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CHAPTER I
INTRODUCTION

Catabolic repression has created much interest since Gale (22)
first observed that glucose inhibited induction of certain enzymes.

Mbnod.(52)demonétrated that Escherichia coli failed to form 3-galac-

tosidase in the presence of glucose until the glucose was utilized,
MacQuillan and Halvorson (44) reported that S-glucosidase synthesis

by yeast was_repressed by high concentrations of glucose and prior
induction of the cells did not relieve this repression., pg-Galactosi-
dase induction in E, sgl;, with only endogenous sources of nitrogen
and energy available, was blocked by glucose, ribose, xylose, or glyc-
erol (64), It was suggested that this repression was due to the syn-
thesis of a common metabolite produced from these compounds or by
interference with the energy-transfer system,

Freundlich and Lichstein (21) demonstrated that glucose inhib-
ited the formation of tryptophanase but stimulated the production of
tryptophan synthetase in E, coli, The glucose inhibition of trypto-
phanase could be reduced by high concentrations of L-tryptophan.
Recently, Dobrogosz and DeMoss (13) found that an inducible L-arabi-

nose isomerase of Pediococcus pentosaceus was repressed in cells

grown on glucose, fructose, or mannose, but growth on ribose or xy-
lose stimulated the capacity for isomerase formation. Similar results

were noted for the synthesis of A-galactosidase by this organism,



Durham (15) and Durham and McPherson (17) studied inducible en-

zyme formation by Pseudomonas fluorescehs and found that low levels of

glucose would shorten the lag pefiod required for induction to several
different aromatic substrates, G(luconate also enhanced enzyme forma-
tion but succinate or pyruvate had 1little effect. However, it was
observed that the lag timé for induction was related to the glucose
concentration in the medium, The cells did not produce the enzyme
until after glucose was utilized; therefore, increasing the glucese
concentration prolonged induction,

The purpose of this study was to elucidate the influence of ex-
ogenous carbonbsources on the induced biosynthesis of protocatechuic

 acid oxidase in Pseudomonas fluorescens. A method using toluene-

treated cells was perfected to permit quantitation of enzymatic ac-
tivity. Optimum conditions for enzyme induction were determined. The
incorparation of labeled ribose and glucose into the different cell
fractions was measured and the influence of these sugars on uracil

incorperation was evaluated,



CHAPTER IT
LITERATURE REVIEW
Part A, Inducible engzymes

Inducible enzyme formation,

In 1882, Wortman (cited in Pollock (77), p.'620) observed that

cultures of “Baéterium termio” did not produce starch-destroying en-
zymes unless starch was inéluded in the growth medium, Wortman inter-
preted this observation in terms of a hunger stimulus of the cell to
produce the enzyme it needed for growth and survival, He visualized
a self-.compensatory control of the cell's chemical activities based
on a balance between enzyme formation and enzyme action which satis-
fied the needs of the cell and therefore led to diminished enzyme
formation.

The first clear and deliberate discussion of enzymatic induction
is found in the chapter on: "Les causes qui influent sur la secré-

tion des diastases™ in Duclaux's Traité de Microbiologie which ap-

peared in 1899, Duclaux (cited in Monod (52), p. 227) noted that
production of certain proteases and saccharase by aspergilli took place
only when milk or saccharose was present in tﬁe growth medium, In
1901, Went (citéd in Monod (22), p. 227) noted that Monilia

(Neurospora) sitophila produced proteases only in the presence of

casein or peptone bult synthesized amylase regardless of the composi-

tion of the growth medium,



Dienert (12) showed that Saccharomyces cerevisiae fermented

galactose only after a period of several hours in the presence of the
substrate, but would ferment glucose without a lag periced.
Karstrom (cited in Pollock (77) p. 623) in 1930 studied the

relation between the fermentative properties of Betacoccus arabinosa-

ggﬁg and the nature of the sugar present during growth of the organ-
ism, He found that glucose and sucrose weré fermented regardless

of the presence or absence of the sugar during growth, However, the
ability to ferment galactose, arabinose, and lactose was acquired
only if the specific sugar was present during growth. From these
findings, Karstrom (cited in Yudkin (101) on p. 93) divided bace-
terial énzymes into two groups: adaptive enzymes, which are produced
only when required or whose formation is dependent upon adaptation of
the organism to a specific substrate, and constitutive enzymes, which
are formed by-the cell independently of the composition of the medium
in which it is grown,

In 1953, Cohn et al, (10) suggested the term "enzyme induction®
instead of "enzyme adaptation" to distinguish "enzyme induction” from
other cellular changes due to the environment., They defined enzyme
induction as "a relative increase in the rate of synthesis of a spe-
cific apo-enzyme resulting from exposure to a chemical substance.,"
Therefore, anj substance which will induce enzyme synthesis is an en-
zyme inducer (10),

The definition of enzyme induction states that the increased
enzyme formation must be a physiological change (phenotypic eipres-
sion) occurring in all cells rather than a genetic change found in

only part of the bacterial population (66). Stephenson and Stickland



(88) found that no cell division occurred when formate was added to
E. coli, but the enzyme hydrogenlyase was produced. They concluded
this was not a genetic selection of part of the population. Since
this report many workers have noted that inducible enzyme formation
is a phenotypic change in all of the bacterial population. Xlein and

Doudoroff (36) isolated a mutant of P, putrefaciens that rapidly oxi-

dized glucose whereas the wild strain did not, The phenotypic dif-
ference of the mutant resided‘in its capacity to produce hexokinase
in the presence of glucose, whereas the wild type could not produce
hexokinase even after several hours incubation,

Stephenson and Yudkin (89) found that S. cerevisiae produced
galactozymase in agueous solutions of galactose without detectable
- cell multiplication, Cells induced to galactose lost their galacto-
gymase completely after fermenting glucose and regained it when again
exposed to galactose, Stanier (86) demonstrated that P, fluorescens
produced enzymes to a number of different aromatic compounds in the
absence of an exogenous nitrogen source.

Novick and Weiner (63) studied the kinetics of g-galactosidase
formation to determine if part of the bacterial population were in-
duced maximally and others were not, or if all the cells were par-
tially induced. They found that immediately following addition of
the inducer, which was accumulated by an inducible p-galactoside per-
mease, the rate of enzyme synthesized per bacterium rose lineariy and
continued for a number of generations. Cells exposed to low concen-
trations of the inducer showed a longer lag than cells exposed to
high inducer concentrations, Once the enzyme was induced, it could

be maintained in the presence of low concentrations of the inducer,.



Thus, induction differs from mutation in that enzyme synthesis is a
physiological change occurring in all cells whereas a mutation is a
genetic change in a small part of the population,

Induction represents the de ggzg formation of engyme rather than
activation of existing precursors (66). A requirement for amino acids
and an energy source during the prodﬁction of‘ﬁ-galactosidaée by E.
coli. (56) suggested that part of each enzyme molecule had to be syn-
thesized from simple components, Pardee and Prestidge (69) have
shown that 7-azatryptophan, a tryptophan analog, was incorporated into
D-serine deaminase and f-galactosidase, In the absence of an external

carbon and energy source an increased utilization of the internal free
vamino acids was noted as a consequence of induced enzyme synthesis in

cells suspended in é nitrogen-free medium (27).
E. coli was grown in the presence of 146 _1actate and then induced

140_free medium, Isolation and purification of

for g-galactosidase in
p-galactosidase revealed that less than one per cent of the carbon was
derived from cellular components existing prior to addition of the iﬁ-
ducer (81). Pollock and Kramer (78) obtained similar results using

358-1abe1ed Bacillus cereus,

Enzyme induction represents a model system for studying the
mechanism of phenotypic expression (54), The rdle of the inducer is to
stimilate the cell to express its potential for enzyme synthesis but
the formation is restricted and clearly under genetic comtrol (26).

The g-galactosidase of E, coli (6) has been studied extensively and
the enzyme has been crystallized (30). When E. goli is exposed to an
inducer, enzyme formation commences within a few minutes (71). The

actual rate of enzyme formation increases with increasing inducer



concentration (28) and if the inducer is removed, enzyme formation
ceases immediately (6), However, the enzyme that has been produced

is stable and is diluted out among the bacterial progeny during growth
(29). This is in contrast to penicillinase of E, cereus which is
induced by penicillin or a few closely related compounds (76), Upon
addition of penicillin, penicillinase increases after a lag of about
15 minutes . (74). However, penicillin becomes fixed to the bacteria
within one minute, after which the exogenous inducer can be removed
since it is no longer essential for induction and the enzyme con-
tinues to be formed at a constant rate (73).

The induction for 3-ga1actoSidase is specific, A variety of
B-D-galactosides or thio-pg-D-galactosides, possessing a small agly-
cone group, will serve as inducers but they mﬁst have an intact galac-
tosidic group (53). Substances which have inductive property are not
necessarily substrates for the enzyme. Therefore, certain d-galacto-
sides, such as melibiose, are inducers but are not hydrolysed by
p-galactosidase, Also, induction is, in general, independent of the
affinity of the enzyme for the inducer,

Pardee, Jacob, and Monod (67) have described three chromosomal
regions which are associated with lactose utilization in E. coli, The
first region, 2z, controls the capacity of the organism to synthesize
enzyme and its structure., The second region, i, controls the induci-
bility of the organism, the wild type being inducible while the mutant
produces the enzyme constitutively. The third region, y, controls the
synthesis of g-galactoside permease, The study of heteromerozygotes
of E. coli indicates that the z and i mutations belong to different

cistrons, and the constitutive allele of the i cistron is recessive



over the inducible allele,

~ One early hypothesis proposed that the inducer functions by
introducing a pattern of protein structure, complementary to that of
the inducer, into the cells (26), This hypothesis can be rejected
for at least two reasons, First, as shown by Pardee et al, (67), |
uninduced cells possess the genetic information for synthesis of a
specifie enzyme and, where examined, there have been no difference
between constitutively and inducibly synthesized enzymes (8, 37,
75). Second, the specificity of the induced enzyme does not reflect
differences in the stereospecificity of the inducer molecule (54).

Cohn and Monod (9) proposed the '"Unitary" hypothesis that there
is fundamentally no difference between mechanisms of basal, induced,
or constitutive enzyme formation. These authors suggested that per-
haps all enzymes are inducible and that basal and constitutive enzyme
formation is due to the endogenous production of smaller quantities
of an inducer that function in the same manner as the externally added
inducer. However, there is very little evidence to support this
hypothesis (77).

The inducer acts by stimulating or permitting the cell to express
its potential for the formation of a specific enzyme. However, organ-
isms may differ in the types of enzymes produced; the quantities of
enzymes formed, and the extent tb which enzyme formation is influenced
by specific environmental factors (77). All of these differences are
under genetic control (39).

Monod, Jacob, and Gros (55) proposed a model for enzyme induction
and assumed that the molecular structure of proteins is entirely deter-

mined by structural genes (Figure 1). The formation of tryptophan-
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synthetase in E. égl; is dependent on a structural gene which has been
identified and located on the chromosome map (99). The structural
genes act by assembling ribonucleotides into a specific transecript
(messenger ribomucleic acid) of the deoxyribonucleotide sequence,

The first stage, coding of RNA, is assumed to be a sequential
and oriented process which can be initiated only at certain points on
the DNA strand. The initiation points are called the 'operator,! O,
and control the structural genes. The genes whose activity is thus
coordinated constitute an ‘'operon' (55).

In addition to the structural genes and the operator, there is
a gene which controls the operation or function of the operator. This
is the 'regulator' gene, GR., The regulator gene acts by forming a
substance known as the repressor, R, which controls the operator by
some mechanism, The repressor is capable of reacting reversibly with
small molecules called the effector, F,

In certain systems 6nly the intact repressor, R, can associate
with the operator. Under this condition protein synthesis would not
occur since the operon does not allow transcription, However, if an
inducer (effector) is present the repressor camnot control the opera-
tor and protein synthesis occurs. This system would therefore repre-
sent an inducible system, In other systems, called repressible, only
the modified repressor, R', is active and the presence of the effector
(metabolic repressor) inhibits transecription,

Lindegren (40) modified the model of Monod, Jacob, and Gros (55)
and proposed a receptqr-hypothesis for the induction of gene-controlled
inducible enzyme formation, The model consists of a protein receptor,

(the functional equivalent of the operator gene of Monod et al.) and a
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DNA structural component, The structural component of DNA, which con-
trols the structure of the enzyme to be synthesized, carries a segment
of RNA which functiqns as messenger RNA, Whén certain inducers make
contact with the receptor, they initiate an excitation which releases
the messenger RNA from the structural genes. The tertiary structure
of the protein is determined by the coiling of the receptor already

at the locus, This éllows for mutations either in the structural com-
ponent or in the receptor,

It is assumed that the receptor is a protein which interacts with
the inducer because it resembles the enzyme. The system is assumed
to be activated by combination of the inductor with the surface of
the receptor leading to release of messenger RNA which in turn leads
‘to enzyme formation,

Lindegren (40) suggests that repression occurs if the repressor
fits on the receptor and therefore does not allow the effector to pro-
duce the excitation which releases messenger RENA essential for the
structural genome,

Enzyme repression has been defined as a relative decrease in the
rate of synthesis of a particular apoenzyme resulting from the exposure
of cells to a given substance (93). Many enzymes, including permeases,
are subject to repression, regardless of the type of catalytic activity
of the enzyme (94), Frequently the repressors, which are specific in
their action, are "end products" of the pathways in which the repressed
enzyme occurs (93).

