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CHAPTER I 

INTRODUCTION 

The aerobic pseudomonads have been of considerable biochemical 

interest since den Door~n de Jong, in 1926, demonstrated their ability 

to grow on a wide range of organic compounds as sole sources of carbon 

and energy (Stephenson, 1949). The metabolic versatility of this group 

has been thoroughly documented by Stanier, et al. (1966). Pseudomonas 

aeruginosa, !· f luorescens and f · putida comprise the fluorescent 

group. Representative strains of this group typically grew on about 

80 of 146 compounds tested as sole carbon and energy source. Compounds 

supporting growth included paraffin hydrocarbons, alcohols, amines, 

polyols, mono·, di- and tricarboxylic acids, hydroxy-, amino~ and keto~ 

acids, amides, monosaccharides, hexonic acids and substituted aromatic 

compounds. Such wide catabolic capabilities are clearly advantageous 

to these ubiquitous inhabitants of soil and water. 

A corollary of metabolic versatility is the existence of efficient 

metabolic control mechanisms governing the formation and activity of 

the specific enzymes required to convert each compound to central 

metabolites. Davis (1961) has emphasized the significance of even 

minute selective advantages in terms of bacterial proliferation. 

Indiscriminate synthesis of unnecessary enzymes would divert monomers 

and energy from formation of new cells. Thus, the enzyme systems 

responsible for such broad catabolic capabilities would be expected to 
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be subject to induction by their specific substrates and closely 

related compounds. Furthermore, the ability to degrade most of the 

common amino acips would not be of survival value if these capabilities 

were expressed under conditions requiring de novo biosynthesis of these 
..,.........~ 

monomers for growth: Therefore, catabolite repression might be 

expected to inhibit formation of these enzyme systems in spite of the 

presence of the appropriate inducers. This consideration also applies 

to substrates which are not direct precursors of macromolecules. As 

stated by Paigen and W;i.lli.ams (1970), in nature "survival may depend on 

utilization of the op~imum substrate, for the cell that saves the best 

carbon source for last may well find that its neighbour has not been so 

forbearing" (p. 252). 

Much of the current interest in the fluorescent pseudomonads as 

systems for biochemical genetics and metabolic control studies stemmed 

from the initi~l observ•tions of Holloway, et al. (1963) that f· 

aerusinosa apparently lacked the close linkage of functionally related 

genes typical of Escherichia coli and Salmonella typhimurium. In the 

operon model of Jacob and Monod (1961), clustering of functionally 

related genes was intimately related to control of gene expression. 

Demaree (1964) emphasized the significance of Holloway's observations 

and stressed the importance of further comparative studies of linkage 

and genetic control. Lack of clustering is also typical of the 

eucaryote Neurospora crassa which has been the subject of extensive 

biochemical genetic anaiyses. Thus, the pseudomonads might possess 

genetic organization and control mechanisms more closely related to 

those of higher forms, including man. 
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The operon model of Jacob and Monod (1961) has served as the basis 

for understanding the control of gene expression. This model evolved 

from extensive biochemical and genetic investigations of lactose 

metabolism in E. coli. Numerous review articles have dealt with the ..... __..,....... 

evidence supporting the model, its generality and the si~ificance of 

observed inconsistencies in other less thoroughly studied systems 

(e.g., Vogel and Vogel, 1967; Epstein and Beckwith, 1968; Martin, 

1969). Recently a monograph devoted entirely to various aspects of 

the lactose (lac) operon has appeared (Beckwith and Zipser, 1970) • 

. Only the more salient features of the model will be considered in the 

following discussion of the lac operon. 

As originally conceived, the lac operon consists of an operator 

(o) locus and three contiguous structural genes coding for /J -

galactosidase (z), galactoside permease (y) and thiogalactoside 

transacetylase (a)~ as shown in Figure 1. Galactoside permease, which 

mediates the entry and accumulation of ,S-galactosides within the cell, 

and fJ -galactosidase, which hydrolyzes lactose and other i-gal.actosides, 

are essential for lactose catabolism. Thiogalactoside transacetylase 

is not essential for lactose catabolism and its function is unknown. 

The regula·tor (i) gene c;:odes for a macromolecular repressor substance 

which controls the expression of the structural genes (z, y and a) by 

interacting with ~he operator locus. The regulator is not part of the 

operon and need not be closely linked to the genes it controls since it 

exerts its effects through its product, the repressor. A later refine-

ment of the model was the identification of the promoter (p) region 

which has been suggested as the binding site for R~ (ribonucleic acid) 

polymerase (lppen et al., 1968). This element is contiguous with the 
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Inducer 
R 

Inducer\ 
-·~R' 

z y a 

Figure 1. The Lactose Operon of Escherichia coli --
Symbois: 

i - structural gene for repressor 
p - promoter 
o - operator 
z - structural gene for ,8-gab.ctosidase 
y - structural gene for galactoside permease 
a - structural gene for thiogalactoside transacetylase 
R ~ repressor (active) 
R'- repressor-inducer complex (inactive) 

4 
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operator locus and is also considered as part of the lac operon. 

In the absence of an appropriate inducer, the represso+ interacts 

with the operator and blocks transcription of the structutal genes into 

a polycistronic messenger RNA (mRNA) thus preventing exp~ession of the 

z, y and a loci. Inducers interact with the repressor and decrease it~ 

affinity for the operator. This allows transcription to proceed and 

the resulting polycistronic mRNA is subsequently translated into the 

protein products of the lac operon. ·Lactose is not the true inducer 

b1,1t depends on fi ... galac;:tosidase action to form a transgal.;lctosylat~on 

product which is the true inducer (Burstein et al., 1965). The z~ y 

and a gene products are not synthesized in a strictly coordinate 

manner; that :l.s, they are not produced in equimolar amounts, 13 .. 

galactosidase being favored over thiogalact:oside transacetylase. Here 

the lac operon is exceptional since three other operons have been showp. 

to produce equimolar amounts of operator proximal and distal enzymes 

(Epstein and Beckwith, 1968) . 

.. Several types of genetic evidence support the operon model. 

Extensive clustering of functionally related genes is common in E. coli 
. - ~ 

and .§_ •. typhimurium (Taylor, 1970; Sanderson, 1970). This has been 

taken as an indic.;i.tion of the generality of this type of control in the 

enterics (Demerec, 1964). More important, numerous control mutants 

with the predicted pleiotropic effects and dominance relationships h.;i.ve 

been characterized. Regulator (i) gene mutants of the lac operon are 

of two types; i"' mutants, which produce the z, y and a gene products 

constitutively, apparently produce a repressor which lacks affinity ~or 

the operator; is mutants (super~repressed), which are uninduc;:ible, 

apparently produce a repressor which lacks affinity for inducer. 



Dominance studies in F'-lac metodiploids show that is is trans-domina'l.'lt 

over i+ and i- and that i+ is trans-dominant over i~ as e~pected of a 

gene which effects control via its diffusible product, the repressor. 

Operator constitutive: (o~) mutations, which have been attributed to' loss 

of the repressor recognition site, are cis-dominant as predicted, 

Promoter mutants show pl~iotropic reduction of the z, y and a gene 

products and are cis-dominant as e~pected. Such ml.ltants are inducible, 

although to only low levels, indicating that i and o functions are 

normal. The existence of polar mutants is a further attribute of 

operon organization and function, Certain point mutations occurring 

in a structural gene can pleiotropically reduce the e~pression of more 

distal genes. The extent of reduction depends on the location o;f the 

point mutation within the gene, those further from the distal end 

showing greater reduction, S4ch mutants are apparently the result of 

generation of a no~sense triplet by base substitution or ftameshift 

mutation, and the polar effects are a consequence of translation of 

polycistroqic mR~A. 

Additional support for the operon model comes from kinetic studies 

of mRNA and enzyme formation. The use of inhibitors of known effect 

has facilitated such analyses. 

The strongest support has come from the isolation and in vitro 

characterization of the 1ac repressor (Gilbert and Muller-Hill, 1970), 

The repressor is a tetrameric protein and specifically binds to lac 

operator DNA (deoxyribonucleic acid). Inducers destabilize this 

complex and thus prevent the effective interaction of the repressor 

with the operator. 
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It should be noted that the operon model describes regulation of 

gene expression as a negative control mechanism. That is, e~pression 

of the z, y and a genes is the normal state of the operon, and control 

results from preventing this expression. The model accounts for induc-

tion and coordinate control of clustered genes in terms of regulatory 

genes which exert their effects on transcription to form polycistronic 

mRNA.. 

'.Che model is readily adapted to account for end product repression 

of the sequential enzymes of a biosynthetic pathway. In this case, the 

repressor is presumably mad~ in an inactive form. Interaction of the 

repressor with the end prod1,1ct increases its affinity for the operator 

and thus represses synthesis of the enzymes of the operon which fuoc-

ti,on in end product formation. 

Although clustering of functionally related genes is an integral 

part of the operon mqdel as originally conceived, it is n0t essential 

for negative control exerted by repressors as described above, 

Arginine (arg) biosynthesis in !· coli depends on eight enzymes whose 

corresponding structural genes are located in five different regions 

of the chromosome. The expression of each gene is controlled by a 

regulator gene, arg R, which determines a repressor. This repressor 

has recently been put"ified and is a protein (Udaka, 1970). This system 

requires the additional assumption that each struct;1,1ral gene or small 

cluster of structural genes possesses its own operator (and pr0bably 

its own promoter). Such a system cqmposed of several 0perons, each 

controlled by the same re~ressor, is termed a regulon. 

Negative control qf gene expression is not universal in E. coli . 
..,.~ 

Compelling genetic evidence b,as been presented f 0r a positive control 



8 

mechanism in the L .. arabinose (ara) operon (Englesberg et al., 1969). 

The regulator gene, ara C, produces an activator which is required for 

full expression o;f the operon's structural genes. The activator exerts 

its effect at an initiator locus, ara I. Two classes of regulator gene 

mutants are known: c- which are uninducible (phenotypically similar to 

is of the lac operon) and Cc which are constitutive (phenotypic~lly 

similar to C). However, c- is recesdve to c+ and cc in the trans 

position, whereas is is trans-dominant to i+ and i-, Thus, C specifies 

a diffusible activator. An exhaustive search for an hypothetical ara R 

mutant among arabinose positive revertant~ of an ara c- (deletion) 

strain revealed only ara I constitutive mutants. These are cis

dominant low level constitutive ml,ltations and are subject to activation 

by a trans c+ allele. Various alternatives to positive control have 

been eliminated. Thus, it appears quite likely that the arabinose 

operon is under positive control. 

~n his now classic review of catabolite repression, ~agasanik 

(19Ql) focused attention on the glucose effect in terms of its physio

logical significance and apparent similarity to end product repression 

in biosynthetic pathways. The enzymes known to be subject to glucose 

repression we:re characteristically involved in supplying the same 

central intermediates as glucose. In inducible systems subject to 

glucose repression, the effect was not entirely due to inducer exclu

sion by glucose. Furthermore, other substrates caused the effect 

suggesting that a common intermediate rather than glucose itself was 

responsible, hence the term catabolite repression .. In general, sub

strates supporting higher growth rates were more repressive than those 

supporting lower growth rates. Substrates supporting rapid grow.th 
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presumably gave rise ta high intracellular concentrations of central 

metabolites. l)imultaneo4s cansµmption of inferior substrates would not 

benefit the cell and formation of the requisite enzymes would divert 

carbon and energy from production of new cells. Thus, one or more of 

the accumulated intermediates was hypothesized to effect the repression 

of 1ess efficient enzyme sequences leading to the same intermediates in 

spite of the presence of appropriate inducers. This interpretation was 

supported by the observation that any condition which reduced the con

sumption of central inter~ediates without reducing their formation led 

to severe catabolite repression. Such conditions include starvation 

for an aµxatrophic requirement, nitrogen or phosphate limitation in 

chemostat cultures, treatment with certain inhibitors and physical 

damage such as 32p decay and ultraviolet irradiation. The possible 

significance of the operon model for catabolite repression was 

stressed. 

Since 1961, considerable wqrk has been done in various systems 

to elucidate the mechanism of catabolite repression and its possible 

relation to operon control. Recently Paigen and Williams (1970) have 

comprehensively reviewed the current status of catabolite repression 

and Magasanik (1970) has specifically reviewed catabolite repression of 

th~ lac operon. 

At least four phenomena can be involved in preferential utiliz~

tion of alternate substrates. These include catabolite inhibition, 

inducer exclusion, transient repression and catabolite repression. 

Gaudy et al, (1963) first recogni,zed the phenomenon of catabolite 

inhibition. This involves inhibition of existing enzymes by a more 

readily utilized sµbstrate or its catabolites and is analogous to 
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feedback inhibition in biosynthetic pathways, The generality of this 

mechanism is apparent since it can be observed in natural heterogeneous 

populations (sewage sludge). Tsay (1968) observed rapid glucose 

inhibition of substrate utilization in !· coli and Achromobacter sp. 

growing on various substrates. Evidence was presented that the inhibi

tion did not occur by competition for a common transport element. 

Similar results were obtained in!· .£21!. by McGinnis and Paigen (1969). 

For lactose and galactose, inhibition was shown to occur prior to 

formation of the first intermediate. Thus, in cases where the first 

intermediate is the true inducer, catabolite inhibition may also pre

vent induction as a secondary effect. 

The importance of inducer exclusion as a mechanism for preferen

tial substrate utilization depends on the system under consideration 

and the experimental conditions. The effect of inducer exclusion is 

maximal when inducer permeation is induction dependent and nonsaturat

ing concentratipns of inducer are used. In !· coli, induced and 

constitutive expression of the lac operon are equally sensitive to 

glucose when induction is effected with saturating concentrations of 

the potent gratuitous inducer IPTG (isopropylthiogalactoside). In 

contrast, induced expression of the ~alactose (gal) operon is mucp more 

sensitive to glucose than is constitutive expression. This additional 

sensitivit~ is due to inhibition of inducer entry by glucose (Adhya and 

Echols, 1966). 

Glucose and other compounds can also exert two effects on enzyme 

synthesis which are not due to inducer exclusion, Cataboiite repres

sion refers to the permanent and often weak repression observed when 

cells are grown in the presence of repressing substrates, ~or 
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example, in !· coli the differential rate of ,8 .. galac tosidase synthesis 

in fully induced cells growing on glucose is typically one hal~ that 

of fully induced cells growing on glycerol which is only weakly repres-

sive. Repression by gluconate is comparable to that exerted by 

glucose, whereas a mixture of glucose and gluconate is more repressive. 

Under similar conditions, glucose 6-phosphate represses to one tenth 

the differential rate observed in glycerol medium. Likewise, the 

differential rate of constitutive ,.S-galactosidase synthesis in glucose 

medium is repressed to about one half that observed in glycerol 

medium. 

Transient repression was recognized by Moses and J?revost (1966) 

and J?aigen (1966), Addition of glucose to most strains o~ E. coli - -
grown on glycerol and exposed to a saturating concentration of inducer 

caused a severe transient repression of j3 -galactosidase synthesis. 

A few strai,ns exhibit this effect when glucose is su~stituted for 

glycerol in the presence of a saturating concentration of inducer. 

Transient repression usually lasts for one tenth to one half of a 

generation, depending on the strain, and is followed by an acael~ration 

of ,8-galactosidase synthesis to the differential rate characteristic 

of catabolite repression by glucose. The rare strains showing tran• 

sient repression when glucose is substituted for glycerol are appar

ently mutants especially well adapted to rapid utilization of glucose 

(Tyler et al., 1967). 

Transient repression has been observed for other enzymes and in 

other organisms, It appears that transient repression affects the 

same group of enzymes as does catabolite repression; that is, those 

involved in catabolism of alternate substrates. 
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Tyler and Magasanik (1970) have investigated the necessary and 

sufficient conditions for transient repression in E. coli. The effect - --:-

was not unique to glucose and was observed in cells grown on substrates 

other than glycerol. Rapid entry of the added compound appeared to be 

essential although its furtqer extensive metabolism was not required, 

A mutant lacking phosphohexose isomerase and glucose 6-phosphate 

dehydrogenase showed transient repression but not catabolite repression 

upon addition of glucose, Similar results were obtained with a mutant 

(cat-) selected for resistance to catabolite repression exerted by 

glucose. This strain has apparently suffered an unidentified altera-

tion in glucose metabolism (Rickenberg et al.~ 1968; Tyler et al., 

1969). Thus, catabolite repression does depend on further metabolism 

of glucose. Evidence was also presented that transient repression 

required a functional enzyme I (EI) of the phosphoenolpyruvate phospho-

tr~nsferase system regardless of whether or not the added compound used 

this system for transport. However, the relationship is not clear 

since other EI deficient mutants show increased sensitivity to tran• 

sient repression (Pastan and Perlman, 1969). 

Both transient repression and catabolite repression ap~ear to act 

at the level of transcription, specifically initiation of transcrip· 

tion. This was deduced for the lac operon by kinetic studies of /3-

galactosidase synthesis using inducer removal and inhibitors of known 

effect (Nakada and Magasanik, 1962; Kepes, 1963; Nak~da and Magasanik, 

1964; ~aempfer and Magasanik, 1967; '.ryler and Magasanik, 1969; Jacquet 

and Kepes, 1969), Recently, Varmus et al. (1970) have confirmed that 

transient repression prevents lac mRNA synthesis by using DNA•RNA 

hybridization analysis to determine lac mRNA levels directly, 
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Perlman and Pastan (1968) have discovered that cyclic adenosine 

3', 5' ·monophosphate (c.A.MP) relieves transient repression of ~ ... 

galactosidase. Catabolite repression was also relieved by a higher 

cAMP concentration (Ullmann and Monod, 1968; Perlman et al., 1969). 

Cyclic AMP apparently stimulates initiation of lac operon transcript~on 

(Jacquet and Kepes, 1969). Direct det;:ermination of lac mRNA levels 

confirmed that cAMP acts at the transcription 1evel (Varmus, et al,, 

1970). 

In a brief review of the rapid developments regarding cAMP~ Pastan 

and Perlman (1970) noted that as far as is known, CAMP specifically 

stimulates synthesis of proteins which are sensitive to transient 

repression and catabolite repression. Cyclic AM!? effects have also 

been observed in other enteric organisms. It should be mentioned that 

cAMP appea~s to act at the level of translation to relieve catabolite 

repression of tryptophanase synthesis in E. coli (Pastan and Perlman, - - ' 

1969). 

Neither the regulator gene nor the operator locus (as defined 

genetically by interaction with the lac repressor) is required for 

transient repression or catabolite repression of the lac operon 

(Ma.gasanik, 1970). In strains where the lac operon has been transposed 

and then fused by deletion with the tryptophan operon, various lac 

control elements can be deleted. Those strains retaining the lac 

promoter were sensitive to catabolite repression whereas those in 

which p had been deleted were insensitive to transient repre~sion and 

catabolite repression (Silverstone et al., 1969; Magasanik, 1970). 

Point mutations in p do not usually alter sensitivity to transient 

repression and catabolite repression. However, second site revertants 
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of promoter point mutants are often insensitive to transient repression 

and cataboU.te repression. One such revertant has been shown to be 

extremely closely linked to the original point mutation and is pres'UJD• 

ably a further alteration of the promoter (~gasanik, 1970). the 

mutation to catabolite insensitivity and restored prOI11oter function is 

cis-dominant. 

Thus, transient repression, catabolite repression and cAMP 

apparently control expression of the lac operon by governing the fre

quency of initiation of transcription via the promoter, 

A model for catabolite repression based on studies of mutants of 

!· coli in which the lac operon was insensitive to repression by 

glucose was proposed by Loomis and Magasanik (1965 and 1967). A regu

lato:t:' gene, cat (formerly designated CR), was thought to produce an 

inactive repressor which, under conditions of catabolite repre~sion, 

wa~ activated by a central metabolite, the effector, The activated 

repressor presumably interacted with an operator-like controlling site 

to prevent transcription of mRNA. However, Rickenberg et aL (1968) 

presented evidence that the cat· lesion was not specific to the lac 

operon and that it did not ~elieve catabolite repression exerted by 

glucose 6-phosphate or a mixt~re of glucose and gluconate. It was 

suggested that the cat• lesion altered glucose metabolism and prevented 

accumulation of the effector. Further investigation of the cat• lesion 

by 'l'yler et al. (1969) has led to the same conclusion. 

The concept of an inactive repressor has been abandoned recently 

in fav01; of a model interrelating catabolit.e repression, promoter 

function and cAMP effects (Nagasanik, 1970). The template specificity 

of RNA polymerase depends on a subunit of the enzyme known as the sigma 
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factor (Burgess et al., 1969). Sigma apparently facilitates the 

initiation of transcription at the promoter (Travers and Burgess, 

1969), Catabolite-sensitive operons are hypothesized to have a unique 

type of promoter which requires a unique sigma factor for initiation of 

their transcription. Cyclic AMP is presumably required for polymerase

sigma interaction or for interaction of the polymerase-sigma complex 

with the promoter. Catabolite repression results from accumulation of 

an effector which decreases the intracellular concentration of cAMP, 

thus preventing initiation of transcription. As noted by Ma~asanik 

(1970), the model may be an oversimplification but is consistent with 

the known facts. 

Regardless of the model~ the existence of one or more effector 

metabolites must be hypothesized. However, the hypothetical effector 

has not been identified in any system (Paigen and Williams, 1970). 

Furthermore, it is unknown whether or not a given catabolite-sensitive 

system is subject to regulation by a single effector 9r how wide a 

range of catabolite-sensitive systems a single effector may control. 

Identification of the effector is complicated by interdependent meta

bolic conversions and lack of knowledge regarding their associated 

control mechanisms. In addition, strain differences may confound 

extrapolation and comparative analyses. 

The lack of extensive clustering of functionally related genes 

coding for biosynthetic enzymes in Pseµdomonas has been confirmed in 

more detailed analyses of individual pathways (Holloway, 1969). How

ever, linkage of related genes is not totally lacking since isolated 

clusters containing two or three genes have been demonstrated for 

several pathways. In the few cases where parallel control studies have 



been done, it is apparent that clustering does have significance in 

terms of control of gene expression. 
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Marinus and Loutit (1969a) have demonstrated that the structural 

genes for two enzymes of isoleucine-valine biosynthesis (acetohydroxy 

acid synthetase and reductoisomerase) are contiguous in E_, aeruginosa. 

A possible operator mutation with pleiotropic effects mapped outside 

but close to the cluster. The two enzymes were subject to coordinate 

multivalent repression (Marinus and Loutit, 1969b). 

The enzymes of tryptophan biosynthesis in E_. putida are coded by 

six genes which occur as two unlinked clusters of three and two genes 

each and a single gene unlinked to either cluster (Chakrabarty, et al., 

1968; Gunsalus et al., 1968). The three-gene cluster specifies anthra

nilate synthetase, phosphoribosyl transferase and indoleglyceralphos

phate synthetase which are noncoordinately repressed by tryptophan 

(Crawford and Gunsalus, 1966). Tryptophan synthetase A and B proteins 

are coded by the two-gene cluster and are induced by indoleglycerol~ 

phosphate, the substrate of tryptophan synthetase. A possible operator 

mutation which led to constitutive synthesis of the A and B proteins 

was closely linked to the two-gene cluster. The isolated gene codes 

for phosphoribosyl anthranilate isomerase. 

The convergent pathways by which aromatic compounds are degraded 

in Pseudomonas have been analyzed extensively. In the ,8-ketoadipate 

pathway, various aromatic compounds are degraded by specific peripheral 

sequences to either prqtocatechuate or catechol, Two parallel central 

sequences convert thes~ to ,8 -ketoadipate enol-lactone which is furthe~ 

degraded to succinate and acetyl coenzyme A. <n-nston (1966) has eluci

dated the control of the enzymes of the central sequences in E_. putida. 
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Four units of control were defined by coordinate enzyme synthesis 

and/or induction specificity. The enzymes were also subject to cata

bolite repression by succinate or glucose. The multi-enzyme control 

units consisted of carboxymuconate lactonizing enzyme, carboxymucono

lactone decarboxylase and ,8-ketoadipate enol-lactone hydrolase, which 

were induced by ,8 -ketoadipate, and muconate lactonizing enzyme and 

muconolactone isomerase, which were induced by muconate. It is a 

unique consequence of product induction by ,.B-ketoadipate that the two 

enzymes convertin~ carboxymuconate to ...B-ketoadipate enol-lactone are 

synthesized gratuitously during growth on substrates degraded via 

catechol. The ,8-ketoadipate pathway also provides examples of sequen

tial induction. 

Based on Ornston's work, Kemp and Hegeman (1968) demonstrated 

identical control patterns inf. aeruginosa. Transductional analysis 

confirmed the prediction that genes specifying coordinately controlled 

enzymes would be closely linked. An additional loose clustering of 

related genes was noted. 

Wheelis and Stanier (1970) have recently demonstrated the expected 

close lin~age of the coordinately expressed genes of this system in 

f. putida. The general loose clustering of related but noncoordinately 

expressed genes was also noted. It was suggested that this "supra

operonic" clustering might be a selective advantage in transferring 

functionally related genes on small fragments of DNA, which is charac

teristic of bacterial sexual mechanisms. An interesting example of 

this, which also demonstrated close linkage of the coordinately ex

pressed mandelate genes in f. putida, was the transduction of the 

entire group of genes into another strain in which these genes are 
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apparently absent (Chakrabarty et al., 1968). 

