM pathway. The
activity of glucose-6-phosphate dehydrogenase was considerably lower -
than that of 6—pho§phogluconate dehydrogenase, suggesting that the for;
mer may be rate-limiting in the oxidative portion of the HMP pathway.
Blubm and Ordal (15) also gstimated pathways for glucose oxidation in
non-growing cells and found 88.77 EM and 11.3% HMP in normal, unheated
cells, and 89.5% EM and 10.5% HMP in heat-injured cells.

In studies of the regulation of the HMP pathway, most workers ap-
pear to have Seeptééﬁéerned with the fac&ors regulating thé in vitro
activities of giﬁéOSe;ﬁ-phosphate dehydrogenase (G6PD) and/or 6-phos-
phogluconate dehydrogenase (6PGD). The results were then usually ex-
tended to the in vivo situation. Cohsideration of the factors that
regulate the distribution of glucose carbon between the EM and HMP path-
ways would be a requisite of such studies, as G6P is common to both
pathways.

Brown and Wittenberger (24) have investigatéd this problem in the
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homofermentative organism, Streptococcus faecalis. Analysis of enzyme

levels And the decrease ofllécéz evolution from non-growing, gluconate-
adapted cells caused by unlabeled glucose suggested that 6PGD and not
G6PD was the site of control of the HMP pathway in S. faecalis. A sur-
vey of most of the EM pathway intermediates showed that only FDP caused
inhibition of the NADP-linked 6PGD in vitro. This was also true for
6PGD from all other sources tested, including oche: streptococci, E.

coli, Candida utilis, and guinea pig liver. Based on this in vitro ef-

fect of FDP on 6PGD and meager in vivo data, they postulated a scheme
whereby FDP would inhibit 6PGD and activate LDH (324), thus causing a
homolactic fermentation under conditions where adenosine 5'-triphosphate
. (ATP) levels would presumably not inhibit PFK, allowing maintenance of

a pool of FDP in these cells (24).. The activati&n of LDH by FDf is well-
established for streptococci (27,324,325), and was used by.Schleifer and
Kocur (255) as a criterion for classification of staphylococci, only the
- S. egi&ermidis en?yme being activated by FDP. Brown and Wittenberger

(26) also found that glucose-grown Streptococcus faecalis contained a

NADP-iinked 6PGD, -but growth in the presence of gluconate caused in-
duction of a NAD-linked 6PGD as well. Based on the séecific inhibition
of the NADP-6PGD by FDP and of the NAD-6PGD by ATP, they postulatéd that
the NADP-linked enzyme was iﬁvolved primarily:in production of NADPH for
biosynthesis, and that the NAD-1inked enzyme functioned in gluconate
catabolism (26).

Study of regulation of the pathways in Gram negative organisms
has centered on Escherichia coli and on Pseudomonas sp. These organisms

differ in their oxygen requirements and iﬁ their glucose catabolic path-




19
ways, hence in their regulatory properties.

Model and Rittenberg (198) measured the HMP pathway in E. coli
using glucose—l-lso and found that about 25% of the glucose was metabo- -
lized by this route. The perceﬁt of glucose oxidized by the HMP path- v
way decreased as the cells entered the stationary phase, if the niﬁrqgén
source was exhausted, or under anaerobic conditions. Although neither
enzyme activities nor coenzyme levels were measured, they postulated
that the activity of.ﬁhe HMP pathway was controlled by the availability
of NADP, since under the three conditions mentioned, thé level of NADPH
would be higher (198). An allosteric inhibition of G6PD by NADH was
reported by Sanﬁal (254), who suggesﬁed>that one of thé major functions .
of ihe HMP pathway was to generate biosynthetic reducing power as NADPH.
However, a latervreport (36) indicated that the observed inhibition of
G6PD may have been an instrumental artifacﬁ.

A series of papers from the laboratory of Doelle yielded interesting
results. In glucose-limited'chemostat cultures of E. coli, the specific
activity of PFK increased linearly as the oxygen partial pressure was
lowered below 28 mm Hg (241). An expanded and extended study of the

same phenomenon revealed that,‘in addition to PFK, the activities of

G6PD, 6PGD, and FDP aldolase also increased with decreasing oxygen par-

tial pressﬁre (293). A significant findihg was that PFK in aerobic cul-
fureé was not inhibited By ATP, but in anaerobic cultures (0 mm Hg), a
second form of PFK was synthesized that was sensitive to inhibition by
ATP (63,64). Because of the increaéed activity of FDP aldolase during
the conversion to anaerobiosis, Thomas et al. (293) suggested th;t it
may play a roie in regulation of the EM pathway, although they presented

