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PFPM?ATJON ALﬂ MmTABOLJb OF INTERMEDIATES OF THI.
MﬂHDﬂLATP ATQUAY TN BACTERIUM NCIB 8250

By Alwsdair ‘M. Cook, B.,Sc,

Many. bwcterlw have a very wido mctﬁbolic ver&mtilwty, geuevajly ¢n¢,g:

the fOrm of cmnvargent inducible, catabolic path vays for the enzymic .

dagradatimn Ginarganmc compounds,  The rﬁgulation of these pathwaye is
poorly uhderstoda. Theories on anzyme-reyulatioq are built om the . -

OperOn modol for the COﬂbel of gane expresalon and the ccncepu of

allostcrlc contrcl of enzyme actnvlty, while tho permeability of the celT

membrane has also been censnﬁcred ‘as a poselble locus to-mediate enzymgu :

hyegulatimn.

“The mandelate bathqu of an, Acinetobacter specios,.a soil organism

_known as nactorlum NCIB 82“@ ir Qne defined unlt in a convorwenu; 1&duc;mi<

catabolic mequencs. - ”he GX§erimental wcrk,ﬁevcribeu in th:a-tneais ia

concorned wlith the control of the enzymes convortﬂnﬂ Lumandelwte and henzyl

‘a1c0h03 to catechol in bactorinn NCIB 8250 and specirically with the rolu

of perm@mtlonﬁln‘the contral mechanlsms.
A sensibive r dloch@mlcai assay was developed to me&muro Lho Uullib 1t
of mandelate, benzyl alcnhol or bhenzoate during gfowth of bactorium NCIB gar

in batch culture. An exponential growth cufve vas obpervedfwﬁen olther

bengoate oy benzyl alvohol was the sole sourca of. cwrbon wnu enerry. Growtl

in mandelate—aa]t madium w&u compleh aud invslved the exhaustloa Gl manﬁeﬁa

bofore bho end 0I growth, a tranalent ﬂccnmulat¢on of beng aluehydc amﬂ sub—

" sequont growth on’ o:croted mat@rLaT.

quwth-ln dual~subatrate ‘media was . examined end CeﬁtﬁithQEGQ of the
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A prelovential use of one uub ytrate were observed. The utilisation of
)L mqndelate wars wuppr@ssed Vhen benaﬁéhe, catechol or sBuccinate was present,
| but not when benzyl aleohol was present. Suppression of the utilisation
of bcnzyl aTcoho? un ﬁha presence of mandeiate rourred after a delay,
whmlc beahoat@ auppresued benzyl ]cnhol utiJiuatiQn in cells preinduced
Eto grqwth on benzoate but not in-cells prein&uced to growth on honzyl
.alcbhOTF;: No supprosmion of the vtilisation of benzoate was observed.
Tue use af celjnfroa enzyne assays in the presence ef~bthér*inter-
_mediater showcd that enzyme 1nh1bit:ons were not the cause of thoe sup~
leressieasgnf snbstrate utilisation. In whole cells, the utilisation of

mandelate; benzyl alcohol or benzoate was generally unaffected by other

A - .
* intermediates though catechol and succinate did have inhibito¥y effects

 (about 30%) of unknown origin,

' The‘utilisétionggf ﬁandelate in cells p06$eésing the manﬁeiate
‘énzyﬁes'ﬁasunot inhibited by benzoate, 80 Supprasaion of mgnéélate
‘utlllmatlaﬁ iﬂ the presvnce of benzoate was aseribed to rep&éssién of
: protoln synth981s.‘ At 1oast some part .of the effects of suécinate and

ntechol 3n suppressjng Lho utnlﬂsabjcn of mandelate was alsod ascrived
to repr@ssmon of prote¢n syntheels. The enzyies for the utilisation of

‘benzyl alcohol vere repre&sed'by L-mandelate, but no represgion by benzoat

catachdl or succinaté wag detected, Wo rﬁpr@sszon of benzoate oxildase
Wasdeﬁéctéd; |

A fédiméhémical éssay to méagure very low quantities of intracellular
éboMatic~iﬂtermgdiatea‘was developed, ., A éeﬁerél‘permeahility barrier to
cérbahydréte ie¥e expléiﬁgﬁ to estimate the intracellular water space and

intracellular material'wam‘axpreased‘as a concentration in that same water
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'¢by cells wmthout meandetate dehydregenmsa.,~

'blauk far b@nzyl mlcohol

BPACE .

Varymny degrees of pprnoability narzjnf:to mandem&te weru dioplayed

-ﬁapjd dﬂﬂ&ihﬁ ylatxan 01

\mandelate waa observea ¢n inducod ild typa~ccllu;° Ay indvclb3e mandelatcr

traanO?t sy tem vaa thcrefcrc prOpoued.fﬁ,A hl ghe radloch@mical redg@nh

1reventoa usc ot the dioohemicvl_dsm J uO tudy
tho entry of bevzyl aluohoT 1ntc cells. 1n susgonsionaf‘ Hewmvvr;'an 1n&uc1b1

benzyl alcohoj transpor uygmem was prapaﬁed G! vd;rbgh ovidenae fram

'A 5~owth expcrxment ' benzeatc suppreswed tha Ltl]L wbion o hpnzyi.alcoholl

w a wide raﬂgn of aanGgues of benmoate.= One

‘1n collﬁ preinducad ta Lrowta on henzaat@ wmthaut inhihit¢0n or T@p“@%b*ﬁn-

“in cells prcﬁnﬂucﬁd}ta &rowth on benzyl alcohali - No permeabiixty barrler

1

.te bénmoato itse?f uaﬁ obsorved and no substantJal nnhlbztlnn of tho

: decarboyyl tlon’af-hen oatc by whole cellv was dotocuod Ln thn nwescnca Qf

of th@h@ cgmpounds, p"flvopaﬁ?“

bonzoqte, uas decurbc y?eteé bv Buspomsionm of ceTLm-mnuuced to rrovth on

~benaoatm; Thim dﬁcarbOXJWatian wa totailyfprcv@atad hy thc nro uﬁco of

';béﬁﬁoﬁfei prWuoramenzoata did not panetrate the cell m@mbrnﬂe in Lho

isymtom Was pautulat@d.' e

preaonca Gf honznate. ) Accorddnply, 1 con,t}iutave bon&ﬁ*tc transpowt

e

It thue apyearm that althaugh a permeabil ty uarrmcr can provent
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control at the 1evp1 of vrcteln synthe& ﬂ tﬂat 15 not medixtnd bj an lu«
hibitlon mf trqnapart The gossib1@ relovancﬁ ef the trdnnport mymtema

uhlch have been po tulated in tm3f 0 tnﬂi?w ana thﬁ centvoic, jn t@lM" of

mulbisensihmve, anm~product represglen,‘are dnscuaﬁed;




Permeation and Metabolism
of
Intermediates of the Mandelate Pathway.
in

Bacterium NCIB 8250

by

ALASDATR MACLEOD- COOK

Thesis presented for the degree of
Doctor of Philosophy,

The University of Glasgow.

August, 1971.



ACKNOWLEDGEMENT S.

I am indebted to Professor J.N. Davidson, C.B.E., F.R.S.
for the opportunity to study in this Department of Biochemistry,
and to the Science Research Council who granted financlal
support by the award of a Research Studentship.

It has been my privilege to work with Dr. C.A. Fewson
and I have pleasure in taking this opportunity to thank him
for his guidance, understanding and advice (gladly wolde he
lerne and gladly teche: Chaucer,ca. 1387). I also wish to
thank pr. W.H. Holms and all the members of laboratory C24
for stimulating criticism and advice.

Some of the apparatus and reagents used in this work
were financed by grants to Dr. W.H. Holms and Dr. C.A. Fewson
from the Royal Society, the Medical Research Council and the
Science Research Council.

I wish too to express my gratitude to Mrs. B.M. MacKenzie

who typed this thesis and to the artist, Mr. Ian Ramsden.



ABBREVIATTONS.

The standard abbreviations found in Biochem. J. (1971).
121, 1. are used throughout this thesis. In addition the

following abbreviations are used:

NCIB National Collection of Industrial Bacteria
Cyclic AMP Cyclic adenosine-3',5'-monophosphate

P Specific growth rate.

No Enzyme Commission numbers are given for the enzymes
under study since some of the enzymes have not been assigned
numbers, and recent work has put in doubt the validity of the

Enzyme Commission numbers of some of the other enzymes.
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SUMMARY,

(L The thesis starts with a description of the mandelate

pathway of the Acinetobacter species known as bacterium

NCIB 8250. This pathway is one unit in a convergent,
inducible, catabolic sequence whose regulation is ill-~
understood. Present knowledge of the permeation of
bacterial cell membranes, enzyme regulation and inter-
relationships between these two facets of metabolism is
then summarised.

(2) The experimental work described in the thesis is
concerned with the control of the enzymes converting L-
mandelate and benzyl alcohol to catechol in bacterium
NCIB_8250, and specifically the role of permeation in
the control mechanisms.

(3 A sensitive radiochemical assay was developed to
measure the utilisation of mandelate, benzyl alcohol and
benzoate during growth of bacterium NCIB 8250 in batch
culture. This was based on the decarboxylation of the
140-1abe11ed moiety in the sidechain of [?arboxz—lkd-
mandelate, [éarbinol—lqd‘benzyl alcohol or [barboxz-l4ﬂ_
benzoate. A careful choice of inocula for growth ex-
periments was shown to be necessary to facilitate the
interpretation of data.

An exponential growth curve was observed when either



benzoate or benzyl alcohol was the sole carbon and energy
source. Growth in mandelate~salts medium was complex
and involved the exhaustion of mandelate before the end
of growth; subsequent growth was on excreted material,
including benzaldehyde.

Growth in dual substrate media was examined and cer-
tain cases of the preferential utilisation of one substrate
were observed:

a) in general, mandelate utilisation was suppressed in the
presence 0of a second substrate. This was observed with
inocula both of mandelate—grown cells and of non~induced
cells when benzoate, catechol or succinate was present.
In contrast, benzyl alcohol did not suppress mandelate
utilisation.

b) benzyl alcohol utilisation in cells adapted to bénzyl
alcohol was suppressed by L-mandelate (and/or phenyl-
glyoxylate) dbut only some time after the addition of
mandelate, The onset of suppression coincilded with the
initiation of mandelate utilisation. Cells preadapted
te benzyl alcohol co-utilised benzoate and benzyl alcohol
in dual substrate media, but benzyl alcohol utilisation
was totally suppressed when a benzoate-grown inoculun
was used.

c¢) no suppression of benzoate utilisation was detected in

the presence of catechol or succinate.



(4) Cell-free enzyme assays showed that L.-mandelate
dehydrogenase, phenylglyoxylate carboxy-lyase, the two
benzaldehyde dehydrogenases and benzyl alcohol dehydrogenase
were not inhibited by the DL-mandelate, phenylglyoxylate,
benzaldehyde, benzyl alcohol, benzoate or succinate.

Whole éell decarboxylation of mandelate was unaffected by
benzoate or benzyl alcohol though catechol. and succinate
caused 30% inhibitions. The disappearance of benzyl
alcohol from cell) suspensions was not substantially affected
by benzoate or mandelate, though inhibitions by catechol
and succinate were noted.,
(5) The failure of bacterium NCIB 8250 to assimilate
or dissimilate a number of carbohydrates, including notably
fructose-l, 6é~diphosphate, was interpreted as denoting a
complete permeability barrier to these compounds. This
permeability barrier was demonstrated directly and the
équeous volume from which glucose was excluded was termed
intracellular water and used in subsequent calculations.
(6) A radiochemical assay to measure very low quantities
of intracellular aromatic intermediates was developed,
This involved filtration of samples of cells suspended
in solutions containing radiocactively labelled compounds.
Raw data were first corrected for the radiocactive '"reagent
blanlk'" associated with the filter membrane and then for

material presumably trapped between cells; the net radio-

activity was expressed as a concentration in the intra-
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(8)

(9)
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cellular water space.

Varying degrees of permeability barrier to mandelaté
were displayed by cells without L-mandelate dehydrogenase.
Cells grown on benzoate, for example, showed a very slov
permeation of mandelate which was completely inhibited
in the presence of benzoate. Rapid mandelate decarboxy-
lation was observed in induced wild type cells but no
intracellular mandelate was detected under these conditions.
An inducible mandelate transport system was therefore
proposed.

The filtration assay could not be used when benzyl
alcohol was the substrate, as the radioactive reagent blank
was very high. However, an inducible benzyl alcohol
transport system was proposed on indirect evidence from
growth experiments which showed that the utilisation of
benzyl alcohol was suppressed in benzoate-grown cells in
the presence of benzoate, while co-utilisation of these
two compounds, with no apparent suppression of utili-
sation, was observed in cells preinduced to benzyl alcohol.

No permeability barrier to benzoate itself was 6b-
served, and no substantial inhibition of whole cell ben-
zoate decarboxylation was detected in the presence of a
wide range of substituted benzoatesand analogues of ben-
zoate. One of these compounds, p-fluorobenzoate, was
decarboxylated by benzoate-grown cells, but this de-

carboxylation was totally prevented by the presence of



(10)

(1)

(12)

(13)
(14)

benzoate.  p-Fluorobenzoate did not penetrate the cell
membrane in the presence of benzoate. A constitutive
benzoate transport system was postulated.

The rates of substrate disappearance from cell sus-
pension indicated that inhibition of transport by other
members of the mandelate pathway was generally absent in
induced cells: the utilisation of each substrate was in-
hibvited hoth by catechol and succinate but the locus of
the inhibition has not been established.

Mandelate utilisation in cells possessing the
mandelate enzymes was not inhibited by benzoate, so

suppression of mandelate utilisation during growth in the

presence of benzoate was ascribed to repression of protein

synthesis. At least some part of the effects of succinate

and catechol in suppressing mandelate utilisation during
growth was ascribed to repression of protein synthesis.
The enzymes of benzyl alcohol utilisation were re-

pressed by L-mandelate (and/or phenylglyoxylate), but no

repression by benzoate, catechol or succinate was detected.

No repression of benzoate oxidase was detected.

Although a permeability barrier could prevent enzyme
induction by preventing entry of inducer, the repression
of enzyme synthesis in the mandelate pathway of bacterium
NCIB 8250 is seen to be a control at the level of protein
synthesis and not mediated by an inhibition of transport.

The thesis concludes with a discussion of the control in

X1xX



terms of multisensitive end-product repression (Mandelstam
& Jacoby, 1965) and the possible relevance of the transport

systems which have been postulated in this organism.



INTRODUCTTION,

1. MICROBIAL DISSIMITATION OF AROMATIC COMPPOUNDS,

1, 1. The importance of aromatic commounds.

A vast range of aromatic compounds is synthesised in
the biosphere, ranging from simple compounds like phienylalanine
and coumarins through oestrogens and alkaloids to the ill-defined
polymers such as melanin, tannin and lignin, The plant world
produces the largest quantities and the widest variety of these
aromatic compounds, though an increasing number is being produced
industrially to be used as pesticides, detergents, plastics, etc,.
These latter compounds are frequently halogenated, Completion
of the part of the carbon cycle involving aromatic compounds
falls to microorganisms (e.g. Alexander, 1961; Dagley, 1967;
fivans, 1968; Xearney & Kaufman, 19069), Several bacterial and
fungal species are able to metaboliée a larpge variety of benzenoid
structures either as sources of organic carbon for growth (e.g.
Ribbons, 1965; Dagley, 1967; LEvans, 1968; Dutton & Bvans,
1969) or by co-metabolism with other substrates (e.g. Fewson,
Kennedy & Livingstone, 1968; Jamison , Raymond & Hudson, 1969;
Focht & Alexander, 1971).

The variety of aromatic compounds dissimilated by
‘ different organisms has aroused interest not only in the catabolic

pathways »nd their enzymology but also in the control of the



expression and operation of these pathways. The confrol circuits
are of particular interest because of the complexity of many of
the pathways and because the organisms responsible naturally
occur in that myriad complex of organisms and organic and in-~
organic matter called soil, about which so little is as yet known

at other than a descriptive level.

1. 2, The Moraxella~Acinetobacter group of soil bacteria,
e E e e e S Ty

Members of the Moraxella-Acinetobacter group of bacteria

occur ubiquitously in soil and water (lenderson, 1965; Baumann,
Doudoroff & Stanier, 1968) and often represent a large proportion
of the.bacterial population (Baumanm, 1968)., They appear as
Gram-negative, non-motile rods (ca. 1.5 - 2.5 by 0.9 - 1.5pm)
which charactéristically occur in pairs, The organisms are
catalase~positive, oxidase-negative, obligate aerobeg which are
generally unable to metabolise carbohydrates but which can utilise

a wide varietly of organic compounds as sole sources of carbon,

1. 2. 1. Bacterium NCIB 8250.

Bacterium NCIB 8250 has been placed in the Moraxella-

Acinetobacter group of bacteria by Sebald & Véron (1963), Véron

(1966), Fewson (1967a) and Baumann et al. (1968).,  Experiments
on DNA homologies (Johnson, Anderson & Ordal, 1970) support this
classification. Nevertheless, the nomenclature of the Moraxella-

Acinetobacter group is still the subject of debate and a large
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number of generic names (e.g. Acinetobacter, Herellea, Mima and

Moraxella) and specific names (e.g. calcoaceticus and lwoffi)

are in current use (Baumann et al., 1968). The organism is
therefore always referred to as bacterium NCIB 8250 in this
laboratory.

There has been some confusion ovef the identity of this
organism. Professor W.C. Evans (Department of Biochemisgtry and
Soil Science, University College of North Wales, Bangor) deposited
an organism, which was thought to be Vibrio 01 (Happold & Key,
1932), with the National Collection of Industrial Bacteria where
it was catalogued as number 8250, This organism is now known not
to correspond with the original Vibrio 01 (Fewson, 1967a) and
work subsequent to 1953, even that nominally done with Vibrio 01,
has probably been done with bacterium NCIB 8250 (Fewson, 1967a).

It is not clear when the original strain was lost.

1. 3. Converging catabolic pathways.

The dissimilation of A group of aromatic compounds by
bacterium NCIB 8250 illustrates (Fig.1) the general pattern of
catabolism in this organism which c¢an grow on well over 100
different carbon sources (Fewson, 1967b). Dissimilation is
catalysed by successive, converging pathways of inducible,
catabolic enzymes, For instance the degradation of mandelate

and benzyl alcohol converges on benzaldehyde and further

catabolism converges with that of 2-hydroxybenzoate (Kennedy &



Fig. 1.

FIDXD dIDV JITAXOIHUVIINL

q

VOO-TALIDV + HLVNIDONS

!

V0D-TAdIAVOXO - ¢

|

INOLOVT-TONE ALVdIAVOXO - ¢

/ \

JLVNHOILVDO0LOdd TOHOHLVD = TTONHHd

ALVO NmewNoEmE\ 4/ \ a 4/

-£-AX04dAH-¥ HLVOZNIHAXOHJAH-¥ HLVOZNIHAXOHUJAH-¢ dLVOZNId  HLVTINVHHLNVY

ﬁ

HAXHIATVZNIIAXOUAXHIA-¥ ‘¢ HJAAHAATVZNAL

e S

ALV IHANVIA-1 TTOHOOTV TAZNAIA

0628 9ION WNIFHALOVE NI SAVMHIVd JI'TOGVLANW ONIDHIANOD 40 XYVININAS V



—

Fewson, 1968ab), anthranilate (Fewson, unpublished data) and
phenol (Beveridee & Tall, 1969) atcatechol. Similarly,
protocatechuate is the point of convergence of the 4-hydroxy-,
3y h=dihydroxy- and k-hydroxy-3-methoxybenzoate pathways (Kennedy
& Pewson, 1968ab). After ring cleavage of the two catechols,
the aliphatic manipulations converge onjpnoxoadipate enol-
lactone, the last intermediate specific to the aromatic compounds,
The enol-lactone is converted to)B-oxoadipyl-CoA and cleaved to
succinate and acetyl~CoA. The latter compounds are dis-
similated by the Krebs cycle whose presence is well established
in this organism (Dagley & Walker, 1956).

Convergent catabolic pathways are not unusual, Indeed,
in aerobic organisms conmonly using the Krebs cycle as an
amphibolic pathway (Davis, 1961), all degradative pathways will
converge on that sequence of reactions, Pseudomonads, for
example, also have a wide metabolic versatility (Stanier, Palleroni
& Doqdoroff, 1966) and groups of converging inducible pathways are
well docwmented., Rosenberg & Hegeman (1969) illustrate the
convergence of p-hydroxybenzoate, anthranilate and mandelate

dissimilation in Pseudomonas aeruninosa and Hegeman (1966a) shows

the convergent catabolism of thyﬁroxybenzoate, mandelate and

tryptophan in Pseudomonas putida. On the other hand, the con-

vergent pathways for carbohydrate catabolism in Escherichia coli

do not form families of inducible enzymes in the same way.

Generally a carbohydrate (e.g. galactose,lactose or glycerol) is



channelled by one inducible enzyme system into a constitutive
-pathway, glycolysis,.

Most studies on the control of metabolic pathways
" have centred on induction and repression of enzymes concerned
with carbohydrate metabolism, especially the lac operon of
E. coli (e.g. Jacob & Monod, 1961; de Crombrugghe, Chen,
Anderson, Nissley, Gottesman, Pastan & Perlman, 1971) and on the
repression and inhibition of the divercent, branched-chain

pathways of amino acid biosynthesis in E, coli and Salmonella

typhimurivm (e.g. Cohen, 1965; Datta, 1969). Relatively

little is known of the control systems in operation in convergent,
inducible, catabolic pathways. For this reason, work in this
laboratory has ceﬁtred on ‘the examination of one branched
catabolic unit within the system illustrated in Fig., 1, the

mandelate pathway.

1, 4, The mandelate pathway of bacterium NCIB 8250,

The metabolism of mandelate can be considered in two
parts which are: a) the manipulation of the sidechain and ring
hydroxylation leading to the formation of catechol, and b) the
ring cleavage of catechol and the subsequent metabolism of the
aliphatic compounds formed,

This thesis considers only the control of those enzymes
involved in the manipulation of aromatic intermediates in the

mandelate pathway. The reactions involved in the conversion of
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catechol to B~oxoadipyl~CoA have been studied in Acinetobacter

species by Cénovas, Ornston & Stanier (1967).

1. 4k, 1. Intermediates and enzymes in the mandelate

Pathwaz.

Kennedy & Fewson (1968a) proposed from simultaneous ad—
aptation experiments (Stanier, 1947) that I~mandelate was
oxidised to catechol via phenylplyoxylate, benzaldehyde and
benzoate (Fig. 2); a convergent pathway degraded benzyl alcohol
to catechol via benzaldehyde and benzoate, This formulation
of the pathways was supported by the identification of the
following enzyme activities in cell-free extracts, I~mandelate
~ dehydrogenase, phenylglyoxylate carboxy-lyase, two NADT linked
benzaldehyde dehydrogenases (one heat-stable, one heat-labile),
benzyl alcohol dehydrogenase and catechol oxygenase (Kennedy
& Fewson, 1968b) and benzoate oxidase (Fewson, Livingstone &
Roach, 1970). I~mandelate dehydrogénase was shown to be
particulate (Kennedy & Fewson, 1968b) while the other enzymes
with the exception of benzoate oxidase, are known to be soluble
(Kennedy & Fewson, 1968b). Definitive proof of the_existence
of two benzaldehyde dehydrogenases was provided by Kennedy (1970)
when he purified the two enzymes,

The enzymes involved in the oxidation of I~mandelate and
benzyl alcohol to benzoate are relatively non-specific as regards

substituents on the aromatic ring (Kennedy & Fewson, 1968a),
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The 2~, 3= and 4- hydroxy- and i4-hydroxy-3-methoxy- derivatives
of any one compound are all metabolised by the one enzyme, On
the other hand, the catabolism of each hydroxy-substituted
benzoate is catalysed by a specific oxidase, Some compounds,
for example the 3-~hydroxy-~derivatives, are metabolised no further
than the corresponding benzoate because there is no suitable

oxidase,

1, 4, 2, Regulation of the mandelate pathway,

Kennedy & Fewson (1968ap) found that groups of enzymes
in the mandelate pathway were induced coordinately (Table 1),
A coordinately controlled group of enzymes was considered to be
under the genetic control of one regulon. A regulon (Maas &
Clark, 1964) ig a system of enzyme-~forming units which responds
to a repressor, The term was propounded by Maas & Clark (196%)
when they determined that the genes coding the enzymes of
arginine biosynthesis in 5i, coli, though controlled by a common
repressor, were arranged in at least four operons. An operon is
a cluster of genes, transcribed as a unit and regulated together
(Jacob & Monod, 1961). The existence of an operon (e.g. the
lac operon of E, coli, Jacob & Monod, 1961) requires genetic
proof and as the genophore (Maas &‘McFall, 1964) of bacterium
NCIB 8250 has not been studied, the less rigorous definition,
regulon is employed for coordinately controlled genes in this

organism,
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Table 1.

The pattern of the syntheses of the mandelate pathway enzymes

observed in bacteriuwn NCIR 8250

Table *; 1670
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Jacles 1

and 2 and Fig. 1).
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I~Mandelate dehydrogenase, phenylglyoxylate carboxy-—
lyase and the stable benzaldehyde dehydrogenase were designated
regulon Ri (Fige 3). Although low levels of benzyl alcohol
dehydrogenase and the heat-~labile benzaldehyde dehydrogenase
were detected during growth on mandelate or phenylglyoxylate
(Table 1), Kennedy & Fewson (1968a) rejected the possibility
that mandelate was metabolised via benzyl alcohol because
benzyl alcohol supports a higher molar growth yield (Bauchop
& BElsden, 1960) than does mandelate, TFurthermore, mutant
strains lacking benzyl alcohol dehydrogenase are able to grow
normally on I-mandelate or phenylglyoxylate (Livingstone & Fewson
unpublished data). Benzyl glcohol dehydrogenase and the heat-
labile benzaldehyde dehydrogenase were dgsignated regulon RQ.A
Benzoate oxidase was assigned to regulon R3 and catechol
oxygenase comprises regulon Rh'

Livingstone (1970) has confirmed these regulatory
groupings by studying the kinetics of induction of the various
enzymes in the wild type organism and in blocked mutants,
Different inducers for each regulon of the pathway were used
during growth in glutamate~salts medium. The data were
expressed as "P-values" (Monod, Papenheiner & Cohen-Bazire,
1952), the pgradient of the graph of increase in enzyme units/ml
culture against increase in bacterial protein/ml culture, and

the correlation between the P-values for the induction of one

enzyme and the P-values for the induction of the other enzymes
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was used as a tes£ for coordinacy.

Livingstone (1970) also determined that the probable
inducer of regulon R1 is phenylglyoxylate (Livingston & Fewson,
1971)., Both benzyl alcohol and benzaldehyde serve as inducers
of regulon R2 (Livingstone & Fewson, unpublished data). Regulon
R3 is believed to be induced by benzoate (Livingstone, 1970).
Farr & Cain (1968) have demonstfated that catechol oxygenase is
induced by eis-cis-muconate although the resultis of Beveridge &

S~

Tall (1969) suggest that this is not exclusive,

1. 5 Mandelate pathwajs in other organisms,

Mandelate can be used as the sole source of carbon and

energy by a few bacteria belonging to the genus Pseudomonas

(Stanier et al, 1966) or to the genus Acinetobacter (Baumann

et al., 1968) while the fungus Aspergillus niger has also been

shown to metabolise mandelate (Jamaluddin, Subba Rao & Vaidyanathan,
1970).  The fungal mandelate pathway (Jamaluddin et al., 1970)

and that of P. aeruginosa (Rosenberg & Hegeman, 1969) have been

defined, but by far the most studied mandelate pathway is that in

P, putida (ATCC 12633, also Lnown as P, fluorescens A. 3. 12

(Stanier et al., 1966)) (Pig. &).

The degradation of mandelate to catechol in P. putida
was proposed by Stanier (1947, 1948) and Sleeper & Stanier (1950)
and verified by Stanier, Gunsalus & Gunsalus (Gunsalus, Stanier &

Gunsalus, 1953%; Gunsalus, Guansalus & Stanier, 1953: Stanier,
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Gunsalus & Gunsalus, 1953) and Sleeper (1951). The oxidation
of benzyl aléohol via. benzaldehyde and benzoate was proposed by
Stanier (1948) but the enzymes involved in the production of
catechol from benzyl alcohol have not been detected (Hegeman,
1966a). Little further work has been done, presumably because
benzyl alcohol supports only very slow growth in P. putida
(Pewson, personal conmunication). However, during growth in
benzaldehyde-salts medium, Stevenson & Mandelstam (1965)
suspected the presence of a benzaldehyde dehydrogenase which was
distinet from those in the mandelate group of enzymes.,
Stevenson & Mandelstam (1965) were unable to detect this enzyme
in cell-free extracts but Fewson (personal communication) has
detected a very labile benzaldehyde~dehydrogenase activity in
cell extracts of P, putida grown in benzaldehyde-salts medium,
While this evidence may be interpreted in support of convergent
mandelate and benzyl alcohol degradation in P, putida, and
benzyl alcohol dehydrogenase activity has been observed in a

Pseudomonas species (Katagiri, Takemori, Nakazawa, Suzuki &

Akagi, 1967) Claus & Walker (1964) working on an unidentified
pseudomonad suggested that benzyl alcohol was catabolised bf a
different and unidentified pathway.

The induction of the enzymes of mandelate degradation
in P, putida (Fig. 4) has been studied by Stanier, Hegeman &
Ornston (1965), Hegeman (1966 ap;) and Ornston (1966). Hegeman

(1966a) offered evidence that under the conditions of his
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experiments there was no catabolite repression (see p. 36). Also,
a mutant strain of P, putida lacking Il-mandelate dehydrogenase but
containing the racemase did not concentrate mandelate within the
cell and mandelate apparently entered induced and non-induced cells
with equal facility (Hegeman, 196Gb),

In contrast to the work of Hegeman {1966a), but under
different conditions, Mandelstam & Jacoby (1965) and Stevenson
& Mandelstam (1965) reported catabolite repression of the
enzymes of mandelate dissimilation, The latter authors described
the phenomencn as "multisensitive, end-product repression', Fig. k4.
The repression was not mediated by an amphibolic intermediate
because blocked mutants also displayed repression.. The best
. example of this was in a mutant lacking benzoate oxidase in which
the presence of benzoate caused repression of the synthesis of
the enzymes of the preceeding regulon (Mandelstam & Jacoby, 1965).

Mandelstam & Jacoby (1965) were unable to aseribe any
locus to these effects, and sugpgested that they were either at
the level of transport of inducer into the cell or at the level
of protein synthesis., In view of the failure to detect a
permease for mandelate (reported by Hegeman, 1966b), Mandelstam
concluded that repression 6perated at the level of enzyme
formation (Stevenson & Mandelstam, 1965),

Despite the possible contradictions between Hegeman's

results and those of Mandelstam, the control sitwations observed



in the mandelate pathway of P, putida do provide a precedent and a

-

stimulus to examine the control systems operating in the mandelate
pathway of bacterium NCIB 8250, Since the repgulatory patterns of
induction are quite different in the mandelate mthways of the vorious

bacteria so far examined, even in different srecies of Pseudomonas

(egeman, 1966 a,b,c; Rosenberz & liegeman, 1969), it seems not
unlikely that other aspects of control may be quite different in
different organisms even though the chemical nature of the
intermediates of the pathways are identical. The known types of
bacterial conirol system are reviewed in more detail in the

next section in order +to rrovide a formal bhackground to the

experimental work described in this thesis.

2. Permeation and enzyme repulation,

Szent-Gyorgi (1966) used the guotation "A drug is a
substance which, injected into an animal, produces a paper.",
This thought applies equally well to bacterial transport systems
where cataloguing is well in advance of understanding, It is
perhaps naive to expect to understand comnletely any system
embodied in the cell membr-ne when the membrane itsell is so
poorly defined., However, specific permeation of the cell
membrane is an integral part of cell function and there is
preliminary evidence, discussed in the following sections, which
suggests that nermeation may often be an immortant locus for the

control of cell metabolism,



2. 1. Permeability of the cell membrane,

A semi-permeable cell membrane was first postulated
because of the behaviour of animal and plant cells under varying
osmotic conditions (described in e.g. lLoewy & Siekewitz, 1969),
Stein (1967) has reviewed the nature and extent of passive
diffusion across cell membranes and concluded:

"a) diffusion within the membrane ... results in a 100~ to 1000-
fold reduction of transfer rate in comparison with an equivalent
thickness (50 &) of water, however,

b) to enter the membrane, each hydrogen~bonding acceptor or donor
group that the permeant molecule makes with the water molecules of
the aqueous phase has to be broken, a step which lowers the trans-—
fer rate'by a further 6- to 10-fold, and,

¢) +.. each bare ~CHy— group in the permeant will increase the
transfer rate by some twofold." |

To exploit this permeability barrier, therefore, a cell
requires specific translocation systems in the membrane to permit,
for example, the entry of nutrients. The permeability properties
of the bacterial cell are a function of the membrane alone;
the wall is freely penetrated by most small molecules (e.g.
Mandelstam & McGuillen, 1968)., To date, three gemeral types
of translocation across the bacterial cell membrane have been
recognised (e.g. Kaback, 1970); facilitated diffusion, active
transport and group translocation. Bulk transport does not'

exist in bacteria (e.g. Loewy & Siekewitz, 1969).
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2. 1. 1. Facilitated diffusion.

Facilitated diffusion systems operate on an existing
clectrochemical gradient of the permeant and lead to the
disappearance of the gradient. The permeant has the same
chemical identity on both sides of the membrane. These systems
require no further input of free energy, except -~ in the long
term view -~ for that required to maintain the structure of the
cell membrane, a criterion which excludes active transport
systems (Stein, 1967).

Facilitated diffusion systems per se are very poorly
documented‘in bacteria, Possibly the best known is that for
glycerol translocation in H. coli (Sanno, Wilson & Lin, 1968).
The evidence is that the intracelluvlar glycerol concentration
never exceeds the extracellular concentration in mutant strains
deficient in glycerol kinase, and that glycerol enters induced
cells of the mutants very much more rapidly than it enters non-
induced cells. Intracellular glyvcerol is converted to L- -
glycerophosphate by an ATP-dependent kinase, thus maintaining
the concentration gradient of glycerol across the cell membrane.

Much more extensive studies on facilitated diffusion
have been done in eukaryotic cells, notably glucose transvort
in erythrocytes (e.g. Wilbrandt & Rosenberg, 1961). Substrate
specificity, saturation kineties, competitive inhibition by

chemical analogues and non-competitive inhibition by enzyme



poisons have been observed. Perhaps the bhest experimental
confirmation of this facilitated diffusion system was the
"counterflow" experiment (Widdas, 1952) first reported by

Park, Pést, Kalman, Wright, Johnson & Morgan (1956). To an
erythrocyte suspension preloaded with xylose, a high concentration
of glucose was added, Glucose has a high affinity for the
carrier. A transient net movement of xylose out of the cell
against a concentration gradient was noted, This behaviour is
the result of the inhibition of influx of xylose by the presence
of glucose, with little or no effect on efflux,

More recent data have allowed Lieb & Stein (1971) to
propose an elegant model for the facilitated diffusion of glucose
- in the erythrocyte. Nonetheless, the reaction mechanism of
this transport system is unkmown and this dearth of detail
concerning molecular behaviour within the membrane is common to

all transport mechanisms.,

2, 1. 2, Active transport.