Thus, in a recent review of Pseudomonas genetics, Holloway (1969) 

concluded that, although further control studies are limited by the 

lack of merodiploid strains, the control mechanisms observed are con

sistent with operon-like control. However, the patterns of control 

imposed on various pathways are quite different in Pseudomonas compared 

to the enterics. Indeed, Canovas et al. (1967) have suggested that 

control mechanisms have proba~ly evolved independently and therefore 

represent useful taxonomic characteristics. This was supported by the 

demonstration of radically different control patterns for the /3-

ketoadipate pathway in taxonomically distinct organisms. 

The present study was undertaken in an attempt to extend the 

analysis of control of gene expression in f. aeruginosa. As noted pre

viously, the effector(s) of catabolite repression is not known for any 

system. Since glucose generally serves as an efficient source of the 

effector, it seemed reasonable that mutants unable to degrade glucose 

might show altered catabolite repression and thus provide information 

regarding the identity of the effector metabolite. Such mutants would 

also be useful for studying the control of glucose metabolism and the 

linkage of the corresponding structural genes in f. aeruginosa. 

Histidase, the first enzyme in histidine catabolism, has been 

useful in kinetic studies of induced enzyme synthesis since a simple, 

sensitive whole cell assay was possible (Hartwell and Magasanik, 1963; 

Schlesinger and Magasanik, 1965). Lessie and Neidhardt (1967b) have 

examined the control of histidine catabolism in f· aeruginosa. Histi

dase, urocanase and the formiminoglutamate degrading enzyme, which 

c~talyze the first, second and fourth steps of the pathway, 



respectively, were inducible. Convincing evidence was presented that 

urocanate, the first intermediate, was the true inducer for these 

enzymes. This was recently proved using a mutant lacking histidase 

(Newell and Lessie, 1970). Urocanate al1:10 appears to be the true 

inducer in Aerobacter aero~enes, §.. typhimurium and E_. putida 

(Schlesinger et al., 1965; Brill and Magasanik, 1969; Wheelis and 

Stanier, 1970), However, histidine is apparently the true inducer in 

Bacillus subtilis (Chasin and Nagasanik, 1968). 
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Lessie and Neidhardt (1967b) also noted that the three enzymes of 

histidine catabolism which were investigated in E_. aeruginosa were 

subject to catabolite repression by a variety of substrates including 

succinate and glucose. Histidase and urocanase were reported to be 

coordinately repressed whereas repression of the formiminoglutamate 

degrading enzyme was noncoordinate with these. Thus, histidase was 

chosen as an inducible catabolic enzyme for monitoring the effect of 

different glucose lesions on catabolite repression of histidine degra-

dation in the present study. 

The pathways by which glucose and related compounds are metabo-

lized in Pseudomonas are summarized in Figure 2. These organisms 

degrade glucose primarily by the Entner-Doudoroff (ED) pathway and to 

a lesser extent by the hexose monophosphate (HMP) pathway (Wang et al., 

1959). Several enzymes of the Embden-Meyerhof-Parnas (EMP) pathway can 

be demonstrated in cell-free extracts but a catabolically functional 

EMP pathway is lacking. Wood and Schwerdt (1954) were unable to detect 

phosphofructokinase, an essential EMP pathway enzyme, in extracts of 

p, putida (formerly fluorescens) although fructose diphosphate aldolase ,.... ' ' 

was present. E_. aeruginosa ATCC 7700 was reported to lack fructose 



Figure 2. Reactions Involved in Metabolism of Glucose and Glycerol. 

Enzymes and abbreviations are listed below. Enzyme 
numbers correspond to numbered reactions shown in figure. 
Directions shown for reactions are those found to be 
important for growth of Pseudomonas aeru~inosa, PA-1, 
in the present study. 

Abbreviations : 
KDPG, 2-keto-3-deo~y-6-phosphogluconate 
DHAP, dihydroxyacetone phosphate 
GAP, glyceraldehyde 3-phosphate 

Enzymes: 
1. Glucokinase 
2, Glucose 6-phosphate dehydrogenase 
3. Glucose dehydrogenase 
4. Gluconokinase 
5. Gluconate dehydrogenase 
6. 2-ketogluconokinase 
7. 2-keto-6-phosphogluconate reductase 
8. 6-phosphogluconate dehydrogenase 
9. 6-phosphogluconate dehydrase 

10. KDPG aldolase 
11. Glyceraldehyde 3-phosphate dehydrogenase 
12. Phosphoglycerate kinase 
13. Phosphoglycerate mutase 
14. Enolase 
15. Pyruvate kinase 
16, Triose phosphate isomerase 
l7. Fructose diphosphate aldolase 
18. Fructose diphosphatase 
19. Phosphohexose isomerase 
20. Glycerol kinase 
21. L- or-glycerophosphate dehydrogenase 
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diphosphate aldolase, the other essential EMP pathway enzyme (Lessie 

and Neidhardt, 1967a). However, tiwari and Campbell (1969) demon

strated that the only EMP pathway enzyme missing in E_. aeruginosa ATCC 

9027 was phosphofructokinase. 

The route of glucose degradation is complicated by the presence of 

glucose dehydrogenase and gluconate dehydrogenase which catalyze direct 

glucose oxidation to gluconate and 2-ketogluconate (Stokes and Campbell, 

1951). This potentially allows glucose to be degraded by three path

ways which diverge from glucose and converge at 6-phosphogluconate. In 

E_. putida, gluconate and 2-ketogluconate are phosphorylated by speci~ic 

kinases yielding 6-phosphogluconate and 2-keto-6•phosphogluconate, 

respectively (Narrod and Wood, 1956). The latter intermediate is 

subsequently reduced to 6·phosphogluconate (Frampton and Wood, 1961). 

Analogous enzymes presumably exist in E_. aerusinosa. Conversion of 

6-phosphogluconate to 2·keto·3~deoxy-6-phosphogluconate (KDPG) and 

direct cleavage of the latter to pyruvate and glyceraldehyde 3-

phosvhate (GAP) are mediated by the two key ED pathway enzymes, 6-

ph0sphogluconate dehydrase and KDPG aldolase. GAP is further degraded 

to pyruvate via the triose phosphate (TP) pathway (lower EMP sequence). 

6-Phosphogluconate is also metabolized via the HMl? pathway to yield 

biosyptqetic intermediates and allow hexose phosphate resynthesis. 

Hamilton and Dawes (1960) reported that extracts of~. aeruginosa 

grown on organic acids contained only basal levels of the glucose 

catabolic enzymes and that they were induced by exposure of the cells 

to glucose. This was confirmed by vop Tigerstrom and Campbell (1966) 

who showed that the levels of glucokinase, glucose 6-phosphate dehydro

genase, 6-phosphogluconate dehydrogen.;i.se, 6-phosphogluconate dehydrase 
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and. KDPG aldolase were very low or undetectable in extracts of E_. 

aeruginosa grown on O<•ketoglutarate or acetate; high levels of these 

activities were present in extracts of glucose-grown cells. Glucose 

dehydrogenase was only slightly increased from its relatively low basal 

level during growth on glucose. Similar results were obtained by 

·Lessie and Neidhardt (1967a) who also noted the induction of the main 

pathway enzymes by gluconate and glycerol. The latter observation is 

surprising, especially in view of the apparent absence of fructose 

diphosphate .;ildolase in their strain. 

Tiwari and Campbell (1969) extended these observations by showing 

that the ability to convert pentose phosphate to hexose phosphate, 

which depends on several en~ymes of the HMP pathway, was also induced 

to higher levels in glucose-grown cells. Furthermore, the levels of 

the TP pathway enzymes were similar in extracts of succinate-grown and 

glucose-grown cells, indicating their apparent constitutive nature. 

Preliminary to characterization of the enzyme lesions of glucose 

mutants isolated in the present study, analyses of the EMP pathway 

lesion and control of glucose catabolic enzyme synthesis in the wild 

type were necessary. This included an investigation of the relation 

between glycerol catabolism and glucose metabolism, since glucose 

lllutants might clarify such a. relationship. 



CHAPTER II 

Bacteri,a and Bacteriophages 

E_ •. aeruginosa, strain ~' (designated PA·l) and its transdµcing 
', .. ' ;. 

phage Fll6 were originally obtained frQm B. w. HQlloway, Monash Vniver-

sity, Clayton, Australia, All glucose mutants were deriv~d front PA-1 

durin~ the present stµdy. · Phage P0-6 was supplied by R. ~· Green of 

this laboratory. · E. coli B was from the stock culture collection of .... -
J. W, Drake, UniverdtY. of IUi,nois. 

Media 

Mini~al medium was a modification of M-9 medium (Roberts et al., 

195 7) and ~ontainli!d (amQunts per 1i ter): Na2H:Po4 · 7Hz0, 8. Z g; KH2P<;>4, 

2.7 g; ttgso4.7H2o, 0.4 g; NH4c1, 1.0 g; Fes~4 , 0.1 per cent solution, 

0.5 ml; di$tilled water to volume. Histidine minimal medium was pre-

Pared a~ a single so~ution, adjusted to pH 7 with NaOR pellets, and 

sterilized by Millipoll'e filt:ratio-n (HA, 0.45 µm pore size). AU other 

carqon sources were au~oclaved or filter-sterilized separately as con~ 

centrated solu~ions and added to a final concentration of O.S per cent 

unless <:>tberwise indiqated. Nutrient broth (Dif~o) was rehydrated as 

suggested by the manufacturer. 

Plates cqntained 20 ml of medium sQlidified wtth 2.0 per cent agar 

(Difeo) unless otherwise ig.dicated. Sufficient Bacto-agar ·(Ditco) was 

')/, 
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added to nutrient agar (Difeo) to give a final concentration of 2.0 per 

cent. In some mutant isolation experiments, glucose minimal.medium 

plates were supplemented with various concentrations of yeast extract· 

(Difeo) 

Media for Pseudomonas phage propag11tion a.nd storage have been 

de$cribed by ~olloway et al. (1962). Phage broth contained (g per 

liter): nutrient broth, 8.0; yeast extract, 5.0; NaCl, 5.0; di~tilled 

water to volume. Phage plates contained 35 ml of bot~om layer agar, 

which was phage broth solidified with 1.1 p"er cent agar. P!lage broth 

soiidified with 0.65 per cent agar was dispensed in 2.5 ml portions 

into tubes and used, as top layer agar for soft agar overlays. 

Lactate phage agar (Sutter et al., 1963) was used for titration of 

phage suspensions and contained (amounts per liter): NaCl, 5.0 g; 

MgS04 •7H29, 0.2 g; NH4H2Po4, 1.0 g; K2HPo4 , ·1~0 g; sodium lactate, 60 

per cent syrup, 2.0 ml; distilled·water to volume.· Bottom and top 

. layer agars were solidified w~ th 1.1 per cent and· O·. 65 per cent agar, 

respectively. These were distributed in amounts of 35 ml per plate and 

2.5 ml per tube, respectively. 

Growth of Bacteria 

Stock cultures were maintained on nutrient agar slants by periodic 

transfer; once grown, the cultures were stored at 0 C. All cultures 

were grown at 37 C. Liquid cultures were grown in 18 mm tubes contain

ing 6.0 ml of medium or in flasks containing a volume of medium not 

more than one.tenth of the nominal flask volume. "Liquid cultures were 

aerated on a reciprocal shaker during incubation. Growth was measured 

as optical density at 540 mil against an app~opriate blank with a. 
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Goleman Junior Spectrophototneter, Model D; an optical density of 0.220 

was equivalent to 109 viable cells per ml. 

Minimal salts medium (i.e., without added carbon source) was used 

for diluting and washing bacterial suspensions. When physiologically 

active cells were desired, the cells were washed by centrifugation and 

resuspension at room temperature, otherwise the cells were harvested by 

centrifugation at 0 c. 

Preparation and Titration of Phage Plate Stocks 

Phage plate stocks were prepared by a modification of the proce

dure of Swanstrom and Adams (1951) .. One drop of a culture of the 

desired host strain growing exponentially in nutrient broth and 0.1 ml 

of phage suspension containing approximately 5 x 106 plaque-forming 

units (PFU) per ml were mixed in 2.5 ml of molten (47 C) top layer 

phage agar and po~red over the bottom layer phage agar plate. After 12 

to 18 hours incubation at 37 C, the phage were soaked off by flooding 

the plates with 5,0 ml of phage broth. After 30 minutes, the phage 

broth was pipetted from the plates and contaminating cells and soft 

agar were removed by centrifugation. Residual cells were removed from 

the phage suspensions by Millipore filtration (HA, 0.45 µm pore size). 

This procedure yielded phage plate stocks with titers of approximately 

1010 PFU per ml for phage Fll6 propagated on PA-1 and its glucose-

negative derivatives. 

Phage plate stocks were titered by the soft agar overlay method 

described above, Lactate phage agar was used since the plaques were 

more readily visible than on phage agar. PA-1 was used as host for all 

phage titrations. The phage suspensions were diluted in phage broth 
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such that 0.1 ml of an appropriate dilution yielded 30 to 300 individ-

ual plaques. 

Mutant Isolation Procedures 

Mutaseneeis 

Ethyl Methanesulfonate (EMS) 

A prolonged EMS procedure for isolation of aµ~otrophs at high fre

quency without su~sequent enrichment (Netisek et al., 1967) was modi-

fied for use with l• aeruginosa. Nutrient l;>roth .. grown cells wel;'e 

washed and resuspended to 109 cells per ml in 0.067 M phosphate buff.er, 

pH 7.2. EMS (0.065 ml) was added to 5 ml of cell suspension in a 50 ml 

flask to a final concentration of 0,1 M, The cells were incubated 

without shaking at 22 C for 16 hours. 

N-methyl-N'•nitro .. N•nitrosoguanidine (NTG) 

A modification of the procedure of Adelberg et al. (1965) was 

used. Glucose-grown cells were washed and resuspended to 109 cells per 

ml in 0.05 M acetate buffer, pH 6.0. A 1 mg per ml solution of NtG was 

prepared fresh in the same buffer and 0.5 ml was added to 4.5 ml of 

cell suspension (final concentration 100 µg per ~l), The cells were 

incubated on a shaker at 37 C for 30 minutes and then washed in minimal 

medium. 

Phenotypic Lag and Nuclear Segregation 

EMS~treated cells were diluted 10-fold directly into minimal 

medium and 0.1 ml aliquots of the dilution were subcultured into ~ 

series of tubes containing 5.9 ml of nutrient broth. In the initial 
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NTG mutant isolations, washed mutagenized cells were resuspended to 

5 ml in minimal medium and 0.1 ml aliquots were subcultu;ed into a 

series of tubes containing 5.9 ml of histidine minimal medium, In both 

cases the su~vivors were grown ta stationary phase. Mut~nts frQfll dif~ 

ferent growth tubes of a series were assumed to be of independent 

origin. 

ln later NTG mutant isolations, washed mutagenized cells were 

resuspended in nutrient broth and incubated on a shaker at 37 C for 2 

ta 3 hours. The cells were then washed in minimal medium, 

Enrichment 

O~cycloserine (DCS) 

Cultures of NTG-treated cells which had been grown to stationary 

phase in histidine minimal medium were washed and resuspended to 109 

cells per ml in glucose minimal medium. The cells were then incubated 

on a shaker at 37 C for 1 hour. DCS was made up fresh to 1 mg per ml 

in glucose minimal medium and equal volumes (2 ml) of cell suspension 

and DCS were mi~ed (final concentration 500 µg per ml). The cultures 

were returned to the shaker and incubation was continued for 6 hours. 

The cells were then washed and resuspended to 2 ml in minimal medium, 

Samples of 1 ml of cell suspension were added to 5 ml of histidine 

minimal medium for each culture and grown to stationary phase. 

D-cycloserine~carbenicillin (DCS-CAR) 

NTG•treated cells which had segregated in nutrient broth for 2 to 

3 hours were washed and resuspended in glucose minimal mediu~ to 109 or 

fewer cells per ml. The cells were diluted 5-fold into glucose minimal 

medium and 3 ml of cell suspension were added to 3 ml of a freshly 
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prepared solution containing 1 mg per ml DCS and 200 µg per ml CAR in 

glucose minimal medium (final concentrations 500 µg per ml DCS and 

100 µg per ml CAR). The cells were incubated on a shaker at 37 C for 

12 hours and then washed and resuspended to 6 ml in minimal medium. 

In a later modification of this procedure, the cells were washed 

in distilled water after enrichment in order to lyse osmotically 

fragile forms which were otherwise protected by the high salts concen-

tration of minimal medium (Lessie and Whiteley~ 1969). For isolation 

of mutants unable to grow on gluconate, glucose was replaced by gluco~ 

nate in the above procedure. 

Detection of Fresumptive Mutants 
I 

Replica Plating 

When cultures were screened for mutants illlJDediately after a growth 

step, appr9priate dilµtions were made directly and 0.1 ml samples were 

spread on either nutrient agar or lactate minimal agar master plates. 

Cultures not grown. immeMately prior to screening were titered by 

spreading 0.1 ml aliquots of a 10-fold dilution series on lactate 

minimal agar plates. The culture was kept at 4 C until the appropriate 

dilution was known and additional lactate minimai agar master plates 

were prepared. 

Colonies appearing on nutrient agar master plates were replicated 

to glucose~ glycerol, and histidine minimal agar plates by the methods 

of Lederberg and Lederberg (1952). Those an lactate master plates were 

replicated to glucose or gluconate minimal agar plates. Presumptive 

mutant colonies were recognized by their failure to grow on the replica 

pl/::1-tes. 
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· Substrate-Limited Colonies 

Mutants unable to grow on glucose were also detected directly on 

glucose minimal agar plates containing 0.025 per cent yeast;: extract. 

Appropriate dilutions were made directly or determined as described 

above and O.l ml samples were spread on glucose-yeast extract plates. 

Glucose catabolic mutants appeared as thin, spreading, yeast ext~act-

limited colonies. 

Confirmation of Mytant '!ype 
; 

A small sample of the preswnptive mutant co1ony was picked from 

the master plate or glucose-yeast extract plate with an inoculating 

needle and transferred to points on glucose or gluconate and lactate 

minimal agar plates. As many as 100 presumptive mutants could be 

tested on a single set of plates by placing a graph paper template 

below the plates in otder to provide an o"tderly array of point inocula

tions.· Stock cultutes of the confirmed mutants were prepared by trans-

£erring a portion of the colony from the lactate minimal agar test 

plate to a nutrient ~gar slant. 

Transduction 

A modification of the semi-quantitatiye spot plate transduction 

procedure of Murphy and Rosenblum (1~64) was used. Recipient cells 

were washed from fresh nutrient agar slants with 2 ml of minimal medium 

and 0.1 ml aliquots were spread on glucose minimal medium plates, Ol;l.e 

drop of eacb donor phage plate stock was spotted at a marked location 

on the surface of each plate .. Phage sus~ensions were also spotted on 

nutrient agar plates without cells to test the sterility of the phage 



plate stocks. The spots were allowed to soak in before the plates were 

incubated at 36 C. Transductants were scored after approximately three 

days incubation. Areas of the plates not receiving phage served as a 

control for rever1:1ion of the recipient 13train. 

Chemicals 

2-I<eto-3-.deoxy-6-phosphogluconate (KDPG, barium salt) was the 

generous gif~ of M, Roseman and W. A· Wood, Michigan State University. 

The barium salt was converted to the free acid by ion exchange with 

excess Dowex 50 (lF form). Carbenic;illin (CAR) was a gift from Beecham 

Pharmaceuticals. D-cycloserine (DCS) was obtained from Mann Research 

iaboratories. N-methyl-N'-nitro-N-nitrosoguanidine (NTG) was the 

product of Aldrich Chemical Company. Ethyl methanesulfonate (EMS) was 

purchased from Eastroan Kodak Company .. Liquid scintillation fluors were 

obtained from Aroersham/Searle. Glucose 6-phosphate, cyclic adenosine 

3',5 1 -monophosphate (cAMP), 3(4,5 dimethyl thiazolyl 1-2) 2,5 diphenyl 

tetrazoliuro bromide (MTT) and phenazine methosulfate were the proclucts 

of Nutritional Biochemica1s Corporation. 

The following chemicals were purchased from Calbiochem: N-tris 

(hydroxyroethyl)methyl-2-aminoethanesulfonic acid (TES), tris(hydroxy

methyl)aminomethane (Tris), adenosine 5'-triphosphate (ATP), adenosine 

5'-diphosphate (ADP), nicotinamide adenine dinucleotide (NAD+), 

dihydronicotinamide adenine dinucleotide (NADH), dihydronicotinamide 

adenine dinucleotide phosphate (NADPH), uniformly labeled 14c-glucose, 

and the diethyl acetal barium salt of D,L-glyceraldehyde 3-phosphate 

(GAP) which was converted to the free acid by the manufacturer's 

suggested procedure. 



Fructose 6-phosphate, fructose 1,6-diphosphate, 6-phosphogluconate 

(tri-monocyc1ohexylammonium salt), 3-phosphoglycerate, 2-phosphoglycer-

ate, pbosphoenolpyruvate (tricyclohexylamine salt) and nicotinamide 

+ adenine dinucleotide phosphate (NADP ) were obtained from Sigtna 

Chemical Company. The following purified enzymes which were used as 

reagents in many of the enzyme assays were also purchased from Sigtna 

Chemical Company: glucose 6-phosphate dehydrogenase (baker's yeast, 

type XV), fructose l,6-diphosphate aldolase (rabbit muscle), GAP 

dehydrogenase (rabbit muscle), L- ort-glycerophosphate dehydrogenase 

(rabbit muscle) and lactic dehydrogenase (rabbit miscle, type II). 

All other chemicals were of the highest quality commercially 

available. 

Chemical Analyses 

Glucose 

Glucose was determined enzymatically using the manufacturer's 

suggested glucostat procedure {Worthington Biochemical Corporation). 

·Samples containing 0.05 to 0.3 mg of glucose were made up to 1.0 ml 

with distilled water and 9.0 ml of glucostat reagent were added. 

After exactly 10 minutes, the reaction was terminated with one drop of 

4N HCl, The tubes were allowed to stand at least 5 minutes and then 

the optical density was determined at 440 nm. A water blank and glu-

cose standards were always run with the unknown samples. 

Protein 

The protein content of cell-free extracts was determined by the 

method of Sutherland et al. (1949). ~amples containing 30 to 90 µg 
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of protein were made up to 1.0 ml with distilled water, Five ml of 

freshly prepared reagent containing 1.0 ml of 4 per cent sodium potas· 

sium tartrate and 1.0 ml of 2 per cent CuS04 ·5H2P per 100 ml of 4 per 

cent Na2co3 were added. After 40 minutes, 0.5 ml of a two~fold dilu• 

tion of 2N phenol reagent (Fisher Scientific Company) in water was 

added and mixed illl11lediately. The tubes were allowed to stand at least 

15 minutes and then the optical density was determined at 660 nm. A 

water blank. and bovine serum albumin (Sigma Chemical Company) standards 

containing 30, 60, and 90 µg of protein were always run with the 

unknown samples. 

Gregory and Sajdera (1970) reported that certain buffers can 

interfere with protein determination by the Folin·Ciocalteau method. 

All extracts used in the present study were prepared ip 0.02 M Tris 

buffer, pH 7 .5. At the concentrations encountered in protein determi• 

nation, Tris alone gave no color. However, Tris did slightly enijance 

color formation due to protein; this effect was proportional to the 

concentration of Tris. Therefore, the protein concentration of low 

protein extracts was slightly overestimated ancl led to slightly lower 

enz~e specific activities. Under the worst conditions, the error in 

protein concentt;"ation was only 8 per cent, which was considered insig· 

nificant and was not corrected. 

Preparation of Cell·free Extracts 

Cells were grown with aeration at 37 C to late exponential phase 

in 200 ml of the desired medium, washed with saline (0.8~ per cent 

NaCl) at 0 C and the pellets were frozen at ·20 C, In cases where 

mutants could not be grown on the desired substrates, the cells were 
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grown on 0.5 per cent lactate minimal medium to late exponential phase, 

washed with minimal medium at room temperature and resuspended to 

volume in minimal medium. The desired carbon source was added to 0.5 

per cent and the incubation was continued. After four hours exposure 

to the substrate, the cells were washed in saline at 0 C and the 

pellets were frozen at -20 C. 

Frozen cell pe11ets were thawed in 5 • 0 riil of o. 02 M Tris buffer, 

pH 7.5. The cells were broken with a Bronson sonifier by e~posur~ to 

about five lS~second bursts of sonic energy with intermittent cooling 

in an ice bath. · Small, thin-walled plastic beakers were quite useful 

for this procedure. 

Residual whole cells were removed by centrifugation at 0 c. The 

opalescent supernatants were poured off into chilled tubes and kept at 

0 c. These crude extracts were used directly for enzyme assays. 

Enzyme Assays 

All enzyme assays were performed spectrophotometrically on a 

Cary, Model 14 dual beam recording spectrophotometer (Applied Physics 

Corporation), For each assay, the blank a~d experimental cuvettes 

differed only by the substitution of water for the substrate in the 

former. The whole cell histidase assays and direct KDPG aldolase 

assays were carried out in a total volume of 1.0 ml in micro~uvettes. 

