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ABSTRACT

Ph.D. MARIE-CLAIRE BONIN ALY HASSAN Microbiclogy

STUDIES ON THE RESPIRATORY METABOLISM OF THE
MARINE BACTERIUM Alteromonas ialoplankidls y

The respiratory metabolisn of Alleromonas iaxle strain
214, was investigated spectrophotometrically and polarogr
and was found to contain substrate-specific dehwvdrogenases, £
proteins and cytochromes. Spectral studies showed that the whole
cells, the cell-free extracts and the membrane fractioms contained
b- and c-type cytochromes reducible by NADH, succinate and ascorbate/
T™PD. With the exceptiom of succinate, the other substrates
reduced the periplasmic/soluble fraction of the cell-free extracts.
Oxidase activities were measured in all the cell fractions with the
correépouding substrates. Only ascorbate/TMPD oxidase activity
could be detected in the periplasnic fraction. The cytochrome con-
tent of the marine bacterium was measured in cells grown in media
of various complexity. In si{i dissolved oxygen content was aoni-

tored in cells grown in camplex and chemically defined media.

The nutrient canposi;ion of the growth media, the availability
of dissolved oxygen, the growth rate and the population demsity
governed the synthesis of the b- and c-type cytochromes bound to
the membrane. The synthesis of the periplasmic cytochrome C re-
sponded specifically to nutrients and to-.the concentration of-dis—
solved oxvgen in the growth gedia. Kinetic and CO-binding studies
revealed thar at least two terminal oxidases accounted for the re-
ducrion of the final electron acceptor, molecular oxygen. Spectral
and polarographic measurements in the presencé of the respiratory

inhibitors amytal,'ro:enone, TTFA, cvanide and azide confirmed the

P



existence of inhibitor-sensitive and inhibitor-resistant pathways.
An assessmeat of all the experimental data accaumulated led to the
proposal of an electrom transport chain composed of a major membrane-

bound and a minor periplasmic route for electron transport.
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RESUME

Ph.D." MARTE-CIATRE BONIN ALY HASSAN Microbiologie

ETUDE DU METABOLISME RESPIRATOIRE DE LA BAC-
TERIE MARINE Alteromenas haloplankiis

Le métabolisme respiratoire de la souche 214 d' AIZZ&OMOHAJ‘
haloplankhtis a écé dtudié par spectrophotométrie et polarographie.
I1 se compose de déshvdrogénases spécifiques aux substrats, de fla-{:
voprotéines et de cytochromes. Des études spectrophotamétriques
ont montré que les cellules entiires, ies extraits cellulaires ec
la fraction membranaire contenaient des cytochromes de :ypg‘b et ¢
souvant &tre réduits par le NADH, le succinate et l'ascorbate/TMPD.
les activitées enzymatiques ont &té mesurées dans toutes les frac-
tions cellulaires avec les substrats correspondants. Seule l'activité
enzymatique de 1'ascorbate/TMPD a pu €tre démontrée dans la fraction
périplasmique. Le contenu cytochromique de la bactérie marine a ete
mesuré dans les cellules cultivées en milieux complexe et chimique-
ment défini.

La synth2se des cytochromes de type b et ¢ liés 3 la membrane
était gouvernée par la compositidn nutritive des milieux de culture,
la concentration d’oxygdne dissout, le taux de crolssance et la
densité de population. La synth&se du cytochrome ¢ logé dans l'espace
périplasmique de l'enveloppe cellulaire a répondu spécifiquemen: aux
&léments nutritifs et 3 la conceﬁtracion d'oxygéne dissout. Des
studes cinétiques et des études impliquant le monoxyde de carbon ont
révélé la présence d'au moins deux oxydases terminales impliquées
dans la réduction de l'accepteur final d'électrons, l'oxygéne molé-
culaire. Des mesures specirophotométriques et polarographiques en

présence des inhibiteurs respiratoires amvtal, rotenone, IIFA, .

e
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éignure et azide ont confirmé l'existence de chaines sensible(s)
et résistante(s) aux inhibiteurs. Sur la base des données expéri-
mentales accumulées, une chalne respira‘toire canﬁosée d'un segment
majeur qgms}anaire et d'un segment mineur périplasmique a &té

proposée.

(traduit par l'aﬁ;gur)
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CLAIM OF CONTRIBUTION TO ENOWLEDGE

Difference absorption spectrophotometry using dithionite as
reductant and oxygen gas as oxidant were recorded with whole
cells, cell-free extracts, membrane and'peripla.snic: fractions
of Alteromonas haloplankiis. They revealed the presence of
Subst.ra:e-specific dehydrogenases, flavoproteins, and five
cytochrames, mainly two-b-type cytochromes and two c-tvpe.
cytochromes firmly bound to the membrane as well as ane c-
type cytochrome loca;:ed in the periplasmic .épace of the

cell envelope.

Nutritional studies in batch culture showed that nutrients
influenced the cytochrome composition of the marine organism:

as the complexity of the growth media increased, the concen—
tration of cytochromes increased,

A syathetic mixture of 4 amino acids (cystine, glycine, tvrd-
sine, tryptophane) plus nicotinic acid was shown to spe‘cifi-
cally enhance the cytochrome synthesis in bacteria growm in
succinate chemically defined medium. -

Chemostat cultures of A. hafoplankiis in complex and chemi-
cally defined media revealed that the growth rate influenced
the synthesis 0f the membrane-bound cytochromes but not the

synthesis of the periplasmic cytochrome,

Dissolved oxygen concentraticn was directly monitored in
cells grown in different media with an 0, electrode covered

with a Teflon membrane.

AY
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10.

11.

i3.

Cytochrome patterns were followed in 448t throughout the
growth cycle of the marine bacterium as it consmed the
ambient dissolved oxygen.

Oxygen was recognized as a dominant factor comtrolling -the
synthesis of cytochromes in A. hafoplanktis.

Aeration of the growth media repressed the synthesis of the
periplasmic and the membrane-bound cytng&r}mes in complex
wediumm grown cells but stimulated th{ synthesis of the zem-
brane-bound cytochromes in chemically defined medium.

Molecular aoxygen was the sole electrom acceptor in A, nelo~
Kine:i;: analysis of the dependency of che‘respiratory rates
upon the oxygen concentration for various substrates in
whole cells, cell-free extracts, membrane and periplasmic
fractions revealed that the respiratory system of the marine

bacrterium obeyed Michaelis-Menten saturatiom kinetics.

Oxygen gas, hydrogen peroxide and ferricyanide oxidized the
periplasmic and the membrame-bound cytochromes of A. nalo-

peznk.s['!. -

Sodium dithionite, NADH, succinate and ascorbate/TMPD re-
duced the membrane-bound cytochromes of the marine bacterium.
With thd exception of succinate, the former substrates re-

duced as well the periplasmic cytochrome.
Detailed study of the electron transport chain using a series

of specific respirateory inhibitors was undertaken to resolve

the segquence of the respiratory compenents.

vii



14.

15.

16.

17.

Inhibitor-sensitive and inhibitor-resistant pathuays
carried reducing equivalents from the reduced end to the
ox1diz& end of the aercbic respiratory chain as revealed
by the double reciprocal plots of the fractiomal inhibi-
tion versus the reciprocal of the inhibitor comcentra-
tions.

CO-binding studies showed the presence of three CO-binding
cytochromes: a b (0) cytochrome and a ¢ cytocTmame bound
to the membrane and a cytochrame ¢ in the periplissic

space,

On the basis of NO-binding studies the periplasmic cyto-
chrome Csrg VAS classified as a ¢’ cytochrome.

Based on the spectrophotometric and polarographic data
accumulated, two pathways, one major, membrane-bound, and
one minor, periplasmic, were proposed to account for the

transport of electrons in the respiratory chain of A. halce-

planktis.

viii
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CHAPTER 1

1. INTRODUCTION

Oxygen utilization by obligate aerobes occurs exclusively
;hrodgh the respiratqry chain. The most important function of the
‘ reaspiratory chain fg TO act as a proton pump producing a proton
moiive_force across the cytoplasmic membrane the cells which,
among/ o he; things, serves ;o give rise to :)szenergy-rich nole~
cnle@?( Other in;;ortan: functions of the respiratory chain are
to mainrain the necessary lewvel of oxidized and reduced forms of
NAD, regglate the energy petabolién by controlling the phesphory-
" lation level @f ADP and provide an efficlent oxygen~-scavenging
oxidase network Eo meet the metabolic dedands of the aerobic cell.
In view of ‘the fact that rather fragmentary information is
available on the respiratory metabolism of Afteromonas haloplankiis
and that the gajority of the active transport processes characteri-
zed to date in the marine bacterium implies the existence of a
functional respiratory chain, our primary cotcern in his thesis was
to asceréain the cémposition of the cytochrome segment of the re-
spiratory chain and assign functioms to the respiratory carriers.
A second concern in this research uaé :ofdgtermine to what extent
the E%Pegntratioh and distribution of tfe membrae~bound and the
periplasaic cytochromes were affected by the nutrients, the growth

phasé;and the dissolved oxggen concentration of the growth media.



2. LITERATURE REVIEW

Respiration and Energv Couservation
~ .

The vital energy necessary for bacterial life as well as for
other forms of life is conserved in the form of adenosine 3'tri-
phosphate (ATP), (Lipman, 1941),-an energy-rféh molecule that can
be synthesized via substrate level phosphoryia:icn or by oxidative
and photophosphorvlation. No membrane structure {s necessary for -
the substrate mode of ATP svnthesis, but it is fundazentally re~
quired for the oxidative zmode. Aeroblc heterotrophs utilize oxida-
tive phosphorylation as a primary mode of ATP synthesis. . In

this case, ATP formation is coupled to electron transfer reactions
which are driven by the oxidation of organic compounds (im organo-
heterotrophs) or inorganic ioms (in chemolithotrophs) from nega-

tive redox domors to more positive redox accéptors.

The coupling mechanisms of redox reactioms to ATP synthesis
have been proposed and developed in the 1960's. Three theories among
which the chemical (Slater, 1953) and the conformational {Bover, 19653)
were put forward to explain energyv-linked reactions but did not em-
‘body the unifying‘ccncept of the chemiosmotic theory of Peter Mitchell
(1961a,b, 1966).

According to the chemiosmotic theory, the enzvmes responsible
for oxidative phosphorylation are asymetrically organized in the zem-
brane so as o catalyze vectorial chemical reactions that bring about
the :r;;slocation of molecules, ions and chemical proups across a
tlosed imsulating coupling membrane. Ia brief, the essential features
of electron transport - dependent ATP synthesis are triple: (L) a pro-
tolytic reaction involving the oxidation of an electron donor and the
reduction of an electron acceprtor, (44) a translocation of protouns
accompanying the oxido-reduction creating a proton gradient across
the membrane, ({{{) a comncomitant generation of a proton motive

force (Auu+) made up of an electrical (2¥) and a chemical (ipH) gradient.

-
*



Figure 1 represents graphically a proton translocating segment of

« the respiratory chain leading to the synthesis.of AT?. Exact
stoichiometry of protons tramslocated per energy comserving size
is still debated (Chance, 1977; Lehninger &% af., 1975; Meijer
e al., 1977; Williams, 1961, 1578; Papa, 1976, 1982; Mitchell,
1980; Scnme and Hinkle, 1982; Papa el G.L', 1982, 1983; Lehninger,
1984).  All stoichiometries higher than 2 are not in agreement with
the loop mechanism described by Mitchell (1961, 1966, 1976). Never=-
theless, the basic prigéiple of the chemiosmotic theory remains
valid. EIxperimental #r¢ofs to the effect that the bacterial ATPase
also couples the in movement of protons to the synthesis of ATP
are numerous (Cole and Aleem, 1973; Gould, 1979; Maloney ef al., 1974;
Maloney and Wilsom, 1975; Halouey, 1977, l978° Tsuchiva, 1977; Singh and
Bragg, 1979; Azzome el af., 1984; Ferguson and’ Parsonage, 1984; Kell
and Hitchens, 1984).

Racterial Respiratiom

Several features differentiace _'::he'm':l-.tochondria from the
bacte'-.:ia and so the composition and effectiveness of their respira-
tory systems. While the mitochondridl electron tramnsport chain has .
only one link with oxygen through the cytochrome oxidase ads, the
bacterial svstem can synthesize multiple cyto::hrgme oxidases (aas.
e, a1, dl=ag), edy) to accommodate the final electrom acceptor
(Mever and Jones, 1973c; Jurtshuk el af., 1975; Degn el al., 1978;

Ludwig, 1980; Knowles, 1980a; Poole, 1983b).
Moreover, while oxygen is the sole electron acceptor in
eukarvotes, a number of other compounds (organic and inorganic)
can function .as terminal electron acceptors in prokaryotes (Knowles
1980a). The multiplicity of terminal oxido-reductases leads ir- e
revocably to terminal brmcﬁng of the respiratory chain (Whi:e‘ and
Sinclair, 1971; Jones, 1977; Knowles, 1980a; Kim and Hageman, 1981;
_Poole, 1983b). Branching has_also been noticed at the level of pri-

Y

‘. mary dehydrogenases (Appleby, 1969a,d; Jones, 1977), and cytochrome



Figure 1. Sinplifieéd scheme of a redox lcop and the proton trans-—
locating A:Pa.se according to the chemiosmotic theory.

DE7: eleczron domor; A: electiron acceptor; Fpfj: Coup-
ling factors. {(Refer to the text Zor discussion.)
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b (Arima and Oka, 1965; Heinen, 1971; van Verseveld and Stouthaser,
1978: Ensley and Finnerty, 1980; Cypionka and Meyer, 1982).

Differentiation at the level of synthesis of components is
zainly reflected at the level of cytochromes: some bacteria are
deficient in cytochrome ¢ (Dietrich and Biggins, 1971; Heinen,'lQTI;
Mever and Jones, 1973b; Haddock and Jones, 1977; Webster and Orii,
1978: Willison and John, 1979; DeMaio el af., 1983) while others
synthesize soluble cytochromes (Iwasaki and Shidara, 1969; Moriarcy
and Nicholas, 19@9; Jones, 1972; Sapshead and Wimpenny, 1972; Weston
and Knowles, 1973; Tonge el af., 1974, 1977; Niven et af., 1975;
Anthony, 1975; Shidara, 1980; Cross and Anthonmy, 1980; Beardmore-Gray
et af., 1983; Ward ot af., 1983; Niven, 1984).

In additrion, mutations (Haddock and Schairer, 1973; Cox and
Gibson, 1974; Orth ot al., 1980; Cole et af., 1980;. Hacket and Bragg.,
1983; Green and Gennis, 1983; Green &t af., 1984; McInemey el al.,
1084; Kajie et cf., 1984; Booth et af., 1984) and growth conditions-can
greatly affect the composition of the bacrerial respiratory chain (Smith,
1954; Richmond and Maalde, 1962; White 1963a; Petersom, 1970; Oelze and
Drews, 1972; Haddock ot af., 1976; Cox ¢t al., 1978; Ward et af., 1983).
Also worth considering, the response of the bacterial proteins toward
classical respiratory inhibitors is not always as sensitive and predic-
table as in the case with mitochondria (Jomes, 1977). But as a whole,
the dif%érences between the mitochondrial and the bacterial respiratory
systems lie more at the structural organizaticn level than at the mech-

anistic level (Yamanaka ot af., 1984).

Finally, the bacterial respiration fails to exhibit respiratory
control as depicted in the mitochondrial systeam. Low P/0 ratios (the
amount of phosphate.esterified per atom of oxygen consumed) have been time
and again reported in prokaryotes (Stouthamer and Bettenhaussen, 1976;
Eilermann, 1970; Knoblock 2f af., 1971). Since it has been recognized

that bacterial cytochromes are of importance in relation to growth



efficiency because of the preseace of high potential cvtochrome ¢
as a prerequisite for a high ?/0 vatio in bacteria (Jomes 2% ai.,
1975). Iz additiom, alteracion in the Tedox patterns expressed

in bacteria is not without effect on the vectorial organization of
the respiratory chain withia the coupling membrane, hence loweriag
the efficiency of oxidazive shosphorylation. It seems that the
respiration rate, undér conditions of active bacterial growth is
a0t ADP-limired as in mitochondria (Harrisen, 1976a). The AT?
content of thé cell is controlled in such a manner that any changes
in its value cause reaczions that tend o bring it back to the
steady state and probably elicit a response in the merabolic rate
to restore Ehe balance bertween ATP generation;rnd its utilization
(Niven &% af., 1977; Erecinska &i al., 1979; Rosenberg and Fried-
berg, 1984). The essen:iai point remains that bacterial respira-
tory chainé are more ‘lexible both in rerms of components and

organization than the mitochondrial respiratory chain.

Bacterial Cvtochromes

The name cytochrome was given by Keilin to a group of haemo-
proteins which in the reduced form showed a marked absorption spectrum
in the visible region. Keilin (1925) confirmed and extended earlier
obsérvacions made in 1866 by MacMuan and showed the fundamental role

of the cvtochrome system in the cell respirationm.

The cvtochromes £all into four groups differing in the nature’
of the haem prosthetic grodp: cytochrome a (non.covalentlysbcund
formvl haem), cytochrome D (non covalently bound protohaem), cyto-
chrome ¢ (covalently bound meschaem), cytochrome d (non covalently
bound chlorin haem) (Lemberg and BarTet, 1973). Coomon structural
features and evolutionary links exist berween the cvtochroues of
nany different bacterial species and the mitochondrial cytochromes,

particularly so for the cytochrome ¢ (Almassy and Dickerson, 1978;

Dickerson, 1980; Barber, 1984) suggestine a commen evolutionary

ori¢in of the elecrron transpor:t chains.



The funcrions of a nuaber of cvrtochromes are unkown, but
they all appear to act by undergoing oxidation and reduction.
Some of those whose funcrions are knowa are enzydes, while the
remainders are simply redox carriers. A terminal oxidase func-

tion has been assigned-&o cytochromes @Ay, G,, & ¢, o' (Castor

) and Chance, 1959; Sasaki 2 af., 197Q; Jurtshuk iz af., 1975; Degn &
1978: Smirh, 1978; Knowles, 1980a; Yamanaka & af., 1984; van
Verseveld ¢t af., 1983: Cypionka and Mever, 1983; DeMaio &l af.,
1983; Poole, 1983b; Miller and Genmis, 1983, 1984; Poole &f al.,
1983; Yang, 1984). Spectral studies of the redox centers of the
cytochrome cxidase Lo suggested that the bacterial cytochrome

may be composed of other heme group than 4z, (Ludwig, 1980), dif-
ferentiating the molecule from its mitochondrial counterpart

(Azzi and Casey, 1979). Combinations of hemes have also been
tdentified as integraring parts of major terminal oxidases: this

is the case for cvtochreme cdl (Sapshead and Wiapennv, 1972;

Koronen et af., 1975; Barber &t af., 1978; Mitra and Bersohn, 1930),
cytochrome bd (Watanabe 2% af., 1979; Reid and Ingledew, 1980),
cvtochrome ¢ and ¢ (Mueller and Jurtshuk, 1972; King ‘and Drews,

1976: Jurtshuk el af., 1978; Matsushita && af., 1982; Carver ana
Jones, 1983), cytochrome ¢, and ¢ (Jurtshuk et al., 1979), and cyro-
chrome cza, (Some ¢ af., 19u4).

The cvtochromes of micro-organisms are usually found in the
particulate fraction of the cell-free extracts and are part of the
cell membrane (Alexander, 1956; Horio and Kamen, 1970; Lemberg and

Barret, 1973; Poole & af., 1980). Cytochrome b/NO3 reductase is a
documented example of a membrane-bound cytechrome haqing an epzy-
matic function (MacGregor and Bishop, 1977). However, a number of
soluble cytoéhromes have been characterized in manv different bac-
terial species: Haemopiilus parainifuenzae (Smicth and white, 1962),
Escienicnia codi (Fuiita, 1966; Haddock and Schairer, 1973},
Rivizcbium scponicum (aAppleby, 1969a,b), sulfate-reducing bacteria

(Yagi and Maruyama, 1971; Jones, 1972), Thiobaeilfus neape L4tanus



(Sadler a=d Jomnsen, 1972), BSencckea natiiegens (Weston and Koowles,
1974), Pseudomenas exicrguens (Tomge el af., 1974), Pseudomenas

AM] (Antnomy, 1975), Pscudomenas setwjincsa (Parr o af., 19767,
Methylosirus zu'.dmpc.mm' (Tonge of z2f., 1975, 1977), Pawzocoud
denitiisieans (van Verseveld and Stouthazer, 1978), Vedlodonin
meningLEidis (Yu et al., 1975; Yu and De Voe, 1980). Alealiganes ip
(Shidara, 1980), Campylobactesr sputorum (ElKurdi el of., 1982),
Chnomatium vinodum (Gray 2+ al., 1983; Gaul et af., 1983), Haemo pildis
porasudis (Niven, 1984), scme of which are associated with emzymatic
acrivities such as: nitrate reductase (Gauthier e&f af., 1970), forma-
tehvdrogen lvase (Haddock and Schairer, 1973), nitTite reducrase
(Parr e& af., 1976), nitrite and nitric oxide reductase (Liu £ af.,
1983), methane oxygenase (Tonge ¢t af., 1975, 197?), zmethanol: cvto-
chrome ¢ oxidoreductase (Bea—rdmore-cray er af., 1933), methanol
dehydrogenase (van Verseveld and Stouthamer, 1978, Alefounder and

Ferguscn, 1981; Quilter and Jomes, 1984) and aethanol oxidase (Froud
and Anthony, 1984).

Sti1l other cytochromes have been specifically localized in
the periplasmic space of the cell envelope. This is the case for the
periplasmic c, in facultative phototrophs (Hauska and Baccarini-
Melandri, 1986; Mever and Kamen, 1932), the periplasaic CCO in a marine
bacterim (K.nqulea et af., 1974), the periplasmic 52 in extreme
thermophile (Lorence && alf., 1981), the periplasmic &, of the cvano-
bacterium Angeysiis nidulans (Peschek ¢t af., 1982), the periplasmic
CSSZ in anaerobicél.ly srown encterobacteriaceae (Fujira, 1966), the
seriplasmic ¢ in hydrogen bacteria (Probst and Schlegel, 1976), the
periplasmic ¢ in cyanide—evolving bacteria (Niven ¢ af., 1973), the
periplasmic 55 in hvdrogen-utilizing bacteria (Macy ¢& al., 1976;
Yamamoto and Ishimoto, 1978), the periplasmic C‘.3 in sulfate-reducing
bacteria (Bell &t al., 1974; Wood, 1978a,b), the periplasmic cyto-

chrome associated with the nitrate reductase of Spiiilium LL2isonik



(Gauthier et &f., 1970; Garrard, 1971), the hydrogenase of Desul-
jovibiio gigas (Bell 2% af., 1974), the sulphide-linked NO, reduc-
tase of Tnigbacilius deniirdiiicars (Savhaey and Nicholas, 1973},

the nitrite and aitrous cxide reductase of Paracoccus dendinisicans
(Meijer et al., 1979; Alefounder and Fergusom, 1980; Boogerd et al.,
1981: van Verseveld &% af., 1983), the cvtochrme Css1 sulfide:
accentor oxidoreductase of Ectothicuicdospira abdedmaleiil (Then and
Truper, 19833i and the c-tvpe cvtochromes of some methylotrophs (Jomes
et alf., 1982; Kasprzak and Steenkamp, 1983; Burton ef af., 1983;
Quilter and Jones, 1984). )

The variety of bacterial pigments and their relative propor-
tions vary from species to species (Lascelles,1961; Mever and Jones,
1973a; Jones and Mever, 1976) and within species of the same genera
(Bernard ¢t af., 1974; Faller et al., 1980). Marked changesin the
amount and tvpes of cytochromes have been correlated with the physio-
logical age and growth rate of the cultures as well as with the com-
position of the growth media (Scholes and Smich, 1968; Smith, 1968;
Jones, 1977; Ensley and Finnerty, 1980). Such changes have been
carefully studied in Haemophilus parainifuenzae (White, 1962, 1963a,b;
Smich and White, 1962), Escherichia codl (Rice and Hempfling, 1978;

 Reid and Ingledew, 1979; Van Wielink &t af., 1983; Ingledew and Poole,
1984), Pseudomoncs mulida (Sweet and Petersem, 1978}, Spirilium
itewsonid (Clark-Walker et al., 1967).

-
-

The terminal oxidoreduction reaction leading to the formatiom
of water has not ver been fully explained in bacteria nor in mito-
chondria. In eukaryotic'cells, the formarion of three categories
of functional intermediares has been established in the primary
events of the reaction of reduced Sytochrome oxidase aty with O2
(Chance and Leigh, 1977). Likewise, active intermediates in the
reaction of bacterial cytochrome ¢ (éiidase) and cytochreme d with
molecular 0, have been documented in Esclieriouia cold (Poole &t al.,
1979, 1983), Azotrbacter vinelandil (Jurtshuk &L al., 1979),



Pseudomonas agrugincsc (Shimada and Orii, -1976; Parr ek al., 1976;
Greenwood 2¢ af., 1978) and in the filameatous myxobacterium
Vitreoscilla (webster and Orii, 1977, 1978).

-

This thesis has been dividﬁﬂlln:o five chapters in order

“to give full coverage to some main aspects of the respiratory
metabolism of Afleromonas haleoplankiis, strain 214. Likewise, it
shall be noticed that pertinent and specific literature review

has been covered at the beginning of every chapter.

~
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3. OBJECTIVES AND SCOPE ' :

Among living orpanisms, microbial life exhibits the greatest
diversity in the assembly of_:he respiratorv chain cemponents. Flue-
tuation in the svathesis of the cvtochroues, the back-bome components
of the respiratory chain is particularly evidenced under varicus eanviron-
mental and growth conditions. As a result, detailed analyvsis of the
sequence of hydrogen and electron transfer internmediates oust be locked‘
at in a wide variety of bacterial systems ia order to identify the

components that are the most afifected and explain the reason(s) for
the vccurrence of such variation.

The aicro-organisa under study is.fhe Graz negative bacterium
ALteromonas aalopfanhiis, strain 214, This sarine bacte;;un was showa
to possess five cytochromes: two b-type and two c-cype firmly attached
to the cytoplasmic membrane and one c-type located in the periplasmic
space of the cell envelope.

The e;ﬁe;izents nresented in this thesis aimed at analyzing
the factors responsible for the variation in the cytochrome synthe-
sis‘observed at the level of the periplasm and the cytoplasnic mem-
brane. Such factors include mainly the availabiliry of autrients and

the dissolved oxygen concentration are dealt with in Chapters II and V.

Kinetic studies to determine the affinity constants of cellu-
lar and sub-cellular fractions towards 02, the final electron acceptor,
were undertaken in order ro assign terminal oxidase functions to parti-
cular cvtochromes in the respiratory chain of A. naleplaniiis. Those

studies are reported in Chapter III.

Iﬁe synthesis of the cytochromes was also exazined in the
physiological context of the growth phases of the microorganisa in
a complex and a simple zrowth environment with particular actention
given to pinpoint the cytochrome spécies which.are the most f£lexible

 under various growth environments, as discussed in Chapter IV.



Finally, sequencing of the electrom transier intermediates
and proposal of an electron transport chain were attempted based

%E_ffzfzggggpquetric and polarographic results obtrained with the
ald o own reﬁcx potential substrates and conventional respira-

tory inhibi:ors,xas presented in Chapter V.
, N

!
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CEAPTER 11
NUTRITIONAL STUDIES

1. INTRODUCTION ' .

Bacteria which upomn ini:ia} i;Bla:ion require a medium
containing sea water as a diluent are classified as marine bacteria.
In contrast to halophiles, marine bacteria do not tolerate high
salt coucentrations in the' growth medium (Macleod et af., 1954;
MacLeod, 1965). An extensive survey of nutritiomal requirements
for marine bacteria revealed that no amino acids or vitamins were
required in addition to a carbom and a nitrogen source to support
the growth of A. haloplank{is, formerly referred to as marime
pseudomonad B-16 (Macleod &% af., 1954; MaclLeod and COmofrey, 1957).

The marine milieu would also supply the bacterium with the essential

, Ca ', PO, and SO, which

it has been shown are required for growth (Macleod and Omofrey, 19573
Tomlinson and Macleod, 1957). It was subsequently demonstrated

that Nd+ and K+ were vitally important ioms for metabolic fuﬁcticns
such as respiration (Sedgwick and Macleod, 1980; Khanna ef af., 1984)

and active transport of metabolites across the cytoplasmic membrane

- e
inorganic ions such as Na , K', Mg

of this Gram negative bacterium (Thompson and Macleod, 1974, a,b;
Fein and Macleod, 1975; Niven and Macleod, 1978, 1980; Sprott et af.,
1975).

On the other hand, preliminary studies on the cytochrome
distvibution in this marine organism revealed that the cellular
extracts contained periplasmic as well as membrane-bcund eytochromes
(knowles et af., 1974). The unusual location of a3 cytochrome in
the periplasmic space of the cell envelope led us to investigate

the growth conditions which were affecting its synthesis in order

to subsequencly explain its role in the respiratory metabolism of

‘4

the aerobic micro-organism. .

14
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To test whether the syﬁthesis of the periplasmic cytochrome
was governed by a specific nutrient, a variety of simple and complex
t}ur:rient supplements were added td a succinate chemically defined
zedium (CIM). £

p 4

-

During the course of these experiments, it was observegd that
the periplasnic evzochrome was easily leached from cells grown in
complex nutrient eavironments although normally living organisms re-
tain vital compounds when incubated at optimal growth temperature or
washed under physiological conditions. Exceptions to this mle-are
found in Gram negative bacteria harboring periplasmic enzymes (Heppel,
1967; Forsberg 2& al., 19702,b; Ingram el af., 1973; Thompson and
Macleod, 1974a,b; Bhatti et af., 1976; Bharti and Ingram, 1982).

The effects of growth rate and population density were also
looked at in an attempt to determine their impact on cytochrome syn-
thesis.
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2, MATERIALS AND METEQDS

Organism: Maintenance, Hadwkst, Fractiomation

- -
Altenomongs haloplankiis, strain 214, variant 3, derives its
name from the classification of Reichelt and Bammann (1973). It was

-previously-referred to as marine pseudomonad B-16, variant 3 (ATCC

19855, (NC‘!B.19) (Gow e af., 1973). The culture was maintained by
ﬁ;::uthly transfer on agar slants of a medium containing 0.8% (w/v)
nutrient broth (Difco Laboratories), 0.5% (w/v) yeast extract (Difco
Laboratories) in a salt solution composed of 0.3Y NaCl, 0.0264 ¥gSO,
and 0.01¥ KC1. )
The organism was cultured at 25°C with a vigorous agitation. °
Cell turbidity was followed at 660 om in a micro-sample spectro-
photometer (Gilford Instrument 300-N). Statiomary phase cells were
harvested by cencrifugation (16,000 xg, 10 min., Sorvall RC2-B,
rotor GS-, 4°C) following 16 hours of growth in complex medium (M),
and 24 hours in the chemically defined medium (CIM). The harvested »
cells wete washed twice in a physiclogical salt solution and resuspended
in a.n appropriate volume of buffered salt solution containing .3M NaCl,
.05M Mgso,, .01M KCl plus Tris-PO, (50+lmM, pH7.4). The cells were subse-

quently disrupted by means of a French press, -(14,000 to 16,000

psi., Power Laboratory Press, American Instrument Co. Ltd., Inc.).

