

















‘thd organlsm was grown on sallcylate, or ‘on succ{hate and sallcylate

. dioxygenase and of«catéchol. 2,3-diokygenase in extracts from cells o

. and,salicylate, bnt not'by the gratuitous inducets‘ot naphthalene
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Naphthalene oxygenase was 1nduced in Pseudomonas NCIB 9816 when °

)}
‘togethier. Thf enzyme was not induced when the organlsm was grown,on

- catechol or on Succinaté and~cateqhol.‘“The levels ‘of. catechol,l,2-

that had been grown in the presence of salicylate were'similar .to.those
. . . - - ‘x . V- ) _.(. . L X ' - ’ . . a
in extracts from cells khat -had been grown in the presence of catechiol.

-
..

These'ohseryations suggest that'salicylate may be the'inducer of naph-

thalene oxyéenase Thls is supported by the observatlons that when

c}ther 2 amlnobenzoate or 2- hydroxybenzyl alcohbl was: added to cultures

. °

grow1ng ‘oh succ;nate,naphthalene oxygenase was lnduced qratu1tousiy

-~ -

a Sallcylaldehyde dehydrogenase and’ sallcylate hydroxylase were

also induced ln the organlsm under the same condltlons as caused the )
1nductlon of naphthalene oxygenase, but the levels of these three

P .

enzymes were not constant relatnu.to .one another under the dlfferent

<growth condltlons.f In splte‘of thls 1ack of proportlonallty which may

»

" “'be due to the 11m1tat10ns of the methods used for ‘the determlnatlons of

‘. S . - .

" these enzyme activities, the observation that'alk threeﬂenzymes‘may be
" . B i

induced by a single gr tuitous inducer suggests that these en2ymes,

Y

,Aandlbossibiy Ail,intol ed in,the;degradationhof naphthalene to catechol,
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"fare'controlled ooordinctely. L C , R o

~

éCatechol~l,2—di\nygenase wasfinduced in NCIB 9816 by catechol
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OXygenase.

_'Pseudomonas NCIB 9816. L ' A o o 3\
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with sdlicylate,.catechol,'2¥aminopgnzqé€e'dr 2-hydroxybenzyl alcotiol. .\\5\

. : . o Cod ro

‘grown_orgapisms;was.cbhﬁérabie;to that in extracts %féﬁ'cells-induced

The‘sjnthe§is'of thif épzyme Fherefpte seems to bevconstitutivé in
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;

Aromatic hydrocarbons are natural products formed by higher and '

. . V. 3

" fower plants and microorganisms and they are also found Ln crude ©ils

K (see Zobell 1971 for a rev1ew) These return to the 5011 along w1th

the1r synthetic derivatlves e. g pest1c1des, dyes, drugs and other prod-
0 - T

ucts of everyday use. " Aromatic compounds are-relatively inert but micro=

.ffofganisms degrade these compounds, probably completely to carbon dioxide

A

.and water.. Studies on the microbial dissimilation of -higher aromatic

A4

‘carbon derivativeéneyd. phenolic apd carbokylic acid derivatives of ben-

a

’_5-'hydrocarﬁpns-gaue not progressedfgreatly. Van, der Lindenﬁ%nd Thijsse

(1965) attributed this to the "non—phySiological" nature of the compounds,

difficulties 1nvolved 1n working ‘with water—insoluble substances, and -

. Ctes ' 3
LY - o

Aifficulty in obtaining the compounds -in suff1c1ently pure form, "The

- 2
. .
o [ . , i

metabolism of the, lower molecular weight compounds, e.g. benzene, naph—
thalene} phenanthreneland some of their alkyllﬂerivatives has been’in-

o -

vestigated intensively, however, and pathways for their degradation are

understood (see Gi%son, 1971 for’' a rev1ew) MuCh‘progress has'alsoﬁf

begﬁ_made ihe eluc1dating the microbial degradation Of aromatic hydro-
i !

zehe, some of whlch occur naturally@in quantities much greater than those

,of the aromatic hydrocarbons themselves.A Microbial enzymes 1ncorporating

. -
. . .
R . M 3 . .

Oxygen‘atoms into the beniene‘ring arewextremely lahile (Marr and stone,

LI -

e

f1961), and this has made the acquisition of information about the oxida- -

?, -
tion of the parent hydrocarﬁons difficult. . 45>, :

-
c

' \;The microbial degradation of aromatic’compounds may be considered
;‘9 . i ' i L "‘,l o '

e . . -
- &

e

.
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pnyen iﬁto'the.benzene,nucleus, and the oxidation of phenolic com-

poundé. wﬁile these ?eactions occur aerobically,.it seems that an- -

Il

' aerobic dissimilation is also possible {(Duttons and Evans: 1969 .apd

T Ta?lo;;_Campbell and Chinoy, 1970). - ) . : 2

-

a bl

. “ N . I . ' . . UARES - .
e . OXIDATION OF AROMATIC.HYDROCARBONS ' - e
5 L ) - : oo . -

2

Benzene and its alkyl derivatives

s T

“»

Observations by various workers led to the elucidation of the
» . B . . . , R X . -
pathways for the baéter}éljdegfadation of benzene and its alkyl deriva-'

‘tives. Degradation of benzene starts with the incorporation of ‘two oxy-

gen atoms into tﬁe'benzene ring. With alkyl‘benzenes the initial_attack

" may be on the'élkyl.sidé chain or on the benzene ring. ‘When the initial

-

attack involves‘the benzene ring the propoéed-degradative pathway ié as

shown ip Figure 1.+ The first ‘detect&ble intermediate -is a cis-dihydro-

Ldgenédio% (3, Fig. 1) (Gibson, Kech and kallié, 1968;:Gibson,,Hensleyf

'Yoshioka and Ma;by,‘1970;.Gibson,‘Cardiﬁiﬁ.Mﬁselés and Kallio, 1970

" and @ibson EE.EL;' 1973)1 These authors also showed that the dihydro-'

. . /. .
" arenediol is oxidized by a NAD+ dependent dehydrpgenase to- catechol. or

Yts alkyl derivatives (4, Fig: 1). . A§Ee11 and Geary (1973) made §iﬁilar'

per . -
-~ :
’

“observations. The dioxetane (2, Fig. 1) has been suggested as precursor

of the dihydroarenediol to account for theicis configuration of the -
latter . (Gibson EE‘El;' 1968; Gibson, '1971). This i§'also in ‘accofd-with

? .
b

ST ] LI PP ‘ s s ) . .
conveniéntly under tmm}maln Qead;ngs; the initial ‘reactipns incorporating

(Y

-
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L

,‘R = CHq) b Pseudomonas putida (Gibson, Hensley, Yoshzok and Marby,~ -

1970) and Pseudomonas m11denberg11 (Nozaka and Kusohose, 1969). Slm%lar-

o .

t

. the observation that both atoms of oxygen in cis4benzenediol are defiJZE"\\~s
r '

from molecular oxygen (though both atoms may not come from the same

LL . " ! !

,molecule‘of oxygen) (Glbson Cardlnu Maseles and Kallio, 1970)

-In the case.of the degradatlon of alkylben;enes with short—chain

~ . coo ) ) N
alkyl groups, the mode of initial attack depends on the type of organism,
] ' . h . .

,For\examplea toluene is degraded through 3—methylcatechol {4, Fig. 1,

e

v

observations were_noted by Claus and Walker (1964) with a Pseudomenas

'species and an Achromobacter species. But Kitagawa (1956) and Nozaka

and - Kusunose (1968).deﬁonétrated the dissimilation of toluene through

*

the initial formation of benzyl alcohol by Pseudomonas aeruginosa.

. . u. g .
Similarly, -Davis and Raymond (1961) found thatwhena Nocardia ‘species

was grown on a medium containing ethylbenzene together with either

»

. n-hexadecane or n;octadeoane, the ethylbenzene was converted to phenyl- -

‘dcetic acid. On the other hand six Pseudomonas species and a Nocardia

species OXlalzed ethylbenzene through 3—ethy1catechol (4 Flg. 1, R = CZHS)

(Glbson, 1971). The degradatlon of catechol and lts derlvatlves w111
be dealt with later. . ' ! T ' v
: - ‘ ‘ ’ - N N
In.the case of the degradation 6f alkylbenzenes with relatively
\ - . . . . .. .

longer side chains oxidation:generally starts at the side chain (Davis

and Raymond 1961 Welbyy Duff and Farmer, 1956, Sari-Aslani, Harper

and Higgins, 1972 and Baggl.gttal:, 1972). The' last named authors also

demonstrated, 'however, the initial attack on the benzene ring of some

higher alkylbenienes. Sari4A51ani SE.Ei: (1972) - proposed the following :
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‘ .

* ! . R ,". . a N .
Sathway for"an-alkylbenzene,with/long side chain: -

w- ahd B-

"a-oxidation .

1-Phenyldodécane 2= 20d B=_ ,_ | -
. heny o.ecane onidation ,‘4_?hen¥lhutyrate R B
. Y i : . . . ’ . \'
: Clnnamate q_ox%datlon'='Ehenylapetat Hydroxylation Homogentlsate R
. '-‘-. o o . ' . . R
B 5323———~h>~Mal§§iacetoacetate'ﬂ T '
- cleavage coe T o o

Naphthalene °

: Tattersfleld (1928) demonstrated that naphthalene added to soil'

ﬂ«dlsappears due to bacterlal degradatlon. Gray and Thornton (1928) 1solated

from 5011 several stralns of naphthalene-utlllzlng bacterla. Walker

and’ W11tsh1re (1953) 1solated a 5011 organlsm whlch,could use naphthalene

»

(5 Flg 2) as -the sole carbon source, and from its .culture medlum 1solated
“sallcylate (ll Flg. 2) and a compound whlch _they tentatlvely 1dent1f1ed
!

','as trans—l 2-d1hydro—l 2—d1hydroxynaphthalene. The trans configuration‘
&

of the compound was suggested because it was found to have a specific

rotation comparable to that of D—trans-l,2-dihxdro-l,2-dihydroxynaphtha1ene"

“isolated from the urine of rabbits that -had been injected ‘with naph-

”thalene (Booth and Boyland 1949) Using washed'cell suspensioms of naph-'

Fs

thalene—grown cells they found 1mmed1ate oxygen uptake in the presence ‘of

-

D—trans—l 2—d1hydro—l Z—dlhydroxynaphthalene, sallcylate and catechol
_(12 Flg.-z) slmllar results were obtained by Treccanl, Walker -and

" Wiltshire (195@) using thislorganism and four other organisms,two of -

whlch were Pseudomonas specxes.

o

Fernley and Evdns (1958) demonstrated the ox1dat10n of l 2-d1hy—

- - | R Y . s
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'droxynaphthalene (8s Flg. 2) by a pseudomonad grown on naphthalene.

Davies -and Evans  (1964) demonstrated the formatlon of a new 1ntermed1ate

-

'pamely cls—gfhydroxybenzalpyrovate (9, Fiqg. 2) 1n'naphthalene degrada—

tion by a fluorescent pseudomonad, which suggested that 1,2-~dihydroxy- > . - .

LN

naphthalene4undergoe51?lssion between'the angular C and C-l of the naph- "'

s L

- thalene nucleus. They probosed the pathway for bacterial degradation
of naphthalene as shown in Figure 2, B
The actual stereochemlstry of 1 2—d1hydro-1 2—d1hydroxyna thalene

(7, Pig. 2) was not eetablxshed until recently for lack of the micro-~ ' RN

. s

O -

bially synthesized componnd in quantities euff%gient for'thorough'in—_'

vestication. Jerina et al. jl971)(see also Gibson, 1973) obtained a ' "

mutant of a naphthalenerutilizing pseudomonad which was able to partlally
AN - . : . B ‘ : . : P ) ~
 oxidize naphthalene. When grown on glueose in the presence of naphthalene,

a compoundhaccumulated which\was.identified'as cis-1,2-dihydro-1,2-
dihydroxyhaphthalenel" The compound was distinguished from the trans

lsomer by thln layer chromatography using multiple developmant w1th ’

' . 'resonance
chloroform. Prdton magnetlc/Spectra and the ease of formatlon of l—naph—

¢ - .

thol by treatment with Hcl 1nd1cated the metabollte to be the cis isomer.

After [14C] naphthalene and cis or trans-l 2—d1hydro—1 2—d1hydroxynaph- ' ‘:'

v

thalene were added to extracts of several'stralns of bacteria, 1nclud1ng

the parent strain of the mutant from'mhich the cis isomer had been

isolated, and the d1hydrod101 was relsolated radloact1v1ty was predom1

in the cis isomer. These st dles strongly suggested that c1s~l 2-

dlhydro—l 2—d1hydroxynaphtha1ene and m‘g/’llc perox1de (dloxetane) S .

(6 Flg. 2) -are 1ntermed1ates in the bacterlal metabolism of naphthalene..‘

- -, F- -
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Th:.s stereochem:.stry 15 1n accord with’ that reported for benzene degrada-"‘

tion (Glbson, Cardinz. Maseles and l(all:l.o, 1970) s

Catterall Murray and w:.ll:.ams (1971) relnvestigated the ox:.da-‘

,tion. of naphthalene by Pseudomcnas NC1B 9816 th.ch was reported to .

[ 0

_' metabol:.se naphthalene through trans-l 2—dlhydro—1 2-d.1.hydroxynaph—

thalene (Gr1ff1ths and Evans, 1965) Washed cell suspensmm rapldly

oxidized naphthalene, c1s-—1,2—d1hydro—1,Z—dlhydroxynaphthalene apd
o . co . - ! . - . . L.

; l,é-dihydroxyhaphthalene. .trans-1 ,2—Dihydr,o-1 ,E-dihydro:xyna"phthalene .

was not detectably Odelzed Crude cell extract oxidi;zed'cis—l 2-

' dlhydro—l 2-d1hydroxynaphthalene nlneteen t:.mes faster than the trans

1somer, and c.1s-o-hydroxybenzalpyruvate accumulated. When [14C] naph-.-_'“"

thalene was metabollsed by - crude cell extract'sn.n the presence of the

L N
i c1s and/or the trans -isomer of 1 2—dlhydro-1 2—d:|_hydroxynaphthalene,

o

-

the~relsolated radloactlv:l.ty was predomlnantly in ‘the cis lsomer., :

Phenanthrene ‘and anthracene ’ B : A

. e
.

Mlcroorgam.sms capable of degradlng phenanthrene and anthracene :

occur w1de1y :Ln soils and marine sedments (’I'ausson, 1928 and Slsler

N ~.| -

. and Zobell, ioa®y. trans-—3 ,4—pihydro—3,4-dihydroxyphena.nthrene (14,

"and Wender (1957a) . and Coll

© similarly, Roé;off and_Wender (19571:) is

Fi;g' 3) and l-hydroxy—z-naphthbic acid (18, Fig; 3)=Wer.e isolated as

the
products of/bacter:.al degradatmn of phenanthrene (13 FJ.g. 3) by Rogoff

i

ated 2'——hydroxy ,—3 -naphtho ic

‘ ac1d (26 Fig. 4). and Colla et al. (1959) ‘.Lsolated a dlhydroarenedlol

4

from bactenal cultures grow:.ng on. an'chracene (20 FJ.g. 4) and suggested .

t

.Chl and Treccam. (1959) respectively. o
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a’l,2 configuration for it. From these observations thesde authors w0

suggested that the first ring to ﬁndergo,cleavage_in a polycyclic aromatic

t
2

“hydrocarbon is the end ring. Both groups of workers observed that salicylate
. and catechol are oxidized by susPenéions of washed cells adapted.to an- N
thracene or phenanthrene. .= *~ . o . L

Evans,lFernleQ and Griffiths (1965) , using Pseudomonas aeruginosa

straln PR and Pseudomonas Pp and Pg. (NCIB 9816) (Catterall and Wllllams,

1971L showed” that phenanthrene—grown cells 1mmedlate1y oxidized 1-hydroxy-'

-

“2—ndphth01c acid, sallcylate‘and catechol. This is in qccord with the

findings of'Rogoff and Wender'ZlQS?a). :In addition cellé grbwﬁ on

5 14

phenanthrene oxldlzed w1thout lag 3, 4—dihydroxyphenanthrene (15, Flg.

I3), —hydroxy-2-naphthaidehyde (17 Fig. 3) and 1 2—d1hydroxynaph—

|

thalene (19, Flg. 3). Partially purified enzyme frcm cell extract oxidizedJ_
ﬁ .