All other assays were performed in a total vol~e of 3.0 ml. Reagents 

were added in the order of decreasing stability. The cuvette contents 

were mixed by inversion prior to addition of reagent enzymes or crude 

extract and following addition of the last component of the reaction 

mixture. Rea~tions were started by the addition of substrate except in 
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the cases of glucose dehydrogenase and gluconate dehydrogenase which 

were started by the addition of PMS (phenazine methosulfate). Most 

enzyme assays were linked to pyridine nucleotide reduction or oxida-

tion. In the latter case, the position of the cuvettes was reversed so 

that the rate of NAD(P)H oxidation was recorded as an iQcrease in 

optical density. All assays were performed at room temperature 

(approximately 22 C). Appropriate controls were run to insure that 

substrates and purified epzymes used as reagents were not contaminated 

with interfering substances. GAf dehydrogenase was measured illlllledi-

ately after extraqt preparation since both NAD+- and NAPP+·linked 

activities appeared to be relatively unstable. 

A unit of enzyme was defined as that amount required to convert 

one µ mole of substrate to product(s) per minute under the specified 

conditions. The following millimolar extinction coefficients at the 

indicated wave lengths were used to calculate enzyme specific activi~ 

ties: reduced pyridine nucleotides at 340 nm, 6.2 (Dawson etal.,1959); 

formazan product of MTT reduction at 560 nm, 9.9 (Sowerby ~nd Ottaway, 

1966); phospboenolpyruvate at 230 nm, 3.0 (Wold and Ballou, 1957); 

urocanate at 277 nm, 18 .8 (Hartwell and Magasanik, 1963). 

Glucose Dehydrogenase 
I 

The L-<X-glycerophosphate dehydrogenase assay of Lin et al. (1962) 

was adapted for assaying glucose dehydrogenase. The reaction mixture 

contained: 66~7 mM Tris buffer, pH 7.5; 10.0 mM KCN; 0.24 ·mM MT!'; 

2.5 mM glucose; 0.33 mM PMS. The r~action was dependent upon PMS, 
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Gluconate Dehxdro.senase 

Gluconate dehydrogenase was assayed by the same method as glucose 

dehydrogenase except that glucose was replaced by 2.5 mM gluconate in 

the reaction mixture. 

Glucoldnase 

Glucokinase was assayed by the metho4 of Tiwari and Campbell 

(1969). The reaction mixture contained: 66. 7 mM Tr:l,s buffer, pH 8.0; 

10,0 mM MgC12; 2.5 mM ATP; 0.25 mM NADp+; approximately 0.3 units of 

glucose 6·phosphate dehydrogenase; 2.5 mM glucose. 

Gh~conokinase 

Gluconokinase was assayed by the same method as glucokinase except 

that 6-phosphogluc.onate dehydrogenase and Z.5 mM gluconate were substi ... 

tuted for glucose 6-phosphate dehydrogenase and glucose. Commercial 

6-phosphogluconate dehydrogenase was not suitable for this assay. 

However, Fraenkel and ievisohn (1967) noted that extracts of !· coli 

grown on a glucose-suppl~mented complex medium contained h:l,gh levels of 

6-phosphogluconate dehydrogenase and only trace levels o~ gluconokinase. 

Therefore, 6-phosphogluconate dehydrogenase was supplied as 0.1 ml of 

an extract of !· .s.2.ll B grown on nutrient broth containing 0.5 per cent 

glucose. This corresponded to approximately 0.1 unit of the enzyme. 

The observed rates were corrected for the trace levels of gluconokinase 

pre$ent in the!· coli B extracts which were approximately Z per cent 

of the o}?served 6 .. phosphogl,uconat;e dehydrogenase activities. 



Glucose 6~Phosphate Dehydrogenase 

Glucose 6-phosphate dehydrogenase was assayed by the method of 

Tiwari and Campbell (1969). The reaction mixture contained: 66.7 mM 

Tris buffer, pH 8,0; 5.0 mM MgCl2; 0.25 mM NADP+; 2.5 mM glucose 

6-phosphate. 

6-Phosphogluconate Dehydrogenase 
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6-Phosphogluconate dehydrogenase was assayed by the same method as 

glucose 6-phosphate dehydrogenase except that 2.5 mM 6-phosphogluconate 

was substituted for glucose 6-phosphate. 

6-Phosphogluconate Dehydrase-KDPG Aldolase 

The coupled 6-phospb.ogluconate dehydrase-KDPG aldolase assay of 

von Tigerstrom and Campbell (1966) was modified. The reac;tion mixture 

contained 66.7 mM Tris buffer, pH .7.5; 2.5 mM MgC12; 0.25 mM NA.DH; 

approximately 6 units of lactic dehydrogenase; 2.5 mM 6-phosphoglucon-

ate. The reaction rate was limited by 6-phosphoglt.1conate dehydrase. 

The sensitivity of the assay was doubled by inclusion o:I; approxi-

mately 6 uni ts of L- «-glycerophosphate dehydrogenase which allowed 

detection of the GAP as well as the pyruvate produced by KDPG cleavage. 

Extracts of glucose mutants were examined for 6-phosphoglucop.ate 

dehydrase by the double sensitivity assay in the presence of excess 

KDPG aldolase. The KDPG aldolase was provided in the form of 0.1 ml of 

an ext~act of E. coli B grown on nutrient broth containing 0.5 per cent 
~·-

glucose. As noted by Fraenkel and Levisohn (1967), such extracts 

contain high levels of KDPG aldolase but no detectable 6-phosphoglucon-

ate dehydrase activity. The added !· £Q.l.!. B extract corresponded to 
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approximately 0.16 units of KDPG aldolase. The procedure used to test 

for the presence of KDPG aldolase in extracts of glucose mutants was 

similar except that the E. coli B extract was replaced by an extract of - ._,..... 

lactate~grown, glucose-induced 720 cells. Mutant 720 lacked KDPG 

aldolase but retained 6~phosphogluconate de.hydrase. Thus, the 720 

extract served to generate KDPG from 6-phosphogluconate in the reaction 

mixture. KDPG aldolase specific activities obtained by this procedure 

were interpreted qualitatively since this method underestimated the 

activity observed by direct KDPG aldolase assay. 

KOPG A1dolase 

. KDPG aldolase was assayed by a modification of the coupled assay 

described above. The reaction mixture contained 50 mM Tris buffer, 

pH 7.5; 2.5 mM MgC12; 0.38 mM NA.PH; approximately 6 units of lactic 

dehydrogenase; 2.5 mM KDPG. 

Phosphohexose Isomerase 

Phosphohexose isomerase was assayed by a modification of the 

method of Gahl and Beck (1967). The :r;eac;:.tion mixture contained: 66. 7 

mM Tris buffer, pH 8.0; 5.0 mM MgC12; 0.25 mM NAD:P+; approximately 0.3 

units of glucose 6-phosphate dehydrogenase; 2.5 mM fructose 6-phosphate. 

Fructose Diphosphatase 

Fructose diphosphatase was assayed by the same method as phospho-

hexose isomerase except that 2.5 mM fructose 1,6-diphosphate was sub-

stituted for fructose 6-phosphate. The extract supplied the necessary 

excess phosphohexose isomerase activity. 
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Phosphofruct;:okinase 

The assay of Ling et al. (1966) was modified to detect production 

of GAP from fructose 6-phosphate, in the presence of excess fructose 

1,6-diphosphate aldo1ase and GAP dehydrogenase, by measurement of the 

reduction of NAD+. The reaction mixture contained: 66.7 mM Tris, pH 

8.0; 50 mM KCl; 16.7 mM Na2HAs04 ; 5.0 mM MgC12; 2.5 mM ATP; 0.25 mM 

+ NAD ; approximately 4.6 units of fructose diphosphate aldolase; 

approximately 10 units of GAP dehydrogenase; 2.5 mM fructose 6-

phosphate. 

Fructose Diphosphate Aldolas.e 

The .;lssay of Groves et al. (1966) was modified to detect produc-

tion of GAP from fructose 1,6.,.diphasphate in the presence of e~cess GAP 

dehydrogenase by reduction of NAD+. The reaction mixture contained: 

66.7 mM Tris~ pH 7.5; 100 mM KCl; 16.7 mM Na2HAs04 ; 10.0 mM freshly 

neutralized cysteine; 0.25 mM NAD+; approximately 10 units of GAP 

dehydrogenase; 2.5 mM fructose 1,6-diphosphate. 

GAP Dehydrogenase 

Both NAD+- and NADP+-linked GAP dehydrogenase activities were 

assayed by the methods of Tiwari and Campbell (1969). The reaction 

mixtures contained; 66.7 mM !ris buffer, pH 7.5; 20.0 mM NaF; 16.7 mM 

Na2HAs04 ; 10.0 mM freshly neutralized cysteine; 0.25 mM NAD+ or NADP+; 

1.67 mM D,L-GAP. 
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Phosphoslycerate K;!.nase 

Phosphoglycerate kinase was assayed by a modification of the 

procedure of Campbell et al. (1966). The reaction mixture contained: 

66,7 ·m}1 Tris buffer, pH 7.5; 2.5 m}1 MgC12; 2.5 mM ATJ?; 0.25 mM NA.DH; 

approximately 10 units of GAP dehydrogenase; 2.5 JDM 3-pho~phoglycerate. 

Eno lase 

Enolase was assayed by a modification of the pr~cedure given by 

Westhead (1966). The reaction mixture contained: 66,7 m}1 Tris buffer, 

pH 7.5; 5.0 mM Mgcl2; LO m}1 2-phosphoglycerate. Due to the presence 

of nucleic acids, the crude extract was diluted to allow greater sensi

tivity for detection of phosphoenolpyruvate, 

Pyruvate Kinase 

Pyruvate kinase was assayed by a modification of the procedure of 

Valentine and Tanaka (1966). The reaction mixture containedr 66.7 mM 

Tris buffer pH 7.5; 50.0 mM KCl; 10.0 mM MgC12; 2.5 mM ADP; 0.25 mM 

NA.DH; appro~imately 6 units of lactic dehydrogenase; 2.5 mM PEP. 

NA.DH Oxidase 

NA.DH oxidase was assayed by a modification of the procedure of 

von Tigerstrom and Campbell (1966). The reaction mixture contained: 

66.7 mM Tris buffer, pH 7.5; 0.25 mM NA.DH. The cuvette positions were 

not reversed for this assay so that NA.DH oxidation was recorded as a 

decrease in optical density. 
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NADPH ~idase 

NAPPH oxidase was assayed by the same method as WA.DH oxidase 

except that 0.25 mM NADPH was substituted for NADH. 

Pyridine Nuchot:i,de TranshydrogenE1-se 

+ Pyridine nucleotide transhydrogenase was measured as NAD -dependent 

NADPH oxidation by a procedure similar to that de~cribed above. The 

reaction mixture contained: 66.7 mM Tris buffer, pH 7.5; 0.25 mM 

• 2 + NADPH, 0, 5 mM NAD . The positions of the cuvettes were reversed so 

that NAD+·dependent NADPH oxidation was recorded as an increase in 

optical density. The blank contained no NAD+. 

Histidase 

Histidase was assayed in whole cells by a method adapted from 

Hartwell and Magasanik (1963). Samples of cell suspension were trans-

ferred to cold centriflJ.ge tubes and the cells were harvested by cen ... 

trifugation at 0 c. The pellets were frozen at -20 C until assayed. 

Immediately prior to assay, the frozen cell pellets were washed 

with saline at 0 C and resuspended to the original volume in saline at 

0 C. An aliquot of cell suspension was assayed for histidase (forma-

tion of urocanate) in a reaction mixture containing 100 mM diethanola-

mine buffer, pH 9.4, and 10 mM histidine (adjusted to a pH of approxi-

mately 9 with KOH). 



OHAP·TER. III 

ExPER.I;MENTAL RESU~TS 

Isolation of Mutants 

Initially, mutants were sought without the benefit of an enrich-

ment procedure. This necessarily required a high frequency, at least 

lo-3, of the desired mutants since recognition of glucose mutants 

depended on testing individual colonies. 
'\/I 

Necasek, et al. (1967) have 

reported that prolonged EMS mutagenesis can yield auxotropbs at fre-

quencies exceeding 50 per cent. Survival was quite low but the need 

for enrichment was overcome. Application of the method to PA-1 yielded 

a single glucose mutant among appro~imately 100 colonies from one of 15 

segregation tubes examined. It should be noted that under similar 

conditions of tre~tment and survival (ca. 10-5 )~ PA-1 did not yield 

the high auxotroph frequency reported by Ne~lse~, et al. (1967). 

Adelberg et al. (1965) have described conditions for NTG mutagen-

esis of E. coli permitting over 50 per cent survival with a minimum of --
one induced mutation per cell. Treatment of PA-1 under the same condi-

tions gave approximately 34 per cent survival and glucose mutants were 

present in about one half of the segregation tubes at frequencies of 

about 10 .. J. 

To facilitate the isolation of a large number of glucose mutants, 

an enrichment procedure was sought, Penicillin has been used with 

some success in this laboratory, but extremely high concentrations were 

!J.? 
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required (Bruce, 1965), Recently Lessie (1969) has useQ DCS to enrich 

isoleucine auxotrophs of E_. multivorans. The minimum inhibitory con

centration of PCS for PA-1 in glucose minimal medium was defined as the 

lowest concentration which yielded a culture OD less than 0.1 after 20 

hours incubation and was found to be approximately 500 pg per ml. 

NTG-treated cells were enriched in glucose minimal medium containing 

500 µg DCS per ml for 6 hours. Glucose mutants were present at fre

quencies of about io-2 in seven of eight segregation tubes enriched. 

In order to evaluate the effectiveness of DCS enrichment, surviv

als of PA-1 and 707 were compared in glucose minimal medium containing 

500 µg per ml DCS. Lactate-grown cells were washed and resuspended to 

approximately 107 cells per ml in 6 ml of DCS-glucose minimal medium. 

Samples were removed periodically, diluted appropriately, and spread on 

nutrient agar plates to determine viable counts. The results are shown 

in Figure 3. Longer enrichment!!! were clearly desirable to increase the 

killing of wild type relative to mutant cells. The reason for the 

transient plateau in the wild type curve was unknown but it was repro

ducible. The slight initial decrease and eventual recovery of viabil

ity of the mutant may reflect repairable damage sustained as the cells 

e~haust their metabolic pools, 

Attempts to enrich NTG-mutagenized cells for longer periods of 

time were not successf1,11. !nevi tably the cultures began growing during 

the extended incubation. This was probably due to an increased fre

quency of DCS~resistant mutants induced by NTG which grew up during the 

later stages of enrichment. Ornston et al. (1969) have 4escribed a 

ocs ... penicillin enrichment for E_. puti,da and suggested that the simul

taneous use of two antibiotics which inhibit cell wall synthesi.s by 



Figure 3. Survival of PA-1 and 707 in Glucose Minimal Medium 
Containing D-cyclo~erine. 

Lactate-grown cells were washed and resuspended to 
107 cells per ml in 6 ml of 0.5 per cent glucose 
minimal medium containing 500 µg per ml DCS. 
Viable counts were determined at two hour intervals 
during incubation by spreading appropriately diluted 
samples on nutrient agar. The lo$arithm of the 
relative titer is plotted against time for PA-1 (o) 
and 707 (Li). . 
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supposedly different mechanisms greatly reduces the probability of 

selecting antibiotic resistant mutants. 
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Carbenicillin has been used to enrich au~ptrophs in this labora

tory (Green, 1969). Therefore, a combination of DCS and CAR was 

expected to prevent growth duriq.g e:ittended inc\,lbation since mutants 

resistant to one antibiotic would. be kilhd by the other and doul;>le 

mutants resistant to both antibiotics would be very rare. NTG~treated 

cells were enriched for 12 hours in glucose minimal medium containing 

DCS and CAR at final concentrations of 500 a~d 100 )lg per ml, respec

tively. No growth was apparent at the end of the enrichment. At this 

point, about 5 per cent of the ce~ls were glucose mutants. However, 

the frequency of glucose mutants decreased to about 1 per cent during 

overnight s t<;>rage of the enriched cells in minimal medium at 4 C. 

It should be mentioned that +eplica plating was much more reliable 

than direct detection on glucose-yeast extract agar plates. The vast 

majority of yeast extract-limited colonies emerging from NTG mutagen

esis followed by DC~·GAR enrichment were apparently au:itotrophs. 

Increasing the concentration of yeast extract to 0.1 per cent did not 

eliminate detection of au~otrophs. The frequency of glucose mutants 

relative to auxotrophs was raised by growing the cells in lactate 

minimal medium with consequent loss qf independepce of mutants. Even 

then, only 5 per cent of the yeast extract-limited colonies were 

glucose mutants, 

During the course of this study, 64 glucose mutants were isolated. 

On the basis of stability, growth respoµse to various substr~tes and 

independence, 17 strains were selected for further study. The origin 

of these strains is summarized in Table I. Each strain is referred to 
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TABLE I 

DERIVATION OF GLUCOSE MUTANTS 

Isolation Procedure 
Separate 

Mutant Experiment Segregation Mutagen Enrichment Detection 

707 1 EMS none RP 

718 2 + NTG none GY 

720 2 + NTG none RP 

728 3 + NTG DCS RP 

730 3 + NTG D¢S RP 

732 3 + NTG DCS RP 

734 3 + NTG DCS RP 

736 3 NTG DCS RP 

738 3 NTG DCS RP 

745 4 NTG DCS-CAR GY 

747 5 NTG DCS-CAR RP 

748 5 NTG DCS-CAR RP 

755 6 NTG ncs ... cAR RP 

757 6 NTG DCS-CAR RP 

760 6 NTG DCS-CAR RP 

773* 7 NTG DCS-CAR RP 

777* 7 NTG DCS-CAR RP 

Experimental details of the isolation procedures are given in Materials 
and Methods. RP and GY indicate detection by replica plating and 
glucose-yeast extract agar. Mutants from the same experiment but 
different segregation tubes are designated by+; those from the same 
segregation tube are designated by -. 

* . . These strains were enriched and isolated as gluconate mutants. 
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by its acquisition number. The information in the table should nQt be 

interpreted to indicate that DCS enrichment was more efficient than 

DCS·CAR enrichment. More DCS enriched mutants were investigated since 

they were known to be independent, 

Characterization of Mutants 

Growth St1,1dies 

Each mutant was tested for its ability to grow on a variety of 

substrates as sole carbon and energy source by the au~nographic tech

nique (Lederberg, 1946). The cells were grown on nutrient agar slants 

and washed off with 2 ml of minimal medium. Twp drops of cell suspen• 

sion wet'e added to 10 ml of molten (47 C) miniJDal agar (l, ~ pet" cent), 

mixed and poured into a petri dish. Small samples of the substrates 

were placed at marked points and allowed to soak into the agar. After 

incubation at ~7 C for 18 hours, the plates were scored for ~rowt;h, 

The resu,lts are s1.mm1arized in Table II. All the mutants grew on 

succinate, histidine and allantoin but fail~~ to grow on $lucose, 

gluconate and 2~ketogluconate. This indicated that all the mutants 

were apparently blocked at a metabolic step after 6-phosphogluconat;e, 

the point at which these three pathways converge (cf, Figure l). 

Each mutant was also tested fQr its ability to grow in glu~ose, 

gluconate, glycerol and lactate minimal media. Inocula were ~repared 

as above and 0.1 ml samples of cell suspension were added to 5 .9 ml of 

each medium. The OD of each culture was determined periodically during 

incubaUon. Table ;£..II summarizes the resu.lts. Growth on lactate was 

comparable to wild type for all mutant strains. Again~ all the mutants 

;failed to grow on glucose or gtuaonate. The abi li, t:y to grow on, 



Strain Glucose 

PA•l + 

707 

718 

720 

728 

730 

732 

734 

736 

738 

745 

747 

748 

755 .. 
757 

760 

773 "'I 

777 

TABLE U 

GllOW'nl OF PA-1 AND ~UCOSE MUTANTS 
ON VARIOUS SUBSTRATES 

Growth Medium 
2•Ke'to.,:. 

Gluconate gluconate Succinate Histidine 

+ + + + 

,. + + 

t + + 

+ + 

,. + .+ 

+ + 

... + + 

+ + 

+ + 

+ + 

.. + + 

+ .+ 

+ + 

.... + 

+ + 

+ .+ 

+ + 

+ + 
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Allantoin 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

.+ 

+ 

+ 

+ ... 

+ .,. 

+ 



Strain 

PA-1 

707 

718 

720 

728 

730 

732 

734 

736 

738 

745 

747 

748 

755 

757 

760 

773 

777 

TABLE III 

GROWTH OF PA-1 AND GLUCOSE MUTANTS IN 
VARIOUS MINIMAL MEDIA 

Growth Medium 

Glucose Gluconat~ Glycerol 

0.921 0.989 0.912 

0.046 0.022 0.930 

0.080 0.050 0.969 

0.032 0.028 0.059 

0.037 0.019 0.072 

0.026 '0.017 0.032 

0.028 0.045 0.227 
(0. 372)a 

0.024 0.021 0.021 

0.021 0.030 0.021 

0.029 0.048 0.067 

0.025 0.022 0.036 

0.027 0.012 0.032 

0.030 0.032 0.028 

0.024 0.030 0.028 

0.027 0.030 0.0.30 

0.028 0.021 0.047 

0.021 0.037 0.042 

0.048 0.026 0.046 

OD was read after 24 hours incubation except as noted. 
aon was read after 36 hours incubation. 
hon was read after 12 hours incubation. 
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Lactate b 

o. 782 

o. 770 

0.782 

0.803 

0.789 

0.789 

0.796 

0.846 

0.903 

0.810 

o. 776 

0.796 

0.824 

0.789 

0.673 

0.886 

0.878 

0.903 
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glycerol was variable. Glycerol-grown mutants were subcultured into 

glucose minimal medium. In each case the glycerol-grown cells failed 

to grow on glucose indicating that growth on glycerol was not due to 

reversion. Therefore, growth response to glycerol provided a useful 

criteriqn for grouping the mutants. 

The fact that most of the glucose mutants were unable to grow on 

glycerol could be explained in several ways. NTG mµtagenesis was 

reported to induce an unusually high frequency of double mutants 

(Addberg et al., 1965). This explanation was considered unlikely 

since glycerohnegative glucose mutants were so frequent and glycerol 

was an unselected marker. If glucose and glycerol genes were closely 

linked, a deletion could inactivate both genes. However, most of the 
. 

strains were observed to revert, indicating that the defect was not a 

deletion, Alternatively, growth on glycerol might depend on an early 

step in glucose catabolism (i.e., prior to KDPG cleavage) which was 

defective in most of the glucose mutants. This seemed improbable since 

an obvious dependence of glycerol dissimilation on early glucose 

enzymes was not suggested by the known pathways (cf. Figure 1). 

Glycerol and glucose catabolism converge at glyceraldehyde 3~phosphate. 

Glycerol-negative glucose mutants could lack pyruvate kinase, the only 

nonamphibolic activity in the conversion of trios-e phosphate to pyru-

vate. It should be noted that this interpretation requires an addi-

tional assumption. KDPG cleavage yields pyruvate directly; therefore, 

failure to grow on glucose and related compounds must be assumed to be 

due to inhibit;i.on by intermediates accumulated from l:riose phosphate. 

Glucose is generally quite effective in eliciting catabolite 

repression of other catabolic pathways. An intermediate derived from 
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glucose, rather than glu~ose itself, is thought to effect the repres· 

sion (Magasanik, 1961). Lessie and Neidhardt (1967b) have shown that 

several enzymes of histidine degradation are subject to catabolite 

repression by glucose in f· aeruginosa. Therefore, different glucose 

mutants should accumulate different intermediates which might be 

expected to affect growth on histidine differen~ly. Inocula were 

prepared as above and 0,1 ml samples of cell suspension were subcul

tured into 5.9 ml of minimal medium containing 0.25 per cent glucose, 

0.25 per cent histidine or 0.25 per cent histidine plus 0.25 per cent 

glucose. The OD of each culture was determined periodically during 

incubation. The results are given in Table IV. All strains tested 

were inhibited to some extent. Of the glycerol positive strains, 718 

and 732 were inhibited less than was 707. Among the glycerol n1:1-gative 

strains tested, 734 and 736 were inhibiteq the least. Severe inhibi

tion was observed with 720, 728 and 730. 

Each mutant was also tested for inhibition by glucose of growth on 

nutrient broth. Inocula were prepared as above and 0.1 ml samples we~e 

subcultured into 5.9 ml of nutrient broth and nutrient broth containing 

0.5 per cent glucose. The OD of each culture was determined periodi· 

cally during incubation.. Table V summarizes the results. Strains 720, 

745, 747, 748, 755 and 757 suffered a severe inhibition which was 

followed by lysis in four of the six strains. This respopse was con

sidered to be a group characteristic and therefore provided a criterion 

for subgrol,lping the glycerol negative glucose mutant;s. Strains 732 and 

736 showed essentially no inhibition due to glucose. All otb,er gl\,lcos~ 

mutants exhibited inhibition to various degrees. 