The crude.exkfact was centrifuged at 39,000 xg for 20 min. (Sorvall
RC2-B, rot;r S834, 4°C) and gave rise to a d:le-:ar-;:ell-free extract

(CFE) preparation., The CFE was furthew ultracentrifuged (150,000 to
180,0();6 xg, 3 hours, Beckman L2-65B, rotor 60Ti, 4°) to obtain the '
(sedimented) particulate fraction and the (supernatant) periplasmic
soluble fractiom (K.nowles et al., 1974), hereafter referred to as the
periplasmic fraction. The particulate fraction collected was enriched
with respect to membrane-bound cytochromes absorbing at 5532 and 559 om in
a reduced minusd oxidized difference spectrum recorded at roam,tempera-
ture, while the supematar;t fraction was enriched with respect to a

periplasmic cytochrome with an c-peak absorbing at 549 mm.
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Growth Conditioms in Batch Culture

A. Complex medium

The mediumireferred to as complex zedium (M) contained 0.3%"
(w/v) nutrient broth (Difco.Labora:ories), 0.5% (w/v) veast extract )
(Difco Laboratories) in a salt solution consisting of 0.3M NaCl,
0.02e4 ¥gS0,, 0.0IM KRC1 and 0. 1 oM FeSO, (\I'H&)2 S0,. The grouﬁh
medium was sterilized by autoclaving (15 min, 15 psi., Barns:ead Steri-

lizer).

B. Chemically defined medium

St

The chemically defined medium (CDM) consisted of 0.11M sodium
succinate and 0,02 (!N-'Iij.,‘)2 SOA, as carbon and nitrogen scurces respec-—
tively, in a salt solution containing 0.3M NaCl, 0.0IM KC1, 5mM MgCl,,
3mM KZHPOA’ 26uM EESO&(NHQ)Z $0, and 1C0uM CaClz. The pH of the growth
medium was adjusted to 7.4 by addition of small volumes of 407 NaOH and

the carbon source autoclaved separately.

C. Amended chemicallv defined medium

e ;kqaifally defined medium outlined above was ameaded by the
addition of the following supplements: casein hydrolysate (Sigma Chemi-
cal Co.), casein hydrolysate, vitamin-and salt-free (Nutritiomal Bio-
chemicals Co.), b;cto peptone (Difco Laborarories), bacto soytone (Difco
Laboratories), all preseant at 1% (w/v) final concentraticon. Defined
supplements included: a synthetic mixture of L-form amino acids based
on the amino acid composition of casein and composed of: giycine,
alanine,‘valine, jeucine, isoleucine, serine, threonine, lysine,
arginine, aspartic acid, glutamic acid, proline, histidine, tvyrosine,
cystine, methionine; a mixture of six amino acids predominant in'tﬁé
amino acid sequence of several cytochromes C: threonine, cryptophan, .
tyrosine, lysine, cystine and glycine each added at 0.035%7 (w/v) final
concentration; a variety of vitamins including nicotinic acid, thia-
mine, riboflavin, pyridoxine, pantothenic acid, biotin, folic acid and
vicamin B-12. 1In addition, horse heart cytochroae c.{gigma Chemical
Co.) and hemin (Sigma Chemical Co.) were tested at L‘b ug/ml final

concentration. - The. pi of these supplemented defined media were

/
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adjusted to pE 7.4 by the addition of small volumes of 40X NalOH or
30% BHC. whenmever necessarv. All the complex supplexzents were auto-
claved separately and added aseptically to the basii succinate
chemically defined medium. "The heat sensitive compounds were nem-
brane filtered in sperile millipore flasks using Metricel f£ilters of

0.45 um pore size (Gelman Instrument Co.) and added aseptically
to the succinate chemically defined medium.

Growth Condirions in Continuous Culture

The media used for cgltivation were the cample¥ and the chemi-
cally defined medium cutlined in the bhatch culture section. The cells
were grown under controlled aeration at 25°C in 2 chemostat (New Bruns-
wick Sclentific Co., Model Bieflo C30) in 300 ml effective volumes at a
variecy of fixed dilutionm rates with pH controlled at 7.5 = 0.1 bv the -
addition of 2% HZSOA (Titrator 11/PHA 942, Rad{iometer, Copenhagen, Demmark).
The cultures were aerazed with G.4 1 of sterile ammospheric air per
liter of medium per min and rapidly agitated with propellers (500 rpm).
The airflow was measured by a flowmeter accurate zo = 0.5%. Whole cells
were harvested when a steady state had been attained for at least five
doublings of the population. The.dcubling rime of logaritimic phase
cells in complex medium was approximately 35 m:in and approximately 150

‘min in chemically defined medium. The population density was frequeatly
monitored on diluted portions of the respective cultures using a Gilford
spectrophotometer (Model 300-N). Purity of the samples was checked by
plating a loopful of the culture on cemplex agar media and Brain Heart
Infusion agar which were incubated at 25°C for a period of 48 hr.
Ordinarily in chemostat cultures, the level of a limizing autrient in
the inflow medium governs the population demsity in the reaction vessel.
In the experiments described, the limiting nutrient is unknown. To test
whether the optical deansity of the culture affected the level of the
cvtochromes svwnthesized, data from several runs were pooled where slight

variations in the optical density at steady state were experienced.

Spectrophotometric Measurements

The cytochrome content of the various fractions was deterzined

-~



spectrophotometrically using a two wavelength/double beam spectro-
photoneter (Perkin~Elmer, Model 356) operated in the split mode.

The difference spectra were recorded by using 10 =m light path
cuvettes, a spectral band width of 1.0 am, a scamning speed of 1 nm/
sec and the medium time-response setting. At high semsitivities and
in low temperature difference spectra, the slow tinme-response setring
was used and 2 mm light path cuvettes emploved. The concentratiom

of each cytochrome was calculazed from dithionite-reduced minus ferri-
cyanide-oxidized difference spectra using published extinction co-
efficients (Jones and Redfearn, 1966) and expressed as n moles cyro-
chrome/mg protein. Since the spectra are recorded for a reference
of equal turbidity, the quantitative measure of the cytochrome is .
expressed by the difference in absorption (8A) between a wvavelength
pair ;:orresponding te an absorption peak (Amn) to a trough (or
plateau) (Amin)' The split beam spectrophotometer plots as a function
0of A (wavelength) the difference of optical density between the 2
identical solutions that differ only by their chemical treatment
(Chance and Williams, 1955). The protein content of the various
fractions was estimated by the Biuret method (Gormall et al., 1949)
using lysozvme as the standard protein. Absorbancy was measured at
540 nm using a.Gilford spectrophotometer (Model 300-N). The protein

content was expressed in mg/al.

-
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3. RESTLTS AND DISCUSSION

Much information has beea obtained with regard o the
chemical and phvsical identification of the various layers of the
cell envelope in Allermonas haloplankitis (Forsberg 2t ai., 1970 &, b).
Interestingly, the fractionation of the cell envelope by controlling
the ion composition of the suspending medium and by differential cen-
trifugation also revealed the presence of 2 cvtochrome-like pigment
in the underlying laver of the cell eavelope (Forsberg el L., 19f0a). '(/—“\\\\\
This early.finding was later confirmed (Sprott and Macleod, 1974} and ~
substantiated by the work of Kaowles &l afl., (1974). .

Table I outlines the absorbancy wavelengths (zaxima and aini-
ma) of the cvtochrome complement of Afietomonas haleoplankiis as re-
vealed by low and roaz temperature difference absorpiien spectrophotometIv.
The quantification of the various cytochromes is based on reduced
minus oxidized difference spectra recorded at room temperature at the
level of the a-band, using the wavelength pairs and the extincticn
coefficients given in the table. The dithionite-reduced MULLS
ferricyanide-oxidized difference spectra were recorded in a oum ber
of whole cells, cell-free extracts, membrane and periplasmic frac-
zions. No a-type cytochrome could be detected spectrophotometric-
ally in any of the pra;arations scanned at room or at low tempera-
ture. In the cell-free extracts and the aembrane fraction 2z-peaks
in the Red/OX difference spectra absorbed at 559 mx (b-type cyto-
chrome) and at 552 mm (¢-type cvtochrome), when the specira were Tun
at room- temperature. In the periplasmic fraction, only one peak
ab&rbing at 549 am (¢-type cytochrome) could be detected. Analy-
sis of~Fhe various fractions at liquid air temperature revealed the
présen;e of two b-type cytochromes with a-peaks at 558 and 556 nm
in whole cells and cell-free extracts and at 558.5 and 556.5 mm in
the membrane fraction. The two C-type cyrochromes bound to the lem-
brane absorbed at 549 and 546 nm in whole cells and cell-free ex-

tracts and at 549.5 and 544 nm in the membrane fraction. Only ome
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c-type cytochrome could be derected in the periplasmic fractiem.

The identification of the heme portion of the cytochromes was
accomplished oreviously by acid-acetone treatment and examination

of the pyridine haemochrome spectra (Kaowles ¢f af., 1974). .;he
£lavin ;oities of the substrate-linked dehvdrogenases present in all
the fractions give troughs (absorption mimima) in the 510 - 465 m
‘region of the reduced mintusd oxidized difference spectra, using 02
gas or 3202 as oxidant instead of ferricvanide because of rthe strong
absorption of this chemical below 310 m., The millimolar extinction
coefficient used for calculating the flavoprotein concentration is

11.0 (Jonmes and Redfearn, 1966).

Growth Experiments in Batch Culture

Figures 2 and 3 illustrate the cytochrome complement of A.
naloplanktis grown in complex and chemically defined media respec-
tively, as determined by difference absorption spectra scanned at
low temperature. The a-absorption peaks at 558 and 556 nm in whole
cells correspond to the O-type cyvtochromes bound to the membrane of
both cell types and are the equivalents of the 559 mm absorption
band of the same preparatioms scammed at room temperature. In the
cells grown in complex media (Figure 2, upper trace), the a-absorp-
tion peaks at 549 and 546 nm account for the membrane-bound c-type
cytochromes (both absorbing at 552 nm at room temperature) as well
as the periplasmic cytochrcme (absorbing at 549 nm at Toom tempera-
ture). In the cells grown in succinate chemically defined medfa
(Figure 3, upper trace), the main absorption peak at 351 nm d a
minor shoulder to the right represent the c-type cytochromes pound
to the membrane (both absorbing at 552 mm at room temperature).

The cother 3 and 3 absorption peaks for the cytochromes present in
ché cell-free extracts, the membrane and the periplasmic fractiens

of the respective media (lower traces) are as outlined in Table I.

Upon variation of the growth media, it was observed that the

cytochrome composition of the marine micro-organism could be altered



Figure 2. Low temperature difference absorption spectra of the
cytochrome complement of Alferomonas haloplankiis
grown in complex medium.

Dithionite-reduced minus ferricyanide-oxidized dif-
ference spectra. The fracticus from top to bottom:
whole cells (WC), particulate fraction (P), cell-free
extracts (CFE) and scluble (S) fraction of the cell-
free extracts were mixed (1l:1) with sucrose (0.75M,
findl concentraticn). One half was reduced with solid
crystals of dithionite, the other half oxidized with
s0lid crystals of ferricyanide. The difference spectra
were recorded at 83°K in cuvettes of 2 mm light path.
The vertical bars represent one teath of the absorbancy
unit at which the spectra were recorded (A=0.03 for the
top three traces, A=0.01 for the bottom trace) and the
wavelengths are expressed in nanometers. The protein
concentrations of the various fractions were: WC (22.0
mg protein/ml), P (16.5 mg protein/ml), CFE (14.8 mg
protein/ml) and S (5.75 mg protein/ml).






Figdire 3. Low temperature difference absorption spectra of the

cytochrome complement of Alteromonas haloplankiis
grown in succinate chemically defined medium.

Dithionite-reduced minus ferricyanide-oxidized dif-
ference spectra. The fractions from top to bottom:

. whole cells (WC), particulate fractiom (P), cell-

free extracts (CFE) and soluble (S) fracriom of the
cell-free extracts were mixed (1:1) with sucrose
(0.754, final concentration). One half was reduced
with solid crystals of dithionite, the other half
oxidized with solid crystals of ferricyanide.. The
difference spectra were recorded at 83°K in cuvettes
of 2 mm light patf. The vertical bars represent one
tenth of the absorbancy unit at which the spectra were
recorded (A%0.03 for the top two traces, A=0.01 for the
middle trace, A=0.00l for the bottom trace) and the
wavelengths are expressed in nanometers. The protein
concentrations of the varicus fractions were: WC (32.0
mg protein/ml), P (24.5 mg protein/ml, CFE (19.0 mg
protein/ml) and S (7.5 mg protein/ml).
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to the extent that lérge qﬁzaticies of particulirly cytochromes C

(periplasn‘ic and membrane-bowund) could be synthesized in a complex

nutrient medium, whereas ouly small quantities of the periplasmic proteia could
only be recovered from cells grown in a chezically defined medium

without added supplements. In view of the diffe:;en: cvrochrame

patterns ({.e. different ratios of cytochromes b to cytochromes ¢ in

the cells from the two media), and particularly since the level of

:l;e periplasmic cyvtochrome' ¢ was higher in the cells grown in com-

plex zmedium, it was thought appropriate to examine the factors which

governed the regulation of the synthesis of these proteins.

Initially, 2 selection of non-defined, commercially available
aedia were assessed for their ability to stimulate cytochrome s¥n-
thesis. Each camplex, non—defined supplement was added at 1% (w/v)
final concentration to the succinate chemically defined mediuz (CDM).
The experimental data are presented in Table II. As can be seen,
the varicus supplements stimulated the synthesis of‘ the cyvtochromes
to different levels. Certain components, 2.J. casein hydrolysate
stimulated the synthesis of the cytochromes even above that normally
obtained in the routine complex medium used (utrient broth + yeast
ectract). Incidentally, casein hydrolysate is a complete acid hydro-
lysate of tasein and specially suited as a source of amino acids for
culture media. Other components such as bacto peptone gave poor
stimulation of most cytochromes, particularly evident in the case of
the periplasmic cytochrome Cg¢ q. .

Considering the various layers of the cell envelope of A.

. hafoplarktis, (Forsberg et al., 1970a, b) the underlying layer (ULL) -
or periplasmic space and the embedded proteins would be among the
€{rst targets toward which environmental factors would a'\:ert their
b.eneficial or detrimental actions. Therefore, it is conceivable

that s:imula:ic;x of cvtochrome synthésis affects primarily the peri-

plasmic gytochrome SS4gt



TABLE II. The effect of complex supplements on the level of cytochromes in A, hatoplanh tis,

Growth medlium ' Cytochrame content
succinate-CbM A Number of Periplasmiec fraction Membrane fraction
supplemented with: experiments Coag Cos9 b559 '
¥ n woles/mg protein

None BT/ ©.035 + 016 ,071 1 .033 070 t ,034
Bacto Peptone 3 [ 038+ ,019 182 ¢t ,03) 166 1t ,030
Bacto Soytone 7 228 ¢ ,200 A75 ¢ ,169 .305 & ,117
Yeast Extract 2 - +32V t ,030 ,270 ¢+ ,050  ,180  .060
Nutrient Broth + Yeast Extract 4 o 410 1+ ‘120 LA460 t L300 L3370 t 280
Caseln Hydrolysate 8 47602 ,230 .566 t 139 L4141 ,118
Casein Hydrolysate 4 870 t 356 1,23 t ,060 .833 ¢t 005

(vitamin- and salt-free)

& :
Each supplement was added at the level of 11 (w/v) to the basic succinate chemically defined medium,
Each entry 18 an average value of the cytochrome species measured In all the experiments t the

“standard deviation of the mean.
L]
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Several factors might be respomsible for the observed stizu-
lacion. The phenomenon could be due to a nutrirional requirement
for sf-_tf:hesis or i.nducticn of respira:?ry proteins supplied by
the components of -a conplex medium. A further possibilicy is
tha:‘; differences in the growth rate of the cells could resul:-: in
differences in the synthesis of cytochromes (Rosenberger and Kogut,
1958). Molar growth yields of bacteria are substantially higher
when the cells ’are grom_in.ccnplex than when they are growm in

minimal medium (Stouthamer and Battemhaussen, 1976).
I
D o

_ To test these possibilities, two lines of approach were
used. The first was to attempt to identify the component(s) re-
spousible for the stimulation of cytochrome syn;l-_iesis; the second

approéch was to use a continuous type of culture in which the growth"

rate and the final. population density could be controlled.

Since casein hydrdlysate was able to stimulate the synthesis
of the periplasmic cytochrome ¢, a mixture of ‘16 cfy'Stalline -a:nino
acids, apprm_;iz.nat'ing :-he amino acid composition of casein hydroly-
sate, was tested ac, the amino acid concentrations which one would
expect to be provided by 1T casein hydrolysate. “As can be seen in

"Table ITII, this minc; acid mixture failed to stimulate cytochrome
synthesis, in contrast to results with casein hydrolysate (Table
I1). )

»
-~

Looking subsequently at the amino acid coaposicion 6f

several cytbchmes! six an’kxc;.'icids were chosen because of their °
predominance in the amino acid sequence of the protein (Dickersom, -
1980) and added to the syccinate chemically defined medium. Care=-
ful study of the ty‘pical‘. an:alysis of the commercially available
growth media revealed that nicotinic acid was thj most commonly
found co-factor pre.sent in relatively high concentratien in the
c;lnplex .supplements that stimulated the synthe3ils of cytochromes

(Table II), with the exception of bacto peptone. It was thus

- 29
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TABLE III. The cffect of chemically defined supplements on the level ‘of cytochromes in A. hatoplankils,

t _ ‘ " ’

Growth medium Cytochrome content

Succinate-ChM A - Number of | Periplasmic fraction Membrane fractldn
supplemented with: experiments c549 c552 b559

n moleang protein

None .17 035 ¢ 016,071 & ,033 070 1 ,034

16 amino acids 2 . 069 t ,007 092 ¢ ,001 097 1t ,001

6 amino acids 4 .088 ¢ 067 214 ¢ 084 .2({6 t,057

. N :

5 pg/ml nicotinic acid 4 L032 ¢+ .014 L90 ¢ 028 092 1 ,039
T .

-6 amino acids + nicotinic acid 2 370 ¢+ ,082 JAAD £ 090 L3180 1t ,095
kh ki

10 pg/ml hemin , 2 099 ¢ 0080 . —

10 pg/ml cyt. ¢ 3 ,055 % ,028  ,034 t ,020 * .032 ¢t ,028

*The 16 amino acids were a‘a followa (gfl, final concentration):
glycine (,005), alanine (,021), valine (.,020), leucine (‘Qé7), isoleucine (.,013), serine (.048)},
threonine (.012), lysine (.018), arginine (.007), aspartic acid (,180), glutamic acid (,071),
proline (.002), histidine (,003), tyrosine (.UiS), cystine (,001), methionine {,008),

The mixture of 6 amino aclds (thr, try, lys, tyr, gly, cys) and 4 amino acide, (try, tyr, .gly, cys)

were added at the level of a 0,0352 (w/v) to the basic succinate chemically def ined medium,
The nic&t}niq;ncld was present at the level of 5 mg/l.

*'*'Ihe membrane-bpur'\‘cL. cytochromes could not be measured accurately due to sfgnificant binding of 'the

.. hemin to the mﬁébfane.

Each entry 1is an‘h?érage value(of the cyfochrﬁne sﬁeciea measured 1n'611 the experiments t the

standard deviation of the mean.
]
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added o the synthetic mixture of the 6 amino acids selected.

"~ Pyrrole—-containing compounds such as hemin and horse heart cyto-
‘chrome ¢ were also tested for their ability to stimulate cytochrd;e
syathesis. Both compounds contain four pyrrole rings surrounding 2
central iron atom. Results of these experiments are presented in
Table III. ' '

* The mixtuyre of 16 amino acids did not stimulate to a great
extent the synthesis of the periplasmic or the membrane-bound cyto-
chromes. The six selected amino acids failed to stimulste the syn-
thesis of the periplasmic cytochreme although they did stimulate the

synthesis of the membrane-bound ones to a certain degree. The nico-

tinic acid alone did not have any stimulatory effect. On the other
hand, when the 6 selected amino acids were tested in the presence

of nicotinic acid, the levels of periplasmic and membrane~bound cyto-

chromes were enhanced to values comparable to the levels found in
cells grown routinely in complex medium. The pyrrole-comtaining
compounds were not very effective in promoting the synthesis of
either cytochrome species. The scmewhat greatef stimulating effect
of hemin, when compared to exogenows cytochrome ¢ could partially.be
explained in terms of a molecular weight effect: the smaller hemin
molecule (MW 652) may penetrate or be ﬁaken up more easily by the
cells grown in chemically defined medium than the larger cytochrome
¢ molecule (MW: 17, 384). ]

-

The next step was to see whether these six amino acids were
all essential for the synthesis of the cytochromes. The cells were
grown in the succinate-CDM with nicotinic acid ‘plus five of the
six amino acids (removing one at the time). The data obtained are

presented in Table IV. As can be seen, tyrosine, glycine and cystine

seened to be required along with nicotinic acid, since omitting

them singly significantly reduced the level of the periplasmic cyzo-

chrome; threonine seemed not to be required, only slightly reducing

the level of the periplasmic %549 when left out. The results with

31



TABLE IV. ‘he effect of removal of amino acids from the supplemented

succinate-CDOM on the level of cytochromes' in

A, hatOptdnthA.

Crowth medium
Succinate-ChM

Number‘of

Perfplasmic fraction

Cytochrome content

Membrane fraction

supplemented with: experiments 0 ¢ b
549 552 559
n moles/mg protein
None \\\\ 17 .035 1 ,016 071 ¢+ ,033 070 ¢ ,034
6 amino acids + nicotinic acid 2 .370 + ,082 4401t 090 +380 ¢t ,095
(thr, try, lys, tyr, gly, cys) '

- m{nus thr 2 315 ¢ 064 .530 t L1141 .420 t ,085
anuAftry ’ 3 .280 ¢ ,070 489 ¢t 118 .396 + ,072
ménus lys 2 .229 + ,0B4 LA54 1,011 v 359 ¢ ,025
minus tyr 2 147 1,013 ,225 t ,058 .205 ¢t ,055 °
plnes gly 2 L 141 ¢ 008 .267 ¢ ,035 «233 t 027
mind cys 2 ,071 & ,003 284 ¢ ,059 264 t 043

4 smino acids + nicotinfic acid 6 347 ¢+ 075 .328 ¢ .055 372 2,121
(cys, gly, tyr, try) ¢ . ‘
4 amino acids + 7 vitamins 2 LI00 ¢, 009 222 t ,004 230 t 014

&
The mixtures of 6and 4 amino aclds were added at the level of 0,035 (w/v) to the basle succinate

chemically defined medium,  The mixture of vitamins contained at the indicated final concentrations

in the medium {(mg/l): thiamine (3.25), riboflavin (2,50}, pyridoxine, (1.,37), pantothenic acid

(0.37), follc acid (0.22), vitamin B-12 (0.008), blotln (0.45).

Each entry {8 an averape value of the cytochrome speclies measured in all the experiments ? the

standard deviation of the mean,
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:r;ptbphzn and lvsine were more difficult to interpre: because

of their different effect on periplasmic versus membrane-bound
cytochromes. However, if lvsine and threonine were omictted, then
the level of the periplasaic-cy:ochrome was over 902 of that when
all the six we're included. As a result of these experiments, a aix-
ture of four amino acids comsisting of cystine, glvcine, tyrosine
and tryptophan together with nicotinic acid was retained as a

synthetic mixture which could specifically promote cytochrome syn-
thesis in A. halopnlankiis. ; -

Also in Table IV are data indicaring that a mixture of seven

. vitamins, together with four selected amino acids, were unable to

stimulate the synthesis of the periplasmic cytochrome to the same
extent as nicotinic acid with the 6 previcusly tested zmino acids, thus con-
ferring an inportag& role to nicotinic acid in the synthetic mix-

ture.

Growth Experiments in Continuous Culture

Several paraleters are known to affect the zrowth of a micro—._
organism in batch culture (Harrisonm, 1972; Pica, 1976). Microbial
culcures can only be efficiently maintained in a steady state srowth
env!rnnaggf_juch as in continuocus culture if used metabolic products
are constantly replaced by fresh nutrients (Pirt, 1975).

In the following experiments we made use of a chemostat to grow the
cells. These chemostat cultures varied from the standard chemostat
cultures in that the substrate concentration was not the growth lbnit;
ing factor. Instead, the cells were simply allowed to grow continu-
ously under conditions of controlled pH, aeration and dilution rate.
Essentially, these were batch cultures run in a chemostat with the
fundamental difference that metabolic products were flowing out

of the reaction vessel at the same rate as fresh nutrients were flow-
ing in. The relationship between cthe cytochrome content of A. hwlo-

nfanktis and the dilution rate of the cells when grown in chemically



defined mediuz (CDM) and complex mediuwm (M) is illustrated in

Figure. 4.

‘;ﬁs,can be seen, the .dilution rate had a profound effect on the
lefel of the zembrane-bound cytochrones (CS>2' 6559) both in complex
and chemically defined media. As a general trend, the lower the
dilution rate, the higher the level of the zembrane-bound cytochromes.
On the oéher hand, it @ms interesting zo note that the level of the
periplasmic cytoéhrcme cs;s did not parallel the enhanced dilution
rate recorded, When the population density was considered in those
chemostat cultures, the followins finding was made: as the dilutien
rate increased, the population density decreased, so did the sw-
thesis of the membrane-bound cytochromes bdut again, the level of the
periplasmic cytochrome <:,5‘,¢9 stayed relatively constant and was not
" affected by the population density in cultures wnere the meta-

bolic products were constantly removed.

In batch cultures, the concentration of the periplasmic cyto-
chrome Cug detecred in cells grown in complex medium was consistently
higher than in cells harvested from chemostat cultures indicating
:La: one or more parameter(s) which governed the synthesis of the
periplasmic cytochrome in chemostat cultures was/were not controlled
in batch cultures. Still, in batch cultures, as the complexity of
the growth media increased, the population density increased (as de-
termined by optical density) (Table V). From this set of data, it
" could be seen that the cytochrome vield (measured as cytochrome con-
centration versus optical density of the culture} did not increase
steadily as the optical density of the cultures was increasing. 1In
other words, if a constanc ratlio (cytochrome synthesized/optical
density) would have been observed in the various growth media, it
would have meant that the population densit§ was specifically re-
gulating the amount of‘respiratgzy pigments synthesized, witich-was
not found to be the case. Thus, even in batch cultures, other

factor(s) bur the populatiom density specifically regulate the

[P



Tigure 4.

- -

Relationship between the cytochrome content in

A. haloplanktis and the dilution rate of the cells when
growa in complex medium (CM) and in chemically

defined medium (CIM).

A. haloplonktis was grown at various f{ixed dilution
rates in a chemostat under conditions of controlled
pH and aeration. Whole cells were harvested when

a steady state had been attained for at least {ive
doublings of the respective populations. The popu-
lation density was monitored frequently on diluted
portions of the cultures. Harvested cells were
fractionated and cytochromes assayed both in the
periplasmic (CSJ.Q) and membrane fractions (C¢qs»
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TABLE V. Cytochrome content and ¢ ytochrome yleld of A, hoptank tis harvested from

varfous growth medla of incrcasing population density in batch culturea.

Growth medlia-

Cytochrome ylold

N Cytochrome content
succlnate~CDM td 00660 .
supplemented with: .
c ¢ b
. e b 1 -549) [“552]) [T559)
f/
349 552 559 oD on ob
d n mq&es/mg protein .
none 150 min .00 16 107 116 242 1,621 1.757
4 amino acids n.d, 149 021 U4y 049 141 . 329 329
4 amino aclds + nicotinic acid 115 min’ 212 344 L3270 274 1,615 1,535 1.286
"
6 amino Acids n.d. .257 063 195 . 204 245 . 759 . 794
6 amino aclds + nicotinic acid 117 min 27 .428 . 504 N1y 1.579 1. 860 1.649
1% Bacto Peptone 62 min 432 L0291l L1306 L0067 373 315
1Z Bacto Soytone 63 min LGT5 243 .51l 396 .92 1,076 . 834
17 Yeast Extract n.d. .560 338 .231 .139 604 413 248
1% Casein Hydrolysate 64 min 624 L5063 1,187 L 835 902 1,902 1,338
(vit,.-and salt-free)

COMPLEX MEDIUM 35 min 752 JOTh . 361 . J0b 030 A HO 407

+Optlcnl density values of the statlonary phase cells were measured on diluted samples (1:10) at 660 um

in 1 cm cuvette light path with a Gilford spectrophotometer (Hodel 300-N).

A
The mixtures of 4 and 6 smino aclds were as specified 1o TABLE 1V,

n.d. not determined

L doubling time

d

LE



synthesis of cvtochromes in A. aafoplaniiis. In addition, there is
no .obviocus correlarion berween the doubling t.ime and the amount of
cytochrome synthesized. For instance, apnroximately 117 min are re-
quired for the bacterial population to double in suczina‘te-CD.‘I
amended with 6 amino acids + nicotinic acid producing in average
.428 o noles °5-£9/m3 protein, whereas the cells g ing in Bacto
Peptone take half this doubling cime to multipl t produce only
.029 n moles Csaglmg protein, The same trend s pressed by the
aembrane-bound cytochromes Cg5p &d b559'

;I
I
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4. CONCLUSION

The cytochrome system of A. hafeplankiis is basically composed
of five cytochromes: 2 b-types and 2 c-types fimmly attached to the
aembrane together with a c-type cytochrome located in the periplasm.
In this section, experimental evidence was presented fo indicate
that the level of the cytochromes synthesized by the marine pseudo-
monad are governmed by the presence of various nutrients in the groéth
medium. The greatest variation in terms of cytochrome concentration

was expressed by the periplasmic cytochrome %Ag.

As a general trend, the low cr:mtegt of tl.ie periplasmic cyto-
chrome in the chemically defined medium contrasts with the relatively
high content of membrane-bound cytochromes. As the complexity of
the growth medium increases, the ratio is inverted and the synthesis
of the periplasmic cytochrome is favoured. From our findings, a
synthetic mixture composed of four aminc acids mainly tyrosine, cys-—
tine, glycine and tryptophan plus nicotinic acid was effective in
stimulating the synthesis of the periplasmic cytochrome.

The exact function(s) of the promoting fagrbors have not been
elucidated. However, there appears Mmatives: either
they acted as a direct source of specific precursors for synthesis of
the cytochromes or were degraded to form specific precursors. Con-
ceivably, when the cells are grown in chemically defined medium
where the concentratiom of organic—N is zero, the cells may be
limited bv the ability to svathesize these specific nutrients. Al-
though the routes of degradatiom of the various components are not
known in this bacterium, they have been elucidated in other organisas
(Greenberg 1969%a;Rodwell,1969; Massey el af., 1976). Most amino acids, for |
instance, are degraded to intermediates of the TCA cycle: a -ketoglu-

tarate, succinate, fumarate or oxaloacetate.

While there areno data on the biosynthesis of amino acids in

A. hafoplanktis, the pathways operative in other bacteria are well



N )

-

documented (Greenberg, 1969b;Rodwell, 1969; Hermann and Scamerville,

1983). The major amino acids are swathesized by three routes, {ram

a-ketoglutarate, oxalocacetare and pyruvate. All four aminmo acids

which stimulate the synthesis of the periplasmic cytochrome belong

to the pyruvate group. It appears alsc that a common precursor for

all is phosphoenol-pyruvate (PEP). It is also worth noting that an

amino acid such as glveine is vitally important i{n the synthesiseof

a cytochrome molecule {.¢. at the first step of the biosynthetic

pathway involving the condensation of 8 molecules of glycine and 8 -

ﬁ‘ole_:cules of succinic acid (Lascelles, 1961; Franck, 1979: Franck ci af., 1980).