.3, 4—d1hydroxyphenanthrene to cis-4- (l-hydroxynaphth 2-y1) 2-oxobut-=
3—en01c acid (16, Fig. 3) suggesting that-rlng.cleavage had occurred

-\ ) . . . s L.

. between the angular carbon and C-4. Crude cell -extracts in the presence

. of NaD* oxidized l—nydroxy-g-naphthaldéﬁyde'to 1l-hydroxy-2-naphthoic

N

acid. Based on these observations Evans et al. (1965) proposed ‘the

pathway for phenanthrene ﬁetabolism Sho&n'in"Figure 3.

¢

Wlth anthracene adapted cells of Pseudomonas straln Par Evans et al

]
>

-(1965) found 1mmed1ate oxldatlon of 2-hydroxy-3—naph01c ac1d, sallcylate

3 )

‘and catechol. §imi1ar results. were obtained by Rogéff ani\Wendef (1957b} .
Motéover, tht nrganigm'also mdtabo}ised l,é-dinydronyanthracene (22,'Fig;"
' 4) and 2-ﬁyd;‘ox§-3—naphthaldehyde (25, Fig. 4). Undiluted cell extracts .
2+ o;idizéd 1,2-dthydtdxyanthracgne.to 2—hydroxy;' .

in the presence of Fe
' ' ‘ T =
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. anthracene as pr0posed by Evans et al: (1965) is shown in Figure 4.

»

.3—naphthoic acid. cis;4-(2~Hydroxynaphth—3—y1)-2—oxobut—3-enoic acid

v

(23, Fig 4) was OdelZed to 2—hydroxy—3—naphth01c acid in the presence

of NADT. Furthermore, with dilute cell’ extracts the degradatlon of

. N 4 . . ’. ; :
1,2-dihydroxy$;thracene.stopped after‘ring fission, and there was evidenhce

o - LY ' ’ T :
for the formation of cis—4—(2—hydroxynaphth—3~y1)—2-oxobut—3—enoic

‘acid. —Hydroxy-S—naphthaldehyde was oxidlzed by cell extracts to the '

‘ corresponding ac1d. It was suggested that 2—hydroxy-3—naphth01é ac1d

was converted to 2 3-d1hydroxynaphthalene (27, Fig 4) by oxidative

decarboxylatlon. Compound 27 (Fig. 4) is metabolised to salicylate and

catechol through unidentified steps. The pathway for degradation of.

8

S . OXIDATION OF PHENOLIC COMPOUNDS

Catechols. -

\

)

.Catechol and its_derivatives are common intermediates in the ;f

‘ degradation of many aromatic hydrocarbons.- In addition to. the hydro-

'carbons mentloned above, phenol benzoate, Z-aminobenzoate and several‘..

-

other compounds are converted to catechols (for a review see Dagley, f‘

,1971 and.0rnston, 1971). These are metabollsed through either of‘the:

two pathways shown in Figure 5. The benzene ring of the, cateohols'

'-(45 28, Fig. 5) may be cleaved between the two hydroxyl groups pro—

duc1ng ClS cls—muconic ac1ds (33, 38, Fig. 3),, which are further e

-

,metabolised via B—ketoadlpate (36, FLg. 5) to: succxnate and acetyl

n

¢

Con (Ornston and’ Stanler, 1966) . This pathway is often called the ortho

» «

AN . . ' e

m s
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sro T or B-ketoadlpate pathway. Alternatlvely the rlng“'Ieavage‘may occur L ’ b?
) ; . . "'; N Y ."-
' betweéh a hydroxylated C atom and an adjacént non—hydroxylated C atom }
~— . v

o

' to produce 2—hydroxymucon1c semialdehydes (29 40, Flg. *5) (Dagley, e

-

. ; : " Evans and Rlbbons, 1960 Dagley, Geaty and wood, 11964) . Ornston uﬁ Cx

o

.1
-

(1966a b).purlfled the enzymes of the Ortho a“- g pathway fromA

-

Pseudomonas putida and studled thelr propertles.' He shéwed that the L

enzymes of the two branches o£/ OYtho ) pathway are Spe01f1c,.l e.

n
. -

‘ enzymeeqof one branch are not‘actlve with 1ntermed1ates ‘of the othe7 '

P

‘."\

branch. | .- ST . ) - IR

D1551malat10n of catechols via the ortho pathway occur w1dely

N P 3_"2fin bacterla. Thus benzoate and pfhydroxybenzoate are degnaded through
. the-ortho pathway LauNocardla Qpaca (Rann and Ca1n 1969) ,' Horaxella o ”“_;;;[hsﬁg

» gt t o™
PUINLASTPL S

calcoatetlca (Canovas and Stahler, 1967), Alcal;genes eutropha (Johnson/) ,' .lrﬂff_

- o
.

and Stanler 1971a) and a number of. Pseudomonas spec1es»(0rnston, 1966c)
4 -7 -
Y Some organlsms are endowed with the. genetlc capab111ty to degrade catechol

A the the - -

- v1a both/ﬂhcux and/ ovtho pathways,and the phenotyplc expre551on

' € 2 ﬁ)‘of the pathway- for catechql degradation”depends on the prﬂnary growth

N o f . . . [

7 e . - . N
c’ Substrate. For example'in Pseudomonas putida the ortho pathway enzymes

are induced lf the ggowth.Substrate is benzoate, and the enzymes of he ;~“

.'g |

p;hydroxy-.f

meta*pathway are . 1nduced when the organlsm 1s grown in cresol or phenol

(Felst and Hegeman »i9§9) Slmllarly in Alcaligenes eutroph

—

.

Ovtho pathway 1§<;§éd,1n the degradatlon of bertzoate ant
benzoate, but phenol and ,cresol are degrgﬁed through
S (Johnson and Stanler, 1971b). Members of the acigdvorans group of e

> [y

Pseﬁdomonas'use the meta pathway_for the cata
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ol

4

Y

' dlss1m11atnon of methyl substltuted aromatlc compounds.

a

* - authe

.~

(Stanler Palleronl and Dudoroff 1966; Wheells, Pallexonl and Stanler,

1967)u

-

catechdl through the meta pathway, but protocatechuate produced from

a
-

pyhydroxybenzoate was oxidized vxavthe'

spec1es (Haralsson, Sala-Trepat and Stanler 1969) \

v

4

Oituo"

A 4

pathway by these’

Four specxes of Azotobacter were found to oxidlze benzoate via -

. Enzymes of the meta pathway havejbroaﬁ specificity and oxidize .

1972) .

(Dagley, 1965 and Dagley, Chapman, ‘@ibsan ‘and Wood 1964) who proposed

t'.‘ .

, -methyiéatechols (Bayley and Dagley, 1569'1Ribbons,

<

9

that the méta pathway serves as a general reactlon sequence for the

e
’

Ornstoﬁ (1966c) studled the regulation of some enzymes of the

Oitho L

pathway in - Pseudomonas pﬁtlda.

v,

&

the synthe51s°of the muconate lactonizing enzyme, muconolacthe (39,

L

-

-are corordinatelyncontralled.

s

“

v . - L

B—Cathoxy%cis, cis—muconate.(33, Fig.

1970; Murray et al.;

. ThlS 1s con51stept with the suggeﬁtlon of Dagley and assoc;ates

cis, c1s—Muconate 1nducesd

© Fige. ' 5Y) 1somerase and catechol’1,2 dloxygenasep .The;flrst two of these:

5) lactonlzlng enzyme, Y—carboxymuconolactone’(34 Fig. 5) decarboxylaseA

s
=T -

and 6—ketoad1pate enol lactone (35, Flg. 5) hydrolase are coordlnately

1nduped by B-ketoadlpate or B-ketoadlpyl CoA.

.

Ard

o7

\

fpﬁnz the same regulatory mechanlsm in Pseudomonas aeruginosa.

F} °

1nduced co-ordinately w1th the enzymes of the. protocatechuate branch.

\‘.

“: on’ the other hand; Canovas andrStanler (1967) showed that in

od

Moraxella calcoacetlca prdtocatechuate

“Eﬁ
enzymes cataly51ng the

i “-.'

steps from protocatechuate to B-ketoadlpyl CoA

g
.0

‘.l

Kemp and Hegeman (1968)

'These.

rs also found that B-ketoadipate_succinyi CoA transfetase is also

'coordlnately 1nduces all the’



(37, Flg. 5), and c1s, c1s—muconate co-ordlnately 1nduces the four;d '\

enzZymesg.responsible for the Fonver51on ofeis, c1s-muconate to B—keto-

‘

~adipyl CoA. Moreover, Moraxella calcoacetlca synthé51ses tqgggsgfunctlonal

B N )\1'5

)
o~

sets of enzymes for the conver51on of. B-ketoadlpate enbl lactone to

o

B—ketoadlpyl CéA.. One set is 1nduced co—ordlnately with the _enzymes

~

: of_the.protocatechuate_branch and.the_other with the enzymes of the =~ ~

o

, 2-hydroxymucon1c semlaldehyde form oy ‘the meta ‘fission of'catechol e

.1s ox1dlzed by a NAD -llnked dehydrogenase to the correspondlng ac1d,

.
.

"

catechol branch; ' ' - .

An alternatlve pathway er the degradatlon of 2-hydroxymuconlq

semlaldehyde, the flrst product of the meta pathway, has been demon- -

strated (lehlzuka et al., 1962; Sala—Trepat and Evans, 1971). The

e ; -
3 . .
~p—

-

. ©
s

4-oxalocrotonate (43 Fig. 5), whlch 1s decarboxylated to 2—oxo—pent-"

v

‘4-enoate (41, Fig. 5), an 1ntermed1ate of the meta pathway. ;Both‘the

%

' hydrolase branch and the dehydrogenase branch of the meta pathway have

-heen demonstrated in Azotabacter 5pec1es (Sala—Trepat and Evans, 1971),

- . - —
- -

Pseudomonas NCIB 9816 (Catterall Sala—Trepat and Wllllams, 1971) .

D v

Pseudomonas putida NCIB 10015 (Sala—Trepat Murray and wllllams, 1972)

and Pseudomonas arvilla mt-2 (Murray et a1., '1972).

—s Dennis, Chapman and Dagley'(L973)»demonstrated a divergent path-

" way for the metabollsm of 4—carboxy-2—hydroxymucon1c sem/aldehyde (29,

ed by the meta fission of protocatechuate in ﬂseudomonas
!

testosteroni. The initial step i is pathway is similax;, to that in the

4

. .

e

» - . N L LR TN .

T
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v

"product (42,,F1g.,5) are catal

" Gentisic acid

NAD+—1inked dehydrogenase. .Gallic acid {44, rig. 5) iéfaieo metabolised

by Ehis divergént pathway.’lColiinsworfh, Chapman and Dagley (1573) fodnd'

o i : i

that two reactions in the meta pathway for catechol metabollsm, namely

Iy -

the hydratlon of 2—oxo—pent -4fenca

-nd ‘the flSSiOn of the hydrated

ysed by stereospeciflc enzymes.

.-

h)

e
o

Lack (1959,‘1961)~estab1ished the pathway for gentisic acid

metabolism in a Pseudomonas species. Gentlslc ac1d (2 S-dlhydroxy—

‘benzoic ac1d) is OdelZed-tO maleylp\rruvate which is lsomerlsed by

. maleylpyruvate isomerase to ﬁumarylpyruvaﬁe. The latter undergoes'

- cleavage to pyruvate and fumarate which in turn.is converted to L-malate,

-

Pseudomonas acidovorans has’been fonnd tq,aegrade meta~ﬂydroxybenzoate

Fa

through this pathWay (Wheelis et al., 1967}. Methylgentlsates,‘some

xylenols, ‘and cresols are metabollsed through thls sequence by some
[N . s »

Pseudomonas species (for a review see Dagley, 971)

. | T g
. & . >
GENETIC BASIS OF THE DEGRADATION OF AROMATIC COMPOUNDS

Though the regulatlon of the mlcroblal degradation of the 0x1d5)

1)

A

. tion products of aromatlc hydrocarbons is moderately well understood,

-
a

the regulatlon of the ox1dat10n of hydrocarbons themselves has only

recently been studied,  and -these studies have been genetic in nature.

a - -

Gunsalus et al. (1965) observed'that some of . the enzymes catalysing
. . " . ~ N
thenearly reactions in camphor degradation by Pseudomonas putida appeared

ad

&

Y
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to be co-ordinately cor\t:rollqd suggesting they might: be part of the

same 'operon. Some of 'thg genes codimj. for enzi"mes of c‘amf)h_or.dégrada-;

- J

. i:iqn were found to'be 1'iriked and babable of tréns’fef as,a unit betweén

strains (Chakrabarty, Gunsalus and Gunsalus, i968). Recently Chakrabarty .
N - . Lt . . L ’

"and Gunsaius (1971) found that the genes coding for enzymes i'nvolv\e_d

“in the degraﬁation of camphor to isobufyfaf:é are clust;efed in.a trané—'
IR oo genes’ ‘ ~ " s .

. missible plasmid. The/¢oding for the enzymes of the entire salicylate
degradative pathway (Chakrabarty, 1972) and those of the naphthalene

.degradative pathway upto and including sa‘licjlate hydroxylase may be

“plasmid borne in Pseudomonas putida (Dunn' and Gunsalus, 1973) .

a

¢
=TT
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"' THE PRESENT WORK - -

$

-The pgrpose-oﬁ the'present work was Eq study thé”regulation of
thg metabolism éf naphthalene in ?seddomonas'NCIB 9816. There is little
information on the regulation of the metabolism of aromatic cdmpounds

éompared with-that available on phenolic benzene derivatives. L

f
Q‘ :The ;egulatiqn of the'baétérial éegrédaéién of’naphthalene was
" selected béﬁa&ée the pathway‘éor its degradation hgé been elﬁcidated..
éseudgménas'NCIB 9816 was seigétéd for thig'study ;s thi§ orgaﬂism.hasI:
. Béeﬁ‘uséd bf'othef workers,(éatterall; Murrag;énd wi}liams; 1971; -

‘Cattéfa}l and williams; 1971, and Catterali, éala—TreEat aﬂd Williams,
1971), and as a'fesult cbnsidera§1elin§or6§tioﬂ is available oh.ipé.éb,"'
metabolic activiﬁieé. Moreover, this organism has ﬁeép found to bé'

; qbié to.utilize afomaﬁig hydrocarboné other than haphfhalehe (Evahé

et al: 1965):
. ' ' o - . o. "
The organism was grown under various conditions to determine -
) ‘o o : .
-the levels of different enzymes. of naphthalene metabolism, In the course

. . a

" of the measurement of naphthalene oxygenase, the first enzyme of the

- ‘pathway,washed cell ‘suspensions metabolising:nabhthalene‘Were found to

accumulate salicylate. In order to. determine what had.limited the degra-

dation .of salicylate, the organism was grown on salicylate to induce the

- <

. . , . ‘ L . .
-maximal oxidation of salicylate, and measurement of enzyme levels
revealed that ﬁaphthalene oxygenase was a;ép induced, This observation
Y . ) . ) . ' » . . ‘ . .
was contrary to those of Azoulay (1966) who found that washed cell sus-

" pensions of some soil Pgeudomonas species oxidized naphthalene only

"if the .organism had been adapted to haphthaiepe,.and‘aftef growth on

"

!

\



sallcylate or 1ts metabolltes the cells did not ox1d1ze naphthalene.

o
-

'

The observatlon that growth on sallcylate 1nduces naphthalene

oxidatlon suggested‘that salicylate or a metabolite was‘the 1nducer of

H

naphthalene oxygenase, but giowth on catechql did not,induce naphthalene

‘oxygenase.'.To,eonfi;m that salicylate might be the inducer, analogues‘

of salicylate were sought’ that would induce naphthalene oxidatiorn

'gratuitouely; Two compounds’ 2-hydrbxybenzyl alcohol and 2-aminbbenzoate .

L]

- Were‘found‘tb induce naphthalene oxygenase gratuitously.

Comparlson of the 1evels of naphthalene oxygenase, sallcylate

hydroxylase and the catechol dloxygenases showed - that all except catechol

0y

.2,3-d10xygenase were induced by sallcylate, and that naphthalene oxygen-

~ ase and salicylate'hydroﬁylase were induced by the gratuitous inducers.

Thus, baring the possibility that salicylate is converted to another

' eompound«with'respect te which -hydroxybenzyl alcohol and‘2-amino-

. e

benzoate are also analqgues, 1t does appear that sallcylate id the

plnducer of naphthalene oxygenase. Fufthermore,«sallcylaldehyde dehydro—

‘"

genase was also lnduced under condltlons whlch induced naphthalene

oxygenase. ' _ . oL - .