Mutant 

707 

718 

720 

728 

730 

732 

734 

n6 

TABLE IV 

INIJIBI~ION OF GROWTH ON HISTIDINE 
BY GLUCOSE 

Growth Medi.um 

Glucose a }listidineb Histidine plµs 

0.022 0.745 0.104 

Q.045 0.721 0.412 

0.025 0.763 0.042 

0.018 0.745 0.062 

0~021 0.704 0.040 

0.027 o. 727 0.367 

0.021 o. 710 0.118 

0.014 0.745 0.112 

aoo was read after 20 hours incubation. 
ban was read after 12 hours incubation. 
con was read after 12 and 20 hours incubation (third and fourth 
columns respectively). 
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Glucosec 

. 0.340 

0.8\7 

0.052 

0.132 

0.072 

0.727 

0.683 

0.673 



Strain 

PA ... l 

707 

718 

no 
728 

730 

732 

734 

736 

738 

745 

747 

748 

755 

757 

760 

773 

777 
-- "·: ..... ~ ... ,.~-,.. 

'l'ABLE V 

INHIBJ;TION or GROWTH ON NUTRIENT BROTH 
BY GLUCOSE 

i,. 
~rowth Medium 

I I\ · ,. 
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,. ' 

Nutrient Broth Nuttte~t BrQth Plus Glucose 

00. 8 hr. 
, I 

OD, 4 hr. OD. 8 hr. 

o. 782 LO~ 

0.824 0.721 

0.789 0.862 

0.757 0, 1,56 O.Q90 

0.763 0.581 

0.663 o.538 

0.803 0,683 

0.699 0.478 

0.7.27 0.699 

0.673 0.344 

o. 710 0.115 0.121 

0.733 0.137 0.1Q4 

0.624 0.046 0.078 

o. 716 0.156 o.1is 

0.721 0.199 0.146 

o. 710 0.488 

0.683 0.354 

0.789 0,,538 
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Several enzymes Of the histidine qatabolic pathway of f· aerusi-

. nosa have be~n shown to be inducible (Lessie and NeidhaJ;"dt, 19~7b). 

In the previous experiment, µninduced cells were ~ubcultured into a 

mixture of histidine and glucose. Under these conditions, the obseJ;"ved 

growth inhibition could be due to interfeJ;"ence with the induction 

process as well i;i.s cataboU.te repression. :j:n order to avoicl any effect 

of glucose on induction, glucose was added to a culture which was 

induced and just beginning to grow on histidine. Strain 707 was ~rown 

in nutrient broth, washed and subcultured into 25 ml of 0.25 per cent 

histidine minimal medi~ i~ each of two 250 ml side arm flasks. Af~er 

the cultures began to grow, glucose was added to the experimental flask 

to a final concentration of 0,25 per cent and OD was determined period

ically for each cultuJ;"e during incubation. The results of a typici;i.l 

experiment are given in Figure 4. Growth of 707 after addition of 

glucose was linear. The rate of linear growth depended on the point 

at which glucose was added, later addition yielding higheJ;" rates. The 

linearity of growth after addition of glucose was interpreted as 

resulting from dilution of an essential, growth limiting substance by 

cell division. A logical choice for such a substance was one (or more) 

of the histidine catabolic enzymes which must provide carbon and energy 

for growth •. Therefore, linear growth was thought to reflect catabolite 

repression elicited by glucose or its intermediates. 

Nutrient broth-grown 707 cells converted glucose to an intermedi

a~e tentatively identified as gluconate which appeared in the mediµm. 

The data supporting these statements are presented in the next section. 

The effect of this excreted intermediate on growth of uninduced 707 on 

histidine wa~ ex~mined. 



Figure 4. Effect Qf Glucose on 707 Growing on Histidine. 

Nutrient broth~grown cells wer~ washed and resuspended 
in 25 ml of Q,25 per cent histidine minimal medium in 
each of two 250 ml side arm flasks. Glucose was added 
to the second flask to a final concentration of 0.25 
per cent at the time indicated by the arrow. Growth on 
histi4in~ (o); growth on histidine after addition of 
glucose ( 4) . 



57 

1.0.--_,___,. __ ~ __ .._ __________ _ 

e 
c 

~ lo ~o.e 
> 0 

~ o.s I 
~ / 
_. 0,4 /· 
<t 
0 0 

j:: I 
~o.g ~v~ 

-0-0-0.,,...0 . 

2 4 6 8 
HOURS 



58 

The intermediate was prepared by exposing washed nutrient broth 

growp. 707 cells in. 0.02 M TE~ buffer, pH 7.0, to 0.2 mg per ml glucose. 

When the glucose was exhausted, as determined by glucostat assay, the 

cells and medium were separated by Millipore filtration (HA, Q.45 µm 

pore size). The filtrate was used directly as the spurce of excreted 

intermediate; this corresponded. to a 0.02 per cent solution of the 

intermediate, assuming complete recovery. 

A series of tubes containing 0.25 per cent histidine minimal 

medium was p~epared with Q.O, Q,5, 1.0, and 2.0 ml of filtrate, respec• 

tively. Each tube contained TES buffer at a final concentration of 

0.01 ~ and one half the ~sual minimal medium salts concentration. The 

tubes were inoculated with Q.l ml aliquots of washed, nutrient broth

grown (i.e., uninduced) 707 cell suspens~on. The OD of each culture 

was petermined periodically during incubation. ~igure 5 pr~sents the 

data as ~emi-logarithmic plots. lhe filtrate delayed attainment of 

exponential growth at the control rate •. The ~ength of this lag period 

was proportional to the i!llllount of filtrate present as shown in the 

inset of Figure 5. This indicated that at low concentration the effect 

of the intermediate was apparently on the induction process and could 

be overcome, perhaps by further metabolism to an inactive form. 

If the excreted intermediate were metabolized to an inactive form, 

filtrate which had exerted its effect (i.e~, challenged filtrate) 

shoµld be unable to effect a growth lag. To test this possibility, 

equivalent amounts of challenged and unchallenged filtrate were com

pared for their ability to produce a grow~h li;i.g. 



Figure 5. Effect of Accuµiulated Glucose Catabolite on Growth of 707 
on Histidine. 

Nutrient broth-grown cells were washed and resuspended 
in 6 ml of 0.25 per cent histidine minimal med:Lum con .. 
taining one half the usual salts concentratiop., 0,01 M 
TES buffeJ;~ pll 7.0 1 and the following a111ounts c;r! fil
trate: (1) 0 ml; (2) 0.5 ml; (~) 1 ml; (4) 2 ml. The 
filtrate was prepared as described in the text. Growth 
in the absence of filt:t;ate (o)~ growth in the presence 
of 0.5 ml filtrate (A); growth in the presence of 1 :i;nl 
fill;:rate (a); and growth in the presence 0£ 2 ml 
filtrate ( <> ) . The inset: shows the relatiop between 
grQwth lag and amount of filtrate. 
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Challenged filtrate was prepared by repeating the above growth 

~~periment with 2 ml of filtrate (cf~ Figure 5). Growth occurred after 

the expected lag period. When growth was essentially complete, the 

cells and medium.were separated by centrifugation and the supernatant 

was filtered to remove any residual cel1s. This filtrate was used 

directly as challenged filtrate. Based on dilution, 3 ml of challenged 

filtrate were eq~ivalent to 1 ml of unchallenged filtrate~ 

Three tubes of 0,25 per cent histidine minimal medium containing 

no addition, 3 ml of challenged filtrate and 1 ml of unch~llenged 

filtrate, respectively, were prepared as before. Each tube was inocu

lated with 0.1 ml of washed, nutrient broth-grown (i.e., uninduc~d) 707 

cell suspension and O~ was read periodically during incubatio11- for each 

culture. Semi-logarithmic plots of the data are given in Figure 6. 

Unchallenged filtrate produced approximately the predicted lag. 

Unexpectedly, challenged filtrate ha~tened the attainment of expqnen· 

tial growth at the control rate. A factor which stimulated the induc

tion process must have accumulated in the medium during the preparation 

of challenged filtrate, Apparently the factor was formed as the cells 

grew on histidine. Therefore, the lag produced by unchallenged fil

trate did not necessarily represent the time required to metabolize the 

intermediate to an inactive form. 

The effect of gluconate on growth of induced and uninduced 707 on 

histidine was also examined. The experimental procedure was the same 

as described previously for glucose except that the cultures were grown 

in tubes rather than flasks and a tube containing histidine plus gluco

nate was also included. The results are shown in Figure 7. Addition 

of gluconate to induced cells caused linear growth indicating that 



Figure ~. · Sffect of Challenged Filtrate o~ Growth of 707 on 
Hh1:idine. 

Nutrient broth-grown ce1ls were washed and resuspended 
in 6 ml of 0.25 per cent histidine minimal medium con
taining one half the usual salts concentration~ Q.Ql M 
'l'ES buffer, pH 7.0, and the following addi~ions: 
(1) no a~dition; (2) 3 ml challenged filtrate; (3) J ml 
filtrate. Challenged filtrate was prepared as ~escribed 
in the text. Growth in the absence of filtrate and 
chaHenged filtrate (o); growth in the presence of 3 ml 
challenged filtrate (,6) and 1 ml filtrate (o). 
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Fi~ure 7, Effe~t of Gluconate on Growth of 707 on Histidine. 

Nu.trient broth-grown cells wel!'e wa,shed and resuspended 
in q ml of e~ch of the following minimal media; · 
(1) Q.25 per cent histidine, in dupHcate; (2) 0.2? per 
cent histidine plus 0.25 per cent glucon~te. Glucanate 
was added to the second h:i.stidine tube ~t the time 
indicated by th,a arrow. Growth on hii;itidine (o); 
gt'owth on hhtidine after addition ~f glucon.;i.t~ (A); 
growth on histidine plus gluconat~ (a). 
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glucose itself ~~s npt essential for this effect and that gluconate or 

other intermediates derivable from glucose and gluconate were respon

sible. Li~e glucose, gluconate caused severe growth inhibition ~f 

uninduced celb as predicted by the filtrate Eltfect 1 The slower growth 

of the histidine control culture compared to that of the an~logous 

glucose experiment was undoubtedly due to poorer aeration of tul:>e 

cultures compared to flask cultures. 

Catabo1ite repression of histidine degrading enzymes hfls been 

shown to be relieved in ~ .. aerosenes and g_. aerug~nosa when hist;idine 

served as the sole nitrogen source (Neidhardt and Magasanik, 1957; 

Le~sie and Neidhardt, 1967b). Th~ type of experiment described above 

was repeated with NH4Cl omitted from all media. Histidine was the sole 

nitrqgen source. Growth on histidine after addition of glucose was 

U.near as before. The ap~arent catabolite repression was not relit.tved 

when hi~tidine was sol~ nitrogen source. Likewise, growth inhibition 

of uninduced cells was not altered when histidine was sole nitrogen 

source. 

Gl,ycose Metabo.lhm and Transport 

Preliminary e~periments with 707 demonstrated that nutrient broth· 

grown ceUs catalyzed the disappearance of glucose frow the medium as 

determined by glucostat assay. The fate of uniformly labeled 14c .. 

glucose was examined to clarify the extent of metabolism and identUy 

any intermed.iates which might accumulate. Strain 707 was grown on 

nµtrient broth, washed and ~esuspended in minimal medium. Three 250 ~l 

tl~sks, each containing 25 ml of cell suspension (OD~ 0.~61), were 

prep~red. The flasks were equilibrated to 37 Cina water bath shaker. 
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At iero ti.m,, glucose was ac\ded to each flask to a final concentrati,on 

of 0.2 mg per ml (0.2 µc per mg). Cells and medi~m were se~arated by 

M~llipore filtration (HA, 0.45 µm pore si,ze) of S ml samples periodi

cally during incubation. Three sequential samples were removed from 

each flask in set;'ies. Glucose remaining in 1 ml a.U,quots ()f fUtrate 

was determi,ned by tbe glucostat assay. Each filtt"ate wae alsQ ~nalyzed 

chromatograpl'l.i.~ally. ·Samples of 0.1 ml were spotted on strips of 

Wha~an No. 4 chromatQgraphy paper. The chromatogt;ams were developed 

by the descending technique with n-butanol: pyridine: water (6:4:3). 

The strips were then counted on a Nuclear-Chicago Actinogt'aph Ill strip 

counter. ieak areas were determined by planimetry and used directly as 

a measure of activity in arbitrary units. The results are su111J11arized 

in Figul;'e 8, All data have been plotted as relative values t 0 faci1i· 

tate compatison, Glucose chromatographed with ari Rf of 0.4Q in this 

system. Mea~urements of the disappearance of gluco~e from the medium 

by glucostat assay and as ac ti vi ty chromatographing w:J. th an llf of 0.40 

were in good agreement, A single peak with an Rf of 0.10 appeared in 

the mediurn, coincident with the disappearance of glucose. The appear

ance of this material was plotted relative to the initiclll glucose 

activity_. By 60 minutes, essentially all of the glucose had been con

sumed at;ld 85 per cent of its activity had reappeared in the medium as 

an excreted intermediate. The iJ;1termediate remained at the same con'"' 

centration for at least the next 60 minutes. 

The excreted intermediate was tentatively identified as glucopate 

based on the following information. Auth~ntic glucona.te was detected 

by an alk.aU.ne AgN()3 acet9ne dip procedure (Smi.th, 1960). The authen.

tic gl1,1conate cht'omatogJ;aphed as a relatively long i:;treak w;lth an Rf 



Figure 8, Conv~rsion o:J; Glucose to (Hi,iconate by 707. 

Nutrient broth~grown cells were washed and resuspended 
to an optical qens:i,ty of 0.561 in min:i,mai medj.um, At 
zero time, u-14c-glucose was add~d to a final concentra
tion of 0.2 mg per ml (0.2 pc per mg). Cells and medium 
were separated by Millipore fil~ration of 5 ml samples 
withdrawn at intervab. The relaUve amounts of glucose 
reniain:f.ng as determined by gl1.1cost;:at (o) i;l:pd activity 
chr<,>matograp.hing w.ith Rf 0.40 (A) are .P. 1ot;ted against 
time. The appearance ol; gluconate (activity chroma
tograph.ing with Rf 0.10) relative to the initial 
glucose activity is also plotted against time (o). 
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of 0.10. Only t;J;ie leading edge o~ t'b~ unknoWll spat could be detect;;ed 

9hl!ll'lically since a s~lt from the minimal mediµm overlapped and inter~ 

tered with detection. 
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A Vf?:l,.e~y of gluces' lDUtanJ:s were tested for their abil:J.l:)' to 

remove glucose frl!>lll t~e medium. ~iwari and Campbell (1969) and fhibbs 

and Ji;agon (19'70) b,ave Gited unpublished e;Kpedment:s which del!lon~traJ:e 

an inqucible glucose transpQrt system in !· aet;"fSi~gs,a. Therefo't'e~ 

ea~h ~traiq was grown in 6 ml of nutrient broth containing 0,5 per cen~ 

glucose t;o inc;luce whatever glucose metabol.ic capabilities the mutants 

resu~pending J:he cells to volume in nitrogen~free minimal medium. 

Glucose WlilS added. tc;> a fina1 concentration of O. 2 mg per ml and the 

resting cell suspensions were incubated on a reciprocal shaker at 37 C 

f C)r 2 1jqrs . Cells and ~edium were separ~ted py cen~rifugation and 

1 ml al~quots of supernatant were assayed for residual glucose by the 
f 

g1ucQst~t assay. The percentage of glucose removed by each stra:f..n is 

given iµ TaQ).e VI. Only 73€) biled to .remove gl.ucose from the med:l,.um .. 
• !. 

As noted in Table V, 720 e;Khibited the lysis phenomenon in nutrient 

broth containing 0.5 per cent gluc9&1e. Fortuitously, the c.ells used 

in this e~pe~iment were harvested before lysis occurred, 

· ln. otd~r to con~irm that 736 was unci.ble to tra1;uipoX't glucpse, an 

uptake e~peri~ent was performed. The accumulation of glucose-u•14c by 

PA .. l ancl 736 cells wi;1.s COlllpared. Each strain was grown in nutrient 

broth containing O.~ per cent glucose, washed and resuspende~ in 

minimal medil,llll, The cell su$pension was adjusted tq an Ol> of 0,347 and 

25 ml in a. ~50 ml flask were e~µilil>rated to 37 C in ' water bath 

sha,ker. Glu~ose wa~ added to a final concentration of O.Q~ mg per ml 



TABLE VI 

REMOVAL O~ GI,.VCOSE BY lNDVCED RESTING 
CELJ. sus:rt:NSIONS 

Per Cent; 

Strain Glucose 
Removed 

PA-1 . 97 

707 96 

720 92 

730 90 

734 94 

736 0 

773 88 

777 78 

Ghu:ose remaining in the mec;J,ium was measure4 by the 
glucostat assay after 2 hr, incubation. 
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(0.2 ~c/mg) and l ml samples were remov~d at 2 minute in~ervals with a 

syringe. The s~~p1es were eject~d onto prewetted Millipore filters and 

washed twice with 1 ml of cold minimal medium. The filters were placed 

in scintillation vials and dried in a stream of hot air, ~he filters 

were then crushed an4 10 ml of ethanol-toluene scintillation fluid were 

added. The scintillation fluid contained 4 g of 2,5-diphenyloxazole 

(PfO) and 0,2 g of l,4·bis [2-(S~phenyloxazolyl) benzeneJ (POPOP) per 

liter of ethanol~tolu~ne (4:6}. The samples were counted w~th a 

Nuclear-Chicago li.quid scintillation counter, Model 720. The r~r:iuits 

are presented in Fisure 9 as cpm corrected for background. Strain 736 

failed to accumulate glucose and was therefore considere<;l to be a 

transport mutant. 

Genetic Analysis 
-- .. r· -\I ·, 

1'hf;!. mutants were grouped on a genetic bas;i,s by qual;it:aUive trifJ,ns ... 

duction tests with bacteriophage F116. A modification of the spot: 

plate method of Murphy and Rosenblum (1964} was used as describ~d in 

Materials and ~ethQds. ·Each mutant wias crossed with the wild type and 

· all ot;her mutants, Transduc tan ts were selected on glucose \Tlinimal 

medium. The results were recorded as the number of colonies appearing 

within the area of the phage spot and are presented in Table VII. 

These numbers are not recombination frequencies. Regions pf the plate 

not spotted with phage served as a control for reversion of the recipi-

ent. Strain 732 reverted at high frequency, The results of crosses 

with 732 as recipient were scored + if growth occurred within the phage 

spot and are included bee.a.use phi;tge propagated on 718 or 732 prol;iuced 

clear areas indicating a close relationship between these strains. 



Figure 9, 
. 14 

Ac;ic\.n11ulation of Activity, Fi;"om q1uc;:9se-U- · c by PA .. l and 736. 

Cells grown on nYtrhnt bJ:'oth co"Qtaining 0,5 per cent 
glucose wei;"e washed and re$uspended ~P an optical density 
of 0,~47 ~n ~inimal medil,lill. At zero time, glucose was 
added to a Hnal co-ncentration of 0.05 mg per ml (0.2 µc 
per µig) .. At two min~te :(.qt;ervals, 1 ml· samples wer~ 
removed and the cells wet;e collected on Millipore filters 
and w~sbed twice with.l.ml of cold mipima~ medium. The 
filters were ti;-ansferted to scintUlatipn vials, dried 
and counted in a liquid. 111c:J.ntillation counter, The 
results are given as cpm corrected for background, 
Accumulation of activity by PA"'l (o) and 736 (A)· 
Note: Counts were not cQr'Jiected for retention by the - . Ulter, which. amountec;l to apprQximately 50 cpm, ·deter .. 
mined as tQ.e average o;e 5 measurements. 
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TABLE VII 

TRANSDUCTION BETWEEN GLUCOSE MUTANTS 

Recipient 

Donor 707 718 732 728 7~0 173 777 734 738 730 736 
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:() 
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0 

1 

0 

1 

4 

747 

-2 

8 

0 

2 

-0 

15 

15 

0 

2 

2 

11 

0 

0 

0 

0 

0 

-0 

3 

748 

1 

l 
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2 

l 

10 

14 

0 

J 

0 

4 

0 

0 

0 

0 

0 

0 

6 

755 

0 

20 

3 

1 

l 

16 

16 

1 

0 

2 

5 

0 

0 

0 

0 

-0 

o· 
5 

757 

() 

2 

0 

1 

4 

4 

7 

0 

1 

0 

3 

0 

g 

0 

0 

0 

0 

2 

·1 

..... 
\11 
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Transduction tests clearly separated the mutant;:s into two major 

groups which are enclpsed ~n solid lines in 1abl~ VJI. This separation 

corresponded exactlf tp tlwi:Je st;tains which did and did not lyse :i,n 

glucose-supplemented nutrient broth (cf. Table V). Mutants 707, 718, 

732, 728, 760, 773, 777, 734, 738, no and 73~ (gl'cn1p I) did not; lyse, 

whereas mutants 72P, 745, 747, 748, 755 and 757 (gi;oup U) did lyse. 

Group I was known to be heterogeneous pn the basis of growth a1;1d 

glucose remov~l st;:udies. M1,1tants 707, · 718 and .732 were able to grow 

on glycerol. This subgrPu.p 1$ enclosed :i,n brokeii lines in t;:he t~ble. 

The remainder of gro1,1p I could be further subdivided on the basis o~ 

enzYllle profiles for eacl'i, strain. These subgroups are aho 01,1tlined in 

broken lines ip tqe table. The detailed enzyme data supporting these 

sub(liv:l,.sions is presented in a later section. The sup group containing 

sttains, 730 and 736 co\lld be fu't'the"i" subdivided i;iince 7:30 was permeable 

to glucose b1,1t 736 was not~ 

These data suggested that the mutations represented by group I 

must be, relatively distant op. the chromosome from the mutations repre

sented by group I~. Mutants 0£ group I were generally ~s good as or 

better than FA-l as donor with mutants of group II as recipients. This 

was supported by the reciprocal crosses although the numberi;i were 

slightly lower. 

As discussed previ~usly, many of the glucose mutapts were also 

unable t;o grow on glycerol. If failure to grow on both media were due 

to the same lesion, revertants could be selected on either glucose or 

glyce~ol and wpuld be able to grow o~ the unselected medium. Alterna~ 

tively, if these strains were a~t~ally doubl~ mutants, reve~tants se" 

lecte~ on one medium would not be expected to grow on the other ~edium. 
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Spontaneous revertants were isolated by spt'eading abo'l,lt 5 ·· x, 108 

cells on either glucose or glycerol minimal medium. Revertants were 

also iQ.du.ced by NTG mu.tagenesis of nutrient bi:-oth .. grown ce].;Ls. Cells 

surviving mutagenesis were regrown in nutrient broth and spread on both 

media as above. Colo~:l,.es appe~:dng on the plates were spot tested on 

both media, Representative strains were reteste~ on both media for 

con:UrJUatioll. As a cl).eck to insure that the reverta-p.t;s were derived 

from the glycerol .. negative glucose mutants and were not contaminants, 

. about one. half of the con:firmed revet;"tants were testec;l for aensitivUy 

to pbage ;p() .. 6 by cross st1;'eaking cells on phage as follows. Nutrient 

agar plates were supplemented with NaCl by spreading 0,2 ml of sterile 

saline on the surface. Phage were then applied as a line with a 

sterUe cotton swab soaked in phage suspension (titer ca, 109 pf\.J per 

ml). Cell samples were drawn across the phage streak with sterile 

wooden applicators. After incubation at 37 c for about 12 hours, 

. sensitive strains showed no growth beyond the phage streak, 

Table VIII sununarizes the results of the reversion analysis. 

Type I revert;ants grew only on the selected substrate; Type II rever

tants grew on both the selec~ed and unselected sµbstrate. It must be 

empl:ta.sized that the entries in the table are merely confirmed, phage~ 

serisi,.tive representatives of the revertant types. The fact that a 

given representative was spontaneous (S) does not necessarily mean 

that other NTG induced (N) representatives were not or could n~t have 

been isolated and vice versa. 

· Previously, several possible ex,planations for the unexpected high 

proportion of glycerol-negative glucose mutants were offered. The 

reversion analysis eliminated several of these. Strain 736 wais 



Mutant 

734 

.736 

738 

755 

760 

773 

.777 

TABLE VI!l; 

TWES or RE:VEl!tTANTS SELEC'l$J;> ON GINCOSE 
AND GLYCEROL MlNil'fAL MEDIA 

Selection Medium 
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'fype I · Type 11 'l'YP~ I 'fype II 

N S,N s 

N •S N 

N N 

N s S,N 

· S,N s s 

.S S,N 

Type I :i:-evertants grew oniy on the selection mec:U,.um; Type U rev~rtapts 
grew on both media. Entries of S (spontaneous) and/or N (NTG~induced) 
indi~ate that at least cme revertant of th;i.s t:ype was confirtned and 
phage .. sensi tive. Minµs indicates that no revertant o~ t)lis type was 
observed. 
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somewhat exceptional. and will be considered separately. The fa.ct that 

revertants cquld be :i,sol.4ted arg4ed against deletions as the cause of 

the doQble defect. All revertants selected on glucose were Type ii 

indicating that failure to grow on both glucose and glycerol was due 

to the same lesion. This was supported by the fact that lYPe II rever

tants sel.ected on glycerol. were found for each strain (except 736). 

Interestingly, Type I revertants selected on glycerol were also ob

tained for all strains including 736. This paradoxical fact made it 

highly unlikely that the lesion common to both glucose and glycerol 

catabo1ism was pyruvate kinase as restoration of function should not be 

substrate specific, However, the remaining possibility that glycerol 

catabolis~ depends in some obscure manner on the initial steps of 

gltlcose cat:.;;ibolism suffered the same criticism. ·Nevertheless, Type I 

revertants selected on glycerol represented mutational acquisition of 

an alternate mechanism for circumventing the original dysfunction in a 

substrate specific manner. 

