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ABBRWVIATIONS.

The standard abbreviations found in Biochem., J. (1970).

116, 1. are used througnout this thesis with the exception ol:
o} O
Tris 2-amino-2-~-hydroxymethylpropane-l,%~-diol

In addition the following abbreviations are used:

NCIB National Colleection of Industrisl Bacteria
ATCC American Type Culture Collection

Carboxy Q N-ethyl-2-~-carboxy-7-~chloro-4--quinclone

N.T.G. N-methyl-N-nitroso-i’ -nitroguanidine

Hepes N—2—hydroxyethylniperazine-N/n2~
~ethanesulphonic acid

Tricine N-tris (hydroxymethyl) methylglycine

No knzyme 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 Inzyme Commission numbers of some of the other enzymes,
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This thesis starts with a synopsis of the literature on
the metabolism of mandelate and related compounds by micro-
organisms. Fresent knowledge of the control of these
pathways is also summarised.

The experimental work described in this thesis is
primarily concerned with the activity and control of the
enzymes converting L-mandelate and benzyl alcohol to cis,cis~

nuconate in becterium NCIB 8250 which is an Acinetlobacter

species,

Technioues were worked out for mutagenesis with
N-methylmNmnitrosowNlmnitroguanidine and ultraviolet
irradiation. Using the former treatment, "mandelate mutants®,
i.e. strains able to grow on benzoate or benzyl alcohol but
not on L-mandelate, "benzyl alcohol mutants", i.e. strains
able to grow on benzoate or L-mandelate but not on benzyl
alcohol, and "benzoate mutants", i.e., strains unable to grow
on L-msndelate, benzyl alcohol or benzoate, were isolated,

Three classes of mandelate mutants were obtained: those
which lacked L-mandelate dehydrogenase; +those which lacked
beﬁzoylformate decarboxylase; and those which lacked IL-
mandelate dchydrogenase, benzoylformate decarboxylase and the
stable benzaldehyde dehydrogennase,

The three bengyl alcohol mutants examined 3did not possess
a functional benzyl alcohol dehydrogenase or labile

benzaldehyde dehydrosenase,



(4)

(5)

(6)

All the benzoate mutants studied were able to grow on
catechol but not on benzoate ér its precursors,

Mutants mego~-constitutive for L-mandelate dehydrogenase
and benzoylformate decarboxylase and hyperinducible for the
stable benzaldehyde dehydrogenase were obtained as a result of
spontaneous mutation and incubation with N-methyl-N-nitroso-

N -nitroguanidine,

An examination of the growth patterns of the blocked
mutants provided supvorting evidence for the postulates of
Kennedy (1967) and Kennedy & Fewson (1968a,b) that the enzymes
which convert L-mandelate, benzyl alcohol and their
substituted analogues to the corresponding bengzoates are non-
specific in their activity and induction; that L-mandelate is
metabolised to benzoate only through benzoylformate; and thai
2-hydroxybenzoate is oxidised directly to catechol and not
through benzoate.

Heat denaturation exvperiments, the properties of the
blocked mutants and the pattern of monovalent cation
activation provided evidence for the existence of a heat-stable
benzaldehyde dehydrogenase with a half-life of about 500min
at 370, and a heat-labile benzaldehyde dehydrogenase with a
half-life of about 30min at 370. Assays were devised in which
the activity of the two enzymes could be differentiated.

Benzoate oxidase activity was obtained in a cell-free
extract. The enzyme requires FAD, an HADH generating system

2 F 4 "ll‘ v . . v + . . . R
and fe ions for optimal activiity. The properties of the



(7)

(8)

enzyme were related to its possible mode of action. The
activity obtained was low, and consequently the enzyme was
measured in whole cells in the experiments on enzyme induction.

A method was worked out for measuring L-mandelate
dehydrogenase, benzoylformate decarboxylase, the stable arnd
labile henzaldehyde dehydrogenase, benzyl alcohol dehydrogensse,
catechol oxygenase and NADH oxidase activity in a single cell~
extract. If the benzaldehyde dehydrogenase activity was very
high, the activity of the labile and stable enzymes had to be
measured in.a separate extract.

Experiments on the kinetics of induction showved that:
L-mandelate dehydrogenase, benzoylformate decarboxylesse and the
stable benzaldehyde dehydrogenase were coordinately induced
(Regulon Ry); the lsbile benzaldehyde dehydrogensse and bennyl
alcohdl dehydrogenase were coordinately induced (Regulon Z#p);
and benzoate oxidase (Regulon R3) and catechol oxygen=se
(Regulon R4) were indevendently regulated. Supporting
evidence for these conclusions came from a study of the blocked
and constitutive mutants and from an examination of the
enzymes gratuitously induced by fthiophenoxyacetate. The
inductive properties of the consgtitutive mutants and the
inductive pattern produced by thiophenoxyacetate indicated
that Regulon Ry can be divided into two subunits consisting of
L-mendelate dehydrogenase and benzoylformate decarboxylsse on
the one hand and the stable benzaldehyde dehydrogenase on tne

other hand,



(9)

10)

Prom a study of the mandelate mutants, it was concluded
that benzoylformate is the prﬁmary inducer of the Regulon iy
enzymes, It was not possible to determine whether benzyl
alcohol, benzaldehyde or both are inducers of the Regulon H2
enzymes. Several suggestions were put forward to explain the
induction of the Regulon R2 enzymes by benzoylformate.

It was concluded that the pathway for the formation of
benzoate from L-mandelate and benzoylformate is physiologically
and genetically distinct from the pathway which converts
benzgyl alcohol and benzaldehyde to benzoate. The pathways
occurring in bacterium NCIB 8250 were compared with those in

other organisms,



Ly T RODUCTI ON.

1o GENERAL ASPECTS OF DISSILILATION OF ARQIATIC COIIOQUNDS

BY MICRO~-0RGANT SIS,

All living organisms and egpecially the plont world
synthesise a vast array of aromatic structures ranging from
simple phenols to complex polymers such asg tannin and lignin,
It is now generally accepted that all biologically synthesised

organic molecules must be degraded by some form of life to
maintain the Biochemical Cycle of Nature. In the case of
aromatic compounds this is largely acconmplished by several
bacterial and fungal species (e.g. Alexsnder, 19€1l; Dagley,
19673 ILvans, 1968)., These micro-organisms are able to
netabolise a large variety of benzenoid structures either as
sources of organic carbon for growlth or by co-metabolism with
other substrates (e.g. Raymond, Jamison & Hudson, 1967; Fewson,
Kenmedy'& Livingstone, 1968)., The disruption of benzene ring
compounds by micro-organisms has attracted more and more
attention in recent years as a means of destroying toxic
aromatic by-products of industry (e.g., Lunt & kvans, 1970) and
pesticides, which are frequently substituted aromatic
hydrocarbons (e.g. Kearney & Kaufman, 1969).

The aromatic ring has to be opened to allow complete
metabolism. Ring cleavage 1s effected through either grtho- or

pars~dihydroxyvhenols so that the initial transformations of



aromatic compounds are aimed al producing one of these key
compounds. Polynuclear compoﬁnds are degraded by a series of
successive ring ovenings (Dagley, 1967).

‘ The cleavage of grtho-dihydroxyphenols can be divided
into two distinet types (Evans, 1968):
(1) the oxidative cleavage of the carbon-carbon bond between
and (2) the oxidative cleavage of the carbon-carbon bond
between a hydroxylated snd a non-hydroxylated cerbon aton
("melta cleavage").

These two methods of henzenold ring cleavage produce a

muconic acid and a muconic acid semialdehyde respectively.
The muconic acid is then metabolised to f-oxoadipate which is
cleaved to succinate and scetyl-CoA, and the muconic acid
semialdehyde is converted to nyruvate and a carbonyl derivative
whose structure depends on the substituents on the original
benzenoid nucleus (Ribbons, 1965)., This variety of ring
opening mechanisms leads to the situation. that the same
-compound may be degraded in different ways by different
organisms; e.g. catechol is subjected to grtho cleavage by
" Pseudomonas nutida to give cig,cis-muconate (Ornston & Stanier,
1964) and to megha cleavage by a pseudomonad exemined by Dagley,
Evens & Ribbons (1960) to give o~hydroxymuconic acid semialde-
hyde. Conversely one organism may posscss several different

enzymes for ring cleavage; e.g. Bseudopmonas fluorescensg

possesses two specific enzymes for the griho cleavage of



protocatechuate and caffeate, gnd two more enzymes for the
meta cleavage of catechol and homoprotocatechuate (Seidmen,
Toms & Wood, 1969). A number of the enzymes r95ponéible for
ortho and pets cleavage has been purified and ext~nsively
examined (Nozaki, Kojima, Nakazawa, Mujisawa, Ono, Xotani,
Hayaishi & Yamano, 19663 Hayaishi & Nozaki, 1969).

The cleavage of g@;@fdihydroXyphenols is achieved by the
rupture of the bond between the carbon atom bearing a hydroxyl
group and an adjacent carbon atom carrying a hydrogen or
carboxyl group, or a side-~chain. Thus homogentisate is split
by Vibrio 01 to give maleylacetoacetate (Chapman & Dagley, 1962).

Although the cleavage of the aromatic nucleus is generally
an aerobic process involving the incorporation of aimospheric
oxygen, Rhodopseudomonas palustris possesses a redvctive \
pathway for the anaerobic metabolism of henzoate (Dutton &
Evans, 1969; Guyer & Hegeman, 1969)., The initial stages of
this pathway involve the reduction of benzoate to cyclohex-l-
ene-l-carboxylate and the conversion of this compound to

pimelate,



2o LETABOLIOL OF ARDELATE AND RWMDATED COLIFQUNDS,

Mandelate can be utilised as sole source of carbon and

energy by a few bacteris belonging to the genus Psecudononas

(Stanier, Palleroni & Doudoroff, 1966) or to the genus

Acinetobacter (Baumann, Douwdoroff & Stanier, 1968). Recently
Jamaluddin, Subba Rao & Vaildyanathan (1970) showed that the

fungus, Asvergillus nigexr, can also metabolise manrdelate. It

is possible that this compound can be used ag a growth .
substrate by a number of other organisms which have not yet
been tested for growth on it. Iandelate is probably not oiten
used as a possiﬁle growth substrate, and negative results are
unlikely to be published. fThe one report in the literature

of an organism being unable to grow on mandelate is that of

Taylor & Hoare (1969) who found that Thiobacillus A2 did not
grow on this compound.

The metabolism of mandelate and related compounds will
be discussed in two parts, which are:
(1) the manipulation of the side chain and ring hydroxylatioxn
leading to the formation of the ortho-dihydroxyphenols,
catechol and protocatechuates
and (2) the ring cleavage of catechol and protocatechuate, 2nd

the subseguent metabolism of +the aliphatic products formed.



s

2.1, Oxidation of mandelate to catechol.

2.1.1. The pathway operating in Egeudomonag species.

Stanier (1947 & 1948) proposed from growth and
simultaneous adaptation experiments that in B, putida (ATCC
126%%, then known as P. Lluorescensg A.%.12 (Stanier gt al.,
1966)) D,L-mandelate was oxidised to benzoate via
benzoylformate and benzaldehyde (Fig,l). Confirmation of the
suggested pathway was provided by Stanier, Gunsalus & (unsalus
(Gunsalus, Stanier & Gunsalus, 195%; Gunsalus, Gunsalus &
Stanier, 19%%; Stanier, Gunsalus & Gunsalus, 195%) who
gsucceeded in chemically identifying the intermediates, and
geparating the enzymes which effected the conversion of
DyL-mandelate to benzoate. These enzymes were mandelate
racemase, L-mandelate dehydrogenase, benzoylformate
decarboxylase, and an NADT-~ and an NADPT ~specific
benzaldehyde dehydrogenase. The reason for thisg organism
having two benzaldehyde dehydrogenases to carry out the one
biochemical reaction is still not known, Three of these
enzymes, mandelate racemase (Weil-Malherbe, 1966),
benzoylformate decarboxylase (Sampson & Hunt, 1969) and the
NADP+wSp€OifiC benzaldehyde dehydrogenase (Stachow, Stevenson
& Day, 1967) have been extensively purified, and their
catalytic properities have been examined. Stevenson &
Mandelstam (196%) have subsequently obtained indirect evidence

for the existence of a third benzaldehyde dehydrogenase
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induced by growth on benzaldehyde. This enzyme was detected
in whole cells, but not in cei1~free extracts as it was
destroyed in the extraction procedure,

Stanier (1948) prorosed that benzyl alcohol was converted
to benzoate via benzaldehyde (Fig.l), but this initial idea
based on growth experiments was never followed up. On the
other hand, Claus & Walker (1964) appeared to exclude the
possibility that benzyl alcohol was oxidised to benzoate in s
soill pseudomonad on the basis of simultaneous adaptation
studies,

The simultaneous adaptation experiments of bBleeper &
Stanier (1950) suggested that catechol was produced by the
oxidation of benzoate. This substantiated the original work
of Evans (1947) who had shown that growth of Vibrio 01 on
benzoate led to the accumulation of small amounts of catechol
in the medium. Sleeper (19%1) verified that benzoate was
converted to catechol by the use of [ggxhggxul40]benzoate and
_[1~l40]benzoate. From the distribution of the label in the
products he deduced that one of the hydroxyl groups of catechol
replaced the carboxyl group of henzoate and that the other
hydroxyl group was attached in ortho juxtaposition., 2~
Hydroxybenzoate, 3-hydroxybenzoate, 4-hydroxybenzoate, 2,5~
dihydroxybenzoate, %,4~dihydroxybenzoate, 2-hydroxybenzaldehyde
and phenol, which were thought to be likely intermediates
between benzoate and catechol by Sleeper & Stanier (1950),

were ruled out by growth and simultaneous adaptation



experiments. Although no intermediates between benzoate and
catechol could be identified in P, putida, Voets (1958) and
Walker & Harris (1970) showed that in some species of

Azotobacter, 2-hydroxybenzoate is an intermediate in the

conversion of benzoate to catechol. Mandelstam & Jacoby (1965),
Kenp & Hegeman (1968) and Dr G.D. Hegeman (Department of
Bacteriology and Immunoclogy, University of Celifornia,

Berkeley, U.S.A., private communication) have been unable 1o

detect benzoate oxidase in cell~free extracts of Pgeuvdomonas

speciles,

Mandelate is converted to benzoate by an analogous pathway
in Pseudomonas aeruginoss (ATCC 15692) (Rosenberg & Hegeman,
1969) except that this organism appears to have only one
benzaldehyde dehydrogenase and no mandelate racemase so that

it can oxidise only the L-isomer of mandelate.

2.1.2. The pathway overating in Acinetohacter species,

A similar pathwsy for the oxidation of mandelate and
benzyl alcohol to catechol (Fig.2) was shown to operate in

bacteriumn NCIB 8250 (an Acinelobacler sp.; see p.44) by

Kemnedy & Fewson (1968a,bh), This organism was unable to
metabolise D-mandelate and contained two NAD'- benzaldehyde
dehydrogenases rather than both an NAD' -~ and an NADP™ -
benzaldehyde dehydrogenase, One of the benzaldehyde
déhydrogenases was found 1o be heat~stable and the other heat-
labile., Their evidence for the pathway came from simultaneous

adaptation experiments and the detection of the enzymes in
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cell-free extracts. Benzoate oxidase in this organism, like
that in Psevdornonas species could not be detected in cell~free
extracts (Fewson, private communication)., Although Kennedy &
Fewson (1968a) postulated that L-mandelate was metabolised vie
benzoylformate, they could not exclude the possibility that a
proportion of the L-mandelate was decarboxylated to form benzyl

alcohol. Stanier had apparently not congidered this rather

Bya=PLg = P

2.1.%. The pathway operating in the fungus Aspergillusg niger.

The pathway for the oxidation of mandelate in Aspergillus

niger (Mg.%) (Jamaluddin et al., 1970) shows several
differences from the bacterial system. There are two gpecific
mandelate dehydrogenases with quite different properties, which
convert L- and D-mandelate directly to benzoylformate,
Benzoylformate is then metabolised to benzoate which undergoes
successive hydroxylations to give 4-hydroxybenzoate and
protocatechuate. | |

2:2¢ Oxidation of substituted mandelates to catechol or
protocatechuste,

2.2.1., The pvathway operating in Pgeudcmon=s putida.

Gunter (1953%) showed that 4-hydroxy-D,L-mandelate was
metabolised to 4-hydroxybenzoate in P, putida by a pathway
parallel to that for the metabolism of D,L-mondelate, excent

that the D-isomer of 4-hydroxymandelate was not oxidised.

Stanier et al. (1953) suggested that a common set of enzymes
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could be responsible for the conversion of both 4-hydroxy-
mandelate and mandelate to the corresponding benzoates. This
suggestion was substantiated by Stevenson & Mandelstan (1965)
vho isolated a mutant of this organism lacking L-mandelate
dehydrogenase activity which was unable to grow on either
mandelate or 4-hydroxymandelate,

The simulianeous adaptation experiments of Sleeper & Stanler
(1950) indicated that 4-hydroxybenzoate was oxidised to
protocatechuate, 4-Hydroxybenzoate hydroxylase, the enzyme
which catalydes this resction, has bheen purified by Hosokawa &
Stanier (1966) and its reaction mechanism has been studied by

Hesp, Calvin & Hosokawa (1969).

2:2:2,. The pathway operating in bacterium NCIB 8250,

Kennedy & Fewson (1968a,b) postulated from simul taneous
edaptation experiments and from an examination of the kinetic
properties of the enzymes involved that bacterium NCIB 8250
oxidised L—mandelate, benzyl alcohol and their substituted
analogues, which included the 2-hydroxy, 3-hydroxy, 4-hydroxy,
5,4=-dihydroxy and 4-hydroxy=-3%-methoxy derivatives, to the
corresponding benzoates by a series of parallel pathways whose
enzymes were non-specific in their asctivity snd induction.

Metabolism of the benzoates was brought about by specific
enzymes which were generally produced only by growth on g
homologous substrate, and which converted the benzoates to
elther catechol or protocatechuate (Fig.4)., The exception to

this observation was that growth on 2-hydroxybenzoate induced



Pig.d.

The metabolism of mandelate and related compounds by

bacterium NCIB 8250,
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benzoate oxidase as well as 2-hydroxybenzoate hydroxylase
(Kennedy & Fewson, 1968a, their Table 3). Consequently
Kennedy & Fewson (1968a) could npt exclude the possibility
that benzoate was an intermediate in the conversion of 2-
hydroxybenzoate to catechol.

The pathway for the metabolism of 4-hydroxy-3-methoxy-
benzoate was based on simultaneous adaptation experiments, but
the enzymes involved were never examined. Cartwright &
Buswell (1967), however, separated venillate O~demethylase,
the enzyme which cbnverts‘4~hydroxy-3nmethoxybenzoate to
protocatechuate, from protocatechuate 3,4-oxygenszse in

Pseudomonas T, and were able to show that the first

intermediate in the dissimilation of 4-hydroxy-3-methoxybenzcate
was protocatechuate.

J=Hydroxybenzoate is not oxidised by bacterium NCIB 8250
a8 the organism does not possess an engyme capable of its
further mevabolism. A number of other substituted mandelates
and benzyl alcohols; e.g. nitro, fluoro, bromo and chloro,
can also be degraded to the corresponding benzoates by suitably
induced cells (Kennedy & Fewson, 1968a), Only in the case of
the fluoro-substituted compounds does metabolism proceed
beyond the benzoate level (Kennedy & Fewson, 1968a; Fewson
et al., 1968). None of these partially metabolised compounds

supports growth by ditself.



2.2, Conversion of catechol to pmoxogdipylucoA.

The resctions involved in the conversgsion of catechol %o
Ftoxoadipy1~CoA (Fig.5) are identicel in P, putbtida (ATCC

~
12633) and in Acinetobacter species (Canovas, Ornston &

Stanier, 1967). In both types of organism, oritho cleavage of
catechecl occurs. The individual intermediates and enzymes of
the pathway were by and large identified using P. pulida as
the biological material, but all the enzymes of the pathway

have gsince been detected in P, aeruginosa (ATCC 15692) (Kemp &

Hegeman, 1968) and in Agcinebtobacter calcoaceticug (ATCC 23%93%)

-~
(Canovas & Stanier, 1967), which is closely related to
bacterium NCIB 8250, but which cannot grow on mandelate

(Baumann et al., 1968).

muconolactone were identified'as intermediates of the pathway
by Evans & Smith (1951) and ILvans, Smith, Linstead & Elvidge

(1951) who showed that freeze-~dried cells of P, fluorescens

and Vibrio 01 grown on catechol converted these compounds to
fzoxoadipate& The next intermediate in the pathway, Fm
oxoadipate enol-lactone, was identified by Ornston & Stanier
(1.966). ,PMOXoadipate was first implicated as & possible
metabolite in the oxidation of aromatic compounds by Kilby
(1948) who identified it ag sn excretion product in cultures
of Vibrio 01 grown on phenol. Subsequently Stanier, Sleeper,
Tsuchide & McDonald (1950) isolated and characterised f-

oxoadipate as the product of catechol metabolism by freeze~
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i7
dried cells of P. putida grown on mandelste. The work of
Ornston (1966¢) implicated floxoadipy1~CoA as the terminal
internediate of the pathway although it has not yet been
chemically identified., He found that cells of P- aeruginoss

(ATCC 1750%) and Psevwdomonas multivorans (ATCC 17759) grown on

adipate gratuitously synthesised those enzymes of the catechol
pathway which are induced by fioxoadipate. From this
observation he concluded that fioxoadipy1~CoA was an
intermediate of the catechol pathway as it was the only
compound likely to be common to both the catechol snd adipate
pathways.

With the exception of the fioxoadipate succinyl-CoA
transferase in P, pulida, all the enzymes involved in the
conversion of catechol to Fioxoadipy1~CoA in P, putida
(Ornston, 1966¢), in P, aeruginoss (Kemp & Hegeman, 1968) and
in A, gglgggggxgggg,(céﬁovas & Stanier, 1967) have been
detected in cell-free extracts, and in a number of cases have
been extensively purified (Ornston, 1966a,b). In bacterium
NCIB 8250, although not all the enzymes of the catechol pathway
have been measured, three key enzymes, catechol 1l,2-oxygensse
(Kennedy & Fewson, 1968b), muconolactene isomerase (Ornston &
Stanier, 1966) and fzoxoadipate enol-lactone hydrolase (Ornston,
1966¢c) have been assayed. Presumably, therefore, this orgenicm
metabolises'eatechol by the pathway shown in Fig.b5.

Although the organisms discussed in this Section

dissimilate catechol through the grtho cleavage pathway, there



are many reports in the literature of organisms employing the
neta cleavage pathway:; e.g. Vibrio 01 growing on naphthalene
has been reported to syntbesise a catechol 2,3%-oxygenase
{Griffiths, Rodriques, Davies, & Bvans, 1964), and P. pulida
(KCIB 10105) (Feist & Hegeman, 1969) and P. Lluorescens

(Seidman, Toms & Wood, 1969) growing on phenol induce the same
enzyme, Only the grtho cleavage pathway, however, has been
dealt with in detail as only this pathway has so far been

implicated in the metabolism of mandelate and related compounds.

2.4, Conversion of nprotocatechuate to{ﬁaoxoadipy1~CoA.

The biochemical pathways for the conversion of
protocatechuate to Fioxoadipyl~CoA (Fig.6) are chemically

analogous to those of the catechol pathway, and are identical

in P. putida (ATCC 126%%3) snd in Acinetobacter species, In

both types of organism, githo cleavage of protocatechuate occurs.
As with the catechol pathway, the individual enzymes and
intermediates of the pathway were almost exclusively identified
using P, putids as the biological material, but as before, all
the enzymes of the pathway have since been detected in E,
aeruginogs (ATCC 15692) (Kemp &'Hegeman, 1968) and in A.
calcoaceticusg (ATCC 23393) (Céﬁovas & Stanier, 1967).

The first intermediate of the pathway to be identified wse
Ploxoadipate which was chemically characterised by Stanier,
Sleeper, Tsuchida & MeDonald (1950) as the product of
protocatechuate metabolism by freeze-dried cells of P, putida

e R e

that had been grown on 4-~hydroxybenzoate, The next metabolite
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to be characterised was ficarboxymgig,glﬁumuconate, the product
of ring cleavage (licDonald, Sﬁanier & Ingraham, 1954).
Originally it was thought that the metabolism of fi
carboxymuconate to FLoxoadipate was different in the two
genera, This was because Cain (1961) found that (+)-
muconolactone was the product of the metabolism of fi
carboxymuccnate by a heat-treated extract of bacterium NCIB
8250 grown on protocatechuate, and that this lactone was
converted to Floxoadipate by an unheated extract; whereas in
2, putida (+)-muconolactone was not attacked by the enzyme
system which converted fioarboxymuconate to fiqxoadipate. The
subsequent work of Ornston & Stanier (1966), however, showed
that the pathways in the two genera are in fact identicsl, and
that the two intermediates between ficarboxymuconate and FL
oxoadipate are ¥-carboxymuconoclactone and fioxoadipate encl-~
lactone. These workers attribubted the formation of (+)-
muconolactone in bacterium HCIB 8250 to the conversion of fi
oxoadipate enol-lactone to this compound by the basal amountis
of mucholactone igomerase present in the extract; a phenomeno:r.

-~

which does nol occur in Pgeudononas sSpP.. Fm0xoadipate~enol

lactone is produced by the spontaneous decarboxylation of -
carboxymuconolactone; the prodvet of the metabolism of fi
carboxymuconate by the heat—treated extract.

With the exception of faoxoadipate succinyl~CoA
transferase in P, putids, all the enzymes involved in the

conversion affmhmkdwdhto /goxoadipylmGoA in P, putida (Crastorn.



1966¢c), in P, zeruginosa (Kemp & Hegeman, 1968) and in A,

calcoaceticus (Céﬁovas & Stanier, 1967) have been detected in

cell~free extracts, and in a number of caseg have been
extensively purified (Ornston, 1966a). In bacterium NCIB 8250,
all the enzymes of the protocatechuate pathway have been
measvred with the exception of f%oxoadipate succinyl-CoA
transferase (Ornston, 1966¢; Kennedy & Fewson, 1968b).,

By means of radioactive techniagues, the chemical
characterisation of ficarboxymuconolactone and the isolation
of the enzymes involved, Gross, Gafford & Tatum (1956) showed
that facarboxymuconolactone was an intermediate in the
conversion of protocatechuate to f%oxoadipate in the fungus
Neurospora crassa. Cain, Bilton & Darrah (1968) confirmed
this observation, and by studying the pathway in several
fungal species concluded thaf the protocatechuate pathway in
fungi proceeds via ficarboxymuconolactone rather than via the
¥Y-isomer which is the characteristic pathway in bacteria.

The organisms discussed in this Section dissimilate
protocatechuate through the grtho cleavage pathway; but there
are many reports in the literature of organisms employing the

meta cleavage pathway; e.g. Pseudomonag testosteronil growing

on 4-hydroxybenzoate synthesises a protocatechuate 4,5«
oxygenase (wWheelis, Palleroni & Stanier, 1967). As with
catechol, however, protocatechuate has so far always been
found to be degraded by an griho cleavage pathway when derived

from substituted mandelates or related compounds,
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2.5, L conparison between the catechol and protocatechuate
pathways in Iseudomonns and Acinetobacter species,

Although the biochemical pathways are identical in the

two genera, there are differenceg in thelr enzyme complements,

Acinetobacter spp. synthesise two fioxoadipate enol-lactone
hydrolases and two f%oxoadipate succinyl-CoA transferases,

Une set of these enzymes is induced by growth on catechol, and
the other set by growth on protocatechuate so that althoughlﬁ;
oxoadipate enol-lactone represents the chemical point of
convergence of the two pathways, fioxoadipyluﬁoA represents

the enzymic point of convergence, On the other hand in

Fsendomonas SPP.., lfioxoadipate enol-lactone represents both
the chemical and enzymic point of convergence as this genus
synthesises only one fioxoadipate succinyl-CoA transferase

and one fioxoadipate enol~lactone hydrolase,
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~

Aola Gencral aspects,

In recent years a great deal of interest has been shown
in the regulation of metabolic pathways, and this has been
reflected in the number of reviews which have appeared on the
subject; e.g. Stadtman (1966), Buttin (1968), Cohen (1968),
Clarke & Lilly (1969), Paigen & Williams (1970) and Sanwal
(1970).

Metabolic pathways in micro-=organisms are subject to both
fine and coarse controls. The fine controls constitute very
sensitive and rapidly adjusting control mechanisms which
regul ate enzyme aotivifyo Both linear and branched metabolic
pathways are regulated by this mechanism. In a linear pathway
the biosynthesis of the product is often controlled by feedback
inhibition of the first enzyme of the pathway by the product of
the final enzyme of the sequence; e.g. 5-phosphoribosyl-ATP
pyrophosphorylase is inhibited by histidine (Ames, Liartin &
Garry, 1961). In a branched diverging pathway the situation
is more complex as the inhibition of an enzyme common Lo both
pathwayeg by the end-product of one pathway would result in the
synthesis of an insufficient amount of the other products due
to a reduction in the concentration of a common iﬁtermediaﬁea
Several mechanisms exist in micro-organisms to overcome this
problem, and these includes
(1) synthesis of isofunctional enzymes, each of which is

controlled by a different end-product; e.g. the three
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aspartokinases of fgcherichia coli, one of which is inhibited

by lysine, the second by threonine; and the third by homoserine
(Stadtman, Cohen, Le Bras & De Robichon-Szulmajster, 1961):

(2) concerted feedback inhibition, which requires an excess of
two or more end-products to achieve inhibition; e.g. the

inhibition of the aspartokinasse of Rhodopseudomonas capsulatus

reqguires the presence of both threonine and lysine (Datta &
Gest, 1964);

and (%) 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 gingle end-product; e.g.

the inhibition of the glutamine phosphoribosylpyrorvhosphate

amidotransferase of Aerobeclter aerogenes by ALF and GHP
(V¥ierlich & Magasanik, 1965).

In a branched pathway, in addition to the inhibition of
the first enzyme of the pathway, there is usually also
inhibition of the Tirst enzyme after each branch point: thereby
increasing the flexibility of the pathway.

¥onod, Changeux & Jacob (1963) described inhibition of
this fType as allosteric inhibition brought about by the
combination of the inhibitor with the enzyne at.a site other
than the active site, and resulting in an altered conformation
of the enzyme protein. Allosteric inhibition has been found to
be a very general mechanism for the regulation of enzyme
actbivity, and is important in maintaining the balance between

anabolism and catabolisn during growth; thereby eliminating an
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unnecessary expenditure of energy when an adequate supply of
end-product is available.

Coarse controls, on the other hand, are relatively
insensitive and slow Lo take effect as they regulate the rate
of enzyme synthesis. The main advantage of this control
mechanism is that it allows only enzymes which are reguired
for growth in a particular medium to be synthesised.

ost of the current ideas on the regulation of adapiive
enzyme synthesis have developed from the model proposed by
Jacob & Monod (1961) for the regulation of the lac system in
. ¢coli. In their classical paper Jacob & Monod (1961)
proposed that the three gtructural genes of the lac system are
coordinately controlled by means of a cytoplasmic repressor
produced by a regulator gene, In the absence of inducer the
repressor binds to the operator site adjacent to the thiee
closely linked structural genes, which form a contiguous
gection of DNA known as an operon, and prevents enzyme
synthesis., The three genes are released from repression when
an inducer combines with the repressor molecule and removes 1%
from the operator site. This hypothesis has been strengthenzd
by a great deal of experimental work, and especially by the
isolation of the repressor (Gilbert & Mﬁller-Hill, 1966),
Subsegquent work has shown the existence of a promoter region.
adjacent to the operator but distal from the structural genes,
and this promoter region ig probably the binding site for RMNA

polymerase (Ippen, Miller, Scaife & Beckwith, 1968),
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Close linkage of genes sharing a common repressor need nol
occur. The enzymes of the arginine pathway wmap at different
sites on the L. colil chromosome (Gorini, Gundersen & Burger,
1961). Maas & Clark (1964) proposed the term "regulon'" to
describe such a system which was defined as a group of enzyme
forming uwnits which respond to a single repressor, Two types
of regulon can be distinguished: +those in which structural
genes for the enzymes are adjacent to one another (e.g. lag);
and those in which they are not (e.g. arg). Therefore, the ternm
regulon can be used to describe any group of engymes which form
a regulatory unit irrespective of thelr genetic linkage.

The enzymes of the lac operon are defined as inducible
engynes as ihey are gynthesised only in the presence of specific
compounds, In comparison, the enzymes of biosynthetic pathways
are frequently repressible since these enzymes are not formed
in the presence of specifio_me*tabolites° For represéible
systems the cytoplasmic repressor is thought to be produced in
an inactive form, and can only bind to the operator region when
combined with a low molecular weight corepressor mol.ecule
(Jacob & Monod, 1961). As with allosteric inhibition, both
linear and branched pathways are subject to repression. An
example of the former is the repression of histidine
biosynthesis by histidine (Ames & Garry, 1959). In branched
biosynthetic pathways the ﬁroblem of an over-abundance of one
end-product repressing-the formation of the enzymes required

for the synthesis of other end-products is solved by a series
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of mechanisms analogous to those used 1o overcome the same
problem in allosteric inhibition. These include:

(1) idgofunctional enzymes each of which is represged by =
different end-products; é.g. the three aspartokinases of

L. coli, one of which is repressed by threonine + isoleucine,
the second by methionine and the third by lysine (Patte, Le
Bras & Cohen, 1967):

and (2) concerted repression which recuires an excess of two
or more end-products to achieve repression; e.g. the
repressgion of homoserine dehydrogenase I and aspartokinase

I of E. coli reguires the presence of both threonine and
isoleucine (Cohen, 1968),

Although in the majority of cases, the regulsation of
enzyrmne synthesis involves 2 negative type of conitrol similar
to that postulated for the lac system by Jacob & Monod (1961),
a few instances of posiitive control have been recorded.
Iinglesberg, Irr, Power & Lee (1965) showed that the enzymes
required for arabinose metabolism in #, coli were regulated by
a system of positive control. Their results suggested that
the regulator gene produced an activator which in combination
with an inducing molecule was recuired for the exvression of
the structural genes,

In several cases, it has been found that the induction of
an enzyme system can be inhibited by = number of compounds
which prevenf the permeation of the inducer into the cell,

Thus, although the inducer of the enzyme system is present in
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the growth medium, the enzymes themselves are not synthesised
as the inducer does not g=in enfry to the cell, An example of
this type of control mechanism has been reported by Adhya &
nchols (1966) who found that the idduction of the gelnctose
enzymes by galnctose in i, ¢oli was inhibited by glucose or
fructose,

A reduction in the rate of synthesis of certain enzymes
hns been found to occur in the presence of glucose or other
readily metabolised carbon sources, This phenomenon knovn as
catabolite repression has been fully described by iizgasanik
(1961). iwagasanik pronosed that catabolite repression was
brought about by catabolites formed from the metabolism of
glucose and related compounds accumulating in the cell, and
revressing the formetion of enzymes whose activity would
augment the already large intracellulsr pool of these compounds.
The nature of the catabolite(s) which serves as <the
corconressor is not yet known although a considerable amount of
effort has been exvended in trying to identify it (Paigen &
Yilliams, 1970). Recent work has shown that cyelic 3/,5/—AMP
overcomes the catabolite revpression produced by glucose
(Periman, De Crombrugghe & Pastan, 1969).

Catabolite repression is only one of several effeccts on
enzyme acltivity and synthesis that may be exerted by glucose,
Others are:

(1) transient repression‘« this represents a nmeriod of intense
repression lasting up to one generation which occurs
immediately after cells are exposed to glucose (lioses &

Frevost, 1966);
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(2) interference with inducer transport (Adhya & iichols,
1966)
and (3) catabolite inhibition - this is a control exerted by
glucose on enzyme activity rather than enzyme formation, and
is analogous to feedback inhibition in biosynthétic pathways
(McGinnis & Paigen, 1969).

This Section has summarised the basic lypes of control
mechanism operatling in micro-organisms. Many variations of
these heve been shown to occur; but only one, the control of
converging pathways for the metabolism of mandelate and
related compounds, will be discugsed in detail in the next
section,

3.2, Control of convergine metebolic pathways - the mendelste
and 4.-hvdroxvbhbenzoate pathvunys,

In his hypothesis of sequential induction, Stanier (1S47)
proposed that each metaholite induced the specific synthesisc
of the enzyme responsible for its conversion to the nexv
intermediate of the metabolic pathway. At that time the
hypothesis of seguential induction was widely accepted without
rigorous prool because no plausiblc alternative was out
forward. However, the enunciation of the operon theory
(Jacob & lionod, 1961) counled with the finding that grouwps oI
enzymes operative in both energy-yielding and biosynthetic
pathweays of bacteria can be synthesised coordinately, threwr
doubt on the originel suggestion of complex seguential

induction. “1otal coordinate induction can be excluded fron &



consideration of the sequential induction experiments. The
alternatives are, accordingly; total secuential induction or
coordinate inductions of blocks of enzymes, physiologically
interconnected by sequential_steps, In practice it was found
that induction of the mandelate pathway was partly coordinatve
and partly sequential (Stanier, Hegeman & Ornston, 1965),

Hegeman (1966a,b,c) found from a study of the wild type,
and blocked and constitutive mutants of P, putida that the first
five engymes of the mendelate pathway (ilg.7) were coordinately
induced by D~ and L-mandelate and benzoylformate. Chakrabarir,
Gunsalus & Gunsalus (1968) showed by means of interstrain gene
transfer that the gened responsible for the conversion of
mandelate to benzoate were cotransducible., Stanier, Hegemen &
Ornston (1965) showed that benzoaste oxidase was regulated
independently of the other enzymes of the pathway, and was
induced by benzoate.