In active transport, the permeant is accumuiated inside
the cell against an electrochemical gradient, and has the same
chemical identity on both sides of the membrane, |

The accumulation of amino acids against a concentration
gradient has been recognised for many years (e.g. Gale, 1947;
Céhen & Rickenberg, 1956; Britten & McClure, 1962; Kay &

Gronlund , 1971) but as yet little detail has become apparent,



The systems may be oligomeric., Anraku, (1968 a,b,c) studied
the release of a leucine binding protein from E. coli under
conditions of osmotic shock, and found that the restoration of
leucine transport required amother protein component also
released into the shock fluid, The second protein did not
bind leucine. Ames & Lever (1970) have found the histidine

transport system of Salmonella typhimurium to be oligomeric and

Wilson & folden (1969) have found different components in the
arginine transport system of T, coli,

Several ions are subject to active transport across
the bactefial cell membrane (c.g. Lin, 1970). Largely because

of genetic evidence both sulphate transport into Salmonella

typhimurium and potassium transport into 3, coli are thought to

be catalysed by oligomeric structures,

The oligomeric nature of these uptake systems leads to
the idea that active transport is in fact an extension of the
facilitated diffusion system by the inclusion of an energy
coupling systém (e.g. Coken & Monod, 1957; Koch, 1964; Winkler
& Wilson, 1966; Xaback, 1970) |

The most studied active transport system in bacteria is
assuredly the lac permease of B, coli, Though the permease gene
product, the M-protein, has been isolated (Fox & Kennedy, 1965
Fox, Carter & Kennedy, 1967) it no longer binds its substrate,
The lac permease system has been shown to consist of at least two

mechanisms, a facilitated diffusion system and an enexrgy coupling



system (Koch, 1964; Winkler & Wiltson, 1966; Wong & Wilson,

1970). In the presence of energy poison, a facilitated diffusion
system operates as shown by counterflow experiments, while the
presence of this energy poisoned entry system increases the

rate of entry of lactose hy 1,600 ~ to 10,000 ~fold over the rate
due to passive diffusion (Winkler & Wilson, 1966).  Energy
coupling in this system principally alters the affinity of substrate
for carrier on the inside of the membrane (Winkler & Wilson, 1966)
without changing the number of operative carriers. A mutant
strain with a partly defective energy coupling system has been
isolated (Wong, Kashlset & Wilson, 1970). It is not yet lmown
whether this mutation maps in the lac y-gene, thus there is no
evidence to indicate whether the lac permease is a single

protein or an oligomeric structure. VWhatever the protein com~
plement of the transport system the membrane in which it is mounted
must be correctly constituted (e.g. Wilson & Fox, 1971).

ATP was originally suggested aé the energy source for
galactoside accumulation (Scarborough, Rumley & Kennedy, 1968) but
the interpretation of these experiments has been challenged by
West (1969). DMore recently Barnes & Kaback (1970) have suggested
that redox energy was utilised directly as a source of energy and
West (1970) has shown that the influx of lactose is coupled to
a flow of protons. West (1970) interpreted this in terms of
the Mitchell hypothesis of chemiosmotic coupling in energy

production (e.g. Mitchell, 1966) and this would be consistent with



the less explicit conclusions of Kepes (1971).

In other active transport systems different modes of
energy coupling are employed. Okada & Halvorson (1964) found
that energy coupling is ggnetically distinct from the facili{ated

diffusion of thioethylglucoside in Saccharomyces cerevisiae and

gave evidence that energy coupling increased the affinity of
the substrate for the carrier om the ouwtside of the membrane,
In certain animal cells the immediate source of energy for the
active transport of amino acids and sugars appears to be-the
sodium ion concentration gradient (e.g. Stein, 1967),

Active transport thus appears as a lranslocation complex
that may be oligomeric and depends on membrane structure for
proper function, The complex contains a facilitated diffusion
component which is coupled directly or indirectly to metabolic

energy to concentrate material inside the cell,

2, 1. 3. Group translocation.

Group translocation is a transport system in which the
permeant is chemically modified as an integrél part of the
transport process, The best known example of this and, indeed,
the best characterised transport phenomenon in bacteria is the
vectorial phosphorylation of sugars in the phosphoenolpyruvate-
phosphotransferase system,

Kundig, Ghosh & Roseman (1964) reported the following



‘system for the phosphorylation of sugars in ¥, coli:

HPr + phosphoenolpyruvate B I + Mg++ P-HPr + pyruvate

\
_ Ly
P-HPr + sugar BII + Mg++ sugar-P + Hpr
\
4

sugar + phosphoenolpyruvate B X, B II, Mg++ sugar-P + pyruvate
N
”

HPr refers to a constitutively synthesised, cytoplasmic, low
molecular weight, heat-stable protein which is phosphorylated on
a histidine residue by E I, a constitutive, cytoplasmic enzyme,
at the expense of phosphoenolpyruvate. The phosphorylated,
heat~gtable protein acts as the phosphate donor to the sugar in
a reaction catalysed by E II. E II is the generic term for a
group of membrane-bound enzymes, Iach sugar transported has

its own specific E IT, C(Certain B II's are constitutive, for
example that for glucose, while others are inducible, for example
that for mannose. In addition to the proteinsg of known function,
further components have been found under»different conditions

in different organisms (reviewed by e.g. Roseman, 1969; Kaback,
1970). Some sugars are subject to dephosphorylation inside the
cell (Kundig, Kundig,inderson & Roseman, 19665 Gachelin, 1970)
but the importance of this effect is not known.

The phosphoenolpyruvate-phosnhotransferase system has
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been found in a wide range of facultative and@erobes, Dbut not
in strict aerobes (Xomano, Erberhard, Dingle & McDowell, 1970).
The range of sugars transported by this system varies in
different organisms. Lactose, for example, is transported by

vectorial phosphorylation in Staphylococcus aureus (Hengstenberg,

Egan & Morse, 1967) while the possibility that galactosides are
accunulated by vectorial phosphoryltion in E. coli (Kundig et al.,
1966) has been eliminated by Pastan & Perlman (1969) and Rarnes

& Kaback (1970). Hengstenberg et al., (1967) found that
lactose, maltose, sucrose, galactose, mannitol, trehalose,
fructose, mannose, melizitose_and ribose wexre ﬁot utilised in

mutant strains of Staphylococcus aureus lacking parts of the

vectorial phosphorylation system, Whether all these compounds
are transported by this system is open to doubt as similar
mutant strains of L. coli are unable to grow on lactose Qr
glycerol under normal conditions (Kundig et al., 19663 Wang &
Morse, 1968) though lactose tramsport is active and glycerol
enters the cell by facilitated diffusion.,

Kaback (1970) has emphasised that the passive
diffusion of free suéars and of sugar phosphates across pre-
parations of cell membraﬁes are, in practice, very similar.

The phosphorylation involved in translocation is thus not a
trapping mechanism (e.g. Gachelin & Kepes, 1970) but a mechanism
of transport, Kaback (1970) points out that vectorial

phosphorylation need not be the unique group translocation, and
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he visualises vectorial acetylation as a plausible transport

system,

Several different types of transport system have been
identified, Vexry little is lmown of the actual mechanism of transport
within the membrane, but some lmowledge of the nature and role of the
frankly enzymic ancillary systems is being acquired in the more
complex transport systems, ¥ach system consigsts of one or more
‘proteins and that system is essential if the permeant is‘to enter the
cell at a useful rate. 1In the absence of a suitable transport system
the cell membrane varies from being relatively permeable to a permeant
lilke glycerol to being highly impermeable to a permeant like lactose.

The study of transport presents an awkward problem,
Classically, biochemistry has involved the stripning of a given
system to its individual components, analysing each component
and then reconstituting the system with known units, However,
to destroy a membrane is to destroy the basis on which transport
depends, and the membrane structure would have to be understood
in detail to give reconstruction experiments any validity. 1In
addition, facilitated diffusion and active transport have no
chemical effect on the permeant, so an analysis of chemical
mechanisms in vitro would presgent problems. The observer is thus
forced to anaiyse a complex unit in operation. Consequently,
data must be examined most carefully before conclusions are

drawn, and this is well illustrated both in the controversy over



the nature of the lactose {ransport system in H. coli (see p. 25)

and over the identity of the energy source for the same system

(p. 22)

2. 2, Iinzyme regulation.

Current understanding of the regulation of bacterial
enzymes stems directly frém the work and inspiration of Jacob &
Monod (1961) and Monod, Changeux & Jacob (1963).  The basic
concept is startlingly simple; small molecules may modulate
the activities of proteins, These modulations occur at two
organisational levels in the cell, to control eﬁzyme activity
and to regulate gene expression. As with all cellular
activities, these control circuwits represent only one facet of
the dynaﬁics of metabolism in which the controlling small
molecules are themselves subject to manipulation by the systems
they control, Tor this reason, strict division of allosteric
(Monoa et al., 1963) controls into ﬁmetabolic" and "genetic"
subdivisions is arbitrary because they represent different

parts of one spectrum,

2, 2, 1, Modulation of enzyme activity,

The first allosteric effect to be identified in bacteria

was feedback inhibition in isoleucine biosynthesis in B, coli

(Umbarger, 1956). Since then feedback inhibition has been
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observed in a large number of anabolic pathways (reviews by e.g.
Umbarger, 1961; Cohen, 1965; Atkinson, 1969; Datta, 1969).
Indeed, several forms of feedback inhibition have been identified
depending on the enzymic complement of the pathway.,  The
gimplest form is seen in a linear pathway, for example histidine
biosynthesis, where the first enzyme in the pathway is inhibited
by histidine, the end product (Ames, Martin & Garry, 1961)., In
divergent, branch-chain, biosynthetic pathways, more complex
controls are found to allow economic use of different branches
at different rates; the systems have been reviewved (e.g. Datta,
1969) and, in addition to feedback inhibition of the first
committed step, these include:

a) synthesis of isofunctional enzymes at the first reaction in
the pathway with each enzyme under the control of a different
end product;

b) concerted feedback inhibition, which requires two or more

end products to achieve inhibition,.and,

c) cooperative feedback inhibition in which the inhibition of
the common enzyme is greater in the presence of a mixture of end
products than in the presence of a single end nroduct,

Within the generally divergent biosynthetic pathways.there are
elements of convergence, for example methionine biosynthesis

involves the methylation of homoeysteine by a specific fraction

of the tetrahydrofolate pool, 1In Neurospora crassa these




convergent pathways are synchronised by feedback inhibition
controls on both convergent paths and a cross-pathway activation
by the specific methyltetrahydrofolate (Selhub, Savin, Sakami &
Flavin, 1971).

The activity of amphibolic enzymes is subject to a much
more extensive and highly sophisticated series of modulations
than observed in anabolic enzymes (e.g. Atkinson, 1969: Sanwal,
1970),  This reflects the critical importance of the balance
between chammelling intermediates to anabolic pathways and to
enerpgy production, The complexity probably also arises from
the lack of compartmentation within %he bacterial cell as
compared to the eukaryotic cell, and the wide range of carbon
sources utilised by the organisms studied,

Both activations and inhibitions of enzyme activity
are known in amphibolic pathways. Sanwal (1970) concludes that
amphibolic pathways consist of critical junctions joined by
paths which can be examined both individually and as an integrated
whole, Feedback inhibition of the first conmitted step in a
path is seen, as well as feedforward activation to indicate the
supply of precursor., To complement these moduvlations, controls
indicative of the energy charge of the cell are superimposed,
Where paths converge, notably in and around the Krebs c¢ycle, yet
another control may be required and NADH serves as such an
effector in enteric forms (Sanwal, 1970).

The modulation of activity of catabolic pathway enzymes



is less well documented than that of anabolic and amphibolic
pathways. Indeed, during growlth on a single carbon source

there might be little advantage in reducing the supply of nutrient,
as bacteria generally grow at the maximum possible rate in a
given condition. Hegeman (1966c), for example, could find

no evidence of feedback interactions by pathwvay intermediates on
the mandelate enzymes of P.putida, but Sanwal (1970) quotes
several cases in which the activity of the first enzyme of
several amino acid degradative pathways was subject to modulation
by the energy eharge of the cell, It would be interesting to
see whether pathways for growth substrates metabolised
exclusively via the amphibolic pathways are also subject to
modulation by energy charge,

In both anabolic and amphibolic pathways, the first
committed step in a reaction sequence is subject to modulation,
In a catabolic pathway, the first committed step might be entry
into the cell, and certainly a pathway with an active transport
system would be most economically controlled at the level of
transport while a facilitated diffusion system could be effectively
controlled at the level eithexr of transport or of the first
metabolic enzyme,

Feedback inhibition of transport has been recorded.
Crabeel & Grenson (1970) have demonstrated that in the yéast

Saccharomyces cerevisiae histidine uptake is subject to product

inhibition by internal histidine. Kaback (1970) bas found that



the phosphoenolpyruvate~phosphotransferase system in isolated
membranes of E. coli is subject to rigorous control. At least
“two iﬁhibitory sites in the membrane regulate the transport of
glucose and related sugars, one for glucose-l-phosphate

and related -l-phosphate esters (feedback inhibition) and

one for glucose —-6-phosphate and related -6-phosphate esters
(product inhibition). The sites are separate, distinct,
ﬁnder independent control and antagonistic to one another.
.Product or feedback inhibition has been cited in other systenms,

for example, in sulphate transport in Salmonella tyvhimurium the

approach to equilibrium by overshoot has been attributed to
feedback inhibition by 3'—ﬁhosphoadenosine-5'-phosphosulphate
(Dreyfuss & Pardee, 1966). Control of a facilitated diffusion
system at the level of the first catabolic enzyme is known;
glycerol uptake into E. coli may be controlled at the level of
glycerol kinase which is subject to inhibition by fructose-1,
6-diphosphate (Zwaig & Lin, 1966).

During growth on two carbon sources, interactions at or
close to the level of transport have been detected in some cases.
On the one hand, McGinnis & Paigen (1969) have concluded that
E. coli has a general regulatory mechanism, to be termed
catabolite inhibition, which controls the activity of early
reactions in carbohydrate catabolism allowing certain substrates

to be used preferentially,. In contrast, Clarke & Brammar

(1964), working on the amidase system of P. aeruginosa, found no
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inhibition of uptake 0f>gratuitous inducer in the presence of a
growth substrate (succinate) which does cause repression of
amidase synthesis,

McGinnis & Paigen (1969) observed catabolite inhibition
in E. coli growing exponentially in medium with radioactive
g#lactose or lactose as the soie carbon source when glucose was
added to the culture, A 60% inhibition in the rate of
utilisation of the radioactive compound was noted, The inhibition
was completely abolished on the removal of glucose. In the cases
of galactose and lactose, work with mutant strains showed the
effect to be exerted either on tramsport or on the first catabolic
enzyme, Glucose has been shown to inhibit the transport of
galactose (Horecker, Thomas & Monod, 1960) and galactosides (e.g.
Kessler & Rickenberg, 1963; Winkler & Wilson, 1967) in cell
sugpenaions of E. coli. It is likely that catabolite inhibition
is effective at the level of transport in these cases. Catabolite
inhibitioﬁ of the utilisation of maltose, mannose, arabinose,
xylose and glycerol was also noted (McGinnis & Paigen, 1969).

In the case of glycerol, it is possible that utilisation is subject

to control at the level of the first enzyme because glycerol kinase is
subject o inhibition by fructose - 1, 6 - diphosphate (Zwaig &

Lin, 1966), although the modulator of catabolite inhibition is not
yet known. The utilisation of glucose is itself subject to
inhibition by glucose - 6 - phosphate and this may be a

verification in whole cells of the inhibition of glucose transport
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in isolated membrane vesicles (Kaback, 1970).

The enzymes of catabolic pathways seem to be subject
to very few modulations, especially when .a single carbon source
is being utilised. However, when more than one carbon source
is available enzyme inhibitions early in the catabolic pathway
may operate in certain organisms te allow preferential use of

one carbon source,

2. 2, 2., Regulation of pene exnression,

Studies on the regulation of gene expression in bacteria
have centred on the operon model (Jacob & Monod, 1961) for the
control of the lac region of E. coli. The model proposed
negative control of gene expression at the level of transcription
by means of a cytoplasmic repressor. The repressor was coded
by one regulatory gene (i) and bound to another regulatory site
(25 operator) which was contiguous with the structural genes
coding enzymes P-galactosidase, B-galactoside permease aud
thiogalactoside transacetylase. The presence of inducer removed
the repressor from the operator thus allowing transcription and
consequently protein synthesis,

This theory was verified hy isolation of the repressor
(.Gilbert & Milller-Itill, 1966), a protein containing no detectable
nucleic acid (Rizgs & Bourgeois, 1968).  The repressor hound

specifically to the lac operator and was released by inducer
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(Gilbert & Miller-lill, 1967; Rigas, Suzuki & Bourgeois, 1970).

The repressor (irgene product) is not the only protein
regulating transcription of the lac operon. Another protein,
the cyclic AMP receptor protein (de Crombrugghe et al,, 1971)
must be bound to DNA in the p-region, which is contiguous with
g_but distal to the structural genes (Ippen, Miller, Scaife &
Beckwith, 1968), for the correct binding of RNA polymerase,
Regulated, cell-free transcription of lac miNA proceeds only in
the presence of cyclic AMP, to cause binding of the receptor
protein to DNA, and of in&ucér, to remove the lac repressor
from the operator (de Crombrugghe et al., 1971)., In the
absence of cyclic AMP, no substantial synthesis of lac miNA
occurs, |

The cell~free system thus has the properties both of
induction, due to the lac repressor—inducer interaction, and of
cataholite repression (Magasanik, 1961; +to be discussed later)
due to the cyclic AMP receptor protein - cyclic AMP intexraction.
‘The dominant control is the cyclic AMP concentration hecause it
modulates binding of IINA polymerase to its substrate, but
thereafter, transcription of lac milNA is only possible when
inducexr is present. In whole cells, given exogenous inducer,
the degree of induction of the lac operon will Tirstly depend
on the level of cyclic AMP in the cell and then on the
concentration of inducer in the cell, Intracellular inducer

concentration in turn depends on the permeability of the cell

N



menbrane and then on the degree of catabolite inhibition (p. 32)
if any.

Genetic control of the gal operon in ¥, coli is

exactly analogous to control in the lac operon (Miller, Varmus,
Parks, Perlman & Pastan, 1971). The glycerol regulon in E, coli
is subject to negative control (Cozzarelli, Freedberg & Lin,
1968) and catabolite repression is relieved by cyclic AMP (de
Crombrugghe, Perlman,Varmus & Pastan, 1969). It therefore seems
likely that this type of genetic control is quite widespread.
Indeed, as proposed by Jacob & Monod (1961) the repressible
synthesis of enzymes in anabolic pathways is probably subject to

a similar basic control system in which a cytoplasmic apo-
repressor is activated by a small molecule (the end product of

the biosynthetic pathway) to repress transcription. The
similarity in the mechanism of the genetic control of inducible
and repressible enzymes is emphasised by the regulatory properties
of some mmtant strains. Jacoby & Gorini (1969) isolated a mutant
strain of K, coli in which arginine could induce rather than
repress the synthesis of the enzymes of arginine anabolism,

while Myers & Sadler (1971) have isolated a nmtant strain of E.

coli that is repressible rather than inducible for the lac

operon, Over the years the Jacob-Monod model has been extended
to include regulons (Maas & Clark, 1964; Cozzarelli et al., 1968)

and operons under positive control, thie best defined of which is the
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arabinose system in i, coli (Englesberg,lrr, Power &Lee, 1965;
Irr & Englesberg, 1971).

Proof that control of enzyme synthesis occurs at the
level of transcription does not exclude translation as a further
site of contrel (e.g. Clime & Bock, 1966), HMiller et al., (1971)
were unable to rule out translational control in the expression
of the gal enzymes. Control at the level of translation has
been shown for two enzymes of the arginine pathway (McLellan &
Vogel, 1970) by an vnknown mechanism., Much more information in
defined systems is required to determine whether this is a
general effect,

Another source of coniroversy over recent years has been
catabolite repression (Magasanik, 1961), The temn initially
referred to the repression of the synthesis of inducible

enzymes in E, coli, Aerobacter aerogenes and Salmonella

typhimurium in the presence of glucose or related compounds like

glucose - G - phosphate, The enzyme systems affeclted include
those degrading lactose, galactose, glycerol, arabinose, I~
tryptophan, and D-serine (de Crombrugghe et al., 29069). Similar
phenomena are widespread in bacteria (reviewed by e.g. Paigen &
Williams, 1970). Schlegel & Trilper (1966) found that molecular
hydrogen represses synthesis of enzymes of the Entner-Doudoroff

pathway in Hydrowenomonas. In P, aeruginosa the enzymes of

glucose catabolism are subjecl to repression in the presence of

citrate (e.g. llamlin, Ng & Dawes, 1967), and the amidase is



subject to repression in the presence of succinate (e.g. Clarke
& Brammar, 1964), iultisensitive end-product repression in the
mandelate pathway of P, putida (Mandelstam & Jacoby, 1965) is
another example of catabolite repression.

Catabolite repression has heen studied in detail in
the lac and gal operons of ¥, coli, Lengeler (1966) and
Adhya & Iichols (1966) showed that catabolite repression of the
gal operon comprised two separate mechanisms. One of these
effects involved transport of the inducer into the cell and has
been termed catabolite inhibition by McGinnis & Faigen (1969)
(this thesis, p. 32). The other effect, the "real" catahbolite
repression, has been exhaustively studied by Perlman & Pastan
and their colleagues (e.g. de Crombrugghe et al., 1971).
Repression is mediated by the concentration of cyclic AMP in the
cell (sece v, 34). Glucose and other compounds which cause
"catabolite repression" alter the intracellular concentration of
cyclic AMP. A complete mechanistié explanation of this effect
is not yet available, Glucose can cause H, coli to lose
cyclic AMP to the growth medium (Malman & Sutherland, 1965).
Adenyl cyclase activity may be modulated both by altered substrate
(ATP) and allosteric effector (pyruvate) concentrations (evge
Tao & Lipmann,1969) which in turn reflect the carbon source in
use,

Definitive proof of the role of cyclic AMP in the

regulation of gene expression in the lac and gal operons and

]
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even the evidence of its involvement in repression of the

synthesis of other inducible enzymes in . coli and similar

organisms (de Crombrugghe et al., 1969) does not mean that
cyclic AMP is the effector of catabolite repression throughout
the bacterial world., Sanwal (1970) gave this warning " the
'unity of biochemistry'! concept which has been so useful in
the study of other biochemical phenomena has paid little dividend
in the field of controls., Unity of principles underlying
controls certainly exists but the manifestations are necessarily
as divergent as the diversity of the organisms," In view of
the wide variety of catabolite repressions in different |
organisms (p.36 and Paigen & Williams, 1970) it seems uniikely
" that the cycliq AMP mediated system will be the only one in
existence, It ig difficult to envisage how, for example,
multisensitive end-product repression (p.l6 and Mandelstam &
Jacoby, 1965) could be mediated by cyclic AMP, Tach repressor
would require a binding site on adenyl cyclase, and if each
repressor lowered the concentration of cyelic AMP how would
that repressor induce the enzymes for its own catabolism?
Thimann (1963) prefaced his book "The Life of Bacteria'
with a quotation from Leeuwenhoek's draughtsman "Dear God, what
marvels there are in so small a creature.," Some of these
marvels are now betler understood, Permeation of the cell
membrane, however complex, is found to be an intepral part of the

metabolism of the cell., As such it can, but need not, be the
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site of action of control mechanisms (see pe 31). A large net
of intracellular control sequences is lmown but even these do
not seem adequate to cover the known situations, This in

itself is a sufficient stimulus for further research,.

e Scope of this thesis.,

This project was initiated with the aim of examining
the permeability of the cell membrane of bacterium NCIB 8250 to
aromatic intermediates of the mandelate pathway. It was intended
that the properties of these systems should then be examined, as
well as their role in the regulétion of metabolism,

The filtration technique was chosen to follow the uptake
of material into cells in suspension. However, although this
is a well-established technique for other systems (Britten,
Roberts & I'rench, 1955), considerable problems were encountered
in developing rapid, sensitive, accurate and reproducible methods
under the reguired range of conditions with bacterium NCIB 8250,
As the work progressed, it became obvious that the transport
systems for aromatic compounds were very difficult to detect by
direct assay and probably did not lead to the concentration of
large amounts of substrate in cell pools. The approach to the
problem was, therefore, broadened,

Livingstone (1970) had just verified and extended the
work on the regulation of the mandelate pathway initiated by

Kennedy & Fewson (1968 ap). Multisensitive end-product



repression had been reported in the mandelate pathway of P. putida
(Mandelstam & Jacoby, 1965), It was, therefore, decided to

examine the mandelate pathway of bacterium NCIB 8250 for catabolite
repression and other control circuits in the hope that physiological
behaviour during growth would provide evidence for transport systems
which could then he tested directly.

Growth in dual substrate media was studied, where diauxie
and the patterns of substrate utilisation were the tests for
catabolite repression and other possible interactions (Monod, 1942;
Hamilton & Dawes, 1959; Paigen & Williams, 1970), Conditions for
growth experiments had to be adapted from these used in the
laboratory (Fewson, 1967b) as they were not really swited for routine
" use in the new type of experiments, Radiochemical assays to study
the utilisation of aromatic substrates were developed to provide a
more complete account of the growth patterns recorded.

On the basis of the growth characteristics of the organism,
and with complementary evidence from enzyme assays and the uptake of
material into cells in suspensiony a number of cases of preferential
use of substrates have been deseribed and three permeation syétemé

have been proposed, but their properties have not been examined.,



METHODS,

1. BACTERIOLOGICAL TECHNIQULS.

1, 1, Orpganisms.

Bacterium NCIB 8250 was obtained from the National
Collection of Industrial Bacteria, Torry Research Station,

Aberdeen, where it is maintained as an Achromobacter sp.. A

mutant strain of bacterium NCIB 8250, deficient in I-mandelate
dehydrogenase (strain N.F,1408 isolated by Livingstone, 1970),
was also used in some experiments,

Escherichia coli ML 308 was obtained as stock number

15224 from the American Type Culture Collection, Rockﬁille,
Maryland, U.S.A. The mutant strain of E. coli ML 308, deficient
in the lactose permease, was isolated in this laboratory by Dr.
A.G. Robertson,

1., 2. Storage of organisms.

Organisms were maintained in Oxoid cooked meat medium
(cM 82; Oxo0id, Ltd., London $,%.1) stored at 4°C.  Subcultures
were made into Oxoid nutrient broth (CM 1) at intervals of
approximately 4=-6 months, These were also kept at 5°¢ and used
to provide inocula in all experiments.,

1. 3. Growth media.

All glassware used for growth of organisms was washed



by boiling in either 10% (*/¥) nitric acid or 1% ("/v) Haemosol
(Meinecke & Co. Inc., Baltimore, Maryland, U.S.A.) followed by
thorough ringing in tap water and then in glass—distilled water,
Glassware containing defined medium was washed with nitric acid
before use.

1. 3. 1. Media for the growth of bacterium NCIB 8250,

The “basal medium" used throughout this work consisted
of 2g KIL,P0, + 1g (NH&)Q S0, in 11 glass-distilled water adjusted
to pH 7.0 with 5M ~ NaOH (Fewson, 1967b), "Salts medium" con-~
sisted of basal mediwm + 20ml/1 sterile 2% (/v) MgS0, 4 7H,0 added
asceplically after sterilisation of the basal medium,

In the preparation of growth medié, if the carbon source
could be autoclaved, the basal medium + carbon source was adjusted
to pH 7.0 after addition of carbon source. Heat labile carbon
sources, and those added during growth of a culture on another
carhon source, were dissolved in water and the pH adjusted to 7.0
before Millipore filtration. |

250ml and 500ml Erlemmeyer flasks were plugged with Dispo
Plugs (T.1385; American Hospital Supply Corp., lidison, New
Jersey, UsSeA, ). 11 Sidearm flasks had a silicone yubber bung
(Bsco Rubber, Ltd., London BE.C.3.) in the main neck and a Morton
Culture Tube Closure with Iingers (T 1390-20; Scientific Products,
American Hospifal Supply Corp., Evanston, Illinois, U.S.A.) on the
sidearm, 21 and 101 flasks were plugged with non-absorbent

cotton wool., All plugs were covered with aluminium foil prior



to autoclaving,

1. 3. 2, Media for the growth of Qscherichia coli.

The salts mediwn used for the estimation of cell water/
dry wt. in R, ggli.ML 308 was that of Winkler & Wilson (1966).
Studies on the uptake of thiomethylgalactoside by L. coli used
the salts medium described by Holms & Bennett (1971).

1. 3. 3. Sterilisation.

All media, with the exception of the compounds listed
below, were sterilised by steam at 10900 for periods of time
which varied with the volume of the liquid. The efficacy of
sterilisation was originally determined by Fewson (unpublished
results) and was always checked by the coléur change of Browne's
tubes (Albert Browne, Litd., Leicester). There was a 3% loss
of volume from flasks on autoclaving, The following compounds,
because of their probable heat lability, were sterilised by
filtration through Millipore filters (GSWP 04700) in Sterifil
units (XX110 4700: Millipore Corp., Bedford, Mass, U.S.A.),
stored in sterile containers and added aseptically to sterile
salts media: Dl-mandelate, phenylglyoxylate, benzyl alcohol and
catechol, .

Radiochemicals used in growth experiments were dissolved
without added carrier in distilled water and sterilised by filtra-
tion in Nalgene disposable, sterile filter wnits (120; Nalge Sybron

Corp., Rochester, New York, U.S.A.).



1. 3. 4, Storage of media.

All media with a volume of 100ml or less were stored at
£°C until required, Media for growth and substrate amalysis were
prepared within a fortnight of use and stored at room temperature.
" Otherwise, medié were stored in the hotroom at 30°C +ill required,

1, k%, Measurement of growth,

Growth was measured turbidimetrically at 500mn in a Unicam
SP 800 Ultraviolet Spectrophotometer (Pye Unicam Instruments Litd.,
Cambridge) connected to a Sexvoscribe Chart Recorder (Kelvin
Blectronies Co., Wembley, Middlesex). iem Light path glass cuvettes
were used, up to four at a time in the auntomatic sample changer on
the Unicam SP 800, No reference cuvettes were used as the samples
were read against air. The average of the first four values
recorded for a given sample was corrected by subtraction of the Eggp
of the uninoculated medium in the same cuvette and sample position.
This net observed turbidity was corrected for non-linearity in the
response of the Unicam SP 800 by reference to a standard curve
(Fig. 5)e The turbidimetric response of the spectrophotometer was
checked periodically, and after servicing, using suspensions ef
polystyrene latex in solutions of Triton X~100 (Thorpe, Horsfall &
Stone, 1967).

In growth experiments, one cuvette was used for each culture,
The cuvette was not rinsed between samples; when the sample was
discarded the inverted cuvette wa; tamped down on Kleenex tissﬁes

(Kimberley-Clark Ltd., Kent) to remove liquid and then stored inverted

on paper tissues ready for the next sample,



Fig. 5. Turbidity correction curve.

Bacterium NCIB 8250 was grown for 15h from a 1% (v/v)
inocvlum in 0.6) SmM-benzyl alcohol-salts medium (Methods, p. 46).
A 100ml volume of this culture was harvested at 12,000g for 20min
at 4°C (M.S.E. "13" Refrigerated Centrifuge) resuspended to 100ml
in basal medium and kept at 2700. This 100ml suspension was
progressively diluted in basal mediun, At each dilution a
portion of the suspension was diluted l/2, 1/5 and 1/lO in basal
medium and the turbidity of that sample and its dilutions were
neasured, The actual turbidity of each sample was calculated
from those dilutions whose turbidities lay on the linear section

of the curve.
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1. 5. Growth of bacterium NCIB 8250,

The methods used for growing bacterium NCIB 8250 were
modifications of those used by Fewson (1967h), Kemedy & Fewson
(1968a,h) and Livingstone (1970).

Inccula fo? growth of bacterium NCIB 8250 in defined media
were prepared immediately before they were required. 0.1% (V/v)
Inocula from the nutrient broth stock cultures (Methods, 1. 2.)
were added to 100ml amounts of nutrient broth contained in 500ml
Erlepmeyer flasks, and the cultures were incubated without shaking
for 24h at 30°C.

Subsequent cultures were grown at 30°C.  Cultures of small
volume (30-50ml) were grown in 250ml Erlemmeyer flasks on a rotary
shaker (Mk, V; L.H. Engineering Co., Stoke Poges, Bucks.) at about
180 oscillations/min, Larger cultures were grown in flat-bottomed
flasks under conditions of vigorous aeration produced by 45um
polypropylene~coated stirring bars in the apparatus of Harvey,
Fewson & Holms (1968). This apparatus consists of magnetic drive
assemblies which effect high speed rotation of the magnetic stirring
barse.

1. 5. 1. Inocunla for experiments on growth and substrate

utilisation.

Preliminary experiments were done with 4%=(v/v) inocula
from a 24h nutrient broth culture used directly and without
harvesting, but inocula preinduced to defined media were adopted for

later experiments (Results p. 85). 11 Salts medium containing the
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appropriate carbon source (DL~mandelate, benzyl alcohol or

benzoate as detailed in Legends to the appropriate Figures) and a
stirring bar was prepared in a 21 flat-bottomed flask, As

inoculum, a 24h nutrient broth culture was used, 0.5ml with benzoate,
1,0nl with benzyl alcohol and Zml with mandelate as carbon source.
The culture was grown at BOOC for about 9h (overnight) on the
apparatus des;ribed by Harvey et al, (1968) and used for inoculation
when it reached the required turbidity (detailed in Legends to the
appropriate Fignres). In experiments where the inoculum was
harvested, 40ml portions of the overnight culture were centrifuged
in sterile 50ml polycarbonate bottles (59416, Oak Ridge Type;
Measuring and Scientific Bguipment (M.S.E.) Ltd., Crawley, Sussex)
at 12,000g for 10min at 1o¢ (ﬁ.S.E. "13" Refrigerated Centrifuge).
A uniform resuspension was preparéd by blowing chilled basal medium
from a pipette on to the pellet, with brief agitation on a vortex
mixer ("Whirlymix"; Fisons Scientific Apparatus, Ltd., Loughborough).
The volume of basal medium used was chosen to give a starting tur-

bidity (ES of about 0,02 with a 1-2% (¥/v) inoculum. The chilled

OO)

suspensions were bulked and used for inoculation within Smin.

1, 5. 2. BExperiments to follow prowth and substrate

untilisation simultaneously.

Experiments were done at 3000 with 300ml batches of medium
in 11 sidearm flasks without forced aeration on the apparatus
described by Harvey et al. (1968). To the basal medium were

added 6ml gterile 2% (w/v) Mg804.7ﬂéﬂ, Ik,5ml volumes of sterile



;arbon sources at 100mM (200mM in the case of DI~mandelate)
and water to keep the final volumes the same in each flask.,

At this point a sample was taken from each flask to
provide pre~inoculation blanks for turbidity readings (Methods,
1. 4) and background values for liquid scintillation counting. A
4,5ml sample was taken by 5ml plastic pipette (7529; Falcon Plastics,
Oxnard, California, U.S.A.) into a 6 x 3 in test tube. Inmediately
a 1.0m)l portion of the sample was taken by Iml plastic pipette
(750%; Falcon Plastics) on to 1.0ml 0.2M-ICL in a Polytube (15xkimm;
Metal Box Co. Ltd., Plastics Group, Portslade, SusseX) and mixed by
rolling between the hands, When all the flasks had been sampled,
the balance of each sample was used as a blank for the turbidity
 readings (Methods, 1.k%),.

5ml Sterile, "carrier-~free", radiochemically labelled
(3p0iﬁn1) carbon sourcé (Methods, 1. 3. 3.) were then added to each
growth flask, |

Flasks were inoculated at 308 intervals to permit processing
of samples, One minute was allowed for temperature equilibration
and mixing after inoculation, then a 4.5ml sample was taken and
manipulated as described above for the blanks, Cultures were
sampled at intervals throughout growth, TPlastic pipettes were re-
used but discarded when moisture adhered to them,

Samples, acidified to remove 14002, were left in open
Polytubes for 90min with occasional mixing and the tubes then

capped,  250pul Portions of these samples were added to scintillation



fluid in a scintillation vial at some time in the next 48h.
This treatment was necessary as illustrated for a sample
_taken' on to acid from a culture of bactérium NCIB 8250
grovn to stationary state in 1.5mM—'carboxx-lqc]benzoate-
salts medium. Portions of this sample were counted by
liquid scintillation spectrometry immediately after
acidification and at intervals after the sample had been
mixed open to the atmosphere (above). Between 2h and 48h
after sampling, the residual radiocactivity remained constant
and most of this radioactivity was retained on a filter
membrane (O.Egpm %ore diameter). It was assumed that this

heo

treatment removed effectively all the P present.