[



-beloﬁ which were stérilized by filtration through sterile Millipore
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" Bacteria s P S

IPseudomonaS species able to grow on a mineral medium on naph-
thalene as varbon and edéfgy‘sduréé were obtained from the Natiohal .

_Collectlon of Industglal Bacteria (NCIB 9816) and from the Amerlcan

Type* Culture Collectlon (ATCC 17483) " NCIB 9816 was orlglnally de51g- o

: s

Z:ated as Pseudomonas PG by Evans et al (1965)° (CattqralL apd Williams,

971).
A L °
Culture media
- 4 ¢ ‘ ! " ."
. .. . ,

‘All med?a were sterilized in an aﬁtoclaVetat.lZIO,for'io minutes

§x¢ept-g1ucqse (115° for lS'minutes)“&hd §oﬁe.qarbon'comp9unds spécified

'HAWP fllters (pore size 0 22u) Standard,aseptié'téghnigues were uted_

"~
o

throughout the work : : ' e L ‘ L
Basal mineral media ) ""' . l S }’ s . Co ' e
R . '. '.., } B 4' _,' :- ) . (g"/l) .
o AL NHECL . L0 - ¢ el
X PO, 4.36, - o,
. NaH2P04'H20 : 3.'_45 : \
| | (C.ocatl amo- . 360 o
s . .‘-' D. (NH P MO7 24 *4H O k 0.02 le
i« ) o
2.
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) -
e - : “
- T ;% i . - ; ;
o I EeSO4‘ Hzo :q. - .- Lo

- © o mclywoe oo v

: . ’ . ' - Wl 1

CoCl,'H,0 . .0.10 . .

HC1 (cdnc.) 0.5m1 . L

For use 1 volume of each of B,C, and D was added to 100 volumes of A.

;\.The medlum was at pH 6 8. . - c e .;
" carbon Sources and inducers . AN l
a .o o | e - , ) _ - -:(
' Gluedse . L ‘(03846 M) R E
g ‘L-Malic acid - . . (0.745 M ad]usted ‘to. pH 6.8 w1th
! ' . . _ NaOH) D .
. Succinic acid | ; (0. 864 i adjusted to pH 6.8 with.
S S ., .. NaOH) .
L PN N _ ’ ,
. salicylic acid - . o (0;363 M adjusted to pH 9.0 with
- M"NaOH, sterilized by filtratioh)
Cat,echel T ‘ (0 363 M- sterlllzed by flltratlon)
2-Amiﬁobenzoate o - (0 036 M. contalm.ng an equ1va1ent .
/ o : of NaOH, sterilized- by f:thratLon)
- , .
2-Hydroxybenzyl alcohol (0 349 M stenl:.zed by flltrats.on)
' Naphthalene ' ;., ‘ (0 780 M in ether,‘sterlllzed by
) e ' flltratlon)

_For use the reqdired volume of sterile solution wa:e added to the basal

', mineral medium. When naphthalene was used, the ethereal solution was

allowed to evaporate overhight in a steérile plugged.flask and’.then = -
° ) o . ‘r ) . : , . il ) ’ ° -

the basal mineral medium was added. &

.. 1 ) o S e

© Culture methods

. [
. - .

‘Cultures were grown in conical flasks shaken in a gyrotory water

ot
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N J., U.S.A.) at 25+ 1
;‘r .

3

bath ‘shaker (Model G 76 New Erunswi‘ek Scientiflc Co, Inc., New Brunswick,

Growth was followed by measurmg the absor-

bance of the culture at 600 nm in a Unican SPBOO spectrophotometer.

Mainterance of bacterial culture ' . a .t‘ . L
‘ '_;"3. NCIB 98l‘6 and P;TCC 17483 were reollated'to single colonies at
. ; fortnlghtly 1ntervals on nutrient agar hav1ng the follow1ng co p031t10rx-'
o - \ S ' (g/l) n K ' i
) "‘.:'(\)xoid yeast extract 3.0 '
‘e ) '..Onhc01d bacteriological peptone .‘6,0 | _ ul’.
’ OXOZLd agar:' - —_— . 20.0 Ce '

]

i

The,ability to degrade naphthalene was checked periodically by growing

[ 4

on basal mineral medium solidified with-agar.

Solutions B,C'and D ‘ ’
were\added to ‘solution A containing melted agar when the latter had cooled
(o] c ’

~

to about 50, and the medium was then poured lmmedlately into Petri
dishes. . |

After drying and inoculation, 'naphthalene wad added to the 1lid =
of the petri dish
. ..

J

-~
'

Growth on glucose, succihate, acetate and malate

Growth occurred rapidly on succmate after the orgam.sms were

1nocu1ated from any growth quedia, but NCIB 9816" adapted slowly to growth
on glucose, acetate and malate,

I‘v‘
‘

It was therefore grown on basal mmeral;
medlum contaln}ng the carbon source and SOlldlfled w1th agar

L et
_,‘.-m"
i L4

transferred to .the oorre_sﬁbndlng llq\nd culture.

m,nN"
PN RSP L o

7 and then {



) buffer (50 mM -KH_PO

;.;:24 -

Grov;tﬁ on naphthalene and salicjlate . : - .

Growth of NCIB 9816 in cultures contamlng naphthalene or

sallcylate was usually preceded by/long lag per:Lod : Therefore, cultures ’

-
N

_grow.1ng in mid log phase on succ:.nate (4.3 mM) medlum contalnlnq either

sallcylate (3 5 mM) or naphthalene (0 l%) were dJ.luted eleven times

w1th fresh media contalnmg naphthalene (0 1% W/v) or sallcylate

"(3.5 mM) . The d11uted cultures had an 1n1t1a_1 ‘absorbance of about .03

.

_a£ 600 nm, and was used when the absorbance was 6.37 as a heavy inoculum-

for}edia coritlaininé sali‘cylate (3.5 mM) or naphthalene (0.1% W/V) alone.

.

‘ Grov&ﬁh on cafechol

A portion of a culture of NCIB 9816 grow}ving on succinate (8.5 mM)

+ f

~ was transferred during the early exponehtial phaee, to a fresh medium . _

contalnlng catechol (8 0 mrl) . The culture waS/.n\\ubated overnlght N

without shaklng. When growth reSLMed after 24 h the. culture flask

L
~

was shaken in a water bath shaker as usual. '

"Harvesting of cells and the preparation of cell extract

Ve

Cells were harvested by centrifugation-at 5000 rpm at 2% in a
Sorvall, centrifuge (Model RC-3, Ivan Sorvall I.n'c. , Newton, Colnnec;t‘iCut,
U.S‘.A.) . Cells were Washed by resuséending them. in ice' cold phosphat,e

adjusted with NaOH to pH 7.0) and centrlfuglng the
* and

24

’suspension, Washmg was generally repeated /the cells were flnally

the .
resuspended i/ requlred vqlg.me of . buffer. _,'

. . . . ) . . v
. B

(X



Cell extracts were made by resuspendlng hhe cells at a concentra-
tlon of 0. 2 g. wet welght/ml in phosphate buffer (pH 7 0) and dlsruptq.ng
the cells w:.th an ultrasoruc osc:.llator (Model w185 Heat systems—
‘Ultrasom.cs, I;nc., Plam View,; New York, u. S A. ) at. a nomlnal power of
76 W. Portions (2 ml) at _0 ) in ice-water were subjected to elx 30 ‘sec

"*eriods of ‘sonication. 'Each period was followed by a 1 minute interval
.

.

in whlch the oscillator probe and the suspens:.on were cooled in- :Lce- ‘

~ ‘

water‘. The disrupted ce],ls were centnfuged at 105,000 g for 1 h at .

2° in-a Beckman ultracentrlfuge (Model L3 50, Beckman Instruments,

1

._Inc., ‘pPalo Alto, Callfornla, U.S.A. ) . ’ ' .

[
LI

Chemicals- . o
Pyrldme nucleotides, lactlc acid dehydr&}énase and L(+) 1act1c
ac1d were obtained. from the S:Lgma Cf'xem}cal Company (St. Lou1s, Mo. ’

-u.s. A ) Naphthalene was purchased from Fisher Sc1ent1f1c Company !

(Falr Lawn, New Jersey, u.s. A.). Sallcyllc acld, sallcylaldehyde and

. catechol" were purchased from J.7T, Baker Chemlcal Company (Phllllps-

j
burg, N.J., U.S.A.). —,Hydroxybenzyl alcohol and 2-am1nobenzoate were

. obtained from Eastman Organic ,Chemj.cals (Rochester, New fork, U.S.A.)V..
I ) ; . ‘ ) ’ :
Salicylaldehyde was. freshly redistilled and catechol, 2-aminobenzoate .

' ~and 2-hydroxybenzyl, alcohol were recr_xstaflized be‘fore' use. Other ..
chenicals were obtained -from var.iou.s commercial sources_-anﬁﬂivere the

highest purity availdble.

-

- Enzyme assays

N .

-,

Naphthalene -oxygenase was determined :u's.ing'%vashe“d c_'e‘llls‘ suspehded',
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-

' LN

. in phosphate buffer (pH 7.0) ‘at'a,maximdm. concentration corresponding
' to an absorbance. at 600 nm of 0.32, Twenty ul of an ethanolic.solution .
'of 'naphtha,lene (10 mM) ‘were ‘added to 2.5 ml of cell ;us;;gnsim ina |

1 cm cuvette,and the rate of decrease, in absoi'bance’ due to naphthalefi‘e

‘s

°

.'at 276 nm was measured in a Unicam SP?{Spectrophotometer fitted '

with. 89820 constant wavelenqth scan control, SP850 scale expansion

o accessory and a Perkln-Elmer 56 .chart recorder. Naphthalene oxygenase o

.-activity was calculated usmg an exper:.mentally determ.med extmctlon '

5 .

"c‘oefflc:L.ent of 4.51 mM . cm-]l'., The approprlateness of the method is 4'

,di'scdssed later'... B L o \/ 4y

Sallcylaldehyde dehydrogenase act1v1ty in cell extracts was -

E)

' determlned by following spectxophotometrlcally at 340 nn the’ reductlon )

of NAD' .  The reactlon medium contained 0.3 ml df ‘salz.cylaldehyde (3' M) ,
. IR o i 4 R . . ‘ . ' . T
;0.5: ml of Nap' (30 mM), " 50 .ul of cell extrac‘:”t (diluted if necessary),

e, N A

o and pyrophosphate buffer . (50 M tetrasodium ﬁyrophosbhate ad-
- ) A . ) v ’-
justed to pH 8.5 with HCl) to make 3. 0 ml. The reaction' was started

' by addmg' the cell extract. The solutlon of sallcylaldehyde (3 mM)

in. water. .., Wwas prepared by dlluting a 30 mM ethanollc solut:Lon of
r'e‘di\stil-led salicylaldehyde.. The rate of increase in absorbance at

340 nm was measured with a Unlcam SPBOO spbctrophotometer. Sallcylal—

o

'dehyde also absorbs at 340 nm, and so0 in order to calculate the rate of

-1 -1
reductlon of. NAD an extlnctlon coefficient of 3 94 mM © cm - was

used. The latter is the dlff.er_ence between the extinction coefficient.
s : . . -

-1 -1, : o1 -1
cm

of NADH (6.22 mM ). dnd that of salicylaldehydé (2.38 mM™ — cm ),

‘at PH 8.5, ' fris at a concentration of SO'mM reacts with 's(alicylaldehyde

'y



-photometrlcally ‘at 28

tometrlcally/by follow1ng the ox:.dat:.on of NADH.

to that of Yamamoto et a_}_ (1965)

- at: 340 nm was linear with tin\:e,for_ rates up to about O,

o . '
.~ to a final volume of 2 ml.

and so is unsuitab‘le fof~use as, buffer.

Catechol 1, 2-d10xygenase (EC '1.13. 11 1) was measured spectro-—

O‘

by the method of”Hegeman (1966) except that

30 mM trls (pH 7.6)" was used instead of phosphate, and the concentra—

_;t:.on of catechol was. 0 07 mM 1nstead of 0 1l mM

s, at 28°

" Catechol -2,3-dibxygenase (EC 1:13.11.2) was -mea's_m'red'/l?y the

method of Feist and Hegeman (1969) us:n.ng 0.17 mM concen

catechol 1nstead of 0. 06 mM

LN

- Salicylate hydroxylase (EC 1.14.13. 1) was measured spectropho—

at 25°.

The reaction mixture

trat:Lon of

ud

contained

»

0.2 ml sodlum sallcylate (1.5 mM) , 0.2 ml of NADH (1 5 mM), 0.1 ml

!

,,FAP (0.3 mM), 50 ul cell extract, (dlluted, 1f necessar

ml«-of'phosp}rate buffer pH 7.0.

-a,

.- [

change per minute, for about 1 min.

y) and 2 45

The method-4s Similar

The rate of the decrease in ahsorbance

1 a.bsorbance -

- =

»

kd

5

3 . . .

presence of .naphthalene’ . e . -

G

v %

-

' Determination of the rate of dxygen uptake' by cells of NCIB 9816 "in”the .

Naphthalene s(imulated oxygen uptake by the. induced whole cells

of NCIB 9816 wae measured polarographical}y.

tai'nedl 0.1-0.2 nl. of a stock bacterial 'suspensio'n' (Eiqo

\ . . &

g etha‘nol instead of naphthalene solution as a control..

Yo . ¢

2

'The reaction mixture con-

?

about 1.0),; .
cm .

. A similar measurement was ’made .with 16 ul

. 16 ul of naphthalene in ethanol (10 mM) and phbsphate buffer (pH 7.0) .

The J':)atio of |

\f'

b



-
-

-

the molar.'rate-‘of oxygen" uptake to the molar rate of the -disappearance

i

of naph.thalene was determlned by comparing the’ rate of oxygen uptake

'

t
- -

metrlcally us'mg the samLoncentratlon of bacter.;a. ‘ ' -

-

.

' £~ ,
Measurement of the concentratlon of inducers in culture medla and .

°

- “ .—- r- It

' determlnatlon of the tunecourse of the 1nductlon of naphthalene

- . ¥

-

. oxygenase . T S

,""j . r' : ' ' Y. . . . ) . b
' Concentrations of the inducérs (salicylate, _.2—aminobenzoate

- . o 3

)

: w1th tttat of* the dlsappearance of naphthalene determlnéd sﬂectrophoto-.

) “or Z—hydrbxybenzyl alcohol) were measured by taklng samples of the cul'*- i

‘; ture medlum 1mmed1ately ad:'ter the addlt].on of the’ 1nducer and at 1n-

(2 . . .

‘tervals thereafter. The samples were chilled on 1ce, ‘and centrifuged
» . ' . * . c
‘at‘_29 to remove bacteria. T.He absorptlon spectrum of the clear super- '

. L]

. '.:hatan't was recorded.A If necessary, the supernatants ‘were accur’ately
g 1 .
'd“J:.lute_'d.. 'Samples of cultures w1thout ‘inducers were also treatéd 1n~a
similar way to detemune whet_her or not 1nterfer;.ng material was pro7
iiﬁice'd.bp.'the .cultlfre, | . S <:-_:7;'*‘= - .
. - The 'bacterial pJellets‘ obtaiped in"the‘ abovfe‘ ‘.exper‘iment’ were -

>

h ' «
resudpended and used to determme naphthalene oxygenase at dlffenent
o Y

time 1ntervals.., The volumes of the samples taken from the culttjxre were

» such that after centrlfugatlon and resuspension of the resultlng pellet

‘in 1 ml of phosphate buffer "the’ suspen51on had_ an absorbance at 600 nm

A ‘,r.;

' o£ about 1. 0. This suspen51on (0.2 ml) was used for. the measurement. of

,.,naphthalene stimulated oxygen uptake“as. descrlbed preVlously.. )

4 .. °
R . g . .
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Identlflcatlon Qf sallcylate produced by the 1ncubat10n of NCIB 9816

E o L ~

g ~w1th naphthalene . f: a a & T

-..| e e O p — —

L 4

‘ To 20 mlfof’a“suspension'of dashed cells (Esogm 0, 14—0 26) that

.

had been xnduced with sallcylate, 2-am1noben2bate or 2—hydroxybenzyl

;
~

“.alcohol, 0.16 ml of 10 mM naphthalene in ethanol was added‘ «After
s 0 ] .