no possible mechanism for such involvement.
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Doelle et ai. (66) also investigated the effects of gluéosé con-
centrétiqn on the enzymes of E. coli, grown aerobically and anaerobi-
cally. Aerobically, the activities of PFK and FDP aldolase underwent
increases at 0.2% glucose and remained constant as the élucose concen-
tration was increased to 1. PFK was insensitive to ATP at all glucose
concentrations. - Anaerobically, FDP aldolase activity increased almost
linearly witﬁ increasing glucose concentration (up to 1Z), while PFK
was most active at 0.08% glucose and was inhibited by ATP. Doelle et
al. (66) also found that the anaeroﬁic FDP aldolase yielded three peaks
from a DEAE-Sephadex column, but the aerobic aldolase yielded only one.
Under all conditions tested, the activities of G6PD and 6PGD remained
about the same. These results suggested that there would be a minimum
HMP pathway activity both anaerobically and aerébically, but that under
anaerobic conditions, PFK would be inhibited by AIP.‘ Therefore, under
anaerobic éonditions, both PFK and FDP aldolase were more active, énd
as aerobic conditions became established, these enzymes became less ac-
tive, presumably inhibiting glucése utilization by the EM pathway and
.sbifting moré glucose into the HMP pathway. This is their explanation
for the Pasteur effect (66), which is the inhibition of glucose utili-
zagion by oxygen, also referred to as the oxygen effect. The converse
of this is the Crabtree effect, which is the inhibition of oxygén con~
éumption by the utilization of glucose, also called the glucose effect
@F catabolite repression (65,66). 7 '
Westwood and Doelle (318) exaﬁined the properties of G6PD and
6PGD from E. coli. Assay of G6PD in the presence of ATP, AMP, FDP,

NADPH, or NADH, showed that only NADPH had any inhibitory effect. All
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- microbial and mammélian enzymes assayed were inhibited by NADPH, and

6n1y the G6PD from Pseudomonas sp. and Acetobacter sp. were significantly
inhibited by ATP. The E. coli 6PGD was inhibited by ATP, FDP, and NADPH,
as were the other microbiai and mammalian enzymes. Westwood and Doelle
(318) also suggested that in E. coli growing aerobically, the FDP-medi-
ated inhibition of 6PGD controlled the distribution of glucose between
the EM and HMP pathways; However, no in Vivo data regarding pathways
or intermediate levels were given.

Szjnkiewicz et al. (285) studied pentose biosynthesis in E. coli

by measuring the relative specific activities of hexose and pentose car-

"bons after growth of the cells on glucose or acetate followed by ex-

posure to labeled glucose. Cells grown on acetate as the main_carbon
source syt_xf:hesized most of their peﬁtose via transketolase and trans-
aldolase, i.e., the non-oxidative portion of the HMP pathway. During

growth on glucose, however, the oxidative decarboxylation of 6PG pre-

- dominated over the transketolase-transaldolase pathway. An extensive

analysis of this'pfoblem was presented by Katz and Rognstad (148), who

used published bacterial and mammalian data to demonstrate that the net

flow of carbon was from hexose to pentose in the oxidative branch and

from pentose to hexose in the nonoxidative branch.

' Orthnér and Pizer (221) compared two strains of E. coli, onme a
mutant yith 10 times as mhch G6PD as the other, and found that the mu-
tant héd only 25% higher evolution of 14C62 from glucose-l—lAC and the
same evolgtion of labeled Co, from glucose-6—14C as the parent sfrain.
Analysis of the intracellular levels of G6P and 6PG and the rate of COj
evolution from gluconate-l—l4c showed no significant differences between

the strains, suggesting that G6PD was regulated and was rate-limiting.
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The levels of nicotinamide coenzymes, oxidized and reduced, were also
similar in the two strains. it was concluded that the factors regulating
the activity of G6PD in vivo were substrate limitation or product inhi-
bition. Therefore, in E. coli, 6PGD and not‘G6PD seems to be the regu-
latory enzyme in the HMP pathway, and its effectors include ATP, FDP,
and NADPH.

As might be expected, the situation in Pseudo_onas is different
from that in E. coli. Eagon (68) surveyed a number of organisms with
regard to pathways and the presence of NADPH oxidase and pyridine nu-
cleotide transhydrogenase. Organisms using the HMP pathway and/or the
Entner-Doudoroff (ED) pathway for a significant amount of glucose cata-
bolism (20—502) had levels of NADPH oxidase and transhydrogenase that

were higher than those'organisms with less tha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>