4

Time after % Original radiocactivity

sampling h
Acidified sample Filter membrane

0] 10 not tested
2 2 ' not tested
24 2 1.5
48 2 not tested

The radiocactivity that remained in stationary state
cultures after acidification, was assumed to have accumulated

during growth and to have the same specific rate of increase



as growth, Benzoate utilisation at time, t, was thus

calculated as:

~ (R, = R;). C

Ry = Rgg

~where U = benzoate utilisation, nmol/ml culture; RO =
radioactivity at zero time, pCi/ml culturey R =
radiocactivity in stationary state, pCi/ml culture; R, =
radioactivity at time, t, ﬁCi/ml culture; C = concentration
of fadioactively labelled carbon source at zero time,

nmol/ml culture.

1. 5. 3. Growth of cells for cell-free assay of

mandelate pathway enzymes,

The conditions of Livingstone (1970) were used.

4] Salts medium with a stirring bar and containing 5SmM~I~
mandelate or 10mM~glutamate + imM-thiephenoxyacetate or SmM~
benzyl alcohol was prepared in a 101 flat bottomed flask,

As inoculum, 10ml of a 24h nutrient broth culture was added
to the flask. The culture was grown for i0-15h at 30°C on
the apparatus described by Harvey et al. (1968). An
additional quantity of carbon and energy source equal to the
amoun® present at inoculation and in a volume not exceeding

200ml was then added to the culture., Threequarters of a



generation time later, the culture was removed fyrom the growth
apparatus and the cells harvested at 6000@ for 20min at 4°C
(M.S.8. "Mistral 6L" Refrigerator Centrifuge). The supernatant
solution was digcarded and the pellet was washed by resuspension
in ice-cold, sterile, distilled water. The cells were
recentrifuged at 12,000g for 25min at 1% (MoS.B, 13"
Refrigerated Centrifuge), the supernatant solution discarded,
the cells weighed and stored at -60°C,

1. 5. 4. Growth of cells for cell suspension assays.

Batches of 51 nutrient broth (filtered through 0.2%pm
pore diameter Millipore membranes to remove particulate matter)
or salts medium containing the appropriate carbon source were
prepared in 101 flat bottomed flasks containing 45mm stirring
bars, As inoculwm a 24h nutrient broth culture was used, 1.0ml
with mutrient broth benmoate~salts and succinate salts, 2,0ml
~ with benzyl alcoliol~salts and Sml with mandelate-salts and
phenylglyoxylate~salts media,  These cultures were grown for
about 10h (overnight) at 30°C on the apparatus described by
Harvey et al. (1968) and harvested at the required turbidity
detailed in Legends to the appropriate Figures. Flasks were
placed on ice and harvested by batch centrifugation at 6000&
for 20min at 4°C (M.S.H, "Mistral GL" Refrigerator Centrifugse).

The supernatant fluid was discarded and the pellet was washed

by resuspension in ice-cold O.OﬁMﬂKH?P04 adiusted to pH 7.0



with 5M-NaOH. The cells were recentrifuged in tared 50ml
centrifuge tubes (59407: M.S.E.) at 12,000g for 20min at
1°C (M.S.E, nizn Refrigerated Centrifuge), the supernatant
fiiid discarded, the cells weighed, stored on ice and used

within 6h.

1. 6. Growth of Escherichia colj.

The method used to grow Escherichia coli in

defined media was that of Holms & Bennett (1971). For

growth in basal medium containing casamino-acids (Winkler
& Wilson, 1966; this thesis, Methods, Section 2.1.2.) the
technique of Holms & Bennett was adapted to the use of S1

culture volumes in 101 flasks (e.g. Methods, p. 46).
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2.  IPERIMENTS WITH CELL SUSPENSIONS.

2. 1, Quantitative measurements in cell suspensions.

2. 1. 1., Correlation between bacterial dry weipht

and turbidity.

3 dram Trident contniners (Jobnsen & Jorgensen, Litd.,
London) were dried to constant weight at 105°C,

11 Batches of salts medium containing 2,5m- and 3.75mb-
benzyl alcohol, both in duplicate, were prepared in 21 flat-
bottomed flasks containing 45mm stirring bars, " As inoculwm,

Sml of a 24h nutrient broth culture was added to ecach flask, The
cultures were grown for 15h at 3000 on the apparatus described by
Harvey et al, (1968), Duplicaﬁe cultures were bulked and the
turbidity of each bulked culture measured,

Duplicate 600ml batches of each bulked culture (with washings
from measuring cylinders used) were harvested in 750ml buckets at
6000g for LSmin at 1% (M.S.E. "Mistral 6L" Refrigerator Centrifuge).
The supernatant fluid was discarded and the pellet washed witﬁ
chilled sterile,-distilled water., The cells were resuspended in
chilled, sterile, distilled water, transferred by Pasteur pipette
to 50ml centrifuge tubes with thorough rinsing and the volume made
up to about 40ml with sterile water., The cells were recentrifuged
at 18,000g for 45min at 4°C (M.S.Z. "High Speed 18" Refrigerator

Centrifuge), the supernatant fluid discarded and the pellets washed



)ik~

in chilled, gterile, distilled waler, The pellets were resuspended
in chilled, sterile, distilled water and transferred to tared dry
weight vials and dried to constant weight at 10500.

Dry weights of 0,1508g/600ml culture (values of 0,1507 and
0.,1509g) and 0,0997g/600ml culture (values of 0.990 and 0.1004g) were
obseﬁed at corrected turbidities (B

500)
tively. This gave an average value of 273ug dry wt./corrected

of 0,885 and 0.635 respec-

turbidity uwnit at 500nm on a Pye Unicam SP800 Ultraviolet Spectro=-
photometer,

2. 1. 2, Istimation of cell watex.

The method was developed from that ofWinkler & Wilson(1966).
All liquids were Millipofe filtered (0.2%wn§ore diameter) and cotton-
wool bungs were wrapped with muslin to reduce fluff and dust in cell
pellets,

Pellets of cells, grown and harvested as described in Methods
(p.51), were resuspended to 30mg wet wt./ml in the appropriate chilled
salts medium or buffer (Results, p.80) and stored on ice, The
resuspension was divided into two portions. The first portion was
used to measure the bacterial dry weight present; 3 x 35ml s.mples
were centrifuged in 50ml centrifuge tubes at 18,000g for 4 5min at
ALY (M.S.E. "High Speed 18" Refrigerator Centrifuge). The
supernatant fluid was discarded and the pellet washed in chilled,
sterile, distilled water, The pellet was resuspended in chilled,
gterile, distilled water to about 40ml and recentrifuged in the same
tubes at 18,000g for 45 min at x°C.  The dry weight was measured

as described in Methods 2. 1. The second portion of the cell re-



suspension was used to estimate intracellular water. 3 x 35ml
Samples of cell suspension were pipetted into a 100ml ground-glass
stoppered test tube; 3,0ml of radiocactively labelled material was
added and thoroughly mixed, (Methozz - 3ﬂ3 ipulin, inulin

(carboxylic acid - 140), glucose - 1QC(U), fructose - 1ziC(U) and

ribose = 140(U) were used. Tritiated solutions were added at
1QP(}i/ml while 14C - labelled compounds were added at Qp(Li/ml.
Great care was necessary to ensure that the radicactive material was
in solution, Solutions of inulin were heated to SOOC for 30 min
before use, 3 x 35ml Portions of the radioactively labelled cell
suspension were pipetted into 50ml tared centrifuge tubes and
centrifuged at 12,000g for 30min at 4°¢ (M.S.E. "13" Refrigerated

. Centrifuge). The supernatant fluid was decanted and 4 x 20nl
samples by Eppendorf pipette (Eppendorf Marburg Mikropipet; Netheler
& Hinz GmbH, Hamburg, Germany) were counted by liquid scintillation
spectrometry. The centrifuge tube was swabbed and weighed. The
cell pellet was resuspended to 10ml in a graduated glass test tube
and 4 x 200nl samples by Eppendorf pipette counted by liquid
scintillation spectrometry., The graduated test tubes were calibrated
gravimetrically from the weight of distilled water at known tempera-
ture when filled to the mark., Eppendorf pipeties were also
calibrated gravimetrically from the weight of distilled water at a
known temperature dispensed by the pipette, The pipettes tested
delivered the stated volume within 0.1%.

Cell water was expressed as a function of dry weight and



was calculated from the following equations:

T
v—'g * L] . . . _o ) . o(i)

where V = volume of extracellular fluid in cell pellet, nl;
T = total radioactivity in cell pellet, pCi; S = supernatant

radioactivity per unit volume, pCi/pl..

IW = P - g - V* . . . . . (2)

- where IW = intracellular water, pl/mg dry wt.; P = wet wt. of pellet,
mg; D = dry wt. of pellet, mg (the observed dry weight after
corfection for the dilution on addition of radiochemical label); and
V* = wt, of extracellular fluid in cell pellet, mg (the same numerical
value as V in equation (1) ).

2. 1, 3, Quantitative relations for arithmetic

manipulation of data.

In all experiments the quantitative measurement of bacteria
present was turbidity at 500nm on a Unicam SP800 Ultraviolet Spec-
trophotometer (Methods, 1. 4). Results were therefore expressed as
turbidities unless different units were obviously more suitable,

The following relationships were used in calculations:

273ng dry wt./corrected turbidity unit (Methods 2. 1. 1.)

1.67pn1 cell water/mg dry wt. (Results p.80), this value of
cell water excludes water in the cell wall, These two relations
were combined to give

0.451p1 cell water/corrected turbidity unit.

However, other relationships are available,



-ty

In the experiment to determine dry wt./turbidity (Methods, 2. 1. 1),
the bulked cultures were also used to estimate protein/turbidity.
Protein was measured by the method of Kennedy & Fewson (1968b),

The relationship of protein to turbidity, 16ng bovine
serum albumin equivalent/corrected turbidity wnit at 500mm was
the mean of 163 and 162pg/corrected turbidity unit,

qu different dry weight éamples from the same experiment
(Methods, 2. 1. 1.) were subsequently subjected to duplicate
elementary analyses (numbers 5758 and 5759; ‘Weiler & Strauss
Microanalytical Laboratory, Oxford, Ingland). The results of
these analyses were averaged and expressed as percentages of the
dry weight: €, 45.8; H, 6.8; N, 13.1; P, 2.1; S, 0,6; Ash, 10.7.

2. 2, Construction of filtraiion apparatus for assays

of uptake of radioactivity into cell suspensions,

Samples were harvested by filtration under vacuum on an
apparatus (Fig., 6) consisting of units derived from Millipore
XX1002500 assemblies,

An angle iron skeleton (Handy Angle, Hayes, Middlesex) was
mownted at the corners on rubber feet (Handy Angle). Ten 125ml
thick-walled conical flasks with sidearm (XX1002505; Millipore)
could be accommodated in line in spring clips (Half clips; A.
éallenkamp & Co. Ltd., Stockton-on-Tees, Durham) on a horizontal
2in blockboard base (43 x 6in). A manifold of gas taps, one tap
per flask, was mounted horizontally hehind the flasks and level

with the sidearm, To facilitate rapid changing of flasks, 2 in
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Filtration
apparatus



lengths of vacuwn tubing (NT19; Portex, Ltd., Hythe, Kent) were
attached individually to gas taps and to flask sidearms and
corresponding pieces of {tubing joined by polypropylene connectors
(Portex).

A trap was placed between the manifold and the main
vacuum line and a simple vacuum gauge (GJ 330/350; Gallenkamp)
ingerted in the line., The vacuum was produced by a Speedivac
vacuum installation wnit (Type 420/50TA; EBdwards High Vacuum Ltd.,
Crawley, Sussex),

The Millipore assembly was‘basically a sintered glass
support for a 25mm diameter filter membrane. This support was
conmected to the vacuum supply through the bung in the 125ml conical
flask, A funnel was clamped over the filter membrane. The
Millipore funnel was replaced by a short (0.5in) perspex funnel of
the same dimensions as the base of the Millipore component., These
perspex funnels were machined by Mr. N.L. Harvey of this Department.,

The apparatus was placed parallel to and some L4in back from
the edge of the bench, An Ippendorf stand was placed at the right
of the assembly., Stocks of numbered and filled scintillation vials
were stored on a shelf to the right of the assembly, while vials in
use were placed, open, behind the apparatus. To the left, an ice~
water slurry contained the Zippettes (2ml size; Jencons Lid., Hemel
Hempstead, Herts,) used to dispense chilled wash fluids. The k4in
space in front of the apparatus was lined with paper towels to

absorb water dripping from Zippettes.



20 3o Cell suspension assays for subatrate uptake,

incorporation and utilisation.

2, 3. 1. General techniques in cell suspension assays

Assays were done at 30°C in 10ml final volume cell
suspensions (called "reaction media") contained in 50wl Erlenmeyer
flasks which were shaken at 110 strokes/min in a water bath
(I.H. 350/354; Gallenkamp). Complete reaction mediwm contained
500 m0l KH,PO, (adjusted to pH 7.0 with NaOH), 50mg wet wt. cells,
and the organic compounds indicated in the Legends to the appropriate
Figures, Incomplete reaction media of 7.5ml volume were prepared
the evening before an experiment and stored overnight at 4°C, This
solution contained all the organic compounds, including radioactive
label, and 75% of the phosphate buffer., Initiation of the reaction
with cells suspended in the phosphate buffer completed the reaction
medium,. Cell pellets (Methods, p.51) were resuspended in chilled
0.,05M-KH, PO, (adjusted to pH 7.0 with NaQH) and stored on ices
Intracellular water in the stock suspension was estimated from the
turbidity of the suspension.

2. 3., 2. Manipulative procedures in cell suspension

assays.

Incomplete reaction media (7.5ml) and 5ml portions of the
stock cell suspension were pre—incubated separately in 50ml Erlenmeyer
. £flasks in the shaking water bath while the filtration apparatus was

set up for the assay, i.e. about 5min. Open scintillation vials



containing sciptillation fluid were placed, with caps, behind the
apparatus. Ifilter membranes (11307025; 0.2%pnpore size, 25mm
diameter, "weightl constant" type; Sartorius Membranfilter GmbH,
Gobttingen, Germany.) were mounted eccentrically on the Filtration
units, fractionally over the edge of the filter base to allow rapid
removal, Filters were thoroughly wetted before the funnel was
clamped on, and then left under vacuum, Under these conditions
filter membranes maintained the applied vacuum (up to 740mm Hg);
presumably surface tension in the pores withstood the pressure,
Liquid applied to these membranes immediately started to filiter and
filtration was complete in 1-3s, The use of dry membranes gave a
poor vacuum and samples filtered slowly because residual dry areas
allowed considerable air flow. When incompletely wetted, filter
membranes rapidly dried out.

The incomplete reaction medium was sampled (2 x QQFl by
Eppendorf pipette) to estimate the specific radioactivity in that
assay. This sample was taken before initiation and corrected for
subsequent volume change, because some radioactivity was lost from
the reaction medium in the form of 14002 and it was not feasiﬁle to
take time early in an experiment for these samples, Dxperiments
were initiated by the additiom of cells in a large volume (2,5ml),
with the shaker already switched on, in order to promote rapid
mixing of the complete reaction medium,

At intervals, 1OQp1 samples by Eppendorf pipette were taken

from the reaction medium, The shaker on the water hath had to be switched



off for some three seconds to do this, and experience was required

to successfully remove samples from the shallow suspension,

The sample was then streaked on a filter membrane, to increase

filtration speed>and improve subsequent washing. Strealts were

kept just away from the funnel which marked the edge of the
sintered glass base, where filtration was slow., Filtration was

complete within two seconds for most cell types, e.g. those

grown in nutrient broth, benzoate -, benzyl alcohol -, phenyl-

glyoxylate = and mandelate~salts media.

Wash-fluid was added after the liguid being filtered had
disappeared, because washing before the reaction medium disappeared
caused spuriously high results, The wash fluids were dispensed
by zippette. A iml wash took about ks to filter. The clamp and
funnel were removed as the last of the liquid disappeafed and the
filter was lifted, by duck-~billed forceps, directly into
scintillation fluid in the open scintillation vial, The vial was
capped and swirled briefly., The vacuum to the filter was switched
off as the membrane was removed, to maintain vacuum in the system.
Samples could be taken at 20=25s intervals.

In some experiments, substrate decarboxylation was
studied. 100pl samples were taken on to 0.1M~HCL in Polytubes
(15 x 41mm; Metal Box) which were then treated as the corresponding

‘samples in growth experiments (Methods, p.48).



5.  ANALYTICAL METHODS.

e 1 Liguid scintillation spectrometry.

3. 1. 1. Liquid scintillation fluid.

To 11 toluene (A.R., British Drug Houses ILitd., Poole,
Dorset) was added 300ml ethanol (fermented, absolute; Burroughs
Wellcome & Co., London) and 5g 2,5-diphenyloxazole (puriss;
| Koch~Light Laboratories, Colnbrook, Essex). 13%ml Portions of
this fluid were dispensed by Zippette (30ml size) into glass
vials (6001008; Packard Instrument, Dowvners Grove, Illinois,
U.S.A.) with disposable plastic caps (22R3; Metal Box Co. Lid.,
Plastics Group, Portslade, Sussex).

Ethanol was present in the scintiliation fluid to
dissolve water associated with samples studied. 13ml
Scintillation fluid dissolved the water assoéiated with a damp
filter membrane to give a single liquid phase at counting
temperature (700). The standard volume of fluid had a capacity
for 25QP1 aqueous solution at about 0;1M and at counting tempgra—
ture.

Neither chemiluminescence nor phosphorescence was detected
with thisg scintillation fluid under the conditions used, A count
of about 20 c.p.m. per vial over machine background (about 30 c.p.m.)
was traced to the alcohol in the fluid and was presumably caused by

radioactivity in fermented alcohol which is effectively derived



from plant material (Rapkin, 1964),

3. 1. 2., Apparatus.

Samples were counted in Philips Liquid Scintillation
Analysers (PW 4510/00; Philips Scientific Equipment, Eindhoven,
Netherlands) fitted with calculators to convert c.p.m. to
absolute units,

Efficiency was calculated by the channels ratio technique
(Wang & Willis, 1965)., Polar quenching agents such as ethanol and
chloroform gave overlapping efficiency curves in toluene-based
scintillation fluids and wide~range efficiency curves were prepared
with chloroform as the guenching agent, Tor each curve, ten vials
were prepared containing a known quantity of radioactive reference
material {or materials) and varying quantities of chlﬁroform. The
radioactive reference materials used were toluene ~ 1&0 (batch 7
5,10 x 105d.p.m./g (1968); Packard Instrument Co. Ltd., Downers
Grove, Illinois, U.S.A.) and Il_—hexadecane-—l,' 2~ (batch 8, 2,475~
Ci/g on 1st August, 1968; The Radiochemical Centre, Amersham, Bucks).
Counting efficiency was expressed as a quadratic function of the
observed channels ratio with the aid of programmes ST1002 and ST1003
of the Programma 101 desk computer (British Olivetti Ltd., London
Wels)e The constants of these ¢uadratic equations were entered
into the calculators in the Liquid Scintillation Analysers.,

The efficiency of counting 4 arbon vas 84% and tritium,
20-24%., When double label counting was done there were no counts

due to tritium in the 14carbon channels., 140arbon was counted at



at about 50% efficiency in its own channel, with a 9-10% spillover
into the tritium channel, Tritium was counted at about 20%
efficiency.

3. 2, Cell extraction and cnzyme assays.,

3. 2. 1, Cell extraction.

Enzymes wexre extracted by the melhod of Kennedy & Fewson
(1968b) as modified by Livingstone (1970). This involved ultra-
sonic disruption with the 1%mm probe of the Dawe "Soniprobe
(Type 1130A; Dawe Instruments Ltd., London).

Cells were resuspended to 50mg wet wt./ml in 0.,04-tris-1IC1
buffer pH 8.5, and a “ml amount was pipetted into a 1 dram Trident
container (Johnten & Jorgensen Ltd., London). The container was
placed in a chilled brass holder (Holms & Bemnett, 1971) which was
screwed on to the horn of the soniprobe and lowered into an ice-water
slurry. The total time of sonication was 6imin at a current of
2,5A, but the current was switched off every alternate half mipute
to aid cooling, thus giving a F3min actual disruption, The extract
was centrifuged at 12,000g for 35min at 1°¢ (M.S.B, "13" Refriperated
Centrifuge) to remove whole cells and debris, and the supernatant
fluid was used to measure enzyme activity,

3. 2. 2. Srectrophotonetric enzyme assays.

The assays and conditions were those of Livingstone (1970)

and were hased on those of Kennedy & Fewson (1968b) and Heceman (1966a).
All assays were done at 270C in dlcem light-path silica

cuvettes containing a total volume of 3.0ml, Measurements of

extinction were made with a Unicam SP800 Ultraviolet Spectrophotometer



fitted with the antomatic sample changer and conmnected to a
Servoscribe Chart Recorder. No reference cuvettes were used as
the samples were read against air.

3. 2. 2, 1. I-Mandelate dehydrogenase.

I~Mandelate dehydrogenase was assayed by the reduction of 2,
6-dichlorophenol~indophenol +to the leuco form concomitant with the
oxidation of IL-mandelate to phenylglyoxylate. The reaction was
measured at 600nm, near the maximal extinction of the oxidised
form of the dye., 1In addition to enzyme the reaction mixture

contained:

200ymol KH PO, - K,HPO, buffer pH 7,0
200nmol 2, 6-dichlorophenol-indophenol.

1.§Fm°l I~mandelate,

The reaction was initiated by the addition of I~mandelate.

3. 2. 2. 2, Phenylglyoxylate carboxy-lyase.

Phenylglyoxylate carboxy~lyase was assayed directly as the
disappearance of phenylglyoxylate at 334nm and at pH 6.,0. Under
these conditions benzaldehyde and subsequent products had negiigible

extinction, 1In addition to enzyme the reaction mixture contained:

10QFm01 KH2P0&-K2HP04

100yg thiamine pyrophosphate chloride (dissolved

buffer pH 6.0,

in 0,05 M-phosphate buffer pH 6.0).

2.5ymol phenylglyoxylate,
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The reaction was initiated by the addition of

phenylglyoxylate,

3¢ 2. 2. 3. Labile and stable benzaldehyde dehydrogenases.

These enzymes were asgayed in extracts which contained
only ene benzaldehyde dehydrogenase. The assay measured
benzyldehyde ~ dependent reduction of NAD* at 340mm. In eddition

to enzyme the reaction mixture contained:

200pmol tris~HClL buffer pH 9.5.
150pmol KEQPO&
1,5pmol NAD™,

300nmol benzaldehyde.

The reaction was initiated by the addition of benzaldehyde,

%e 20 24 4, Benzyl alcohol dehydrogenase.

The assay measured the benzyl alcohol-dependent reduetion
of NADY at 340nm., In addition to enzyme the reaction mixture

contained:

200;mol sodium pyropbosphate buffer pH 9.0.
1,50l NAD*,

300nmol benzyl alcohol.

The reaction was initiated by the addition of benzyl
alcohol.

3¢ 3 Spectrophotometric assay for benzyl alcohol.

To a chilled 15ml Corex tube (Corning Glass Works U.S.A.)



containing 1.5ml 30% ("/v) perchloric acid was added 7.5ml
solution of unknown benzyl alcohel concentration. After mixing
by inversion over Parafilm (Gallenkamp) the sample was stored on
ice for 30min before centrifugation at 12,000g for 15min at 1%
(M{S.E. n3e RefrigeratedCentrifuge); 8.0ml Decanted supernatant
golution was added to a chilled 15ml Corex tube containing 1,5ml
10M-K0H, mixed by inversion over Parafilm and centrifuged at
12,000g-f0r 15min at 4°C (MeSeE. "13" Refrigerated Centrifuge).
The supernatant solution was decanted and 8.0l added to 5.0ml
chloroform (May & Baker, Ltd., Dagenham, England) in a 6 x £ in
test tube and vortex mixed for 30s. After phase separation, the
organic layer was removed by pifette on to 100mg anhydrous Na2804
in a ground-glass stoppered test tube and vortex mixed, The
chloroform sample was then‘transferred to a stoppered lcm path-
length quartz cuvette and equilibrated to 27°C.  The extinction
of the sample was measured against a chloreform blank at 258nm,
the maximal extinction of benzyl alcohol, on a Unicam SP800
Ultraviolet Spectrophotometer set at 5x scale expansion and connected
to a Servoscribe Chart Recorder,

Over the range of benzyl alcohol concentration tested, the
spectrophotometric response was linear (Fige 7). Neither benzoate
nor succinate interfered with this assay (Fig. 7).

3. L, Spectrophotometric assay for benzaldehyde,

These assays were done by Dr. C,A. Fewson.

To a 6 x - $in test tube containing 0.iml M-NaOH and 10,0ml



Fig, 7. Standard curve for benzyl alcohol estimation,

including the effects of succinate and benzoate,

Suspensions of cells grown in succinate-salts medium (i.e. cells
lacking benzyl alcohol dehydrogenase) were prepared in reaction media
containing differcnt concentrations of benzyl alcohol (Methods,

Pe GO )c Similar suspensions were prepared with henzoate or sueccinate
present at 1,0md, A 7.5ml sample from each reaction medium was
deproteinised with 1,5ml chilled 30%-(W/v) perchloric acid and after
centrifugation an 8,0ml vorition was made alkaline with 1.5ml 10MM=~KOH
(Methods, p. 67 )e K.Cl()lL was removed by centrifugation and the benzyl
alcolhol in an 8,0ml portion of the sunernatant was extracted into S5ml
chlorofornm, The chloroform was then treated with anhydrous Na2804

and the extinction read against a chloroform blank at 258mm in a
Unicam SP800 Ultraviolet Spnectrophotomoter set lto an expansion factor

of 50

C)Benzyl alcohol alone in the reaction medium
and,[&xﬁiM.the additional presence of 1,0mbi~
benzoate or,[ |with the additional presence of

1.0mM~succinate,
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n~hexane (28488; British Drug Tlouses) was added 1,0ml solution

of wnknown benzaldehyde concentration., After vortex mixing for
308, the extinction of the top phase was read against a hexane
blank at 240nm on a Unicam SP800 Ultraviolet Spectrophotometer and
converted to mdlolarity bhenzaldehyde by reference to a standard
curve (g, 8 ) comstructed using BDH AnalaR benzaldehyde,
Neither benzyl alcohol nor mandelate interfered with this assay at
the concentrations employed (1-1,%5m),

3. 5. Statistical methodse.

Analysis of variance was determined with the aid of a
Canon~Canola 163 calculator (British Agents: Block & Anderson,
Banda House, Hammersmith, London ¥.06.).

3. 0, Measurement of pll.

The pH values of solutions were defermined by means of
an B.I.L. direct reading pl meter (Model 23A; Tlectronic
Instruments, Ltd.,) which was calibrated caily with standard

pH buffer tablets (Burroughs, Wellcome & Co., London).



Fige 8 . Standard curve for benzaldehyde estimation,

Benzaldehyde was prepared at different concentrations in
salts medium. 1.0ml Portions were added to 6 x-gin test tubes
containing 0,1ml M-NaOH and 10.0ml n-hexane.  After mixing,the
hexane layer was read against a hexane blank at 240nm in a Unicam

SP800 Ultraviolet Spectrophotometer as described in Methods

(p.68 )e
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All reagents were the bhest grade which could be obtained
commercially, With the exceptions of the compounds listed below,
reagents were obtained from the sources indicated by Fewson (1967a)

and Kennedy & Fewson (1968a,bh).

British Drug Houses Ltd., Poole, Dorset.

Toluene (A.R.); Ammonium carbonate (A.R.).

Burroughs, Wellcome & Co. London.

Tthanol (fermented, absolute).

Koch~1light Laboratories Ltd., Colnbrook, Bucks.
2, H5-Diphenyloxazole (puriss),

Mann Research Laboratories Inc., New York, N.Y.10006, U.S.A,

Methyl-B-D~thiogalactopyranoside,

Packard Instmnent Co, Ltd., Downers Grove, Illinois, U.S.A,
Toluene C] radioactive reference material (batch 7,
5.10x107d. e m. /e, 1968).

New England Nuclear Corp., Boston Mass. U.S.A,

5, -
,‘B-—I\’Iethy‘ﬂ:1 %]thiogalactoside (Lot 292-164, 8nCi/mmnol);
Enethoxy—-jlﬂ inelin (lot 334-227, 128mCi/g).

Mallinckrodt N-ucle&r, Ste Louis, Mo., U.S.A.
p-Fluoro ca,rboxy— (;’ben201c acid (control No.1295, imCi/mmol);
DL-L ’l]‘bO‘{V— (]nmndehc acid (control No.3518, 1mCi/mmol),

The Radiochemical Cenitre, Amersham, Buchs.

Eﬁarhoxv—- 4C] benzoic acid (batches, 16, 17, and 18; 30, 56 and
56mCi /ol ) ; [E"ln{‘— C(U) benzoic acid (batches 4, 5, 6 and

7; 48, 45, 45 and 45mCi/mmol); Ec_:gl_l&gn_}_ A C]benzyl alcohol
(batches 9 and 10; 2 and 5mCi/smol); E:Lﬁr_l_\g-%f((i)] catechol
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(bateh 4, 500mCi/mumol); D-fructose—lkC(U) (bateh 45, 3mCi/mmol);’
]
D—fruchoseuiic(U)~1, 6-diphosphate (batch 1, 3mCi/mmol); I~
!
glucose~1£C(U) (batch 15%, FmCi/mmol); D—glucose~5—3H(n)

(batch 3, 2Ci/mmol); n-hexadecane-1, 2~3H, radioactive referencge
material (batch 8, 2.47nCi/g on 1st August 1968); o-hydroxy

- !
[%arhoxy~1ké]benzoic acid (batch 8, 31mCi/mmol); inulin

[barboxylic acid-lqd](batch L, 3mCi/g); D—ribose—iQC(U) (batch
19, 4mCi/tmol); potassium Gyanide[léc](batch 29, 45mCi/mmol),

Radioactively labelled mandelic acid became conmercially
available only towards the end of the work and all the early
experiments were done with DL{égzkgngl4é]mandelate synthesised
by a micropreparative technique devised from the methods of
Collins (1955) and Quickfit and Quartz (1962).

Purified benzaldehyde bisulphite addition complex
(220jmo0l) prepared according to Vogel (1948)was contained in
0,6ml water in a 25ml Erlemmeyer flask and slowly stirred with a
10mm glass~coated magnet by means of a magnetic stirrer. EKCN
(163pmol contéining 3mCi4?QC]) was added in a total volume,
including washes, of 0,5ml, 1.0ml Ither was added after 10min.
The ether was removed by Pasteur pipette to a Q. & Q.B10/19
25ml separating furnel containing 1.0ml water. Four further
washings with 0,5ml ether were carried out over 40min,

The bulked extract, after washing with water and 1,0ml



saturated sodium chloride solution, was added to a 5ml round-
bottomed B10/19 flask set up for distillation and containing 0,6ml
5M-HCl and a boiling stone. The ether was evaporated off on a
steam bath into a chilled receiver. The residue was subjected to

a 2h acid hydrolysis under reflux. The hydrolysate was transferred
by Pasteur pipette to a long, narrow, stoppered test tube.s 0,5ml
Ether, first usged to wash the hydrolysis flask, was added to the
test tube, vortex mixed and transferred to a iml B10/19 collecting
vessel, This extraction was repeated with 4x0,%ml samples of

ether,

Whatman 3MM chromatography paper, 46 x 57cm (W. & R.

Balston Litd., England), was marked, folded and crimped for descending
chromatography and positioned in a "Panglas 500 Chromatank" (Shandon
Scientific Co., London S,W.7). 200ml Distilled water was run through
the paper., This process removed 70% of the u.v. absorbing material
that otherwise appeared in the final elution. Further washes at

this time removed only small proportions of the residual u.v. absorb-
ing material., The washed paper was dried in a gentle air current at
20°C,

DL—[barbogz—14Q} mandelate in the bulked ether extract was
purified by descending chromatography for 26h on washed Whatman 73MM
paper in the organic phase of p-butanol saturated with ammonia buffer
(Fewster & Hall, 1951), The ammonia buffer consisted of 75ml 0.880
ammonia and 78,5g ammonium carbonate equivalent made up to 11 with

distilled water without adjustment of pH. Mandelate oun the



chromatogram was located as a band of uw.v. absorption and
radioactivity in comparison with an aufhentic sample of Dle
mandelate. The paper containing this band was cut out and one
end tapered to an arrowhead; a "wick" was sewn to the other
end with platinum wire. The material oun the paper was eluted
with water in a Panglas 500 Chromatank lined with wet Whatmen
3MM paper to maintain the water vapour pressure, The eluate
of about 3ml was collected in a Sterilin Universal Container
P105/C (Sterilin Lid., Richmond, Surrey), No radioactivity
was detected on the eluted paper. An ultraviolet spectrum

of the eluted material on a Unicam SP800 Ultraviolet
Spectrophotometer indicated a yield of about H5&umol (35%). A

radiochemical assay indicated a 40% yield.

Benzaldehyde was redistilled under nitrogen before use
and stored under nitrogen. Benzyl alcohol was redistilled

before use,

All solulions were made up in pglass~distilled water,
with the exception of the latex suspensions used as turbidity

standards (Methods p. 44) when deionised water was used,

The filter membrane chosen for use in exprriments on
the uptake of radioac.ivity into cell suspensions (ilesults.p.i46)
was the 0.22um pore size, 25mm diameter, weisht constant
cellulose nitrate filter, catalorue number 11307025 of the

Sartorius Membranfilter GmbH, GOttingen, Germany.



RESULTS.

1. CARBOIYDRATE UTILISATION BY BACTERIUM NCIB 8250,

1. 1. Assimilation and dissimilation of five sugars.

and sugar phosphates.,

Fewson (1967b) observed that carbohydrates neither supported
growth of bacterium NCIB 8250 nor increased yields during growth on
alternative carbon sources, This work has now Dbeen extended to
determine whether certain sugars and sugar phosphates could be
assimilated or dissimilated by cultures of bacterium NCIB 8250
(Table 2).

When these cultures were harvested by filtration, radiocactivity
retained on the filter was between zero and fifteen c.p.m. above
background for every 100ul of culture filtered. The maximum value,
which was for ImM-fructlose in a ZmdM-benzoate-salts culture, represented
0.3% of the radioactivity applied to the filter, This could account,
at most, for 0.3 % of the cell carbon, However, the filiter membranes
were heavily loaded and later experiments showed washing to be
incomplete (Table 8), especially under conditions of heavy loading.
Thus even these low valunes were probably overestimates of the true
assimilation.

Radioactivity in acidified fractions of all media tested
remained constant throughout the experiment (Table 2). Thus no carbon

dioxide was formed from these sugars and no dissimilation of these sugars



Table 2. Assimilation and dissimilation of sugars and sugar
phosphates by bacterium NCIB 8250 during growth on

different. sources.
carbon

Glucose, fructose, ribose, glucose-6-phosphate and fructose-l,
6-diphosphate, at 1lmM and 6pM, were present during growth of bac-
terium NCIB 8250 in nutrient broth or in salts medium containing
SmM-succinate, S5mM-glutamate or Z2mM-benzoate. The growth medium,
50ml, was prepared in a 250ml Erlenmeyer flask. %pCi Of one
sterile, uniformly 140~labelled sugar was added and each condition
was done in duplicate. A 2% (V/v) nutrient broth inoculum was
used and the cultures were grown on an orbital shaker (Methods, p.46).
Under these conditions cultures normally reached stationary state
within 12h. Cultures wvere sampled at 0, 12 and 24h. 1OQp1 of
this sample was acidified with 1.0ml 0.1M-HCl and 100pl of this
acldified fraction was counted by liguid scintillation spectro-
metry. - 200nl Of culture, or 500pl of a benzoate-salts culture,
were harvested on a filter membrane (O.Egym pore, 25mm diameter)
under vacuum, washed four times with Lml chilled, distilled water
and the filter membrane immersed in liquid scintillation fluid in

a scintillation vial.