Ornston (1966¢) studied the regulation of the
protocatechuate and catechol pathways in P, putids and observed
that catechol oxygenase formed an independent regulatory unit
induced by cis,cis-muconate, Ornston could not rule out the
possibility that catechol could also induce catechol oxygenase:
but considered it unlikely as catechol was structurally
dissimilar from ¢ig,cls-muconate, However,Kemp & Hegeman (18c&)
and Bird & Cain (1968), by growing P. aeruginosa (ATCC 15692
and 8b2 respeétively) anaerobically on lactate + catechol using

nitrate as the terminal electron accentor (i.e. using
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conditions under which catechol could not be converted to
cig,cis-muconate), showed that gis,cisg~muconzte but not catechol
induced catechol oxygenase,
Ornston (1966¢) also found thats

(1) muconate lactonising enzyme and muconolactone isomerase
constituted a second regulatory unit induced by gis,cige-
nuconates
(2) protocatechuate oxygenase formed a third regulatory unit
induced by protocatechuate;
and (3) ?Lcarboxymuconate lactonising enzyme, V-
carboxymuconolactone decarboxylase and Ftoxoadipate enole
Lactone hydrolase formed a fourth regulatory unit induced by
Ftoxoadipate or its Cof derivative,
Ornston (1966c) did not study the regulation of }%oxoadipate
succinyl~CoA transferase and 4-hydroxybenzoate hydroxylase;
but Hosokawa (unpublished results in Kemp & Hegeman, 1963)
showed that the former enzyme was synthesised coordinately with
the other enzymes induced by /’Ez«oxoadipate9 and that the latter
enzyme was regulated independently of the other enzymes of the
pathway, and was induced by 4-~hydroxybenzoate, Hosokaws also
confirmed the observation of Ornston (1966c¢) that
protocatechuate oxygenase was independently regulated, but
found that 4-hydroxybenzoate as well as protocatechuate
served as an inducer of this enzyme,

The regulation of the enzymes which are responsible for

the metabolism of D,L-mandelate and 4-hydroxybenzoate %o fi

P A -
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The mandelate pathway in P, aerugineosa is not only
different from that in P, putida (p.8), but is also controlled
guite differently. In this organism L-mandelate dehydrogennse
is induced by L-mandelate. Benzoylformate decarboxylase and
benzaldehyde dehydrogenase constitute a separate regulatory
unit induced by bengzoylformate (Rosenberg & Hegeman, 1969),

The genes which code for the enzymes involved in <the
dissimilation of Le-mandelate and 4-hydroxybenzoate have been
mapped in P, aerugincsa (Kemp & Hegeman, 1968; Rosenberg &
Hegeman, 1969). These workers found that the genes for enzymes
which shared a common inducer were very closely linked,

Kennedy & Fewson (1968a2,b) have examined the induction of
the mandelate pathway enzymes in bacterium NCIB 8250. Irom s
congideration of the enzymeg synthesised by growth on various
compounds (Table 1), they sugéested that L-mandelate
dehydrogenase, benzoylformate decarboxylase and the stable
benzaldehyde dehydrogenase formed a regulatory group (which
They c¢alled Regulon Rl); that benzyl alcohol dehvdrogenase and
the labile bengzaldehyde dehydrogenase constituted a gecond
regulatory group (which they called Regulon R,); and that
benzoate oxidase formed a third regulatory group. These workers
were unable to deduce the primary inducers of the regulatory
units. An interesting feature of the inductive patterns
obhserved by Kennedy & Tewson was the synthesis of the RHegulon
Hé enzymes during growth on L-mandelate or henzoylformate. The

results of Kennedy & Pewson (1968a,b) pointed to four possible



Table 1.

The pattern of the synthesis of the mandelate pathway enzymes obaervead

in bacterium NCIB 8250 by Kennedy & Fewson (1968a, Table 3; 19681,
Tables 1 and 2, and Pig.l).
Engzyme Growth Subastrate
D 5 L“" N
Benzoyl~ | Benzyl Beng—~ Beng-
liand~ | Jatscliol
: formate alcohol aldehyde| oate ¢ eLo
elate
L-liandelate
" -+ - - - -
dehydrogenase
Benzmoylformate
decarbosylase * * - - - -
Stable benzaldehyde
dehydrogenase * * - - - -
Labile benzaldehyde
. + + - -
dehydrogenase + *
Benzyl alcohol
.i. + - [y LY
dehydrogenase * i
Benzoate
oxidase + + + + + -
Catechol 1,2~
oxygenase + + * + * *
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explanations for this phenomenon:
(1) L-mandelate and benzoylfofmate were inducers of the
Regulon R, enzymes;
(2) induction was brought about by benzaldehyde formed from
the metabolism of benzoylformates
(3) Regulons Ry and R, were genetically linked;
and (4) part of the L-mandelate was metabolised to benzoate
via benzyl alcohol,

Canovas & Stanier (1967) studied the regulation of the

catechol and 4-hydroxybenzoate pathways in A, calcoacebicus

o

(ATCC 23393), and found that:
(1) catechol oxygenase formed a regulatory unit induced by
cis,crs-muconate;
(2) muconate lacténising enzyme, nuconoclactone isomerase, Fi
oxoadipate enol-lactone hydrolase II and f%oxoadipate succinyl-
CoA transferase II constituted a second regulatory unit
induced by cis,cig-muconates
(3) 4-hydroxybenzoate hydroxylase formed a regulatory unit
induced by 4~hydroxybenzoate;
and (4) protocatechuate oxygenase, flcarboxyuglﬁ,ggﬁmmuconate
lactonising engyme, BlcarbOXymuconolactone decarboxylase, Fi
oxoadipate enol-lactone hydrolase I and ?ioxoadipate suceinyl-
CoA transferase I consgtituted a regulatory unit induced by
vrotocatechuate, |

FParr & Cain (1968) showed that gis,cig-muconate and the

structurally related compounds, 2-hydroxymuconic semialdehyde
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and 2-hydroxy-5-methylmuconic semialdehyde, induced catechol
oxygenase in bacterium HCIB 8250. Neither Farr & Cain (1968)
nor Géﬁovas & Standier (1967) could exclude the possibility that
catechol could also induce catechol oxygenase; but considered
it unlikely owing to the structural differences between catechol

and c¢ig,cis-muconate. Nevertheless Beveridge & Tall (1969)

obgerved that 2-fluorovhenol, which they found not to be
metabolised by bacterium NCIB 8250, induced catechol oxygenase,
This finding suggests that an aromatic compound may after all
be able to induce this enzyme,

The regulation of the enzymes which convert L-mandelate

and 4-hydroxybenzoate %o ﬁioxoadipylmCoA in Acinetlobecter

species is summarised in Fig.8,

landelstam & Jacoby (1965) and Stevenson & I"andelstam
(196%) showed that the mandelate pathway in 2. putida was
subject to repression. They found that the first coordinate
group of enzymes, qonsistiné of L-mandelate dehydrogenase,
bhenzoylformate decarboxylase and benzaldehyde dehydrogenase,
was inducible by mandelate and repressible by benzoate,
catechol or succinate, The poggibility +that benzoate and
catechol repressedAenzyme synthesis by virtue of their
metabolism to succinate was excluded by the use of mutants
unable to grow on benzoate or catechol. These workers also
showed that a second regulon consisting of benzoate oxidase
was repressed by catechol, succinate or acetate, and a third

regulon ceonsisting of catechol oxygenase was repressed by
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succinate or acetate., The overall effect of these observations
is that the enzymes of each regulatory group are repressed by
their immediate products and also by the products of the
succeeding groups of enzymes, These workers called this effect
"malti-sensitive end-product repression', On the other hand
Hegeman (1966a) was unable to detect end-product repression in
the ssme strain of P, putida. The.growth conditions used by
the two groups of workers, however, were so different that
there is not necessarily a contradiction between the two sets
of observations. Hegeman (unpublished results in Hegeman,
1866¢c) was also unéble to demonstrate feedback inhibition of
several enzymes of the pathway.

3.%., General agpects of the metabolism of catechol and
protocatechunte,

B oteds_The differences in the regulation of the catechol and
protocatechuate pathways in pPscudomonass and fcinetohacter

Sspecies.,

Stanier, Hegeman & Ornston (1965) found that sequential
induction in the mandelate pathway occurred at sites where
the particular intermediate was also a common naturally
occurring compound or at points of convergence of two or more
metabolic pathways. Thus, sequential induction usually permits
the utilisation of a wide variety of carbon sources with
minimal synthesis of nonfunctional enzymes., A seqguential
inductive step, however, does not occur at the site of

convergence of the catechol and protocatechuate pathways in
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Pseudomonas and Acinetobscter species, Ornston (1966¢)

suggested that this was because ?ioxoadipate enol~lactone does

not possgess a chemical structure which permits it to function

as an inducer. To circumvent this difficulty, Acinetobacter
spedies synthesise two isofunctional fioxoadipate enol~lactone
hydrolases, each under different regulatory control, each
synthesised coordinately with a block of enzymes specific to
one of the two pathways, and each induced by a metabolic
precursor specific to the branch in question. Hence in

Acinetobecter species the control mechanisms permit strict

economy of induced enzyme synthesis, but at the price of
genetic redundancy. In comparison, the regulatory problem in

: . _ P .
Peseuvdomonas species is solved by synthesising fmoxoadlpate

enol-lactone hydrolase coordinately with two engymes specific
to the protocatechuate pathway. Since ?ioxoadipate or its CoA
derivative (which are intermediates of both pathways) is the
inducer of this coordinate bléck, two enzymes specific to the
protocatechuate pathway sre gratuitously synthesised when

cells are grown on precursors of the catechol pathway.

3. 3,2, mvolucion of the two pathwavs.

Groups of bacteria as diverse as Pgeudomonas,

Hvdrogenomonas, Acineblobzecter, Bacillus and l[Mycobsacterium have

been found to possess the Fioxoadipate pathway for the
dissgimilation of catechol and protocatechuate., As this

represents a wide taxonomic distribution of this pathway., the
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guestion arises of whether it had a single evolutionary
origin or whether it;had an independent evolution in a number

of genera, 1n the case of at least some Psecudononns and

Acinetob=cter species, current evidence, based on the

regulation of the pathway and on the immunological homology of
the enzymes concerned (Stanier, 1968), points to the independent
origin of the pathway in the two genera. Stanier (1968) found
that the regulation of the Fmoxoadipate pathway was similar in

all the Pscudomonag svecies exanmined, and that, with the

exception of P, multivorang, extracts of these organisms grown

on 4~-hydroxybenzoate cross-reacted with antisera prepared
against purified carboxymuconate lactonising enzyme and
carboxymuconolactone decarboxylase of I, putida:; Vvhereas in
A. calcoaceticus the regulation of the pathway was entirely
different, and no cross-reacting material was obtained. The
combined regulatory and immunologicel evidence for the separate
evolution of the pathway in the two genera is summarised in’
Fig.9.

The control of the catechol and protocatechuate pathways

in other grouns of micro-organisms is different from that

o

ina

{2
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observed in Acinetobacter and IFgeudononssg species. In'ﬂoyc
opacy all the enzymes of the protocatechuate pathway as well es
muconolactone isomerase and the f{oxoadipate transferase of the
catechol pathway were coordinately induced by fioxoadipste or
its CoA derivative (Rann & Cain, 1969). The remaining two
enzymes, catechol oxygenase and ¢ig,cis-muconate lactonising

enzyme were non-coordinately induced by gcis,cis-muconate. In
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the yeast Rhodotorula mucilaginosa, which lacks the c-~techol

pathway, all the engymes of the protocatechuate pathway were

induced by 4-hydroxybenzoate (Cain, 1969),

3.3, %, Tangential pathways of metabolism,

As a general rule, the pathways for the dissimilation of
aromatic compounds represent converging metabolic pathways in
that there is only one pathway for the subsequent metabolism of
the common intermedistes., Occasionally, however, aromatic
compounds are metabolised by means of tangential pathways in
which the subsequent metabolism of the common intermediate
depends on the nature of its precursor. The metabolism of
benzoate and phenol by P, putida (NCIB 10105) represents an
example of tangential pathways as the catechol formed from
phenol is oxidised via a pmeta cleavage pathway (catechol 2,3-
oxygenase), whilst the catechol formed from benzoate isg
oxldised via an gortho cleavage pathway (catechol 1,2-oxygenase)
(Feist & Hegeman, 1969). Although catechol is an intermediate
common to both pathways, their mode of regulation ensures the
mutually exclusive occurrence of the meta or ortho pathway
enzymes in cells grown on phenol or benzoate respectively.

This is achieved by product-induction of catechol 1,2-oxygensse
and precursor-induction of catechol 2,3-oxygenase so that when
the organism is grown on benzoate or catechol, +the inducer of
.the mneta cleavage pathway enzymes is not formed; whereess vien
the organism is grown on phenol, the catechol is metsbolised

before it can be converted to the inducer of the ortho

cleavage pathway enzymes.



4. TAXONOITY AWD LETABOLISN OF BACTERIUL NCIB 8250,

Ael. Taxonomy,

Happold & Key (19%2) isolated an organism which they
called Vibrio 01 from sewage effluent containing spent gas-work
liquors. It was stated to be a Gram-negative vibrio with an
oxidasge system, without action on any of the common sugars, and
not ligquifying gelatin. Presumably the organism was motile, in
Qiew of the designation "“vibrio!', and because it was stated to

resemble Vibrio tvrosinatics (Happold & Key, 1932) and Vibrig

T 4]

cuneatus (Evans, 1947: Kilby, 1951) in morphological
appearance,

Much of the early work on the metabolism of aromatic
compound s wag done with this organism (e.g. bEvans & Happold,
19%9; Evans, 1947; Kilby, 1948; ILvans & Smith, 19515 Dagley,
Fewster & Happold, 195%), but the original strain avpears to
have been lost, MMost subsequent work thought to have been done
with Vibrio Ol has, in fact, been carried out with bacterium
NCIB 8250. This organism was deposited as Vibrio 0l in the
National Collection of Industrizl Bacteria by Professor V.C,
Evans (Department of Biochemistry and Soil Science, University
College of North Wasles, Bangor.) and is listed as an

Achromobacter species. Bacterivm NCIB 8250 is neither like the

original Vibrio Ol nor charascteristic of the genus Vibriog as

inter alia; it is a non-motile, oxidase-negative

coccobacillus (Fewson, 1967b).



Bacterium NCIB 8250 has been placed in the joraxella-

. _ P
Acinetobacter group of bacteria by Sebald & Véron (1963%), Veron

(1966), Fewson (1967b) and Baumann et 5l.(1968). Experiments

nn DNA homologies by Johnson, Anderson & Ordal (1970) have
provided supporting evidence for this classification of bacteriun
NCIB 8250, Although there now seems to be general agreement on
the classification of this organism, the nomenclature of the

Moraxella-Acinetobacter group is still the subject‘of debste.

A number of generic nanes (e.g. Mima, Herellea, loraxella and

T et L

calconceticus) are still in cireculation (Baumann e 2l., 1968).

The organism is therefore always referred to as bacterium NCIB

8250 in this laborastory. Members of the lloraxella-Acinetobacter

group of bacteria occur uvbicuitously in soil and water
(Henderson, 1965; Baumann, 1968)p and in many cases represent
a sizable proportion of the bacteria present. They appear as
Gram-negative non-motile rods, which characteristically occur
in pairs. The dimensions of growing cells range frém 0.9 to
1.6 by 1.5 to 2.§p. The orgenisms are'catakxu%pssitive and
oxidasge-negative obligate aerches which are generally unable to
metabolise carbohydrates, but which can utilise a greal variety

or organic compounds as sole sources of carbon.

4.2, lietabolism of bacteriwn HCIB 8250.
The pathways for the dissimilation of aromatic compounds
in bacterium NCIB 8250 represent complex converging metabolic

pathways. In addition to benzoate and 2-hvdroxybenzoate
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(Fig.4), anthranilate (Fewson, unpublished results) end phenol
(Beveridge & Tall, 1969) are also converted to catechol by
bacterium NCIB 8250, Protocatechuave revresents the point of
convergence of the 4-hydroxybenzoate, %,4~dihydroxybenzaldehyde
and 4~hydroxy-? methoxybengzoate pathways (Fig.4),
Protocatechuate and catechol then undergo ring fission, and by
a series of aliphatic interconversions give rise +to ;Loxoadipate
enol-lactone, the site of convergence of the two paﬁhways. F;
Oxoadipate enol-lactone is metabolised to fioxoadipyleoA which
is the last intermediate specific to the metabolism of aromatic
compounds as it is cleaved to acetyl-CoA and succinaté (Kilby,
1951)., The succinate and acetyl-CoA formed are then
dissimilated by means of the Krebs cyecle, the presence of which
is well established in this organism (Dagley & ilalker, 1956).,

A summary of these converging metabolic pathways is given in
Fig.10, and there is 1little doubt that this could be extended
gince bacterium NCIB 8250 can metabolise a wide range of
additional coﬁpounds (fewson, 1967a). ‘The pattern of control

of thisg type of metabolic gituation is clearly of interest,
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A SUMMARY OF CONVERGING METABOLIC PATHWAYS IN BACTERIUM NCIB 8250

BENZYL ALCOHOL L-MANDELATE

W v

BENZALDEHYDE 3, 4-DIHYDROXYBENZALDEHYDE

_

ANTHRANILATE BENZOATE 2-HYDROXYBENZOATE 4-HYDROXYBENZOATE 4-HYDROXY-3-

/ * \ / \zmamoxammzwo.ﬁm

PHENOL ——> CATECHOL PROTOCATECHUATE

\ /

B - OXOADIPATE ENOL-LACTONE

h

B - OXOADIPYL-CoA

_

SUCCINATE + ACETYL-CoA

h

TRICARBOXYLIC ACID CYCLE
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1

o 2COPE OF THIZ THESLS .,

The main aims of this project were:
(1) +to fully investigate the regulatory groupings suggested
by Kennedy & Fewson (1968a,b) for the enzymes involved in the
conversion of L-mandelate and benzyl alcohol to ¢is,cig-
muconate in bacterium HNCIB 8250: i.e. the enzymes involved
in the aromatic part of the mandelate pathway:
(2) to establish their primary inducers;
and (3) to exanine othor agpects of their regulation and activity

Before the work on enzyme regulation could be uvndertaken,
however, a certain amount of development work had to be
nerformed., The first job was to develop rapid, sensitive,
accurate and reproducible spectrophotometric assays for the
labile and stable benzaldehyde dehydrogenase, benzoylformate
decarboxylase and benzoate oxidase - the four enzymes which had
not previously heen completely characterised (Kennedy & PFewszon,
1968b; Pewson, private communication). In addition, the
properties of the two benszsldehyde dehydrogenases were examined
in some detaill so as W establish beyond doubt the existence of
tvo engymes, This was necessary as bivhasic healt inactivation
curves (see Kennedy & Pewson, 1968b, [Mg.l) do not consititute
foolproof evidence for the occurrence of two enzymeg since
purified enzymes are sometimes known to give biphasic heat
inactivation curves (e.g. Cline & Hu, 1965). Concurrently with

the work undertaken on these enzgymes in this project, Kennedy
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& Zatman (Dr L.J. Zatman, Department of Microbiology,

University of Reading, private communication) have purified the
two benzaldehyde dehydrogeneses. Once the enzyme assays had
been developed, although the work with benzoate oxidase was

only partially successful, the next task wag to neasure all the
enzymes under study in the one extract. This was desirable as
it enormously reduces the effort, time and chemicals reguired.
The third piece of developmental work was the isolation of
blocked and consgtitutive mutants. These mutants were used to
check the postulated regulatory units, and the blocked mutants
were alsgo used to identify the primary inducers of the regulons,
Before mutants could be isolated, conditions for mutagenésis

had to be developed since there are no repvorts in the literature
of the successful isolation of any type of mutant of bacteriun
NCIB 8250, Indeed Dr P.A. Whittaker (Department of Botany,
University of Hull.) and Dr Li. Jones (Depariment of Biochemistry
and Agricultural Biochemigtry, University College of Wales,
Aberystwyth.) (private communications) have independently

failed to isolate desired mutants of Tthis organisnm.

Throughout this work, L-mandelate dehydrogenase,
benzoylformate decarboxylase and the stable benzaldehyde
dehydrogenase have been designated as the enzymes oftRegulon
Ry, and benzyl alcohol dehydrogenase and the labile
benzaldehyde dehydrogenase as the enzymes of Regulen Rp as
suggested by Kennedy & Fewson (1968b). 1In addition benszoate
oxidase has been designated as the enzyme of Regulon RB’ and

catechol oxygenase as the enzyme of Regulon Ryp»
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M. E T HODS.

Lo BACTARIOLOGICAL THCHNIOURS.

l.l. Organisms,

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

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

This organism wag the parent of the various mutant strezins
isolated in this work.

Hscherichia cold (NCIB 8545), Pseudomonag aserusinosa

(NCIB 8704), Proteus vulgaris (NCIB 67), Achromobacter sp.

(NCIB 5178) and Acinetobacter lwoffii (NCIB 5866) were obtained

from the Nation~l Colleciion of Industrir~l Bacteris.

Escherichia coli (ATCC 15223) was obtained from the American

Type Culture Collection, Rockville, laryland, U.S.A. Sarcina

luten was obtained from the private collection of Professor
B.Pe Gale, Deparitment of Microbiology, Cambridge.

Staphvlococcus aureus was obtained from the private collection

-

of Dr W.H. Holms,

Bacterium NCIB 8250 and the mutants obtained from it were
characterised by a ﬁumber of ﬁacteriological tests (Table 2)
carried out according to the methods detailed by Cowan &

Steel (1965)., The ability to grow on the compounds listed in
Table 2 was also used for charecterisation purposes as the

results of Fewson (1967a) and Baumann et al.(1968) suggested



Table 2. Characterisation of bacterium NCIB 8250.

Bacterium NCIB 8250 and the mutants obtained
from it were characterised by the bacteriological tests shown
opposite, which are described in Cowan & Steel (1965)., 1In
addition the organisms were further characterised as
bacterium HCiB 8250 on the basig of their ability to utilise
a number of compounds as sole sources of carbon and energy.
The growth of bacterium NCIB 8250 on these carbon and enérgy
sources is described in Methods (p.59).

| . cold (ARCC 1522%) was usedAas an exanmnple
of a Gram-negative organism, as a negative control in the
motility, urease and oxidase tests, and as a positive control
in the gluccse fermentation, nitrate reduction and acid/gas
from glucose tests. X, coli (NCIB 8545) vas used as a

positive control in the test for motility. Sitaphylococcus

aurensg was used as an example of a Gram-positive organism and

as a pogitive control in the catalase test. P, aeruginosa

and Proteus vulgaris were used as positive conirols in the

oxidasge and urease tests respectively. Achromobacter sp.
was used as a negative control in the glucose oxidation and

fermentation tests. Sarcing lutea and A, lwoffii were used

as negative controls in the acid/gas from glucose and nitrate

reduction tests respectively.
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that very few other known organisms would have this growth
pattern. Some of the mutants differed from this pattern
since they could not grow on L-mandelate, benzyl alcohol or

benzoate (see Results, Section %.2.).

1.2, Storage of organisms,

All organisms were maintained in Oxoid cooked-meat
medium (ClI 823 Oxoid Ltd., London, S,kE.1.) stored at 4O,
Subcultures were made into Oxoid nultrient broth (CIt 1) et
intervals of approximately 6-12 months. These were also ke?t
at 40, and were used to provide the starting inocula in all

growth experiments.

1.%. Growth media,

A1l glassware used for growth of organisms was washed by
boiling in either 1% (w/v) haemosol (Keinecke & Co. Inc.,
Baltimore, Maryland, U.S.A.) or 10% (v/v) nitric acid, followed
by thorough rinsing in tap water and then in glass-distilled

wvater.

lalsn-].a Jxredj.ag

The "basal mediun® used throughout this work was teaken

from Fewson (1967s) and consisted of 2g KHoPO, + 18 (NH4)250A

1t

in 11 glass distilled water, adjusted to pH 7.0 with SH-waCli,
"Salhs mediun' consisted of basal medivm + 20nl/1l sterile

G (w/v) Mgso QTH?O added asceptically after sterilizsticn cf

4
the basal mediunm.



In the preparation of growth media, if the carbon source
could be autoclaved, the basai medium «+ carbon source was
adjusted to pH 7.0 after addition of carbon source, If the
carbon source was heat labile, its pH was adjusted to 7.0
before Millipore filtration and addition to sterile basal
mediunm.

All flasgks were plugged with non-absorbent cotton wool

which was covered with aluminium foil prior to auteclaving.

1l.3.2, Acar pleotes,

Nutrient agar plates used for the isolation and cloning

of mutants, and for colony development in viable counting were

made from Oxoid nutrient agar (Cu 3). The molten mediun was
distributed into Petri dishes and dried by leaving inverted
for 36h in the %09 hot room,

The agsr plates used for the selection of blocked
mutants were made by boiling 1.%. (w/v) Japanese agar with

basal medium and carbon source, 1f heat stable, for 1l5nmin,

. -« A O .
The molten ager medium was autoclaved at 109~ , and sterile

20 (w/v) Mg30,.THo0 and sterile carbon source, if heat labile,

were added. The complete medium was distributed inte Fetri
dishes, and dried by leaving inverted for 36h in the 30°

hot room,

1.3%.3, Sterilization,.

A1l medis with the exception of the compounds listed

pelow were steriligzed by steam at 109° for periods of tine



which veried with the volume of the medium. The eificacy of
sterilizretion was originnlly determined by Fewson
(unpublished results), =nd was always checked by the coleour
chenge of Browne's tubes (Albert Brovne Ltd., Leicegter.).
The following compounds, because of their probable heat
lability, were sterilised hy filtration through i.illipore
filters (GiW1047 00, O.ZQP) prior to their addition to
sterile basal media: benzoylforrate; benzyl alcohnoly
2-hydroxybenzyl alcohol; 4-hydroxybenzyl alcoholj;
benzaldehyde; 4-hydroxy-3-methoxybenzaldehyde; Carboxy Q;
catechol: histamine; penicillin V and thiophenoxyrcetote,
L-liendelate was Lillivore filtered vhen it wag used in the

induction experiments,

1.%,4, Stornge of medir.

()

All media with a volume lesgs than 100nl were stored in
the cold room (nominaily at 4°) until reouired. ..edia with
a volume greater than 100ml were stored in the hot room at

o) . :
507 until reouired.,

1.4, i escsurcment of crovth,

Tarbidity of cell susvnengions vwasg measurod at 500nn in
o, Snectronic 20 colorimeter (Beusch & Lomb 1lnc., dochester,
Nevw York, U.3.A.). wsuspensions were routinely neasured in
ontically mntched, 117 light nath, 4 x w inch Jpecuoronic

20 test-tubes (Bausch & Lomb Inc., catalogue no. 53%~29-27).

(&4



Samples having an EBOO greater than 0.28 were diluted in basal
medium so that the resulient B was beltween 0,050 =and 0,20.

500
In experiments designed to meansure the kinetics of

induction of the mandelate pathwey enzymes, the turbidity of
cell suspensions was measured ot 500nm in a Unicanm 5P .800
Ultraviolet Jvecirophotoseter (Fye Unicam Instruments Ltd.,
Canbridze.) connceted to a servoscribe Chart Hecorder (felvin
slectronics Co., Jembley, iiddlesex.) in order 1o estimate
their protein coacentration., lcm light path gless cuveutes
wvere used and the ssanples were read against air. “he value
obtained was corrected by sultlraciion of the H5OO of the bhagal
mediun.  The proteln concentration of the samnles was
estincted from the turbidity by means of a counversion curve

(iig. 11).

Growth rates were dcetermined by vlotlting 10210 (EBOO>

agringt time: tThe slopes of the resulting sitireight lines zrve

a me=gure of the specific growth rate (Dawes, 1963%).

t\J
A

1.5, Grouth of beocterium +CIB 82250,

The methods vged for growing becterium LKCIB 8250 were
baged on those used by Fewson (19672) and Kennedy « Fewson
(1968=~,h).

Inoculs for growth of beocterium wClB 8250 in deiined medi=
were prepared dmnedietely before they were requiredi, 0.5

inoculs Irom the nutrient broth siock ultn es vere adaded to

100nl anounts of nutrient broth contvained in 500x1 wrlenneyer



Mg.1l.. . Turbidity - protein conversion curve for

bacterium NCIB 8250,

Bacterium NCIB 8250 was grown on lOmM-~glutamate-
salts medium as described in Methods, The turbidity of the
culture was measured at 500nm in the Unicam SP,.800
Spectrophotometer and its protein concentration by means of
the Lowry method as described in Section 5.2. The culture was
bprogressively diluted in basal medium, and the protein
concentration and turbidity were estimated at each dilution,
Thig process was continued until the turbidity of the
dilutions was directly proportional to their cell concentration.
turbidities which were not directly proportional to cell
concentration were corrected for non-linearity. This was
done by estinating what the turbidity %ould have been if it
was directly proportional to cell concentration. The
regression between these correéted turbidity values and the
values for the protein concentration of the dilutions was
calculated, The conversion curve which is the graph of
cbeerved turbidity ageinst protein concentration was then

drawn,
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flasks, and the culturesg were incubated vithout sheking Ior

24h at 30°.

s

1.5.1, Grosth of bocterim oClB A250 for usec in the oxrerine--:
concerned with € ¢ develonnent of experiment~l —etinl ”,
1. 5.1, Cells srovm on By -Le-=mendelate, S -henzvl ~leco-ol,

10i=slutonnte 4+ I ~tndonnencryvocetate, 10 -
glutniate or 10 .. —-succinote,

#or thesc exvneriments 41 basal mediun containing the
avpropriate carbon source was prepaved in a 101 flat-
bottored flask containing a 45mm volypronylene coated siirrinz
bar. goml sterile 2. (w/v) 1ig50, . THpO end, as inoculuz, 107
oif a 24h nutrient broth culture were added to the flask., Ths
culture was grovn for 12~15h at %0° under conditions of
vigorous aerantion on the ahpafatus described by lisxrvey, Fewuscn
& Holms (1968). This apparatus consists of magnet drive
assarblies which effect the high speed rotetion of nngnetic
stirring bars., An addition=2l guantity of carbon »nd enerzy
source ecu=l to the amount present at inoculation and in =
volume not greater than 200ml was then acdied to the culture.
Thr ee-quarters of a genersiion time later, the {lrsk sias
removed from the growth arparatus, and lunsedintely surrcundel
by ice. The cells were herrvested as soon as possivle b
bateh centrifugation at 15,5008 for 20min at 4% (L.5ew. i
speed 18" defrigerator Centrifuge, i..o.i., London.). 1:e
supernatant solution was decanted and the pellet was wrsrned

by resusnension in ice-cold sterile distilled woter. Lne



cells were recentrifuged at 12,000g for 25min at 4%, the
supernatant solution was decanted, and the cells were welghed

and stored at =-60°,

lebel,.2, Cells growm on 2nii-benzoate,

The procedure used to grow bacterium NCIB 8250 on 2ml-
benzoate was similar to that used in Section 1.5,1.1. except
that 40nl of a 24h nutrient broth culture was used as inoculum,
and that the cells were harvested when the E5pps ag measured
in the Spectronic 20, reached 0.2, No additional substrate
was added in this case.

1eb5.2, Growth of becteriun HCIB 8250 for the meesuvremnent of the
kinetics of induction of the mondelate pathvav enzyres,

10ml of a 24h nutriesnt broth culture was added to 41
glutamate-salts medium in a 101 flat-bottomed flask
containing a 45mm polyvropylene coated stirring bar, The
culture was grown for 12-15h at 300 on the apparalus described
by Harvey et 21.(1968), An additional ocuantity of glutamate
equal to the amount present at inoculation, and in a volume
éf 200ml was added to the culture. Three-guarlters of a
generation time later, the flask wrs removed from the growth
apparatus, and immediately surrounded by ice., The cells vere
harvested as soon as possible by batch centrifusation o1
15,500g for 20min at 4%, fThe supernatant solution was decanied
and the pellet was washed by resuspension in ice-cold besal

medium, The cells were recentrifuged at 12,000z for 25min av



¢
@

49, the supernatant solution was decmnled, and the cells were
weighed and resuspended in bﬂsal medium at 30° lo =
concentration of 75mg wet wt./nl,

35ml of this suspension and 40ml sterile 24 (vw/v)
Mg504.7ﬂ20 were added to 1650nl 10.9rii~glutemate-~bosal mediumn,
which gave a 10mli-glutamate-salts mediuvm when all the
additions had been made, in a 21 flesk., The flosk was fitted

with a side arm to facilitete sampling. The culture wes grovn

at 30° with rapid stirring =2nd forced aeration (200cm”/11in)

in the apparatus described by Harvey el 21.(1968). Growth was
folloved by teking samples periodically for turbidity
estimation in the Spectronic 20, In the later exverinentss,

as will be discussed in Resultls, Section 2., the turbidi ty

was also messured in the Unicom 5F.800 bnceetronhotometer, AT
the same time 4ml sanples were added to 8ml 1R-lialll, z2nd used
for protein estimation, After approximately a generation the
inducer was added in a volume of 75ml, whereuvon s=mnles wvere
taken for turbidity and protein estimation every Swmin. 10070
samples for engzyme estimation were wilhdravn from the growih
flask at suitable iime intervals onto 40g crushed distilled
vater ice, The cells were then harvested by batch
cenlrifugation at 15,5008 for 20min at 4° (Li.S.u. "iirh »veed
18" Refrigeretor Centrifuge). TIhe supernatsnt solution was
decanted =2nd the pellet wes washed by resuspension in ice-
cold sterile distilled woter. The cells were recentrifu.ed

at 12,000 for 25min ot 40, the supern~tnnt solution uise
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. -0
decanted, »nd the cells were .ujghea and stored at -00

1.5,%, Grovth of bheeterii: ..CIIB 8259 for the dspletion of
nutonts,

For these expcriments )Oml basnl nmediun cortaining
10ml:~-sveecinate was prencred in 250ml Lrlenneyer flaslks, 1Irl
sterile 2. (w/v) heuO4.7H20 wvag added to each fleosk wmrior o
inoculatioa,

A 0.2, inoculunm from ~ 24h nutrient broth culiure wes
added to the lOm:-succinate-selts mediun, =nd the culture vwas
cgrown for 12-15h at 300 on a rotary sheker (1.EK. Vi Liaiis
mgineering Co., Bells 1ill, stoke loges, sucks.); moving =%
about 180 oscillations/min. A second succinste culture weog
inocul~ted from this culture using » 7. inoculw:, ~ud growmn tc
an EBOO of 0.40 on the opnecuironic 20, The cells werc then
harvested by batch centrifugstion in sterile 50ml (0=k dAiige
Type) poly-cerbonste boittles ((l.5.4.: cotlrlogue no, 594665 =t
12,000 for 10min at 4° (Li.s.o. "13" Refrigerator Centrifuze).
The supermatant solution wss decanted, and the nellet was
resusnended in either 10ml sterile besal nediws for nmutation
by uw v, irr~diation or in 10nl sterile 10ml.-sodium citrote
buf fer pi 6.0 for mutation with w.1.G.

subsecuenl growth of bnacteriwr (/CIB 8250 after

mutagenesic ig described in psection 2.

~ . - o o R 1 o s et .
hroteriur  Gi2 S50 fop the ghoreot aric-7d or

For these exneriments 5al salis mediwn conveining 20 .~

histamine, Llali-2-nydroxybenzoate, Sric-L-mandelate, Yu.-benszyl
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alcohol, Z2nli-benzoate or Sali-arginine, %nl salts mediun
containing 10mi.-succine te, and 10ml weptone weter mediun
(Uxoidi C.. 10) wvere nren~red in crpned 6 x 5/8 irch test-tubes
(Oxoid alwninium caps)., dhe peptone vwoter medliun vwasg
inoculated with 1 drop of ~ nutrient broth stock culiture from
a Yasteur pivelte, and incubated withoul sheking for 48h at
30°, The salts medin containing the carbon =2nd enerpgy sources
vere then inoculsted with 1 drop of the peptone walter culture
from a Fasteur nipette, and incubated without shoking at 307

A visual estinm=bion of grovilh was recorded\as Yororth!" or

"no prowth!" at 48h, 72h ~and $6h after incculation,

Lom. b Grovsth of bhno olOTWUﬂ B 8250 to teat the nultriti onal
VOrsntilivy 01 Lo e iuan(s

50ml of bagal mediwt containing the approrri~te carbon
source alt 1 end 2ni. with the excention of 4-hydroxy-D,
L-mandelate wvhich was atl 2 ~nd 4m. was pren-red in 250ml
srlenmeyer flasks, 1ml sterile 2 (w/v) Lgs0y . 70 And, as
inoculwn, O0.1nl of a 24n nutrient broth culture were added to
the flasks., the cultures were incubated =% BOO oa the rotary

42

shaker, A visuvel estinntion of growth wng reecorded as
"growth" or “no grovith'" at 12h, 24h, %0h, O0h, 84h end 108h

after inoculation.

