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ABS!RAC! 

Ph.D. ~icrobioloeY 

S!UDIES 0:; !HE RESPIRATORY ~E!ABOLlSi OF !HE
~IlIE BAC!ERIL"M A.Ue.'tcmOru:u ;u:.topl.ar~ 

!he respira tory :etabolisc of A.Ue,~oru:u 

214, vas iovest1gated spectrophoto=etric41ly and 

and was found to contaL~ substrate-specific 

proteins and cytochro=es. Spectral srudies showed that the 

cells,_ the cell-free extracts and the membrane fractioas contained 

b- and C-type cytochromes reducible by :;APH, succinate and ascorbatel 

~PD. 'With the exception of succinate, the other substrates 

reduced the reriplasmic/soluble fraction of the cell-free extracts. 

Oxidase activiÙes were measured in 411 the cell fractions with the 

corresponding substrates. Only ascorbate/~PD oxidase activity 

could he detected in the l'eriplasmic fraction. !he cytochrome con

tent of the marine bacterium was measured in cells grown in media 

of var10us co=plex1ty. In ~~ d1ss01ved oxygen content vas moni

tored in cells grown in co=plex and chemically defined media. 

!he nutrient co=position of the growth media, the availability 

of dissolved oxygen, the growth rate and the population density 

governed the synthesis of the b- and C-type cytochromes bound to 

the cembrane. !he synthesis of the periplasmic .cytochrome C re

sponded specif1cally to nutrients and to·the concentration of dis

solved oxygen in the growth media. Kinet1c and CO-bind1ng studies 

revealed that at least two ter:inal oxidases accounted for the re

duction of the final electron acceptor, :olecular oxygen. Spectral 

and polarographic ceasurements in the presence of the respiratory 

inhibitors amytal'- rotenone, !!FA, cyan ide and azide confir:ed the 

i 
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exiscence of ~hibiCor-sensitive and inhibitor-resistanC pachways. 

A:l asseSSlle:lt 0: aU the exper1mental data acc:u:oulated led to the 

proposal of an electtOl1 ttansporc c~ cœposed of a major lIIembrane

bound and a .. ~or periplaSllic route for electrOl1 ttansport. 
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liARIE -cLAIRE BONDi ;J.. Y HASSA.'; ~icrobiologie 

ETUDE Dt: ~TABOLISME RESPIRATOIRE DE LA BAC
TERIE !L\RI.'Œ AUe::.cmonah ha..l.o~ 

Le métabolisme respiratoire de la souche 214 d' ~Onah 
4 

halo~ a été étudié par spectrophotométrie et polarographie. 
'. 

Il se compose de déshydtogénases spécifiques aux substrats, de fla-'_ 

voprotéines et de cytochromes. Des études spectrophotcmétriques 

ont montré que les cellules entière_s, les extraits cellulaires .et 

la fraction melllbranaire contenaient des cyto.chromes de type b et C. 

;>ouvant être rédui:s par le :<ADH, le succinate et l' ascorbate/'IMPD. 

Les act1vitées enzymatiques ont été mesurées dans toutes les frac

tions cellulaires avec les substrats correspondants.. Seule l'activité 

enzy:atique de l'ascorbate/IMPD a pu être dé=ontrée dans la fraction 

périplasmique. Le, contenu cytochromique de la bactérie marine a été 

mesuré dans les cellules cultivées en milieux ccmplexe et chbnique

ment défini. -
La synt~se des cytochr~es de type b et c. liés à la me:brane 

était gouvernée par la composition nutritive des milieux de culture, 

la concentration d'oxygène dissout, le taux de croissance et la 

densité de population. La synthèse du èytochrome c. logé dans l'espace 

périplasmique de l' enveloppe ce~lulaire a répondu spécifiquement aux 

élé=ents nutritifs et à la concentration d'oxY3ène dissout. Des 

études cinétiques et des études bnp'liquant le monoxyde de carbon ont 

révélé la présence d'au moins deux oxydases terminales bnpl iquées 

dans la réduction de l'accepteur final d'électrons, l'oxygène molé

culaire. Des mesures spectrophotométriques et polarographiques en 

présence des inhibiteurs respiratoires amytal, rotenone, 'ITFA, 
.;..-
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, 
, °c:inure et azide ont confir.:lé l'existence de chaînes sensible(s) 

et résistante (s) aux inhibiteurs. Sur la base des données expéri

mentales acc:u::zulées, une chaîne respiratoire ccmposée d'un seement 

majeur m.embranaire et d'un segment mineur périplasmique a ;;cé 

proposée. 

(traduit par l'au!:.eur) 
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CLA!M OF CONTRIBUTION TO KNOWLE:llGë 

1. Difference absorption spectrophotometry using dithionite as 

reduct:ant and axygen gas as oxidant were recorded Io1ith "hole 

cells, cell-free eXtracts, membrane and periplasm1c fractions 

of A.U:vt.omOrta.6 hal.c~. They revealed the presence of 

substrate-specific dehydrogenases, flavoproteins, and f1ve 

c~ochrcmes, mainly two·b-type cytochromes and two c-type 

c~ochrom~s firmly bound to the membrane as well as cne c

type cytochrome located in the periplasm1c space of the 

cell envelope. 

2. Nutr1tional studies in bat ch culture showed that nutr1ents 

influenœd the c~ochrome composition of the marine organism: 

as the complexity of the growtb media increased, the concen
tration of cytochromes increased. 

3. A synthetic mixture of 4 amino ac1ds (cystine, glycine ,_ tyro\

sine, tryptophane) plus n1cotinic acid was shown to specifi

cally enh"ance the c~ochrome syn the sis in bacter1a' grown in 

succinate chem1cally defined medium. 

4. Chemostat cultures of A. hal.c~ in ccmplex and chemi

cally defined media revealed that the growth rate influenced 

the synthesisof the membrane-bound cytochromes but not the 

synt:hesis of the periplasmic c~ochrcme" 

5. Dissolved oxygen concentration was directly monitored in 

cells grown in different media Io1ith an Oz electrode covered 

Io1ith a Teflon membrane. 

vi 
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6. ~oc:hrome ?atte=s ""'re followed .ut ~ throughout the 

grovth cycle of the marine bacterium as it ConSIlIIIed the 

_bient dissolved oxygen. 

i. Oxygen was recognized as a dominant factor concrolling ·the 

syntheSis of cytochrœes in A. hal.a~. 

8. Aeration of the gro~h media repressed the synthesis of the 

periplaSlllic and the lIlembrane-bound c~es in cœplex 

medium grown cells but stjmtilated the syn thesis of the me::!

brane-bound cytochromes in Chemic:all; ~ined medium. 

9. Molec:ular oxygen was the sole eleccron acceptor in A. hal.a-

~. 

10. Kinetic analysis of the dependency of the respiratory rates 

upon the oxygen concentration for various substrates in 

whole cells, cell-free extracts, ::embrane and periplas:lic 

fractions revealed that the respiratory system of the marine 

bacter1um obeyed Michaelis-Menten saturation kinetics • 

11. Oxygen gas, hydrogen peroxide and ferricyanide oxidized the 

per1plaSlll1c and the membrane-bound cytochrœes of A. n.a..e.o-
~. 

u. Sodium dithionite, l'ADH, succinate and ascorba"te/'IMPD re

duced the membrane-bound cytochromes of the marine bacterium. 

With th~ exception of, SU cc inate , the former substrates re

duced as well the periplasmic cytochrœe. 

13. Detai1ed study of the e1ectron transport chain using a series 

of specifie respiratory inhibitors was undertaken to reso1ve 

tihe sequence of the respiratory components. 

vii 
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14. Inhibicor-sènsicive and inhibicor-resiscanc pachWays 

c:arried reduc:1ng equivalen~ frca che reduc:ed ~ to the 

oxici1%& end of che Aerobic: respitatory c:hain as reve.aled 

by the double reeiproc:al pJ.ocs of che frac:cional inhibi

tion VeMa.6 che rec:iproc:al of the inhibitor c:onc:encra

tians. 

15. CO-binding scudies sho_d the presence of three CO-binding 

c:ycoc:hrœes: a b (0) c:ycoc:hrome and a c cycoc'!'ii:;..c:pe bound 

co the membrane and a cycoctu:CIIle C in che periplàsiic 

space. 

16. On the basis of NO-binding sOldies the periplasmic cyco

ctu:œe c
549 

vas class1fied as a c' cycochrane. 

17. Based on the spectrophotocetric and polaro:;raphic data 

aCOlDllllated, twO pathways, one .major, membrane-bound, and 

one minor, periplasmic, were proposed to account for the 

transport of electrons in the respitatory chain of A. hal.c-

plmtk..tU. 
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ClIAP'IER l 

1. D-rRODUcnON 

Oxygen u~ilization by ob11gaœ aerobes OCOlrs exclusively 

~hroÙgh ~he respira~ory chain.. The mos~ :!J:lpor~an~ function of the 
...-

respiratory chain 1s to act as a protQn pump produc:!J:lg a proton 

motive ,force across the cytoplasmic membrane;: ,the ce11s which. 

amons(OF,he; th~gs, ~èrves ;0 give rise t.o t • energy~rich cole

Olle.\A::tf: Other :!J:lportant func~1ons of the respiratory chain 3fe 

~o maintain the necessary level of oxidized and reduced fores of 

SAD, regulaœ the energy ?etabolism by controlling the phosphory-

1ation level ~f ADP and provide an efficient oxnen...:scavenging 

oxidase net'JOrk tO meet the metabolic demands of the aerobic celI. 

In vie~ of 'the fact that ra~~er fragmentary information 1s 

available on the respiratory meubol.ism of Al.tvLCITIOrt~ lu:.lo~ 
, 

and that the majority of the active transport pro cesses char acte ri-

zed to date in the marine bacterium :!J:lplies the existence of a 

functional respira tory chain, our primary concern in ~is thesis was 

to ascertain the composition of the cytochrome segment of the re

spir~ory chain and assign functions to the respiratory carriers. 

A second concern in this research was to'determine to what extent 

the 'cTsentration and distribution of tie ihe±llbrane-bound and the 

peri~lasmtc cytochromes ~re affectèd by the nutrients, the growth 

phas~·and the dissolved ox~en concentration of the growth media • 

• 

l 

• 



. --
( 

2. Lrn:RAl'URE REVIEW 

RespiraHon and Enersv Conserva Hon 

~ 

-

!he vital energy necessary for bacterial llle as weIl as for 

other fores of llle is conserved in the for.:> of adenosine 5' tri-
/ 

phosphate (~I?), (Lipœan, 1941),'an energy-rich molecule that can 

be synthesized via substrate level phosphoryiation or by oxidative 

and photophosphorylation. So membrane structure is necessary for 

the substrate mode of AI? synthesis, !N.t it is funda::1entally t!l':. 

quired for the oxida~ive ~ode. Aerobic heterotrophs utilize oxida

tive phosphorylation as a prinary mode of AI? synthesis. In 

this case, AT? fOr.:1ation is coupled to electron transfer reactions 

whi~~ are driven by the oxidation of organic campounds (in organo

heterorrophs) or inorganic ions (in chemolithotrophs) fram nega

tive redox douors to more positive redox acceptors. 

The coupling mechaniscs of reèox reactions to AT? synthesis 

2 

have been proposed and developed L~ the 1960's. Three theories among 

which the chemical (Slater, 1953) and the coufor.:1at;!.onal (Boyer, 1%5) 

were put forward to explain energy-linked reactions but did not em

,body the unifying concept of the chemiosmotic theory of Peter Mitchell 

(1961a,b, 1966). 

According to the chemiosmotic theory~ the enzymes responsible 

for olcidative phosphorylation are aaymetrically organized in the ::lem

brana 50 as ta catalyze vectorial chemical reactions that brL~g about , 
;he translocation of molecules, ions and chemical croups across a 

.closed insulating coupling membrane. ln brief, the essential features 

of electron transport - dependent ATP synthesis are triple: Ji.) a pro

tolytic reaction involving the oxidation of an electron donor and the 

reduction of an electrou acceptor, (~) a translocation of protons 

accompanying the oxido-reduction cre~ting a proton gradient across 

the membrane, (~) a con~amitant generation of a proton motive 

force (~uH+) ~ade up of an electrical (!~) and a chemical (~pH) gradient • 

• 

. , 
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Figure 1 represen~ graphicaUy a proton translocating segment of 

• the respira tory chain leading to the syn thesis of AT? Exac t 

stoichiometry of protons translocated per energy conserving site 

is still debated (Chance, 1977; Lehninger e..t al.., 1975; ~ijer 

e..t~, 1977; Williams, 1961, 1978; Papa, 1976, 1982; Xitchell, , 
1980; Sone and llinkle, 1982; Papa e..t aL, 1982, 1983; Leh.-,.inger, 

1984). AU stoichiaoe tr les higher than 2 are not in agreement wi.th 

the 100p =echanism desf!ibed by ~itchell (1961, 1966, 1976). ~ever

theless, the basic ;>ri"c'iple of the chemiosmotic theorv remains 
'1 . 

valid. Experi=ental~~fs to the effect that the bacterial AT?ase 

also couples the in~ movement of protons to the synthesis of AT? 

3 

are numerous (Cole and Aleem, 1973; Gould, 1979; Xaloney e..t~, i974; 

Xaloney and Wilson, 1975; !Uloney", 1977, 1978; Tsuchiya, 1977; Singh and . . '" 
8ragg, 1979; Azzone e..t al., 1984; Ferguson and Parsanage, 1984; Kell 

and Hitchens, 1984). 

Sacterial Res ir tion 

Several eatures differentiate :the mitochondria fram the 

bacteria and so e composition and effect~eness of their respira

tory systems. While the mitochondrial electron transport chain has " 

only one link w1th axygen through the cytochrome oxidase a43 , the 

bacterial system can synthes1ze =ulti;>le cytochrome oxidases (a43 , 

0, al, d(:a2I, cdl1 to accommodate the final electron acceptor 

(Xeyer and Jones, 1973c; Jurtshuk e..t~, 1975; Degn et al., 1978; 

Ludwi.g, 1980; Knowles, 198Oa; Poole, 1983b). 

Xoreover, while oxygen is the sole electron acceptor in 

eukaryotes, a number of other compounds (organic and inorganic) 

can function ~ terminal electron acceptors in prokaryotes (Knowles 

1980a). The cultiplicity of terminal oxido-reductases leads ir

revocably tO terminal branC~ing of the respiratory cha1n (Wh1t~ and 

Sinclair, 19i1; Jones, 1977; Knowles, 1980a; Kfc and Sageman, 1981; 

Poole, 1983b). 8ranch1ng has also been noticed at the level of pri-
~-- -
, cary dehydrogenases (Appleby; 1969a,b; Jones, 1977), and c)"tochrome 

l 



Figure 1. S~pl::ied scheme of a redox loop and "he ?ro"on "rans-
loca"~g AT? according"o"he cnemioSQo"1c "heory. 

a~ 

DH2: elec:ron donor; A: elec:ron accep"or; FO:l: coup
ling factors. (Refer:o the :ex: for discussion.) 

• 
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b (Arima and Oka, 1965; Heinen, 1971; van Verseve1è anè Stoutha=e=, 

1978; Ens1ey and Finnerty, 1980; Cypiouka and Meyer, 1982). 

6 

Differentiation at the 1eve1 of synthesis of camponents is 

~in1y ref1ected at the 1eve1 of cytochromes: seme bacteria are 

deficient in cytochrome c (Dietrich and Biggins, 1971; Heinen, 1971; 

Meyer and Jones, 1973b; Haddock and Jones, 1977; webster and Orii, 

1978; wi11ison and John, 1979; ~~o ~ ~., 1983) whi1e others 

synthesize soluble cytochromes (Iwasaki and Shidara, 1969; Moriarty 

and Sicho1as, 1969; Jones, 1972; Sapshead and wi:penny, 1972; weston 

and Know1es, 1973; Tonge ~ ~., 1974, 1977; Siven ~ ~., 1975; 

Anthony, 1975; Shidara, 1980; Cross and Anthony, 1980; Bearèmore-Gray 

~ al., 1983; ward ~ ~., 1983; Siven, 1984). 

In addition, mutations (Haddock and Schairer, 1973; Cox and 

Gibson, 1974; Orth ~ ~ •• 1980; Cole ~ ~., 1980~ Hacket and Bragg, 

1983; Green and Gennis, 1983; Green ~ ~ •• 1984; ~clnerney ~ ~ .• 

Ü84; Kajie ~ al., 1984; Booth ~ ~., 1984) and growth'cond1tions-'can 

great1y affect the camp~sition of the bacteria1 respiratory chain (Smith, 

1954; Richmond and Maa1~e, 1962; White 1963a; Peterson. 1970; 0e1ze and 

Drews, ,.1972; Haddock ~ ~., 1976; Cox ~ al .• 1978; ward ~ ~ •• 1983). 

Also worth considering, the response of the bacterial proteins toward 

c1assical respiratory inhibitors is not always as sensitive and predic

table as in the case with mitochondria (Jones, 1977). But as a whole, 

the différences between the mitochondrial and the bacterial respiratory 

systems lie more at the structural organization level than at the mech

anistic level (Yamanaka ~ al., 1984). 

Finally, the bacteria1 respiration fails,to exhibit respiratory 

control as depicted in the mitochondrial system. Law P!O ratios (the 

amount of phosphate esterified per atom of oxygen consumed) have been time 

and again reported in prokaryotes (Stoutham,er and Bettenhaussen, 1976; 

Eile~n. 1970; Knoblock et ~ .. 1971). Since it has been recognized 

that bacterlal cytochromes are of i:portance in relation to growth 
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efficie:lcy·because of :",e ?reSe:lœ of high ?ote:'ltial cy:och'!'oce c. 

as a prerequ1siee for a high Plo rae10 ~~ bac:eria (Jones ~ al., 

1975). !:l add1e1on, a~:erae1on in the redox paeœrns =pressed 

in bacteria 15 not wi:hout effect on the vectorial organ!.za:ion of 

ehe respiraeory chain wiehin the coul'ling ",,,,,,brane, henœ 10"'ering 

the efficie:H:y of oxidative ?h05?horylation. It see::"s that the 

~es?ira:ion rate, under conditions of active bacterial growth 1s 

noe AIlP-li:1üed as in ",üoc:hondria . (Harrison, 1976a). The ATP 

coneene of the cell is conerolled 1.., such a "'anner tl>ae any changes 

in ies value tause reace10ns ehae eend to bring it back to the 

steady staee and probably el1dt a response in the :ne tabolic rate 

to reseore the • 
(:;iven ~ aL. , 

balance be tween AT? 

19ii; Erecinska ct 
generaeion~~d its utilizae10n 

aL, 1979; ;!osenberg and Fried-

berg, 1984). The essential point re:nains thae baceerial respira

tory chains are ~ore flexible both in terQs of cocponents and 

organization than the I:Iüochondrial respiratory cha~~. 

Bacteria1 Cveochromes 

.' 

The name cyeochrome was given by Ke11in eo a group of ha"",o

proteins which in ehe reduced fo= showed a marked absorption specnum 

in the visible region. Kei1in (1925) confir:ned and extended ear1ier 

observations made in 1866 by ~ac.'iu.~n and sho_d the fundameneal role 

of the cyeochrome syst"", in the ce11 respiration. 

The cyeochromes fa11 into four groups differing in the nature 

of the haem prosehetic group: cytochrome ~ (non.cova1entLv.bound 

fo=y1 ha"",), cyeochrome b (non cova1ently bound ?rotoha"",), cyto

chrome C (covalently bound ",esoha"",), cyeochrome d (non covalently 

bound ch10r~., .haem) (L"",berg and Barret, 1973). COCIIlon structural 

features and evolutionary links exist betveen the cytochror:1es of 

:nany ditferent bacterial spedes and ehe "litochondrial cytochroces, 

particu1ar1y 50 for the cytochrO::le C (Al::!assy and Dicker50n, 1978; 

Dickerson, 1980; Barber, 1984) su~~estino a c~on evo1ueionary 

ori~in of the electron transport chains. 

, 



!he fU:lc:.ians of a :u=.ber of cyt:och:-o::1es are unlo.owc.., bu: 

:.'1ey ail appear to act :,y undergo!."'lg oxidation and reduction. 

Scce of those who se funct!.ons are lcnO,,""":l are en.z:..-:res., while the 

r~ainders are si=ply redcx carriers. A ter=1nal oxidase fun~

tion has been ass1gned~ c:~oc~roces ~, aZ' al' c, 0' (Castor 

s 

:and Chance, 1959; Sasaki e.t al., 1970; Junshulc. e.t aL. 1975; :le&!, e.t .:.i. •• 

1978; Smith. 1978; Know1es, 1980a; Y~anaka e.t aL. 1984; van 

Verseveld e..t al..., 1983; Cypionu and ~eyer, 19d3; De..'iaio e..t a..L, 

1963; Poole, 1983b; ~iiler and Gennis, 1983. 1984; Poole e.t al .• 

1983; Y~"'lg. 1984). Spectral studies of the reèax centers of the 

cytothraoe oxidase ':':'3 suggested that the bacterial cytochraoe 

may !:le caoposed of other heme group than ':':'3 (Ludwig, 1980), dif

ferentiating the mo1ecule from !.ts ::litochondrial counterpart 

(Azzi and Casey. 1979). COt:lbinations of heces have also been 

identified as integrating parts of :najor terninal oxidases: .this 

is the case for cytochraoe cci
1 

(Sapshead and winpenny, 19i2; 

Koronen e.t aL. 1975; Bar!:ler c..t a.t •• 1971:!; ~itra and Bersohn, 1980), 

cytochrome bd (Watanabe e.t ai... 1979.; Reid and Ingledew, 1980), 

cytochrome 0 and C (Muel1er and Jurtshulc., 1972; King ·and Drews. 

1976; Jurtshulc. e.t al •• 1978; ~atsushita e.t al .• 1982; Carver and 

Jones. 1983). cytochrome C4 and Cs (Jurtshulc. e.t al .• 1979). and cyto

chrome ~ (Sone e.t al •• 19::4). 

The cytochromes of micro-organisms are usual1y found in the 

particu1ate fraction of the cel1-free extracts and are part of the 

ce11 membrane (Alexander. ~956; Horio and Kamen, 1970; Lemberg and 

Ba:ret, 1973; Poo~e e.t al .• 1980). Cytochrome b/~O~ reductase is a 

do=ented example of a ::Iembrane-bound cytochrome ha~ing an enzy

::!atic function CMacGregor and Bishop, 1977). However, a n=ber of 

soluble cytochroces have been character1zed in :lany ci1fferent bac

teria1 species: HiWTIopiùi:;...l pa:uw-:S.tuen:ru: (Smi th and !.'hi te, 1962), 

E~dte.u..ciW:. coli (Fujita, 1966; Haddock and Schairer, 1973), 

~u..:c~ japo~~ (App1eby, 1969a,b), su1fate-reducing bacteria 

(Yagi ~"'ld :1aruyama, 1971; Jones, 1972), Tlu.oba~ Ite.llPO.ü..tanu.6 



(Sadler ;cd Johnsc::, 1972), ÔCJ~C~~~ ;ti: .... -..u.Je.r~ (.eston a...,d K::o"les, 

1974), ?.!>w.dcmcna.\ extc.':.QUeM (Tonge ~ d., 1974), ?.!>e:.:.dcr.:cr:.~ . . 

9 

AMr (AnOlony, 1975), ?.!>w.dcxncr:~ ~':.U..J-Utc.!>~ (Pa~ ~ d., 1976-), 

.v.W.yl.c.!>-U.u.6 .t::..ichc.!>pc.U;J.'7I (Tong .. ~ ::.1.., 1975, , 977), ?a:u::aC,CJ..!> 

den..(.....-..<.~.i~ (van Verseve:d and Stouthacer, 1978), .!u:..:..!>,,-....i..a. 

muW1git.u::d (Yu ~ ::.1.., 1975; Yu and :Je lioe, 1980Y..:..tca.Ug;:;:C.!> !.p 

(Shidara" 1980), Carnpyl.ctx:c.t2.:: . .!>r:utc .• ..:D!I (ElJeurdi ~ d., 1982), 

Ch)·.cma..tWm v-Utcl>um (Gray e.-t ::.1.., 1983; Gau1 ~ aL, 1983), H<Wncph..iLw 

p(l.-:..::.Iu-il> (Siven, 1984), seme' of lJhich are associated ..nth enzycatic 

ac~ivities su ch as: n1:rate reductase (Gauthier ~ al., 1970), fo~a

tehydrogen 1yase (Haddock and Schairer, 1973), ni tri te reductase 

(Parr e.-t ::.1.., 1976), nitrite and nitric. oxide reductase (Liu e.-t ::.1.., 

1983), methane oxygenase (Tonge e.-t d., 1975, 1977), methan01: cyto

chreme C o:<1doreductase OIeardmore-{;ray ~ d., J 983), methan01 

dehydrogenase (van lierseve1d and Stouthamer, 1978; A1efounder and 

Ferguson, 1981; Qui1ter and Jones, 1984) and methan01 oxidase (Froud 

and Anthony, 1984). 

Still other cytochremes have been specifically 10cali:ed in 

the perip1asmic "pace of the ce11 envelope. This is the case for the 

per1pla~ic Cz L.., facultat1ve phototrophs (Rauska a...,d Saccarini

Xelandr1, 1980; Xeyer and Kamen, 1982), the periplasm1c S:o in a mar1ne 

bacterilm (Kno"1eo ~ aL, 1974), the periplasm1c CSS2 in ex treme 

thermoph11e (Lorence ~ aL, 1981), the per1p1asm1c CSS2 of the cyano

bacter1um ~c.yl>~ r:.idUtar~ (?eschek ez d., 1982), the per1plasmic 

CSS: in anaerc>bically :;ro,""" en:erobacter1aceae (Fuj1ta, 1966), the 

periplasmic C 1:1 hydrogen bacter1a (probst and Schle!:el, 1976), the 

periplasm1c C 1n cyanide-ev01ving bacteria (Siven ~ aL, 1975), the 

periplasmic CsS2 L.., hydrogen-utilizing bacter1a 0.1acy et d., 1976; 

Yamamoto ~..,d Ishimoto, 1978), ~~e periplasm1c ~ in sulfate-reducing 

bacteria (Sell c..t d., 1974; wood, 1978a,b), ~~e ?er1pla=ic cyto-

~ chrome assoc1atee! "1th the nitrate reductase of S~~ ~e~or:.i.i 



\ 

(Gauchier ~ al., 1970; Garrard, 1971), the hydrogenase of V~ul-

5ov.i.b--..i.o g.(g~ (Bell ~ aL, 19i~), the sul;>hide-lilli<ed SOZ reduc

tase of 'ïn..i.Dbc.cilb 1 den i t",uii..c::r.l> (Sa"'hney and Sicho las, 1978), 

10 

the nitrite and nitrous axide reductase of ?~~~ der~~5~ 

~:!.jer ~ al., 1979; Alefounder and Ferguson, 1980; Boogerd ~ aL, 

1981; van Verseveld ~ al., 1983), the cytochrcce c
s51 

sulfide: 

acce;>tor oxidoreduccase of ëc.,tc.dt.<.c--Jtodo.l>p.;.,-..c. c.bdeimale~<.i.. (Then and 

TrÜper, 1983)~ ~~d the c-type c)~ochrcces of sace =ethylotrophs (Jones 

~ a.L, 1982; Kasprzak and Steenka:np, 1983; Burton e.t al., 1983; 

Quiltar and Jones, 198~). 

The variety of bacterial ;>ig=ents and their relative ;>ropor

tions varyfrOIII species to species (uscelles,1961; l1:eyer and Jones, 

1973a; Jones and l1:eyer, 19i6) and vith:!.n s;>ecies of the sa=e gellera 

(Bernard e.t al., 19i4; Faller e.t: af_, 1980). l1:arked changes:!.n the 

a=ount and t:7esëf cytochrOIIIes have been correlated vith the ;>hysio-

10gical age and grow~~ rate of the cu~tures as wèll as vith the com

position of the gro~h =edia (Scholes and Smith," 1968; Smith. 1968; 

Jones, 1977; Ensley and Finnerty. 1980). Such changes have been 

carefully studied :!.n Hacmop~ par~5~en=de (_bite. 196Z, 1963a,b; 

Smith and White. 1962). E.l>cheJti..dU.c. coU (Ri ce and Hem;>flillg. 1978; 

Reid and lnglede"', 1979; Van Wiel:!.nk e.t: aL, 1983; Inglede'" and Poole, 

1984), P.l>cud~nO~ ~~ida (S",eet and Peterson. 1978). Sp.;.,ti..!lum 

..:..c.z,':..I>ort.ü (Clark-lialker c..t al.., 1967). 