Strain 736 failed to yield either spontaneous or ?iJTG induced 

glucose or Type II glycerol revertants. Furthermore, it had never been 

observed to revert at any time since its isolation, Therefore, 736 was 

considered to be a deletion mutant. Apparently the glycerol specific 

mode of reversion was not included in the deletion since Type I rever

tants were obtained on glycerol. 

EnzY!11oloiical Analysis 

i· aeruginosa degrades glucose and related compounds via the 

Entner-Doudoroff -(ED) and to a lesser extent the hexose monophosphate 

('HMf) pathways (Wang et al., 1959). The lack of a func.tional 
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Embden-Meyerhof-Parnas (EMP) pathway has been traced to two d~fferent 

enzyme defects in two different strains of f. aerusinosa. Lessie and 

Neidhai-dt (1967a) failed to detect fructose diphosphate aldqlase in 

cell. free extracts of !· aerusinosa ATCC 7700. No other EMP enzyme 

activities were reported. Tiwari and CampQell (1969) found that 

phosphofructokinase was the only EMP enzyme missing in !· aeFu~ino~a 

ATCC 9027. Although both defects resulted in a catabalic;:ally nonfunc .. 

tioqal EMP pathway, Campl>ell's !· aeruginosa ATCC 9027 could convert 

triose phosphate to bexose phosphate via fructose diphosphate aldolase 

and fructose diphosphatase whefeas Neidhardt's !· aeruainosa A~CC 7700 

could nC)t. 

The nature of the EMP defect in PA-1 was investigated in extracts 

of gluco!ile- and lactate-grown cells. An extract of glucose .. grown 

!· coli B was also p~epared for comparison and as a check on ~he assay 

methods. Details of extract preparation and enzyme assay conditions 

are given in Materials and Methods. Table IX reveals that PA-1 was 

similar to Campbell's f, aeruginosa ATCC 9027. Both strains lacked 

phosphofructokinase but retained the necessary enzymes for conversion 

of triose phosphate to hexose phosphate. 

Control of the synthesis of enzymes related to glucose metabolism 

in PA .. l was investigated by determining enzyme levels in extracts of 

cells grown on glucose, gluconate, glycerol, lactate and succinate 

minimal media. Enzyme profiles of the extracts are presented in 

Table X. 

Glucose and gluconate degradation converge at the level of 6~ 

phosphogluconate which is also the branch point of the ED and HMP 

pathways (cf. Fig~re 1). The glucose specific enzymes, glucokinase and 



TASLE IX 

E~ZY}1ES OF TijE p:MP PATHWAY IN 
PA-1 AND !· COL! B 

Specific Activity 
(n moles/min/ms protein) 

Enzyme Glucose 

Glucokinase 97 .5 

Phosphohexose isomera.se 57 .8 

Phosphofructokinase o.o 

Fructose di phosphate aldolase 18.0 

Fruc;:tose diphosphatase 22.4 

PA-1 E. coli B 

Lactate 

14.8 

49.3 

0.0 

18.0 

16.1 

.... -~ 
Glucose 

57 .s 

108. 

Glucose and lactate were grQwth substrates for cells from which 
extracts w~~e prepared, 



TABLE X 

ENZ~S RELATED TO GJ,.UCOSE METABOLISM IN 
PA"'Tl GRO~ ON VARIOUS SUBSTRATES 

Specific A.c tivi ty 
(n moles/min/rqg 2rots=:l.n) 

Growth.Mediuw 

Enzyme Glc Gln Gly . Lac:t 

Gluco1;1e deHa.se 13.2 34.9 103. 4.9 

G1ucon~te deHa.se 424. 104. 10.4 3.6 

Glucokin~se 97.5 67.7 82.2 14.8 

Gluconoldnase 44.0 37.4 o.o 2.7 

Gl1,1cose 6 .. p deHase 276. 199. 194. 5.8 

6-P-Gluc;Qnate deHase 89.5 31. 3 18.2 0,0 

Dehydrase 120, 61. 3 80.l l.5 

KDPG Aldolase 304.* ~ 61.3 458.* 10,7* 

GAP deHa.se (NAD+) 67.6 95.8 74.9 1.8 

GAP deHase (NADP+) 176. 184, 98.4 95.2 

P-Glycerate Kinase 355' 289. 276. 363. 

Eno lase 240. 208. l.14. . 232. 

Pytuvate Kinase 168. 147. 101. 153, 

FDf Aldolase 16.0 13.4 17.2 15. 2 

FDPase 22.9 18 .o 12.5 14.6 

P-Hexose lsome'J,"ase 88.4 73.3 81. 2 39.6 
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Sue 

6.3 

9.0 

8.5 

o.o 

3.7 

0.0 

2,6 

8.5* 

0.0 

21.3 

335. 

59.4 

151. 

l.6,9 

13.7 

54.2 

Aqbreviations are as fol.lows: Glc, glucose; Gln~ gluconate; Gly, 
glycerol; Lact, lactate; Su~, succinate; deHase, dehydrogenase; P, 
phosphate or phospho-; KDPG, 2-keto-J,.deo~y-6 .. phosphog)..uconate; GAP, 
glyoeraldehyde 3-phosphat~; FDP, fructose diphosphate; FOPq.se, ;fructofile 
diphosphata.se. 
*KDPG aldolase was determined directly with KDPG. 



83 

gl,ucose 6~phosphate dehydrogenase, were present at low basal l,evels in 

lactrate and succinate grown ceUs. ';these activities were indµced 

during growth on glucc:>se, gluconate and glycerol. The gluconate 

specific enzyme, gluconokinase, was.essentially absent in glycerol, 

lactate and succinat;e grown cells but was :i,nduced during growth on 

glucose a.nd, gluconat;e. The uniqueED enzymes, 6-phosphog1uconate 

dehydrase and KDPG a1dol,ase, were present at low bai;;al levels in lac"' 

tate and succinate grown, cells. Both enzymes were induced during 

growth on gluc;pse, glµconate and glycerol,. Tile enzyme catalyzing the 

first committed step of the HMP pathway, 6-phosphogluconate dehydro

genase, was not detectable in extracts of lactate and succinate grown 

cells b1Jt was induced durii:ig growth on glucose, gluconate and glycerol. 

The enzymes of direct hexose oxidation, glucose dehydrogenase and 

gluconat;e dehydrogenase, have been regarded as a metabolic side issue 

off the main pathways 0f glucose and gluconate degradation (Sokatch, 

1969). To further elucidate t;he physiological significance of these 

activities, glucose and gluconate dehydrogenases were also determined 

in extracts of cells grown on nutrient broth and nutrient brot;::h con .. 

taining 0.5 per cent glucose or gluconate and cells grown on lactate 

and induced in 0.5 per cent glucose for 4 hours. rQis additional, 

information is summarized in Table XI. 

Both glucose dehydrogenase and gluconate dehydrogenase were 

detected at low basal levels in extracts of nutrient broth, lactate 

and succinate growp cells (cf. Tab.les X ap.d XI). Glucose dehydrogenase 

was onlY slightl,y increased by growth on glucose and induced to a rela· 

t;ively 1,ow level during growth on gluconate. Neither glucose nor 

gluconate induced glucose dehydrogenase in the presence of nutrient: 



Strain 

PA"'l 

PA-1 

PA-1 

PA"'l 

PA-1 

l?A-1 

PA-1 

707 

TABLE XI 

INDUCl'IONO:F GLUCOSE AND GLUCONATE DEHYDROGENASES 
lN fA..,1 AND 707 

Specific Activity 
~n moles/minims Eroteinl 

I :· . ¥P . , , 

Glucose Gluconate 
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Growt}l Medium Dehydrogenase Dli!-hydrogenase 

Glc NB 6.6 36.7 

Gln NB 1,8 131. 

NB 2.6 6.2 

Glc 13.0 245. 

Gln 24.8 71.4 

Lact 4,9* 2.4 

Lact/Glc 61.2 150. 

Glc NB 77 .3* 159.* 

Abbrevi~tions are as given in Table X and as follows: Glc NB, nutrient 
broth containing 0.5 per cent glucose; Lact/Glc, lactate grown and 
glucose induced. 
*Value qetermined in a single extract; all other values are the average 
of two extra<;. ts. 
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broth. Paradoxically, growth on glycerol indµced a high 1evel o{ 

glucose dehydrogenase but failed to induce gluconate dehydrogenase. 

This exactly para.Uded the response of the glucose and gluconate 

specific se~ents of the ED pathway to glycerol. Thus, neither glucose 

nor gluconate was either necessary or sufficient for induction of glu

cose dehydJ;"ogenase. ln contrast, glµconate del!.ydrogepase was induced 

to a high level during growth on glucose and to a lower level during 

growth on gluconate. The presence of nutrient broth decreased induc .. 

tion by glucose but increased induction by gluconate. 

Glucose dehydrogenase anc;l gluconate dehyc;lrogenase are apparently 

induced by differ~nt;. co~pounds since conditions were found which 

induced each activity exclusively. The fact that glucose dehydrogenase 

was indt.iced by glycerol but not;. by direct exposure to glucose suggested 

that its synthesis was respon(:live to the intracellular level of some 

inter~ediate ratheJ;" than to glucose itself. 

Tqe concept that glucose dehydrogenase is induced by an accumulated 

intermediate was supported by t;.wo additional observat~ons~ lf PA-1 was 

gr9wn on lactate and then induced in 0.5 per cent glucoae for 4 hours, 

a high level of glucose dehyc;lrogenase was attained (cf. Table XI). 

Accumulation of inter~ediates might be expect;.ed under these conditions 

since the glucose catabolic enzymes must be induced and t;.he culture was 

probably somewhat oxygen limited due to its high cell density. Further

more, in contrast to PA ... l, strain 707 induced a high level of glucose 

dehydrogenase during growth on nutrient broth containing 0.5 per cent;. 

glucose, ?his st.rain was subsequently shown to lack 6-phosphogluconate 

deh,ydr<;J,se and would be expected to accumulate intermediates, Although 

these c0nditions also induced gluconate dehydrogenase, it is not clear 
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whether this was due to accumulation of a main pathway ;intermediate or 

of gluconate via glucose dehydrogenase, 

Glycerol degradation and the ED Plilthway converge at the level of 

glyceraldehyde 3-phosphate (GAP) which is further degraded to pyruvate 

via the triose phosphate (TP) pathway (lower segment of the EMP path~ 

way). Tiwari and Campbell (1969) have reported both NAW- andNADp+

linked dehydrog~nase activity in E_. aeruginosa. The NA.DP+~linked 

activity was greater than the NAD+-linked activity and both were in

creased approximately 5 .. fold in glucose compared to succinate minimal 

med:lum. The p.ature o~ the dual p.ucleotide spec;i.f:i.c;:lty was not 

investigatec;l and its physiological significance was not indicated. 

Both N,AD+- and NADP+-linked GAP dehydrogenase activities were 

detected in PA~l. Th~ NADP+-linked activity was present at relatively 

high levels :ln extracts of glycerol-, lactate- and succinat:e-.gtown 

cells and was increased in extracts of glucose- and gluconate-grown 

cells. The NAD+-linked activity was essentially absent in lactate- and 

succinate-grown cells but was induced during growth on glucose, gluco,,. 

nate and glycerol. These results indicated the existence of two 

diffetent GAP dehydrogenases, The NAD+ -linked GAP dehydrogenase was 

induced during growth on substrates which are degraclec;l at least in 

part via GAP and it thus appeared to be a typ:lcal catal;>olic enzyme. 

The NADp+-linked GAP dehydtogenase was ava:llable for catabolism or 

anabolism depending on the growth substrate and was therefore amphi

bolic. 

· Phosphoglycetate kinase, enolase and pyruvate kinase were present 

at high levels under all conditions tested. ?hosphoglycera,te kinase 

and eno1ase were presumably amphibolic, functioning in both catabolism 
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and biosynthesis of trios~ phosphate. 

The enzymes of the ~pper segment of the EMP pathway, fru~tose 

diphosphate aldolase and phosphohexose isomerase, in conjunction with 

fr4ctose diphosphatase, apparently effect the conversion of triose 

phosphate to. hexose phosphate. Fructose diphosphate aldolase and 

fructose diphosphatase were present at relatively low levels under all 

conditions tested. Phosphohexose isomerase activity was somewhat 

higher in extracts of lactate .. and suc:cinate-grown cells and was fur

l:her increased dl,lting growth on glucose, gluconate and.glycerol. 

·In sui;nmary, the main pathways from glucose and gluconate to 

6-phosphogluconate, the unique ED enzymes, 6-phosphoglµconate dehydro~ 

genase and the NAo+-lin~ed GAP dehydrogenase were all induced by either 

glucose or gluconate. Interestingly, glycerol also induced all these 

activities except gluconokinase. This suggested that glycerol was 

metabolized at least in part via hexose phosphate. ihe reason for this 

was not clear but the fact that many glucose mutants were also glycerol

negative suggested that this may be an obligatory route for glycerol 

degradation. · In addition, glycerol induced glucose dehydrogenase but 

not gluconate dehydrogenl:'.!.se. PA-1 also possessed the necessary enzymes 

for hexose phosphate biosynthesis from phosphoenolpyruvate by reversal 

of the EMP sequence. 

The glucose 6 .. phosphate dehydrogenase of _t.aer\lginosa ATCC 7700 

has been p\lrified and characterized by Lessie and Neidhardt (1967a). 

The enzyme, was nonspecific with respect to pyridine nucleotide coenzyme 

but preferred NADP+. ATP and several other nucleoside triphosphates 

inhibited the enzyme by decreasing the apparent binding of substrate 

but no effect of ATP on pyridine nucleotide specificity could be shown. 
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Crude extracts of PA-1 also exhibited both NAD+- and NADrt"-linked 

glucose 6,.phospl'late dehydrogenase activities as shown in Table XII, 

Pyt;idine nucleotide transhydrogenase (specific activity 46.4 n moles/ 

min/mg protein) was not sufficient to account for the observed rates 

in the lactate-grown, glucose-induced PA-1 extract. li'urthel;'more, if 

transhydrogenase were involved, a higher rate of N.A,W reduction would 

have been expected :i,n the lactate-grown PA-1 extract wherE~ transhydro

genase (specific activ:i.ty 13.0 n Jlloles/min/mg protein) would not have 

been rate limiting. ·NAP+ was not contaminated with NADp+ since the 

former was inactive with connnercial yeast glucose 6-phosphate dehydro

genase wpich was specific for NA.DP+. The ratio of NAW- to NADP+

Unked activity was approximately 0.7 in each extract assayed in Tris 

buffer, pH 8.0. Several mutants which failed to form glucose 6-

phospha•te dehydrogenase as measured by NADp+ reduction showed no mot;'e 

than the expected rate of NAD+ t"eduction. If the two activities were 

due to different enzymes, they were controlled in parallel. More 

likely, both activities were due to a single enzyme as discussed apove, 

In this connection, it is interesting to note the effect of phosphate 

buffer on pyridine nucleotide specificity. When assayed in phosphate 

buffer, pH 7.5, the NA.D+-linked activity was virtually abolished while 

the NA.Dp+-linked activity was reduced to approximately 38 per cent of 

that observed in Tris buffer at the same pH. This phenomenon was not 

fur;ther investigated but may be of interest as a possibl.e q:mtrol 

~echanism in conjunction with ATP for determining both activity and 

pyridine nucleotide specificity of glucose 6-phosphate del'lydrogenase 

in !·~aerusinosa. 



Strain 

PA-1 

PA .. l 

707 

PA-1 

fA-1 

PA-1 
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TABLE XII 

PYRIDINE NUCLEOTiOE SPECIFICITY· OF 
GLUCOSE 6-PHOSPHATE DEHYDROGENASE 

Specific Activity 
As sax !n moles/min/ms E.roteinl 

Growth Medium Bu:f:fer pH NAD+ NA.DP+ 

Lactate Tr:i,s 8.0 3.6 5.8 

Glucose Tris 8.0 170.0 233. 

Lac t/Glc Tris 8.0 30.6 47 .9 

Lact/Glc Tris 8.0 133. 179. 

Lac t/Glc Tris 7.5 116. 138. 

Lact/Glc Phosphate 7.5 0.5 51.9 

Lact/Glc indicates that cells were grown on lactate and induced by 
exposure to 0.5 per cent glucose for 4 hours, 
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Mutant strains selected for enzyme analysis were chosen on the 

baish of t:r:ansductional groupings. Since certain sti-ains lysed durin~ 

growth on nutrient broth in the presence of glucose, a standard proce

dure for extract preparatio~ was adopted where lactate~grown cells were 

induced by exposure to the desired substrate for 4 1'ours as detailed in 

Materials and Methods. Glucose, gluconate and glycerol were used as 

inducers. Extracts of glycerol-grown cells were also prepared ;for 

those strains which retained the ability to grow on glycerol. 

· Enzymes of the upper segment of the EMP pathway and the TP pathway 

were determined only in extracts of glucose-induced ce1ls, These re~ 

sults are presented in Table XIII, The exceptionally low levels of 

NADP+~linked GAP dehydrogenase in 707, 730 and 736 were due to enzyme 

degradation during the induction period since these cultures exhibited 

specific activities of 95.0, 58.5 and 77.7 n moles per min per mg pro~ 

tein respectively after g:r:owth on lactate prior to induction with 

glucose. All the mutants retained the enzymes necessary for conversion 

of phosphoenolpyruvate to hexose phosphate consistent with their wild 

type growth on lactate and other glucogenic substrates. Mutants 707, 

718 and 73~ were able to grow on glycerol; all other mutants were 

glycerol-negative glucose mutants. The possibility that failure to 

grow on both glucose and glycerol was due to pyruvate kinase deficiency 

was eliminated since none of the mutants lacked this activity. 

The inducible enzymes involved in direct hexose oxidation, cat~bo

lism of glucose and gluconate via the ED pathway, 6-phosphog1uconate 

dehydrogenase, and NAD+-linked GAP dehydrogenase were determined in 

extracts of cells g~own on lactate and induced witq glucose, gluconate 

or glycerol. Extracts of glycerol-grown 707, 718 and 732 were also 



Strain 

PA-1 

707 

718 

. 732 

760 

77'J 

777 

734 

738 

730 

736 

720 

755 

TABiiE XUI 

TP AND EMP PATHWAY ENZYMES IN EXTRACTS 
OF GLUCOSE INDUCED MUTANTS 

S;eecific A7 ti vi t~ (n moles/minbns ;eroteinl 
GPD 

(NADP+) p~ ENL PYK FDA ~p 

155. 306. 173, 123. 18 .1 26.6 

38. 6 387. 99.5 126. 19, 3 19.6 

62.4 260. . 203, 50.2 16.4 1.2.9 

114. 399. 147. 63.9 13.1 12.9 

159. 480, 279. 126. 20.4 22.3 

163. 467. 148, 122. 15.7 8.3 

166. 492. l.18. 127. 15 .1 10.7 

105. 372. 74.0 116. 11.3 7,2 

52.5 398. 166. 120. 16.4 17.8 

20.0 212. 132. 118. 14,5 15 .o 

9.1 353. 138. 126. 13.0 19. 6 

98.7 460. 172. 113. 13.8 18.9 

74.7 426. 185. 123. 15 .5 20.2 
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PHI 

52.4 

45.6 

67. l. 

72.8 

66.4 

71. 7 

74.1 

66.8 

69.4 

68.3 

67.7 

83,2 

106. 

Abbreviations are as follows; GPD (NADp+), NADp+-linked glyceraldehyde 
3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; ENL, enolase; 
PYK, pyruvate kinase; FDA, fructose diphosphate aldolase; FDP, tructose 
di.phosphatase; PHI, phosphohexose isom~rase. 
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examined, These results are presented in Tables XIV through XVIII. 

Each table presents strains with similar enzyme profiles. 

Profiles of strains 707, 718 and 732 (707 group) are given in 

Table XIV. These strains grew on glycerol although 732 was quite slow 

(cf. Table III), Each straiq. lacked 6-phosphogluconate dehydrase. 

This was established in the following mapner. Each strain was inactive 

in the double sensitivity coupled dehydrase-aldolase assay. The 

presence of KDPG aldolase in each strain was established either by 

direct assay with K,DPG or by coupling with an extract of 720 as de-

scribed in Materials and Methods. Furthermore, addition of excess KDPG 

aldolase in the form of an extract of E. coli B grown on nutrient br0th - ~ 
containing 0.5 per cent glucose did not restore activity in the double 

sensitivity, coupled dehydrase-aldolase assay. The E. coli B extract - . .....,.,...... 

had KDPG aldolase (specific activity 119 n moles per min per mg pro-

tein) as determined by direct assay with KDPG but undetectable 6-

phosphogluconate dehydrase as determined by the double sensitivity, 

coupled dehy<lrase-aldolase assay. Since these techniques were able to 

detect basal levels of dehydrase and K.DPG aldolase, it was concluded 

that the strains lacked p-phosphogluconate dehydrase, Strain 718, 

which exhibited low 6-phosphogluconate dehydrase activity detected with 

its own KDPG aldolase in the extract of glycerol-grown cells, was ~nown 

to be leaky. 

6-Phosphogluconate dehydrogenase was present only in extracts of 

glycerol-grown cells. The 4-hour exposure to glycerol was not suffi· 

cient for induction. Interestingly, the ability to grow on glycerol 

appeared to be related to 6-phosphogluconate dehydrogenas~. Strains 

707 and 718 which grew normally on glycerol had higher levels of this 



TABLE XIV 

INDUCIBLE ENZYMES OF GLUCOSE METABOLISM IN 707 AND RELATED STRAINS 

SEecific Activity (n moles/min/mg Erotein} 

707 718 732 

Enzyme Glc Gln Gly Gly Glc Gln Gly Gly Glc Gln Gly filL 

Glucose deHase 45.8 18.4 26.6 43.6 21.3 22.2 33.3 66.9 26.4 17.0 39.2 146. 

Gluconate deHase 17.8 10.8 40. 7 26.3 20.2 15.9 41.3 36.0 22.5 15.7 44.6 2.1 

Glucokinase 25 .1 28.0 36.1 91.2 30.0 2.6 28.9 80.l 36.4 5.1 25.2 18. 9 

Gluconokinase 8.6 7.5 24.2 74. 7 6.7 0.0 11.4 10.8 9.8 2.1 8.6 4.0 

Glc 6-P deHase 46.4 40.4 65.4 363. 48.7 36.0 66.4 311. 61. 7 38.6 52.7 145. 

6-P Gln deHase 0.0 0.0 0.0 7.6 0.0 0.0 0.0 5.4 0.0 0.0 0.0 0.6 

Dehydrase 0.0 0.0 0.0 0.0 o.o 0.0 0.0 7.1 0.0 0.0 0.0 0.0 

KDPG Aldolase 105.* 8.7 13.6 630.* 10. 7 15 .6 20.2 ~ 7 .1 11.8 10.4 15.9 42.3 

GAP deHase (NAD+) 3.5 8.9 20.4 166. 6.4 5.3 17.6 80.9 24.0 11.9 18.9 147. 

Each strain was grown on lactate and induced with the indicated substrate; extracts of cells grown on 
glycerol are designated Gly. Abbreviations are as given in Table X. KDPG aldolase was determined 
directly with KDPG (*) or by coupling with added dehydrase as described in the text. 

'° w 
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activity than strain 732 which grew slowly and exhibited a barely 

detectable level of 6-phosphogluconate dehydrogenase. Correlated with 

the appearance of 6-phosphogluconate dehydrogenase during growth on 

glycerol was an increase of glucose 6-phosphate dehydrogenase, NAD+

linked GAP dehydrogenase and KDPG aldolase. 

Several quantitative differences were apparent among the strains 

of the 707 group. In 707, exposure to gluconate induced higher levels 

of glucokinase and glqconokinase than in 718 or 732. Growth on glyc

erol induced higher levels of glucokinase in 707 and 718 than in 732. 

In addition, glycerol induced the gluconate specific enzymes gluconate 

dehydrogenase and gluconokinase to various extents in each strain. 

Gluconokinase was higher in extracts of glycerol-grown 707 than in 

extracts of glycerol grown 718 and 732. In each strain, gluconate 

dehydrogenase activity was greater than glucose dehydrogenase after 4 

hours exposure to glycerol. However~ in extracts of glycerol-grown 

cells, this was reversed and in 732 returned to wild type levels. The 

basal levels of NAD+-linked GAP dehydrogenase in extracts of lactate

grown 707, 718 and 732 were 3.2, 3.5 and 4.2 n moles per minute per mg 

protein, respectively. This activity was induced by glycerol in 707 

and 718 and by glucose and glycerol in 732. Thus each strain of the 

707 group exhibited some unique responses to the conditions of growth 

and induction employed. 

Finally it should be noted that neither 6-phosphogluconate dehy~ 

drase nor KDPG aldolase wci.s necessary for growth on glycerol. 

Table XV presents the enzyme profiles of strains 760~ 773, 777, 

and 728 (760 group). Strain 728 was. only partially characterized. 