NT=Not tested.
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Nutrient M -
Growth medium broth Sucecinate— SmM-Glutamate-~salts 2mM~-Benzoate~salts
salts
4 % % % Activity % % Activity
Sugar remaining remaining
Assimilation| |Assimilation |Assimilation in medium Assimilation in medium
i2h | 2Lh 12h | 2L4h 1i2h | 2kh 12h | 2kh 12h { 24h 12h | 24h
1M 0.0 | 0.1 G.11{ 0.1 0.11{0,1 0.170.,1
Glucose NI NT
mmz 0.0 10,1 0.,1]0.1 0.01 0.1 0,11 0.0
imM 6.110.2 C.21{0.2 0.31 0.2 0.3 0.2
Fructose Nl NT
oy 0.1 0.2 0.2 0.1 0.3}0.2 0.0 | 0.2
ImM 0.1} 0.2 0.,1¢{0.,2 C.210.1 69 { 101 0.110,1 98 8
Ribose
nwx 0.1 (0.1 0.2 10.1 0.2 (0.2 96 99 0.11]10.1 103 | 102
Imi 0.2 1 0.2 98 | 102 0.110.,1 103 | 103
Glucose~b6— NT NP
A
phosphate ¢y 0.2 0.2 100 | 97 0.1}0.1 101 | 102
1mM 0.3(0.3 g8 99 0.310.3 100 | 104
Fructose~1, 6~ NT N[
diphosphate g 0.3 | 0.3 96 | 100 6.2 | 0.2 101 | 105




could be detected. As no significant assimilation of sugar
occurred, the remaining radioactivity presumably represented
wnchanged sugars and sugar phosphates, although no attempt was
made to check the identity of the radioactive compounds.

A'gluconeogenic pathway was presumed to operate in this
non-saccharolytic organism, Therefore, the very low assimilation
of fructose-1, 6-diphosphate promoted the idea that there was a
permeability barrier to that compound, It was possible that one
reason for the inability of bacterium NCIB 8250 to utilise
carhohydrates was a general permeability bharriexr to their entry
into ‘the cell,

Much of the work deseribed in this thesis uses cell water
as a basis for the calculation of results (Results, p. 154, The
presumed permeahility barrier to carbohydrates was, therefore, used
{to determine the cell water content of bacterium NCIB 8250,

1. 2, Cellular water spaces and excluded volumes in

cell pellets,

1. 2. 1. Develomment of a method to measure excluded

volumes in cell nellets.

The technique (Methods, p. 5% ) was developed with B, coli
ML 308 and[%ethoxvySH]inulin, following the procedure of Winkler
& Wilson (1966). Cell suspensions of known bacterial dry weight
were prenared in aradioactive mediwm, and, after centrifugation in
a. tared tube, the pellet weisht was determined, Total radiocactivity

in the cell pellet, with the radiocactivity per unit volume of the



supernatant fluid, gave an estimate of the extracellular fluid in
the pellet and the intracellular waber was calculated Imowing also
the pellet weight and the dry weight (Methods, ». 56). A value
of 2.86pl cell water/mg dry wt., was observed in comparison with
2,731 cell water/mg dry wt. reported by Winkler & Wilson (1960),

Certain points of technique were not stressed by Winkler
& Wilgom (19066).

It was imperative that the radioactively labelled inulin
was in a true solution. Particles of undissolved radioactive
inulin were precipitated on  centrifugation and gave spuriously
high values of extracellular water in the cell pellet, with a

correspondingly low value for cell water/dry wt, The low specific

radioactivity of inulin[aarboxylic acid~14¢]coupled with the low
solubility of inulin at 0°C made that label unsuitable for these
experiments, and the high specific radioaetiviﬁy'Qgﬁ&gg&-Bg]inulin
solution used was heated before use 1o ensure a true solution.,
Another problem concerned the breakdown ofﬁﬁgggggg-jﬁ]—
inulin on storage, A sample of this material was dissolved in
distilled water, stored at ~10°C and subjected to repeated thawing,
heating and freezing during preliminary experiments, This sample
was analysed by gel filtration chromatography on Sephadex-G25
(Cohen, 1969) and found to contain a major peak close to the
excluded volume and corresponding to material of molecular weight
about 5200 there was also a long and marked trailing of the major

pealk, This residual material accounted for some 30% of the



radioactivity present and corresponded to a range of small
oligosaccharides, A freshly prepared sample contained only high
molecular weight material found in two major peaks close to the
excluded volume, Breakdown of inulin would allow small molecules
to penetrate the cell wall (see later) and hence give a low value
for cell water/dry wt. TFreshly prepared solutions of lmethogzrsﬂ:y
inulin were used in the experiments quoted in this section,

These experiments were carried out on a relatively large
scale in order to do both cell water and dry weight estimation on
the one cell suspension, This had the disadvantage that there was a
long time lag (about 30min) before cells could be separated from the
suspension buffer, and time courses of uptake were not possible,

1. 2. 2, Cellular waler spaces in bacterium NCIB 8250,

When succinate-grown cells were harvested from suspension
in salts medium, an excluded volume of 3.03P1/mg dry wt. to [methogz—
3H] inulin was observed., As cell suspension assays elsewhere in
the thesis were done in a phosphate buffer, excluded volumes (Table 3)
were estimated with succinate-grown cells resuspended in 0,05M-

‘KHQPOQ.NaQHPGQ pH7.0. The same excluded volume to methoxyinulin
was observed in the phosphate buffer and in salts medium, and 3.0QP1
cell water/mg dry wt. was assumed to represent total cell water
including that present in the cell wall,

The excluded volumes to monosaccharides were similar to one
another and sbout half that to inulin (Table 3), The most studied

monosaccharide was glucose and the average excluded volume of 1.6§p1



Table 3, Excluded volumes to different carbohydrates

in bacterium NCIB 8250,

Two 51 batches of bhacterium NCIB 8250 were grown in 10mM-
succinate~gsalts medium to a turbidity of 0.6, harvested, washed,
resuspended to 30mg wet wt./ml in 0.05M-KH,P0, . Na,HPO, pH 7.0 and
stored on ice (Methods, p.51 ). 3 x 35ml Portions of the stock cell
sugpension were used to estimate the bacterial dry wt. present (Methods,
Pe53) Another 3 x 35ml portions were bulked, radioactively labelled
carbohydrate was added in a 3ml volume and the suspension was
thoroughly mixed., 3 x 35ml Samples of this radioactively labelled
cell suspension were centrifuged in tared 50ml centrifuge tubes, The
pellet wet wt., was estimated. The total radioactivity in the pellet
and the radioactivity/unit volume of superngtant were measured

(Methods, p.55 )¢ The crude data were manipulated (Methods, p.56 )

to units of pl cell water/mg dry wt.



Radioactively labelled Concentration Cell water
molecule mM pl/mg dry wt.
[ 5 7 -
Methoxy —"Hi-inulin L x 10 3.09
Glucose =~ 1liC(U) 5 x 10"2 1.58
I L]
Ribose =~ 1iC(U) L x 10 2 1.33
Fructose - 1QC(U) y x 1072 1.51
Glucose ~ 1QC(U) 10.9 1.79
Glucose = 140(U) 1.1 1.56
14 ) mean 1,65
Glucose -~ c(U) 1.3 x 10 1.74
Glucose - 140(’{}) 9 x 1072 1.52




cell water/mg dry wt. was assumed to represent the true cell
water (i.e. excluding that present in the cell wall) in sub-~
sequent calculations (Results, p.154).

In contrast to the positive excluded volumes to carbo;
hydrates, no excluded volume to benzoate was detected. Negative
values of about —O.%pl cell water/mg dry wt. were observed.
These values were unaffected by the order of addition of
carrier benzoate and radiochemical label or by the specific
radioactivity df the benzoate present, so they presumably re-

presented complete penetration of the succinate cell by benzoate.



2,  SUBSTRATE UTILISATION AND GROWTH CF BACTERTUM NCIB 8250,

2. 1. Development of conditions for the analysis of growth

and substrate utilisation.

2., 1. 1. Growth and henzoate utilisation in benzoate~saltls

mediwn,

General conditions have been published for the growth of
bacterium NCIB 8250 in carbon-limited batech culture (Fewson, 1967b).
Though these conditions gave reproducible results, they did have
disadvantages when combined with a radiochemical assay of substrate
utilisation.

The first problem was economic, Preliminary experiments
showed that a reduction in culture volume from 800ml (Fewson, 1967b)
to 300ml had no effect on the growth curve of bacterium NCIB 8250
in benzoate-salts medium from a nutrient broth inoculum; the
specific growth rate ( y , Dawes, 1967) attained after 1h remained
O.'?Sh"1 as in Fig, 9. Forced aeration had no observable effect
on the growth of bacterium NCIB 8250 in benzoate~salts medium under
these conditions and all subsequent experiments were done without
forced aeration to prevent loss of volatile intermediates,

A nutrient broth inoculum (Fewson, 1967b) raised problems
in the interpretation of data., As illustrated in Fig. 9, growth
in benzoate~salts medium from a nutrient broth inoculum was more
complex and slower (p = 0.78h-1) than growth from an inoculum

preinduced to growth in benzoate-salts medium (P = 0.92hﬂ1). The



I'ig. 9, The effect of inoculum on the growth of

bacterium NCIB 8250 in benzoate-salts medium,

Bacterium NCIB 8250 was grown from different inocula in
1.4ntl~benzoate-salts medium. Growth was measured turbidimetrically

as described in Methods (p. 44).

O Nutrient broth inoculum (4% v/v) direct from a

24h nutrient broth culture,

A Preinduced inoculum (8% v/v) direct from a culture
of turbidity 0.2 growing exponentially in 2mM-

henzoate~salts medium,

[7] Preinduced inoculum (24" /v) harvested (Methods,
P 47) from a culture of turbidity 0.2 growing

exponentially in 2mM-benzoate~salts medium,
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preinduced inoculum had to come from a growing culture, Lags of

up to 1h and low subsequent growlh rates Gﬂgl 0.58h—1) were observed
after inoculation of benzoate-salts medium with cultures up to 2h
into stationary state in benzoate~salts medium. In subsequent
experiments cultures for inoculation were used when one genexration
from stationary state, The standard preinduction culture was

grown in 2mM-benzoate~salts medium and used at a turbidity of 0.2.
To prevent carry-over of carbon scurce from the preinduction

culture and to reduce the volume of the inoculum, the inoculum was
harvested and resuspended in chilled basal medium (Livingstone, 1970)
inmediately before use, After this treatment, cells grew
inmediately and at the same rate (p = 0.92h_1) as cells inoculated
directly from the preinduction culture (Fig. Q).

Benzoate utilisation by cultures of bacterium NCIB 8250 was
calculated from the decarboxylation ofi?arbo_ ~14é]benzoate by the
first catabolic enzyme, benzoate oxidase, The radioactivity remaining
in a sample, after the removel of 14002 by acidification, could be
converted to a benzoate concentration in the growth medium and ex-
pressed as benzoate utilisation in mmol/ml culture (iethods, b. 50 )

The effect of a nutrient broth inoculum on the growth of
bacterium NCIB 8250 in benzoate-salts medimm (Fig. 9) was reflected in
the relationship between benzoate utilisation and growth (Fig. 10, the
same experiment)., The nutrient broth inoculum grew first on the

carry-over of nutrionts in the inoculum, with a gradual induction



Fig, 10, The effect of inoculum on henzoate utilisation

during growth of bacterium NCIB 8250,

Bacterium NCIB 8250 was grown from different inocula in 1.4-
mM-benzoate~salts medium, Samples were taken at intervals to measure
growth turbidimetrically and benzoate uwtilisation radiochemically as

described in Methods (p. 47).

(O Nutrient broth inoculum (4% V/v) direct from a

24h nutrient broth culture,

A\ Preinduced inoculum (8% ' /v) direct from a culture
of turbidity 0.2 growing exponentially in Z2mM-

benzoate-salls medium,

B Preinduced inoculum (2% /v) harvested (Methods,
p. 47) from a culture of turbidity 0.2 growing

exponentially in 2mM~benzoate-salts medium,
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of benzoate utilisation, The preinduced inoculum, on the other hand,
displayed a linear relation between benzoate utilisation and growth,
throughout growth (Iig.10). The gradient of this line could be used
to calculate the molar growth yield (Monod, 1942; as modified by
Bauchop & Tlsden, 1960) on benzoate, The corvelation between tur-
bidity and bacterial dry weight (Methods, p.56) allowed the yield to
be expressed as ng dry wt.(ymol. An average value of 70P8 dry wt./
Pmol benzoate was observed with a standard error of the mean of 3%
for the four determinations. ‘The rate of benzoate utilisation
during growth was calculated as the product of the specific growth
rate and the inverse of the molar growth yield. At a growth rate of
().,9211"1 and a yield of 70ng dry wt.épmol benzoate, the benzoate
utilisation rate was 13mmol benzoate[pg dry wbt./h or 220mmol/mg dry
wt. /min,

The time course of substrate utilisation during growth, il-
lustrated for benzoate in Fig.ll(experiment of Figs.9 and 10), proved a
very useful graphical representation of data in this thesis, TFor
.reasons to be discussed later, it was usually more informative about
patterns of gubstrate utiligation than the variation of substrate
utilisation with growth, and it was more flexible than the corresponding
gsemilog plot (Fig. 12) which required correction to a finite initial
value as described in the Legend to Fig. 12 .

2. 1. 2. Growth and benzyl alcohol utilisation in benzyl

alcohol-salts mediwvm,

The growth of bacteriwn NCIB 8250 in benzyl alcohol-salts

medium varied with the inoculum, In experivents with nutrient broth



Fig. 11 . Kinetics of benzoate utilisation during

growth of bacterium NCIB 8250,

The culture of bacterium NCIB 8250 used for inoculation
was grown in 2md-benzoate~salts medium, harvested when the turbidity
reached 0.2, resuspendéd and uvsed immediately as described in
Methods, (p. 47). The experiment was done in 1,kmM-benzoate-
salts medium, At intervals samples were taken for the

radiochemical estimation of benzoate utilisation (Methods, p. 47).
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Fig. 12 . Kinetics of benzoate utilisation and growth

of hacterium NCIB 8250,

The culture of bacterium NCIB 8250 used for inoculation was
grown in 2mM-benzoate-salts medium, harvested when the turbidity
reached 0,2, resuspended and used immediately as described in Methods
(pe &7 ).  The experiment was done in 1,imM-benzoate-salts medium,
Samples were taken at intervals to measure growth turbidimetrically
and to estimate benzoate utilisation radiochemically (Methods, p. 47 ).
In plotting substrate utilisation on a logarithmic scale, allowance
must be made for the absence of a "zero" in logarithms. A fipure,
representing the amount of benzoate required to produce the inoculum,
must be added to the actual benzoate utilisation, This figure is

obtained from the slope of the differential plot, THig. 10,

O Growth in benzoate~salts medium.

A Adjusted benzoate utilisation during growth.,
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inocula, the results were complicated by a carry-over of nutrient
in the inoculum and subsequent work was done with preinduced inocula.
The routine preinduced inoculum was harvested at a turbidity of 0.4
from a culture growing in 5mM~benzyl alcohol-salts medium (Fig.iE).
On occasion these cells took up to one generation to attain their
maximum observed growth rate ( p = 0.88h—1), Fig.29. The reason
for this acceleration was not understood. No correlation between
lag (Momod, 1942) and storage was observed in an experiment in
which cells for inoculation were stored as suspensions and as
pellets for periods between 5 and Sbmin. Suspensions of preinduced
cells showed no loss of benzyl alcohol dehydrogenase activity when
stored on ice for three hours.

Growth of bacterium NCIB 8250 in benzyl alcohol-salts
mediwm from two other inocula is illustrated (Fig.1%). The simple
lag displayed by the benzoate inoculum was interpreted as the
induction of enzymes required to grow in a different medium. In
contrast, the extended period of slow growth observed with a man-
delate inoculum was very surprising. The same batch of cells
could oxidise benzyl alcohol in the presence of mandelate (FiQ.QS)
and cultures of bacterium NCIB 8250 grown in mandelate-salts
medium have always been observed to contain the enzymes of benzyl
alcoliol oxidation (Livingstone, 1970 Kennedy & Fewson, 1968a,b).

The radiochemical estimation of benzyl alcohol utilisation
in growth media was calculated (Methods, p.50) from the decarboxy-

- -
lation of benzoate derived from LFarbinol-léfjbenzyl alcohol,



Fig. 13 , The effect of inoculwn on the growth of
bacterium NCIB 8250 in benzyl alcoholnsalts

medium,

Bacterium NCIB 8250 was growvn from different inocula in 1.4
mM-henzyl alcohol-salts medium. Growth was measured turbidimetrically

as described in Methods (p.!ﬂ&).

(O Preinduced inoculum, harvested at a turbidity of
0.4 (Methods, p. L7 ) from a culture growing

exponentially in 5mM-hbenzyl alcohol-salts medium.

/\ Inoculum from a 10mM-DI~mandelate-salts culture,

harvested at a turbidity of 0.1.

[] Inoculum from a culture growing in 2mwM~benzoate-—

salts medivm, harvested at a turbidity of 0,.2.
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Fig. 14 . Radiochemical and spectrophotometric assays
to follow the utilisation dfhenzyl alcohol

during growth of bacterium NCIB 8250,

The culture of hacterium NCIB 8250 used for inoculation was
grown in SmM-benzyl alcohol-salts medium, harvested when the turbidity
reached 0.4, resuspended and used immediately as descrihed in Methods
(pe 47). The experiment was done in 1,km¥~benzyl alcohol-salts
medium, Samples were taken at intervals to measure growth
turbidimetrically and to measure benzyl alcohol utilisation hoth

radiochemically (Methods, p. 47) and spectrophotometrically (Methods,

Pe 67).

(O Utilisation of benzyl alcohol measured as

benzyl alcohol decarboxylation,

[\ Utilisation of benzyl alcohol from the direct
gpectrophotometric assay of benzyl alcohol

disappearance.
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Benzyl alcohol decarboxylation and benzyl alcohol disappearance
were coincident (Fig.1il; these data correspond to the control
growth curve‘in Fig.1%).

Throughout growth, there was a constant linear relation
between benzyl alcohol utilisation and growth. The slope of this
line was expressed as a yield (Results, p.87). An average value
of 8lpg dry wt./pmol benzyl alcohol was observed with a 1%
standard error of the mean for the 8 determinations, The rate of
benzyl alcohel utilisation during growth Qp = 0.88h~1) was
calculated (Results, p.87) as 180pmol/mg dry wt./min.

2. 1. 3., Growth and mandelate utilisation in mandelate-

salts medium.

Growth of bacterium NCIB 8250 in mandelate~salts medium
was complex (Fig. 15 and incompletely understood. The pattern was
consistently one of initial rapid growth (y = 0.69h~1) for a variable
time up to one generation (Figs.23%and27), followed by a slow fall
in growth rate over two hourg to a fresh exponential rate (y.about
O.27h—1) for about 4ih. The growth rate then dropped to nearly
zero with about one half generation remaining. Thereafter, the
growth rate slowly increased for about 2h and then tailed off
gradually as the culture approached stationary state, Inocula
from most sources e,g., nutrient broth, benzoate~ or glutamate-salts
gave growth curves similar to that described above with minor
variations due to carry-over of nutrient or to lags for enzyme

induction., One exception, however, was an inoculum from a benzyl



Fige 15 . The effect of inoculum on the growth of

bacteriwn NCIB 8250 in mandelate-~salts medium,

Bacterium NCIB 8250 was grown from different inocula in
2. 8mM~-Di~mandelate~salts medium, Growth was measured turbidimetrically

as deseribed in Methods (p. Lk).

(O Preinduced inoculum, harvested at a turbidity
of 0.1 (tethods, p. 47) from a 10mM~DL-mandelate

salts culture.

A\ Inoculum harvested at a turbidity of 0.k from
a culture growing exponentially in 5mdM~benzyl

alcohol~salts medium.
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alcohol-salts culture (Fig. 15). After a lag, presumably to
induce the necessary enzymes of mandelate oxidation, growth was
relatively fast (y.: 0.57h—1) for all but the last hour, when the
growth rate fell steadily to zero,

The radiochemical estimation of mandelate utilisation in
growth medium was calculated from the loss of 140 from medium
containing DL~ carboxy—14§]mande1ate which was in fact the de-
carboxylation 6& phenylglyoxylate derived from the mandelate.
Bacterium NCIB 8250 grows only on I-mandelate, and D-mandelate
cannot support growth (Kennedy & Fewson, 1968b), but the reported
data did not exclude the possibility of an increase of up to 1% in
the yield on I-mandelate in the presence of D-mandelate, A
limited decarboxylation of D-mandelate could be detected in the
present experiments during growth on L-mandelate if the D-mandelate
concentration was low (Table ). The quantity of D-mandelate
decarboxylated tended to a maximum and a double reciprocal plot
(reciprocal change in D-mandelate concentration against reciprocal
initial D-mandelate concentration) indicated a maximum change in
D-mandelate concentration of about 10pM, This decarboxylation
became undetectable when the concentration of D-mandelate carrier
was raised to 4OQpM. For this reason all subsequeni{ experiments
were done with DI~mandelate, whether or not the mandelate was radio-
chemically labelled,

There was a strong smell of benzaldehyde from cultures of

bacterium NCIB 8250 growing in mandelate-salts mediuwm, It was



. Table 4 . Decarboxylation of D-mandelate by bacterium

NCIB 8250 growing in L-mandelate-salts medium,

250n BErlenmeyer flasks were prepared containing 150QpMéI~
mandelate and a range of D-mandelate concentrations from zero to
6000;M in a volume of 30ml salts medium. 0.7pnCi of sterile,
carrier~free DIl~ [carbongikcl mandelate was added, thus raising
the D-mandelate concentration by 1.5uM. A 1% nutrient broth
inoculum was used, Flasks were sampled after 24h and 52h to
determine the radioactivity remaining (Methods, p. 48). On the
agssumption that all the I-mandelate had been utilised, the
utilisation of D-mandelate was calculated from any additional loss
of radioactivity from the flask over that loss of 140 representing

the I~ l?arbozzquc] mandelate.

ND indicates that no loss of radioactivity,
above that representing utilisation of I~
mandelate, could be detected, thus no loss

of D-mandelate could be measured.



Initial D-mandelate Change in }1M01arity
pMolar After 24h After 52h
1.5 1.11 1.28
3.0 1.62 1.86
k.5 2.09 2.32
75 ‘ 2.15 2.55
13.5 3.21 3452
24,0 5.70 7.00
51.5 3.21 6.48
101.5 6.06 4,88
L01.5 ND ND
751.5 ND ND
1001.5 ND ND
1501.5 ND ND
3001.5 ND ND
6001.5 ND ND




believed that the accumulation of such a toxic metabolisable
intermediate could explain some unusual features in the mandelate
growth curve, Thus, mandelate uvtilisation and benzaldehyde
accumulation in the medium were measured during growth in mandelate-
salts mediwn,

The time course of mandelate utilisation during growth
was unusual (Fig.16; data from control growth curve, Fig.15).

Though utilisation at first accelerated the rate dropped steadily
after 360min with 4 of the mandelate still remaining, Presented
differently, mandelate utilisation resehbled a sigmoidal function

of growth (Fig.17; same experiment as above), Mandelate was
exhausted about one half generation before growth ceased. This
pseudo-sigmoidal relation of mandelate utilisation to growth was

in contrast to the strictly linear relations between benzoate
vtilisation and growth (Fig.11), between benzyl alcohol utilisation
and growth (Fig.14) and even between mandelate utilisation and growth
from a benzyl alcohol inoculum (Fig.17).

Although a considerable quantity of benzaldehyde was
accumilated in the medium, benzaldehyde exhaustion coincided with
mandelate exhaustion (Fig.i?). So the last phase of growth in a

"mandelate”" culture must represent}yet anothexr excreted product or
products,

The contribution of excreted benzaldehyde to the complexity
of the mandelate growth curve was gaunged by a comparison of Figs., 17
and 15, The fall-off in initial growth rate from ji = 0,69h™ "

coincided with the Tirst detection of benzaldehyde, and the fall-off from



Tig. 16 . Kinetics of mandelate utilisation during

growth of bacterium NCIB 8250,

The cultlure bacterimm NCIB 8250 used for inoculation was
grown in 10mM-DL-mandelate-salts medium, harvested at a turbidity
of 0,1, resuspended and used immediately as described in Methods
(ps 47)+  The experiment was done in 2,8uM-DL-mandelate-salts
medium, At intervals samples were talten to estimate mandelate

utilisation radiochemically (Methods, p. 48 ).
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Mg. 17 . Benzaldehyde accumulation and mandelate
utilisation during growth of bacterium

NCIB 8250 {from different inocula.

The cultures of bacterium NCIB 8250 used for inoculation were
grown in S5mM-benzyl alcohol—~salts medium and in 10mt~Di~mandelate-salts
medium, harvested at turbidities of 0.4 and 0,1 respectively,
resuspended and used immediately as described in Methods (p. 47).
Pxperiments were done in 2,8mM~DI~mandelate-salts medium. At
intervals, samples were taken to measure growth turbidimetrically, to
measure mandelate utilisation radiochemically (Methods, p. 47) and
to measure benzaldehyde accumulation spectrophotometrically

(Methods, D. 68).

Culture grown from the preinduced mandelate
inoculum:
() Mandelate utilisation,

/\ Benzaldehyde concentration in the medium,

Culture grown from the benzyl alcohol~grown

inoculwums
[] Mandelate utilisatiomn,

Benzaldehyde accummlation was not measured,
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exponential growth at jn = 0.2511-1 coincided with benzaldehyde
exhaustion. On the other hand, cells preinduced to growth in
benzyl alcohol-salts medium showed no signs of benzaldehyde
toxicity during growth in mandelate-salts medium, and mandelate
utilisation was a linear function of growth throughout growth,
showing that no significant accumulation of intermediates occurred.
With the exception of benzaldehyde, the nature of the
compounds accumulated during growth on mandelate has not been
determined, A sample of the medium was taken after benzaldehyde
exhaustion, deproteinised with perchloric acid and the supernate
made alkaline., An ultraviolet spectrum of this alkaline extract
was read from 450 < 220nm on a Unicam SP800 Ultraviolet spectro-
photometer., A spectrum characteristic of mandelate (presumably
the D-enantiomer)was observed but there was no evidence of any other
u.v. absorbing material., However, the alkaline extract was
acidified and extracted into chloroform under conditions which
extract benzoate (Fewson, Livingstone & Roach, 1970). The
chloroform layer was exlracted with base and the aqueous layer
separated and neutralised., This latter solution had no u.v.
absorption spectrum, read against a reagent blank, and so contained
no benzoate, The culture at this point did not contain L-mandelate,
phenylglyoxylate, benzaldehyde or benzoate so presumably the un-
identified material remaining in the culture medium was aliphatic.
When benzaldehyde accunmulation was compared with mandelate

utilisation, a linear relation was observed (Fig.18). Thus,



Fig. 18 Variation of benzaldehyde accumulation with
mandelate utilisation during growth of

bacterium NCIB 8250,

The culture of bacterium NCIB 8250 used for inoculation
was grown in 10mM~DI~mandelate-salts medium, harvested at a turbidity
of 0.1, resuspended and used imnediately as described in Methods
(pe %7). The experiment was done in 2,8mM-Di-mandelate-salts
medium, At intervals samples were taken to measure mandelate
utilisation radiochemically (Methods, p. 48) and to measure benzaldehyde

concentration spectrophotometrically (Methods, p. 68).
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benzaldehyde utilisation remained a constant fraction of the
mandelate decarboxylated and hence, presumably, the ratios of the
different enzymes involved in the procduction and removal of
benzaldehyde were maintained in constant xatios to one another,
The ratio of benzaldehyde accummlation to mandelate wtilisation was
0.38, but the maximum benzaldehyde concentration observed, 0.30m,
was only 0.25 of the L-mandelate originally present. This dis-
crepancy arose because the accumilation of benzaldehyde slowed
dowvn corresponding to a slight lowering in the rate of mandelate
utilisation with about % of the mandelate remaining (Fig.16, same
exyeriment). As the rate of mandelate utilisation slowly declined
the benzaldehyde concentration at first remained constant and then
dropped sharply to zero as mandelate was exhausted,

These characterigtics of the growth of bacterium NCIB
8250 in mandelate-salts medium illustrate the difficulty in obtain-
ing "preinduced mandelate cells" as inocula for growth experiments,
There also seemed 1o be some variation in the exact growth pattern
depending on the inoculum size; this has not been systematically
studied, but the phase of growth following mandelate exhaustion
seemed to comprise a larger proportion of the growth curve and
benzaldehyde accumulation rose as the inoculum size was reduced,
As a result of these phenomena the harvested, preinduced mandelate
inocula used in growth experiments were taken from cultures before
the penultimate generation (detailed in Legends to the appropriate

Figures) because mandelate was exhausted in the final generation.



Most calculations of the molar growth yield on mandelate
as carbon source had to be made by simple division of net growth
of a culture by the quantity of substrate present, because the
relation between mandelate utilisation and growth was generally
non-linear (Fig.17). This was not an accurate method as there
was some doubt whether all cultures had reached stationary state,
The only experiment in which mandelate utilisation was a linear
function of growth was growth in mandelate-salts medium from a
preinduced benzyl alcohol inoculum (Fig.i?). A molar growth yield
of 6§pg dry wt.[pmol was observed with a maximum utilisation rate
of 140pmol mandelate/mg dry wt./min,.

2. 2, Growth and substrate utilisation by bacterium

NCIB 8250 in dual substrate media,

2, 2, 1, Methods of study.

To look for any possible interactions between different
enzymes and regulons in the mandelate pathway of bacterium NCIB 8250,
experiments were done on the utilisétion of carbon sgources during
growth in dual substrate media.

The preinduced cultures used for inoculation in these
experiments were grown in mandelate~, benzyl alcohol- or benzoate-—
salts medium, that is, substrates for engymes in regulons Rl’ R2
and R3 respectively (Methods, p.45). Nutrient broth inocula were
used when cells non-induced for the mandelate pathway were required.

Little of the work done with nutrient broth inocula is quoted

because the results were no more clear cut than the illustrated



data and defined media were used where possible.  IExperiments
were done in single (control) and dual carbon source media with
the carbon source of the preinduction culture as the common growth
substrate (Methods, p.%47). The dual substrate media contained
appropriate, usually equimolar, mixtures chosen from mandelate,
benzyl alcohol, benzoate, catechol and succinate (used at twice
concentration of other carbon sources because of its low niolar
growth yield),

The assay for each aromatic substrate was based on the

)/
decarboxylation of a 1£Cm1abelled carbon in the sidechain i.e.

{?arbgzzfigcj]mandelate, [Earbinolwlgcj'benzyl alcohol and
Eggﬁgng140j]benzoate. Utilisation of each substrate in dual
carbon source media was followed separately in parallel cultures
differing only in the compound which was radiochemically labelled,
Parallel cultures were always very similar in their growth
patterns, as illustrated in Fig.19. There were slight discrepan-
cies due to variations at inoculatién but parallel flasks were
never more than 10min apart at the end of growth,even in the slow
growving mandelate cultures,

2. 2, 2, Growth of preinduced benzoate cells of bacterium

NCIB 8250 in benzoate-salts media and the interactiongﬁgg

other intermediates,

The control culture grew exponentially in benzoate-salts
. ~1 . o .
medimm (p = 0.92h7 ) to a turbidity (ESOO) of 0.37 (Fig.19).

Benzoate utilisation in the same experiment is illustrated in Fig.20.



¥ig. 19 . The effects of mandelate and of benzyl alcohol
on the growth of bacterium NCIB 8250 in benzoate-

salts medium,

The culture of bacterium NCIB 8250 used for inoculation was
grown in 2mM-benzoate-salts medium, harvested at a turbidity of 0.2,
resuspended and used immediately as described in Methods (p. 47).
Ixperiments were done in salts medium containing 1.kmd-benzoate,
1.mM-benzoate + 2,8mM-DI-mandelate and 1.lnM-benzoate+ 1.,knd~benzyl
alcohol (Methods, p. 47). Growth was measured turbidimetrically

(Methods, p. k).

(O Control: growth in benzoate~salts medium.
E] Growth in benzoate + mandelate-salts medium,

A\ Growth in benzoate -+ henzyl alcohol-salts medium,

Growth of parallel dual-substrate cultures shown on

superimposition.
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Figse 20 . The effects of mandelate and of benzyl alcohol
on benzoate utilisation by growing cultures of
bacterium NCIB 8250: kinetics of the utilisation

of all substrates.,

The culture of bacterium NCIB 8250 used for inoculation
was grown in 2mM-benzoate-salts medium, harvested at a ‘turbidity
of 0.2, resuspended and used immediately as described in }Methods
(pes7)s Ixperiments were done in salts medium containing 1,kmd-
benzoate, 1.4mb-benzoate + 2.8m~Dl~mandelate and 1,4ml- benzoate +
1.loM-benzyl alcohol (Methods, pei7 Yo At intervals substrate

utilisation was estimated radiochemically (Methods, p.48 )e

C) Control culture with benzoate alone: utilisation

of benzoate,

/A Utilisation of benzoate and /) mtilisation of
mandelate from parallel benzoate + mandelate-

salts cultures,

D Utilisation of benzoate and utilisation of
benzyl alcohol from parallel benzoate + benzyl

alcohol~salts cultures,
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The control patterns of growth (Fig.19) and benzoate
ntilisation (1'ig.20) were totally unaffected by mandelate in the
initial stages and growth on mandelate was a slow phase following
benzoate growth, There was no utilisation of mandelate during
growth on benzoate (Fig.20). Mandelate utilisation was first
detected at 270min i.e. 45min after benzoate exhaustion,

Benzyl alconol only marginally affected the control
patterns of growth (Fig.19) and benzoate wtilisation (I'ig.20), and
'growth on benzyl alcohol-salts occurred after a steep drop in
initial growth rate. There was in fact an increased growth
of 0,02 turbidity units over the control before the drop in growth
rate, During growth on benzoate, no benzyl alcohol was used
until some 20min before benzoate exhaustion (¥ig.,20). The amount
of benzyl alcohol utilised in this time would account for 0,02
turbidity units of growth, and the low level of the benzyl alcohol
oxidising enzymes present was indicated by the drop in growth

rate on henzoate exhaustion,
The growth rate of bacterium NCIB 8250 in benzoate~salts

medium (p = 0.92h~1) was markedly reduced Qp = 0.66h-1) by the
medium (p = 0,92h™") was markedly reduced (j = 0.66h™") by the

presence of catechol (¥ig.21). Benzoate exhaustion had little
effect on the culture. VWhen these two growith curves were expressed
as functions of benzoate utilisation (Fig.27%) parallel and almost
coincident lines were obtained indicating no net contribution of
catechol to growth on benzoate during benzoate utilisation., This

was surprising as catechol lies down the catabolic pathway from



Fige. 21, The effect of catechol on the growth of

bacterium NCIB 8250 in benzoatefsalts medium,

The culture of bacterium NCIB 8250 for inoculation was
grown in 2mM-benzoate~salts medium and used without harvesting
when the turbidity reached 0.2 (Methods, p. 46). Experiments
were done in 1,5mM-benzoate~salts medium with and without 1,%mM-
catechol, as described in Methods (p.47 ). Growth was measured

turbidimetrically (Methods, p. 4l).

O Control: growth in benzoate-salts medium,

Z& Growth in benzoate + catechol-salts medium,
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Fig. 22, The effect of catechol on the utilisation of
benzoate by bacterium NCIB 8250 growing from

different inocula,

The culture of bacterium NCIB 8250 for inoculation a) was
grovn in 2mM-benzoate-salts medium and used without harvesting when
the turbidity reached 0,2 (Methods, p.46 ). These experiments were
done in 1.5mM=henzoate-salts mediuvm with and without 1.7%mM~catechol
(Methods, pe%47 })o» In b), a nutrient broth inoculum was used and
these experiments were done in 1.4mM-benzoate~salts medium with and
without 1.imdi~catechol, At intervals samples were taken for
turbidimetric measurement of growth and radiochemical estimation of

benzoate utilisation (Methods, p.L47 ).

@) ) Controls: benzoate utilisation during growth in

benzoate-salts medium.