Derepression presumably represents de novo synthesis of enzyme
protein., Yates and Pardee (100) demonstrated that aspartate trans-

carbamylase activity, formed during derepression, is accompanied by
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the sélective synthesis of new protein, Rogers and Novelli (79) con-
gluded that derepression of ornithine trénscarbamylase represented the
synthesis of new protein, Induction of p-galactosidase in E. gg;i has
recently been regarded as a release from repression (67).
| Pardee and Prestidge (70) demonstrated that the inducibility of
p-galactosidase is genetically controlled. Oonjugation of an Hfrz+i+
(inducible) and F~z™i~ strain of E. ggli showed that the inducible
gene was dominant over the constitutive gene. This experiment was
performed under conditions that inhibited protein synthesis, suggest-
ing that the repressor was ribonucleic acid, Borek et al, (2) showed
that methionine starvation in a strain of E. coli K12 permitted syn-
thesis of RNA but not of DNA or protein, They observed a delay in
f-galactosidase formation following methionine starvation., Yanagesawa
(98) observed a delay in the formation of p-galactosidase when a
methionineless mutant of E. coli was starved in the presence of glyc-
erol, During starvation, RNA accumulated and it was suggested that

RNA might be the repressor or a precursor of the repressor,

Effect of carbohydrates on inducible enzyme formation,

The addition of carbohydrates to the growth medium has different
effects on various enzymes, Kendall and Farmer (34, 35) in 1912 investi-
gated the enzymes involved in the breakdown of proteins and amino acids
by bacteria and observed that addition of carbohydrates to the medium
resulted in a decrease in ammonia formation. They suggested a protein-
sparing action by glucose, However, Epps and Gale (20) have shown that
the inhibitory effect of glucose is not restricted to certain enzymes
and does not result in a permanent change in the enzyme coﬁstitution

of the cell.
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Monod (52) demonstrated that g-galactosidase synthesis by E. coli
was inhibited when glucose was present in the growth medium with lac-
tose., Similar results were obtained with other sugars, although
glucose was the most effective, The organism preferentially utilized
one carbohydrate, When this compound was depleted from the medium,
the cells then underwent an adaptation period after which growth
resumed on the second substrate, This is the well known "diauxi"
effect (52),

Neidhardt and Magasanik (62) noted that glucose completely
suppressed biosynthesis of myo-inositol dehydrogenase, glycerol de-

hydrogenase, or histidase in Aerobacter aerogenes., The addition of

amino ‘acids, purines, pyrimidines, or vitamins did not reverse the
glucose effect. These workers concluded that the inhibitory effect
was not due to failure of the inducers to penetrate the cell, teo

the high growth rate of the cells in a glucose-containing medium,

or to a deficiency of the substances known to be essential for protein
formation, Cohn and Monod (9) had originally suggested that glucose
inhibited the entrance of inducer molecules into the cell, but
Neidhardt and Magasanik (62) suggested that glucose interfered with
production of the enzyme rather than with the mechanism of induction.
Neidhardt and Magasanik (61) found L-histidine would reverse glucose
inhibitiop of L-histidase in A, aerogénés if added as the sole nitro-
gen source since histidase formation was necessary for growth of the
ofganism. Thus glucose inhibition was an indication of feedback con-
troi (91) by which the levels of intermediary metabolites regulate
tﬁe synthesis of catabolic enzymes, A number of carbon sources

inhibited inducible enzyme formation in A, aerogenes, and there was
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a direct correlation between the growth-suﬁporting property of the
exogenous compound and its inhibitory action; the féster the growth,
the greater the inhibition .(59). In contrast, the inducible D-serine
deaminase and D-threonine deaminase of E. coli are not subject to in-
hibition by high concentrations of glucose (68). BEnglesberg, Watson,

and Hoffee (17) observed that Salmonella typhimurium LT2 grown in a

mineral medium with glucose, glycerol, pyruvate, acetate; or Krebs
cycle compounds utilized citrate after a period of induction., How-
ever, extracts of cells grown in the presence or absence of citrate
could oxidize citrate immediately. Therefore, induction to citrate
involved the synthesis of a citrate transport system (1), A mtant
of S, typhimurium LT2 could not utilize carbohydrates, glycerol, or
pyruvate as the sole carbon source due to a deficiency between
pyrﬁvate and acetate. Growth of the mutant was completely inhibited
when glucose and citrate were added simultaneously indicating that
glucose inhibited formation of enzymes required for citrate utili-
zation, WNeidhardt (58) isolated a mutant of A, aerogenes which was
ﬁot glucose sensitive., Glucose insensitivity was due to a decreased
rate of glucose metabolism though the inducible enzymes were still
represéed by glycerol and gluconic acid,

In accordance with the interpretation of Neidhardt and Magasanik
(59), constitutive enzyme synthesis should be less sensitive to glucose
inhibition than induced enzyme synthesis and the inducer should reverse
the inhibition (45), R-Galactosidase produced by inducible célls or
conétitutive mutants was not inhibited by glucose (7). However, in
yeast the synthesis of constitutive and inducible A-glucosidase were

equally sensitive to glucose (46), MacQuillan et al, (45) found that
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low concentrations of glucose stimulated induction of g-glucosidase
in a yeast hybrid but higher concentrations inhibited the synthesis
and activity of the enzyme, suggesting that glucose was acting at two
different sites in the cell.

Palmer and Mallette (64) studied the induced biosynthesis of
p-galactosidase in E, coli B during which endogenous materials served
as a source of‘nitrogen and energy., -The addition of glucose, ribose,
xylose, or glycerol blocked enzyme formation and prior induction of
the cells failed to overcome the inhibition. The results suggested
that these particular substrates were metabolized to a common repres-
sor or interfered with an energy-transfer system,

Pardee (65) observed that glycerol blocked the formation of
B-galactosidase in pyrimidineless mutants in a pyrimidine-free medium
and concluded that glycerol exhausted the internal pool of pyrimidines.
Mandelstam (50) studied g-galactosidase synthesis by B. coli in a
nitrogen deficient medium and observed that the turnover of protein
was sufficient to account for the enzyme formed.

B. megaterium synthesized -galactosidase and the kinetics of
induction suggested that the inducer combined with the enzyme-forming
system rather than with the enzyme (38). Acetate and glycerol inter-
fered slightly while fructose, high concentrations of amino acids, and
especially glucose gave a pronounced inhibition,

Halpern (25) isolated several mutants of E. coli and studied the
effect of temperature and carbon source on the formation of glutamic
decarboxylase, Succinate was a potent repressor in a strain which
could utilize giutamic acid as the sole carbon source, while glucose

allowed good synthesis in the presence of glutamate. The succinate
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repression was reduced at low temperatures as was the requirement for
glutamate, These results suggest that induction and repression affect
the same site,

Strains of E. coli, deprived of essential amino acids or pyrimi-
dines, produced.ﬂ-éalactosidase and any compound that was utilized
for carbon and energy repressed enzyme formation (51). 2:4 Dinitro-
phenol reversed repression resulting from aerobic but not from an-
aerobic metabolism of compounds., Thus, the repressor of 6-gala¢to-
sidase is a substance common to aerobic and anaerobic metabolism,

Glucose and other fermentable carbohydrates repress trypto-
phanase but stimulate tryptophan synthetase in E. coli (21)., The
repression of tryptophanase is due to carbohydrate dissimilation, but
the increased metabolic rate resulting from metabolism of glucose and
other carbon sources reduces the intracellular level of tryptophan and
stimulates formation of tryptophan synthesis,

Repression may not be due to glucose itself but to products of
glucose metabolism -(60), Studies have been made to determine if a
common repressor exists for all enzymes or if there is a specific re-
pressor for each, McFall and Mandelstam (47) studied three inducible
enzymes of E, coli known to be subject to metabolic repression, Tryp-
tophanase and D-;erine deaminase were both repressed by pyruvate, a
product of their metabolism, and the repreésion was greater than ob-
served with glucose, Pyruvate had no effect on g-galactosidase, but
this enzyme was repressed by galactose to the same extent as with
glucose, Galactose had no effect on tryptophanase or D-serine deami-
nase, Thus, many inducible enzymes are controlled by two specifiec

repressors, Production of one repressor is controlled by the i
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gene (32), which determines the property of inducibility or consti-
tutivity. The other repressor controls enzyme production both in con-
stitutive and inducible strains, and seems to be the immediate end
product of the reaction or some closely related substance (23, 42, 95).
Spiegelman, Halvorson, and Ben-Ishi (85) originally proposed\
that glucose repression could be regarded as a competitive effect at
the metabolite level, wherein rapid growth on glucose resulted in a
depletion of certain compounds essential for the induction of the
glucose-sensitive enzymes, However, inducible L-arabinose isomerase,
which 1s repressed by glucose, has been examined in P. pentosaceus
and the repression was not alleviated by addition of yeast extract

(13).

Rhizopus nigricans produces isocitratase and high glucose con-

centrations represses synthesis of this enzyme but enzyme formation
proceeds when the glucose concentration is lowered (97). The glucose
repression can be relieved by the addition of_Zn++ which increases
growth and glucose utilization, Isocitratase synthesis is not stimu-
lated by Zn*t in the absence of glucose or inducer. Creaser (11)
noted shortening of the lag period for production of f-galactosidase

in Staphlococcus aureus strain Duncan by addition of glucose or

lactate and further shortening by supplying a mixture of purines and

pyrimidihes, indicating stimulation of enzyme formation,
Part B. Protocatechuic acid metabolism

P. fluorescens will degrade many aromatic compounds (14, 16).
Protocatechuic acid oxidase catalyzes the oxidation of protocatechuic

acid (3:4~dihydroxybenzoic acid) by cleaving the ring between two
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hydroxyl groups to form cis-cis g-carboxymiconic acid (43, 87). The
enzyme is inducible (14) and has been purified (87). Gross, Gafford
and Tatum (24) used 2:6-1402-1abe1ed protocatechuic acid and noted
that P, fluoreécens metabolized protocatechuic acid to S-ketoadipic
acid which was randomly derived from C-1 and C-6 of the labeled sub-
strate, The tracer study suggested a symmetrical precursor to S-
ketoadipic acid, which Elsden and Peel (18) reported to be the dilac-
tone of cis-cis muconic acid (butanolido-AY-Y'B!-butanolide). Cain,
Ribbons, and Evens (5) found this dilactone of cis-cis muconic acid
gave rise to S-ketoadipic acid with extracts of another species of
Pseudohonas. However, the dilactone underwent spontaneous rearrange-
ment to muconolactone, and Cain (4) suggested that this was the com-
pound that enzymatically gives rise to g-ketoadipic acid, Katagiri
and Hayaishi (33) found that a cell-free Pseudomonas extract degraded

B-ketoadipic acid to suceinyl coenzyme A and acetyl coenzyme A,
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The degradation pathway for protocatechuic acid by the genus

Pseudomonas is summarized as follows:
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CHAPTER III

MATERIALS AND METHODS

Test organism.

The organism used throughout this study was a laboratory strain

of P. fluorescens. The biochemical and morphological characteristiecs

conform to those described in the 7th edition of Bergey's Manual of

Determinative Bacteriology. The organism is Gram-negative, motile,

rod-shaped, and produces a greenish-brdwn,water soluble pigment when
grown on nutrient agar., While its optimum temperature for growth is
37 C, it grows well at 25 C., It produces acid from glucose but did
not utilize other sugars tested, In the absence of an exogenous
energy and nitrogen source this strain of P. fluorescens produces
inducible enzymes in response to a number of aromatic compounds in-
cluding benzoic acid, anthranilie acid, and protocatechuic acid.

Stock cultures of the organism were maintained on nutrient agar slants
stored at MIG. Periodically the cultures were streaked on nutrient

agar plates to ensure purity.