The ;er=:!.nal oxidoreduction reaction lead:!.ng to the for=ation 

of vater has not yet been fully explained :!.n bacteria nor :!.n =ito

chondria. ln eukaryotic cells, the fo~at1on of three categories 

of fUllctional inter.nediates has been established in tl"" ;>ri=ary 

events of the reaction of reduced cytochrOIIIe ox:!.dase ~ vith Oz 
(Chance and Leigh. 19i7),. Like",ise, active inter=ediates in the 

reaction of bacterial cytochrOIIIe 0 (~idase) and cytochrcce d vith 

:nolecular Oz have been docu::lented 'in ë.l>cJte.u.citi..a. coU (Poole e.t: al., 

1979, 1983). A=otobc.ct~ vi..nelc.n~ (Jurcshuk e.t: al., 1979). 



?.!.ewU:mcna.l al!-':!.L.]-ir.c.!.a. (Sh1::lada and DrU, .19?6; Pan. U al.., 1976; 

Gr~~nwood ~ al.., 1978) and in ~h~ filac~ntous Qyxobacterium 

VW..eD.!.ci.ll.a. (1;ebs~er and DrU, 1977, 1978). 

This ~hesis has been diviaed-~nto five chapters in or der 

- to give full coverage to seme main aspects oi ~he ~espira~ory 

metabol1s= of ALt.e..-..cmomu. 1talD~, strain 214. Likewise, it 

shall be noticed that pertin~nt and specifie literacure r~iev 

has been covered at the beginning of every chapter. 

, 

, 
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3. OB..rr..c·.::rvES A.'iD SCOPE 

.~ong livin~ or~ani~s, :icrobial life exhibits the greatest 

diV'e-rsi:::-9 in t...~ asse:bly of the respiratory chain con~one:l:'s. Fluc

tuation L~ ~~e &ynthesis of ~~e cy~ochroues, the ~ack-bone co=ponents 

of the respira~ory chain is par~icularly evidenced ~nder various environ

~ental and 3,Ow~~ condi~ions. As A resul~, de~ailed ~alysis of ~he 
1 

sequence of hydrogen ~d elec~ron ~ransfer in~e~edia~es =s~ be looked 

at in a wide variety of bacterial syste:s in order to identify the 

c~ponents that are the ~ost affected and explain the reason(s) for 

the "Occurrence of such variation. 

The :llicro-organism under s~udy is the Gr= ne&ative bacteriu:: 
~ 

AlU'U)I!Ionab halopi.ank.W, s~rain 214. '!bis ::Iarine bac~erium vas shO\oln 

to possess five cytochromes: two b-type and :wo C-t:~e fi~y at~acbed 

to the cytoplasmic =embrane and one c-type located in the periplasmic 

space of the cell envelope • 

.... : 
!he eX~èr~ents ~resented in this thesis aimed at analy:ing 

the factors responsible for the variation in the cy~ochrOt:le synthe

sis~observed at the ievel of the periplasm and the cyto~lasnic ~em
brane. Sucn factors include œainly the availability of nutrients and 

the dissolved oxygen concentration are dealt vith in Chapters II and IV. 

Kinetic studies to deter=ine the affinity constants of cellu

lar and sub-cellular fractions tov~rds O2 , the final electron acceptor, 

were undertaken in order to assign te~inal oxidase functions to ~arti-
ç ~ r '.,..l ... "";...· cular cytochroces in the respira tory chain 0 .. r\ .. /ta.(.cJ-"' • ..a.,.,~:.z.w. Those 

studies are reported in Chapter III. 

The s:~thesis of the cytochromes vas also exacined in the 

physiological con text of the grovth phases of the =icroorganism in 

a cocplex and a s~ple zrowth envi=o~ent vith particular attention 

siven to pinpoint the cytochrome sp~cies which are the =ost flexible 

under various growth environcents, as discussed in Chapter IV. 

12 



F1nally, sequenc:1ng of the elec~:on transÏe: in œ=edia~es 

and. proposal of. an elec:~ron ~ranspor~ chain were a~temp~ed based 

~ spec:~rop~etric and polarographic :esul~s ob~ed with ~he 

~ re~ox poten~ subs~raœs and conventional respira-
I , 

tory inMbitors '\ as presen œd in Chap~er V_ 
, 
\ 

\ ., 

f 

-. 
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~<nlŒTIONAL STUDIES 

1. I!lTRODUCTION • 

Bacteria which upon initial isolation require a medium 

containing sea vater as a diluent are classified as carine bacteria. 

In contrast to halophiles. marine bacteria do not tolerate high 

salt concentrations in the' grovth medium (MaCleod e.t ai.., 1954; 

Macleod. 1965). An extensive survey of nutritional requirements 

for marine bacteria revealed that no ac1no acids or vitamins vere 

required in addition to a carbon and a nitrogen source to support 

the grovth of ~. ~o~, formerly referred to as carine 

pseudomonad 5-16 (Macleod ~ ai.., 1954; Macleod and Onofrey; 1957). 

The marine milieu vould also supply the bacterium vith the essentiaI 

inorganic ions such as Na .... K+. Mg +f.. Ca +f.. P04 - and SO=;: vhich 

it has been shovn are required for grovth ~cLeod and Onofrey. 1957; 

Tomlinson and Macleod. 1957). It vas subsequently demonstrated 
+ + . that Na and K vere vitally important ions for metabolic functions 

such as respiration (Sedsvick and Macleod. 1980; Khanna e.t ai.., 1984) 

and active transport of metabolites across the cytoplasmic membrane 

of this Gram negative bacterium (Thompson and Macleod. 1974. a.b; 

Fein and Macleod. 1975; Niven and Macleod. 1978. 1980; Sprott e.t ai.., 

1975). 

On the other hand. preliminary studies on the cytochrome 

distribution in this marine organism revealed that the cellular 

extracts contained periplasmic as vell as membrane-bound cytochromes 

(Knovles e.t ai.., 1974). The unusual location of a cytochrome in 

the periplasmic space of the cell envelope led uS to investigate 

the grovth conditions vhich vere affecting its synthesis in order 

to subsequently explain its role in the respiratory metabolism of 

the aerobic micro-organism. 
'. 
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To tes~ whethèr the syn~hesis of the peripl.asmie: e:yt:oc:hrcme , 
vas governed by a spee:ifie: nu~rien~, a variery of si::1ple and e:cmplex 

nuuient: supplemen~s vere added ~O a sue:e:ina~e c:hemically defined 
• 
.. e dium (Cl!!). .;-

~ 

'0 

During ~he e:ourse of these ext!"riment:s, i~ vas observeJi ~ha~ 

the periplasmie: cyt:oc:hrcme was easily leac:hed from e:ells grown in 

c:a:lplex nu~rien~ envir=en~s alt:hough nor::ally living organisms re

t:ain vital e:cmpounds when inOlba~ed a~ op~i::1al grOWt:h ~emperature or 

washed under physiological c:onditlons. Exc:epÜOl1S ~o this rule are 

found in GraM nega~ive bae:ceria harboring periplasmie: enzymes (Reppel, 

1967; Forsberg U.:L, 1970a,b-; Ingralll e.-t aL, 1973; TbCX'lpson and 

~c:Leod, 1974a,b; Bha~~i ~ aL, 1976; Bhar~i and IngraM, 1982). 

!he effee:~s of growt:h rate and porula~ion densi~y vere also 

looked a~ in an a~~emp~' ~o de~e=ine their i::1pae:t: on e:y~oe:hrcme syn

~hesis. 

\ 

"'-

-, 

• 

; 
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2. liATERIALS A. ... '!) ~OD5 

Organ1sm: Maintenance, Ha~st, Fractionatien 

• 
~rta.4 hal.opi.anJ1..U.h, strain 214, va'riant 3, derives its 

n .. e fram the cl:'assificatien of lteichelt and 8",,,,.nn (1973). lt "'as 

·previous1y-referred to as ::Iarine pseudanonad 8-16, variant .3 (ATCC 

19855. (l'CiB 19) (Go'" e..t at., 1973). The culture was maintained by 

::IOnthly transfer on agar slants of a ::ledium containing 0.8: (",/~) 

nutrient broth (Dif.co Laboratories), 0.5: (v/v) yeast atract (Ditco 

Laboratories) in a salt solution .canposed of 0.3!! !iaCl, 0.02&1 MgS04 

and O.OlH KCl. 

The organism was cul.tured at 25°C vith a vigorous agitation. 

Cell turbidity was followed.~~ 660 om in a micro-sample spectro

photaneter (Gilford Instrument 300-.'1). 5tatiénary phase cells <>ete 

harvested by centrifugation (16,000 xg, 10 min., Sorvall RC2-B, 

rotor G5-, 4°C) following 16 heurs of grovth in canplex ::1edium (Ci). 

16 

and 24 heurs in the chemically def ined medium (CIlI). The harvested .. 

cells vere v&shed tvice in a physiological salt solution and resuspended 

in a,n appropriate volume of buffered salt solution containing .3M NaCl, 

.05M Mg504, .0lM KCl pluh Tris-P04 (50+lmH, pH7.4). The cells vere subse

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

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

!he cruàe·~ract vas centrituged at 39,000 xg. for 20 mi~. (Servall 
~ -- . 

RC2-B, rotor 5534, 4°C) and gave rise to a ~leàr.cell-free extract 

(CFE) preparation. !he CFE vas furth~ ultracentrifuged (150,000 to 

lSO,OQP xg, 3 hours,Beckman L2-65B, rotor 60Ti, 4°) to obtain the 
, 

(sedimented). particulate fraction and the (supernatant) periplasmic 

soluble fraction (Knowles ~ at., 1974), hereafter referred to as the 

peripl~smic' fraction. !he particulate fraction colle'cted )"lS enriched 

with respect tO membrane-bound cytochrames absorbing at 552 and 559 om in 

'a reduced m~ oxi~iz~d d~fference spectrum recorded at roan.tempera

ture, while the supernatant fraction was·enriched ",ith respect to a 

perip1asmic cytochrame with an ~-peak absorbing at 549 om. 



-

Gro~h Condit:i-ons in Sat:ch Culture 
4 

A. Ccmplex medium --
The medium~referred to as ccmplex .. edium (Q1) contained ·0.8:-

(w/v) nutrient broth (Difco "Laboratories), 0.5:: (w/v) yeut extract 

(Difco Laboratories) in a salt solution consisting of 0.3M SaCl, 

0.026M"MgS04 , ~.OL~ KCl and O.l ... ~ FeS04(~~4)Z S04. The groW&h 

medium was sterili::ed by autoclaving (15 min, 15 psi., Ilarnstead Steri

li::er) • 

B. Chemicallv defined medillll1 

The chemically defined medium (CDM) consisted of O.lL~ sodium 
~ 

succinate and O.O~~ (~~4)Z S04' as carbon and nitrogen sources respec

tively, in a salt solution containing 0.3M ~aCl, O.OL~ KCl, ~~ MgCIZ' 

3 ... ~ KZHP0 4 , Z6~M ~S04(~"l!~)2 S04 and lOuM CaClZ• The pa of the growth 

medium was adjusted to 7.4 by addition of small volllll1es of 40~ ~aoa and 

the carbon source autoclaved separately. 

C. Amended chemicallv defined medium 

The ~allY defined medium outlined above was amended by the 

addition of the following supplements: casein hydrolysate (Sigma Chemi

cal Co:), casein hydrolysate, vitamin-and salt-free-(Nutritional Bio-, 
chemicals Co.), bacto peptene (Difco Laboratories), bacto soytene (Difco 

Laboratories), all present at l~ (w/v) final concentration. Defined 

supplements included: a synthe tic mixture of L-form amino acids based 

on the amine acld ccmposition of case in and cc:mposed of: glycine, - -alanine, valine, leucine, isoleucine, serine, threonine, lysine, 

arginine, aspa~ic acid, glutamic acid, proline, histidine, tyrosine, 

cystine, methionme; a mixture of s1.,< amino acids pre dom in an tin- the 

amine acid sequence of several cytochrcmes c: threonine, tryptophan,_ 

tyrosine, lysine, cystine and glycine each added at 0.035~ (w/v) final 

concentration; a variety of vitamins including "nicotinic acid, thia

mine, riboflavin, pyridoxine, pantot:henic acid, biotin, folic acid and 

vitamin B-IZ. ln addition, horse heart cytochrcme c~Si~a Chemical . , 
Co.) and hemin (Sigma Chemical Co.) we~e tested at lb ug/ .. l final 

concentration. "The,. pa of these supplemen ted defined media were 

( 
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adjustee! to ;lii i.:' oy the ae!e!ition 0: sea11 volJJ:::es 0: 1.0: XaOii or 

30: iie:. "henever necessary. All:he ca:l;llex su;l;lle=ents Iooere =:0-

claved 5e;larately ane! added ase;l:ically :0 the basié succina:e 

chemically defined ::ed1=. "'The heat sensitive COCl;lOU:le!S _re ::e::

orane fU:ered 1:>. sœrUe i:1illi;lore flasks using l!etricel :il:ers of 

0.45 :;m ?Ore sUe (Gelmall I:ls=ent Co.) and added ase;>tically 

to the succ1:>.ate che::ically defined ::ediu::>. 

Grol<th Conditions 1:>. Continuous Culture 

The media used for cul tivation were the cCIII;llex and the che::i-

ca11y def1:>.ed mee!ium outlined in the batch culture section. The cells 

18 

_re grown under controlled aeration at 25°C 1:>. a che::ostat (Xe ... Bruns-

wick Scientific Co., l!odel Bioflo C30) in 300 ::1 effective volu::es at a 

variety of fixee! dilution rates with pH controlled at i.4 : 0.1 oy the 

addition of 2: HzSOI. (!itra:or ll/PHA 942, Radiometer, CO;lenhagen, De~ark). 

!'he cultures were aera::ed _-!.th 0.4 l of s~erile at::1osj'lheric air ;>er 

liter of medium per min ane! rapidly agitated "Ùh propellers (500 r;:m)" 

The airf10,", was :1easured by a flo,"",eter accurate :0 : 0.5:. ."hole cells 

_re harvested ... hen a steady state had been attained for at least five 

doublings of the population. The douoling ti.."e of 10garitl'mic phase 

cells in complex ::edium was approximately 35 ::11."'1 and approxmatel;" 150 

. cin in chemically defined :1edium. The population densit:: was frequently 

::Ionitored on dlluted portions of the respective cultures us1.'1g a Gilford 

spectrophotometer Cl!odel 300-N). Purity of the smples was checked oy 

plat1:>.g a loopful of the culture on =plex agar :1edia a."'Ie! Brain Heart 

Infusion .agar which _re incubated at 25°C for a period of :'3 hr. 

Orèinarily in c:lemostat cultures, the level of a l:1:niting :lutrient in 

the inflo ... :1ediuc governs the population density 1:>. the reac:ion vessel. 

In the exper:1ments descri:,ed, the l:1miting nutrien: is unk:!own. 70 test 

whether the optical density of the culture affec:ed the :evel of the 

cytochromes synthesized, data froc several runs were ?ooled where slight 

variations 1:>. the optical density at steady state ... ere experienced. 

Spectrouhotocetric ~easure::ents 

The cytochroce content of the various fractions was deter.:ined 



spec:~ropho~aoetrically using a :wc vave1eng~ll/doub1e beam spec:~r07 

photome~r (Perkin-El::1er, !'Iodel 356) opera~ed in ~e spl1~ mode. 

The differenc:e spec:tra vere rec:orded by using 10 ... ligh~ pa~ 

cuve~~es, a spec:~ral band wid~ of 1.0 =, a sc:.a:aning speed of ::. rr::J 

sec: and ~ medium time-response setting. A~ hiSh sensi~1v1~1es and 

in 10w ~emperatl1re differenc:e spec:t:ra, ~e slow t:1me-response set:t:ing 

vas used and 2 :ICI 11ght: pa~ cuvet:US emPleyed. The c:onc:ent:rat:1on 

of eac:h c:yt:ochrome "'as c:alc:ulat:ed from d1t:h101l1t:e-reduc:ed m.UuL.I ferri

cyan1de-oxid1.%ed dtiferenc:e spec:t:ra using published ext:inc:t:ion c:o

effic:1ent:s (Jones and Redfearn, 1966) and expressed as n moles c:yt:o

chrome/mg prouin. Sinc:e ~e spec:t:ra are recorded for a referenc:e 

of equal t:urb1dit:y, !:he quant:it:at:ive measure of ~e c:y~oc:hrome is 

expressed by t:he differenc:e in absorpt:ion (M) be::-en a waveleng~ 

pair eorresponding ~o an absorp~1on peak (A ) t:o a t:rough (or 
max 

plauau) (A 1). The split: heam spect:rophot:omet:er p10t:s as a funct:ion 
CI n 

of À (vavelength) t:he d1fference of opt:ical dens1t:y bet:ween the 2 

1dent1cal s01ut:ions t:hat differ only by their cheœical treaCDent: 

(Olanc:e and Williams, 1955). The prot:ein cont:ent of the various 

fractions vas est:1œat:ed by t:he Biuret: met:hod (Gornall ~ al., 1949) 

using 1ysozyœe as the standard prot:ein. Absorbancy vas measured at 

540 !lm using a G11ford spect:rophot:oœeter (!'Iodel 300-N). The protein 

cont:ent: vas expressed in mg/ml. 

, 
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3. RESW.'!'S A.."D DISC:;SSIO~ 

~uch info=.at!on has been ob~ineè wi:h ,-e;;a,-d :0 :he 

che::!c.al anc! ?hysical identification of t~e ~arious la:·ers of the 

cell envelope in ALtu.mOrutl> iu:lo~ (Forsbe,-g ù .::L, 1970 a., b). 

In:e'-es~ingly, the fractionation of :he cell envelope by cont,-olling 

the ion composition of the sus;>enci:~ .. ""lg :::edium and by di!ferent:!..al cen

t,-ifugation also revealeè the presence of a cy1:ooch,-oce-like pig::>en: 

in the underlying layer of the cell envelope (Forsberg ~ ~., 1970a). 

This early finding \laS lao:er confi=ed (Sprot~ and ~cLeod, 1974) anè 

subs~an~1ated by ~he wcrk of ~owles ~ al., (1974). 

Table l oudines :he absorbancy waveleng~hs (::>aXi::1a and ::ini

::a) of ~he cy~ochroce cOlOple::en t of A.l.œ.':CI!IOIt~ lu:i.opLur.~ as re-

vealed by lov and roce tempera:ure di!fer~nce absorption spectrophotocetry. 

The quantif ication of the var10us cy:ochrOlOes is baseè on reèuced 

m~ cx1di:ed difference syectra recorded at room temperature at the 

level of the ~-band, using the wavelength pairs and the extinction 

coefficients given in the table. The d1thionite-reduced m~ 

ferricyan1de-oxidiZed difference spectra were recorded in a nu::ber 

of whole ce11s, cell-free extracts, ::e::brane and periplasœic frac-

tions. ~o a.-type cytochr=e could be detected spectrophotometric-

ally in any of the preparations scanned at '-00= or at 10101 tempera-

tu,-e. L~ the cell-free extracts and the ::e::brane fraction ~-peaks 

in the Red/Ox èiffe,-ence spectra absorbed at 559 oc (b-type cyto-

chr=e) and at 552 n:: (C-type cytochr=e), ",hen the spectra were ~~o 

at ~occotecperature. L~ the periplasœic fraction, ooly one peak 

absorbing at 549 n:: (C-t,.e cytochro=e) could be detected. Analy-

sis of the various fracCions at liquid air tecperature revealed the 
.' 

presence of twc b-type cycochroces w1th ~-peaks at 558 and 556 °oc 

in whole cells and cell-free extracts and at 558.5 and 556.5 "'" in 

the ~eQbrane fraction. The two C-t)~e cytochromes bound to the ~~

brane absorbed at 549 and 546 nm in whole cells and cell-free ex

c,-acts and at 549.5 and 544 nm in the ~e::brane fraction. Only one 
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C-type cytochro=e could be detected ~ the per1plas:ic fraction. 

The !den ti! !cat!oa of the hece portion 0: the cyt:och:'cces \JaS 

accocplished previously by acid-acetone treac:ent and exacination 

of the pyridine haemochrcce spectra (Knowles e..t a..t.., 197 .. ). The 

flavL~ ~oities of the substrate-lin~ed dehydrogenases present in a11 

the fractions give troughs (absorption ~in~) in the 510 - 465 ne 

region of the reduced m~ oxidized difference spectra. using O2 
gas or ~02 as oxidant instead of ferricyanide because of the ~trong 

absorption of this chemical below 510 =. The lIli11~olar extinction 

coefficient usee for calculating the flavoprotein concentration 1s 

11.0 (Jones and Redfearn, 1966). 

Growth Exper~ents in Batch Culture 

Figures 2 and 3 illustrate the cytochrome complement of A. 
iu:.lDplant.t.i...l gro'on in cccplex and chemica11y defined :nedia respec

tively, as deter:nined by difference absorption spectra scanned at 

low temperature. The ,,-absorption pea~s at 558 and 55& !IlII in whole 

cells correspond to the b-type cytochromes bound tO the ~embrane of 

both cell types and are the equivalents of the 559 !IlII absorption 

band of the sace preparations scanned at rocc temperature. In the 

cells gro"ll in cccplex media (Figure 2, upper trace), the ,,-absorp

tion peaks at 549 and 546 !IlII account for the membrane-bound C-type 

cytochromes (both absorbing at 552 !IlII at room temperature) as well 

as the periplasmic cytochrome (absorbing at 549 !IlII at room 

ture). In the cells grown in succinate chemically defined :ne 

(Figure 3, upper trace), the main absorption peak at 55l.nm 

:nL~or shoulder to the right represent the c-type cytochromes 

:0 the membrane (both absorbing at 552 cm at rocc temperature). 

The other ~ and 5 aLsorption peaks for the cytochrcces present in 

the cell-free extracts. the membrane and the periplascic fractions 

of the respective :nedia (lower traces) are as outlL~ed in Table 1. 

Upon variation of the gro.wth media, it was observed that the 

cytochrome composition of the marine micro~rganism could be altered 
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Figure 2. Law temperature difference absorption spectra of the 
cytochrame complement of AtteJWmCruu ha.l.c~ 
grovn in complex medium. 

Dithion1te-reduced lIIÜIu4 ferrlcyanide-oxidized dif
ference spectra. The fractions frOID top to bottOlD: 
whole cella (WC), particulate fraction (P), cell-free 
extracts (CFE) and soluble (5) fraction of the cell
free extracts vere mixed (1:1) vith sucrose (O.75M, 
fin&l. concentration). One half was reduced vith sol1d 
crystals of dithion1te, the other bal! oxidized vith 
solid crystals of ferricyanide. The difference spectra 
vere recorded at 83~ in cuvettes of 2 !!Ill l1ght puh. 
The vertical bars represent one tenth of the absorbancy 
unit at which the spectra vere recorded (A--Q.03 for the 
top three traces, A:O.Ol for the bottOlD trace) and the 
wavelengths are expressed in nanometers. The protein 
concentrations of the various fractions vere: WC (22.0 
mg protein/ml), P (16.5 mg protein/ml), CFE (14.8 mg 
prote1n/ml) and 5 (5.75 mg prote1n/ml). 
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Figùre 3. Law temperature difference absorption spectra of the 
cytochroaae complement of AUeJtDI!IolI4.6 halopla.nJz.t.i.6 
growc. in succillate chemically defined med1W11. 

Dithionite-reduced minu4 ferricyanide-oxidized dif
ference spectra. The fractions frOlll top to bottom: 
whole cells (WC), particulate fraction (P), cell-
free extracts (GYE) and soluble (S) fraction of the 
cell-free extracts vere mixed "(1:1) with sucrose 
(0.75M, final concentration). One half was reduced 
with solid crystals of dithionite, the other half 
oxidized with aolld crystals of ferricyanide. " The 
difference spëctra vere recorded at 830X in cuvettes 
of 2 mm light patS. The vertical bars represent one 
tenth of the absorbancy unit at which the spectra vere 
recorded (~.03 for the top two traces, A-O.Ol for the 
middle trace, A-D.OOl for the bottom trace) and the 
wavelengths are expressed in llaIlometers. The protein 
concentrations of the various fractions vere: WC (32.0 
mg protein/ml), P (24.5 mg protein/ml, GYE (19.0 mg 
protein/ml) and S (7.5 mg protein/ml). 
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~o ~he ex~en~ ~ha~ large c;uan~1~1es 0: ;>ar:1cul:J.rly c:~oc:hrOCles c. 
, 

(;>er1plaS:l1c: and ::embrane-bound) c:ould be S)"U~hes1:ed in a c:caplex 

llu~r1en~ med1u::, whereas OIlly small quan~1~1es 0: the ;>eriplaS:l1c: ;>rotein c:ould 

OIlly be rec:overed :l'OIII c:elis groloZl iIl a c:he::ic:ally defilled ::ediu:: 

without added sup;>le::ellts. In view of the differellt c:~oc:hrcae 

pa~tems ("-e.. different rados of c:~oc:hrCXles b to c:~oc:hrcaes c. "in 

the c:elis from the t"" ::edia), and par~ic:ularly sillc:e ~he level of 
~ 

~he ;>er1plaS:l1c: c:y~oc:hrome' C. was higher iIl ~he c:ells groWll iIl c:ao-

plex ::ediu::, 1~ was ~hought appropria~e to examine ~he :ac:~ors wh1c:h 

govemed ~he regula~101l of ~he syn~hesis of ~hese pro~eins. 

In1~ially, a selec:~iOll of 1l000-defilled, c:ommerc:ially ava11able 

media were assessed for ~heir abllity ~o stimulate c:~oc:hrome syn

~hes1s. Eac:h c:caplex, nOll-defilled supplemen~ was added at 1: (w/v) 

fillal c:ollc:en~ra~101l to the suc:c:iIlate c:he::ic:ally defilled ::ediu:: (QÀ~). 

The expertnental data are ;>resen:ed L~ Table II. As c:an be seen, 

the var10us supplements stimulated the synthesis of the c:~oc:hro::es 

to different levels. Certaill cOCIponents, e.9. case1n hydrolysate 

st1l:lulated the synthes1s of ~he c~oc:hrcaes even above that normally 

obtaill .. d iIl the rou~in .. c:caplex mediu:: used (nutrien~ bro~h + yust 

"~trac:t). Inc:identally, casein hydrolysate 1s a c:omplete ac:id hydro

lysate of ~sein and spec:ially suited as a sourc:e of amino ac:1ds for 

c:ulture media. Other c:ompOllellts suc:h as bac:to p~p~OIl" gave poor 

n1l:lulatiOll of mos~ c:~oc:hrcaes, pardc:ularly evident iIl the c:ase of 

the periplasm1c: c:~oc:hrome c.S49 • 

Cons1dering the var10us layers of the c:ell envelope of A. 
1uù.optar.k..tW. (Forsberg e.t aL. 1970a, b) the underlying layer (Ull) 

or per1plaS:l1c: spac:e and the embedded ;>roteills ""uld .be among the 
• 

first targets toward wh1c:h env1ronmental fac:tors would exert the1r 

benef1c:ial or detr1l:lental ac:~iOlls. Therefore. 1t is c:ollc:e1vable 

that st1l:lulatiOll of c:y:oc:hI'Ollle synthes1s affeèts pr1l:lar11y the per1-

plaS:l1c: èytoc:hrome ~49. 
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TABLE II. 11", effect of c<JDplex supplements on the levol of cytochromos ln Â. IlaloptrolktU. 

(;rowth medium CytochrOll\e cOli tent 
ou ccilla te-CUH • NumDer of Porlplaumlc frsction Membralle fract 1011 
oupplemen~ed with: experlmenttl C549 C552 

b
559 • 

," . n lO1olou/m8 protein 

None 17 .035 1 .016 .071 1 .033 .070 1 .034 

Bac to Pel' tone 4 .03fL t .()19 .182 1 .031 .166 1 ,030 

Bacto Soytone 7 .22R 1 ,200 ,475 1 ,169 ,305 1 ,117 

Yeaot Extract 2 "pu 1 .030 ,270 1 .050 ,180 1 .060 

Nutrlent Broth + Yeast Extrsct 4 ,',10 t, ':120 ,460 1 .JOO ,370 1 ,leO 

Cssein lIydrolysste Il .474 1 .230 .566 1 ,139 .414 1 .118 

Case ln lIydrolysste 4 .870 1 .356 1. 23 1 .060 ,833 1 .005 
(vitamln- and sslt-free) 

• Esch supplement was sdded at the level of 1% (w/v) to the basic succlnllte chemically doflned medium, 

Euch cntry 10 an average value of the cytochrOOlC Hpt.!(;h~H mU80urcd ln all the t!xpor1ment8 t the 

standard deviatloll of the meRn. 