Since the chemically defined medium used in this study emplovs succi-

ns;e as sole carbon and energy source, it seems likely that the sw-

thesis of the tetrapyrrole-iron linked compounds is dependent

or the availability of the carbom source in addition to the selected

anino acids. Sicotinic acid on the other hand is primarily involved

in the formation of pyri&ine nucleotide coenzymes and thus, of ta-

portance in the synthesis of respiratory proteins (Preiss and Handler, 1958).
Our experimental results do not allow us to concludé on the

specific nature of the enzymic system involved in the induccian or

" stimulation of the periplasmic cytochrome synthesis. Certainly, the
synthesis of this cytochrome is intimacely linked to growth para-
meters, such as concentratidm—of nutrients, pH, phase of growth and

partial pressure of oxygen.

The data support the possibility that one of the functions of
the periplasmic respiratory protein may be to re—establish the
balance berween the bulk of the Trespiratory proteins synthesized in
various growth environments, particularly so in growth environments
where end metabolic products accumulate. As a consequence, the func=-
tional orgamization of the (aerobic) respiratory chain of 'A. hatlo-

plarktis might be expected to vary upon modification of the growth
environment.



CEAPTER III
OXYGEN AFFINITY SYSTEMS
1. INTRODUCTION

The prokaryotes are capable of remarkable adaptacion oo faci-
litate growth when exposed to a variety of eavirommental changes
(van Verseveld, 1979; Ingledew and Poole, 1984). The availabilizy
of dissolved oxvgen is one envirommental factor that can force bac~-
‘teria to alter the.composition of their respiratory svstem. For
that réasan, branched respiratory systens aave been formed in
several bacterial species (Smith, 1968; Jones, 1977; Knowles, 1980a).
In oost instances, each branch was terzinated by a specific cyto-
chrome oxidase (Degn e¢f al., 1978). Soce oxidases have been shown
to operate at very low aoxygen concentrations: cytochrome al' cyto-
chreme @, in Eschenichin cofi (Rice and Hempfling, 1978), cytochrome
& in Haemophilus natraingfuenzae (White, 1963a); others preferentially
operate when excess dissolved oxygen prevails in the growth medium
such as cvtochrame ¢ ir Zscherichia cofd (Rice and Hempfling, 1978).
So upper or lower limit of critical oxyvgen concentration has been
defined in a growing culture (Harrison, 1976b). The only practical
technique for measuring low oxygen tensions in suspensions of cells
or subcellular particles is polarégraphy (Rarrison, 1976b). This
technique has the advantages of being simple and rapid. Experiments
conducted in a closed system must hodever be of short duration and
involve slow rates of respiration. Weston et af., (1974) have obviated
this problem by measuring the affinity for 02 using various starting
O2 concentrations and determining'—-Km values by plotting initial up-
rake rates against initial oxygen .concentration., If in{zial rates are
not used the dissolved oxygen concentration changes during the experi-

ment (Degn and Wohlrab, 1971). Linton && af., (1977) were able to

&~
[



&~
o

-

oeasure Kn values for.cxygen with an order of magnirude lower than
the values reported by Weston 2% cl., (1974) using an "open" systes iz which
axvgen is supplied continuously at a controlled rate while the dis-
solved oxygen tensiom is changed gradually in the reaction chamber.
More recent studies concerned with the measurement of the 02 affinicy
of bacterial oxidase systems have.used 02 carriers such as oxyleghae-
moglobin and oxymvoglobin to supply very low dissolved conceatratioms
of oxvgen (Bergersen and Turner, 1979,1980). Examples of apparent
affinity constants for oxidases toward the final electrom acceptor,
molecular 02, are given in Table VI. The results presented in Table
VI basically meanthat the bacterial apparent affinity constants for
~oxygen (Km) fall into four categories when defined by their order of
zagnitude: very low K values (under 0.0l u¥), low K_ values (up™To

1 uM), average Ka values (between 1 and 10 uzM) amd high Km values
(above 10 :M). 1In all the examples reported, except for Azospiiilfum
b&abiicnég, a ainidum of two K values of different magnitude were
recorded and accounted for at least two different functional terminal
oxidases. Mitochondrial systems also exhibit a biphasic affinity
system depending on the energy state: a Ka of 0.5 uM is expressed by
coupled mitochondria, 0.05 uM for uncoupled mitochondria (Degn and
Wohlrab, 1971).

We must undérs:and however the condirions in which the micre-
organisms are grown. For instaoce, the values of K:n for 02 tend to
be lower in comtinucus cultures than in batch cultures. It was shown
in comtinuous cultures that carefully controlled low levels of 0,
elicited the synthesis of multiple bacterial oxidases (Rice and )
Hempfling, 1978; Be:geréen and Turner, 1980). '

The respiration of biological systems at low oxygen concentra-
rion usually shows saturation kinetics and agrees with the Michaelis-
Ménten model of.an enzyme reaction (White, 1963a,b; Harrisom, 1976a;
Weston ¢t af., 1974). Decreased electron flow to the oxidases by

using submaximal substrate concentration (White, 1962) or by using .
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_ TABLY. ¥1, Fxmaples of apparcent afflulty wonstanta for mbcroblal oxi-
) dascs tovards the [lnal alectron acceptor, mulecular 02. '
‘ - .
mima = Mmoo —— m i m . — . e ——— e e e e e e e e m e e e ——————— . = e . . e @ ceim B Wi = = s abe o
Hicro-orgnoism ' L valueas (uM) ) REFERENCES
very low ' low ' Averago high
P e e e e e e e e e e e e i e e e e e < ——
Benechkea naﬁ(mtna » 1.0 16,0 Weaton ¢t al,, 1974,
" " 0.1%-0,2% \ . Lintom (IC af,, 1971,
Azvbobacten vinelulid ' 10,48 H.‘u Sergensen and Turner, 1950,
\:—‘ ~ Ktebsictta pveivnoniae . : :”‘ .l - 5,0 lt‘i:lﬂ’l'ﬁn and Turder, 1980,
™ Acetobacter subouptans . 1.9 1).0 Danlel, 1970.
facheaichia coli v,.024 o 0,20 Rice and Hempfling, 1978
3 Azoopuifdm byas(lende 1, VOH ’ ‘. ‘ Iorg!'nun and ‘Turner, 1980,
' Paracocens dendtal{{cans - 0,35 0.15; 0,85-1,0 4,13; 4.8 lienty and YViguain, 1979,
. Rhiizobiim faponicim (b-c&wldn) 0.006; 0.015-0.028 0.17-0.2; L.& lur;'-nunn and Turnar, 1980,
- Sacchaumices ceaevisiae 0.1 2.84; ).4 Juhnson, 1967,
' (HITuCIKIR1A L ' ({.}15 - N 0.% Degn and Wohilrah, L1971,
’
s __.._....____.__-._._q___.__. e i e e
!
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mspira:orv inhibitors (Eenry and Vignais, 1979) raises the cricieal
oxygen concentration (the poin: at which respiratory activity 1s’
directly dependent oo the oxygen present in the reaction medium) .
and -thus raises the Km‘

‘ To obtain a better knowledge of the 'dependency of the respira-
tory process oa the concentration of its primary reactant, molecular
2, the respiratory rates at various initial 02 coucentrations were
measured in A. h.a.!op&an!z&é These studies vere designed to give -
some indication of the degree of branching of the aerobic electrom )

pathway.
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2. MATERIALS AND METHODS

Cultural Conditions and Preparatiom of Cell Fractions

The organism used in this study was :he marine pseudcmonad

Alteromonas hatSEEhnk~44 strain 214, (AICC 19855 NCMB 19) variant
3 (Gow et af., 1973). The organism was groun for 6 hours at 25°C
with vigorous aeration on a rotary shaker (200 rpm) in a complex
broth containing 0.8% nutrient broth (Difco), 0.51 yeast extract
(Difco), 0.3M NaCl, 0.026M MgSQ,-- 7 HZO and 0.0IM KC1l. The sta-
tionary phase cells were harvested by low speed centrifugation
(16,000 xg for 10 mim, Sorvall RC2-B, rotor GSA, 4°C) and washed
twice in a physiological salt solution containing 0.3M NaCl, 0.05M
: HgClZ, 0.0IM KCl. The supernatant was«.feniaved by aspiration and
the whole cell pellet resuspended in 20 ml of a buffered salt solu-
tion containing: 50 mM Tris-HC1 (pH 7.2), Q.34 NaCl, 0.05M HgCl2
and 0.0IM KCl. Cell-free extracts were subsequently obtained by
disrupting the intact cells in a French Pressure cell operating -at
12—16,000cpsi. (Pouer Labéra:ory-Press, American Instrumemt Co.).
" The resulting suspension of crude extracts and cell daq;is was
cegcrifuged (39,000 xg for 20 min, Sorvall RC2-B, rotor 5834, 4°C).
Ihg'cell—free extract was further ultracentrifuged (150,000 to
180,000 xg for 3 hours, Beckman L2-65B, rotor 60Ti, 4°C) to ob=
tain the (sedimented) membrane fraction and the (supernatant)
periplasmic soluble fraction (Knowles éai , 197.), hereafger

referred pro as the periplasmic fraction.

Protein Determination . . - . .

The protein content of all the preparations, whole cells,
cell-free exrracts, membrane and periplasmic fractions was esti-
mated by a Biuret method (Gomall et al., 1949) using lysozyme
(1 to 10 mg protein/ml, Sigma Chem. Co.) as the s:andard‘protein.
Absorbancy was recorded at 540 mm using a Gilford spectrophoto-
meter 300-N. ’

N

N



K

. -
. .o - - - . -
. d

. T e -

Measurement of Oxwvpén Consumption and Concentration

The kinetics of 02 consumption of suspe;l,sions of whole cells
and subcellular fractions as a function of dissoclved oxygen concen-—
tration were determined by the use of a Clark-tvpe oxygen electrode
{Rank Brothers, Bottisham, Cambridge, England). The reac- _
tion chamber containing a 50 mM Tris-HCl buffered salt solution (pH
7.2) was fitted with a serum cap through which was inserted two
syriz‘i'g\es: e syrinée introduced the gas mixture and the other the
respiratory oteins and the oxidizable substrates. The procedure
has been described in detail by Westom et af., (1974). The initial-
respiration rates of the proteins in suspension were measured follow-
ing the additiom of the substrates. The final concentration of the
substrates used with all the preparations tested were as follows:
NADH (2.5 mM}, succinate (10.0 mM) and ascorbate (1.5 oM) plus
(1.0 mN) N,N,N',N'-cecramethyl-p-phenylenedianine(IHPﬁ). Ascorbate +
™PD oxidase activities were corrected for small non-enzvmatic rates
due to autocoxidation. All chemicals utilized were reag/e.nt grade from
Sigma Chemical Companvy. '

The desired starting oxygen concentrations were obtained by
flushing the electrode chamber with appropriate mixtures of Oz-free
nitrogen and compressed air. The oxygen concentratidns studied

ranged from air-saturation (= 240 uM 0., at 25°C) down to luM O

»
the lowest limit of detection of the Oz electrode employed (Wesion
et al., 1974; Linton et af., 1977). The apparent K for oxygen was
obtained from Lineweaver - Burk plots tracing the reciprocal of the
respiratory rate 1/V (n atoms O/min/mg protein) versus the reci-
pfocal of the (medium) dissolved oxygen concentration 1/02 mM).
The levels of oxygen concentrations were allowed to stabilize be-
fore the addition of respiratory proteins and oxidizable substrates,
both maintained under Ozidepleted conditions by a constant supply
of Oz-free nitrogen gas. For further analysis of, the kinetics of
respiration, the reader is referred to the publication of Bergersen
and Turner, 1980, -

-
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Statistical Analvsis’

In the present study, the data were subjected to statistical
analysis. Double reciprocal plots (1/V versus 1/5) were drawn and
the slopes lmd intercepts of the lines were calculated using groups
of results for ghich linear correlation coefficieats (%) were highly
signific‘ant (P < 0.05; 2 < 0.01). The apparent affinity comstant,
Km, was then estimated for every system studi'ed. - The statistical
analysis was done on paired values of the variable'x (the reciprocal
of ¥, the dissolved oxygen concentration) and y (the retiprocal of
. S, the respiration rate) above and below 10uM 02 to see how closely
the equacion (y = g + bx) fits the experimental data. All the cala-
lations were performed with a programmable Hewlett-Packard HP=25
calculator. . '

Growth Media and Growth Conditicns

A. Final Electron Acceptor

Alteromonas haloplonktlis was grown in the complex medium de- -
scribed previously with and without SO: (26aM) or with and without
NOE (7.17 =), The magnesiium sulfate in the medium was replaced

- A
by magnesium chloride.

In the chemically defined medium, t%e ammonium sulfate, the
magnesium sulfate and the ferrous ammonium sulfate were replaced
by ammonium chloride, ma&nesium chloride and ferric chloride.
Cysteine (10mM) was added to the medium depleted of -sulfate.
Bacto agar (1.5% (w/v), final concentration) was added to the
liquid media for the e.xpgrimen:s on Solid media.

. - | |

The inoculated solid media were incubated in air, under
'an atmosphere eariched in C0, and in an E, + CO, atmosphere pro-
vided by a generator system (BEL GasPak, Becton Dickinson and
Co.) at 25°C. The corresponding broth cultures coﬁtainéd in
SO ml-side ars-flasks were shaken ar 200 rpm in ail or eva-
cuated and flushed 3 times with one ammosphere of N, or He

.
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(Liquid Carbomic Canada Ltd.). Growth was monitored by following
the increase in optical density at 660 nm (Junior Coleman spectro-
photometer) at .daily intervals for a period of 10 days. The starter
culture (stationary phase cells grown in complex medium) had been
aseptically washed twice in sterile salt solutiom before being in-
oculgted into the various media: the inoculum size was maintained at

27. Two separate experiments were run in duplicate.

B. Oxidation-Fermentation (OF) Test

Commercially available Bacto OF Basal medium (Difco Labora-
tories, Detroir, Michigan) wés utilized according to the procedure
outlined in the Manual of Clinical Microbiology (Lennette et al.,
1980). To 100 ml of sterile medium was aseptically added 10 ml of
sterile 10X sugar solution of dextrose, lactose, or saccharose.
After thofough mixing, 5 ml aliquocsA were dispensed intc sterile
culture 't_lébe?:. Soft agar (0.3% final concentration) had previocusly
been added.to the liquid medium, accc;rding to direction of the
m{;m;.f_a-cturer.' The OF basal medium was prepared either in complete
sal':‘-s-o'lutiof't‘ or in distilled water, as were the stock solutions of
'sugar‘s. The inoculated tubes were examined for the presence or absence
of growth after 24, 48 and 72 hours; the results shown were re-
corded after 72 hours of incubation at 25°C or 37°C. A facultative
anaerobe Eschenichia cofi (Macdonald Culture Collection, No: 853)
was chosen as control organism. The inoculated soft agar media
were incubated in ambient air to meet aerobic conditions or covered
‘wir.h a £film of sterile paraffinooil to.maintain anaerobic conditicms.

Two separate experiments were run in duplicate.



" 3. RESULTS AND DISCUSSION

Oxidizable Substrates at Varicus Oxvgen Concentratioms

In order to test whether more than one respiratory pathway
existed amd was expressed by more than one affinity system in the
aerobic marine bacterium, we conducted exﬁgrtnen:s with intact cells
and subcellular fractions in which we measured the rate of oxygen

consumption at various initial dissolved oxygen concentrations.

Analysis of the dependency of the respiratory rate upon the
oxygen concentration revealed that 4] the respiration of intact cells
with endogenous substrates as well as exogenous substrates (2.3. NADH)

showed Michaelis-Menten saturation kinetics when reducing the I4npal

ele;tron acceptor, molecular oxygen (Figure 5A,B); 4&) similarly, the
oxidation of NADE by the cell-free extracts and the membrane particles
showed the same saturation kinetics (Figure 6A,B); LiL) the arcvificial
electron donor ascorbate coupled to the dye TMPD was oxidized by the
membrane-bound as well as by the periplasmic fraction in a similar

fashion via saturation kinetics (Figure 7A,B).

The experimental data were analyzed above and below the dis-
solved oxygen concentration of 10 uM due to constraints imposed by
the rechnique in use. To measure the oxygen consumption below 10 uM,
an additional resistance was added to the recorder to increase the
sensitivity of the measuring device. To obviate the obvious dis-
crepancies resulting from plotting together all the values, below -
and above 10 ud 02, the results are best understood if they are

discussed separately than compared among themselves. ~

Addirional informacién-could be gained by tracing the double
reciprocal plots te obtain the affinity constants (Km) of the corres-
ponding systems. The reciprocal plots presented in Figures 8 to 10 were
obtained from the experimental data used to trace the saturation curves

(Figures 5 to 7). The Km values derived from the reciprocal plécs
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Figure 5. Effect of 0, concentration on the.rate of O, uptake

-

by intact cells of Afteromonas haloplankiis oxidiz-
ing (A) endogencus reserves; (B) NADH.

- )
ALteromonas haloplankiis was grown in complex medium
to the stationary phwse of growth. The cells were
harvested, washed and resuspended in buffered salt
solution as specified in Materials and Methods.
The oxidase activities were measured in an 02 -
electrode cell at variocus initial oxygen g
concentrations. The results are expressed by the
Michaelis-Menten curves: V{(n atoms Ofmin/mg protein)
versusd S (02 concentration, uM).
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Figure 6. Effect of 0, concentration on the rate of O, uptake
by (A) cell-free extracts and (B) membrane par-

ticles of Altpromonas hafoplankiis oxidizing NADH.

Alteromonas halopfanktis was grown in complex medium

to the stationary phase of growth. The cells were
harvested, washed, resuspended in buffered salt solu-
tion and fractionated into cell-free extracts and
membrane particles as specified in Materials and
Methods. NADH oxidase activities were measured in -

an Oy electrode cell at various initial oxygen concentra=-
tions. The results are expressed by the Michaelis-
Menten curves: V {(n atoms O/win/mg protein) versus

S (0 concentration, uM).
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Figure 7. Effect of 0 concentration on the rate of 07 .uptake
by (A) the membrane and (B) the periplasmic frac-
tion of Alteromonas hafoplankiis oxidizing ascorbate/
™PD. )

Alteromonas naloplankiis was grown in complex medium.
Cell-free extracts were prepared from stationary phase
cells and fractionated into membrane and periplasmic
fractions. Ascorbate/IMPD oxidase activities were
measured in an 0y electrode cell at various initial oxygen
concentrations. The results-are expressed by the
Michaelis-Menten saturation curves: V (n atoms 0/min/

=g protein) verdus S (0, concentration, uM).
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were calculated by thg method of least squares. Lo this analysis,

the calculated regreésion consrants & and b correspond respec-

tively to the intefcept with the v axis and the slope cf the line

in the equation v » & + bx, where x and y represented the reciprocals

;é’v and 5. The linear correlation coefficients (1) of the reciprocal

plots were calculated and were fouad to be highly significant, indicac-

ing a close relaticnship between the -experimental da:éa and the linear

regression constants as shéun in Table VII. .
For each of the substrates tes;ed, the experimental results

(respiratory rate as a function of oxygen concentration) were analyzed

by means of double reciprocal plots. In the case of whole cells (Figure

8A), endogenous substrates were oxidized with biphasic kinetics (Km

values of 1.2 uM and 25.6 uM respectively). Km values of 4.5 and 12.6

LM were recorded when the intact cells were oxidizing the exogenous sub=

strate NADH (Figure 8B). The cell-free extracts also expressed biphasic

kinetics when oxidizing NADH (Figure 9A): Km values of 0.51 uM and

15 .M were oitained at oxygen concentrations below and above 10 ¥ 02

fespectively. The corresponding values of Km for the membrane fraction

oxidizing the same substrate were 0.40 and 31.2 wM (Figure 9B). With

respect to the nofi-physiological substrate, ascorbate; ™IFD, 1t was

actively oxidized by both the membrane and the periplasmic fractions.

One low affinity system with a Km value of 8.1 .M was obrained with

the membrane fraction (Figure 10A) and one high affinity system with

a Km value of 0.85 uM was recorded with the periplasmic fractionm?

(Figure 10B). Sigce ne accurate determination of oxidase activity

with ascorbate/TMPD could be obtained below 10 uM of dissolved

oxygen, it would be premature to conclude that no high affinity system

is present in the membrane fraction. The K_ andJVmax values deter-

nined for all the enzyme systems investigated are presented in

Table VIII.

In separate experiments, whole cells and cell-free extracts

were also showa to oxidize ascorbate/TMPD at various oxygen

-~ b
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TARLE VITI, Statistical analyeis of the kinetics of respiration of
AlLteromomas hafoplanktis.

Call fraction Electron donor Threshold Regrussion con-unt-. Correlation coefficiencs ('L)“ i
a b from exparimentcs from table
Y
Whols cella Endogenous > 10uM 02 0,0117 0.0003 . 0.9281 (r.0%) 0.273
(r.01) 0,15
. < 10uwM 02 0.0169 0.0000207 0, 9064 (r.0%5) 2 0. &bk
(r.01) - 0.561
‘ -
WVhols cells RADN > 10uM Oz 0.0079 0.0001 0.8572 (r.0%5) 0.349
(r.ol1) 0.449
v < 10uM 02 0.0068 0.0000310 0.9241 {(P.05) 0.404
(r.01) 0.515
e KADH > IOuM O, 0.0262 N.0004 - 0.9121 {(r.0%) 0.3¢7
= - (p.01) 0.470
¢ 10uM (.'I2 0.0327 0.0000169 0.8778 {P.03) Q.514
: {r.o1) 0.641
Membrane frac- NADM > 104N @, 0.009  0.0003 0.939 (r.05)  0.349
tion - {P.01) 0.449
- < 10uM 02 0.0414 0,00001646 0.9820 {r.05) 0.878
) (r.01) 0.959
Periplasmic Ascorbate/ THPD 2 1om o 0.0443  0.000038 0.5282 (r.0%) 0.568/

fraction . (r.01) 0.590
Memb rane Ascorbate/ TMPD > 10uM 0: 0,0018 0.0000147 |, O,M12 (P.05) 0.497
fractioe (r.01) 0.623

- :
Mccording to the beat it curve y » a + bx, 4 and b arw tha regression tonsrants and tepresent
respectively the intercept with tha y axis and the slope of the line.

.- : .
The correlation coefficient 2 for ona variable; the reapitatory rite uas calculated from experi-
menctal data, snd vas found highly significant at P(.035) and -P(,01). . - -

-
’non A.1)  Steel, X.C.D., Torrie, J.A. Principles and_Procedures of STATISTICS, with special’
refersnca to :hc‘.clogical Sciencas. McCraw-Hill Book Compsuty, Inc., New York, 1964,
L
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I-‘igur.e 8. Lineweaver-Burk plot illustrating the effect of

o

increasing O, concentration on the respiratory
rate ofiintact A. haloplanktis cells oxidizing
endogenous -substrates (A):or NADH (B).

)
~

Same experimental protocol as in Figure 5.
The results are expressed by a double reciprocal

., plot: 1/V. {n atoms O/min/mg protein)~l versus .

1/05 (mM)™ " The apparent Ky values for oxygen were
determined graphically by the method of Lineweaver
and Burk (1934).

.
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Ve .
Figure 9. Lineweaver-Burk plot illustrating the effect of
increasing 0, concentration on the respiratory

- rate of the cell-free extracts (A) and the membrane
particles (B) of A. haloplanktis cells with NADH
as substrate.

Same experimental protocol as in Figure 6.
The results are expressed by a double reciprocal
plot: 1/V (2 atoms O/min/mg protein)~l versus

1/02 (mM) ~l, The apparent K, values for oxygen

were determined graphically by the method of
Lineweaver and Burk (1934).
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Figure 10. Lineweaver-Burk plot illustrating the effect of
. increasing 0, concentration on the respiratory
rate of the membranme fractiom (A) and the peri-
plasmic fraction (B) of A. haloplanktis cells
with ascorbate/IMPD as substrate.

Same experimental protecol as_in Figure 7.
The results are expressed by a double reciprocal
plot: 1/V (n atoms O/min/mg protein)'l vensus

1/04 (mM)=1. The apparent Ky, values for oxygen
were determined graphically by the method of
Lineweaver and Burk (1934).
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TABLE VIII, Kinetic data of Oz—affinity systems in statlonary phase cells of
Attoromonas hatoplanktis grown {n complex medium,

o

— ->
.

4

]

- Whole cells

Cell . fraction Electron donor n* apparent K (uH) Voax (n atoms O/min/mg protein)
< 10uM (:2 > 10uM 02 < IlOuH 02 > 10pM 02
Endogenous 77 1.22\ 25.6 59.1 85.4
Whole cells NADH 58 4,55 12,6 147,0 126,5
. CFE NADH 44 0.51 15,2 0.5 3d.1
Membrane fraction NADH i9 0.40 31.2 24.1 104,1
~~ Periplasmic fréctlon ‘Ascorbate/T™PD 17 A.d, 0,85 n.d. 22,9
Membrane fraction Ascorbate/THPD 16 A.d. 8.1 n.d. 555.5
. \

L]

n.d. not determined

(Y

represents the number of data points

Y~

%9
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concentrations. The number of determinations were Ot numerous
enough to.per:xit statistical analysis of the data and were for that
reagon ocmitred from the table. With intact cells-, ascorbate/ TMPD
wag-,pxidized very rapidly and at almost a constant rate irTrespective
of the oxygen concentration tested, indicating the possible presence
of an extremely high affinity oxidase(s) with a K below the limit
of detection of the polarographic technique utilized (K, 0.1 u¥,
Degn and Wohlrab, 1971).°

Although ascorbate/TMPD is a non-phyéiological substrate, its
oxidarion mediated by the cell-free extracts, the membrane and the
periplasmic fraction is enzymatic in nature as demomstrated by its
inhibicion by the respiratory inhibitor, KCN, ‘and by denaturation of
the proteins at boiling temperature (Figures 11 and 12). (Note the

oxygen- consumption expressed in wits/zin and not in units/min/mg pro- |

tein to permit the inclusion of the data relorded with ascorbate/

TMPD alome.) The substrate was added to the. respective fraction in «

the buffered salt solution and initial rates of oxygen consumption
were d%emined polarographically (Figures 11 and 12, curve 1l). When
10 oM KOV was allowed to incubate for a few minutes with the fractions

' before the substrate was adnitted into the reaction chamber, oxida-

tion was prevented to the extent of the autooxidation value observable
when ascorbate/TMPD was mixed without further addition of respiratory
proteins (Figures 11 and 12, curves 2,3). As expected, the fractions
boiled for 5 minutes (curves 4,5) could not 'enzymatically oxidize the
non-physiological. sdlstrate in the presence or absence of ‘10 =M KCN.

Final Electron Acceptor

Growth in living cells requires a continuous supply of energy
obtained fro@ a series of well controlled oxidation reactions. The
final electron acceptor in this series of redox reactions determines
the kind of respiratory chain a:isti%g in a giveﬁ organism, ° Bacteria.
able to grow under anaerobic conditions make use-of organic and/or

inorganic final electron acceptors. Strict aerobes are confinéd to

—As

N



Figure 11.

Effect of KON and boiling on the oxidation of

ascorbate/TMPD by the particulate fractiom of
Alteromonas haloplankiis.

-~

Cell-free extracts were prepared from statiomary
phase cells of A. haloplanktis grown in complex
medium and fractionarted into particulate and
soluble fractions. The particulate fraction
(0.63 mg protein) was tested for the presence

of ascorbate/TMPD oxidase activity using an 02
electrode cell at various initial oxygen concentra-
tions, The enzyme activity was estimated in the
absence and presence of 10 mM KON (curves 1,2);
autooxidarion of the dye TMFD was also measured
An the presence of the substrate ascorbate

(curve 3). The activity of the particulate frac-
tion after boiling, in the presence or absence

of 10 mM RCN is shown in curves &4 and 5. The

" respiratory rates are expressed in n atoms 0/min

to permit inclusion of the data on ascorbate/TMPD
alone. The initial oxygen concentrationsin the
reaction chamber are expressed both in terms of
uM and I air sacuration. The substrate concen-
tration tested was (10 + 0.5 mM),

.
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Figure 12,

(J

Effect and boiling on the oxidation of
ascorbate/1 by the soluble fraction of Allero-
monas halo (8.

Cell-free extrdct was prepared from stationary

phase cells of A. haloplankiis grown in complex
wmedium and fractionated into particulate and

soluble fractions. The soluble fraction (1.2

mg protein) was tested for the presence of ascorbate/

. TMPD oxidase activity using an 02 electrode cell at

various initial.oxygen concentrations. The enzyme
activity was estimated in the absence and presence
of 10 mM KN {(curves 1,2); autooxidation of the
dye T™MPD was also measured in the presence of the
substrate ascorbate (curve 3). The activity of
the soluble fraction after boiling, in the pre-
sence or absence of 10 oM KCN, is shown in curves
4 and S. The respiratory rates are expressed in
n atoms O/min to permit inclusion of the data

on ascorbate/TPD alone. The initial oxygen con-s
centrations in the reaction chamber are expressed
both in terms of uM and % air saturation. The
substrate concentration used was (10 + 0.5 M) >
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molecular oxygen as terminal electrom acceptor (Knowies, 198Qa).

-

To ascerrtain “thar Afferomoncs haloplankiis is a strict user

of molecular oxygen, the bacterium was grown with various’ electron

acceptors on soiid and liquid media and incubated under various
gaseous atmospheres. The results of the experiments carried with
solid media are reported in Table IX. The marine bacterium grew

well in air on the complex and on the chemically defined media amended
or not with sulfate or nitrate. Similarly, the micro-organism did
grow in an atmosphere enriched with C0; (-43). However, anaerobic
growth under an atmosphere of HZ + CC)2 was not recorded in any of

the media tested, even after 10 days of incubatiom at optimal tempera-
ture. Upom exposure of these same plates to air, grou;h could be
recorded within 48 hours of incubation at 25°C. The corresponding
liquid media were shaken at 200 rpm in air and under an atmosphere of
Nz or He. Yo growth was detected in any of the media incubated under
Nz or He in the presence or absence of SO"& or .\'03 after prolonged in-

cubation (results oot shownt).

The marine bacterium was also screened for femmentative meta-
bolism in the presence of lactose, dextrose (d-glucose), and saccharose

(sucrose). Escherichia coli was chosen as the control-organism in

- these experiments. Both micro-organisms were tested for sugar utili-

zation aerobically and anaerobically at their oprimal temperatures.
The sugars were dissolved in mteﬁ_or in complete salt soluticm.
Resulte.of the oxidation-fermentation (OF) tests are presented in Table
X. Clea;fyl. ALtenomonas hafoplankiis metabolized some of the sugars
made up in physiological salt solutiom and under aerobic conditioms.
On the other hand, Escherichia cofi utilized. the sugars tested both
aerobically and anaerobically, whether the sugars were Vd‘issolved in
water or in complete salt soluticm. Prbduction of g'as.'.ghs observed
under anaerobic growth conditiomswirh E. coli. Absence bf growth was

recorded in all the non-inoculated control tubes at both temperatures.

-
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TABLE IX. Growth of Atteromonas hatoplankiis under various gaseous atmospheres in
the presence or abs¢nce of alternate electron acceptors,
Cas Atmosphere :
- Hydrogen (95%) plus
*
. Alternate Alr (100%) 4 Carbon dioxide (-4X) carbon dfoxidd (5%)*
Growth electron
media acceptor Growtht
rione R anad ++ -
Complex medium
& S0, +HH +Ht -
o - '
HO +HH+ -
R I :
HES
Chemically . _
defined ndns f++ H
med lum SOZ\ T o y +H -
) g"\ﬂ T// *
0 + +H -

3 .

1ll}}urlant growth +H+; very godd growth +++; good growth ++; visible growth +;

absence of growth - .

* v
BBL Gas Generators were used for production of H2+Cq2

¢

“w

u‘t Yy 4

u
and COz-enrlched'atmoaphcre..