LeDo0, Growlin ol ire wild tyne »md congltitutive mut-nite of
bocleriivy L will J@¢5) ror tne poogsurerncty of He non-
inducen Jovels ol tne nandelnte natnwoy ugy. ey,

=
!

1.5nl hgdﬁ4.7320 and, Aas inoculua, 0,21l oi a 24h

nutrient broth culture were added to 80ml 8ni-glutsuste~basal
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mediun in a 250ml rrlemmeyer flask. The culture was grown for
15h at 30° on the rotary shaker, This culture end 20ml sterile
2v. (w/v) Mg504,7ﬁgo were added to 700ml 9.1l4mi-glutanate-basal
medium, which gave sn 8ni.-glutemate-salts mediun when the
additions had been made, in a 11 flask. The flask was fitted
with a side arm to facilitate sampling. The culture wes
grown at 300 in the apparatus described by Harvey et =1.
(1968).. Growth wnas followed by taking samples at intervels
for turbidity estinmation in the Svectronic 20,

100ml samples for enzyme estimation were withdrewn onto
40g crushed distilled water dce at the begimming, the middle
and the end of the last generation (see Fig., 47). The cells
were then harvested by batch centrifugation at 15,500z for
20min at 40 (Li.S.0B, "High Speed 18" Refrigerator Centrifuzge).
The surernatant sclution was decanted and the pellet was
washed by resuspension in ice-cold sterile distilled weter,
The cells were recentrifuged at 12,000g for 25nin at 4°, the
supernatant solution was decanted, and the cells were weigned
and stored at -60°.
1.5. 7, Grouth of the wild tvpe snd mutant streing of

bocteriwn . CIB 6250 for the ressurenent oi the
induced levels of the n-~.delote notnvey engyres,

10mli 1L.250,.7d,0 and, ag inoculwa, Snl of a 24n nutrient
SNV Y 2 ? y
broth culture were added to 500nl 10mi.-glutam=te-basal maiium
&
in a 11 flask. “he culture was grown for 12-14h at 30° on

the apparatus described by Harvey et 21.(1968). 20n1l of this

—a
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culture and 1.5ml sterile 24 (w/fv) thO4Q7H20 vere added to
60ml 13.%m.-glutanate-hasal medium contsining inducer in a
250m1 srlenmeyer flack, The culture was grown for 2+h at 30°
on the rotary shrker, 'The cells were then harvested by batch
centrifugation at 15,0008 for 20min at 40 (I7.9.13. "High Speed
18" Refrigerator Centrifuge). The supernatant solution was
decanted and the pellet was washed by resuspensgion in lce~cold
sterile distilled water. 7The cells were receantrifuged at
12,000g for 25min at 4°, +the supernatant solution was

decanted, and the cells were welghed and stored at ~60°,

1.,.0. [reagsurenent of vicbility.,

The cultures were serially diluted 1/10 with basal medium.
O.1ml poriions of the three dilutions most likely to contain
aprroximately 100 viable cells were placed on % sep=arate
nutrient agar plates, and spread by means of a glass-spreader.
ihe plates were incubated at 30° for 24h. The plates of the
dilution which gerve the nearest number of colonies to a

hundred were counted and averaged,
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2o LOLATTON O LULANTS,

2ele Lutasenic tre=siments a2nd the selectition of mutsnts,

2,1.1, Ultreviolet irr-~di~tion followed by mnenicillin treatrient
ard the replicn vlating selection technicque (Tobhle 203 A),

Kubtagenesis by u.v., irradiation was adepted from the
method of Demerec & Latarjet (1946),

9ml of the suspension of cells in basal mediunm prepsared as
described in Section 1.5.%, wesg irradiated for 140s with an
unfiltered u.v. lamp (Hanovia Bactericidal Eouipment Model 13%:
kngelhard Hanovia Lamps, Slough, Bucks.,) at a distance of 84cm
from the lamp, During mutagenesis the suspension was gently
stirred with a magnet in a sterile glass Petri dish, 9cm in
diameter. As will be discussed in Results, Section 3.,1.1,1.,
this treatment gave approximately a 99.9¢ kill. In each
experiment a vieble count was made on the suspension before and
sfter irradiation to check the efficiency of the treatment.
2,5m) of the irradiated cells was added to 50ml 1Omil-succinate-
galts medium in a 250ml vrlenmeyer flask, and the culture wasg
grown overnight at 30° on a rotary shaker (MK.Vs L.H,
¥ngineering Co,) moving a2t about 180 oscillations/min, These
nanipulations were conducted in dim light using a godium lamp
(40 watt D.C. SOX lamp: Philips klectrical Ltd., London.,) to
prevent the possibility of photoreactivation,

This culture was harvested by batch centrifugrtion in

sterile 50ml poly-carbonate bottles (L.3.E.3; catalogue no,
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59466) at 12,000g for 10min at 4° (ii.S.z. "13%3" Reirigerator
Centrifuge) to remove any residusl carbon and energy source,
The supernatant solution was decanted, and +the pellet was
wvashed twice by resuspension in ice-cold bagsal nediun and
centrifugation at 12,000g for 10min at 40. The celis were then
resuspended in 10ml basal medium at 30°, and 2.5m1 of this
suspension was added to 50ml Z2mii~-benzoate~, Smli~L-nandelate-

or bSmiu-benzyl alcohol-salts medium., The benzoate and benzyl
alcohol cultures were grovn for 2h at 30° on the rotary shaker,
at which time penicillin V (at a final concentration of lmg/nl)

a
'

wvasg added, and the cultures were growvm for a further lzh., The
L-mandelate culture because of the longer mean generation time
vas growm for 2+h before the addition of penicillin V, and for
2h after it. The cells were harvested and washed 2¢ above to
remove penicillin V, and resuspended in 10ml basal nedium,
O.1ml portions containing approkimately 100 viable cells were

placed on agar plates conteining 1O0mli-succineste as sole source

(4"

of carbon and enecrgy, and soread by means of a glass-srtreader,
The colonies on the succinste agar plates were grown for
%6-40h at 30° at which time they were aboul 2mm in diameter., The
colonies were then replicated by the method of Lederberg &
Lederberg (1952) onto agrr nlates containing, in order of
replication, bmii~-L-mandelate, 5mli-benzyl alcohol or 2nmi.-benzoate.
A final replication onto nutrient agar plates was m=ade to tesi
the success of replication., Strains which feiled 1o grow on
cither L-nandelate, benéyl alcohol or benzoate were cloned on

nutrient agar.
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2.1.2, Tutemenegisg by trestnent with i.o,t, Tollowed by the
renlica nlatine geleetion technire (vable 203 b).

LN

lLutagenesis by incubation with L.%4.G. was adapted from
the method of Adelberg, kiandel & Chen (1965),

9ml of the suspension of cells in sterile 1lOnki-sodium
citrate buffer pd 6.0 prep-red as described in Section 1.5.%.
vas added to lml 1lmg/ml 1.7.G. (dissolved in the same buffer).
The resulting suspension was placed in a sterile 50ml rlenmeyer
flask »lugged with cotton wool, and incubated for %0min at BOO
in a shaking water bath., As will be discussed in Results,
section 5.1,1.2., this treatment gave avproximately a 99.9%
kill., 1In each experiment a viable count was made on the
suspension before and after incubation to check the efficiency
of the treatment,

After incubation the suspension wag serinolly diluted 1/10
vith bagal mediuwn, 0O.,lml portions containing aﬁproximﬂtély 100
virnble cells were pl-~ced on ‘ager plates conteining 1Om..-succinate
as sole source of carbon and energy, and spread by neans of a
clags-rod, The colonies on the succinote agar pletes vere
grovn for %6-40h at 30° at which tinme they were about 2mn in
diameter, The colonies were then replicated by the metnod of
Lederberg & Lelerberg (19%2) onto agar plates conleining, in
ovder of rewnlicalion, bHmli-L-mendelate, Smii~-benzyl alrohol or
itw-bengoate, A final replication onto nutrient agnr pl-tes
was made to btest the success of replication. ptrains vhich
failed to grow on either Li-~mandelate, benzyl alcohol or benzoate

vere cloned on nutrient agar,
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2ml of this suspension was agded to 50ml 10mli-succinnte-
or Zmii-~-benzoate-galits medium (depending cun whelher glutamate
or benzoate resneclively was the limiting nuirient in the
screction procedure), and the culture was grocwn overnight at
300 on the rotary sheker, %nl of the benzonlte or succinate
culture was inocul= teﬁ into homologous mediun and crown at 300

on the rovary snnker fer the time interval which rcpresented

wiro generations,
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The culture was then serinlly diluted 1/10 with basal
nediuwn. O,.1lml portions containing awproxim~tely 100 viable
cells were pleaced on a2gar plates containing Smin-L-mandelate +
0.,2ni.-benzoate or Z2nmii-benzoate + 0.%nml.~-glutamate 25 sole source
o carbon and energy, and spread by means ol a glass-rod, The
colonies were grovn for %6-40h =t 30°. dhe smaller colonies
(lmm in diamebter) were then picked from =mong the more numerous
larger ones (2mm in dismeter), and stresked on agar plates
containing bml.-L-mandelate, 2mii-benzoate or 1Omii-succinate as
sole source of carbon, Straing which failed to grow on either

Li-mandelate or benzoate were cloned on nutrient agar,

2414, tutacenesis bv trertoent with 1H,7,G,. followed by Carboxy
Aodrentivent and toe linmdting nutrient seleciion
vecnnicue (Ioble 20 1),

9ml of the sugpension of cells in sterile 1lOmu-sodiun

rate buffer pd 6.0 prepared as described in section 1,5.%,
was aaded to lml Lmg/ml .7 G. (dissolved in the same buffer),
“he resulting suspension was pleced in a sterile 50ml
crienmeyer flask plugged with cotton wool, and incubated for
50min at )O in a shaking water bath., As will be discussed in
Regults, section 5.1.1.2., this trecatment grve anproximately a
99.9,, kill., A vieble count was made on the suspension before
and after incub-tion to check the efficiency of the “reatment.

After incubation the w.7.G., was renoved by centriiugation
at 12,0005 for 1Omin at 4° (ii.5.u., "13" Refrigerator Centrifuge)
in sterile 50m) poly~carbonate bottles. The supernatant

solution wasg decenlted ~nd the pellet was washed twice by



resugpension in ice-cold basal nedium and centrifugation at
12,000g for 1lOmin at 4°. The cells were then resuspended in
10ml bagal mediun at 30°, 2ml of this susvension was added to
5011 10mii-succinete-salts medium, and the culture was grovn
overnight At 300 on ‘the rotary shaker,

The culture was hervested by batcecn centrifugation at
12,000g for 10min at 4° (il.s.8. "13" Refrigerator Centrifuge)
to remove ~ny residual carbon and enersgy source, Lhe
supernatant solution was decanted 2nd the pellet wags washed
twice by resuspension in ice-cold basgal medium and
centrifugation at 12,0008 for 10min at 4°, “he cells were
then resuépended in 10ml basal medium =2t 300, and 2.5nl of this
susnension was added to S0ml Smi-L-mandelnfe-salts medium. The
culture was grown for 5h at 300 on the rotary shaker, at which
time Carboxy Q (at a final concentration of 9OPL) was added,
and the culiture was growmn for a further 2h, “he cells were
harvested and washed as above to remove the Csrboxy @, and
resuspended in 10ml basal mediun at 500. %ml of the suspension
was added to 50m1l 1O0mii-succinate-galts mediuwm, and the culture
vias grown to a turbidity of 0.09 on the wpectronic 20,

The culture was then gerially diluted 1/10 with basal
medium. O.lml portions containing approximately 100 viable
cells were placed on agar plates containing 2mix~benzoate +
O.5mlu~glutanate as sole source of carbon and enersy, and
spread by nmesns of a glass-rod, The colonies vere grova for

v - O . - . . P
56-40h at %207, The smeller colonies (lmm in diesmeter) were
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then picked from =mong the more numerous larger ones (2mm in
dirneter), and streaked on agar plates containing 5Smii-L-
neandelate, 2nii-benzoate or 1lO0mi-succin~te as sole source of
corbon and energy. Strainsg which feailed to grow on el ther
L-nandelate or benzoate were c¢loned on nutrient agar.

2eleDe. toolation of svrontancous and mutsgen induced
conavitutive nmutants (Wnble 21: & end i3).

The constitutive mutants were enriched by the alternate
culture technique and selected by means of the L-mandelate
dehydrogenase whole cell assay., The altern~te culture technique
was adapted from the method of Cohen-Bazire & Jolit (1953%).

The L-mandelate dehydrogenase whole cell assay was adapted
from the method of hegeman (1966c¢c), Yhis assay gives a simple
guzlitative test to screen organisms for Li-mandelate
dehydrogensse activity as the enzyme can be detected visually
by the coupled reductiion of ﬁhé dye, 2,6-dichloronhenol-
indophenol, to its leuco form,

For the isolation of spontaneous constitutive mutants
ithe starting inoculun for tThe 2lternrte culture enrichment
procedure was 2ml of Tthe unharvested succinate culiture
described on ».59. For the isolation of constitutive mutants
induced by incubetion with u.T.G., Tthe strriing inoculum was
nrepared ag follows. 9ml of the susveusion of cells in sterile
10mii-sodiun citrate buffer pH 6,0 prepared as described in
section 1.5.%., was added to 1ml 1mg/m1 HeT.G, (dissolved in

the same buffer)., The resulting suspension was placed in a
P
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sterile 50ml Lrlenneyer flask plugged with cotlton wool and
incubated for %0min at 300 in a shaking water bath. As will be
discussed in Resgults, section %.1.1.2., tnis treatmnent gave
approximately ~ 99,9% kill. A viable countl w~s made on the
susgpension before and after incubation to cireck the efficiency

of the treatment, After incubetion the iL.,Y.G. was renoved by

N

centrifugation at 12,000g for 10min 2t 4° (ii.s.wm. "1%Y
pefrigerator Centrifuge). The suvernatant solution was

decanted and the pellel was washed 1lwice by resuspension in ice-
cold hasal medium and centrifugation at 12,0002 for 10ain at 4°,

0
and

The cells were then resuspended in 10xl bagal medium =t %0
2nl of this suspension was used as the starting inoculum-in the
alternate culture enrichuent procedure,

The starting inocula described above were grovn in 5H0nml
LO0mii~glutamate~salts mediun in 250ml brlennmeyer flasks for 16h
at 300 on the rotary shaker. 5ml of these cultures was added to
501 . Amil~L-mandelate-salts mediun in 250ml Lrlenmeyer flacsks,
and the cultures were growmn for 8h at 30° on the rotary shaker.
0.5ml of these L-mandelate culltures was added to 50m1 10mii-
tlutamate-salts wedium in 250ml wrlemnmeyer flasgsks, and the
cultures were grown for 16h at 300 on the rotary shaker, This
procedure for growing altcrnately on glutamate- and L-mandelate-
sallts media was repeated a further 9 times,

The cullures were then serially diluted 1/10 with basal

medium, O.lml por rtions containing annroximately 100 viable

cells were placed on nutrient agar plates, and sprcad by means
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of a glass-rod. The colonies were grown for 24h 2t %0 , One
h~1f of en individual colony on a nutrient agar plate was
spread on another nutrient agnr plate, and the other holl was

2]
('—_1\.1.

cu

ed to Pml Sml-glutanate-sslts medium in a capped 6 x 5/8
inch test-tube (Oxoid aluninium caps). The cullures in the
test-tubes were grown for 48h without sheking.

The cells grown on Smii-glutamate were centrifuged for
1omin at 4,000g at room temperature (Il.5.8. "Super lL.edium"
Centrifuge) to remove any residual carbon source, The
supernatant solution was decanted and the pellet was
resuspended in %ml basal medium. The permeability barriers of
the cells were destroyed by mixing the cells for 8~10s on a
Jhirlimix nixer (Fisonﬁ scientific Apparatus Ltda,, Loughborough,
Leicestershire) with 0.5n1 2% (v/v) toluene in ethanol added
from a Zippette dispenser (2ml capacity Zippette; Jencons Ltd.,
Hemel lempstead, Herts.), and letting the resuliing suspension
gstand for 8-20min. 2,6~Dicﬁlorophenolwindophenol at a final
concentration of 67yﬂ and L-mandelate at a final concentration

of 5OOPL were then added by means of lOOpl bppendorf ninettes

(mppendorf l.arburg icrouvipette; wppendorl Geratebau, hamburg,
Jest Germeny.). Decolourisstion was followed visually. fThe
other half of those colonies which gave risge to cclls thnat

decolourised the dyec were cloied on nutrient agar.
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2. Storsge of nutonts,

-

A

After cloning, the nutent streins were inoculated into
10ml nutrient broth medium in a l.cCartney bottle, The culture
wvas grovm Lfor 24h at BOO vithout shaking. 0.1lml of this
culture was then used to inoculate 10ml cooked-reat medium in
2 licCartney bottle., This culture was grown for 48h at 30°
without shoking, and then stored at 4°., JSubcultures were made
into nutrient broth at intervels of apvroximately 6-12 noathg,
and these were also kept at 49, These nutrient broth stock
cultures were used to prepare inocula for growth of bacterium

HCIB 3250 in defined medin,
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The enzynes were extrected by modifications ol the nethod
of Kennedy & Fewson (1968b) involving ultrasonic disruntion
with the 1%mm probe of the Dawe "soninrobe" (Dawe

Instruments Ltd., London; ‘“Lync 11304),

Sel, ULTrasonic diagruntion of cells usged in the initliol
experinents of desults, vsection 1.2,

Cells were resuspendied to 40 or 50mg wet wi./ml in 0,04li-
or 0,08L-Tris-HCL buffer pH 8.5, 2nd o 12nl amnount was
pinetted intc an 8 dren Urident container (Johnsen &

Jorgensen Ltd.,, London.). The Trident container was then
placed in an ice-water slurry, and the Dave Ponivrobe was
lowered Tiam into the suspension, The totr~l time or sonication
vrs 1bmin at 2 current of SA, but the current was svitched off
during every alternate minute to ald cooling, thus giving

Suin actunl disruption, The extirsct was centrifuged at 12,000g
for 25min ov 40 (Ilebew, defrigerated "13" Tentrifuse) to remove
vhole cells and debris, and the supernatant fluid vw-s used to
neagure enzyme activity and protein concentration,

5,2, Ultbtresonic dl

were uoed ©o
the mongelape

gruntion oi non-induced cells vwvhore extrocls
gilute exirccts contoining induces lovela of
.

oo AT enzvine $

Cells werc resuspenied to 50mg wet wi./ml in 0.04i.~-Tri s~
HCL buffer »il 8.5, A 20-205n] anount was pipetted into 2

"rogsette" which is a cone-shaped glass vessel equipved with 4
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cooling vanes as described by Kennedy (1967)., The rosette

was placed in an ice-woter slurry, and the dawe soniprohe was
lLowvered Tmn into the sucgpension., The total time of sonication
wes Tnin at a current of 54, but the current was switched off
during every alternate minute to aid eooling, thus giving

Apin acturl disruption., The extraci weas centrifuged at 12,000x
for 25min at 4° (i.5.iu. Refrigerated "15%" Centrifuge) to remove
whole cells and debris, and the supernatant fluld was used to
neasure eunzyme activity and protein concentration,

5.5, Ultragonic disrurntion of cellsg conteinine the coupling
enzvre 101 tre bengovifornate decervoxvloge assayv,

Cells grown on benzyl alcochol were resuspended to 50mg
wvet wt,/ml in 0,08L~Tricine buffer »H 9.5, and a 20-25ml
anount was vivetted into the rosette. 1Lhe roseite was placed
in an ice-water slurry, and the Dawe Soniprobe was lowered
Tmir into the suspension. <The tolal time of sonication was
Tzin at a current of 5A, but The current was switched off
during every allernate minute to aid cooling, thus giving 4min
actual disruption time. The extract wes centrifuged at
12,000g for 25min at 40 (I.. . 5s ReTrigersted "1%Y Centrifuge)
to remove whole cells ani debris, and the supernatant fluid

wvas used to couple the benzoyliormate decearboxylase reaction.

’.‘)

\_'I

LA Ultresonic disruntion of cells used in the benzoste
oxionse AassSav,

Cells were resuspended to 100ma wet wit./ml in 0.050i-

Prig-1Cl buffer pH 7.5, and a 4-6ml =smount was pipetted into
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a 1 drem Trident container., The container was then placed in
2 chilled brass holder (Iig. 12), which is similsr to the
Brenson sesled ~tmosphere trentnent chomber (Dewe Instruments
Ltd., cetelogue no, 75%0/5), and was designed by Dr w.H. Holms.
It was specially built to take a 1 dram Trident contsiner so
that there was very little movenent of the conteiner inside
the holder,

The brass holder was ccrewed onto the horn of the
soniprobe, and was lowered into an ice-water slurry. Gthe cells
were sonicated for 4min at a current of 2,5-3,0A, ‘the extract
was centrifuged at 12,000g for 25min at 4° (Jlewens Refrigerated
131 Gentrifuge) to remove whole cells and debris, and the
supernatant fluid was uvsed to measure enzyme activity and

protein concentration,

2.5, Ultrasonic disruntion of cells used for 211 olther nurnoses.,

Cells were resuspended. to 50mg wet wt,/ml in 0,04Li-Irig-
nCl buffer pH‘B,S, and a 5ml amount wes pipetted into & 1 dram
Trident container., The brass holder was screwed onto The horn
of the Soniprobe, and wes lowered into an ice-water slurry,
the total time of sonication was 64imin at a current of 2.5A,
but the current was switched off during every alternate half-.
minute to aid cooling, thus giving 3Zmin actual disruption.

The extract was centrifuged at 12,000g for 2bmin at 4.° (llen. 1,
Refrigerated "13" Centrifuge) to remove whole cells and debris,
and the supernatant fluid wes used to measure enzyme activity

and protein concentrotion,
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The brass holder used in the sonication nrocedure,
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Part of the extract was titrated with the amount of 0,2~
N2OH recuired to raise the pi of a 0,04L.~Tris-Cl buffer
containing no protein from 8.5 to 10.3., The treated extract
was used to assay benzaldehyde dehydrogenese., Vhen benzaldehyde
dehydrogenase was the only enzyme to be assayed, the exiraction
vvas performed in 0,04L-Tris-idClL buffer pd 10.,%., Vhen the total
benzaldehyde dehydrogensse activity exceeded 80 units/ng
protein, a second extract was prepared in 0.08l.~sodiumn
pyrophosphate buffer pill 9.5, and was used to assay bengaldehyde

dehydrogenase activity.



Ao BRZYEDL ASSAYS,

1 unit of engyme ~ctivity corresponds to the
disappearance of lnmol substrate/min., Specific activity is

defined as units/mg protein,

A1, Snectrophotonetric asggnvy,

All spectrophotometric assays were conducted in lem
path-length silica cuvettes containing a total volume of
%.0ml. HMeasurements of exbtinction were made with a Unicam
SP.800 Ultraviolet Spectrophotometer (Pye Unicam Instruments
Ltd.) connected to a Servoscribe Chart Recorder (Kelvin
Ilectronics Co.). With the exception of L-~mandelate
dehydrogenase, the initial linear period of the time-course
was taken as a measure of enzyme activity. The initial rate
vas linear for the four minute durstion of the exveriment, and
the assays were performed four at a time using the auvtomatic
sample changer on the Unicem 57,800, In the casc of L-mandelate
dehydrogenase, the non linear rate over the first 45s was
ignored when estimating enzyme activity. Occasionally, however,
when very high enzyme sctivity was present, the initial rate
wae linear for a shorter period of time, When thiz occurred,
the assays were carried out singly, and changes in‘extincticn
were meagured coatinuously.

ALl remctions were carried out at 27°., No reference

cuvettes were used as the extinctions were read against air.



All additions in a volume of 1ml or less were made by means
of bppendor® pineﬁtest(ﬁppendorf l.arbur g iicropipette). The
reagents in the reaction mixture were nixed with plunpers
(Calbiocher, Los Angeles, CUalifornia, U,3S.A.; cetrlogue no,
85019). The assays performed in Resgults, Sections 2 and 3

vere carried out in duplicate.

4,1.1

RV P

. L=l ondelate dehvdrogenase,

L-kandelate dehyvdrogenase was measured by a nodificalion
of the method of Hegernan (1966a)., The assay depends on the
reduction of 2,o6-dichleorovhenol-indophenol to the leuco fornm
coacomitant with the oxidation of L-mandelate 1o
beunzoylformnrte, The reaction was meagured at 5600nm, near the
maxinsl extinction of the oxidised form of the dye., In
addition to enzyme the reaciion mixture contained:

QOmeol of potassiun dihydrogen phosphrie~dinotassiun
hydrogen phosphate buffer pil 7.0,
200nmol of 2,6~dichloronhenol-indophenol,

1.§Pmol of L~mandelic acid,

The reaction was initiated by the addition of L-mandelate.,
The extinction coefiicient of the dye al 600nm and »d 7.0 is
20.0 x 106cm2/m01, and therefore a decrense in exiinction of
‘6,87 units corresvonds o the oxidation of %pmol of

L-nz2ndelate to benzoylfcrméte.
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A.1.2. Benzovliformate decoarboxyvlase.

Benzoylformate decarboxylase was measured by a direct
agsay and a coupled assay., The direct assay was a
modification of the method of Hegeman (1966a), The assey
nmakes use of the fact that the substfate, benzovlformate,
hes an extincton coefficient of 8,1 x 104cm2/mol at 5%4nnm
and pH 6.0, whilst benzaldehyde and subsecuent products hove
negligible extinction at this wovelength, Thus a decrease in
extinction of 00,0272 units corresnonds Lo the decarboxylation
of 1pmol of bengzoylformrte, In addition to enzyme the
reaction mixture contained:

lngmol of volassiun dihvdrogen nhosvhate-dinotassiun

hydrogen phosphate bufier pH 6,0,

lOQpﬁ of Tthiermine vyrovhosphate chloride (digsolved in
0.05Li-phogphate bulfer nH 6.0).

2.@unol of benzoylfornic acid,

The recaction was initiated by the addition of benzoyl-

fTornate,

The coupled assay was a modification of the method of
Kennedy « TIewson (1968b)., The assay involves courling the
formation of benzaldehyde to the reduction of 4ADY with an
excess of benzaldenyde dehydrogenase. The appearance of
GADH was measured at %40nm. Since NADH oxidase interfered
with the reduction of LAD' atl low levels of benzoylformate

decarboxylase activity, the extract in which benzoylformate
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decarboxylase was to be assayed was heated at 37° for 60min
to remove any NADH oxidase aciivity except for the
experiments desgcribed in Results, Section 1.1.2.2, In

addition to enzyme the reaction mixture contained;

ZOOymol of Tris-HCl buffer pH 9.0.

10ng of thiamine pyrophosphate chloride (dissolved in
0,051~Trig-lICL buffer pH 9.0),

BPmol of NAD",

GOOPg protein of an extract prepared from cells grovm
on benzyl alcohol as described in Section 3,3,

2,5Pmol of freshly prepared benwoylformic acid,

The reaction was initiated by the addition of
benzoylformate, The extinction coefficient of NADH at 340nm
is 6,22 x 1060m2/mol; and therefore an increase in extinction
of 2,07 units corresponds to the decarboxylation of %pmol of
benzoylformate, Under the conditions of the sgssay, the
extinction change due to disappearance of benzoylformate was
insignificant in proportion to the incresse in extinction due
to NADH formation,

The coupled assay was used to measure nenzoylformate
decarboxylase activity excenlt when the use of the direct assay

is sgpecifically stated in the Text,

A.1,%, Lebile and stable benzaldehvde dehvdrogenase,

The two enzymes were measured by a modification of the
method of Gunsalus et al.(1953). The assays measure the

benzaldehyde-dependent reduction of N:\D+ at 340nm, The

6 )
extinction coefficient of NADH at 340nm is 6.22 x 10 cmc/mmlg
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and therefore an increase in extinction of 2,07 units
corresyponds to the oxidntion of lpmol ol benznldehyde, The
activity of the tvo enzymes was meessured in Tris buffer if
the enzymes were exlracited in Tris buffer, and in the
majority of cases this occurred when the total benzaldehyde
dehydrogennse activity was less than 80 units/mg vrotein.
The two enzymes werce assayed in sodium vnyrophosvhate buffer
if the enzymes were exlracted in sodium pyrophosphéte buffer,
and this usually occurred when the total benzaldehyde
dehydrogennrse activity was greater than 80 units/mg protein.
(1) Tris buffer assay (total activity less Tthan 80 units/ng
protein).

The activity ol benzaldenyde dehvdrogenase was measured
before and after heating for 2h at 370, The heat inactivation
vas carried out in a stoppered 2 dram Trident contoiner
(Johnsen & Jorgensen Ltd., London.). The activity after 2n
heating was taken as the aétivity of the stable benzaldehyde
dehydrogenase, and the difference between this activity and
the activity before heating as the labile benzaldehyde
dehydrogennse activity. In addition to enzyme the reaction

nixture contained:

200pmol of Tris-liCl dbuffer nl 9.5,

150pmol of KEHPO

1.5pmol of WAD™.

4.0

500nnol of benzaldehyde,
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The reaqtion was initiated by the addition of benzaldenyde.
(11) Sodium pyrovhosphate assgay (totel aclivity rreater then

80 units/ry protein).

The hert inactivation of benzaldehyde dehydrogennge was
followed kineticelly at 379 by withdrevinn samples from a
6 x 5/8 inch stonnered test-tube at intervals for enzvme assay.
The graph of bengaldehyde dehydrogenase activity against tinme
of heating was drawn, ond as exnleined in Hesults, vSection
1.1.1.%., the activity of the labile ond stable enzywmes vas
e.vim=ted fromn it. In addition to enzyme the resction

mixture contained:

200ynol of sodium npyrophosvhate bulfer pH 9.0,
15meol oL KEHPO4.
1.5pmol of WAD'.

500nmol of benzaldenyde,
The re~ction was initiated by trhe addition of benzaldehyde,

Lol eds Bengvl alcohol dehvdrosenase,

Benzyl o2lcohol dehvdrogenase was measured by a
nodification of the method of kennedy & Fewson (19-8b). “Lhe
essay neasures the benzyl alcohol~devendent reduciion of

y ot ) . . . e S e -
20 at 340nm,  The extincetion coefficient of HADID at %40nm
. W02 i e L . . L .
is 6,22 x 10 cn“/mols ena therelore an incrense in extinction
of 2.07 uvnits corresnonds to the oxidriion of %pnol of

berzyl alcohol., In addition tlo enzyme the renctlon mixture

contained:
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ZOOpmol of sodium pyrophosphrte bpuiffer pH 9.0,

1.§pmol of NADY,

%500nmol of benzyl alcohol.
"he reaction was initiated by the addition of benzyl 2lcohol,

4,1.5. Catechol 1.2-0xysennse,

Catechol 1,2-oxygenase wnsg measurced by the method of
llegeman (1966a), The assay measures the sccunulation of
cis,cig-muconste in the presence of EDTA which inhibits the
subsequent enzyme in the pathway. The reaction is mesasured
at 260nn at which wavelength catechol absorbs weskly and
cig,cig-muconate gtrongly. The extinction coefficient of
cisg,cig-muconate at QSOnm ig 16.8 x 106cm2/mol, and
therefore an increase in extinction of 5.60 units corresponds
to the accumulation of %Pmol of cig,cig—-nuconate. In
addition to enzyme the reaction mixture contained:

ZOQFmol of potassium phosphate-dipotassium hydrogen

phosphate buffer pH 7,0,
4ymol of EDTA.

%00nuo0l of catechol,
The reaction was initiated by the addition of catechol.

A Jd.6, NADH oxidasgse,

NADH oxidase was measured by a modification of the
method of Kennedy & Fewson (1968b). The assay measures the

oxidation of NADH at %40nm. The extinction of WADH at
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40nm 1is 6,22 x 1O6cm2/molg and therefore a decrease in
extinction of 2.07 units corresponds to the oxidation of
%pmol of LHADH, In addition to enzyme the reaction mixture
contained:
200Pmol of potassium dihydrogen phnosphate-~dipotassiunm
hydrogen phosvhrte buffer oH 7,0,

QOQPg of JADH (digsolved in 0,2Li-phosphate buffer).
The reaction was initiated by the addition of HADH.

4.2, Jdarhurs assey of benzoste oxidase,

Benzoate oxidase was measured menometrically in cell-free
extracts by following oxygen uptake in the Varbursz apparatus
(B. Braun, Apparatebau, lielsungen, West Germany; xodel VL85),

hach 15m1 single side-armed arburg vessel was set up as

followss
oide arms %pmol of hengzoate or water,

l.ain compartment: EOmeol of Tris-HCl buffer pH 7.5,
1Pmol of F6504.
100ymol of ethanol.
1Pmol of EAD+.
10nmol of FAD.
AU of alcohol dehydrogensase.
A=S5ng of protein,

The contents of the side-arm and main compartment were

contained in a volume of 2ml,
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Centre well: 0.2ml 20, KCH and pleated filter paper (Jhatmgn
noe. 5 )u

Atmosphere: Air,

Temperatures 270.

The reagents were aaded in the order shovm above, The
contents of the Jarburg vessels were eouilibrated for S5min in
27% water baths, the mrnometers were sealed, =nd the sir-
tightness of the joints checked Snin later. The reaction was
started by tinping the bmzoate or water from the side arnm

into the mein compartment,

4.%5. dhele cell =oggsey of benzoste oxidation.

Benzoate oxidase activity was deteinmined in whole cells
by nmeasuring the disappearance of benzoate. This assay was
devel oped by P.J. Roach (Pewson, Livingstone & Roach, 1970).
e assay was conducted in a 50ml brlenmeyer flask in a

shaking water bath at 30°, ‘The components of the reaction

mixture were contained in a volume of 15ml, and consisted of:

2000l of Tris-ECL buffer pil 7.5,
7,5Pmol of bengoic acid.
14-20mg wet wt., of cells suspended in 0,05 -Tris-iCl
buffer pH 7.5,
The reaction wag initiated by the addition of the cell
suspension after all the other components hnd been nreincubated

for 10min at 30°., 2nl-samples were taken after 10, 20, 40 and

80min, added to %nl chilled 16.7. (w/v) perchloric acid, mixed
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and stood in an ice-water slurry for at least 15min. 15ml
0,1lu~HCl was added ond 1lhe contents ol the test-tubes were
mixed., The samples were then centrifuged a2t 4,000 for 20uin
at room teuperature (IT.8.H. "Supermediwm”" Centrifuge). 'The
supernates were dcenanted, and their spectra were recorded
apgainst a water blank from 200 to %50nm. The extinclions at
250nm were read, and the amounts of benzoate which had
disavppeared were calculated from a standard curve of EZBO
ageinst benzoate concentration. The rate of benzoatle
disappearance was calculrted from the graph of the amount of

benzoate whiich had disappeared against time of incubation,



Do A ALYTICAL LiwilHODS,

5.1, Frotein estination in cell-free extrocls,

Total protein in cell-free extracts was esivimated in the
Unicem 5P.800 ppectrophotometer by measuring the EQBO of
semples wnich had been diluted in water to give an approximate
ngn of 1. Calculations of totel protein (mg/ml) were made by

dividing the values of B by 4.9, [ewson (unpublished

280
results) had previously established this relationship for cell-
free extrscts of bacterium HCID 8250 as a result of experiments
in vhich protein content was determined by Boag neagsurements

and by mears of the Folin~Ciocalteau resgent (Lovwry, Rosebrough,

Farr & Hendell, 1951) using bovine plassan albunin (Armour

rharmaceuticnal Co, Ltd.,, wastbourne, sussex.) as the standard,

5,2, Protein egtination of vhole cells,

The whole cells were solubilized by standing for 24h at
0 ;. . e T . e N s e o
707 in 0.66n-l~CH, Frotein was then estimated by the l.ethod of
Lowry el 21.(1951) asg sdopted for the Technicon Auto Analyser

(sheet 3/61 lIc; Technicon Iastruments Ltd,, Chertsey, Surrey.).
Protein estimations uere pﬂr}ormed by My R. Blackie.

Heo. Rotherns test,

1g solid (RH4)2304 was added 1o a 2ml amount of the sample
to be tegted, and was dissolved by mixing, 0.1ml 5. (w/v)
sodium nitrovrusside was added ond mixed. Finslly 0.4ml
amaonia (sv. gr. 0,88) was added and mixed, In the nreserce

o~

of = F»oxoacid the solution turned purplc,



5,4, Statistical methods,

Analysis of variance wags determined with the aid of
programme 571002 of the Programma 101 desk computer (British
Clivetti Ltd., London W.l.). The coefficients of linear
regression and correlaiion were determined with tne aid of

rograomme 1352 of the Programma 10l desk computer,

5.5, Veasurenent of pH,

The pH vrlues of solutions hrving a volume less than 25nl
were determined with a microsampling electrode, Type SIS 23
(Electronic Instruments Ltd., Richmond, Surrey,) atiached to a
Fye Dynacap pH meter (V.G. Pye & Co., Ltd.,, Cambridge.). The
pH values of solutions having a volume greater than 25ml were
determined by means of an L.1.L., direct reading pH meter
(BElectronic Instruments Ltd.; Model 2%A), Both pH meters
were calibrated daily with standard pH buffer tablets

(Burroughs'® iellcome & Co., London.).
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All reagents were the best grade vhich could be obtained
commercially. (ith the exception of the chemicals listed below,
all compounds were supplied by British Drug Houses Ltd., Poole,

Dorset,

Boehringer Corporation (London) Ltd., London W,5.