These strains lacked 6-phosphogluconate dehydrase and 6~phosphogluconate 



TABLE XV 

INDUCIBLE ENZYMES OF GLUCOSE METABOLISM IN 760 AND RELATED STRAINS 

SEecific Activity ~n moles/min/mg Erotein2 

760 773 777 728 

Enzyme Glc Gln Gly Glc Gln Gly Glc Gln Gly Glc 

Glucose deHase 22.6 13.2 48.5 9.7 8.2 45.2 10.8 10.4 44.7 18.8 

Gluconate deHase 7.2 10.2 32.4 6.2 6.8 28.4 5.6 7.8 20.0 8.4 

Glucokinase 40. 7 35.0 34.2 38 .6 33.7 30.2 7.1 8.8 7.6 34.4 

Gluconokinase 64.0 64.6 63.3 65 .1 59.2 58.7 70.6 72.9 68.4 68.5 

Glc 6-P deHase 44.2 39 .9 42.9 41.9 31. 7 30.8 48.6 42.9 37.5 50.0 

G-P Gln deHas-e 0.0 0.0 0.0 o.o o.o 0.0 0.0 o.o 0.0 0.0 

Dehydrase 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

KDPG Aldolase 15.9 10.2 10.2 13.5 10.1 11. 3 14.2 12.9 10.9 13.3 

GAP deHase (NAD+) 20.4 10.2 6.9 16.0 8.5 5.3 13.6 9.8 6.1 

Each strain was grown on lactate and induced with the indicated substrate. Abbreviations are as given in 
Table X •. KDPG aldolase was determined by coupling with added dehydrase as described in the text. 

\.0 
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dehydrogenase. Unlike the 707 group, these strains failed to grow on 

glycerol. Since 6-phosphogluconate dehydrase was not required for 

growth on glycerol but formation of 6-phosphogluconate dehydrogenase 

appeared to be related to growth on glycerol, the failure of these 

strains to grow on glycerol was attributable to lack of 6-

phosphogluconate dehydrogenase. These strains produced high levels 

of gluconokinase under all conditions of induction (including glycerol). 

A slight induction of gluconate dehydrogenase by glycerol was also 

noted. Strain 777 was unique in that it exhibited only the basal level 

of glucokinase under all conditions of induction. 

Although glucose appeared to induce NAut-linked GAP dehydrogenase 

in these strains, it actually did not. Extracts of 760, 773 and 777 

grown on lactate had specific activities of 16.5, 14.2 and 12.5 n moles 

per minute per mg protein, respectively, for this enzyme. Thus, 

strains of the 760 group were either able to induce NAD+-linked GAP 

dehydrogenase endogenously or were low level constitutive mutants. 

Enzyme profiles of 734 and 738 (734 group) are presented in Table 

XVI. These strains lacked 6-phosphogluconate dehydrase, 6-

phosphogluconate dehydrogenase and gluconokinase. Strains 734 and 738 

differ from each other in several respects. The glycerol catabolic 

enzyme L-« -glycerol phosphate dehydrogenase cot,tld not be det~cted in 

the extract of glycerol-induced 734 (K. Brown, personal commt,tnication). 

Thus, glycerol was a poor inducer in 734 as reflected by the low levels 

of glucose dehydrogenase and gluconate dehydrogenase compared to those 

of 738. furthermore, glycerol induction of 734 produced lower levels 

of glucokinase and glucose 6-phosphate dehydrogenase than did induction 

with glucose. Strain 734 also responded poorly to gluconate induction 



TABLE XVI 

INDUCIBLE ENZYMES OF GLUCOSE METABOLISM IN 734 AND 738 

SEecific Activit~ (n moles/min/mg Er~teinl 

734 738 

Enzyme Glc Gln Gly Glc Gln Gly 

Glucose deHase 22.5 22.5 14.4 2-6. 9 20.5 49.6 

Gluconate deHase 20. 7 9.1 9.3 11.4 11.1 132. 

Glucokinase 30.9 o.o 6.9 13.7 9.7 10.8 

Gluconokinase o.o 0.0 0.0 o.o 0.4 0.0 

Glc 6-P deHase 33.6 21.4 15.5 8.7 4.4 5.1 

6-P Gln deHase o .. o 0.0 0.0 0.0 0.0 0~3 

Dehydra-se o.o 0.0 0.0 0.0 0.0 0.0 

KDPG Aldolase 10.5 8.7 7.5 5.0 1. 7 3.1 

GAP deHase (NAD+) 11.-0 6.4 4.6 -0. -0 6.9 5.4 

Each strain was grown on lactate and induced with the indicated substrate. Abbreviations are as 
given in Table X. KDPG aldolase was determined by coupling with added dehydrase as described 
in the text. 

"° .....i 
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which was probably d4e to its li@ited ability to metabolize gluconate. 

In. strain 738, glucose dehydrogenase was induced by glycerol and to a 

lesser extent by glucose and gluconate. Glycerol also induced a high 

level of gluconate dehydrogenase in this strain. Eowever, the remain• 

ing main pathway enzymes, glucokinase and glucose 6-phosphat;:e dehydro

genase, were present at only basal levels under all conditions of 

induction. 

Strains 730 and 736 exhi,bited the most extensive damage of all the 

glucose mutants. These strains were suspected deletion mutants. 

Spontaneous glucose revertants were never observed for either strain 

and NTG mutagenesis of 736 failed to produce glucose J:evertants, As 

shown in Table XVII, both strains lacked 6,..phosphogluconate dehydrase, 

6-phosphogluconate dehydrogenase, gluconokinase, glucose dehydrogenase 

and gluconate dehydrogen.;i.se. As noted previously~ NADF-linked GAP 

dehydrogenase was degraded during induction (cf. Tab le XVIII). The 

absence of glucose and gluconate dehydrogenases in these extracts was 

not due to degradation of basal levels dµring incluction since these 

activities were undetectable in an extract of lactate-grown 730 and an 

extract of 736 grown on nutrient broth containing 0.5 per cent glucose. 

Basal levels of glucose and gluconate dehydrogenases were detectable in 

extracts of PA-1 grown on lactate or nutrient brot;:h (cf. Table XI). 

Several differences between 730 and 736 have been noted. Strain 730 

was apparently permeable to glucose whereas 736 was not. Extracts of 

glycerol-induced cells revealed low levels of glycerol kinase and 

L - «··glycerol pho$phate dehydrogenase in 730 b\,l.t t;:he latter activity 

was undetectable in 736 (~. Brown, personal communication). Thus, the 

low levels of glucokinase and glucose 6-phosp}late dehydrogenase 



TABLE XVII 

INDUCIBLE ENZYMES OF GLUCOSE METABOLISM IN 730 AND 736 

SEecific Ac-tivit~ (n moles/min/mg Erotein~ 

730 736 

_Enzyme Glc Gln Gly Glc Gln 

Glucose deHase o.o 0.3 0.0 0.5 0.0 

Gluconate deHase 0.6 0.6 0.0 o.o 1.1 

Glucokinase 18.0 l7. 7 19.8 10.2 10.4 

Gluconokinase 0.0 0.-0 0.0 0.0 -o.o 

Glc 6-P d.eHase 8.5 14.3 13.'9 1. 7 6.9 

6-P Gln deHase 1.0 0.0 0.0 o.o 0.0 

Dehydrase -0.0 o.o O.Q 0.0 0.0 

_ KDPG Aldo lase 5.5 3.0 5.2 2A5 3.0 

GAP deHa.se (NADt) 1.5 3.4 5.0 1.1 OAO 

Each -strain was grown on lactate and induced with the indicated substrate. Abbr-evations are as 
given in Table X .. KDPG aldolase was determined by coupling with added dehydrase as describ-ed 
in the text. 

Gly 

CLO 

0.3 

9.0 

0.0 

- 2.1 

0.5 

0.0 

6.6 

1.1 

\0 
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observed in each 736 e~tract probably represent partially degraded 

basal levels of each enzyme. Although 730 was permeable to glucose and 

could metaboU.ze glycet;'ol at least to a lim;f.ted extent, only slightly 

elevated levels of these activities were detected in the 730 ext;:racts. 

The enzyme pro~iles of strains 720 and 755 (720 group) are given 

in Table XVIII. Mutants of this group lacked K.DPG aldolase rather than 

6-phospho~luconate depydrase~ l'his was demonstrated by direct assay 

with K.DPG in extracts of glucose-induced cells for both strains. The 

absence of KDPG ald9lase in extracts of gluconate- or glycerol-induced 

cells of both strains was demonstrated by restoration of activity to 

the double sensitivity, coupled dehydrase-aldolase assay upon addition 

of KDPG aldolase in the form of an extract of ,g,. coli B grown on 

nutrient broth containing 0.5 per cent glucose. Bath strains had 

qare1y detectable gluconokinase activity following induction with each 

substrate. ~race activity of 6·phosphogluconate dehydrogenase was 

detectE;!.d in each st+ain only after induction with glycerol. 

Glucose 6-phosphate dehydrogenase activity was quite low ~n 720 

co~pared to 755 under all conditions of induction. Furthermore, this 

activity was undetectable in an extract of lactate-grown 7~0 where fA-1 

showed a de tee table basal level. The high levels of NAn+-linked GAP 

dehydrogepase found in extracts of glucose-induced 755 and especially 

720 were intet:'esting but somewhat misleading. Extracts of lactate 

grown 720 and 755 exhibited, specific activities of 47.9 and 37.9 n 

moles per minute per mg protein for this enzyme. This was in sharp 

contrast to PA-1 Where an extract of lactate-grown cells had only a low 

basal level of this enzyme (cf. Table X). Thus, NAD+-li0ked GAP 

dehydrogenase was endogenously induced or became constitutive in 



TABLE XVIII 

INDUCIBLE ENZYMES OF GLUCOSE METABOLISM IN 720 AND 755 

SEecific ActivitI {n moles/min/mg Erotein~ 

720 755 

Enzyme Glc Gln Gly Glc Gln Cly 

Glucose deHase 23.0 21.0 35 .1 . -Z3. 5 31.7 50.4 

Gluconate deHase 25.4 29.4 90. 6 14.2 16.1 53.3 

Glucokinase 90.9 63.9 60.8 93.5 56.4 56.2 

Gluconokinase 0.5 1.5 0.5 0.7 . 0. 6 0.3 

Glc 6-P deHase 2.9 6.0 8.6 181. 138. 158. 

6-P Gln deHase 0.0 0.0 1.0 0.0 0.0 0.3 

Dehydrase 53.2 39. 3 28.0 38.-0 18.8 -Z0.5 

K.DPG Aldolase o.o* 0.0 0.0 o.o* 0 .-0 o.o 

GAP deHase (NAD+) 109. 17.5 16.3 39.0 6.5 6.1 

Each strain was grown on lactate and induced with the indicated substrate. Abbreviations are as 
given in Table X. K.DPG aldolase was assayed directly with K.DPG (*) or by coupling with added 
dehydrase as described in the text. I-' 

0 
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mutants 720 and 755. There~ore~ exposure to glucose ~ctually caused a 

two~fold increa~e of this activity in 720 and m~r~ly maintained the 

basal level in 755. ll\lrthermore, it became clear that exposure to 

gluconate and glycerol failed to in4uce NAD"'"·linked GAP dehydrpgenase 

ana that the observ~d lev~l~ were actually degraded basal levels. 

Another significant property of the 720 group was lysis during 

growth Qn nutrient brotq containing O.~ ~er cent glucose (cf. Table V). 

Thi~ was presu~ably due to accumulation of KDPG rather than ~lueose 

6·phosphate since qoth 720 and 755 exhiqited. the ph,nQmenon. Further

more, otheX' stliains (e, g., 734 ~nd .738) with aimilar ~nzyme profiles 

but lacking 6-phosphoglucoq.ate dehydrase rather than KDPG aldolase did 

not lyse in glucose-su~plemented nutrient broth. 

Catabolite Repression of Hist~dase 

Lessie and Neidho.rdt (1967b) showed tllat several enzymes of 

l:listidine catabolism wE;1re :l.nd.ucible and subject to catabolite i;epres

sion in !· aerusinosa ATCC 7700. ·· Histidase, the first enzyme of the . ' " .. ,, .. , 

sequence, h•s be~n useful in kinetic studies o~ induced enzyme synthe• 

sis 1,n ot;her systems where simple, sensitive whole cell assays were 

available (Hartwell and. Magasanik, 1963;. Schlesinger and ~gasanik., 

1965). Histidase could b~ assayed ~uite simply in whole ~ells o~ PA~l 

wQich had been frozen and thawed, as described in ~tefials and 

Methods, This fa.cUHa.ted t;:he investigatiQn of c:;ataholite repression 

of histid.ase in l'A.,l and 61electf;td glucose mutapts. 

Oatabol~te repression of h~stidase by glu~ose ot glueonate was 

demonstr~ted in FA~l as ~oll~ws. Nu~rient broth~grQwn cells were 

washed and resusp~nded in 25 ml of 0.25 per cent histidi~e minimal 
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medium in each of three 250 ml side arm flasks. The cells were incu.., 

bated at 37 C in a water bath shaker. When growth reached an OD of 

appro~imately 0.1, glucose and gluconate were added to a f:i,nal concen .. 

tration of 0,25 per cent t 0 the second and third flasks, respectively. 

Samples 0f each culture (2 ml) and OD readings were taken at the time 

of addition and periodically thereafter. '.l'he culture samples were 

transferred iI11I11ediately to precooled centrifuge tubes and the cells 

were harvested by centrifugation at 12,100 x g for five minutes at O C. 

The pellets were frozen and stored at -20 C until assayed .. 

Figure lOa $hows the growth curves obt&inec;l in this experiment. 

Addition of glucose or gluconate stimulated growth only slightiy, 

Figure lOb shows the amount of histidase per ml of culture as a func

tion of culture OD. The slope of such a plot represents the differen

tial rate of histidase synthesis, that is, the rate of histidase 

synthesis relative to the rate of total protein synthesis. A unit of 

enzyme was defined as that amount catalyzing the formation of 1 n mole 

of urocanate per minute under the specified assay conditions. PA~l 

synthesized histidase at a.differential rate of U8 units per ml per 

unit ct,tlture OD during growth on 0.25 per cent histidine. Addition of 

glucose and gluconate to 0!2~ per cent repressed the differential rate 

qf histidase synthesis to 40 and 44 units per ml per unit ct:llture OD, 

respectively. This c9rresponded to 71 per cent repression by glucose 

and 68 per 0ept repression by gluconate. In similar experiments, 

1 ~ cyclic AMP did not relieve glucose or gluconate repression of 

histidase in PA .. l. 

Table XIX shows that histidase was undetectable in wild type cells 

grown on a variety of minimal media but was induced during growtl;l on 



Figure 10. Catabolite Repfession of aistidase by Glucose and 
Gluconate in FA~l. 

Nutrient brothrgrown qells were washed and resu~pended 
in 25 ml of 0.25 per cent histidine ininim;3.1 mediµm in 
each of three 250 ml sidearm flasks~ At the time 
indicated by the arrow, s+ucose and g~uconate were added 
to 0, 25 per cent t!.o ·the second and third flasks respec
tively. Samples (2 ml) of each eulture were taken at 
the time of addition and periodically thereafter and 
immediately transfetred to precoQled centrifuge tµ'Qes. 

·The cells were collecte9 by centrifugation at 0 C and 
the pellets were frozen at -20 C until assayed. 

(a) ·Gfowth on histidine (o); srowth on histidine after 
addition of glucose (A) or ~luconate ( o). 

(b) Diffeliential rate of histidase synthesis dutip.g 
growth on hist~dine (o) and after addi~ion of glucose 
(.C.) or gluconal:e (a), 
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TABLE XIX 

. INDUOTIO~ AND CATABOLITE ~EPRESSION 
OF HISl'II>ASE lN l'A· l 

Growth Medium 

Glucose 

Gluc:onate 

Glycerol 

L.;ictate 

Succinate 

Histidine 

Uroca-qate 

Histidine + Gl4cose 

Urocanate + Gi4co~e 

Histidine + Gluconate 

Histidine + Glycerol 

Histidine + Lactate 

Histidine + Sµccin.;ite 

.Specific Activity 
(n woles/1J1in .. mi/unit culture QD) 

I ; I 

Histidase 

o.o 

o.o 

o.o 

0.0 

o.o 

115. 

99.6 

27.9 

24.7 

38.6 

61.9 

63,8 

16,8 

All carbon sout;ces were 4sed at a concentration of 0.25 per 
cent. 

106 



107 

either hiatidine or urocoP.lilte, the first intermediate of hhtidine 

de$radat;.ion. Histidal\le was aho repr~uec;l by other substrates to 

various extents. Sucrcinate caused the most severe repression, followed 

by glucose and g1uconate. Glucose repressed tnduotion of hist;idase by 

histidine and urocanat;e to the same eKtent. Lactate and glycerol were 

weakly repressive. 

The identity of the effector of glucose repression of histidase 

was investigated by mo'Qitor:i,ng h:f.stidase levels following addition of 

glucose or gl.uconate to glucose mutants growing on histidine. Strain 

707, which lacked 6-phosphogluconate c;lehydrase and prod1,.1ced only low 

levels of 6,.phospl;togluconate dehydrogenase during gl!'owth on glycerol 

would be expected to accumulate 6-phosphogluconate and the preceding 

intermed:lates when exposed to either glucose or gluconate. Strain 730 

retained the basal level of glucokinase and glucose 6-phosphate dehydro

genase but lacked glucose dehydrogenase, 6-pqosphogluconate deqydrase, 

apd 6-phosphoglucqnat;:e dehydrogenase. Thus exposure to glucose should 

allow a slow accumulation of glucose 6-phosphate and 6-phosphogluconate. 

In additioft;·"''stl:tain -730 lacked gl1,1c;:.onate dehydrogena!'le and gluconokin ... 

ase; gluconate would pref!iUlllably enter the cells but would not be 

metabolized and no intermediates would accumulate. Finally, strain 

736, which had the same enzyt11e profile aa 730 but was in additiop 

unable to transport glucose, should pot accumulate intermediates from 

either glucos~ or glµcqnate. 

PJ;"elimina~y t~sts showed that control pf histidase synthesis was 

nQt altered in these th,ree strains. These d,ata are given in Table XX. 

Histidase indµction by histidine and repression by lactate and succi

nate were comparable to that observe4 in the wild type. 



TABLE XX 

INDUCTION AND OATABOLITE R,Jl:PaESSION OF HI~l!DASE 
IN 707, 730, AND 736 

Specific ~ctivity 

108 

(n mo1es£m!n·ml/unit culture ODl 

Histidase 

Growth Nedium 707 730 736 

Lactate o.o 0.0 o.o 

Suc~:lnate o.o O.Q 0.0 

Histidine 101. u2. 122. 

Histidine + Lactate 56.4 56.9 55.3 

Hi~t:ldine + Succinate 10.6 8.5 io.o 

AU carbcm sources wel;'e 0. 25 per cent, 
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The differential rate of synthesis of histidase in 0,25 per cent 

histidine mi~imal medium following addition of glucose or gluconate to 

0.25 per cent final concentration was determined for eaqh mutant as 

described above for PA-1. 

Figure 11a shows that addition of glucose or gluconate to 707 

growing on histidine resulted in linear growth as noted previously. 

The differential rate of histidase synthesis in each culture is shown 

in Figure 11b. Addition of glucose and gluconate repressed the initial 

differential rate of histidase synthesis from 153 units per ml per unit 

culture OD for the histidine control to 57.5 and 52.5 units per ml per 

unit culture OD respectively. These results were comparable to those 

observed in the wild type and indicated that the effector was formed 

efficiently from either glucose or gluconate by 707. The abrupt cessa~ 

tion of histidase synthesis seen in the glucose repressed culture may 

have been due to accumulation of excess effector. 

Growth curves and differential plots for 730 are presented in 

Figures 12a and 12b. The addition of glucose caused a slight inhibi

tion of growth on histidine whereas gluconate was without effect. 

Glucose mildly repressed the differential rate of synthesis of histi

dase from 131 units per ml per unit culture OD for the control to 95,5 

units per ml per unit culture OD. Thus the basal enzyme levels of 730 

were able to generate the effector inefficiently from glucose. The 

differential rate of histidase synthesis following addition of gluco

nate was 144 units per ml per unit culture OD. This was slightly 

higher than the control differential rate but intermediate between the 

control differential rates observed for PA~l and 707. Thus gluconate 

was unable to repress histidase in 730. 



Figure 11. Catal;>o].ite Repression of Hist:tdase by Glucose and 
Glu~onate in 707, 

The e~perimental procedure was the same ~s describe<;! 
in Fig\.i,re lO. 

(a) Growth on histidine (Ci>); growt4 on hht:i,Q,ine after 
addition of glucose (A) or glqcona t~ ( o ) . 

(b) DiHerential rate of histidase synthesi~ during 
growth on histidine (q) and afte;t' aqdition o~ gluqqse 
(A) or gluconate (a ) . 
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Figure 12. Catabolite Repression of Histidase by Glucose and 
Gluconate in 730. 

The e~perimental procedure was the same as described 
in Figure 10. 

(a) Growth on h~stidi,ne (o); growth on histidine after 
add~tion of gh1cose (A) or gluc;onate (a). 

(b) Differeqtial rate of histidase synthesis during 
growth on histidine (o) and after addition of glucose 
(A) or gluconate ( o). 
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Addition of glu~ose or gluconate to 736 growing on histidine had 

essentially no effect on growth or differential rate of histidase 

synthesis as shown in Figu~es 13a and 13b. The differential rates of 

histidase synthesis in the histidine control and following addition of 

glucos~ and ~lucon~te were 106, 104, and 98.5 units per ml per µnit 

culture OD respectivel,y. Thus 736, which had the same enzyme profile 

as 730, was µnable to generate the effector even inefficiently from 

glucose ~µe to its ffl.ilure to enter the eel.ls. 



Figure 13. Catabo1ite RepressiQn of Histidase by Glucose and 
Gluconate in 736. 

The e~perim~ntal procedure was the same as d~scribed 
in Fi~ure 10. 

(a) Growth on histidine (o); growth on histidine after 
addition of glucose ( A) or glucona te (CJ ) • 

(b) Diffete1;1tial rate of h,istidase synthesis ~uri'Qg 
growth on histidine (o) aP.d after addition of glucose 
(A) or gluconate (a). 
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. CHAP'fER IV 

DISCUSSION 

RegtJlation of ~he Synthesis of E~z:yrnes 
Qf Glucose Metabolism 

The. pathways available for glucose catabolism in PA-1 were inves-

tigated by ~nzyme ana1ysis in extracts of glucose-grown and lactate-

grown cells. A functional EMI? pathway did not exist in this organism 

since one of the two key enzymes, phosphofructokinase, was absent 

(Table IX). 1iwari and Camppell (1969) have shown that phosphofructo-

kinase deficiency was the only defect associated with lack of a func.-

t:i.onal J!;MP pathway in E.· aeruginosa ATCC 9027. Wood and Schwerdt 

(1954) excluded participation of the EMP pathway in glucose degradation 

by .f.· putida A.3.12 (ATCC 126;n, formerly .f.· fluorescens) for the same 

reason. }lowever, Lessie and Neidhardt (196.7a) reported that P. aerugi.-..,.. . 

nosa ATCC 7700 lac~ed fructose diphosphate aldolase; no other iMI? --
pathway enzymes were mentioned. Although this also eliminated the EMP 

pathway for glucose degradation, its implications for hexose and 

pentose biosynthesis were quite different. Extracts of glucose-grown 

PA•l contained the appropriate activities for glucose catabo~ism via 

the ED and HMP pathwars (Table X). This agreed with the results of 

previous studies (Wang et ~1., 1959; von Tigerstrom and Campbell, 196~; 

Lessie and Neidhardt, l967a; Ng and Dawes, 1967; Tiwari and Campbell, 

1969). 
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Growth requires a con~tant supply of hexose phosphate and pentose 

phosphate for cellular syn~heses, During growth on glucos~, hexose 

phosphate was available directly and pentose phosphate was formed 

oxid~tively via 6 ... phosphogluconate dehydrogenase (Table X), Cells 

growing on ~luconate also formed pentose phosphate oxidatively; he~ose 

ph,osphate was presumably formed from pentose phosphate by the nonoxida ... 

tive reactions of the HM:e pljl.thway (Tiwari and Campbell, 1969). A.n 

alternate route consisted of triose phosphate condensation by fructose 

diphosphate alciolase and 1;1ub1;1equent conversion to fructose 6 ... phosphate 

by frucl:ose d;i,.phosphatase (Table X). Dui;ing growth on glycerol, the 

appropriate enzymes were available for conversion of triose phosphate 

to hexose phospha~e which was converted oll:iclatively to pentose phos ... 