,the reaction: was complete, the mlxture was extracted with two 10 ml

3
°

4 .
- - Y

Lo ' b .
reactioh mixture was acidified with 0.2 ml of concentrated HCl and -

<

N extracted again with two 10 ml’ portions of ether. The combjined ether
extracts were dried over anhydrous ‘Sodium sulphate,filtered, and the-

. filtrate was-q@aporated to a small volume. A portion of -this concen-
- - ) . R ] . 2 .
Qith a Oizé,mm thick layer of Silica gel-G. mﬁg plate.waS'deyeloBed
e - ' v , «
in aigolvent°system consisting of benzene, ether, acetic acid and

' -, o ) 0 . . . . R .

-5

portions of redistilled ether. The ether layer was dlscarded, and the.
o . . ’ ; .

trated extract was applied to a thih layer chromatographic plate coated

L3

ethanol in the ratio of 120:60:18:1 by volume. After allewing the plate

to dfy, salicylic acid was detecteé by its blue fluorescence in uwv
i,
light.‘ A second portxon ‘was dlssolved in phosphate buffer and the

B

absorptlon spectrum of the solution was scahned and compared w1th that
* . T
i

of authentic{salicylic acid?.

L Y a !
N " . . . A g ."\o

u.

- »Initial rate Of the'ageumulation of salicylate from'haphthaleht"

[
P

s

600 0.14-0.26) induced

‘To a 2.5 ml suspehsion of bacteria (E1 om

r

w1th sallcylate, 2—am1nobenzoate or 2-hydroxyben2y1 alcohol,ZO ul

"o ‘of an ethanollc solutlon of naphthalene (10 mM) was added . and the ab—

.

[

e

-t "



n‘ . ! “ : . R Dl o s '
sorbtlon sPectrum of the reaction mlxture was recorded 1mmedlate1y after

t

adding naphthalene and at tlmed lntervals theréafter.

From the ab-
sorbance values at 276 mm and'at 295 nm and the known extlnctlon co-

efficients of naphthalene and salicylate at.these wavelengths, the

concentrations of naphthalene and salicylate present at a given .tihe
were calculated (Dawes, 1969)

Stoicheiometry of the conversion of salicylaldehyde to sallcylate,and
s the identification of the product

. To determlne the st01che10metry of the reactlon between sallcy- ‘
laldehyde-and NAD

’

catalyzed by the crude extracts of NCIB 9816 a

reaction mixture was, made up contalnlng 20.1 pl ‘of spdlum pyrophOsphate

buffer, pH 8 5 {50 mM tetrasbdium pyrophosphate adjusted-to pH 8.5 with

HCl), 2.7 ml of sallcylaldehyde (O 3 mM), 0 24 ml of 1 Ithhenatthllne

(O 5 M) to lnhlblt sallcylate hydroxylase (Yamamoto et al., l965).and

d.16 ml of extract prepared from NCIB 9816 1nduced wlth sallcylate.
"

After
1ncubatlon for 10 mlnutes at 25° ' the reactlén was started by addlng

0.8 ml of NAD (0 15 M)
¢

The NADH produced was calculated from the ln—

M

L]

crease in absorbance at 340 nm u51ng an_ extlnctlon coefflcelnt of 3 84

cm ~ ,.the dlfference between thatlof NADH (6 22 mM -1 om ) and of
i sallcylaldehyde {(2.38. mM l

) at pH 8.5.

Twenty ml of the reac-'
‘ tion mixture were extracted with five 4 ml portions of peroxlde free

.‘-

ether, and the extracts were discarded. The re51due ‘was ac1d1f1ed !

. ' . . '

Ve, v ‘ ' 4
N . - . . 1

[T
oy
. »
. R . .
. .

IR L
[
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- and 295 nm consistent with the presence of 1,10-phenanthroline and

ficiént-fo; salicylate of 3.45 mM

-31 -

h . -
, . .
. \ " . ' .
. o - oo ;o
with 0.2 ml of concentrated HC,and extracted with five 4 ml portions
e . 'v - . " ) . .
of ether. The-eombined ether exfracts were evaporated on a warm water

\ . . . was * .
bath to remove ether,and the residue/dissolved-in 5 ml of phosphate

. ‘,J/' . . ! ,
buffer, pH_7.0. After clarifying the $olution by centrifugation, its

‘absorption spectrum was recorded. ), There were presth peaks at 263 nm
N - . . . . r‘ " - M l

3

° \ .

salicylate. The absorbance ‘'at 295 nm was absent when salicylaldeh&dé

'was ommitted from thg»reaction mixture. The absorbance values were

measured as differencés from the absorgéhce at 350 nm. The absor-

bance at 295 nm due mainly. to Salicylaté contained a contribution due

to l,lo-pﬁenanthﬁﬂine an@lwas redﬁced by 11.9% of the absorbance at

. ,

. S . B

263 nm to correct for this. The concentration of salicylate was then °
. .d e T .- . s

P B LT

calculated by using the experimentaliy determined . extinction co-ef-

1 cm—l. The identity of'shlicylate S

T

. was coﬁfirmed'by thin layer chromatography. The solution'in buffer

was acidified with 0,05 ml of_coﬁcentrated HC}, extracted with three
. s ‘ : ) . o
3 ml portions of ether; and the ether was evaporated to a small volume.

-
-

.The'solution was'chiomatograéhed as described previously.

Cw e 3

.
<
B ]

.Protein determination , s ’ ' K

»

The mefhod of Lowry et al. (1951) was followed. To determine
protein in intact bacteria, 2.5 ml of bacterial suspension (3rmg wet ’

bacteria/ml) were added to 0.5 ml 30% (w/v) trichloroacetic acid.

The precipitated.protéin was separatéd‘by centrifugation at 5000 rpm

b

., 'For the determination of protein in bacterial extrhct, 0.1 ml

at 2
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of the latter was added to .2.4 ml. of 5% TCA and -the precipitate-
sedimented as in the determination on intact cells., After discarding

the supernatant,-the residue -was diSsolved in 2.5 ml of reagent C

A sample of this solution (0.2 ml for cell extracts and 0.5 ml for

whole cells) was diluted to 3 ml .with reagent C. After 10 minutes
: T .

0.25 ml of Folih-ciocalteau reagent was added. After haif an hour- the

absorbance was measured at 700 nm in a Unlcam SP800 spectrophotometer.

samples .
For callbratlon,/@ 1 ml to 0.8 ml.of a standard solutlon of bovine

. serum albumin (0.26-0.28 mg/ml in reagent C)were diluted to 3 ml with

reagent C, 0.25 ml of Folin-Ciocalteau reagent was added after 10

minutes. .After half_an hour'the'absorbance was measured at 700 nm.

Determination of the actual NAD content of a commercial.preparation

L

’
Il v

' ' ‘ + C . : . o
The actual NAD content of the commercial preparation used in

the determlnatlon of sallcylaldehyde dehydrogenase activity was measured

,-by reductlon w1th L(+) 1act1c acid in the presence of’ lactic dehydrogenase

~
(Bergmeyer, 1965) ; The reactlon mixture contained, O 1 or 0.2:ml of

buffer 3
NAD 2.9-or 2.8 ml %f hydra21ne—q1yc1ne /pH 9.5 (0 4 M hydraz1ne,

1M d1y01ne), 0.1 ml of L(+) lactate (24 mM) and 30 il of lactlc

dehydrogenase solution eontaining sufficient enzyme to completé”éhe
Fen A :

‘ . ‘ ' + .
- reaction in about 5 minutes. The NAD content was calculated from the

increase in absorbance at 340 nm of the reaction mixture due to the

reduction of NAD+'to'NADH. ‘A reaction mixture lacking NAD+,and two
- appgpprlate amounts of .
lacking all reagents except/NAD served as controls, and the sum of
dijfevent combrols - .
the ‘absorbance values of these twopat 340 nm was subtracted- £rom the

absorbanceé values at 340 nm of the reaction mixtures.
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RESULTS ; R
.t ' -

+

. . ' . 3 .' - . )
Measurement of naphthalene oxygenase 'in whole cells of NCIB 9816

.
«

Naphthalene oxygenase activity waé measured in ceélls grown on

naphthalene, salibylate or catechol as the sole carbon and energy
in T - ’ . oo
sources, or/cells grown on succinate to'which any of these compounds: ’

qu been added.  To cultures growing on succinate sterile solutions of,

.salicylaté or catechol were'added.during the early ekponential pﬁgse
of grg&th (absorbance about 0.1 at 600 nm méaéﬁked in a Unicam SP800
sbéctrophotometer)."After the pogulationlbéd doubled tQicq tke cells

. ' L, - ' C
were harvested and naphthaieﬁé_oxygenasefactivity was mea;ured spectro-

N

¢

phofometrically as described in Materials and Methods-

The initial rate of disappearance of naphthalene yfrom washed: - o

bacterial suspension was directly proportionél'toufhe concentration -
® : : ‘. -

. ~u
500 due to bacteria of
1l cm . o

. rd , . .
" 0.32 (Figure 6). Above this concentration the reaction rate ‘could '

of bacteria in the cuvette upto a maximum E

)

. ¢ . . ) .
' not’' be measured satisfactorily as-the expected increase in,the absor-

bance at 276 nm due to the addition of naphthaléne was not observed. ’

bl

The initial rates of  disappearance of naphthalene at differéent o
' . - v

_concentrations of ‘the latter for a constant concentration of bacteria
¢ . ‘ .

~are shown in Figure 7. These data were fitted to a Lineweaver Burke
ST . _— The - = ,
.plot by the method of least squares (Figure 8)./Km-value was calculated |

as 4 lim, The significance of 'this value and of rates measured with
. . - N .

whole oréaniﬁm_is dealt with in the Discussion.
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Figure 8. Lineweaver-Burke plots of the initial rates bf naphthai,ene
oxidatior. at various 'cox'\centratior_xs‘ of naphthalene

. . . N ' '
- H . . .

-
"

" Reac,tibn conditions are as desé‘ibed in Figqure 7. The vélocifies
of the reaction are expressed as‘.the change in absorbance at 276 nm.
- : per mimite. The, line is the best fit computed by the method of least
o , ] '*  squares and yields a Xm for naphthalene of 4uM. A unit of bacteria is
L oo 600N
defined as .that quantity in 1.0 ml with 1 em = 1.0 ‘ C,
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ture at 600 nm reached about 0.4. - ' IR *

", the gratuitous inducers are shown in Table II.

- 40 -

[ . .
.Table I shows the levels of naphthalene oxygenase.in organisms

grc')wn'on napht;haléne, salichéte and cat'echol' as the solﬁe carbon’ and

' énergy'lsources,and on succi_pa_té culture to which salicyléte or catechol -
M . ' } . S . .
‘l was added. The precise meaning of the numerical values in -the table

. are not unambigubus in interpretation and will be dj:_g.cussed later.

é

B 4

Measurement of naphthaleneaoxygénase in NCIB 9816 induced gratuitously

" ‘Levels of naphthalene oxygenase in cells induced with 2-amino-

benzoate and 2-hydroxybenzyl alcohol were measured. Sterile solutions .

»

of 2—arnin6benzoate ai}d 2-hydrpxyl§erizyl alcohol were added to cultures

v

.'growing on succinate when the absorbance at 600 nm was about 0.l.

2-Aminobenzoate was used at one tenth of the concentratioh of salicylate

or 2-hydroxybenzyl alcchol, At this concentration Z—minobenioqte
caused the same 'lag in the growth of NCIB 9816 as did 3,5 mM sélicylate. '
e inhibited growth for long

Higher concentration of 2-aminobenzoat

periods. 2-Hydroxybenzyl alcohol at 3.5 mM concentration did not

.-inhibit growth. Cells were -harvested when thé absorbance of the cul-

3

L)

~ The levels of naphthalene 65;ygenase in NCIB 9816 induced with

Y.
° .
PN

- . G
The timé-course

of the'induction &f naphthalene oxygenase by salicyl’ate‘ -

and gratuitous inducers in NCIB 9816 |

The growth curve of NCIB 9816 growing on the basal mineral
medium containing succinate' (8.5 mM) ‘to whic_h__égliéylate .was

= : ' ’ ’

1y

T o "
! T ' . v



-

photometr:.c method us:l.ng a washed céll suspen51on.

Cells were grown on the carbon sources 1nd1cated and harvested " '

during the exponentlal phase of- growth. Alternat:.ve];y they were grown .

" on _succ:.nate, the second compound was added durmg the early exponential

. ]

phase: (13:602m about 0. 1) , and the cells were- harvested after d%subllng
. h r !
_'twice The concentratlons of the’ carbon compounds 1n the cul‘l;ure are '

k] (2 N - -
°- < - 41 -

. )\, : d
» A =

9 o co P o e '
Table I : - S |

‘ . e " . )’ A

. » - ) 1

. ’ : ’ ' . - ' - l

Levels.of naphthalene oxygenase in Pseudomonas NCIB 9816 |
. . i 4 P - - ) ,.. . ' : ." R - - l o

o . . grown on various carbon sources - . ' H

. o . . y, : . !r

X ;

given in| parentheses. Naphthalene oxygenase was measured by the spectro— .

‘

Ci

] 3 " it
"Carbon sources . . . Naphthalene oxyge'nase actiw;ity 2
: AR L (umole/min/mg .protein)
‘ ?Suc‘cinate (8:5 m) p 0.003 + 0.006% (m=4y . .
C ' . C o~ : ' ) a T
‘JNaphthalene (0.1% w/v) - : . - 0.339 5
: “ - . " E -' : . '] .
:Sallcylate (3.5 mM) e T 7 o.0. . T
- ) _ . . L A 4
Catechol'(B mM) . L f_ ’ .- 0.008 i
Succ1nate (8 5 mM) * Sallcylate x3 5 mM) 0.121.+ 0.048 (n=¢) ii;
\ ' “ N v
' -Succinate (8 5 mM) + Catechol\ (3 mM) ©0.013 ool :
X L ' : R 7.
- [ * R f . ‘ eyt ; Iz
:. habians ” : v % -
aMean + standard dev:.&t—zon where the f:Lgures accompany + s:.gn. Others to
represent the avera?e ‘of dupllcate measurements in ‘an exper:u'nent. N ¥
. i . . . 0 fl
S AT A o . - i\
. : R ) | ‘r ;
- . - e = - 3
’ ’ : .. ’1‘
i ' i
. r i ¢
) ‘ . - - o " '
. ) o \,
. . . I



) - » N ! - £, = 42 =
".d', ? ¢ , ‘
o S ,'Table.Ili. R E
a . - 6 - . 'D: ~ . < ' + '
Lo o
L} l" . , . . . . g . ‘.' " - .
Levels of naphthalene oxygenase in NCIB9816 induced f .
u.D," ‘tu M . .. .:n T . .
' ~ with 2-aminobenzoate and 2-hydroxybenzyl alcohol '
- Sterile solution of 2-aminobenzoate or Q-hydroxybeﬁzyl alcohol
AT, e [ ) - :

< ) [t v : N - RN ’ s .

" was added during the early-exponeqtial phase to cultures of NCIB 9816
Cells

R » ¢ P

growing on basal mineral medium containing 8.5 mM succinate.
were'harvesfed after doubling ;wice. .Naphthalene.bxygehasg activity

°

in whole cells was mehsdred-spectrophotome;rically«using whole éellé;“_-

~

| © TN 04165 +.0.057% (n=%)

'ZQAmihobenzoaté (0.35me?". :

. a

- p A .
2-Hydroxybenzyl alcohol (3.5 mM)™ = <. e 20151 + 0.039 (M=H)
'] ’ - B L3

L) o.
By e a ST : — RN VL .
Activities are reported -as.mean + standard deviatioh:. - -
° ' © <
i o - i ‘ )
' - - .
]
e - — — - - : A Tt
. . i
“
e .

Conc¢entrations of-'2-aminobenzoate and 2-hydroxybenzyl alcohol in the
- éulfh:é‘are'éiéen in paréﬁthesis. o T
X -y
. ’ o ‘ ' ‘ ‘ ' A.‘ . ' : : i ) N .
Inducer o : ) ’ e : Naphthalene oxygenase activity .-
S o T , o (ymole/min/mg protein)



*e o

.added (final epncentratiqn 3.3 mM) is shown in Flgure.9, together
. . - . . g .. s . . '\
' .oxygenase induced th;oughhut'g;thh. The culture had inityafly a
< e - o ;l‘ A' . .‘ . . . : ' . . <.
nf”' " volume Sf 226 ml. At the intervals shown samples were taken out ‘and
N _l . ) . . . . ,‘, - . ) . ‘ ' . ‘
> e centrifugedfat 5000 rpm at 23; Bnd the absbrption'spectrum'of the :

h N l'. e \

: supernatant was’ scanned The pellet was washed and used for measugre-

.¢, ment o%}naphthalene oxygenase polarographically as descrlbed 1n

LI
? Materlals and Methods. “9~ . T

':" ' ’ - - , 7 ' ) ‘., LT . . . ..