WADE™T.

Cslbiochem, Los Angeles, California, U.S.A.
2-Anino~4-hydroxy-6,7-dinethyl-5,6,7,8~

vetrahydropterine, Cleland's Reagent, Hepes a2nd Tricine,

Fluka A.G., Buchs, wwitzerlsnd.
benzoylformic acid, 4-hydroxybengyl alcohol, 4-hydroxy-

D,L-maadelic ncid and L-nendelic acid.

iv & K Laboratories Inc., Fleinsview, Hew York, U.S.A,

Thioglycerol, riboflavin and thiophenoxyacetic scid.

Koch-Light Laboratories Ltd,, Colnbrook, Bucks.,

l.ercapitoethanol and L.T .G,

lhann Research Laboratories, New York, U.95.4,

Tris and Tris-iiCl

Peds mas & von Ltd., London ..C,1l,

Arginine, cysteine and glutamic scid-lCL.
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serevac Laboratories Ltd., Laidennead, Berks,

Cytochronme ¢,

wigma London Chemical Co, Iitd,, London,

D-nlanine, oO-rmino ~cld oxiaase, ATP, CoA, AD, i,

D~glucose oxidase, glucose-O-vhosphrte dehydrogenase, GSH
? = ) 2 3 9 ?

Livolc acid, .4D", LAX:, tetrahvdrofolic acid and thiamine
Rk H 3 3

pyrophosphnte chloride,

Carboxy 9 end penicilliin V-votlagsium s»lt were nersonal
gifts to Dr ..M. Holwms from 1.C.I. (Frharmaceutical pDivision)

Ltd., Alderley rark, Cheshire.

AllL bhacteriologic21l medi~ with the exceviion of peller's
Dif ferentinl Agar Hediuwm (Difco Laboratories, Detroit 1,

biichigan, U.s.,4,) were supplied by Oxoid Ltd., London 5.i,1.

Benzeldehyde was redigtilled under nitrogen imaediately
before use in the exneriments of Section 2, and benzyl alcohol
wes redistilled before usce in the experiments of section 2 and

5,

All sgolutions were made un in glass-distilled water.
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1.1, wwmy. e 2882vg,

111, Bengoldehyde dehydrosen-se.,

Healt inactivaiion exveriments by Kennedy & Fewson (19:88b)

4

indicatved that cells grovm on L-mandelate contained a heat-
steble and 2 hent-labile benznrldehyde dehydrogenase, whereas
cells grovn on benzyl alcohol contained only the heat-labile
enzyme., fThe first object of the present work wes to coniirm
this observetion., The next stage was to exemine some of the
nroverties of the 1wo enzyres, and the third strge was to devise
an assay system for thelr measurement. As exclnmined in the
Introduction, it was desirable to be able to measurc the anounts
of the lwo enzymes in the same extract.

Although there were some guantitative verintions depending
on the conditions of denaturation, early experiments showed
that the observations of Kennedy & Fewson (1968b; their rig.l)
were readily renceniable (e.g. Fig.l5).

In order to study the ovroperties ol the tvo enzymes, it
wes desirable to have cells containing each enzynme in the
absence of the other, %“his had not been schieved by Kennedy &
Fewson who obtained the gbable enzyme only in the vresence of
1lhe labile enzyme after growlth on L-mandelate or benzoylformate.

Using the gratuitous inducer thiophenoxyecetate (see Wabhle %3),
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however, cells were obltrined vhich contained just tre st=ble
enzyme, Cells grovn on benzyl alcohol, 2s observed by Xennedy
« rewson, contbteined oaly the labile engyme, Yhe early
experiments were done wiih these two gystems,

Benzaldehyde‘dehydrogenase extracted in Yris-nCl buifier
vas assayed in Lris-HCL buffer ph 9.5, whilst the same enzyme
extracted in sodium pyrophosphate buffer was asssayed in sodium
pyrophosphate buffer pH 9.0 as maximum engzgyme activity was

obtained using thegse buffers.

1,.1,t.0, offect of colions on the scltivitiv of havgaldehvde
h}

The effect of potassium ions on the activity of the
benzaldehyde deliydrogenases found in cells groun on glutanmate
+ bhionhenoxyacetate or benzyl alcohol is shovn in Fig.,l%,
since the sodium pyronhosohate buffer used in the extrection
npocedure is more concentraied than the 'iris bufifer used (0,081
compared to 0.0411), the tvris buffer is at a higher »H than the
nyrophosphate buffer (wi 10.% comnared to pd 9.5) so tii=t the
actual pH of the extract is the same (phH 9.24 £ 0.0L). ihis
was precumably necessary because of The bufferinge eilfcct of
the extract, In bouh ceses extlracts prensred in Yris buffer.
show legs activity than extrscts nrevered in pyrophosrthate
buffer. The benzaldehyde dehyirogenase induced by
thiobhenoxynceﬁate ig activated several fold by potassium ions
when the cells are extracted in Tris or pyrophosphate bvuifer.

On the other hand the enzyme induced by benzyl 2lcohol 1s not



Mee 15, The effect of polassium ions on the activity

of benzaldehyde dehydrogenase,

Babterium KCIB 8250 was grown on Smii-benzyl
alcohol or Sml-glutamate + lmki-thiovhenoxyacetate as sole
source oi carbon, har#ested, washed, and stored as described
in ilethod=. Cells were resuspended in 0,04k~Tris-~HC1l buffer
ﬁﬁ 10.% or 0,08i-scodiuwm pyrovhosphate buffer pd 9.5 and
sonicoted in Sml anounts as described in Liethods (p.79).

The ertracts vere assayed in the presence of wvarious potassiunm
ion concentratioss as described in l.ethods (p.8l) except that

the enzyme was not heated.

O - sxitract from cells growm on glutomate
thiorhenoxyacetate and résuSpended in godium
npyrophosvhate buffer,

R - mxbracyv from cells grown on benzyl alcohol,
and resuspended in sodium pyrophosphate
buffer.

A — Extrect from cells growm on glutamate +
thionhenoxyacetiate, and resuspended in
Prisg~nCl buffer.

A —  Extract from cells grogn on bengzyl alcohol,

and resugpended in Tris-i:Cl buifer.



% of the specific activity observed in cells

extracted 1n sodium pyrovhosphate buffer,
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activated by pnctassium ions when extracted in pyrophosphate
buffer, and the slight activation after extrection in Tris
buffer brings the activity un only to the volue obiteincd alfter
extraction in pyvrorhosphate buffer,

The same tyne ol exneriment was reveated using other
monovalent cations, and the maxinwn activity obtained with them
is shown in Yable 3, the T=ble 2lso shows the ion concentration
at which meximum sclivetion occurs (where the ecctivity of the
enzyme is not increased by =2ny concentraiion of the ion, 2 gzgero
velue is given for the ion concentrotion). The benzoldehyde
dehydrogenrse inducced by thiophenoxyscetate is activated by all
the ions tested (iiy* >K" > 1" »Cs” > Le") vhen extracted in
pyroounosthate buller, whereas whnen it is exirocted im uwris
buf fer, HH4+, Cs” and ia' ions do not activate. Uhe enzyme
induced by benzyl =2lconol, on the other hand, is not aciivated
by any of these i1ons when extracted in pyrovhosphate buffer,
ard the activation when extracted in Tris bulfer brings the

~ctivity up only Tto the value oblained by exirsction in

ryroohosphate buflfer,

. . . ) . . . I S
Although a nunber of other cations, inclviing hig , Al )

B R I o Y S " T SR 8 At

Ca , ln , IFe , e , Co , Ni , Cu and 4n , each at

final concentrations ranging from-BPh to 55w, was tested, none

was found 1o activate either of the enzymes,

1,1.1,2, wifeet of thiols on the nctivity of beng~ldehyde

3 oA s ] -
COnVaromennse,

o : , . ' . ey gt
vince siachow, Stevenson & Day (1967) assayed the NADE -
specific benzaldehyde dehydrogenase of Y. pulide in the presence



Table 5. The effect of cations on the activity of

benzaldehyde dehydrogenase,

Bacterium NCIB 8250 was grown on Smli-benzyl
aleoliol or 10mii-glutsmate + lmii~-thiophenoxyacetate as sole
source of carbon, harvested, washed, snd stored as described
in Methods, Cells were resuspended in 0.04i-Tris-HCL buffer
vl 10.% or 0.08K~godium pyrophosphate buffer pH 9.5, and
sonicated in 5ml amounts as described in Methods (p.75).

The extracts were assayed in the presence of various ammonium,
godiwa, caesium,rubidium, or potassium ion concentrations as
described in kethods (p.8l) except that the enzyme was not
heated. The ion concentration given refers to the con-

centration at which maximum sctivity occurred.

The activity is expressed as a ¢ of the
gpecific aclivity observed in cells extracted
in sodium pyrophosphate burifer,

In the assay of an extract made in sodium
pyrophosphate buffer, there is, in addition
to the quoted ion concentration, a sodium ion
concentration of 267mg ion/l as a result of
the use of godium pyrophosphate as the

assay buffer,

n.a. - not apolicable,
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of Cleland's Reagent, it was decided to test the effect of
thiols on the activity of 1he two benzaldenhyde dehydrogen-ses
of becterium 1Cily 8250, Cleland's Keasentl, mercantoetnsnol,
tiioglycerol, Gon and cystleine, each at final concentrations

ranging Lfrom 3Pm to 33rhi, did not activate either of the enzymes.

L., 1.5, Heal dnscitivation of benrgeldehvde dehvdrogen~ce,

The heat inactivation of benzaldehyde dehydrogenase in
cells induced by benzyl alcohol or thiophenoxyacetate is Shoﬁn
in Mg.ld, In this experiment the half-lives of the stable
enzyme induced by thionhenoxyacetate and of the labile enzyme
induced by benzyl alcohol are 520 and 30min regsvectively., A
slight complication is caused by the fact that the activity of
the stable enzyme riges by about 35. (2% units/mg protein to
32 units/nmg nrotein) during the first 10xmia inactivation at 379,
and then falls exvonentially. This ectivation 1s independent
of the presence of potassium in the reaction mixture since the
sane percentage activation occurs aflter heating for 10min in
the abgence or ypresence of notassium in the assay mixture., In
tnis experiment the extraction buffer was 0,0411-Tris-iiCl
pii 10,%. shen 0,08k-sodium pyrovhosphate phi 9.5 was used as
the extiraction huffer, similar results were obltained except
that there was no activation of the stable enzyme during the
first few winutes of hes Lwnp at 379, and the activity declined
exnonentislly all the tine,

Kennedy & lewson .(1968b) have shown that cells grown on

L-nmandelate contain both the heat-stable snd heat-labile



Mg.l4. Kinetics of heat inactivation of
benzaldehyde dehydrogenése of bacterium
NCIB 8250 induced with S5mM-benzyl alcohol
or 1lOmM-glutamate + lmii-thiophenoxy-

acetate.

Bacteriwm NCIB 8250 was growvm on Smli-bengyl
alcohol or 1O0mlM-glutamate + lnmli-thiophenoxyacetate,
harvested, washed, and stored as described in lethods.

Cells were resuspended in 0,04M-Tris-HC1l buffer pH 10,3,
and sonicated in 5ml amounts as described in Lkiethods (p.75).
The extracts were heated at 37° and samples were withdrawn at
intervals for determination of benzaldehyde dehydrogenase
activity.,

O - Bengyl alcohol cells,

A - @ilutamate + thiophenoxyacetate cells,
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enzymes, aund this observalion has been confirmed as shovn in

.‘

Mg.1b, Lxtrsvolation of the part of the grraph which has 2

4

ere were 80 units/ng provein of the

L7,
VR4

slov decay shows that
stable enzyme before the heal treatment stinrted. By
extrapolating the initial part of the curve to the 2xiyg, i1t can
be seen that there were originelly 200 units/mg protein of
total benzaldehyde denydrogenasse activity. oo by cubtraction
(200-80) there must have been 120 wnits/m& protein of the
labile enzyme. Calculrtions were then m~de assuming that the
original exlract contained ftwo enzymes having helf-lives of
%0 and 500min and specific activities of 120 and 80 units/mg
probtein respectively, and thst the stable engyme was activated
by 35. over the first 1lOmin of heating. (The two h-lfi-lives
were, of course,; chogsen to give the best fit; as will be
explained later, the helf-lives did in fact vary slightly fron
experiment Lo experiment depending on the ovrecise pll of the
extract). fThe theoretical denaturation curve for this
hypothetical mixture was dravn. The simulated curve (Fig.l5)
agrees well with the experimentzl curve which indicates that
the heat inaciivation curve for benzaldehyde dehydrogenase
from cells grovm on L-mendelste i1s consistent with the
presence of two enzymes,

Although the heat inac ivation curve in Fig.1l% is due ©o
the presence of two enzymes having half-lives of %0 and

500min, the a, parent helf-life of the labile eazyme, as

[0}

calculated from the initieol part of the graph, is 59min., Thi



Pig,15. Kinetics of heat inactivation of benzaldehyde
dehydrogenase of bacterium NCIB 8250 grown on
bmi~-L-mandelate~salts medium and of a

mixture of two simulated enzymes,

Bacterium NCIB 8250 was grown on Smii-L-
mandelate~salts mediuwn, harvested, washed, and stored as
described in llethods. Cells were resuspended in 0,04l-Tris-
HCL buffer pH 10.3, and sonicated in 5ml amounts as
described in Kethods (p.75). The extract was heated at 37°
Nand samples were withdrawn at intervals for determinstion
of benzaldehyde dehydrogenase activity. The graph of
gpecific acvivity of benzaldehyde dehydrogeﬁasé against
time was drawvn, and by extrapolation from the gravh as
described on p.99 it was calculated that there were 120
units/mg protein of the labile enzyme, and 80 units/mg
protvein of the stable enzyme present in the extract. The
theoretical curve for the kinetics of heat inactivation of
two engymes having helf-lives of %0min and 500min, and
gpecific activities of 120 uvnits/mg protein and 80 units/mg

protein respectively was then drawn,

O -~ L-kiandelate grown cells,
@ -~ 'Theoretical curve,
The dotted line on the graph represents the
extrapolation of the specific activity of the stable enzyme

to zero tine.



protein).

o
<o

/:1in/m:

-
A

(nmo

Ty

g
o

200

10Q

70

40 To 120 160 200 240

. . 0 .
Time of heating at 37 (min).

P00



101

apparent increase in the half-1ife of the lobile enzyne is due
to the fact thatl the cbserved decay ralte is the vector svm of
two independent and siaulteneous decay rates corresponding to
the decoy of the heal~-stable and henat-labile enzymes,

M.g.1l6 shows the resulls of a more rigorous exveriment in
that the heat inactivation curve for two simulnted enzymes,
having hr1lf-livesg of 2% and 500min, and specific activities of
300 and %0 units/mg protein respectively, was drawn taking into
account a %5 activation of the stable enzyme over the first
10nin of heating., (As above, the half-lives were chosen to
give the best fit). An exlract was then nede from a mixture of
cells grovn on glutamate + thiophenoxyacetate or benzgyl alcohol
so that it contained 300 and 30 units/ng vrotein of the labile
and gstable enzymes respectively. This extract was denatured at
370, and the heal inactivation curve obtained is almost
identical to the curve for the two simulated enzymes, This
indicates that the heat inactivation curve for benzaldehyde
dehydrogenase from a nixture of cells follows its theoretical

naltern,

Lelelo.d, Developmeni of esn asssy for the two enzymes.

since the half-life of the heat-lebile enzyme is far less
than that of the heat-stable enzyme, it has been posiible to
devige assays in which the individual nctivities of the +two
cnzymes cen be differentiated, In principle, this involves

destroying the activity of the labile enzyme by heating it at
70

h

*



Fig.16. Kinetics of heat inactivation of
benzaldehyde dehydrogenése from a
mixture of cells grown on buii-benzyl
alcohol or lOmi-glutamate + lmiM-
thiophenoxyacetate, as sole source of
carbon, and of a mixture of two

simulated enzymes,

The theoretical curve for the kinetics of
heat insctivation of two enzymes, having half-~-lives of
'2§min and 500min, »nd specific activities of 300 units/mg
protein and %0 units/mg protein resvectively, was drawn,
Bacterium xCIB 8250 was grown on Suli~benzyl alcohol or
10wii-glutamate + Imki-thiophenoxyacetate as sole source of
carbon, harvested, washed, and stored as described in
lethods. A mixture of cells of both types was resuspended
in 0.04L~"ris-HCL buffer pH 10.%, and sonicated in 5Sml
amounts as described in Kethods (p.75) so that the final
extract contained %00 units/mg protein and 30 units/ung
protein of the labile and stable enzymes respectively,

The extract was heated at 370 and samples were withdrawn at
intervals for delermination of benzaldehyde dehydrogenase

activity.

O -~ Fixture of benzyl alcochol and glutamate +
thiophenoxyacetate cells.

G - Theoreticel curve.
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The residusl activity is taken as the activity of the Stabie
enzyme, The difference between this activity and the total
benzaldehyde dehydrogenase activity is a measure of the labile
enzyme,

As these assays depend on the selective desgtruction of the
heat-labile benzaldehyde dehydrogenage, the effect of éhpnging
the buffer and pH of extraction on the ralte of heat inactivation
of this enzyme was determined. This was necessary because
preliminary experiments had shown that quite different halfl-
lives were obtained if slightly different buffers were used.
Typical results are shown in Table 4., The data illustrate that
the half-life of the labile enzyme is less in sodium
pyrophosphate buffer than in Yris buffer; and as the actual pil
of the enzyme extract in Tris buffer increases, the half-life of
the enzyme decreases. In praético it was found that the actual
pH of the extract devended on the concentration of the cell
suspension and the efficiency of extraction; and that the
higher the protein concentration‘of the extract, the lower %ﬁe
P, As a result the actuesl half-life of the 1labile enzyme
extracted from cells grown on henzyl alcohol (which containg
only the heat~labile enzyme) varied between 2% and %%min when
the extraciion buffer was 0.04k-Tris pH 10.%. On the other
hand the rate of heat inactivation of the heat-stable enzyme
dowvs not vary greatly with the buffer and nH of extraction, and
this is shown in Table 5,

Using all the results obtained in this Section, it was

pogsible to measure the activities of both benzaldehyde

dehydrogenases in extracts which contained any reletive or



Table 4. The effect of the buffer of extraction,
and ‘the pH of the extract on the rate of
inactivation of benzeldechyde dehydrogenase
of bacterium LCIB 8250 growm on benzyl

alcohol as sole source of carbon.

Bacterium KCIB 8250 was grown on Swml-benzyl
alcohol as sole source of carbon, harvested, washed, and
stored ag described in lethods. The cells were resuspended

3n 0,04i~Tris-fCl buffer pH 8.5, pH 9.5, or pH 10.3%3, or
0.08i--s0diwn pyrophosphate buffer pH 9.5, and sonicated in
Sl amounts as described in hethods (p.75%), Since the

X

buffering capacity of the extraction buffer was not suflcient
to meintain the pd of the extract at the pH of the bulffer, The
actual pid of the extrsct wag determined by mesns of a micro-
electrode. ‘he extracts were heated at 370 and samples were
vithdravn et intervals for determination of benzaldehyde
dehydrogenase activity. The graph of specific activity of
benzaldeﬁyde dehydrogenase ageinst time was drawn, and the

LR

half-1if=z of benzaldehyde dehydrogenase was calculated from 1w,
#
The pH 8.5 extrret was titreted vith the
amouvnt of 0,2N-WeCil required to alter the nii of a 0.04ii~-Tris-

HCL buffer nH 8.5 containing no protein to pH 9.5.
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Table 5., The effect of the buffer of extraction,
and the pH of the extract on the rate of
inactivation of benzaldehyde dehydrogenase
of bacterium NCIB 8250 grovn on mandelste,

as sole source of carbon.

Bacterium WCIB 8250 was grown on Smii-I-
mandelate, as sole source of carbon, harvested, washed, and
stored as described in kiethods. The cells were resuspended
in 0,04i~Tris~-HCLl buffer pd 9.5, pH 9.9, or pH 10.3, or
0,08l-sodiwn pyrophosphate buffer pid 9.5, and sonicated in
Sml amounts as described in kethods (p.75). Since the
buffering cepacity of the extraction buffer was not sufficient
to maintein the pH of the extract at the pH of the buifer,
the actual pi of the exiract was determined by means of a
microelectrode, The extracts were heated at 37° and samples
were withdrawn at intervels for determination of benzaldenyde
dehydrogénase activity. The graph of specific activity of
benzaldehyde dehydrogenase ageinst time was drawn, and the
half-lives of benzaldehyde dehydrogenase was calculeted fron

1ite



buffer of

extraction

Benzaldehyde
dehydrogennse

+ life (min)

o

1st 2nd

Actual pd
al  the
enzyme

extract

0,041 ~-Tris~-HC1

buffer pil 9.5

0,04k ~Tris-HCL

buffer pHi 9.9

0.04~Tris-HCL

buffer pH 10.3%

2,08k ~sodiun
pyrophospnate

buffer pi 9.5

56 504

4%.5] 492

44 540

31 541

9.07

9,21

9.25

9.27
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absolute amount of each, Two approaches were used depending
on the total benzaldenhyde dehydrogenase activity.

(1) Ymen the total benzaldehyde dehydrogenase activity was
below 80 units/mg protein, the enzymes were extracted in 0.04%i-
Tris buffer pH 10,3, and inactivated at 37° for 120min, The
residusl activity was taken as a measure of the stable
benzaldehyde dehydrogenase activity since the amount of the
stable engyme denatured in 120min approximately equals the
increase in activity caused by the initial activation (Fg.l4),
and since the activity of the labile enzyme ig reduced %o
negligible amounts on heating for 120min. The difference
between this activity and the total benzaldehyde dehydrogenase
activity before denaturation wag taken as a measure of the labile
benzaldehyde dehydrogenase activity.

(11) When the total enzyme activity was over 80 units/mg
protein, there may have been detectable amounts of the labile
enzyme left after 120 min denaturation, and thus any residual
activity could be due to either the stable or labile enzyme,
Therefore, if preliminary experiments showed +that cells
contained more than 80 units/mg protein of benzaldehyde
dehydrogenase activity, the inactivation was followed kinetically
in 0.08M-sodium pyrophosphate buffer pH 9.5 (in which buffer the
half-1life of the labile enzyme is shorter (Table 4)). The
getivities of the two enzymes were calculated by extrapolation
of the heat inactivation curve; an example of this ig given

in Fg.l5,



Full details of the final assay precedures developed
along the lines described in this Sectiown, and used in

subsequent experiments, arc given in kethods,

Ledses Benzovlfornate decarboxyvlase,

The two methods quoted in the literature for measuring
bengzoylformate decarboxylase activity are those of Hegeman
(1966a) and Kennedy & Fewson (1968b). Hegeman's agsay measures
the disavppearance of benzoylformate, which has an extinction
coefficient of 8.1 x 104cm2/mol at 334nm. That of Kennedy &
Fewson involves coupling the formation of bengaldehyde to the
reduction of NAD+, which has an extinction coefficient of
6,22 x 106cm2/m01 at 340nm, with an excess of benzaldehyde
dehydrogenase., Hegeman's assay is too dinsensitive for routine
uge since 1t reguires the sddition of too much protein to
observe significant changes in optical density at low enzyme
specific activity. It was therefore decided to use the
coupled assay of Kennedy & Pewson as 1t is 7Y% times morc
sensitive than Hegeman's assgay, Fewson (personal communication),
however, stated that Kennedy and he had not developed optimal
conditions for measuring this enzyme in bacterium HCIE 8250,
and consequently this had to be done before the assay could he
used routinely.

latalode Development of onbimal asgev conditions for the direct
A58V .

Lt was decided to find the optimal conditions for

measuring the enzyme by the direct assay in bacterium
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NCIB 8250 before developing an assay for the more complex
coupled reaction so that information, uncomplicated by effects
on the coupling enzyme, could be obtained about the eanzyne
itself,

Using the assay conditions of Kennedy & Fewson (1968b)
except that the concentration of thiamine pyrophosphate was
four times higher, the effect of varying the pH and huffer of
extraction was determined. Table 6 shows that optimal activity
(317 units/mg protein) is obtained using O.OSM—KZHPO4-KH2PO4
buffer pH 8.0 as the extraction buffer. Further experiments
showed that benzoylformate at the concentration used produced a
precipitate in the reaction mixture; but this was overcome by
lowering the benzoylformate concentration from 8.7%nk to 830PM.
Ixamination of the effect of thiamine pyrophosphate
concentration on benzoylformate decarboxylase activity
indicated that thiamine pyrophosphate at a final concentration
of 33.§pg/ml gave optimal enzyme activity; +this was twice the
concentration used by Kennedy & Pewson (1968b). The activity
of the enzyme was optimal between pH 5.9 and 6,1 with the
activity at pH 5.0 and 8.0 being 70 and 65% respectively of

the optimal wvalue.

1.1.2.2, Development of the ~oupled assav.

The coupled assay depends on the activitly of benzaldehyde
dehydrogenase being greater than that of benzoylformate
decarboxylase, Kennedy (1967) showed that benzaldehyde
dehydrogenase possessed little activity at pH 6.0, the pH at



Pable 6. Bffect of buffer and pH of extraction on the

activity of benzoylformate decarboxylase in

the direct assay.

Bacterium NCIB 8250 was grown on S5Smif-I-
mandelate as sole source of carbon, harvested, washed, and
stored as desgcribed in llethods. Cells were resuspended in
the various buffers to 40mg wet wt./ml and sonicated in 12ml

amounts as described in ilethods (p.7%2). The extracts were

centri fuged at 12,000g for 25 min at 4° and bengzoylformate
decarboxylase was assayed by the direct assay as described
in liethods (p.80) with the exception of the amount of
benzoylfornate (25 Pmol) and thi=nmine pyrophosphate (EOO‘Pg)
used. Values for the snecific activity of the enzyne are

expressed =85 nmol substrate converted/min/mg protein.,
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which benzoylformate decarboxylase is measured in the direct
assay. Consequently the buffers used in the coupled assay were
at pH 8,0 or 9.0, pHs at which there is consgiderable
benzaldehyde dehydrogenase activity,

Using the assay condltions developed for benzoylformate
decarboxylase in the previous Section except for the use of
Tricine pH 8.0 as the assay buffer, the effect of coupling the
decarboxylation reaction to the reduction of NADY in the
presence of an excess of benzaldehyde dehydrogenase wasg
determined. Benzaldehyde dehydrogenase was contained in crude
extracts prepared from cells grown on henzyl alcohol and
extracted in 0.08M-sodiwr pyrophosphate buffer pd 7.0 or 9,5 or
0.08li~Tricine buffer pll 7.0'or 9.5. These "coupling enzyme"
extracts were used to couple the decarboxylation reaction to
the reduction of NAD"., The results showed that only the time-
course of the reactions in which a pH 9.5 extract was used had
an appreciable linear portion,

Once the choice of a pH 9.5 buffer for the extraction of
benzaldehyde dehydrogenase had been decided, the effect of
varying the buffer and pH of assay was determined., Table 7
shows that the presence of sodium pyrovhosphate buffer in the
assay reduces the activity of the enzyme by at least 50%.
Maximum enzyme activity was obtained using Tricine pH 9,0 as
the agsay buffer and Tricine pH 9.5 as the extraction buffer
of the counling enzyme,

Once the choice of assay and extraction buffer had been

decided, the effect of varying the coupling enzyme



Table 7. The effect of buffer and vH of assay, and
buffer of extraction of the coupling enzyme
on the activity of benzoylformate decarboxylase

in the coupled assay.

Bacterium NCIB 8250 was grown on Smli~I-
nandelate or Snki-benzyl alcohol as sole source of carbon,
harvested, washed, and stored as described in Kethods,
Benzoylformate decarboxylase was extracted by resuspending
cells grown on mandelate in O,OBMwKZHPO4wKH2PO4 buffer pH 8.0
to 40mg wet wt./ml, and sonicating 1l2ml of this suspension as
described in Methods (p.73). The coupling enzyme,
bengaldehyde dehydrogenase, was extracted by resuspending
cells grown on benzyl alcohol in the various buffers to 50mg
welt wt./ml, and sonicating 12ml of +this suspension as
described in liethods (p.73). All the extracts were centrifuged
st 12,000g for 25min at 4°, and benzoylformate decarboxylsse
was assayed as described in kethods (p.80) with the exception
oL the assay bufifer, and the amount of coupling protein
(270~310Pg) and NAD+ (1.5ymol) used, Values for the sgpecific
ectivity of the enzyme are expregsed as nmol substrate

converted/min/mg protein.
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concentration in the assay mixture was determined., Fig.l7
showg that over a wide range of benzoylformate decarboxylase
activity a saturating smount of coupling enzyme is present
except when the lowest concentration of coupling enzyme (5%pg
protein/ml) is used at the highest activity of benzoylformate
decarboxylase, It was observed, however, that the initial
linear portion of the time-course of the reaction was longer
when the higher concentrations éf coupling enzyme were used.
A& similsr effect was observed when the NAD' concentration was
increaged. In practice a NADT concentration of lmil asnd a
coupling enzyme concentration of ZOOPg protein/ml were
sufficient to maintain a linear reaction for the four minute
duration of the experiment.

It was found that storage of the coupling enzyme extract
at -60° gave the same reaction profile as the unfrozen extract,
The coupling protein extract was therefore routinely prepared
in large quantities and stored at ~60° until required.

1.1.,2,%, Bffect of nrotein from non-indvced cells on the
activity of benzovlfornate decarhoxyvlage,

It was possible that protein from non-induced cells of
bacterium NCIB 8250 could interfere with the assay of low
levels of benzoylformate decarboxylase activity resulting in
the inaccurate measurement of low specific activities of the
engyme., The effect of diluting extracts containing
bengoylformate decarboxylase with extracts of non-induced cells

was therefore determiriede Table 8 showsg the results of the



Pig a7, The effect of conceantration of coupling enzyne
on the activity of benzoylformate decarboxylese

in the coupled assay.

Bacterium #CIB 8250 was ngWn Oh Smki-Ti-
mendelate or S-i~benzyl alcochol as sole source of carbon,
harvested, washed, and stored as described in liethods. Benzoyl-
formate decarboxylrge wag extracted by resuspending cells grovn
on mandelate in O.OSL»K2HFO4—KH2PO4 puifzr pH 8.0 to 40mg wet
whb./ml, end sonicating 121l of this suspension as described in
lrethods (p.72). 7The coupling engzyme, benzaldehyde dehydrogenase,
vas extracted by resuspending cells grown on bengyl alcohol in
0.08~Tricine buffer pH 9.5 to 50mg wet wi./ml, and sonicating
18l of this suspension in the 50ml rosette as described in
Lethods (p.74). Both extracts were centrifuged at 12,000g for
25 min at 4°. Different amounts of the extract contrining
bengoylforne te decarboxylase were added to the reaction mixture,
and the activity cf benzoylformate decarboxylase was measured as
described in l.cthods (p.80) using SOyl (0, 1OOP1 (@),

200}1 (A ), or SDOPI (A ) counling enzyme, vnich corresnonds
to a firal concentration of 52}15;/1}11j lOSPg/ml9 209pg/m1 or

525Pﬁ/ml res-ccetively of coupling enzyme in the reaction mixture.
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Table 8. - The effect of dilution with extracts made
from cells grown on succinate on the activity

of benzoylformate decarboxylase.

Bacterium NCIB 8250 was grown on four different
occasioné on Suii-L-maendelate 6r 10nmki-succinate as sole source
of carbon, harvested, washed and stored as described in
lethods. Both types of cells were resuspended in 0.04Kk-Tris-
HCL buffer pH 8.5, The cells grown on mandelate were
sonicated in 5ml amounts, and cells grown on succinate in
25ml amounts as described in lethods (p.73). After both
types of extract had been centrifuged, the succinate exitract
was used to dilute the mandeleste extract 1/10 or 1/100.
Benzoylformnte decarboxylase was aésayed as described in
Yelhods (».80), except that the extract was not heated; and
NADH oxidose was assayed using ZOQPmol Trig-HCL buffer
pll 9.0, and NADH dissolved in 0,2ii-Tris~HCl buffer pH 9.0.
Values for the specific aotivify of WADH oxidase are expressed
as nmol substrate converted/min/mg protein. Values for the
gpecific activity of benzoylformate decarboxylase are
expressed as percentages of the specific activity of benzoyl-
formate decarboxylase in the undiluted extracts made from
cells growvn on m=ndelate. The benzoylformate was stored at
-10° until required for the benzoylformate decarboxylase

2554,
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first experiments performed along these lines. lortunately
the WADH oxidase activity of the non-induced extrasct was also
measured, Clearly, dilution of the enzyme leads to loss of
activity., It is, however, impossible to decide from these date
whether the effect is due to the age of the benzoylformate or
the activity of NADH oxidase., (NADH oxidase could interfere by
oxidising the NADH formed in the coupled system)., Ixvperiments
were undertaken to separate these two effects. Table 9 shows
that storage of the benzoylformate decreasesg the activity of
the diluted extracts; bubt the activity of the diluted extracts
in which fresh benzoylformate is used is still relatively
lower than that of the undiluted extracts,

| Table 10 shows th~t most of the NADH oxidase activity is
lost on heating for 60min at 37°. Furthermore if $he extracts
are heated for 60min at '5709 benzoylformate decarhoxylase
activity in the diluted extract is approximately equivalent to
that in the concentrated extract. Removal of NADH oxidase
activity from the coupling protein extract by

ultracentri fugation (heating the extract at 37° destroys the
benzaldehyde dehydrogenase activity) had no effect on the
activity of low levels of benzoylformate decarboxylase,

Both storage of the benzoylformate and the KADH oxidase
activity of non-induced extracts reduced the activity of low
levelé of the enzyme. Consequently in subsequent assays,
extracts in which benzoylformate decarboxylase activity was

$o be estimated were heated for G6Omin at 379, and fresh



Table 9. The effect of storage of benzoylformate on

the activity of benzoylformate decarboxylase,

Bacterivum NCIB 8250 was grown on Smil-I-
"mandelate or 1lOmi~succinate as sole source of carbon,
harvestied, washed and stored as described in Methods. Both
types of cells were resuspended in 0,048 -Tris-iCl buffer

pH 8.5, The cells grown on mandelate were sonicated in 5Sml
emounts, and the cells grown on succinate in 25l amounts as
described in liethods (p.73). After both types of extract had
been centrifuged, the succinate extract was used to dilute
the mandelate extract 1/10, 1/20 or 1/100. Benzoylformate
decarboxylase was assayed as described in Methods (p.80),
using Ireshly nrepared benzoylformate or benzoylformate which
had been stored at mlOo, except that thé extract was not
heated, Values for the svecific activity of benzoylformate
decarboxylase are expressed as percentages of the specific
activity of benzoylformate decarboxylase in the undiluted

extracts made from mandelate grown cells,
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Table 10. The effect of heat inactivation on the activity

of benzoylformate decarboxylase,

Bacterium NCIB 8250 was grown on 5mM~L-
mandelate or 10mk-glutamate as sole source of carbon, harvested,
washed, and stored as described in Methods. Both types of
.cells were resuspended in 0,04-Trig-HCl buffer pH 8.5, and
sonicated in Sml amounts as described in Methods (p.75).

After both types of extract had been centrifuged, the glutamate
extract was uséd to dilute the mandelate extract 1/40, or who. AT
the extracts were inactivated at 37° for 60min,

Benzoylformate decarboxylase and NADH oxidase were aésayed a8
~described in Methods. Values for the specific activity of the
enzymes are expressed as nmol substrate converted/min/mg

protein,
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benzoylformate was used in the enzyme assay. The complete
assay procedure for measuring benzoylformate decarboxylase
activity, based on the results described in the preceding

sections, is given in Methods,



1.1.%. Benzoate oxidase,

O0f the enzynes of the mandelate pathway 1n bacterium
HCIB 8250 only benzoate oxidase had not yet been detected in
cell~free exlracts, The only known cell-free assesy for this
enzyme was devised by Ichihars, Adachi, Hosokaws & Takeda

(1862). These workers asseoyed the enzyme from P, fluorescens

v -

Lb-15, P, aeruginosa B-2% and Licrococcusg urese Bt bl
2 [

mneasuring oxygen uvntake in the Varburg apparatus, Since the
manometric asgey wng the only known assay for this enzyme, i+t
vas decided to develop a similar assay for the benzoate
oxidasge of bacterium NCIB 82503 and then, if vnossible,

adapt this assay so thet the enzyme could he mensured
gpectrophotometrically.

1,1,%,1. The agsav of benzoate oxidase usine the method of
Tchihers et ~1,(1952),

The assay of Ichihara el al. (1962) involves mecguring the
oxygen uptake in The presence =nd absence of benzo~te, and
teking the difference between these two values as the benzoate
oxidase activity. This procedure is necessary as there is a
high endogenous uptake of oxygen, In their assesy an NADPH
generating system, which consisted of NADF', glucogem6-
rhosphate, and glucose-b-phcsphate dehydrogen~se, or on NADY
generating system, which consisted of HAD", ethanol and alcohol
dehydrogenase, Ie'” ions and GSH were recuired in addition to
benzoate for enzyme activity.