The synthetic medium used in this study consisted of the follow-
ing: ©NaCl, 0.1 per cent; KHoPOy, 0,32 per cent; KoHPOy, 0,42 per
cent; and NHuCl, 0,1 per cent (16). The desired carbon source was
added at a concentration of 0.2 per cent and the medium adjusted to

pH 7.0, Difco Agar (2.0 per cent) was added, the medium was steri-

20
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lized by auntoclaving for 15 minutes at 121 C, and cooled to 52 C, One-
tenth ml of a sterile mineral salts solution was added to each 100 ml
of medium., The mineral salts solution was composed of MgSO,-7H,0, 5.0
g; MnSOy, 0.1 g; FeCl3, 1,0 g; CaCly, 0.5 g; and 100 ml of distilled
water,

The nutrient agar used in this study was a dehydrated commercial
preparation obtained from Difco Laboratories, Incorporated, It was
fortified with Difco Agar to a final agar concentration of 2,0 per

cent and was sterilized in the same manner as the synthetic medium,

Growth of cells,

Nutrient agar slants were inoculated from a stock culture and
incubated approximately 16 hours at 37 C., The cells were suspended
in sterile 0,01 M potassium phosphate buffer (pH 7.0). Agar plates
of the desired medium were inoculated with 0,4-0.6 ml of the cell
suspension per plate and cells were spread over the agar surface
with a sterile glass rod, The plates were incubated for 13 to 14
hours at 37 C, the cells harvested with 0,01 M potassium phosphate
buffer (pH 7.0), washed twice by centrifugation, suspended in buffer,
and placed on a reéiprocél shaker for two hours at 37 C, The cells

were centrifuged and stored in a pellet at 4 C until used.

Induction egperiménts.

Indugtion‘gg measured by oxygen uptake. .Rgspirometric experi-
ments were conducted using Warburg techniques according to the pro-
cedure.of Umbreit et al. (92) at 37 C with air as the gas phase. The
cell suspension was placed in the main chamber, the substrates and

other test compounds in the side afms, and buffer added to give a
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final volume of 2.4 ml, BEndogenous respiration of the cells was
measured in each experiment by following the oxygen uptake by cells
in the absence of substrate,

. Procedure employing toiuene treated cells., Unless indicated

otherwise, cells were suspended in 0,01 M potassium phosphate buffer
(pH 7.0) to give a final concentration of 1.4 mg protein per ml, The
suspensions were placed into 250 ml Erlenmyer flasks on an Ebefbach
shaking water bath (Eberbach Corporation) at 37 C and equilibrated,
A1l substrates and other test compounds were dissolved in 0,01 M po-
tassium phosphate buffer (pH 7.0). The test compounds and buffer
were added to the flask to give a final volume of 50 ml,

At different time interwvals, usually 20 minutes, 5.0 ml samples
were withdrawn and the cells removed by centrifugation for 8 minutes
in a Servall Model SP téble centrifuge. The supernatant solution
was saved for future analysis. The cell pellet was suspended in 4,0
ml of 0,01 M potassium phosphate buffer (pH 7.0), transfered to a
pyrex test tube containing 0,2 ml toluene, and incubated on a fecip-
rocating shaker at 37 C for 30 minutes, Then 0,5 ml of 0,04 M proto-
catechuic acid (20 mmoles) was added, the tubes were incubated an
additional 60 minutes and then placed in a boiling water bath for 3
minufes to terminate enzymatic activity, The contents of the tube
were filtered through a type HA "Milliporé' filter and the filtrate
collected for analysis. The protein concentration for each enzyme
assay was 7,2 mg in a total volume of 4,5 ml, Variations from this
general procedure are described in Chapter IV. A unit of enzyme
activity is defined as that amount of enzyme required to transform

1.0 nmole of protocatechuic acid per hour. This procedure is sum-
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marized in Figure 2,

Measurement of enzymatic activity of induced cells,

It was useful in some phases of the study to measure activity of
induced cells, Induced cells were grown on a synthetic medium con-
taining protocatechuic acid as the carbon source. The cells were

harvested and treated as indicated under Growth of cells, The

resulting cell pellets were suspended in the desired buffer and placed
into 250 ml Erlenmyer flasks on a reciprocating shaker in a water

bath at 37 C, Substrates and buffer were added to give a final volume
of 50 ml, At desired time intervals, 5,0 ml samples (containing 7.2
mg protein) were withdrawn and the cell suspension centrifuged for

10 minutes, The supernatant solution was assayed for residual pro-
tocatechuic acid. The disappearance of protocatechuic acid from the

supernatant was used as the criterion for enzymatic activity.

Protocatechuic acid determination.

The quantitation of protocatechuic acid was determined by a
color test (82) as modified by Hubbard and Durham (31)., A 0,2-0.5 ml
sample was diluted to a final volume of 4,0 ml with distilled water.
One ml of a solution containing 0,2 per cent ferrous sulfate plus
1,0 per cent sodium potassium fartrate was added and the mixture al-
lowed to stand for 10 minutes at room temperature. Five ml of a 20
ber cent aqueous solution of ammonium acetate was added and a purple
color developed, The absorbancy was read immediately in a Bausch
and Lomb "Spectronic 20" colorimeter at 560 mu,

The quantitation pf protocatechuic acid was determined from a

standard curve run concurrently with each determination. The buffer



Figure 2.

Summary of procedure for measuring inducible enzyme formation

by the use of toluene-treated cells,
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TEST SYSTEM
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concentration has a slight effect on the slope of the standard curve;
therefore, the protocatechuic acid used for the standard curve was
dissolved in the same buffer as used for a given experiment, No

other compounds used in the study interfered with the color test.

Glucose determination,

Glucose was measured by the glucose oxidase reaction ("Gluco-
stat" reagents and procedure, Worthington Biochemical Corporation),
The sample was diluted to a volume of 2.5 ml with distilled water.
The chromogen, o-dianisidine, was dissolved in 1,0 ml of methanol and
a few ml of water added, The "Glucostat" was dissolved in water and
added to the chromogen, Distilled water was added to the mixture to
give a final volume of 51 ml. The solutions to be tested were heated
to 37 C, 2,5 ml of the "Glucostat " solution added, and the tubes in-
cubated in a water bath for 10 minutes at 37 C. The reaction was
stopped and the color develéped by addition of 1 drop of 4 N hydro-
chloric acid, The color was read at 440 mu in the "Spectronic 20."

A glucose standard curve was determined for each experiment, A
straight line was obtained over a glucose concentration range of 0.1
to 0.5 nmoles per 5,0 ml,

Experi@ents showed that protocatechuic acid significantly inhib-
ited the color formation using the "Glucostat! procedure, Therefore,
the uptake of glucose by cells was determined by using a control flask

in which no protocatechuic acid was added.

Fructose_determination.

Fructose was determined by the resorcinol method (83). The sample

was diluted with distilled water to a volume of 2,0 ml, Two ml of a
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0.1 per cent solutien of resorcinel in 95 per cent ethanol and 6,0 ml
of concentrated hydrochloriec acid containing 0,75 mg ferric chloride
per 106 ml of acid was added to the sample, The tubes were heated for
8 minutes at 80 C, The color was read against é reagent blank at 490
nuy, A standard curve was run with each determination using 0,05 to
0.5 pﬁales per 10 ml of fructose as the standard, Other compounds
present in the test system did not interfere with this color determi-

nation,

Proféin determination,

Protein concentration was determined by the methed of Lowry et al,
(41), One-tenth ml of 70 per cent perchloric acid was added to 2,0
ml of a cell suspension and heated to 70 C for 30 minutes, The suspen-
sion was centrifuged for 10 minutés at 10,000 x g and the supernatant
solution was discarded, The precipitate was disselved in 1.0 or 0.1
N sodium hydroxide and 5,0 ml of a mixture containing NaQCOB,
CuS0y- 5Ho0 and sodium potassium tartrate was added, This reagent was
prepared just prior to use by mixing 50 ml of 3 per cent Na2003 with
1,0 ml of 0,025 per cent CuSO4°5H20 plus 0,5 per cent sodium potassium
tartrate, The test mixture stood at room temperature for 15 minutes
and 0,5 ml of Folin Reagent (diluted 1:2 with water) was added, After
30 minutes the color was measured at 540 mu, Protein concentration
wag determined from a standard curve using crystalline bovine serum
albumin dissolved in 0,1 N sedium hydroxide., The standard curve was
determined using a concentration of 10 to 200 mg of albumin preparation

per ml,
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Growth experiments.

Growth experiments were conducted i? culture tubes. The synthetic
medium minus a carbon source was steriliged by filtration through a
‘hilliporg type HA filter. Inoculum cells were grown on nutrient agar .
slants and suspended in sterile synthetic basal medium. The cell sus-
pension was diluted to give an absorbancy of 0,2 at 540 mu and 0,1 ml
of this suspension was added to each tube., The final volume was 5.2
ml, The tubes were incubated on a reciprocating shaker at 37 C.

Growth was followed by measuring absorbancy at 540 mum in a "Spece

tronic 20" colorimeter.

Carbon-l4 experiments.

Carbon-lk experiments were conducted as follows: the cell sus-
pension, prepared as described previously, was placed in a 250 ml
Erlenmyer flask, The flask was equilibrated to temperature (37 C) on
a reciprocating shaker water bath., All substrates were added and at
desired time periods; 5.0 ml samples were removed and placed into
heavy wall pyrex test tubes which were immediately submerged in an
acetone-dry ice bath, BEach sample contained 7,2 mg protein, All

tubes were stored at -20 C until fractionated.

Cell fractionation procedure,

The gells were fractionated by a modification of the procedure
of Park .and Hancock (72). The frozen cell suspensions were thawed
and centrifuged for 10 minutes at 10,000 x g at 4 C. The supernatant
solution was discérded and the cells suspended in 5,0 ml of cold dis-
tilled water, The suspension was centrifuged and the supernatant so-

lution discarded, The cells were suspended in 2,5 ml of 5 per cent
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cold trichloroacetic acid and allowed to stand in the cold (4 C) for
30 minutes. The cells were removed by centrifugation in the cold for
10 minutes at 10,000 x g. The supernatant solution was poured into

a liquid scintillation counting vial, The cells were washed with

2.5 ml of 5 per cent trichloroacetic acid by centrifugation and the
supernatant wash fluid was added to the first eﬁtract.

The cell pellet was suspended in 2.5 ml of 5 per cent trichloro-
acetic acid and incubated at 90 C for 30 minutes. The precipitate was
removed by centrifugation and the supernatant solution was poured into
counting vials, The precipitate was washed by centrifugation with
2.5 ml of 5 per cent trichloroacetic acid and the wash added to the
supernatant solution from the hot trichloroacetic acid fraction. The
supernatant solutions were dried under vacuum over anhydrous caleium

chloride until approximately 0,1 ml of liquid remained,

Counting procedure.

Radioactivity was determined by counting in a Packard "Tri-Carb"
model 314-A liquid scintillation spectrometer, Ten nml of solvent con-
sisting of 60 per cent sulfur-free toluene, 40 per cent absolute etha-
nol, and 0.5 per cent 2,5-diphenyloxazole plus 0.2 per cent 1,4-bis-
2! (5' ~.phenyloxazolyl-) benzene as the phosphor was added to the count-
ing vials., The system has a counting efficiency of approximately 40

14

per cent for ~7C,



CHAPTER IV
RESULTS AND DISCUSSION

Inducible enzyme formation by Pseudomonas fluorescens.

The strain of P, flﬁoré&éeﬁé used in this study is capable of
synthesizing inducible enzymes for the utilization of a number of
aromatic substrates‘(lé). Figure 3 presents results showing in.
duction to benzoic acid and anthranilic acid by resting cells that
had been grown on asparagine. The time course of oxygen uptake shows
a lag period of 125 minutes for benzoic acid and 185 minutes for an-
thranilic acid. Other substrates that show typical enzyme induction
are p-hydroxybenzoic acid and p-aminobenzoic acid.

Influence of exogenous carbon sources on inducible enzyme formation

as measured by oxygen uptake,

Durham (15) and Durham and McPherson (17) reported that low con-
centrations of glucose or gluconic acid (0.23 pmoles per ml) short-
ened the lag perioed for induction to benzoic acid and other inducing
substrates by severél minutes in this strain of P. fluoresgens, Suc-
cinic acid, pyruvic acid, lactose, maltosé, and arabinose were also
tested for their ability to shorten the lag period of induction (17).
Succinic acid and pyruvic acid were immediately oxidized by P. fluor-
escens, but had little effect on induction, Lactose, maltose, and

arabinose were not oxidized and did not influence the lag period,

29



Figure 3.

Inducible enzyme biosynthesis by P. fluorescens as measured
by oxygen uptake, - A, benzoic acid (2;0 amoles); [J, anthra-
nilic acid (2,0 umoles); (O, endogenous. Cells grown on synthetic
medium plus asparagine as the carbon source., Concentrations given

as pmoles per flask, Volume in Warburg flask was 2,2 ml,
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A washed suspension of nutrient agar-grown cells produced induci-
ble enzymes to benzoic or anthranilic acid as measured by oxygen up-
take., The lag period for induction to benzoic acid was approximately
140 minutes (Figure 4). When glucose was added simultaneously with
£he inducer, oxygen uptake continued after the glucose control indi-
cated that glucose oxidation was complefe. This continued oxygen
uptake was attributed to the oxidation of the inducer, benzoic acid
(17), The lag period for induction to benzoic acid in the presence
of glucose was approximately 60 minutes,

Durham and McPherson (17) speculated that glucose and gluconic
acid might be serving as a carbon source readily available to the cells
for enzyme synthesis, If this was true then other carbon sources
could possibly serve the same purpose. Therefore, potassium acetate,
potassium formate, glycerol, fructose, and ribose were tested,.