/A /A Benzoate utilisation during growth in benzoate +

catechol-salts medium,

The open symbols, graph a), represent a preinduced inoculum

and the closed symbols, graph b), represent a nutrient broth inoculum.
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benzoate and its catabolism is controlled by a separate regulon
(see Introduction, P11 ), This phenomenon was repeated when
nutrient broth cells were used as an inoculum for benzoate-salts
and benzoate + catechol-salts media (1"ig.22b). The relation
between benzoate utilisation and turbidity in the presence of
catechol indicated only a marginal net contribution of catechol to
growth on benzoate. The induction of benzoatle oxidase was thus
not detectably affected by the prescnce of catechol,

Bacterium NCIB 8250 prew exponentially gp = 0.88hﬂ1) in
benzoate + succinate-~salts medium. Though the growth rate
declined steadily in the last generation no sharp breaks in slope
were observed, When benzoate utilisation was expressed as a
function of growth, a straight line of lower slope than the control
was obtained, Similar co-utilisation of benzoate and succinate
was obsgserved when a nutrient broth inoculum was used,

2. 2. 3. Growth of nreinduced mandelate cells of bacterium

NCIB 8250 in mandelate~salts medium and the interactions

of other intermediates.

The control culture displayed the charactrristic growth
cuxve (Fig. 23) and mandelate utilisation pattern (Fig. 24) already
detailed (Pesults, D. 93).

The presence of benzoate changed these patterns., Growth
(Mig. 23) accelerated in the presence of benzoate to a rate

—— . . C . .
(p = 0.83h ) which was maintained till benzoate exhaustion at

about 260min (Fig. 24), and there followed a phase of mandelate—



T'ig. 23, The effect of benzoate on the growth of
bacteriun NCIB 8250 in mandelate-salts

medium,

The culture of hacteriun NCIB 8250 used for inoculation
wvas grown in 10mM~Di-mandelate-salts medium, harvested at a

{turbidity of 0.1, resuspended and used immediately as described

in Methods (p. 47). Yxperiments were done in 2,8mM-DIl~mandelate~

salts medium with and without 1.km~benzoate (Methods, p. 47).

Growth was measured turbidimetrically (Methods, p. 4k4).

(O Control: growth in mandelate-salts

medium,

A Growth in mandelate + benzoate-salts

mediwnm,
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Tig. 21, The effect of henzoate on mandelate utilisation
by growing cultures of hacterium NCIB 8250

kinetics of the utilisation of both substrates,

The culture of bacterium NCIB 8250 used for inoculation was
grown in 10mM-DI~-mandelate~salts medium, harvested at a turbidity of
0,1, resuspended and used imnmediately (Methods, p. 47). Ixperiments
were done in 2,8uM-Dl~mandelate-salts mediuvm with and without 1,4mM-
benzoate as described in Methods (p. 47). At intervals substrate

utilisation was estimated radiochemically (Methods, p. 48).

(O Control culture with mandelate alone:

utilisation of mandelate,

(® Utilisation of mandelate and A\ utilisation
of benzoate from parallel mandelate + benzoate-

salts cultures.,
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supported growth, During benzoate utilisation, mandelate
utilisation did occur (Fig.24) and this mandelate utilisation was
linear with time,  Thus the activity of the ZR1 enzymes remained
constant despite a 27-fold increase in bacterial mass over this
period.

The results did not permit an accurate comparison of
mandelate utilisation rates in the two cultures at zero time., To
determine whether benzoate altered the activity of pre-existing
R1 enzymes, benzoate was added to a culture growing in mandelate-
salts medium. Growth accelerated to p = 0.74h“1 on the addition
of benzoate (Fig.25). This increased rate was maintained for a
period corresponding to the utilisation of the 1.6mM benzoate
added (allowing for utilisation of mandelate), after which growth
reverted to a mandelate-~type curvé. During the period correspond-
ing to benzoate wbilisation (220~390min, Fig.25), mandelate
utilisation was linear with time (Fig,26). Thus mandelate
decarboxylation in the culture continued at approximately the same
rate it had achieved immediately hefore the addition of benzoate,
whereas the rate in the control culture continued to rise, The
repression of mandelate oxidising activity in these cells is
emphasised by the fact that at 300min, when the rate of
decarboxylation of mandelate in the control culture was much
faster than in the culture to which benzoate had been added (Fig.25).
the latter culture contained 2.5x as much dry wt./wl (Fig.o5).

The presence of benzyl alcohol caused a slight though



Tig. 25, The effect of the addition of henzoate to a
culture of bacterium NCIB 8250 growing in

mandelate—~-salts medium,

The culture of hacterium NCIB 8250 used for inoculation was
grovn in 10miM-DI~mandelate-salts medium, harvested at a turhidity of
0,1, resuspended and used immediately as described in Methods (p. 47).
Experiments were done in 2,8mM-Di~mandelate~salts medium with the

addition ( b ) of water (control) or 450mmol benzoate (Methods, p. 47).

(O Control: growth in mandelate~salts medium,

/\ Growth in mandelate-salts mediwum to which

benzoate was added.
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TFig. 26. The effect of benzoate, added during growth,

on the utilisation of mandelate by bacterium

NCIB 8250.

The culture of bacterium NCIB 8250 used for inoculation was
grown in 10mM-DI~mandelate-salts medium, harvested at a turbidity of
0.1, resuspended and used immediately as described in Methods (p. u7).
Experimenté were done in 2,.8mM~DI~mandelate-salts medium with the
addition ( & ) of water (control) or 450pmol benzoate (Methods, p. 47).
At intervals, samples were talten for radiochemical'estimation of

mandelate ntilisation (Methods, Pe 48 ),

(O Control culture with mandelate alones

uwtilisation of mandelate.

L\ Utilisation of mandelate in a culture to which

benzoate was added,.
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reproducible inhibition of growth in mandelate-salts medium (Fig.27).
This marginal inhibition did not mask the characteristic growth of
bacterium NCIB 8250 in mandelate-salts, after which growth
accelerated till stationary state. However, although the presence
of benzyl alcohol had no effect on mandelate utilisation (Fig.28),
between & and % of the benzyl alcohol originally present was
decarboxylated during mandelate utilisation (Fig.28).

The utilisation of benzyl alcohol probably commenced at
zero time and accelerated for about 2h after which utilisation
remained linear with time. Approximately half an hour hefore
mandelate exhaustion, benzyl alcohol utilisation declined (360min,
Fig.28) and a lower rate of benzyl alcohol utilisation was maintained
during the kink at the end of growth on mandelate after which (about
540min) utilisation accelerated till benzyl alcohol exhaustion.

At 540min approximately O.7mM-benzyl alcohol remained (Fig. 23),
enough to support 0.2 turbidity units of growth (Fig. 14). However,
the culture turbidity at this time was 0.33 and the stationary state
turbidity was0.66 (Fig. 27). Presumably this discrepancy arose
from the benzyl alcohel utilised in the first phase of growth
without apparent contribution to growth. The accumulation of

some intermediate would explain the results.

Some experiments were done with catechol as the second
substrate in mandelate-salts medium. When a nutrient broth
inoculum grew in catechol + mandelate~salts mediwn, initial rapid

growth settled at a rate p = 0.69]:1-1 during which mandelate



Fig. 27. The effect of benzyl alcohol on the growth of

bacterium NCIB 8250 in mandelate~salts medium,

The culture of bhacterium NCIB 8250 used for inoculation was
grown in 10md-DL-mandelate-salts medium, harvested at a turbidity of
0.1, resusvended and used immediately (Methods, pe 47). Ixperiments
were done in 2.8mM~DI-~mandelate-~salts medium with and without 1.3mM-~
benzyl alcohol (Methods, p. 47). Growth was measured

turbidimetrically as described in Methods (p. 4k4).

(O Control: growth in mandelate-salts medium,

A Growth in mondelate + benzyl alcohol-salts medium,
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Fig. 28, The effect of benzyl alcohol on mandelate
utilisation by growing cultures of bacterium
NCIB 8250: kinetics of the utilisation of

both substrates.

The culture of bacteriwn NCIB 8250 used for inoculation
was grown in 10m~DIi~mandelate-salts mediwm, harvested at a turbidity
of 0.1, resuspended and used immediately as described in lethods
(pe 47). The experiments were done in 2,8mM-mandelate-salts
medium with and without 1,3mM-benzyl alcohol (Methods, p. 47 ). At
intervals samples were taken for radiochemical substrate esbimation as

described in Methods (p.48 ).

O Control culture with mandelate alone: utilisation

of mandelate,

/\ Utilisation of mandelate and A utilisation of
benzyl alcoliol in parallel mandelated4 benzyl

alcohol=salts cultures,
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utilisation was very low, possibly zero., A sharp drop in growth
rate at a turbidity of 0,44 coincided with the onset of significant
mandelate utilisation. When a preinduced mandelate inoculum grew
in catechol + mandelate-salts medium, initial growth at a rate
B o= 0..66}.1”1 was accompanied by a low linear rate of mandelate
utilisation. A marked drop in growth rate was matched by a sharp
increase in mandelate utilisation at a turbidity of 0,34,

In an experiment ﬁith succinate + mandelate~salts medium,
growth of a preinduced mandelate inoculum accelerated for 3h to
a rate 3 = 0.88h-1. At a turbidity of 0.44 there was a sharp
drop in the growth rate and a period of slow growth continued to
stationary state. IHowever, the pattern of mandelate utilisation
observed in the control was virtually unaltered by the presence
and metabolism of succinate,

2. 2, k. Growth of preinduced benzyl alcohol cells of

bacterium NCIB 8250 in benzyl alcohol-salts medium, and

the interactions of other intermediates.

The control growth curve accelerated through the first
generation to a rate p = 0.87h-1 which was maintained until
stationary state (Fig.29 ). Benzyl alcohol utilisation in this
culture is shown in Fig. 30 .

In the presence of benzoate, the culture took fractionally
longer than the contrel to attain a similar rate p = 0.8651 (rig. 29).

There was no break of slope in this growth curve though the growth



Fig. 29, The effect of benzoate on the growth of
bacterium NCIB 8250 in benzyl alcohol-salts

mediwn,

The culture of bacterium NCIB 8250 used for inoculation was
grown in Smd-benzyl alcohol-salits medium, harvested when the turbidity
reached 0.4, resuspended and used immediately (Methods, Pe 47).
Experiments were done in 1,4mdi~benzyl alcohol-salts medium with
and without 1,4nii~benzoate as described in Methods (p. 47).

Growth was measured turbidimetrically (“*ethods, p. Lk).

(O Control: growth in hbenzyl alcohol-salts medium.

A\ Growth in benzyl alcohol + benzoate-salts medium,

[N
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Fige 30, The effects of benzoate on benzyl alcohol
utiligation hy growing cultures of hacterium
NCIB 8250: kinetics of the utilisation of

hoth substrates,.

The culture of bacterium NCIB 8250 used for inoculation was
grown in Smi-benzyl alcohol-salts medium, harvested when the turbidity
reached 0.4, resusnended and used immediately as described in Methods
(Pe 47 ) The experiments were done in 1,4md-benzyl alcohol-salts
medimm with and without 1.kmM-benzoate (Methods, ». 47 )o At
intervals samples were taken for radiochemical substrate estimation

(Methods, p. 48).

(O Control culture with benzyl alcohol alone:
utilisation of henzyl alcohol,

/\ Utilisation of benzyl alcohol and A utilisation
of benzoate in parallel benzyl alcohol+ benzoate

salts cultures,
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rate fell steadily in the last generation, The time course of
subgstrate utilisations in this culture (FPig. 30 ) was indicative of
dual substrate utilisation throughout growth. Fig. 30 may be
interpreted only qualitatively because benzyl alcohol utilisation
was measured as benzoate decarboxylation (Results, p. 90 ), and
benzoate derived endogenously from benzyl alcohol could

equilibrate with exogenously derived benzoate thus invalidating the
quantitative manipulation of data used (Methods, p. 50 ).
Bquilibration of endogenous and exogenous benzoate is seen (Fig. 30 )
between 150 and 210min where the sum of "benzoate" 4+ "benzyl alcohol®
utilisations corresponded to the control benzyl alcohoel utilisation
and the two cultures were essentially identical (FFig. 29).

Benzyl alcohol untilisation accelerated during and probably
throughout growth in benzoate +benzyl alcohol salts medium (Fig. 30 ).
Thus the quantity of benzyl alcohol oxidising enzymes increased
during growth in the presence of bepzoate. A similar pattern of
increasing capacity to oxidise benzyl alcohol during growth in the
presence of benzoate was observed when a nutrient broth inoculum
was used. Thus the presence of benzoate was not in itself a4
sufficient condition to repress the induction of the enzymes of
benzyl alcohol oxidation.

The presence of DI~mandelate initially had no effect on the
growth of preinduced benzyl alcohol cells in benzyl alcohol salts
medium, whether the mandelate was present from inoculation or

added later in growth (Fig. 31aﬁp). However, after varying periods



Tig. 31. The effect of mandelate on the growth of
bacterium NCIB 8250 in benzyl alcohol-sgalts

medivum,

The cultures of bacterium NCIB 8250 used for inoculation
were grown in Smd-benzyl alcohol~galts medium, harvested when the
turbidity reached 0.%, resuspended and used immediately (Methods,
Do 47). The experiments were done in 1.4mM-benzyl alcohol-~galts
medium as described in Methods (p.47 ). Di~Mandelate to
approximately 2,8mM was added ( ¢ ) to different cultures:-
graph a) before inoculation, graph b) at a turbidity of 0.07 and
graph c¢) at a turbidity of 0.15. Growth was measured

turbidimetrically (Methods, p. Lh).

(O Appropriate control: growth in benzyl alcohol-

salts medium,

A\ Growth in benzyl alcohol-salts medium to which

mandelate was added at the times indicated,
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Fig. 32, The effects of mandelate on benzyl alcohol
utilisation by growing cultures of bacterium
NCIB 8250: kinetics of the utilisation of hoth

substrates.

The cultures of bacteriwmm NCIB 8250 used for inoculation were
grown in SmM~-benzyl alcohol-salts mediwa, harvested when the turbidity
reached 0.4, resuspended and used immediately (Methods, e 47). The
expériments were done in 1,4mM-benzyl alcohol-salts medium as
described in Methods (p. 47). DI~Mandelate to approximately 2.8mM
was added ( & ) to different cultures: graph a) before inoculation,
graph b) at a turbidity of 0,07 and graph c¢) at a turbidity of 0,15.
At intervals samples were taken for radiochemical substrate estimation

(Methods, Pe 48).

(O Arpropriate control: utilisation of benzyl

alcohol,

/\ Utilisation of benzyl alcohol and A, utilisation
of mandelate in parallel benzyl alcohol +

mandelate~salts cultures,
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of time, not less than 1h, the growth rate fell gradually from

B = (_).,8711“1 to p = 0370 (Fig. 31a}) or n =.0.30h"1 (Frig. 31c).
The corresponding time courses of substrate utilisations (Fig. 32
apg) show that the fall in pgrowth rate was coincident with a

fall in the rate of benzyl alcohol utilisation from exponential
to linear with time and coincident with the start of mandelate
utilisation. The linear rate of benzyl alcohol utilisati#n was
maintained until mandelate utilisation reached its maximm rate;
the rate of benzyl alcohol utilisation then fell off steadily and
both substrates were exhausted simultaneously and coincidently
with the end of growth (except in ¢ where benzyl alcohol exhaustion
occurred in the linear utilisation phase).

Experiment ¢ of this series was assayed for benzaldehyde,
None was detected. In this culture, at least, the fall in growth
rate was not due to benzaldehyde toxicity and was presumably a
direct result of the linear rate of benzyl alcohol utilisation.

The overall effect observea in Figs. 31and 52 was ascribed
to the présence of the L~enantiomer of mandelate, TFurther dual
substrate experiments were done with preinduced benzyl alcohol
inccula growing in D~, Dl-~or I~mandelate + benzyl alcohol=-salts
media, The D-enantiomer had no effect on growth in benzyl alcohol-
salts medium but the effects of DI~ and I~ mandelate were identical
to those described above, The same general patterns of growth
and benzyl alcohol utilisation were observed in the presence of

phenylglyoxylate.



When a preinduced benzyl alcohol inoculum grew in
catechol + benzyl alcohol~salts medium, the data indicated
simple dual substrate untilisation. There was no sharp drop
in the growth rate at any time during growth and benzyl
alcohol utilisation accelerated throughout prowth., A similar
pattern of dual substrate utilisation was observed when a
preinduced benzyl alcolwl inoculum grew in succinate 4 benzyl
alcohol-salts mediunm, ‘

The growth experiments indicated that the synthesis of
several sroups of enzymes in the mandelate pathway was subject
to repression.  Regulon R, (mandelate oxidation) was subject to
repression in the presence of henzoate (Results, ppdikandii?),
catechol (Results, p.117 ) and succinate (Results, p. 120 ), but
not in the nresence of bhenzyl alcohol (Results, p. 11k ).
Resulon RQ (benzyl alcohol oxidation) was less sensitive to
repression than repulon Rio However, repression of regulon R2
was ohserved in preinduced benzoate cells in the presence of
benzoate (Results, p, 114 ) though the nresence of benzoate was not
a sufficient condition for repression (Results, p.120 ), and
repression by IL~mandelate was observed after a long delay

Results, n. 123 ). No.severe repression of regulon R3 (benzoate
oxidation) was observed.

It was possible that some of these effects were in fact
indirect effects of enzyme inhibitions and not interactions

involving the control of enzyme synthesis, This was studied in

cell~free enzyme assays and in whole cells (ilesults, Secton 3)e



Alternatively, interactions could occur as compounds entered
the cell and this possibility was also explored (Results,

Section &),



3e THE Cull~FREY AND WHOLD CtLL ACTIVITINS 0F CERTAIN

MANDELATE PATHWAY ENZYMES IN THE PRESWICE 0F OTHIER

INTEBENDTATES,

e 1 Cell-free enzyme assays.

Growth and substrate utilisation of bacteriumm NCIB 8250
in duél substrate media indicated few interactions between control
systems at the level of enzyme activity (Results, Section 2),
However, to verify that the activities of the mandelate pathway
enzymes were unaffected by other intermediates, I~mandelate de~
hydrogenase, phenylglyoxylate carboxy-lyase, the labile and stable
benzaldehyde dehydrogenases and benzyl alcohol dehydrogenase were
assayed in cell-free extracts in the presence of Di-mandelate,
phenylglyoxylate, benzaldehyde, benzyl alcohol, bhenzoate and
suceinate, The cell~free assay for benzoate oxidase (Fewson et. al.,
1970) represents only 3% of the activity observed in whole cells and
was not studied. As most of the growth experiments were done at
equimolar substrate concentrations, the intermediates weve present in
the enzyme assays at concentrations equimolar with the optimum
substrate concentration.

I~mandelate dehydrogenase activity (Table 5 ) was not
significantly affected by benzyl alcohiol, benzaldehyde, benzoate or
by suceinate,. An assay for I-mandelate dehydrocenase, done in the
absence of substrate, showed a very low, exfract-denendent reduction

of dye, about 0.4% of the control rate of mandelate dehydro:renase



Table 5, The activities of mandelate pathway enzymes

in the presence of other intermediates,

Bacterium NCIB 8250 was grown in salts medium on the
indicated carbon sources and cell-free extracts prepared by ultrasonic
disruption as described in Methods (pp.50 and 6. IEnzyme activities
in the cell-free extracts were measured spectrophotometrically at the
indicated wavelengths (Methods, p. 65). I~Mandelate dehydrogenase
was meaéured by the-reduction of 2, G-dichlorophenol-indophenol to
the leuco form concomitant with the oxidation of I-mandelate to
phenylglyoxylate (Methods, pe. 66)s Phenylglyoxylate carboxy-lyase
was assayed by direct measurement of substrate disappearance (Methods,
De 66). Both benzaldehyde dehydrogenases were measured as
benzaldehyde~dependent re&uctioﬁs of NADT and benzyl alcohol
dehydrogenase was assayed as a benzyl alcohol-dependent reduction of MADF,
Tach group of assays in the spectrophotometer included a control in
the absence of added intermediate, a complete assay mixture plus
intermediate under study and an assay mixture with added intermediate
hut no substrate. Added intermediates were equimolar with enzyme

gubgtrate. v

ND = Not determined

* H- and T 10—~ fold increase in concentration

of potential inhibitor gave the same result.



ﬁ

Carbon source [Javelength Reaction rate as % control activity in the
on which at which {Control v . s .
Inzyme cells extinction Walues _Dresence of the followings intermediates,
ErovWn. followed of Phenyl- Benz- [Benzyl Suc~
(nm) AE/min  |[Mandelate |[glyoxylate jaldehyde |alcohol [Benzoate {cinate
Mandelate Sl
dehydrosenase | .L-mandelate 600 ¢.170 ND ND 102% 101 101 101
Phenyl-
glyoxylate Smi=
carboxy-=lyase I~mandelate 334 0.0021 ND ND 93% 106 102 100
Heat-stable Srpi~rlutamate+
benzaldehyde |lmM=thiorhencxy-
dehydrosenase acetate, 340 0.072 D ND ND io8T | 110 1007
Heat~labile
benzaldehyde S
dehydrogenase | benzyl aleohol| 340 0.120 o77 103t ND ND 100 1061
Benzyl alcohol B[
dehydrogenase benzyl alcohol 340 0,055 g9 98 ND ND S5 95




activity. None of the intermediates under test affected this
low rate of dye reduction,

Phenylglyvoxylate carboxy-lyase activity was measured by
the relatively insensitive assay in which phenylpglyoxylate
disappearance is followed at 33Fum (Methods, p. 66 ), rather than
the much more sensitive assay in which benzaldehyde dehydrogenase
is used as a coupling enzyme (Kennedy & Fewson, 1968b; Livingstone,
1970).  This was to emsure that any effects could be attributed
to phenylglyoxylate carboxy-lyase itself and not to complications
introduced by the presence of a coupling enzyme, Enzyme
activity was not significantly affected by benzyl alcohol,
benzaldehyde, benzoate or succinate (Table 5 ). No enzyme activity
was detected in the absence of substrate,.

The activity of the heat-stable henzaldehyde dehydrogenase
was nepligibly affected by benzyl alcohol, benzoate and succinate
(Table 5). These extracts gave increased activities with
mandelate and phenylglyoxylate, preswmably because enzymes for their
metabolism were present.

Neither mandelate, phenylglyoxylate, benzoale nor succinate
had any sipgnificant effect on the activity of the heat labile
benzaldehyde dehydrogenase (Table 5).

Benzyl alcohol dehydropgenase was not significantly effected
by Dlrmandelaﬁe, phenylglyoxylate, benzoate or succinate (Table 5),
In assay mixtures lacking benzyl alcohol there was no reduction of

NADY in the presence of the materials under test,



3. 24 Substrate disappearance from cell suspensions of

bacterium NCIB 8250 and the effects of other intermediates.

Growth experiments and cell-free enzyme assays (Resulis,
Sections 2 and 3. 1°) indicated minimal direct intexractions
between the substrate of one enzyme and other enzymes in the
mandelate pathway. To establish this lack of direct interactions
in whole cells, substrate disappearance was assayed under non-—
proliferating conditions (Methods, p. G2and Results, Section
4, 1.) in the presence of the appropriate intermediates. It was
felt that this technique might also show up small effects not
detected in growth experiments.

3. 2. 1, The effects of other intermediates on mandelate

decarboxylation by cell suspensions harvested from

nmandelate~salts medium,

The rate of mandelate decarboxylation was linear in cell
suspensions (Figs 33). This rate, 84mmol/mg dry wt./min, was
lower than the computed value for mandelate decarboxylation during
growth (Results, p.10%) but a direct comparison is invalid because
of the unusual growth and substrate utilisation kinetics obsefved
in mandelate-salts media (Results, Section 2. 1. 3.).

Neithexr benzyl alcohol nor benzoate significantly altered
mandelate disappearance (Table 6). In the presence of catechol,
mandelate decarboxylation accelerated from a very low rate to a
linear rate 67% of the control (Fig. 33). Succinate caused a

lowering in the mandelate disappearance rate (Table 6 ).



Fig. 353. The effect of catechol on mandelate
decarboxylation by cell suspension of
bacterium NCIB 8250 harvested from

mandelate-salts mediun,

Bacterium NCIB 8250 was grown in 10mM-DL~mandelate-~salts
medium, harvested when the turbidity reached 0.2, washed,re-
suspended to 20mg wet wt./ml in phosphate buffer and stored on
ice (Methods, p. 60). The experiment was done in a shaking
water bath at BOOC in S50ml Erlenmeyer flasks with the 10ml
final volume reaction media containing DL%égggggx-l4dmandelate,
2meol (1p0i4pmol). Incomplete (?.5ml) reaction medium and a
portion of the stock cell suspension were preincubated separately
and the reaction initiated by the addition of 2.5ml of the cell
suspension (Methods, p. 60). At intervals IOQpl samples were
taken on to 1.0ml O.1M-HCl and the radioactivity in this

acidified suspension measured as described in Methods (p.48).

O ) Mandelate decarboxylation (in duplicate)
in the absence of added intermediate.
/\ Mandelate decarboxylation in the

presence of lmM~catechol.
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Pable 6. The effects of various compounds on the
disappearance of mandelate, benzyl alcohol
and benzoate from cell suspensions of

bacterium NCIB 8250.

Bacterium NCIB 8250 was grown in 10mM-DI~mandelate; Hmli-
benzyl alcohol-or Z2mbi~benzoate-salts medium, harvested at turbidities
of 0,1, 0.4, and 0.2 respectively, washed, resuspended to 20mg wet wt./
ml in phosphate buffer and stored on ice (Methods, p. 60 ). Experiments
were done in a shaking water bath at 300C in 50ml Brlenmeyer flasks
wiﬁh 10ml final volume reaction media containing DL—{SEEEgngléC]
mandelate, 20mumol tytci/ymol), ngzgggzuIQC] benzoate, 10ymol (0.1p-
Cilpmol) or benzyl alcohol, 10pmol (sometimes[#§£Eiggirigé}m labelled
at 0.1p(3i[pmol). Other intermediates were present at 1mM except
for 2uM-Dl~mandelate. Incomplete (7.5ml) reaction media and portions
of stock cell suspensions.were preincubated separately and the reaction
wag initiated by the addition of 2,5ml cell suspension (Methods, p. 60 ).
At intervals samples were taken as indicated in Legends to Figs. 33 to 306 to
estimate substrate concentration remaining.,

Results are tabulated as a percentage of the activity in the

absence of added intermediates. The figures in brackets represent

decarboxylation or disappearance rates in nmol/min/mg dry wt.

NT = Not tested

¥ = No second rate : see Fig. 36



Cells harvested from salts-media containing :-

Additional Mandelate Benzyl Alcochol Benzoate
intermediates
Snectropholto- | LRadiochemical
metric assay assay Initial Rate Second llate
None 100 (8%) 100 (135) 100 {(27) 100 (59) 100 (&3)
Mandelate NT NT 96 103 107
FPhenylglyoxylate NT NT 96 109 99
Benzyl alcohol g6 NT NT 88 100
Benzoate 103 9i NT NT NT
Catechol 67 NT NT Acceleration 89
Succinate 73 78 NT 46




3. 2, 2, The effects of other intermediates on benzyl

alcohol disappearance from cell suspensions harvested

from benzyl alcohol-salts medium,

3 24 2. 1.Comparison of radiochemical and spectrophotometric

assays of benzyl alcohol disappearance in cell suspensions.

A direct spectrophotometric assay of benzyl alcohol was
developed to measure benzyl alcohol disappearance in the presence
of benzoate (Methods, p. 67). This assay was very tedious and
the radiochemical assay was used where possible, However, the
rate of benzyl alcohol disappearance was at least twice the rate
of benzyl alcohol decarboxylation (Fig.34 ). This discrepancy,
which was not observed when cells were growing in benzyl alcohol-
salts medium (Fig. 1k), was not due to the accumulation of
benzaldehyde (Fige 34). A compound with the same u.v. spectrum
as benzoate accumlated during the assay (Fig.35 ). The effect
was not due to loss of enzyme activity on storage., A stock cell
éuspension was stored om ice for Lh, The fresh suspension was
assayed spectrophotometrically and radiochemically (after varying
preincubation times of 5 to 30min) and the results compared with
those after storage. Neither time of storage nor preincubation
time altered the results,

The rate of benzyl alcohol disappearance in the spectro-
photometric assay, 135mmol/mg dry wt./min, was 75% of the
utilisation rate calculated for growing cells in a different

experiment (Results, P- 93).



I'ig. 34 Comparison of radiochemical and spectrophoto-
metric assays of benzyl alcohol utilisation by
cell suspensions of bacterium NCIB 8250

harvested from benzyl alcohol-salts mediun.

Bacterium NCIB 8250 was grown in SmM-~-benzyl alcohol-salts
medium, harvested at a turbidity of 0.4, washed, resuspended to 20mg
wet wt./ml in phosphate buffer and stored on ice as described in
Methods, (p. 60). The experiment was done in a shaking water bath
at BOOC in 50ml Erlenmeyer flasks with 10ml final volume reaction

lué]benzyl alcohol, 1Opmol (O.%ﬁCi{pmol).

media containing[carbing&~
Incomplete (7.5ml) reaction media and portions of the stock cell
suspension vere preincubated separately and reactions were initiated
by the addition of 2.5ml cell suspension (Methods, p. 60). Reaction
media were incubated for different intervals and samvled fdr a)
benzyl alcohol decarboxylation, radiochemically (100pl on to 1.0ml
0.1M-HC1l, Methods, p. 62) b) benzaldehyde, spectrophotometrically
(1.0ml on to 0.1lml M~NaOH in 1Oml n-hexane, Methods, p. 68) and

¢c) henzyl alcohol disappearance, spectrophotometrically (7.5ml on

to 1,5m1 chilled 3M-perchloric acid, Methods, p. 67). Sample c)

was further treated as illustrated in Fig. 35.

O

Spectrophotometric assay: benzyl alcohol
utilisation, in duplicate.

A /A Radiochemical assay: benzyl alcohol
utilisation, in duplicate.

Benzaldehyde accumulation in reaction media,

in duplicate.
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Fig. 35, Ultraviolet spectra of material accumulated in
reaction media during benzyl alcohol utilisaticn
by cell suspensions of hacteriwm NCIB 8250

harvested from henzyl alcohol-galts medium,

These spectra were obtained from samples in the experiment
illustrated in TFig. 34 . The samples had first been assayed for
benzyl alcoliol by extraction into chloroferm under alkaline
conditions (Methods, p. 67). This alkaline agueous sample was then
acidified and extracted with chloroform. This chloroform layer was
extracted with alkali., The alkaline portion was acidified after
which the u,v, spectrum of the solution was read on a Unicam SP800

Ultraviolet Spectrophotometer,

wemre e —m = Reagent blank in the absence of benzyl alcohol
and benzoate and also the spectrum of the 45s

sample from Fig. 54
......... .. 385s sample from Fig. 34

An authentic sample of benzoic acid (0.17mM)

in 0 . IM-HC1. .
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3. 20 2, 2, The effects of other intermediates on benzyl

alcohol disappearance from cell suspensions.

No significant interaction of mandelate or of
phenylglyoxylate on henzyl alcohol decarboxylation was observed
(Table 6 ). Inhibitions of benzyl alcohol disappearance were
detected in the presence of benzoate and succinate (Table 6).
The effect of benzoate was slight,

3. 2+ 3. The effects of other intermediates on henzoate

disappearance fro:1 cell suspensions harvested from

benzoate-salts medium.

Benzoate decarboxylation was bipbasic in cell suspensions
(Fige 36). The initial rate of 59mmol/mg dry wt./min was 27% of
the rate in exponentially growing cells in a different experiment
( Results, p. 87). After one third of the benzoa{e had been removed
(after 300s) the rate of benzoate decarboxylation fell to %3mmol/mg
dry wt./min,
| This biphasic pattern was unaltered by mandelate, phenyl-
glyoxylate and by benzyl alcohol none of which had any consistent
effect on benzoate decarboxylation (Table 6, last two columns),
On the other hand, the presence of catechol enforced a totally
different pattern (Fig. 36) in which benzoate disappearance increased
steadily forx 300 seconds to a linear rate 90% of the second phase
control rate of benzoate decarboxylation. In the presence of

succinate, a lowered linear rate of benzoate decarboxylation was

maintained throughout (Fig.36 ).



Fig. 36, The effects of catechol and sucecinate on
benzoate decarboxylation by cell suspensions

of hactlterium NCIB 8250 harvested from benzoate-~

salts medium.

Bacterium NCIB 8250 was grown in 2mM-henzoate-~salts medium
harvested when the turbidity reached 0.2, washed, resuspended to
20mg wet wt./ml in phosphate buffer and stored on ice {(Methods,
Pe 60). The experiment was done in a shaking water bath at 3000
in 50ml Frlenmeyer flasks with 10ml final volume reaction media
containing [Eggbgﬁzfiac]'benzoate, 10ymol (0.%p(1i/ymol). Incomplete
(7.5m1) reaétion mediun and a portion of the stock cell suspension
were preincubated separately and the reaction initiated by the
addition of 2.5ml cell suspension (Methods, p. 60). At intervals
100p1 samples were taken on to 1.0ml 0.1M~HC1 and the radiocactivity

in this acidified suspension measured as described in Methods (p. 62).

QO €) Benzoate decarboxylation (in duplicate)in

the absence of added intermediates,

A\ Benzoate decarboxylation in the presence of
imM~catechol,

[] Benzoate decarboxylation in the presence of lmM-

succinate,
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L, SUBSTRATE UIILISATION, INCCRPORATICH INTOQ

MACHOMOL 2CULE AND SURSTRATE POQOL, SIZES IN CRLL SUSP.ISTONS

OF BACTWRIUM NCIB 8250,

The results reported so far sugrested that there was
little direct interaction (feedback inhibition) by intermediates
of the mandelate pathway on the enzymes tested (Results,
Sections 2 and 3) but that repression of enzyme synthesis
probably occurred in some situations (Results, p. 131)., Re-
pression could bhe due to effects on transcription or translation
or on permeation. The widespread specificity of repression
in this and other (Mandelstam & Jacoby,1965)mandelate pathways
macde permeability a probable locus, The bulk of the work in
this project was aimed at examining the uptake of aromatic
compounds by bacterium NCIB 8250 and looking for interactions
between the uptake of pairs of compounds, This involved a good
deal of developmental work, which will be described at some
length as it was found that precise attention to detail was
important in order to obtain satisfaclory results.

L, 1, Total uptake of material into cells and

incorporation into macromolecule.

k. 1., 1, Development of technigues lor uptake and

incorporation. exneriments,

"ptake" of material refers to the total amount of material
inside the cell, while "incorporation" refers to the amount of

material incorporated into macromolecule, The difference between



w3 g LJ;D.-

uptake and incorporation is taken to represent the total "pool"
of small molecules in the cell,  All assays of uptake and
incorporation were done radiochemically on cell suspensions and
measured as the radiocactivity retained on the filter membrane
after harvesting and washing,

L, 1, 1, 1. Choice of conditions for cell susnension

studies.

The conditions used in these experiments were originally
based on experience with manometric technicues with this
organism (Hennedy & Fewson, 1968a). Ixperiments were done with
cell suspensions (called "reaction media") contained in 50ml
Erlermeyer flasks and shaken in a water hath (ilethods, p. 60 ).
Brlemneyer flasks were chosen to nroduce a larpe surface avea
for aeration and a reaction medium volume of 10ml was chosen to
give sufficient depth to permit reliable samnling, For sneed,
samples were taken by Irmendori pipette, The rovtine sample
size was 100}1 so that rewmoval of ten samples should not markedly
alter conditions in the reaction mediwm, Cells were suspended in
phosphate huffer withouvt added nitrogen supply, but no further
steps were taken to prevent macromolecular synthesis as it was
feared that the presence of compounds such as chloramphenicol

might hiave undesirable and unknown side effects,

he 1. 1. 2. Avparatus for harvesting cells from cell

susrensions,

Preliminary exverinents on the kinetics of the uptake of



U T

Eéiggrléc(U)] benzoate by benzoate grown cells of bacterium NCIB
8250 showed that a permanent assembly was required to harvest cell
suspensions and process the samples reproducibly, rapidly, cleanly
and simply. The apparatus (Methods, p. 57 ) was designed to be
used by ome operator for the rapid and complete processing of

each sample individually. Samples were completely processed
because individual pool sizes were small (see later) and catabolism
occurred in the cells on the filter membrane when samples were not
immediately immersed in scintillation fluid,

The low profile of the assembly allowed use of space
behind the apparatus. Individual vacuum taps for each flask
allowed independent control of each sample, made preparation for ‘
experiments simple and allowed easy change~over of flasks.
However, the most important change from the individual commercial
components was the replacement of +the Millipore funnel with a
short perspex funnel. The short funnel permitted open access to
the filter membrane. This allowed sémples from the Eppendorf
pipette to be streaked accurately and reproducibly on the fiiter
menmbrane itself, The short funnel was easily handled; perspex
was chosen for its toughness and resistance to chipping.