The induction appeared to be cdmplete within one doubling and
- - o . . but .

v e o was maintained into the statlonary phase of growth, /bacteria which

. had

s had been grown under s1m11ar conditions and/enteréd the statlonary '

L phase sometlmes 5ppeared dev01d of* naphthalene oxygenase.

Y

i C ] ’ Eigures'lﬂ'and‘ll show the time-course of induction of naph-"

thalene oxygenase, the concentrations of the gratuitous %nducers
* . - -7 * " o < t

+ during growth,and- the growth:curves of the cultures® The:cnltnres

e ' gnowinﬁ)n succinate were induced with °2-aminobenzo'ate (0.35. mM)

D

a O

o . or 2-hydroxybenzyl alcdhol (3.5 mML at the times 1nd1cated . Methods

¢ 1

of measurements of the concentratlons of inducers and naphthalene

a - .
L

‘ .

of induction with sallcylate. A small but steahpfise in the absore:
N : . . 5 ¢ . " ‘ . )
bance at 309 nm of the supernatant derived;fromothe'culture was ob-

) o - *served.(Fignre llA)ubnThis is consistent with a rise in the pﬂ'ef

.. the culture from pH 6.8 to 7.2. (npt shown) ‘and a consequent risg..in

L . . S . o . - ‘=1
- the extinction. co-efficient of 2-aminobenzoate (from 2.73 mM-l cm
. v . . . -1 -1 L “‘ E . ,
at-pH 6.8 to,2.83. mM ~ cm . at pH 7:2). e
S T SR T
. 3 - e ' '

e . o R 4 - 3
wlth the levels.of'salicylate and the activities of naphthalene « -

pxygenase were the’same as folléwed in the case of the timercourse K
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Flgure ‘10. Tlme course of the 1nduct10n of naphthalene oxygenase by

- -hydroxybenzyl alcohol in NCIB 9816 grow1ng on succlnate

Experlmental condltlons are described in.Materials and Methods.

(A)(}—-<3 1oglq ioo of the culture; 1}-——-——" absorbance»at 273 mm

of the supernatant due to 2-hydroxybenzyl aleohol. (B) “The: naphthalene-

LI

",stlmulated oxygen uptake by the cells at different tlmes. The'arrow

JES L . =1.0. o SN\

1nd1cates the tlme at whlch 2-hydroxybenzyl alcohol was added to the

e R

" culture. 'A unlt of bacterla 1s deflned as the quantlty in 1 ml w1th °

“

-
s
Lowo T
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Methods. .

'A_culture from 6.8 to 7 2.

;ate were foun‘d to be/mM.

t

Figure 11. Time-course of the induction of .naph‘thale'ne oxygenase by

'

2-—aminobenzolatey in. NCIB'.9816 growing dn succin”aj:e. :

~ . ' : . R ' 3 . M \
E Exper:.mental condlts.ons are as descrlhed in Matenals and

(A) o—oO loglo absorbance of culture at 600 nm; .——.

. absorbance at-309 nm of the-supern-atant due to 2-am1nobenzoate. The

rlse 1n absorbance at 309nm J.s con51stent w1th the. rJ.se in pH of the

The extlnctlon coefficients of 2-am1nobenzo- L'.

ZBi

at pH 6.8 and/mM

N 2.7

at pH 7. 2 (B) nagh-;

thalene-stlmulated oxygen uptake by cell suspensxons harvested at

A un1t of bacteria is . the quax;tlty 1 ’ ml

tffe’fbnt. times.
L]
o

suspens:.on w1th Ei’ogm = 1.0. The arrow indicates the'tnn‘e at .
‘ which the »_i_gducer was ‘added to the culture.’ . Lt L.
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‘at different pH yaldés.. The buffers had a constant ionic strength L

‘¢
As shown' in Figure 9A thejconcentration of salicylate decreased
‘with the growth of bacteria. On the other hand, th was, no detectable -
change in the concentration of Z—hydroxybenzyl“alcohol and 2-amino-.

beanate, as’ shown in Figufes 10A and llAfrespecfively} . ;_‘

[

Salicylaldehyde déhy@roéenase :

ﬁétermination.qf the optimum pH . ;}»
. . \ : . - -

Salicylaldehyde dehydrd%enase activity in the crggg”extract
from NCIB'§816 induced with 2thdroxybenzyl‘a1cbhol'ﬁas detexrmined

.

(1= 0.2 M) and were prepared as follows: 25'ml of 'a solption o

-

Na2HPd4'(133.3 mM):or Na4P207.(4O nM) was adjusted.with standard

HC1l solution and required volume of a standard NaCl solution was added,

v

* and diluted to-50 ml with water (seé.Figure 12)..

: : - .. . - ‘ +
. - The reaction mixture ¢onta1ned 2.75 ml. of buffer, 0.1 ml pAD

(150 mM) , SO ul salicyialdehyde (19.7 mM in ethanol) and 20 ﬁl of

crude;éxkfact.. The rate of increase of the absorbance at 340 nm due
‘to the production of NADH was measured in a Perkin-Elmer Coleman 124

spectrophotometer. 'The highest activity was observed at pH 8.5 .with

pyroéhéspﬁatg buffer (Figure12).
. . ‘
Dependence of initial reaction rates on the concentration of crude

extract

The activity of salicylaldehyde déhydrogeﬂase was measured

' uwing different concentrations of éhe ¢rude extract from NCIB 9816.

-

T
1
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- Figuré- 12, Act1v1ty of salicylaldehyde dehydrogenase 'gt dJ.f.ferent

pl—l values in the crude extract of NCIB 9816 J.nduced w1th 2—hydroxy-

. benzyl alcohol

. 'T.he organism was induced with '2-:h_§droxybe_n.zyl alcohol . ;The .
extraci; wes prepared as 'described in Materials end° l;dethodé; The reac-
tlpn mixture contalk.ed 2.75 ml bufger, 0.1 ml’ NAD (150 mM) , 50 uf
sallcylaldehyde (19.7 mM in ethanol) and 20 ul of crude extract.. The
actlvety was measured as the‘rate of J.ncrease in absorbance at 340 nm
in a Perk.m—Elmer speetrophotometer D——-——-E act1v1ty in phosphate 1

buffer (u—O 2M) O————Oact1v1ty in pyrophosphate buffer (u-—O 2M) .

The buffers were prepared as follows - 25 ml of a so-lutlon of

N HPO (133 3 mM) or Na PO (40 mM) was adjusted with 2N HC1 to the:

271 .
rex';u:red pH, the volume (given below) o'f a solutlon of 0.5 M NaCl was
added, and the solution.was diluted to 50.ml with water.

L . . . ' . . C T ) .-

4

) . .,
- y
/

Pj}rephesphete | . 5 Phosphate . -
‘pH- . < ..Velume of .- B - pH‘ . - Vo;dme:_‘of ‘ ~
©7 7 0.5'MNaclml . - . " 0.5 M Nacl ml ..
s . 5.58 . - . 6.0 X
8.0 4.96 o | -':6‘.5.-. . 4.'5"7‘
s sz S N 2.8 !
,' sio ..1..8‘7, T s 1.7
9.5, .. 0‘2‘7 IR g0 " . " 0.45
v [ : - o
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“ay

The concentrations of NAD and salicylaldehyde were 5 mM and 0.3 mM

rgspe‘étively. The initial rates.of increase in absorbance at 340 nm
were found to be proportional to the concentration of crude extract
v'vh'en'the latter was obtained from, c'e_lls induced with 2—hydroxybenéy1: :

alcohol.: With extracts obtained from salicylate‘induc'ed cells, the -

i .

initial rates varied linearly with the enzyme concentration byt: were

.

‘not direcf._ly prépor,tional tp the concentrations of extract (Fi urg\l:3) .
. . < ' o " . L
Dét;erminatioh of km for NADT’_ I ' ‘ - o j )

° - : T Lon JEER
_'Tllxe' initial rates of the reaction of salicy'laldehy:de ‘dehydrol-
gena‘se in the extract were measured "spectrophotomet,r'ically| at dif-

. EELAN

ferent concentrations of. NAD_+.lk sodium pyzjophospha{:e (pH 8.5) was
" used as buffer, and the concentration .of salicylaldehyde was 0.3.mM.

The initial rates of reaction at different NAD concentrations.are '

shown in Figuré 4. The_ .él'ata were fitted to a LinewéaveL:-Burke B

plot by ‘the method of least squares '(Figure. 15), and the calculat;_ed' '

Km was 0.i3 mM. | | | |
The Km for sail'liéyialdehydg was not determi;\ed as the .rateh

~'of reaction was independent of substrate concentration down to con-

cehtration ‘as low as 10 uM. - ’ L

Identification of the product and stoicheiometry of the reaction

* v ¢ .

between salicylalde.hydefand NAD'!' 'cataljsed by the cell extract

The stoicheiometry 6f the reaction was determined from 't]}e

spec,trophotometric'meéisurement of NADH prodﬁcgd on cohpletion of the

R . . s
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‘ Fi‘jUre'l3;. ‘A'ct‘ivity . of sal:.cylaldehyde dehydrogenase in NCIB 9816

at qiff erent concentratlons of cell extracts e

te

' \_';jkie réaqtiori mixtures ,contarined, 0.2 ml of salicylaldehyde

' (4.5 mt in pyfophosphate buffer) , 0.1 m].\-f'm.\D+ (150'mM) » the

cell extract 1nd1,ca(:ed, and pyrophosphate buffer, pH 8.5 to

3

- volume of 3\0;1. The act:.v:.t:.es were measured as the rates

at 34

1n absorband . O——0 _activi.ty ‘of e;ctract ﬁrom

1nduced cells and

: e
i
1

.

2-hydroxybenzyl aldohol.

e \|“___‘.'» e

volunies of
a final
of increage

sali‘cylate:-

‘ac'tivity' of extract of cells induced with’
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l_Figure 14. Actwlty of sallcylaldehyde dehydrogenase in the ‘crude
‘ extracts of NCIB 9816, at dlfferent NAD concentratlons
Tmios, ool i L
- » .;. . N . N . . ’
The rate of reduction of NAD was followed sPectrophotometrlcal-
- ly at 340 nm as descrlb d in Mater:.als and Methods varylng ‘the NAD
! =4 ’ . ' -
concentratlons as 1nd1cated. .-AThe crude extract was obtalned from .
sallcylate-lnduced cellt . The rate is calculated .as the jincrease in’
. ’ ‘\ N , . . . . _A.
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. reaction’earfied out as described in Mate}ials and Methods.AuThe .

results are given in Table III. Flgure 16A shows the absorptlon '
- T ' ‘ ’- :

. ' o ' L S
spectrum of the product isolated from reactlﬁﬁ}mlxture 1 ;iven in

Table IIIL and the absorption spectra of authentic l,lO—phenanthro—

" 11ne and sallcylate are shown in Flgu:e 16B- and 16C. respectlvely.

s b

The absorbance of 1, 10~phenanthrollne at 295 nm 1s 11 9% of that ak,.

i
263 nm.. Applying this correction- to the absorbance value at 295 nmi
- ‘. '.é . .
of the product and subtractlng the absorbance at 350 nm, the sallcylate

1n the 1solated product was found to be 0. 645 and 0. 64L umole 1n 20
.ml of reactlon 1xture l and 2 respectxvely. This is equbvalent to

0‘96 and 0. 95 mole respectlvely per mole of sallcylaldehyde orlglnally

. a
E

-present in the reaction mlxtures. The correspondlng stolchelometry

"1 ‘ ) ) : . R - v .
for NADH'was.O.BQ mole and 0.88 mole per mole, of salicylaldehyde in
o S | T N . f
reaction mixtures 1 and 2 respectively. T I

7

- Identification.ot the‘product'ués.confitmed by thin layer.
A‘chromatogtaphy. A_spot was observed which behaved identical}y uith
authentic selicylate. it.éave a blue'fluoresdence in UV-light and _ -
:Jhad an RF value of bn70. .Itlwas separete frou 1 ld—phenanthrdline 'ﬁ

(RF 0. 00), but 1t was not well separated from’ sa11c¥l/fdehyde (RF O 76)

1t was readlly d1st1ngu1shab1e from the latter, however by 1ts chaqac~

terlstic fluorescence. L A
e : . CL ' L

* Activity with other 'substrates and cofactors ¢

‘The cell extract from NCIB 9816 induced with 2—hydroxybenzx1
alcohol also oxidized benzldehydeyand acetaldehyde in the presence

“ae - ' - »




~

',Absorbance at 340 nm of reactlon m1xture lacklng E

- © . . mTable III

<

" Stoicheiometry of the reaction between salicylaldehyde

fand‘NAD+';atalyzed by the extract froﬁ_ihduced cells of NCIB 9816

J.

€

M

v

.. The incubation of thé cell extract with salicylaldehyde'énd

‘ NAD+:in_the presence of 1,lQ-phenanthroliné,~and-the isolation of the

L

N . o A
product was described in Materials and Methods.

. e .
o

. Nap* " (vol. 23,2 mD). L ‘:>.

‘Absorbance at 340 nm of a reactlon mlxture lack-

Absorbance at. 340 nm after addition of Nap* and

‘completion of reactlon (total vol 24 ml).

A4
1ng all reagents' except NaD* oy

Absorbance of extracted solutes {Exom 20° ml re—‘
actlon m1xture) 1n S ml buffer at 295 nm .

Ll

.Salicylaldehyde used umoLe_(ln 24 ml) X

NADH forﬁeg‘amolé " (in 24 m1)

éﬁlicylate‘formed ymole (in 24 ml)

s

. . .A'

"Reaction’  Reaction
mixture 1 . mixture 2.

"0.31R 0,310

0.599 . 0.597

0.184

0.642  0.614

0.81 . o0.81
10,710 - 0.712

0.774 . - 0.769;

-
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‘ Flgure 16. Absorption spectra of ‘the solutions of authentic salicylate

. and 1,l0-phenanthroline, and the spectrum of the product of react'ibgi'

. . e ) + C . =t B . .
between salicylaldehyde and NAD ' catalyzed by salicylaldehyde dehydro-
genase in.the presence of 1,10-phenanthroline

. +The 'ekp‘eriment’ was carried out as aes'érib_'ed, in Mate;&ials,and ;

;=

“ (B) .Auth'ent':ic 'l,io—phéhanthrqlihe-; (c) 'Authentié salicylate.
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". Methods . " {A) Product isolated from reacfion mixture 1 (see Table III);
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of 5 mM NAD . Table IV shows the rates of oxidatidn of the three-

J

. .aldehydes. 2T

-~

\ .
The rate of oxldatlon of sallcylaldehyde in the presence of o "

5 mM NADP was 7% of that given by 5 mM Nﬂf

Measurement of the levels of some énzymes of naphthalene ‘metabolism ‘

(Y

in whole cells and extracts of NCIB 9816 o ) ~ o T e

The levels of some. enzymes of naphthalene metabolism were

“ - . - . N ‘
'measured in whole cells and extracts -of* NCIB 9816. 'I‘he organism was

)

grown on naphthalene,. salicylate or catechol as sole carbon source,."

. i-

or on, succ1nate to wh,_lch sallcylate, -catechol or the gratuLtous inducers.
were added in the early log phase. SterJ.le solutlons of these com—l
'lpounds were added when. the cultures growing on succinate (8.5 mM)
reached an absorbance at 600.nm of about 0.1. ‘The cultures were
harvested when the absorbance at 600 nm due to bactnrla reaehed about

0.4, . | L B o

The leVels' of naphthalene 'o'xygenase measured in the whole cells

'4

and- those of sallcylaldehyde dehydrogenase, sallcylate hydroxylase

and catechol dloxyqenases in extracts of the cells grown under the o
abqve ‘conditions aré shown in Table V. |,

¥ n a

-

Induction of naphthalene oxy.genase in NCIB 9816 growh on glucose;:

malate and acetate AN

e B

The p0551b111ty of’ the repressa.on of naphthalene oxygenase

P

'by some - substrates wais - exam:_ned us1ng sllcylate as the J.nducer.