-phate (Table .le). Cells grown on lactate or succinate contained the 

requistte enzymes for hexose phosphate biosynthesis from phosphoenol ... 

pyruvate via fructose d~phosphate (TableX), Pentos~ phos~hClte was 

presumably foJ;med from hexose phosphate by the nonoxidative reactions 

of the .HMJ> pathway since 6..,phosphogluconate dehydrogenase was not 

present under these conditions, 

Thus PA~l accomplii;;hecl gluconeogenesis and pentose phosphate 

biosynthesis by the usµal mechanisms. This was also shown to be the 

case in E_. aeruginosa ATCC 9027 (Tiwa"Pi Clnd Campbell, 1969). Rowever, 

such mechanhrns were precluded inE_. aerµginosa ATCC 7700 clue to the 

apparent; absence of fructose diphosphate aldolase. Furthermore, 

Ruiz ... ,Amil et ai. (1969) have sµgg~sted that other routes are likely 

in E_. pi.,itic,\a A.3.12. Cells ~rown on i;;ucc;l.niite, lactate or acetate had 

very low levels of gl,yceraldehyde 3..,phosphate dehyd;rogenase (NAP+ .. and 

NADP+ ... li.nked). Thus~ in spite of a9equate levels of all Qther 
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necessary enzymes, triose phosphate levels would severely limit hexpse 

phosphate synthesis. These workers assayed GAP dehydrogenase by 

reduced pyJ;"idine nucleotide oxidation in the presence of J .. p't!.osphoglyc

erate and excess phpsphoglycerate kinase. It should be mentioned that 

in the present study this activity was assayed by pyridine flUcleotide 

reduction since the rever$e reaction consistently gave lpwer activity 

with NADPH in spite o~ the presence of high levels of phosphoglycerate 

kinase ('l'able X). Therefore, several unresolved differences regai:;ding 

gluconeogenesis and pentose phosphate biosynthesis apparently e~ist 

among the pseudOll!onads. 

Tiwari and Campbell (1969) noted the presence of both NAD+,. and 

NAD:rT ... linked GAP dehydrogenase activities in .!!.· aerusinosa but no 

evidence was presented which would distinguish between a single enzyme 

nonspecific with respect to pyridine nucleotide coenzyme and two dis~ 

tinct enzymes. The present study. has confirmed the presence pf bath 

activiti,es and demonstrated the existence of two GAP dehydrogenases, 

each presumably coenzyme specific (Table X). The N.l\PP+ .. linked GAP 

dehydrogenase was present in extracts of cells grown on each substrate, 

being somewhat higher in glucose and gluconate grown cells. This 

enzyme was available for bath degradation and biosynthesis of GAr and 

was therefore amphibolic. 'l'he NAW .. linked GAP dehydrogenase was essen

tially absent from lactate and succ;inate grown cells and was specific

ally induced l;>y substrates degraded at least in part via GAP. This 

enzyme was therefore catabolic. In addition, the NAD+ .. linked activity 

was more unstable than the NADp+-linked activity in crude extracts. 

Ruiz,.Amil et al, <1969) have also noted that glucose and glycerol 

induced ~-linked GA!' dehydrogenase i,n .f.. putida A.3,12 and have 
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suggested that GAP is the inducer. 

The pathways of glucos~, gluconate and ~-ketogluconate degradation 

converge at the level of 6 ... phosphoglµconate. This is also the branch 

point from which the ED and HMP pathways diverge (cf. Figure 2), 

Control of 6 .. ph<;>spllogluconate formation and consumpt;:ion at the enzyme 

level might be eJC;pected ip view of its cent;ral position. Lessie and 

Neidhardt U967a) have emphasized the advantages of ATP'- controlled 

glucose 6-phosphate dehyd,rogenase activity in P. aeruginosa .. The - '; .. ' ; 

possibility of phosphate-controlled glucose 6-phpsphate dehydrogeµase 

pyridine nucleotide specificHy (Table XII) bas been discµssec;i, 

The control of 'synthesis of the enzymes of glucose met;abol;i.sm was 

investigated by comparing enzyme levels in extracts of P~-1 grown on 

glucoee, gluconate, glycerol, l.;i.ctate and succinate. These data are 

summarized in Table X. 

In general, the enzymes of the TP pathway. which litre involved in 

converting GAP to pyruvate and the enzymes of the EMP pathway which are 

involved in hexose phosphate synthesis from GAP appeared to be consti-

tutive and relativdy h1sensitive to changes in growth substrate, This 

might have bee:p anticipated for the TP pathway enzymes since all except 

pyruvate kinase were amphibolic. 

In eop.trast, the enzymes epeciUcaUy involved in cat.;i.bolism of 

glucose and related compounds via the ED and HMP pathways were ind,uci-

ble. These included glucose dehydrogenase, gluconate dehydrogenase, · 

glucokinase, glucose 6-phosphate dehydrogenase, gluconokinase, 6-

phosphogluconate dehydrogenase, 6-phosphogluconate dehydrai;;e?· l<DPG 

aldolase and NAD+·linked GAP dehydrogenase, The basal levels of these 

enzymes were defined by .th,eir uninduced levels in extracts of lactate 
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apd succinate grown cells. It should be noted that gluconokinase, 6-

phosphoglueonate dehydrogenase and NAW-1;1..nked GA.r dehy~:b:ogenase were 

ext;remely low or undetectable in these extracts. 

Growth on glucose induced high levels of glucokinase, glucose 6-

phosphate dehydrogenase, gluconate dehydrogenase, ghiconokinase, 

6 .. phosphoglucon;:tte dehydrogenase, 6-phosphogluconate dehydrase, KDPG 

aldolase ap.d NAD+-li.nkedGAP dehydrogenase. Glucose dehydrosenase was 

only weakly induced. The high level of gluconate dehydrogenase would 

appear to be of questionable value to glucose cat;:tbolism in view of th~ 

low glucose dehydrogenase ac ti vi ty. Similar .;iq~umepts apply to gluco .. 

nokinase which must also compete with a ten-fold excess of g1uconate 

dehrdrogenase ~or a limited supply of glu,conate. These results con-

firmed and extended those af other studies e>f glucose induction of the 

glucose catabolic enzymes of E_. aeruginosa (von Tigerstrom ~nd Campbell, 
I 

1966; Ng and Dawes~ 1967; Lessie and Neidhardt, 1967a;' Tiwat:i,. and 

Campbell, 1969), 

Growth on gluconate induced glucose deh,ydrogenase, s;lucokinase, 

glucose 6-phosphate debydrogenase, gluconate dehydrogenase, glucono .. 

kinase, 6-phosphogluconate dehydrogenase, 6-phosphogluconate dehydrase, 

KDPG aldolase and NA.It-linked GAP deh,ydrogenase. The formation of 

glucose dehydrogenase and glucokinase was gratuitous unless excessive 

amounts of he~ose phosphate were accumulating and peing converted to 

glucose by a phosphatase. This seemed unlikely since hexose phosphate 

synthesis froi;n GA.P by reversal of the EMF sequence would be limited by 

fructose dh>hospha te a ldo lase which would have to compete with a 

greater thall ten-fold excess of GAP dehydrogenase (NAD+- and NA.Dp+ .. 

·linked). Hexose phosphate synthesis via the HMP pathway wol,lld appeai; 
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more likely but the level of 6-phosphogluconate dehydrogenase was 

significantly lower than that found in extracts of glucose grown cells 

and must also compete with 6~phosphogluconate dehydrase, The lower 

6~phosphogluconate debydrogenase level is also seen in the data of 

Lessie and Neidh~:rdt (19.67cJI.) and may be related to the rad~orespit;'o .. 

metric observation that !· aeruginosa degraded glucose via the ED and 

HMP pathways but degraded gluconate solely via the ED pathway (Wang et 

al., 1959). 

· Surprisingly, growth on glycerol induced glucose dehydrogenase~ 

glucokinase, glucose 6-phosphate dehydrogenase~ 6~phosphogluconate 

dehyd~ogenase, 6-phosphogluconate dehydrase, K,DPG aldolase and NAD+

linked GAP dehydrogenase. Gluconate dehydrogenase was only weakly 

induced and gluconokinase was absent. Glycerol induced the highest 

level of glucose dehydi;ogenase observed. These results conUrmed and 

extended those of Lessie and Neidhardt (1967a), .A.s in the case of 

growth on gluconate, synthesis of glucose dehydrogenase and glucokinase 

during growth on glycerol was gratuitous. These results strongly 

suggested that significant amounts of glycerol were being metabolized 

via hexose phosphate although there was no obvious need for such an 

arrangement. However, the fact that most glucose mutants were also 

glycerol negative indicated that such a relationship might be obliga .. 

tory. Hexose phosphate would presumably be forll!ed from GAP by reversial 

of the EMJ> sequence, It is interesting that Neidhardt's P. aeru~incisa 

ATCC 7700 which lacks fructose diphosphate aldolase also induced the 

glucose catabolic enzymes during growth on glycerol. 

A. direct role for glucose dehydrogenase on the mai,n pathway of 

glucose metabolism was prech1ded by the regulation of its s:ynthesis. 
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Glucose dehydrogenase was lowest in glucose grown cells, intermediate 

in gluconate grown cells and highesJ: in glycerol grown cells. This was 

consistent with the view that direct hexose oxidation represents a 

mechanism for continued glucose consumption under conditions where the 

main pathway is saturated (Sokatch~ 1969). This might: be of survival 

value to the organism in nature. It follows that glucose dehydrogenase 

induction should be regulated by the level of main pathway intermedi

ates rather than by glucose. This concept was supported by the fact 

that glucose did induce high levels of glucose dehydrogenase \lnder 

conditions where intermediates were expected to accumulate (~able XI). 

~nduction of glucose dehydrogenase by g1uconate and glycerol presumably 

reflected accumulation of the inducing intermediate. 

The mode of gluconat:e dehydrogenase induction was clearly differ

ent from that of glucose dehydrogenase, Gluconate dehydrogenase was 

lowest in cells grown on glycerol, intermed;l.at;e in cells grown on 

gluconate and highest in cells grown o:n. glucose. This behavior WiilS 

more consistent with a possibly significant role for gluconate dehydro

genase in gluconate metabolism. Such a role would suggest that gluco

nate was the inducer for gluconate dehydrogenase.. However, several 

observations indicated that this may not be so. Growth on glucose 

induced higher levels of gluconat:e dehydrogenase than did growth o:n. 

gluconate (except in the presence of nutrient broth, see Table XI). 

Comparison of the levels of gluconate dehydroge:n.ase and glucose dehy

drogenase in cells grown on or exposed to glucose showed that the level 

of gluconate dehydrogenase was not direc.tly related to the ability to 

form gluconate from glucose. Thus, the possibility of gluconate dehy

drogenase induction by an intermediate could pot be eliminated but the 
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observations suggesting this were not compelling either. 

Fraenk,el and Horecker (1964) sh9wed that .§_. typhimurium poE!sessed 

an inducible ED pathway which functioned in gluconate but not glucose 

cat;:abolism. Gluconate specifically induced gluconokinase and 6 ... 

phosphoglucoqate dehydrase whereas glucose did not. An identical 

situation was demonstrated in!· coli (Fraenkel and J,iev:i,sc;>hn~; 1967; 

Zablotny and Fraenkel, 1967). Eisenberg and Dobrogosz (1967) confirmed 

and extended these observations to Aerobacter _aerogenes and suggested 

that gluconate was also the inducer for the ED pathway in ~. fluores-

~· 

Gluconate does not appear to be the inducer for the ED pathway in 

PA-1. On the contrary, there was evidence that the main pathway en

zymes may also be induced by intermediates. Gratuitous synthesi,$ of 

glucokinase during growth on gluconate and glycerol has been noted 

above. Furthermore, growth on glycerol also induced the entire se

quence of main pathway enzymes (glucose 6-phosphate dehydrogena.se, 6-

phosphoglucona te dehydrogenase, 6~phosphogluconate dehydrase, I<.DPG 

aldolase and NA.D+~linked GAP dehydrogenase). ·These results were more 

readily interpreted in terms of induction by intermediates . 

. ~ynthesis of the inducible enzymes of glucose metabolism did not 

appear to be coordinate. Pair .. wise comparison of enzyme levels :Ln 

extracts o-f PA-1 grown on various subi;;t;:rates did not indicate coordi

nate synthesis of any of these enzymes (Table X). -Similar conclusions 

were reached on examining the data available in the literature (von 

Tigerstrom and Campbell, 1966; Lessie and Neidhardt, 19671'1.;' Tiwari and 

Campbell, 1969). llowever, these dat;:a were not: <:>btained for this pur

pose at'1,d conl\lequently the values tend to be rather ext:rel1\e, An 
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investigation of enzyme levels under a variety of conditions permitting 

a continuous variation of enzyme levels would be desirable. 

Before considering the mutant enzyme data and their implications 

for control of the synthesis of the inducible glucose catabolic en

zymes, it is important to note the limitations of these data. Initial

ly, enzyme profiles of several mutants were determined in extracts of 

cells grown on nutrient broth containing 0.5 per cent glucose. However, 

this method was not applicable to those strains which lysed in glucose

supplemented nutrient broth (Table V). Glucose was also known to cauae 

aevere inhibition of growth of certain lDUtants on various substrates 

including histidine (Table IV). In an attempt to induce the glucose 

enzymes of each mutant under comparable conditions, the followi~g pro

cedure WGl.s adopted. The cells were grown on lactate minimal medium, 

washed and then exposed to various inducing substrates for four hours. 

The cells we+e capable of only limited lDetabolism of the inducing 

substrate (except 707, 718, and 732 induced with glycerol). Therefore, 

the carhop and energy for induced enzyme synthesis must l:>e supplied 

from cellular material. !· aeruain;o~a does not forro storage products 

(MacI<.elvie, et al,, 1968) and apparently degrades endogenous protein 

as its reserve material (Warren et al,? 1960). Thus, it seems likely 

that acquisition of the capacity to form the inducible glucose 

catabolic enzymes is at the expense of ribospmes (Gronlund and Campbell, 

1965) and energy generating systems which are required .for enzyme syn

thesis, ·In addition, glucose and related compounds may retard the 

generation of required carbon and energy by catabolite inhibition and 

catabolite repression, Furthermore, the inducible glucose catabolic 

enzymes may be subject to catal:>olite repression by the end products of 
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amino'. acid degradation (Ng and Dawes, 1967). The situation is further 

complicated by the possibility that intermediates may be 'the true 

inducers and enzyme synthesis is noncoordinate." 

Co~parison of glycerol-induced and glycerol-grown enzyme profiles 

for 707, 718 and 732 iliustrated these problems (Table XIV) •. Induction 

yielded generally lower enzyme levels than did growth. In each case, 

the relative· levels of glucose debydrogenase and gluconate dehydrogeri

ase were reversed. The four hour induction period was not adequate for 

induction of 6-phosphogluconate dehydro·genase which appeared only 

during growth on. glycerol. 

Several other factors should also be considered. Accumulation of 

some intermediates ·could inhibit further enzyme synthesis. Lysis in 

glucose-supplemented nutrient broth apparently resulted from .accumula

tion of KDPG due to the absence of KDPG aldolase in 720 and related 

strains (Table V, Table VII, and Table XVIII). Accwnulation of KDPG 

may have caused the extremely low levels of gluconokinase and 6-

phosphogluconate dehydrogenase detected in 720 and 755 (Table XVIII)'. 

The recognition of endogenous induction of MAW-linked GAP dehyc;ltogen

ase in mutants of the 760 group and. 720 group altered conclusions 

regarding its inducibility by various substrates in those mutants 

(Table XV. and Table XVIII). A similar effect may be responsible for 

the uniformly high levels of gluconokinase observed in mutants of .the 

760 group induced with each substrate. The reason for the uniformly 

high levels of glucose 6-phosphate dehydrogenase seen in 755_ but not 

720 was not c.lear but.may also. be a related phenomenon. The fact that 

the endogenous NAW-linked GAP dehyd~ogenase was partially degraded 

duringinduction with gluconate and glycerol illustrated the difficulty 
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in asaig~ing genetic lesions to enzymes whose basal levels were low or 

undetectable in the wild type (gluconokinase, 6-phosphogluconate 

dehydrogenase and NAD+ .. linked GAP dehydrogenase). · In such cases, 

absence of activity could be due either to failure to induce and degra~ 

dation of bas.!!-1 enzyme level!!! or direct inactivation of the gene 

product by the mutation. 

In general, the enzyme data for mutants supported t~e concept that 

the enzymes of direct hexose oxidation are induced by intermediates. 

All mutants except 730 and 736 retained the abi,lity to syntheshe 

glucose dehydrogenase and glucon~te dehydrogenase. In each of these 

strains, with the possible exceptions of 773 and 777, exposure to 

glucose induced glucose dehydrogenase (Tables XIV through XV!Il). 

Glucenate was a poor inducer of gluconate depydrogenase in ~hese 

strains with the exceptions of 720 and 75~. More significantly, expo· 

sure to glycerol induced the highest lE:l.vels of gluconate dehydrogenase 

in these mutants except for .734. :However, a,s noted previously, L- Of.'

glycerophosphate dehydrogenase could not be detected in the extract of 

glycerol-induced 734, These observations were consistent with the view 

. that the enzymes of direct hexose oxida!:ion are responsive to accui:nu

. lated intermediates and that these intermediates were generated from 

glyc:erol a,s well ;:is glucose and g1ucona te. 

It was interesting that exposure to glycerol, which is degr~ded 

via GAP, induced NW-linked GAP dehydrogenase only in 707, 718 and 732 

which were able to grow on glycerol. Disregarding 734 and 736, which 

appeared to be deficient in L- «-glycerophosphate dehydrogenase, expo

sure to glyce:t;'ol failed to incluce this activity in all othel;'.' mutants. 

Furthermore, gluc:ose induction of 732 caused a six-fold increas~ ip 
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Nf.D+·linked GAP dehydrogenase. Inspection of the enzyme prQfile for 

732 showed that there was no way to form GAP frqm g1ucqse under the 

conditions of ;Lnduction, S:Lmilar results were obtained for gl\,1cose

induced 720. Thus, GAP appears to be neither necessary nor sufficient 

for induction of NAot-linked GAP dehydr0genase. 

The assignment of inducer roles to var:Lous metabolites based 

solely on enz:yme data is dubious since enzyme levels do not necessarily 

reflect metabolite concentrations. However, the response of NAP+

linked GAP dehydrogenase to induction by glucose in 720 and 755 de

serves further consideration (Table XVIII), Both strains had similar 

high endogenous levels of this activity in lactate-grown cells. Induc

tion with gluconate or glycerol led to partial degradation of the 

enzyme in bot'):t strains. Induction with glucose caused a two .. fold 

increase of NAD+-Hnked GAJ:l dehydrogenci.se in 720 but merely maintained 

the·endogenous level in 755, The only other difference between th1;1se 

strains was that 720 had very low glucose 6-phosphate dehydrogenase 

under all conditions of induction whereas 755 had very high leveis 

under the same conditions. It seems reasonable that 720 would accumu

late higher levels of glucose 6-phosphate than 755. 'l'hh suggests that 

glucose 6-phospbate is the inducer for NAn+"-linked GAP debydrogenase. 

The available data do not warrant further speculation on the 

identity of the metabolites responsible for induction of specific 

enzymes or groups of enzymes. This problem will require further inves

tigation. Attention should be focused on the roles of glucose 6-

phosphate and 6-ph0sphogluconate dnce intermediates appear to be 

inducers but KDpG is not involved (Table XIV). The intracellular con~ 

centrations of each intermediate should be determined and compared with 
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the enzyme profile under various conditions. The possible activity of 

phosphatases should a,lso be examined. A technique for altering the 

permeability of E_. aerusinosa to phosphorylated compounds has recently 

been reported (Kay and Gronlund, 1969). This may allow direct tests of 

intermediates as inducers. 

Dependence of Glycerol Degradation 
on Glucose Metabolism 

Cowen (1968) established ~hat PA-1 degraded glyceJiol via L- ()(-

glycerophosphate and dihydro~yacetone phosphate to GAP. Glycerol 

kinase and L .. O( .. glycerophosphate dehydrogenase were indµcible anQ., on 

the bash of substrate removal data, the system appeared to be subject 

to catabolite inhibition and possibly catabolite repression by glucose. 

Tsay (1971) demonstrated an inducible transport system for glycerol in 

PA-1. The transport system c:U,d not appear to be repressed by glucose, 

Determination of glycerol kinase and L- OI' -glycerophosphate dehydrogen .. 

ase in extracts indieated that neither was repressed significantly by 

gl\,lCQSa. 

Lessie and Neidhardt (1967a) observed that glycerol induced high 

levels of the main pathway glucose cataboli.c enzyme!3 (glucokinase, 

glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, 

6-phosphoglu~onate dehydrase and KDPG aldolase). The present study has 

confirmed and extended those observations in PA-1 as previously dis-

cussed. However, these results were puzzling since there was no appar-

ent need for auch an arrangeJnent (cf. Figure 2). GAP could be catabo-

lized via the TP pathway and gluconeogenesis and pentose phosphate 

synthesis could proceed via reversal of the EMP sequence and the 

nonoxidative reactions of the HMP pathway, respectively .. However, the 
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facts t::hat glycerol induced the glucose catabolic enzymes and that most 

glucose mutants were also glycerol negative indicated that an obliga

tory dependence of glycerol catabolism on glucose met::abolism might 

exist. Such an arrangement could account for the apparent lac~ of 

catabolite repressio~~ the low levels of glycerol kinase and i-pc .. 

glycerophosphate pehydrogenase in fully induced cells and the slow 

growth of PA•l on glycerol; that is, glycerol catabolism could be under 

a constant stat~ of seH-imposed catabolite repression due to a 1,lnique 

dependence on glucose metabolism. 

Various alternative explanations for the high frequency of glyc

erol negative glucose mutants were considered and subsequently elimi

nated. ~s discussed previously, reversion analysis indicated that 

failure to grow on glucose and glycerol was due to the same defect but 

that growth on glycerol could be restored by a further mutation which 

did not restore growth on glucose (Table VII!). The TP and EMP pat4-

ways were intact; none of the mutants lacked pyruvate kinase (Table 

·XIII). These results led to the conclusion that glycerol catabolism 

does depend on steps in glucose metabolism prior to GAP~ the point at 

which these pathways converge. 

Growth o;f PA .. l on glycerol failed to induce gluconate debydrogen

ase and gluconokinase, indicating that these enzymes were not relevant 

to growth on glycerol (Table X). Arguments have been presented that 

induction of glucose dehydrogenase and glucokinase during growth on 

glycerol was gratuitous, . Neither 6-phosphogluconate dehydrase nor l<DPG 

aldolase was :required for growtp on glycerol (Table XIV). As noted 

above, gly~erol induced NA0+ .. 1inked GAP dehydrogenase only in those 

str11ins able to grow on glycerol (707, 718, and 732) and 
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6-phosphogluconate dehydrogenase activity appeared on1Y dµr:i,ng growth 

on glycerol. Furthermore, the ability to grow on glycerol appeared to 

be limited by the level of 6-phosphogluconate dehydrogenase in 732 

(Table III and Table XIV), . Mutants of the 760 group were dmil.ar to 

those of the 707 groµp except that they faqed to grow on glycerol, 

This was presumably dµe to 6~pbosphogluconate debydrogenase deficiency 

(Table XV). 

The fp1lowing model relating glycerol catabolism to glucose metab

olism can be proposed an the basis of th,e present s t\,ldy, Glycerol is 

degraded to GAP. Although ~ADP+-linked GAP dehydrogenase is present, 

there is a dearth of NADP+ since cells tend to k.eep this pyridine 

nucleotide reduced (Horecker, 1965). Oxidation of NA.DPH was quite slow 

in crude extracts of PA-1. 'l'hus, the NAD+-linked GAP dehydrogenase is 

required for efficient catabolism of GAP. However, this enzyme is not 

induced directly by GAP; induction requires conversion of glycerol to 

glucose 6-phosphate, which induces NAD+-linked GAP dehydrogenase. 

Hexose phosphate does not accumulate in PA-1 due to the presence of 

glucose 6-phosphate dehydrogenai;;e, 6-phosphogluconate dehydrogenase, 

6-phosphogluconate dehydrase and KDPG aldolase. Mutants lacking 6-

phosphogluconate dehydrase or Kl>PG aldolase will accumulate interJnedi

ates unless 6-phosphogluconate dehydrogenase is formed as in the 707 

gro\l.p. Failure to remove accumulated intermediates pres\lmably accol,lnts 

for the inability of mutants containing all other relevant enzymes to 

grow on glycer9l. 

The fact that type I revertants selected on glycerol (and unable 

to grow on glucose) were obtained from such strains suggests that this. 

problem can be overcome by second site mutation. The moc1el predicts 
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several possible mechanisms for restoring growth on glycerol independ

ent of growth on glucose, Synthesis of NAD+-linked GAP dehyd,rogenase 

could become constitutive thus obviating the need for extensive conver

sion of GAP to hexose phosphate. If 6.,phosphogluconate were t;he main 

cause of inhibition, loss of glucose 6-phosphate dehydrogenase would 

permi.t induction of NAD+-linked GAP dehydrogenase a11d prevent acculllula .. 

tion of inhibitor, Mutations altering the control of 6-phosphogluco .. 

nate dehydrogenase synthesis could i;estore sufficient levels of this 

enzyme to dispose of accumulated intermediates. In fact, it is con .. 

ceiv.;i.ble that lllutants of the 707 group are ac t\lally doul>le mutants 

lacking 6-phosphogluconate dehydrase and having altered c;ontrot of 

6-phospho~luconate dehydrogenase. The situation reg.;i.rding 720 and 75~ 

is somewhat different. These strains lacked KDPG aldolase and showed 

trace 6-phospqogluconate dehydrogenase activity fol.lowing induction 

with glycerol (Table XVII:I;). Their ;J;ai,lure to grow on glycerol is 

easily rationalized by the Qeleterious effects of KDPG .;i.ccumulation, 

rhus, type I revertants of these strains selected on glycerol might l>e 

expected to have lost 6·phosphogluconate dehydrase, 

Although the model is speculative, it does make specific predic~ 

tions which can be tested experil1Jentally. ·Enzyme analysis of type l 

glycerol revertants will certainly help to clarify further the rela

tionship between glycerol and glucose metabolism. PA-1 grows rather 

slowly on glycerol and a similar analysis of fast growing mutants 

would also be helpful. 
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The m1.ltants iso1atedand characterized in the present st1.ldY were 

selected for their inability to grow on gl1.lcose, or gluconate in the 

cases of 773 and 777 (Table U, Three pathways diverge from glucose 

and converge at 6-phosphogluconate (cf. Figure 2). Thus, the isolation 

procedure was biased in favor of m1.ltants lacking 6 .. phosphoglucop.ate 

dehydrase and/or K.DPG aldo1ase since a single lesion in ap.y of the 

three convergent Pathways would not prevent growth on glucose or gluco-

nate by an alternate route. :t:t was not surprising then that each 

mutant failed to grow on glucose, glQconate and 2-ketogluconate (Table 

II). This would be expected of; routant;:s lacking either or both of these 

two key ED pathway enzymes. 