TABLE X, Oxidatlon-Fermentation (OF)

test tn A&tMunonaA‘fla(b-
planktis and Eschenichia cold.

¢

. - _‘_ . -
Growth* ln phyulologlcnfkhnlt +  Growth [In aqueous Bolu{ion .
Incubation Incubation solution of . of ' '
Organism temperagure condition lLactose  d-Glucose.  Sucrose Lactose d-G lucode Sucrose
0 :
Aetrobic +++ + - - - -
At tenomonas 25°C . J L
hatoplank t.is Ak :
: _Anaeroblc - - - - - -
* .
Aeroblc +H +tt +H it ++-+ +HHt
tacherichia 37°¢C, - - _ ~
cold ' k :
Anseroblic , HHH’ +H+ Hi+ tHtt it +HH
N\ '

1leﬁwlunt growth t+t+; very good growth +Hbj good growth +t) vialhle growth +j

absence of growth -,

o
Amblent air

*k .
Under a Eilm of sterile paraffin oil.

J

~!
(&)



4, CONCLUSION ; :
.J

Well characterized bacterial electron transport chains of
aerobes as well as fac:ltative anaerobes exhibit more than one
-affinity system toward the £inal electrom acceptor oxrygen
and harbor more than one cytochrome ‘oxidase: one terminal oxidase
operaﬁing under high concentration of the final electroam acceptor,
the other(s) operating-under low or limiting comcentration of the
£inal electron acceptor. Combinations ¢f up to four terminal oxidases

have been observed in bacteria (Mever and Jones, 1973¢; wurtshuk,
1975; Sones, 1977; Degn et af., 1978; Poole, 1983a,b).

Kinetic analysis of the oxidase activities with NADH and

ascorbate/TMPD as substrates in whole cells, cell-free extracts,
membrane and periplasmic.fractibns of A. naloplankiis revealed that
the respiratory system of this aariné.bacter-um obeved Michaelis- '
Menten satGration kinetics. As in most enzyaatic reactioms, the
rate of oxvgen utilization was independent of the Oz.concenﬁra:ion_
when the 02 conceatration was high, but became dependent as the dis-
solved oxvgen concentration reached some critical value, this value
being dependent on the rate of elecrron tfaﬁsfe: to the oxidases as
well as the rate of reoxidation of these oxidases by 02 {Degn and
Wohlrab, 1971).‘ At low oxygen concentration, the initial reaction
velocity was nearly proportional to the oxygen concentration and the

Teaction was thus approximately first order.

The experimental data presented are consistent with the hypo-—-
‘thesis that indeed more than one terxminal oxidase is operating in
the aerobic oxidation of phvsioclogical and non-physiclegical elec-
tron donors, based on :he-Einding that more than one affinity system
is expressed toward the final electron acceptor, molecular 0,. COme
conclusion th;t can be drawn from sucﬁ an observation is thaz the
respiratory chaia of Afferomonas haloplankiis would be branched at
least at the oxygen end of the chain, '
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] Several reasons could be invoked to explain the presence of
high and low affinity systems in bacteria. among them are listed
survival, detoxification, protection égains: accumulated by- and ead-
products of the metabolisn under excess or limited concentration of
the £inal electrom accepror. fhe intrinsic nature of the branched
bacterial respiratory pathways remains to be clarified. Rice and
Hempfling (1978) attributed the existence of different rerminal oxi-
dase activities to different cvtochromes based on kinetic data in
which the Ka values vary in the order-of 1 to iO. Henry and Vignais
(1979) assessed their experimental data very similarly, with even less
of a difference of magnirtude between the Ku values recorded., The
sratistical analysis df the experimental data, below and above 10 M
02 (Figures 8 and 9) revealed the presence of biphasic kinetic systems
for whole cells, cell-free extracts and membrane fractions oxidizing
NADH., On the other hand, the data accumulated for the membrane and
the periplasmic fractions showed monophasic kinetics with respect to
the final electron acceptor when oxidizing ascorbate/TMFD above 10
uM 02. Partition of the cell-free extracts which contain both high
and low affinicy sys:éns into membrane and periplasmic fractions Te-
sulted in partition of the two oxidase systems. The membrane‘frac-
tion appeared to possess the low affiniry system toward oxvgen with
ag_apparent Kﬂ of 8.1 uM, while the periplasmic fraction would con=-
tain the high affintty system expressed by a Km value of 0.85 uM .
and be able to oxidize ascorbate/TMPD but not NADH as shown polarogra-
phically.

Different affinity constants were measured in the marine bac-
terium under different concentrations of 0,. Ome could imagine that
branching of the electron transport system would provide the cell
with a greater flexibility in changing growth.environmen:s vhere
different respiratory needs ought o be met., It is worth mentionin
that the concentration of dissolved oxvgen as well as the concentra-
tion of reduced oxidase(s) present in the fraction influeace the
respiratory rate. In other words, i1f the ratio of reduced oxidase(s) ~

to other respiratory proteins changesdue to a change in growth, the



respiratory rate is ’empectedb to change. In a given envirommental
situation, under low oxygea teasiom, the aerobic marine organiss
would have to compeansate for the lack of O2 by eizher increasing
the concentration of the high affiniry cxidase(s)-, or by‘ inducing
synthesis of new respiratory proteins functioning at low oxvgen
concentration, or by branching its existing electron transport
s:-s::am in order to maximize the rate of CJ2 consumption at oxygen
concentration just slightly above the concentration producing
half =maximal respiratory rate.

From a survey of possible alternate electron acceptors in
A. haloplenkiis, it was concluded that only molecular oxygen was
effective in s:;ppor:ing active growth of the marine micro-organise
and was used as sole final electron acceptor. A recent publica=-
cion. on the taxonomy of Alferomonas confirms these findings. Among
the 45 strains tested, Alfewomonas naloplankiis strain 214 included,
aone was able to denitrify or to utilize 1-.12 as energy source and
CI)Z as carbonm source. The strains were all capable of respiratory
but not fermentative metabolisz and all used axvygen as the univer-

sal electron acceptor (Baumann et al., 1984).

-
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CEAPTER IV

DISSOLVED OXYGEN CONCENTRATION AND CYTOCHR(ME PATTERNS

1. INTRODUCTION

No micro—oyganism is indifferent to the’ presence of oxygen,
whether it {s an aerobe which actively exploits oxvgen to generate
the energy reguired for growth or an anaerobe to which oxygen is
highly toxic. Pasteur (1861) recognized the importance of oxygen
in the metabolism of =microbes but real progress toward the eluci-
dation of the response of micro-organisms to dissolved exvgen was
anot achieved for a centurv or more (Harrison, 1969,1978b). Research
in this field was retarded by the lack of suitable techniques for
the oeasurexment of oxvgen in solution EJohnscn, 1959; Pica, 1976)
and for controlling the environment of micro-organisas suificlently
eaough to reveal those effects due to oxygen (Earrisem and Pire,

1967; Rice and Hempfling, 1978).

How do bacteria respond to a change in dissolved axygen con-
ceatration? Mainly by varying their cvtochrome content amd their
potential‘respiracory rates as the dissolved oxvgen concéntration
changes in the growth enviromment, Such a response has been ob-
served in aerobes such as Azofobacter vinelandil (Ackrell and Jones,
197la,b; Vignails ¢t af., 1981) as well as in facultative anaerobes
such as écneckaa ratiieyens (Linton &x af., 1975). Induced syn-
thesis of cvtochromes al and a2‘ aest particularly uéder limited
aeration and unfavourable growth conditions, had been reported in
several bacterial species: Paracrccud donaliizicans (Heary and
Vignais, 1979), Achtiomcbacier (Arima and Oka, 1965), Eachiendiania
coll {Moss, 1952,1956; Rice and Hempfling, 1978),K{zbsiella zercgencs
(Harrison and Pirt, 1967), Haencpnilus paraingluenzae (White, 1963a)..

Pseudomonas muiida (Sweet and Peterson, 1978), Acinelobacier sp.

76
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(Easley and Timmer:zy, 1980), thermophilic bacterium 253 (Scme &
af., 1983), Azctobacter vinelandid (Yang, 1984), and aerobic zmarine
oseudomonads (Stanier el 2f, 1966; Sands 2% al., 1967).

How does oxvgen affect cviochrome sy;_';h.ei‘:s? Pulse-labeling
experizents have revealed thar the assemblv of functional cytochrome
oxicdase subunizs in veast is dependent on oxygen (Woodrow and Schatz,
1679)., The molecular mechanism of this axvgen effect is at present
uniqown. One possibility could be that oxygen induces formationm of
heme &, another possibility could be that 02 maintains heme Q or
copper, or both in an oxidation-reduction state which peraits assexbly
of cvtochrome ¢ oxidase., In bacteria, the formation of hexze srosthe-
tic group is closely integrated with the synthesis of the protein
moiety and oxvgen might play a role in acting directly on heme sva-

thesi{s by regulating the zmount of succinyl-CoA avallabie for the

b

irst eazvme of the tetrapyrrcle biesynthetic pathway d-aminolevu-
- linate (ALA) synthetase (Lascelles,1961; Clark-Walker 2% af., 1967;
Tramck,l1979; Raowles, 1980b).

In an attempt to understand betcter the effect of cxygam'cn
the metabolism of a strict aerobe, and in view of the fact that
qualitative and quantitative variations have been observed in the
cvtochrome complement of All{eromeonas neloploniziis, experiments were
undertaken in which dissolved oxygen comcentration was aonitored in
the growth medium while cytochrome and protein concentrations were

measured in the growing cells.

By looking at the cytochrome patterns throughout the growth
¢vele of the organism, we attempted o answer guestions such as:
1) What is the effect of dissolved oxygen concentration on
the growth of the aerobic marine bacterium?
2) What is the effect of dissolved oxygen concentration on the
synthesis of membrane-bound and periplasaic cvtochromes? -
3) What are the actual and potential respiratory rates of the

L



bacterium growimgs in a given nutrient zedium?
4} How does the zarine micro-organism adapt to changing

environments?

oxygen
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2. MATERIALS AND METEODS

Organism and Cultural Conditioms

i The organisn used in the study was the marine pseudamonad
Alteromorcs rafoplankiis strain 214 (ATCC 19855) variant 3 (Gow
2t ole, 1973). The aerobic gram negative bacterium was grown
according to the schemes outliped in Figure 13 at 25°C on a gvro-
torv shaker (approx. 200 strokes/min). The pH was+s¥ecorded in
each sample using a Radicmeter pH meter (Copenhagen, Demnmark).
The cell growth was moaitored in a Gilford 300 spectrophoto-
merer by measuring absorbancy at 660 nm due to light scattering.
The inoculum size was maintained at 2% (v/v) throughout the in-
oculation procedure. The incubation periods were of 24 hours

for all the starter cultures, The ratio of volume of growth

" medium to growth flask capacitv was maintained at L:5 for all the

starter cultures. The cultures were harvested following 1% hours
of growth in the complex medium and 24 hours of growth in the

chemically defined medium respectively. In a separate set of ex-
periments, samples were withdrawn at various time intervals dur-

ing the growth cycle.

In order to rest the effect of dissclved oxygen concen-
tration on the growth of A. nafloplankiis, the cells were cul-
sured in a final broth volume of 300 ml contained in erlemmevers of
500 ml1 and 2000 ml - capacity (Figure 13, series A and B). De-
tailed composition of the growth zedia as well as the fractiona-

tion procedure are outlined in Figure li.

b

Sampling Procedure

At various time intervals during growth, suitable samples
were aseptically withdrawn from the growing cultures. The cul-
ture samples were harvested by centrifugation (16,000 xg for 10 ain,
Sorvall RC2-B, rotor GSA) and washed twice in physiologl-
cal salt solution. Purity of the samples'was ascertained by

streaking a loopful of the cultures into complex agar media.

\



Figure 13.

-

Inoculation procedure for intact cells of Altao-
monas ralonloniiis under different conditidms of
oxvgen supply in batch culture. -

Norzal and altered aeratiom and growth pattern of
AZtzwomenas nalopldaniiis.  The starter cultures were
grown for 24 hr at 25°C om a grratory shaker (200
rpm) and samples of the cultpres were aseptically

" harvested at time intervals ig the growth, as-

show on the diagrams. In a
(A, B), compressed air or ‘
the growing cultures throu
device as specified in llat
another series of experiment oxygen was 2oni-
tored continuousliv ian the 3ro culzures with a
YSI oxvgen electrode. The growth 2edia used were:
complex medium (M), succinate chemically ‘def ined
medium ((DM) and 507 O complex medium (50% OM).
The composition of the growth media is outlined in
Figure l4. The growth flasks utilized were: * 50-ml
capacity erlenmever ¢£lasks comtaining 10 =1 sterile
zedium, ** 500-mwl capacity erlemmeyer <flasks con-—
taining 300 ml sterile medium, *** 2000-ml capa-
city erlenmeyer flasks containing 300 =l or 1000 =l
sterile medium. The growth temperature was 25°C 1in

all'the cases. The starter cultures were =aintained
on complex medium throughout.

2es 0f experiments
were sparged into
terile Millipore

d Methods. In

Svabols:

: YSI oxvien electrode

N
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'Hhen occasionally contamination was detected after exan_aa:icn

0f the plates following 48 hours incubatiom at 25°C, the results

were discarded.

Determinarion of Oxidase Aczivitvy and Cytochrome and Protein Contents

whole cells were rested f:ar endogenous and exogenous Ye-
;aira:o*v activity. Cellular extracts as well as 2embyane and
per iplasaic fractions were prepared according to a standardized
srocedure (Figure 14) and tested for cytochrame Comtent and protein conteat

and zespiratory activity with ascorbate/TMPD as electrom donor.

‘?he respiratory activity was Deasured polareographically at
" 25°C 'in the reaction chamber of a precalibrated Clark-type oxygen
edectrode (Rank Brothers, Bottisham, Cambridge, England).

The endogenous respiration was measured {n 848U, 4L.2. directly om
the samples withdrawm from the culture zmedium. The exogenous Te-—
spiration was also '.neas'.tred ;;sing 100:1 of'cmplﬂ growth medium

as oxidizable substrate(s).

The concentration of cvtochromes was estimated by zmeans
of room temperature difference spectra using published values for
extinction coefficients, (Jones and Redfearn, 1966) and expressed
asa mol.es cytochrome/mg protein. Diff.erencespect:a were obtained
by adding a few grains of sodium dithionite(Na $.0.) to reduce the con- *

27274

tents of the sample cuvette (A1; and a few grains of potassium ferricyanice
[;\ Fe (X) ] vo oxidize the contents of the reference -cuvette
(sz. The spectra were "ecorded using cuvettes of 10 == light path at

-~

a chart speed of 60 mm/min and a scanning speed of 60 mm/min using -
an Hitachi Perkin-Elzer spect::'ophotcmeter (Model 356) coupled to a
Perkin-Elmer chart recorder (Model 056). The protein content of

every sa:fble was determined in duplicate using the Biuret me thod

" (Gormall ef &l., 1949). Lysozyme (Sigma Che:n. Co.) was used as the

protein standard.

Dissolved Oxvger,/‘{easuremen T

Oxvgen concentration in growing culzures was measured using

h



. - -

-
an oxvgen electrode (Yellow Springs Imst. Co., Model 5331) covered
with a Teflon membrane fastened with an J ring. The assembdled

probe was chemically sterilized with the aid of a diluted solution

of Zephiran chloride (Carr et af., 1971) or soaked in acidic ethanol,
oH 2.0 (Sempfling and Mainzer, 1975) for a period of 8 hours prior

to use.' Ia either case, the probe was éhorcughly rinsed with sterile

salz solution before being admitted into the growth broth. Sterility

.

of the probe was ascertained by incubating the probe in the growth
asedium for 16 hours. The electrode was then allowed to equilibrate
for ome hour in the air-saturated growth medium at 25°C. The cali-
bration was set to full scale at 100 following the equilidbration
period so that all changes in dissolved 0, could be read directly iIn
percent. The response of the electrode u;s checked periodically in

istilled water flushed with compressed air and Oz-free nitrogen gas
at 25°C. The electrode was connected to a biological oxygen aoniter
(Yellow Springs Inst. Co., Model 53, Chio, U.S.A.) coupled to 2 G-100
oV full scale chart recorder (Linear Iast. Corp., Irving, CA, U.S.A.)
set at very low speed to monitor continuously the level of dis;olved
oxvgen present in the growing culture.

In certain experiments, compressed air and anitrogen gas

were sparged through a sterile air-stone added to the culzure flasks
which were constantly shaken:to ensure equal distribution of éases.

The gases were maintained free of contaminants by deans of a Milli-

re set-up, using sterile filters of 0.45 um pore size contained
] 1% :

in a sterile Millipore filtering device (Swinnex-25, Millipore Cor-
poration, Bedford, Mass., U.S.A.). All the apparatuys was placed
in-a Puffer-Eubbard temperature control unit (Grand Eaven, Michigan)

operating at 25°C = 0,2°C.



3. RESULTS AND DISCUSSION

In the following series of experiments, an elifort was zade to
determine if oxvgen was a dominmant f{actor iIn controlling the cyto-
chrome synthesis of AZfescmonas naloplaniiis. Batch culture experi-

meats were set up in which rtwo growth eavironzents were utilized: a

86

complex and a chemically defined environment represented by the Tespec—

sive growth media. The dissolved oxygen concentir tion was monitored
. continuously as growth prbceeded. By varyiag the size of zhe growth
£flask and by continuocus sparging of the growing cultures, different
condizions of oxygen supply were established in the batch cultures.
Insights into the growth physiology and the cytochrome patteras of
che aerobic marine bacterium were gained during the course of these

experiments.

Growth Phvsiclogv and Dissolved OxvgenﬂConcent:a:ion

-

The growfh paﬁtern of the marine bacterium Alleromonas nafoo-
Zanktis follows the same course as the growth pattera of other dac-
terial species in batch culture. Figure 154 shows the growth Te-
sponses of the marine bagterium in the complex medium. At the onset
of growth and during the log phase, there is little consumption of
oxygen. The rate of 02 depletion accelerates in early stationary
shase. In this Oz—restriCCEd ohase of growth, the culture consumes
all the oxvgen that can be dissolved iz the growth medium and pro-
ceeds~:o the stationary phase. Presumably, the cells are growing
slowlv as the population density can be seen zo increase after about
2 hours during which time the O2 concentration remains low; the
oxygen concentration suddealy rises to the starcing zare. Since the
same large mumber of cells are present, it seems likely that the oxi-

{zable substrates in the medium have been used up, che respiratory
activity is reduced to the endogenous rate and ammospheric oxygen
diffuses back into the growth medium, 3By diluting the ccmplgx growth
meditm to ome-third of initial strength (Figure 15B), it was cbserved
that uptake of O2 began ap the onset of growth and was alzest linear

during the logarizimis phase. The la nase was of the same duration
g g ? P

——



Dissolved oxvgen and optical density curves of A.
neloplankiis growing under nor=mal aeration condi-
tions in (A) £full strength complex medium, (3)
302 complex zeditmm and (C) full strength camplex

- medium plus 110 =M succinate during the statiomary

phase.

Normal aeration and growth conditrions refer to
growth volumes of 300 =l contained in 2L erlen-
zevers. The growth f£lasks were inoculated with
M-~-stationarvy phase cells and samples were with-
drawn ar time intervals. The cell density was
monitcred at 660 om using cuvettes of 1 cm light path.
Readings above 0D = 0.5 were obtained by diluting
the culture in comvlete salc (.3M Na€l, .05
MgCloy, .0IM KCl) solution to below this value and
correcting for the dilutien factor. The dissolved
dxvgen concentration was monitored in the growing
cultures using a YSI oxvgen electrode. The closed
svabols indicate the dissolved oxvgen content of
the growth medium (curve 1) the open symbols the
cell density (curve 2).

-
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iz both zmedia, although the doubling tize was twice the doubling
tize of the cells in the full strength medium. Also, since the
concentration of vreadilv available substrates was cut to cne-thizd,
the period of 02-:es::icticn,during which it was thought that re-
maining substrates were being fully oxidized, was also cut to appre-
ximazely a third. 1In the diluted growth medium, autrienz-lizitation
was expressed before oxygen-limitation since the growth curve in
stationary phase levelled 0ff before the dissolved cxygen curve

reached its lowest point (Figure 153).

The assumption that at the onset of the stationary phase, the
cells had oxidized through respiration, the bulk of the available
substrates proved to be true when the following experiment was con-
ducted (Figure 15C). Using the standard inoculation procedure,
Alteromonas neloplenkilis was allowed to grow for 8 hours; one hout
later, sterile succinate (to 110 aM) was aseptically added to the
culture, and the growth and dissolved oxvgen were continually z=oni-
rored. An intermediacte of the tricarboxylic acid c¢vele such as
succinic acid is considered to be a readily available substrate foT
the aerobic marine bacterium which was shown to possess all the func-
ticnal enzvmes of the TCA and the glvoxviate cycle, provided adequate
salt concentrations were present in the assay medium (Macleod and
Hori, 1960). The addition of fresh oxidizable substrate triggered
another cvcle of cellular respiraticn which led to a second phase of
OZ-depletion. Again shortly after cessation of substrate oxidatiom,
the dissolved oxvygen trace equilibrated back to levels of oxygen

present in ambient air (Figure 15QC).

The behavior of AlLlteromoncs hafloplanhils with respect to
ambient dissolved oxvgen 1s somewhat similar when the cells are grown
in a chemically defined medium, using succinate as sole carbon source.
Tigure 16A represents the growth of the zarime bacterium in a chemi-
cally defined medium. To ensure that the carbon source would not be-

come the growth limizing factor during the 4§ h experiment, the



-~

Dissolved cxygea and optical density curves of A
helonlankitis growing under normal aeration condi-
tions in (A) succinate chezically defined medium,
(B) same as (A) pus 110 =M succinate during the

stationary phase.

Normal aeration and growth conditioms refer to

growth volumes of 300 21 contained in 2L erlen=- =~°

meyvers. The growth £lasks were inoculated with
succinate—-COM stationary phase cells and samples
were withdrawn at time intervals. The cell density
wvas monitored at 660 nm using cuvettes of 1 ¢m light
Readings above 0D = 0.5 were obtained by diluting
the culture in complete sait (.3M NaCl, .05M MgCla,
.0IM KC1) solution to below this value and correct-
ing for the dilurion factor. The dissolved oxygen
concentration was monitored in the growing cultures
using a YSI oxygen electrode. The closed svmbols
indicate the dissolved oxvgen comtent of the growth
medium (curve 1), the open svmbols, the cell den-
sity (curve 2).

The growth media used were: In (A), the succinate
chemically defined medium with 220 aM succinate

as carbon source; in (B), the succinate chetically
defined medium with 110 =M succinate as carbon
source plus an additional 110 mM sterile succinate
added after 34 hr of growth as pointed by the arrow.
Refer to the text for discussionm.

path.
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concentration of sdbs::ate was doubled. During the approximate 10 1
lag period (Figure 16A) little oxygen ¥as constmed. Upon entry into
che logarithmic phase of growth, the Bulk of the dissolved oxygen was
depleted from the growth zedium. Siace quite 2 substantial concen-
cration of substitate was available, the Oz-deple:ed shase was extended.
This was followed by an upward tzend of the dissolved oxygen curve as
iss upper limit reached the dissolved O2 level obrained in an ambient

air-saturated necium.

In Figure 16B, the initial succinate concentration (110 =)
was doubled at the stationary phase of growth in chemically defined
aedium but did not lead o a second respiration cvcle as observed in
stationary phase cells grown in the complex nedium (Figure 15C), pre-
sumably because the supply of the inirial oxidisable substrate had not

become depleted, or for other reasons.

Another difference between the behavior of cells grown ia-chemi-
cally defined as cpposed to cells grown in complex medium i{s the lesserT
degree of dissolved O,-depletien that occurs in chemically defined
medium, For inscance: levels of dissolved oxvgen similar to those ob-
rained in a chemically defined medium were maintained during the growth
of cells supported by only 305 of the complex Zedium (Figure 158),
whereas low values close or equal to 1% air-saturation were achieved
{n the complex growth medium (Figure 15A4). Definitely, the complex
medium grown cells must alter their growth enviromment {aster than
their counterparts in chemically defined medium or possess a mechanisn

to support themselves in a more 0, -reduced environment.

Several factors influence the rate of oxvgen transfer in sub-
merged cultures (Paci, 1976). The rate of oxvgen transfer is a -
function of the concentration gradient between the concentration
of oxvgen in the air and the actual concentration of dissolved
oxvgen in the growth broth. By increasing the volume of growth
broth while keeping the volume of growth flask constant and/or sparg-

ing a continuous stream of sterile compressed air through the growing
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culrures, we could aanipulate the agerati factor in bdateh.cultures.

In Figure 17, the experiments were set as ocutlined in Figure I3,
scheme-C. The complex broth culture (Figure 17A) was allowed o grow
£or 24 hours and the dissolved oxygen was aonitored througheut that
seriod of time. Within three hours of growth, the dissolved oxygen
concentration was brought down to levels equivalent to 3-4X air-satura-
tion and did not equilib;a:e again with the O2 conceatration present
in ambient air. In the chemically defined broth (Figure 173), the
growing culture was not able o bring the dissolved cxygen to air-
saturation values lower than 25X, despite the fact that the rati
of broth volume zo flask volume had been reduced fram 1:5 to 1:2 to
ohysically facilitate such a reaction; nevertheless, the dissolved
oxygen curve ook an upward trend following 13 hours of growth, Simi-
lar experiments were conducted in nutTrient broths céuposed of only
50T of the nutrients normally found in the complex medium (Figure 170).
A set of cultures were constantly flushed with a 21ld stream of
sterile compressed air (upper dissolved oxvgen curve), the other set
lef ¢ non-sparged on the rotary shaker (Figure 17C, lower trace). In
air-sparged cultures, the dissolved oxygen trace peaked down to appro-
ximatelv 40% air-saturation after 7 hours of growth and went up again
to air-saturation levels close to 90%, whereas in non-sparged cultures,
the dissolved oxvgen trace maintained irsel’ at approximately 1% air-

saturation throughout.

Quadruplicate experiments of each tvpe of cultures presented
in Figure 17 allowed us ¢ draw the following comclusions: (L&) in
any given growth envirconment, the concentration of dissolved oxvygen
can be manipulgced: (4LL) lowe§ Lgvels of dissolved oxvgen were ob-
tained in complex (100%) and semi-complex (50%) growth broths than
in chan;caily defined broth, even when the experimental conditioms
were favouringlow levels of dissdfg;d Sxygen; ({iL) comparable
levels of dissolved oxygen (approx. 35%) were achieved by alr-sparged
semi-complex cultures (?iégre i?C, uppér trace) and by non-sparged

chemically defined cultures (Figure 17B); («v) the £inal biomass

+f



Tigure 17.

Dissolved oxvgen curves of A, .afondankiis growiag
under altered aevation conditioms in (A) £ull streagch
camplex medium, (B) full strength succinate chemically
defined zediim and (€) 1n 50X complex zedium.

-

Altered aerazion and growth conditions refer to growth
volumes of 1000 ml contained in 2L erlemmevers (as
in (4) or (B)) or300 al contained in 300 2l erlemmevers
(as in (C)).

The growth flasks were inoculated with M-stationary
phase cells (in (A) and (C)) or with succinate-CDM
stationary phase cells (in (3)), according to the
growth medium chosen. The dissolved oxygen concentra-
tion was monitored in the growing cultures using a

YSI oxvgen electrode. The growth mediaz used were: in
(A), the full strength complex medium; in (B), the full
strength succinate chemically defined medium; in (C),
50X strength of the complex medium. :
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vield was affected by the rate of oxygen transfer in the given cal-
cures; (v} other biochemical changes were directly related to the
addition of air, for instance, the cytochrome coatent of the cultures.

Cvrochrome Pattera and Dissolved Oxvgen Concentration

In an attempt to answer the question as to what could maintain
the cultures in a phvsiologically competent state of growth a£ low or
high oxygen comcentration, we imvestigated the cytochrome conteat of cells
grown in complex and chemically defined med{a. Our iaterest in the
hvpocthesis that reduced oxygen concentration in the growth medium could
trigger or induce the synthesis of the periplasmic and neébrane-bound
cytochromes was maintained. It is well kmowa that bacteria are capable
of altering the composition of their respirarory systems in Tresponse
to changesin rhe availability of dissolved oxvgen (Jurtshuk et af.,
1975). For dnstance, induction of a-type cytochromes during the statio-
nary phase of growth has been reported in a nuéber o{qbacteria, both

aerobes and facultative anaercbes.

-

S

The normal complement of cytochromes synthesized during the

growth cycle of A, halopfankiis in complex and chemically defined media
are presented in Figure 18 and Figure 19 respectively. The normal
growth pattern refers to a standard inoculum of stationary phase cells
into 300 ml of fresh broth contained in a 2L-erlenmever flask (Figure
13, schemes A and B}, The concentration of metbrane-bound fcssz and
6559) and periplasmic cytochrome (25&9) were neasured in the respec-
tive fractions at room temperature by means of difference abscrp-

tion spectrophotometrry. When the cytochrome profiles were taken into
consideration with the growth and dissolved oxygen curves characteristic of
each growth envircnment (see Figures 154 and 16A), the following
picture emerged: in the complex medium (Figure 18), the three species
of cvtochromes started to be synthesized during the lag phase of

growth with a marked increase in concentration during the logaritmic

phase. High levels of membrane-bound cssﬁ and membrane -bound 6559 were



Figure l&.

vtochrome pattera of A. naloplankils grown in Tull
strength complex medium, under normal aeration con-
ditioms. )

Normal aeration and growth conditioms refer to growth
voliumes of 300 ml contained im 2L erlemmeyers. Com~
plex medium-grown cells were harvested at various
points throughout the growth curve, washed, frac-
tionated and assayed for the nresence of cytochromes.
The concentration of the periplasmic (c549) and the
membrane-bound (552, Pgs59) cytochrames was estimared
by means of room temperature difference absorption
spectrophotometry using solid crystals ef dithionice
as reductanc and solid crystals of ferricyanide as
oxidant, and expressed as n moles cytochrome/mg pro-
tein. The protein concentraticn was determined by the
Biuret method.
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Figure 19.

(AL

-

Cytochrome pattera of A. .’mﬁcm grown ia full
strength succinate chemically defined medium, under
normal aeration conditioms.

Normal aeration and growth conditions refer to growth
voliumes of 300 =1 contained in 2L erlemmevers.
Succinate-CDM grown cells were harvested at various
points throughout the growth curvd, washed, frac-
tionated and assaved for the presence of cytochromes.
The concentration of the periplasmic (Cg.ug)and the
membrane—bound(cgsa, 0559) cytochromes was estimaced
by roam temperature difference absorption spectIo-
photometry using solid crystals of dithionite as re-
ductant and solid crystals of ferricyanide as ‘oxidant,
and expressed an n moles cytochrome/ag protein. The
protein concentration was determined by 1he—3}uret

ze thod.” . )
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svathesized soon afrer the lag phase, the periplasmic CSEQ reached
comparable levels only in the late stationary phase in the complex
dedium. The svathesis of membrane-bound cytochromes reached a peak

ar the onse:t of the E:aticna:y phase of growth, the membrame-bound

CSSZ always exceeding the swvnathesis of the zmembrane-bound 5559. Cn

the other hand, the concentration of the periplasmic c549 was aain-
tained at relatively fixed values during the logari:hnic shase of

growth uatil the cyrochrome conteat/mg protein of both zembrane-bound
species started to decline. Then in the late stationary phase., the
sicuarion was reversed with decreasing concentrations of =embrane-
bound cy:ochrdmes coupled with an inc:eai}ng poncentration of peri-
plasmic cvtochrome. In that respect, ALLewomonas aalcoplaniiis differed
from the physiological grouping of aerobic Gram negative heteroatrephs

of the order of Pseudomonadales, in which cytochrome ¢ is considered 2
ainor componen: ¢f their cvtochrome complement, with zajor eamphasis on
the omnipresence of &-Ivpe cvtochromes (aI, a£ ov aas) svathesized afzer
the logarithmic phase of growrh. Cyvtochrome ¢ is also a constant com-
ponent of the cvtochreme pattern of aerobic and facultatively an-

aerobic, Gram negative, heterotrophs (Meyer and Jones, 1973a).