-
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SeveraJ. fac:tors ::I1ght be respons1ble for the observed stl::ru

lat1on~. !he phencmenon--c:ould be due to a nutr1t1onal requirement 
-\ - ~ 

for s~thes1s or ~duct1on of resp1ratory pro teins supp11ed by 

the c:omponents of -a ccmplex =d1um. A further possibil1ty 1s 

thaç differenc:es in the grovth rate of the cells c:ould result in 

differences in the synthesis of c:ytochromes (Rosecberger and Kogut, 

1958). liolar grovth yields of bac:teria are substan.tially h1gher , 
when the c:ells are grown in, c:ceplex than when they, are grown in 

:1njmal ::Iedium (Stoutbaœer and Ba.ttellhausseIl, 1976). , 
J 

To test these possib1lities, two lines of approsch were 

used. The first was to attempt to 1dentify the c:cmponellt(s) re

sponsible for the stimulation of c:ytoc:hroce synthesis; the sec:ond 
, , 

approac:h vas to use a c:ontinuous type of c:ulture in whic:h the growth' 

rate and the final· populat1on density c:ould be c:ontrolled. 

Since casein hydrolysate vas able to sti::lulate the synthesis 

of the periplasm1c: c:ytoc:hrCllle C, a mixture of '16 c:rYStalline am1no 

acids, appro«~tin~ ~he amino add c:omposition of ~in h.ydroly-
1 

saie,. was tested at the amino ac1d c:oncentrations whic:h one would 

expec:t to be prov1è!ed by 1% casein hydrolysate •. As = be ""en in 

'rTable III, th1s 8III1no acid mixture failed to ~t1mulate cytochrCllle 

synthes1s, in contrast to results with c:asein hydrolysate (Table 

II) • 

Looking subseq~tly at the am1no ac:1d c:omposit1on hf 

sever al c:ytoc:hromes~ six amino ac:ids were c:hosen bec:ause of their 

predOlllinanc:e in the amino aéid sequence of the protein (D1clterson, , 

1980) and added te the ~cc:inate c:hem1c:ally ddined medium. Care-
" ~ 

ful, study of the typ1c:al analysis of the c:ommerc:ially available 

grovth media revealed that n1c:otin1c: acid ws t~ most cOl:lDonly 

foupd c:o-fac:ter present in relat1vely h1gh c:onc:entration in the 

c:cmplex,supplements that st1mula~ed the synthes1s of c:yto~~es 

(Table II), w1th the exc:ept1on of bac:to peptone. It was thus 

, 
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TABLIl Ill. nie effect of chcmically dufined aupplements on the level'of cytochromes in A. 'latoplrulktU. 

t • ~ , 1 
Cytochrome content Crowth medium 

Su ceina te-CIJK 
* Bupl'iemen ted wlth: 

N ... ber of 
experlments 

Periplasmic fraction Membrane fraction 
c

549 
c552 

b
559 

n moles?mg protein 

None 17 .035 ! .016 .U71 1 .033 .070 1 .U34 

16 lIIIIino ac1ds 2 .069 1 .007 • U92 1 .001 ~O97 1 .UOI 

6 lIIIIino ac1\1s 4 .U1l8 ! .067 .214 ! .0114 .2~ 1 .057 

.t 
5 ~g/ml nlcotlnlc Rcid 4 .032 1 .014 .U90 ! .U28 .092 1 .039 

·6 amino acids + nicotinic acid 2 .370 1 .082 .440 1 .U90 .380 1 .095 

** ** .099 1 .ooe 10 lIli/ml hcmin 2 

-10 Ilg/mi cyt. C 3 .055,1 .028 .034 1 .02U ' .032 1 .028 

----_._------------

* The 16 amino acids were ~ follows (g/l, final concentration): 

glycine (.005), alanine (.021), valine (.020), leucine (~~7), isoleucine (.013), serine (.048), 

threonine (.012), lysine (.018), arginine (.U07), osportlc acid (.180), glutamlc acid (.071), 

proline (.002), histidine (.003), tyr.osine (.U15), cystine (.UU1), me thionine (.008). 

nie mixture of 6 8Qlino ac1ds (thr, try, lys, tyr, Illy, cys) and 4 amino acida, (try, tyr, .gly, cys) 

were Rdded at the level of 00.035% (w/v) to the basic succ1nate chemically defined medium. 
" 

nie nicot'niç' aeid was present at the level of 5 m8/l. 
** . . ,nie membrane-b"lm~ ~ytochromes could not be 'measured accurately du" to sillulflcant blndinll of the 

hemin to the "I~mbrane. .. , . 
Iloch entry la an'iI,:,era8e value(of the cytochrome apecies meRsured in 'aIl the experlmentH 1 the 

standard devintion of the meon. 

, 
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added to the synthe tic ::U1:Ure of the 6 amino acids selected. 

"- Pyrrole-containing cOClpounds such as hemin and horse heart cyto

"chrOCle C vere also tested for their ability to sti::ulate cytochrOCle 

synthesis. Both compounds contain four pyrrole rings surtounding a 

central iron atom. Results of these exper1::ents are presented in 

Table III. 

" The ::u1:Ure of 16 amine acids did not st1::u1ate to a great 

extent the synthesis of the perip1asmic or the membrane-bound cyto

chromes. The su se1ected amino acids fai1ed to st1::ulW:e the syn

thesis of the periplasmic cytochrome although they did st1::ulate the 

synthesis of the ::embrane-bound ones to a certay. degree. The·nico

tinic acid alone did not have any st1::ulatory effect. On the other 

band, when the 6 selected amino acids vere tested in the presence 

of nicotinic aCid, the levels of perip1asmic and ::embrane-bound cyto

chrOCles vere enbanced to values comparable to the levels found in 

cells grown routine1y in cOClplex. medium. The pyrto1e-containing 

compounds were not very effective in promoting the synthe sis of 

either cytochrome species. The sOClewhat greater st1::ulating effect 

of hemin, when cOClpared to exogenoU16 cytochrome C could partially he 

explained in terms of a ::olecu~r weight effect: the sma'ller hemin 

molecule (MW 652) may penetrate or be taken up more easily by the 

cells grown in chemically def ined medium than the 1arger cytochrome 

C molecule (MW: U, 384). 

, . 

The next step was to see whether these su amino acids were 

all essential for the synthesis of the cyto chromes , The cells were 

grown in the succinate-CDM with nicotinic acid "plus five of the 

su amine acids (removing one at .the t1::e). The data obtained are 

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

seemed tO be required along with nicotinic acid. since omitting 

them singly significantly reduced the 'level of the periplasm1c cyto

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

the level of the periplasmic Cs~9 when left out, The results with 

• 
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TABLE IV. 1',e effect of removal of 8I1\Ino aeids from the supplo;mented 

suceinate-C~ on the leve 1 of cytochromes' In. 

A. 'liltOptlt/lllti.6. 

---
Growth medlUII Cytochrome contellt 
Su CcillO te-CIlI1 • Number of l'erlplll ... lc fraction Hembrane fraction 
Hupplementt:!d wlth: ",exper lmen lB C

549 
C552 b

559 

\ 
(- n moles/mg proteln 

1 

None 17 .035 1 .016 .071 t .on .070 t .034 

6 amlno oclds + nlcotlnlc acld 2 .370 ! .082 .440f1 .090 .380 1 .095 
(thr, try, lys, t YJ', gly, c)~s) 

mùut4 thr 2 .315 1 .064 ,530 t .141 .420 t .085 
• 

müut4 try 3 .280 t .070 .489 t .ll8 .396 ! .072 

nUrnt4 lys 2 .229 t .084 ,l,54 t .011 ,359 t .025 

mùut4 tyr 2 .147 t .013 .225 t .058 .205 t .055 /) 

'IItmu, g 1 Y 2 .141 t .008 .267 t .035 .233 t .027 

mùuu, cys 2 .071 t .003 .2M t .059 ,264 t ,043 

4 8I1\Ino aclds + nlcotlnlc acld 6 .347 t .075 .328 t .055 .372 1 .121 
(cys, gly, tyr, try) " • 
4 amlno aclds + 7 vltamlns 2 • WU ! .009 .222 1 ,004 .230 t ,011, 

• nie mixtures of 60nd 4 II1Ilno oclds were added lit the level of 0.035% (w/v) to the bllBle sucelnate 

chemlcolly dcflned medium •. nie mixture of vltamlnB contalned lit the Indlcated final concentrations 

ln the medium (ml\/l): thl ... llle 0.25), ,r1boflavln (2.5U). pyridoxIne. 0.37). pOlltothenlc oeid 

(0.37), follc ueld (0.22). vltumln 8-12 (0.008). blotln (0.45). 

Each entry Is an averllr." vlliue of the cytochr'lIIe spedeH .,e'lOured ln 1111 th., experlments ! .the 

t:Jtl1ndnrd dey in t Ion of the menn. 

W 
N 



~cophm and lysine were more difficulc co i:lcerpret because 

of cneir differenc effect on peripl~ic versus ~~brane-bound 

cytochrc:.:mes. Hovever, if lysine and chreonine were ocitted, men 

the level of che peripl~ic cytochcoce was aver 90: of chat 'onen 

all the six were included. As a resul: of cnese exper1:nents, a ~ix

ture of four mnino acids conSisting of cystine, zlycine, tyrosine 

and tryptophan togecner with nicotL~ic acid was retained as a 

syncnetic mixture which could !lpecifically promote cytochrome syn

cnesis in A. 11Illo~. 
;-

AIso in Table IV are data indicating chat a ~ixture of seven 

vit~ins, togecner with four'selected amino acids, were unable to 

st1:nulate che synchesis of .the periplasmic cytochrome to the !lame 
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extent as nicotinic acid with the 6 previously tested amino acids, thus con

ferring an 1:nport& role tO nicotinic acid in the synthe tic ~1x-

ture. 

Growch Exper1=lents in Co'ntinuous Culture 

Severa! l''ar;c1eters are' known to ,,~fect the 3rowth of a m1cro

organi~ in batch culture (Harrison, 1972; Paca, 1976). ~icrobial 

cul tures can only he efficiently maintained in a steady state :;rowth 

env~uch as in continuous culture if used metabol~c products 

are constantly replaced by fresh nutrients (Pirt, 1975). 

In the following exper1:nen;s we made use of a chemo!ltat to zrow the 

cells. These chenostat cultures varied fron the standard chemostat 

cultures in that the substrate concentration was not the growth l1:nit

inG factor. Instead, the cells were s1:nply 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 

fund~ental difference that œetabolic products were flowing out 

of the reaction vessel at the sace rate as fresh nutrients were flow-

1n& in. The relationship hetween the cytochrome content of A. l!do

ptan~ and the dilution rate of the cells when ~rown in chemically 

1 
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defined :ledi= (cœ) and c:omplex :ledi= (CI) is illustrated in 

Figure. !+. 

~.c:an be seen, the .dilution rate had a profound effec:t on the 

level of the :le:obrane-bound c:ytochrones (~)2' b559 ) both i~ c:amplex 

a'l<I-che:oically defined :ledia. As a ge~eral trend, the lo_r the 

dilution rate, the higher the level of the :lembrane-bound cytoc:hromes. 

On the other hand, it !las interesting to ~ote that the level of the 

periplascic: cytoéhrame CS:~ did not parallel the enhanced dilution 

rate recorded. .~n the population density was considered in those 

che:oostat cultures, the followin: fL~ding was ::>ade: as the dilution 

rate i~creased, the population density dec:reased, so did .the syn

thesis of the membrane-bound c:ytoc:hromes but agai~, the level of the 

periplas:oic: c:ytoc:hrome ~49 stayed relatively c:onstant and was not 

affected by the population density in cultures ~nere the meta-

bolic: produc:ts were c:onstantly removed • . 0' . In batch cultures, the c:once~tration of the peril'lasmic c:yto-

. chrome ~49 detec:ted in cells grown in complex medium was consistently 

higher than in c:ells harvested fram chemostat c:ultures indicating 

~at one or more parameter(s) which governed the synthesis of the 

periplasmic: c:ytoc:hrome in chemostat cultures was/were not controlled 

in batch cultures. Still, in bstc:h cultures, as the complexity of 

the groveh media inc:reased, the population den'sity increased (as de

termined by optic:al density) (Table V). From this set of data, it 

c:ould be seen that the cytoc:hrome yield (measured as cytoc:hrome con

centration versus optical density of the culture) did not increase 

steadily as the optical density of the cultures was increasing. In 

other words, if a constant ratio (cytochrome synthesized/optical 

density) would have been observed in the various growth media, it 

would have meant that the population density was specifically re

gulating the amount of' respirato.ry pigments synthesized, wü'clo-was 

not found to be the case. Thus, ev en in.batch cultures, other 

fac:tor(s) but the populatio~ density specifically rezulate the 

-. . 
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:igur~ 4. R.elationsbip bet10leetl the cytocbrCllle content :Ill 
A.. ha.l.o~ ana the dilution rate of the cells wen 
grown :Ill cClllplex medium (0{) and :Ill cbemically 
defined :nedium (CIM). 

A.. ha.l.o~ vas grown at various fixed dilution 
rates :Ill a cbemostat under conditions of cootrolled 
pH and aeration. Whole cells were barvested wen 
a steady state had been attained for at least five 
doubl:lllgs of the respective populations. The popu
lation denslty vas lIlonitored frequently on dlluted 
portions of tbe olltures. Harvested cells vere 
fractionated and cytocbroœes assayed botb :Ill tbe 
?er1plasmic (Cs49) and membrane fractions (~52' 
°559)· 

\ 
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TABU; V. Cytnchromc content nndcytochrome yleld of A. Illloplankt.il, hnrvcoted from 

vnrlollo growth mcdln of Inercnolng population denully ln !>ntch cu!turco • 

Growth media 
t 

Cytochrome content Cytochrome yluld 
slIccinate-CI1i • t

d 
011

660 
oupplcmentcd wlth: 

~ cjl• 9 c~~2 b~~9 1 C~491 IC~~21 Ib~~91 
011 011 00 

• n m~~e"/mg proteln 
none 1~0 min .Oflb .016' .107 .116 .Z42 1.621 1. 757 

• 1. runino acidH n.ct. .149 '.021 .U49 .049 .11.1 .329 .329 

4 amlno acldu + nleotlnlc ncld ll~ min .2n .)44 .327 .274 1. 61 ~ l.H~ l.l66 
• (, amlno Aclds n.d. .2~7 .06J .19~ .204 • 21. ~ .7~9 .794 

6 amlno aelda + nlcotlnlc aeld 117 min .271 .4211 .~04 .447 1. ~ 79 1.860 I.M9 

1% Bnc to Pep tone 62 min .432 .U29 .lbl .136 .Ob7 .373 • 31 ~ 

1% Bacto Soytone b3 min • 4 7~ .243 .~11 .)% .5ll 1.076 • IIJ/t , 
1% Venst &Ktract n.d. • ~6U .336 .231 • nI} .6u4 .413 .21.t! 

lX Case ln lIydrolY88te 64 min .624 • ~b3 1.1117 • bJ~ .9U2 1.902 1. ]J!I 

(vlt.-and aalt-free) 

COHI'U:X HE1JlUH j~ min .7~2 .474 • j61 .30b .b)U .1. !lU .1.07 

tOptleal denalty vnluea of the statlonary phnoe cells wcre measured on dUuted uumpleu(l: lU) nl b60 Ilm 

ln 1 cm cuVette llght path wlth n Gilford speetrophotometer (l'Iodel )UO-N) • 
• n ... mixtures of 1. nnd 6 omlno acldu wcre as speclflcd ln TA BU: IV. 

n.d. not determlned 

t
d 

douhlinn timo ( ( w 
~. 
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s)"n~hes1s of cy~ochromes in A. ;u:.loplm~. In add1 ~ion. chere is 
• 

no .obvious correlaüon beClo-een che doubling ~1me and ~he amo=~ of 

c~ochr=e syn~hes1zed. For ins~anc:e. al'!,rox:l:la~ely 117 min are re

qu.ired for che bac~er1al po;>ula:ion w double in !ruc.c:1naœ-o.~ 

amcnded !oIich 6 amino acids + nico~inic acid produci''1g in average 

.425 n moles ~49/mg l'ro~ein. whereas ~he c:eIIS~ing in Bac~o 

Pel'=e u1te b&l.f chis doublin:; ~1me to multipl ~ produce onl)" 

.029 Il moles ~49/11lg protein. The same trend ls pressed by the 

membrane-bound cy~ochr=es ~52 and b559 • 

• , 
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4. CONCLUSION 

The cytochrome sys~em of A. iu:.e.c~ is bas1cally ccmposed 

of five cytochroces: 2 b-~ypes and 2 C-types firmly at~ached ~o ~he 

~embrane together vith ac-type cytochrome located in the periplasm. 

In this section. experi::lental evidence 1oI3S presented to indicate 

~hat the level of the CytOChrCllleS synthesi:ted by the :narine pseudo

::1onad are governed by the presence of variOllS nutrients in ~he growth 

::1edium. The greatest variation in ~eœs of cytochrcme concentration 

1oI3S expressed by the periplasmic cytochrcme ~49. 

As a general trend. ~he low cOntent of the periplasmic cyto

chrome in the chemically defined medium contrasts wi~h the relatively 

high content of me:brane-bound cytochrcmes. As the cocp1exity of 

the growth medium increases. ~he ra~io is inverted and the synthe sis 

of the periplasmic cytochrace is favoured. Froc our findings. a 

synthetic mixture composed of four amino acids :nain1y tyrosine. cys

tine. glycine and tryptophan plus nicotinic acid was effective in 

stimula~ing ~he synthesis of the periplasmic cytochrcme. 

The exact function(s) of the prOlDoting fajFors have not been 

elucidated. However. there appears te ~eruatives: either 

they acted as a direct source of specific precursors for synthesis of 

the cytochrcmes or were degraded to form specific precursors. Con

ceivab1y. when the ce1ls are grown in chemically defined medium 

where the concentration of organic~~ is zero. the cel1s may be 

limited by the ability to synthesize these specific nutrients. Al-

though the routes of degradation of the various cocponents are not 

39 

Icnown in this bacterium. they have been elucidated in other organisms 

(Greenberg 1969a;Rod\rell.1969; ~ssey e.t aL, 1976). ~ost amine acids. for 

instance. are degraded to intermediates afthe !CA cycle: 3 -ketoglu

tarate, succinate, fumarate or oxaloacetate. 

While there are no data on the- biosynthesis of amino acids in 

A. iu:.e.cpian~, the path1ol3ys operative in other bacteria are weIl 
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doc:u:oented (Greenberg, 1969b;Rodwe11, 1969; He=ann and Semerville, 

1983). The :ajor aœino ac1ds are s,~thes1zed by three routes, frcm 

a-ketog1ucarate, oxaloacetate and pyruvate. All four &:ino acids 

wh1ch stiœulate the synthes1s of the periplasmic cytochrome beloug 

to the pyruvate group. It appears alse that a c=on precursor for 

al1 15 phosphoenol-pyruvate (pEP). It 1s alse worth noting that an 

aœino ac1d such as glycine 1s v1tally iœportant in the synthes1s.of 

a cytochrome molecule ~.e. at the f1rst step of the b1osynthet1c 

patm..ay involviug the condensation of 8 molecules of glycine and 8 

:'0 

~olecules of succin1c ac1d (Lascel1es, 1961; Franck. 1979; Franck ~t~. 1980). 

Since the chem1cally defined medium used in th1s study ecp10ys succ1-

nate as sole carbon and energy source, 1t seems 11ke1y that the syn-

thes~s of the tetrapyrrole-1ron 1inked ccmpounds 1s clependent 

~ the ava1lab111ty of the carbon source in addition to the selected 

amino acids. Nicotinic acid on the other band is priœarily involved 

in the fotmation of pyr1dine nucleot1de coenzymes and thus, of l:l-

portance in the sYnthes~s of respiratory.proteins (Preiss and Handler. 1958). 

Our exper1mental results do not allow us to concludè on the 

specifie nature of the enzymic system involved in the induction or 

stiœulation of the per1plasmic cytochrcme synthes1s. Certainly, the 

synthes1s of this cytcchrome is intiœately linked to growth para

meters, su ch as concentratrotr-<>f nutrients. pH, phase of grcwth and 

partial pressure of oxygen. 

The data support the posS1b111ty that one of the funct10ns of 

the periplasmic respiratory protein may he to re-establish the 

balance between the bulk cf the respira,tory prcteins synthesized in 

var10us growth envi;-o!llllents, part1cularly 50 in growth environments 

where end metabo11c products accumu1ate. As a consequence, the func

tional crganization of the (aerobic) resp1ratcry chain of'A. halo
ptar.~ m~ht b~ expected to vary upon :od1ficat10n of the growth 

~nvironcent. 



CHAP'IER II l 

OXYGw Ar:~II'!Y SYSn:iS· 

1. I!\-rRODt:CnOS 

the prokaryotes are capable of re=arkable adaptation to faci

litate growth vben exposed to a variety of environmental changes 

(van Verseveld. 1979; Ingledew and Poole. 1984). The availability 

of dissolved oxygen is one envir~ental factor thAt can force bac

teria ~o alter the,composition of their respiratory system. For 

that reason. branched respiratory syste:1S ;,ave been !ormed in 

several bacterial species (Sœith, 1968; Jones. 1977; Knovles. 1980a). 

In ~~~1nstances. each branch was terminated bya specific cyto

chrome oxidase (Degn e.t aL, 1978). !;oce oxidases have been shown 

tO cperate at very lowoxygen concentrations: cytochrome ~, cyto

chrome dz in E4ch~~~ coti (Rice and Bempfling. 1978). cytochrome 

~ in HdCmOp~ ~~~6~en~ (wbite. 1963a); others preferentially 

operate when excess dissolved ox)~en prevails 1n the ~rowth medium 

su ch as c~ochrome r. ir ~chervL~ coti (Rice and Bempfling. 1978). 

So upper or lover l1œit of critical oxygen concentration has been 

defined in a growing culture (Harrison. 1976b). The only practical 

technique for measuring lov oxygen tensions in suspensions of cells 

or subcellular particles is polarography (Harrison, 1976b). This 

technique has the advantages of being simple and rapid. Experiments 

conducted in a clo~ed system must hovever be of short duration and 

1nvolve slow rates of respiration. Weston ~ al., (1974) have obviated 

this problem by measuring the affinit,. for O2 using vàrioua st=ting 

Oz concentrations and determining- Km values by plotting initial up

take rates against initial oxygenconcentration. If initial rates are 

not used the dissolved oxygen concentration changes durL~g the ~~peri

ment (Degn and Wohlrab. 1971). Linton ~ aL, (1977) vere able to 

" . "'-
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:easure K:: values for oxygen ",ith an order of ::agnitude lOYer than 

the values repo~ed by Weston e..t c.i.., (1914) ... mg an "open" syste:a 1:1 wlUe!, 

oxygen is supplied cont.1:1uous1y at a con tro11ed rate while the dis-

solved oxygen t~n!:ion is c.'lang~ gradual1y in the reaetion cl'amber. 

l!ore recent studies concerned ",ith the measurement of the Oz affinity. 

of bacteria1 oxidase systems have used Oz carriers such as oxyleghae

:noglobin and oxy:oyoglobin to supply very low disso1ved concen trations 

of oxygen (Bergersen and Turner, 1979,1980). Examples of apparent 

affinity constants for oxidases toward the :1..,al electron accep ter. 

::olecular OZ' are given in !able VI. !he results presented in. Table 

VI basically :nean that the bacterial apparent affinity constants for 

oxygen (K:n) fall into four categories w~n defined by their ordèr of 

:nagnitude: very low K:n values (under 0.01 .l!), 10101 K:n values (u~o 

1 .l!), average K values (between 1 and 10 .l!) and high K values :: :n 
(above 10.l!). In al1 the exaœp1es reported, except for A=06~-~ 

b.-..::6dvue, a ::in1lllum of twO K values of differen t :nagnitude were 
:1 

recorded and accounted for at least twO different functional ter:ninal 

oxidases. l!itochondrial systems also exhibit a biphasic affinity 

system dapending on the energy state: a K of 0.5 .l! is expressed by 
:Il 

coupled ::itochondria, 0.05 .l! for uncoup1ed :nitochondria (Degn and 

Woh1rab, 1971). 

We :nust understand however the conditions in ",hich the :nicro

organisms are grown. For instance, the values of K", for Oz tend to 

be lower in continuous cultures than in batch cultures. It ",as sho~n 

in continuous cultures that careful1y controlled low levels of Oz 

elicited the synthe sis of :nultiple bacterial oxidases (Rice and 

He::pfling, 1978; Bergersen and Turner, 1980). 

!he respiration of biological systems at 10'" oxygen concentra

tion usual1y shows saturation kinetics and agrees with the l!ichaelis

l!ënten ::odel of.an enzy:oe reacFion (White, 1963a,b; Harrison, 1976a; 

Weston et c.i.., 1974). Decreased e~ectron flo~ to the oxidases by 

using sub::a:ü::al substrate concentration (White, 196Z) or by using 

--
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respiratory :lnhibitors ~ry and Vignzis, 1979) ra1ses the criuca1 

oxygen concentration (the point at vlUch respiratory activity ui 
ci1rect1y dependent où the oxygen present :In the reaction medium) . 

and ,thus ra1ses the Km. 

• To obtain a better lalow1edge of the dependency of the respira-

tory proœss on the concentration of its primary reactmt, lIlo1ecu1ar 

°2 , the respiz;atory rates at var11:1Us ~1t1al °2, concentrations were 

measured :In A. Iutlopl.allJz..t.i... These stud1es were designed to g1ve , 
seme :Indication of tlie degree of branch:lng of the aerobic e1ectron 

'Pathway. 

, 
-
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2. liAl'ERIALS M"D lŒTHODS 

Cul~ural Condi~ions and PreDara~ion of Cell Frac~ions 

The organism used in titis study was ~he marine pseudomonad, 

A.U:e-'tDIIIOrtah ~ s~ra1n Z14, (AlCC 19855, l .. OiS 19) varian~ 
3 (Gow e..t al •• : 1973;. The organism was gro";;; for 16 hours at ZS"C 

. .. 1 

w1~h vigorous aeration on a rotary shaker (ZOO rpm) in a complex 

bro~h conta1ning O. 8% "utr1en~ broÙ1 (D1fco), 0.5% yeasc e.x~rac~ 

(Difco), 0.3M l<aCl, O.OZ6M ~!gSOt. '. 7 HZO and O.OlM !CCl. The s~a

~1onary phase cella were harvested by low speed ce"~rifuga~io,, 

(16,000 xg for 10 min, sOrvall RC2-S, ro~or G5A, 4"C) and washed 

~ce in a physi010gical sal~ solu~ion con~aining 0.3lo\ SaCl, O.OSM 

, MgClz' O.OlM !CCl. The superna~an~ was~em:oved by aspira,~ion and 

~ \/hole cell pellet resuspended in ZO"",l of a buffered sal~ solu

~ion con~aining: 50 ml'l lris-HCl (pH 7 .~), 0.3:1 SaCl, O.OSM MgC1Z 
and O.OL~ !CCl. Cell-free extrac~s were subsequently obtained by 

disrup~ing Ù1e in~ac~ cells in a French Pressure cell opera~ing "at 
" 

lZ-16 ,000 ~si. 
~ 

(Power Labora~ory Press, A1IIerican Ins~rume.~ Co.,). 

The reaulting suspension of crude ex~racts and cell daobris was 
.' 

centrifuged (39,000 xg for ZO min, 50rvall RC2-S, ro~or 5534, 4"C). 
'" 

Ine'cell-free extrac~ was fur~her ul~racentrifuged (150,000 to 
, , 

180;000 xg for 3 hours, Seckman LZ-6SS, ro~or 60li, 4"C) to ob-

~ain ~he (sed1nen~ed) membrane fraction and ~he (superna~an~) 

periplasmic soluble fraction (Knowles l, al., 197~), hereaf~er .. 
referred ~o as ~he periplasmic fraction. 

Pro~ein Determin'a~ion 

~ 
The pro~ein con~en~ of all Ù1e preparations, whole cells, 

cell-free ex~racts, membrane and periplasmic frac~ions was es~i

ma~ed by a Siure~ method (Go%nall e~ al., 1949) using lysozyme , 
(1 ~o 10 mg pro~e1n/ml, Sigma Chem. Co.) as ~he s~andard protein. 

Absorbancy was recorded at 540 nm using a Gllfor4 spec~ropho~o

meter 300-N. 
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~easurement of Oxyp;én Consucption and Concentration 

The kinetics of Oz consumption of suSPe;'sions of whole cells 

and subcellular fractions as a function of dissolved oxygen concen

tration were deter.nined by the use of a Clark-type oxygen electtode 

(Rank Brothers, Bottish .... , Cambridge, England). The reac-

tion cham_ber containing a 50 m.'! Tris-llCl buffered salt solution (pH 

7.Z) was fitted with a serum cap through which was inserted two 

syringes: ~e s:rinie introduced the gas mixture and the other the 

respiratory ~teins and the oxidizable substrates. The procedure 

has been described in detail by Weston.eZ al., (1974). The initial 

respiration rates of the pro teins in suspension were measured fo11ow

ing the addition of the substrates. The final concentration of the 

substrates used with a11 the preparationrtested were as follows:' 

SAOH (Z.5 mM), succinate (10.0 m.'!) and ascorbate (1.5 mM) plus 

(1.0~) S,S,~',~'-tetramethyl-p-phenylenediamine(IMPD). Ascorbate + 

IMPD oxidase activities were ~orrected for SlIIa11 non-enzymatic rates 

due to autooxidation. ./ A11 chemicals utilized were reagent gr-ade frOlll 

Sigma Chemical Company. 