Acetate, formate, and glycerol were immediately oxidized by
nutrient agar-grown cells but did not influence induction when added
simultaneously with the inducer, benzoie acid, Fructose and ribose
were not oxidized by this strain of P. fluorescené, although the fruc-
tose control showed an oxygen uptake slightly higher than endogenous,
However, both sugars shorten the lag period for induétion to bengoic
acid., TIncreasing the fructose and ribose concentration to 10 and 100
pmoles shortened the lag peried for induction but gave no indication
that the sugars were oxidized. The experiments with fructose and
ribose were repeated using anthranilic acid as the inducer. Ribose
and fructose added simultaneously with anthranilic acid enhancéd in-
duction indicating the phenomenon was not a unique characteristic

associated with the inducer (Figure 5).



Figure 4.

Induction to benzoic acid in the presence and absence of
glucose in P, fiudréécensu A, glucose (1,0 mmole); O,
benzoic agid (2,0 mmoles); I, glucose (1.0 umoles) plus benzoic
acid (2,0 pmoles); @, endogenous, Cells grown on rmtrient agar,
Concentrations given as pmoles pér flask, Volume in Warburg flask

was 2,2 ml,
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Figure 5

Effect of ribose and fructose on induction in P. fluorescens
to anthranilic acid. A, ribosg (1.0 umole); , fructose
(1.0 pmole); <, anthranilic acid (2,0 pmoles); A, ribose
(1.0 pmole) plus anthranilic acid (2.0 umoles); [, fructose
. (1.0 pmole) plus anthranilic aeid (2.0 umoles); O, endogenous,
Cells grown on nutrient agar. Concentrations given as pmoles

per flask, Volume in Warburg flask was 2,2 ml,
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Ribose, fructose, glucose, and gluconic acid shorten the lag
before inducible enzyme formation. Acetate, formate, glycercl,
pyruvate, and succeinate, which are oxidized by the washed cell sus-
pension, have no effect on induecible enzyme formation as measured by
oxygen uptake, The effects of carbon sources on inducible enzyme

synthesis are summarized in Table I,

Growth experiments,

Experiments were conducted to determine if glucose, ribose, or
fructose could serve as a source of carbon and energy for growth of
P, fluoreséens, The addition of 40 mmoles of glucose plus 40 umoles
6f protocateghuic acid gave more rapid growth thén either of the
substrates separately. However, tetal growth was equivalent to that
produced from glucose alone, Growth in the systems containing ribese
or fructose and the inducer was not significantly different from the
protocatechuic acid control., No growth ﬁas evident when ribose or

fructose served'as the carbon source (Figure 6),

Use of toluene-treated cells to measure enzymatic zctivity.

Since measuring enzyme synthesis by an indirect method such as
oxygen uptake has many disadvantages, another pfocedure invelving the
use of toluene-treated cells was developed for measuring enzymatic
activity, Many workers have used toluenization of cell suspensions
to measure enzymatic activity and the wprk with B-galactosidase is
probably the most notable (80),

To facilitate the procedure and time inveolved, an inducer was
sought that had a relatively short lag period and that ceould be easily

quantitated, Protocatechuic acid serves as an inducer for this organ-
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TABLE I

SUMMARY OF COMPOUNDS TESTED FOR THEIR ABILITY TO SHORTEN THE LAG TIME
FOR INDUCIBLE ENZYME FORMATION IN P, FLUORESCENS AS MEASURED
- BY CXYGEN UPTAKE

Compound tested Oxidized Shortened
(1.0 umole per.2,2 ml) - by cells . lag time **
glucose + +
gluconatex* + +
fructose - » +
ribose - +.
succinate ' + -
acetate + -
formate + -
glycerol + -
pyruvate v + -
lactose* - -
maltose* - -
arabinose* - -

glyceraldehyde* + -

+ compound oxidized; shortened lag period.
- compound not oxidized; did not shorten lag time for induction,
** none of the compounds reported inhibited enzyme induction.
*  data obtained from reference (!7), which were collected
using the same strain of P, fluorescens used in this study.



Figure 6.

Growth of P. fluorescens in synthetic medium, (O, protocatechuic
acid (40 mmoles); [, protocatechuic acid (40 mmoles) plus glucose
(40 pmoles); ® , glucoée (40 nmoles); v, ribose or fructose (40
nmoles); @, protocatechuic acid (40 ymoles) plus ribose (40 umoles);

¥, protocatechuic aéid (40 nmoles) plus fructose (40 pmoles). Con-

centrations given per 5.2 ml of synthetic medium,
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ism with a lag period of approximately 45 mimutes, The addition of
glucose simultaneously with the inducer shortened the lag period to
about 20 minutes (Figure 7).

The general procedure for induction studies using toluene to
stop enzyme synthesis is given in Chapter 11T, The color determina-
tions for the protocatechuic acid standard curve gave a straight line
(Figure 8) between 0.0 and 4,0 nmoles protocatechuic acid per tube
(4.0 ml), Experiments were conducted to determine the optimum sub-
strate concentration for enzyme formation, Induction was followed in
the presence of différent inducer concentrations. The results in
Figure 9 indicate that 14,4 nmoles per ml is the optimum protocate-
chuic acid concentration to give maximum enzyme sjnthesis. Decreasing
the concentrations resulted in lower rates of synthesis and a lower
final enzyme activity, Higher concentrations of inducer resulted
in a slightly decreased rate of induction indicating a substrate in-
hibition of enzyme synthesis. Therefore, 14,4 nmoles per ml of proto-
catechuic acid was used for all induction studies, Results of a
typical induction curve to protocatechuic acid using toluene-treated
cells aré presented in Figure 10, Nutrient agar-grown cells were sus-
pended in 0,01 M potassium phosphate buffer (pH 7.0) and 14.4 nmoles
per ml of inducer added to the medium, The cells ffom the buffer
control were toluenized and then incubated with protocatechuic acid,
No enzymatic activity was evident after 60 minutes incubation indica-
ting that toluene prevents protocatechuic acid oxidase formation,
Results with the induced cells indicated toluene does not inhibit the

existing enzymatic activity.



Figure 7,

Effect of glucose on enzyme induction to protocatechuic
acid in 2.-f1uofeécehs as measured by oxygen uptake., V, glucose
(1.0 nmole); A, protocatechuic acid (10.0 umoles); [, glucose
(1,0 pmole) plus protocatechuic acid (10,0 mmoles); (O, endogenous,
Cells grown on nutrient agar., Concentrations given as nmoles per

flask, Volume in Warburg flask was 2.2 ml,
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Figure 8,

Standard curve for protocatechuie acid determination,
The protocatechuic acid standard was dissolved in 0,01 M

potassium phosphate buffer and adjusted to pH 7.0.
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Figure 9,

Effect of substrate concentrations on rate of enzyme induection

to protocatechuic acid in P._fluorescens, Cells grown on nutrient

agar., Concentration given as nmoles per ml of induction medium,

Total volume of induction medium was 50 ml,
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Figure 10,

Enzyme induction to protocatechuic acid in P, fluorescens
as measured by foluene treated cells, O, enzymatic activity of
cells induced in presence of 14,4 nmoles protocatechuic acid per
ml of induction medium; @, disappearance of protocatechuic
acid from induction medium; A, buffer control (prétocatechuic
acid replaced with 0,01 M potassium phosphate buffer, pHi7.0).
Cells grown on nutrient agar. Total volume of induction medium

was 50 ml,
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The disappearance of protocatechuic aeid from the induction
medium was correlated with the rate of formation of the inducible
enzyme, The demonstrable disappeafance of protocatechuic acid lags
behind production of the enzyme by approximately 15 minutes (Figure
10) suggesting that the cells are synthesizing the enzyme from intra-
cellulaf products and protocatechuic acid, at least in the early
stage, contributes very little carbon for enzyme synthesis, This
observation is to be expected since protocatechuic acid oxidase must
be synthesized before its substrate can be utilized.

A comparison was made between the permeability of whole cells
and toluene-treated cells., Duplicate tubes of induced cells were pre-
pared in 0,01 M potassium phosphate buffer (pH 7.0). One tube con-
tained 4,0 ml of the cell suspension plus 0.2 ml of toluene and the
other contained cells plus 0,2 ml eof buffer, The tubes were shaken
for 30 minutes at 37.C, at which time various amounts of protocate-
chuic acid were added. The tubes were incubated for 10 minutes and
the reaction stopped by heatigg in a boiling water bath for 3 minutes.
The disappearance of the protocatechuic acid from the medium by the
two different systems was evaluated (Figure 11),

The maximum rate of protecatechuic aeid disappearance from the
medium was observed in the toluene-treated cells while an initial
surge followed by a much slower but linear réte with respect to sub-
strate concentration at constant time was observed in the non-toluene-
treated cells, Thus, toluene-treated &isrupts the permeability barrier
of the cell andlpermits an gcecurate evaluation of the enzymatic ac-

tivity of the cell,



Figure 11,

Comparison of the disappearance of protocatechuic acid in
the presence of induced P, fluorescens treated and non-treated
with toluene, [, cells treated with 0.2 ml of toluene for 30
minutes; O, cells treated with 0.2 ml of buffer for 30 min-
utes, Cells grown on synthetic medium plus protocatechuic acid
as carbon source., Disappearance of protocatechuic acid meas-

ured for 10 minutes.
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Effect of pH on induction.

The optimum pH for enzyme induction to protocatechuic acid was
determined, Induction was measured at different pH values using 0,01
M potassium phosphate buffer for the induction medium, Five ml samples
were removed from each induction flask and centrifuged. The cells were
suspended in 0,01 M‘potassium phosphate buffer (pH 7.0), toluene~
treated, and enzymatic activity determined as given in Chapter III.
Since all cells were suspended in 0,01 M potassium phosphate (pH 7.0),
then the enzymatic activity for all cell samples was determined at
pH 7.0. The pH of the induction medium was measured at different
time intervals and did not change during the course of the experiment.
Results presented in Figure 12 show that a pH of 7.0 was optimum for
enzyme induction and any deviation from this pH affecﬁed synthesis

of the enzyme,

Effect of pH on enzymatic activity.

The optimum pH for enzymatic activity was determined using
induced cells. The induced cells were suspended in 0,01 M potassium
phosphate buffer at pH values of 6,0, 6,5, 7.0, or 7.5 and the enzy-
ﬁatic activity measured. Protocatechuic acid was adjusted to a cor-
responding pH, The optimum pH for enzyme activity was 7.0 (Figure 13)

which was similar to the optimum pH for induction.

Effect of glucose on enzyme induction,

Since oxygen uptake studies indicated glucose stimulated the time
of enzyme synthesis, similar studies were conducted using toluene
treated cells to measure enzymatic activity. The addition of glucose

(0.45 nmoles per ml) shortens the lag period for induction from about



Figure 12

Effect of pH on enzyme induction to protocatechuic
acid in P, fiuoréscéns. Cells were suspended in 0,01 M
potassium phosphate buffer at the desired pH and the sub-
strate was dissolved in the same buffer and adjusted to ap-
propriate pH, Enzymatic activity of cells induced at dif-
ferent pH values determined at pH 7.0. Protocatechuic acid
(14.4 numoles per ml) was added to the induction medium,
Cells grown on nutrient agar., Total volume of induction

medium was 50 ml,
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Figure 13.

Effect of pH on enzymatic activity of P. fluorescens
previously induced to protocatechuic acid. Cells suspended
in 0,01 M potassium phosphate buffer of desired pH, Proto-
catechuic acid dissolved in same buffer, adjusted to appro-
priate pH, and added in a concentration of lh.h»nmﬁles per
ml of incubation medium (50 ml), The cells were grown on
a synthetic medium plus protocatechuic acid as the carbon
source, Disappearance of protocatechuic acid was measured

after 60 minutes of incubation.
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40 minutes to less than 20 minutes (Figure 14). The maximum engyme
level attained by the cells was the same in the presence or absence
of glucose, Studies indicated the glucose was completely utilized

in the first 20 minutes. Although glucose stimulated the time of
induction, the disappearance of protocatechuic acid from the medium
was not significantly different from that in the absence of glucose
(Figure 14). Thus, the short induction time, evident in the glucose-
containing system, was not reflected in the disappearance of proto- |
catechuic acid from the medium,

Experiments were conducted in which two different concentrations
(45.0 and 0,45 pmoles per ml of induction medium) of glucose were
tested, Both glucose concentrations shortened the lag period for
enzymé induction (Figure 15), However, the final level of engymatic
activity in the high glucose level was about 40 per cent that of the
control,

There was an initial drop in the glucose concentration during the
first 40 minutes in the system containing 45,0 pmoles per ml glucose fol-
lowed by a small but steady decrease from the medium, After three
hours, glucose was still present in the medium, These results estab-
lish that induction to protocatechuic acid took place in the presence
of a high concentration of gluqose as evidenced by the observation

that gluéose was still present after the cells were induced,

Effect of chloramphenicol on induction,

D-Chloramphenicol inhibits inducible enzyme biosynthesis (11)
and its effect on production of protocatechuic acid oxidase was de-
termined. The addition of chloramphenicol 20 minutes after the inducer

prevented enzyme synthesis, The addition of D-chloramphenicol 10



Figure 14,

Correlation of enzyme induction and protocatechuic acid
disappearance from medium by P, fluorescens in presence and
absence of glucose, O, protocatechuic acid (14,4 pmoles)

0O, protocatechuic acid (14.4 pmoles) plus glucose (0,45 mmoles),
Open symbols, enzymatic activity; closed symbols, protocatechuic
acid disappearance from induction medium, Concentrations given
as pmoles per ml of induction medium, Cells grown on nutrient

agar, Total volume of induction medium was 50 mil,
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Figure 15.