The picture was different i; cells grown on succinate in
chemically defined medium, in which basically, throughout the entire.
growth cvecle, the aeabrane-bound (CSSZ’ 6559) cvtochromes predomi-
nated (Figure 19). Here the increased swthesis of cyrochromes was
aot visible before the end of the lag phase, a period of time sup-
posedly required by the bacterium to start utilizing sufficient

succinate, which is required for the biosynthesis of heme-containiag

respiratory pigments (Knowles, 1980b). One contrasting difference P

between the two growth eavironzents was shown by the behavior of

the periplasmic Cs4gq cvtochrome. In chemically defined succinate

zedium, its concentration did not increase.in the stationary phase.
Instead, the cvtochrcome content of c3a9f=g protein decreased in cells grown
on succinate, starting with the onset of the logarithmic phase of growth.®
Also worth meationing, the cytochrome patterns in both growth environments

—
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can change remarkably under conditions of little or 2o cell divisien
as happened during the staticnary phase of growth. In additios, the
absence of absorption peaks iIn the regiom of 585 mm to 650 nm at any
stage of growth indicated that no detectable guantities of a-type
cvtochromes were produced by the zmarine organism under the growth

coaditions tested.

The cytochrome patterns of A. aaloplankilis have been inves-
rigated under normal aeration and growth conditioms, L.2. 300 =l
growth volumes contained in 2L-erlemmeyers and agitated ar 200 rpo.
When the cvtochrome patterns of the marine bacterium were looked at
under altered aeration and growth conditioms, 4£.2. 300 =l growth
volumes contained in 500 ml-erlenmevers and sparged (or not) with a
aild stream of sterile air (as schemed in Figure 153, seriles A,3,C,
sottom), the following picture emerged (Table XI):

4

In the three growth media tested (succinate chemically de-
fined, complex and semi{(50%)ccmplex medium), the concentration of
the periplasmic cytochrome Cpg wWas higher in non-sparged culrtures
than in air-sparged cultures. The results also show that in the
succinate chemically defined medium, the membrane-bound cvtochrones
(CSSZ' b559) were not markedly affected by the presence of 3 continu-
ous stream of air as reflected in the total content of cytochrozes,
with a slight increase of ¢ytochroaes swthesized under spargicg.

On the contrary, the membrane-bound cytochromes 5ynthesized by the cells grown
in complex medium responded very differently to a continuous supply of

air: over 3.5 cimes the amount of cyzochromes bound to the membrane

were produced under condition of no sparging of air.

~ L 4

The results presented in Table XI also show that the ratios
of meabrane-bound to periplasmic cytochromes were definitely higher
in cells grown in chemically defined medium, irrespective of the
oxvgen supply, a feature characteristic of strict aerobes depending

on their membrane-bound enzwees to function optimally.



TABLE XI, Cytochrome patterns In stationary phase cells.of A, hatoplank tis growm

tn different media under different conditions of 0, Bupply,

Growth Cultural Cytochrome content . Cytochrome ratio Total cytochrome 7
med lum condlitions {n moles/mg protein) b content
C ) T
€549 €552 bssg Cosp Dssg Cs524559 Cysp (M moleu/mk protein)
c b
mcan1 §.0, mennf 5.D. munnf_ 5.0, 549 _ 549 549 559 .
Succinate- No alr-sparg- 0.022 L002 0,154 t 069 0,139 ¢t 062 7.0 6,3 13,3 1.1 0.315
chemical ly ing .
def ined afir-sparging 0,013 t 003 0,225 + 0217 0.178 + .06} 17.3 13,06 31,0 1.3 0,416
nedium :
Complex Mo alr-sparg- 0,684 ¢ 117 0.921 + ,076 0.622 + ,040 1.3 0,9 2,2 1.5 2.227
med fum ing '
alr-sparging 0,307 + ,282 L2713 ¢ 008 J63 v 072 0.8 0,5 1.4 1.7 0,743 »
50% Complex No alr-sparg- 0,555 ¢t 147 0,768 ¢+ 148 0,524 t+ ,159 1.4 0,9 2.3 1.5 1,847 ‘
med fum ing
aly aparging 0,176 * 113 0,357 * .038 0.269 ' 040 2,0 1.5 3.5 1.3 0,802
30X Complex *4 0.130 ¢ 009 0,381 + 059 0.251 t 046 2,9 1.9 4,8 1.9 0,762
medium

*
300 ml broth cultures grown at 25°C, agitated at 200 rpm and contalned in 500 ml erlenmeyers,

A&
100 ml broth cultures grown at 25°C, agltated at 200 rpm and contained In 2000 ml1 erlenmeyers,

+ i
Each entry is an average of at least three replicates ' the standard deviation of the mean,
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wd b-tvpe, parzicularly so in complex growth zedia

As far as the zotal amount of cviochromes synthesized Is con-
cerned, higher concentrations were recorded in complex zmedia-growm
cells, more particularly so Iz aoz-sparged culsures; the sgme aeration
condition in chemically defined medium produced =uch less cytochrowmes.
The ceils from the two tvpes of medium thus responded differemtly to a

continuous supply of 02.

In some species of pseudomonads, I-type cylochiromes are induced
unfe: survival growth conditions (Stanier £ af., 1%m; Sands o2 2., 1967),
when the concentration ¢f dissolved oxygen becomes severely limited.
Such growth conditfions were rentatively recomstructed in the chemi-

1v defined and complex zedia through which a sterile strean of

2

c

4]

{zrogen gas comtaining 2000-5000 ppm O, {35 aM) was sparged coatinu-
ously. The Tesults obtainmed showed that ({) no a-type cvtochrome could
be spectrophotometrically detected Iin anv growth medium tested; (4«&)
growth in succinate chemical;y defined medium was not possible under
such conditions: ({i{) survival in the complex zmedium was observed
nevertheless, and both periplasmic and membrane-dound cvtochromes

could be detecred in cells that survived such a harsh enviromment.

’

Dissolved Oxvgen Concentration and Respiratory Rate

In addition to following the cvtochrome pattern of the marine
ajicro-organisn throughout its growin cvele, specific rates of 0, con-
sumption were measured using endogenous and exogenous substrates Iz
an attempt to visvalize the physiological relationship between 0,

-su' iv.and 0. consumacion in growing cultures,
PPL> 2 /l"—" s [ - <

The marine pacterium was cultured in complex medium, a dedi-~

uz  allowing synthesis of the full compliexment of cytochromes. Saaples
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were withdrawn at various intervals during growil. Irn 34Zs Taztes

of respiratlon were measured directily in an O electrode cell on non-~

washed, ‘reshly harvested samples. In additiem, portiioms cf the

‘sanples cemoved were washed carefullv and added to the 0, electrode cell

vhere the respiration rates were derermined in the presence 2f ex~-

‘cess substraze (100 .1 fresh complex zediuzm). These exogenous Te-

spivation rates are referred o as pcleniial respiration Tates o

distinguish them from the Egspira:ion razes measured directly from

the growing cells which aéé\fefer:ed To as 4in $4iu or endegenous Te-

spiration rates. Results Bi\sdégféxperumen:s are documenzed in Figure 20.
I¢ one follows the growth and dissolved oxvgen comcentratlon

curves typical of a culture growing in complex nedium (Figure 15A),

one sees that che.kn 34itu respiration rates measured in these cells

(Figure 20, botrom trace) attained a maximal value at the beginnin

of the retarded or statiomarv phase of growth, a growth phase also

characterized bdv its low conteat of dissolved cx)ygen. Since the

respiratory rates were examined at ambient oxvgen tension in the O,

electrode cell, the change in in 44L& rates reflected the availabili:y

of substrates in the growth medium. As the availability of sub-

strates decreased during the stationary phase, the in sLiu respira-

tory activicy decreased.

As far as the pcieniizl rates of O, consumption were con-

cerned (Figure 20, upper trace), they increased when the staticnary phase
was well established, with a minimum value found early on, at the
onser of growth. The polential tespiratory rates increased as aore
Tespiratory <omponents were éormed and the oxidation of the readily

s svailable substrate(s) became more efficieat. As we may recall,
there was increased svnthesis of periplasmic cyiochrome (CSAQ) at
the stationary phase of growth. igh production of c¥tochromes-
amight have been necessary for dissimilatory purposes as well as for
enabling the cell tc maintain its respiraticn rate at fairly ¢
stant levels even under low O, concentration or altered growth com-

ditioms.

52



Figure 20.

Change in 4n 84Xy ané poteantial respiratory activities
with age of the culture.

At time intervals during the growth of A. naloplankids

in complex =medium, szmples were aseptically withdrawn

from the growing culture and the respiratory activities
measuyred polarographically at 25°C in an 07 electrode cell.
The in $4{u respiratorv rates were zmeasured on unwashed

cell samples, directly harvested from the growth zmedium

by centrifugation and resuspencded in a small volume of
complete salt solution (.3M NaCl, .05M MgSQ0,, -0I1M RCl) Iris/
P0, (50 + 1 aM, pH 7.4) and were not given any exogenous
substrate to oxidize. The rcianitial respiratory rates

were measured on harvested, washed cell samples, resus-
pended in a small volume of complete salt solution (.3M NaCl,
.05M MgS0,, .0IM KCl1l) Tris/PO; (50 + 1 =M, pH 7.3) and

were given 100 1l of fresh sterile complex zedium to
oxidize. Tor the determination of protein by the Biuret
method, both cell tvpes were washed and resuspended in
buffered salt solution. '
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4, CONCLUSION

Zacteria have-beex found to harbor a wide variety of cyto-
chrome components and the level of cytochromes produced by a given
organisa can fluctuate with growth conditions {Smith, 1968; Jones,
1977). The attention of a number of imvestigators has been Zocussed
on these variaticns brought aboup by changes in coxygen concengtraticn

(see reviews Harrison 1976a,b; Jurtshuk e& af., 1975; Poole, 1983a).

éi In general, the pa:ietn that emerged Srom a good aumber of
studies dealing with obligate aerobes as well as with facultative
anaerobes showed that increased quantities of cytochromes were syn-
cthesized when the oxygen concentration drOpﬁéd in the growth medium.
Below a certain critical level of oxygen, faculrative anaerobes
switch to fermentative metaboliszm and tﬁ%-stric: aerobes trigger the
induction of &-tvpe cvtochromes. Possibly, a wider variety of cvto-
chromes svnthesized at oxygen tensions beloﬁ the K for the cytochrome
oxidase(s) enable the organism to maintain respiratory activicy at

lower than normal 0, concentrations.

Our data revealed that the growth physiology in géne:al and
the formation of cvtochromes in particular were indeed zarkedly in-
fluenced by the environmental growth conditions. As emphasized by
the dissolved oxvgen curves, the changes In the cvtochrome patterns

were to a large extent due zo changes in dissolved oxygen con-,

centration.

In a complex nutrient environment, at the omnset of growth
and during the logarithmic phase, the ratio of aembrane-bound to
seriplasmic cytochromes was maintained at 1.5:1.0 until late sta-
tionary phase where the ratio was reversed, indicating that mem-

:ﬁrane-bound enzvmes were playing a central role in shysiologically
“active cells, leaving such a role to the periplasmic cytochrome
‘a: a later stage of growth when the dissolved oxvgen concentration

reached low values (= 1T air saturation).



In a sizple autrient eaviromment, the ratic of mexmbrane-
hound to periplasmic cytochromes was relatively stable through-

ou: the eatire growth cyvcle and no important concentratica of

the periplasmic criochrome c549 was detected at any stage of

growth.

The cvtochrome CS.:‘9 is localized in the periplasuic space
of zhe cell eavelope of A. nalrplanikliis (Xnowles 2% 2l., 1974).
This area of the Gram negative cell envelope defined by Mitcheil
(1961la) is xnown o coutain a number of proteins including 2 variety
of hvdrolvtic enzyvmes, binding proteins (Heppel 1971, 1972) and
terminal reductases (Wocd 1978a,b). The enzymes enclosed in the
periplasm could be considered as integrated parts of an alternative
feedback control mechaism, pa:ticulariy when the cells are in-
mersed ia an osnotically or metabolically unfaveurable ailieu.

Tt 15 coanceivable that in a complex nutrient enviromment,
the respiratorv control exerted by the bacterium would somehow be
zore coaplex and no:t assumed solely by the membrane-bound respira-
tory proteins. Controlled oxido-reduction reactions ought to take
place at the level of the membrane and the periplasm, in order o0
ensure gﬁe'growth and the maintenance of living cells which require
a continuous supply of energv. In this respect, interesting in-
formation was gained from the analysis of rhe cytochrome ratios
reported in Table XI. 'In complex zmedia, the periplasmic cvto-
chrome S5 signif{icgatly contributed to increase the total cyto-
chrome content of the bacterium, especially under conditions of
limited aeration. As-the complexity of the growth mediunm in-
creased, the con:ribqgion of the periplasmic cytochrome c549 in-
creased. On the other hand, in chemically defined medium, where
the complexity of the nutrient enviromment is auch reduced, nuch
higher ratios of membrane-bound to periplasmic cytochromes were
recorded. Thus, not onlv the dissolved oxygen concentration, Mt
also the nutrient composition of the growth milieu influenced the

quan:tity andspecies of cytochromes swnthesized.
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Cnder microaerobic growth condizioms, a cytochrome d
lforae:ly z,) which can fuznction as an cxidase (Degn 22 al.,
1978) is in;uced in several bacterial species. Organisas in
which this evtochrome species has been observed include: Zsoreni-
chiz coli (Moss, 1952; Shipp, 1972), Kigbsiella cercgeres (Castor
ad Chance, 1959; Harrisom, 1972), Prelaus wwiganis (Moved and
0'Xane, 1956; Castor and Chance, 1959}, Achromobactes Strain D
(Arima and Oka, 1965), Hazmomhilud parainifuenzae (White 19625
smirh ef af., 1970), Alealigenes jazcalis (Iwasaki and Shidara,
"1971), Micwoccceus (Parzccccus) dendliiidicans (Sapshead and
Winpemny,1972; Henry ad Vignals, 1979), Beneckez naltriegans
(Linton et af., 1975), Pseudomonas stufzerl (Rodoma, 1970), Pseude-
monas pulide (Sweet and Peterson, 1978), Acinelobacter sp BOI-N
(Ensley and Fimnerty, 1980), Azptobactes vinelfondii (Ackrell and
Jones, 197la,b; Naga: &f af., 1971). ALtoromoncs naloplankics
differed from the above by swvathesizing only b—andé c-type cyto-
chromes throughout its growth cycie after the example of Spiiiflum
itemseonid which coped with mlcroaerobic growth conditions by
syathesizing predominantly c-type cytochromes and scme b-tvypes

(Clark-walker e& afl., 1967 ; Lascelles et af., 1969).

Under high aeration, synthesis of cytochromes b and c were
repressed in Spitilium ifexsonil as was the case in A, iafoplank-
2is grown in complex zmedium (Table XI). In other strict aerobes
such as Bacillus dubtifas (Chaix and Petir, 1936), Pseudomonas
JZucrescens (Lenhoff el al., 1956) and Azciobacter vinelandid
(Ackrell and Jomes, l9711,b?;'the presence of excess cxygen charac-
reristically depressed cytochrome levels.

whar places Alteromencs haloploankiis in a separate category
15 its abilicy to swvathesize rather large quantities of soluble
periplasmic cytochrome C (Krowles ¢ af., 1974) and shate with other
marine bacteria the unusual feature of not svnthetizing a-type

cytochromes (Xrieg, 1976; Arcuri and Ehrlich, 1979, 1980). All



other Gram negative heterotrophic aerobes syuthesize an &-tripe
cytochroce either under the form of &y ai., oT c.as (Mever and Joues,
1973a)and the cytochrome & is often absemt In heterorrophic Pseudo-
sonadales (Mever and Jormes, 1973a). On the ocher hand, the chemo=-and
shoto-autotrophs of the order Pseudomonadales are characterized DY
the ommipresence of cytochrome(s) ¢ (Meyer and Jomes, 1973a3). This
observaticn along with the ability of che perinlasaic cyrochrome 0
Yind carbon aonoxide would confer on the zmarine bacrerium a high
degree of adaptability which could be beneficial in {n vive situa-
cions to sustain itself under highly unstable or even competitive

enviropments.

Changes in cytochrome coatent as well as in respiratory
rates throughout the growth cvcle of A. haloplankiis were observed.
~he relationships between cytochrome synthesis and respiration rates
were of two kinds: ({) the {1 84L& respiratory rates weTe abserved
t0 reach a peak following five hours of growth in a complex autritive
sedium (Figure 20, lower trace) while, at the same time, the concen-
crarion of the periplasmic cytochrome c'Séé was veaching its first
seak in the same growth medium (Figure 18). (i) The poiential or
exogenocus resplratory rates achieved saximum values following appro-
ximately aine hours of growth in the complex medium (Figure 20,
upper trace), a comparable lapse of time required by the zembrane-
bourd cytochromes to achleve also maximal concentracion, after which,
both potential respiratory rates and membrane-bound cytochrames de-
clined as growth proceeded through the staticnary phase. In either
case, it was obvious that any fluctuation in the dissolved oxygen
concentration was translated into variatioas of the cvtochrome com-

letent of the marine micro-organism.
P 4

An aerobic micro-organisz to which the concentration of dis-
solved oxvgen is so vital must be able to exert same sort of rTe-
spiratery control, in a broad sense, in order to maintain itself.

A manifestation of such control can be expressed at the level of

A



srizary dehvdrogenases (White, 196; Scholes and Smizh, 19983

aanchonyv, 1973), at the level of terminal oxidases (Ackrell and

Jjones, 197la,b; Poole, 1983a,b) or take iaro account the whole

elecsr 'transpo:: chafa {Chance and Williams, 1935a,b,c,d). No
tvpical mitochrondrial-type respiratory contrel (Chance and Williams,
1956) has so far been extensively cocumented nor fully demoastrated

in bacterial systems. Recent work in that direction with IXYIH AT IR -
coli (Bumstein of 2l., 1979) and Pfracocens dendinijicuss (Sreciaska
et al., 1979) reached the followiﬁg conclusions %o the effect that
respiratory control in bacteria was difficult to show because (<)

+he  cell wall of the bacterium was impermeable to exogenous ADP ancd
(ii) because growing cells were Tespiring at naximal rate, <L.Z2.
liderating comtianucusly ADP plus phosphate throush ATP=-utilizing swm~
thetic processes. However, with the use of starved cells and 50-3 as
electron acceptor, it was possible to show such control in the fac-
ultarive anaerobic cells using a :eﬁpi:a:ory substrate which was not a
carbon source mainlv ascorbate plus phenazine methosuifate. 1In

P. denituijicans, it was shown that in additionm 0 the cependence of
the respiratory contfrol om intracellular (AT?/ (ADP) Pi), the redox

of cvtochrome ¢ was also involved in the respiratory control oI the
aerobically grown bacterium. Recently, the control.of electron flow
in the respiratory chain of Wlerococous Lyscdedzticus via ATP/ADP in
{ntact bacterial cells was described for the first time (Rosenbery and
Friedberg, 1984). The direct demonstration of respiratoryv control )
was possible due to the unique phosphate metabolisz iz M. Lusodedntocus.
The P:0 ratid" was calculated to be 1.0 in ?i-deprived cells, similar
to the value reported earlier in membrane fragments of the sampﬁrf\l

organisa. = (;’/}

Cells of A. nalenlankiis growing in a complex nutritive envirom-
ment will allow themseives to bring down the dissolved oxygen concen-
tration o values equal to or lower than 17 air-saturation, whereas
cells from a simple pfwith envircnment will not go further down than

25% or so while presumably performing the same metabolic activities.

.
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Cells grown in 303 &cnplex aedium ¢ompare well with cells grown in
succinate chemically defined zedium En termas of f£inal cell vield

and chgmcity to lower the dissolved oxygen content in the growth
mediumn. Although Ehe doubling tizme .in 303 complex medium is haif
the doubling time in succinate chemically defined medium, the amount
of memhrane-bound crytochromes is twice as much and -the amount of
ieriplasnic ¢cvtochrome is six tines asléuch as in cells grown $n_
éhemically defined medium (Table XI). It appears that the zembrane-
bound cytdchromes tend to respond to a growth rate efféc; (half che
doubling :imé, twice the amount of cytéchrcmes syuchesized.), where—
as the periplasmic species does not. Since all these cell tvpes
possess physiologically active membrane-bound cytochromes, the phase
of growth bevond 254 air-saturation in complex medium must involve
an alternative or a more branched and controlled teépiratory chain.
In that perspective; it might be conceivable that the periplasmic
cytochrome of the marine bacterium, by virtue of its location and
possible different redox state, when compared to its membrane-~bound
counterparts, is responsible for the compulsory fuﬁction of elim-
inatih; or draining off large concentrations of reducing equiva-
lents accumulating at certain stages of growth. As suggested by
Mever and Jones (1973b,c) amd Jones & af., (1975, 1978) multiple oxi-
dases‘EOund in bacteria may function at different medium dissolved
oxygen tensions and be associated with different efficiencies of

phophorylation.



CEAPTER V

ELECTRON TRANSPORT CHAIN

I
i. INTRODUCTION

Iz aerobic micro-organisms, respiration is zediated through
the electron tramsport chain which involves the cytochremes as
elec:roq ¢carriers. Thernatu:e and order of the respiratory com-
ponents, cytochromes included,-can be elucidated through the selec-
tive use of respiratory substrates and inhibitors. During sub- -
strate reduction, a steady state of electron flow recducing the com-
poneﬁts of the respiratory chain according to their redeox poten-
tials _is established according to their capacity to accept or give
sy;y electrons. During this steady state, the qytochromes become
reduced and the extent of reduction is dependent on the relative activities
of the dehydrogenases and ternihal oxidases. If the electron flow is
inhibited, then any component between the @ehy&:ggenase and the
toint of inhibition would become more reduced, and any component
qn the oxygen side of the inhibitory block would become more oxi-
dized. .

Spectrophotometric and polarographic studies making use of
respira:ory inhibitors as well as substrates with known redox
potentials have been undertaken with intent to establish the se-

quence of the elect:cn transfer intermediates in the respiratory

chain of Alteromonas naloplankils.
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2. MATERIALS AND METHEODS

Preparation of Cells aad Cellular Fractioms

Altp~omonas naloplanhiis was grown at 25°C under vigorous
agitation for a period of 16 hr in the complex medium and for 24
hr in the succinate chemically defined zmedium. The composition
of the growth media and the inoculating procedure-nave been de-
tailed in Chapter IV. The whole cells were harvested by centri-
cygation (Sorvall RC2-B, 16,000 xg for 10 min, rotor GSA, 4°C), washed
twice in a complete salt solution (.3 NaCl, .O5M ﬂgCl2 + 0IM KCI1),
suspended in complete salt buffered with Tris-POa (50 + ImM respec—
tively, pH 7.4) and disrupted in a French Press at 14-16,000 psi.
(American Instrument Co.). The cell debris wvere removed by cenzri-
fugation (Sorvall RC2-B, 39,000 xg for 20 =ia, rotor §S34, 4°C) zo vield
clear cell-free extract. The cell-free extract was further ultracen-
trifuged at 150,000 to 180,000 xg for 3 hours, Beckzan L2-65B, rotor 60 T1,
4°C) <o obtain the (sedimentéh) sembrane fraction and the {supermatant)
periplasmic fraction (Knowles ¢ 2f., 1974), hereafrer referred to as

the periplasmic fracriom.

Starvation Procedures

According to similar procedures used for Eschetichia cold
(Berger, 1973; Berger and Heppel, 1974), stationary phase cells of
A. haﬂépianhZLJ were depleted of their endogenous reserves by vigorous
agitation in a sterile salt solution containing .3M NaCl, .05M Mg Cl»
and .0IM RCIL.

Difference Absorption Spectrophotometrv

The technique of difference absorption spectrophotomelry as
devised dy Chance and Williams (1955a,b,c,d, 1956) was utilized
throughout the course of :hetdifferent hanipula:ions. The chemical

reduction and oxidation of the respiratory pigments were measured




in whole cells, cell-free exzracts, Texbrane and riplasmic frac-
cions using dithignite (5205)-2 as reducdan: and f{erricyanide
[Fe(CN)6]_3 as oxidant. The Eitachi Perkiz Zlmer (Model 356) spec-
trophotometer was artached to a Perkin Zlmer recorder (Model (056)
and egquipped with a Dewar‘cryogenic cell to permit cthe recording of

absorption spectra at low (liquid air) temperature (83°K).

The biologicai reduction of the respirartory pigments was
also carried out with substrates such as: NADH, succinate, ascor-
bate, and ascorbate/ TMPD; likewise O2 gas, compressed air aand hydro-
gen peroxide (5202) were utilized to oxidize biologically the same
plgments. The gases were flushed into the suspensions through a

isposable Yale svringe.

The difference spectra were reccrded at various absorbancy
scales in ovder o register ainor as well as major absorpﬁicn peaks.
The scanning speed was set az 60 am/ain and the char:t recorder speed
at 60mm/min, such that every mm on the chart paper corresponded to
one am. The slit opening was acdjusted to 1.0 am. Room temperature
difference spectra were measured in 10 =m gquartz cuvettes and low
temperature spectra in 2 mm cryogenic cells, in the presence of 0.73M

£inal sucrose concentratiom.

Difference Absorprion Spectrophotometry with Inhibirors

The enzyme preparations were incubated for 3 2in at room tem-
perature in the presence of selected inhibitors prior tec the addi-
tion of substrates. The f{inal volume of the reference cuvetze was
made up to S00ul by addizion of a uffered salt solution. All the
reactions were allowed o reéach steadv state at room temperature
vefore the spectra were recorded af room temperature Oor at low texm-
perature., The concentratiomns and specificizy of the inhibitors
tested are outlined in the results section. Depending on the sclu-

ility of the inhibitors, buffewr, methanol (Fisher Sci. Co.) or

b
dizethvliorzamide (Fisher Sci. Co.) were employed as solvents
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in a fimal volume of 50 .1, Whenever necessary, corTection Iov
solveat efiects due to solvents inte:ac:gon with the enzyvme pre-
saration was made by adding the solvent to the contents of both
cuvettes. -

The final reaction volume was 500 :1 in all the cases and
was dade up of: 50 :1 inhibitor, 330 .1 protein suspension and
100 ©1 of substrate in buffered salt scluticmn (.3M NaCl, .05M &gSO;.
.0IM KC1) plus Tris-PO, (50 + 1=, pH 7.4). Additien of inhibitor
and/or substrate into the sa:ple'cuve::e was coopensated by an
equal addition of complete salt Tris-POa to the content of the.
reference cuvette. Stock.solutions of sucrose, substrates and
inhibitors (whenever possible) were all made up in complete sal:

Tris-?Oa, pH 7.4, .

In some difference spectra, treatment of the contents of
the sample or reference cuverte is indicated direitly either by
the subscript letter (S) or (R) in parenthesis beside the spectrum
or by a amuwmerator (2.3. (520;)-2) representing the conrents of the
sazple cuvette reduced by solid crystals of dithionite and a de-
aczinator ( / [Fe(CN)sl-B) representing the contents of the refer-

ence cuvette oxidized by solid crystals of ferricyanide.

Difference Absorption Spectrophotomerrv with Carbon Monoxide

Reduced + G? miuls reduced difference spectra were re-—
corded with chemical and biological reductants. The contents of
the sample and the reference cuvettes were teduced with appro-
oriate substrate, thea CO (Matheson Co.) was slowly bubbled for
3 min in the saple which was sealed off with a parafila
paper and allowed to incubate in darkness for an additiomal 10
ain. All these manipulations were performed at Toom temperature
under a2 fume hood. The difference spectra were recorded at room

or at low temperature depending on the fractions investigated.

(=]
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Oxidase Assav Procedures

NADH, succinate and ascorbate/TMPD oxidase activities were

seasured polarographically at 25°C using an 0, electrTode cell (Rank
Bros., Bottisham, Cambridge, Eagland) calibrated

according to the
specifications of Chappell (1964) such that a final volume of 3.0
=1 of air-saturated buffer contained 1422 = stoms O. I the ab-
sence of respiratory inhibirors, the reaction zixture contained
2.90 =1 of complete salts buffered with 50=M Tris and IzM 20,

o8 7.4 and 0.10 =1 of enzyme preparation originating from cells
or subcellular fractions. Ia the presence of inhibirors, the
volime of uffer was reduced zo 2.85 ml and the inhibitor was
added in a final volume of 50ul. The consumprion of O, was re-
eorded with and without inhibitors to establish the percentages

of oxidaéﬁon and {nhibition of oxidation. Appropriate controls
were Tun to cancel the solveg: effact whenever detected. Depend-
ing on the solubility of cthe inhibitors tested, buller, methanol
or dizmethylfommanide were utilized as solvents. As In the spectro-
shotometric study, an incubation period ¢f rthree minutes was
allowed for the emzyme preparation to react with the inhibitors
srior to the addition of substrarte. Initial oxidation rates were
then recorded for a period of 10 minutes with a recorder output
operating at 10 =V and a chart speed fixed at lcn/min (Cole Parmer

Instrument Co.).

Catalase Assav Procedure

The disappearance of exogenous hydrogen peroxide was esti-
mated polarographically with a Clark axyvgen electrode covered with
a thin Teflon membrane and maintained at the constant temperature
of 25°C by use of a water lacket, During the breakcown of hvdrogen
peroxide by the enzwvme catalase, ox)gen was evolved. The amount
of oxvgen released was used o detect the amount of catalase present
in the sample tested according to cthe relationship: 23202——————-
2H,0 + 0, (Rérth and Jensen, 1967; Goldstein, 1968; Mahler and

Cordes, 1971). O, evolution was initiated by adding 10 .l of H,0,

- -
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(0.58M, final concenzration) £2 the I.%G =zl reactiicn z=ixIure on-

caining the enzyme preparation in the buifered salt solution.

Chemicals

Iz the spectrophotometric and the polarographic studies, the
following substrates were used at the concenmtrations indicated in

sarenthesis or otherwise specified inm the text: sodium Lvdrosuifize

[

or dithionicte, Sa,S,OA (Fisher Sci. Coc., few grains), sodium ferri-

cvanide, Na Z-'e(C.\'}6 (ICX Phammaceuticals Ine., Plainview, N.Y., few

grains), reiuced nicotinamide adenine dinucleotide, NADH (Sigza Chem.
Co., 2.5=M), sodium succinate (Sigma Chem. Co., 10m4), sodism ascor-
te (Sigma Chem. Co., 10mM), N,N,N'",N' :e:ra?ethyl-p-phenylenedianine
JEC1, T™PD (Eastman XKodak Co., 0.5=M), compressed air (Liguid Air Co.),
oxvgen gas (Matheson Co.), hvdrogen peroxide, H,0, Fisher Sc¢i, Cg.,
1.0mM), carbon moncxide, CO Oz-f:ee Matheson C;.s, aicric oxide, NO,

(Matheson Co.).

The following inhibitors were tested at different concentra-
tions: sodium azide (Sigma Chem. Co.), potassium cyanide (Fisher Sci.
Co.), atabrine (Sigma Chem. Co.), rotenone (Sigma Chem. Co.), 2-heptvl
4-hvdroxvquinoline-N-oxide, HOQNO (Sigma Chem. Co.)}, antimvcin A
(Sigma Chez. Co.), amvtal (Sigma Chem. Co.), thenovl-trifluoracetone,
TIFA (Fisher Sci. Co.).