% . RN . . N . .
: - , . . - . )
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" Benzaldehyde® . et e .. 0.354, '0.307

r . - ‘.
f ’ o N
' o ¢ % “‘ 65‘ -
< ) . .. N
" Table IV
_ _’ ’ . . .Oxidation of some aldehydes b}%crude' .
- PR "extract§ from induced NCIB 5816, L. -
LY

The crudg" extract was( prepared from NCIB 9816 induced with 2~

hydi'oxybenzylv élcé)}{o‘i as described in Materials .and Met":hods:. _.The de~ -

'hydrofg_én‘ase activity was ﬁ\e_asure‘d by the reductidn of napt (5 mM)- usli‘ng. "

salicylaldeﬁyde (0.3, mM), benzaidéhyde ] (0;52 mM) ,‘or acetaldehyde .(0.46

-
‘e

mM)y

' .
[ . . .y ,_

Substrate - - L , . Specific activity™’

. Salicyl.alg'.l'ehyde:. . o . PR o ‘(2‘.644,. 0.553

gg.

Acetaldehyde - . - L - 0.022, 0.016 |

1

* IS . L . .
. ‘ . . . . . PR

n

','aEé.ch figure indicates the average of at least .tv&o measurements in an

. experiment.-

S

‘ . 9
i P : Ky
. -
\ 5 .
.. ' B
. . B . '
- .
“
-
“r,
. T . .
P ' . ®

. (umole/min/mg protein) - .

-



Y fable v. -
.Levels.of'scme enzymes of narhthalene metabolism in Pseudcmonas NCIB 9816 grown under various corditicns .
. ) . . . - - ~ . - . N

——

Cells were gz own unden the conditions described in Tables I and IT. Harvestlng of the cells, prepara-
tlon of the cell extracts and the neasurement of enzyme levels have beén debcrlbea in. Materlals and Methods )

Specific Activity QflEnzymesa..

)

oo o ' ' B Naphthalen ' Salieylaldehyde Salicyiate ' Catechol 1,2- Catechol 2,3-
Carben source and additive., ﬁﬁ% oxygenase ~ _dehydrogenase . hydroxylase = diox genasee " dioxvgenasef .
Succirate ' ~ 7 0.003+0.006%m:y0.071+0.028 0.000,0.003 ,  0.063 . © 0.059
Naphthalene : : . . 0.251 . - N.B‘..d 1 " . 0.245 a 0.277 ‘ . 0.029

._salicylate . = - : . 0.207 - ) N.D. ' . ° 0.386 . ~0.400 - ‘ o:azs -

. Catechol i ' - ©0.006 "'N.D. ' °  0.001,0.001 CNlD. S
SuccinatefSalicylate_ - o 10.121+0.0486n=0) 0}536,0.413b< 0.358,0.255 0.363,0.304 - 0.015,0.015
Succinate+catecholj T ‘ 0.013 - ' N.D. . Q.QQO- - .0.440 - . 0.03Q
Suctinate+2-aminobenzoate. . - 0.165+0.057(n=4) 0.551,1.090, 0.103 0.010,0.017 . 0.074,0.032
:Succ1nate+2 ~hydroxybenzyl alcohol 0.151ip.o394nf4)1;632,0.403 : 10.173 0.009+0.003(m=4) 0.024,0.056

1 ! - N . T

~
-~

)

Calculatea per mg pIOteln in whole cells for naphthalene oxygenasg, and in extracts for other enzymes.

ane act1v1t1e§ of naohthaltne oxygenase shown here are reproduced from Tables.I and II for the convenience
of comparison between the levels of naphthalene oxygenase and those of the other enzymes.

“shere the values -accompany + sxgn, flgures represent mean + standard deviation. Slngle figures respresent
the average of at least two 1 measurements in anoexperlment .

d“ D. 1pa1cates not determlned._

<k : . .- .
Reaqtlon mlxture contained: (e) catechol (0. 07 mM), -EDTA (1,33 mM), cell extract (50 ul), tris HCl pH'7 6 (30 mM),
final.volume'B ml. .Absorbance was monitored at 260 nmm. (£) catechol (0. 17 mM), cell extract (50" ul), tris HC1
pH 7.6 (30 mM) ‘final volume of 3 ml. Absorbance was monltored at' 375 nm. - - . .7 .
»’ S / . . . L o . X ) .A T e
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Sélicylate was added“ifinal éoncentratio; 3.5 mM) during the early . ;‘.
exponentlal phase to cultures grownlng on’ giﬁcose (B 5 mM) ,- suCC1nate
. (8. 5 mM) , malate (7.5 mM) or acetate (7 4 mM), and the cells were
ha;vgsted aépe; @oubllng gw;ce. See TableVI for det;ilsl

The level‘of'the;énzymgiindqced waé signifiéantly‘igﬁei when .

i the organism was grown on glucose plus-salicyléte (Tqble\lb R .

The appropriateness of the method of preparation of cell'éxtfdct :

Extfa;ﬁs wére prgpéred By disruéting a SUSpens}on of ﬁells
with anlultiasoﬁic'dscillgfongg'Qeséribed,in Materials Qaﬁ &éthods.
-Té'find an optiﬁum condition .for s;niéatién ;f the cells, é ﬁi por—-
'f_ t;ons of "a fell suspenﬁlan were subjectea to 1,2,4,6 or 8 thlrty second
periods o son;catlon,/i:ih perlod 1nterspersed with an ;nterval of
:llminuté.in whichithe suspension and the sonicatioh ;fobe were cooled\

‘in 1ce-water After centrlfugatlon of the dlsrupted cells, the levels

of catechol 1,2 and 2 3—dloxygenases vwere'’ determlned in the extracts.~

Max1mum act1VLty was foundaln extracts ;mepared_by 31x‘son1cat10n5'of N

'530 seconds each. . . ' . - ' . - S

-
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e S Table VI -
Effects of various carbon sources on the induction . .- o ’
of'naphthqlene oiygén?ée in Pseudomonas NCIB 9816

:
I

"

Sterlle solutlons of salicylate (finél concentratlon of 3 S‘mM)
. were added durlng ‘the early exponent1a1 phase_to cultures of NCIB 9816

grow1ng on basal m1nera1 medlum containlng the carbon sources 1nd1cated
P .
. and.the cells were harvested-after doubllng tw1ce. ‘Measurement of

P naphthalene oxygenase 1n washed whole cells was made spectrophotometrlcal—

AR : -. . - N ‘9
- S ly-as,descrihed in-Materials and’Methpds. The conqentrations of the
carbon sources aré-given in bracket. _
[ ' . . LI ' . F oot to o /‘\-A ,

'CarBBn gource . A - o i nghthaiene'oxygena'se'activitya
’ - (umole/miny/mg protein in whole cells)

-

.succifhate (8.5mMy. . - - . " 0.171, 0.220
- . O ’ o . g . "‘ . V . . *
~Glucose (8.5 mM) - . e 0.077, 0.068
Malate (7.5 mM). . , .7 '0.185, 0.206 -
‘. Acetate (7.4mM) . . .~ - 0,170, 0.205_ - ‘

.

S



- coordinate regulation (Ornston, 1966c). - %,

.
. , S
: . .
: L - . . d#*'
.

DISCUSSION

. " . “ - "‘,
. The levels of some,enzymes of naphthalene degradation in*Pseu

s

domonas NCIB 9816 were determined under different conditions of growth
to examine the pOSSlble modes of- regulation of these enzymes. ' The

"coordinate" regulation of the enzymes catalyzing the_degradation-
I - . - . . B

of naphthalene to salicylate. appeared posgible from the fact that
. ‘ ' . N .

‘ . FEIRRC R . -
salicylate accumulated in the inoubation medium when NCIB 9816, ‘that

~yAn

.had been induced with, salioylate or the gratuitous inducers, was in—

.cubated with naphthalene. The criteria for the coordinate regulation

. . » \

of a group of enzymes are the simultaneous induction of the enzymes

by.an inducer, and oroportionality~between the' levels of the enzymes o

under the"different conditions of induction. $imultaneous induction

’ is not neCessarily evidence for the coordinacyiof induction (Hosakawa,

1970), but proportionality between the levels of a group of enzymes
under different growth conditions is, taken as'an evidence for their

caty

-In the present work not.only were naphthalene oxygénase and )

g‘ .

salicylaldehyde dehydrogenase found to be induced by the’''same inducers
. . but
in Pseudomonas NCIB 9816 -but salicylate hydroxylase was alSO‘/ the

ratios of theseﬂweeenzymes under different growth conditions were not

9 ' o

jthe'same. This may not/, howeVer, exclude the possibility that these:

‘\

enzymes are coordinately coritrol led because of the limitations of -

determining enzyme activities will therefore be discussed first.. .

’ M  ,“
the methods used -for the determinatiort of the enzymes. The methods of ¥
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'proved unreliaﬁke‘and in'any:case récOveries were very lowsi’ The

:from the rate of dlsappearance of naphthalene in 1ntact cells was

'(proteln content 0.25 mg/ml .E

Measurement of naphthalene oxygenase”: S o SR

o

Naphthalene oxygenase act1v1ty was reported in extracts of naph-“‘
thalene—grown Pseudomonads by Dav1es and Evans (1962), Catterall, .
Murray and Wllllams,(197l), and Catterall and Wllllams, (1971) The

latter authors measured o\yge\duptake polarographlcally 1n the presence

“ﬁof‘NADH, reduced glutathlone.(GSH) and Pe2+. In ‘our hands‘@he method

T e

~highest” specific act1v1ty reported by qatterall and Wllllams (1971)

.

was 0.031 umole 02/m1n/mg proteln Wthh was equlvalent to 0.015 umole
naphthalene/mln/mg proteln accordlng to-the st01chelometry reported
s I

by those authors. (2 + 0 1 umoles 0 /mole of n@phthalene) E Wlth

naphthalene—grown cells in our study the lowest act1V1ty caIculated

- Looan >

-0 334 umole naphthalene/mln/mg proteln. A‘suspenSLOn of whole tells

) =1.0) ~after sonication and centri} ‘

fugatlon gave a supernatant contalnlnq 0. 15 mg proteln/ml Consequently_

/
the rate measured by Catterall and williams (1971) was equlvalent to

- >

0. Q0% umole naphthalene/mln/mg protein in 1ntact cells, which is 2. 8%

of the lowest rate we obtalned w1th whole cells.

Ty

urthermore Catterall and W1111ams (1971) did not descrlbe

¢

‘how “the correctlon for the oxidation of the cofactors was made. . In ¢

our hands the 1n1t1al rate of oxygen uptake due to NADH. (0 5 mM),
GSH (0 5 mM) and Fe (0 2 mM) was O. 15 mM/mln. This. decreased to ‘

0.625 mM/mln after about lS seconds. Catterall and W1111ams (197 )
’b . . < N 4 N
g A
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)

-~

h removal of the superox1de anion by supprox1de dlsmutase Wthh is

.'thalene oxygenase,ln intdct cells {Table VII).

used 0. 1 ml of cell extract- prepared from a suspen51on-of cells con-'

ta1n1ng 0.149 wet bacteria/ml. Accordlng to our results this ls

’ equlvalent to 0.7 mg proteln (0.14 ° g wet,%acterla/ml'has a calculated

~

6 *
. Eloom of 46. 7) Therefore, the\maxlmuw exygen uptake-due to naph-

.

" thhlene oxidation in 3 ml réaction mixture would'be 0.022 pmole/min,

J

M

i,e. 0,007 mM/min,_which is less than one third of the lowest raté of .

,_\ . - .. Lt > . ’ ! <
oxygen uptake given by the cofactors in our study. ., .

‘ : . v Lo . '_ "o ‘
. . Some possible reasons for the poor récovery of naphthalene

-

idxygenase in, cell'extracts were brhefly examined, . The superox1dqf

.

anlon ‘has been found to’ be 1nvolved in many enzyme reactions (Fr1dov1gh

4 Taz
1970, McCord and Fr1dov1ch 1968 Mlsra and Fr1dov1ch 1971) :It )

3 ’, ¥

1s possible that a suPeroxlde anion is 1nv01ved in the ox1dat10n of
» 9 .

naphthalene, and the lack of act1v1ty in'cell extracts may. be dye to

3

‘s
"o, 'La ;

-

’ W1déiy distributed 1n aeroblc organlsms (McCord and Fr1dov1ch 1969).

’

1 : £,

v g ' o e ' - 7. -

Attempts wege made therefore to f1nd an lnhlbltor whlch would select1Ve1y

- 1nh1b1t_thi/ﬂlsmutase *Cupferron, (ammonlum salt of N—nltrosophenyl

hydroxylamine)i NaN3 and KCNS at a concentratlon of 10 mM d1d not

.

lnhlblt the supefox1de dlsmutaserresent 1n the extract ,of i(}B 9816

Q

assayfd by the tetrazolium reduqtlon method (McCord et al., 1973)

"KCN (3 3 mM) inhibited the dlsmutase, but was found to thlblt\naph\
‘?9 . Y 4 L.
Y

" 'The separation of:naphthalené oxygenase from tlie; supexoxide

A P . LI

dlsmutase was attempted by Sephadex gel flltratlon. Cell'extracis'
. i ‘ - -
‘; .
were passed through -columns”of G -25, G—75 and G- 200 equlllbrated Wlth

’
Y

or.

.‘n

Lomn
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R S .. . . . ' rable VII. L L e
' ’ -\ ¢ ;‘-‘,. ' Effects of ,some 1nh1b1ton;on the ox1dat10n of K 1 ;
S R naphthalene in whole cells of NCIB 9816

oY * R .. T, R

N ’ + . . .- !“ L

:gNaphthalene"groﬁn,waghéd éells of NCIB Qéls.ﬁeré Edded td‘ﬁ polar-
. \'
; {~‘, ' ographlc cell to give a concentratlon of 0.05 absorbance unlt at 60Q
\I’ Q - ! . .
N 'Slxteen,ul of an ethanollc solutlon of naphfhalene and 50-100 pl of the
s ‘b “ %

1ph1b1tor indicated were added ln~steps. The effects of NaN3 and KCN |

- -fﬁw R were studled by measurlng the naphthalene oxygenase act1v1ty spgctro~ ‘f;
PR . . . !! .
phogometrlcally as descrlbed in Materlals and Methods. u51ng the“concen— e
f-i t?dglons qf_the 1nh1b1to?s.1néiqated. The ;atelof pxygen uptaks;or
: ¥ : _délbﬁangd iagébgdrbance ét 276 rm with the inhibitor was’dubt;acted.' .
. f m‘thé ;;¥f§§p6ndihgfrateawithoutvthe{inhibitor't; détermine.the
- T
. S .
,,K:‘ o Lo o ‘
. ! S Concentration L , % Inhibition
- . ) —y > N — :

ST kewn T X &y C Ry . B6
NaN., , Co1.3 R N P

‘4
ce ECMB l ~0.Q09 . - 7 100

. ' w ' . . ) ) “ Vd
, . Rotenone , - ). 0.05 ‘ | . 10.9
/ Antimycin A <. .. 0.09. . . - 1000
- 1,l0-phenanthroline 1.2 = olit‘:%' 41
cae o ) AR B o ) oy
i ! J . "
' - { Ao
] " AN . e
"\\ " N 1-}
: b ;o
. ' e ~ "’ - e o [
' M '! . :f".
N . ' , b \ ‘-‘-..
\ . e 1 ® e
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Y

' S O, had been dlsplaced -

phosphate buffer (pH 7 O)fxom whxdvhlth N The act1v1ty of superoxlde
e P

dlsmutase'was monitored in the column.eLpate; but no naphthalene oxy-

-

v

genase activity was detected in any of the fractions. -Ektracts‘pre- :

pared by the.disruption of the cells in a French pressure cell (American
) , . oo ) - e LT . T
Instruments Int., Silver Spring, Maryland, U.S.A.) oriby freezing and '

thawing also did not show any activity.’ Therefore the loss of act1v1ty

is not proba@ly due to ‘the methods of dlsruptlon of the cells.