The desired starting oxygen concentrations were obtained by 

flushing the electrode chamber with appropriate mixtures of 0Z-free 

nitrogen and cOlllpressed air. The oxygen concentrati~ns studied 

ranged from air-saturation (= Z40 ~M O2, at 25°C) do~ to lu~ OZ' 

the lowest lilllit of detection of the Oz electrode employed (Weston 

eZ aL, 1974; Linton eZ CIl., 19i7). The appaIlen.t Km for oxyzen ..... s 

obtained frOlll Lineweaver -.Bur~ plots.tracing ~he reciprocal of the 

respiratory rate l/V (n atOllls O/min/mg protein) c'e,~tW the reci

procal of the (medium) dissolved oxygen concentration l/OZ (m.'!). 

The levels of oxygen çoncentrations were allowed to stabilize be

fore the addition of respiratory pro teins and oxidizable substrate&, 

both maintained under 0Z-depl~ted conditions by a constant supply 

of 0Z-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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5catistical Analvsis 

In the present sCudy, the data vere subjecced to statistical 

analysis'; Double redprocal plots (l/V ve,·.4~ 1/5) vere drawn and 

the slop<Ml and inœrcepts of the lines vere calculated using groups 

of results ·for whith linear correlation coefficients (.t) vere highly 

sign1ficant (P < 0.05; ~ < 0.01). The apparent affL,ity constant, 

K , was then est1=ated for every system studied. . The statistical m . 
analysis was done on paired values of the variable·~ (the reciprocal 

of V, the dissolved oXYBen concentration) and y (the reë1procal of 

S, the respiration rate) above and below lOu)! O2 co ~e how closely 

the equation (y = a. + bx) f.its the experimental data. All the calcu

lations vere performed with.a programmable Hewlett-Packard HP-2S 

cal cula tor. 

Growth Media and Growth Conditions 

A. Final Electron Acceptor 

AUv:.omona..\ haiDplanf<..t:,W vas grown in the ccmplex mediUIII de

scribed previously vith and vithout so~ (26=.'0 or vith and without 

llO; (7.17 !Do'!). The m3Boes iu.. sulf ate in the merliUIII vas replaced 
• by mag;lesiUIII chloride. 

In the chemically defined medium, t~e ammonium sulfate, the 

magnesium sulfate and the ferrous ammonium sulfate vere replaced 

by ammonium chloride, m,Juesium chloride and ferric chloride. 

Cysœine (10mM) vas added to the medium depleted of·sulfate. 

Racto agar (1.5% (~/v), final concentration) vas added to the 

liquid media for the experiments on solid media. 

\ ... 
The inoculated solid media were incubated in air, u,\der 

an atl:lOsphere enriched in C02 and in an H2 + COZ atmosphere pro

vided by a generator system (BEL GasPak, Becton Dickinson and 
, 

Co.) at 2S·C. The corresponding broth cultures contained in 

50 ml-side at&-flasks vere shaken at 200 :-pm in ait or eva

cuated and flushed 3 times ~ith one atmosphere of llZ or He 



(L1quid Carbonic Canada Ltd.). Grovth vas :lonitored by following 

the increase in opcical density at 660 = (Junior Col=an spectro

photometer) at .daily intervals for. a period of 10 days. !he starter 

culture (stationary phase c4ls grovn in cClllplex medium) had been 
'-

asepcically vashed twiœ in sterile salt solution before being in

oculated into the various media; the inoculum size was maintained at 

2:<:. 1\10 separate experimen ts were run in duplicate. 

B. Oxidation-fermentation (OF) Test 

Co1aercially available Bacto OF Basal medium (Dtico Labora-
-

tories, Detroit, Michigan) was utilized according tO the. procedure 

oudined in the Manual of Clinical Microbiology (Lennette e..t d., 

1980). To 100 ml of sterile medium va~ aseptically added 10 ml of 

sterile 10: sugar solution of dextrose, lactose, or saccharose. 

After thctough m:!xing, 5 ml aliquots \Jere dispensed into sterile 

culture ·t;Ubes. ,Soft agar (0.3: fin,.], concentration) had previously , . . 

been added·, to the liquid cedium, according to direction of the 

mànufac~urer. !he OF basal medium was prepared either in caoplete 
, . 

salt so lu tiod or in distilled water, as were the stock solutions of 

~8 

• 

sugars. !he inoculated tubes vere'examined for the presence or absence 

of grovrh after,24, 48 and 72 hours; the results shown \Jere re-

cord~d after 72 bours of incubation at 2S·C or 37·C. A facultative 

anaerobe ~dtvuc:h.(.a coU (Macdonald Culture Collection, No: 85) 

was chosen as control organism. !he inoculated soft agar media 

vere incubated in ambient air to meet aerobic conditions or covered 
~ 

vith a film of sterile paraffin oil to.maintain anaerobic conditions. 

1'w separate experimen tS \Jere run in duplicate. 

, 
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. 3. RESULTS ~~D DlSCCSSlOS 

Oxidi%able Substrates at Various Oxvgen Concentrations 

ln order to test whether ~ore than one respiratory pathway 

existed and was expressed by core than one affinity syst"'" in the 

aerobic :narine bacteriu:n, we conducted experil:lents vith intact. cells 

and subcellular fractions L~ which ve ~asured the rate of oxygen 

consu:nption at various initial dissolved oxygen concentrations. 

Analysis of the dependency of the respiratory rate upon the 

oxygen concentration revealed that ~I the respiration of intact cells 

vi th endogenous substrates as well as exogenous subs.trates (e.g. SADR) 

~lUchaelis-Menten saturation Itinetics vhen reducing the nal 

electron accepter, molecular oxygen (Figure 5A,B); ~I sil:lilarly, te 

oxidation of SADR by the cell-free ~~tracts and the membrane. particles 

showed the same saturation Itinetics (Figure 6A,B); ~I the ~rt1ficial 

electron donor ascorbate coupled to the dye !XPD vas oxidi%ed by the 

:nembrane-bound as weil as by the periplaSlllic fraction in a. sil:lllar 

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

• 

The experil:len tal data were analy%ed above and be lov the dis

solved oxygen concen tration of 10 .li due to cons train ts il:Iposed by 

the technique in use. To :neasure the oxygen consumption belov 10 .li, 

an additional resistance vas added to the recorder to increase the 

sensitivity of the :neasuring device. To obviate the obvious dis

crepancies resulting from plotting together all the values, belov 

and above 10 .'i OZ' the results are best understood if they are 

discussed separately than compared among thecselves. ~ 

Additional inforcation could be gained by tracing the double 

reciprocal plots to obtain the affinity constants (K ) of the corres
c 

ponding systems. The reciprocal plots presented in Figures 8 to 10 vere 

obtained from the experi:nental data used to trace the saturation curves 

(Figures 5 to 7). The K values derived from the reciprocal plots 
c 
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Figure 5. 

.. 

, 

Effect of 02 concentration on the.rate of 02 uptake 
by intact cells of A.Uvr..omOrw..6 luz.lopianlz.ü4 oxidiz
~ (A) endogenous reserves; (B) ~H. 

, 
A.U:vtcrlOrw..6 iia.e.o~f:t.4. was grown in complex medium 
to the stationary plùiose of grovth. The cells were 
harvested, washed and resuspended in buffered salt 
solution as spec1f1ed in ~ter1als and Methods. 
The oxidase activ1ties were measured in an 02 
electrode cell at various initial oxygen 
concentrations. The results are expressed by the 
lUchaelis-Ment..u curves: Ven atoms O/min/mg protein) 
V~~ S (02 concentration, \!H) • 
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Figure 6. Effect of 02 concenrration on the rate of 02 uptake 

by CA) cell-free exttacts and CB) membrane par
ticles of Al..tvtomo~ halopiank:t.U. oxidi:z:1ng SADH. 

Al..teJtono~ Iutloplank:t.U. was grown in cemplex medium 
te the stationary phase of gro~h. The cells were 
harvested. washed. resuspended in buffered salt sOlu
tion and fractionated into cell-free extracts and 
membrane particles as spec1fied in Materials and 
liethods. SADH oxidase activities were measured in 
an 02 electrode cell at various i;titial oxygen concentra
tions. The results are expressed by the Michaelis
Menten curves: V Cn atems O/min/mg protein) veJt.6u.6 
S (02 concentration. uM). 
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Figure 7. Effect of Oz cOncentration' on tné' rate of Oz .uptake 
by (A) the membrane and (B) the per1plasmic frac-

c 

tion of A.l..tvu:mOna.6 !t.al.oplan.k.t.(.b axidizing ascorbate/ 
nn'D. 

AUv..cmonlU haloplan.k.t.(.b vas grown in canplex medium. 
Cell-free extracts vere prepared frem stationary phase 
cells and fractionated into membrane and per.:l.plasmic 
fractions. Ascorbate/!MPD oxidase activ1ties vere 
measured in an Oz electrode cell at various initial oxygen 
concentrations. The results·are expressed by the 
M1chael1s~enten saturation curves: V (n atOIIIs O/min/ 
mg protein) V~U4 S (OZ concentration, ~H) . 
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were calcu1ated by the metbod -of least squares. In chis analysis, 

the calcu1ated regression constants ~ and b c~rrespond respec

tively to the intercept vith the y axis and the slope of the line 

<;6 

in the equation y _ ~ + bx, vhere x and y represented the reciprocals 

.tif V and S. The linear correlaCion coefficients (.-:.) of the reciprocal 

plots vere calculated and were found to be highly significant, indicat

ing a c:lose relationship betveen the 'exper:!mental daêa and the linear 

regression constants as shown in Table VII • 

• For each of the substrates tested, the exper:!mental results 

(respiratory rate as a function of oxygen 

by ~eans of double rec:iprocal plots; In 

SA), endogenous substrates were oxidized 

concentration) were analyzed 

the case of vhole cells (Figure 

vith biphasic kinetics OK 
III 

values of 1.2 _~ ~d 25.6 _~ respectively). K value s of 4.5 and U. 6 
m 

.M vere recorded vhen the intac:t cells were oxidizing the exogenous sub-

strate ~ADR (Figure 8B). The c:ell-free extracts also expressed biphasic 

kinetic:s when oxidizing SADR (Figure 9A): K values of 0.51 uM and 
III 

15 _~ vere o~tained at oxygen concentrations belov and above 10 o~ O
2 

respectively. !he 

oxidizing the same 

corresponding values of K for the lIIembrane fraction 
l!l 

substrate were 0.40 and 31.2 _H (Figure 9B). With 

respect to the non;-physiologic:al substrate, asc:orbatei ~t'D, 1t vas 

actively oxidized by both the membrane and the periplasmic fraetions. 

One lov affinity system vith a K value of 8.1 oH vas obcained vith . m 
the lII~brane fraction (Figure 10A) and one high affinity system vith 

a K value of 0.85 _H vas recorded vith the periplaSlllic: fraction' 
III 

(Figure lOB). S~ce no ac:c:urate determination of ox1dase ac:tivity 

vith ascorbate/~D could be obtained belov 10 _~'of d~ssolved 

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

and V values deter-
max is present in the lIIembrane frac:tion. The K 

III 

mined for all the ênzyme systems invest igated are presen ted in 

Table VUI. 

In separate experilllents, whole cells ana cell-free extracts 

vere also shown to oxidize ascorbate/~PD at various oxygen 
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'tAIIU vtI. Sutlac.leal .-a..l,~h of the ttn.tlca of r._~tr~tton of 

Al-«",., ••• ,u ~. 
r 

• .. -Ceu fract.lon n.cct'OQ dooor 1hrellhold ....... 1000 eon_tete CorTPLation ~fflcleftt • hl 
b • 

" trr. n:pe-rs-nu tu. ubl. 

• _10 celb b_. ,. l~ 02 0.0117 0.0003 0.92111 (P.05J 0.2n 
(P.Ol) 0.3S4 

<. lo.M Oz 0.0169 0.0000207 0.-.0 (P.05) ... 0 • .w.4 
(P. 01) ·O.~I , 

0.34' _10 .,.U. ~ lOUtt Oz 0.0079 0.0001 0.8572 (P".O~) 
(P.OIl O ••• , 

oc lOu" Oz 0.0068 0.0000310 0.9241 (1!.051 0.404 
(P.Ol) 0.515 

"-"'II ,. 10&.J1 02 0.0262 0.0004 . o. CJl21 (P.n~) 0.)67 
(P.OIl 0."10 

1_ O
2 

0.0327 0.0000169 0.87i8 (P.051 -O.SU 
(P.01I 0."1 

_b.- frac- """" > 100" O2 
0.00'l6 0.0003 0.9396 (P.05) 0.349 

tioa (P.Ol) D.U' 
< tOuK 0;2 0.0414 0.0000166 0.9820 (P.05) 0.878 

(P.OIl 0.959 

Perlpt.a-lc bcorbat./1KPD > 0.0445 0.000038 0.5282 (P.05) 0.464" < ' ....... lractioa (P.OIl -... .... cof'b.e./'!MPD ,. lOuPt Oz 0.0018 0.0000147 O.7l\U (P.05) 
f'ractloa (P.OIl 

• A.ccord1a1 cn tM beac: ftt ouve,! • 4. + ba" 4o.-di b _no the rqre •• lon 't'on:st..,u -ad t'ttt'reMtn:. 

re.,ect1:nly the 1ntorcwftt "ldl dM '1 ata _dl the atDp. oC ctM 11,. . .. 
!he con'.laUaa codflc:1eftc: 't fo'r one •• r14bJa; the no"plucory ~'te ,... c:JIlculACPd rrœ mtperl'"-

'. ,.' .. :.. 

..ut.al data. _dl v •• found hl&hl,. dpff1ant At P(.O$) _dl "(,01>. 
• 

t'tabla A...1J St .. l. I.C.D ... Torne. J.B. h1nc1pl •• ....s. Ptocedun. of STAttSTICS. v1.,tb .pccl.l· 

refcnac. tu u..~lot:.lr:.l Sr:.1ence.. McCrMf-lUll look Ca,.ay. lD.c •• ""' Tort. 1960. 
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Hgure 8. L1neweaver-Burk pl~ 1l1us~ra~1Iig ~he effec~ of 

l ,. 

1ncreasing ~ coucentt;a~1ou ou ~he resp1ra~ory 
ra~e ofiinuc~ ,0\. hal.o~. cella ox1d1zing 
endogenoUs -subs~ra~es (A) ',.or NADU (B). 

SaDIe exper1men~al pro~ocol as' in F1Iure 5. 
The resul~s are expressed by a double rec1procal 

'. plo~: l/V, (n. a~OIIIS O/fIdn/mg protein)-l veJL61L6 • 
1/02 (mK)-I. "!he apparen~ Km values for oxygen vere 
de~erf1dned graphically by ~ _thad. of L1neveaver 
and Burk (1934). 
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Figure 9. Lineveaver-Burk plot lllustrating the effect of 

increasing 02 concentration on the respiratory 

. j; .. 

rate of the cell~free extracts (A) and the membrane 
part1cles (B) of A. ha.l.o~ cells vith NADH 
·as substrate. 

Same exper1mental protocol as in Figure 6. 
The results are exp~essed by a dOUble rec1procal 
plot: l/V (n atoms O/min/mg protein)-l V~U6 
l/OZ (mK)-l. The apparent Km values for oxygen 
were determined graphically by the method of 
Lineweaver and Burk (1934) • 
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Figure la. Lineweaver-Burk plot illustrating the effect of 
increasing O2 concentration on the respiratory 
rate of the membrane fraction (A) and the peri
plasm1c fraction (B) of A. h4lo~ cells 
vith ascorbate/lMPD as substrate. 

• 

• 

Same experimental protocol <as. in Figure 7. 
The results are expressed by a double reciprocal 
plot: l/V (n atoms a/min/mg protein)-l v~U6 
1/02 (mM)-l. The apparent Km values for oXygen 
were determined graph1cally by the method of 
Uneweaver and Burk (1934) • 
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n.BU: VIII. Klnetlc data of 02-afflnlty systems ln statlollary (lhase cells of 

AlkomollM Ilalopwlk-tU r.rown ln comp1ex medium. 

.., 

~-~~
~ - - -:~' ,~ -~ 

- -_._~. -- - --- ~-----~-~ ~ ~ 

• appareil t K (a.H) V (n atoms O/mln/mg l'rot:}") 

Cell, fraction Electron dOllor n .. .. ax 

< l~.H O
2 

> 11ll.H O2 < 101.H O
2 > 101.11 O

2 

l.S: 
Who1e cells Endogenous 77 25.6 59.1 85.4 

Who1e cel'ls HAllU 58 4.55 12.6 147.0 126.5 

CFF. HADU 44 0.51 15.2 30.5 311.1 

Hembrane fraction HADII 39 0.40 31.2 24.1 104.1 

Per l"lasm Ic frac tlon Ascorba te/ntPll 17 ~. d. 0.85 n.d. 22.5 

Hembrane fraction Ascorbate/ntPll 16 ".d. 8.1 n.d. 555.5 

• r"presenta the number of data polnta 

n.d. not d"termlned 

(\ • 1 , ' 

<1' .. 
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concent:rat:icns. The number of det:erminat:icns were not: numerous 

enough t:o permit: st:at:ist:ical analysis of t:he dat:a and _re for t:hat: 

reason OIIIit:t:ed from t:he t:able. Wit:h int:act: cells, ascorbat:e/~PD , 
wa~xidized very rapidly and at: aImost: a conat:ant: rat:e irrespect:ive 

of t:he oxygen concent:rat:icn t:est:ed, ind1cat:ing !:he possible presence 

of an extreme1y ~<~h affinitv oxidase(s) wit:h a K below t:he 11::111: ,~. m 

of detect:ion of t:he polarographic technique ut:ilized (~ 0.1 _M, 

Degn and Uohlrab, 1971)." 

65 

Although ascorbate/tMPD is a non-physiological substrat:e, it:s 

oxidaticn mediat:ed by t:he cell-free txt:ract:s, t:he membrane and t:he 

periplasmic fraction is enzymat:ic in nat:ure as demonstrated by it:s 

inhi~it:icn by t:he respirat:ory inh1bit:or, KCS, and by denaturat:icn of 

t:he prot:eins al: boiling t:emperatÛre (Figures 11 and UJ. (Sot:e the 

oxygen- consumpt:ion expresse<! in units/min and not in unit:s/min/mg pro

t:ein t:o permit t:he inclusion of t:he dat:a r~orded wit:h ascorbat:e/ 

~PD alone.) The substrat:e vas added t:o t:he.respective fract:ion in ~ 

t:he buffered salt: solut:ion and initial r~t:es of oxygen consumpt:ion 

_re diermined ~larographical'ly (Figures 11 and 12, curve 1). When 

10 mM KCS was allo_d t:o incubate for il few minuces with t:he fractions 

before t:he substraCe vas admit:ted int:o t:he reaction chamber, oxida

t:ion vas prevent:ed t:o t:he ext:ent: of t:he aut:ooxidat:ion value observable 

when ascorbat:e/tMPD vas mixed wit:hout further addit:ion of respiratory 

prot:eins (Figures 11 and 12, curves 2,3). As expect:ed, t:he fract:ions 

boiled for 5 minu't:es (curves 4,5) could not: enz)101at:1ca11y oxidize the -non-physiological. sdJ{st:rate in the presence or absence of 10 lOti KCS. 

~a1 Electron Accept:or • Grotrth in living cells requires a continuous. supply of energy 

obt:ained fr~ a ser'ies of well cont:rolled oxidation react:ions. The 

final electron accept:or in this series of red.<:XlC reactions determines 

t:he k:!nd of respirat:ory cha:!n existing :!n a given organism •. Bacteria 
"t 

able t:o grow und~r anaerobi~ conditions make use·of organic and/or 

:!norganic f:!nal elect:ron accept:ors. Strict: ael:obes are confined ~o 

.. 
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Figure 11. Effect of KCi and boUing on the oxidation of 
ascorbate/~D by the particulate fraction of 
AUeItomona.6 ha.lcplan~. 

, 

• 

Cell-free extracts were prepared fram stationary 
phase ce11s of A. hatoplank.ü.6 grown in complex 
medium and fractionated into particulate and 
soluble fractions. The,particulate fraction 
(0.63 mg protein) was tested for the presence 
of ascorbate/~D oxidase activity using an Oz 
electrode cell at various initial oxygen concentra
tions. The enz)'IDe activity was est:ated in the 
absence and presence of 10 mM KCi (curves 1,2-); 
autooxidation of the dye ~ was also measured 
jn the presence of the substrate ascorbate 
(curve 3). The activity of the particulate frac
tion after boUing, in the presence or absence 
of 10 m.'i KCi is shown in curves 4 and 5. The 
respira tory rates are expressed in n atams O/min 
to permit inclusion of the data on ascorbate/~D 
alone. The initial oxygen cOncentrations in the 
react10n chamber are expressed both in ter:ns of 
\lM and % air sacuration. The substrate concen
tration tested was (10 + 0.5 mM). 
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Figure ,12. Effecc and boUing on che oxidac1on of 

",~, 
, .~ 

• 0 . -

asc:orbace/ by che soluble fracc10n of AUeJtC-
1II0na4 Iuz.tDpul~~ 

Cell-free extt vas prepared fran sCationary 
phase cells of haloplanlzU.6 grown in canplex 
medium and fral:cionaced inco parc1culate and 
soluble fraccions. The soluble fraction (1.2 
mg procein) Vas cesced for the presence of asc:orbace/ 
"lMPD oxidase accivity using an 02 electrode cell aC 
various iniCial.oxygen concen cracions. The en:z:yme 
accivicy vas esctœaced in che absence and presence 
of 10 mM Kei (curves 1,2); aucooxidac1on of che 
~e "lMPD vas aIso measured in the presence of che 
subscrate ascorbace (curve 3). The acc1v1cy of 
the soluble fracc10a af cer bo U:Ilig. in che pre-
sence or absence of 10 ll'IM Kei, 1s sho..a in curves 
4 and S. The 'resp1racory races are expressed in 
n atoms O/min to perm1c inclusion of the data 
on asc:orbace/"IMPD alone. The in1c1al oxygen can~it 
cencrat10ns in che reacc10n chamber are expressed' 
boch in cums of :lM and : air saturacion. The 
subscrace concencrac1on used was (10 + 0.5 ""'~)..:-.' 
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:nolecular oxygen as teainal eleccren accepcor (Knovles, l 980a) • 

To ascer cain 'chac A.U:e,'tOmO.u:.l hal.opl.an.J:..tU is a scric: user 

of :nolecular ox~, che bacceriUCI vas grÔwn vi'Ch various' eleccron 

accepcors en solid and liquid media and incubaced under various 

gaseous aœospheres. The resulcs of che experimencs carried vich 

solid :nedia are reponed in Table IX. The :narine baccerium grev 

70 

vell in air on che complex and en che chemicaily def ined :nedia azoended 

or noc vich sulfat:e or nHrace. Similarly, che :nicro-<lrganism did 

grov in an acoosphere enriched vich C02 l-4:). Bowever, anaerobic 

grovt:h under an atmosphere of ~ + C0
2 

vas noc recorded in any of 

the :nedia t~ned, even afœr 10 days of incubation. ac optimal cempera

t:ure. Open exposure of chese salle places co air, grovt:h could he 

recorded vit:hin 48 heurs of incubation u 25°C. The corresponding 

liquid :nedia vere shaken ac 200 r;:m in air and under an aœosphere of 

li
2 

or He. lio grovt:h vas detecced in any of the :nedia incubaced under 

!i
2

'or He in the presence or absence of 50=4 or liO; afcer prolenged in

cubacien (resulcs not shown). 

The :narine baccerium vas also screened for femencaüve :neca

bolism in the presence of laccose, dexcrose (d-glucose),and saccharose 

(susrose). EJchvL<.c/t.i.a. coU vas chosen as che con crol-<lrganism in 

chese experimenu. Bet:h micro-<lrganisms were tested for sugar ucili-

. za.cion aerobic:ally and anaerobically ac cheir opCimal cemperat:ures. 
, 

The sugars vere dissolved in water·.~r in canplece salt soluüon. 

Resulcli::--,?f che oxidaüon-fer:nenucion (OF) œscs are presenced in Table 

X. Clea-;1Y. A.Uvu:rnon~ halop(.ank.t.W mecabolized SCIlle of che sugars 

made up in physiological salc solucion and under Aerobic condicioas. 

On the other band, E.6che/t-LcJt,(.a. coU ucUized, the sugars cesced boch 

aerobically and anaerobicaily, whecher the sugars were dissolved in 
, C~' 

wacer or in complece salc solucien. Producüon of gas!~s observed 

under anaerobic grovt:h cendicionsvilOh E. co!).. Absence bf grovt:h vas 

recorded in ail che non-inoculated cencrol t:ubes aC boch temperacures • 

- • 
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TAIII.E IX. Growth of Al.tVtomollM hlllol'lll/ill.tU under var lou8 ga8eoo8 R 1lD08phore8 ln 

the pre8ence or ab8ence of alturnate electron acceptor8. 

Ga8 AlJl08phere 

f 

, 

Alternnte • lIyd rogun(95Xrplit4 
Air (100%) • Carbon dloxlde (-4%) corbon dlnxldè (5%)* Growth elcctron 

media acceptor Growth t 

none , +++t +t+ 
Complex medlu;n .. = SO 

4 +t+ +++t 

p 

+t+ , .H~ +++t 

/ 

Chemlcally 
defln"d 
medium 

~ 
"" ' no~ +t+ +t+ 

.' 

so; \ . +t+, 
(~" _7 
) HO..' 

3 +t+ 

+t+ 

+t+ 

t l~urlant Hrowth +++ti very gd~d growth +t+; 800d growth +.; visible growth +i 

ab8ence of growth - • ,'\ .... 
* ~ '. DDI. Ga8 Generator8 were u8ed for production of IIztC12 and CO2-onrlchod.ollDoaphoro., 
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·1 

, " 
, 
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,", . 
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Itllloplllllk tu 
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[6 dtMA.chlll 
coU 

----

TABI.E 'j.. Oxldntlon-I'crmentntlofl (01') tellt ln AttvwnOIlM' ftllln

plllltlltu. nnd El>dteAi.chlll coU. 

" 
Growth t ln l'hYlllo1~glcn1''\.n lt 

. t· 
(:rowlh ln lI'IUOOliU 

Incuhation 1 n cuba t Ion 11111" t Ion of of ' 

• 
lIolt.(lon 

tcm~t! r api rc ........... .1 ........... t n .... "ua .. ~'-'" .. ~............ ..u ........ ~~... \, d-ClucotJc· SUC(09C I.lIctOHO d-<:lucouo Su_('~ 

,. • Aerobic +H t 

2SoC 
u 

Anaerobie 

-----
• Aerobic H-t 

;~:)'
~ --->--------~-. , , 

. - . - -

tH --. - H+ .... --
Ht tH+ 

J7°C 
1 

•• 
Anueroble H-t t-H '-H -!tH +H+ tI-t-t 

'1 -, 
t \ 

. 
IAlx"rlant growth H-H; very good growth +H, good IIrowLh +t, vlolb1e growLh +, 
nt)sunet! of gr()wtll -.' .~/ 

Amblent nlr 
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Und"r n film of !!L"rlle pnrnffln ()·il. C) 

, • 

, / 
" '" 

, 



-
aero.bes as weIl as facultative 3:laero'bes e:cb.:!.bi: ::::lo~e :ha.~ one 

·affin:!.t: syst.ec tOl.ëlrd the final elect.ron acceptor oxygen 

and ~rbor :lore :.h.an one cytochrOCle ·oxidase: one ter::lbal ox!d3se 

o~ra':1ng under high concen::-ation of the f!.:lal elec:.ron acceptor, 

the other(s) operating·under 10w or li=it!.:lg concentration of the , 
:~~al electron accepter. Cocbinations of U? :0 four ter=~~al axidases 

have been observed in bacteria ~eyer and Jones, 19i3c ; ~urtshui<:., 

19i5; Jones, '19ïï; Degn (Ù aL. 1978; Poole,1983a,b) • 

• Kinetic analysis of the oxidase activi:ies ~th ~ADH and 

ascorbate/~D as substrates in whole cells, cell-free extracts, 

:ecbrane and yeriplasmiC.fractions of A. hatoplar.~ revealed t~at 

the respiratory syst~ of this =arL,e·bacter:!.~ obeyed ~ichaelis

~enten saturation kinet1cs. As in ~O$t enzy:atic reactions, the 

rate of ox)~en util1z3t1on ~s L,dependent of the 02' concentration. 

when the Oz concentration ~~s high, but becace dependent as the dis

solved oxygen concentration reached seme cr1t1cal value, this value 

bei:lg dependent on the rate of electron transfer to the oxidases as 

well as the rate of reoxidation of these oxidases by 02 (Degn and 

IIohlrab, 1971). At low oxygen concentration, the initial reaction 

velocity was nearly P!oportional to the oxygen concentration and the 

reac,tion ;;as thus approxi:nately first order. 