Effect of two concentrations of glucose on enzyme induction
to protocatechuic acid in P, fluor‘eséeﬁs. O, protocatechuic acid
(14,4 nmoles); A, protocatechuic acid‘ (14,4 nmoles) plus glucose
(0.45 nmoles); [, protocatechuic acid (14,4 pmoles) plus glucose
(45,0 nmoles); M, disappearance of glucose from induction medium
by cells in presence of 45,0 mumoles glucose, Cells grown on
matrient agar. Concentrations given as nmoles per ml of induction

medium, Total volume of induction medium was 50 ml,
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minutes after addition of glucose and protocatechuic acid showed a
slight inhibition of enzyme synthesis, However, the addition of D-
chloramphenicol at 20 minutes showed no inhibition (Figure 16).
These results establish that cells incubated with glucose and proto-
catechuic acid were induced at 20 minutes and showed some induction

at 10 minutes, Thus, glucose does shorten the time of induction,

Effect of fructose on induction.

Fructose was not oxidized by the cells but shortened the lag
period by several minutes when anthranilic acid was used as the
inducer, Similar results were obtained when protocatechuic acid
was used as the inducer (Figure 17). The presence of fructose re-
duced the time for induction to protocatechuic acid from approximately
45 minutes to 15 minutes, Figure 18 presents data depicting the
effect of fructose (0.45 umoles per ml) on induction using toluene-
treated cells to measure enzymatic activity. Fructose shortened the
lag period for induction by approximately 30 minutes., Similar results
were obtained when the fructose concentration was increased to 45.0
amoles per ml, The findings resulting from the high fructose con-
centration are somewhat different than those with the high glucose
concentration since glucose caused a decrease in the amount of enzyme
formed.

The disappearance of fructose from the induction medium was
measured, Although fructose apparently is not oxidized by the cells,
results indicated the sugar is utilized during induction since 0,45
jmoles fructose per ml is removed from the medium in about 100

minutes (Figure 18),



Figure 16.

Effect of chloramphenicol on enzyme induction in the presence
and absence of glucose, (O, protocatechuic acid; [J, protocate-
chuic acid plus glucose; @, protocatechuic acid plus chloramphéni-
col (added simultaneously); [d , protocatechuic acid plus glucose
plus chloramphenicol (added simultaneously); W, protocatechuic
acid plus chloramphenicol (added 10 minutes after addition of
protocatechuic acid); A, protocatechuic acid plus glucosé plus
chloramphenicol (added 10 minutes after addition of protocatechuic
acici and glucose); @ ., protocatechuic acid plus chloramphenicol
(addgd 20 minutes after addition of protocatechuic acid); H,
protocatechuic acid plus glucose bplus chloramphenicol (added 20
minutes after protocatechuic acid and glilcose). Cells grown on
nutrient agar., Concentrations per ml medium were: protocatechuic
acid, 14.4 pmoles; glucose, 45,0 mmoles; chloramphenicol, 160 ng,

Total volume of medium was 50 ml,
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Figure 17,

Effect of fructose on enzyme induction to protocatechuic
acid in 2, flﬁoféscéns as measured by oxygen uptake. A,
protocatechuic acid (10 mmoles); v, fructose (1.0 nmole);
O , protocatechuic acid (10 nmoles) plus fructose (1,0 umole);
O, endogenous, Cells grown on matrient agar. Concentrations

given as ummoles per flask, Volume in Warburg was 2.2 mi,
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Figure 18,

Bffect of fructose on enzyme induction 1n P. fluorescens
as measured using toluene-treated cells, O, protocatechuic
acid (14.4 pmoles); /A, protocatechuic acid (14.4 mmoles) plus
fructose (0,45 pmoles); O, protocatechuic acid (14,4 nmoles)
plus fructose (45,0 pmoles); <, fructose (45.0 pmoles); A;
disappearance of fructose from induction medium by cells in
presence of protocatechuic acid and fructose (0.45 pmoles).
Cells grown on mutrient agar, Concentration given as upmoles
per ml of induction medium, Total volume of induction mediﬁm

was 50 ml,
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Effect of ribose on induction.

Ribose, similar to glucose and fructose, decreased the lag period
for eﬁzyme induction as measured by oxygen uptake and studies were
conducted by measuring enzymatic activity in toluene~treated cells,
The addition of 0,45 mmoles or 45,0 umoles of ribose per ml simultane-
ously with protocatechuic acid decreased the lag for enzyme synthesis
(Figure 19). However, unlike glucose but similar to fructose, the
higher level of ribose did not inhibit the final concentration of

enzyme produced,

Effect of succinic and pyruvic aeid on induction,

Pyruvate and snccinate had no stimulatofy effect on induction
when measured by oxygen uptake. These two carbon sources were tested
using toluene-treated cells, Addition of 0,45,uﬁﬂles of pyruvate or
succinate per ml of induction medium in combinatlon with protocatechuic
acid had little effect on inducible enzyme formation, When the pyru-
yate and sucelnate concentration was increased to 45,0 nmoles per mi,
there was some decrezse in the lag period for enzyme formation
(Figure 20), However, it was not as great as that produced by g}u-
cose, The final concentration of enzyme synthesized in the presence

of these compounds was lower, especially with pyruvate.

Effect of adding glucose at different time intervals on induction.

A high glucose concentration (45,0 jmoles per ml) decreased the
maximum level of enzyme produced although it decreased the initiation
of enzyme synthesis, Experiments were conducted in which glucese
(45,0 mmoles per ml) was added to the cells 30 minutes prior to the

addition of protocatechuic aecid., The enzymatie activity was compared



Figure 19,

Effect of ribose on enzyme induction in P, fluorescens
as measured by toluene treated cells, O, protocatechuic acid
(14.4 nmoles); A, protocatechuic acid (14,4 nmoles) plus
ribose (0.45 nmoles)§ O, protocatechuic acid (14,4 pmoles)
plus ribose (45,0 umoles); <7, ribose (45,0 mmoles). Cells
grown on nutrient agar, Concentrations given as umoles per
ml of induction medium, Total volume of induction medium was

50 ml,
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Figure 20,

Effect of succinate and pyruvate on enzyme induction
in P. fluorescens as measured using toluene treated cells,

O, protocatechuic acid (14,4 pmoles); A, protocatechuic acid
(14,4 pmoles) plus succinate (44,0 pmoles); [J, protocatechuic
acid (14,4 nmoles) plus pyruvate (45.0 pmoles) W, succinate or
pyruvate (45,0 nmoles), Cells grown on nutrient agar, Con-
centrations given as umoles per ml of induction medium, Total

volume of induction medium was 50 ml,
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with a flask containing glucose and the inducer added simultaneously,
When glucose was added simultaneously with the inducer a shorter lag
peribd was observed but a lower final enzyme level was evident
(Figure 21), = The cells which had metabolized glucose for 30 minutes
prior to the addition of protocatechuic acid showed no indication of
induction after 80 minutes of incubation, These results suggest that
the cells metabolized glucose and a metabolite was produced which
inhibited inducible enzyme formation;

These experiments were repeated using ribose in plaée of glucose,
As noted in Figure 22, cells incubated for 30 minutes with ribose
prior to addition of protocatechuic acid had no significant effect
on the lag time for induction to protocatechuic acid. These data
augment the oxidation studies and establish that ribose is not metabo-
lized quantitatively to the same end-products as glucose,

BExperiments were conducted to ascertain the%mechanism of the
glucose inhibition, Nutrient agar-grown cells were permitted to
metabolize glucose for 30 minutes, the cells removed by centrifugation,
and the supernatant solution saved. Fresh nutrient agar-grown cells
were suspended in the supernatant solution and protocatechuic acid
was added, Induction of this cell suspension was compared with two
control systems. In one, cells were suspended in a supernatant solu-
tion obtained from cells incubated for 30 minutes with buffer., 1In the
second control, the supernatant solution was from cells suspended for
30 minutes in glucose and protocatechuic acid added simultaneously.
Induction was completely inhibited in the cells suspended in the
supernatant solution obtained from previously metabolized glucose

while engymatic activity was evident in both control systems. This



Figure 21.

Effect of time of addition of glucose on enzyme induc-
tion in g; fluoresceﬁs. O, protocatechuic acid (14.4 nmoles);
v , protocatechuic acid (14.4 umoles) plus glucose (45.0
pmoles); [J, protocatechuic acid (14,4 mmoles) plus glucose
(45,0 nmoles) added 30 minutes prior to the addition of proto-
catechuic acid. Cells grown on nutrient agar. Concentrations
given as pmoles per ml of induction medium, Total volume of

induction medium was 50 ml,
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Figure 22,

Effeect of time of addition of ribose on enzyme induction
in P, fluorescens., (O, protocatechuic acid (14.4 nmoles); A,
protocatechuic acid (14,4 nmoles) plus ribose (45,0 nmoles);
0O , protocatechuic acid (14.4 umoles) plus ribose (45.0 umoles)
added 30 mingtes prior to the addition of protocat_echuié acid;
</, ribose (45.0 umoles). Cells grown on nutrient agar,
Concentrations given as mmoles per ml of induction medium, Total

volume of induction medium was 50 nml,
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suggested that the inhibition was probably due to products excreted

into the medium as a result of glucose metabolism (results not shown).

Effect of glucosé on enzymatic activity.

Several workers (44, 64) have reported that glucose inhibits the
engymatic activity of induced cells., The effect of glucose on enzy-
matic activity was tested using an induced cell suspension of P,
flﬁorescéns. Three different concentrations of glucose were tested:
0.45, 4.5 and 45.0 umoles per ml, As indicated in Figure 23, the low
glucose concentration (0,45 umoles per ml) had no effect on enzymatic
activity, Concgntrations of 4,5 umoles and 45.0 umoles per ml showed
a slight inhibition of enzymatic activity during the first 20 to 30
minutes, However, after this initial time period, disappearance of
substrate paralleled that of the contro}. The pH of the incubation
medium was measured at different time periods, The pH was found to
decrease with time as the cells utilized glucose., Therefore, it was
possible that the inhibition caused by glucose was a pH effect on
enzgyme activity.

Experiments were also conducted using a supernatant solution from
an indﬁced cell suspension that had metabolized glucose for 30 minutes,
This was prepared by incubating protocatechuic acid-grown cells with
45,0 umoles glucose per ml for 30 minutes and then removing the cells
by centrifugation., A new group of induced cells was suspended in this
supernatant solution and the disappearance of protocatechuic acid from
the medium compéred with cells suspended in a supernatant solution

obtained from cells incubated in buffer for 30 minutes, Another con-



Figure 23.

Effect of glucose on disappearance of protocatechuic acid
in the presence of induced P. fluorescens, O, protocatechuic
acid (14.4 pmqles); v, protocatechuic acid (14.4 pmoles)
plus glucose,(0;45 pmoles); (I, protocatechuic acid (14,4 nmoles} ;
plus glucose (4,5 nmoles); A, protocatechuic acid (14,4 nmoles)
plus glucose (45.0 mmoles). Solid symbols represent pH of medium;
open symbols represent disappearance of protocatechuic acid,

Cells grown on synthetic medium plus protocatechuic acid as carbon
source, Concentrations given as umoles per ml of medium, Total

volume of reaction flask was 50 ml,
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trol system consisted of cells suspended in the supernatant solution
obtained from the buffer incubation mixture to which glucose and
protocatechuic acid were added simultaneously, The results of this
experiment are presented in Figure 24, The disappearance of proto-
catechuic acid by cells suspended in the buffer supernatant solution
was linear., The disappearance of protocatechuic acid by cells sus-
pended in buffer supernatant solution when glucose and protocatechuic
acid were added simultaneously showed a slight decrease in the first
20 minutes, then paralleled that of the control, The disappearance
of protocatechuic acid by cells suspended in the glucose supernatant
solutions was delayed for approximately 60 minutes and then paral-
leled the control system.