Using the ascay conditions of Ichihara el al. (1962) with
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a cell-free extroct of bacterium NCIB 8250 prepared by
ultrasonic disruption, very low activity (0.5=-2,5 units/ng
protein) was obtained using the NADH generating system, and no
activity was obtlained using the NADPH generating system, This
activity using the NADH generating system was abolished in the

..}. .i-

absence of Fe jionsg or ethanoli bul was not altered by

changing the concentretion of GSH or by the presence of Pe'?
ions, GSH or ethanol during the uvltrasonic disruption of the
cells, Ultrasonic disruvntion under nitrogen did not give any
activity.

L1235, 2, Iffect of electron accentors on the activity of
benro~te oxidese,

Although benzoate oxidase is a dioxygensse, it recuires
NADH for activity as do several moncoxygenases,
Ifonooxygenases commonly recuire the presence of a flavin
nucleotide cofactor for optimal asctivity, and so it was
decided to see whether the enzyme activity could he increased
by the presence of FAD. Fig,1l8 shows that the activity of the
enzyme is three fold higher in the presence of optimal amounts
of IFFAD (5PM)¢

Once 1t had been establighed that PAD was reauired for
enzyme activity, optimal conditions foir the enzyme a<say were
developed. By successive approximations it was found thath
ontimal esctivity was obtained under the following conditions,

The cells grown on benzoate were resusvended to 100mg wet

wb./ml in 0,050-9ris-HGL buffer PH 7.5, and a 4-6bml amount was



M.gd8. The e¢ffect of FAD on the activity of benzoate

oxidase,

Bacterium NCIB 8250.Was grown on 2rvli-benzoate
as sole source of cearbon, harvested, washed, stored, and
sonicated as described in lethods. Benzoate oxidase ﬁas
neasured mrnomnetrically as described in Methéds (p.d5)
except thal the reagents used were Tris-HCl buffer pH 7.5
(EOOpmolk Fe504 (1Pmol), ethanol (BOPmol), G3H (10pmol),

+ o
wan  (500nrol), alcohol dehydrogenase (16U), extract (1O0mg

nrotein), and elther benzoate (ZPmol) or distilled watber,
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2
pipetted into a 1 dram Trident container, The container was
then placed in a chilled brasg holder, and the brass holder
was screwed onto the hora of the Soninrobe and lowered into an
ice-water slurry., The cells were sonicated for Zmin at a
current of 2.5~%,0A. The extract was centrifuged at 4° for
25min at 12,000g, and the supernate was assayed for benzoate
oxidase activity. The resction mixture contained in addition
to engyme, Tris-HCl buffer pH 7.5 (200Pmol), reis0y, (lymol),
ethanol (lOOFmol), NAD" (lymol), PAD (10nmol), alcohol
dehydrogenase (4U) and either benzoate (2pmol) or distilled
water,

M.g.19 shows the time~course of oxygen uptake in fhe
benzoate oxidase assay under optimal conditions. The difference
between The oxygen uptake in the presence and absence of
benzoate is taken as a measure of benzoate oxidase activity,
which in this experiment corresponds to a specific activity of
18 units/ng protein. Table 11 shows that there is an absolute
requirement for Pe'’ ions snd ethanol for enzyme activity, and
in the absgence of NAD+, FAD or alcohol dehydrogenase the enzyme
activity is reduced by at least 50%. GuH is not reguired for
engyme activity.

Lven under these conditions, however, the acltivity of the
enzyme in cell-~free extractz is only 5-15%. of that in whole
cells, It was therefore decided to see whether the activity
of the eanzyme could be increased by the use of other electron

acceptors. Vhen the following compounds at a final



Mg.19. Time-course of oxygen uptake in the benzoate

oxidase assay.

Bacterium NCIB 8250 was growvn on 2mmmbenzoate
as sole source of carbon, harvested, washed, stored, and
sonicated as described in Methods. Benzoate oxidase was
measvred manometrically by subtrazcting the initial rate of
OXYEen uﬁtake in the absence of benzoate (o ) frqm the raté
in the presence of benzoate (0 ). Each ¥Warburg flask
contained, in a wvolume of 2ml, Tris-HCl buffer pH 7.5
(200pmol), FeS0, (1jmol), ethanol (100pmol), yAD" (1pmol),
FAD (10nmol), alcohol dehydrogenase (4U), extract (4-5mg
protein), and either benzoate (gpmol) or distilled water,
The reaction was started by tipping the benzoaste or distilled

water into the main compartment from the side arm,
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Table 11. The effect of omitting reagents from the
benzoate oxidase assay on the activity of

the enzyme,

Bacterium HCIB 82%0 was growvn on Z2mii-benzoate
as sole source of carbon, harvested, washed, stored, and |
gonicated as described in Methods. Bengzoste oxidase was
measured menometrically eg described in kiethods (p.85) except
that the reagents used were Tris-nCl buffer pH 7.5 (QOOymol),
F8304 (1Pmol), ethanol QSOFmol), Gl (lOPmol), EAD (500nmol),
PAD (10nmol), alcohol dehydrogencse (16U), extract (1Omg

-

protein) and either benzoate (2Fm01) or distilled water,

Vralues for the snecific activity of benzoate oxidage are
expresced as percenlages of the snecific activity obtained in

the presence of all the reaction components.



denction component

omitlted

Benzoate oxidase
relative

specific activity

None
GSH
#4AD
fthanol
"AD

4

Pe ions

Alcohol dehydrogenase

100

107

0

50

B
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concentration of 5Pm or BOOPﬁ were substituted for ®AD in the
reaction mixture, There was no or negligible benzoate oxidase
activity: ascorbate; cybtochrome c¢; 2,6~dichlorophenol-
indopnenols; 6,7-dimethyl~5,6,7,8-tetrahydropterine; iLil;
nethylene bluey; votassiumn ferricyenide; riboflesvin orxr
tetrahydrofolic acid. The addition of ascorbate or cylochrome
c, at the above concentrations, to the reaction mixture
containing FAD did not increase the activity of the enzyme,

1.1.%,%. Effect of metal dong on the activity of benvoate
oxidose,

,\ o bt B . ks SR R
The effects of e , ko, Mg , Cu , In or Ni ions,

at a final concentration of SOPM, BOOFN or Smii, on the activity

of benzoatle oxidase were tested in the presence or absence of

wle wls

N R A Co
I'e ionsg, Only Fe ions gave any activity in the absence of

Ry -

e iong, and in the nresence of e ionsg, no ion gave an

increase in enzyme activity.

1.1.3,4, sffect of other enzyme cofactors on the sctivity of

Benzoate oxidase catalyses the decarboxyletion of benzoate
so there is the possgibility that Tthe engyme reguires the
presence of cofactors which are frequently associated with
decarboxylases, Consequently the effect of lipoate (?PM),

CoA (BPM)’ ATP (SOQFM)9 thiamine pyrophosphate (5pm),

ATE + g ions (500]11\1)9 CoA + ATP, CoA + Mg++ iong, CoA +

ATP + Mg++ ions, Hg++ iOﬁS'+ ATP 4+ CoA + thiamine pyropvhosphate,
lipoate + CoA + HMg'™ ions + ATP or lipoate + Cod + Lig & ions +

ATP + thismine pyrophosphate on the enzyme assray was tested,

In no case was there an increasse in enzyme activity observed.



1.1.3.59, Bffect of altering the NADD oxidase activity on the
sobivity of hengzoate oxidase,

It is possgible that endogenous NADI oxldase activity
diverts electrons, which would normally have gone from LADH
to the benzoate oxidase system, to the NADH oxidase system.
Attempts were therefore made to by-~pass or preferentially
inhibit the NADH oxidase system. Heny different approaches
were tried; but in no case was an increase in benzoate
oxidase activity observed, and in nany cases the enzyme was in
fact inactivated, These included: extraction and/or
centrifugation at 27°%; the direct formation of FADH, using
D~alanine and D-~amino acid oxidase, or glucose and glucose
oxidase; delayed addition of henzoate; and the eddition of
cupferron (1OPM, 100pk or BOOPM), salicylaldehyde oxime (1LOuM
or 3OOPM), sodium diethyldithiocarbamate (lPM or BOPM) or

2,2-bipyridyl GyM, lOOPH or luli),

1.1 .3,6, hvidence for the metnbolism of benmoate,

Lvidence that the increase in oxygen uptake in the
presence of benzoate is due to the disappearance of benzoate,
and not to a non-specific stimulation of NADH oxidase, is:
(1) the vessels which contained benzoate gave a positive
Rothera test for ketones (presumably fzoxoadipate); and
(2) extraction and measurement of the benzoate from the
reaction mixture after 45min incubation showed that over half

the benzoate had disapneared.



1.1.3%.7. Conclusion,

Although 1t is possible to measure benzoate oxidase
activity in cell-free extracts, the assay develooed is
unsuitahle for routine messurement of enzyme activity. Lhis
is mainly because a large smount of protein (8ng) is required
to measure induced levels of the enzyme, and consequently the
measurenent of the kinetics of benzoate oxidase induclion
would reguire an éexorbitant amount of protein as the original
uninduced enzyme levels are 1esg.than 1t of the induced level,
As a result it was decided fto stop working on this enzyme
although a spectronhotonetlric assay had nolt been developed,
P,d. Roach (Fewson gt al., 1970), however, develoned a whole
cell assav Lor vhe enzyme which measured benzoate
disappearance, and this assay was usged in the exveriments on

the kinetics of induction.
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daded . Li-llondelate dehvdrogenase, benzyvl alcohol dehydrogenage,
catechol oxyeennge and AN oxidase,

These enzymes were extracted and assayed according to the
nethods of Kennedy & Fewson (1968b)., Satisfactory reaction
rates were obtained for each enzyme and as a result no
alterations were made in these enzyme assays alt this stage of
the project, uxcept for L-mandelate dehydrogenase, the initial
time-course of the reactions was linear, In the case of this
enzyne, a varying rate Wasiobtained over the initvial period of
the reaction owing to the endogenous reduction of the dye by
the enzyme extract, This situation lasted for up to 45s,
whereupon the reaction rate became linear. Consequently the
rate over the first 45s was iagnored when the activity of this

enzyme was measgured,
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1.2, Iessurenent of the szctivity of the mandelate pathway
enzyvnes in _the one extracit,

As described in the Introduction, i1t ig advantageous 1o
be able to measure all the mandelate pathway enzymes in the
one extract., Thus, having worked out satisfactory methods
for assaying all the engymes (excepl benzoate oxidase), the

next priority was to measure them in the one extract.

1.2.1, Choice of buffer and vH of extraction and assav,

Experiments of Kennedy (1967) showed that benzyl slcohol
dehydrogenase activity could only be measured in extiracts
prépared in pH 8.5 buffer. Sodium pyrophosphate could not be
used as the extraction buffer since Tables 6 and 7 show that
this buffer inhibits benzoylformate decarboxylase. The
extracltion buffer, Tris-HCl, was therefore chosen because it
buffered well in the range pH 8.0 to 9.0 (pKa = 8.3%),

The extraction of the mandelate pathway enzymes in 0,08k~
Tris-HC1 buffer pH 8,0, 8.5 or 9,0 is shown in Table 12, In
this experiment Tris-HCL buffer was used Lo assay the two
benzaldehyde dehydrogenases, benzoylformate decarboxylase and
benzyl alcohol dehydrogenase rather than the buffers used by
Kennedy & IPewson (1968Db) so as to maintain the homology
between the assay and extraction buffer. Phosphate buffer
pH 7.0 was used to assay L-mandelate dehydrogenase, catlechol
oxygenase and NADH oxidase.as Kennedy (1967) and Fewson
(unpublished regults) had obtained optimal activity of these

engymes at pi 7.0, a pH at which Tris-HCl does not buffer well.



Iable 12, The effect of pH of extraction on the activity

of the enzynes of the mandelate pathway,

Beclerium [CIB 8250 wns grown on Smii-L-
mandelate ng sole source of carbon, harvested, washed, and
stored a5 described in kethods., Cells were resuspended in
Qo 08li-Tris-uCl buffer nE 8.5, pd 9.0 or pH 9.5 to 50mg wet
wi./ml, o2nd soniceted in 12ml amounts ag described in
liethods (p.7%). The extracts were centrifuged a1t 12,000
Tor 25 min at 49, and the sunernates were agsnyed as
described in Liethods with the exceniion of the assay buffer
used wvhich is indiceted in the “able., After the reaciion wasg
complete the actunl »H of the resclion mixture was determined
by mesns of wicrocleciredes. Veolues Lfor the svecific activity
of the engymes are exvressed as nmol substrate convertéd/min/

ne protein.
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The levels of L-mandelate dehydrogenase, benzoylfornate
decarboxylase, catechol oxygenase and NADH oxidase present in
the three extracts are comparable with the levels obtained by
Kennedy & Pewson (1968b), and represent a satisfactory amount
of enzyme extraoiéd from the cells, The activity of benzyl
alcohol dehydrogenase, however, is extremely low (approximately
1/5 of the amount found by Kennedy & Fewson), and decreases
with increasing pH of extraction., The labile benzaldehyde
dehydrogenase activity is also very low egpecially at the
lower pHs of extraction. This ig because the half-life of
the labile enzyme is too high for its complete heat
inactivation in 2h at 37° (Table 4), and thus some of the
measured activity of the stable enzyme is really that of the
labile enzyme,

Bince the activity of benzyl alcohol dehydrogenase was
low when it was extracted and assayed in Tris buffer, a
conparison of its activity when extracted and assayed in
different buffers was made, and this is shown in Table 1%. The
activity of beazyl alcohol dehydrogensse is nigher when the
enzyme is extracted in sodium pyrophosphate rather than Tris-
HCL buffer; but the use of Tris-HCL buffer pH 8.5 as the
extraction puffer and sodium pyrophosphate buffer pH 9.0 as
the assay buffer produces an acceptable level of engyme
activity. |

In this Section benzaldehyde dehydrogenase was extracted

in Tris-HCl buffer as preliminary experiments had shown that
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Table 17, The effect of pH and buffer of extraction and
assay on the activity of benzaldehyde

dehydrogenase and benzyl alcohol dehydrogenase,

Bacteriuvm NCIB 8250 was grown on 5mli-I-
mandelate as sole source of carbon, harvested,\washed, and
stored as described in Methods. Cells were resuspended in
0.08-Tris~HCL buffer pH 8.5 or pH 9.5, or 0.08l~sodium
pyrophosphate buffer pH 8.5 to 50mg wet wt./ml, and sonicated
in 12ml amounts as described in Methods (p.73%). The extracts
were centriifuged at 12,000g for 25min at 40, and ‘the supernates
vere assayed 28 described in Liethods with the exception of the
assay buffer used which is indicoted in the Table. After the
reaction wunas complete the sctusl pH of the reaction mixture
was determined by means of microclectrodes. Values for the
gpecific activity of the enzymes are expressed as nmol substrate

converted/min/ng protein.

After extraction the pH 8.5 extract was titrated
with the amount of 0.2H-Na0H required to alter the pH of a
0,081~ Tris~iCL buffer containing no protein frca 8.5 to 9.5

ng degceribed in Text n. 153,
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although the total benzaldehyde dehydrogenase acltivity was
greater than 80 units/mg pvrotein, that of the labile
benzaldehyde dehydrogennse did not exceed 50 units/mg prebein,
Thus only negligible activity of the labile enzyme remained
after 2h heating at %579, As extraction of the labile
benzaldehyde dehydrogenase in pH 8.5 buffer was too low Tfor
its complete inasctivation in 2h at 37°, the pE of part of the
extract was raised to 9.5 with 0.28-Wa0H., The benzaldehyde
dehydrogenase activity of the treated extract was then conpared
with that of untreated extracts. Table 1% sghowsg thatl although
the activity of the two enzymes is slightly lower in the alkgli
treated extract, the remnining activity still represents an
acceptable percentage of the activity in the vH 9.5 extractl,
Since none of the enzymes is extracted at the oH at waich
it i¢ assayed, it is essential that the buffering capacity of
the assay buffer is adeguate to maintain the sctual pH of the
reaction mixture atl a coastant valuve, It was found, however,
that the addition of )OOPl of protein extracted in 0,08L-Tris
puffer pli 8.5 to the reaction mizxture altered the plH of the
resction wmixture by up to 0.2 units. Conseguently the
concentration of the extraction buffer was halved., This was
sufficient to maintain the pH of Tthe reaction mixture at a
congtant value, had no adverse effect on any of the engyme
activities, and actually iﬁcreased the activity of benzyl
alcohol dehydrogenase In subseguent experiments, iherefore%

all the enzymes were extracted in 0.04li~Trig-HCL bufier vH 8.5,
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As a consecuence of lowering the concentration of the
extraction buffer from 0,081 to 0,04k, the pH of the part of
the extract used for the benzaldehyde dehydrogenase gssay was
raised to pH 10.% rather then 9.5 with concentrated alkali.
This ensured complete inactivation of the labile enzyme on

heating for 2h at 377,

1.2,2., Choice of gonication conditions,

A prime necessity in measuring enzyme activity of cells
18 to have a reproducible method of extracting the enzymes fron
the whole cells so that comparisons of enzyme actlivity can be
nade, This was provided by ultrasonic disruption of the cells.
In the initial exveriments cells were resuspended to 40 or
50mg wet wt./ml, and a 1l2ml amount was pipetted into an 8 dram
Trident container. The Yrident container was then placed in
an ice~water slurry, the Dawe Soniprobe was lowered Tmm into
the suspension, and the cells were sonicated for 8min at a
current of SA, This procedure has two disadvantages:
(L) 4it is very wasteful because a large volume of cells has
to be grovn in order Lo obtain the necessary yield of cells;
and (2) the sonication is not very reproducible as il is
alnost impossible to place the soniprobe by eye at the same
depth in the cell suspension in two successive experiments,
These disadvantages, however, were overcome by a suitable
choice of sonicalion conditions which are described below.

The smallest volume in which the basal levels of all the

nandelate pathway enzymes can be measured is 5.0ml, This



reguires the sonication of 5.,0ml amounts of suspensions in
order to be able to recover sml of sunernnte after
centrifugation. 5ml amounts were sonicated in 1L dram Trident
containers which were pleced in o chilled brass holder, The
brassg holdier wng screwved onto the horn of the Yoniprobe and
wag lowered into an ice-water slurry, »cerewing lhe brass
holder onto the horn of the ZSeniprobe allows revroducible
positioning. Thus the two disgadvantages ol the initial
sonication procedure were overcome,

L.2,2,1, affect of cell concentration and proke denlth _on the

gpecific nciiviiv ol the eanzviieg releaged by
Vltrasonic disruontion.

Once the method of sonication had been decided, condilions
which released optimal amounts of the enzymes head to be
Jetermined. A current of 2.5A was used to sonicate the
5ml amounts as this was the maximum current which could be
obtained without frothing., IFMig.20 shows that the speccific
activity of benzyl alcohol dehydrogenazse relessed by ultrasonic
disruption decreases with decreasing cell concentration of
the resuspended cells., fThe specific activily released by
sonicating a 12.5mg wet wt./ml cell suspensgion is only
aprroximately 40¢, of the speccific activity released by
sonicating a 50mg wet wi,/ml cell suspension. lore dense cell
suspensions were not sonicated since their subsequent use
would h=ave been immracticable. The reduction in specific
rctivity released by sonicating a 12.5mg wet wi./ml cell

suspension comnared with a 50mg wet wt,/ml cell suspension was



Fig. 20, Effect of cell concentration of the
resuspended cells on the activity of benzyl
alcohol dehydrogenase released by ultrasonic

disruption of bacterium HCIB 8250,

Bacterium NCIB 8250 was grown on 5Smii-L-
mendelate~salts medium, harvested, washed, and stored as
described in liethods., Cells were resuspended in O.04kH-Tris -
BCL buffer »H 8.5 to 12.5 (0O ), 25 (A), or B0 (1) mg wet
wt./ml and disrupted with the Dawe Soniprobe for various times.
The extracts were centrifuged at 12,0008 for 25 nin at 40, and

the supernatants were agssayed as described in liethods,
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not so great for the other mandelate pathway enzvmes with the
exception of the stable benzaldehyde dehydrogenase., The
gpecific activity of Le-mandelate dehydrogenase, benzoylformate
decarboxylase, the stable benzaldehyde dehydrogenase, the
lebile benzaldehyde dehydrogenase, catechol oxygenase and NADH
oxidase was lowered by O., 10%, 70w, %0%, 10% and 25
regpectively.,

Fig.21 shows that about a 10% increage in the gpecific
activity of L-mandelate dehydrogenase 1s achieved by using a
probe denth of 1l.5cm as opvnosed to 0.75cm. Although the
graphg ohtained for the other mandelate vathway enzymes are not
shown, the specific activity of these enzymes was likewise
increased by apvroximately 104 by using the deever vrobe,

Ja2.2.2., wffect of time of gsonication on the relesse of enzynme
speclfic setivity,

Once the probe depth and cell concentration of the
resuspended cells had been chosen, the time of sonication which
gave gatisfactory amounts cf all the mandelate pathway enzymes
haod to be determined. PFigs,22 to 24 show the time-course of
release of the mandelate pathway enzymes, The release of Li-
meandelate dehydrogenase, NADH oxidaese and benzyl alcohol
dehydrogenase specific activity follows an approximately
hyverbolic function; that of the two benzaldehyde
dehydrogenases increases to a maximum and then declines; that
of catechol oxygennse slowly increases; and that of

benzoylformate decarboxylase remains constant and then declines.



Mg, 21. Bffect of the Dawe Soniprobe depth on the
activity of L-mandelate dechydrogenase
released by ultrasonic disruption of

hacterium NCIB 8250,

Bacterium NCIB 8250 was growvn on Swmli-L-
mandelate~salts mediun, harvested, washed, and stored as
described in kiethods. Cells were resuspended in 0,04L-Tris-
iiC1l buffer oH 8.5 o 50ng wet wt./ml, and disrupted with the
Dawve Soniprobe for various times at a probe depth of
1.5¢cm (O) or 0.7%m (A ), The extracts were centrifuged
at 12,000g for 25 min at 40, and the supernatants were

assayed as described in liethods,
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Mg.22, ¥nzyme activity of L-mandelate dehydrogenase
and HADiH oxidase released by ultrasonic

disruption of bacterium EKCIB 8250.

Bacterium HCIB 8250 was grown on 5mil-Ii-
maﬂdelatemsalts mediuvm, harvested, washed, and stored as
egcribed in liethods. Cells were resuspended in 0,04M-Tris-
ICL buffer pi 8.5 to 50mg wet wt./ml, and disrupted with the
Dawe Soniprobe for various times. The extradts were
centrifuged at 12,000g for 25 min at 4°, and the superﬁatants

vere assayed as described in lsethods.

O - bL-hiandelate dehydrogenase,

A - NADHE oxldase.
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Fig.23, mnzyme ectivity of benzoylformate
decarboxylnase and catechol oxygenase
released by ultrasonic disruption of

bacterium WCIB 8250.

bacterium HNCIB 8250 was grown on 5Snli-L-
mandelate-~saltes medium, harvested, washed, and stored as
described in ilethods, Cells were resuspended in 0,04M-Tris-
HC1 buffer pH 8.5 to SO0mg wet wi./ml and disrupted with the
Dawe Soniprobe for various times. The extracts were

. ) . - . 0 e S
centri fuged at 12,000g for 25 min at 4, and the supernatants

vere assayed as described in lethods.

O - Benzoylformate decarhoxyvlase.

O~ Cetechol oxygenase,
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Fig.24, Inzyme activity of the two benzaldehyde
dehydrogenases and benzyl alcochol
dehydrogenase released by ultrasonic

disruption of bacterium WCIB 8250,

Bacterium NCIB 8250 was growvn on 5Snkl-i-
mandelate-gnlts mediun, harvested, washed, and stored as
described in methods. Cells were resuspended in 0.04K-
Tris-HCL buffer pH 8.5 to 50mg wet wt./ml and disrupted
with the Dawe Soniprobe for various times. The extracts

vere centrifuged at 12,000g for 25 min at 4O, and ‘the

guperna tants vere assayed as described in Liethods.

O - Stable benzaldehyde dehydrogenase,
/AN -~ Labile bengaldehyde dehydrogenase.
a

-~ Benzyl alcohol dehydrogenase.
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An examinafion of PFigs.22 to 24‘shows that sonication for
Z4min releases almost optimal amounts of all the enzymes,

From & consideration of'all the regults in thig Section,
the sonication conditions chosen for the extraction of the
mandelate pathway enzymes in subseguent experiments were: 5Sml
of a 50mg wel wt./ml cell suspension sonicated for %min in a 1
dram Trident container placed in a chilled brass holder at a
probe depth of 1l.%em using a current of 2,5A,
oot WfLfect of verving the protein concentration in the

rezenion mixture on the scetivity of the nmandelale
nathvay_enzynes.,

As the levels of the mandelate pathway enzymes vary over
200 fold between induced and non-induced cells, different
amounts of bacterial protein had to be added to the reaction
mixture in order to obtain measurable rates of enzyme activity.
The enzymes were gdded in ?Pl~500yl amounts by mesans of
Lppendorf nipettes. The advantage of using these nivpettes is
that the enzyme never has to be diluted in order to measure
its activity)thereby cutting out errors caused by the possible
losg of enzyme acltivity on dilution., The initial linear
portion of the time~course was ‘baken as a measuré of enzyme
activity. With the excepfion of L-mandelate dehydrogenase,
the initial rate of the reaction was linear for the four
minute duration of the experiment except when very large
amounts of enzyme were used; and when this occurred, the
initial rate was linear for at least a minute, which

represented a sufficiently long period.of time in which 4o
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measure enzyme activity., In the case ol Li-m-ndelste
dehydrogenase, the rate over the first 45g weg irnored when
neasuring enzviie activity.

Because different anounts of enzyme werc added to the
assay mixture, it was egsentinl that the enzyne sctivity was
proportional to vwrotein concentration in the reaction mixture
in order to make meaningful comparisons between different
enzyme levels., Igs.25 1o 31 show thet for all the mandelate
pathwvay enzymes, enzyme activity i1s proportional to protein

concentration, Volumes of e x.Cracks Funﬂed'jkoml gﬂl Fo *9?9u1'

1,24, Effect of dilution of the mondelate nothway enzgvymes
7ith »nrotein fron non-induced cells,

In experiments dezigned to neagure the initin~l kinetics
of enzyme induction, low levels of enzyme snecific activity had
to be assayed. 1t was therefore decided to see whether
diluting the mandelate vathway enzymes with vnrotein from non-
induced cells interfered wiih the assays. Two approaches were
used., The first involved diluting the cells grown on L-
mandelnte or benzyl alcohol 1/10 with cells grown on succinate,
and then scnicating the nixtures; and the second involved
diluting mendelate or benzyl alcohol extracts 1/10 with a
succinate extract after sonication,

The results of this exveriment are showm in Yable 14,
Frotein from succinste ceélls does not anpear to interfere with
the assay of low amounts of L-mandelate dehydrogenase,

benzoylformate decarboxylase or catechol oxygenase as the



Pig,25, The effect of varying the protein

concentration in the reaction nmixture on

the activity of L-mandelate dehydrogenase.
[ R 1]

Bacterium NCIB 8250 was grown on SmM-L-

mandelate 28 sole source of carbon, hervested, washed,
stored, and sonicated aé described in Lkiethods. Different
amounts of protein were added to the resction mixture, and
the activity-of L-mandelate dehydrogenase was meaéured

a8
described in Methods (p.79).
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Mg. 26, The effect of varying the protein

concentration in the rerction mixture on

the activity of benzoylformate decarboxylese,

Bacterium LCIB 8250 was grown on 5nii-L-

nandel~te ags sole source of carbon, harvested, washed,

stored, and sonicated as described in liethods, Different

anounts of protein were added to the reaction mixture and
the acltivity of benzoylformate decarhoxylase was measured

ag described in kiethods (p.BO).
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1.2 The effect of varying the protein
concentration in the reaction nixture on
the rccetivity of the st=ble benzaldehyde

dehydrogenase,

Bacterium NCIB 8250 was grown on Smii-I-
nendelsatec as sole source of carbon, harvested, washed,
stored, and sonicated as described in liethods. Different
anounts of protein were added to the reaction mixturé, and
the activity of the gtable benzaldehyde dehydrogenase was

measured as described in kiethods (p.81).



s
~

RoO

100

¢
O

2
2

20
18

3

4

°(UTw/Pe3IoAU0D ©42BI38QNS TOWU)

sseusdoaplyap epAyspIeZusq 5702} S 271 JO L3TATLOY

Protein concentration (pg/ml).



Fig . 28, The effect of varying the protein
concentration in the reaction mixtuwre on
the rsctivity of the 1labile bhenzaldehyde

dehydrogennse,

Bacterium 5CIB 8250 was grown on 5Snbi-l--
mandelate as sole source of carbon, harvested, washed, stored,
and sonicated as described in kiethods., Different amounts of
protein were added to the reaction mixture, and the activity
of the 1l=bile benzaldehyde dehydrogenase was measured as

described in iethods (p.81),
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Mg, 29, The effect of varying the protein
concentration in the reaction mixbure on

the activity of benzyl alcohol dehydrogenase,

1]

-

Bacterium ECLIB 8250 was grown on Bmebenzgl

‘Va1C0501 as sole source of carbon, harvested, washed,
stared, and sonics=ted as described in ilethods., Different:
amounts of protein were added to the reaction mixture, and

the activity of benzyl alcohol dehydrogenase was neasured

a8 described in liethods (p.83%).
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Mg.50. ' The effect of varying the protein
concentration in the reaction mixture

on the activity of catechol oxygenase,

Bacterium NCIB 8250 was growvn on 5mil-I~
mandelnate ag =0le source of carbon, harvested, washed,
stored, and sonicated as described in Llethods., Different
amounts of protein were added to the reaction mixbture,
and the activity of catechol oxygenase was measured as

described in kethods (p.84).
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Mg SL. The effect of varying the protein
concentration in the reaction mixture on

the activity of NADH oxidase.

Bacterium HCIB 8250 was grown on 5Snil-I-
mandel ate as sole gource of carbon, harvested, washed,
stored, and sonicated as described in liethods, Different
amounts of protein were added to ‘the reaction mixture, and
the activity of KADH oxidase was measured as described in

iiethods (p.84),
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Table 14, "he effect of dilution with cells grown on
succinate on the activity of the enzymes of

the mandelate pathway.

Bacterivm KNCIB 8250 was grown on SmM-L-
mandelate, Smi benzyl alcohol, or lOmi-succinnte as sole
source of carbon, harvested, washed, and stored as described
in Methods., The three types of cells were resuspended in
0,04Li~Tris~HCL buffer pH 805, and the cells grown on
mandelate or benzyl alcohol were diluted 1/10 with cells
grown on succinate, and sonicated and centrifuged as
described in kMethods. The remainder of the cells grown on
succinate wag sonicated and centrifuged as described in
ethods, snd was used to dilute the mandelate and benzyl
alcohol extracts 1/10, The mandelate and benzyl alcohol
extracts were also diluted 1/10 with 0,04M-Tris-HCL buffer
pH 8.5, All the extracts were then assayed as described in
Jiethods. The benzyl alcohol extracts were used to assay
catechol oxygenase and benzyl alcohol dehydrogenase; the
mandelate exbtracts were used to assay all the other enzymes.
Values for the specific activity of the enzymes are expressed

as nmol substrate converted/min/mg protein,
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svecific activities of the enzymes in the diluted extracts are
aperoximately 1/10 of those in the undiluted extract. 0Ff the
diluted samples of the labile and stable benzaldehyde
dehydrogenase, the cell~diluted extrrcts give satisfactory
results; Dbut the snecific activities of the engymes in the
vprotein-diluted extracts are relatively 15. higher in the case
of the labile enzyme and relatvtively 1%. lower in the case of
the stable enzyme than the corresponding specific activities
oi the enzymes in the undiluted extract, Since 154 of the
specific activity in this case represented less than 2 enzyme
units/mg protein, it was assumed that the relative differences
in the specific activities were not meaningful, and consecuvently
1t was concluded that protein from succinate cells had no
eftfect on the enzyme activities,

The activity of benzyl alcohol dehydrogenase in the 1/10
extract and cell dilutions is only 80 of the relative activity
in the undiluted extract. As it was found that the protein
concentraiion of botvh dilutions was lower than thatl of the
undiluted extract (1.80 and 1.84mg protein/ml comvared to
2.20mg/ml. respectively), one explanation of thig result could
be that as the enzyme protein concentration of the extract falls
relative 1lo its Tris buffer concentration, the Tris buffer
inkibits enzyme activity. This suggestion is supnorted by the
observations that the specific activity of the enzyme in the
1/10 dilution in Tris buffer is only 15 of the relative

activity in the undiluted extract (Table 14), and that the



activity of the enzyme is higher when it is extracted in 0.04Li-
Tris-HCL rather than 0,08Li-Trig~HCL buffer (see p,13%).
Additional evidence comes from a consideration of IMg.%2. QUhis
shovws tnat as the protein concentration of the extractyd
increases so does its benzyl alcohol dehydrogenase gpecific
activity, The slight variation in fthe final Pris buffer
concentration of the reasction mixture caused by the addition

of different amounts of extract has no effect on enzyme
activity as the graph of enzyme activity against assay protein
concentration is linear (Mlg.29). The linesrity of this graph
slso indicatesg that the relative concentration of sodium
pyrophosphate, which is the assay buffer, has no elfect on
enzyme activity. Thusg care nmust be taken to extract cells
under the gtandard conditions sd that the protein concentration
of the extract remains constant, If this is done, a correction
for changes in benzyl alcohol dehydrogenase activity due to
changes in protein concentration need not be made,

Similer exveriments using 1/100 dilutions rather than 1/10
dilutions were performed, and the results obtained in each cage
indicated that protein from non-induced cells did not
interfere with the enzyme assays,

Since these experiments showed that protein from non-
induced cells did not interfere with the enzyme assays, it
follows that MADH oxidase did not interfere with the
measurement of the reduction of NADT by low levels of benzyl

alcohol dehydrogenase or the stable or labile benzaldehyde



Fig.%2. The effect of dilution of an extrdct made from
cells grown on benzyl aicohol with extracts
made from cells grown on succinate on the

activity of benzyl alcohol dehydrogenase,

Bacterium NCIB 8250 was grown on bSmi-~benzyl
alcohol or lOmii-succinate as sole source of carbon, harvested,
washed, and stored as described in Methods. The cells grown
on benzyl. alcohol were resuspended in 0,04l-Tris-HCL buffer
pH 8.5 to 50mg wet wt./ml, and the cells grown on succinate
to 25, 50, or 1L00mg wet wt./ml, The suspension of cells grown
on benzyl alcohol was sonicated and centrifuged as described
in lMethods. fThe three suspensions of cells grown on succinate
were sonicated and centrifuged as described in Methods, and -
each extract was used to dilute the benzyl alcochol extract
1/10. The benzyl alcohol extract was also diluted 1/10 with
0.04k-Tris-HCl buffer pH 8.5. All the extracts were then
assayed as described in Methods (p.83%). The specific activiily .
of benzyl. alcohol dehydrogenase was plotted ageingt the pfotein
concentration of the extract before its addition to the

reaction mixture.
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dehydrogenase, Thig is in contrast to the finding with the
coupled benzoylformate decarboxylase assay in which interference
was found to occur in unheated extracts (Table 10), but not in
heated extrects (Tables 10 and 14). This apparent lack of
interference in the former group of assays could well be due to
the fact that HADH oxidase activity as assayed in Tris-HCL
buffer pld 9.5 (the assay buffer for the two benzaldehyde
dehydrogenases) and sodium pyrophosphate buffer pH 9.0 (the
assay buffer for benzyl alcohol dehydrogenase) is only 4% and
2% regpectively of the optimal enzyme agctivity, whereas in
Tris-HCL buffer oH 9,0 (the assay buffer for benzoylformate
decarboxylase) it is 14% of the optimal activity.

Thesge experiments also showed that the lowest measurable
specific activity of L-mandelate dehydrogenase and catechol
oxygenase wags approximately 0.5 units/mg protein, and of
benzoylformate decarboxylase, the two beazaldehyde
dehydrogenases, bengyl alcohol dehydrogenase and NADH oxidase
0.8-1.0 units/mg protein. These values were based on a protein
concentration of 2.20mg/ml in the cell extractl, and the
maximum addition of BOQPl of extract to the reaction mixture.

1.2.5, pffect of storasge on the activitvy of the mandelate
pathvay enzvmnes,

Since enzymes often lose activity on storage, the effect
of storing a cell extract at 0° for various time intervals
was determined so that. the order, in which the enzymes should

be assayed to minimise the loss of activity, could be decided.
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From a consideration of the results in Table 15, the enzymes
were nssayed in the following order in subseauent experiments:
NADY oxidase; benzyl alcohol dehydrogenase; L-mandelate
dehydrogenase; benzaldehyde dehydrogenase; benzoylformate
decarboxylase and catechol oxygenase,

Because it was inconvenient to assay the enzymes on the
same day as the cells were harvested, the cells were stored
at ~60° until they were sonicated as preliminary experiments
showed that storage of the cells at -60° did not result in
the loss of any enzgyme activity.