The experi:nental data presented are consistent with the hypo

thesis that indeed :ore than one ter=inal oxidase 1s operating in 

the aerobic oxidation of physiological and non-physiological elec

:~on èonors, based on the fL~dL~g that ~ore chan one affinity system 

is expressed toward the final electron acceptor, ~olecular 02' One 

conclusion that can he drawn froc such an observation is that the 

respira tory chain of A.e.œ::.omon~ italop.tQt~ would be branched at 

least at the oxygen end of the chaL~. 



Several reasons could he invoked ~ expIai."1 the presence of 

h1gh and 10'"' aff1:11ty systems in bacteria. .'<:long them are listed 

surv1"·al, detoxif!cat1on, protection against accu::::lUlated by- and end

products of the ~e<aboIis= under excess or lin1ted concentration of 

the final electron acceptar. !he intrinsic na~re of the branched 

bacterial resp1ratory ;>athways rema1:1s to he clari!ied. Rice and 

Hecpfl:L'"lg (19i8) attr.buted the e:cistence of different te~L'"lal axi

dase ac~ities to different c:~ochro=es based on kinetic data :L'"l 

which the K~ values vary i."1 the order"of l to 10. Renry and Vignais 

(1979) assessed their exper1:1ental data very stcilarly, Yith even less 

of a difierence of ~agnitude between the ~ values recorded. The 

statist1cal analys1s 1>f the exper:!::lental data, below and above 10 "~ 

Oz (Figures 8 and 9) revealed the presence of biphasiC k1:1etic systems 

fur whole ce lIs, ceU-fre!! extracts and ~embrane fractions oxid1zing 

~ADH. On the other band, the data acc~ulated for the ~embrane~"1d 

the periplasmic fractions showed ~onophasic ki."1etics with respect to 

the final electron acceptor when oxidi:1:1g ascorbate/~PD above 10 

.~ 02. Partition of the cell-free extracts which contain both.high 

and low affinity systems into ~embrane and periplasmic fractions re

sulted in partition of the ~ oxidase systems. The =embrane frac

tion appeared to ?Ossess the low affinity system tOW3rd oxygen Yith 

an apparent li: of 8.1 .. '!, wile the periplasmic fraction wculd con-. ~ 

tain the high affintty system expressed b~" a ;;:", value of O. 85 .~ 

and be ablè to oxidize ascorbate/~D but not ~ADH as shown polarogra

phically. 

Different affinity constants were ::leasured 1....." the ::lari .. ,e bac

teriuc under different concentrations of OZ- One could i:lagL""le that 

bran ching of the electron trans?Ort ~ystem would provide the cell 

with a greater flexibility 1:1 changing growth environ:oents where 

different respiratory needs ought to be ~et. 

that the concentration of dissolved oxygen as 

lt is wcrth ~entionin~ 

~ell as the concentra-

tion of reduced oxidase(s) present i~ the fraction influence the 

respiratory rate. In other ~rds, if the ratio of reduced oxidase(s) 

tO other respiratory p·rote1:1s changes due to a change in grolo'th, the 



resp1ratory rate 1s expected· te change. In a given env1ronmental 

situation, under 10w oxygen tension, the aerob1c ",arille ot'ganiSll 

would have to coœpensate for the lack of Oz by either increasing 

the concentration of the high affin1ty ox1dase(s), or by inducing 

synthes1s cf new respiratory proteins funct.1oning at 10w oxygen 

concentration, or by branching 1ts ex1sting electron transport 

system in order to max:!m1%e the rate of Oz conSUClpt1on at oxygen 

concentration juSt slightly abave the concentration produc1ng 

half =ax1=al respiratory rate. 

From a survey of possible altemate electran acceptors in 

A. ha!D~. 1t 14s concluded chat anly ",olecular oxyy;en 14s 

• effective in SZlPporting active growth of the marine m1cro-ot'gan1S11 

.. 

and was used as sole final electron acceptor. A recent publ1ca

t1on..on the t:anoœy of AUe::.cmOrt~ conf1r=s these findings. .\mang 

the 45 strains tested, ~~rt~ haloplar~ strain Z14 included, 

none was able to den1tr1fy or to ut1l1%e HZ as enersy source and 

COz as carbon source. The strains were all capable of resp1ratory 

but not feoentat1ve :netabol1S11 and all used oxygen as the un1ver

sal electron acceptor (IlaUClann e..t a.L. 1.984). 
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1. Il.-:-ROrx;CTIO~ 

~o :::.ic~o~rga:'1is:n 15 ir:.dif:eren: ta the· ?=esence of oxygen, 

whether ie 15 an aerobe lJhich actively exploits oxygen ta generate 

~~e energy re~uired for gro~h or an anaerobe to which oxygen 1s 

highly toxic. Pasteur (1861) recognized the i=portance of oxygen 

L~ the netabol1sm of nicrobes but real progress toward the eluci

dation of the response of :ic=o-org~~is:ns ta dissolved axygen was 

not a~~ieved for a century or nore (Harrison, 1969,197&bl. Research 

L~ this field was retarded by the lack of suitable techniques for 

the =easur~ent of ox:~en L, solution (Jo~,son, 1959; ?5câ, 1976) 

and for controlling t.."le env1ron::lent of :licro-organ1sms sufficientl:& 

enough ta reveal those effects due ta oxygen (Harrison and ?ir:, 

1967; Rice and Hecpflbg, 1978). 

How do bacteria respond to a change in diss01ved oxygen con

centratiou? ~ainly by varying their cytochrane content arrd their 

potential respiratory rates as the dissolved oxYBen concentration 

changes in the growth enviro~en:. Such a res?~nse has been ob

served in aerobes such as A..:otoba.cte,t v-Utcland.<.,i. (Acltrell ,md Jones, 

19i1a,b; ,'ignais et aL.. 1981) as well as in facultative anaerobes 

such as SenecJ;.e.a. r.a..e-~JeM (Linton u: aJ. •• 1975). Induced syn

thesis of cytochrooes ~ and ~, nost particu1ar1y under 1inited 

aera~ion and unfavourable grow~h condi~ions, had been repor~ed in 

several bac:eri3.l species: ?a..-:..a.CO ~ dc.n,.{..tu~..(.c.ar~ (He!'lry and 

Vignais, 1979), AciLt07loba.c.te.t (Ari=a and Oka, 1965). E./Icitc':uciUc. 

c.cü (~oss, 1952,1956; Rice a.~d He=lpÜing, 1975), .. ~.e.eb.l>~ .::.C::.ogCJ'c..I 

(HarriS<ln a.'"Id Pirt, 1967), HClCncpit.<..ù.L6 pa::.a..Ut~.ùLen= (White, 1963a) ... 
~ 

?.I>w.d07l0"a.!> ::utida (Sweet a.~è. Peterson, 1978), AcUtetoba.c.te.~ ~p. 
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(~sley a:d F~erty, 19SO), ~~e==ophilie bacteriu= ?S3 (So=e ~ 

al., 1983), .l.=c-tabaâ2.,':. v-<.r.e.ù:na.i. (Yang, 198':'), a:ld aerobic :lari=e 

pseudŒlooads (Stanier e..t aL, 1966; Sands ~ aL, 19"67). 

ii 

30101 does oxyge= affect cy:ochroce s~s? ?ulse-labeli=g 

experi:oe:ots have revealed :ha: the assenbly of func:ional cyto~~ro:oe 

oxidase sub~its ~~ yeast is depe:odent on oxygen (Woodrow a:d Sehat:, 

1979). :he :olecular :lechani5:1 of this oxygen effect 1s at present 

=ÏClow:o. One possibility could be ~~at oxygen 1:oduces fo=atlon of 

he:e ~, another possibility could ~e that Oz mai:otai:os he:e ~ or 

copper, or both 1:0 an oxida tion-reduetion state ",hich per:1its asse:bly 

of cytoc..'roce C oxidase. I.:l bacteria, the for=t.ation of he=e prosthe

tic group is c10sely L~tegrated with the synthe sis of the ?rote~~ 

::loiety and oxygen. :11ght ?lay a r? le : . ."'1 acti:'1g dire ccly on he:1e s:"':l

~~esis by regulati=g the 3::1ou:ot of succ~~yl-CoA available for the 

first enzyme of the tetrapy=role biosynthetic pathway d-a:ni:oolevu-

. li:oate (ALA) synthe:ase (l.asœlles,1961; Clark-Walker ~ aL, 1967; 

Fr~ck,19i9; ~~ovles, 1980b). 

In an atte=?t :0 underst~~d better the e:fect of oxygs~ on 

~~e :letabol1sm of a strict aerobe, and L~ view of the f act ~~ât 

qualitative ~~d quantitative variations have been observed in the 

cyto chroce cocplement of ~·~"""o>ta.\ halo~, exper1:oen ts IoIere 

undertaken 1:0 whieh dissol-,ed oxygen concentration was :o.onitored 1:0 

the growth medium while cytochroce and protei:o concentrations IoIere 

:leasured in the gro~~ng cells. 

By looking at the cytochrŒle patterns throughout the growth 

cycle of the ~rganis=, we attempted :0 ans~r questions such as: 

1) What is the effect of dissolved oxygen concentration on 

the ôrow~~ of the aerobic ~arine bacteri~; 

2) Io"hat is the effect of dissolved oxygen eoncentra:;ion on the 

synthesis of ~e=br~~e-bo~~d and ?eri?la~ic cy~ochrooes? 

3) What are the actual and potential respiratory rates 0: the 



bacterit: grow~b b a give!l nu:rient :1edi:.=t? 

4) Hov does the =r1:!e ::ticro-org=is= adapt to chan:;in:; oxyge::. 

env iron::1en ts ? 

• 
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Organ!SI:l and Cultural Conditions 