These results suggest that the product(s) of glucose metabolism
by protocatechuie acid grown cells delays the disappearance of proto-
catechuic acid from the medium, In additional studies, this experi-
ment was repeated employing 0,45 pmoles glucose in place of the high
glucose concentration, No effect on enzymatic activity was observed
suggesting that a relatively large amount of glucose must be metabo-

lized to inhibit enzymatic activity.

Correlation of pH and Induction.

High concentrations of glucose, fructose, and ribose shorten
the lag period for induction although there is a difference in their
metabolism by P, fluorescens.i»Glucose is rapidly oxidized but fruec-
tose and ribose are not, The high glucose concentration inhibits
enzyme synthesis whereas fructose and ribose do not.

The pH of thevmedium was measured during the course of the induc-

tion experiment, The pH of the induction medium remained constant at



Figure 24,

Bffect of adding glucose prior to and simultaneously with
protocatechuic acid on enzymatic activity of induced cells. O,
protocatechuic acid (14,4 pmoles); [, protocatechuic acid
(14,4 pmoles) plus glucose (45,0 pmoles) added simltanecusly;

v, protocatechuic acid (14.54 pmoles) plus glucose (45,0 pmoles)
added 30 minutes prior to addition of protocatechuic acid, .The
cells were grown on synthetic medium plus protocatechuic acid as
' the carbon source, Concentrations given as pmoles per ml of

medium, Total volume of incubation medium was 50 ml,
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pH 7.0 in the protocatechuic acid system, In the presence of 0,45
pmoles per ml glucose, the pH was 6.8 after 80 minutes indubation,
However, when 450 pmoles glucose was added the pH of the ﬁedium
dropped rapidly to 5.4 during the first 20 minutes of the experiment
and to 4.4 after 80 minutes (Figure 25). When ribose replaced glu-
cose, the pH of the induction medium in the low or high ribose con-
centrations did not change during the course of the experiment.
Since the high glucose concentration caused a decrease in the enzyme
produced, experiments were conducted to determine if the conversion
of glucose to acid end-products was sufficient to explain this phe-
nomenon, Induction was studied in the usual manner except that the
0,01 M potassium phosphate buffer (pH 7,0) used in the induction
medium was replaced with 0,2 M phosphate buffer (pH 7.0), It will
be noted in Figure 26 that similar results were observed with both
the low and high glucose concentrations, When either 0,45 umoles or
45,0 nmoles of glucose was present with protocatechuic acid, the lag
time for enzyme formation was decreased and final enzyme concentra-
tion was identical to the inducer control, Measurements indicated
that the pH did not change in the high buffer system (0,2 M), while
low buffer concentrations (0.0l M) were not sufficient to maintain
the proper pH,

These results establish that glucose is metabolized to acid
end-products that lower the pH sufficiently to inhibit inducible
enzyme formation, When the pH is held constant at 7.0, glucose,
whether present in a low or high concentration, has the same sfimu-
latory effect on induction to protocatechuic acid by P. fluorescens,

When 45.0 umoles per ml glucose was added 30 minutes prior to addition



Figure 25.

Correlation of the effect of glucose and pH change on
enzyme induction in P, fluéres'cens. O, protocatechuic acid
(14.4 nmoles); A, protocatechuic acid (14,4 mmoles) plus
glucose (0,45 pmoles); [J, protocatechuic acid (14,4 izmoles)
plus glucose (45,0 mmoles), Open symbols represent enzymatic
activity; closed symbols represent pH of induction medium,
Célls grown on nutrient agar, Concentrations given as pmoles
per ml of induction medium, Total volume of induction medium

was 50 ml,
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Figure 26,

Bffect of glucose on enzyme induction in P. fluorescens
conducted in a high buffer concentration. (O, protocatechuic
acid (14,4 pmoles); <, protocatechuic acid (14,4 pmoles)
plus glucose (0,45 pmoles); [J, protocatechuic acid (14.4
pmolesz plus glucose (45.0 umoles), Cells grown on nutrient
agar, Concentrations given as jmoles per ml of induction
medium, Induction medium was 0,2 M potassium phosphate
buffer, pH 7.0 (instead of 0,01 M as usually employed), Total

volume of medium was 50 ml,
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of protocatechuic acid, the pH had dropped to approximately 5.6 at
the time the inducer was added., This observation could explain why

the cells did not become indueced when treated in this manner.

Effect of glucose on RNA synthesis,

The synthesis of ribonucleic acid is necessary for inducible
enzyme formation (66). If glucose is stimulating enzyme formation,
then one mechanism might be an increasing rate of RNA synthesis. The
incorporation of uracil-z-léc was measured in the presence and absence
of glucose, Washed, non-induced cells (1.4 mg protein per ml) were
suspended in 0,01 M phoéphate buffer (pH 7.0) for this study. Re-
sults indicate that little uracil-z-lhc was incorporated into the
cold trichloroacetic acid fraction of the following systems: proto-
catechuic acid, protocatechuic acid plus glucose, or the cell control
with no exogenous carbon source,

The presence of protocatechuic agid stimilated the incorporation
of uracil into the hot trichloroacetic acid fraction. There was a
short lag period followed by significant incorporation of the labeled
compound (Figure 27)., The presence of glucose and protocatechuic acid
increased the initial rate of incorporation of labeled uracil when
compared to incorporation in the absence of glucose. The presence of
glucose alone caused a small increase in the rate of incorporation,
but the final concentration of uracil incorporated was lower than when
protocatechuic acid alone was added or when glucose and protocatechuic
acid were added simultaneously.

The cold trichloroacetic acid fraction, which contains the free,
low molecule weight compounds representing the metabolic "pool" (72),

contained a small quantity of labeled uracil in comparison to the



Figure 27,

Effect of glucose on incorporation of uracil-2-140 into the
hot trichloroacetic acid fraction of P, fluorescens, Uracil-2-140
(0.1 uc per ml) plus 0,5 umoles unlabeled uracil per ml was added
to all flasks; O, protocatechuic acid (14,4 pmoles); <7, glucose
(0.45 pmoles); A, protocatechuic acid (1b,4 umoles) plus glucose
(0.45 pmoles per ml); [, uracil controi, Cells grown on nutrient

agar., GConcentrations given as umoles per ml, Total volume of in-

corporation medium was 50 ml,
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hot trichloroacetic acid fraction, The hot trichloroacetic. acid
fraction contains the higher molecular weight components of the cells
which include RNA and DNA (72). Protocatechuic acid increases the
incorporation of uracil into this fraction, The presence of glucose
and protocatechuic acid gave an additional increase in the rate of
incorporation (above that of glucose alone) after a lag period of

5 minutes,

Effect of ribose on incorporation of uracil,

Since ribose also shortens the lag period for induction, the in-
corporation of uracil was studied in the presence and absence of
ribose, Little radioactivity was found in the cqld trichloroacetic
ceil fraction in either the presence or absence of an added carbon
source, The addition of protocatechuic acid and ribose decreased
the lag time of uracil-2-140 incorporation into the hot trichloro-
acetic acid fraction compared with protocatechuic acid or ribose
alone (Figure 28). This finding suggests that ribose shortens the
time required for inducible enzyme formation by increasing RNA syn-

thesis in the cell,

: 14
Incorporation of glucose-U- G,

140 was incor-

Studies were conducted to determine if glucose-U-
porated into the hot trichloroacetic acid fraction of the cells,
Nutrienf agar-grown cells were incubated in the presence of 0,1 nc
of glucose-U=lhc per ml plus 0,45 pmoles per ml of unlabeled glucoée
as carrier, Labeled glucose was incorporated into the hot trichloro-

acetic acid fraction in the absence of the inducer (Figure 29). Ad-

dition of protocatechuic acid showed a slight stimulation in the rate



Figure 28,

Effect of ribose on incorporation of uraci1-2-140 into the

hot trichloroacetic acid fraction of P, fluorescens. Uracil-z-14

C
(0.1 nc per ml) plus 0.5 nmoles unlabeled uracil per ml was added
to all flasks; O, protocatechuic acid (14.4 mmoles); <7, ribose
(0.45 nmoles);- A, protocatechuic acid (14.4 nmoles) plus ribose
(0.45 pmoles); [J, uracil control, Cells grown on nutrient agar,

Concentrations given as jmoles per ml, Total volume of incorpora-

tion medium was 50 ml,
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Figure 29.

Incorporation of glucose-U-luC into hot trichloroacefic acid
fraction of P, fluérescens. Glucose-U-1%c (0.1 nc per ml) plus
0.45 pmoles unlabeled glucose per ml was added to all
flasks; O, protocatechuic acid (14.4 nmoles); ®, ribose (0,45
nmoles); [J, protocatechuic acid (14.4 mmoles) plus ribose (0,45
nmoles); @, control, Cells grown on nutrient agar. Concen-
trations given as umoles per ml of incorporation medium, Total

volume of medium was 50 ml,
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of incorporation and a significant increase ih total incorporation,

Since ribose and glucose had a similar effect on induction, a
competition effect should be evident if ribose and glucose are serving
the same purpose during induction., Equimolar concentrations (0,45
pmoles per ml) of glucose and ribose were added to a washed, resting-
cell suspension and induction was followed, The presence of ribose
decreased incorporation of glucose-U-lhc by .approximately 37 pér cent
in the absence of the inducer, When protocatechuic acid was added
to the system containing glucose, an increased incorporation was
observed, In the presence of glucose plus inducer, ribose caused
approximately 42 per cent reduction of glucose incorporation by the
cells (Figure 29). The results suggest that ribose has a sparing ef-
fect on glucose, and establishes that these sugars have a similar
- function when decreasing the_lag time for induction.

When the glucose concentration was increased to 45.0‘nmoles;
glucose-U-I&C was incorporated at a linear rate in the absence of
protocatechuic acid (Figure 30). A significant increase in iqcor-
poration was observed when protocatechuic acid was added, When an
equimolar concentration of ribese was added to the high glucose
concentration plus protecatechuic acid, a very marked decrease in
the rate and total glucose incorporated was noted (Figure 30).

Thus, protocatechuic acid increases the incorporation of glucose-U-th
into the hot trichloroacetic acid fraction and ribose has a competi-

tive effect on glucose incorporation.

14

Incorporation of ribose-l-""C,

Experiments were conducted to ascertain if glucose showed a

competitive effect on the incorporation of ribose-l—lhc into the



Figure 30,

Influence of ribose on incorporation of glucose into hot
trichloroacetic acid fraction during induction. .\Glucose-U-lL"C
(0.1 nc per ml) plus 45,0 pmoles unlabeled glucose per ml added
to all flasks, O, protocatechuic acid (14.4 pmoles); @,
ribose (45,0 pmmoles); [, protocatechuic acid .(14.4 umoles)
plus ribose (45,0 mmoles); @, control, Cells grown on nutrient
agar, Concentrations given as pmoles per ml, Total volume of

incorporation medium was 50 ml,
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hot trichloroacetic acid fraction. Washed cell suspensions were

140 plus

incubated in the presence of 0,075 pc per ml of ribose-1-
0.45 pmoles per ml of carrier ribose in the presence and absence of
protocatechuic acid. The addition of protocatechuic acid stimulated
the raﬁe and total incorporation of ribose (Figure 31).

The addition of an equimolar concentration of glucose (0,45
pmoles per ml) to the system containing ribose and the inducer de-
creased the incofporation of ribose-l—luc'into the hot trichloro-
acetic acid approximately 32 per cent. Thus, glucose competes with
ribose during incorporation of ribose into P, fluorescemns during
induction. These results indicate that glucose and ribose have a

similar function in shortening the lag period for inducible enzyme

synthesis,

Incorporation of glucose-l-luc.

One possible explanation for the stimulation of inducible enzyme
formation by glucose might be that glucose was being converted to
ribose which was incorporated into the hot trichloroacetic acid frac-
tion, A study was made of the incorporation of glucose-U-luc (spe-
cific activity 3.65 mc per mmole) and glucose-l-luc (specific ac-
tivity 3.55 mc per mmole), Results (Figure 32) indicated that little
glucose-l-luc was incorporated while a significant amount of glucose-
v-1%¢ vas incorporated. The addition of protocatechuic acid did not
enhance the incorporation of glucose-l;luc. Thus, the C; of glucose
is not incorporated into the hot trichloroacetic acid fraction in the
presence or absence of the inducer, This finding supports the con-
tention that glucose is converted to ribose during:the induction

phenenenon,



Figure 31,

Incorporation of ribose-l-luc into the hot trichloroacetic
acid fraction of P, fluorescens. Ribose-l—-lhc (0,075 nc per ml)
plus 0,45 pmoles unlabeled ribose péf ml added to all flasks,
| o; protocatechuic acid (14.4 pmoles); ¥, glucose (0,45
pmoles); <, protocatechuic acid (14,4 pmoles) plus glucose
(0.45 pmoles); @, control, Cells grown on nmutrient agar,
Concentrations given as ymoles per ml, Total volume of in-

corporation medium was 50 ml,
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Pigure 32.