4, 1,1. 3. The choice of a filter membrane for untake

studies and the retention of vadioactivity on filter

membranes.,
l i,
"Reagent blanks" with |carbo: —ILQJ benzoate in the absence

" of cells indicated that radioactivity was retained on Millipore



filter membranes (Table 7). With experience the day to day
variation in the radiocactivity retained on the filters was
minimised, The dampening of Millipore-filter menibranes with
liquid homologous with the reaction medium (but containing neither
cells nor radioactivity) did little to reﬁuce the bound material,
whether the membranes were steeped for twe hours or dampened
imnediately before use (Table 7). To simmlate more closely

the conditions of a cell suspension assay, polystyrene latex
similar in siée to the cells under study (0.7 3 1.3pm diameter)
was added to the "reaction medium". This did not markedly alter
the reagent blank recorded (Table 7). The reagent blank was

not due to radioactivity picked up from the . sintered glass filter
base. After the above experiments; filter membranes were
positioned on bases and washed without the addition of radiocactivity,
and no radioactivity was associated with thege membranes,

Filter membranes from several commercial sources were
screened in an attempt to find a type that did not retain radio-
activity (Table 7). Sartorius "weight constant" filters retained
the least radiocactivity and the 0.22pm pore size was chosen iﬁ view
of the small size of bacterium NCIB 8250, In the course of this
work several radiochemicals were used and each was found to bind
to the Sartorius filter membrane (Table 8),

k, 1, 1, 4, Measurement of incorporation of radioactivity

into macromolecules in cell suspensions of bacterium NCIB 8250,

The incorporation of radioactivity into the macromolecular



Table 7, Variation in retention of radioactivity from
L
[ggrbozzflic] benzoate on filter membranes
under conditions simulating cell suspension

assays,

Simulated reaction media were prepared in 50ml Erlenmeyer

flasks in the absence of cells in 10ml volumes containing:

Iﬂ%ﬁﬂéPOa.NaQHPOQ, pH 7.0, 500mumol; [carboxzfihé]benzoate, qumol
(ip(%p(]i[ymol); polystyrene latex (0,7 - 1.3um diameter), zero or

1001 0mg dry wt. teaction media were shaken in a water bath at 30°C

and 100pl samples were taken on to filter membranes under vacuum,
rapidly washed and the filter membranes immediately immersed in
scintillation fluid in scintillation vials (Methods, p. G0 ). The '
samples were washed either twice with Iml chilled, distilled water
or with 1ml of a chilled solution of the same composition as the
reaction mediwn but lacking radicactivity and cells (ﬁedium wash) .
Each result is the mean of eight valﬁes; the standard

error of the mean as a percentage of the mean was between 2 and 5%.



Radiocactivity re—

tained on filter

Pore Wetting Special expressed as nl
Brand name diameter of filter conditions reaction medium
Tl
} Water Medium
wash wash
H20 Estimation on 0.15 0.19
HQO different 0.1%4 0,22
H,0 days 0.16 0.31
HéO Iatex in 0.13 0.22
Millipore 0.22 11,0 reaction medium 0.16 0.27
Steen in
medium wash 0.16 0.22
Mediwn wash 0.17 0.22
H20 No radiocactivity | 0.000 0.000
applied to filter
0.45 H,0 0,17 0.31
Gelman 0.20 Hy0 0.13 0,22
Oxoid H20 0,20 0,40
HQO Bstimated on 0,14 0.21
0.22 H20 different days 0.09 0.12
nedium wash 0,13 0.19
H20 Iistimated on 0.15 0,17
Sartorius 0.45 HQO different days 0.09 0.15
Medium wash 0.13 6,18
0,45 H20 Filter variant 0.18 0.26

containing
plasticiser




Tahle 8. Reagent blanks for different radiochemicals
on Sartorius filter membranes under conditions

simulating cell suspension assays.

The different compounds, at the activities and concentrations
indicated, were dissolved in 0.()51\1'-—-1(]1’21’()4.I\TaQHZPGli PH 7.0 in 10ml
volunes contained in 50ml Erlenmeyer flasks. These gimulated
reaction media, which contained no cells, were shaken in a water bath
at 3000. 100pl Samples were taken on to filter membranes under
vacuum, rapidly washed and the filter membrane immediately immersed
in scintillation fluid in a scintillation vial (Methods, p. 60).
Samples were washed either with 2 x Iml chilled distilled water
(Results, p. 147)or with 1ml chilled solution of the same composition
as the corresponding reaction medium but without radiocactivity (and
without cells ; mediuwn wash),

Ilach result is the mean of eight values, Standard error

of the mean as a percentage of the mean is indicated in brackets,

NT = Not tested.



Radiochemical

Concentration

M

Activity
o C.i/ml

Radioactivity re-
tained on filter

membrane expressed
as ul of reaction

[ .
arboxy;-l J‘CJ benzoate

Ping—il}‘C(U)] benzoate

i )
p~TFluoro k:sxrbox}:_-l kC}benzoate
14
p-Methexy [carboxy—- CI benzoate
" 1
o~-Hydroxy Loarhoxz—i J‘C-[ benzoate
v l '
DI~ [Carho;&:z—i 10] mandelate
- I
- 'Carbino 1.1 ‘C]benzyl alcohol

-

:_arbinolnllﬁc}benzyl alcohol

after filtration through
0.20pm pore filter
membrane,

k},ing‘—3 1) (G)] catechol

Glucose--‘j'—-jl-l(n)

getho&YmBHJ inulin

1.0
1.0
1,0
1,0
1.0
2,0
1.0

1.0

1.0
0.1

kx10~

1.0
0.3
1.0
1.0
1.0
1.0
1.0

1.0

medium
Watex Medium
wash wash
0,11(5) | 0.15(%)
0.13(4) | 0.14(5)
NT 0.08(5)
NT 0.30(73)
© NT 0.31(1)
NT 0.02(%)
NT 6.5
NT 6.5
3.08(8)} NT
0.02(5) | 0.02(6)
0.05(9) | 0.07(1k4)




fraction of bacterium NCIB 8250 in cell suspensions was estimated
as the material insoluble in 2M-perchloric acid. When trichlor-
acetic acid was used (0.3 and 0.6M) longer extraction times were
required than with 2M— perchloric acid., Reliable perchloric acid
extractions of filter harvested cells were very tedious and
unsuited for routine use in rapid time-course assays, so
incorporation into macromolecule was measured as the water
insoluble material on the filter membrane, Table O (Britten &
McClure, 1959). This method of washing and pool extraction by
chilled water was quick, reliable and reproducible. In early
experiments, one x 1ml chilled water was occasionally inadequate,
and the wash routinely used was 2 x Iml volumes of chilled water
dispensed by Zippette. Iixtraction with perchloriec scid in
addition to water washing had no further effect until four
perchloric acid extractions were done. VWater washes were done

at OOC; at'BOOC the extraction of pools was unreliable. No other
conditions were tested.

L, 1, 1. 5., Measurment of total uptake of radioactive

material into cells and estimation of '"pool" sizes.

The choice of a method to estimate total uptake of
radioactivity into cells on a filter membrane was very much an
arbitrary decision, with the criterion that the most radioactivity
that could be reproducibly measured would be considered as “"total
uptake", The method employed was based on that of Britten &

McClure (1959) and Winkler & Wilson (1966) in which cells, harvested



Table ¢ . The effects of washing on the measurement
. . , . 14 - ]
of incorporation of [EEEE? C(U)}benzoate
into macromolecule in cell suspensions of
bacterium NCIB 8250 harvested from henzoate-~

salts medium,

Bacteriun NCIB 8250 was grown in 2mM~benzoate~salts medium,
harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wb./ml in phosphate buffer and stored on ice as described in
Methods (p. 6G0). Experiments were done in a shaking water bath
at 30°C in 50ml Brienmeyer flasls with 10ml final volume reaction
media containing‘lfiggrléc(U)] benzoate, 10pmol (O.jP(Yi/ymol).
Incomplete (7.5ml) reaction media and portions of the stock cell
guspengion were preincubated separately and reactions were initiated
with 2.5ml cell suspension (Methods, p. 60). At 3003,10Qp1 samples
were taken on to filter membranes under vacuwn, washed as indicated
and the filters immediately immersed in scintillation fluid in

scintillation vials,



Washes all at OOC

Radioactivity incorporated
mmol benzoate/l cell water

(glucose)
iml HQO 256t
2ximl HQO 21.5
3xlml HQO 21.5
iml H20+4.5m1 2M-perchloric acid 295.4
iml H20+3X4.5m1 2M-perchloric acid 24,5
20,0

1ml Hé0+4x4.5m1 2M~-perchloric acid




by filtration, were washed with a chilled solution homologous
with reaction medium (but without cells and radioactivity)e. This
solution was called a "medium~wash", The composition of the wash
was chosen to eliminate osmotic effects on washing. The medium~
wash was chilled in an attempt to limit enzyme reactions till the
sample was immersed in scintillation fluid.

Some modifications of the medium-wash were tried (Table 10).
A second chilled Iml medium~wash caused a slight decrease in the
pool size (6%) suggesting either that the first wash was giving
a true reading or that a labile pool had been completely removed,
A third chilled 1ml medium-wash caused a 25% reduction in pool
size, showing that pools were not permanently protected under these
washing conditions., Attempts to prevent a possible temperature
shock by washing at 30°C showed a lower retention of radioactivity
on the filters and a second wash at 30°C reduced the pool size to
50% of the chilled 1wl medium~wash value (Table 10). This
latter effect could be due to metabolism in cells on the filter.
When the osmotic pressure of the wash was raised (Table 10, 5%
NaCl ) a 5% increase in pool size resulted, but this liquid filtered
more slowly than the simple medium~wash,

The routine medium~wash used throughout was 1 x iml,
chilled, homologous with the appropriate reaction medium and

dispensed by Zippette,



Table 10, The effects of washing on the measurement
of total uptake of radiocactivity from
[Eiggflac(U)] benzoate in cell suspensions
of bacterium NCIB 8250 harvested firom

benzoate~salts medium,

Bacterium NCIB 8250 was grown in 2mM~benzoate-salts medium,
harvested when the turbidity reached 0.2, washed resuspended to 20mg
wet wto./ml in phosphate buffer and stored on ice as described in
Methods (p. 60). Experiments were done in a shaking water bath
at 3000 in 50ml BErlenmeyer flasks with 10ml final volume reaction
media containing [Eiggfléc(U)] benzoate, 10mmol (0.3n C1i/pmol).
Incomplete (7.5ml) reaction media and portions of the stock cell
suspension were preincubated separately and reactions were initiated
with 2.5ml cell suspension (Methods, p. 60). At 300s, 100pl samples
were taken on to filter membranes under vacuum, washed asg indicated,
and the filters immediately immersed in scintillation fluid in
scintillation vials, The pool size was calculated'by subtraction

of incorporation (water wash, Table 9 ) from uptake.



—_—a g

Total uptake
mmol henzoate/

Relative pool

2

Washing conditions 1 cell water size
(glucose)

x 1ml medium at 0°C 52,5 100
2 x 1ml medium at 0°C 4i.5 oL
3 x 1ml medium at 0°C 375 75

x 1iml mediuwm at 300() 40,0 88

x 1ml mediwm at 3000 32,0 50

Iml medium at 3000 29.5 38
1 x 1ml (medium + 5% /v NaCl) at 0°C L 105
2 x iml H,0 at 0°C 21.5 0




4, 1, 1, 6, Calculation of pool sizes in cell

suspensions of bacterium NCIB 8250.

Materials inside the cell were usually calculated as
conecentrations, In preliminary experiments on the uptake and
incorporation of Eﬁéggfléc(U):]benzoate, these concentrations
must have represented many components as carbon from the[ﬁiﬂgf
140(U)] benzoate was incorporated into macromolecule, On the
other hand, radioactivity from [?arbogznigcj benzoate within the
cell should represent only bhenzoate as the first metabolic
reaction removes the radioactive moiety from the molecule,

In the manipulation of data, three variables were
required in addition to the gross radioactivity retained on the
filter membrane:

(a) The reagent blank for the radioactive material under study
(Results pe146)s The blanks required for any experiment
were done during that experiment.

(b) The radioactivity per uwnit volume of reaction medium
(Methods, p. 61). The specific radioactivity of the
compound under test was then calculated from its molarity.

(¢) The turbidity of the stock cell suspension which was the
measure of intracellular water space (lethods, p. 5G) in the
reaction mediuwm. Intracellular concentration was calculated

using the following calculation

(G - a). 100

I = becCe




where I = intracellular concentration, nmol/pl cell water; G=
total radioactivity on the filter membrane from a 100ﬁl sample,
pCi; a = reagent blank, pCij b = specific radioactivity of
material entering cell, pCi/mmol; ¢ = intracellular water,Jpl/loml
reaction mediwn; and 100 x 100p1 samples/10ml reaction medium.

he 1, 1, 7. A test of the untake anparatus and procedures

Po ot X

with the lac permease of ischerichia coli,
TS = 2SS el o ]

ML 308 is a strain of Hscherichia coli which synthesises

constitutively the enzymes of the lactose (&gg)operon (Monod &

Cohn, 1952). A wutant of E. coli ML 308, presumably deficient

in the lac permease, was derived in thié laboratory by Dr. A.

G. Robertson. This mutant grew normally on glucose (P = 0.88h"1)

and synthesised B-galactosidase constitutively at the same

specific activity as the parent strain (5.3 enzyme units/mg dry whe )

but this strain grew very slowly on lactose and failed to hydrolyse

o—nitrophenyljB—galactoside in cell suspension,
Thiomethyl-B-galactoside is a substrate for the lac

permease but is not hydrolysed by/B—galactosidase (Colien & Rickenberg,

1955).  The uptake of thiomethylgalactoside by B, coli ML 308

("ig, 37 ) was very rapid and reached a steady state internal

concentration of 47mmol/1 cell water (inulin) within 200s, This

massive uptalke reduced the external concentration of substrate and

the ratio of internal to external thiomethylgalactoside

concentrations was 117:1. The patterns of the duplicates were

identical (Fig. 37) and matched those of the thiomethylgalactoside



rig. 37. Uptake of thiomethylgalactogside by cell

suspensions of Ischerichia coli ML 308

and by a mutant of T,coli ML 308 deficient

in the lac permease,

EEEElE.ML 308 and the permease negative mutant were prown
separately in 20mM-glycerol-salts medium (Methods, p. 52) harvested
vhen the turbidity reached 1.0, resuspended to 20mg wet wte/ml in the
appropriate salts mediun and stored on ice (Methods, Pe 60) The
experiments were done in a shaking water bath at 3000 in 50ml
Trlenmeyer flasks with 10ml f£inal volume reaction media containing
thiomethyl [140]7B—D—galactopyranoside, Spmol. (O.Qp(}iépmol). Incomplete
(7.5ml) reaction media and portions of the stock cell suspension were
preincubated separately and reactions were initiated by the addition
of 2,5ml of cell suspension (Methods, p. 60). At intervals 1.00p1
gamples were harvested on filter membranes under vacuum, washed with

iml chilled "mediwm wash" and the filter immediately immersed in liguid

scintillation fluid in a liquid scintillation vial (Methods, Pe 62).

Thiomethylgalactoside untake by.§:32£i ML, 308

(in duplicate),

O [] Thiomethylgalactoside uptake by permease negative

strain derived from ji.coli ML 308,

e ee e == = Comcentration of thiomethylgalactoside in the

reaction medium at zero time,



=156

i
400

e mET A WS A AP TAMS POMA (S GwTme deemis  Sesmm

-~
O Vet st Wi

e i
23] |
[
|
i
!
i
|
|
|
N\ S
no ! ~
|
Y I
2% h
= !
|
I
|
|
|
i
!
H ?
B (o] I}
/ — o
&2
@ 2

i ] { 1 ]

(e’

3 = 3 R 3

JoYeM T[99 9XJI[ /I0W Wi SpISojoered[Aylowory) jo axeidn

600

400

200

Time (g)



uptake in . coli M, 308 observed by Ribkenberg, Cohen,Buttin
% Monod (1956) and Winkler & Wilson (1966)., The intracellular
concentration of 47md or 2.8% dry wt, of hacteria is higher than
the 2.2% dry wt. of bacteria quoted by Dickenberg et al. (1956)
but the temperature and reaction media were both different,
strain showed a very low uptake of thiomethylaalactoside (Fig,
57 ), which confirms that in this rutant the lac permease has
very little activity.,

These data demonstrate that the assay technique is
capable of resolving a very wide »anve of uptake vrates, including
those with very low levels of gubgstrate in the cell.

bk, 1, 1, 8, todification of the assay technicne for

“glow filtering" cell types,

The technigue for estimating intracellular concentrations
wés developed with cell suspensions harvested from benzoale~salts
medium, Samnles of these suspensicns filtered rapidly on
harvesting and reproducible results were readily obtained,

Similar rapid filtration of hacteriwn NCIB 8250 was obtained with
cells of different sizes (growth rates varying from p = 0,920~ 1

to 0.27h"1) harvested from nutrient broth, bhenzyl alcohol~ and
mandelate~salts media, Cell suspensions of 4, coli also filtered
easily under a variety of conditions. Lowever, data were

reruired from cell suspensions non-induced for the mandelate mathway

enzymes but crown in defined media and succinate-grown cells were



chosen because of their rapid growth (yp = 0.92h"1) to a high
yield (turbidity about 1.0). Surprisingly, these cells did not
filter quickly. Up to %0s was required for liguids to disappear
from the filter membrane, In addition the results showed a very
wide and random scatter which could not be interpreted in terms
of intracellular substrate concentrations,

Cell density was reduced, the phase of growth from which
the cells were harvested was varied, composition of the reaction
medium was altered and washings were changed, all without effect,
The use of cells grown in glutamate-~salts medium-(another known
non-induced cell type) also gave an uninterpretable scabtter in
results., The scatter seemed worse if filtration was especially
poor, but an improvement in vacuum with a corresponding speeding
of filtration did not significantly alter the results.

It was considered possible thatl reaction medium was
sonehow being trapped between cells on the filter membrane, and
that effective washing of this material would remove most intra-—
cellular pools present. This idea was supported hy phase contrast
microscopy where the normal pattern (e.g. benzoate-salts cultures)
of pairs of cells (Fewson, 1967a) was largely replaced by small
clunps in succinate-salts cultures. The reaction medium was,
therefore, supplemented with glucose~5~3H, a compound that could
not enter the cell (Results, p. 80) and would measure extracellular
reaction medium on filter membranes,

This modification of the assay technique required an



additional step in the calculation of intracellular concentrations,
. i . ,
Congider the entry of [carboxy- ?]benzoate into cells harvested

. . 14
from a succinate-salts culture {fig. 38a,b). Net = C and 3

H
on the filter were exprressed as pl reaction medium, The volume
of reaction mediuwm, indicated by the tritiated glucose as extra—
cellular swpace, was subiracted from the reaction medium
equivalent voluuwe of 140 on the filter. The residual "volume"of
14 ]

C was then expressed as mmol benzoate/l cell water (glucose),

FPig, 38b., A water wash.of samples from the same reaction medium
showed that no radioactivity was incorrorated into macromolecule,

No decarboxylation of bhenzoate was detected,

The correction of data for extracellular material was
essential. The scatter of individuval points, uncorrected for
naterial presumably trapped between cells, is seen in Pig.38 a.

If these values were taken as a true representation of intracellular
concentration, the uninterpretable scatter described on the previous
page would be scen in Fig. 38b when the units were converted,

The correction is valid hecause rlucose does not enter these cells
at a significant rate (Discussion, p. 189). The aecquirement of an
interpretable result by a leritimate correction made further work

practicable,

L, 2, Metabolism and utilisation of benwmoate in cell

s A T W Sy et

suspensions of bacterium NCID 250 harvested from

benzoate-salts medium,

As already obhserved, benzoate decarboxvlation in cell
} 3 o

suspensions of benzoate-rrown cells was biphasic (Tig. 30 ).

o



Fig. 38, Intracellular concentration of henzoate
in a cell suspension of bacterium NCIB 8250

harvested from succinate-salts medium,

Bacterium NCID 8250 was grown in 5mM-succinate-salts medium,
harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wt./ml in phosphate buffer and stored on ice (}Methods, pe. 60 ).
The experiment was done in a shaking water hath at BOOC in a 50ml
Frlenmeyer flask with a 10ml final volume rveaction medium containing
Exuﬁmnglaélbenzoate, 20pmol (0.5}Ci[ﬁmol) and glucose~5—3ﬂ, dyunol
(2§p0i(pmol). Incomplete (7.5m1) reaction mediwm and a portion of
the stock cell suspension were preincubated separately and the
reaction was initiated with 2.5ul cell suspension, At intervals
10Qp1 samples were harvested on filter membranes under vacuum,
washed with Iml medium wash and the filter immediately immersed in
scintillation fluid in a scintillation vial (Methods, p. 60).

Graphhili_ and™ ~ represent the reagent blanks for{carboxy-
3

H respectively;

! 1
1£é]benzoate and glucose=H- i [}arboxzriké]benzoate and
O glucose~5-3ﬂ retained on the filter expressed as volumes of
reaction medium,

Graph D) is a further manipulation of the data in graph a)

(Results, pl59 ).

[0} Intracellular benzoate,

o I Ixtracellular henzoate concentration,
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. . . . . 14,
The incorporation of radiocactivity from)rinm""C{U} benzoate
! 3 $)
proceeded from zero time (Fir.,39a ). The rate of incorporation
fell steadily with time and accounted for only 11% of +the benzoate
decarboxylated . at 800s, preswmnably because there was no exogenous
<3 s I ¥ g

nitrogen supnly in the reaction medium,

L, 2. 1., The effect of catechol on henzoale metabolisnm.

Catechol influenced the prowbth of bhacteriwm NCIB 8250 in
benzoate~salts mediwn (Results, p.107 ) and slightly inhibited
decarboxylation of benzoate by cell suspensions (Results, p.142 ).
This work has been extended to include the effect of catechol on
benzoate incorporation in cell suspensions (Fig. 39 a,b).

The presence of catechol caused a delay in benzoate
decarboxylation (Fig., 39 b) but within 100s the reaction attained
and maintained a rate of 38mmol/mg dry wt./min, the control
second phase rate of benzoate decarhoxylation. In contrast to
its relatively small effect on benzoate decarboxylation, catechol
caused a 90% reduction in the incorporation of 140 from benzoate
in macromolecule (Iig. 39 a). However, overall incorporation
into macromolecule was not greatly affected by the rresence of
catechol. Tadicactlivity fromE?igngH(Gi]caﬁechol was rapidly
detected in macromolecule (Mig. 39 a). The large reagent
Llank for catechol nullified exact cowparisons of total
incornoration in the presence and absence of catechol,

When suspensions of catechol-srown cells were studied,



Fig. 39. The effect of catechol on henzoate decarboxylation
and incorporation by cell suspensions of bacterium

NCIB 8250 harvested from benzoate-salts medium.

Bacterium NCIB 8250 was grown in 2mM-benzoate-salts mediun,

harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wt./ml in phosphate buifer and stored on ice (lMethods, p. 60).
Experiments were done in a shaking water bath at BOOC in 50ml
Erlenmeyer flasks with 10ml final volume reaction media containing
[éarboxy-lqd]- or [2335-14C(U5]benzoate, 10pmol (0.1 and 0.3pCi/pmol
respectively); and [éggg~3H(G) catechol, zero or 10pmol(2.§y0iépmol).
Incomplete (7.5ml) reaction media and portions of the stock cell
suspension were preincubated separately and the reaction initiated
by the addition of 2.5ml cell suspension, At intervals, 10Qpl
samples were harvested on filter nembranes under vacuum, washed
with 2 x 1ml chilled distilled water and the filter immediately
immersed in scintillation fluid in a scintillation vial (Methods,
p. 60). In addition, those reaction media containing carboxy—lhé]-
benzoate were further sampled (lOQpl) at intervals on to 1.0ml
0.1M-HC1l to estimate benzoate utilisation (Methods, p. 62).

Graph a)incorporation into macromolecule and graph b)

decarboxylation of benzoate.

O @ Benzoate alone in reaction medium.

A A Effect of catechol on benzoate utilisation
and decarboxylation.

E] Catechol incorporation in the presence of

benzoate.

Incorporation data have not been corrected for blanks.
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the incorporation of catechol was similar to its incorporation
in benzoate-zrown cells (Fig. 39 a). In the presence of catechol,
henzoate decarhoxylation and incorroration rose between 300s and

900s from zero to aboul 2% of the values in benzoatle-grown cells.

4, 2, 2. The decarhoxylation of bhenzoate and certain

subgtituted henzoates.

4, 2, 2. 1. Inhibition of ben=zoate decarboxylation.

42 Compounds, substituted benzoates and analogues of
benzoate, were screened for their ability to inhibit benzoate
decarboxylation in cell suspensicn, None of these compownds
was found to have any substantial effect when present at Imi,
equimolar with benzoate: o0-, m~ and p-aminobenzoate, 0=, M-
and n-hydroxyhenzoate, o-, m- and p-fluorohenmoate, 00—y M-
and p-chlorobenzoate, o-, m~ and p~bromobenzonte, o-, m~ and
p~iodobenzoate, o=, m- and p-nitrobenzoate, o-, m~ and p~-
methoxyhenzoate, o-, m- and p—-toluate, benzensulfonate,
phenylnvhosphinate, phenylphosphonate, benzamide, anisole,
cyclohexanecarboxylate, p-chloromercuribenzoate, methyl
benzoate, phenyl benzoate, phthalate, bhenzene-1,3-dicarboxy-
late, terenhthalate, dinhenate, acctophernone and acetyl
salicylate, Nowever, three of thesce compounds were chosen for
further study becanse their utilisation had been studied
previously and they were now available radiochemically labelled.

n-Fluorobenzoate is oxidised by benzoate-~crowm cells (Fewson,



Kennedy & Livingstone, 1968) while o-hydroxyhenzoate is not
(Kennedy % Pewson, 1968a). p-tlethoxybenzoate does not supporit
growth (Fewson, 1967Dh).

p~fluorobenzoate, p-methoxybenzoate and o-hydroxy-
benzoate all had slicht inhibitory effect on henzoate

decarboxylation,

Benzoates present in reaction | Relative benzoate decarboxylation
mediwn each at Imdl rates. B
Tirst nhase Second nmphase
Benzoate alone 100 1060
Benzoate -+ p-fluorobenzoate 8L 81
Benzoate 4+ Qrmethoxyhenzoate 87 83
Benzoate + o-hiydroxybenzoate 97 88

ke 2. 2. 2, The decarhoxylation of substituted benzoates

present alore and in tho presenceof benwnoate,

01 the substituted benzmoates under test, only p-fluoro

14 . s ey
carhoxy-" "] benzoate was decarboxylated (Pies, 40). This
decarboxylation was abolished in the mresence of benzoate Tig. 40 ).
Presumably benzoate prevented »~fluorobenzoate from acting as a
ubstrate for benzoate oxidase., None of the substituted

benzoates was co=-metabolised with benzoate,



Fige 40, Decarboxylation of benzoate and of
p~lluorobenzoate by cell suspensions of
bacterivm NCIB 8250 harvested from

benzoate=salts mediunm.

Bacterium NCIB 8250 was grown in 2mM-benzoate-salts medium,
harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wt./ml in phosphate buffer and stored on ice (Methods, p. 60 ).
Ixperiments were done in a shaking water bath at 30°C in 50ml

Erlenmeyer flasks with 10ml final volume reaction media containing

[carbqﬁg—lhc]‘benzaate, 10ymol (O.1n C:i/pmol) or p-fluoro [EEEEE%ZTikCJ
benzoate, 10jmol (0.1j C.i/pmol)with benzoate, zero or 10umol,
Incomplete (7.5ml) reaction media and portions of the stock cell
suspension were preincubated separately and the reaction initiated by
2.5ml cell suspension. At iﬁtervals,iOOyl samples were taken on to
1,0ml 0,1M-HC1 and the radioactivity in this acidified suspension

neasured (Methods, Pe 62).

O €D Benzoate decarboxylation, in duplicate,

A p-Fluorobenzoate decarboxylation in the absence

of other intermediates.

[] n~i'luorobenzoate decarboxylation in the presence

of equimolar benzoate,
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Lo

EMrboxymi*C benzoates Decarboxylation rates, nmol/mz dry wt./min

_ L . e

present in reaction Present individually  [Additional presence
medium at Jmil of
Initial Rate|Second Rate Imii~henzoate

Benzoate 61 %] -
p~fluorobenzoate non-linear 20 0
p-methoxybenzoate 0 0 0
o-hydroxybenzoate 0 0 0
hoe 3Fe Benzoate uptake and pool size in cell

suspensions of bacteriwn NCIB 8250,

&y 3, 1, Benzoate uptake and pool size in cell

susnensions harvested from benzoate~salts medium.

The untake of radioactivity frmnﬁgggg~1&C(Uﬂ'benzoate was
immediate and rapid in benzoate-grown cells (Fig. 41 ). The
initial rate of uptake (67mmol/mg dry wt./min was maintained for
about 35s after which the rate drovped to Smmol/mg dry wt./min.
The kink in uptalke ofEEEnglqc(Ui}benzoate as the rate changed
was regularly ohserved, |

An estimate of the overall vool of small molecules in
the cell was calculated as the difference between uptake (total
radioactivity in the cell; Results, p. 150 ) and incorporation
values (perchloric acid insoluble material, measured as water

insoluble material; Results, p. 147), Mpee L4l This pool,




Pig. 41, Uptake and incorporation of [ring-1&C(U)]
benzoate into cell suspensions of bacterium
NCIB 8250 harvested from benzoate-salts

medium,

Bacteriuwm NCIB 8250 was grown in 2mM-benzoate-salts medium,
harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wt./ml in phosphate buffer and stored on ice (tiethods, p. 60).
Experiments were done in a shaking water bath at SOOC in 50ml
Erlemneyer flaskse with 10ml final volume reaction media containing
[Eigg71&C(U)] benzoate, 10pmol (0.3p Ci/ymol).  Incomplete (7.5ml)
reaction media and portions of the stock cell suspension were pre-
incubated separately and reactions were initiated by the addition
of 2,5ml cell suspension, At intervals 100nl samples were harvested
on filter membranes under vacuum, washed and the filter immediately
immersed in scintillation fluid in a liquid scintillation vial
(Methods, p. 60). The washes used were either 2 x 1ml chilled
distilled water or 1ml medium wash. I’eagent blanks were done in the
absence of cells and data were corrected by subtraction for the

appropriate blank (Results, p.154).

O A Incorporation of radioactivity into macromolecule,

!
[J €& wotal uptake of radioactivity from[ring—-i }'C(U)]
benzoate,

——— — ~— —xtracellular benzoate concentration,
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presumably the summation of individual pools in catabolic,
amphibolic and anabolic pathways as macromolecule was synthesised,
was the equivalent of 2lmM-benzoate inside the cell. Experiments
were done to estimate the contribution of benzoate itself to the
overall pool. Radioactivity from‘carboxz—lqél benzoate insilde
the cell was assumed to be benzoate as the first metabolic re-
action was decarboxylation of the radioactive carbon atom. No
intracellular benzoate could be detected in benzoate-grown cells
(Fig. 42). Presumably any intracellular benzoate had been decar-
boxylated before the reaction was stopped (Results, p.l1l52).
Experiments were done in the presence of 0O,3mM-puromycin,
0.5nM-2, L-dinitrophenol or of lmM-X, ¥ -bipyridyl (an iron
chelator and an inhibitor of benzoate oxidase, Fewson et al.,
1970) but before the assay technique had been fully developed.
Iﬁ no case was [}arbo§z~1qc] benzoate present inside the cell
at a concentration above that outside the cell. The pre-
incubation time used was 5Smin. Puronmycin had little effect
on the uptake and incorporation of E;gg-lhc(Uﬂ benzoate,
2, Lh-dinitrophenol caused a delay of about 60s before a slightly
inhibited uptake and incorporation occurred and &, «'-bipyridyl
severely inhibited both uptake and incorporation.

L, 3, 2., Benzoate uptake and pool size in cells

non~induced for the mandelate pathway enzymes.

Benzoate readily entered non-induced cells of bacterium

NCIB 8250 (Figs.38 and 43) rapidly reaching and remaining constant



Tige. 42, Intracellular henzoate concentration in cell
suspensions of bacterium NCIB 8250 harvested

from benzoate~salts medium.

Bacterium NCIB 8250 was grown in 2mM-benzoate-salts medium,
harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wt./ml in phosphate buffer and stored on ice (Methods, pe 60),
Experiments were done in a shalking water bath at BOOC in 50ml
Er][_q_z_l_gbo, —140] benzoate, 10jmol (1}1 C,i/}mlol) and glucose-5-—3}l (25‘}10’1/
[Ej}unol). I_ncomplete (7.5m1l) reaction media and portions of the stoclk
}nuol). Incomplete (7.5ml) reaction media and portions of the stock
cell suspension were preincubated separately and the reactions
initiated by the addition of 2.5ml cell suspension. At intervals
100 )11 samples were harvested on filter membranés under vacuum,
washed with 1ml mediwm wash and the filter immediately immersed in

scintillation fluid in a scintillation vial (M&thods, p. 60),.

Graph a); and-—— -~ ~represent the reagent blanks for

[_carboa—-ilic] benzoate and glucose-Sij respectively;

- 14 ] =3 s
[g_gtz}_)_gﬂm C] benzoate and A glucose-H-"H retained

on the filter and expressed in units of volwmme of reaction

nediuwm,

Graph b) is a further manipulation of the data in graph a)
(Results, pP.159).

(O 1Intracellular benzoate.

b mam e = Jixtracellular benzoate concentration.
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Tig. 43_{carboxyracellular benzoate concentration in cell
gugpensions of hacterium NCIB 8250 harvested

from succinate—-salts medium,

Bacterium NCIB 8250 was grown in Smi-succinate-salts medium,
harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wt./ml in phosphate buffer and stored on ice (Methods, p. 60).

fxperiments were done in a shaking water bath at BOOC in 50ml

l &
Er{carboxzfitcj'benzoate, 10ymol (Zpn € i/ymol) and glucose—5—3H, 1ymol

NS s Y P

[CKQQpS;i[pmzl). ;nc?mpyfte (7.5m1) reac?iqn”mfdia and portions of

(25nCi/ymol),  Incomplete (7.%ml) reaction media and portions of

the stock cell suspension were preincubated separately and reactions

were initiated by the addition of 2,5ml cell suspension., At

intervals 100pl samples were harvested on filter membranes under

vacuum, washed with 1ml medium wash and the filter immediately

imuersed in scintillation fluid in a scintillation vial (Methods, p. 60 ).
Graph a)i___ __jgkb————--—represent the reagent -blanks for

[2252251714C]ben20ate and glucose-5-3H regpectively; ) Lgarbo 'figé]

3

benzoate and A , glucose-5-"H retained on the filter expressed as
volumes of reaction medium,
Graph b) is a further manipulation of the data from graph a)

(Results, p.159).