1l.2.6, The gtetigticel error in measuring the activity of +the
mendelate pathway enzvmes,

The statistical error in the extraction and assay
procedures was delermined (Table 16). This experiment was
performed before the experiments in Sections 2 and %3, All
assays were subsequently done in duplicate, and there is little
doubt that familiasrity and practice with the technigue
progressively reduced the errors in the latter experiments
gince duplicate values for enzyme activity were always within

5. of the mean value, and were usually much cloger than this,



‘able 15, The effect of storing the cell extracts on
the activily of the enzymes of the

mandelate pathway.

Bacterium NCIB 8250 was grown on 5Smi-L-
mandelate as sole source of carbon, harvested, washed, stored,
and sonicated as described in Methods. The extract was
stored for various times at 09, and then assayed as
described in kethods (p.78). Values for the specific
activity of the enzymes are expressed as nmol substrate

converted/min/me protvein,
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Table 16 The statistical error in measuring the
activity of the enzymes of the mandelate

pa thway .

Bacterium #CIB 8250 was grown on 5Smii-IL-
mandelate as sole source of carbon, harvested, washed, and
stored as described in lLiethods., Cells were resuspend ed in
0.04L~Pris~HCl buffer pd 8.5 to 50mg wet wt./ml, and four
bl amounts of this suspension were sonicated and centrifuged
as described in lethods. Lach extract was assayed four tinmes,
and the mean values, which are expressed as nmol substrate
converted/min/mg protein, for the sixteen specific activities
of ‘the enzymes were calculated. The S.b.k. as a percentage
of the menn for the assay and extraction vrocedures was then

calculated vsing an analysis of varience,
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2. KINETTCS OF INDUCTION OF Tiik WANDLLATE PATEIAY KNZYLES,

The kinetics of induction of L-mandelate dehydrogenase,
benzoylformate decarboxylase, the stable and labile
benzaldehyde dehyvdrogenase, benzyl alcohol dehyvdrogenase,
benzoate oxidase and catechol oxygenase were measured in order
to help determine the regulatory patterns operaling in the
aromatic part of the mandelate pathway.

The inducer, in all cases, wasg added to a culture growing
on 10mil-glutamate as sole source of carbon and energy.
Glutamate was used as the carbon and energy source since
preliminary experiments showed that samples taken ILrom the
penultimate generation of a culture growing on glutamate «+
L-mandelate contained similar amounts of L-mandelate
dehydrogenase as samples taken from the penuliimate generation
of a culture growing on L-mandelate alone.

Samples taken from the growth flask for enzyme assay were
withdrawn onto 40g crushed ice since preliminary experiments
showed that this was ag effective al stopping enzyme synthesis
as the presence of chloramphenicol at a final concentration of
ZOPM (e.g. the specific activity of L-mandelate dehydrogenase,
benzyl alcohol dehydrogenase and catechol oxygenase in a
sample wilthdrawn onto crush2d ice was 47, 35 and %%4 units/mg
protein respectively; whilst the apecific activity of the
ssme engymes in a sample withdrawn at the same time onto

chloramphenicol was 48, 34 and %50 units/mg protein
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respectively). This concentration of chloramphenicol was
found to inhibit protein synthesis as measured by the Lowry
method,

In the earlier experiments it was found that the valueg
for protein as measured by the Lowry method showed a great deal
of scatter on the growth curves, This scatter was caused by
the errors in having to dilute the samples before estimating
their protein content, and in having to measure a small change
in growth rate over a short period of time. In the later
experiments, prolbein was estimated indirectly by measuring
turbidity in the Unicam SP.800 Spectrophotometer, and
converting these readings to yg protein by means of a
calibration curve (Fig.1ll).

2ote Growth of bacterium MNCIB 8250 hefore and after the
addition of dinducer,

Two examples of the growth ob tained in these experiments
are showvn in IMgs,3% and 34, The addition of benzyl alcohol
decreases the growth rate on 1lOmM-glutamate, whereas the
addition of L-mandelate has no effect, Different inducers had.
a range of effects of this type. Nevertheless any effects on
growth rate were taken into account when measuring the kinetics
of induction since the final results were calculated as

differential rates of enzyme synthesis (Section 2.%.).

2.2, Time-course of induction of the nandelate pathwey enzymes,

M.g.%5 shows the time-course of apvpearance of

benzoylformate decarboxylase, benzyl alcohol dehydrogenase,



Mg. 33, Gfowth of bhacteriun ﬁGlBIB2SO on 1.0mb] -
glutamate-salts medium before and after

the addition of L-mandelate.

Bacterium NCIB 8250 was grown on 10mhi-
glutsmate as sole source of carbon, harvested, washed,
resuspended in basal nedium, and inoculated into 10mﬁwl
glutanate~-selts mediunm as described in Fethods., Growth was
deternined by taking samples for protein estimation as
described in ilethods. L-iiandelate, to give a final con-~
centration of Smii in the glutamate-salts medium, was

added after approxinately 1 generation (‘F).

The sanples for protein estination taken before the addition
of L-~mandeleote were corrected for the change in volume

produc ed by the addition of inducer.
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Pig, 24- irowth of bacteriwm LCIB 8250 on 10mli-
glutamate-salts medivum before and after the

additdon of benzyl alcohol.

-Bacterium A0IB 8250 was growvn on 1O0mhi-
glutanate as sole source of carbon, harvested, washed,
resuspended in basal medium, and inoculated into 10mii~
glutema te-salts medium as described in Lethods. Growth was
determined by teking samples for protein estimation as
described in liethods. Redistilled benzyl alcohol, to give a
final concentration of 5iki in the glutamate-salts mediumn,

was alded after avwroximately 1 generation (4 ).
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Meg.25, Time-course of appearance of four enzymes of

the mandelate pathway after addition of

L-mendelate to a culture growing on 10mpi-

glutamate~salts mediun,

Bacterium NCIB 8250 was grown on 10mi-
glutamate as sole source of carbon, harvested, washed,
resuspended in basal medium, and inoculsted into 10mM-
glutamate~-salts medium as described in Wethods., L-
landelate, to give a final concentration of 5Smii in the
glutamate-salts mediwm, was added after approximately 1
generation; sanplesg were withdrawn from the growth flask,
harvested, washed, stored, and sonicated, and the enzymes were

assayed as described in liethods.,

O -~ Benzoylformate decarboxylase,
(1 -~ Benzyl alcohol dehydrogenase,
A - Benzoate oxidase,

o - Catechol oxygenase,

Fnzyme units are expressed as nmol substrate converted/min,
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benzoate oxidase and catechol oxygenase., L-hMandelate
dehydrogenase and the stable benzaldehyde dehydrogenase follow
the same general pattern as that of benzoylformate decarboxylase.
Likewise, the time-course of anpearance of the labile
benzaldehyde dehydrogenase ig similar to thalt of benzyl alcohol
dehydrogenase. The flattening-off in the rate of formation of
bengyl alcohol dehydrogenase and the lablle bhenzaldehyde
dehydrogenase was always observed with L-mandelate or
bénzoylformate as inducer.

An sttempt was made 1o measure the time of appearance of
all the mandelate pathway enzymes after the addition of L-
mandelate, benzoylformate, benzyl alcohol and benzaldehyde, and
this is shown in Table 17. [he time of enzyme appearance after
addition of inducer was taken as the intercept on the time-axis
of the straight line representing the maximum rate of enzyme
synthesis in the graph/of Aenzyme against time (Fig.35).
Strictly speaking, this method only indicates the Time at which
the maximum rate of enzyme synthesis occurs, and not the time
of first appearance of enzyme, No account is Ttaken of early
periods of glow enzyme synthesis,

2.3, Differentisl nlots for the induction of the mandelate
nethway enzvue s,

A convenient and valuable way of describing the kinetics
of induction of an enzyme is the P value, which was defined by
lHonod, Pappenheimer & Cohen-Bazire (1952) as the gradient of

the graph of increase in enzyme units/ml culture against



Tebhle 17. Time of appearance of the mandelate pathway
enzynes after addition of inducer to a culture

‘groving on 1lOmii~glutemete-salts medium.

Bacterium HCIB 8250 was grown on 10mii-
glutamate as sole source of carbon, harvested, washed,
resuspended in basal medium, and inoculsted into 10mhi=-
glutamnate~salts medium as described in liethods. The inducer,
to give a final concentration of bmii in the glutamate~salts
medium in the case of L-mendelate, benzoylformate, or benzyl
alcohol, or 1mii in the case of benzaldehyde, was added after
approxim~tely 1 generation. Samples were withdrawvn from the
growth flask, harvested, washed, stored, and sonicated, and
the enzymes were asseved as described in lethods. The time of
enzyme appearance after addition of inducer was taken as the
intercept on the time-axis of the straight-line representing
the maxinmun rate of engyme synthesis in a graph of éﬁenzyme

ageinst time (e.g. Fig.2D).

The figures in prrenthesis represent the number of experiments

performed,
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increase in bacterizl protein/wl culture after the addition of
inducer, This greph ig knowm as the differential plot.
sxemples of differentinl olots for the induction of Li-~mendelate

N

dehyvdrogenase, benzoylforunte decarboxylase, the stable and
1apile benzaldehyde dehydrogenase and benzyl alcohol
dehydrogennse are shown in ligs.36 to 40, These graphs cover
a time span of approximately 25nin.
fhe differential plot for the induction of L-mendelste

dehydrogennse, benzoyvlformate decarboxvlase and the sisbhle
benzaldehyde dehydrogenase by thiovhenoxyacebtate (Mig.58)
follows a different vattern from that ohtained by induciion

with L-mandelate (Fig.36) or L-mandelate + benayl zlcohol

= e

(Mge37). The plot for induction with thionhenoxyacctate is
bivhasie and gives two distincet F velucs for the induction of
the Hegulon R enzymes.

Megs,.29 and 40 show the induction of benszyl alcohol
dehvdrogenase and the labile benzaldehyde dehydrogenase by L-
nendelate and benzyl alcohol respectively. L-handelate induces
less of these eazymes thaon does benzyl alcohol,
Thiovhenozyacetate was found to induce neither of these two
enzynes, nor did it induce benzoa{e oxidase or catecnol
oxygenase, Using L-mandelste as inducer (Fig.%9), the rate of
sormation of the labile benzaldehyde dehvdroszenase begins to
711 off after 20izin induction. This falling-off in the rate
of enzyme synthesis is anrlogousg to the flattening-oft in the

rate of benzyl qlcohol denydrogenase synthesis observed in



Mig. 36, Differential plotl for the induc tion of L-
nandelate dehydrogenz se, benzoylformate
decarboxylase, and the stable bengzaldehyde

dehydrogenase by L-mendelate,

Bacterium nC1B 8250 was grown on 10mkLi-
gluvarnate ag sole source of carbon, harvested, washed,
resuspended in basal wmedium, and inoculrted into 10mbi-
glutamate-selts nedium as described in liethods. L-
isandelate, to give a finai concentration of Smi. in the
glutannte~salts medium, was added aflter approximately 1
generalion, Sanples for enzyme assay were withdrawn from the
pgrovth flask, harvested, washed, stored, sonicated and assayed
a8 degcribed in liethods., Samples for protein were glso with-
drawvm Lrom the growth flask, and estimated as described in

l.ethods.

O
!

L-i.andelate dehydrogennse.

[
!

Benzoylformate decarboxylase.

~ 3table henzaldehyde dehydrogenase,
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Pig, 2T Dif ferential plot for the induction of
L-mnandel ~te dehyvdrogen~se, benzoylformete
decarboxyl=se, and the stable benzaldehyde

dehydrogenase by L-mendelate + benzyl alcohol.

-

Bacterium 1HCIB 8250 was grown on 10mki-
slutamate =8 sole source of carbon, hsrvested, washed,
resuspended in basgal nedium, and inoculated into 10mhi-
glutanate~salts mediun as described in iiethods., L-liandel ate
4+ benzyl alcohol, each to give a final concentration of 5mu in
the glutenate-salts medium, was added after approxinately 1
generation, BHanples for enzgyme assay were withdrawvn from the
growth flagl,, harvested, washed, stored, sonicasted, and
assayed ag described in .ethods. »samoles for protein were
also withdrawn from the growth flask, and estimated as

described in iiethods.

0O -~ L-i:andelsate dehydrogenase,
A - Benzoylformate decarboxylase.

® -~ Stable benzsldehyde dehydrogensase.
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Fig .38, Differential plot for the induc tion of L-
mandelate dehydrogenase, benzgoylformate
decarboxylase, and the stable bhengaldehyde

dehydrogenr se by thiovhenoxyacetate.

Bacterium SCIB 8250 was grown on 1O0mll-
glutanate as sole source of carbon, harvested, washed,
resuspended in hasal medium, and inocculatved into iOmHﬂ
glutennte~salts mediun as described in liethods.
Thiophenoxyacetate, to give a final concentration of Imi: in
the glutanate-selts nediwn, was added after approximately 1
generation. w»amples for enzyme assay were withdrawn fron
the grovth flask, rarvested, washed, stored, sonicated, and
gssayved o5 degscribed in tethods, Samples for protein were
also withdrawvn from the grovth flask, and eétimated as

described in i.cthods.

O ~ L-iandelate dehydrogenase,
A - Rengzoylformete decarboxylase,

¢ =~ Stable benzaldehyde denhydrogenase,
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Mg, 39, Differentianl vlot for the induction of benzyl
alcohol dehydrogenase and the labile ﬁenzalw

dehyde dehydrogenase by L-mandelate,

Bacteriun LCIB 8250 was grown on 10mii-
glutannte as sole source of carbon, harvested, wasﬁed,
reguspend ed in bassl medivm, and inocculsted into 10mii-
glutamate~salts mediun as described in liethods. L-liandelate,
to give a final concentration of 5umli in the glutamate-salts
mediun, wag added after apvroximately 1 generation. Samples
for enzyme assay were withdrawn from the growth flask,
harvested, washed, stored, sonicated, and assayed as described
in idethods. Samplesg for protein were also withdrawn from

the growth flesk, and estimated as descrived in l.ethods.

O =~ Labile benzaldehyde dehydrogenase,

© -~ Benzyl alcohol denydrogenase,
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g .40, Dif ferential plot for the induction of benzyl
alcohol dehydrogenase and the labile benzal-

dehyde dehydrogenase by bhenzyl alcohol.

Bacterium ~CIB 8250 was grown on 10mu-
glutanate as sole source of carbon, hsrvested, washed,
resuepended in begal medium, and inocul-ted into 1O0mki-
glutamate-salts mediuvm as described in i.ethods. Benzyl
alcohol, 1o give a final concentration of Smli in the glulamate-
salts mediun, was edded after approximately 1 generation.
Samples for engyne assay were withdrawm from the growth flask,
harvested, washed, stored, sonicated, and assayed as described

in iethods. Samples for protein were also withdrawn from the

grovth fl-sl, and estim ted as described in fethods.

QO - Labile benzaldehyde dehydrogenase,

@ - Bengzyl alcohol dehydrogensse,
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Fig.%5 although in the case of the labile benzaldehyde
denydrogenase this phenomenon is observed earlier (after 20min
comvared to 35min in the case of benzyl alcohol denhydrogenase),

g4l shows the differential plot for the induction of
catechol oxygennse and benzoate oxidase. The induction of
these two enzymes occurs later than that of the enzymes of
Regulons Rl and R2 wilth catechol oxygenase being induced
slightly before benzoate oxidase,

According bo Jacob & lonod (1961), if the induction of
two engymes is coordinately controlled, P vslues for their
induction should be proportional to one another. Consequently
the F valueg for the induction of the mandelate pathway enzymes
were determined for wvarious inducers which gave a range of P
values, A large number of exveriments was performed to give
graphs of the type shown in Figs,?6 to 41. ‘he P values were
calculated in each case, In order to determine the relationship
between the various P velues for the different enzymes, graphs
wvere plotted of the P valueg for each enzyme against the P
velues for the other enzymes. In this way it was possible to
see in which cases there was a positive correlation beltween
the induction of pairs of engzgymes,

lhe P values for the induction of benﬁoylformate
devarboxylase, the stable and labile benzaldehyde dehydrogenase,
benzyl alcohol dehydrogenase, benzoate oxidase and catechol
oxygenase plotted epginst those of L-mandelate dehydrogenase

are ghown in Fig.42. In some cases there ig relatively poor



g4, Differential plot for the induction of benzoate

oxidase and catechol oxygenase by L-mandelate,

Bacterium HCIB 8250 was grovn on 10nii~
glutanate as sole source of carbon, harvested, washed,
resusgpended in besal medium, and inoculsted into L1Omii-
glutanate~salts nmedium as described in llethods, Le-l.andelate,
o give a fin»al concentration of bmi: in the glutamgtemealts
mediun, was acded after approxinately 1 generation. Samples
for cnayme assay vere withdrawn from the growth flask, harvested,
washed, stored, sonicated, and asssyed as described in hiethods,
samples for vprotein were also withdrawn from the growth flask,

and eatirnated as described in liethod s,

O -~ Benzoate oxidase,

¢ -~ Catechol oxygenase.
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Pig.Ad . P values for the induction of the other
mendelr~te pathway enzymés plotted against P
values for the induvction of L-m=ndelate

denydrogenase.,

In a series of independent experimen%é gimiler
to Fig.%6, p.167, the nandelsate pathway enzymes of bacterium
HULIB 8250 were induced by a number of compounds, which are
listed below, and some of which, as indicated by The numbers
in bracketls, were used more than once, In each exreriment
the differentinl plot was drawn for each enzyme, and from the
gradient of the graph the P value for the induction of the

enzyme was calculrted and used in the graph oprosite,

1~ bBmii-L-liandelate (3).

N

~  Smi.-Beagoylformate (2).

5~ lmiz-Thiovhenoxyacetate.,

4~ Suli-lienandels te + Srli—benuyl alcohol.

5 o«  Bn=lL-landelate 4+ bmli-acetate 4+ bmid-~succinate.

6 -~ Snla-Benzyl alconol (2).

T~ lmii~Benzaldehyde.,

8 - OSm.-Beagyl alcohol + Smui~acetate 4+ Smii- SULCJHQtCh
QO .«  lm-Benzoate,

10 -~ Inpi.-Cevechol.

fma corvrelation coelficients (r) for the various graphs are

recorded on tne grevh to which they relate,



Catechol Benzoate
oxygenase oxidase
r = -0.39 r=-0.27
(3
Benzoylformate
decarboxylase Labile benzaldehyde
dehydrogenase
r =10.98
r « -0.22

Benzyl alcohol

dehydrogenase

r - -0.17

Stable benzaldehyde

dehydrogenase

L-;.ilandelate dehydrogenase P value

(nmol substrate converted/min/jig bacterial protein).

17 4
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r = 0.55
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Benzyl alcohol dehydrogenase P value
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dehydrogenase

r - 0.97

L-I'andelate

dehydrogenase

r =-0.17
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agreement between the P values determined on two different
occasions with the same inducer. This is largely because of
errors in the determination of protein in the earlier
experiments. However, although the absolute P values may vary,
the same proportional error (if any) will be introduced into all
the P values in 1the one experiment gince the same protein value:s
were used as a basis for calculating the P values of all the
enzymes, Thus the ratio between P values for different enzymes
will not wvary, and therefore the test for coordinacy is
unaflected.

The correlation coefficient is shown for each sevarate
correlation in PMg.42, If there was a significant correlation
between the P values ( "> 0.95), the regression was calculated,
and this is the line which is drawn in a number of cases. The
correlation coefficients show that only beanzoylformate
decarboxylase and the stable benzaldehyde dehydrogennse are
synthesised coordinately with L-mandelate dehydrogenase,

Mg.4% shows a similar set of graphs for the P values of
the other enzymes plotted against the P values of benzyl slcohol
dehydrogenase, Only the labile benzaldehyde dehydrogenase is
induced coordinately with benzyl alcohol dehydrogenase,

Benzoate oxidase and catechol oxygenase are not

coordinately synthesised (Fig.44),

2,4, Repression of the mandelate pathwav enzyvmes,

Plandelstam & Jacoby (1965) and Stevenson & Mandelstam

(1965) observed repression of the initial enzymes of the
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. P values for the induction of the other
mandelate pathway enzymes plotted against P
values for the induction of benzyl alcohol

dehydrogenase,

In a series of independent experiments sgimilar

to Mg.%6, .67, the mandelate pethway enzymes of bacterium

HCLE 8250 were induced by a number of compounds, vhich are

listed helow, and some of which, as indicated by the numbers

in brackets, were used more than once, In each experinent

the differentisl plot was dravn for each enzyme, end Lrom the

gradient of the gravh the P velue for the induciion of the

enzyme was colculated =nd used in the grapvh orposite,

P

W

G
10

n

.

v

Sui-L~iiandelate (3%).

Sra~-Benzoylformate (2).
Lilh-Thionhenoxyrcetate,

Suln~L-iandelate + Su~-benzyl alcohol.
Srucw-h-iand elate + Srli-acetzte + bYmi~succinete,
Cri.-Benzyl alcohol (2),

Lii.-Benznldehyde.

Sii~-Benzyl alcohol + brui-acelate + Srmu-succinate.

lm.~Benzonte, i
Jril.~Catechol, ’

e correlation coefficients (r) for the various graphs are

recorded on the graph 1o which they relate.



Mg, ah, P values for the induction of catechol oxygenase
plotted against P values for the induction of

benzoate oxidase,

In a serieg of independent experiments similar
to Flg.%6, p.167, benzoale oxidase and calechol oxygenase of
breteriun LCIB 8250 were induced by =2 number of compounds
vhich are listed below. In each experiment the differential
plot wag drewn for each enzyme, and from the gradient of the
graph the I veluce for the induction of the enzyme was

calculnted and used in the graph orposite,

1 -~ Spki-L-tl.andelate.
2 -  bmie-Benzyl alcohol,

3 =~  lwhki~-Thiophenoxyacetate.,

4 -  Inie-Catechol.

The correlation coefficient (r) is recorded on the graph.
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nandelate pathwoy by intermediales of the pathway in 2, nulida.
Al thoush the present work was not intended %o inrclude a study
repression, it was decided to perform onc experiment to see
11 similar eifects could be produced in bacterium NCIB 8250,
The prime gim of this experiwment was to obtain additional sets
o& P values for the correlation experiments (Section 2.%,.) and,
as a bonus, to see il repression was operabting in the mandelate
nathway,

Table 18 shows the results of an experinent in which L-
mendelate, L-mandelate + acetate + succinate, L-mondelate o
benzyl alcohol, benzyl alcohol and benzyl alcohol 4+ acetate 4
stecinate were used as inducers of the mandelate pathway
enzgynes., The growth rate in the presence of benzyl alcohol is
lowver than in its absence, and the presence of acetate +
guccinate only marginelly increases the growth rate, 'the
presence of Smil-acetate + bHmbi--succinate reduces the P value
for the induction of benzyl alcohol dehydrogenase hy
approximately 9%.. This repression by acetate 4+ succinate is
less marked for the induction of L-mandelate dehydrogenase as
the P value for thisg enzyme is only reduced by 60%. The
presence of l-mandelate slightly represses the induction of

benzyl alcohol dehydrogenase by benszyl alcohol,



Table 18, The effect of the presence of intermediates
of the mandelate vathway on the ¥ values for
the induction of the wandelate pathway enzymes

by benzyl alcochol or L-mandelate,

Bacterium +CIB 8250 was growvn on 10nk-
glutamate 25 sole source of cerbon, harvested, washed,
resuspended in bhasal medium, and inocul=ted into 10mii-
olutamate-salts nedium e2s dedcribed in I.ethods. The inducer,
with ana without potential repressor, to give a final Cén—
centration of Smi: in 211l cases in the glutemste~salts mediwn,
wes added after avoroximately 1 geuveration., Samples for
cnzyne assey were withdrawn from the growth [lask, harvested,
wasned, stored, sonicated, and assayed as described in
iethods, Growth was determined by taking sauples for protein
estination as described in l.ethods, and from it the specific
growth rate was calculsted, The graph of increase in enzynme

unite/nl culture against increase in bacterisl protein/ml

culture wes drawn for each enzyne and from the gradient of the

graph the P value for the induction of the enzyme was

calcecul~ted,

The syecilic grovtn rates are exuvressed as h"l.

Ihe & velues Ffor the induction of the enzvmes are exrressed =

nmol substrate couverted/min/yg bectcrial protein,
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30 ISOLALION o NUNRLITIQNAL VERSATILITY AND LuVeLsS OF THE .

EANDHLATE PATHYAY BIZYILS IH FUTANT STRATNS OF

BACERATIN HCID 8250,

3,1, Tgolation of mutant gtraing of bacterium FCIB 8250,

The initial experiments were concerned with developing
techuniques for the isolation of mutants of bacterium NCIB
8250, 'Haﬁil@ achieved this, the next step was to obtain
gpecific mutants of the mandelate pathwayo To solve the various
problems outlined in the Introduction, the specific mutants
required were:

(1) constitutive nutantss

(2) orgsnisms able to grow on-benzoate or benzyl alcohol,
but not on L-mandelate ("mandelate mutants");

(%) organisms able to grow on benzoate or L-mandelate, but
not on benzyl alcohol ("benzyl alcohol mutants™);:

and (4) mutants unable to grow on benzoate, benzyl alcohol or

L-mandelate ("benzoate mutants"),

3.0 1. Development and anplication of mutagenic technigues,

Badal 3, Putagenegis by ultraviolel irradiastion followed by
enrichment with penicillin V,

Since ultraviolel drradiation 1is one of the most common
muitagenic treatments, it was chogen to induce mutation in
bacterium NCIB 8250, Before using this technigue, however,
exverimental conditions which were likely to give an optimal

number of mutants had to be developed., Hegeman (1966b) and



Gorini & Kaufman (1960) showed that a 99.9%. kill produced a
satisfactory number of mutants in P, putids and E. ¢oli
recvectively. In the absence of other inform~tion, it was
decided to use the same kill in bacterium KCIB 8250,

A ki1l curve for ultraviolet irradistion using the Hanovia
bectericidal lamp alt a distance of 84cm from the culture was
constructed (Fig.45). It shows that a 99.9%. kill was achieved
efter 140g drradiation. Subsequently the cell suspension wag
irradiated for this time interval for the isolation of mutants.

It was decided to treat the irradiated culture with
penicillin V in order to increase the percentage of the desired
nutents in the bacterial population although penicillin V, as
it interferes with cell wall synthesis, ig chiefly apolicable
to Gram-positive bacteria, and has never been tested with
bacterium HCIB 8250, However it has proved to be effective in
the enrichment of Gram-negative organisms such as ., coll

(Gorini & Kaufman, 1960) and F, aeruginoga (Loutit, 1955). The

effect of penicillin concentration on the’growth of bhacteriun
LCLB 8250 is shown in PMlg.46, From these data it was decided
to use lmg/ml penicillin in the enrichment procedure,

In three separate experiments using mutagenesis by
ultraviolet irradiation followed by penicillin enrichment and
the replica plating selection technigque, an attemnt was made 1o
igolate blocked mutant strains of bacterium NCiB 8250, As
shown in Table 20, although 9,600 organisms were screened, no

mutants of the desired type were isolated, ILlutants, however,



Mg 45, Bactericadal effect of ultrsviolet irradiation

onn bacteriunm SCIB 8250.

Bacterium 1.C1B 8250 was grown as described in
wethods (p.59). A viable count was made on the cell
suspension in hasal medium, Sml of which was then irradiated
with the ultreviolet lamp at a distence of &S4cm from the
lamp as deseribed in hiethods (p. 63, At verious time
interValle.lnl samoles were withdravn from the cell

suspension for visble count determinations,
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Mg, 46, The effect of penicillin V on the growth of

bacterium HWCIB 8250,

Bacterium LCIB 8250 was grown as described in
jsethiods (p.59) except that the cells were not harvested. A
1% inoculum was added to 50ml 1lOrii~succinate~salts media
containing verious concentraiions of penicillin V, A viable
count wasg made on a similar culture which contained no
penicillin as described in liethods (p.062), 'The cultures verec
then grovn for 4h at 300 at which time a viable count wasg

mede on cach culture,
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were probably produced as the viable count of cells treated
with ultraviolet irradiation was about 25 less on succinate

agar plates than on nutrient agar vlates,

3,1 1.1,2, lutarenesis by dincubaltion with H.T .G,

since uwltraviolet irradiation did not produce sny of the
degired mutants, it was decided to induce nutagenesis with the
more powerful mubtagen N.T.G.. Adelberg et 51.(1965) have shovn
that incubation of a culture of i, coli with this compound
produced at least one mutation in the genome of every organism
of the culfurc under conditions which gave a 50% kill. Ior
bacterium NCIB 8250, however, it was decilded to use conditions
which gave s 99.9¢ kill since Csnovas & Stanier (1967) used

these conditions to obtain mutants of A, csolcosceticugs. The

effect of incubating a suspension of bacterium NCIB 8250 with
N.T,5, at a f£insl concentration of lOOFg/ml is shovmn in Table
19. Incubating the cells for 30min at 30° gave approximately
a 99.9% kill, and this time interval was therefore used for
the isgolation of mutants,

In four separate experiments using mutagenesgis with N,T.G.
followed by the replica plating selection technique, 15 benzyl
alcohol mutants, 7 benzoate mutants and 2 mandelate mutants
were isolated (Table 20),.

It was then decided to attempt the isolation of additional
mandelate and benzoate mutants using the limiting nutrient
selection technigue, Inrichment of the desired mutants by

Carboxy O (a auinolone which has been shown by Yewson



Table 19. The effect of incubetling a suspension of
bacterium NCIB 8250 with N.T.G. at a final

concentration of 100pg/m1°

Bacterium LCIB 8250 was grown as described in
Methods (p.59). 9ml of the cell suspension was sdded to 1lml
N.T.G. dissolved in 10mii-sodium citrate buffer pH 6.0 to
give a final N.T.G, conceﬁtration of 1OOPg/mlo A viable
count was made on the resulting suspension. The suspension
was then incubated at 30° in a shaking water bath, lml samples

were taken at 30min, 45min and 60min, and viable counts were

made on then.,



Incub~lion

No. of
¢ kill
time (nin) colonies
0 2.0 x 109 0
6
50 2.5 x 10 99,88
9) .
45 8.7 x 10 99,96
5
60 5.9 x 10 99.97




Teble 20. The isolrotion of blocked mutant strains

of bacterium NCIB 8250.

Blocked mutant strains of bacteriun NCIB 8250

were isolated using the following procedures which are fully

degscribed in lLiethods (Section 2):

AI

B,

Go

iiutagenesis by treatment with vltraviolet irradiation
followed by the nenicillin enrichment technique.
Lutagenesis by treatument with #H.T.G. followed by the
replica vlating selection tecnnigue.

Lutagenesis by treatument with .T.G. followed Dby the
limiting nutrient selection technique, with O0.%mli-
glutanate (Glu.) or 0,2mki-benzoate (Ben,) as the
liniting nvtrient,

liutagenesis by treatment with H.T.G. followed by the
Carboxy Q enrichment techniocue, and the limiting
nutrient selection technigue with O.%mli-glutamate as

the limiting nutrient,
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(unoublished results) to heve a slight bactericidal effect on
growing cells of bacterium WCIB 8250) was carried oul on one
occasion. Other exveriments were carried out with no enrichment.
In the first two experiments 0,%mii~glutamate 4+ Znii-henzoalte was
used as the carbon and encrgy source in the selection procedure
with O0,%mu-glutemate as the limiting nutrient. the mutsnts
obtained in this experiment are shown in Yable 20, Although
63 benzoate mutants were isolated, only 2 mandelate mutants were
found, Thus, in order to obtain mandelate rather than benzoate
mutants, it was decided to grow the mutated culture on Z2nmii-
benzoate, and then spread it on agar plates containing 0.2mbi~
benzoate (as the limiting nutrient) + Smli-L-mandelate o
elininate the benzoate mutants., 12 mandelate mutants were
obtained in these experiments (Table 20),

el alad. The dsolation of mutants constitutive for Ii-nandelate
dehyvdrogennse,

gince the required mutants normally form only a very small
proportion of the bacterial population under study, it was
essential To develop a rapid screcning procedure for their
isolation, The gcreening procedure makes use of the fact that
L-mandelate dehydrogenase activity cen be detected visually by
the coupled reduction of the dye, 2,6~dichlorophencl-~indophenol,
L-liendelate denydrogenase was assayed in suspected awutant
organisms by destroying the vermeability barrier of whole cells
with a toluene-ethanol mixture, and then adding the dye and

L-mandelate,



i 8
The alternate culture technicue was used to enrich both

snontaneoug and W.T.G., induced nutants. 6 indewendent culitures
were set up to enrich spontancous mutants, and 5 lo enrich ¥.9.G,
induced mutantg. This enrichment method 1s based on the
nresumed selective advonlage of constitutive mutants, which do
not lag, during the growth lag exhibited by the inducible wild
type when transferred from a glutemate- to a L-mandelate-salts
redium, After 10-1% cycles alternsling between the two carbon
and energy sources, the constitutive mutants should have
outgrown the wild tyve. The presumptive enriched culture was
spread on nutrient agar plates, and the colonies obtained were
tested for a constitutive L-mandelate aéhydrogenase after growth
on a glutamate-salts medium. Table 21 shows that 42

constitutive mutants were isolated in this way.

Sels2. The gvgten used to elassify the mutants,

The clasgification system used to designate fthe mutant
gtrain numbers is summarised as follows:
(1) +the letter N signifies mutagenesis by N.T.G,;
(2) the letter C signifies spontaneous mutation;
(3) +the second letter, if applicable, refers to the
experiment in which the mutant was isolated;
(4 in a one or two figure number, the number revresents the
chronological order in which the mutant wasg isolated;
(5) in a four figure number, the first two figures represent
the\number of the agar plate on which the mutant was situated,

and the second two fizures the position of the mutant on the



Table Zl. The iegolation of constitutive mutant strains

of bacterium ACIB 8250.

Constitutive mutant strains of bacterium

HCIB 8250 were isolated using the following procedures

which are fully described in liethods (Section 2):

A, lLiutagenesis by treatnent with i##.T.G. followed by the
alternate culture enrichment technique, and seleclion
by means of the L-mandelate dehydrogenase whole cell asgsay.,

B. Bpontaneous mutation followed hy the alternate culture

enrichmnent technioue, and selection by mesns of the L-

rnandelate dehydrogenase whole cell assay.
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plate, in casesg where the isolated mutant was further tested
before cloning;

and (6) in a five figure number, the first two figures
represent the number of the alternate culture experiment, and
the last three figures the chronological order in which tThe

mutant was tested for a constitutive L-mnndelate dehydrogenase,

3. 1,%, The cheoice of mutants for further studv,

A1l the mutants isolated were characterised as bacterium
KCIB 8250 by the tests shown in Table 2, Some of the blocked
mutants showed signs of revergion or leakiness, and were not
examined further, The mutants used in the rest of the
exveriments described in Section % gave the least indications
of leskiness or reversion, Preliminsary experiments showed that
all the congtitutive mutants contained much less L-mandelate
dehydrogenase when grown under non-inducing conditions than did
the wild type when grown on li-mandelate., Thus these organisms
olassifiéation and terminclogy for enzyme mutants in mic ro-
organisms suggested by Collins, Mandelstam, Pollock, Richmond
& Sneath (1965), KE0A071, UE02270 and C04211, the three strains
which contained the highest levels of L-mandelate dehyvdrogenanse,

were used in subseguent exveriments,

B

3e2. Nutritionsl versatility of the mutant strains,

A1l the mendelate, benzyl alcohol and constitutive

mutants were tested for growith on L-marndelate, benzoylformate,
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benzyl alcohol, benzaldehyde and benzoate, and the majority of
then on 4~hydroxy-~D,L-mandelate, 4-hydrexy-%-methoxybenzaldehyde,
2-hydroxybenzyl alcohol and 4-hydroxybenzyl alcohol., The
benzoate mutants were tested for growth on benzyl alcohol,
2-hydroxybenzyl alcohol, benzoate, 2-hydroxybenzoate, catechol
and succinate, In order to simplify the presentation of the
results, compounds which gave the same growth pattern for the
wild tyve and mutants were omitted from Tables 22 to 25,

In some cases growth is shown as '"delayed", 1In these
cases the mutents had failed to grow by the time tThe wild type
was fully grown; but did subsequently grow - sometimes after

several days.

Baledl. The nutritional vergelility of the mandelate mutants,

The nutritional versatility of the mandelate mutants is
shown in Table 22. These wmutants cen be divided into two
classes: ‘those which grow on benzoylformate, and those which
do not. Both classes of mutants, however, fail to grow
normally on L-mandelate and 4~hydroxy-D,L-mand elate. Growth
of all the orgsnisms on benzyl alcohol, 2-hydroxybenzyl
alcohol, 4-hydroxybenzyl alcohol, benzaldehyde, 4-hydroxy-?-

methoxybenzaldehyde or benzoate ig similar to that of the wild

type.

5,22, The muibtritionsl versatility of the constituntive mutants,

The nutritional versatility of the constitutive mutants

ig shown in Table 2%, The constitutive nmubtants show no or



Table 22. The nutritionanl versatility of mutant strains
of bacterium LC1B 8250 which do not grow
normally on L-mandelate, but do on benzyl

alconol or benzoate,

The wild type organism and the mubtanl strains
of brcterium NCIB 8250 were inoculated into basal selts medisg
containing the various grovwth subsitrates at two concentrations
using a 0.2, mwwashed nutrient broth culiture asg inoculum as
degcribed in l.ethods (p.60). Growth was determined at
suiteble tine intervals after inoculation as described in
iethods (p.60). Since growth was similar for both
concenivrations of growih substrate, only one result has

been recorded in the Table,

~, = Nno growth.
+. = delayed growth.
++, - normal growth.
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Table 23. The nutritional versatility of constitutive

mubant strains of hacterium WCIB 8250.