140 and glucose-l—luc into the

Incorporation of glucose-U-
hot trichlorocacetic acid fraction of P. fluorescens. Glucose
(0.45 nmoles) was added to all flasks as carrier. O, proto-
catechuic acid (14.4 nmoles)- plus glucose-U-luc (0,1 ne); O,
glucose-U-l%(O.l me); A, protocatechuic acid (14.4 umoles)
plus glucose-l-luc (0.1 pe); v, glucose-l-luc (0,1 ne).
Specific activity of glucose_U-140 was 3.65 mc per mmole and
of glucose-l-luc was 3.55 mc per mmole, Cells grown on nutrient
agar, Concentrations given as umoles .per ml, Total volume of

incorporation medium was 50 ml, Values corrected for difference

in specific activity.
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CHAPTER V
SUMMARY AND CONCLUSTONS

The inducible formation of protocatechuic acid oxidase by E.
flﬁorescens was investigated using toluene-treated cells, The optimum
pH for enzyme formation and activity was 7.0, An inducer concentra-
tion of 14,4 pmoles per ml of induction medium promoted maximum
enzyme formation.

Glucose, ribose, and frugtose shortened the lag period for syn-
thesis of protocatechuic acid oxidase and inducible enzymes required
for utilization of anthranilic and benzoic acid, Manometric studies
indicated that glucose, but not ribose or fructose, was oxidized by
washed cell suspensions, In a synthetic salts medium, glucose sup-
ported good growth of the organism, but no growth occurred when
ribose or fructose was present as the sole source of carbon and ener-
gy. These results suggest that glucose, ribose, and fructose are
not serving as an energy source for enzyme formation, Acetate,
glycerol, succinate, and pyruvate were also oxidized but had no
effect on inducible enzyme formation; therefore, it was not possible
to correlate shortening of the lag period required for enzyme forma-
tion with oxidation of an exogenous carbon source.

The observation that glucose, ribose, or fructose shortened the
lag period for induction of protocatechuic acid oxidase is in contrast

to a number of reports (7, 22, 64), High concentrations of glucose
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shortened the lag period reguired for induction within the first 20
minutes, after which enzyme synthesis ceased, GCessation of enzyme
production was attributed to a significant drop in pH resulting from
the end-products of glucose dissimilation. When a pH of 7.0 was
maintained, the total enzyme level produced by the cell was the same
in the presence or absence of glucose, A high concentration of ribose
or fructose shortened the lag period of induction and maximum enzyme
synthesis was evident, These sugars were not oxidized and no change
in the pH of the induction medium was observed, Tomlinson and
Campbell (90) observed the accumulation of gluconic acid during oxi-
dation of glucose by P. fluorescens, and it is possible that this
compound is responsible for lowering the pH in this system,
Uracil-2-140 was very slowly incorporated into the hot trichloro-
acetic acid fraction of the cell in the absence of the inducer; but
when protocatechuic acid was added, uracil was incorporated after a
lag period of approximately 20 minutes, The addition of glucose or
ribose simultaneously with the inducer shortened the lag period for
uracil-2-140 incorporation to 5 minutes and increased the rate of
uracil incorporation, These results augment the previous reports that
RNA synthesis is required for and precedes protein synthesis (96).
GlucosenU-lub and ribose-lmluc were slowly incorporated into the
hot trichloroacetic acid fraction of the cells in the absence of the
inducer, but when protocatechuic acid was added the incorporation was
increased. When glucose-U-lac incorporation was measured in the
presence of ribose and protocatechuic acid, ribose significantly
decreased the incorporation of glucose. Similarly, when ribose—l—luc

incorporation was measured in the presence of glucose and the inducer,
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glucose decreased the incorporation of ribeose, Thus, glucose and
ribose are serying in the same way to decrgase the lag period for
induction and results indicate they are serving as a specific carbon
source for RNA synthesis. .Glucosé and ribose are not sefving as
"non-specific! carbon sources for protein synthesis in the cell,v
since other readily utilizable carbon sources did net shorten the

lag period required for enzyme synthesis. Recently, Dobrogosz and
DeMoss (13) noted that synthesis of Lwarabinose isomerase was stim-
lated when E. géntéséééﬁéwwas grown on ribese and suggested that
ribose was servinélas a source of ribose-5-phosphate for RNA syn-
thesis, Burrous and Wood (3) reported that 2._fluorescens contained
the enzymes for synthesis of ribose-5-phosphate froﬁ glucose, fructose,
or ribose by a non-oxidative pathway (48)., The observation that the
G-1 d% glucose was not incorporated into the hot trichloreacetic acid
fraction would support suech a hypothesis, Therefere, it is suggested
that glueose, ribose, and fructese shorten the lag peried for inducible
enzyme synthesis by serving as a readily available souf¢e of ribose-

5-phosphate for the ribose moiety of RNA,



90

10,
11,

12,

A SELECTED BIBLIOGRAPHY

Barrett, J. R., A, D, larson, and R, E. Kallioe 1953, The nature
@f the adaptlve lag of Pseudomonas fluorescens toward citrate,
J. Bacteriel., 65:187-192,

Borék, E.,-J. Rockenback, and A, Ryan. 1955. Studies on a mutant
of Escherichia coli with unbalanced ribonucleic acid synthesis,
J. Bacteriol,, 71:318-323,

Burrous, S, B, and W, A, Wood, 1962, Enzyme distribution in mem-
brane, cytoplasm, and nuclear fractions from Pseudomonas
fluorescens. J. Bacteriol., 84:364:369,

Cain, R, B, 1961, Metabolism of protocatechuic aeid by a vibrio.
: Biochem, J,, 79:298-312,

Cain, R, B,, D, W, Ribbons, and W. G. Bvens, 1961, The metabo-
lism of protocatechuic acid by micreo-crganisms, Biochen,

J., 79:312-316,

Cohn, M, 1957, Contributions of studies on the 6;ga1act051dase
of Escherichia coli to our understanding of enzyme synthesis,
Bacteriol, Rev,, 21:140-168,

Cohn, M. and K, Horibata. 1959, Physielogy of the inhibition by
gilucose of the induced synthesis of the g-galactoside-enzyme
system of Escherichia coli, J, Bacteriol,, 78 624-635,

Cohn, M, and J, Monod, 1951, Purification et proprlétés de 1a
B-galactosidase (Lactose) d'Bscherichia coli. Biochim,
.Biophys. Acta, 7:153-174,

Cohn, M, and J, Monod., 1953. Specific inhibition and induction
of enzyme biosynthesis, Symp, Soc. Gen, Microbiol., 3:132-149,

Cohn, M., J, Monod, M, R. Polloek, S, Spiegelman, and R, Y.
Stanier. 1953. Terminology of enzyme formatien, Nature,
172:1096. ‘

Creaser, B, H, 1955, The induced (adaptive) biosymthesis of G-
galactosidase in Staphylececccus aureus., .J. Gen, Microbiel,,
125288297,

Dienert, F. 1901, Sur la fermentation du galactose. Amnn., Inst,
Pasteur, 14:139-189,

80



13.

14,

15.

16,

17.

18,

19.

20,

21,

22,

23.

24,

25,

81

Dobrogosz, W, J. and R, D, DeMoss, 1963, General physiological
gonsiderations of catabolite repression in Pediceocecus
pentosacens, Biochim, Biophys. Acta, 77:639-648,

Durham, N, N, 1956, Bacterial oxidation of p-aminobenzolic acid
by Pseudomonas fluorescens., J. Bacteriel., 72:333-336.

Durham, N, N, 1957, Stimulation of the induced biosynthesis
of bacterial enzymes by glucese, Biochim, Biophys. Acta,
261662-663.

Durham N, N, 1958, Studies on the metabolism of p-nitrcbenzeic
acid, Can, J, Micrebiol,, 4:141-148,

Durham, N, N, and D, L, McFherson. 1960, Influyence of extrane-
ous carbon sources on biosynthesis de novo of bacterial
enzymes, J., Bacteriol,, 80:7-13,

Elsden, S, R, and J, L, Peel, 1958, Metabolism of carbohy-
drates and related compounds. Ann. Rev. Microbiel., 12:
145-202,

Englesberg, E., J. A, Watson, and P, A, Hoffee, 1961, The
glucese effect and the relationship between glucose permease,
agid phosphatase, and glucose resistance. Cold Spring Harbor
Symp. Quant, Bicl., 26:261-276,

Epps, H. M. R. and E, F, Gale, 1942, The influence of the
presence of glucose during growth on the enzymatic activities
of Escherichia colis Comparison ¢f the effect with that pro-
duced by fermentation aeids, Bilochem, J., 36:619-623,

Freundlich, M, and H. C. Lichstein, 1962, Tryptophanase-
tryptophan synthetase systems in Escherichia coli, II., Ef-
fect of glucese, J, Bacteriel,, 8439885995,

Gale, E. F, 1943, Factors influencing the enzymatic activilties
of basteria, Bacteriol, Rev,, 7:139-173,

Gorini, L., W, Gundersen, and M, Burger. 1961, Genetics of
regulation of. engyme synthesis in the arginine biosynthetic
pathway of Escherichia coli., Cold Spring Harbor Symp.
Quant. Biel,, 26:173-182,

Gross, 8. R., R. D. Gafford, and B, L, Tatum, 1956. The meta-
bolism ef protocatechuic acid by Neurospora, J, Biol, Chem,,
2123781=796. ‘ ‘

Halpern, Y, 8. 1962, Induction and repression of glutamic acid
decarboxylase in BEscherichia eell, Biechim, Biophys. Acta,
61:953-962,




26,

27,

28.

29.

30.

31.

32,

33.

4.

35

36.

37.

380

82

Halvorson, H, 0, 1960, The induced synthesis of proteins. Advances
in enzymology, 22:99-156.

Halvorson, H, O, and S. Spiegelman, 1953. The effect of free
amino aclid pool levels on the induced synthesis of enzymes,
J. Bacteriol., 65:496-504,

Herzenberg, L. A. 1959. Studies on the induction of S-galac-
tosidase in a cryptic strain of Escherichia coli,  Biochim,

Biophys. Acta, 31:525-538,

Hogness, D. S,, M. Cohn, and J. Monod, 1955 Studies on the
induced synthesis of f-galactosidase in Escherichia coliz
The kinetics and mechanism of sulfur incorporation, Biochim,
Biophys. Acta, 16:99-116,

Hu, A, S, L,, R; G. Wolfe, and F, J, Reithel, 1959, The prepara-

tion and purification of f-galactosidase from Escherichia
coli, ML 308, Arch., Biochem, Biophys., 81:500-507,

Hubbard, J, S. and ¥, N, Durham, 1961, GCompetitive relation-

ship between pretocatechuic acid and p-aminosalicyliec acld
for a cellular transport mechanism, J., Bacteriol., 82:361-

369 ! 1

Jacob, F, and J, Monod, 1961, Genetic regulatory mechanisms
in the synthesis of proteins, J. Mel, Biol., 33318-356.

Katagiri, M, and O, Hayaishi, 1956, BEngymatic degradation of
f-ketoadipic acid, Federation Proc., 153285,

Kendall, A. I, and G, J, Farmer, 1912, Studies in bacterial
metabolism, J. Biel/ Chem,, lgzl%l?o

Kendall, A, I, and C, J. Farmer., 1913. Studies in bacterial

metabelism, J, Biel, Chem., 13:63-70,

Klein, H. P. and M, Doudoroff, 1950, The mutation of Pseudomonas
utrefaciens te glucese utilization and its enzymatic basis,
J, Bacteriel,, éﬂ 739-750,

Kogut, M., M, R, Pelleck, and B, J. Tridgell. 1956, . Purifica-
tion of penieillin-induced penicillinase of Baeillus cereus
NRRL 569: A comparison of its properties with those of
simllarly purified penicillinase produced spentaneocusly by
a constitutive matant strain, Biochem, J., 62:391-401,

Landman, 0, E, 1957,  Properties and induetion of 8-galacto-
sidasz in Bacillus megaterium, Biochim, Blophys, Acta, 23:
558-569.




39.
40.
b1,
he,
k3.

il

bs.
46,
b7,

48,

k9.

50.