The substrate stock solutions were freshly prepared daily in .
buffered salt solution; likewise the inhfbitor stock solutions were
nace up in buffer, in methanol or in dimethylformamide, accerding te
their solubilirv. All the chemicals used were reagent grade. All

rhe stock solutions were prepared with glass distilled water.

" Protein Jetermination

The protein coantent of the various fractions tested were de-
cermined according to a Biuret method (Gormall et afl., 1949), using
lvsozvme (1 zo 10 =g protein/ml, Sigma Chem. Co.) as the protein

scandard.

'



3. RESCLTS AND DISCUSSION

A. SPECTROPEOTOMETRIC STUDY O
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TRANSPORT CEAIN

Oxidacion of Cviochromes at Steadv State

The steady state axidatiom of t cTtochromes was ioves:tigated
iz cellular extracts, a subcellular fraction comprisiag both the peri-

s

slasmic and the zembrame fractioms.

Tizme course for the oxidation of cellular exiracts using

"y

to
—+

H,0, as an oxidizing agent 1s presented in . TFive to en
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minutes were required for the oxidizing agent o reac

igu

"

e

wizh the
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enzvme preparation and cause the development of a difference spec-

srum. Tigure 12 shows a series of difference spectra in

.

hich the content of the sample cuvette was exposed for 10 3in o

oild stream 0f O as before the spectra were recorded; the ve-
2

fo

ference cuvette conrtained an identical concentration of cell ex-
tracts untreated. Tea a:inutes exposure Lo the cxidi:inglégen: was
sufficient %0 maintain the enzvme preparation in an oxidized state.
Longer exposure to the oxidizing ageat did not ensure zoTe complete
oxidation. Afrer 60 minutes of incubation at room temperature,

some b and & cyvtochromes became reduced (30T and 45% respectivelv).
As reported for other bacterial systems (Lanvi, 1968; Ishaque and
Kato, 1974; Ishague, 1984), the cvtochromes are eventually reduced
bv endogenous reserve material in the abs e of a continuous supply
of 0,. However, the enzyme preparation UZ}iﬁ&}ll fully redox com-
setent since initial levels of oxidation were restored upon flushing
0., gas through the sample cuvette (Figure 22, upper trace).

Although the phvsiological eoxidant, 0, 3as, was efficient in
oxidizing the enzyme preparations, a zore proncounced difference in
absorption wds recorded whea ferricvanide was utilised in the re-
farence cuvette, TFigures 23 and 24 illustrate room temperature

difference spectra recorded with the Dembrane and periplasnic



FTigure 21.

Development of HyOp-oxidized mir:.s endogenously teduced
difference spectrum of cell-free extracts of A. nafe-
plankhiis with time.

Ho09—oxidized minus endogenously-reduced difference
spectra of cell-free extracts. The extracls were ini-
2ially reduced with endogenous substrate(s) and divided
into the sample and the reference cuvette. The curves
show the difference absorption spectra at 0,5,10,15, and
30 @in after addition of Hs02 (1.0 mM) to the sample
cuvette. An identical volume of buffered salt solutien
was added to the reference cuvette. The spectra were
recorded at room temperature in cuvettes of 10 =m light
sath. The baseline was obtained by scanning the same
concentration of uncreated extracts (13.4 =g orotein/
al) preseat in the sample and the reference cuvetIies.
The vertzical bar represents one tenth of the absorbancy
unit at which the spectra were recorded. The spectira

. were scanned from 600 to 500 nm and the wavelengths (in

nanome ters) are as shown.
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Figure 22. Sgability of the Op—oxidized miius endogenously Te-
duced ‘difference specthim of A. nafoplankils with
tizme.’

Oz~oxidized minus endogenously-reduced difference
spectra of cell-free extracts. The extracts were Ini-
tially reduced with endogenous substrate(s) aad

ivided into the sample and the reference cuvette.

The curves show the difference spectra at 3,10,20,
and 30 min after bubbling Op gas into the conteats of the sample
cuverte for 10 min. The spectTa were recorded at ’
room temperature in 10 == cuvettes light path.
After 60 min of reaction, 0o gas was bubbled again

for an additional 10 min into the sample cuvette
and another difference spectrum was recorded {(upper
trace). The baseline was obtained by scanning

the. same concentration of untreated extracts (15.0
ag protein/ml) present in the sample and the Te-
ference cuvelteS. The vertical bar represents one

tenth of the absorbancy unit at which the spectTra
were recorded and the wavelengths are expressed in
nanome ters.
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Tigure 23.

Dishionize-reduced miuws oxidized difference specira

of the membrane fractioa using various cxidants

at room temperature.

The room temperature difference spectra are dithionite-
reduced ménusd oxidized difference spectra. The oxi-
dants used were: 02 gas, Hy0, (1.0 =), [Fe(CW)g] =3,
meuwmm:methngucﬁumsusmmm.
The treatment of the conteants of the cuvettes, the
sanple and the reference, is indicated by the aumera-
tor (S70; ~2)and the dencminator(/O2)beside each curve,
The baseline was obtained by scanning the same concen- -
tration of untreated protein (11.2-=mg/ml) present In

the sample and the reference cuvetses. The vertical

bars represeat one tenth of the absorbancy unit at

which the spectra were recorded and the wave leangths

- are expressed in nancmetels.
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Figure 24.

Dithionite-reduced minus oxidized difference spectra
of the periplasmic fraction using various oxidants
at room temperature.

The room temperature difference spectra are dithiomite-
reduced mOws oxidized difference spectra. The oxi-
dants used were: 07 gas, H-0, (1.0 =M) and [Fe(CX)gl ™ -3,
The exposure time to the various oxidants was 10 min.
The treatment of the contents of the cuvettes, the
sample and the r%ference cuvette, is indicated by the
numerator ($20;7¢) and the denominator(/0s)beside eac
curve. The baseline was obtained by scanning the same
concentration of protein (3.36 mg/ml) present in the
sample and the reference cuvettes. The vertical bars
represent one tenth of .the absorbancy unit at which
the spectra were recorded and the wavelengths are ex-
pressed in nangtieters.
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fraccions rteduced by-di:hisni:e and oxidized by 0, gas, hydrogen
peroxide (3202) xd ferricvanide [?e(CN)e]-3. Di;c:epancy in

+he level of cytochrome oxidatiom by O2 gas and ferricvanide has
heen observed in other bacterial systems (Probst and Schlegel,
1976; Greenwood &% alf., 1978; Barber el af., 1978), with O, gas,
and 3202 not oxidizing the cyvtochromes i§ completely as did ferTi-

cvanide.

Qualitative difference spectra of the cell-iree extracts
reduced by dithionite and oxidized respectively by HZOZ 02 gas, and
compressed air are reproduced in Tigure 25. In this instance, the
Soret band for cytochrome 5 and ¢ absorbed at 42Zma. No Soret
peak could be obtained with ferricvanide as oxidant due To strong
absorpticn‘bf the chemical itseif below 510mm. Quantitative esti-
mations of the respective spectra (Table XII) revealed :ha:~(szo&)'2
veTsusd [i-'e(C.\')é]-3 consistently gave the highest possible differ-
ence recorded with a stable oxidant. When taken as 100%, 4£.2., as
the maximum oxidation value recorded by difference absorption
spectrophotomettry, and compared to oxidation levels achieved with
E,0, and 0, gas, it was observed, that 80 to 852 of the cytochromes
present in CFE were biologically oxidizable. The possibility thar
oxidarion of endogenous substrate(s) could be responsible for the

partial reduction of the cytochromes 1s not excluded.

Reducrion of Cvtochromes at Steadyv State

Physiological reduction of the cytochromes present in cell-
fvee extracts was improved by deriving the extracts from starved
stationarv phase cells and by exposing the extracts to an oxidizing

agent prior Jo substrate reduction. Although the endogenous reduc-—

/C:C-EESE'Of the cvtochromes could not be wiped out entirely, net reduc~

rion of the cytochromes by NADH, succinate, ascorbate and ascorbate/
T™PD was definitely recorded. The series of graphs presented in
Tigure 26 illustrate clearly this point. The A,B,C,D series repre-

sent the reduction level of b-and c-type cytochromes by NADH

.1&\\’-



Figure 25. Dithionite-reduced mirus oxidized difference-absorp-
tion spectra of cell-free extracts of A. naloplaniiis,
using solid crystals of sodium dithionite as reduc-
ing agent and 0 gas, compressed air and
[Fe () - 3 as cxldizing agents.

Difference spectra of cell-free extracts reduced with
sodium dithionite in the sample cuvettes and oxidized
with either H,0, (1.0 aM), 0, pas, compressed air or
solid crystals of ferricvanide in the refereace
cuvettes. The spectra were recorded 10 minutes after
exposure to the various oxidants at room temperature
-in cuvettes of 10 mm light path. The baseline was
obtained by scanning the same concentration of un~-

@, treated protein (1l.4 mg/ml) present in the sample/
"and the reference cuvettes. The vertical bars repre-
sent one tenth of the absorbancy units at which the
spectra were recorded and the wavelengths are ex-
pressed in nanometers.
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TABLE. XII. Steady Atate oxidation levels of b- and c-type cytochromes {n cellular extracts of

A. haloplanktis obrained with various oxidants and using (Szuﬁ)z as reductant,

measured by difference absorption spectrophotometry.

A Ak ' -

TREATHENT Cytochrome content (n moles/mg proteln)

' b-type ¢ylLochromes c-type cytochromes

. P mean S.l).f C.V.H nxldétlontﬁf mean S.I).f C.V.if___~9§ldﬁtjggjjj*_
(5,00 2/ re(an )™ 302+ L0268 100 628 t .072 11.4 100
(5,0,) 2/0,0, 266+ 026 9.7 87.4 503 ¢ ,076 15,0 80,1
(5201‘)-2/02 .261 t 028 10,6 86,4 512 v 052 10,2 1.5

* )4

sample cuvette/reference cuvette

Ak

average values based on 11 scparate determinations,

The figures glven are mean values together with the standard deviation (1) of the mean and

the variation coefficlent (+t). The percentages (ttt) glven refer to that percent of cytochromes

oxidlzed compared to that quantity of the components oxidlzable by ferricyanlde as quantified in a

dithionlte-reduced mimts ferricyanide-oxidized difference spectrum,

Wavelengths and extinction coefficients used in calculating cytochrome content:

b-type: 559 nm minws 571 nm, AcmM: 17,55 c-type: 552 nm M 534 um, AemM: 17,3,



Levels 0f reduction of the cytochrcmes preseat in
cell-free extracts of A. ialoplaniidis as measured
by difference absorption spectrophotometry with
tizme and with various reductants.

The cell-free extracts were derived from statidmary
ohase cells of A. nafconfanhiis grown in complex

medium and starved aseptically in complete salt
solution. The cellular extracts were bubbled for 10
ain with 07 gas prior to treament with the reduc-—~
tants. The substrate-reduced minus Oz-oxidized
difference spectra were recorded at room Iemperature

at predetermined time intervals and the peak heights mea-
sured in mm; the absorbancy scale at which the

spectra were recorded was 0.3 and the protein comn-
centration 14.0 mg/ml., In the A,B,C,D series, the =z
cvtochrames were reduced by residual endogencus re-
serves as well as by the following exogenous sub-
strates: (A) NADH, 2.5 =M: (B} succimate, 10 =2M;

(C) ascorbate, 10 mM; (D) ascorbate/T™PD, 10+0.5 =M.

. In the A',B',C",D' series, the residual endogenous

reduction was substracted and only the net exogenous
substrate reduction is shown. The empty circles
(0———0) represent the C-type cytochrames absorbing
at 552 nm at room temperature and the closed circles
(e—=®) represent the O-type cvtochromes absorbfﬁg
at 559 nm at room temperature.
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succinate, ascorbate aad ascorbare/ M?PD alomg with the endeogenous

reduction level of the cell-free exzracts. The A',B',C',D" series

(3 ]]

represent the net reducticn level of the cyiochromes by the re-

spective exogenocus substrates. Wwith the €irst 5 a2inutes of ex-

)

posure to NADH, ascorbate and ascorbate/TMPD (Figure 26, serles
A',C',D") net reduction of the exrcracts was recorded for the respec-
tive substrates., With succinate (Figure 26, series 3') 15 o 20
ainutes of exposura were required to achieve anet reduction.

Quantitative estimates of cytochrome reduction by variocus
substrates are detailed in Table XIII. Dithionite is the reductant
vsed to dertec:t total pigmears-as it permits the reduction of those
whose natural substrates or reductases were lost during fractioma-
tion (Appleby, 196%a,5). NADH could fully reduce the b-and c-type
cvtochromes present in cell-free exﬁ:ac:s when compared to dithion-
{re vetsus 0, treated samples. Succinate, ascorbate and ascorbate/
TMPD zeduced the cytochreames b to 702 the extent of that obtained
with dithionite and NADH; the cytochromes ¢ were reduced above 832
by all the substrates tested, NADH and ascorbate/TMPD having access
to all the c-tvpe cyvtochromes of the chain as evidenced bv the very
high percentage of reduction when compared to dithionite (5204)-2
used as reductant (Table XIII).

The cytochromes present in whole cells were also substrate
~reducible. Figure 27 shows a series of difference spectra recorded
at the temperature of ligquid air (83°K) after reduction
of the cytochromes by dithionite (trace &), ascorbate/TMPD (trace
b), succinate (trace ¢), NADH (trace d) and remaining endogenous
substrate(s) (crace 2) wf che starved cells. No 3%type cvtochromes
were spectrophotometrically decectable in the 650 o 585 nm region
of the visible range, while b-and c-type cytochrémes absorbed at
Characteristic wavelengths, 558 and $56 na for the b-types, 549 and
546 am £or the C-types rgSpectively.-

Cvtochrome reduction by physiclogical and non-physiological



TABLE XIII, Steady state reduction levels of b-and c-type cytochroumes in cellular ex-
tracts of A, haloplantis obtatned with various reductants and using 0

as the oxidant, measured by differenca absorption apectrophotometry.

| e

TREA1HENT* Cytochrome contunt*** (n moles/mg proteln)
b-type cytochromes c-type cytochromes
me an S.l).1 cytt ro_-nluf-tlm'n*H mean S.l).]t C.V.H rudu:tlonftt_

(9.20,')"2102 L2640 ¢ 024 10.1 100 463 053 12,4 . 100
NADH/O2 - ,243 023 9.6 100 LA6y t 059 12,06 100
Succlnate/O2 L7240+ 037 21.6 12,5 A2y 1 J0Y4 22,3 91.4
Ascurhntelﬂz L1160 ¢ ,038 - 23,8 66.7 g + 057 14,3 86,0
Asc, + THPD/02 222 v+ 017 7.5 76,1 L5649 1+ 064 11,7 100
ENI)()GENOUS/O2 LO71 + 010 14,1 ' 29,6 207 v+ .032 19,4 4,1l

*
sample cuvette/reference cuvette

k&

average values based on at least 5 separate determinations,

The flgures glven are mean values together with the standard deviation () of the mean and

the varfation coefficlent(tt). The percentages (ttt) given refer to that percent of cytochromes
reduced compared to that quantity of the cytochromes reducible by dithionlte as quantified In o
dithioni te-reduced minis Oz-oxldlzed difference gpectrum,

Wavelength and extinction coefficlents used  in calceulating cytochrome content:

b-type: 559 nm minus 571 nm, AemM: 17.5; c-typé: 552 nm minied 534 nm, Aendl: 17.3.

The concentration of substrates employed are as outlined fn Materials and Hethods,

9¢€T



Tigure 27. Difference absorption spectra of intact cells of A
nafoplankiis in the presence of various reductants,

Substrate-reduced minus 0,-oxidized difference spectra
of whole cells of A. kafoplaniiis. The starved cell
suspension was mixed (1:1) with sucrose (0.75 ¥, final
concentration), bubbled with 0, gas for 10 min and
divided into the sample and the reference cuvette. The
reductants used were from top to bortom: &) dithionite;
b! ascorbate/TMPD, 10+0.5 mM; ¢] NADH, 2.5 mM; d) suc-
cinate, 10 mM; 2] remaining endogenous substrate(s).
The oxidant used in trace & was ferricyanide and 0, gas
for the following traces. The baseline (trace ) was
obtained by scanning the same comcentration of O,-oxi-
dized cells (19.5 mg protein/ml) present in the sample
and the reference cuvetteS. The spectra were recorded
at 83°K in cuvettes of 2 mm light path. The vertical
bars represent one zenth of the absorbancy unit at which
the spectra were recorded and the wavelengths are ex-
pressed in nanometers.
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substrares was likewise observable at the neambrane ané periplass

" level. TFigure 18 presents low temperature difference specira

of the periplasaic fractiom Teduced DY NADE and by ascorbate/ DD
and oxidized by ferrvicvanide, With either subdbstTale, only one cy¥to-
chrome species absorbed symmetrically at 546 axm. Residual endo-
genous reserves also reduced the riplasmic cytochrome absorbing
a: the same wavelength. Tigure 29 presents low temperature dif-
ference spectra of the zembrane éracrion reduced by NADH, succinate
and ascorSa:;me and oxidized by ferricvanide: Again remalning
endogeaous reserves reduced the same cytochrooes ar typical wave-
lengths. The presence of two cytochromes b absorbing at 558 and
556 nm and two cytochromes C absorbing at 547 and 344 nm in the
aembrane fraction were detected with the various reductants em- )
ploved. As mentioned, endogenous levels of teduction were de- e

tected in both fractions and are represented bv the dotted lines.

Cvtochrome Reduction in the Presence of Cyanide

Detailed study of the electron transport chain requires the
use of respiratory inhibitors. The spectrophotometric as well as
the polarographic approach weTe both useful in elucidating the se=-
quence of the respiratory componeuis.

Careful studies were carried out with cyanide and.othe;
inhibitorsAin whole cells, cell-free extracts, membrane and peri-
plasmic fractioms. It soon became obviocus that the endogenous
setabolism of the marine bacterium was interfering with the study
undertaken and was complicating the interpretation of the data.
Meaningful results could only be obrained providing the endogenous
respiration of the microorganism was eliminated or at least mini-
mized. In a system which has not been submitted o any starvation
method, the difference specirum inirially recorded between a
reduced and an oxidized preparation fades away with time due to

reduction of the contentsof the reference cuvette by the endogenous

-
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Figure 28.

i

Substrate-reduced minus ferricyanide—cxidized difference
spectra at low temperature of the periplasmic fraction of
A. naloplankiis grown in complex mediwm.

The substrates used with the periplasmic fraction were
from top to bottom: ascorbate/TMPD (10 =M + 0.5 =),
NADH (2.5 mM)-ind endogenous (dotted line). The sub-
strates were added to the comtentsof the sample cuvette,
solid crystals of ferricyanide were added to the re-

ference cuvette and the difference spectra recorded.

The protein suspension was mixed (l:1) wich sucrose
(0.75 M, final concentration) prior.to the treatment
with the oxidant or the reductants. The baseline

(bot tom curve) was obtained by scanning the same con-
centration of [Fe(CN)(,] ~3.oxidized proteins (3.5 =g/ml)
present in the sample And the reference cuvettes. The
vertical bar represe one tenth of the absorbancy
unit at which the ctra were recorded; the wave-
lengrths are exprgssed in nanomelers.
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Figure 29.

Substrate-reduced winus ferricyanide-—oxidized dif-
ference spectra at low temperature of the membrane
fraction of A, haloplonkiis grown in complex medium.

The sybstrates usé with the membrane {raction were
from toP to bottom: ascorbate/TMPD (10mM + 0.5 =M),
NADHE (2.5 mM) and succinate (10 mM). The substrates
were added to the contentsof the sample cuvette solid
crystals of ferricyanide were added to the reference
cuvette. The protein Suspension was mixed (1:1)

with sucrose (0.75 M, £inal concentration) prior to
treatment with the o::idant or the reductants. The
baseline (bottom curve) was obtained by scanning

the same concentration of [Fe(CN)g]l —3—oxidized pro-
teins (0.5 mg/ml)present in the sample and the re-
ference cuvettes. The vertical bar represents one
tenth of the absorbancy unit at which the spectra
were recorded; the wavelengths are expressed in nano-
meters.
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wetabolism. However, starvation in a physiological'solution for at
_least 24 hours gave consistent and reproducible difference spectra
within ome hour of wmanipulation. Starvation in salt solutions buffe;ed
either with Tris or Tris-PQ; gave similar results, <.2., lowering of
the endogenous respiration by 65-7Q§ after 24 hours of agitation at:
25°C. The ideal starvatiom system is onme which abolishes the endogenous
respiratiou while leaving untouched the exogenous respiration under
invescigatiou. The starvation proqedure which was found to be the most
effective for A. haloplankiis cells was a prolonged starvation period
in complete salt solutiom. Such procedure lowered the endogenous res-
piration by 80% within 48 hours of.agitated incubatiom at 25°C, while
allowing che_cells to respire on exogenous substrates at rates above
502 of their initial value. Results are presented in Figure 30. Other
bacteria also requiré extended starvation periods before depletion of
endogenous reserves becomes obvious (MacKelvie et af., 1968; Arcuri and
Ehrlich, 1980).

The mechanism9f inhibitory action of cyanide is still not
fully characterized and understood. For instance, o wihl,reaic -
preferentially with the oxidized form of cytochrome ¢ in Azbiobac«en
vinelandii (Yang and Jurtshuk, 1978; Kauffman and Van Gelder, 1973},
Vitheoscilfs (Webster and Liu, 19145, or the cultured Rhizobium -

< japonicum (Appleby, 1969b), but still will form a complex with



Figure 30. Capacity of -A. haloplanklis cells to oxidize either
:  endogenously or in the presence of NADE or succinate
afrer different starvation times.

- e -

Altenomonas haloplanktis was grown in the routine
complex medium to the stationmary phase of growth.
Stationary phase cells were harvested by centri-
fugation and resuspended in volumes of sterile

salt solutions equal to the growth volumes. The
sglt solution used was made up of .3M NaCl, .O5M
MgCly, .01M RC1l. Since the respiratory rates may
vary (% 10Z) between different sets of experiments,
the data are presented in I oxidation, the 100X
value being the oxidase activity of the washed/
unstarved whole cell sugspensions oxidizing endogenous
(solid line) or exogenous (dotted line) substrates.
The exogenous substrates were: NADE (4&—-4A) 2.5 oM
and succinate (O——-O) 10 =M.

-~
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ither the cxidized or the reduced Zormm of cytochrome 2 (Revsin
et al., 1970; Webster and Hackett, 1966). Likewise, both ferrous
and fe;ric haemoproteins fora cranide complexes (Saunders el al.,
1964). Still in other microorganisms (Pudek and Bragg, 1974;
Rauffman and Van Gelder, 1973; Prizchard and Asmundson, 1980),
&~ is imown to react with an intermediate between the oxidized
and reduced form of cytochrome d (a,), forming a cyanocytochrame.
?ﬁ.nally. N~ is equallv able to fo:;{ stable complexes with several
metals and react with keto -and thiol groups (Knowles, 1976).
Recent studies on the active sites of hemoproteins revealed
that tnlike azide binding, cvanide binding causes structural
changes in the neighborhood of the heme and is responsible for
changes in the tertiary structure (Blumenthal and Rassner, 1979;
Jones &% af., 1984). Seemingly, the formation and the stability
of the CN complexes are related to factors such as the rate of
electron flux through the respiratory chain (Pudek and Bragg, 1974},
the affinity of a particular oxidase for the <inhibiror {Jones,
1973) and the final concentration of cvanide used in the reaction
aixcure (Yang, 1978).
In an attempt to look into the actiom of cvanide in A.
haloplankiis, careful spectrophotometric studies were carried
out with this conventional third site inhibitor. As a conse-
quence of theeffect of the endogenous metabolisa, sarticularly
evident in whole cells, exposure of unstarved cells to cx for
a certain lapse of time resulted in cancellation of the dif-
ference spectrum initially recorded between a N treated and
an untreated suspension. With cyanide in the sample cuvette,
the cvtochromes became quickly reduced with endogenous re-
serves (Figure 31A, 0 min). In 30 minutes the ¢vtochromes '
were also completely reduced in the reference cuvette due 0
*endogenous reserves and were reoxidized again when 0, gas was
bubbled in (Figure 31la, upper trace). The differenc; in rate
of reduction in sample and reference cuvette can be ascribed
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Jevelopment of difference spectra when the sample
cuvette contained unstarved iactact cells of A. aazdo-
nlankiis plus 10 =M CN and the refereace cuvette
contained the cells oxidized with 02.

Cvanide + endogenously-reduced minusd C,-oxidized
difference spectira. The whole cell suépensions ware
mixed (2:1) with sucrose (0.75¢ , Zinal comcenrra-
tion), bubbled with 07 gas for 10 min and divided
into the sampie and the reference cuvette. Cyvanide
(10 M) was then added to che contents of the saple
cuvettes and the difference spectra were Tecorded.
The reducing substrate(s) were the endogenmous re-

. serves in (A) and (B). The stationmary phase cells

weTe washed and left as is in (A) or furthér- shaken
for 48 hr at 25°C in sterile complecte Salt solutiom
(. NaCl, .05M MgCly, .01 XC1) ian (B). The aumbers
beside the curves indicate the time at which ' the
scams were started afzer the additicn of cyanide.
“After 30 min incubation at room tedperature, J2 zas
was bubbled again into cthe raference cuveties (upper
traces). The difference spectra were Tecorded at
.83°K using cuvectes of 2 m= light path. The base~
lines were obtained by scanning” the saze concentra-
tion of whole cells (21.0 mg protein/ml, in (A) 13.5
g protein/ml in (B)) present in the sample and the
reference cuvettes.The vertical bars represent one
tenciriof the absorbancy unit at which the spectra
were recorded and the wavelengths are expressec in
nancmeters.
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to the inabiiity of the cytochromes o be re-oxidized when o

is preseat. Following starvation, scme of the endogenous re-—
serv::s of the cell suspeansion have been exhausted. With 7 in

the sample cuvette (Figure 313, C min) still enough re;erves are
present to reduce the c-type cytochromes immediately and the

b-tvpe after 30 minutes but not enough when campeting 0, is pre=
sent to oxidize the cyrochromes in the absence of CN~. Variationm
of cytochrome absorptiom occurring withia 103 of the original

scan is considered normal (Pudek ond Bragg, 1974; Downile and Cox,
1978). The stabilities of the CN~ complexes were checked in cell-
free extracts the following way (Figure 32). Cvanide was added

to an oxidized preparation and the reaction left to proceed for

at least 30 min. The differegce spectra developed as expected.
When the 0, gas was vigorously flushed into the CN treated sample
cuvette, n; change in_peak height was observed: all the cytochromes
liganded by N~ remained reduced despite the addition of the oxi-
dant. Further addition of (520&)'2 to the sample cuvette (Figure
32, upper trace) reduced the unreduced cvtochromes presumably not
on the endogenous pathway sensitive to Q. The different rate

of electron flow generated by the fiological as opposed to the c@eni-
cal reducrant could also explain the difference in the reductionm
level. The peak heights in the visible reglon and the shift in the
Soret band from 419 to 423 mm indicate that the majority of the non-
endogenously reduc;d cytochranes in the presence of CN were of the
b-type.

Similar experiments were carried out with the periplasmic
fraction ﬁontaining.cytochrome ¢. Reguction occurring with tize in
the reference cuvette had been prevented by treating its contents
with the chemical oxidant ferricvanide. Figure 33 presents a time
course reaction of CN with the periplasmic {raction. wWith time
evanide alloved complete reduction of the cytochrome by endogenous
material to such an extent that further addition of dithionite to

the sample cuvette {(upper trace) did not alter the difference
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Figu;e 32. Stability of CN-difference spectra of cell-free ex-
tracts to oxidizing or reducing agents.
e —— .

~

Cyanide * endogenously-reduced minus Oz-oxidized dif-
ference spectra. At first, the cell-free extracts
were bubbled with 05 gas for 10 min and divided into
the sample and.the reference cuvette. Cyanide =(1.0 aM)
was added to the conteats®f the sample cuvette and the
difference spectra were recorded. The numbers beside
the curves indicate the time in minutes at which the
scans were starred after the addition of CN~. Afrer
30 =in of Teactien at room temperature, 0, gas was
bubbled into the CN-treated (sample)_cuvecce and then
solid crystals of dithionite were added to the same

1 cuvette. The spectra were recorded at room Tempera-—
ture in cuvertes of 10 == light path. The baseline
was obtained by scanning the same concentration of
untreated extracts (ll.6 mr protein/ml) present in

the sample and the reference cuvettes. The vertical
bars represent one tenth of th orbancy unii; at
which the spectra were recorded and ‘she wavelengths

are expressed in nancmeters.
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Figure 33.

Spectral changes observed as a function of time after
treament of the periplasmic fraction of A. .alo-
vlankiis with ON~. TFerricyanide was used as oxidant.

Cyanide + endogenously-reduced minus [Fe(CN)] -3-03:1-
dized difference spectra. Cyanide (1.0 =) was added
to the contentsaof the sample cuvette, sollid crystals
of ferricyanide to the reference cuvette and the dif-
ference spectra were recorded. * The numbers beside
the curves indicate the time in minutes at which the
scans were started after the additiom of CN~. After
development of the difference spectra, the sample
and the reference cuvettes were treated as specified
beside the curves. The spectra were recorded at room
temperature in cuvettes of 10 mm lisht path. The
baseline was gbtained by scanning the same concentra-
tion of [Fe()gl -3_cxidized proteins (4.7 mg/ml)
present in the sample and the reference cuvectes.

The vertical bar represents one tenth of the absor-
bancy unit at which the spectra were recorded and the
wavelengths are expressed in nancmeters.
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spectrum. Addition bf O2 gas to the reference cuvette did not
alter either the dffference spectruz as expected when ferricyanide
is the oxidant and CN-is absent.
P -
) it s_hox{d be pcinted out that autoreducible ‘cvtochromes C
have been reported in Pseudomonas AM1 (O'Keeffe and Anthony, 1980).
Au:oreduction is defined by the autlbrs as the reductien of cvto-
chrume ¢ occurring at alkaline pE in the absence of added reductant.
The mgchanism of autoreduction postulated involved ;ntramolecular
electron transfer. The final reaction was the same whether the
enzyme preparation was treated initially with C%~ and subsequently
_with (s,0 2 ar vice versa (Figure 34); a baseline was regained ' .
followi.ng t:he addition of [Fe(CN) ] 3 to the sample cuvette (Figure m
34, upper trace) indicating that :he elettron Tlow can be drained ’
at the end o{ the chain by an artificial electron acceptor such as

ferrticvanide {n the presence of CN™.

-
-

_ The same experiments were carried out with the membrane
fraction (Figures 35,36). As for the other cell fractions, the
endogenous metabolism caused an increase .in cytochrome reductien
* with time in the presence of cvanide (Figure 35). Upon additiom of

dithionite (Figure 35, upper trace), :hi;:ytochromes aot reduced
by endogenous reductants, particularly b-type cyteghromes, be-
came teduced by ai:hion . The order of addition of cyanide,
before or after dithionite, & not affect the final result: -com-
plete zgduqcion of the cytochromes b%and ¢ (Fiéure 36). As with
the periplasaic fractiom, ferricyanide added in excess to the contents
of the sample cuvette cancelled cutr the ﬁifference'absorption spectrum
(Figure 36, qpper trace).

1 -

-

- . \,
- . - R

_» The sequence of Ebsorpcion changes following the additiom
of :yanide to a membrane preparation oxidized by 02 gas is pre— =
.sented in Figure 37. A reduced minus$ oxidized difference spectrum
is developed as the cytochromes in the sZmple cuvetce are being

reduced by endogenous reductamt(s). By 15 minutes, however, the

.D
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Figure 34. Roam temperature difference spectra of the periplas-
mic fraction treated with C¥ , dithionite and ferri-
¢yanide.