The wild type o genism and the mutant streoins
of bacterium NCIB 8250 were inoculated into basal salts
media containing the various growth substlrates at two
concentrations using a 0.2% unvashed 24h nutrient broth
culture as inoculum as described in ilethods (p.60), Since
growlth was similar for both concentrations of growth

substrate, only one result has been recorded in the Table,

- = no growth.
+. = delayed growth.

A4~ nornal grovth.
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delayed growth on L-mandelate, 4-hydroxy-D,L-nandelate and
benzoylformate. Growth of the gtrains on benzyl alcohol, 2-
hydroxybenzyl alcohol, 4-hydroxybenzyl slcohol, benzaldehyde,
4-hydroxy-s-methoxybenzaldehyde or bengoate isg similar to thatb
of the wild type.

B 2.3, the nutritional versatility of the benzvi alcohol
mutants,

The nutritional versatility of the bengzgyl alechol nutants
is shown in Table 24, One mubant, NB7, is clearly different
from the other two as it does not grow on any 4--hydroxy-
substituted compound, Strain NB7 also does not grow or gives
delayed growth on benzyl alcohol, 2-hydroxybenzyl alcochol,
benzaldehyde and 4-hydroxy-3-methoxybenzaldehyde, The other
two mubtants, N2 and NA37, grow normally on 1nii-benzaldehyde,
d-hydroxy~D,L-mandelate or 4-hydroxybenzoate; bul show no or
delayed growth on benzyl alcohol, 2-hydroxybenzyl alcohol, 4
hydroxybenzyl alcohol, Z2mii-benzaldehyde and 4-hydroxy~%-
methoxybenzaldehyde. Growth of the three mutants on L-
manddlate, benzoylformate or benzoate is similar to that of

the wild type.,

3 2 A, The nmatritional versstility of the benzoste mubtants.,

The nutritional versatility of the benzoate blocked
mutants ig shown in Table 25, The benzoate mutants grow on
2-hydroxybenzoate or catechol, but not on benzoate, Growlth of
the strains on 2-hydroxybenzyl alcohol or succinate is similar
to that of the wild type. Although it is not shown in Table

25, the mutants did not grow on henzyl alcohol,



Pable 24. The nutritionsl versatility of mutant streing
of bacterium NCIB 8250 which do not grow
normally on benzyl-alcohol, but do on L-

manlelate or benzoate.

The wild type orgenism and the mutant strains
0% bacterium LCIB 8250 were inoculated into basal salis
media containing the various growth substrates at two
concentrations using a 0.2¢ unwashed nutrient broth culture
a8 inoculum asg described in wethods (po60). Growth was
determired at suit-ble time intervsls after inoculation as
iegeribed in liethods (p.60). 7There growth was similar for
both concentrations of growth subsirate, only one result

-

hag been recorded in itne Table.

~, = 0O growth.

3
-
4

. = delayed growlh.

a4, -~ normnl growth.
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Table 25, The nutritional versgatility of mutant strains
of bacterium NCIB 8250 which do not grow on

L-mandelate, benzyl alcohol, or benzoate.

The wild type organism and the mubtant strains
of baclerium LCIB 8250 were inoculated into basgal salis
media containing the various growth substrates at two
concentrations uveing 2 0,2 unwashed 24h nutrient broth
culture as inoculum as described in i.ethods (p.60). Growth
wes deternined at suitable time intervals after inoculation
as described in iethods (p.60), Since growth was similar
for both cencentirations of growth substrate, only one result

has been recorded in the Table.

-, =~ no growth.

44, = normal growih.
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3.2.5 . Presuned cnnyme lesions of the blocked nutants,

Table 26 sumnmarises the nutritionsl versatility of the
blocked mutants from the data given in Tables 22, 24 and 25,
and gives their presumed enzyme lesions., Benzaldehyde was notb
included in the summary as it gave equivocal results with the
benzyl alcohol mutants (Table 24),

3.3, Levels of the mandelate nathway enzymes Tound in non-
induced cells of inhe congtitutive mutants,

The levelg of the mandelate pathway enzymes in non-induced
cells of the constitutive mutants grown on glutamate were
determined. The growth ratle and enzyme content of the three
congtitutive mutant strains, NEO4071, NEQ2270 and C04211, were
sinmilar, and consecuently only the results obtained for strain
C04211 are documented in full,

The two growth rates of the mutant organism on 8mpi-
glutanate are similar to those of the wild type (Fig.47).
samples were taken for enzyme assay during the last generatlon
at the times indicated by the arrows, As the values for the
specific activity of the enzymes in the three samples taken
from the culture of the mutant organism were similar, and in
the case of the wild type between two separste experiments in
which three samples were taken each time, fhe values for the
specific activity of a particular enzyme were averaged, and it
is this mean value which is the figure guoted in Experiment B,
Table 27.

0f the three enzymes of Regulon Rj, only L-mandelate



Table 26, Summary of the nutrition=al versatility of the

blocked mutent strains of bacterium NCIB 8250

and thelir presumed enzyme lesions,

The blocked nutant strains of bacteriunm

HCI8 8250 were inoculated into basal salts media containing’

the various growth substrates at two concentrations using a

0.2y unwasned 24h nuirient broth culture as inoculunm as

described in llethods (p.60)., Grovth was determined at suitable

tine
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intervals after inoculation as described in liethods (p. 60),

~, - no growth or delayed growth.
+. = norinal growth.
n.t. -~ not lested.
L-i.endelate dehydrogenase.
Benzoyliormate decarboxylase.
Labile benzaldehyde dehyérogensse,
One of the enzymes of the 4-~-hydroxybenzoate pathway.

Benzoate oxidase,
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Mig. 47.

mubanh
into &r.

culture

Growth of the wild +type orgsnism and the
constituitive mutant strain C0A211 on

Sri-glutnrnnate-sal te mediun.

Te wild tyne organism and the constitutive
strain C04211 of becterium uCIB 8250 were inoculated

~glutennte-salts medium using a 104 wunwashed 15h

groin on 8mui-glutarmate-salts medium as inoculum as

described in f.ethods (p.b60). Grovwth and specific growth

rate were deternined as described in llethods (p.2%).

O - wild type

. -1 . )
grovth rate - 0,40h changing to 0.26h .

A~ nutant stroin C04211

wl , , . L
growth rate - 0.45h changing to 0.25h .

The time scale of the growth curve of the

mutant strain is displaced through 90 nin,

? - vamples removed for enzyme assay (Table 27.),
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dehydrogenase and benzoyliormate decarboxylase are synthesised
constitutively (Table 27). These two enzymes, however, are
present in only meso-~constitutive amounts since the levels of
these enzymes in hxperiment A are only about 44 of the levels
found in the wild type induced with L-mandelste (able 28) in a
comparable experiment. Although the level of the gtable
benzaldehyde dehydrogensse is higher in the mutant than in the
wild type in bkxperiment B, it is lowver in lixperiment A, and
taking the average percentage incrense over the two experiments
as 16%, the enzyme ig probably not constitutively synthesised,

Dl Lievels of the mendelate patvhway enzymes found in induced
cells of various gtrains of bacteriun LOL1B 8250,

Since a study of the induction of the mandelale pathway
enzyrnes in the various classes of mutants permits a more
refined analysis of the control mechanisms oyperaling in the
pathway, the wild tyne and'the blocked »and constiitutive mutants
degeribed in Tables 22 to 24 were induced with L-mandelate,

benzoylformate, benzyl alcohol and benzaldehyde,

B4 .1 The wild tyne.,

The levels of the mandelatle pathway enzynes ia the wild
type growing on glutamate supplemented with inducer are showm
in Table 28, L-handelate dehydrogenase, benzoylfbrmate
decarboxylase and the stable benzeldehyde dehydrogenase sre
induced by L-mandelate or benzoylformate. Low levels of the
labile benzaldehyde dehydrogenase and benzyl alcohol

dehydrogenase are also induced by L-mandelate or benzoylformate.



Table 27. A comparison of the levels of the mandelate
pathway enzymes found in extracts of the wild
type organism with the levels found in

extracts of the comnstituftive mutant strain.

bxperiment A, The wild type organism and the constitutive
mutent strain CO4211L of bacterium LICIB 8250
were growvm Ffor 2-:h on 10mii-glutemate-salts medium as despribed
in Methods (p.61). A 25. unwashed 12-14h culture grown on
10nmli~-glutamate~-sallts medium was used as inoculum. The cells
were harvested, washed, stored, sonicated, and assayed as |

described in j.ethods,

pxperiment B. The wild type organism and the congtitutive
nubant strain C04211 of bacteriuﬁ 5CIB 8250
were grovm into the last generation of exponential growth on
8mh~glutamaten531té nedivm as described in Liethods (p.60). A
10,. unwashed 15h culture grown on Suii-glutanete-salts mediun
wag used as inoculum. Samples were then withdrawn from the
grovth fleosks at the limes indicated on Fig.47 p.199, harvested,

vasied, stored, soniceted, end asseyed as described in liethods,

Values for the svecific rctivity of the enzymes are exmressed

as muol substrate converted/min/mg vrotein,

The fisures in perenthesis for Bxperiment A represent the number
o1 experiments on which the suvecific activity is based,

The fisures in pereathesis for bxperimeat B represent the number

of s=mples on which the specific =ctivity is based.
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Table 28. The levels of the mandelate pathway enzynes
found in extracts of the wild type organism
growing on glutamate-salts medium

supplemented with inducer,

Bacterium NCIB 8250 was grown for 2+h on
LOmii~glutamate-salts medium supplemented with SmM-L-
mandelate, Smii-benzoylformate, 5Smii-benzyl alcohol, lmbi-
benzaldehyde, or no inducer as described in lLiethods (p.61l).
A 25, unwashed 12-14h culture grown on 10nli-glutasmate~salts
mediuvm was used as inoculum. The cells were harvested,
wvashed, stored, sonicated, and asseyed as described in
iethods., Values for the specific activity of the enzymes

are expressed as nmol substrate converted/min/mg protein,

The values for the specific activity of the enzymes
when no inducer is present are the average values

obtained in ¥xperiment A,, Table 27, p.201.
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Benzyl alcohol and benzaldehyde induce benzyl alcohol
dehydrogenase and the labile benzoaldehyde dehydrogenase, but
not L-mandelate dehydrogen~se, bengzoylflformate decarboxylase or

the stable benzaldehyde dehydrogenase,

Badela Mpndelate mutant strains HIN200, NF1L408 eond 110410,

Only the results for strain 0410 will be given in detaﬁl
as the three strains gave similar paticecrns of induction. The
levels of the mendelate pethway enzymes in strain #0410 which
is presumed to lack L-mandelate dehydrogenase (Table 26) are
shown in Teble 29, fThe results confirm this presunpiion in
That no L-mandelate dehydrogensse activity is induced under any
experimental condition. Benzoylformate induceg amounts of the
other enzymes comparable with those of the wild tyne, L
sandelate, however, has hardly any inducing power., As expected
from the data obtained from the nutritional versatility of this
gtrain, benzyl alcohol and benzaldehyde give normal patterns of

induction.

Badia S, hiandelate mutant straing WIF2405, MNEPO113%, L1706 and 1TA%6,

As the properties of gtrains HF2405 and HP0L1l% were gimilar,
only the results obtsined for strain NF2405 will be quoted in
full. The levels of the mandelate pathway enzymes in strains
N#1706, HWAZ6 and NIF'2405, which are presumed to lack
benzoylformate decarboxylese (Table 26), are shown in Table %0,
The results confirm this suggestion in thal there is very little
benzoylformate decarboxylase activity present under any

exverimental condition,



Teble 29. The levels of the mandelate vathway enzymes
Tound in extracts of the mutant strain
HF0410 groving on glutamate-salts medium

supplemented with inducer.

Lutent strain HF0410 of bacteriuvm WCIB 8250
vas grovn for 24h on 10mli-glutamate-salts medium
suppl enented with Smii-L-mandelate, bSnli-benzoylLformate,
HSii-benzyl 2lcohol, lmli~bengzaldehyde, or no inducer as
described in h.ethods (p.6L). A 25, unwashed 12-14h culture
grown on 10mii~glutamate~salts medium was used as inoculum.
The cells were harvested, washed, stored, sonicated, and
assayed as described in iethods., Velues foar the specific
activity of the enzymes are expressed as nmol substratbe

converted/min/mg protein.



&
<3

Inducer

concentration

>

mzyne L-L.7n-~ | bengoyl~ | benzvyl benasl- | ilio
delate | formate nlcohol | dehyde inducer
B1ni.: 5l S Ini. nresent
u—-, andelate

lenydrofenase

senzoylformate

dlecrrboxylase

Jtnble bengzaldchyde

) -

Lehydrogenase

w

s2bile benzaldebvde

dehyarogena se

sengyvl alcohol

ienydro genase

J~techol

JxXVFEeursge

JAdG oxidese

0

2,0

8.0

i

132

224

28

177

121

(O
i

194

121

|‘_§
1
I

217

119

~1]
O

1.8

6,1

1.0

127




Table 30, The levels of the mandelate pathway enzymes
found in extracts of tﬁe nutent strains
NFL706, WHABZ6, and NI2405 growing on
glutamate-salts medium supplemeated with

inducer.,

lutant strains NFLT706, LAB6, and NF2405 of
bacterium nCIB 8250 were grown for 2+h on 1O0mli-glutama te-
salts mediwn supwnlemented with bSmi~L-~mandelate, Smii-
benzoyliormmate, bmli-bengzyl alcohol, lmii-benzseldehyde, ar no
inducer os described in liethols (p. 6. A 2%, unwashed
JZ2~14dh cultwe grown on 10nki-glutanate--salts ﬁedium We s
used as inoculum. The cells were hnarvested, washed, stored,
goniceted, and asssyed =g described in ilethods. Velues for
the soecific activity of the enzynes are expressed asg nmol

cub strate converted/min/mg protein.
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Straing HPLT706 and WA%6, howvever, differ from strain
KF2405 because they contein normel amounts of L-mrndelate
dehydrogensse and the gtoable benzaldehyde dehyvdrogenage: vwheress
in strain N#'2405 there is only negligible induction of these
two enzymes. Another feature of these organisms is that in
strains NF1L706 and MF2405% L-mandeloate and benzoylformate
hyverinduce benzyl alcohcl denydropgensse and the labile
benzaldehyde dehydrogenase comnsred with the wild typre levels,
(These organisms represent inducible-hyper strains according to
the vhenotypic classificetion and terminology suggested by
Collins ef 21.(1965)), 1n comparison with these observations,
strain NA%6 has levels of the Regulon R2 enzymes similar to
those of the wild type wnen induced with L-mandelate or

benzoylformate, Low levels of catechol oxygenase are induced

LY

ian the three sitrains by L-mandelate or benzoylformate.

Badatla Benzyvl_sleohol rulant strains W2, MABT and HB7.

Only the results for strain WAZT will be documented in
full as the three straing gave the same vattern of induction,
The levels of the mandelate vathwey enzymes in strain HA37,
which i8 presumed to 1ac§ the labilé bengnldehyde dehydrogemasé
(Table 26), are shown in Table 31, The results coniirm this
vresumption in that fthere are only minute amounts of the l=bile
benzrldehyde dehydrogenase present under any experimental
condition, This mutant also containg 1ittle benzyl aslcohol
denydrogenase actiﬁitya L-liandelate and benroylformate induce

5

normal levels of the Hzgulon R, enzymes, The levels of catechol
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Table The levels of the mandelate pathway enzymes
found in extrascts of the mutant strain
RAZT7 growing on glutamate-sal ts mediunm

supplenented with inducer.

Lutant strein NA37 of bacterium HCIB 8250
vas grovin for 2zh on 10mii~glutamate~salts medium
suppl anenved with bSmii-I-mandelate, Smli-benzoylformate,
Smii-benzyl alcohol, lmii-bengsl dehyde, or no inducer as
desgcribed in iiethols (p.6l). A 25, unwashed 12-14h culture
grovn on 10miz-glutens te-salls medium was used gs inoculum,
the cells were harvested, washed, stored, sonicated, and
assayed as described in lethods. Values for the specific
activify of the enzymnes are expressed as nmol substrate

converted/min/mg protein,
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oxygenase induced by L-mandelate or benzoylfiormate in this
organism are similar to the levels found in the wild type,
Benzyl alcohol and benzaldehyde, on the other hand, induvce

lower levels of this enzyme,

304.5, The Coﬂﬂfitutive mutant streing CCA211, WhOAQT7L and

Ag the three gtrains go=ve similar patterns of induction,
only the results obtained for sgtrain C04211 will be. given in
detail, The levels of the mandelate pathway enzymes in strain

CO0421L are shown in Table 32, In this orgenism the neso-

g:D

constitutive levels of L-mandelate dehydrogenase and
benzoylformate decarboxylase found in non-induced cells (able
27) are not anpreciably alterced by the nregence of L-~mrndelate
benzoylformate, On the other hand, the stable benzaldehyde
dehiydrogenase is hyperinduced by L-mandelate or benzoyiformahe
comnpared with the wild type level, As observed in straing
HIL706 and NF2405 (Table %0), benzyl alcohol dehydrogenase and
the labile benzaldehyde dehydrogenase are hyperinduced by L~
nrudelate or benzoylformate in thig orgeniem,. Beazyl alcchol
and benzaldehyde give the normal induction wmatterns, Aopreciable
amounts of catechol oxygenase are induced by L-m~ndelate or

benzoylformate,

3.4.6, Levels of the mondelate nathway enzyres induced hﬁm
thiophenoxyocetate in the wila tyvpe, in ine consyvitubive

mutent Cei?2tl and dn the mandeoelate mut-ont 0706,

L-liandelate or benzoylformate hyperinduce the Regulon R,

enzymes in mutent strainsg NFLT706 (Table 30) and €04211 (I'able



Table %2, The levels of the mandelate pathway enzymes
found in extiracts of the constitutive
mutant strein C04211 groving on glutamate-

salts medium supplenented with inducer,

The constitutive mutant strain C04211 of
bacterium LCIB 8250 was grown for 2+h on 10mm—glutamate~.
galts medium supplenented with Swmli-L-mandelate, Smli-
benzoylfornate, Sm.i-benzyl alcohol, 1mii~-benzaldehyde, or
no inducer as described in liethods (p.61). A 25 unwashed
12~i4h colture grovn on 1l0mii~-glutamate-~salts ﬁedium was
used ag inoculum. The cells were harvested, washed, stored,
sonicated, and assayed as described in klethods. Values for
the specific activity of the enzymes are expressed as nmol

substrate converted/min/ng protein,
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32). Bince this induction could be brought aboult by these
convnounds tnemselves or alternatively, by = Compound'formed
from tneir mnetabolism, it was decided to exriince the effect of
thionhenoxyr~cetate, a non~metabolisgable inducer of the

negulon Ry enzymes, on the induction of the Regulon 32 EnzZymes
in these organisms, Table %% shows that thiophenoxymcetate
induces only the Regulon Rl enzymes in e~ch of the three
organisms; thiovhenoxyacetate induces neither the fegulon Ry

enzymes nor catechol oxygenase,



feble 55. The levels of the mandelate pathway enzymes
found in extracts of the wild type organism,

and +the mutant strains C04211, and NFL706
supplenented with lmii-thiophenoxyacetate,

The wild type orgenism, the constitutive
autant steain C04211, and the benzoylfornmate
decarboxylesel ess nmutant strain ﬁFl?OC of bhacterium
HOIB 8250 wvere grovn for 24h on 1Omii-glutamate-sal ts
mediun sunplerented with lwlil-thiorhenoxyacetate as described
in wethods (p.6l). A 25%. unwashed 12-~14h culture grown on
10mii-glutena te-salts nediun was used as inoculum. The cells
wvere narvested, ves.ed, stored, soniceted, and agcsayed as
described in lethods., Values for the specific activity of
the enzynes are expressed as nmol substrate converted/min/mg

protein,
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Lo DEVELOFLESIAL WORK,

. A . . . .
The roison d'etre for this thesis was to determine how

bacterium NCIB 8250 controls the metabolism of the large
nunmber of compounds which it can utilise for growth (e.g.
PMg.l0), and in perticular how this organism regulates the
enzymes involved in the aromatic part olf the mandelate pathway
(Fig.8). At the beginning of this project, the degree to
which these enzymes are coordinately controlled was not well
understood (Kennedy & PFewson, 1968a,b) so that it was
impossible to estimate the activity of a group of enzymes just
by measuring the activity of a single enzyme., Indeed the first
main object of the experiments on control was to establish the
extent of the coordinacy of the mandelate pathway enzymes,
Consequently all the enzymes of the pathway had to be measured
1f worthwhile deductions were to be made from the exveriments
on regulation., Thus the first priority was to develop
convenient assays for as many as possible of the enzymes of
the pathway. In addition, NADH oxidase activity was routinely
measured as it provided a gimple means of gauging the effect
of the various inducing conditions on an enzyme noi
specifically associated with the mandelate pathway.

Rapid, sensitive, accurate and reproducible

gspectrophotometric assays were obtained for L-mandelate
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dehydrogenase, benzyl alcohol dehydrogenase, NADH oxidase,
catechol oxygenase (p.1l28), benzoylformate decarboxylase
(p.118), and the labile and stable benzaldehyde denhvdrogenase
(p.107). Only with benzoate oxidase did the development of a
spectrophotometyric assay prove impracticadble (p.1l27), This
was largely because the cell-free activity obtsined with this
enzyme was ‘too low to be of use as a slarting-point for the
development of a spectrophotometric assay. The work on this
enzyme was abandoned although P.J. Roach (Fewsgon et al., 1970)
subsequently worked out a method for estimating enzyme activity
in whole cells, and this method was used in some experiments,

Having worked outl spectrophotometric assays for all but
one of the enzymes, a technicue was developed for their
measurement in a single extract, This was done because of the
economy involved (cf. p.48) and the increased flexibility it
would allow in experiments on control. The development of this
techniqgue is described rather fully in this thesis (Results,
Section 1.) since, although the various steps taken followed
one another in a logical fashion, it was a vrocess of
successgive approximation, and the reasons for using the precise
conditions would not be understood without a knowledge of the
way in whici the procedure was developed,

Initially, the chief problem in the accurate measurement
of the two benzaldehyde dehydrogenases was to obtain an extract
whose pH was high enough {0 ensure a rate of heat inactivation

of the lahile engyme which would reduce its activity to



negligible amounts in 2h atb 379 (Table 4, and p.10%) when the
cells were extracted in the standard extraction buffer (0,041~
Tris-HCl), This sgituation was made more difficult by the fact
that the actual pH of the extract was lower than the vH of the
extraction buffer due to the buffering capacity of the cells’
cylboplasm (Tables 4 and 5). A similar buffering capacity has
been ohserved with k., cold (Kashkelt & ‘Yong, 1969)., In practice
it was found that, using Tris buffer at the highest pH vossible
(pH 10.%), the actual »i of the extract was never higher than
about 9.%. At this pH the rate of heat inactivation of the
labile enzyme in extracts prepared in 0,04k-Tris buffer was $oo
low to measure a total benzaldehyde dehydrogenase activity
grester than 80 units/mg prctein (Table 4)., This was because
there might have been detectable amounts of the labile enzyme
left after 120min denaturation, and thus any residual activity
could be due to either the gtable or lebile enzyme, ihen this
oceurred, the cells were extracted in sodium pyrophosphate
buffer, The need for a separate extraction of benzaldehyde
dehydrogenase in sodium pyropnosphate buffer, if its activity
is greater than 80 units/mg protein, is the chief drawback of
using Tris~HCl as the extraction buffer. The alternative is tc
usge sodium pyrophosphate as the extraction buffer for all the
enzymes, but this lowers the activity of benzoylformate
decarboxylase to an unacceptable level (Table 7). 1n vractice,
this limitation on the use of Tris-HCl as the extraction buffer

only affected the measurement of benzaldehyde dehydrogenase



activity in the blocked and constitutive mutants (Tables 28 to
32) as in the exveriments on the kinetics of induction the
total benzaldehyde dehydrogenase activity never exceeded

80 units/mg protein.,

The other main piece of developmentasl work was the
isolation of the various classes of mvotants., 0Of the two
mutagenic treatments tried, the desired types of blocked mutant
vere isolated using N.T.G. as the mutagen; whereas nc suitable
mutants were obtained using u.v. irradiation (Table 20).
Nevertheless auxotrophic mutants were probably obtained by
means of u.,v, irradiation since the vieble count on agar plates
containing succinate as carbon source was less than that on
nutrient agar plates (p.181), This lack of specific blocked
mutants from_u,v. irradiation 1s in agreement with the resultg
of Whittaker and Jones who indevendently failed to obtain
specific mutants of bacterium HCIB 8250 using this technigue,
and may be a reflection of the fact that N.7.G. has a more
powerful mutagenic eiffect on bacterium NCIB 8250 than has u.V,
irradiation, This situation occurs in other svecies; e.g, in
B coli, Adelberg et al.(1965) have obtained a 40¢ yield of
auxotrophic mutants using N.9?.G., whereas other workers using
u.v, irradiation have only obtained a 1% yield of mutants
(Davis, 1950).

Although only a limited number of mutants was obtained
(Table 20), and though many more will be required for any

extension of this work, the success of the later experiments



would indicate that incubation with N.T.G. represents a
satisfactory mutagenic technigue, and that it should not prove
too difficult to obtain many more examnles of the various
mutant classes, Iixtension of the enrichment techniqués with
nenicillin V, Carboxy Q or other bactericidal agents may

improve the efficiency of the procedura,
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2o FPATHYAYS,

The pathways for the metabolism of mandelate, benzyl
zlcohol and their substituted derivatives (Pig.4), as outlined
by Kennedy (1967) and Kennedy & Fewson (1968a,b), have been
further substantiated by the resulils of this project,

Although Kennedy & Fewson (1968a) postulated that L~
mandelate was metabolised solely through benzoylformate largely
on account of the fact that benzyl alcohol supported a higher
molar gfowth yield than did L-mendelate, they could not rule
out the possibiiity that L-mandelate could be oxidised by two
pathways operating simultaneously via benzoylformate or benzyl
alcohols
benzoylformate

,/’///? T

L-mandelate benzaldehyde
T benzyl alcohol —
Indeed, the existence of the latlter pathway would explain why

the Regulon R, enzymes are induced by growth on L-mandelate

2
(e.g. Table 16), Uevertheless the properties of the various
blocked mutants support the idea that L-mandelate is metabolised
solely through benzoylformate in this organism,

The benzyl alcohol mutants, which possess little benzyl
alcohol dehydrogenase activity (Table 31), show delayed growth
ont benzyl alcohol, but groﬁ normally on L-mandelate (Table 24).

Presumably, if L-mandelate was partially metabolised via benzyl

alcohol in these organisms, they would also show slower growth
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on L-mandelate., ilandel~te mutant straing iI1".202, LIL408 and
10410, which grow on benzyl alcohol but not on L-nendelate
(Table 22), lnack L-mrndelate dehydrogenase activity, but Torm
an active benzyl alcohol denydrogennse (Table 29). Yhusg, if
L-mrndelate wag dissimileated through benzyl alcohol in these
orgenisms, the enzymic lesion between L-mandelate and
benzoylformate would be by-passed unless the postulated L=
nandelete decarboxylase was also lost, Likewise the meandelate
mutant strains wvhich contein only low levels of benzoylformate
decarhoxylase (Table 30) do not grow normally on L-ri~ndelate
but grow on benzyl alcohol (Table 22),.

Kennedy & Fewson (1968a,b) sugrested that bacterium NCIB
6250 oxdidised L-nandelate, benzyl alcohol and their substituted
analogues to the corresvonding benzoates by a series of parallel
vathways whose enzymes were non-specific in their activity
and induction, Thelr evidence came from a gtudy of the kinetic
vroperties of these enzymes with a number of substrates and
from an examination of the oxidation of these compounds by
wvhole cells, The present work has further substantisted this
theory as mutants, which show no or delsyed growth on I.-
nendelate, have a similsar growlh patiern on 4-hydroxym-ndelate
(Table 22), and mutants, which show slow growth on bonzyl
alcohol, show no or slow growth on 2- and 4-hydroxybenzyl
alcohol and 4-hydroxy-%-methoxybenzaldehyde (Table 24),
Mnal proof of this hypothesis, however, musl awalt the

purification of the enzymes and the preperation of ~ntisera.
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This non-specificity in the induction and activity of
the enzymes which convert L-mandelate and its substituted
analogues to the corresponding benzoates may be a feature
common to all micro-~organisms which can metabolise both
mandelate and substituted mandelates, Although restricted to
the 4-hydroxy deriVatives, this phenomenon has been obhserved
in both fungal and bacterial species. Stevenson & Mandelstam
(1965) found that in P, putida cells grown on mandélate or 4-
hydroxymandelate possessed both L-mandelate dehydrogenase
and 4-hydroxymandelate dehydrogenase activity, and that
mutants selected for thelr inability to grow on mandelate
also failed to grow on 4-hydroxymandelate. This tyve of

situation also occurs in Aspergillus niger as extracts of

cells grown on mandelate can also oxidise 4~hydroxymandelate
as well as mendelate (Jamaluddin et al., 1970). In nature,
egpecially in soil where a particular environment may contain
a nunmber of different analogues of the same compound, this
non-specificity in enzyme activity and induction has obvious
advantages since it leads to an economy of protein synthesis.
Kennedy (1967) could not exclude the possgibility that
benzoate was an intermediate in the dissimilation of 2-
hydroxybenzoate, He observed that cells which could oxidise
2-hydroxybenzoate could also oxidise benzoate but not vice~
versa. Benzoate mutant sfrains NALG6, NAL18 and NA21 exclude
this possibility, however, as they are able to grow on 2-

nhydroxybenzoate but not on benzoate (Table 25). In addition
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to the three strains listed in Table 25, every one of a
further 12 mutants, which showed signse of leakiness oxr
reversion in the initial characterisation experiments, failed
to grow normally on benzoate, but did on catechol., Thus each
of the fifteen mutants tested apparently possessed a defective
benzoate oxidase system. This was a rather surprising finding
since benzoate oxidasgse i1s only one of seven enzymes which
catalyse the conversion of benzoate to succinate and acetyl-
CoAs There are two possible explanations for this observation,
(1) The benzoate oxidase locus is more susceptible to
mutation than the loci for the other enzymes,
(2) Lesions occur in sll the enzymes of the catechol ortho
cleavage pathway; but catechol and benzoate can be
metabolised by different pathways. Griffiths et a2l.(1964)
have already reported the existence of tangential pathways
involving catechol as the common intermediate in bacterium
NCIB 8250, They found that growth on naphthalene induced the
formation of a catechol 2,%-oxygenase, whereas growith on
benzoate resulted in the synthesis of a catechol 1,2-oxygenase.
Nevertheless the first explanation is probably the
correct one since the observations outlined below suggest that
catechol and benzoate are metabolised by the same pathway in
this organism:
(1) cells induced with catechol or benzoate synthesise a
catechol l,2«oxygenas¢ (e.g, Pig.42), and can oxidise /%

oxoadipate without a lag (Kennedy & Fewson, 1968a):
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and {2) all three benzoate mutants which have so far been

tested for the ability to decarboxylate benzoate have lacked

this capacity (Cook, unvublished results).



B LNZYEHS .

3.1 . Benzaldenvde dehvdrogensse,

The original heat inactivation experiments of Kennedy &
Fewson (1968h) and my results (ouvoted on p.504 of the same
paper and documented in full in thisg work) on the activation
of the heat~stable enzyme by potassium ions suggested that
bacterium NCIB 8250 contained two NAD+—SDSCifiC benzaldehyde
dehydrogenases. This work has now been extended, and has
provided the following additional evidence for the existence
of two enzymes.

(1) Thiophenoxyacetate which gratuitously induces L-mandelate
dehydrogenase but not benzyl alcohol dehydrogensnse induces a
benzaldehyde dehydrogenase which has a hslf-life of aboutb
500min at 37°(Fig.14).

(2) Benzyl slcohol which induces benzyl alecohol dehydrogenase
but not L-mandelate dehydrogenase induces a benzaldehyde
denydrogenase which has a half-life of about 3Omin at 37°
(Fig.14),

(%) The heat inactivation curves for benzaldehyde dehydrogenase
from cells grown on L-mandelate, which induces both L-mandelate
dehydrogenase and benzyl alcohol dehydrogenase, and from a
mixture of cells induced with benzyl alcohol or
thiophenoxyacetate give heat inactivation patterns consistent
with the presence of two enzymes (I'igs.l5 and 16 respectively).

(4) The half-life of the heat-labile ensyme varies with the



extraction buffer and the actual pH of the extract, whereas
that of the heat-stable enzyme shows little variation (Tables
4 and 5).
(5) The heat-stable enzyme is activated by wmonovalent cationg
(H," > K> R >Cs »Na') vhen extracted in sodium
pyrovhosphate buffer, whilst the heat-labile enzyme igs not
acltivated by any of these ions (Table 3 and Fig.1l3). The
picture is more complicated when the two enzymes are extracted
in Tris buffer because the labile enzyme is also activated by
monovalent cations, but the percentage activation of the
stable enzyme ig greater,
(6) The benzyl alcohol mutant strains which show delayed
growth on benzyl alcohol but normal growth on L-mandelate
(Table 24) have very little labile benzaldehyde dehydrogenase
activity, but considerable stable benzaldehyde dehydrogenase
activity (Table 31). Conversely, mandelate mutant strains
NF2405 and NFOLl%, which grow on benzyl alcohol but show slow
or no growth on L-mandelate (Table 22), possess high labile
enzyme activity, but almost negligible amounts of the stable
enzyme (Table %0),

Definitive proof for the existence of two enzymes has
been provided by Kennedy & Zatman (Zatman, private

communication) who have purified the two enzymes.,

Both benzaldehyde dehydrogenases appear to reguire
monovalent cations for optimal asctivity since in the majority

of casesg the vresence of these ions in the reactlion mixture
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brings the activity of the enzymes extracted in Tris buffer
up to the valuegs found in cells extracted in sodium
pyrophosphate buffer (Table 3). The two enzymes differ,
however, in their response to the various cations (Table %),
As well as the percentage activation of the stable enzyme
being generally greater, the individusl activations producecd
by the different cations cover a wider range of values, The
reguirement of monovalent cations for optimal acitivity of
aldehyde dehydrogenases has been reported for.both veast
acetaldehyde dehydrogenase (Sorger & Hvans, 1966) and the
NADP  ~specific benzaldehyde dehvdrogenase of P, putids

et L 9 e s

(Stachow et al., 1967),

Ecd

S,20. Benvoate oxidase,

Negligible benzoate oxddase aclivity was detected in
cell-free extracts of bacterium UCIB 8250 using the asgsay
conditions of Ichihara ¢t 21.(1962) (».,119). This result is
in agreement with the results of other workers (INandelstam &
Jacoby, 1965; Kemp & Hegeman, 1968; Hegoman, private
communication; Professor J. liandelstam, Department of
Iidcrobiology, Univergity of Oxford, private communication;
Dr R.bh, Cripps, Iilstead Laboratory of Chemical knzymology,
3ittinghourne, Kent,, private communication) who failed to
detect benzoate oxidase activity in cell-free extracts of

various Pgseudenonas spp.. Lt was found, however, that enszyme

activity could be detected in extracts to which FAD had been

added (Fig.18), and that this activity did not depend on the

o



pregsence of GSH in the assay mixture (Table 11). The enzyme
from bacterium NCIB 8250 reguires IPAD, an NADH generating
systen and Pe*™ ions for activity, whercas the enzyme from

L. fluorescensg 1ib-15, L, ureae Bbt and P, aeruginosa B«23% (the

organisms examined by Ichihsra eb 2l.(1962)) recuires GSH, an

NADFH or an WADH generating system and re™* ions for activity.,
Nevertheless the two systems are not too dissimilar as only
the reouirement for G3H and PAD is different. It is possible
that thege two compounds carry out the same function in the
two benzoate oxidase systems ag both compounds can participate
in oxidation~reduction reactions,

Although attempts were made in the present work +to
preferentially inhibi+t or by-pass the endogenous NADH oxidase
system, 1t is possible that this system forms an integral part
of the bengzoate oxidase system as the "purified" enzyme still
has NADH oxidase activity associsted with it (Ichihara gt al.,
1962), Nevertheless it is impossible to decide if this
suggestion is valid as these workers gave no details as to +the
homogeneity of the "purified" enzyme., Indeed they did not
even cuote a single value for the specific activity of the
enzyme or the protein content of the assay, and conseguently
the vslue for the specific activity of the enzyme in cell-free
extracts of bacterium NCIB 8250 cannot be compared with that
of the system described by'Ichihara et al.(1962)., Neither is
it clear why other workers cannot detect benzoate oxidase

activity in Pgeudomonas spp. using the conditions of Ichihara




et a2l.(1962)., 1t would be interesting to test the effect of
FAD in these systems, It would also be interesting to
discover what steps are necessary to bring the cell-free
activity of the enzyme in bacterium NCIB 8250 up to the level
expected from experiments with whole cells,

The original mechenism put forward for the conversion of
benzoate to catechol involved the intermediate formation of an
epoxide (Ichihara et al., 1962; Takeda, Liori, Ueda &
Taniuchi, unpublished results in Taniuchi et al., 1964) (Fig.
48). The latter group were able to split the enzyme sysbten
into two components, one of which catalysed the formation of
an wnidentified intermediste in the presgence of both NADPH (or
WADH) and oxygen, and the other decarboxyloted this
intermediate to form catechol., This reaction mechanism has
had to be discarded in the light of more recent evidence
obtained by Takeda et al. (unpublished results in Hayaishi,
1966) who found that both the oxygen atoms incorporated into
catechol were derived from molecular oxygen,

The actual reaciion mechanism operating may be similar
to that suggested for the conversion of anthranilate to
catechol (Kobayashi et al., 1964), for the conversion of
2~fluorobenzoate to catechol and %-fluorocatechol (Liilne,
Goldman & Holtzman, 1968) and for the conversion of benzene
to catechol (Gibson, Koch & Kallio, 1968; Gibson, Cardini,
laseles & Kallio, 1970). All three enzyme systems

catalyse the incorporation of one molecule of oxygen into the
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M.g.48,

The epoxide nechanism for the conversion of benzoate to

catechol,

OH //§>\\TCDC)H

~COOH + o, __X___> &/;o + H,0
g.,, .
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reaction product, and in each case the formation of a cyclic
peroxide intermedi~te has bheen postulated.