'!he orga:1!sc useè 1::. t:te s:udy _"3.5 the :.ari:le p5et.:.ècconaci 

~~~or~ r~~ s~~ain 214 (ArCC 19855) va~ian~ 3 (Go~ 

Û :..i.-.,~ 1973). !he aerobic gra:::l negative bac:e:-!u::t was grow 

accorcing ~o the scheoes outlined L"1 Fig-.l~e 13 a~ 25°C on a gy~o

tory shai<er (approx. 200 st~o~es/t:1in). The pH ~as-;teco~dec! in 

each sa:nple usL"1g a R.adiCCle~e~ pH t:1e~er (Copenhagen. :le=ar~). 

The cell gro~h was :IIoni~o~ed in a Gilfor<! 3004i a;>eccrophoto

:eter by measuring absorbancy at 660 n= due :0 ligh: sC3ttering. 

The inoculum sue "'as t:1aL"1tained a~ 2: (v/v) throughout ~he in

ocula~ion procec!u~e. The incubation periocs were of 24 hou~s 

for all the starter c~ltures. !he =a:10 of vol~e of gro~th 

::1eèiu= to gro~h flask c3pacity fJas =ai:lta1..~ed at l..;S for ail the 

star:er cultures. The cultares were harvested follov~~g 16 hours 

of growth in the cccplex ::1ed!u= and 24 heurs of gro~h in the 

chem!cally defined :::led1u= respectivel)'. ln a separate set of ex

per1men~s. samples were Yithdra"" at various tit:1e intervals dur

ing the gro~h cycle. 

In order tO test ~he effec~ of dissolved oxygen concen

tration on the groYCh of A. r~optan~. the cells ~re cul-

tured L"1 a final broth volume of 3UO :Ill contaL"1ed in erlen:neyers of 

500 ",1 and 2000 t:11 - capacity (Figure 13. series A and B). De

tailed composition of the growth t:1edia as well as the fractiona

tion procedure are outlined L"1 Figure 14. 

Sampling Pro cedu re 

At various t 1:ne L"1 tervals doring gro",~h. suitable s=ples 

",ere aseptically YithdraYn from the gro",ing cultures. rhe cul-

ture sacples were harvested hy centrilugat10n (16.000 xg for 10 ~in, 

Sorvall RC2-B. rotor GSA) and ",ashed t"'ice in physiologi-

cal salt solution. ?uri~y of the samples "'as ascer~ained by 

st~ea~ing a loopful of the cultures into complex agar t:1edia. 

\ • 



Figure 13. 

• 

bOC.l!.a.tion ?~ocedure for !.:l:ac: cells 0: A..l..;::.z,~-',_,_., __ '~' • -:or... 
mCrt~ ,.....=..u...·r.4JN~~ u:lder di!fe:.-en: conditions 0: 
oxy?;en su??ly !:l batch c.lltu::-e. 

!io=al and altered aerat10n 'and g::-o .. ~h ?attern of 
AUe,,:,œc~ ;u:lcp(;."l~. The staner cul:-.. res were 
gro~ for 24 hr at 1S·C on a g:~àtory shaker (200 
:;>ml and sa=ples of the cu s' were asept1cally 
harvested at t!:le intervals the grovth, as' 
Sho1on 00 the diagra::ls. of ex;>e::-!:Ieo ts 
(A, 5), cOlllpressed air were sparged !:ltO 
the growing cultures le :11111?Ore 
dev1ce as specif 1ed 1.."1 :13 Xethods. In 
another series of oxygen ... as :loni-
tored continuously in the cultures vith a 
YS1 oxygeo elect::-ode. The :led1a used were: 
coc?lex :lediu::> (C'!), succi."late che:l1cally'defined 
:led1um (CD!!) and 50: C'! coc?lex ::Iediu::> (SO~ C'!). 
The composition of the grot.'th :ledia is out14"led in 
Figure 14. The growth flasks ut1lized vere: * SO-ml 
capacity erlenmeyer flasks containiog 19 :Il sterile 
::Ied1uc, ** SOO-ml capacity erlenmeyer fla~ks coo-
taining 300 ml sterile :ned1=, *** 2000-ml capa- _ 
city erlenmeyer flasks containing 300 :Il or 1000 ::Il 
sterile ::>edium. The growth te:lperature vas 2S·C L"l 
all'the cases. The starter cultu::-es were n~10t3i."led 
00 camplex :nedium throughout. 

Synbols: 

YS! oxy~en elect::-ode 

QI; Clt!; Su~ C'I. -



I:;OC:;~"IOS ?R.OCEXRE OF w'!Acr CELLS OF 

AU~::,,,,, cr.~ i-.lÙ.:;...l= ~ :'ü . 

Starter Cultures Harvested Cultures 

harvesting lime (hr) 

A Normal -
~------.~-----------
-./ 

8 Altered 

/-
-... 

/ \ Î" ---_t'=::; ---__ • =_ -
Normal 

c Altered 

/- ;-, 
----... t/ \ 
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' . 
• 

,.. 
'. !'Air 

/ 
~~ 

.' 
t '/ •. 

--
, ., 

. '----[ , 
, -, ., , , 

/., . " 
---_./:\-, ----+ -~-

=:; [ - , 

A,!: Air 
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\ 
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16 

• 



FIG URE 14 

-
• 

, . . 



-' ". • 

J,llI ~ 

J.;26ft ~;S04 

J.~3 J:C.:. 

,'. 

.l..'-
'::1ICV:!l c::oQ:=::SS .:c = n.c:-....... -..o;: 

.o:bo:" - .... se 

~·'.sc· --. . ! ..c. 
l , 

'1 ",SC4 ;'!I::O 
= 

, 
::oc ,." 

:'0 .=,d 

sc .... 
~,." 

1 
:::~ 

1 
t:iIPO. 

ide" cn() :$0" 
CaC.:,m::o 

lai! 

~60,,1 ~ 
·:~t 

i!&rren :6.300 XI. :.0 21A 

• ôtub. cV'la: 1:1. I&l.: .,~::!.Da. 1 
1 

~~.J ~ S~. 0.05 ~ ~:. O.~L~ ~) 

• !a~d !:I. &;nJ't'O;r .... u .o~ ~f 

.aJ.t solu:::.ca. 

1 
1 

SuMr:la:&t ~lut4 

(d.bc:ard.) 

• F:'Clch ?-re.eu.n al: 

.u. .... )()Q - ':'6.000 ~.1) 

• 39.:':::0 xi. :0 :1:1 

-'--------, =-

(;;'d!:aec cali) ... bt'm. ~':'.c:t1at'!. 

Co .5.52 o 5~9 

• ?OLJ.B:ca: 1 P!!T 

• 



• ~llen occasionally conca=!.:lation was èe:ec:ed a.:t~r exami:lation 

..0: the plat:es follo""i:lg 48 hours incubation at 2S~C, the iesults 

were discarded. 

Deter.:û.nation 0: Oxidase Activit" a:ld Cytoè:hroce and ?rot.,in CAnte:!ts 

• 
• bole cells were tested for endogenous and exogenous re-. 

spira-cory activity. Cellular extracts -as weil as ::1emb.ane and 

~riplascic fractions were prepared accord~~g tO a sta:ldardized 

procedure (Figure~4) a:ld tested for cytochrome ecatent and ~rot.,in content 

and respiratory activity \lith ascor!:au/"ND as elec:ron donor. 

~e respiratory activity was :oeasured ?Olarographically at 

ZS·C '.n the reaction chaz:lber of a precal1brated Clark-type oxygen 

eiectrode (Rank Brothers, Bottisham, Cambridge, England). 

The endogenous respiration was :leasured .Ut .!.~, i.e.. directly on 

the saC1ples withdraw. tram the c:ulture medium. The exogenous re-

spiration vas also :leasured using 100.: 1 of. cocplex growth :lediuc 
• 

as oxidizable substrate (s). 

The concentration of cytochroces vas est:!:nated by :leans 

of room temperature difference s~ctra using published values for 

extinction coeff icients, (Jones and Redfearn, 1966) and expressed 

as n :noles cytochrome/::Ig protein. Difference s~ctra were obtained 

by add·ing a few grains of sod1um dithionite Gia2
S

2
0.Q.) to reduce the con- • 

tents of the sample cuvette (À ; and a few graiD8 of potassium 
l . 

ferricyanicie 

(~3 Fe (CS)6] to oxidize ~e contents of the reference ·cuvette 

(;'2)' The s~ctra were recorded using cuvettes of 10 mm light path at 

a chart speed of 60 _::lin and a scann ing speed of 60 nm /:nin using .... ~ 

an Hitachi Perkin-Eloer s;>ectrophotometer 010del 356) coupled to a 

Perkin-Elœer chart recorder 010del OS6). The protein content of 

e.very s~le vas determined in duplicate using the Biure t :ne thod 
. 

(Gornall ~ al., 1949). Lysoz)~e (Sigoa Chem. Co.) vas used as the 

protein standard. 

Jissolved Ox, e ~easurement 

Oxygen concentration in growing cultures "'.,.5 ceasured using 

• 



Spr1:1gs Ins:. Co., ~odel 5331) c:overed 

'-"1th a Teflon ::Iecbrane :as:ened 1Ji:h an a :-ing. The asse::bled 

p:-obe ;;as c:hecically ste:-ilized 1Jith the aid of a dilu:ed solution 

of Zeph1:-an c:hlo:-ide (Car.- ~ al., 19i1) or soaked 1:1 ac:idic: ethanol, 

pa 2.0 (aecpfling and ~a1:1zer, 19ï5) for a period of 8 heurs prior 

to use." In either c:ase, the probe '-~s thoroughly :-1:1sed ,""1th ste:-ile 

saI: solucion before being admitted i:lto the groW'th 'oroth. Sterili:'y 

of the probe was asc:ertained by 1:1c:ubatL~g the probe L~ the g:-o~h 

::Iediœ fo:- 16 bours. !he electrode was then allowed :0 ec;uilibrate 

for one hour 1:1 the air-sacurated gro~h ::Iediu= a~ 25°C. !he c:ali

bration was set to full scale at 100 follo1Jing the ec;uilibration 

period so that all c:hanges in dissolved Oz could be read direc::1y L"l 

perc:ent. !he :-esponsé of the elec:t:-ode was c:hec:ked periodic:ally ~~ 

distilled '"~ter flushed 1Ji:h c:œ.pressed air and 0Z-f:-ee nit:-ogen gas 

at 25°c. !he elec:t:-ode ,"~s c:onnec:ted to a b!ologic:al oxygen ::Ioni:or 

(Yellow Springs L~st. Co., l10del 53, Ohio, 1.:.S.A.) c:oupled :0 a 0-100 

85 

::IV full sc:ale c:ha:-t recorde:- C'.inear L..,st. Corp., ~:-ving, CA, U.S.A.) 

set at very low speed to ::Ionitor c:ontinuously the level of dissolved .• 

oxygen present 1.~ the g:-01Jing c:ulture • 

• 

In c:ertain experiments, C:01:Ipressed air and :litrogen gas 

were sparged through a sterile air-stone added to the c:ulture flasks 

whic:h were consta.~:1y shaken tO ensu:-e ec;ual distribution of gases. 

!he gases were ::Iai...,tained free of c:onta:1ina.~ts by :leans of a l1ill1-

pore. set-up, us!.~g sterile filt-ers of 0.45 ;.;= ?or~ size conta1ned 

i..~ a sterile l1illipore filtering devic:e (Swinne:<:-25, l1lllipore Cor

poration, Bedford, l1ass., U.S.A.). All the apparat~s was plac:ed 

in-a Puffer-Hubbard :e:operature c:ont:-ol unit (Grand Haven, l1ic:higan) 

-.' 

, 
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3. RESJLTS ~'"D DrSCJSS!O~ 

In :~e :ollo_;ng series of ex?e=~en:s, &~ effort ~4S ~ade :0 

de:er.:::.i:le :...: oxyge::. _"aS a do:li:lan: factor i:l cont:-oll!.ng the cy::o

cnroce synthesis of ~u:mor.a.!> ;'dopl.:n~. Barch cultu~e experi

:oents .. "t!~e set up in "hich t'JO g~o"'th envir<:>n::Ients we~e utUizeè.: a 

cocplex anè. a che::!1cally è.e!ineè. enviro=ent ~epresented by the ::-espec

:ive g~o ..... -:;" ::1ed!a. The dissolved oxygen concent:-a:!on was ':1on1:oreè 

. continuously as gro ..... ~h proceeded. 3y varying the size of the gro_~h 

flask anè. by continuous sparging of the g~o"-1.."1g cultures, è.iffere."1t 

conditions of oxygèn supply wete establisheè. 1.-, t"e batch cultures. 

l:lsights i."1to the g~o",-:h physiology and the cyrocnroce patte~s of 

the aerobic 'CAr!...~e bac:eriuc were gai.."'led dur:!..."'lg the cou:-se of :hese 

ex?er~en ts. 

G~o .. -:h ?hvsi010gv and Dissolved Oxygen Concent~ation 

The gro,,"~h pattern of the ::1arine bacteri...:n Attcr...cmon.a.6 hdop

ian~ follows the sa=e course as the gro ..... ~h ?at:e~ of other Oac-

terial species in batch culture. Figu::-e 15A sho"s the gro .. -:h ::-e

sponses of the :>ari."1e bacteriu:> in the complex :ediu:>. At the onset 

of growth and during the log phase, there is little conSU:1ption of 

oxygen. The rate of 02 depletion acce1e~ates 1."1 early stationary 

phase. In this 02-restricted phase of growth, the cul~~~e consuces 

all the oxygen that can be dissolved 1."1 the gro"'th :>eè.iu:> and pro

ceeds to the stationary phase. ?resu:>ably, the cells are g~o"ing 

slo,,1y as the population density can be seen tO 1nc::-ease aiter about 

2 hou::-s duri."1g ",hi ch ti:1e the 02 concentration re<:lains 10"; the 

oxygen concent~ation suddenly ::-ises to t"e starting ~ate. Since the 

same large nu:>ber of cells 4re present, it seens likely that the oxi

di:able subst~ates in the ~ediuc have been used up, the ::-espiratory 

activicy is ::-educed to the endogenous ::-ate and a~ospheric oxygen 

diffuses back 1."1 to the g~owth :>ediw::. By è.ilu ting the cocpl:x g~o ... t" 

:lediu:> co one-third of initial strength (Figure 15B), it .-as observeè. 

chat ~ptake 0: 0, bes9" ap the onset of growth and .. -as al:oost li."1ea::-. .. . 
du::-ing the logarithcic phase. The lag phase "'as of the S3Qe du::-ation 



_ Figure 15. 

• 

., . 

Dissolved oxygen and optic:al densi:y c:u:-'es of A. 
hai.opl.ar..~ gro"'~"3 u!'1de= !'lo:=al ae~a~1on Co:lèi
tions in (A) full .strength c:",?plex :>edi=. (il) 
30: comple...: ::Iedi= and (C) full strength c:c:cplex 
:nediu::! pi.u.I. 110 :I.~ suc:c:inate during the stationary 
?hase. 

~o~l aeration and gro_~h conditions re:er :0 
growth volumes of 300 ::11 c:ontained in 21. erlen-
:>eyers. The growth flasks vere inoc:ulated vith 
CM-stationary ?hase c:ells and sa::>ples were vith-
dra"", at ti::le intervals. The c:ell density vas 
::Ionitored at 660 = using cuvettes of l 011 llght patb. 
Readings above OD • 0.5 vere ohtained ~y dilutL~e 
the c:ulture in =pleœ salt (.3M ~;el •• OSH 
~gC12~ .OL~ KC1) solution to ~low this value and 
c:orrec:ting for the dilution fac:tor. The dissolved 
ëxygen c:onc:en trat ion was ::Ionitored in the gro,",ing 
c:ultures using a YSI oxysen elec:trnde. The c:losed 
sy::>bols indicate the dissolved oxygen c:ontent of 
the growth ::Iedi= (c:urve 1) the open symbols the 
c:eU density (c:urve 2). 
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i=. bo:h ::ed:!.a, al:x>~h :.'le doubli::S :!::Ie ,;as :"-!.ce ""e doubli:lg 

:..f-e -of :he cells i.:l the full s::re:lg:h :ted1u=. Also, since the 

concentration of readily available subs:rates was cut to cne-thi=~, 

:he ;>eriod of 0z-restrict:!an,during which it was t!lought tha: re

::ai=.i::g substra:es ,;ere bei:lg fully axidized, _5 also cu: :0 appro-

x:1::la:ely a th!rd. In the diluted gro~h =ediu::l, nu:=ien :-11=:!. tation 

was e:xpressed before oxygen-l::1:litation sl.."'1ce the g=o_~h curve :"''''1 

s:a:ionary phase levelled off before :he dissolved axygen curve 

reached i:s 10>lest point (Figure 153). 

The aS5Umption that at the onset of the stationary phase, the 

cells had oxidized through respiration, the bulk of the available 

substrates proved to Ce :~~e ,;ben :he follo"~g experinen: "AS con

ducted (Figure 15C). ësi:lg the standard L~oculation procedure, 

AUe,-..omoruw ita..lopù:nk-t-W '"as allowed tO grow for 8 hours; one hour 

later, sterile succi..~ate (to 110 ::."!) _5 aseptically added tO the 

culture, and the grovt:h and dissolved axygen were conti:lually::oni-

tored. ~"'1 L~te~edia:e of the tricarboxylic acid cycle such as 

succinic acid 1s considered to Ce a readily available substrate for 

the aerobic ::arL~e bacterium which ,"as shown to ?Ossess all the func

tional enzymes of the !CA and the glyoxylate cycle, provided adequate 

sal t concentrations were present in the assay medil.= l)iacLeod and 

Hori, 1960). The addition of fresh oxidizable substrate triggered 

another cycle of cellular respiration which led to a second phase of 

02-depletion. Again shortly after cessation of substrate oxidation, 

the dissolved oxygen rrace equilibrated back tO levels of oxygen 

present 1.~ a:nbient air (Figure ISC). 

The behavior of A.U:v-.cmona.!> h.alopù:nk-t-W with respect to 

ambient dissolved oxygen is somewhat s1:oilar ,;ben the cells are gro"n 

in a chenically defined medium, usi:lg succinate as sole carbon source. 

Figure 16A represents the growth of the ::arine bacteriu:: 1.~ a cheoi

calI;: definec:! ::ediu::. To ensure that the carbon source ·"",ule! not be

eoce the' growth li:li:ing factor during :!'le ':'S h experi::lent, the 

-



Figure 16. D1ss01ved oxyg= and optical densU:y =rves of A. 
ha.l.cpe..a1'd~.t.~ gror."'i:lg under :lor:al aera~ion condi
tions 1.:1 (A) succ1.:1ate che:::ically defi.."1ed ::1ed1=. 
(3) s=e as (A) pl;.w 110 ::.'! succ1.:1ate dur1.:1g the 
s~aticna::· ?hase. 

);0=1 aeration and gro.r.h conditions re:er to 
gro.r.h vol=es of 300 ::11 contained 1.:1 Z1. erlen- -' 
ceyers. The gro.r.h flasks were 1.:1o=lated with 
succinate~ stationary phase cells and sa::1ples 
were withdra,,'n at ti:le 1ntervals. The cel1 dens1ty 
vas ::1onitored at 660 n::1 using cuvettes of 1 c= I1ght path. 
Readings above OD = 0.5 were obtai.."1ed oy diluti.."1g 
the culture in cccpiete salt (.3~ );aCl, • OS!'! ~gC12, 
.OL'! KC1) solution to belo", this value and correct-
ing for the dilutiéO·fa~tor. The dissolved oxygen 
concentra~iOD vas monitored in the 3!'ovi:1B C'..lltures 
using a YSI oxygen electrode. The closed sycbols 
indicate "he dissolved oxygen content of the srowth 
::1edi= (curve 1), the open sycbols, the cell den-
sity (curve 2). 

The growth ::1edia used were: In (A), the succinate 
chemically defined cedi= with 220 ::.'! 'succinate 
as carbon source; in (3), the succinate cheOically 
defi.."1ed medi= with 110 ::.'! succinate as carbon 
source ptuh an additional 110 ::.'! sterile succinate 
added after 34 hr of gro"'th as poi.."1ted by the arro"'. 
Refer tO the text for discussion. 
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concen:=a:ion of subs~~a~e was èoubleè. Ju~ing the ap?rax~a:e 10 ~ 

lag perioè (Figure 16A) lit=le ox:~e~ ~as con~ed. ~pon ent=y into 

the logarithcic phase of g=oyth, ~"e bu~ 0: the dissolved oxygen was 

de?leœè. froc :!'le grov:h ~ediuc. Si:lce ~ui:e a ~bst:antial concen

tration of subs:ra:e was available, ~~e 02-de?le:ed phase _dS ex:ended. 

~is was follo_~d by an u?ward :~nd of :he dissolved ax:~en CU~·e as 

i:s ~P?e~ lb!: reached the dissolved 02 level ob:ai..-'led !...."'l a..-'l .;cbie:1t 

air-saturated ~edi~. 

In Figu=e 168, the initial succinate concentration (110 ~~) 

was doubled at the stationary ?hase of ~row:h in checically defined 

~ediu= but did not 1ead tO a second respiration cycle as observed in 

stationary phase cells grown in the cocplex ~ediu= (figure ISe), pre

sucably because the supply of the 1n1tial oxidi:able substrate had not 

becoce de?le:ed, or for other reasons. 

Another difference between the behavior of cells grown in- ch~i

cally def1ned as opposed to cells grown in c~plex ~ediu= is the lesse= 

degree of èisso1ved 0Z-<lepletion that oceurs in chemically defined .... 

~ediu=. For instance, levels of dissolved oxygen s~11ar to th05e ob

tained L~ a chemically def1ned ~edium were ~a1ntained dur1ng the groYCh 

of cells supported by only 30: of the complex cediu= (Figure 158), 

wher'eas low values close or equal to 1: air-saturat.ion were achieved 

in the complex growth medium (Figure 15A). Definitely, the complex 

medium grown cells must. alter their growth enviro~ent fas:er chan 

their counterparts in chemically defined cediu= or possess a mechanism 

to supp"Ort themselves in a ::lore 0Z-reduced enviroru:lent. 

Sever al factors influence the rat.e of oxygen transfer in sub-

merged cultures (Pâd., 1976). The rate of oxygen transfer is a' 

function of the concentration gradient between the concentration 

of oxygen in :he air and the actual concentration of dissolved 

oxygen in the growth broth. By increasing :he volu:ne of growth 

broth "hile keeping the voluce of growth flask constant and/or sparg

ing a continuous stream of sterile compressed air through t.he growing 
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In Figu=e li, the expe=:!::Ie:Hs ",-e=e set as outli:!ed 1.., Figt.:=e 13, 

sch=e·.C. The cocplex b=oth cul :u=e (Figu=e liA) was allo",-ed to g=o,", 

:o~ 24 hou~s and the dissolved ox)~e~ _~s ~~ito=ed :h=oug~ou: tha: 

~=iod 0: t:!::le. .'1thi:! three hours 0: gro"'"1:h, the dissolve.: ox:,&e:l 

conce:ltration -os brough: down to levels equ1valent to 3~: ai=-sa=ura-

tian and did not equilibra:e again with the Oz concentration present 

1.., a::>bie..,t air. In the checically de:ined broth (Figu=e liB), the 

gro",-i..,g C'.llture ... as :lOt able to br1..,g the dissolved ox:,&e:l to air

saturation values lo~r chan 25:, despite the fact chat the ratio 

of broth volume to :lask voluce had bee:> reduced froc 1:5 to 1:2 to 

physically :acilitate such a reaction; .nevertheless, the dissolved 

oxygen curve took an upward tre:>d :ollow:!::lg 15 hours of g=owth. 5:1::1i-
, 

laI' ~r:1::le:lts .ere cO:lducted :!::I nutrient broths cOClposed of only 

50: of the nutrients no~al1y :ound in the complex ~ed1~ (Figure lie). 

A set 0; cultures were conscantly flushed "'~th a ~lld streac of 

sterile cocpressed air (upper dissolved ox:,&en C'.lrve), the other set 

left :lon-sparged on the rotary shaker (Figure liC, lower trace). L., 

air-sparged cul tures, the' dissolved oxygen t=ace peaked down to appro

ximately 40:: air-saturation af"ter i hours of growth and went up again 

to air-saturation levels close to 90:, whereas in non-sparged C'.lltures, 

the dissolved ox:,&en trace ~a1..,ta:!::led itsel: at approx:!::late1y 1:: air

saturation throughout. 

Quadruplicate exper:1::lents of each type of cultures prese:lted 

in Figure li allo.ed us to draw the following conclusions: (.(.) i.., 

any give:l growth e!lviron",ent, the concent=ation of dissolved oxygen 

can be ma..,ipulated; (ü) lower levels of dissolved oxygen were ob-
~ 

tained 1.., cocple.~ (100::) and seci-co::>plex (50:) growth broths than 

1.., checi.cally defined broth, even ... he:> the exper:!::lental conditions 

were favouringlow levels of disso~ved ox:,&en; (~) comparable 

levels of dissolved oxvgen (approx. 35:) were achieved by air-sparged 
• '4 ~ • 

sec1-complex cultures (Figure liC, upp~ trace) and by non-sparged 

checically def:!::led C'.ll:ures (Figure liB); (ù') the fi..,al bicmass 

-
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Figure li. :Jissolved oxygen curves of .\. ;,c.e.C~i;~i~ gro .. "i:tg 
under altered aerat10n conditions L~ CA) full stre~;th 
cCClp1ex ::Iedi=, (3) full s~reng~h succi:late ch.""ic:ally 
defined ::Iedi= and (C) L~ 50: cCClp1ex ::Iedium. 

-
Altered aeration and gro~h conditions refer to gro~h 
vol=es of 1000 ::Il contained in 2L er1e=eyers (as 
in (A) or (3» or 300 ::Il con taL~ed in 500 ::Il er1e=eyers 
(as in (C». 

The gro~h flasks were inoc:ulated with Ci-stationary 
phase ce11s (L~ (A) and (C» or vith succL~ate-cDM 
stationary phase ce11s (in (3», according to the 
gro~h ::Iedi= chosen. The disso1ved oxygen concentra
tion was ::Ioni tored in che growing cul tures using a 
YSI oxygen electrode. The Browth media used were: in 
(A), che full strengch c:omplex mediu::t; in (B), the full 
strengch succinate c:h.""ical1y defined mediUl:l; in (C), 
50: strengdo of che comp1ex ::Iedium. 
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yield .-as ~:fected by the rate 0: oxygen trans:er i.:l the give:l Cll

:ures; Cv; ether b~ochecical changes were directly related to the 

addition . " 0 ... 31.:', for inst~ce, the cytochroce content of the c~l:ures. 

Cv:ochroce ?atter:t and Dissol ..... ed Oxvgen Concentration 

In an atte::J.t:lt to ansver the question as to .hat could ::l3.i:ltain 

the cultures in a physiologically competent state of grovth at low or 
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high oxygen concentration, we inVestigated the cytochrome content of cells 

grown in complex and checically defined ::ledia. Our interest in the 

hypothesis that reduced ax)~en concentration in the grovth ::lediu:o could 

trigger or induce the synthesis of the periplasmic and ::le:nbrane-bound 

cyt:ochromes was maintained. It is well \cno..., that 'oacter1.a are capable 

of altering the composition of their respira tory syste:os in response 

to changes in the availabUity of dissolved oxygen (Jurtshuk e..t c.i.., 

19i5). For ~stance, induction of ~-type cytochromes during the statio

nary phase of grovth has been reported L~ a nu:ober of bacteria, both 
. :-

aerobes and ~cultative anaerobes. 

"-

!he normal comple:oent of cytochromes synthesized durL~~ the 

growth cycle of A. lta1.Dptan/;.t..W in complex and checically defined' :nedia 

are presented in Figure 18 and Figure 19 respectively. !he nor:oal 

growth pattern refers to a standard inoculum of stationary phase cells 

into 300,::>1 of fresh broth contained in a 2L-erlenceyer flask (Figure 

13, sche:oes A and B). 

bSS9 ) and periplasœic 

!he concentration of me:obrane-bound Ü:S52 and 

cytochrome (Cs49) were :leasured in the respec-

tive fractions at rooc te=perature by ~eans of difference absor?-

tien spectrophotometry. When the c)~ochrome profiles were taken into 

consideration with ,the growth and dissolved oxygen curves characteristic of 

each grovth enviro~~ent (see Figures lSA and 16A), the followL~g 

picture e::lerged: L~ the complex ::ledium (Figure 18), the three species 

of cytochromes started to be s)nthesized during the lag phase of 

grow~h with a ::larked increase in concentration during the logarithcic 

phase. High .evels of ",e:obrane-bound Cs52 and ::le::>brane -bound bS59 ",,:ce 



Figure lS. C;~ocl1r(: .. e pae tern of A. italcp.lar~ grown in :ull 
st:rengch complex ::led:iu::l. under no=l aeration con
ditions. 

~o=l aeraeion and growth conditions refer tO growth 
volumes of 300. ",1 cOQ tained in 2L erlenmeyers·. Com
plu medium· g= cells Wl!re harvested at various 
points throughout :-'le growch curve. washed. frac
tionated and assayed for che presence of cytochromes. 
The concentration of che ~r1pla.sm.ic (CS49) and the 
::lembrane-boand (CSS2. bSS9) cytochrcœes was esti:ated 
by ::lems of rOOIII tem~rature difference absorption 
spectrophotometry using solld cryseals of dithionite 
as reductant and solld crystals of ferricYaIl1de as 
oxidant .• and expressed as n :noIes cytochrccef:ng pro
tein. The prote in concentration was de te=ined by the 
Biuret :nechod. 

'0 '. 
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Figure 19. ~och=e patœ= of A.. :tai.c~ gro,","" i:l full 
s::rength succi:laœ ch=ically def1."1ed :ledi=, under 
no~al aeration conditions. 

~0r.:131 aeratioc.-- and grow::.'> conq.i::ions refer to ero,",~h 
vo1u:oes of 300':Il con ::ained 1."1, 2L er 1enmeyers. 
Succinate-CDM grown ce11s were harvested at various 
points throughout the growth CU::V~, "'ashed, frac
tionaœd and assayed for the presence of cytochroces. 
The concentration of the peri;>lasmic (CS':'9) and the 
:lembrane-bound(CSS2' bSS9) cytochromes "'as ~stimated 
bl' room temperature difference absorption spectro
photometrl' using solid cryStals of dithioni::e as re
ductant and solid crystals of =erricl'anide as 'oxidan::, 
and eJCpressed an n :loles cytochrome!:og protei:l. The 
pro::ein concentration "'as dete~ined bl' ~iuret 
:le thod.~ 
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coc?a~able levels only i= the la te s:a:io~a::· ?hase i~ :~e co=?l~~ 

::1ediu=. 7he s:-:l:h.es~s of ::le::lb~ane-hou:7.è cy:ochrO:::1es :.-eached a peak 

at the onse: of the stationar:9 phase of gro_~h, the :e:brane-bounè 

'352 always ~~ceed~g :he syn:hesis of :he :~orane-bound 6559 • On 

the other hand, t.i.e corlcen::,at:"on ·of the periplas:.ic Cs~9 vas :lain

tained at ::-elatively fixed ".;a:'ues duri:ng the logarit!"cic l'hase of 

grow:h ~:il :he cytochrooe con:ent/:g ?roteL~ of both =~brane-bound 

species started to decl.i.."'le. Then in thé late stationary phase., the 

si~~ation .as reversed wi:h decreasing concentrations of ::1ecbr~.,e-

:01 

bo~,d cytochro=es coupled with an increa~L.,g ~oncentration of peri

pla5O:lic cytochrOCle. L"'l chat :-espect, ~":.cmOj1aJ ;u:.lcpL=J':'~ diff~red 

fro: :he physiological grouping of aerobic Gia:! negative he:ero:rophs 

of the order of ?seudOQonadales, in which cytochrcce C is considered a 

~inor cocponen: of :heir eytoehr~e eocple=ent, w~th ~ajor e:phas1s on 

the ocniprese:1ce of a.-:y~ cy:oehrcccs (Co1, ':'2 0'1.' c:.a.3 ) synthesizeè af:er 

the logarith=ic phase of growth. Cytochrome 0 i5 also a const~1t com

panent of the cytoehrme pattern of aerobie a..1d facultati\iely ~1-

aerobie, Grac negative, heterotrophs C1.eyer and Jones, 1973a). 

The picture was different in eells grown on succinate in 

eheI:lieally defined ":IedilCl, in whid'l basically, throughou: the entire. 

growth cycle, the ~e~br3ne-bound (CSS2 ' DS59) cyto~,romes predomi-

nated (:"gure 19). Here the increased s)nthesis of cytochromes was 

not visible before the end of the lag phase, a period of t~e sup-

posedly required by the bacteri~ ta start utilizing sufficient 

sueeL1ate, whieh 15 required for the b1os)"'O the sis of heee-con t.ai..1ing 

respiratory pig:en:s (Knowles. 1980b). One contrast"ng difference 

be:ween the two growth environ~ents was shawn by the behavior of 

the periplas=ie CS49 eytochrooe. L, checically defined suceinate 

:Iediu=, its concentration did not increase.in the stationary ~hase. 

I:1s:eaè, ctJ.e cytocn:-ooe con ten t of '549/::1g prote in decreased 1:1 .:ells grown 

on suceinate, starting with the ~.et 0: the logarith=ic phase of grewth.· 

Also worth =entioning, the cytochrooe patterns L, bath growth environ=ents 

• 
-
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can c~~ge ~eQa~ka~ly under conditions 0: lit~e or ~o cell division 

as ~l'l'ened during the sta~icna::· l'hase 0: gro~~h. L~ ~dd:::on, the 

abs_e:lce of absor?tion -;>eaks :!..~ the region of 585 :'l:1 :0 ô50 n::l .lt any 

stage of g=o~h i:ldic.lted :ha: ~o detec:able GUant::ies of a.-t:,,?e 

cytochro=es were l'roduced by the ~.lri:le org~is= under the sro-th 

condi':ions ,:ested. 

:he cy,:ochro::le ~at':er:ls of A. :u:loplar:.~ have been in,,-es

tigatec! under nocal aeration and growth conditions, <.. C. 300::11 

gro_~h volumes contaL~ed L~ 2L-erlen=eyers and agitated .lt 200 r?C • 

• ben the cytochroce ?a':terns of the ~ar1ne bacteriu= were looked .lt 

under al:ered aeration and gro .. th conditions, <..C. 300::11 gro~h 