The reducing substrates were the endogenous substrate(s)
and/or sodium dithionite. .The oxidant was ferricyanide
in all the cases. The order of addition of the sub-
strate and/or the inhibitor (CN, 1.0 =M) to the sample
cuvette was as specified beside the curves. The spectra
were recorded at roam remperature in cuvettes of 10 mm
light path. The baseline was obtained by scanning the
same concentration of [Fe(CN)6}'3-oxidized proteins (4.7
mg/ml) present JAn the sample and the reference cuvettes.
The vertical Bar represents ome tenth of the absorbancy
'unit at which the spectra were scanned and the wavelengths
are expressed in nanometers.
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Figure 35.

Spectral changes observed as a function of time after
treatment of the membrane fraction of A. ialoplankiis
with N ., Ferricvanide was used as oxidant.

Cyanide + endogencusly-reduced minud [Fe(CN)63-3—
oxidized difference spectra. Cyanide (1.0 =M) was
added to the contentsof the sample cuvette, solid
crystals of ferricyanide to the contentsof the re-
ference cuvette and the difference spectra were re-
corded. The numbers beside the curves indicate

the time in minutes at which the scans were started
after the addition of CN , After development of

the difference spectra, the sample and the reference .
cuvettes were treated as specified besid curves.
The spectra were recorded at room temperature
cuvettes of 10 mm light path. The baseline was)ob-

tained by scanning the same concentration of [Fe(CN)el'B-

oxidized membranes (5.6 mg protein/zl) present in the
sample and the reference cuvettes. The vertical bar re-
presents one tenth of the absorbancy unit at which the
spectra were recorded and the wavelengths are expressed
in nanometers.

-
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Figure 36.

K:Scn _temperature difference spectra of the membrane
fraction treated with CN¥ , dithionite and ferricyan-
ide.

The reducing substrates were the endogenous substrate(s)
and/or sodium dithionite. The oxidant was ferricyanide

in all the cases. The order of addition of the substrate
and/or the inhibitor (CN, 1.0 =) to the sample cuvertte
was as specified beside the curves. The baseline was
obtained by scanning the same concentration of [Fe (CN)g) 3~
oxidized membranes (5.6 mg protein/ml) present in the
sample and the reference cuvettes. The vertical bar re-
presents oné tenth of the absorbancy unit at which the
spectra were recorded and the wavelengths are expressed in
nanometers.
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Eigure 37.

cuvettes of 10 mm light path. The baseline was ob- -

-

Spectral chanhges observed as a functiom of time after i
treatment of the membrane fraction of A. haloplankiis -
with QN . 0y gas was used as oxidant.

-

Cranide + endogenously-reduced miwms Oz—oxidized dif-
ference spectra. The membrane fraction was buBbbled
with 02 gas for 10 min and divided into the sample and
the reference cuvettes. Cyanide (1.0 mM) was added to
the contentsof the sample cuvette and the difference
spectra were recorded. The aumbers beside the carves
indicate the time in minutes at which the scans were
started after the addition of CN . After development
of the difference spectra, the sample and the reference
cuvettes were treated as specified beside the curves,
The spectra were recorded at room temperature in R

tained by scanning the same concentration of untreated .
membranes (16.0 mg protein/ml) present in the sample

and the reference.cuvettes. The vertical bar represents .
one tenth ‘of the absorbancy unit a& which the spectra

were recorded and the wavelengths are expressed in nano=-

meters.






cytochromes In the reference cuvette have also become endogenously
reduced to the point where there is essentially no difference
spectrum. AL 30 and 60 a2inutes, the reduced + ON minus reduced
spectrum appeared as a pseudo-oxidized miruts reduced spectirum
(tTough at 558 mi), demonstrating that the reduced form of cyto-
chrome ¢ {(a b-type cytochrome) can possibly bind CNU Addizion of
dithionite to the sample cuvetrte completely reduced the cyvrochrames.
Addition of ferricyanide to the reference cuvette completed the
oxidation initiated by 02 gas.

Cvtochrome Reduction in the Presence of Other Inhibirors

To further characterize the respiratory chain of A. hafo-
planktis, a series of respiratory inhibitors were tested by means
of difference absorption spectrophotometry at the level of whole

cells, cell-free extracts, periplasmic and membrane fractioms.

The conventional site one inhibirors, rotencme and amytal .
and, to some extent, atebrine were looked at spectrophotometrically
in the presence of NADH and remaining endogenous substrate(s) of
starved whole cells “(Figure 38). At sfeady state, the cvtochromes
present in whole cells were red&ced by NADH (Figure 38, trace b)
when compared to the dithiomite-reduced minits ferricvanidew, -
oxidized difference spectrum (Figure 38, trace Q). Rotenone
(trace ¢), atebriﬁe (trace d) and amvtal (trace @) prevented cyto-
chrome reduction by NADH and endogenous substrate(s) to various
degrees. Among the three inhibitors tested, rotenone was the most
effective causing approximately 50X inhibicion. These spectra
could indicate that a portion of the electron flow driven by
the oxidarion of NADH reached the final electron acceptor via a

route insensitive to the first site inhibitors.

Specific inhibirzion of succinate dehydrogenase by thenoyl-
trifluoroacetone, (TTFA), could be demonstrated spectrophotomet-

rically in whole cells. Indeed, the series of difference spectra

16+
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Low temperature difference spectra showiag the effect
of the first site respiratory inhibitors on the cyto-
chreme system of complex medium growy cells reduced
by NADH and remaining endogenous sﬁsétrate(s).

The starved cell suspension was mixed (1:1) with suc-
rose (0.75 M , final concentration), bubbled with 03
gas for 10 min and divided into the sample and the re--
ference cuvettee. The following inhibitors were in-
cubated for 3 min with the contentsof the sample
cuvettes prior to substrate reduction: rotenone {1.0
aM), atebrine (0.5 mM) and amytal (1.0 o¥). The cou-
centration of NADH was 2.5 mM.

Trace a: dithionite-reduced minus ferricyanide—exidized
difference spectrum;

trace bD: NADH-reduced minus Op-oxidized;

trace ¢: Rotencne-inhibited/NADH-reduced minus 0y-oxi-
dized; _ '

trace d: Atebrine-inhibited/NADH-reduced minus Op-oxi-
dized; £ .
trace ¢: Amytal-inhibited/NADH-reduced minus 0z-oxidized;
trace ¢': Rotenone-inhibited/endogenously-reduced mltLs
Ogy=oxidized; —

trace d': Atebrime-inhibitedZendogenously-reduted minus
0o—oxidized; : : -

trace ¢': Amytal-inhibired/endogenously-reduced miud
Oy=oxidized; ’

trace §: endogenously-reduced minud Op-oxidized differ-
ence spectrum. The baseline (trace g) was obtained by
scanning the same concentration of Op-oxidized whole cells
(22.5 mg protein/ml) present in the sample and the refer-
ence cuvettes. The spectra were recorded at 83°K in
cuvettes of 2 mm light path. The vertical bars represent
one tenth of the absorbancy units at which the spectra
were recorded and the wavelengths are expressed in nano-
meters.
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presented in Figure 39 showed that TIFA did prevent cytochrome Te-
ducrion when succinate was serving as the electron domor (crace ¢,
whereas reduction was not impeded in the absence of the inhibiter
(trace b). Mainly, the c-type cytochromes *:édu;:éd by remaining
endogenous substrate(s) (rrace d) were inhibited by TIFA (trace ch).
™~
When inhibition with the conventicnal second site inhibitoTs

antinycin A and 2-heptyl 4~hvdroxyquinoline (HOQNO) were looked at
spectrop‘hoﬁometrically, the following results were obtained with
aseptically starved cells (Figure 40}. As noticed earlier, the
physiological oxidation and reductiom of the cvtochromes by O2 gas
and NADE (Figure 40A, trace b} was of less numerical importance than
the” chemical oxidation and reducr.ion of the cytochromes by Lerri-
cyanide and dithionite respectively (‘igure 40, trace &). Neyerthe=-
less, the inhibitory action of antimyecia A (Figur &O_A, tracd €) ‘.}‘
and HOQNO (Figure 40A, trace d) of NADH-reduced cytochromes fas
obvious in as much as only reduction of the cvtochromes as
allowed in the presence of the inhibitors, the pronounced trough)
in the 550om region was evidenced for the oxidatrion of the c.-:yp"é _
cytbchranes'. As expected, the cyt-ochrcnes located cn the oxygen
side of the :Lﬁhibi:ory block-were readily oxidized. When the pea.kl
neights were taken into comsideratiom, it was also noticed that a
certain pgoporticn of the b-tvpe cytochromes were not’ reduced to
the extent of the uninhibited comtrol (Figure 40A, trace &) indi-
cating partial resistance of the b cytochromes towazd the second
site inhibitors om ti'me NADH pa:t_way. .Wich succinate-reduced
whole cells, very different sensitivity patterns developed with

'-i:wcin A and HOQ\O (Figure’ AOB). Nearly ccmple:e reduction of
b=-and ¢-type cvtochromes was observed in the presence of either
inhibitor, indicating that antimycin A and HOQNO would not aet be-
tween cvtochrome b and ¢ on the su-ccinate pathway, although a por-
tion of the cytochromes ¢ was parti.#llv oxidized when the peak
heights (Figure 40B, traces C and d} were comparedsto the peak
heights of the uninhibited control (Figure 40B, trace b]. This



Figure 39. Low temperature difference ahsorptiocn spectra show—
ing the effect of the respiratory inhibitor TIFA on
the cytochrame system of complex medium grown-cells
reduced by succinate and remaining endogenous sub-
strate(s).

The starved cell suspension was mixed (1:1) with
sucrose (0.75 M, £inal concentratiom). bubbled with
02 gas for 10 min and divided into the sample and *~
the reference cuvette. The inhibitor thenmoyltri-
fluoroacetone TIFA (1.0 aM) was incubated for 3

- min with the contents3f the sample cuvette prior
to substrate reduction. The concentration of suc-
cinate used was 10 =M. _
Trace 4; dithionite-reduted miwus farricyanide-
axidized difference spectrum;
trace b: succinate-reduced minus Oz-oxidized;
trace ¢: TIFA-inhibited/ succinate-reduced monLs
0,—oxidized;
trace ¢': TI'FA—inhibited-/ endogenously—:educed
miws Or—oxidized;
trace d: endogenously-reduced minus Op;-oxidized
difference spectrum.” The.baseline (trace,e) was
obtained by scanning the same- concentration of
0p—cxidized whole cells (18.5 mg _protein/ml) pre-
sent in the sample and the reference cuvettes.
The spectra were recorded at 83°K in cuvertes of
2 om light path. The vertical bar represents one
tenth of the absorbanc¢¥ unit at which the spectra
were recorded and the javelengths are expressed in
nanometers. H : )
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Low temperature difference absorption speczira showing
the effect of the second site respiratory inhibitors
ou the cvtochrome system of complex zmedium grown cells
Teduced by NADH and remaining endogenous’ substrate(s)
in (A) and by succinate ad remaining erdogenous sub-
strate(s) in (B).

-
-

The starved cell suspension wags mixed (1l:1) with
sucrose (0.75M, final concentration), bubbled with 02
gas for 10 zin and divided into the sample and the
reference cuvette. The.inhibitors antimvcin A (1.0
aM). and HOGNO (0.5 mM) were iacubated for 3 min with
the contentsof the sariple cuvettes prior to-substrate
reduction. The concentrations of substrates used were:
NADH (2.5 =M) and succinate (10 aM). _ Series of dif-
ference spectra presented in section (A)

Trace &: dithionite-reduced minus erricvanide—oxidized
trace b: NADH-reduced minus 0s-oxidized;

trace ¢! Antimycin A-inhibited/NADH-reduced minus Os-
oxidized; :

trace d: BOQNO-inhibited/NADH-reduced minus O,-oxidized.
trace ¢': Anhpvcin A-inhibited/endogencusly-reduced
MLy Qq=oxidi

trace d': HOQNO-inhibited/endogenously-reduced riilLd 024
oxidized;

trace 2: endogenously-reduced muwd Op=-oxidized. The
baseline (trace j) was obtained by scanning the same
concentration of Os-oxidized whole cells (l8.5 mg
protein/ml) present in the sample and the reference
cuvettes. The spectra were recorded at 83°K ia

cuvertes of 2 zm light path., The vertical bar repre-
sents one tenth of the absorbanc¢y unir at which the
spectra were recorded and the wavelengths are expressed
in nanofeters:

Series of difference spectra presented in section (B):
trace &: dithivnite-reduced miws ferricvanide-oxidized;
trace b: succinate-reduced s O,-oxidized;

trace ¢! Antimyein A-inhibited/succinate-reduced m{nus
Ons—oxidized;

trace d: HOQNO-inhibited/succinate~reduced raus 0,-
oxidized;

trace ¢ Antimvein A-inhibited/endogenously-reduced
miuLs On-oxidized;

rrace 4': HOQNO-inhibited/endogenouslyv-reduced M{itud
0p~oxidized;

trace Qs endogenOUSIV—*educed mouLs Or—oxidized. The
baseline (trace j) was as specx;zed,xn section (A) and
the protein conceatrazion was adjusted to 1¥.5 ag/zl.

.



(Wu) HLNITIAYM - (W} HLNZTIAYM

Q0% . 0S¢ 009 10.0,°] [43°)'] 009
¥ ) | 1 Ll L) L .
(\\l\\l\)ﬁ
- . N . ]
, _ h
T
n
FAL)Y —
- m——— \\\ ,.f/ \\.\nl...\\ \\uu..V
- N
- ’
l.l..a..llw\\l.\ /f\_.\t-n-
4]

. . (v)

{a)



[
~1
(8]

could also be caused-by blockare of recdugsion of the cviochrome 2
by remaining eadogenous Teserves In the presence of the inhibitors
(:-‘ig::re 408, trace ¢’ and d'). It is kuown that respiratory
svstems expressing different sensitivities toward cvanide often
express different sensitivities toward antimvecin A (Deg% ex al.,
1978).

Several att;apts were made to resolve spectropﬁotune:ri-
cally the electron transport chain of A. -hafoplankiis at the zem-
brane and periplasa levels but the poor resolution of the differ-
ence spectra allowed us only to conclude thar total inhibitiom of
cybochiowe reduction using potenone, amytal, TIFA, antimyvein A
and BOQNO at various concentrations wams not observed, although
with dehvdrogenase-specific inhibitors, flavoprotein troughs were
leveled off and thus indicated some inhibition of,the flavoproteins
pet $e. Such results suggested that even at the reduced end of the
chain, elec:ron_flow may bypass specific flavoproteins to further
reduce the cvtochromes by an alrternative route which could possibly
be identified as the periplasmic route. The difficulties encountered
in resolving the chain ar thke sub-cellular level stemmed mainly £r
the fact tgat H oS phys#Zi;gical substrate reduction of bacterial
cftbchromes‘in isoclated membranes was of lower extent than in cell-
free extracts or in whole cells; (L{) the possibiliry always remained
that part of the membrane-bound eﬁzymes became disoriented or were
‘solubilized (to a certain degree) during the.fractionation procedure
and thus unable zo respond to membrane-specific inhibirors; (Lil)
the sub-cellular electron carriers are by nature very reactive and
thelr redox states were more easily disturbed by unspecific effects
of solvents or other chemicals present in the reactiond mixcure.
Furthermore, extensively washed menmbrane particles derived fram
starved cells revealed that indeed endogenous substrate(s} could

not entirvely be washed free from the preparations.



3. POLAROGRAPEIC SITDY OF TEE ELECTRON TRANSPORT CEAIN

The spectrophoromezric data obtained Irom the interactiom
.0f cellular and sub—cellular fractions with specific res;:.:'.:ato:y
inhibirors and substrates were substantiated with polarographic
data. This aspect of the study was concentrated on whole cells
since they represen: the most physiclogical emtity that resplres

oxvygen.

The polarographic study was carried out with the thir
site inhibirors, cvanide and azide, in cambination with the sub-
strates NADH, succinate and ascorbate/TMPD. Table XIV presents
the 507 and 90X inhibitory concentrations for the respective
oxidases in the presence of cvanide and azide. Amcng the sub-

strates tested, ascorbate/TMPD was the most sensitive to cvanide

173

with a median inhibitory dose in the vicinity of 1 uM (IO g = L0015 =M)

as well as o azide (I0 5 = L045 a); succinate oxidase was 100 times

less sensic ive to cvanide (I0 5 = .120 mM) and very rTesistant o

azide (I > 100mM). NADH oxidase was even less sensitlive o

cvanide ?IZ 5 = = .450mM) but comparativelv more sensitive o azide
(I0 5 = 10mM) than succinate oxidase (I0 5> 100=M). These con-
centrations were derived from the inhibitory curves plotting the
sercentages of oxidase activities veusws various concentrations
of the third site inhibitors for NADH, succinate and ascorbate/
TMPD (Figures4la to 43A). Piotsof the reciprocal of fractional
inhibition against the reciprocal of inhibitor comceantration that
intercept the ordinate at 1.0 indicate that total iInhibdbitiom zay
be effected at infinite concentraticns of the inhibitors (Niven
et af., 1975). In the same line of tHought, a straight line in-
rercepting the abcissa would indicate seasitivity to the inni-
bitor at 2 definite concentration and a straight line intercept-

ing the ordinate would signify resistance to the iInhibitor. De-

s}

grees of resistance would vary depending on the slcpe of the
s

traight line and on its point of intercept with the ordinate.

-
Sa— -
~



174

TABLE XIV. Concentraticns of cyanide and azide required
for 502 (I5,5) and 90X (Ig.9) inhibition
of NADH, succinate andé ascorbate/™PD oxi-
dase activities of intact cells of Alterw-
monas halopfankiis grown in complex medium.

Inhibitors
Cyanide ' Azide
Substrate Comc. for an inhibition of Cone. for an IiInhibition of
Lo.5) L0.9) Lo.s) 10.9)
NADH 450 oM .900 =M 10 mM 40 mM
succinate .120 aM > 10 =M >100 M >100 =M
ascorbate/ ™MPD L0015 mM L045 mM <.001 =M 4 =M

kY

The values presented in this table are based on 3 separate experi-

ments for each substrate with no less than 9 determinarions each.



Figure 41. The effect of vafious concentrations of cyvanide and
azide on intact cells of A, nalovfaniiis oxidizing
WADH.

[N

The complex medium grown cells were harvested at the
stationary phase, washed twice in complete salr (.3¥
NaCl, .05M MgCl,, .0IM KC1l) solution and starved for

45 hr at 25°C, 300 rpm, in a volume of sterile sal:t
solution equal te the growth volume. The starved

cells were harvested by centrifugation and resus-
pended in an appropriate volume of caaplete salt

(.34 NaCl, .05M Mgso,, .0IM KC1) Tris/P0, (50 + 1 aM,
pE 7.4) to a concentratiem of 19.5 mg protein/ml

in (A) and 21.8 ag protein/ml in (B). The whole

cell proteins (0.65 mg in (A), 0.72 ag in (B) were pre-
incubated for 3 min with various concentrations of
cvanide (0.0l to 10 mM in (A) and azide (0.0l to 100 =mM
in (B)). The reactions were started by the addirion of
2.5 oM NADH. Initial rates of oxvzen consumption were
measured for 10 min in an 0o eleczrode cell at 25°9C.
Cvanide and azide inhibitions are expressed as the per-
centages of NADH axidase activity in the presence of
various concentrations of cyanide or azide in (A) and
(B) respectively. In (A') and (B'), the double reci-
procal plots of l/fractiomal inhibition vetsus 1l/inhi-

bitor (mM)~l are inserted in the main figures. The
slopes of the lines and the intercepts with the axes
were calculated by linear regressiom.
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Figure 42.

The effect of various concentrations of cvanide-and
azide om intact cells of A. alonlaniiis axidizing
succinate.

P

The complex medium grown cells were harvested at the
stationary phase, washed twice in complete salt (.3M
NaCl, .05M MgCl,, .0IM KC1) solution and starved for
48 hr at 25°C, 200 rpm, in a volume of sterile salt
solution equal to the growth volume. The starved ;
cells were harvested by centrifugation and resuspe
in an appropriate volume of complete salt (.3 NaCl,
.05M MgS0,, .01M KCl) Tris/PO, (50 + 1lmM, pH 7.4) to a
protein concentration of 22.5 =g/ml in (A) and 20.0 =g/
ml in (B). The whole cell proteins (0.75 amg in (A)

and 0.350 ag in (B)) .were pre-incubated for 3 min wita
various conceantrations of cyanide (V.01 to 10 mM in

(A) and azide (0.5 to 100 aM in (B)). The reactions
were started by the additiom of 10 aM succinate.
Inizial rates of oxygen consumption were measured for
10 min in an O electrode cell at 259C. Cyanide and azide
inhibitions are expressed as the percentages of suc-
cinate oxidase activity in the presence of various
concentrations of cvanide or azide in (A) and (B) re-
spectively., In (A') and (B'), the double reciprocal
plets of 1l/fractional inhibition vetsud 1l/inhibitor
(@)=l are inserted in the main figure. The sloves

of the lines and the intercepts with the axes were
calculated by linear regression.
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J
The effect of various concentrations of cvanide and

azide ou intact cells of A. nalopfankiis oxidizing
ascorbate/ TMPD.

The complex medium grown cells were harvested at the
stationary phase, washed twice in complete salt

(.3% NaCl, .05M MgClz, .0IM KCl) solutiomn and starved

for 48 hr at 25°C, 200 rpm, in a volume of sterile

salt solution equal to the growth volume. The starved
cells were harvested by centrifugation and resuspended

in an appropriate volume of complete salc (.3 NaCl, .05M
MgS04, .0 KC1) Tris/PO, (50 + L aM, pH 7.4) to a pro-
tein concentration of 19.0 mg/ml in (A) and 20.0 =g/ml

in (B). The whole cell proteins (0.63 mg in (A) and

0.66 mg in (B)) were pre-incubated for 3 min with varicus
concentrations of cyanide (0.001 to 10 =M in (A) and
azide (0.0l to 25 oM in (B)). The reactions were started
by the addition of 10 + 0.5 =M ascorbate/TMPD. Imnitial
rates of oxygen consumption were measured for 10 ain In
an 0, electrode cell at 259C, and corrected for the auto-
oxidation of the dve TMPD. Cyanide and azide inhibitions
are expressed as the percentages of ascorbate/TMPD oxi-
dase activity in the presence of various concentrations
of cyvanide or azide in (A) and (B) respectively. In

(A') and (B'), the double reciprocal plots of 1l/fractional
inhibited verswus 1/inhibitor (aM)~! are inserted in the
main figures. The slopes of the lines and the intercepts
with the axes were calculated by linear regression.
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The double reciprocal plots of the imhibition curves for NADE,
succinate and ascorbate/TMPD are shown in the inserts of Figures 41
to 43. They suggest that NADH system (Figure 41A') was made up of

rwo oxidases: one NADE oxidase semsitive to cyanide, inhibited at

2.0 =M (intercepting the ordinate at 0.64) and another NADH oxidase

resiscant to c¢vanide (intercepting the ordinate at 5.8). Iz fact,

a recent‘study on ilatact cells of the marine bacterium reveaied that
Altencmeonas raloplankiis oxidizes NADE both exogenously and endogen~-
ously by processes distinguishable from ome another for their require-
ments for alkali metal ions (Khanna el zf., 1984). The results are
explained in terms of two sites for oxidation of NADH, ome on the
outside and ome on the inside surface of the cell cytoplasmic mem- ‘
brane (Khanna ¢f af., 1984). NADE oxidase would be sensitive to

azide at infinite concentration (Figure 413").

.As far as succinate is concerned, the dOub;e reciprocal plots
(Figure 42A', B') show that the oxildase system would be resistant
to both cvanide and azide. Ascorbate/TMPD oxidase, on the other
hand, would be very sensitive ro cyanide (IO.S = 1.5 uM) and to
azide (IO.S - 1uM) (Figure 43A,B respectively), being fully inhibited
at low and high concentrations according to the double
reciprocal plot (Figure 43A'), but resistant to azide (Figure 438",
the straight line intercepting the ordinate at l.l'.

In summary, it appears that two pathways would be tequired for
the oxidation of NADH} one pathway resistant to cyvanide and one path-
way sensitive to cyanide and azide. Succinate oxidation on the other
hand, would be conveved via two pathways resistant to cvanide and cne

pathway resistant to azide. Finally, ascorbate/TMPD would be oxidized p

ﬁv‘ia two pathways\ sensitive to cyanide and one pathway resistant o azide.

The results of the experiments cagtied out with starved cells
and the NADH dehvdrogenase specific imffibirors Cotendmne and amvtal

are presented in Figure 44A,B. According to the double recipfocal

— s
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Figu;e 44, The effect of various concentrations of amytal and
rotenone on intact cells of A. halcoplarkiis oxidiz-
ing NADH.

.The camplex medium grown cells were harvested at the
- stationary phase, washed twice in complete salt (.3M
NaCl, .05M gClz, .01M KCl) solution and starved for
48 hr at 25°C, 200 rpm, in a volume of sterile salt
solution equal to the growth volume. The starved
cells were hbrvested by centrifugation and resuspended
in an appropriate volume of complete salt (.3M NaCl,
.05M MgSO,, .0IM KC1) Tris/PO; (50 + 1 mM, pH 7.4) to
a concentration of 30.0 mg protein/ml. The whole cell
proteins (0.50 mg) were preincubated for 3 min with
various concentrations of (A) amytal and (B) rotencme
(0 to 3,000 uM). The reactions were started by the
addition of 2.5 mM NADH. Initial rares of oxygen con-
sumption were measured for 10 min in an O electrode cell
at 25°C. Amytal and rotenone inhibitions are expressed
as the percentages of NADH axidase activity in the
presence of various concentrations of amytal or rote-
none in (A) and (B) respectively. In (A') and (B8'), the
double reciprocal plots of 1/fractional inhibitiom
versis 1/inhibitor (@M)~> are inserted in the main
figures. The slopes of the lines and the intercepts
with the axes were calculated by linear regression.

OP .
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plots (Figure 44A",B') one NADE oxidase is resistamt to amytal
(intercepting the ordinate at 6.0), the other seansitive at 2.0 =M
concentration (intercepting the ordinate at 0.35). With respect to .
rotenone (Tigure 44B') the NADE oxidases are both resistant to the

inhibitor (intercepting the ordinate at 1.8 and 1.2 respectively).

The specific inhibitor of succinate dehydrogenase, TITA, was
tested in starved cells grown in complex and chemically defined nmedia
(Figure 45). More than 800 pM of TIFA were required for 50X {mhibi-
tion of complex medium gréﬁn cells oxidizing succinate (I g = 825 pM)
whereas a five times less concentration (Ig 5 = 165 pM) was sufficient
to inhibit 30% oxidation of succinate by cells grown in succinate
chemically defined medium. The respective double reciprocal plbts
(Figure 45A',3") revealed that the cells grown in complex medium are
resistant to the inhibitor (slope intercepting the ordinate at 1.7)
vhereas the cells grown in succinate chemically defined medium are
sensitive to the inhibitor at concentratiom arcund 500 PH_(slope

intercepting the ordinate at 0.4).

With respect to antimycin A, a conventional inhibitor of the
second site of oxidative phosphorylation, NADE oxidase was more sen-
sitive to the inhibitor (In ¢ = 460 pM) than succinate oxidase (Ig.5>
1.0 mM), (Figure 46A,B). The double reciprocal plots of both oxidase
systems (Figure 46A',B') strongly suggest that an antimycin A sensitive

and an antimycin A resistant pathways are operative in the respiratory

chain of A. hafoplanktis.

For HOQNO inhibitiom (Figure 47A,B), succinate oxidase was more
sensitive (Ig g = 10 pM) than NADH oxidase (Ig g = 250 pM). When the
double reciprocal plots (Figure 47A',B') were taken into consideration,
the resistance of succinate oxidase toward HOQNQ was less pronounced
{slope intercepting the ordinate at 1.3) than the resistance of NADH

oxidase (slope intercepring the ordinate at 42.7), when the slopes



Figure 45. The effect of various concentrations of TIFA on in-
tact cells of A. haleondiniiis oxidizing succinacte.

The complex medium grown cells in (A) and the sue-
¢inate chemically defined medium grown cells in (B)
were harvested at the stationary phase, washed in
complete salt (.3M NaCl, .05M MgCl,, .0IM KC1l) solu-
tion and starved for 48 hr at 25°C, 200 rpm, in a
volume of sterile salt solutiom equal to the growth
volume. The starved cells were harvested by cen-
trifugation and resuspended in an appropriate volume
of caplete salt (.3M NaCl, .05M MgSO,» .0IM KC1)
Tris/PO, (50 + 1 =M, pH 7.4) to a protein concentra-
tion of 20.5 =mg/ml in (A) and 15.0 in (B). The whole
cell proteins (0.50 mg)were preincubated for 3 min
with various concentrations of TIFA (0 to 1000 uM). The
reactions were started by the addition of 10 mM suc-
cinate. Initial rates of oxvgen consumption were
measured for 10 nin in an 0; electrode cell at 25°C.
TIFA (thenoyl-trifluorcacetone) inhibirions are ex-
pressed as the percentages of succinate oxidase acti-
vitv in the presence of various concentrations of the
inhibitor with complex medium grown cells in (A) and
succinate chemically defined medium grown cells in
(B) respectively. In (A') and (B"), the double reci-
procal plots if 1/fractional inhibition vernsws 1l/in-
hibitor (mM)™" are inserted in the main figures.

The slopes of the lines and the intercepts with the
axes were calculated by linear regression.
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Figure 46.

The effect of various concentrations of antimvein A
on intact cells of A. wlopfamkilis oxidizing NADHE
and succinate.

The complex medium grown cells were harvested at the
stationary phase, washed twice in complete salt (.3M
NaCl, .05M MgCly, .0IM KCl) solutiom and starved

for 48 hr at 25°C, 200 rpm, in a volume of sterile

salt solution equal to the growth volume. The starved
cells were harvested by centrifugation and resus-

pended in an appropriate volume of complete salt

(.3M NaCl, .0SM MgS0Qg, .0IM KC1) Tris/P0,; (50 + 1 oM,

pH 7.4) to a comcentration of 21.7 mg protein/al in (A) .
and (B)., The whole cell proteins (0.50 mg) were pre-
incubated for 3 min with various concentratioms of
antimycin A (0 to 1000 uM). The reactions were started
by the addition of 2.5 =i NADH in (A) and 10 aM suc-
cinate in (B). Initial rates of oxygen consumption

were measured for 10 min in an 0y electrode cell at 25°C.
Antizmvein A inhibitioms are expressed as tne percentages
of NADH oxidase activity in (A) and succinate oxidase
activity in (B) in the presence of various conceatra-
tions of the inhibitor. In (A') and (B') the double
reciprocal plots of l/fractiomal inhibition vetsusd
1/inhibitor (mM)~l are inserted in the main figures.

The slopes of the lines and the intercepts with the
axes were calculated bv linear regression.
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Figure 47.

The effect of various concentrations of HOQNO on
intact cells of A. wialoplarkiis oxidizing NADH and
succinate.

? .