The reaction mechanism cf benzoante oxidase from baclerium
NCIB 8250 and 2-fluorobenzoate oxidase from the pseudomonad
studied By Milne et 2l.(1968) is probably the same, as cells
of bacterium NCIB 8250 grown on benzoate as well as
metabolising benzoate can also convert 2-fluorobenzoate %o
catechol and 3-fluorocatechol (Fewson et al., 1968).
Nevertheless 2-fluorobenzoate oxidase has not been gtudied in
cell-free extracts so that its cofactor requirements are not
known, On the other hand benzene oxidase has been exemined in
cell-free systems (Gibson el al., 1968 & 1970). Like benzoate
oxidase il requires, in addition to Fe'" ions, an NADH
generating system for activity which is an uncharacteristic
property of dioxygenaseé. The cofactor complement of the two
engymes, however, is different since benzene oxidase requlires
cysteine rather than PAD for activity. WNevertheless the two
sets of cofactors probably fulfil the same function in the
reaction. This role could well be the provigion of_an electron
transport system to supnly the reducing power necessary for
the formation of a gis~glycol since gig~benzene glycol, whose
formation is catalysed by an enzyme system requiring an NADH
generating system, Fe++ ions and cysteine, has been isolated asg
an intermediate in the benzene oxidase reaction of P. putida
(Gibson et al,., 1968 &vl970). The isolation of this compound

lends support to the idea that the first intermediate formed is
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a cyclic peroxide, The enzyme which catalyses the formation

.

of catechol from gis-benzene glycol recuires NADY for activity

80 that in the overall resction there is no net oxidation of
NADH (Gibhson el al., 1968). This poses the guestion of vhy an
quﬂiﬂenmutMﬂ vatem rather than catalytic amounts of NADH is
recuived, The simolest exvlanation to this problem is that

the NADH present in the assay is oxidised by an active NADH
oxidage in the enzyme nreparation, and thus a continuous supvly
of NADH is necded. In the benzoate oxidage systenm, the electron
Ttransport chain would consgigt of the NADI generating systenm,
Fe'+ ions and F.0, and by ansalogy with the camphor lactonising
system (Conrad, Lieb & Gunsalus, 1965), the electrons would

za b

flow sequentially from LAZH through #AD and e ions to the

terninal electron accento

L

. the hypothetical reacition mechanism
for benzoate oxidase is shown in Fig,49.

mvidence for thisg vostulated reactlon mechanism muast awald
1802 stﬁdies, igolation of dntermediates and the purification

of the enzyme system., The benzoate oxidage systenm would consis

i}

of at least two enzymes if the reaction mechanism of benzene

&

oxidase and benzoate oxidase is indeed similar, If this
suggesthion is correct, the observation that all 15 benzoate
mutants appear to possess a defective benzoate oxidase system
(see p,220) would not be guite go surprising as firgt thought
since the enzmyme system concerned would consist of more than one
cngyme, These mutants might be convenient tools with which to

study the reaction mechanism since they could be used to ileatify

(el

intermediates of the overall reaction.



Fig.A9,

Tthe cyclic pcecroxide mechanisn for the conversion of benzoate

to catechol.
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The evidence which suggests that L-mandelnte dehydrogenase,
benzoylformate decarboxylase and the stable benzaldehyde
dehydrogenase are coordinately synthesised, is outlined helow.
(1) The-correlation between the P values for the induction of
L-mandelate dehydrogenase and those for the induction of the
olther enzymes shows that only benzoylfiormate decarboxylase and
the stable benzaldehyde dehydrogenase are synthesised
coordinately with L-mandelate dehydrogenase (Table 34),

(2) L-Mandel=te dehydrogensse, benzoylformate decarboxylase
and the stable benzaldehyde dehydrogenase are synthesised
before any of the other mandelate pathway enzymes on induction
vwith bengoylformate or L-~mandelate (Table 17).

(%) The three enzymes are gratuitously induced by
thiophenoxyacetate which does not induce any of the other
nendelate pathway enzymes (Table 3%3),

(4) In the wild type and blocked mutants (Tables 28 to 33),
L-mandelate dehydrogenase, benzoylformate decarboxylase and the
starble benz=aldehyde dehydrogenase, wnere synthesised, are
induced only by L-mandelate, benzoylformate or thiovhenoxyscetate
These enzymes are never induced by benzyl alcohol or
benzaldehyde, whereas the iabile benzaldehyde dehydrogensse,
benzyl alcohol dehydrogenase and catechol oxygenase are,

(5) In mandelate mutant strains NF2405 and HFO11l% (Table 30),



Corvrelation between the P

Tabvle 34.

values

Ffor the induction of L-mnandelats

2
ﬁu

denydrogenase and those for the induction of the other enzym=g. The

data in this Table are sunmarised from Fig.42.

Engyme

Correlaltion coefficient

1y

Stable

Benzoylformate decarboxylase
benzaldehyde dehydrogenase
Benzyl alcohol dehydrogenasze

Labile benzaldehyde dehydrogenase
Benzoate oxidasge

Catechol oxygenase

0.98
0.98
~0,17
-0, 22
~0.27

=0, 39
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negligible amounts of L-mandelate dehydrogenase, benzoylformate
decarboxylase and the stable bengzaldehyde dehydrogenase are
induced by L-mandelate or benzoylformate, whereas subhstantial
amounts of the Regulon X, and R4 enzymes are formed,

(6) Both L-mandelate and benzoylformate induce the synthesis
of about 190 units/mg vrotein of L-mandelate dehydrogenase
and about 45 units/mg protein of the stable benzaldehyde
dehydrogenase in nandelate mutant strains NPLT706 and NA%E,
which possess little benzoylformate decarboxylase activity,
whereas the levels of the Regulon Rp and H4 enzymes vary from
17-455 units/mg protein and Ffrom 15-57 units/mg protein
regpectively (Table %0),

The evidence presentved so far points to the coordinate
regulation of L-mandelate dehydrogenase, benzoylformate
decarboxylase and the sitable bhenzaldehyde dehydrogenase, and
therefore to these enzymes belonging to a common operon
controlled by a single repressor and operator gene,
nevertheless there is reason to believe that the control at the
genetic level i1s more complex. This conclusion is based on the
following observations:

(1) the stable benzaldehyde dehyvdrogenase is not synthesised
constitutively in the nmutants meso~constitutive for L-mondelate
dchydrogenase and benzoylformate decarboxylase (Table 27), and
ig hyperinduced on induction with L-mandelate or henzoylformate
(Table 32) compared with the wild type levels (TLable 28),

wnereas L-mandelate dehydrogenase and benzoylformate
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decarboxylase are not induced by these two compounds;

and (2) on induction with thiophenoxvacetate, stable
benzaldehyde dehydrogenase activily aprnears avproximstely

10min after that of L-mandelate dehydrogenase and benszoyvlformate
decarboxylase (Fig,%38); whilst on induction with L-mandelate

or benzoylformate (Table 17), the gtable benzaldehyde
dehydrogenase is synthesised before or at the same time as
L-mandelate dehydrogenase,

A possible and testable model, compatible with the above
findings, can be congtructed for the regulation of the Regulon
hy enzymes. iegulon Ry may be controlled in a similar manuner
to the arg system of ., coli (Jacoby & Gorini, 1969) in that-

unlinked genes vposgessing vheir own operator genes are

—

controlled by a common renressor. In the case of degulon Il,
this would mean that L-mandclate dehydrogenase and
benzoylformate decarboxylase would form one subgroup, and that
the stable benzaldehyde dehydrogenase would constitute a
second subgroup.

svidence for & common repressor is based on two
obgervations,
(1) The three enaymes are coardinately derepressed by a number
of inducers (Iig,42), which sugpests that the inducers are
combining with the same repressor molecule,
(2) HMandelate mutant strains P2405 and HFQ1L% are inducible
for none of the Regulon Ry enzymes (Table 30), which suggests

that they may be repgulastory mutants, for instance similar %o
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the 1° mutants of Y, coli (Jacob & honod, 19613 Gilbert &
Iuller~Hill, 1966). On the evidence presented so far, they
could also be, for exmmple, polarity mutants (cf. Hewbton,
Beckwith, Zipser & Brenner, 1965),

The mutation which has occurred in strains NEO407L,
Nu02270 and CU4A211 has had a simultaneous bul markedly
different effect on the inducibility and constitutive levels
of the stable benzaldehyde dehydrogenase on the one hand, and
L-mandelate dehydrogenase and benzoylformate decarboxylase on
the other hand (Tables 27 and %2)., Unless a double mutation
has occurred in three independently isolated organisms, which
is extremely unlikely, the most reasonable conclusion is that
the mutation has occurred in a regulatory gene which governs
the synthesis of a repressor molecule which binds:to two
different sites on the genome. The differences between the
inductive properties of these organisms and the wild type
(Tables 28 and %2) could then be explained by a differential
effect of the altered revressor on the two subgroups of genes,

The existence of two operator genes would also offer the
simpnlest explanation for the observation that the stable
benzaldehyde dehydrogenase can be synthesised before, after or
at the same time as L-mandelate dehydrogenase (Fig.%8 and Table
17) since enzymes which are controlled by different operators
need not be synthesised in a definite chronological order when

different inducers are used,

Genetic mapping experiments would help to test this
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hypothesis, but as yet, there is no means of genetic
recombination in bacterium NCIB 8250. A more amenable way of
substantiating this hyvothesis would be a study of enzyme
formation using a leorger number of inducers and under different
experimental conditions such as induction at various
temperatures or in the presence of non-inhibitory levels of
chloramphenicol.

Murthermore if this hypothesis is correct, mendelate
mutant strains NI'2405 and LI0Oll% would be regulator gene
mutants rather than polarity mutants as the Hegulon nl enzymes
would not be situated on a common operon. This being the case,
a study of revertants able to grow on L-mandelate or
benzoylformate would 5@ of interest as it nmight be possible to
igolate organisms which synthesise L-mandelate denydrogenase
and benzoylformate decarboxylase but not the stable
benzaldehyde dehydrogenase, This class of mutent would be able
to grow on IL-mandelate or benzoylformate as they could still
synthesise the labile benzaldehyde dehydrogenase, Some of
these vevertants might be constitutive for Li-mendelate
dehydrogenase and benzoylformate decarboxylase as a resullt of
a mutation in the operator or regulator gene for these enzymes,
The existence of the former type of mutant, however, depends on
the occurrence of a negative rather than a positive csype of
control, and consecuently tThe failure to isolate this class of
revertant would not necessarily contradict the model outlined

above, This model also depends on the applicability of some
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sort of Jacob-kionod system to the Hegulon Ry system, It might
he, of courge, thet Regulon Ry is controlled in a completely

different way.,

An interesting feature az2bout the constitutive mutants is
their enrichment in a procedure which involves alternate growth
on L-mandelate and glutamate despite the fact that their srowth
rate on L-mandelate is much slower than that of the wild type
(Table 23), The mutants must be growing on either L-mandelate
or one of itg metabolic products, Benzaldehyde is a likely
candidate for this compound as there is a smell of benzaldehyde
in the medium when the wild type ig growing on L-mandelate
although the amount present has not been measured,

Benzaldehyde accumulates in the medium possibly because the
benzaldehyde denydrogenase activity of the wild tyne is less
than its benzoylformate decprboxylase activity (e.,s. Tadble 28)
although it is risky to assume that enzyme activity as measured
in yitro is similar to its activity in vivo. This benzaldehyde
may well suponort the growth of the mutsnis since these
organisms possess a high benzaldehyde dehydrogenase activity
vhen grown in the presence of L-mandelate (Table 32). The
mutant strain can never become the predominant organism in the
culture under these growth conditions as its growth depends on
the metabolism of L-mandelate by the wild type, The phenomenon
of one organism producing conditions suitable for the growth of
another is well known; e.g. the streptococcus-~lactobacillus

lora produce lactate from carbohydrates in the rumen and this
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lactate is in turn fermented to acetate and propionate by

bacteria such as Velllonella alcelescens and Selenormonns

runinantive (Hobson, 1969),

In this project, the originsl intention was to isolate
magno-~-constitutive mutants by means of the alternate culture
technigue; but unfortunately only mesgo-constitutive stréins
were obtained. A better method for obtaining nagpo-
constitutive mutants is to grow the culture on a carbon or
nitrogen source which is a substrate but not an inducer of
the engyme in question. Unluckily, however, there ig no

compound of this type known for the Regulon Ry system,

A1l four mandelate mutants which are unable to grow on
benzoylformate (Table 22) possess low levels of bengoylformate
decarboxylase activity (Table %0). The ability of these
organisms to decarboxylate benzoylformate to some extent is
also suggested by the fact that L-mandelate and bengoylformate
induce low levels of catechol oxygenase, whose induction
regulires the metabolism of these compounds to catechol. Lack
of growth on benzoylformate, although the orgsnisms possess
some benzoylformate decarboxylase activity, may be indicative
of the fact that the energy derived from bengoylformate is less
than that reguired for the maintenance of the organism., It is
not known whether the ability of these organisms to
decarboxylate benzoylformate is due 1o residual benzoylformate
decarboxylase activity or to the non-specific action of other

enzymes, Likewise, the besal level of {this enzyme in non-
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induced cells could be due to the non-speccific action of other
enzymes., On the other h-nd, the loss of the bhasal activity of
L-mandelate dehydrogenase in mutant strains NIL202, NPFP1408

and NF0410 indicates that this activity is indeed due to

L-mandelate dehydrogenase,

It was impogsible to tell from the experimernts on the
kinetics of induction whether L-mandelate, benzoylformete or
a metabolic product formed from their metabolism induces the
Regulon Ry enzymes. A study of the blocked mutants, however,
gives an answer to this questidn. In mandelate mutant strains
NP1202, HPFL408 and WI0410 (Table 29), which lack a functional
L~-mandelate dehydrogenase, L-mandelate does not induce any of
the enzgymes ol the mendelate pathway. Oun the other hand,
benzoylformate gives an inductive pattern comparable with that
of the wild type (Table 29) excepnt, of course, for the synthesis
of an active L-mandelate dehydrogenase, ‘These results indicnte
that benzoylformate and rot L-mandelate is the inducer of the
Regulon Ry enzynes, That benzoylformate is the sole inducer
of the Regulon Ry enzynes is reinforced by the observation
that in mandelste mutant strainsg NFPL706 and NA%6 (Table 30),
wvhich possess little benzoylformate decarhboxylase activity,
benzoylformate induces the formation of wild 1tyne amounts of
L-mandelate dehydrogenase and the stable benzaldehyde
dehydrogenase, |

Regulon Ry is thus induced by the product of the first

enzyme of the regulatory group. Product-induction of
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regulatory units is a relatively freguent occurrence in micro-
organisms; e,g. protocatechuate induces shikimate

/ - »
dehydrogenase in A, c¢olceosceticus (Cenovasg, heelis & Stanier,

1968), and g¢ig,cig-muconate induces catechol oxygenase in

Y. putida (Ornston, 1966¢).

4.2, Regulon Ho.

There are several pileces of evidence which suggest that
the labile benzaldehyde dehydrogensse and benzyl alcohol
dehydrogenase are synthesised coordinately.

(1) The correlation between the P values for the induction of
benzyl alcohol dehydrogenase and those for the induction of
the other enzymes shows That only the labile benzaldehyde |
dehydrogenase is synthesised coordinately with benzyl alcohol
dehydrogenase (Table 35),

(2) Only the time~course of induction of these two enzymes
flattens off after 20 to %5min induction with L-mandelate or
benzoylformete (Figs.35 and 39),

(3) Their time of appearance lies between that of the Hegulon
Rq and Ry enzymes (Table 17).

(4) ‘The benzyl alcohol mutant strains (Table %31) are non-
inducible for both enzymes,

(5 In mandelate mutant strains NPFL706, NF2405 and NIFO11l3
(Table 30) and in the consbtitutive mutants (Table %2), both
enzymes are hyperinduced comparéd with the wild type levels

(Table 28) on induction with L-mandelate or benzoylformate,



Tahle 35.
Correlation between the I valucs for the induction of benzyl =zlconhol
dehydrogenase and those for the induction of the other enzymz=. The

datlta in this Teble are sunmarised from Fig.43,

Enzyme Correlation coefficient
L-liandelate dehydrogenase ~0,17
Renzoylformate decarboxylase ~0.14
Stable benzaldehyde dehydrogenase ~0.10
Labile benzaldehyde dehydrogenase 0.97
Benzoate oxidase 0,67
Catechol oxygenase 0,55

1>
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In the exveriments on the kinetics of induction, L-
nendelate, benzoylformrte, benzyl alcohol and benzaldehyde all
induced benzyl alcohol denydrogenase and the labile
benzaldehyde dehydrogenase, Induction by L-mandelate or
benzoylformate may be brought about by the two compounds
.themselves or by the benzaldehyde formed from thelr metobolism,
No clear-cut decision con be made between these two
possibilities as the evidence obtained in the present work is
ambiguous. L-andelalte, however, can by excluded as an inducer
since it does not invoke the synthesis of the Regulon Rg
enzymes in the mandelale mutant strains which lack L-mandelate
dehydrogenase (Table 29). Beazoylformate, on the other hand,
gives results which are difficult to interpret,

The flattening-off in the rate of formation of the
labile benzaldehyde dehydrogenase and benzyl alcohol
dehydrogenase in the experiments on the kinetics of induction
(I"Mg.35) lends suppvort to the idea that it is the benzsldehyde
formed from the metabolism of benzoylformate and I-mandelate
which induces these enzymes., The initial induction of these
enzymes followed by a cessation in their synthesis can be
explained by benzoylformate decarboxylase producing
benzaldehyde faster than the stable benzaldehyde dehydrogenase
can remove it, resulting in an accumulation of benzaldehyde.
the benzaldehyde formed would then induce the Regulon Ry
enzymes., Consequently the total benzaldehyde dehydrogenanse

activity would ranidly rise, and bring about the removal of
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the surplus benzaldehyde from-the medium; thereby eliminating
the inducer, and causing the rate of synthesis to flatten off,
The occurrence of a strong smell of bengaldehyde just at the
time when the Regulon R, enzymes are induced is circumstantial
evidence in support of this hypothesis., The lower activity of
the Regulon Ry, enzymes found in the wild type (Table 28) and
in the mandelate mutant strain NA3%6 (Table 30) after 24n
induction with L-mandelate or benzoylformate, compared to the
peak values obtained in the experiments on the kinetics of
induction (Iig.35), could be attributed to enzyme decay which
might have occurred in the intervening 2h. Indeed decay of
the Regulon RZ enzymes was found to occur when protein synthesis
was completely inhibited by the addition of chloramphenicol
(QQFM)°

Although the results presented so far are consistent with
the suggestion that it is the benzaldehyde formed from
benzoylformate or L-mandelate which induces the Regulon o
enzymes, the induction of these enzymes by benzoylformate or
L-mandelate in the constitutive mutants (Table %2) and in the
nandelate mutant strains NPOL13, HP2405 and NFL706 (Table %0)
indicates that at least in these organisms, benzoylformate
itself may serve as an inducer., This conclusion is based on
the assumption that it offers the simplest way of reconciling

the fact that the levels of the Regulon R, enzymes are 10-20

2
fold higher in the nmnandelate mutant strain NFL706 (Table 30)

and in the constitutive mutants (Table 32) +than in the wild



type (Pable 28), although these mutants possess Little
benzoylformate decarboxvliese activiltly and a stable benzaldehyde
dehydrogenage activity which is never less thoan thnt of the
wild type., Presumably these mutants do not transiently
accunulate a greater amount of benzaldehyde than does the wild
type as the ratio of their benzoylformate decarboxylase to
gtable benzaldehyde dehydrogenase activity is far less than
that of the wild type. Purthermore the lower levels of catechol
oxygenase induced by benzoylformate or L-mandelate in thesge
mubants compared with the levels induced by benz-ldchyvde or
benzyl alchohol in the same mutants and by benzoylformate or
L-mandelate in the wild tyve sugpest that the decrrboxylation
of benzoylformate is the rote Llimiting step. Thus it apvears
that at least in these mutants, the transient accumulation of
benzaldehvde, if it occurs at all, is not large enough %o
account for the higher levels of the Regulon R2 enzymes induced
by L-mandelste or benzoylformate, This leaves henzoylformate
ag the likely inducer of these enzymes, The possibility that
L-mandelate acts as an inducer has been excluded a2s it does

not induce the itegulon R, enzymes in mandelate mutant straing
which lack L-mendelate dehydrogenase activity (Table 29).

If it is a correct deduction that benzoylformate is an
inducer of the Hegulon H, enzymes in at least some sirains, it
poses the question of why it does not have this function in
all strains of bacterium NCIB 8250 (see U'able 30). One

vogsible explanation could be that Regulon iy is genetically
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linked in some way to Regulon Rg so that in the wild type the
amounts of the Hegulon R, enzymes induced by benzoylformate sre
cut to a minimum by some type of renression mechenism which isg
lost as a result of a mutation in a Regulon Rl locus, Genetic
linkage bhetween the two regulons can be ruled oul asg
thiophenoxyacetate does not induce the Regulon 32 enzymes in
the constitutive mutant strain C04211 and in the mandelate
mutant strain NFL706 (Table 33). It is also difficult to
envisage how a mutation in the benzoylformate decarboxylase
structural gene can simultaneously affect the regulatory genes
controlling the Regulon R, enzymes; a situation which occurs
in mutant strain NFL706 (Table %0) if it is assumed that the
loss of only benzoylformate decerboxylase of the Regulon By
enzgymes in this organism is due to a structursl mutation.

The six mutant organisms which are hyverinducible for the
Regulon R, enzymes (Tables 30 and 32) were all independently
derived since they were either isolated in separate experiments
or can be differentiated from one another by their Hegulon Ry
enzyme complement (Table %0) or by their growth characteristics
(Table 22)., Consequently it is extremely improbable that
these organisms represent double mutants in which the
mutations in the Regulon Ry and R, loci arose independently
of one another,

Another possible explanation for the induction of the
Regulon R, enzymes by benzoylformate is that benzoylformate

itself can act as an inducer in both the wild type and mutant



organisms, but that an enzyme~bound intermediate between
benzoylformate and benzaldehyde acts as a repressor by
competitively dinhibiting the induction by benzoylformate., Lhus
the gix mutant strains which are hyperinducible for the Hegulon
R2 enzymes (Tables 30 and %2) cannot form a sufficient anount
of this internediate to cause renression; whereas mutant
strain NA%6 which synthesises only low levels of these enzymes
on induction with L-mandelate or benzoylformate (Table %0) can,
‘the existence of enzyme-bound intermediates for decarboxylases
which catalyse the thiemine pyrophosphate devendent
decarboxylation of «-~oxoacids (i.e, the group of
decarboxylases 1o which benzoylformate decarboxylase belongs)
hns been revorted (Krempitz, Suzuki & Gruell, 1961). 'This
hypothesis would also offer an alternative explanation for the
flattening-off in the rate of induction of the Regulon Ko
engymes in the experiments on the kinetics of induction
(M.g.35)., Instead of this effect being caused by the
exhaustiion of benzaldehyde, it could be due to a build-up of
repressor which antagonises the induction by benzoylformate,

Although a possible explanation hes been putlt forward for
the hyperinduction of the Regulon R2 enzymes, 1t only
represents a working hypothesis on which to base future
experiments as there is only circumstantial evidence in favour
of it at present., Muture experiments which may give an
insight into the nature of this phenomenon include:

(1) a study of the kinetics of induction of the RKepulon Ro

enzymes in a nutant which lacks only the stable benzaldehvde
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dehydrogenase of the Regulon Rl enzymes should provide
evidence as to whether it is the accumulation of benzaldehyde
formed from The metabolism of benzoylformate which causes the
induction of the Regulon R, enzymes since the labile
benzaldehyde dehydrogenase would be reguired for the nmetabolism
of benzaldehyde in this organism;

(2) +the isolation of further mutants which fail to grow on
benzoylformate together with a study of the faulty enzymes
should give a fuller picture ag to the tyves of mutant which
are hyperinducible for the Regulon Ro enzymes;

and (3) an analysis of the induction of the Regulon Ry
enzymes by benzoylformate in the presence of a specific
inhibitor of benzoylformate decarboxylsage should provide
evidence as 1to whether benzoyliormate metabolism is reguilred
for repression to take place,

The ouestion of whether bengaldehyde and benzyl alcohol
can both induce the Hegulon R2 enzymes has been left
unanswered since the three benzyl alcohol nmutants analysed
have all lacked both enzymes (Table %31), A solution to this
problem would be given by the isolation of nmutants some of
which lack bengyl alcohol dehydrogenase, and others which lack
the labile benzaldehyde dehydrogenase, The delayed growih of
the three benzyl alcohol mutants on benzaldehyde or benzyl
alcohol (Table 24) is probably caused by leakiness rather than
reversion, This 1s because:

(1) no revertants were isolated when the organisms were

spread on agar plates containing benzyl alcohol as sole source
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of carbons

and (2) the organisms did not grow on 4-hydroxy-3-
methoxybeﬁznldehyde or Z-hydroxybenzyl alcohol which are
poorer substrates for benzaldehyde dehydrogenase and benzyl
alcohol dehydrogenase resvectively (Kennedy & PFewson, 1968b),
It is also possible that the mutants grow on aldehydes by
making use of the basal amounts of the stable benzaldehyde
dehydrogenase present in the cell.

It is interesting that there is very little beanzyl
alcohol dehydrogenase or labile benzaldehyde dehydrogenase
activity in the three benzyl alcohol mutants examined, This
may be becauses
(1) they are double mutants - this is unlikely as the
mutants were isolated in separate exveriments;

(2) ‘they are regulatory mutants;

(3) owing to polarity effects, a mutation in one of the two
genetic loci has prevented the expression of the other;

and (4) the two enzymes share a common polypeptide whose
structure hazs been altered as a result of the mutation.

It must be stressed, however, that the enzyme content of
only three benzyl alcohol mutants has so far been analysed,
and it could be a coincidence that there is a simultaneous
Loss of both enzyme activities, The isolation and examination
of further benzyl slcohol mutants could lead To the occurrence

of one enzyme activity in the absence of the other,
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4,3, Regulon Ry (benzoate oxidase) and Hegulon f, (catechol

QXY REeNRSE,

The correl=tion bhetween the P values for the induetion of
benzoate oxidase and those for the induction of L-mandelate
dchydrogensse (~0.27), benzyl alcohol dehydrogenase (-0,14)
and catechol cxygenase (0.24) indicates that this enzyme is
independently regulated (IFigs.42 to 44). Likewise catechol
oxygenase has been shown to form a separate regulon. The time
(table 17) and time-course (Fig.%5) of anpearance of these
enzymes provide additional evidence for +thelr independent
regulation. One puzzling feature is that catechol oxygensse
appears to be gynthesised before benzoate oxidase, This could‘
reflect a relatively high saturation constant for the induction
of benzoate oxidase compared with a relatively low one for the
induction of catechol oxygenase,

fegulon R3 is probably induced by benzoate as the time of
appearance of bengoate oxidase on inductlion with L-mandelate
or benzyl alcohol rules out its induction by the substrates of
the Regulon Rl and R, enzymes (Table 17), and as product-
induction by catechol is negated by the absence of induvction
with this compound (Fig.44). Conclusions as to the identity
of the inducer of Regulon R4 cannot be made from +the results
obtzined in this project; but Farr & Cain (1968) showed that

cig,cis-muconate induced this enzyme in bacterium NCIB 8250,
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4.4, Renression studies,

Ind-nroduct repression of L-mandelate dehydrogenase
occurs in bacterium NCIB 8250 (Table 18) as well as in P,
nutbids (liandelstam & Jacoby, 1965; sStevenson & l.andelstanm,
1965), Although liandelstam and his co-workers never examined
the repression produced by a mixture of acetate + succinate,
the repression they obtained using succinate alone was
comparable to the repression observed in the current
experiments using a mixture of acetate + succinate. DBenzyl
alcohol dehydrogenase is subject to a more pronounced
repression than L-mandelate dehydrogenase in baclerium NCIB
8250 (Table 18); Dbut analogous data for P. pubida are not
avallable as benzyl alcohol denyvdrogenase was not assayed by
andelstam and his colleagues., Benzyl alcohol dehydrogensase
is also repressed by L-mandelate in bacterium NCIB 8250 (Table
18).,

Hegeman (1966a) did not observe end-product repression in
the same strain of P. putida: but the growth conditions he
employed were so dissimilar from those of [landelstam and his
colleagues and those used in the present work that there is
not necessarily a contradiction between the two sets of
findings, MNandelstam & Jacoby (1965) and Stevenson &
llaudelstam (1965) added inducer + repressor to cells growing
exponentially on glucose, and then measured enzyme activity in
samples taken from the culture during the following hour. In

comvarison, Hegeman (1966a) inoculated cells grown on succinate

or asparagine into a medium containing asparagine or succinate
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+ mandelate, and then measured enzyme activity in a sample
teken from the culture towards the end of exponential growth,
Thus it is pogsgible th-=1t Hezeman measured enzyme activity in
a sample in which the succinate or aspéragine had bheen
exhausted,

Multi~sensitive end-product revpression vlays an important
role in the control of the mandelate pathway since it prevents
the synthesis of tThe earlier enzymes of the pathway when
intermediates lower down the pathway are pregent in the growth
medium, This type of repression is rather broad in its
gpecificity., The synthesis of L-mandelate dehydrogenase is
repregsed in the presence of both aliphatic and aromatic
intermediates of the pathway winich include benzoatve, catechol,
succinate and acetate. As yet, the site of repressor action
'i8 not knovm. At least two posgsibilities exist:

(1) dinhibition of induction by preventing the permeation of
inducer;
and (2) interference with the transcription or translation

mechanisms,

4,5, A sunmery of the control of the mandelate pathwav,

As postulated by Kennedy & Fewson (1968b), the aromatic
part of the mandelate pathway can be divided into 4 regulons.
Regulon Rl consists of L-mandelate dehydrogenase, benzoylformate
decarboxylase and the stable benzaldehyde dehydrogenesse;

Regulon R, consists of benzyl alcohol dehydrogenasse and the

labile benzaldehyde dehydrogenase; Regulon R3 congists of
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benzoate oxidase; and Regulon H4 congists of catltechol
oxygenase, There is also reason to believe that Regulon Rl
can be divided into two subgroups consisting of L-msndelate
dehydrogenase and benzoylformate decarboxylase on the one hand
and the stable benzaldehyde dehydrogenase on the other hand,
The inducers of Regulons Ry, R5 and R, are benzoylformate,
benzoate and cis,cig-muconate respectively, but there is not
yvet conclusive evidence as to the inducer of Regulon Ho .
Fig.50 summarises the present knowledge as to the regulation
of the aromatic part of the mandelate pathway in'bécterium

KCIB 8250,
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REGULATION OF THE AROMATIC PART OF THE MANDELATE
PATHWAY IN BACTERIUM NCIB €250
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The pathways which exist in different micro--organisms for
the conversion of mandelate and benzyl alcohol to benzoate are
extremely varied from the point of view of their intermediates
enzymology and regulation,

O0f the four organisms in which the biochemigtry of the

pathway for the conversion of mandelabe Lo benzoate has heen

A et e e

¢cnn oxidise D,L-mandelate, whereas the olther two, }l. aerusinoss

el

(Rosenberg & Hegeman, 1969) and becterium NCIB 8250 (Fig.2),

A .

can oxidise only the L-isomer. ILoreover, Agnersillug nicep
2 Ta

and P, putids have different pathways for the metabolism of D-
mandelate to benzoylforuate: the former organism converts D-
mandelate directly to benzoylformate (Migz.?%), whereas in the
latter orgenism, D-mandelate is oxidised to benzoylformate via
L-nandelate (fMg.l). Of these four organisns, only in
bacterium HCIB 8250 has it been established that bensyl alcchol
is convertved to benzoate via benzaldehyie (Fig.2) althouzh the
preliminary exveriments of Stanier (1948) indicated that a
similar pathway operates in P, pubida (M.eg.1l),

The fungsal and bacterial mandelate dehydrogenases hnve
different proverties, iJhc bacterial L-mrndelate dehydrogenase
is associated with the varticulate fraclion of the cell, and

is not stimulated by nucleotide cofactors (whanier el zl.,
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195%; Kennedy & Pewson, 1968b), whereas the fungal enzyme is
found in the soluble fraction of the cell, and is stimulated
by FAD and N, On the other hsnd, the fungerl D-mondelste
dehydrogenase isg associated witah the varticulste fraction
(Janmaluddin et al., 1970). No comparative work hrs yet been
done with the other enzymes

Although Tthe chemical point of convergence of the pathways
for the metabolism of benzyl alcohol and mandelate is
benzaldehyde, the enzymic point of convergence in the two
organisms so far studied is benzoate., Bacterium NCIBR 28250
convains two benzsldehyde dehydrogenases, one of which, the
stable benzaldehyde dehydrogenase is associated with the
eazymes that convert mandelate Lo benzaldehyde (Leble 34), and
is induced by beazoylformate; and the other, the labile
benzaldehyde dehydrogenase, is asgsociated with the enzyme that
converts benzyl alcohol to benzaldehyde., There is reason to
believe that r., nultida also synthesises isofunctional
henzaldehyde dehydrogenasges associated with the benzyl alcohol
and L-mendelate pathways (Stevenson & lLlandelstanm, 1965
fiegeman, 1966a). The benzaldehyde dehydrogenase inducod by
sgrowth on benzaldehyde or benzyl alcohol has not yet been
detected in cell-free extracts of this orgesnisms; but its
existence ¢cnn be inferred from a number of observations with
vhole cells (Stevenson & MHandelstam, 1965; Hegeman, 1966=s),
It would be interesting to look for a lahile benzaldenyde

dehydrogenase in p, pubtids using very careful technigues To

avoid inactivation., Purthermore in bacterium HCIB 8250
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(Kennedy & Fewson, 1968b) and in P. aeruminosa (Rosenberg &

Hegen=n, 1969), only one benzaldehyde dehydrogennse is
agsociated with the repgulon to vwhich benzoylformate

decarboxylase belongs; whereas in Agpergillus alger

(Jamaluddin et al., 1970) and in P, putida (Hegeman, 1966a),
for some unknown reason, two benzaldehyde dehydrogenases are
associated with this regulon.

The regulation of the enzymes involved in the conversion
of mandelate to benzoate ig different in 2ll1l three bacterial
species in which the controliof the pathway has been studied,
In bacterium NCIB 8250 (fig,50) and P, nutida (Fig,7), the
enzymnes which convert mandelate to benzoate are coordinately
regulateds; but the specificity of induction is greater in
bacterium NCLIB 8250 as only benzoylformate can act as an
inducer, whereas in P, nutida D~ and L-mandelate as well as

benzoylformate can act as inducers. 1In P. zerugingsa L-

mnandelate dehydrogenase forms an independent regulon inducerd
by L-mandelate, and benzoyliormate decarboxylase and
benzaldehyde dehyvdrogenase constitute a second regulon induced
bv benzoylformote (Rosenberg & Hegeman, 1969),

1T, as supgested by Céﬁovas, Ornston & Stanier (1967),
dissimilarities in the regulation of a biochemical nathway
reflect the indenendent evolution of a pathway in different
micro-organisms, then the mandelate pathway has had a separate

evolution in bacterium NCIB 8250, P, putida and P. aerusinosa.
9 sl ——

It is surprising that the mandelate pathway has had an
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independent evolutionary origin in the two Pscudonoenas species

as the catechol part of the pathway was postulated to have a
iy

cormon evolutionary origin (Fig.9). These observations could

mean that at least in Pseudonouas species, the pathways for

aromatic ring cleavage and the subsecuent metabolism of the
aliphatic products formed had the same evolutionary origing
but that the pathways involved in the formation of
dihydroxyphenols f£rom their aromatic precursors arose lster
in evolutionary time, An extension of this type of work
might provide clues as to how catabolic capabilities have

been built up in micro-organisms,
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