~ -

Coﬁsequently washed intact“cel; suspensions were useq to measure‘

the activity of naphthalene oxygenase spectrophotometrically. The rate -
T 4 ' . \ ' X
of disappearance of naphthalene added to cell suspension was directly
e e P o _ , ‘ -
proportional to the concentration of bacteria in the cuvette upto a
. 2600 .- e e
© maximum EI cm due to bacterla of 0.32 (Figure 6). Above this con-

'centrabeon the measurement was. not satisfactory as the expected rise. .
. R n
~in thg qbsorbance ‘at 276 nm'due to the addition of naphthalene was
- -2 . .8 .
not observed.. The rate of,reaction was dependent on the concentra-
tion of naphthalene as shown in-Figure 7. The plots of ‘the reciprocals
of the conoentratiOns df'naphthalene against those bf the initial rates
) . ) ~fn\ Q
of reaction-are shown irL?E‘iqur 8, Theast lx.ne flttll’\g the data?
&

. Y
was computed by the method of 1 ast square - and gave a Km of 4.uM. The

[ -~

) r .
~

results show the oﬂgcentratlon of naphthalene used 1n the enzxme

determlnatlon (80 BM) was saturatlnq. ,

o
* &

Therée are a.number of objections to the measurement of,naph— Co

thalene ox&genase using intact cellse, ;ﬁhe rate of uptake of naph=< ~ .
' ° T - o b ' -

v o) v

Lo b ) ° . -u’n.. . . e
thalene‘by the cells may be rate limiting, naphthaleﬁe oxygénase may

" be tightly coupled to a'snbsequent ;ateflimiting step,or_the.naphthalene

] . ot N
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may be absorhed by the cells without helng 'metalqol'ized.

| The absarption’of nJaphthalene was ekamined by'Rogoff (1962)’, )
who determlned the uptake of naphthalene ‘by "restlng“ cells of a, pseu-‘
domonad strain grown on naphthalene ‘But~.‘1t is not quite clear if the

disappearance of naphthalene added to cell suspension was due 'to the -
.. . R - . . > . v}

absorption of 'naphthalene (as.was claimed) or its actual metabolism:

It is uncertain whaE was meant by "resting cells™, In our studies it.

wa"si 'ob.servea that washed suepension of\naphthalene'hgrown cells hax-

vested dur:.ng exponentlal phase ‘of growth omdlzed naphthalene rapldly . -

I

1

even after a long period of storaqe on ice. The naphthalen-—stlmulated .‘:«,
L Y . .

. N B Y
oxygen uptake reported ‘by Rogoff (1962) was 612 ul/h/mg N. This _accordmg

~to our studies with NCIB ‘9816, represents about 0.014 umole naphthalene/
N . , L. o ¥

"reported naphthalene absorptlon was 2, lB umole/mg N 1 e. about 0. 347

-umole/mg protew Taklng into con51derat10n the 23 minute perlod for

; naphthalene by the cells’ can not be excluded entlrely.

_whlch the reactlon mlxture was 1ncubated ernd centrlfuged to remove ‘the * ) B

‘for by, oxldaj;mn. However,- theqposs:.blllty ‘of the absorptlon_'of some

min‘/mg protein (the molar ratio of the rate of oxygen A-uptake Nﬁthat ) ' -

‘.:of naphthalen dlsappearance was found to be 5.2 in NCIB 9816) . The' - "y

bacterla ‘the disappearance of naphthalene .could .well be accounted

.
N ' ’ .

"’ While the results o’?? Rogoff (1962) do not unequlvocally demon-‘,

strate .whether the dlsappearance of naphthalepe from a cell suspensmn"

\ B
a -

- is due to dég"radation or ¥o abéorptio'n .in the cell membrane, we ob- - ST

1 (S

served a rap:l.d and conti nuous dlsappearance of - naphthalene measured

. . L
\

spectrophotometrlcally wh W.be/explalned as merely due to

A

. : . - Iz
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Q.

' initially--at 53% of the rate at which naphthaiene,disappears (Figur.e
N . ' t T

) ,EibSO"I‘EbS at 276 nm (extinction 6"0efficien€‘l.44_ oM

2ﬂ-hydr'ox§})enzyl ‘alcohol

"higher than after induction with‘s‘ai‘icylai;& (Figure 18). ' - ¢

- 1} . . -
i ' . ° -

p ’ i .
absorpti'on since it is accompanied by the accumulation of a large |

"molar proportion of salicylate. . : L

Ag_cmnulatibh”Ef'EE"fiqylate 'in the reaction medium also adds
to the uncertainty in the numerical values ob:tained-by‘t‘he spéctro-
photometric method. -In a suspension of CE'N-S inducéd with salicylate

and containing 80 uM naphthalene 'the rate of disappearance of naph- '

thalene was_cbmpared s_pectroPhqtometripally-w_ith tHat of the accumula-

tion of saiicylate and the results indicated.that salicylate accumulates
¢ ,‘ o ) \ ' N ‘

s

17 . glopsequently', the extinction coefficient of naphthalene at 276

13

nm which was used.for 'the computation of.nap‘hth‘alene oxygenase by the

-spectr.:ophotomel:\tric method’sho,uld be:corfegte.d, fo.i sailicylat:_e a]fsq
‘ 1 g:m—I) Neglecf '

of this correction i'n thé éxamp;e given abcsve leac'iivto, an un‘derés:tima'— i \\s-«
t;iop‘éf t}ixe activity of naphi:h'alene oxygeﬁase ir; the saiicylate—in&u&ed_
cells by.17%. The ma‘gnitudelrof. th_is;;';correc:'.tiori should be assessed

1n each lndl-\‘r;dual g:as;a. For exal;\ple,. ,aftgriNCI—BﬁBBlG was indug:ed with “ -

[

, -the ratio of the initial rate of accumulation *’

~of salicylate to the ‘initial rate of disappearance of 'naphthalene vgasl'

&
- 4 .

)

" ‘The cérrection' for salicylate accumulation has ndﬁ: been applied
to the results presented in Tables I, II/and VI, 'since the rate ~

. . -~ . . .
of salicylate accumulation by the og.'ganism under all these growth conditions.

a

wg§s n'ét"ob'tair;ed. Because of these limitations of the method used for the

deteminat‘ion of naphthalene oxygenase, the mummerical value;‘ of the levels

’ . S L . ! . P . . . -
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n1t1al rate of appearance of sallcylate when a suspensxon of washed

e

cells of NCIB 9816 is incubated with naphthalene
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R . .
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The cells were 1nduced w1th sallcylate.
e

The initlal ratefof*- -
dlsappearance of naphthalene and the concomltant 1n1t1a1 .rate accumula-
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-

tion of sallcylate Were determlned as. descr1bed in Materlals and
A

Methods.()——————() concentratlon of naphthalené C]-—————-EJ concentra-_
tion of sallcylate.
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, o v, o
of naphthalene oxygenase shown in Tables I, II/and VI w:Lll be mlnlmal.

-

Even in_the absence of theSe llmltatlons the rates measured by thls

£

method may ‘be min%mal if riaphthalene‘ oxygenase is tightly coupled e
4 . . o .

to a subsequent rate-limiting step.

‘A polarographic method for the measurement of naphthalene -

oxygenase in whole cells was ad.opted to determine the time~course of X [

,irnduction of naphthal;ne oxvgenase and 'also in some experiments to CoT

determine the effects of 1nh1b1tors on naphthalene oxygenase, This : o
4 #3 ! -

- - - method has the apparent advantage that it is more sensxtlve since

the’ ratio of the .rate of oxygen 'uptake to that of naphthalene disap-

- pear‘ax%e was found to be 5.2 in an experiment with salicylate induced

we . . . . . . v

organisrns'.e But this method also has limitations.. Sincé_the oiygen

o uptak'e is not only specifically due to the o‘{{idation of naphthalene
N ' o ' B ’ ‘ » " )
~+ bunt also some subsequent reactions, the stoicheiometry of oxygen. ’ -

»
——

¢ - - .
uptake may vary in cells.grown under different conditions. ° Therefore

® ' 'tHe rates ofg oxygen‘ uptake shown in the detemination of the time-course

.

of lnductior; (Figures 9B, 10B, 11B) hust be taken as a gualitiative

¥ +
* demonstration of indﬁctioﬁ, at least \up to the state of full i'nduotion_. e
Si.milarly, the compounds that inhibited ‘the naphthafe‘f)e - ‘ o

stmulated o‘xygen uptake by the induced cells (Table VII) m:-ght have ) ’ J

.

s actuaI‘ly inhibited not only naphthalene oxygenaSe but some ‘other steps

. b - ~
" to which ‘naphthalene oxygeqag_e\:nlght be ,tlghtly couplad. A

v . 1.



Measurement of other enzymes

SN . . °

~ Salicylaldehyde dehydrogenase '\

e

! N - \\ o o
. . The activity of salicylaldehyde dehydrogenase in the cell.extract -
. ! s . ~ st .
was de'termined spectrophotometrically. by f,ohiox»}ing .the reduct-.i.pn of - .
. . NAD'. Measurement of sal’icylelde’hyde dehydrogenase under these E:ond'i- B \

:

3

tions would probably be underestimated \since sali&

ate hydr‘oxyiase whu(:,ht

is present in the crude extract witT remove NADH;. Ox1 ation of NADH by

the ‘c.:l.:lide extr,act in the absence of salicylate was. very small, but in a

gins to decrease when the reaction was apbarently only 66% co;nplt,t

Prbbabl'}'r this was .due to the action of salicylate hydr\exylase ...1,10-

'Phenanthrollne (5 mM) completely 1nh1b1ted the sal:.cylate hydroxylase
. i .

»

but there was cons:.derable ,inhibition (30%) of sallcylaldehyde dehydxro-

" . '
genase too. rI“herefore, no J.nhlbltor was used and hencek the increase

"in the absorbance at 340 nm woulaQd be actually a balance between the NADI*
» . pxroduced by th'e'a ox;datlon' of sallcylaldehyde and t\a oxidation of NADH by
sallcylate hydlsoxylase. The measured values of sallcylaldehyde dehydro-

[

genase by- thlS l\:thod therefore represents minimal ones, ('I‘able V).

- a

/sal icylate hydroxylase

g
- ' . ’ : ‘ ) E'? ll
, ) : : Thé activiﬁy of salicylate hydroxylase in crude exjjacts was I
: meaSured by follow1ng spectropl\otometrlcally the ox1dat10n of NADH. This ~.
- PR | . . .
‘ . . ' .
: : . method is preferable to the mcthod of oxygen uptake because in-the latter
N

.

. ‘case, oxygen upy represents also the .enzymatic oxidation of the



3

catechol formed, for the crude e_xtfaci; contz_xined.catechol dioxygeénases

s

also.

’.

’

Cxechol éi‘oxygenasgs

.

. - .

The determination of the ca’t?echolhdioxy.geriases in the cell 'exj

tracts was based oh the spectrophotometric measurémgents ®f the product’

formed. sSince the crude extracts contain the enzymes  to remove the

- [

product formed,  these meaSurements‘tipay not be without f'a\ult'. EDTA was

used ‘in the measurement of “catechol-1,2-dioxygenase’ in crude extracts . .

s { . :

to' inhibit the cis, cis—mucona%e lactonising enzymd# (Sistrom [’and Stanier,

4

1954) which would otherwise remove cis, cis~-muconate. . Under the condji-

.tions of catechol 2',3-di6x;/genase aésay, 2-hydroxymuconic semialdchyde '/

> J

-was stable. This. is consistent with Vt'he observations of Feist and .- : (

“tioh of the catechol dioxygenases is the competition of the two, dipoxy- :

llegeman (1969) and Of Chakrabarty (1972)".

* . - . .

&‘

Another factor which may add’ to’the inaccuracy in the determina- ¢ ° -

- ",

' S\ . .

,
\ : : ol g

’genases in the c}'@ﬁ)e extréct\“{or the common substrates 0., and catechol.\

2 R

N

To test’this catechol l_,,2-diox§i;enase was determined in the crude - b

extract of inducet NCIB 9816 after. inactivating the 2,3—dioxy;3enase

. : -

\ ¢ - ) LS Q) 1] ' '. .
and 1inactivatihg the excess H;0. with catalase (Nakazawa and

ylth H_O 505

272

Yokota, 1973). Catechol 'l,2-dioxygena.sé activity was not increaded

above the Values found without this treatment. The results -Qere (s:ir'nilfn_':

N

.. to' those of Nazakawa ard fél&ota" (1973) and show'ed,'a-decreaseﬂlvof 20% Ii'n

~

.
v

: Lo, . ' ; .
the activity of catechol 1,3-dioxygenase accompanying total inactiva-
) i e . ' o .
' -'.\/ . .

tion ‘of catechol 2,3-dioxygenase. o ' L

S . .- v

+ ‘ : ° A R "

-

.
PR
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20 uM respectlvely in the case of catechol 1 Z-dloxygenase (Nozakl,

~

Kagamlyama and haya:ihl 1963) and 3 uM ‘and 7 uM respectlvely in the

case: of catechol 2 3-dloxygenase (Nozakl, 1970)~ The, concentratlons.

’\‘ - ~

of catechol ‘used in the present study for~ the measurements of catechol ‘

’

. Y .

-1,2 and 2 3-d10xygenases were’?O uM and 170 uM respectlvely *and the -

splulbq_llty of oxygen at the reactlon temperature (25 ) is 250 uM
oy

Hence, . both the subst;,(:ttes used .m the asSays had concentratlons several

-
9 A

times hJ.gher than thelr Km values for the two enZymes and therefore

on theoretlcal grounds the rate of reactlon w111 not be zlmuted by
. . . . .o . . . L ' i
the, substrate concentratlons . o, ) i
: ., ~ g o \g . V.

T . N . K ) : &
t - 7o confirm the validity of the determination of catechol 2,3~
. ) )

v

* dioxygenase extracts fzpm 'salicylate induced:lcel'ls'of ATCC 17483 which

‘

'has undetectable level .of catechol 1 2—dloxygena€e were aseayed for

-
rd

'catechol 2 3-dJ. gen.‘ase act:Lv.Lty by the. standard procedure, eithexr

alone or mixed with. the, extract from s'alicylate. induceci cells o‘ff NCIB
N L LA . . ;

. [
R e

9816Kv:hich contained 'catet‘hol 2 3-—dioxygenase~ and a high level of I

T

catechol l,2-—dioxygena{se. The actxv:Lty of . catechol 2,3- dloxygena e was

- ;o - (Table VIII)
addltlve when the two extracts were mixed/. Thls 1s,further,ev1de cey’

whlch suggests that the catechol 2 3—dloxygenase act1v1ty measui’ed oy a

'
. - xk s

under these condltlons h; not lJ_mlted by. the compefltlon of catechol

t )

1 2—dloxygenase for the s'ubstrates. . It also 'sugge,sts tha't'-M there is no
! . . «» '
Y .

-lnhlbl.tor of catechol 2 3-d1.oxygenase in extract of NCIB 9816, in-

dlcatmg that the apparent fallure to induce categhol 2 3-d10xygenase

s .
4

. . . . .\ . -.‘ " ¥ ae '
b \ N . o P te B

b . . . . . R}

A
Xl

_in NCIB 9816 is real. ) ol ' , ' . -
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' : SR \ . Table VIII 2
4 Act1v1ty o¥ catechol 2 3~dloxygenase in extract of o .
B in TR .
® ATCC 17483 in the absence and/the  presence of the extract of. NCIB 9816 :

) 3 s o w o !
v ‘ . ' : .
: . Extracts were prepared from NCIB 9816 and’ ATCC 17483, aftexr ~
o . both the orgarusms had been 1nduccd w1th sallcylate. Elghty ul of/the ‘
(“ . extract from NCIB 9816 and 10 ul of that from 17483 wcre~assayed for )
A v catechol 2 3~ dloxygenase by the standard method eithes albhéoo,; -
-~ [ . . B
e ) mlxed together. o e ‘ : (‘ : ' '
i -, ~ P ) 'a ' B i . - n _;2:: ) >
(2N - . . . * "y . R < .
" Extract. obtained from . _ Increase of. absorbance at 37_‘5 nm/inin.fa ‘ B
P ’ .4 - a . N ‘l o o .
" aTCC 17483, . - ; vo - © 0.034 | .
i ' . . I ! : ‘ ) " ’ o d . '.' . ‘ ¢’ ‘.../ ) ' )
. NCIB 9816 - . L R 0.044 .
o, ATEC 17483 + NCIB 9816 . R . 0.079 L &“’.‘ ’ N
- S - P ’ . '
. A ' ' y
N J - ’ ' ‘ . - ,
TS o L I I
[y “ ‘ - , b - )
’ , a . - .o . o Qa T ST
! .0 " "Bach figurec represents the .average of duplicate measurements. J
P T . s : K . : R
*r s . . . I . . P
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Induction ofzsome“enzymes~of'naphthalene metabblism in NCIB'9816 under
. - N . . . " . "‘ . 0

various growth'conditionsl.dﬁp L AR 'J';'. e
e P I e - . ) . o "'..’, . ° _::" )
T Naphthalene'onyenase was induced in-NCIB-9816‘when‘grownion o

\"
o

u'naphthalene or. sallcylate, or when the organlsm was . grow1ng on succ1nate'

to which- sallcylate was added : The level of the enzyme was f6und to, a
. ’ .. ot
be very low when the organism- was grown on* su001nate or catechol, or

i
“suqcinate plus catechoI (Tables, I anhd V)h This suggestS'that salicylate,

’ - -
o

the hnmediate.preoursor of.  catechol, may be the irducer of naphthalene

. 6xygenase. Bwt it does not ‘exclude ‘the possibility that a metabolite

o

of‘cateohoi is the inducer. Catechol'fprmed as an intermediate from.

salicylate ahd that supplied in large amournts in the medium may be

. , L . . ’ : T L
‘-/hetabolized by different pathways. Indeed, there are similar insStances.
n .
Chakrabarty {1972) observed that Pseudomonas putlda straln-Rl metab— .
o . the
ollzed catechol thrbugh/ortho pathway when’ grown on. benzoate but in- - ..