The mutants were separated into two groups on the basis of 1ysis 

in glucose-s\1pplemented putriE:mt broth (Table V). Qualitative trans-

duction tests led to precisely the same separation (Table VII). 

Although genetic heterogeneity was evident within these two large 

grol\ps, transduction tests provided little use;fu1 inforroation for sub-

grouping the mutants since the tests were not quant:ttative, The group 

I mutants (nonlysing) were subdivided on the basi~ of growth on gly-

cerol; only strains 707, 718 and 732 were able to grow on glycerol 

(Table III), 

The roost useful information was obtained by enzyme analysis. 

Group I mutants all lacked at least 6-pho~phogluconate deh.ydrase 

(Tables XIV. through XVII). Representative mutants frqm groµp II~ w)lic:h 

is composed of glycerol negative strains exhibiting the lysis phenome-

non, lacked KDPG aldolase (Tal:>lia J<;VII.I). This was consistel;lt with tpe 
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mutant isolation methods and the inability of these strains t<;> grow on 

glucose, gluconate and 2~ketogluconate . 

. Heterogeneity within group l and group ;I:I wa.s apparent upon cam .. 

pa.risop of mutfl.nt enzyme profUes (Tables XIV tht;'ough XVlH). Mutants 

with similar enzyme profiles were placed in the same subgroup (Table 

VII). 

Mutants 707, 718 and 732 lacked 6-phosphogluconate dehydrase; 

6-phosphoglucon~te dehydrogenase was detected only after growth on 

glycerol (Table XIV) .. Mutapts 760, 773, 777 and 728 lacked 6,.pbospho

gluconate dehydrase and 6 .. phosphogluconate dehydrogenase (Table XV). 

Mutants 734 and 738 lacked both these enzymes and also g1uconokina.se 

(Table XVI), Finally, mutants 730 and ]J6 lacked 6-phosphogluconate 

dehydrase, 6-phosphogluconate dehydrogenase, gluccmok.;i.nase, glucose 

dehydrogenase and gluconate dehydrogenase (T.;ibleXVII). However, 730 

and 736 were not identical since 736 was alsc:> impermeable to glucoae 

(Table VI and Figure 9). Within each of these subgroups, differences 

were noted in the mutant enzyme profiles and were presumably related to 

t:he observed genetic heterogeneity within certain subgroups. Thus, the 

mutants o~ group l could be arranged in a series of subgrqups showing 

progressively more complex enzyme lesion patterns. 

Likewise, mutants of group II showed genetic and enzymatic differ

ences. :Mutants 720 a;nd 745 did recombine with other members of the 

group (Table VII). The difference in glucose 6~phosphate dehydrogenase 

levels between 720 and 755 has been noted (Table XVIJ;I). Partial 

enzYlDe analysis o~ 745 revealed high glucose 6·phosphate deliydrogenii!-Se 

similar to 755. 
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The cause of the multiple enzyme lesions observ~d in many group I 

mutants was not entirely cl~ar. As noted previously, the basal levels 

of gluconokinase and 6~phosphogluconate dehydrogenase were very low or 

undetectable in P4-1. The absence of these activities was probably the 

result of a control phenomenon rather than a direct mutational altera

tion of the corresponding structural genes since these mutants also 

lacked 6-phosphogluconate dehydrase and glucose positive revertants 

have been noted tor ea<;:h strain except 730 and 736, This eUminated 

extensive deletion of contiguous structural genes as a possible expla

nation and argued against independent mutations, at least in the case 

of 6·phosphogluconate dehydrogenase, assuming that this enzyme is 

necessary for normal growth on glucose. 

The known mechanisms by which po:i.nt mutations could cause pleio ... 

tropic negative effects include regulator gene mutations generating 

super-repressors in negative control systems o;i; inactive act;ivat:ors in 

positive control systems, promoter mutations and polar structural gene 

· mutat:i.ons. Only the latter two mechanisms require contiguity o',f the 

affected genes since their effects are a consequence of l;:ransci;iption 

and translation of polycistronic mRNA. Since 6-phosphogluconate 

dehydrase and 6·phosphogluconate dehydrogenase did not appear tp be 

coordinately controlled and gluco:n.okinase was clearly subject to a 

different control mechanism (Table X), promoter and polar mutations 

seemed un1ikely as the cause of the pleiotropic deficiencies. · :Promoter 

and regulator gene mutations were also difficult to reconcile with the 

fact that mutants can lack 6-phosphogluconate dehydrogenase or both 

6-phosphoglucona te deh;ydrogemi.se and glµconokinase ~ 
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Epstein and Beckwith (1968) Q.ave noted that frequent isolation of 

pleiotropic negative regulatory mutants is characteristic of positively 

controlled systems. However, it should he noted ~hat sequential induc

tion could lead to similar results. A structural gene lesion which 

prevents formation of the indu.cer of another enzyme or grou.p of enzymes 

would show pleiotropic negative effects. Furthermore, accumulation of 

intermediates preceding an enzyme lesion might repress the synthesis of 

other enzymes. 

Further study will be required to resolve this problem. Growth 

studies and enzyme analysis of revertants selected on several sub

strates spould be undertaken to prove that the pleiotropic effects are 

due to a single point mutation .. Determination of the kinetics of 

induced glucose catabolic enzyme formation might clarify the possible 

roles of intermediates in ind,uction and repression, especially if 

correlated with the intracellular concentrations of the intermediates. 

Further analysis of this system would be greatly facilitated in a 

strain specifically lacking glucose dehydrogenase and gluconate dehy

drogenase since the three convergent pathways would then be independ

ent. However, isolation of such a. mutant poses some difficult selec

tion problems. 

Strains 730 and 736 were apparently deletion mutants.· These 

strains exhibited the moi;t extensive pattern of enzyme lesions as noted 

above. Glucose positive revertants have never been observed for either 

strain, even after NTG mutagenesis in the case of 736 (TableVIII) . 

. Whether or not gluconokinase and 6-phosphoglucona.te dehydrogenase 

were included, in the deletion can not be established from the data 

presently available. ·Enzyme analysis of glycerol positive revertants 
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could de~onstrate that either or both are not. Strains with known 

point mutations in either structural gene were not available fQr trans~ 

duction tests with the deletion mutants. Furthel;'more, such strains 

will probably be difficult to construct due to the non-independence of 

the three convergent pathways. 

Glucose dehydrogenase and gluconate dehydrogenase have been ten.

tatively included in the deletion since the trace activities seen in 

some extracts were probably due to nonspecific endogenous dye reduc

tion. The very close linkage of the corresponding structural genes 

suggested by simultaneous deletion has no significance in terms of 

coordinate control of these enzymes since they were clearly subject to 

different control mechanisms (Table X), It was evident that the 6-

phosphogluconate dehydrase structural gene must have been only par~ 

tially deleted in 730 and 736 since a few tr;;i.nsductants were obtained 

with known 6-phospboglucanate dehydrase mutants (Table VlI). This 

defined one end of the deletion, Strain 730 was permeable to glucose 

whereas 736 was not. Thus, the deletion in 736 was apparent1y more 

extensive than in 730. The glucose permeability marker defined the 

other end of the deletion. 

Therefore, several of the structural genes coding for glucose 

catabolic functions appear~d to be clustered. This was of doubtful 

significance in terms of control since several of the enzymes coded by 

the proposed cluster were not induced coordinately, Furthermore, 

clustering was not complete since the structural genes for 6.

phosphogluconate dehydrase and KDPG aldolase wei;e not linked (Table 

VII). Thus, it can be tentatively concluded that the distribution of 

genes coding for glucose catabolic functions is best described as 



scattered gene c::lusters. This :i,s consistent with the results of 

similar investigations of other pathways in PseudQtllonas (aalloway, 

1969). 

Control of Histidase Synthesis 
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Lessie and Neidhardt (1967b) have shown that histi,dase, urocanase 

and the formiminoglutamate-degrading enzyme, which mediate the first, 

seconc;l and fourtQ. steps of histid:f,.ne catabo~ism, respectivel-Y. are 

inducible and are subject to catabolite repression by a variety of 

substrates including succinate and glucose. Gonvincing eyidence was 

presented that urocanate, the first intermediate, is the true inducer 

rather than histidine. '!'his was recently proved using a histidase 

deficient mutant (Newell and J,.essie, 1970). On the basis of growth and 

substrate removal data, Cowen (1968) concluded that histidine catabo

lism in PA-1 was inducible by either hist:f,.dine or urocanate but was not 

subject to catabqlite inhibition or catabolite repression by glucose, 

In the present study, the control of histidine catabolism in PA~l 

was examined by assaying histidase in whole cells (Table XIX.). H;i.st:l,.

dase was induced during growth on either histidine or urocanate. The 

presence of glucose in the growth medium repressed histidine- and 

urocanate-induced histidase .formation to the same extent, approximately 

75 per cent, The residual histidase level and lack of catabolite 

inhibition by glucose account for the mistaken conclusion that histi

dine catabo1ism in PA-1 was insensitive to catabolite repression . 

. aistidase synthesis was also repressed by other substrates. 

Succi0ate caused the most severe repression of histidase formation 

(85 per cent), The severity of succinate repression ~ay be partially 



due to a sequential feedback inhibition of histidase activity by 

succinate wh:i.ch haf! been described :i.n P, putida (Hug et al,, 1968). - "\ 
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Sµccinate inhibited urocanase which caused urocanate to aqcµmulate from 

histidine via hist:i.dase. The histidase was in turn subject to product 

inhibition by the accumulated urocanate, However, the physiological 

significance of this mechanism in terms of regulation of enzyme syn-

thesis is questionable since urocanate also appears to be the true 

inducer in E_. putida (Wheelis and Stanier, 1970). 

Glucanate repression 0£ histidase synthesis was comparable to that 

exerted by glucose. Catabo1ite repression of hi,stidase by lactate 

afforded an example of a~ exception to the general rule that readily 

uUilized substrates are more repressive .. Lactate was an excellent 

substrate for PA-1 but produced only a mild repression of histidase 

(45 per cent). Glycerol was only weakl~ repressive, as expected from 

its inability to support rapid growth of PA-1. 

Catabol:i.te repression of histidase by glucose and ~luconate in 

PA-1 was fully confirmed in experiments where the differential rate of 

histidase synthesis was determined following addition of glucose or 

gluconate to ceUs growing on histidine (Figure 10). Glucose and gluco

nate repressed the differential rate of histidase synthesis a,ppro~i

mately 70 per cent, based on comparison with the control. It should be 

noted that these experiments were performed under conditions known to 

elicit trC!rnsient repression in !· coli •. No such effect was observed in 

this system. If transient repression depends on rapid entry of th,e 

added substrate and a functional EI of the phosphoenqlpyruvate phospho-

transferase system as suggested by Tyler and Magasanik (1970), then the 

absence of transiel\t revression following addition of glucose or 



140 

gluconate was not surprising since glucose transport is inducible in 

.f.• . a.eru$inosa (Tiwari and Campbell, 1969; Phibbs and Eagon, 1970). 

Furthermore, attempts to demonstrate the phosphoenolpyruvate-dependent 

system in P .. aeruginosa have been unsuccessful (:Phibbs and Eagon, 

1970). 

ln similar experiments, the simultaneous addition of 1 mM cAMP did 

not appear to reHeve catabqlite repression of histidase by glucose or 

gluconate in PA-1. However~ these results can not be considered con

clusive s:i,nce a higher concentration may be required. In addition, 

Pseudomonas may require a treatment to alter the permeability of the 

cells to this cyclic nucleotide (Perlman and Pastan, 196~). In view of 

the central role of cAl-11? in regulation of the synthesis of catabolite 

sensitive enzymes in the enterics, further investigations of cAMP 

e:ffects inPseudomonas should be undertaken, 

During growth studies of the effect of glucose on histidine catab

olism in varipus glucose mutants, it was noted that the severity of the 

inhibition depended on whether or not the cells were induced for histi

dine catabolism prior to exposure to glucose .. Addition of glucose to 

707 cells just beginning to grow on histidine (i.e., induce4) resulted 

in linear growth (Figure 4), .Linear growth was interpreted as result

ing from progressive dilution by cell division of the carbon- and 

ene:rgy-yielding histidine catabolic system due to catabolite repression. 

However,. when uninduced cells were subcultured into a mixture of histi

dine and glucose, a more severe growth inhibition occurred, Mutant 707 

was shown to convert glucose nearly quantitatively to an intermediate 

tentatively identified as gluconate which appeared in the medium 

(Figure~). Gluconate, li~e glucose, caused linear growth of induced 
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707 cells and severe growth inhibition of uninduced 707 cells (Figure 

7). 

These results suggested that glucose and gluconate could exert 

another effect on histidine catabolic enzyme formation in addition to 

catabolite repression and that this was an indirect effect on the 

induction process exerted through prevention of inducer entry. This 

was supported by the observation that very low concentrations of the 

intermediate accumulated from glucose by 707 (gluconate) caused unin~ 

duced 707 cells to experience a growth lag on histidine which was 

proportional to the concentration of intermediate present (Figure 5). 

The fact that subsequent growth was normal indicated that the low con

centration of intermediate had no further effect once induction took 

place. 

The apparent inhibition of histidine transport was most clearly 

demonstrated by comparing the effect of glucose on growth of uninduced 

and induced 736 on histidine. · Strain 736 does not metabolize glucose 

and is impermeable to it, yet growth of uninduced 736 cells in a mix

ture of histidine and glucose was inhibited (Table IV). Therefore, 

glucose must exert a direct effect outside the cell. However, addition 

of glucose to induced 736 cells had essentially no effect on growth on 

histidine (Figure 13a). 

All these data suggest that glucose (or gluconate) can prevent 

entry of histidine in sufficient quantity to bring about rapid induc

tion of histidase in uninduced cells, but does not appreciably affect 

histidine transport in induced cells. These observations may indicate 

that PA-1 possesses two transport systems for histidine, one of which 

is constitutive and functions in transport of histidine at the lower 
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rates required for protein synthesis. A histidine transport system of 

this type which is partially inhibited by glucose has been reported in 

. .§_ •. typhimurium (Ames, 1964). A second transport system, required for 

uptake at rates sufficient to support growth on histidine as the sole 

source of carbon and energy, would be expected to be inducible .. Newell 

and Lessie (1970) have recently demonstrated a histidine transport 

system in citrate grown P. a.eruginosa cells. This system was i~reased 

approximately four-fold by growth on a mixture of citrate and histi

dine. Histidine rather than urocanate apparently induces this addi

tional transport activity since it also occurs in a mutant lacking 

histidase. Inhibition of the constitutive system by glucose would 

prevent or delay accumulation of sufficient histidine to induce a 

transport system not subject to inhibition by glucose. 

Urocanate can be detected spectrophotometrically in the superna

tant from a culture of PA-1 growing on histidine, . This probably 

accounts for the presence of a stimulating factor in the challenged 

filtrate since urocanate appears to be the true inducer in PA-1 (Figure 

6). Thus,. it seems likely that the growth lag described above repre

sents the time required to transport and convert enough histidine to 

urocanate via the basal histidase level to effect induction of the 

histidine catabolic system. 

The identity of the glucose catabolite which serves as effector of 

catabolite repression of histidasewas investigated in glucose·mutants 

with the appropriate enzyme lesions. The effector was presumably an 

intermediatereadily derivable from either glucose or gluconate since 

the two compounds were equally efficient in eliciting catabolite 

repression of histidase in PA-1. . Strains 707, 730 and 736 were 
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selected on the basis of their enzyme lesions and permeability charac

teristics which have been discussed previously. The differential rate 

of histidase synthesis was determined for each strain following addi

tion of glucose or gluconate to cells just beginning to grow on 

histidine. 

Strain 707 was expected to accumulate 6-phosphogluconate and all 

preceding intermediates from glucose; exposure to gluconate should 

allow accumulation of 2=ketoglu.conate, 2-keto-6-phosphogluconate and 

6-phosphogluconate. Addition of either glucose or gluconate caused the 

usual linear growth and repressed the initial differential rate of 

histidase synthesis approximately 65 per cent in 707 growing on histi

dine (Figures lla and llb), This was quite comparable to the 70 per 

cent repression exerted by glucose and gluconate in PA-1. Thus, the 

effector was produced efficiently from either glucose or gluconate in 

707. Possible candidates for the effector role included gluconate, 

2-ketogluconate, 2-keto-6-phosphogluconate and 6-phosphogluconate. 

Strain 730 was expected to accumulate only glucose 6-phosphate and 

6-phosphogluconate (inefficiently) from glucose. Although gluconate 

may permeate these cells, it can not be further metabolized. Addition 

of glucose caused a slight inhibition of growth and repressed the 

differential rate of histidase synthesis 27 per cent in 730 growing on 

histidine; addition of gluconate had no effect on growth or histidase 

synthesis :(Figures 12a and 12b). Thus, the basal enzyme levels of 730 

were able to generate the effector inefficiently from glucose. The 

only intermediate common to 707 and 730 under conditions of catabolite 

repression was 6-phosphogluconate. 
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Strain 736 had the same enzyme profile as 730 but was also impenne

able to glucose and sho4ld not accumulate intermediates from either 

glucose or gluconate. Addition of either glucose or gluconate had no 

ef;l:ect on growth or histidase synthesis in 736 growing on histidine 

(Figures 13a and 13b). 

These results demonstrate that glucose and gluconate must enter 

the cell and be metabolized to effect catabolite repression of histi

dase. The effector of this repression has been tentatively identified 

as 6-phosphogluconate. Further evidence supporting this conclusion 

will require correlation of the intracellular concentration of 6-

phosphogluconate with the degree of repression. As noted previously, 

it may be possible to alter the permeability of the cells sufficiently 

to test the repressive effects of phosphorylated intermediates directly. 

Any possible role of phosphatases should also be examined, Construc

tion of a strain lacking glucose dehydrogenase and glucose 6-phosphate 

dehydrogenase would also allow a definitive test of 6-phosphogluconate 

as the effector. 

Lessie and Neidhardt (1967b) have concluded that the effector of 

catabolite repression of the histidine catabolic system is a nitrogen

ous metabolite closely related to succinate since succinate repression 

was relieved when histidine was the sole nitrogen source. To the 

extent that linear growth reflects catabolite repression, this does 

not appear to be the case in PA-1 since addition of glucose to 707 

growing on histidine as sole carbon, nitrogen and energy source resulted 

in linear growth. However, this should be more thoroughly investigated 

by determining the differential rate of histidase synthesis, ·It is 

conceivable that more than one metabolite can effect repression of 
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histidase synthesis. J:ndeed, mutants 707, 730 and 736 were shown to be 

subject to normal catabolite repression by succinate and lactate (table 

XX). It is not known whether succinate and lactate effect; repression 

via 6-phosphogluconate. The recent isolation of a mutant of PA-1 

tentatively characterized as lacking triose phosphate isomerase (F. 

White, personal communication) may permit resolution of these ques

tions. 

The potential of this system has not been fully exploited in the 

present study. Glucose has been observed to inhibit growth of 707 on 

glycerol. Meganathan (1970) has found that glucose inhibited growth of 

707 on allantoin in a manner similar to glucose inhibition of growth on 

histidine. The inhibition was apparently due to severe repression of 

synthesis of ureidoglycolate synthetase. The severe inhibition of 

growth of 707 on various substrates allows the direct selection of 

relieved mutants which are still glucose negative, This may provide a 

means for isolating control mutants in any pathway subject to glucose 

inhibition in 707 or other glucose mutants. 



CHAPTER V 

. SUMMARY AND CONCLUSIONS 

PA-1 lacked a catabolicall.y functional EMP pathway due to the 

absence of phosphofructokinase. The appropriate enzymes for hexose 

phosphate biosynthesis from phosphoenolpyruvatevia reversal of the TP 

and EMP pathways were present. Pentose phosphate was presumably formed 

from hexose phosphate by reversal of the nonox:idative portion of the 

HMP pathway when 6-phospho&luconate dehydrogenase was not present. 

The enzymes of direct hexose oxidation, glucose dehydrogenase and 

gluconate dehydrogenase, did not appear to play a m.ajor role in the 

catabolism of glucose. Glucose was neither necessary nor sufficient 

for induction of glucose dehydrogenase. Growth on glycerol yielded the 

hi.ghest levels of glucose dehydrogenase. The levels of these enzymes 

in extracts of wild type and mutant cells grown or induced under vari

ous conditions indicated that glucose dehydrogenase and gluconate 

dehydrogenase were induced by different intermediates of glucose 

metabolism. This would be consistent with the view that direct hexose 

oxidation represents a mechanism for continued glucose metabolism under 

conditions where the main pathways are saturated. 

Glucokinase,. glucose 6-phosphate dehydrogenase, gluconoldnase, 

6-phosphogluconate dehydrogenase, 6•phosphogluconate dehydrase~ KOPG 

aldolase and the NAW·linked GAP dehydrogenase were inducible by either 

glucose or gluconate. Glycerol also incluced all these enzymes except 

146 
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gluconoki,nase, There was no evidence of coordinate synthesis within 

this group of enzymes. ·Gratuitous synthesis of $lucokinase during 

growth on g~ycerol and gluconate indi,cated that this enz,:yme may be 

product .. induced; glycerol induction of the glucose catabolic enzymes 

suggested that other main pathway enzymes may also be induced by inter· 

·mediates, 

The presence of two GAP dehydrogenases was demonstrated. · Tbe 

NADP+-linked enzytqe was amphibolic. The NAD+,.linked enzyme was catabo

lic and inducible.by sl.lbstrates degraded at least in part via GAP. 

However,. GAP was neither necessary nor sufficient for induction. 

Enzyme data from two mutants indicated that glucose 6-phosphate may be 

the true inducer, 

The fact that glycerol induced the glucose catabolic enzymes 

suggested that glycerol cata.bolism. may depend on glll,cose metabolism. 

This was supported by the observation that most glucose negative 

mutants were also glycerol negative. Reversion analysis indicated that 

the double defect was due to a singlE;! lesion. Several o;f these s!;rains 

were known to possess the appropriate glycerol catabolic enzymes. 

Neither 6-phosphogluconate dehydrase nor KDPG aldolase was required for 

growth on glycerol. The following model was proposed to explain the 

dependence of glycerol catabolism on glucose metabolism. Glycerol is 

metabolized to GAP but further catabolism reqµirei; the ~.-littked GAP 

dehydrogenase .. This enzyme is induced by glucose 6·phosphate; there• 

fore, glycerol must also be converted to hexose phosphate to effect the 

necessary induction of GA!' dehydrogenase and thus it cpincidentai1y 

induces the glucose cata]Jolic enzymes. 
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All glucose mutants lacked at least 6-phos;phogluconate dehydrase 

or KDPG aldolase as e~pected from their failure to grow on glucose, 

gluconate and 2-ketogluconate. Growth of mutants lacking KDPG aldolase 

on glucose-supplemented nutrient broth resulted in lysis which was 

apparently due to accumulation of KDPG. The reason for the high fre• 

quency of apparent pleiotropic negative mutants was not clear but may 

be related to induction and/or repression by intermediates of glucose 

metabolism. The structural genes for 6 .. ph<;>sphogluconate dehydrase and 

KDPG aldolase were not linked. Based on the enzyme lesions and glucose 

permeability characteristics of two presumptive deletion mutants, the 

structural genes for a component of the glucose transport system, 

glucose dehydrogenase, gluconate dehydrogenase and 6-phosphogluconate 

dehydrase may be clustered. However, such a cluster would pave no 

significance in terms of control of enzyme synthesis since the latter 

three actiV"ities were not synthesized coordinately with eac;h other. 

Histidase was inducible by histidine or urocanate and subject to 

various degrees of catabolite repression by a va+iety of compounds. 

No transient repression of histidase was observed following addition of 

glucose or gluconate to wild type and mutant cells growing on histidine. 

Glucose (and gluconate) appeared to exert a second effect at the trans

port level which interfered with inducer accumulation. Analysis of 

glucose- and gluconate-elicited catabolite repression of histidase in 

PA-1 and selected glucose mutants indicated that glucose and gluconate 

must enter the cells and be metabolized to cause repression; the 

effect0r of this repression was tentatively identified as 6-

phosphogluconate. 
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