volUCles conuinec! in 500 ::ll....,rlen::leyers and spargec! (or "Ot) wi:h a 

=ild streac of sterile air (as scheoed L~ Figure 13, series A,B,C, 

bot:O::1) , the follO.-1.~g picture e::lerged (Table XI): 

• 
L~ the three gro .. th ::Iedia tested (succinate chenically c!e-

finec!, complex and seni(50:)cocplex ::Iedi=), the concentration of 

• the perip13scic cytochrome C,49 .. as higher in "on-sparged cultures 

th~~ i" air-spargec! cultures. The results also sho .. that L~ the 

succinate chenically defined cedi=, the ::Iecbrane-bound cyt:ochrcces 

(C,SZ' bss9 ) .-ere "Ot ::Iarkedly affected by ~~e presence of a continu

ous stream of air as reflected in the total content of cytochroo.es, 

with a slight increase of c)~ochrcces synthesi:ed under sparging. 

lO: 

On the contrary, the ::Iecbrane-bound cytochrOl:1es synthesi:ed by the cells grown 

in co:lplex =ledium responded very differently to a continuous suppl y of 

air: over 3.5 times the aeount of cytochr~es bound to the ~embrane 

.. ere produced under condition of no sparging of air. 

• 
The results ?resented L~ Table XI also show that the ratios 

of oe:lbrane-bound to ?eri?las:c.ic cytochrO::::les were definitely higher 

i:l cells grown i.."l chec.ically defined oediU::l, ::'r=es?ective of the 

oxygen supply, a feature characteristic of !trict aerobes dependi.."1g 

o~ the:!.r :enbrane-bound enz:~es to function opti::lally . 

• 

-

• 



Growth 
medium 

, , 

Suce Ina te-
chemlcally 
deflned 
tH!dlum 

Complcx 
met! hua 

TABLE XI. <:ytochrome pBtterns ln Btatlol\Ilry phase "ells.of .A. Ila(op(ctJI/lti", I\rnwn 

ln dlfferel\t media. under dlfferent condltionH of 02 "upply. 

Cll1tural A 
COlldltlOIlS 

No a~r-9parg-
Ing 

alr-Hparl\lng 

No nlr-sparg-
Ing 

alr-s(larglng 

Cytochromc content 
(n moles/mg l'rote ln) 

C51,9 

mcàn 
t 

0.022 ! 

0.013 1 

0.684 ! 

0.307 ! 

CSS2 bSS9 
t 'lJ t ~ ~.II. mean S.. rnean .-..U. S. D. 

.002 

.003 

.117 

.282 

0.154 1 .069 

0.22~ ,02] 

0.921 " .076 

.27J ! ,(H)!! 

0.lJ9 ! .062 

0.1711 ! .061 

0.622 .040 

• If,] .on 

Cytochromc ratIo 

<'5S2 

c SI.9 

7.0 

b c b 
5S9 S~2 t )S'I 

6.3 \J. J 

17.3 l'l.b JI.O 

1.3 0.9 2.2 

0.11 O,S 1.1, 

LI O.31S 

1. '\ n.I,16 

1.5 2.227 

1 .. 7 0.71,1. 

50% CCl1\plcx No lltr-Hpllrr,- 0.555 ! .11.7 0.768 ! .1 1,8 n.52 1, .159 1.4 0.9 2.3 1.5 1. lYt 7 
medium 

30% Complcx 
medium 

l n~~ 
alJ Hparg Ing O. 176 ! .113 0.357 ! .03" 0.269 .01,0 2.0 1.5 1.5 1.) 0.802 

-- O. no ! .009 0.381 ' .059 0,251 ,O/lb 2.9 1.9 1 •• 8 1 • ~) n.762 

------- _._- -- ----- ----_. 

-100 ml broth cultures grown at 25°<:, IIgltnted at 200 fi" and contalned ln 1)00 ml crlcnmcyt'fu. -. JOU ml broth cultures grown at 25°e, agltated at 200 rpm IInd contalned ln 2000 ln 1 l' r 1 CHme yt.! r u 1 

t i 
t:nch cntry 19 Iln average of at IcmJt thrcc repllcateo 'tilt.! tltllndnrd ,h'vllltion of tlH~ rnclIIl. 

• 
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0559' i~ is clear :~a: := al: the g=o_~h =eèia, the ca.::=i~:ion 0: 
the :e::'r:.r..e-bcU!'ld C. tY?e e:xceeèec. the con:.=i~::'c:'l of the ::le=:,r~e

x,unè 6-::.~, ?ar::iC'.llarly 50 ~~ cc:I?lex gro_~:; =eè ia 

10':' 

As far as the :o~al a:oun: of cy:oc~roces s:~thesi=eè :'5 con

ce~ed9 hi;her concentrations _~re recorèed ~~ coc?lex ~edia-grown 

cells, =ore par:icularly 50 i~ :cn-sparged cultures; the sz=e aeratian 

condition in checically de:ined medium ?roduced :uch les. cytochromes. 

!he celis froc the ~JO =y?es of ~diu= thus respooded differently ta a 

continucus supply of o~ . 
• 

In seme species of pseudoconads, ~-::~ c:~ochroces are L~èuced 

..:..der survival sro~h conditions (Sta..~ier Ù :.1.. •• ~~"..,; S~.:.~ .::.-t .:..i •• 1967), , 
when the concentration of dissolved OX)9sen ~coces seve=ely l!.::li:ed. 

Such growt'h concii:ions were :en:a:ively recons:::uc:ed i:'l :he che::l.i-

cally defined ~~d c~?lex =edia t~rough wh1ch a sterile strea= of 

nitrogen gas containi.~g 2000-5000 ??"I 0, (35 :1..'1) ,",as s?arged continu-

ously. The results obtai~ed sho~cd :ha: (~) ~o ~-ty?e cytochroce could 

be spectrophotometr1cally detected i.~ an'" "ro1."1:h oediU::l tested; (.u.) 

growth !...."'I. succinate chec.ically de:ined ':lediu::t ~as not ;>ossible under 

such conditions; (..:,u:.) survival in the CO!:1?lex :::ed1= \Jas observed 

nevertheless, and both peri?lasmic and oe::lbrane-bound cy1:ochrcmes 

could 'oe detected 1..""l cells that survived suc:' a harsh ~nvironmen:. 

D!ssolved Ox ..... sen Concentration .:me. Res~ira:or .... " Rate 

ln addit.ion :0 follo~1ng the cytochroce pattern of the 'lI.ar!ne 

::icro-organis:::l :hroughout its gro1o."th cycle, specif i.c rates of 0., con-

SUClp :ion were ':leasured uS:!...."1g endogenous and exogenous substrates 1:\ 

an atte'll.pt :0 visuali:c t:"e ?hysiological relationship bet-..reen 0 ... 

, 

The ::lari~e oacteriu::l """as cultured in cocplex :ediu::l, a :ledi-

u:: al!.o .... ·i::\g synthesis of the full cocple:ent of cytochrc:mes. Sa=;>les 
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Ye::-e ~'-:'thè:-a·..c a,: '\"'a:-'!.Ol;S ::"te~·als èu:-:ng ;;:-o~"'t::'. :r.. ~~ :-a:es 

0: :-es?:'=a::'o~ \J'e:-e =teasu:-ec. èi:-ec::ly :..., an 02 elec:::-oèe c:ell on ~o~-

sac?les =~ved we=e ~~shed care:ully and added :0 :he 00 elec:=ode cell 

'cess 51;bs:=a:e (100 ~l :r'èsh coc.?lex :edi=). :he se exogenous =e

s?i~a:~on :-a:es a:-e :-e:e=:-~d :0 as pc~~~ :-esp:':-a:ion =ates :0 

è!.~t!.:'1.gu:.sh :ha: :ra:::1 t.he respiration 'rates :easured direc:':'y ::-cc 
'-, 

:he g:-o~~,S celis wh1ch are t~:erred tO as ~ ~~ or endoge~ous :-e-
\ r~ 

sp1:-a:1on rates. Results o~ sùéb expertmen:s are dOCUQen:ec. ~ Figure 20. 

:f one :01.10w5 the g:-o,.,:.:-: a.-,d d:!.ssob .. ed oxyge:"l. concen :ra: !.on 

curves :.)~ical of a cultu:-e gro.L,s !.~ coc?lex =edi~ (Figure l5A), . ' 

one sees that the ~ ~~~ res?i:-ation rates :easured :':"1. these cells 

(Figun Za. lx>tt= :=ace) attained a :ax!=loll ,·"lue olt :he begi,," :,"'g 

of the reta:-ced or stat10nary phase of growth, a grovth phase aIse 

cha:-acterized. by its low conte~t of dissoj,.,ved cxygen. Since the 

respir3tory rates we:-e exa::.ined at ;c.oien: cxygen te!"':.sion !.."1 the Oz 

elec:rade cell, the "c..."ange in .ut ~.<..:cJ. rat.es reflec:ec the aV3ilabili:y 

of suos:.:-a:es ~, the growth ~edi~. As the availability of suo

strates decreased during the stat!.onary ?hase, the ..u: ~..it:u resi'!.ra-

tory activi:y decreased .. 

As far as the pc~er~.ti..::l r.1t.:s of 0:. consU!:lpt!.on we:-c con-

ce~ed (Figure 20, upper :race), :hey increased ~hen the s:a:!.onary phase 

~.J.s weIl established, wi:h a =!.n~UQ value found ea:-ly on, at the 

anse: of gro.~h. The 9Ot~ respira tory rates ~,creased as ~ore 

respiratory components were for:a.ed a..,d the oxidation of the read!.ly 

,. available subst:-ate(s) beca::::le :lore efficient. As ~e :lay :"ecall, 

the=e "'as i .. ,c=eased synthesis of, ?e=i?lasmic cy:och=OC1e (C5~9) 3: 

the 5t:at:ionary phase of gro.':.h. High product:ion of c~ochr~es· 

::1ight have been nece5sa:-y for d1ssi.:lilatory ?urposes .5 ·....:ell as for 

enabling t:he cell :'0 ::lai...,tai..'1. i:s res?iration :"ate at fa!.rly con

stant levels ~en under low O~ concent:rat:on or al:ered gro~:~ con

di.tions. 

-



Figu~e 20. ~~~~ge in ~ ~~ and potential ~espiratory activities 
w1t~ age of t~e culture. 

-

At time inte~als durinZ the ~~owth of .l.. i:.a.top.è.ar.u.w 
L~ c:c:cplex ::oedi=, sa::1ples we~e asept1cally w1th~awn 
f~c:c the g~w..:lg culture ~~d t~e ~espiratory activities 
::oeasured polarog~aphically at 2S·C in an 02 electrode cell. 
The ~ ~ respiratory rates were :leasured on unwashed 
cell sacples, directly ha~ested frc:c the gro~~ ::oedium 
:,y centrifugation and resuspenc!ed in a s::>all vol=e of 
complete salt solution (.3M ~aCl, .OSM MgS04, .OL~ KC1) Tris/ 
?O4 (50 + l ::1.'1, pH 7.4) and were not given any exogenous 
substrate to axidize. The rcter~ respiratory ~ates 
were :neasured on harvested', washed cell samples, resus
pended in a small volume of complete salt solution (.3M ~aCl, 
.OSM MgS04, .0L'1 KC1) T~is/P04 (50 + l ::1.'1, pH 7.4) and 
were given 100 "1 of fres~ sterile cocplex ::oedi= to 
ox1dize. For the deter::oination of protein by the Biuret 
::oet~od. both cell types were washed and resuspended in 
:,uff~red salt solution. 

.' 
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chro::le COC1?O!le:l::5 and the leve 1 of cytoc::'rcce s ?:,oèuced :,y a g iven 

organisc can fluc:uate ",1:h gr·owth conditions (Sei th, 1968; JO:les, 

1977). !he atte:ltion of a :lu=ber of irrvestigators has ,een foc~ss~d 

on these variations brought about by changes in ox:~en concentrat~n 

(see revielols ~rrison,1976a,b; Jur:shuk U d., 1975; Poole, 1983a). 

ln ge:leral, the patte~ that ecerged :rom a good nu=ber of 

studies dealmg "'1th obligate aerobes as ""ll" as ,,.1th facultative 

anaerobes showed chat increased quantities of cytachrOQes _ere s:~

the~i%ed ",hen the oxygen conce:ltration dropped L~ the growth ~ediuc. 

Belo'" a certam.critical level of ox)~en~ facultative a:>aerobes 
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switch to fe~entative ~etabolism and tfit-strict aerobes trigger the 

L~duction of ~-type cytochromes. Possibly, a ~~der variety of cytO

chra.es synth~Bi:ed at oxygen tensions belolol the K~ for the cytochroce 

oxidase(s) enable the organism to ~amtam respiratory activity at 

lOYer than no~al Oz concentrations. 

Our data revealed that the growth physiology L~ general and 

the fo=ation of cytochromes in particular were L~deed ~arkedly in

fluenced by the environmental growth conditions. As ccphasi:ed by 

the dissolved oxygen curves, the changes L~ the cytochrome 7atterns 

were to- a large extent due ::0 changes in dissolved oxygen <:00-. 

centration. 

In a complex nutrient environ~ent, at the onset of groYth 

and during the logarithcic phase, the ratio of ~~brane-bound to 

periplasmic cytochroces "as ~aintained at 1.5:1.0 until late sta

tionary phase yhere the ratio yas reversed~ indicatL~g that ~ec

èrane-bound en=)'Ces were playi.~g a central role i.~ physiologically 

active cells, leaving such a role to the periplascic cytochroce 

at a later stage of gro"'th when the dissolved oxygen concentration 

reached 10101 values (0 1: air saturation). 

, 



b' a 5::?le :lu:':-ient e..'"1\ii:-on::lenc., ,:~e :-atic of =e=~=a::.e

~~è :0 ~=i?las:ic cy:.och~s _45 =elatively s:.ab~e t~=oug~

ou: t::'e enti.=e g:-o,.--::h. cycle a:'1è ::'0 !:1?O:'ta:lt concent,:,ation 0: 

the ~=i?laSQ!c c~ochro=e Cs~9 .as èetected at any stage 0: 
g =0"--::'::'. 

me c:~ochroce ~~9 is locali:ed ~ the ?e=i?laSQic space 

of the cell envelope of A. ita..ù;pl::n~ (Knowles e...t.:L., 19;':'). 

This area of the Gram negative cell envelope de:~ed oy ~itchell 

(196141.) is ic:lO'looU ta co::.tai.'"1 a nu::ber of ?roteins includi.'"1g a varieey 

0: hydrolytic enzy=es, o~d~g proteins (Heppel 19;1, 19ï2) and 

ter=~al reductases (WOod 1978a,o). !h~ enzy=es enclosed L~ the 

periplaSCI could oe considered as integrated parts of an alternative 

:eedback control =echaniSC1, particularly when the ceils are in

~rsed :""'"1 an os::lotically or :1etaOolicall:·: unfavcurable :::1ilieu. 

:: is conceivab1e that i.'"1 a coc?lex nutrient enviran=eut, 

the respira tory con t=ol exerted by the bac:eriu= \,IOUld somehow be 

=ore ccoplex and no: assuced solely by the =~brane-bound respira

tory proteins. Controlled oxido-reduction reactions ought to take 

place at the level of the =embrane and the periplasc, in order to 

ensure t'he-grow:h and the =aL~tena.~ce of living cells which require 

a continuous supply of energy. In this respect, i.~teresting in

~or=ation was gained f=om the ana1ys1s of the cytochrome ratios 

reported i.~ Table XI. 'ln cOl:1plex =edia, the periplascic cyto

chrome C.5~9 signific-.tly contriouted to increase the total cyto

chroce content of the bacterium, especia11y under conditions of 

li:1ited aeration. ~the comp1exity of the gro~h :::1edi~ in

creased, the contrib~ion of the per!.j)lasm1c c)"tochroce C.S49 i..,

creased. On the other hand, ~~ checically defined =edium, ~here 

the ccmplexity of the nutrient en\t1roncent 1s :1uch -reduced, :1uch 

higher ratios of ~ecbrane-bound to periplasmic cytochroces were 

-recorded. Thus, not orüy the dissolved oxygen concentration, :,ut 

.11so t.he nutrient cO::lposition of the gro~h milieu i...,fluenced the 

qua."'lt.i:y and .s?ecies of cytochrcmes synthesi:ed . 

.. 

109 

.. .. 



t:nde= ::t::'c:-oaerobic grov'th. conditions, a c;.~ochroce il. 

(:o:':1e=ly ~) ~hich Ca::l fu::.c:ioc. as an ox!dase (Deg:l z....c ::.l. p 

1978) is i..,duced i:l seve:::a1 !:>ac:e:::ial s?"cies. O:::ganisms i:l 

... "'hich this cy-:ochrO'::le spec1es has been o:,se:ved i:lclude: E~c.i:.c-:...i..

c.it.i..a. ~ü. ~oss, 1952; Shipp, 1972), K.ùb.6~ a.e.wger..e.I (Casto:: 

and Chance, 1959; !l.arrisoo, 19i2), ?':c.t~ vu..t:a.:,':~ ~oyec! and 

O'Kane, 1956; Casto:: and Chance, 1959), Acr~~ob~~ St::ai:l D 

(A::":!::1a and Oka, 1965), H=o~ palu::.Ut~ùeJ::=a.e. (10111te,1962; 

Smith e..t~, 1970), Alc.:l<ger..e.I ~a.e.c:.a.ü...!. (Ivasaki and Shidara, 

'1971), .\l.i.c~CCcc::J4 (P.:.=Cc:.t4) der...u,u.5-i.c.::r~ (Sapshead and 

lIinpenny,1972; Hen:::y and Vignais, 1979), Ser..ecJ:eI:: na..c~er~ 

(Lin= e..t ai..., 1975), ?.!>ewiomona..!> ~=e-u. (Kodoma, 1970), ?~eudo

mona..!> p({tida (S .... et and Pete:::soo, 1978), AcUte..tcbac..œ,~ ..Ip HO:~" 

(Ens1ey and Finnerty, 1980), A=otcé~~ v.u:.e!aJtd-i.-i. (Ack::ell and 

Jones, 1971a,o; ~agai e..t d .• 1971). A..Ue,"..omona..!> ;'..::i.oplan.~ 

differed froc the above by synthesiz!.:lg only o-and c.-t:",?e c:~o

ch:::omes throughou: its grovth cycle aite::: the examp1e of Sp-i.~~ 

de-~cn-i.,{, which co?"d vith OI1croaerobic g:::ovth conditions br 

synthesi:L.,g predominantly C-type cytoch:::omes and seme b-types 

(C1ark-llalker e..t d .• 1967 ; Lascelles e..t ai.... 1969). 

11nder high aeration, synthesis of cytoch:::omes b ,,..,d c. 101ere 

::epressed in $p.i........:.l.lum .(;teJ:,6on-i.,{, as was the case in A. i:a..loplan./<

.cw g:::o1olO in complex ::ediUll1 ('rable XI). In othe::: st:::ict aerobes 

such as BacJU.u.6 4ub.td-u. (Chaix and Petit, 1956), P..Ieudomona..!> 

~.b.o~e.!>c.er...!> (Lenhoff e..t d • .!-1956) and A=c.toba.c..te-~ v-i.ndan.d.ü 

(Ackrell and Jones, 19ii~,b+~- the ?resence of excess oxygen charac-
., 

teristically de,pressed 'cytoc:œa.e levels. 

Io"hat places A..Uv.omcna..\ ha.lcplan.~ 1.., a se?arate category 

is its abil1:y to synthesi:e rathe::: la:::ge quanti:ies of soluble 

?eriplascic cytochrome C (~owles e.t .:l., 1974)and share with other 

::lar!ne bacteria the unusual :eature of ~ot s:"nthetizL."g a.-type 

cytochroces (K::ieg, 1976; Arcu:::i and Ehrlich, 1979, 1980). All 
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o:::"e:- Gra::l negati,,·e he:erotrophic. aero~s s:":l::hesi:e an ~-:Y'~ 

cyt.ochroce ei:her under t.he for.::. of a..., ~,., or aa.... Cie.yer and Jones, 
j.;. ~. 

1973a)anè the c~ochro=e C is often absent ~ hetero:rophic. ?seuco-

:onadales C!eyer'and Jones, 1973a). On the other hand, the che=o-and 

?hoto-au:otrophs of the or der ?seudc:conadales are character!.:ed by 

the o=ni,resence of cytochroce(s) c ~eyer and Jones, 1973a). This 

observation alang ~th the ab111ty 0: :he ?eri?lascic cy:oe~rOQe :0 

;,:lnd car:oon :oonoxide would confer on the ::!ar:lne ;,acteri= a hig;, 

degree of ada,tability which cOuld be ;,eneficial :ln ~ V~VC si~~a

t10ns to susta:ln itself under h1gh'ly unstable or even coc,etit1ve 

environ::::en ts. 

Changes in cytochrome content as weil as :ln respira tory 

rates throughout the gro~h cycle of A. halcplan~ were obser/ed. 

:he relationships between cytoc.hroce s:~thesis and respiration rates 

were of t~ k~~ds: (~) the ~, ~~ resp1ratory rates were observed 

::0 reach a ~ak follovL~g five heurs of gro~h in a cocplex nutritive 

:ed1u: (Figure 20, lower trace) while, at the sace ti:e. the concen-

::ra::ion of the periplasm1c cytochrome CS49 was reaching it~ first 

.,eak :ln the sSllle gro~h ::!ed1u:n (Figure 18). (<<) 'rhe po.t~ or 

exogenous r~S?iratory rates ach1eved maxtœ= values following appro

xi:ately n:lne hours of gro~h :ln the campi ex :ed1u: (:1gure 20, 

upp~r trace), a comparable lapse of ti:e required hy the :embrane

bou::.d cytochrcmes to .achieve aIse max1:nal concentration, after .... hich, 

both potential resp1ratory rates and ::!embrane-bound cytochromes de

clined as growth proceeded through the stationary phase. In e1ther 

case, it was obvious that Any fluctua:ion in the dissolved oxygen 

concentration .... as translated ~~to variations of the cytochroce com

?lement of the ~arine ~icro-organism. 

An aerobic m1cro-organism tO which the concentration of d1s

selved oxygen 1s se vital ::!Ust be able to exert some sert of re

spiratory control, L~ a broad sense, ~~ order to =aintain itself. 

A :anifeHat1on of such control can be e.'<pressed 3t the level of 

" 
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?r~~· dehyè:o;enaSes (~~~:e~ :96~; Sc~oles ~è S:i~ .• lS6S; 

.~chony. 19ï5). at :he le~el o! :e~~~al oxicases (AcK=ell and 

Jones, 1971a,b; ?oole; 198.3a,b) OF :ake into account the: whole 

elec:ron·:r~spo=: chain (Chance and ~illians. 19S5a.b.c.d). ~o 

::7ical ~i:ochrondrial-::7e respira:ory control (Chance and ~illians. 

1956) has 50 far bee~ ~~tensively cio~ented no::, full: de=onst~ated 

in bacterial syst~s. Recen; 
• 

CCÜ (iluos:ein ;:..t ::L. 1979) 

work in chat direction wi:h E~c.hc-...<.c.;·;..i;. 

and ;b...;u:cc~ c:cr~-...i.5-i.c:-.J~ (::reci.,s~ 
~ ~., 19i9) reached the followL~g conclusions :0 the effect :ha: 

resp1ratory control ;n bac:er1a w~s ciifiicul: to show because t~) 

the·cell wall 0: :he bac:eriu: was t:pe~eable to exogenous ~? and 

(-i.-i.) because growing cells were respiring at ~inal rate. ~.,. 

liberating continuously AD? plus phosphate throu:h AT?-utili:inS syn

the tic j)t'ocesses. However, \li th =he use of starved cells and ~;o 3 as 

electron acceptar .. it was possible :0 show such control in the fac

ultative anaero:':!'c cells usL""l~ a res7'liratory substrate which was not a 

carbon source :ainly ascorbate plus phenazine ::e·thosu~fate. 1:1 

P. der~~5~c:r~, it _as shown that i~ addition t~ the èe?endence of 

the respiratory control on intracellular (AT?/(~J?) ?i)' the redox 

of cytochroce C ~as also L""1volved in the respiratory control 0: the 

aerobically gro~ bacterium. Recently, the control 0: electron flow 

in the respyatorychain of··L[C):.oCDC~ ÙfoC~~ vi a AT?/.'.JJ? in 

intact bac:erial cells was described for the firs: :t:e (Rosenberg and 

friedberg. 1984). The direct decons:ration of respiratory control 
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was possible due to the ~ique phosphate :netabolis::: in :.!. i1f6·cdili.t-i.~. 
~. 

The P:O raÙ'" was calculated to be 1.0 in ?-deprived cells, sbilar 
l 

:0 the value reported earlier in -:!I~brane fragments of :he~~ 
organis::. 

Cells of A. ;u::.lor'l.::J~ srowing in a compIe.."t nutritive environ-

:lent \lUI allow themselves to bring do,"", the dissolved oxygen concen-

tration :0 values e'1.ual :0 or lower than 1:: air-saturation, whereas 

cells : roc a si!:lple g~th environ::ten't will not SO further down tha.., 

25: or so whiie ~resU:lably perfor:rn3 the S3Qe ::etabolic activities. 
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Cells gro\m in 30: com;>1ex ::>edi= t,,:,pare _11 "ieh. cells grovn in 

succina~e che::>ically defL~ed ::ledi~ in ter::>s of final cell yield 

and ~city to lawer :.'le dissolved oxygen con~ent in ~he gro"m 

I!Iedium. Al~hough ~he doubl.in:; ~1::>e.in 30;: complex medium is haU 

me doublL~5. t1::>e in succina~e chemically defined ::ledi=, th~ =ou.~t 

of memhrane-bound cyt.o c...'1rcx:les 1s tw1c:e as ::lUch and ~the a:::1oun t of 

~eriplasmic cytochrooe is six t:!;nes as =ch as i.~ .cells ~rovn hl_ 

chemically defined medium (Table XI). I~ appears ~ha~ the :embrane

bound cy~ochrcces tend ~o respond ~o a ero"~h ra~e effec~ (~alf ~he 

doubling t:!;ne, tvice me amoun ~ of c~ochromes syn ~hes ized), vhere

as ~he peripiasmic species does no~. Since a11 the se celi types 

possess physiologically ac~ive :embrane-bound cy~ochromes, ~he èhase 

of growm beyond 25:': air-satura~ion in complex me,dium ::lUSr.. L~volve 

an alterna~ive or a more branched and con~rolled respira~ory chaL~. 

In ~ha~ pers?"c~1ve; Ü :ligh~ be conceivable ma~ ~he periplasmic 

cy~ochrome' of ~he :arine bac~eri=, by vir~ue of i~s loca~ion and 

possible differen~ redox s~ate, "hen compared ~o i~5 ::l.""brane-bound 

coun~erparts, i5 responsible for ~he compulso~y 

ina~iag or draining off large concen~ra~ions of 

fu..."'1ction .. 
reducing 

of el1::>-

equiva-
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lents accumula~1ng a~ certain s~ages of gro,,~h. As sugges~ed by 

~yer_and Jones (1973b,c) and Jones ~ al., (19ïS, 1978) mul~iple oxi

dases found in bac~eria :ay function a~ differen~ :edi= dissolved 

oxygen ~snsions and be associa~ed "i~h differen~ efficiencies of 

?hophoryla~ion. . . 

" 

... .... ~ 

• 
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CEAP'!ER V 

ELECTIlOS !RA.'iSPORT CHAw 

1. wIRODUCTIOS 

In aerobic :nicro-<lrganiscs, respiration is ::Iediated through 

the electron tr~~sport chaL~ wh1ch involves the cytochroaes as 

electron carriers. The naLU~e and order"of the respiratory COQ

ponents, cj~ochromes L~cluded,'can be elucidated through the selec

tive use of respira tory substrates and inhibitors. During sub

strate reduct10n, a steady state of electron f10w reducing the com

ponents of the resp1ratory cha1.~ according to their redox poten

tia1s_is establishe.d according to their capacity tO accept or give 

away electrons. During this steady state, the c:.ytochromes become . 

reduced and the extent of reduction is dependent on the relative act1vities . 
of the dehydrogenases and te=inal oltidases. If the e1ectron flow is 

inhibited, then any component between the dehyar?genase and the 

point of inhibition would becoae ::Iore reduced, ana any component 

qn the oxygen side of the inhibitory block ~~uld become :!Iore oxi

dized. 

Spectrophotometric and polarographic studies makins.use of 

respira tory inhibitors as well as substrates with known redox 

potentials have been undertaken with intent tO establish the se

quence of the electron transfer 1nter:oediates in the respiratory 

chain of ALtu..omOlta.\ iu::.e.opt~. 

. , 
-; 
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Preparation of Cells and Cellular Frac:ions 

A.t.tc-.amor.a..!> r..al.opù:r~ was gro,"", at Z5°e under vigorous 

agi~ation for a period 0: 16 hr ~~ the comp1ex :ediu= and for 24 

hr in the succinate ~~~ically defined ~ediu=. 7he composition 

of the growth.:edia and the inoculating procedure' have been de-

tilled in Chapter rv. The whole cells were harves:ed by centri

fugation (Sorvall Re2-S, 16,000 xg for 10 min, rotor GSA, ~Oe), ~ashed 

t~œ 1.., a conplete salt solution (.3~ ~ael, .O~ ~ge1z + .OJ..~ KC1), 

suspended in conple:e sal: buffered ~th Tris-PO, (50 + ~~ respec-.. 
tive1y, pH 7.4) and disrupted in a French Press at 14-16,000 psi. 

Ils 

(American L.,strunent Co.). The ce11 debris ~ere renoved by cen:ri

fugation (Sorva11 RC2-S, 39,000 xg for 20 =in, rotor SS3~, ~OC) :0 yield 

clear ce11-free extract. !he cell-free extract ~as further ultracen

:rifuged at 150.000 :0 lSO,OOO xg for 3 hours. Bec~an ~2~5B, rotor 60 Ti, 

4°C) "0 obta1.., t~e (sedinented) nembrane fraction ~.,d the (supernatan:) 

periplasmic fraction (~.,o~les e~ al., 1974), hereafter referred :0 as 

the peri?lascic fraction. 

Starvation ?:ocedures 

According to similar procedures used for ~ch~~c~ co~ 

(Berge:, 1973; Ber~er and Reppel. 1974), stationary phase cells of 

Â. haloplan~ ~ere depleted of their endogenous reserves by vigorous 

agitation in a sterile salt solution containing .3M ~ael •. 05M ~g Cl, 

and . OJ..~ KCl. 

Difference Absorption Spectroohotooetrv 

The technique of difference absorption spectrophotome,:ry as 

devised by Chance and Williams (1955a.b,c,d, 1956) ~as utili:ed 

throughout the course of the-different manipulations. The chenical 

reduc:ion and oxidation of the respiratory pigments ~ere neasured 



• 
i:l \;~le cells, ce:l-=ree ex:rac:s, ::te:1bra..~e a:lè ;>eriplas:1:!..c :rac-

-, 
tiens us~g di:~!oni:e (S~O,) - as reèucdan: and ferricyanièe 

[Fe(C') 6]-3 as oxidant. Th: Hitachi Pe::-k~ El.::!e::- 0!odel 356) spec

:::-ophotaQeter ~~s a:rached to a Pe::-kin El.::!e::- ::-eco::-der Ciodel 056) 

The biologicaÎ reduc:ion of the respira:ory ?:!..g:e~:s .as 

also carr1ed Out w!th substrates such as: ~ADH, succina:e, ascor-

bate, and ascorbate/~PD; likewise Oz gas, cocp::-essed ai::- and hyd::-o

gen ~::-oxide (Ez0z) we::-e utilized to oxidize biologically the sace 

pig:len ts. The gases we::-e flushed i:lto the suspensions th::-ough a 

disposable Yale sy::-~ge. 

The dif:erence spectra were recorded at var:!..ous absorbancy 

scales 1.'l o::-de::- tO ::-egister ::11.'lO::- as weIl as ::1ajor abso::'?tion peaks. 

The scar~1.'lg speed was set at 60 ~/::1in and the cha::-: reco::-der speed 

at 6Omm/::1in, such that every ~ on the chart pape::- cor::-esponded to 

one~. The slit opening '""'s adjus:ed to 1. O~. Rooc te:nperatu::-e 

èifference spectra -ere ~easureè in 10 ~ GUar:z cuvettes ~~d lo~ 

:e:npe::-ature spect::-a in Z =m c::-yogenic cells, in the presence of O.iSM 

final sucrose concentration. 

Difference Absorption Soect::-ophotometrv with lnhibitors 

The enZj'lIIe preparations were incubated fo::- 3 ;:'in at ::-oom tem

~rature 1.'l the presence of selected inhibitors prior to the addi-

tien of subs:rates. The f~~al volume of the reference c~vet:e ~~s 

=de up to 50C>.Jl by addition of a buffe::-ed salt solution, All the 

reac:1ons were allowed to rèach steaèy state at ro~ temperature 

oe!ore the spectra were =ecorded af room t~per3ture or at lo~ t~-

;:>era:ure. ':'he conce:lt=ations .r.d specifie::y of the i:'lhioitors 

tested are outl:"""'led :"""'1 the results sectiôn~ iJe?enè:L"'18 on the solu

bil::vof the inhi:,itors, buffer, =:el:hanol (Fisher Sci~ Co~) 0::' 

di:ethylfo~~ide (Fisher Sei, Co.l ~ere ecployed as solvents 

1,-
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i.::. a :i:lal voltce of 50 :..1. 'i •• "e:lever ::.ecessa:-y, co~ec:.io::. :o=, 
,> 

solvent e::ects due tO solvent i.'"'lterac:.::'on 1oii:.:" the e!lz)":le pre-

?ara~ion .. as ::lade by adding the solve,,: ~o :.'1" con ten:~ 0: ;,oth 

cuvettes. 

The f1:1a1 reac:.ion volu::ne was 500 -..: 1 i..'"'l a11 :.he cases a:ld 

.as ~ade up of: 50" ~1 L'"'lhibitor, 350 _1 p=otei..~ suspension and 

100 ~1 of &ubs:ratei:! buf:ered salt solu~iO:l (.3~ ~aCl, .05~ ~SO" 

.01.'1 KCl) p~ Tris-PO, (50 + 1::1:!, pH i.~). Addi:;ion (Jf inhibitor .. 
and/or subst!:'ate i.,to the sa::1ple" C'..lvette .as cocpensaced by a."'l 

equal add!ti~ of coœplete salt Tris-PO, to the content of the .. 
reference cuvette. Stock. solutions of sucrose. subst!:'ates and 

i:!hibitors (.nenever possible) were aIl ::lade up i:! cccplete salt 

1'ris-?O " pH 1 ..... .. 
L~ seme difference spect!:'a, treat=ent of the contents of 

the sa::1ple or reference CUVette is L,dicated direètly either by 

the subscript letter (5) or (R) i~ parenthesis beside the spec:ru= 
-2 or by a nU::lerator (C.g. (5,0,) ) representing the contents of the 

~ .. 
sa:::ple cuve ne reduced by solid crystals 0: dithionite and a de

-3 no:L,ator ( / (Fe(CS)6] ) represen~ing the conten~s of the refer-

ence cuvette oxidized by solid crystals of ferricyanide. 

Difference Absorption Spec~roohotome~rv with Carbon ~onoxide 

Reduced + GO rrtV.LW reduced difference spec~ra were re

corded with cheaical and bio 10gic",1 reducta., ts. The con ten ts of 

the sa:::ple and the reference cuve ttes werc reduced with appro

pria~e substrate, then CO (~atheson Co.) was slowly bubbled for 

3 ::Ii:! in the sa:::ple which was sealed off with a parafil::! 

paper aÏld allowed :0 L,cubate in dark.,ess for an additional 10 

~in. AlI these manipulations were performed at roac teoperature 

under a fume nooe:.. The difference spectra were recorded at roOQ 

or at 10w te~?erature èe?e~ding on the fractions ~,vestisateda 