C) Intracellular benzoate,

Ixtracellular benzoate concentration.
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at the extracellular concentration. Similar resultls were obtained
with nutrient broth-grown cells, Over a range of henzoate
concentrations (0.5-5.0mM) the intracellular concentration

rapidly attained a concentration close to the extracellular
concentration (Fig. &k ). There was a discrenancy at the

highest benzoate concentration where the internal level exceeded
the external level, It ié not known whether this was a fanlt

in the determination of pool size or an effect of bhenzoate at a
concentration at which it is inhibitory to growth,

In all these experimentls, the equilibrium intracellular
benzoate concentration was attained by the time the firgt samnle
was taken (10s), Thus, at Inll-benzoate in a typical reaction
mediwn containing 50mg wet wt. of cells (i.e. about Smg dry wt.
and 15pl cell water (glucose) ), the minimwa flux of henzoate
into these cells was 15nmol/%mg dry wt./10s or 10mmol/mg dry wi./
mine This is a minimum value for flux because the "time"uvsed in
the calculation (10s) is the maximuwn required to attain
cequilibrium, If equilibrium is attained within 10s, the value for
flux will rise above 10mmol/mg dry wt./min, In contrast, the de-
carboxylation rate of benzoate in suspensions of benzoate-orown
cells is 59mmol/mg dry wb./min (tesults, p. 142). So if the flux
of benzoate into non-induced cells was a 6-fold underestimate, the
rate of entry of bhenzoate into non-induced cells would equal the de-
carboxylation rate in suspensions of induced cells., Tunese calculations

however, give no information on the mechanism of entry of benzoate into



Pig. bb , Variation of intracellular benzoate concentration
with extracellular benzoate concentration in cell

suspensions of bacterium NCIB 8250 harvested from

gucecinate-salts medium,

Bacterium NCIB 8250 was grown in 5mM-guccinate-galts medium,
harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wt./ml in phosphate bulfer and stored on ice (Methods, p. 60);
Iixperiments were done in a shaking water bath at 30°C in 59ml

Erlemmeyer flasks with 10ml fipal volwne reaction media containing

[carbgfzfiad] benzoate (in ¢i/ml) at the indicated concentration and
'glucose—ﬁ—sﬂ, 1yunol (ij.Ci/ﬁmol). Incomplete (7.5ml) reaction

media and portions of the stocik cell suspension were preincubated
separately and the reaction initiated by the addition of 2.5ml cell
suspension. At intervals 16Qp1 samples were harvested on filter
membranes under vacuum, washed with 1ml medium wash and the filter
inmediately immersed in scintillation fluid in a scintillation vial
(Methods, p. 60). Individual sets of data were processed as indicated
in Results (p.159). Values are plotted with the variance in that

estimation,
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bacterium NCIB 8250 and a further study was made on the inter—
actions of benzoate and subgtituted benzoates in induced cells.

L, 3. 3., The effects of benzoate on the entry of

o-hydroxybenzoate and p-fluorobenzoate inte cell

suspensions harvested from henzoate~salts media,

Benzoate-grown cell suspensions did not decarboxylate
o-hydroxybenzoate (Results, p.166). Benzoate decarboxylation
was little affected by o-hydroxybenzoate (Results, p.164). o~
Hydroxybenzoate readily entered benzoate grown cells (Fig. 45 a)
and within 60s attained and maintained the extracellular
concentration. This pattern was much altered in the presence of
benzoate (Fig. 45 b) when entry spiked to a level possibly above
the external concentration and then fell over 250s to 15% of the
extracellular level, 1In parallel assays with [nghgngikC]
benzoate, no intracellular benzoate was detected.

p-fluorobenzoate was decarboxylated by benzoate~grown
cell suspensions (Fig. 40) and so presumably entered the cell,
~though no intracellular p-fluorobenzoate was detected under these
conditions (Fig..6 a). However, even when p-fluorobenzoate
decafboxylation was prevented by benzoate (Fig. 40), no intra-
cellular p-fluorobenzoate could be detected (Fig.at b). DBenzoate
apparently prevented p-fluorobenzoate decarboxylation by preventing
its entry into the cell,

L, 4, The entry of mandelate into cell suspensions

of bacterium NCIB 8250,




Tige 45, The effect of benzoate on the entry of o~
hydroxybenzoate into cell suspensions of
bacterium NCIB 8250 harvested from benzoate-~

galts medium,

Bacteriwn NCIB 8250 was grown in 2mM-benzoate~salts medium,
harvested when the turbidity reached 0.2, washed, resuspended to 20mg
wet wt./ml in phosphate buffer and stored on ice (Methods, p. 60)s
Experiments were done in a shaking water bath at 3000 in 50ml
firlenmayer flasks with 10ml final volume reaction media containing
grhydroxy [EﬁfﬁﬂEXflaCJ benzoate, 10pmol (1p(3i/pmol); benzoate,
zero or 10ymol; and glucose—S—SH, 1ypmol (Qﬁp.ci/pmol). Incomplete
(7.5m1) reaction media and portions of the stock cell suspension
were preincubated separately and reactions were initiated by the
addition of 2,5ml cell suspension. At intexrvals 100pnl samples were
harvested on filter membranes under vacuum, washed with 1ml medium
wash and the filters immediately immersed in scintillation fluid

in scintillation vials (Methods, p. 60).
Graph a), no benzoate in reaction medium.
O A Intracellular o-hydroxybenzoate (in duplicate).
Graph b), imM-benzoate present in reaction medium,

/A Intracellular o-hydroxybenzoate (in duplicate).

e — — — — Extrecellular o-hydroxybenzoate concentration.
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Tig. 46, The effect of benzoate on the level of
p-fluorohenzoate in cell suspensiohs of
bacterium NCIB 8250 harvested from benzoale~

salts medium,

Bacterium NCIB 8250 was grown in 2mM-benzoate-salls medium,
harvested at a turbidity of 0.2, washed, resuspended to 20mg wet wb./
ml in phosphate buffer and stored on ice (Methods, Pe 60).
Experiments were done in a shaking water hath at SOOC in 50ml
Brlemmeyer flasks with 10ml final volume reaction media containing
p-fluoro [parbo ”7140J benzoate, 10ymol (Iyiji/pmol); henzoate zero
or 10pmol; and glucose—ﬁ—sﬂ, 1jmol (2§pmji/§mol). Incomplete
(7.5m1) reaction media and portions of the stock cell suspension
were preincubated separately and reactions initiated by the addition
of 2.5ml cell suspension. At intervals 100pl samples were
harvested on filter membranes under vacuum, washed with 1ml medium
wash and the filter immediately immersed in scintillation fluid in a

scintillation vial (Methods, p. 60).

Graph a), no benzoate in reaction medium,
QO A Intracellular p-fluorobenzoate,
Graph b), 1mM-benzoate in reaction medium.

A Intracellular ;p_—fluorobenzoate.

~— — —— ~— —. Extracellular p-fluorobenzoate concentration.
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L, 4, 1, Mandelate nool sizes in cell susnensions

harvested from phenyl~lyoxylate-salts media,

Wild type bhacterium NCIB 8250 and a mutant strain
deficient in mandelate dehydropgenase (NF 1408, Livinsstone, 1970)
were grown in phenylglyoxylate~salts media. In cell suspension
the wild type organism decarboxylated mandelate (SBﬁmol/mg dry wt./
min) but no intracellular mandelate was detected (Fir.47 a)., On
the other hand, the mutant strain displayed no significant
capacity to decarboxylate mandelate (no loss of radiocactivity from
DLm[?arboxv—iéélmandelate over 500s) and mandelate could be
detected entering the cell (Fizg. 47 b). The intracellular
equilibrium level of mandelate was attained in about 60s and did
not exceed the extracellular mandelate concentration. Some trouble
was experienced with the numerical value of "zero" intracellular
mandelate concentration, presumably an artifact of the corrections
(Table 8) made to the crude data (Hesults, PPA5L andjﬁ@.

L, 4, 2, The entry of mandelate inlto suspensions of

cells non-induced for mandelatc enzymes,

DiedMandelate entered nulrient broth-grown cells slowly
(rig. usa). The initial rate of entry (Oo%ﬁmol Di~mandelate/mg
dry wt./min)was 0,6% of the decarboxylation rate in mandelate grown
cells in cell suspension, After 600s the internal concentrafion was
about 85% of the external concentration and the entry rate had
drorped to 0.09Pm01 Di-mandelate/ms dry wt./min. Neither benzoate

nor benzyl alcohol had a significant effect on mandelate entry into



Fig. 47 , Di~Handelate concentrations in cell suspensions
of wild type and mandelate dehydrogenase~
deficient strains of bacterium NCIB 8250 harvested

from phenylglyoxylate~salts media,

A mutant gtrain of bacterium NCIB 8250 deficient in mandelate
dehydrogenase (NFIP 1408) and the wild type organism were grown
separately in HmM-phenylglyoxylate~salts media, harvested at a
turbidity of 0.2, washed, resuspended te 20mg wet wt./ml in phosphate
buffer and stored on ice (Methods, p. 60)+. Experiments were done in
a shaking water bath at 3000 in 50ul Erlenmeyer flaslks with 10ml
final volume reaction media containing DL- [2?“““*“—14“£Lmqndelate,

3 carboxy-""C
1, 1}111101 \<ip v L/}uuu.i.'}.

20pmol (0.5n ¢i/ymol) and glucose-5-
Incomplete (7.5m1) reaction media and portions of the stock cell
suspension were preincubated separately and reactions initiated by the
addition of 2,5ml cell suspensiomn, At intervals 100pl samples were
harvested on filter membranes under vacuum, waéhed with Iml medium

wash and the filter immediately immersed in scintillation fluid in a

scintillation vial (Methods, p. 60).

Graph a), wild type organism,

O A 1Intracellular Di-mandelate (in duplicate).'
Graph 1), wutant strain,

Intracellular DL-mandelate (in duplicate).

Extracellular DL.-mandelate concentration.

s — Ay S St P —
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Pige 48, The effect of benzoabe and of benzyl alcohol on
the entry of DL-mandelate into cell suspensions
of bacterium NCIB 8250 non~induced for the

mandelate oxidising (Ri) enzymes.

Bacterimum NCID 8250 was grown in nutrient broth, in Z2mM-
henzoate~salts or in Hmdi-benzyl alcohol-salts mediuwm, harvested at
turbidities of 0.4, 0.2 and 0.4 respectively, washed, resuspended to
20mg wet wt./ml in phosphate buffer and stored on ice (Methods, p.

GO ). Dxperiments were done in a shaking water bath at 3000 in

50ml Brlenmeyer flasks with 10ml final volume reaclion media
containing DL~ [gg{bgngiéc] nandelate, 20;mol (0.5n(ji[pmol);
benzoate, zero or 10mmol; benzyl alcohol, zero or 10pwol; and glucose-

3H, 1pmol (25p(}i/pmol), Incomplete (7.5ml) reaction media and

G
portions of the stock cell suspeunsion were preincubated separately

and the reactions initiated with 2.%5ml cell suspension. At intervals
100pl samples were harvested on filter membranes under vacuum, washed

with Lol medium wash and the filter imwediately immersed in seintil-

lation fluid in a scintillation vial (Methods, pe. 6O ).

Graph a), nutrient broth-grown cells; graph b), benzoate~grown

cells; graph c¢), benzyl alcohol-grown cells,

O Mandelate only in reaction medium,
A Benzoate present in addition to mandelate,

[:] Benzyl alcohol present in addition to mandelate,

—ee e e s Extracellular DL-mandelate concentration.
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mutrient broth-grown cells (Fig. 48 a).

Mandelate did not enter benzoate-grown cells in the
presence of benzoate (Fig. 48 b) and in the absence of benzoate
the internal mandelate concentration only rose to 20% of the
external level. In a gimilar manner, mandelate did not
penetrate benzyl alcohol—grown cells in the presence of benzyl
alcohol (Fig. 48 ¢) though in the absence of benzyl alcohol,

intracellular mandelate rose to 35% of the external concentration.



AT

DITSCUSSTION.

1, DEVELOTMENTAL, WORK,

The present‘project wvas designed to determine whether
intermediates of the mandelate pathway entered the cell by nassive
diffusion or by specific processes and also to find whal con~
trubution to the control of the mandelate pathway enzynes was
made by the permeability of the cell membrane, In practice,
however,it was a study of the control mechanisms operating during
growtﬁ in dual substrate media (Results, Section 2. 2.) that led

to a meaningful study of the permeability of the cell membrane,

i. 1, Growth and substrate analysis.,

The development of conditions to study substrate
utilisation during growth was basically an extension of teclknigues
already in use in the laboratory (Iennedy & Fewson, 1968 a,b;
Harvey et al., 1968).  The use of a simple and reliable radio-
chemical assay, which involved the minimum of manipulation hefore
liquid scintillation counting (Methods, p. £48) made large scale
experiments practicable, Direct spectrophotometric assays of
these aromatic commrounds, mandelate, benzyl alcohol and henzoatle,
were relatively compex (cf. Methods, p. (7) although essential

in some cases.

A careful choice of inocula for growth exmeriments was



found to aid considerably in the interpretation of data., Most of
the detailed results quoted in this thesis came from exneriments
with harvested inocula preinduced to one of the pair of substrates
in the dual substrate experiments. This was becoause subsequent
growth and utilisation of radiochemically labelled carbon sources
were immediate (e.g. Fins. 9, 1% and 15), These renroducible
conditions (Mig.19) overcame the interfevence from crowth on
material carried over in unharvested nutrient broth inocula (e.s.
Fige 9) and eliminated problems of interpreting possibly

varying lag times when non-induced inocula were employed (e.g.
Fige 13). On the other hand, the carry-over of material in
unharvested nutrient dbroth inocula could be exploited to demonstrate
effects masked by vreinduced inocula,for example the co-utilisation
of henzoate and benzyl alcohol from a nutrient broth inoculum
(Results, p.123). The use of harvested non-homologous preinduced
cells could serve to highlight unusual aspects of metabolism like
the poor growth in benzyl alcohol-salts mediwm of cells containing
some benzyl alcohol oxidising ability (Pesults, p. 90 ).

When benzoate or benzyl alcohol served assole carbon and
energy sources for arowth from homologous preinduced inocula,
crowth was exponential and was a linear function of substrate
utilisation (e.c. Figs. 10 and 14)  On exhaustion of the definedl
carbon sourcé, ~rowth ceased, This is the classical pattern of

carbon limited bacterial srowth on a single carbon source (e.c,



Monod, 1942).

The values of molar growth yield derived from these
cultures (cf. Results, p. 87) may be manipulated in different
ways. An estimate of the P/o ratio can be calculated when the
growth yield is expressed in terms of oxygen consunption, YO%
ng dry wt.[pgatom oxygen. The most studied molar growth yield
in this projeét is that in benzyl alcohol-salts medium, 8lpg dry
wt./pmol (Results, p. 93). With the cellular composition
(Methods, p. 57) the following equation for benzyl alcohol

utilisation was derived:

C7H8O+- 4.55.0, —& 03'1H5.501.1 -+ 1.25.H,0 4-3.9.C0,

The gross oxygen uptake shown was corrected by 2.02 for
the direct oxygenation of benzoate and catechol (e.g. Payne,1970)
but no allowance was made for maintenance energy (cf. Pirt, 1965;
van Uden, 1969). These results gave Y == 15.9ng dry wt./pgatom

oxygen. A growth yield (Y ) of 10.5 (range 8.3 - 12.6)ug

ATP
dry wt./pmol ATP has been observed by Bauchop & Elsden (1960) for

anaerobic growth of Streptococcus faecalis, Saccharomyces cerevisiae

and P. lindneri. Determination of YATP values for aerobic growth
has proved much more difficult; the results for different
organisms are sometimes difficult to interpret and occasionally

the evidence is conflicting (reviews by Stouthamer, 1969; Forrest

& Walker, 1971). The recent observation of Hempfling (1970) that
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P . . . viga .
/o ratios in #, coli vary (0.2 ~ 3.3) under conditions of varying

catabolite repression has added another difficulty to this sort of

observation, Nevertheless, if the YKTP is constant for all
. . P .
bhacteria, a comparison of the Y6 and the YATP shows a /o ratio

of about 1.4 for bacterium NCIB 8250.
Payne (1970) reported a Y of 12.8pg dry wt./pgatom oxygen

for Pseundomonas C,.B grown on benzoate, The molar growth yield

19

of bacterium NCIB 8250 growing on benzoate is VOpg dry wt.fpnol,

The corresponding Yo is 16.7pg dry wt,/ygatom OXYEen,

The radiochemical assays of substrate utilisation were
sensitive and simply done (ilethods, p. 48) but there were certain
drawbaclks in the method and someminor problems in converting loss
of radioactivity from the culture mediuwn into utilisation eof
substrate (mol/l1). The drawbacks arose from the non-specific
naturce of the assay. Mandelate disanpearance was in fact
measured as phenylglyoxylate decarboxylation (Results, . 95 ) o
Benzyl alcohol was measured as benzoate decarboxylation (Results,
P 90) and this was particularly inconvenient when benzoate itself
was the second carbon source (e.g, Results, p. 123). Because the
assay was indirect, simnly a measure of radioactivity per wnit
volume, the specific radioactivity of the substrate (pCi/pmol) was
recuired., This depended on an accurate measure of the volume of
the liquid in the growth flask and it was lmown that some liquid

was lost on autoclaving (Methods, p. 43 ).  The volume of liquid



in a flask, autoclaved in the same batch as the flask under study,
was measured and additions to and removals from the flask were
noted. This potential source of inaccuracy in the measurement
of substrate concentration, a constant factor throughout growth,
could have no significant effect on the patterns of substbrate
utilisation for which the exmeriment was desigmed. The slight
incorporation into cell material of radioactivity from carboxyl
groups in the sidechain (1.5 - 2,09, e.g. Methods, p. 49 ) was
another potential source of error. Presumably this represents
heterotrophic carbon dioxide fixation (e.g., Wood & Utter, 1965)
althoush it showld be noted that the manufacturer only claims
99% purity, Because the differential rate of substrate
utilisation during growth was constant (at least on benzoate or
benzyl alcohol as carbon sources, e,5. Figs. 10 and 14) this
incorporation prohably did occur throughout srowth as asswmed for
the purposes of the calculation.(Me#hods, De 50 )

In the case of mandelate utilisation the problem of the
very slirht metabolism of D-mandelate during growth on L-mandelate
Results, p. 95) was maslked by the nresence of D-mandelate aarrier,
The utilisation of D~mandelate was shown up only by the sensitive
radiochemical methods: it had not been suspected previously
(FPewson, 1967h, K-nnedy & Fewson, 1968 a,b). It is not clear why
D-mandelate cannot support growth (Fewson, 1967h; Baunann, 1968)
alheit at a low rate, It is possible that the slow rate of
metabolism is not sufficient to satisfy the demand for maintenance

energy.  The mechanism of D-mandelate utilisation is not yet kumown,



—LD

Kennedy & Fewson (1968b) found that D-mandelate was not oxidised
by L-mandelate debydrogenase from wild type cells so presumably
the oxidation of D-mandelate observed here (Table &) was the
operation of some other enzyme with a slisht capacity to oxidisge
or decarboxylate D-mandelate, Lancaster (1971) isolated from
bacteriwm NCIB 8250 mutant str-ins that grew rapidly in D-
mandelate~salts mediwm. Cell-iree extracts of these mutants
contained D-mandelate dehydropenase activity, but the nature of
the mutation is net lmown.

The main feature of these radiochemical assays as
regards experimental data was their sensitivity in elucidating
detailed natterns of substrate utilisation., IProvided that
substrate uwtilisation is not inhibited, then the kinetics of
substrate utilisation in the growth culiture give a dirsct
measure of total enzyme activity. Thus a constant rate, as
opposed to an exponentially increasing rate of utilisation,
indicates a constant level of enzyme in the culture, This latter
condition in exponentially growing cells rust mean that the
synthesis of the enzyme concernced is subject to comnlete repression.
Farther, the fact that the enzymes of the mandelate pathway are
induced in regulons (Fig. 3; Kennedy & Fewson 19068 a,hs
Livingstone, 1970) presunably means that the measurement of one
enzyme is a measure of the other enzymes in that resulon,

This teckhnioune is somewhat limited in apulication because

partial repression is not easily identified and is difficult to



estimate quantitatively.  However, the cell-free assays of
enzvmes in the mandelate wathway recuwire sonication at a high

cell density in certain cases (Livingston, 1970) and there is

a very low recovery of benzoate oxidase activity on cell
disruption (Fewson, et al., 1970), Therefore, the study of
substrate uwtilisation is an attractive method for a broad
screening for possible renressions or other interactions within
the mandelate pathway, Indeed, rrowth and substrate utilisation
measured in this way are influenced not only by intracellular
enzyme activity hﬁt also by faclors such as permeation and
inhibition, Cell-free enzyme assays rust always give information
more limited in scope than whole cell assays, but cell-free assays

are, of course, of preat value in elucidating defined situations.

1. 2, . Assays in cell susmension.
r——

The develorment of an assay syecific for the uptake of
individnal cormounds into bacterium 2ICIB 8250 fell into several
phases, Initially the assay could be seen to work on a

. . . . 14 ] - s . _
qualitative basis using lrinm=" C(1)]henzoate and while the exact
manual technicues were being improved (}ethods, p. 60) a means

of exrressing the results quantitativily was devised,

- - . . .
1, 2. 1. Nuantitative measurement of intracellular material.

Intracellular material wos exnressed as a concentration



in cell water by means of the correlation between cell water and
turbidity (Methods, Pp. 56). Winkler & Wilson (1966) used

inulin to estimate cell water and their results with E. coli

ML 308 showed that the intracellular concentration of thiomethyl-
galactoside produced by facilitated diffusion was apparently 80%
of the extracellular level (Fig. 5 in Winkler & Wilson, 1966).
Inulin, however, does not penetrate cell walls (Myers, Frovost

& Wisseman,l1l967; Matula & MacLeod, 1969) while small molecules
like disaccharides penetrate at least to the cell membrane.
Surose does not rapidly penetrate the cell membrane of E. coli

(Myers et al., 1967; Knowles, 1971), Rickettsia mooseri (Myers

et al., 1967) or a marine pseudomonad (chkmire & MacLeod, quoted
in Matula & MacLeod, 1969). Myers et al. (1967) found that at low
osmolarity sucrose penetrated 28 -~ %0% of the inulin space in
E. coli B while MacDonald & Gerhardt (1958) considered the cell
wall to comprise 20% of the inulin spvace of E. coli B. It thus
seems likely that Winkler & Wilson (1966) were underestimating the
actual intracellular concentration by some 20 - 30% by using an
inulin value for cell water.

The estimation of cell water in bacterium HCIB 8250
exploited the non-saccharolytic characteristic of this organism
(e.g. Fewson, 1967a). This phenomenon was further explored after

a report that Veillonella spo. characteristically non-saccharolytic

organisms, could assimilate D-ribose into nucleic acid (Kafkewitz

& Delwiche, 1969); no ribose catabolism was detected. Bacterium



NCIB 8250 showed no significant assimilation or dissimilation of
ribose or any of the sugars or sugar phosphates tested, and this
enhanced the idea that the cell membrane of this organism was
impermeable to carbohydrates (Results, p. 78). Passive diffusion
of glucose across the cell membrane of bacterium NCIB 8250 is

at an extremely low rate because the value for cell water/dry
weight did not alter when suspensions were exposed to glucose for
periods between 10 and 45min (results not in this thesis).

A comparison of the inulin and glucose values for cell
water in bacterium NCIB 8250 shows that the c¢ell wall is 45% of‘
the inulin space (Results, p. 80). This figure seems a very
high proportion of the total cell volume when compared with the
value for E. coli at similar-(low) osmotic pressure (Myers et al.,
1967), but bacterium NCIB 8250 is a snall organism‘and a '"mormal
Gram-negative wall' would comnstitute a larger proportion of a
small organism. An electron micrograph of a phosphotungstate-
stained cell of bacterium NCIB 8250 (Hodgson & McGarry, 1968; their
plate 1b, magnification 70,000) was considered for calculations as
a picture of the cross-section of a cylinder with hemispherical
ends. The cell measured 7.6 x 4.5cm containing a 0.5cm wall,
assuming both stain densities in the wall were in fact cell wall,
The volume within the cell mewmbrane was 54% of the total cell volume.
This would seem to confirm that in bacterium NCIB 8250, inulin
does not penetrate the cell wall and that glucose penetrates the

wall to the cell membrane. Consequently, the appropriate value



for cell water/turbidity unit is that obtained with plucose as the
extracellular marker (lethods, 1. 56 ).

Although the fundamental calculation in stuadying
intracellular concentrations in cell suspensions is the expression
of data in the same wnits as the extracellular material, there
remain two other major items in the calculation, Pig, 38a gives
a demonstration of the vproblems invelved in assaying the intra-—
cellular concentration in succinate grown cells (non~induced),

The reasent blank (Table 8 and e.g. Results, p. 146) fmrEégggg§:-
14 } N re g : ,

C ibenzoate represents the same number of d.p.m. as the
equilibrium level of benzoate inside the cell, Fortunately, the
reagent blank is reproducible (S.E.M. 2 = 4%) but even at the
high levels of radiocactivity employed (%pCi[léq]/ml) there is a
statistical error of 4 4 on the counting of each vial in the
determination of the reagent blank., After subiraction of the
appropriate reagent blanks the net values of radioactivity on
the filter membrane must be corrected for the material presumably
trapped between cells in clumps (Results, p.157)o The importance
of this individual correction on eacli result must be stressed.

It can he seen that a wide range of tr:nping occurs,(Fig. 38&).
Without adjustment for this extracellular material on the filter,
calculated frqm the amount of 3iimglucose on the filter, the data
in Fig. 38a covld not be lenitimately converted to the units of

Fig. 38b, and any conclusions drown from uncorrected data wo-1d be



totally misleading. Despite these rotential sources of error,
duplicate estimations were vory close to one another, as
evidenced by nairs of points in Fig., 44, The accuracy and
versatility of the teclmique is seen to its best advantapge where
reagent blank and trapping are small, as in the uptake of
thiomethylgalactoside by differmnt strains of Ji, coli (Fim. 37).
The occasional misplacement of the calculated zero interunal

concentration (Wig. 47) causes some concern as the reason for

this is not clear,

1. 2. 2, Washing techniques in cell susnension assavs.

The manipulation of data into readily understood units
is essential for this work. MHowever, this facility can only
be meaningful if the washing technigues are valid,

The use of chilled water to leach all intracellular
pools was the technique of Britten & MeClure (1959).  The
mechanism of action of the chilled water wash in rapidly removing
the PCA-soluble pool is not understood, Britten ¥ lcClure
(upublished data cuoted in the 1959paper) found that "complete
removal of pool compounds b the violent osmotic shock (of a water
wash) is due to a very transient change iﬁ the cell, Synthesis of
any sionificant fraction of the cell cytoplasm is not necessary to
renair the damage," The removal of pool materials from bacterium
NCIB 8250 seems to recuire chiiled water (Fesults, p.150) but it

would seem thal this organism, also, suffers little damae on water
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wash, Much of the nmanometric work done by Hennedy & Fewson
(1968a,b) used cells of bacteriwn NCIB 8250 resuspended in water
and Fewsen (personal communication) stated that resuspension in
buffer offered no advantage over resuspension in water. The
menthrane visualised by Britten (1965) was "a sort of thrixotronic
gel supported on the outside by the wall.... . Undexr sudden
stress it would behave like a layer of silly-putty and crack
mortentarily, It would then he canable of healing immediately".
This model would not apply to some Gram-positive bacteria, for

example Strentococcus faecalis, used by Gale (i947) in his

studies on amino acid uptake where pools were insensitive to
wvater washing.

The wvalidity of the mediuwm wash, which should leave the
pools intact but remove substrate outlside the cell membrane, is
particularly difficult to establish (Results, T 150). The
princinle of the washes used in this work is that the mediwn wash
must be of the same composition as fhe solution from which the
cells have bheen harvested, as detailed by Britten & Mellure (1959)
and Kepes (1971). However, Dritten % MeClure (1959) found that
osmolarity rathor than comrosition was the imnortant feature in
the "wmediwn wash', A wash of Kioher ommolarity was of little
advantace but if the osmolarity was below that of the reaction
mediwm the obhserved pool was very muc: reduced, Kenes (1971)

. RS * O
also noted that olactoside efflux from 4, coli at 0 C was less

— ot s



than at 30000 Althouch no study was made with medium washes of
low osmolarity with bacberium MCIB 8250 (except the extreme case
of water), an increase in the osmolarity of the wash (5% MaCl,
Pable 10) had no marked effect on tlie pool size rocorded,
Studies oﬁ efiiux at differont tem eratures were nof iione, bhvt a
wash tewmperature of 0°C had already been chosen to reduce

metabolism on the filter membrane (Pesults, p. 152). Using the

sane criteria as emnloyed by the workers with B, coli (?rltben
& MeClure, 1959; Kepes, 1971) it secms likely that the nool

sizeg recorded for nénﬂnetabolised substrates in Laclteriwm CIB
8250 are a good re-rescntation of the actual intracellular
concentration, One piece of supnorting evidence for this
hypothesis cowes from a different type of experiment. In
centrifugation experinments to find the cell water/dry wt, excluded
to benzoate in cell suspension (Fesults, n. 82), benzoate was
found to peneirate tolally the intracellular water srace of
succinate- grown cells; confirmation of the results observed

after harvesting by filtration ( e.g Mirs 38 and 43).

Yhen a substrate gsuoch as mandelate or henrzoate was
metabolised Ty the cells under study, no intracellular vpool of thnt
compound could be found (Migs..h7a and 42) althon~h a pool of
radioactive raterial (presunably metabolic intermediates) could
be detected (Pesults, 1. 166). The lack of a nmeasurable pool
corld be due ‘o the fact that there is no sirmilicant pool under

steady-state metabolic con. itions, or could also be due te



metabolism on the filter before washineg, There was a 1 - 2s lag
between disapnearance of. reaction mediwn from the filter membrane
and adaition of wash. In the case of benwoate,. even if the
intracellular concentration was equal o the external level

(1nli) as the rexction mediwm disappeared, it would require only
1.5s to be totally decoarboxylated. It is not by any means

certain that the intracellular concentration of benzoate, in the
presence of an active benzoate oxidase; would ever achicve the
extracellular level (e.z. Results, p. 168) so the chances of
detecting this ool are poor, Iiven if the henzoate pool size
exceeded the external concentration, it is doubtful whether any
direct "permease assay" would reliably detect a pool of henzoate

in view of the flux of lhenzoate. Whole cell decarboxylation

of henzoate showed a lower specific activity than that of

mandelate decarboxylation or benzyl alcohol disarpearance (Table 6),
The rapid flux of the intermediates under study makes the direct
measurenent of a putative permeation system imrossible in the

wild type organism.  Proof of the existence of a specific transyort
system must come from some general pronerty of that system, some
aspect of its specificity in overcoming the permeability charactaris-

tics of the cell membrane.
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2., REPRESSICN AND FulRCATION IN Ti0T MANDBLATE

L

PATHWAY 0F BACTIEIUM NCIB 8250,

2, 1, Regulon I?.i.

I~Mandelate dehydrogenase, phenylglyoxylate carboxy-lyase
and the heat-stable benzaldehyde dehydrogenase comprise the enzymes
of regulon Bi (Pig. 3; Kennedy & Fewson, 1968 a,b; Livingstone
& Fewson, 1971). |

Benzoate affects neither the cell-free activities of
mandelate dehydrogenase and phenylslyoxylate carboxy-lyase (Table
5) nor the decarboxylation of mandelate by suspensions of cells
of bacterium NCIB 8250 preinduced to mandelate (Table 6).,  Thus
no part of the mandelate decarboxylation system is inhibited by
benzoate, nor in fact is the heat-stable benzaldehyde dehydrogenase
inhibited (Table 5). It therefore follows ‘that the repression of
the synthesis of the enzymes of mandelate decarboxylation in the
presence of henzoate in growing cultures of preinduced mandelate
cells (esults, b, 11k ; Figs, 24 and 26) is a direct control
system at the transcription or translatlion level, The effect
cannot be at the level of entry of inducer infto the cell, otherwise
mandelate decarboxylation in cell susnensicns would have been
inhibited, This is why benzoate-~ rown cells do not metabnlise
mandelate +ill benzoate exhaustion (Fig. 20); these colls lack

> ®

the B, enzymes (Kennedy & Mewson, 1968 a,b; Livingstone, 1970)



which are repressed wntil the benzoate has disappeared.

These exreriments do not prove that benzoate itself is
the repressor or the triggmer of the repression mechanism; a
later intermediate of the‘pathway or another metabolic intermediate
entirely could be mediating the effect. Iowever, in experiments
arising out of this work, Fox (1970) has shown that benzoate is
probably the repressor. She used a mutant strain isolated by
Livingstone (1970) and which contained less than 0,2% of the wild
type level of benzoate decarboxylation activity after growth in
conditions which induce benzoate oxidase in the parent strain
(Cook, unpublished data). The mutant was grown in glutamate-
galts mediuwm to which mandelate or mandelate + benzoate was added.
After 2%h a 78% repression of the specific activity of I-mandelate
dehydrogenase by benzoate was observed by direct enzynre assay. On
kinetic analysis it became anparent that incomplete repression was
caused by a sinrle small burst of IL~mandelate dehydro~enase
ynthesis on the addition of inducer, thereafter the enzyme was
subject to absolute rerression, The only potential repressor
present was benzoate which could not be further metabolised.

In the nresence of catechol, mandelate decarboxylation in
a culture of mandelate-nrown cells was arithmetic (described
without illustration in Results, n. 117) thus catechol causes
complete verression of regsulon Rl. A culture orown from a nutrient

broth inoculum used catechol, to the exclusion of mandelate, till a
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point correspondinnm to catechol exhaustion (Results, p.120 ).
Catechol, however, has an inhibitory effect on mandelate
decarboxylation by whole cells (33%, Table 6, Fig. 33). The
severity of the effect decreases with time and the specificity
of the inhibition is unceritain because catechol has some toxicity
for the cell as evidenced by decreasing growth rates at higher
concentrations (1 - 1.5mt, Kennedy & Fewson, 1968a). The
inhibition of mandelate decarboxylation in whole cells (Table 6),
whatever the mechanism, would he wmable to cause the complete
repregsion of the Hi enzymes observed during growth (Hesults,jpigo).
Thus catechol, too, represses ox trirgers the repression of regulon
Rl'
Suceinate caused no feedback inhibition of mandelate
dehydrogenase or of phenylglyoxylate carboxy-lyase in cell extracts
(Table 5) though a limited inhibition of mandelate decarboxylation
was observed in whole cells (27%, Table 6). The inhibition of
mandelate decarboxylation could be an effect on mandelate transmoxt,
or it may reflect, for examn»le the redox balance in the cell
suspensions and be an effect on I~mandelate dehydrogenase. The
présenoe of succinate caused severe but incorplete renression of
mandelate dehydrogenase during growth; the rate of mandelate
utilisation igcreased very slowly in the presence of succinate

(described but not illustrated in Results, p. 120 ). Nonetheless a

27% inhibition of mandelate decarboxylation couvld not exnlain the



ohserved repression of repulon Ri during growth on succinate,
Thus succinate partially represses or triggers partial repression
of regulon Rl.

In contrast to the effects of benwmoale, catechol and
succinate, no repression of regrulon Rl was caused by benzyl
alcohol., Neither growth (Fig. 27) nor mandelate utilisation
(Fig,28) was significantly affected by the presence of benzyl
alcohol though benzyl alcohol was metabolised to a considerable
extent during mandelate utilisation (®ig., 28)., Fewson (porsonal
communication) has found that benzaldehyde shows a very low or
non-existent re»ression of L-mandelate dehvdroaenase, He grew
bacterimn NCIB 8250 in glutamate-salts medium to which mandelate
or mandelate + benzaldehyde were added, After 24h large amounts
of I~mancelate dehydrosenase were detected wnder each condition
thouch no RQ enzyme was detected in either condition,

The nicture of the constraints on induction of resulon ?1
is one of renression in the rresence of intermediates which lie
down the cataholic rathway and are substrates for later resvlions,
while the intermediates of the branch pathway do not cause renression,
The reprcssion mechanism operates at some level in messenger
transcrintion or translation hecause repression is seen to occur
in preinduced mandelate cells without detectable altoration of v»re-
existing enzyme levels or their activity,

Data culled from exmeriments in the ~resence of catechol

and. succinate indicate a nossible contribution of a minor nature



from control mechanisms oth2r than revresgion, but their importance
during growth has not been delormined. Thus no role (or at most a
very minor role) in the ohserved rerression can be atbtributed to
permeability phenomena. This does not mean that a transport

system for mandelate is absent or that such a system has no part in

Ty
9

1

Consider the contrast between the srowth of a henzoate-

the resmlation of repulon

grown inoculuwn in benzoate + mandelate~salts mediwm and in benzoate o
henzyl alcohol-salts mediwm (Piz, 19) with the corresronding
substrate wtilisations (¥ig, 20). A small amount of benzyl alcohol
was utilised for growth before henzoate exhaustion while mandelate
utilisation was not detected for 45min after Denzoabe exhaustion.
This difference could possibly be ascribed to the fact that benzyl
alcohiol supports more ranid growth than does mandelate, bul in the
light of data discussed in the next section (n.203) it was considered
possible that mandelate could not nenetrate benzoate~rrovm cells,

The entry of mandelate into different preinduced cell
tyres was examined in cell susnpension, As already indicated in the
Discussion (p.192 ) no intracellular man:elate was detected in wild
type cells fully induced for the enzymes of regulon Ri‘(Fig. W7a)
presumably because of its ranid metabolism,  However, in the mutant
deficient in mandelate dehydrogsenase, the entry of mandelate into
the cell could readily be detected (Fig. 47h). The rate of entry

is low, about 3mmol/mg dry wt./min, some &% of the rate of mandelate



utilisation in cell suspensions of the narent strain (e.g. Table 6).
The entry of mandelate into Wiid type cells grown on nutrient hroth
ig also easily detected (TFis. 48a) and here the rate of entry is
only 0.0% the rate of mandelate decarhoxylation in suspensions of
cells adapted to mandelate., Benzoate neither affects the eniry of
mondelate into these non-induced cells (iMig,48a) nor indeed into
mandelate-rrown cells in suvspension (Table 6) or during growth
Pir.26), In marked contrast, mandelate does not penetrate henwoate-—
grown cells in the yresence of benzoate {¥ig, 48h) and only slowly
penetrates the membrane in the absence of benzoate (Pig, 4Sb).