The complex medium*grown cells were harvested at the
stationary phase, washed twice in complete salt (.3
NaCl, .03 MgCl,, .0IM KC1l) solution and starved for
48 hr at 25°C,200 rpm, in a volume of sterile salt solu-
tion equal to the growth volume. The starved cells
were harvested by centrifugatiom and resuspended in
an appropriate volume of complete salt (.3M NaCl,
.05 MgsQ,, .UM KC1) Tris/PO (50 + 1 a1, pH 7.4)
o a protein concentration of 23 3 mg/ml in (A) and
21.7 mg/ml in (B). The whole cell proteins (0.50
mg) were pre-incubated for 3 min with various con-
centrations of “HOQNO (0 to 1000 uM). The reactioas
were started by the addition of 2.5 =M NADH in (&)
and 10 aM succinate in (B). Initial rates of oxyvgen
consumption were measured for 10 min in an O electrode
cell at 25°C. HOQNO inhibitions are expressed as
the percentages of NADH oxidase activity in (A) and
succinare oxidase activity in (B) in the presence of
various -concentrations of the inhibitor. In (A')
and (B'), the double reciprocal plots of 1l/fractiomnal
inhibition velsus l/inhibitor @4)~L are inserted 1in
the main figures. The slopes of the lines and the
intercents with the axes were calculated by linear
regression.
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and the points of Intercept to the ordinates were calculated. Also
both succinate and NADE oxidase have an oxidase semsitive to EOQNO
(second ser of slopes, Figure 47A',3'), succinate oxidase being more
sensitive than NADH oxidase. The results suggest that BOQNO and
antimycin A act either ag the same site (comventional eecond site of
oxidative phosphorylation, between cytochrome b and ¢) or at a
different site with antimycin A having a further site of action om
the pathway of NADE oxidation, possibly before the entry of succinate

in the respiratory chain,
»
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C. TERMINAL SEGMENT Of TEE ELECTRON TRANSPORT CHAIN

In additiom, O2 electrode experinents using H?.OZ and various
cell fracrions were carried out to shed light on the terminal seg-
ment of the electron rransfer pathway(s). Also in view of the fact
that a proportion of the electron tramsport chain is resistant to
own respiratory inhibitors and that inhibitor-resistant pathway(s)
are often associated with the production of 5202 (Webster, 1975;
Ainsworth et af., 1980a,b), the following experiment was considered
necessary to assess the presence or the absence of the emnzyme cata-
lase in the marine bacterium. Catalases along with peroxidases
form a group of enzymes called hvdroperoxidases responsible for the
breakdown of percxides. Depending on the substrate used to assaV
the enzyme and depending on the end product of the reactiom, it will
be a catalase or a peroxidase. A xnown function of hydroperoxidases
is to supply addi{iggzi—sxygen 0 oicroorganisms (Mahler and Cordes,
1971; Ibrahim and Schlegel, 1980). The results presented in Figure
48 were consistent with the presence of a cartalase enzyme predcmin-
antly active in whole cells, cell=free extracts and its membrane
fraction. The source of enzyme was membrane-bound and hence the
relatively low content found in the periplasmic fraction. The per-
oxidase enzvme has not been assaved due to the lack of specificity
of most hydrogen donors used for gquantitative determinacion
(Saunders et 2f., 1964). However, ir was ascertained that the-
enzyme present in the periplasmic fraction was sensitive to azide
and thus contrasted with the azide-insensitive cytochrame ¢ per-
oxidase present in Pseudomenas jlucrescens (Lenhoff and Kaplan,
1956). )

Insights on the possible electron carriers terminating the
respiratory chain and thus acting as oxidoreductases came from re-

sults obtained by differenceabsorption spectrophotometry using



Figure 48.

-

Catalase activicy in whole cells, cell-free extracts,
nembrane and periplasmic fractiomsof A. aaloplatilis

grownt in complex medium.

Cells of A. nafonlonhiis were grown in complex nedium
harvescted ar the stacionary phase, washed, resuspended
in appropriate volumes of buffered salt solutiom.

and fracticnated into cell-free ex:iracts, Zembrane and
periplasemic fracticns. The catalase activicy was esti-
mated polarographicaliy with a Clatk oxvgen elecirode
covered with a teflion membrane and maintained at the
constant temperarure of 25°C. During &tbe breakdown of”
hydrogen peroxide by the enzyme catalase, according >
the relationship: EO0p——==1/2 07 + H,0, chvgen is
evolved: 09 evolution was initiaced bv the additiom

of E50, (0.58 =M} to the suspension of whole cells,
cell-free extracts, membrane and periplasmic Iractiions.
The initial rares of E-0, breakdown are expressed Io 2
atoms Q0 produced/zin.
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céllular fractions in combination with reducing substrates and car- -
boa monoxide. Figure 49 illusrates (0-difference spectra recordad

with the periplasmic fraction and the membrane fractiom utilizing
shysiological and aca-physiological spurces of electroms. In the
periplasmic fraction (Figure 49A), the trough at 5345 = ~“a che

visible region and the Sorer peak at 412 nm are indicative that

carbon monoxide binds the periplasmic ¢ when reduced with dithiom™

te (trace &), ascorbate/TMPD (trace b), succinate (trace ¢),

NADH (trace d), but not when reduced with remaining endogencus sub-
strate(s) (trace ¢) exhibiting a reduced peak ar 545 nm. There is a0 evi-
dence of CO-binding in the 585 to 650 mm region of the spectrum \
due to a-tvpe cytochrome. In the membrame fraction (Figure 49B),

visible trough at 556 and 547 am and Soret peaks at 419 and 414 ma

reveal the presence of CO-binding D(0)-and ¢-type cytochromes respec-
tively when reduced with dithionite (trace Q), ascorbate/ ™MPD (trace

b), and NADH (trace d). In the presence of succinate (trace ¢),

there is no obvious pseudo-oxidation of cytOChrcn‘e b (0) at 556 ma

but there is pseudo-oxidation of cytochrome CCO at approximately

547 an with a definite Soret peak at 414 mm. As with the peri-

plasmic fraction, the remaining endogenous substrate(s) in the mem-

brane fraction (trace &) do not allow binding of carbon monoxide

and the membrane-bound cytochromes b abs&rbing at 558 and 556 mm are
reduced in the visible region along with the Soret peak at 422 nm.

The Soret peak at 414 nm accounts foxfﬁ reduced C-tvpe cytochromes. There
a0 evidence qf CO-binding in cthe 585 to 650 nm region due to &-type
cytochrome. Thus__:hree CO-binding <ytochromes are present in A.
naloplankiis: oo associated with' che periplasmic cytochrome ¢ and

two others associated uithla b AD cytochrome and a € cvtochrome

bound to the Dembrane. /

\ .
The other attempts made to further characterice'.'.he peri-
in

plasmic and the membrane-bound cytochromes of the marine bacterium



Figure 49,

Substrate-reduced + CO minus- substrate-reduced dif-
ference absorption spectra of (A) the periplasmic
and (B) the membrane fraction of A. aalapiank~a¢
using various reductants.

/
Starved cells of A. halopfanklis were washed, resus-
pended in buffered salt solution and fractionated
into membrane and periplasmic fractioms. The frac-
tions were mixed {1:1) with sucrose (0.75 M, £inal
concentration) and reduced with the following sub-
strates in (A) and (B): a) dithionite; b) ascorbate/
™PD (1040.5 mM); ¢} succinate (10 mM); d) NADH
(2.5 mM); ¢) remaining endogenous substrate(s).
Carbon monoxide was bubbled for 3 min into the
samples which were incubated ar rocm temperature in
darkness for an additional 10 min. The baseline
(traces i) were obtained by scanning the same con-
centration of protein (A) 7.7 mg/ml, (B} 20.0 mg/ml,
present in the sample and the reference cuvettes.
The difference spectra were recorded at 83°K in
cuvettes of 2 mm light path. The vertical bars re~
present one tenth of the absorbancy units at which
the spectra were recorded and the wavelengths are
expressed in nanometers.
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were: (L) resting the sensitiviry of the redox carriers toward the
terminal oxidase inhibitors, cvanide and azide, and (4{) scanaing
nicric oxide (NO) difference spectra to clarify the nature of the

cvtochrome (s) invelved in the reactioen.

A common substrate for the periplasmic and the zmembrane-
bound cyvtochromes is ascorbate/T™PD. Results of the inhibitoery
effect of N and N; on ascorbate/TMPD oxidase-activity in both
fractions are presented in Figures 50 and 51. Although the inhi-
bitory curves of ascorbate/TMPD oxidase vetisus various concentra-
tions of cvanide and azide in combination with the periplasmic ~
fraction (Figure 50A,B) indicate that the oxidase is quite sensi-
tive‘lo both inhibitors, cyamide (I, ¢ =2 uM) and azide (I, ¢ =
20 uM), still some resistance is encountered as indicated by the
reciprocal curves (Figure 350A',B") with straight lines intercept-
ing the ordinate above the value of 1.1. The slope of rhe cvanide
curve being much less pronounced than the slope of the azide curve
indicates that the periplasmic fraction is more sensigive to cvanide
than to azide (Jones, 1973).

The inhibitory median doses for inhibiting the Sembrane-
bound ascorbate/TMPD oxidase by cyanide and azide are (IO.S = 1.0 uM)
and (IO.S = 20 uM), respectively (Figure 51A,B). The double re-
ciprocal plots for both inhibitors (Figure 51a',B") intercept the
ordinate at the origin, comfirming the sensirivity of the oxidase

for the inhibizors.

Thus the substratée ascorbate/TMPD is oxidized by a cyanide
and azide-sensitive membrane-bound cxidase and a cyanide- in-
sensirive periplasmic oxidase. In several bacterial systems, the
oxidation of this noa-physiological substrate is linked to 0-and C-
type cvtochromes biﬁding carbon monoxide and readily inhibited by
low concentrations of cyvanide and azide (King and Drews, 1976;

Jurtshuk and Yang, 1980; Matsushira el af.,1982; Carver and Joues, 1983).‘



Figure 50.

The effect of varicus comcentrations of cvanide and
azide on the periplasaic fraction of A. ialoplaniiis
oxidizing ascorbate/TMPD.

The periplasmic fraction was derived from staticmary
phase cells grown in complex medium. The protein comn-
tent of the fraction was 7.5 mg/ml. The periplasmic
proteins (0.50 mg) were pre—incubated for 3 mim with
various concentrations of cvanide (0.5 to 100 uM in

" {A) or azide (5 to 1000 uM in (B)). The reactions

were started by the addition of 10 + 0.5 =M ascorbate/
TMPD., 1Initial rates of oxygen consumption were mea-
sured for 10 min in an 0; electrode cell at 25°C and
corrected for autocxidation of the dve TMPD. Cyanide
and azide inhibitions are expressed as the percenctages
of ascorbate/TMPD cxidase activity in the presence of
various concentrations of cvanide or azide in (A) and
(B) respectively. In (A') and (B'), the double reci-
orocal plots of l/fractional inhibitionm vewsus 1/inhi-
bitor {uM)™* are inserted in the main figures. The
slopes of the lines and the intercepts with the axes
were calculated by linear regression.
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Figure 51. The effect of various concentrations of cranide and
azide on the membrane fraction of A. hafonlankiis
oxidizing ascorbate/TMPD.

LY

The membrane fraction was derived from stationary
phase cells grown in complex medium. The protein
content of the fractiom was 22.0 mg/ml. The menm-
brane proteins (0.50 mg) were pre-incubated for 3
min with various concentrations of cyanide (0.5

to 1000 uM in (A) or azide (5 to 1000-uM in (B)).
The reactions were started by the additiom of 10 +
0.5 oM ascorbate/™PD. Inirial rates of oxvgen com-
sumption were measured for 10 mim in an O electrode
cell atr 25°C and corrgeted for autooxidation of

the dye TMPD. Cyanide and azide inhibitions are
expressed as the percentages of ascorbate/TMFD
oxidase activity in the presence of various con-
centrations of cvandide or azide in (A) and (B) re-
spectively. In (A') and (B8'), the double recipro-
cal plots of 1/fractional inhibirion versus 1/in-
hibitor (uM)~l are inserted in the main figures.

The slopes of the lines and the Intercepts with

the axes were calculated by linear regressiom.
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. ~
Difference absorprion spectra using nitric oxide, N0, with
the oxidized and reduced form of the periplasmic and zembrane-bound
cyrochromes of A. iafoplankils were scanned in an attempt to further

characterize the nature of the cyvtochromes involved.

The RAcdesplidllium haem prutein (RiP) of the purple photo-
synthetic bacteria Ricdespisdlfum wubtwm was proposed by Taniguehi
and Xamen (1963) as the prototype of a new class of haemeproteln
called cytochromoids (cyrochrome C variamt oz cvtochrome ¢')}. The
unique characteristic of this haem protein was the abilicy oé its

oxidized and reduced form to bind airtric cxide.

Earlier work by Bartsch and Kamen (1553) had been presented
iaplicating the REP in an oxidase system. Cox &% al., (1971) con-
cluded from a study done with Psoudeomonas reiscciomatiiud that the
¢-tvpe cytochrames involved in nmitrite reduction were all present
in the NO complex form. Both haems of Pseudemonad aerusdncsda cyto-
chrome oxidase ¢d (nitrite reductase) react with NO in rhe oxidized
and reduced states and are intermediates in the mechanisn of nitrite
reduction (Shimada ana Orii, 1976). The ¢ cytochromes appear to be
"periplasmic”, freely soluble in phototrophic bacteria, and comprise
the largest and most widespread class of bacterial cyvtochromes
iown, vet the functional roles of these cytochromes have eluded
definition (Mever and Kamen, 1982). Recently, a soluble c-type
cvtochrome present in Naissewia mendadiididis has been classified as
cvtochrome ¢' on the basis of its reactivity with nitric oxide (Yu
et al., 1979). No functional role could be attributed to the &'

cvzochrome.

when anitric oxide, N0, difference spectra were scanned with

the ferric and the ferrous forms of the periplasmic (Figure 52) and

L



Figure 52.

Nitric oxide (X0O) difference absorption spectra of
the periplasmic fractiom of A. halcplankiis 2! oxi-
dized with hydrogen peroxide and [b! reduced with
sodium dithionite.

Cells of-~A. hafoplarkiis were grown in complex medium
to the staticnary phase. Stationary phase cells were
harvested by centrifugation, washed, resuspended in
buffered salt solution and fractionated into the mez-
brane and the periplasmic fractioms. The periplasmic
fraction was mixed (1:1) with sucrose (0.75M final
concentration). In (al the fraction was oxidized
with Ho0p (1 drop of 1:100 307 solution) and divided
into the sample and the reference cuvettes. NO gas
was then bubbled for 3 min through the contents of

the sample ctvette and the reaction allowed to proceed
for 10 min at room temperature befors the difference
spectrum was scanned at 83°K in cuvettes of 2mm light
path. In [b] the fraction was reduced with solid
crvstdls of dithionite and divided into the sample and
the reference cuvettes. X0 gas was then bubbled for

3 min through the contents of the sample cuvelte and
the reaction allowed to proceed for 10 min at room
temperature before the difference spectrum was scanned
at low temperature. The protein content of the fractiom
in [a! and {b] was 4.5 mg/ml. The vertical bars rep-~
resent one tenth of the absorbancy units at which the
spectra were recorded; the wavelengtﬁs are expressed in
nanometers.
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the aembrane fraction (Figufe 53) of A. nafoplankiis, the a, 5 and v
absorption maxima of the periplasmic ferri-NO complex absorbed at
561, 532 and 417 om respectively (Figure 52, trace &); the ferro-XNO
complex absorbed at 560, 531 and 416 mm respectively (Figure 52,
trace b). These absorption maxizma are in good ag eement with the
absorption maxima published for the oxidized RHP-NO\complex (0563’
:3530, Ybl.;) and the reduced RHP-NO complex (0560' 3530-, YAI.?)
(Taniguchi and Kamen, 1963). Thus, on spectral basis, the peri-
plasmic cytochrome Coug of the marine baccer@'cou_ld be classi-

fied as a cvtochrame c'.

As far as the membrane-bound c}tochromes were concerned, only
the oxidized form of the cytochromes reacted in a characteristic
fashion with nitric oxide (Figure 53, trace &) with absorption maxima
absorbing at 562, 530 and 419 nm; the reduced fomm of cytochromes 0
and ¢ bound NO (Figure 53, trace b) with shifted peaks at 565 and 535
om but the Soret troughs at 424 and 414 um appeared anomalous when
compared to the Soret region of the oxidized + NO minus oxidized

rdifference spectrum (Figure 53, trace a).



Figure 53.

Nirric oxide (NQ) difference absorption sp;Ztra of

the membrane fraction of A. haloplarkiis (2] oxi-
dized with hvdrogen peroxide and [b] reduced with
sodium dithionite.

Cells of A. halopfankiis were grown in complex mediuxm
to the stationarv phase. Stationary phase cells were
harvested by centrifugation, washed, resuspended in
buffered salt solution and fractionated into the mem—
brane and the periplasmic fractions. The membrane
fraction was mixed (1:1) with sucrose (0.75M final
concentration). 1In (a), the fraction was oxidized
with Hy02 (1 drop of 1:100 30T solution) and divided
into the sample and the reference cuvettes. NO gas
was then bubbled for 3 min through the contents of

rhe sample cuvette and the reaction allowed to proceed
for 10 min at room temperature before the difference
spectrum was scanned at 83°K in cuvettes of 2mm light
path. In [(b], the fraction was reduced with solid
crystals of dithionite and divided into the sample and
the reference cuvettes. NO gas was then bubbled for

3 min through the contents of the sample cuvette and
the reaction allowed to proceed for 10 min ar room
temperature before the difference spectrum was scanned
at low temperature. The protein content of the fraction
in (2) and (b] was 11.0 =mg/ml. The vertical bars rep-
resent one tenth of the absorbancy units at which the
spectra were recorded; the wavelengths are expressed
in nanometers. '
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4, CONCLUSION .

The dvnamic aspects of the participation of cytochromes

in the process of carrying reducing equivalents along the re- S

spiratory chain cazmnot be rendered by the sole meansof polaro-
graphy. Spectrophotomerry is also required to iden:ié? and -follow
the bdehavior of the redex carriers. Indeed, only through spectro-
photometry can the cytochrome segment of the respiratory chain be
looked ar in detail, with the possibility of focussing on anv one
component in particular. The spectrophotometric technigue using
difference absorbance with and without respiratory substrates and
inhibitors has been Psed successfully in mitochrondrial (Chance and
Williams, 1955d, 1956; Haddock and Garland, 1971; Fuwvu el

al., 1980), as well as in bacterial svstems (Arima and Oka, 1965;
Appleby, 196%a,b; Revsin ei afl., 1970; Ishaque &f at., 1971;
Kauffman and Van Gelder, 1973; Yu and De Voe, 1980).

The same principles weré.applied to the study of the elec-
tron transport chain of Allertomonas haleplankiis. Throughout the
course of the spectrophotometric study, it was found that biologi-
cal and chemical oxidation of the enzvme preparations was a pre-
requisite for better resclution of the cytochromes present.in the
marine bacterium. It was observed for instance, that if the
degree of oxidation achieved with ggrricy ide was raken as 100%,
only 80% or so of chercytochrﬁhes of A. n thiis were physio-
logically oxidizable by oxidants such as air, hydrogen peroxide

Qr oxygen gas.

Chemical and biological cytochrome reduction could be
demonstrated ;pec:rophametrically in whéle celis, ceil—free ex~
tracts, membrane and periplasmic fractions. NADH was proven to
reduce all the cvtochromes involved in the respiratory chain of
A, naloplankiis; sucpinafe was confined to the membrane~containing
segment (s), although a portion of the elecrtron flow could

split at the end of the chain to reach the CO-binding cytochrome

“



|8 ]
1=
O

¢ located in the periplasmic space. The artificial electron domors
ascorbate and ascorbate/ TMPD readily reduced all the C-tvpe cyTo-—

chromes as well as a goo& proportion of the p-tvpes. The rTedox
sotentials of succinate (31 V) and ascorbate (+80 oV) diverge
by sane.110_=V, therefore the comparable levels of cytbchrc:e r;T
duction achieved by boéﬁ substrates can only be explained in terms
of partial reversed electron Ilow. The standard redox potentials’
of the reductants (NADH, -320 =V; succinate, -31 3V; ascorbate,
- +80 ov, at 25°C, pH 7.0 (Mahier and Cordes, 1971)) and of the oxi-
" dants (ferricyanide, +380 nY;Oz gas,1+820 aV) defined the points:
of entry and exit of the electroms in the respiratory chain of the
marine bacterium. '

TN
y
A detailed study of the chain using resniratory inhibitors

permitted further resolution of the cytochrome sequence. In
Alzesomoncs haloplankiis, the effect of cyanide on the cytochrome
segment of the respiratory chain was investigated in whole cells,
cell-free extracts, periplasmic and membrane fractions. Spectro--
photometrically, not Ioo many definire conclusions could

be drawn due to the ubiguitous presence of residual endogencus
aaterial in all the enzyme fractions. However, it could be shown b
that cvanide in the presence of exogenous and residual endogenous
substrates blocked the flow of reducing equivalents at the oxi-

dized end of the chain causing reduced miuws oxidized difference

PR

spectra to aevelop. Re=oxidation of the CN-treated samples by O2
gas did not alter tge difference spectra previously recorded, de-
monstrating the inability of the cytochromes to be re-oxidized when
cyanide was present. On the other hand, re-oxidation of the CN-
treated samples by ferricyvanide did cancel the differenc; spectra,
indicating that the flow of eléctroms can be drained at the end of
the chain by an artificial electron accepltor. No a-type cyto-

chromes were spectrophotometrically involved in the reaction with



the terminal oxidase inhibitor. In the membrane fraction, the re-
duced + N minus reduced differengz spectrum developed with time
as a pseudo-oxidized minus reduced spectnza, demonstrating that
the reduced form of cytochrame 0 (a E-type cytochrome) possibly
Fbinds cyanide. TFinally, in all the fractioms tested, cvanide re-
acted more readily with the C-type than the D-type cytochromes,
igdicating that the c-type cytochromes are clustered ar the oxi-
dized end of the chain where the effect lies of the respiratory

-

inhibitor.

<
In the presence of NADH dehydrogenase specific inhibitors,
amytal and rotenone, the difference spectra scanned with' starved
whole cells could only show that rotenone was preventing in appro-
ximately 50% the reduction of cytochromes. Possibly, the endogenous

material as well as portion of the exogenous NADH. dehydrogenase were

- inseansitive to the conventional syfe one inhibitors.

In ﬁqim:resence of succinate dehydrogenase specific‘inhi~
bizor, TIFA, re than 907 of the cvtochrome reduction was

abolished; some insensitivity toward the inhibitor was encountered

with the remaining endogenous substrate(s).

When the conventional sire two inhibitors, antimvein A and
HOQNO, were logged at spectrophotometrically, the results showed
that the flow of electrons generated by the oxidation of NADH but
not bv succinate was blocked between cytochromes £ and cvtochromes -
¢ as evidenced by the reduced absorption peaks of the cytochromes
b andsthe oxidized absorption troughs of the cytochromes p.' The
cvtochromes reduced by the residual endogenous material present

in &£he éractions were insensitive to some degree to both inhibitors.

All the experiments were conducted with staticnary phase cells

since the full complement of the re5pirz€6ry proteins are syn-

r

rhesized in quantities sufficient enouéh to be detected



spectrophotometrically at that stage of growth in A. raloplaniiis.
However, it must be kept in mind that exponential cells are
generally more sensitive to respiratory inhibitors (Pudek and 3ragg,
1974).

Polarographic zeasurements using the saxe substrates and
“inhibitors substantiated the spectrophotometric data and enabled
us to further characterize the electronm transport chain of Allewe-
moncs heloplonkiis. The protein concentration used in polarographic
assavs was 1/20 the protein comcentration used in spectrophoto-
metric assavs and thus the eveatual remaining endogenous material
of starved cells was not interfering with the Deasurements of exo-

genous substrate oxidarion and Tespiratory inhibizor effects.

The inhibitory curves of NADH, succinate and ascorbate/ TMPD
oxidase activities in the presence of cvanide and azide revealed

that the median inhibitory doses for the inhibition of the respec-

tive oxidases by cyanide were: IO.S (CN/NADH) = 450 =M; IO.S
(8/sucetnate) = ~220 @6 To 5 (ov/ascorbate + Depp)” +00H2 B anc
y = 10=M; I > 100 =M;

for azide: Iy 5 (x3/NapH 0.5 (¥5/succinate)
< .00l =M), suggesting the existence of

Iy.s (Ny/ascorbate+TMPD) =
up to three oxidases: one oxidase very sensirive to cvanide and
azide mediating the oxidation of ascorbate/TMPD and two others
(or one common oxidase) relatively insensitive to cvanide and
azide, to accommodate the oxidation of SADH and succinacte. The
possibility that NADH could also channel electrons via the inhi-
bitor sensitive oxidase is not excluded, on the contrary. The
double reciprocal plots of these inhibitory curves revealed that

NADH oxidase svstezm is made up of two oxidases: ome NADH oxidase

sensitive to cvanide, inhibited at 2 concentration of 2.0 =M



and another NADE oxidase resistant to cvanide. In the case of
succinate oxidase, the double reciprocal plots showed thar the

oxidase svstem would be resistant to both cyanide and azide.

The results of the experiments carried out with the NADH
dehvdrogenase specific inhibiters, rotemome and aaytal, proved
again that retenone was more effective than aaytal, preventing
5057 of the electrom flow driven by the oxidation of NADH ar con-
centration of 100 .M whereas 500 M aaytal was required for the
sape inhibitiom.

The specific inhibitor of succinate dehydrogenase, TITA,
was five times more effective on cells grown in succinate chemi-
célly defined medium than on cells grown in complex medium. It
is expected that the cells of the former medium synthesized suc-
cinate dehvdrogenasé in larger gyffti:ies than the cells of the

.latter medium which was not supplemented with succinate.

With respect té antimycin A and HOQNO irhibition, the
results obtained stated that NADH oxidase was more sensitive to
antimycin A than to HOQNO, when the oxidase activity was tested
at various cancentrations of the respective inhibitors. Succinate
oxidase on the other hand, was mecre sensitive to HOQNO than to
antimycin A, although at infinite comncentrations of both inhib-
itors there was resistance expressed'as revealed by the double
reciprocal plots of the inhibitory curves. The results were
reconclled by suggesting that HOQNO and aatimycin A act either
at the samé site (conventional second site, betweén cvtochromes
b aad ¢) or at dif}erent sites with an additional si;e for anti-
avein A inhibition prior to the entry of succinate in the respir-
atory chain. With the two substrates, the flow of electrons
resistant to antimycin A and HOQNQ would have to be mediated via
another route than the membrane-bound ome and the periplasmic

route is suggested.
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insights on the possible electron carriers terminating
the respiratory chain and thus acting as oxidoreductases cade
from results obtained by difference absorption spectrophoto-
metry using cellular fractions in combination with reducing
substrates and carbon =monoxide. The experimental data fo-
cussed on three CO-binding cvtochromes present in A. neloplant-
2is: one associaced with the periplasmic criocchrome C and two
others associated with a 0 [0} cytochrome and a ¢ cytochrome
bound to the membrane. No Q-type cytochromes were involved in
the CO=-binding reactioms.

By virtue of the ability of-cytochrome b556.5 to bind

€0, it is believed that this cvtochrome could be identified as
a éytochrcme (¢) oxidase. Cytochrome ¢ is the most widely

istribuced of bacterial cvtochrome oxidases based on the iden-
rificarion of a CO-binding b-type cytochrome in CO difference
spectra (Poole, 1983b). Porentiomerric analyses suggest that
cytochrome 0 contributes to a band at 556 mm (Reid and Ingledew,
1979).

Although no C-type cytochromes have been Lo date ascribed
an oxidase function net 2 In bacrerial respi}acory systems, it
is speculated that in AlZeromonas raleplanitis the c-type cyzo-
chromes (periplasmic and/or membrane:ggbad) are involved to scme
extent in the reduction of molecular oxygen. In Azolobacler
vinelandii (Yang, 1978; Jurtshuk and Yang, 1980), Pseudemonas
ae;u;gz;ncba(ﬂacsushica et al., 1982), Ricdopsexdemonas palusiiis
(King and Drews, 1976), and Methulopiilus methylolwoshus (Carver
and Jones, 1983), cvtochromes ¢ are part of an enzyme complex

with cvtochrome ¢ as the major CO-sensitive terninal oxidase,



Fingllv, based on the spectrophotometric and polarographic
data presented, the electron fTansport pathways (membrane-bound
azd periplasmic) outlined in Figure 54 are proposed to recomcile
the experimental data with the reality of the cell envelope of

the Gram negative bacterium.

The»elec:rons driven by the oxidation of NADH, succinate
and ascorbate/TMPD would be carried through‘, major pathway,
aembrane-bound (solid lins), sensirive to the conventiocnal inhi-
hitors rotenone, amytal, TIFA, antinyvein 4, EOQNO, cvanide and
azide. In addition, a minor pathway, periplaszic (dozred line),
would account for the inhibitor-insensitive portion of the chain
4n addition to carrv recducing equivalents oxidized on the ocutside
surface of the cvtoplasmic mezbrane. Dithionire minws O, and
dithionite minus 5202 difference spectra of the periplas;ic frac-
rion (Figure 24) showed the presence of flavoprotein (absorpticn
ainima at 450 nm) and thus such unspecific electron acceptor
{identified here as pr) would transfer the electrons from the
flavin region to the terminal portiom of the chain via cytochrome
Cug® It is also believed that in the endogenous electron trans-
port chain and in the inhibitor-insensitive pathway, the elec-
trons may be accepted directly by 02 from the £lavin system or
;ransferred directly from cviochraome 6558.5 to 0, via the peri-

, 2
ptasmic route (Figure S4, vertical dotted lines).

\;hterestingly enough, very useful functioms are fulfilled
by alternative oxidases. In veast, for instance, CN-resistant
respiration provides an alternative pathwaf for the oxidation of
reduced pyridine nucleotides in the presence of high concentra-
rion of catabolite repressors (Ainsworth ¢t af., 1980a,b). 1In-

hibitor-resistant respiracion also develops in species which are



Figure 54.

Proposed scheme for the membrane-bound and the peri-
plasmic routes of electron flow in Aligromenas iz

plarkiis.

b558 5, 05:6 5, Ccgs C549: cytochromes; CoQ: coenzyme
T : membrane-bound f{lavoproteins; F__: Peri-
plasmic favin-linked oxidoreductase(s) unsggci‘ic
electron acceptor(s) which could transfer the elec-
trons from the flavin region to c¢vtochrome &. Re-
ductants: endogenous reserves, NADH, succinate,
ascorbate/TMPD. Oxidants: cxygen, hydrogen peraxide,
ferricyanide, carbon monoxide. - Respiratory inhi-
bitors: amytal, rotenone, thenoyl-trifluoroacetone .
(TIFA), 2-heptyl-4-hydroxvquinoline N-oxide (HOQNO),

‘antimyein A, cyanide (CN), azide (N3). The solid

line represents the major .pathway, the membrane-
bound pathway; the dotted line represents the minor
pathway, the periplasmic pathway of electron flow.
The reader is referred to the text for discussiem.
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subjected to physiclogical changes such as transfer from anaerobic
to aerobic e.nviron:nent}., aging, stress (Hemry and Nyms, 1375), and
change in temperature (Sheghexd el al.,1978). Seemingly, alternate
oxidases are synthesized to counteract a depression in the level
of cytochrome oxidase or other respiratory components (Eenrvy and °
Nyas, 1975). They are syanthesized in response to increased con-
cencrations of cyanide in the enviroment or may result from the
spatial organization of the respiratory system across the cyto-
plasmic aembrane (Knowles, 1976). In several instances, flavo-
protein oxidases were involved in the imhibiror-insensitive path-
way (Bonartseva ef al., 1973; Ainsworth et af., 1980a,b), and
hydrogen peroxide was the end product of the oxidase systems

) (de Vries et al., 1978; Prirchard and Asmundson, 1980; Ainsworth
el al., 1980a,b). '
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