51,

83

Lederberg, J. 1951, Genetics studies with bacteria, p. 263-289,
~ In L, C, Dunn (ed.,), Genetics in the 20th century. MacMillan
Press, New York,

Lindegren, C. C. 1963, The receptor-hypothesis of induction of
gene-controlled adaptive enzymes, J. Theoret. Biol., 5:192~
210,

Lowry, O. H., N, J. Rosebrough, A, L, Farr, and R, J. Randall,
1951, Protein measurement with the folin phenol reagent,
J. Biol, Chem,, 193:265-275,

Maas, W, K, 1961l. Studies on repression of arginine biosynthe-
sis in BEscherichia coli. Cold Spring Harbor Symp, Quant.
Biol,, 26:183-191,

MacDonald, D, L., R. Y, Stanier, and J, L, Ingraham, 1954,
The enzymatic formation of B-carboxymuconic acid, J, Biol,
Chem,, 210:809-820,

MacQuillan, A, M, and H., 0, Halvorson. 1962, Metabolic control
of B-glucosidase synthesis in yeast. J. Bacteriol., 84:23-30,

MacQuillan, A, M., S, Winderman, and H. 0, Halvorson, 1960,
The control of enzyme synthesis by glucose and the repressor
hypothesis, Biochem, Biophys. Res. Commun., 3:77-80,

MacQuillan, A, M,, S, Winderman, and H. 0. Halvorson, 1960,
Metabolic control of S-glucosidase synthesis in yeast.
Bacteriol. Proc., p. 173.

McFall, E, and J, Mandelstam, 1963, Specific metabolic repres-
sion of induced enzymes in Escherichia coli. Nature, 197:880-
881.

Magasanik, B. 1962, Biosynthesis of purine and pyrimidine
nucleotides, p, 295-.334. In I. C, Gunsalus and Roger Y.
Stanier, (ed.), The bacteria, Vol, III. Academic Press,
Inc.,, New York.

Markovitz, A., H, P. Klein, and E, H, Fischer, 1956, Purifica-
tion, crystallization, and properties of the A-amylase of
Pseudomonas saccharophila, Biochim, Biophys. Acta, 19:267-
273.

Mandelstam, J, 1957, Turnover of protein in starved bacteria
and its relationship to the induced synthesis of enzyme.
Nature, 179:1179-1181.

Mandelstam, J. 1961, Induction and repression of B-galactosi-
dase in non-growing Escherichia coli. Biochem, J., 79:489-
496,




52,

53'
Sh.
55'
56.
570
58.
59.

60,

61,

62,

63,

64,

65.

84

Monod, J. ‘1947, The phenomenon of enzymatic adaptation,
Growth, 11:223-289,

Moned, J,, G. Cohen-Bazire, and M, Cohn. 1951, Sur la biosyn-
thése de la ﬂagalactosidase (lactose) chez Escherichia coli
la specificite de 1'induction, Biochim, Biophys. Acta, Zz

585-599.

Monod, J, and M, Cohn, 1952 la biosynth¥ses induite des
enzymes, Advances in enzymology, 13:67-119,

Monod, J,, F, Jacob, and F, Gros, 1962. Structural and rate-
determining factors in the biosynthesis of adaptive
enzymes.,  Blochem, Seoc, Sym,, 21:1014“:131,

Monod. J,, A, M, Pappenheimer, Jr., and G, CoheneBazire, 1952,
La einéthue de la biosynthdse de la -galactosidase chez
E. coll considérée comme fonction de la eroissance., Biochim,
Biophys., Acta, 9:648-660,

Nakada, D, and B, Magasanik, 1962, Catabolite repression and
the induction of f-galactosidase, Biocchim, Biophys. Acta,
61:835-837.

Neidhardt, F, C, 1960, Mutant of Aerobacter aerggenes lacking
glucose repression, J, Bacteriol,, 80:536-543.

Neidhardt, F.. C. and B, Magasanik, 1957, Effect of mixtures of
substrates on the biosynthesis of inducible enzymes in
Aercbacter aerogenes, J. Bacteriol,, 223260a263

Neidhardt, F, C. and B, Magasanik. 1956, Inhibitory effect of
glucose on enzyme formwation. Nature, 178:801-802,

Neidhardt, P. C, and B, Magasanik, 1957, Reversal of the glucose
inhibition of histldase bicsynthesis in Aerobacler aerogenes,
J, Bacteriel,, 73:253-259.

Neidhardt, F, G, and B, Magasanik. 1956, The effects of glucose

on induced biosynthesis of bacterial enzymes in the presence
and absence of inducing agents, Biochim, Biophys. Acta, 21:
324-33k4., ‘

Novick, A, and M, Weiner, 1957, Enzyme induction as an all-or-
none phenomenon, Proc, Natl, Acad, Sci., 43:553-566.

Palmer, I, S, and M, F, Mallette, 1961, The effect of exogenous
energy sources on the synthesis of f-galactosidase in resting-
cell suspensions of Escherichia eoli. J, Gen. Physiol., 45:
229-241,

Pardee, A, B, 1955, Effect of energy supply on enzyme induction
by pyrimidine requiring mitants of Escheriehia eoli. J,
Bacteriol., 69:233-239,




66,

670

68.

69,

700

71,

72,

73.

74,

75.

76.

77,

85

Pardee, A, B, 1962, The synthesis of enzymes, p. 577-630., In
I. C. Gunsalus and Reger Y, Stanier, (edQB, The bacteria,
Vel, III, Academic Press, Inec,, New Yerk,

Pardes, A,, F, Jacob, and J, Monod, 1959. The genetic control

of cytoplasmic expression of *indueibility® in the synthesis
of o-galactosidase by E, goli. J. Mol, Biel., 1:165-178,

Pardee, A, B, and L, 8, Prestidge. 1955. Induced f@fﬁatlon of
serine and thfeonlne deaminases by Escherichia coli, J,
Bacteriol,, 70:667-674,

Pardee; A, B, and L. S, Prestidge, 1958, Effects of azatrypte-
phan on bacterlal enzymes and bacteriophage, Blochim,
Biophys, Acta, 27:330-344, |

Pardee, A, B, and L. S, Prestidge. 1959. On the nature of the
repression of -galactosidase synthesis in Escherichia coli,
Biochim, Biophys. Acta, 36:545-547. ‘

Pardee, A, B, and L, S, Prestidgeo 1961, The initial kinetics
of enzyme induction., Bieochim, Blophys. Acta, 49:77.88,

Park, J. T. and R, Haneock, 1960, A fractionation procedure
for studies of “thb synthesis of cell-wall mucopeptide ard
of other b@lymers in cells of Staphylococecus aureus. dJ.
Gen. Microbiel., 22:249-258,

Pollock, M, R, 1950, Penicillinase adaptation in B. cereus:
Adaptive enzyme formation in the absence of free substrate,
Brit, J, Exptl., Pathol,, 31:739-753.

Pollock, M, R, 1952, Penicillinase sdaptation in Bacillus
gsreus: An analysis of three phases in the response of
Togarithmically growing culturss to indnetion of penieilli-
ndavsf@wmatwon by peniecillin, Brit, J. Exptl. Pathol., 33:
587-600, ‘

Pollock, M, R, 1956, An immunological study of the censtitutive
and the penicillin-induced penicillinases of Baelllus gereus,
based on speeific enzyme neutraligation by antibedy. J. Gen,
Miecrobicl,, 1#:90-108,

Polleock, M, B, 1957, The activ1ty and specificity of inducers
of penlellllnase produetion in Bacillus cereus strain NRRL
569, Biochem, J,, 66:419-428,

Pollock, M, R, 1959, Induced formation of enzymes, p, 619-680,
In P, D, Boyer, H, Lardy, and K, Myrback (ed,) The enzymes,
V@l 1, 2nd ed, rev, Academic Press, Inc, New York.



7.
7.
80.
81,
82.
83.
8.

85,

86.

87'

88,
89.

90.

9L.

86

Pollock, M, R. and M, Kramer, 1958, Intermediates in the bio-
synthe51s of bacterial penlcilllnase. Bicchem, J,, 701
665-681, .

Rogers, P, and G, D, Novelli, 1959, Formation of ornithine
transcarbamylase in cells and protoplasts of Escherichia
coli, Biochim, Biophys. Acta, 33:423-436,

Rotman, B, 1958. Regulation of ehzymatic aetivity in the
intact cell: 'The f-D-galactosidase of Escherichia coli,
J. Bacteriol., 76:1-14,

Rotman, B, and S, Spiégelman. 1954, On the origin of the
carbon in the induced synthesis of B-galactosidase in
Escherichia coli, J. Bacteriol,, 68:419-429,

Snell, F, D, and C, T, Snell, 1953. Colorimetric methods of
analysis, Vol, IIT, p, 127. D, Van Nostrand Company, New
York. '

Snell, F, D, and C, T, Snell, 1953. Colorimetric methods of
analysis Vol ITT, p. 211, D, Van Nostrand Company, New
York.,

Spiegelman, S, 1950, Modern aspects of enzymatic adapitation,

p. 267-306, In James B, Summer and Karl Myrback (ed.),
The enzymes, Vol, I, part 1, Academic Press Inec.,, New York,

Spiegelman, S., H. 0. Halvorson, and R, Ben-Ishi, 1955, Free

amino acids and the enzyme-forming mechanism, 124.170, In
‘W, D, McElroy, and H, B, Glass, (ed,), Amino acid metabolism,
Johns Hopkins Press, Baltimore,

Stanier, R, Y, 1947, Simultaneous adaptation: A new technigque
for the study of metabelic pathways, J. Bacteriol,, 54:339-
348,

Stanier, R, Y. 1950, The bacterial oxidation of arcmatic com-
pounds: IV Studies on the mechanism of enzymatic degradation
of protocatechuic aecid, J, Bactericl., 59:527-532,

Stephenson, M, and L. H. Stickland, 1933, Hydrogenlyases,
Biochem, J,, 2731528-1532,

Stephenson, M, and J, Yudkin, 1936. Galactozymase considered
as an adaptive enzyme., Biechem. J., 30:506-514,

Tomlinson, G, A, and J, J, R, Campbell, 1963, Patterns of oxi-
dative assimilation in strains of Pseudomonas and Achromoa
bagter. J. Bacteriol., 86:143h.4lk,

Umbarger, H, E, 1956, BEvidence for a negative-feedback mechanism
in the biosynthesis of isoleucine, Science, 123:848,



92.

93.

o4,

95.

9%.

97.

98.

99.

100,

101,

87

Umbreit, W, W., R, H, Burris, and J. F. Stauffer. 1957. Mano-
metric techniques, revised edition, Burgess Publishing Co,,
Minneapolis. 338 p.

Vogel, H. J, 1957. Repression and induction as control mecha-
nisms of enzyme biogenesis: The "adaptive' formation of
acetylornithinase, p. 276-289. In W. D, McElroy, and B,
Glass, (ed.), The chemical basis of heredity. Johns Hopkins
Press, Baltimore, :

Vogel, H, J, 1960, Repression of an acetylornithine permeation
system, Proc, Natl, Acad, Sci., 46:488-494,

Vogel, H., J. 1961, Aspects of repression in the regulation of
enzyme synthesis: Pathway-wide control and enzyme-specific
response, Cold Spring Harbor Symp. Quant. Biol., 26:163-172,

Vogel, H, J., V. Bryson, and J, O, Lampen (eds,). 1963. Informa-
" tional macromolecules. Academic Press, New York, 542 p,

Wegener, W, S, and A, H, Romano, 1964, Control of isocitratase
formation in Rhizopus nigricans. J, Bacteriel,, 87:156-161,

Yanagesawa, K. 1962. .The simultaneous accumlation of RNA and
of a repressor of S-galactosidase synthesis, Biochem, Biophys,
Res. Commun., 9:88-93,

Yanofsky, C. 1960, The tryptophan synthetase system, Bacteriol,
Rev,, 24:221.245,

Yates, R, A, and A, B, Pardee, 1957. Contrel by uracil of
- formation of enzymes required for orotate synthesis, d.
Biol. Chem., 227:677-692.

Yudkin, J, 1938, BEnzyme variation in micro-organisms., Biol.
Revs,, 13:93-106, '



VITA
Jerry Jack Kirkland
Candidate for the Degree of
Doctor of Philosophy

Thesis: INFLUENCE OF EXOGENOUS CARBON SOURCES ON INDUCIBLE ENZYME
FORMATION IN PSEUDOMONAS FLUORESCENS

Major Field: Microbiology
Biographical;

Personal Data: Born at Elk City, Oklahoma, May 18, 1936, the
son of Cecil Norman and Gladys Kirkland; married to Sonya
Yeates on August 25, 1957,

Education: Graduated from Alva High School, Alva, Oklahoma in
1954, Received the Bachelor of Science degree, with a
major in Chemistry and math, from Northwestern State.
College, Alva, Oklahoma, May 1958, Received the Master of
Science degree, with a major in bacteriology, from Oklahoma
State University, Stillwater, Oklahoma, August, 1961, Com-
pleted requirements for the Doctor of Philosophy degree in
May, 1964,

Experience: Chemistry laboratory instructor, Northwestern State
College, Alva, Oklahoma, 1958. Microbiology laboratory
assistant and Graduate Research Assistant, Department of
Microbiology, Oklahoma State University, 1958-1964,

Organizations: Member of Phi:Sigma Biological Society,
Missouri Valley Branch of the American Society for
Microbiology, and Society of the Sigma Xi.