This permeability barrier to mandelate proves thalt the membrone

of bacterium NCIB 8250 recuires some specific complement to pexmit
mandelate to penetrate the mewbrane, To guote Brititen (1965),
"Once a cell..., has been clearly shown not to be ranidly penetrated
by a subslance we may say that the 'membrane' is impevmeable to

that substance.,.. . There may be passages and doors... with a
variety of active or nassive nroverties, The point is that once
one has found the doors closed their existence is clear even though
they may be diflicult to observe when open.”

Mandelate metabolism thus apnears to involve a mandelate
transport system in addition to the enzymic entitics already
demonstrated by Kennedy & Fewson (1968a,bh). The resulation of
resulon R

4 80 far observed has not acted at the level of transnoxrt

but at the level of enzyme syntlesis,.



2. 2, Regulon 1o,

Benzyl alcohol dehydrogenase and the healb-lahile
benzaldehyde dehydrogenase comprise the enzymes of regulon RQ
(Fige 3)e

No diauxie was observed in henzyl alcohol + benzoate—
salts medium when nutrient broth-grown or beunzyl alcohol-grown
cells were uged as inocula (e.ﬁ. Fige 29). Substrate co-
uwtilisation occurred throughout growth and henzyl alcohol
utilisation accelerated (Mg, 30)., If there was any repression
of repulon RQ in the presence of benzoate this technigue could not
detect it, partly because of the insensitivity of.the assay at low
degrees of repression (Discussion, P. 185 ) and partly because of
the problems in interpreting these particular results as the
disappearance of both substrates was actually measured as benzoate
decarboxylation (Results, p.12% ). In contrast to this nattern
of substrate co-utilisation, benzoate-grown cells utilised only
benzoate (till just before benzoate.exhaustion) to the exclusion
of benzyl alcohol (i, 20). Benzyl alcohol disavpearance from
whole cells (Table 6) and the cell-free activities of benzyl
alcohol dehydrorenase and benzaldehyde dehydrorenase (Table 5) were.

almost wnaffected by benzoate, The paradox of the repression of

the 1, enzymes when no R

5 o enzymes already exist and the low derree
EWVRSTSR -

of repression in cells containing some, even low levels of, benzyl

alcohol dehydronenase must mean that benwzyl alcohol (an inducer of



regulon Rg’ Livingstone & Pewson, uwnrublished data) is beine
prevented from enterins the cell. Attempts to demonstrate this
permeability barrier to bhenzyl alcohol have so far been frustrated
= 14
by the very larse reament blank of Jcarbinel-""Cibenzyl alcoliol on
Sartorius filter membranes (Table 8), No attempt to do
centrifugation experiments of the cell water/dry wt. type (Methods,
P« 5k ) has heen made because of the long time lag between exposure
of the cells to the radioactive material and rcmoval of the cells
from suspension, It should he stressed that the repression rmust
arise from a permeability barrvicr to entry, not an inhibition of
a preexisting transport system, as benzyl alcohol utiliéation in
whole cells is essentially unaffected by benzoate (Table 6).

Growth of bacterium NCIB 8250 in benzyl alcohol + catechol~
salts or in benzyl alcohol 4+ succinate=salts medium is not diauxic
.and the ntilisation of henzyl alcohol indicates substrate co-
utilisation throughout growth (described but not illustrated, p.131 ).
No data are as yet available from exneriments with, say preinduced
succinate cells growing in succinate + benzyl alcohol-salts medium,

so the generality of repression of regulon R, deriving from a

2

permeahility barrier to entry is not established,
The effect of wmandelate on the growth of bacterium NCIB 8250

in benzyl alcohol-salts mediwm (iiesults, p.123; Fig. 31 a,b,c) is

teleologically wmost surrrising in light of the fact that beunzyl

alcoliol supports a considerably hisher growth rate (p = O.88h~1)
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than does mandelate gﬁn . 0‘,6911'"1 dropping to 0.27h—1).

. axXe :
Purthermore, mandelate does not affect benzyl alcohol decarboxylation
in whole cells (Table 6) or benzyl alcohol dehydrogenase or
benzaldehyde dehydrogenase in cell extracts (Table 5). After
a time lag, but before benzyl alcohol exhaustion, exposure to
mandelate causes a reduction in growth rate (Results,\p.130 s Mg,
Fla,b,c)s  This drop in growth rate coincides with repression>of
regulon R, (arithmetic utilisation of benzyl alcohol, Fig, 32a,b,c)
and with cormencement of utilisation of mandelate (I'ig.32a,b,c).
The altered ;rowlh rate is not dvue to benzaldchyde toxicity - at
least in‘the one case tested (Resnlts, P.130 ). The time lag
hefore repression is apparent is not due to a lar in the formation
of phenylelyoxylate as phenylglyoxylate itself has a similar time
lag before revression occurs (mentioned without illustration,
P.130 o Henression of the RQ enzymes in the vresence of mandelate
is also geen when benzyl alcohol is decarboxylated during mandelate
utilisation by preinduced mandelate cells of bacterium NCIB 8250
(vig. 28). Benzyl alcohol utilisation accelerated to a maximum
apparently arithmetic rate that was maintained for several hours
over a wide range of mandelate concentration. The fact that the
suppesed rreinduced mandelate cells did not already contain
"eguilibrium®” levels of the LQ enzymes is possibly due to problems

in obtainin: these cells (Results, p.102 ) and the fact that the

level of the RQ enzynmes do actually vary dvring erowth on mandelate,



The delay in the repression of the RQ enzywes by
mandelate arter its addition to cells growing on benzyl alcohol
with the corresvondin~ lag before the initiation of mandelate
utilisation (Fig. 32a,b,c), led to the idea that the cell
membrane of benzyl alcohol-prown cells was impermeable to

).

This permeability barrvier was tested as illustrated earlier (1.198 ).

co

nandelate. (‘these are the data referred to in Discussion, 1. 19

Benzyl alcohol did not afifect the entry of mandelate into non-~
induced cells (Wig,48a) or even into induced cells (e.r=. Table 6),
but mandelate was tnable to wmenetrite henzyl alcohol grown cells
in the presence of benzyl alcohol (fige. 48¢c). Mandelate slowly
entered benzyl alcohwnl cells in the absence of benzyl alcohol
(Pig. 4Bc). This demonstration of a rermeability barrier to
mandelate not only expands the evidence showing that specific

mandelate transport exists but also illustrates that this entity is

not present under all conditions of growth,

2. 3. Tenulon s,

Benzoate was decarboxylated at the same differential rate,
with resmect to growbh, whether catechol was nresent or not and
using eithor a preoinduced henzoute inoculum or a nutrient broth-
grown inoculmm (Tiq, 22a,b), Thus catechol dees rot repress benzoate
oxidase thourh benzoate oxidase and catechol oxyrenanse constitute
sequential resulons in the man’elate pathway (Fig. 3). The

arparently exclusive use of benzeoate with no contribution to rrowth



from catechol (Fig.22a,b) was shown to be a balance betweenienzoate
decarboxylated and entering the catechol pool and catechiol enterins
the metabolic pathway from that pool (Fig. 39, lesults, T.161).

This also shows endogenous and exonenons catechol to be in rapid
ecuilibrium,.

The absence of rvepression of rerulon 35 by catechol is
perhaps not unasual, boat the full implication of the differential
plot (Fig. 22a,h) migst be viewed in comparison with the lowered
growth rate of bacteriun NUIB 8250 growing in benzoatle + catechols-
salts mediw (g, 21). This presumahly means that catechol isg
having a snecific inhibitory effect on benzoate oxidation (cf.

Fig. 36). I+ is hoped to improve the release of benzoate oxidase
from cells on disruoption to allow the use of the cell-free benzoate
oxidase assay to find whnether this effect is at the cell membrane
or an effect on benzoate oxidase itself,

The co-utilisation of guccinate and benzoate during srowth
(described without illustration, p. 111) is such that the assay can
detect no repression of regulon R3 by succinate (Discussion, p. 185).
The ranid entry of benzoate into succinate cells (FMigs. 38 and 43)
which is wnafiected by the presence of succinate (data not in thesis)
indicates that there is no control by succinate at the level of entry
of benzoate into the cell,

At first sight the entry of benzoate into bacteriwm MNCIB
82650 has several asmects which immly nassive difiusion as a method

of entry. A wide range of analo‘ues of benzoate and substituted



benzoates showed no convincing inhibition of benzoate decarboxylation
in whole cells (Results, Te 163). This would support the idea that
entry was passive because there was no competition for entry hetween
like compounds; converscly, it could simply mean a highly snecific
entry not inhibited by any of the comrounds testoed, These comnhounds
micht still themselves enter the cell via a snecific mechanism in
the absence of henzoate, Tfor example p~Tluorcbenzoate (Fiﬁ. 40),
In non-induced cells the intracellular benzoate concentration is
attained at a rate which cannot bhe distinguished from the rate of
benzoate decarboxylation in ceil suspensiong of induced benzoate
cells (Results, p. 171)0 Set against these findings, however, is
the fact that benzoate was found to be a potent inhibitor of the
decarboxylation of p-fluorcobenzoate by whole cells (Results, p. 164)
and to effect this inhibition by preventing p-fluorobenzoate from
entering the cell (Fig. 46). The observations are interrreted in
terms of a benzoate transport system which will transport p-
fivorobenzoate but which transports benzoate vrefeventially when
both substrates are available,

This is another case of identifying a transport system by
the "shut door" technique of Britten (1965, cquoted on p. 199).
This preliminary evidence for the existence of a benzoate transmort
system is supported by the patfern of exitd o-hydroxybenzoate
from cells decarboxylating benzoate (Wig, 45). This outflow is

similar to the exit counterilow patierns of Wong : ifilson (1970)



and supgests the operation of a facilitated diffusion system for

benzoate in bacterium NCIB 8250,

2. L, Growth of bacteriwm NCID 8250 in mandelate-—

salts medivme.

Kermedy & Fewson (1968a,b) noted the presence of RQ

during growbh in mandelate~salts medium (Table 1), Livingstone

enzymes

(1970) verified these ohgservations and the data shown here come

from his Tables 16 and 28,

Carbon sources for growth

S =T~ Smii-henzyl 1.0rbd~
mandelate | alcolol + jglutamate

1 0mlfewe
glutanate

Specific activities mmol/mg

Inzymes protein/min
ﬂi I-mandelate cehydror~cnase 187 3 2
Ri phenylglyoxylate carboxy-lyasel 394 Lo L
R, benzaldehyde dehydrogenase 7h 0 6
2&2 benzaldehyde deliydrogenase 42 324 2
RQ henzyl alcohol dehydrogenase 15 2733 7

The accurmlation of henzaldehyde observed during ~rowth on
mandelate (Fip, 17) verifies that the low cell-free activity of

benzaldehyde dehydrogenase is a true reflection of the capacity of
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the whole cells to oxidise benzaldehyde. This benzaldehyde

presumnably causes the observed induction of the R., enzymes, but

2

the R2 enzymes are repressed by mandelate (Discussion, p. 202).

The potential of the R2 benzaldehyde dehydrogenase to alleviate

the effects of benzaldehyde can be seen when benzyl alcohol-grown

cells grow in mandelate-salts medium (Fig. 15). After a lag,

presumably to induce the Rl enzymes, these cells grew rapidly

for most of the growth curve with no accumulation of benzaldehyde

(mandelate utilisation was a linear function of growth, Fig. 17).
Benzaldehyde accumulation was a linear function of

mandelate disappearance (Fig. 18) for a considerable time. The

presumnption (Results, p. 100) that the enzymes involved in

benzaldehyde production and removal were in a constant balance over

this period requires that more R, benzaldehyde dehydrogenase be

2
synthesised as the ratio of the two Rl enzymes involved should

be constant. If the quantity of R, enzymes did increase during

2
growth, repression of regulon R2 by mandelate (Discussion, p. 202)

was not in fact absolute. Thus the induction of R2 enzymes during

growth in mandelate-salts medium is a balance between the induction
response Of the cell to the accumulation of benzaldehyde and the

repression of regulon R, by mandelate.

2
The effects of the accumulated benzaldehyde are widespread.
Initially it appears to inhibit growth (Results, p. 97) and when

benzaldehyde does accumulate, other material is excreted into the

growth medium (Results, p. 100). The material does not appear if



benzaldehyde is not accumlated (“esults, p. 100 ). The nature of
the excreted intermediate is not kﬁown, althoush aromatic inter—
mediates of the mandelate pathway (except benzyl alcohol) have
been excluded (Results, Do 100). Parers on material excreted
during the metabolism of aromatic compounds largely appeared between
1947 and 1953 {(e.q. Dagley, Fewster & lianpold, 1952) and can give
little guidance on this vroblem as Tthe organism employed wa: either
Vibrio 01 (e.g. fvans, 1947) or wacertain (Introduction, p. 3 )
and the experimentswere done under conditions of relatively poor
aeration.

The kinetics of mandelate utilisation are unusual (Fi~.16),
being vseudo~sigmoidal in contrast to the exponential utilisation
of Tor example benzoate (Fig.10).,  ‘This wtilisation is almost
certainly a characteristic of mandelate dehydrosenase itself as it
has a high ﬂ}n(Q.& X 10—%H, ﬁennedy $: IPewson, 1968b) and benzaldehyde
neither causes a substantial vepression of resulon Rl (Fewson,
personal commnication, described p. 197) nor inhibits IL-mandelate
dehydrogenase or phenylelyoxylate carhoxy-lyase (Table 5).

Several aspects of the rathor meculiar mandelate prowth
curve have been exnlained, but more work on tho nature of +he

material accurmilated during crowth is still reguired,



B TITE MECHANISHS AND INULICATIONS O0F P.7 MEATION AND

REPRESZTION,
Fe 1e Permeation,

3. 1. 1, Methodolony.

The copcent of bacterial transport systems has been extant
for several years (Cohen & lMoned, 1957) but even now, understandins
of the mechanisms involved is skeichy (Intrcduction,p. 26 )o This
lack of understanding basically stems from the fact that transport
depends on an intact membrane structure (Introduction, p. 26 ) and
that exrerimental techniogues have heen able to give only an indirect
degcription of the wmhenomena, The two basic techmicques used to
detect permeation mechanisms have been:

a) accumulation of the material inside the cell to a concentration

far exceeding the extracellular concentration, and,

b) crypticity, the inability of a cell to srow on a compound when

all the necessary metabolic enzymes are rresent (e;g. Cohen & Monod,

1957). In the basic form, each technique has severe limitations,
Accummulation of material inside the coll firstly requires

an active transport system to be oporadting and antomnticnlly excludes

systems of facilitated diffusion and group translocation. Care must

be taken to ascertain that the intracellular material ig in fact the

game chemical entity as that supplied externally, Fuarther,

accumilation devends on being able to devise conditions in which the



material wnder study is actually accomulated, and this usually
requires either substrate analogucs not metabolised by the first
metabolic enzyme or a mutant strain ceficient in the first metabolic
enzyme.,  Th= ability to deamonstrate just one of the three known
types of transport mechanism in bacteria thus recuires a considerable
body of prior knowledge about that system, either enzymic or renetic
and preferably both; in addition, failure to demonstrate
accwmulation does not mean that either facilitated diffusion or

groun translocation is absent.

The sccond techanigue, demonstration of crypticity, may
involve tﬁe use of mtant stfains deficient in transnort or of the
indvuction of the transport systems, This method, also, demands
considerable knowledse of the system under study to justify the
. statement thal observed lack of growlh is in fact due to a lesion in
transport and, further, that this lesion in transrort is appropriate
to the system under study {(cf. the controversy over the characteris-—
ing of lactose transport in i, Eﬂiié Introduction, pe 25 ).

Baxrly in the work for this thesgis, attermts were made to
demonstrate the accurmmulation of benzoate by wild tyme bhacterium
NCIB 8250. Mo mutant strains were available and no non-metabolised
substrate analo-ues were Imown, so it is hardly surmrising that no
pool of benzmoate itself was recorded (Pic. 42; Discussion, . 192 ).
The sreat advantace of studying the uptoke of intormediates at this
part of the mandelate pmathway is the ease with which intracslinilar

material can be identified, No seraration ot Tool materials is



required as the use of earboxxyléé]henzoic acid means that intra-
cellular radiocactivity is either benzoate or the newly discovered
intermediate hetween benzoate and catechol (3,5~-cyclohexadiocne -1,
2-di0l~l-carboxylic acid; Deiner & Uegeman, 1971); the rext
metabolic reaction is decarboxylotion of the radioactive moiety in
the molecule, “7hen an inhibitor of benzoate oxidnse wags used
(c(,o('-hipyridyl), ne accurralation of bhenzoate avninst a
concentration aradient was detected (see Nesults, n. 168). Though
this was not followed un orce the assay technique was improved, and
the effects of K, K '=hipyridyl on energy transduction are unkmown ,
the obsevvation sugrests that there is no active transrort of henzoate
by bacteriuwm NCIB 8250, The fact that all the cell-free assnys for
nandelate pathway enzymes unsed the chemical entilties supnlied
xoprenously to the wiwle cell su-gests that sroup translocation is
not a mechanism of itranspert for arvomntic comrounds. The znzymes
have, however, only been studied in crude cell extracts ~nd the
possibility that, say, activatine enzymes exist has not been totally
excluded (Fennedy & Fewson, 1968b). Thus, by execlusion of other
possibilities, henzoate enters the cell cither by facilitated
diffusion or by passive diffusion and the problem sirplified to
distincuishine between these two methods of entry.

Facilitnted diffvrsion systems demonstrate several features
which may distinnuish them from passive diffusion (e.r. Jtein, 197°7).
0f these, some are of little use in initially establishin~ the

existence of a transrort syvstem, for exomnle saturation kinetiecs and
i ?



inhibition by enzyme poison, becouse the chances of Tinding the

right conditions in an unknown system are very noor. The best

test of a facilitated diffusion system, counterflow (Introduction,

e 19), is only likely to succeed after an initial indication

of the correct conditions to use. Thus a simnle screen for a
facilitated difiusion system is lilkely to he either:

a) a demonstration that the permeant emters the cell faster in the
presence of the facilitated systom than in its absence, or,

b) a demonstration of competitive inhihition at the level of
transnort.,

The filtration assay system (Discussion, T 186) was refined t

carry out these tests on the entry of avomatic intewmediates into
bacteriwm NCIB 8250, It is ironic that the develomment of a

system of sufficient accuracy to measure directly a permeability
barrier to aromatic compounds (Hesults, pn 154 and 157) should
depend on the demonstraticon of a permeability barrier to carbolydrates
by a form of the crypticity test (p. 209) already rejected as a means

of findins the permeability barrier to aromatic compounds.

3. 1, 2, Mandelate transnort.

To recapitulate, the eviderce for mandelate transport in
bacterium NCIB 8250 derives from the initial failure of nandelate to
suppress the utilisation of benzyl alcohol (Fiz.32 a,b,c) when

mandelate is known to repress resulon R, (Discussion, . 201 ).

2

This indirect evidence was surported by the detection of a
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permeability barrier to mandelate in benzyl alcohol-grown cells
(Fig.s8c).  The permenbility barrier to mandelate was also
observed in benzoate prown cells (Fi~. 48h), This barrier was
a function of the membrane itself and not an inhibition of
mandelate transport as neither benzyl alcolbol nor henzoate
inhibited whole cell deéarboxylation of mandelate during growth
(Fios. 26 and 28) nor in cell suspension (Table 6) and even the
slow entry of mandelate into nutrient broth-rown cells waé
unaffected by these comvounds. On the facts that mandelate was
not accumlated in the mutant strain deficient in mandelate
dehydrosenase (Pip,a7h) and that entry inte this numtsant was more
rapid than entry into nutrient broth-grown cells, it was assumed
that the mutant retained at least a part of the mandelate transport
system and that transport was not active,

Mandelate lransport is cnvisaged as a facilitated diffusion
systen, inducible with rezulon Ri and not subject to inhibition hy
henzoate or benzyl alcohol, This transport system has no direct
role in the repression of regulon Rl (at least in the case of henzoate)
in as rwch as there is no catabolite ivhibition (Introduction, p. 31 )

The initial absence of induction of repgulon X, by mandelate during

i
growth of bacterium NUIR 8250 in benzyl alcohol-salts mediwm (Fig,
32a,b,c ) when mandelate does not enter the cell (s, 48¢c) is
simply the barrier iunction of the cell membrane,

The evidence for mandelate transport is largely based on

being able to detect its absence. Althourh the permeability barrier



is positive evidence in support of physiological findings, the
author hopes te confirm the existence of a facilitated diffusion
system by counterflow experiments (Introduction, p. 20 ). Wong &
Wilson (1970) have employed counterflow to determine the relative
number of operative membrane carriers in the lac system of %5, coli
and it may be possible to demonstrate different numbers of carriers
in, say, benzoate-srown (‘impermeable’) cells and nutrient broth-
grown cells {sparingly permeable).

irnored transnoxrt. This probably arises from the intervretation of
the attempts by feceman (1966b) to demenstrate a mandelate permease
in that organism, s results support the claim that there is no
active transport of mandelate, and group translocation can nresumably
be rejected as the substrates of mandelate racemase are D- and L-
mandelate (llegeman, llosenberg & Kenyon, 1970). Theve is no detail
of the method employed by Meweman (1966b), and the work in this
thesis illustrates that considerable attention to detail is required
in the filtration technique (Discussion, p. 190). Thus the failure
to eliminate facilitated diffusion as a mechanism of transnort (e.g.
by counterflow) means that no distinction can be drawn between
facilitated and nassive diifusion on the existing evidence. In the
light of the data in this thesis it seoms likely that P. rutida will

in fact contain a mandelate transport system, unless the membrane

characteristics of P, putida are vory divferent from those of

~

bacterium NCIB 8250, Nevertheless, if this putative transmort systen



for mandelate in !’y putida exactly resembles that of bacterium NCIB
8250, notably as regards catabolite inhibition, the argument
(Stevenson & Mandelstam, 1905) that pennedtion is not the site of
action of repression will still be walid,

L4

3. 1. 3. Benzoate transpoxt,

The evidence forbonzoate transport is largely based on the
ahsolute prefersnce of benzoate~srown cells to decarboxylate henzoate
in the presence of p-iluorobenzoate when no p-~fluorobenzoate can be
detected inside the cell., This is interpreted as competition at
the level of transporit (Discussion, p. 205). Indirect sunporting
evidence comes from the pattern of loss of o-hydroxybenzoate from
benzoate-grown cells in the presence of benzoate, which resembles
exit counterflow (Discussion p. 205). The rapid entry of benwoate
into non-induced cells (lesults, p. 168) coméared with the permeability
barrier to a close structural analogue of benzoate, p~fluorobenzoate
(Pig.46h) presumably means that benzoste transmort is constitutive,

The failure of induced cells to accumulate benzoate in the prescnce

of an inhibitor of benzoatle oxidase (Results, . 168, Discussion,

pe 211) and the failure of succinate-rrown cells to accumulate benzoate
in the mresence of an emerry source (succinate; data not in this thesis)
suersests that the system is not active.

This preliminary evidence for benzoate transmort requires
supnort, Agnin, comwnterilow apnears to be the best and wost easily

applied test. A suitaoble substrate is probably o-bydroxybenzoate
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which is not metabolised by henzoate-grown cells (Besults, pe. 166
and Kemnedy & Fewson, 1968a), Counterflow in non-induced cells

would confirm the constitutivity of the system.

3, 1o L, Benzyl alcohol transnhort,

As yet there is only indirect evidence for the existence of
an inducible, benzyl alcolhiol transrort system, based on the renression

of the B. enzvmes by benzoate-rrown cells in the mresence of benzoase
(9] o 1) .~ ,

)

a repression that was not deliected when cells already contained the

Bp enzymes (Discussion, D, 200), A somewhat similar vhenomenon was

o

observed by “amilton & Dawes (1959) worling with . aeru~inosa.

Diovxic growth in olucose + citrate~salts mediuwm was observed when
citrate-grown cells were used for inoculation, but not when slucose~
growﬁ cells were used, Ilamilton & Dawes (1960,1961) provided
evidence that Cthis nhenomenon involved an inducible rlucose nernease
that wag not subjcet to inhdibiticn by citrate,

PDirect evidence for a benzyl alcobol transport system could

be obtained if n type of filter membrane with a low rearent blunk

o) o . 147, s .
(Table 8)for|carbinol~""C[henzyl alcohol can be fownd, Altcrnatively
the centrifursation cxneriments to determine cell water/dry wt.
(ethods, p.r&) wvill have to be adanted for shorter time courses, or
nossibly some totnlly new systen will lave to bhe deoveloned, Therce
is as yel no indication whether benzyl alcohol transmort is active
or not. 1z meither benzoate nor mandelate transport s-ems to he

WDy ‘

active it is vwrobable that beonzyl alcobol {ronsmort also is not



active.

3¢ 1. 5. Pelevonce of these transport systong.,

The preliminary picturs of the transport of avomatic
commounds inte bhacteriuvm NCIB &250 is one of individual, specific,
facilitated diffusion systems. Ienzaldehyde and shenylolyoxylate
have yet to be tested for their {transport characteristics,
Althoush more information is remmired 1o subgtantiate the existence
of these gystoms, the fact that permeability barriers can he
detected sliows that these transrort systems are essential to the
organism 1if it is 1o grow on the anpropriate commound.

The specificity of these systems has not heen studied,

The fact that mendelate does penetrate benmoante-grown cells very
slowly in the ésence of benzoate (Fig. 48b) while no penetration
can be detected in the »resence of henzoate pregumably means that
mandelate is only a vexry poor substrate for the bhenzoate transrort
system., A similar arswuent sus-ests thot riandelate is a poor
substrate for the benzyl alcohol transnort system (Fig., 48¢).  The
specificities of the enzymes in rerulons 21 and 32 have been shown
to he very wide as regards ring svhstitution (Introduction, p. 7s
Kennedy . Fewson, 1908a,b) and this was interpreted in terms of
econonty in protein synthesis. If this conclusion is correct, it
is likely that the corresronding transport systems haove similarly

broad substrate specificities, It may “e that benzoate transmort,

also, is non-swecirlic, esmneocially when bhenzoate, n=fluorobenzoate and
s M ’ : c s

[



o-hydroxybenzoate appear to share a transport system, Benzoate
transport anpears to be constitutive while those for mandelate and
henzvl alcohnol are inducible, This may reflect 1the cormmon
occurrence of organisms capable of utilisine benzoate (e.g. Stanier
et al., 1966; Bamann et al., 1968) and the corresponding require-
ment for ranid induction of the relevant enzvmes, while mandelate
and benzyl alcoliol uwtilisation seem to De found in fewer orsanisms
and the competition for the latter carbon sources will be less
fierce thon for henzoate. A constitutive benzoate transport system
might also allow the escape of those non-metabolised henzoates
produced by the non-swmecific enzymes in Pi oxr R2 (s»~e Introduction,
pe 9).

| According to the emmirical "laws" governing the magnitude
of passive diffusion across cell membrancs (Stein, 1967; this thesis,
p. 18), if any of these aromatic com ounds is goin~ to diffuse
into the cell, a molecule such as p-fluorobenzoate (or benzyl alcohol)
will rapidly diffuse throuzh the membrane., The fact that liponhilie,
water-soluble compounds like p-ifluorobenzoate and henszyl alcoﬂol
require transport systems makes it hirhly unlikely that lipophaebic
substances like aslucose will usefully enter any cell by passive
diffusion: this conclusion assumes that the permeation characteristics
of all cell membranes are similar even if the chemical conmpositions
varyo If this is a.correct deduction, then marers claiming thot
passive diffusion is a wuseful method of transrort (e.o. Hazon,

1971) should demonstrate directly, by for example counterflow, thok



facilitated diffusion does not exist rather than giving only

indirect evidence that it does not occur,

Be 2. Repression of enzyme synthesis

A L B ¢ A ey M PRI B A e s A e el

The repressions of enzmyme synthesis observed in this work
have been ascribed to effcets at the level of enzyme manufacture,
with the excention of those effects due to a permeability barrier
preventin~ entry of inducer into the cell, No catabolite
inhibition (Introduction, p. 31) has been observed with mandela‘e,
phenylalyoxylate, benzoate or benzyl alcohol, but it may be
produced by catechol and succinate (Discussion, p. 165), Inzyme
inhibition does not seem to play a role in control, thoush net all
cell-free enzyme assays were carried out at potential inhibitor
concentrations apvroaching those in the ~rowbh experiments. The
possibility exists in other organismsthat catabolite and/or enzyme
inhibitions are effected by indicators of the energy charge of the
cell, but the cases cited by Sanwal (1970) were all for amino acid
degradations and acted at the first metabolic enzyme, which could
‘represent a means of channelling the amino acid for anabolic and
catabolic routes; this effect would be unnccessary when the gro:th
substrate is chann~lled entirely down the cataholic rathway. The
lack of enzyme inhibition by ratiway intermediates was also
observed in-the mancclate pnathway of P. putida (Yiereman, 1960c),

The repressions observed are swmarised in Fig, 49,
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0f the renressors of regulon Pi’ only benzoate has so far been shown
to be itself a potential represcor, as neither cateciiol nor
succinate has been studied in detail (Discussion PPe 195 and 196).
The ropression of RR is quite likely to be a direct effect of
mandelate or phenylglyoxylate because subsequent intermediates deo not
cause detectable repression. Partial renressions are not readily
detected by the methods employed (Discussion, p, 185) hut it has
been chserved that benzmyl alcohol (and nrohably benzaldehyde) does
not renress re;ulonAﬁi and that catechol does not repress remulon
RB.

In this thesis, renressions have heen described as Yabout
100%", "not detectable" or “absent", It is likely that such
clear-cut distinctions will be impossible in soil, which is the
natural environment of this organism.  Preliminary evidence for
this idea comes from the co-ulilisation of benzoate and benzyl
alcohol by a culture growing from a nutrient broth inoculum,
showing an induction of RQ enzymes that is absent in benzoate grown
cells (e.g. Discussion, p. 200)¢ Another example comes from the
worle of Fox (1970; this thesis, p. 195) in which the absolute
repression of mandelate dehydrorenase by benzoate was not inmediate
in a culture growing exponentially in glutamate-salts medium. It
seems probable that different desrees of rerression will oceur if
different nroporitions of inducer and renressor are nresent,
Durins bateh cultare of P. rutida Mondelstam & Jacoby (196) have

e ——

observed that the differential rate of svnthesis of mandelate :
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dehydrecenase varies with the amount of henzoate present, when P,

aerusinosa was grown in continuous culture, the induction of the

enzymes of glucose metabolism was found to be a balance between
induction by rslucose (or a mebabolite) and repression by citrate
(or a metabolite): +this balance was related to concentration

o

ratios rather than absolute concenirations (Mg & Dawes, 1869, quoted
in Clarke & Lilly, 1969). There is little doubt that continuous
cultture will be a valuable tool in examining quantitative asnects
of repression in the mandelate pathway of bacterium NCIB 8250,

Worit in this thesis has considered only the unsubstituted
intermediates of the mandelate nathway. It is not clear what
conditions exist in soil, especially whether suhstituted or non-
substituted intemediates predominate (e.g. Kennedy & Fewson, 1968a,b).
It is conceivable that the unusual growth characteristics found
when bacteriwn HCIB 8250 srows on mandelate (Discussion, p. 206),
especially the potentially wasteful excretion of a large gquantity
of benzaldehyde, will not occur when subgtituted mandelafes are
ntilised.

Hegeman (1960c¢) argned that the observed reculons in the

&,

mandelate pathway of I putida were the result of a balance between
the utter simplicity of block induction of all enzymes resordless of
the intermediate degraded with its subsecuent waste in protein
synthesis and the genetic comnlexity of the individual control of

each enzyme, ile reconnised a further comnonent in the equation,

the ability tn utilise rapidly a comnound readily available in soil,
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for example benzoate (llegeman, 1966¢).  Handelstom LONJl“mePt°ﬂ
these arcuments, saying that repression allowed a further control
over the converying nathways to economisce in protein synthesis in
the presence ol the end nroduet of a regulon (Stevcuson-%
lHandelstam, 196§). Similar armmients moy he advanced for the

reculatory aroupines observed in the mandelate pat way of

EX Al

hacterium NCIB 8250,

Me, L9 is strongly reminiscent of that observed in the
mandelate pathway of D, “?11§2:<Fi3' L, see 7, 15 ). Hegeman
(1966b) did not detect revression of the mandelatc enzymes by
suceinate, but as he sampled late in growth, cultures were
probably growing solely on the mandelate after succinate exhavstion
and renr2ssion could not he detected,

The mechanigm by which multisensitive end~product
repression orerates is unimown. The probable use of individual
pathway intermedialtes as repressors allows a very fine control
over induction to bhe achieved ond this specificity malkes translation
an unlikely locus for the control mechanism, The effect, then,; is
most likely to occur at franscription and there is a well-defined

precedent on which to bhase ideas -~ the cyclic AP mediated repression

cf the lac operon of i, coli (de Crombrusehe et al., 1971; this

thesis, p. 34}9 ilowever, rmltisensitive end-rroduict rerression
differs in one major characteristic from the cyelic AP mediated

system: dindividual nathway irntermediates not amphibelic intermediates



are the renrcssors. This fact makes the cyclic AMP system per se
an unlikely condidate for this mechanism (Introﬁuction, Pe 38 ),
though it toe may onerate. The snecificity of the rewrcssions

and the fact that there are other convergent wathways probably
under similar control make it lilkely that the rerressors themselves
modulate the transcrintion process rather than involving an
intermediate system which wonld itself require nany allosteric
gites, Direct modulation of transcription could take several
forms,

The most economical metiwod, as regards protein synthesis,
would he a sinrle protein coded by a regulator gene and which
contained both induction and repression sites, In this nmodel
constitutive strains would show no end-nroduct rerression. If
the resmlons of the mandelate pathway are under pogitive control,
end-product renression could act by nreventings the revressor
(ggﬁrC-type, En~lesherg et al., 1965) from converting to the
activator, An alternative model, by close analogsy to the lac
systom, could involve one rrotein coded by a resulator gene and
another rerulatory protein apo-repressor activated by low molecular
weight renressors, This would require one apo—représsor type for

each remulon,  All these models require multiple control sites,

The metabolic versatility of the organisms, Moraxella spn, and

Pgeudomonas son,, means that larpe mumbers of regulons are

involved, So to have a two protein control system would be very



extravagant as regards protein synthesis, but nossibly nccessary
as a result of the fine control needed over the multiple metabolic
pathways. It seems possible thal the regulation of convergent,
inducible, catabolic enzymes will provide another extension of the
basic model of Jacob & konod (1961) for the resulation of cene

exnression,
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