T 0 . ) b , ' [ .
_duced the enzymes of the meta pathway when grown -on salicylate, Like~
' S L ) < o o :

'wise,-Farr and ‘Cain (19685 found that a strain.of Pseudomonas aeruginosa -

"when grown on benzoate metabolized catechol through the ortho path—

".way, but catechol ltself e11c1ted a catechol ; aﬁdloxygenase in non—

1nduced cells.,,ﬂ‘ " o Ce - o .
_In the present work , actzvltles of catechol 1, 2 and 2 3—d10xy-
SN
genases in  extracts of catechol-lnduced cells were 51m11ar to those

.

_ of salicylate-induced célls (Table V).. This reduces the probability

. 4 : . » ¢ . T . : " ‘ .
that a metabolite of-catechol is the inducer of naphthalene oxygenase.-
¥ ) -
‘It doas not of course exclude the pOSSlblllty entlrely because the
v c
'presence of tHe flrst enzyme in a pathway does not necessarlly mean. that
- Q e

c ot - R . LI -
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O ‘
o T S .
. . o l ! '.\ ! E
‘the: subsequent enzymes of the pathway are lnduced and consequently : -

all the subsequent 1ntermed1ates are formed ) ' .

. _‘The questionlariseswas,to whichapathway is used by the strain

- , 3

‘NCIB 2816 for catechdl degradation Davies and Evans (1964) 1solated K

-

% *‘Z" )

: —hydroxymuconlt semlaldehyde from reactlon medium of some-~ Pseudomonas

‘”spec1es metabqliZLng naphthalene, salicylate,'or'catechol, and”on the

-basis‘of this observation, sdégested that.these organisms used the®

" of both ( pathways of catechol metabolism (including catechol 2,3~ .

v " ' "

meta pathway for the degradatlon of catechol. But thislsuggestion may

not_ be valid since the presence/gf the fbrst enzyme in a pathway does

not necessarlly mean that the whole pathway is actlve. 'Catterall -

»

Sala—Trepat and wllllams (1971) stated that hlqh 1evels of the enzymes

.7

- e

. el . .
. dioxygenase)} are induced in NCIB 9816. Evans et al, (1965) reported
- .

] T

. constitutive synthesis of eatechol 2,3-dioxygenase in Psuedomonas -

e E
‘f -

NCIB 9616 (Pé)'ana,also.in Pseudomonas PF.' But‘unfortunately,neither'

‘of “these groups presented any data. Our studies suggest that the

!

-

’

synthesis of catechol'2,3—diokygenase is constitutive in NCIB 9816.

' As shown {n Table. V, the catechol I,2-dioxygenase ‘activity .in-

‘e

extracts fron succinate, grown organism is 0.003 pmole/min/mg protein.'

l The level rose 133 fold during growth on’ succinate plus salicylate’ and

o

147 fold during growth on succinate plus catechol. With the gratuitous

Ld

inducers of naphthalene oxygenase, the levels of cateqhol~1,2¢dioxygenase

varied'between-O;OOSZto 0.0i7-umole/min/mg protein. On the other hand,

the level _of catechol 2 3—dloxygenase actly}ty was '0.059 pmole/mln/mg

' proteln in ex\}acts from succinate grown cells‘\the levels are 0. 015 and

o s

-



. . .0 ' . \) " -~ .
0.030 umole/mln/mg proteln when the cells were growr‘r in the presence !
of sallcylate and catechol respectlvely, and after 1nductJ.on w1th the

‘ . ‘of naphthalene oxygenase -
gratultous 1nducers/the catechol 2 3-dloxygenase levels 1n the cell

o ]
Ed

‘, extract vari-ed between 0.024 and 0.074 umole/min/mg protein. This

_1nd1cates that) catechol 2 3—dloxygenase is not 1nduc1ble in NCIB 9816.

To confirm that sallcylate is the 1nducer of naphthalene oxXy-

. 1 : . B c,on T 2
to find a compound.which would induce the synthesis of the enzyme
- 1 > . : “ ot . L .
gratuitously. ‘'3-Nitrosalicylic acid, 5-nitrosalicylic acid, 3,5-

2
v

dizhlorosalicylic acid; o-anisic acid, 2-‘hydroxy3aoe‘topher.one, methyl -

salicylic acid, veratrole and 2—hy@roxy-—5-methylbenzoic‘ acid did not
- ' . . ) . S
induce naphthalene oxygenase. 2-Acetylsalicylic acid did induce the

. = . . ) . ‘
‘synthesis of this enzyme but was itself metabolized, '2-Hydroxybenzyl

.

alcoho‘l and Zta'mi‘nobenzoate indﬁced n'aphthalvehe oi?g'enase when added

to oulture growing on succinate, a;\d. were not. themselves metabolizesd-'.'“
- N . . : e . .

*The concentratigps of these two compounds jin cultur?were monitored

g B 4 v ' . : .

spectrophotometrically along with the levels of naphthalene oxvgenas'e

th.ch was determined polarographlcally at various intervals during

growth of the érganlsm. The concentrat:.ons of the gratuitous inducers

=2

genase a search was made among the structural analogues of salicylate; s

4

' ] . &
.2—hydroxybenz§1 alcohol and 2-aminobenzoate remain'ed unchanged (Figures

. 10A and 111}.) ., showing absence of metabolism of these compounds . How-
ever, theére -is still the possibility that .a small undetected amount

«
’

. o%i:hese compounds‘l was metaboliza'ﬂ, to some compounds which actuailly

induced the synthesis of naphthalene oxygenase. Pseudomonas NCIE 9816

1 . N ., . , ' " . . .

» does slowly adapt *to.t.h_e gratuitous inducers, and can utilize-~them as.
T, » .

v

O
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L sole carbon and energy sources after a prolonged lag perJ:od of about

'4|8h."‘ o S v R

\cultu're? growing on succinate is due ‘to actual induction’ of t.he"enzyﬁle'
c

‘Iand V). ' i . .

~ . L}
’ : . . -

- : 4

In this connection it is relevant to ask if this rise in naph-
thalene' oxygenase activity due to the addition of the indycers to the'

. : .

or the tivatign»of a macromolecular precursor already present.
. * 3 ' i . ' * ‘- .
Sakaki, Kageyama and Egan}i (1969), using some inhibitors of protein

synthesls, demonstrated that .protocatechuate 3 r4—dioxygenase in Pseu-

PR

domonas aeruginosa was 'synthes‘ize;l de novo, and not activated by the
inducer. Our studies alsq' indicate that. the enz'yme is indueed, since
) .
N
the timecourse of inductfon 1s characterlstle' of 1nduct10n phenomena,

and unlikely to be due to, say, a slow penetration of the cell by an

- -

activator Table II shows the levels of naphthalene oxygenase 1n -

f
~ . o .

" NCIB 16 fully induced with 2-hydroxybenzyl alcohol and 2-am1nobenante. '

4

When e1ther of these c#ompounds vla’l‘s added to the culture grow1ng on -

- - - A ]

- succinate and the’ cells were harvested after two doublings, 'th_e naph- .

v i ’ ’ : A'. : - . - ’ b
_thalene oxygenase activity 'detemined-spectrophotometrically, was com-—

Iparable w1th the levels obtamed w1th sallcylate 1nduced cells (Tables

The level of ﬁaphthalene oxygenase in NCIB 9816 grown on sallcylate

- \plus glucose were probably significantly lower than that in the cells

grown on. succinate, agetate, or malate and induced, in each ca_se, with

salicylate- (Tabkle Vi). This may be explained as dju\e to possible

.repressiévn of the synthesis of this enzyme byfglucose.
R . . . .. a5 L

It
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From the aboVe dlSCUSSlOR\Qt can be concluded that salicylate
)

-,

may -be the 1nducer of naphthalene oxygenase. ‘This . 1s contrary to

- what one would expect from the observations’ of Azoulay (1966) who' found

that washed cell suspensions of some unidentified soil PseudomonadS\ ' 4

1

- . ) . . : ¢ a .
oxidized haphthalene ﬁnly if the organlsms had been adapted to naph-

CF - i "W v

'thalene. Adaptation to salicylate or the later metabolites did not .

- -

°—

induce naphthalene oxidatlon in the‘organisms.
' _The possibility that a precur§or of salicylate is the actual'
1nducer of naphthalene oxygenase cannot be entirely excluded Al- .

though the NAD" dependent Odedthn of salicylaldehyde to sallcylate

chtaryzed by salicylaldehyde dehydrogenase would have a large negative

standard fret energy change at pH 7, O formation of salicylaldehyde

L]

4 '
by an alternate pathway cannot be ruled out,- and the gratuitous 1dﬁucers
. &
]

could function as"analogues of. salicylaldeh¥de as well

Davies. and Evans (1964) stated that sallcylaldehyde is an 1nter—
mediate 1n naphthalene metabolism in Pseudomanads, but dld not make

, : t :

any.quantitative determination of .the activity of salicylaldehyde

dehydrogenase. It was.intereetin% ther fore, to measure the activity -

of this enzymegunder the different growth conditions to see if the

- ~ - T ’ ' l'
’ induction/égzghis enzyme paralleled that of naphthalene exygenase. -

. . . - ' ' ' A “ ...:
Significant levels of salicylaldehyde dehydrogenase were found in the

o
.

non—induced.cellfextract as. showntin Tah}e V‘hut~the level digd rise

B . -§ . ‘.

on lnduction w1th salicylate and with the gratuitous inducers.. : oL

The salicylaldehyde dehydrogenase in the extract from Pseudomonas

NCIB 9816 is relatively' specific for Napt, This is consistent w1th.the o

‘1



R 'jiservation of Davies hind Evans (1964)., There was some activity with
DP»+, ‘however, (7% of the’ act'j.vity with NAI?+) . - This may have been . .

2, . - L . - . '--- ) . N N , . ' ‘ . . , .‘ . .

due to reduction of NADP by tra‘nshydrogenase\which may be fresent

in the crude extract, or it may have been due to a different enzyme .

requlrlng ,NADP Gunsalus, Stanier and .Gunsalus (1953) separated two.
Benzaldehyde dehydrogenases with spepa’.f'ic requiren{ent for NAD and "
s NADP from Pseudomonas- fluorescens grown on mandelate. Purification

. ¢ . ) e

_of the enzymé would enable one to decide if the 'situation ‘is similar

-in the orgahism of the present study. : oo K . .

e - lS 0. 53 mole per mole of naphthalene metaboliqed by sallcylate 1nducéi

>

: ,-cells, whereas “the correspondlng rate of accumulation is 0. 80 mole

of .',salicylate per mole of naphtha}ene. vyhen cells are induced with 2=
hydroxybe'nzyl alcohol metabolize naphthalehe (Figures 17 and 18) , may-
be 'in’ keeping with the observed lower levels of salicylate hydroxylase .

- - . ]
"« oObserved. in extracts of cells that had been induced with ther’-aa'tu‘ito’us,

inducers‘. leen the varlablllty of the heasured levels of eﬁzymes

it is, however, far from cert.aln that the quantlty of sallcylate hydroxy-

lase is ln.mltlng in qratuxtously mduced cells. o :

As can be- seen in Table v, sallcylaldeJyde dehydrogenase ‘and
: sallcylat:e hydroxylase are J.nduced under t:he same condltlons as is .

naphthalene oxygenase. This may be true of other enzymes catalyz;,ng
t e.s't:épﬁsl.l‘eading from .naphthalene to catechol. ' Except for the cases < .

réported here, substrat_es for the measurement of other reactions are ,_“

. . - . Y : et ' . .
not readily available. [E.A, Barnsley (personal communication) has
[ . . b : v - . ’ . ‘ .u o :

- The observation that the. inif:ial rate of accumilation of ‘salityl'a}:é .

o



‘observed the, induction of'l',Z—dihydroxynaphthai'ene".‘ox.yge‘nase by vtne,

- cjratuitous“i.nducers_’.' It seemS'liicely therefore, that .a whole block
SR . ’ . . o

of enzymes catalyzing the degradation of naphthalene to catechol,  and

. . N . . . o

. not ‘just to salicylate as was originally supposed, are induced co-

‘ordinately. o ' ‘ IR : . o -

»
P

' .Ornston (1966c) .demonstrated the co‘—'ordi'n_ate ‘inducti’on.of\ some
- enzymes of the . ortho pathway in Pseudomonas pu.tida. . The.le\}els .

of® some- enz@es in- cell extract were repressed or 1nduced to the’ same’

N -

magm.tude under var:.ous growth .condltlons so’ that a str:.ct proportlonallty )

b -

© . was obser,ved between the- le\fels of ,these enzymes. This le d him to
e B B 3 . )
., conclude- that-the enz'ymes'ére in 'co-ordinate control. In our s'?udles

.. stmct proportlonallty was not observed between the 1evels of naph-

thalene oxygenase, sal:.cylaldehy;de dehydrogenase ‘and sala.c‘ylate hydroxy-—
lase under different growth condltlons (Table v) ThlS casts doubt

- on the suggestlon that the enzymes catalyzmg the degratlon of naph-

thalene to catechol are co-—ord:.nately controlled. How.ever, it 1s

-

dlfflcult to ascertam if the lack of proportlonallty is real becaqse

the factors 11m1t1ng the accuracy of the‘determlnatlons of the levels

-
- a -

K of enz.y'mes may not contrJ.bute equally to all actlvites. For example,

o accumulatlon of sallcylate in: the reaction medium- (whlch 1nterferes

4 -

w1th the detennlnatlon of Jlaphtha‘lene oxygenaSe actlvz.ty) 1s llkely to o

1
.

T v be dlfferent for different growth condltlons of “the organlsm. Sallcy— L

L ~

1ate hydroxylase 1nterferes w1th the measurement of sallcylaldehyde

. ' - ' v .
P ! . . . .-

. . o '



A aehydrogenase. It is induced to ‘somewhat different levels ~hndef dif;~

ferent conditions of growth ‘of of ‘the orgé.nisrn (Ta.ble V) ' :and 'm'ay in.tér-'

1
D

fere, therefore, to dlfferent extents w1th the determlnatlon ‘of sallcylal— ) .

dehyde dehydrogenase. :

Dunn and Gunsalus (1973)_ demonstrated that in ,Pseudorhonae putid'a

PpG7 the genes codi for the enzymes of naphthalene degradation, in- Co ‘
‘cluding that for catechol 2Q(3’—dioxygenas‘e are plasmid borne and e

) Che_nkrabart'y (19?2) ‘demonstrated a similar bhenonienon for the genes

- \

) determining éali_dyiate degradation. through the meta nathway . It.ilg,‘
not known if all these enzymes are induced co-ortlinately, but- if they
ar&:hef,regulation would seem to be different from that in PSR udomonas

s . . . . K4 ‘ PR . \ , ‘
v NCIB 9816 in which catechol 2,3-dioxygenase is constitutive.’
To summarize, 2-hydroxybenzyl alcohol and 2-aminobenzoate mimmic

: . " salicylate in the induction of naphthalene oxygenase., salicylaldehyde
: ’ ’ . : ’ . :

'dehydrogena;;e and éal_icylate hydroXkylase. Tho‘:@h proportionality
between the activities of the enzymes could not be found, possibly be-
cause of the limitations of the methods used for their determination, ' ‘

Al . »* U

the 1nduct10n of a whole series of enzymes by a 51ngle grat‘;ultOUS 1nducer

s strlklng, and does suggest that the, enzymes cat:‘alymng the step,s "

. . . 4

fror,n naphthalene to catkchol- are co—erdlnately controlle.,d -in NCIB 9‘816>. -~

The .extent of this co-ordinacy is less thap in Pseudomonas putfda PpG7,

in which the genes determining enzymes. for-the degradation of naphthalen'e_

-

to 2-hydroxymuconic semialdehyde are plasmid borne. (Dunn and Gunsalus, .. - -
1973) , and in which 2-aminobenzoate appears\to induce_co—-ordinately ,

all these enzymes (E.A. Barnsley, persdnal c;ommunica'tion)' .« . Cwe
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