~ 

, 



X.(DE, succinate and ascor~te/~?J ox~èase ac:iv~:ies .~re 

:leasu:-ed ;>olarographical1.:: a: ':5°C :':5:.:1; a...-: Ù.., e1ectrode cell (Rank 

3=os., Bottisha=. Ca=br~dge, Engla=d) cal~brated according to the 

s?ec~~ca:~ons 0: C~??ell (1964) such :~t a :~,a1 volu=e of 3.0 

:.90:l of co:p1ete salts ,uffe~ed with 5~~ !~is and ~~ PO" 
~ 

?H i.:' and 0.10 =1 of enz~e ?reparation originat:!.ng fram cells 

or subcellular fractions. In the ?resence of i...'"'lh~bitors, the 

vo~e o~ buffer ~as reduced :0 2.85 :1 and the inhibitor ~s 

added i...., a fi:,al vol1.:le of SOl; 1. -:-he cO:lSl:lption of 02 101as re

-eorded ~ith and ... "i:hout :L..,hibitors to establish the percentages 

of oxidation and L.,hibition of oxidation.· Appropriate contro1s 

were ~~n to cancel the solvent effect ~h~ever detected. Depend

ing on the solubility of the inhibitors tested, ~f~er, :ethanol 

or d!:lethylfo-r"!:la:lide .... ere utili:ed as solvents. As in the spectro

?hot~etric study, an :L.'"'lcubation pcrioe! of three minutes ~as 

alloweè for the enZl~e preparation to react with the inhibitors 

prior to the addition of suDstrate. L,itial oxidation rates were 

:hen recorded for a period of 10 =L.,utes 101ith a recorder output 

oper-3Ung at 10 ':1).V and a cha~: speed fixed at 10/':1).1,1. (Cole Par.:ler 

I..,st~en: Co.). 

C3talase ASS3V Proced~re 

The d1sappearance of exogenous hydroge:1 perox ide 101as est i

::l3tcd polarogra.phically 101!th a Clark ox:"Sen electrode covered with 

a th~., Teflon =embrane and ::laintained at the constant :emperature 

of 25°C by use of a 'Io;ater jacket. I)Jri..,g the breakèo\o."n of hydrogen 

perox::'è.e by the en:yce catalase, oxysen was evolved. The acou::.: 

of ox:~en released 'Io;as used :0 detect the amount of catalase present 

L~ :he sample tested according ta the relat1onship: 2H202------~ 

ZHZO + Oz (&œrth and Jensen, 1967; Go1dstein, 1968; ~ahler and 

Cordes, 19i1). 02 evolut::'on 'Io;3S :!....,it:!.ated by adding 10 ~l of H
2

0
2 

Ils 



(o. 5&::..~. : :""'lal CO:1C~ ::-a: :.O~) :0 ::-:'e :2.99 ::11 :-eac::'c::. ::.x :-.;re ;:0:1-

Ch"",icals 

1= :~e s~c::-o?ho:~e::-ic anè the ?olarog=a?nic s:~èies, ::-:'e 

:o:lo_~g subst.:-a:es ...... e=e useè at :~e co~cen:ra:ions i...,èicated !..."'l 

?arent!1esi.s or o:he= ..... ise s?ec:"::eè :!:. the tex:: sod:'~ h .... drosul:::.te 

or dithioni:e. Sa.,S.,O, (Fisher Sci. Co., :e..: grai.."1s). sodiu::: :e:-ri-- - .. 
cyan!de. ~a3Fe(CS)6 (ICS ?ha~ac~~ticals L.,c., ?lai.."1vie ...... , ~.Y., :ev 

grains), reduced nicotina::ide aèeni.."'le di."'lucleotide, ~AJH (S!.g:a Che:1. 

Co., 2. 5=.."'!.). sodit::1 succi.."1ate (Si:;:a Che::1. Co., lCb."1). sodiJ.:l ascor

bate (Sig:::.a Che::. Co., lCb."!.). ~.~.:-;' ,~t tetr3Clethyl-?-?henyle:'l.edi.a:lL"'l~ 

ZHC1. ~?D (Eas~~~ Kodak Co •• O.~~).eacpressed air (Li~id Air Co.). 

oX:--"gen gas C!-tathesan Co.). hyd::-ogen ;>et'oXide. H
2

0
Z 

(Fisher Sci. Co •• 

1.Q:.."!.). carbon ~oncxiè.e. CO ù")-free O!at~eson Co.). nitric oxide. ~O, 

(Xatheson Co.). 

The following 1....,hib1tors were tested at èifferent COncentra-

tions: sodium a:1de (S1~a Ch"",. Co.). potassium eyanide (Fisher Sei. 

Co.). atabrine (Sis=a Ch"",. Co.). rotenone (Si~a Ch"",. Co.). Z-heptyl 

~-h;--droxyquinol::"~e-~-<lxide. HOQNO (Sig::la Ch"",. Co.). a.~ti::lyein A 

(Sig::la Chee. Co.). a::lytal CSig:na Ch"",. Co.). thenoyl-trif luoraeetone. 

:TFA (Fisher Sei. Co.). 

The substrate stock solutions ..... ere freshly preparee! daily i.."1 

buffered salt solution; likewise the inhlbitor stock solutions .~re 

~ade up i:"l buffer. L"'l ::::lethanol or in di=lethylforma::::.ide, accordL"1g to 

their solubil1t;--. All the chemieals used ~ere reagent grade. AIl 

the stock solutions ~ere ?repared ~ith glass distilled ~ater • 

. ?:-otei:'l. 'Jeter::lination 

The protein con~nt of the various fractions :ested we~e de

ter.:~""l.ed accorèi..."1g to a Biuret =tethod (Cornall U ::.1..., 1949). usi..""l.S 

lyso=:":le (1 :0 10 =g ?rotei..""l./::ü. S~a Chen. Co.) as the f'rotei.."'l 

standard. 
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Oxida:ion 0: Cv-:ocnrOC1es at S:eadv Stace 

The steady S:Ate ax1dation of the ~:ochra=es vas ~ves:igateè 

~ cellular ex:racts, a subcellular :=ac:io~ coc?ris~3 bo:h the ?e~i

plasm1c and the :e=brane fractions. 

!i:1e course for the oxidation 0: cellular e.",<tracts us!.:lg 

H:O: as a.." oxid:!.zing ag,ent is presentee: :!...., Figu:-e :!l. Fi ..... e::o ten 

=!n~tes ~ere re~uired for the oxidizing agent to react ~i:h the 

enzyme ?re?aration and cause the developcent 0: a èifferenc~ s?ec

:ru:::n. Figure:2 shows a se~'!.es of d~ffereD.ce sp~ctra i..., 

~hich the content of the s~ple ~~e:te .as exposec: for 10 ='!.n to 

a :i~d streac of 01 gas before the spec:ra were recore:ed; the re

ference cuvette contained ,3." identical concentration of cell ex-

tracts untreated. !en =!nutes exposure :0 the oxidi:ing agent .as 

suff'!.cient :0 ::lai...,tain the enz:~e preparation i..., an oxidi=:ed statc. 

Longer exposure to the oxidi:ing a~ent did ~ot e~sure ~ore cocplete 

oxidation. After 60 =inutes of incubation at roCCl te:::lperaturc, 

seme b a...,d ..: c:~ochrCJ:1es beca=e reduced (30: and ':'5: respect:!..vely). 

As reported for other bacterial .yst~s (Lanyi. 1968; Ishaque and 

Kato, 197';'; lshaque. 1984), the cy:ochromes arc evenrually reduced 

by endogenous rese-:.-ve ::laterial in the abserre of a continuous 

of OZ- However, the enzyme preparation was~ill fully redox 

suppl y 

coc-

petent since initial levels of oxidation were restored upon flushi~g 

0 0 sas through the sa:ple cuvette CFigu re \J pper trace). 00 --, 

Although the physio10gica1 oxida.'"'1:, 02 ;as, .as efficient :"'"'1 

oxid"iZ1...,g the ... e:1.z)o':le preparations, a. ::lore pronounced difference i..., 

absorption ... ·às :-eco:-ded ... ·hen fe:-ric:-ra...,ide ~as u:i1.:!.sed Ü1 the re

ference cuvette. Figures 23 a....,è 2':' illustrate roo:l te::lperature 

difference spectra recorded with the ~~brane and ?eriplas=1c 

l~O 



Figure 21. Developcent of H202..oxidized ~~ endogenously reduced 
difference spectru::1 ·of cell-free e .. "tracts of A. ;u:.Lo
plar':ti ~ ~~::h ::i=e. 

HZ02-oxidized m.U-.u.I endogenousl,'-reduceè èifference 
s?ect,ra of cell-free ext.racts. The ex trac:.s o;.,ere ini
tially reduced with endogenous substrRte(s) and divided 
into the sacple and the reference cuvette. The curves 
show the difference absorption spectra at 0,5,10,15, and 
30 ::lin after addition. of !lZOZ (1.0 mM) tO the sacple 
cuvette. An identical vol~e of buffered .salt solution 
was added t.o the reference cuvette. The spect.ra were 
recorded at rocm te::lperature in cuvettes of 10 ::ICI light 
path. The baseline was obtal.ned by scanning the sace 
concentration of untreated exttacts (13.':':og protein/ 
::lI) present in the sa::lple and the reference cuvette., 
The vertical bar represents one tenth of the absorbancy 
unit at which the spectra were recorded. The spectra 
were scanned froc 600 to 500 nm and the wavelengths (in 
nanometers) are as shown. 
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Figure 22. S"ability of t.'le 0Z-oxidized "'..<.;~ endogenously re
duced 'ciifference spectt= of A. i:a1.cpù:l~ .. "ith 
ti::le •. 

0z-cxidized ~ endogenously-reduced' di::erence 
specrra of cell-free extracts. !he extracts were i~i
tially reduced with endogenous substrate(s) and 
div1ded 1oto t.'le sacple and the reference cuvette. 
The curves show the difference spectra at 3,lO,ZO, 
and 30 oin after bubblL~ 02 gas into the contents of the sa:ple 
cuvette for 10 :n1::. The spectra "'ere recorded at ' 
room tëmperarure in 10 :0 cuvettes light path. 
After 60 :nL~ of reaction, Oz gas was bubbled again 
for an additional 10 :oin 1::to the sacple cuvette 
and anot.'ler difference spectnc "'as recorded (upper 
trace) • The basel10e was obtaL~ed by sca.~ning 
the, sace concentration of untreated extracts (15.0 
:og prote in/ml) present L~ the sa::1ple and the re
ference cuvet tes. The vertical bar re?resents one 
tenth of the absorbancy unit at wh1ch the spectra 
were recorded and the wavelengt.'ls are expressed in 
nanome ters. 
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Figu:-e 23. Ji tilioni:e-:-educed m.ù~ oxidized diffe:-ence spec:ra 
- & h o. t e oembrane f:-action us~g various oxidants 
at rooc te:lpe=ature. 

The rooa te:~rature differeoce s~ctra a:-e dithionite
reduœd ~ oxidized differenœ s~ctra. The oxi
dants used vere: 02 gas, HZOZ (1.0 Q.~), [Fe(CS)61-3. 
The ex;>osure time to the various oxidan ts \Jas 10 01."1. 
The treaœént of the conteoOts of the cuvettes, the 
sa=ple and the reference, is indfcated by the ouoera
tor (5204 -2)and the denoaioator(/OZ)beside each curve. 
The baseline vas obtaioed by scanning the sa::le concen
tration of un treated ;>roteio (ll~ 08/01) prese."1 t io 
tlle sa::lple and the refereoce cuvë"'~s. The vertical 
bars represeot one tenth of the absorbancy unit at 
which the spectra were recorded and the waveleogths 
are expressed io oanoceters. 
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Figure 24. 

\ 

.--. 

Dithionite-reduced mKnuh oxidized difference spectra 
of the perip13smic fraction using various oxidants 
at room temperature. 

.' 

The room temperature ~ifference spectra are dithionite
reduced m.Uw.6 Oltidi:z:~d difference spectra. The oxi
dan ts used were: 02 gas. HZ02 (1.0 ::1.'1) and [Fe (01) 61 -3. 
The exposure t:Ilne to the various oxidan ts "'as 10 min. 
The treatment of the con ten ts of the cuvet tes. the 
sa:nple and the rZference cuvette. is indicated by the 
numerator (S20~- ) and the denominator(/OZ)beside eacj 
curve. The baseline was obtained by scanning the S3l:le 

concentration of prote in (3.36 mg/ml) present in the 
sample and the reference cuvettes. The vertical bars 
represent one tenth of ~è absorbancy unit at which 
the spectra were ecorded and the wavelengths are ex
pressed in nan 
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!=3c~ions reduced by di:~ionite ~~d oxidiz~ by O~ sas 7 hyèrosen 

peroxide (Rz02) and :erricyanide [Fe (Ci) 6]-3. Di;<:repa:l<:Y i,'l 

the level of <:yto<:hr~e oxidation by 02 gas and ferri<:yanide has 

been observed in other ba<:terial syste:os (?robs: and S<:hlegel, 

1976; Greenwood ~~, 1978; Barber ~~, 1978), Yith 02 gas, 

and Rz02 not oxidiZing the <:yto<:hr~es as <:ccpletely as did ferri-
• 

cY3!l!de. 

Qüalitative differen<:e spe<::ra of the <:ell-free ~~tra<:ts 

redu<:ed by dithionite and oxidi:ed respe<:tively by HZOZ 02 gas, and 

<:ccpressed air are reproduced in Figure 25. In this l."\st an <:e, the 

Soret band for <:yto<:hroce é and C absorbed ât 422n:a. ~o Soret 

peak <:ould be obtained Yith ferricyanide as oxidant due tO strong 
• 

absorption of t."e che:oi<:al itself belo,", 5100:>. Quantitative esti-
-' ""'tiens of the respe<:tive spe<:tra (Table XII) revealed that"' (S204) -

ve,-~u.\ [Fe(Ci)6]-3 <:onsistently gave the highest possiole differ

en<:e re<:orded with a stable oxidant. ~~en taken as 100~, ~.e., as 

the ~ax~ oxidation value re<:orded by differen<:e absorption 

spe<:trophotometry, and <:~pared to oxidation levels a<:h1eved Yith 

Rz02 and Oz gas, it was observed, that 80 to 85: of the <:yto<:hroces 

present in CFE were o1olog1<:a11y oxid1:able. The possib1l1ty that 

oxidat1on of endogenous substrate (s) could be respons1ble for the 

partial redu<:tion of the <:yto<:hromes is not ~~cluded. 

Reduction of Cvto<:hromes at Steadv State 

Phys1010gi<:al redu<:tion of the <:yto<:hroces present in <:ell-

free extracts _~s imprO\·ed by der!vL~g the extracts froc starved 

stationary phase <:ells and oy eltposing the extra<:ts to an Olt1di~ing 

;0 substrate redu<:tion. Although the 'endogenous reduc

the c:~o<:hromes could ~ot be Yiped out ent1rely, net redu<:

tion of the cytochromes by ~ADH, succinate, ascorbate and ascorbatel 

~PD was defL"\itely recorded. The series of graphs presented L"\ 

Figure 26 1llustrate clearly'this point. !he A,B,C,D series repre

sent the redu<:tion level of b-a."\d. C-tY1'e <:ytochroces by ~ADH 

) 
129 



Figure 25. Dithionite-reduced ~~ oxidized di::erence-absorp
t;l.on spectra of cell-fr ... " extracts of A. ha..i:cplarJU:.<...l. 
using solid crystals of sodiu= dithionite as ~educ
ing agen t and Rz02' 02 gas, cmpressed ai~ and 
[Fe(Q;)t3 as oxl.dizing as..ents. 

Difference spectra of cell-free extracts reduced with 
sodium dithionite in the sacple cuvettes and qxidized 
with either HZ02 (1.0 m.~), Oz gas, compressed air or 
solid crystals of ferricyanide in the reference 
cuvettes. The spectra were recorded 10 ~inutes after 
exposure to the various oxida."l ts at rOOt:l te::!perature 

- in cuve ttes of 10 """ 11e;ht: pa th. 7he baseline was 
obtained by scanning the sace concent~ation of un-

Q.. treated protein (1l.4 mg/1:Ù.) present in the sa::lple 1 
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 nanoceters. 
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TAilLE XII. StearJy .otatc oxldatlon 1evelo of Ô- und C-type cytochromeH ln ,'ellu1I1r extraetH of 

A. haloptcUlktu. obtalncd wHh varlouR oxldanto and uHln!l (S2o,,i'l IIH reductllnt. 

mcasurcd by dlffcrcncc ahsorption spectrophotultwtry. 

------~-----~-~--,-------------,- ----,---------- --------, 
• .. 

TR~;AnIENT Cytochrcmc content (n molcs/mg protcln) 

Ô-type çyto~hromes c- type c:ytochromcH 
t C.V. tt % ttt 

----L menn S. D. ox ilIa t Ion 
,t tt % ttt 

mcon S. Il. C. V. _ OX~}E!!.-___ ~ 

-2 -] 1 
(5

2
°

4
) /[Pe(CN)6) .302 1 • OU, 8.~ lOO 11./, .628 t .072 lOO 

-2 
(5 2°4) /11 2°2 

.2610 1 .026 9.7 117.4 .SO] t .OJ(, lr).() SO. 1 

-2 
(5 2° 4 ) /°2 

.261 ! .112 U 111.6 116.4 .S12 t .OS2 10.2 HI. S 

• sarople cuve ttel refereol:c ('uve lte Il .. 
average value» hascd on Il Bcparate dctennlnlltlollH. 

Thc flgureH glvcn arc mean values together wHh the stmldanl devlntlon (t) of the meun und 

the variation coefficient (tt). TIte percentar,cH (ttt) l~lvcn rcfcr to that lWf(:cnl of cytodlrOml!U 

oxldlzcd compllred to that quantlty of the cornponentH oxllllznh1l! by ferrlcynnlde liS 'luallllfied III Il 

dithlollite-reduced milut& ferrlcyanlde-oxldlzed dlfferellce "pe,'trum. 

WavclcngthH and extinction coefflchmts uHcd ln calclllntln.~ cytoehromc (:ontent: 

Ô-type: SS9 nm mi/Ut~ 571 nm. /luntl: 17.S; C-type: ~~2 Ilm 1,lilIU& ~]'. nm. /lcmt!: 1/.3. 
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Figure 26. Levels of reduc:ion of ~~e c~ochroces present L~ 
cell-f:-ee ext:-acts of A. ;:.a.lo~~ as :neasu:-ed 
by difference absorption spectrophotometry with 
t.1:1e and with various reductants. 

The cell-free ext:-acts ~:-e de:-ived f:-om statiOaa:-y 
phase cells of A. ;:.:.lc~ g:-own in COt:1l'le."t 
lIIedi= and sta:-ved aseptically in cocplete salt 
solution. The cellular ext:-acts "'"ere bubbled for 10 
lIIin vith 02 gas prior :0 treacen: with the reduc--" 
cants. The substrate-reduced m~~ 02-oxidized 
difference spect:-a ~re :-ecorded at ro= tecperature 
at predeterlllined time int~rvals and the peak heights 
sured in cc; the absorbancy scale at which the 
spectra were reco:-ded was 0.3 and the protein con
centration 14.0 :ng/ml. In the A,S,C,D se=ie5, the 
cytochranes were reduced by residual endogenous re
serves as well as by the following exogenous sub
strates: (A) ~ADH, 2.5 :o.~; (S) su cc10a te , 10 :o.~; 
(C) ascorbate, 10 ~~; (0) ascorbate/~PD, 10+0.5 :o.~. 
In the A' ,S' ,C' ,D' series, the residual endogenous 
reduction was substracted and only the net exogenous 
~ubstrate reduction is shawn. ~e empty circles 
(0 0) represent the C-type cytochromes absorbing 
at 552 nm at ro= temperature and the closed circle.s 
(e .) represent the il-type cytochr=es absorb1o.g 
at 559 nm at room tecperature. 
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succ~ate, ascorbate and asco=~ate/~?~ along .~t~ t~e e~èose~o~s 

:-eciuct:'on level of the cell-~ree ex:.::ac:'s. The A' .. 3' ,Cl ,!:II series 

represen: the ~et reèuction level of the c)~ochroces by the re

s?ec:.i, .. e exogenous suost.':at.es. i.iithi:! the firs: 5 =t1..'"lutes of ex

?Osure ta SADR, ascorba:.e and ascorbatej~D (Fig~re 26, series 

At ,C' ,Dt) net reduc:ion of the excracts .ëlS recorded for the respec

cive subscraces. Vich succinace (Figure 26, series 3') 15 to 20 

=1nutes of exposura were required to achieve net reduction. 

Quantitative est~ates of cytochrome reductian by various 

subscraces are detailed in Table XIII. D1thionice 1s che reduct~~c 

~sed co detect tocal p1~encs'as ic pe~its Che reduccion of those 

~ose natural sub~rates or reductases were lost during fract1ona

cion (Appleby, 1969a,b). ~ADH could fully reduce che b-and C-cype 

cytochroces present L'"l cell-free extracts when cocpared to dith1on

ite \.'e,.~~ 02 ::.-eated samples. Succ:!...."'lace, ascorbate and ascorbate/ 

Dfi'D reduced che cycochra:tes b to 70: che ~xten C of chac obcained 

wich dithionice ~~d ~ADH; che cycochromesc ~ere reduced above 85: 

by all che substraces tested, XADH and ascorbace/~PD having access 

co aIl c!'te c:-c::pe c,~ochromes of che chai.~ as evidenced by che very 
_? 

high percencage of reduction when cOClpared co dichionice (5,0,) -- ~ 

used as reduccan c (Table XIII). 

The cytochrom~s presenc in whole cells were also subscrac~ 

Teducible. Figure 27 shows a series of difference speccra recorded 

aC che cemperacure of liquid air (83°K) afcer reduccion 

of che cycochromes by dichionice (crace ~), ascorbace/~PD (crace 

b), succinace (crace c), ~ADH (crace d) and remaining endogenous 

subscrace(s) (trace e) ~f the scarved cells. ~o ~~cype cytochrOCles 

were spectropbccomecrically dececcable.in the 650 to 585 ~ region 
• 

of che visible range, while b-~~d c-cype c:~ochromes absorhed aC 

fharaCCeristic wavelengchs, 558 and 556 nm for che b-cypes, 549 and 

546 :u:1 for the c.-t:rpes respectively.· 

Cycochra:te reduction by phys1010gical and non-physiological 

135 
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TABI.E XIlI. Stcady stat" reduetloll levela of b-and c-type eytochrUlleH III ccllulnr CK

tracta of A. ltalO,,(lUl(.U obtalll"" wlth varlous reduclllllls alld uRllIg 0l 

* T1ŒAUŒNT 

80 the oxlc1ant, mellHured hy differcncn ahRorpt,lon Rpt!ctrophotomctry. 

b-type 

------------- ----J-" ... 
Cytochromc con ten t 

cytochromeu 
(II IIIoles/mg prutelll) 

c-tYIJC cytoctlromCH 

Jo 

% 
____ menn _~t 

~ ttt 
C.v. tt rcductlon melln " " t t . t S.U. u, •. rt!duc t ion 

-2 
(S204) /Ol .240 .024 10.1 IUO .463 t .(5) 12./, WU 

NAIlU/0
2 

.243 ! .023 9.6 WU .463 ! .059 12.1> 100 

Succlnale/0
2 

.174 ! .037 21.6 n.5 .423 .O~/. 22.3 91,1, 

A8('orbatc/0
2 

.160 ! .0311 23.8 61>.7 .398 1 .057 1/, • J Ill •• 0 

Aac. + 1MI'Il/0
2 

.222 ! .017 7.5 7b.1) .549 • Obit Il. 7 WU 

ENIKK; ENOU S/ O
2 

.071 ! .010 14.1 29.6 .207 .032 1 ~. 4 1,1 • • 1 

._---------_. 
* srunple cuvcttc/rcfcrcncc cu.vcttc .. 
aver~lgù valucs bosed ()I\ at lC118t 5 8cparatc detcrmll\lltlonH. 

TIte fJ.~urcH glvcn 'afc menn values togethcr wlth the utnndnrd dcvlntlon (t) of tht! mcnu und 

ttt 

the Vl1rJat Ion (·ocffictent(tt). l11C pcrcentagcH (ttt) glvl'n rcffJr to that percent of <:ytoehrnoeu 

rcduccd comparcd to that quantity of the cytochromcfI rcducthle by dfthtonltü uu fllllllltlCll'd ln n 

dlthlonltc-rcduccd müut6 02-oxldlzcd diffcrcnce Hp(!ctrum. 

\oIavelcngth and extinction coefficients uued in (:ilLcul"tin~ eytochrome content: 

b-lypC: S59 nm "<1111.6 571 nm, h<mM: 17.5; r.-type: 5~2 nm lIIi1ul6 53/, lun, ", .. H: 17.J. 

The concelltrntion of 811batratcu eraployed lire lili outlincd ln HaturJals und Hethodu. , t;; 
a-



Figure Z7. Difference absor;>tion speccra of i!ltact œlls of A. 
;u:.l.o~ in the presence of various reducta.""I.ts. 

Substrate-reduced mKr~ O,-oxidized difference spectra 
of whole cells of A. ~~~. !he starved cell 
suspension "'as ::lixed (1:1) with sucrose (O. 75 ~, final 
concentration), bubb1ed with 02 gas for 10 ~in and 
divided in tO the samp1e and the reference cuve ne. !he 
reductants used were fram top te bottam: .lI dithionite; 
01 asccrbate/~PD, 10+0.5 III.~; cl :iADH, 2.5 III.~; dl suc
cinate, 10 III.~; el reœaining endogenous substrate(s). 
!he oxidant used in trace a. was ferricyanide and 02 gas 
for ~~e following traces. !he baseline (trace 5) was 
obtained by scanning the same concentration of 0Z-OXi
dized cells (19.5 ~g protein/~) present in ~"e sample 
and the =eference cuvettes. !he spectra were =ecorded 
at 53·li: in cuvettes of 2 := lir:ht ?ath. !he vertical 
bars represent one ten th of the absorbancy unit at which 
the spectra were recorded and the wavelengths are ex
?ressed in nanometers • 
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st;:'stra:.es .... as likewise o'bser'llable at t.,.'1e ::le:::brane a:'lè ?eri?la~ 

level. Fig~re 28 ?rese~:s lo~ :e=?erature difference s,?ec:r? 

0: ~he ;>eriplas:oic frac~ion reduced by :;ADR and by ascorba:e/ ~"!) 

and oxidized by ferricyanide. W1:.., ei:her su:,strate~ only one c:--"'t:o-

chroce spec!es absorbed s:--~etr!cally at 546 Residual endo-

genous reserves also reduced the ;>eriplascic cytoc!lt:oce absorbing 

at the saQe waveleng~'1. Figure 29 ?resen:s lQW :eQ?era:ure di:

ference syec:ra of the ::le::1brane fraction reduced by !"ADH~ succi:late 
. ~ 

and ascorba~e/~D and oxidi:ed by :erricyanide~ Again re=aining 

endoge:1ous reserves reduced t."e sa=.e cyt.Çchroces a': t.y?ical _"3ve

lengths. The presence of twO cytochroces b absorb~~g at 558 and 

556 n= and :vo cytochroces C absorbing at 547 and 5~~ nm 'L~ the 

~~brane fraction were detected wi:h the various reduc:ants em-

ployed. As :ent1oned. endogenous levels'of reduction vere de

tected in both frac':ions 3!là are represented by the do:=eci li."'1cs. 

Cvtochroce Reduction in the Presence of Cyan ide 

Detailed study of the electron transport chain requires the 

use of resp1ratory inh1bitors. The spectrophotocetric as vell as 

the polarographic approach vere both use:ul in elucidating the se

quence of the respira tory cocponents. 

Careful studies vere carried out vith cyanide and other 

inhibitors in vhole cells. ~ll-free extracts. membrane and peri

plascic fractions. It soon became obvious that the endogenous 

:etabolism of the marine bacterium was L~ter:ering with the study 

undertaken and \Jas cOt:lplicating the L~terpretat10n of the data. 

~eaningful results could only beobtained prov1ding the endogenous 

respiration of the :icroorganism vas elininated or at least mini

:i:ed. In a system which bas not been submitted to any srarvation 

:ethod. the dif:erence spectrum initially recorded betveen a 

reduced ~~ an oxidi:ed preparation fades a~~y with Cime due to 

reduction of the contentsof the reference cuvette by the endogenous 

. '. 
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"~ Figure 28. Substrate-reduced ~ ferricyanide-oxidized difference 

• 

.~ 

• 

• 

spectra at 1"" temperature of the peripla=ic fraction of 
A. iuù.c~ grown - in =plex :ediu:n. 

!he substrates used with the periplasmic fraction were 
frOIII top to bottcm: ascorbate/nfi'D (10 t:I.'! + 0.5 t:I.'!), 
!<ADH (2.5 t:I.'!) ".ànd. endogenous (dot ted line). The sub:' 
strates were addèd to the contentsef the s8lple cuvette, 
solid crystals of ferricyanide wère added to the re
·ference cuvet:te and the difference spectra recorded. 
!he protein suspension was :1:ited (1: 1) with sucrose 
(0.i5 M, final concentration) prior.to the trea~ent 
with the oxidant or the reductants. !he baseline 
(bot ta: curve) was obtained bv scanning the same con
centration of [Fe(~)61-3-OXidized protelns (3.5 :g/:l) 
present in the sample d the referenœ cuvet tes. '!he 
vertical bar représe absorbancy 
unit at which the ctra were re-corded; the wave-
lengths are ssed in nanOIIIeters. 
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Figure 29. 

{\ 
, ' , 

Substtate-reduced ~ ferricyanide-<l.ltidized dU
ference spectta at low temperature of the membrane 
fraction of A. halopl.anJz..tU grown in complex medium. 

The substrates u~ with the membrane fraction were 
~ , 

from top to bottom: ascorbate/~ (lcm.~ + 0.5 m.~), 
NADH (2.5 mM) and succinate (10 111."1). 'nie substrates 
were added to the contenaof 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, final concentration) prior to 
treatment with the oxidant or me reductants. The 
baseline (bottom curve) Vas obtained by scanning 
the same concentration of [Fe (006] -3-OXidized pro
teins ~0.5 mll;/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 n3Oo
meters. 
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me~abolis=. B~ever, s~.rva~ion in a physiological ~olu~ion for a~ 

leas~ 24 hours gave consis~en~ and reproducible difference spec~ra 

wi~hin one heur of manipula~ion. S~arva~ion in sal~ solutions buffereè 

ei~her wi~h Tris or Tris-P04 g~e similar resul~s, ~.e •• lowering of 

~he endogenous respira~ion by 55-7~ af~er 24 heurs of agita~ion a~' 

250C. The ideal s~arvat:ion sys~em is one which abolishes ~he endogenous 

respira~ion while 1eaving un~ouched ~he exogenous respira~ion under .. 
investiga~ion. The s~arva~ion procedure which was found ~o be ~he mos~ 

effective for A. halo~ cells'was a prolonged starva~ion period 

in 'comple~e sal~ solu~ion. Such procedure lowered ~he endÔgenous res

pira~ion by 80: wi~hin 48 heurs of,agi~a~ed incuba~ion at 250C, whi1e 

allowing ~he.cells ~o respire on exogenous subst:ra~es a~ ra~es.above 

50: of t:heir ini~ial value. Resul~s are presen~ed in Figure 30. ~her 

bac~eria al50 require e~ended s~arva~ion periods before dep1et:ion of 

endogenous reserves becomes obvious (HacKelvie e.t al .• 1958; Arcuri and 

Ehrlich, 1980) .. 

The mechanism'~ inhibi~ory ac~ion of cyanide is s~il1 no~ 

fully charac~erized and unders~ood. For ins~ance. CN- wi~ rea~t 

preferen~ial1y wi~h the oxidized form of cy~ochrome 0 in Aio~obact~ 

v~~ (Yang and Jur~shuk, 1978; Kauf!man and Van Ge1der, 1973), 

V~eo~~ (Webs~er and Liu, 1974), or ~he cul~ured Rhizo~ 

~ j~po~um (Appleby, 1959b), bu~ s~ill will form a comp1ex wi~h 

,-, , 
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Figure 30. Capacity of· A.. ha.to~ cells to oxidi:z:e either 
eudogencusly or in the presence of NADH or succinate 
after different starvation t1mes. 

A..UVtCmoruu Îialc~ vas gravn in the routine 
complex medium to the stationary phase of grovth. 
Stationary phase cells were harvested by centri
fugation and resuspended in volumes of sterile 
salt solutions equal to the grovth volumes. !he 
salt solution used vas made up of .3M lIaCl, .05M 
MgC12' .0lM KC1. Since the respiratory rates may 
vary (~ 10%) betveen differeut sets of experiments, 
the data are presented in % oxidati~n, the lQO% 
value being the oxidase activ1ty of the vashed! 
unstarved vhole.cell suspensions oxidi:z:ing endogenous 
(solid line) or exogenous (dotted line) substrates. 
!he exogenous substrates vere: NAD!! (6--4) 2.5 mM 
and succ1nate (~) 10 mM. 
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ei:her the oxidized ôr che ~educed :0:= of cytochroce ~3 (Revs~ 

ct~. 1970; webster and F~ckett. 1966). Like~ise. both :errous 

and terric haecoprotei.:ls for::> cyan ide cocplexes (Saunders ~ ~ • 
~ . 

1964). Still i.:l other ::dcroorganiscs (?I.1dek and !l'rage, 1974; 

Kauff= and Van Gelder, 1973; Pritchard and Ascundson, 1980), 

C;- is icno,"", to react ~th an i.:l ter::>ediate bet1.leen the ex idi::ed 

and reduced for::> of cytochr=e d (a
2
), for::>ing a cyanocy1:ochroce. 

Finally, C; is equally able tO foo stable cocplexes .. ith several 

",etals and react ... -ith keto _d thiol groups (K",o .. les, 1976). 

Recet;.t srudies on the active sites of h"",opro·teinS revealed 

that unlike a%i.de bind1..,g, cyan ide b1..,ding causes strucrural 

changes 1.., the neighborhood of the hece and 1s responsible for 

changes in the tertiary strucrure (Blu:oenthal and Kassner, 1979; 

Jones ct ~. 1984). Seec 1..,gly , the for::>ation and the stability 

of the CS cocplexes are related to factors such as the rate of 

electron flux through tbe resp1ratory chain (?udek and Bragg, 1974), 

the aff1..,1ty of a particular oxidase for the ~nhibitor (Jones, 

1973) and the final concentration of cyan ide used in the reaction 

::1ixrure (Yang, 1978). 

In an attempt tO look into the action of cyan ide in A. 

haloptan~. car~l spectrophotometric srudies Yere carried 

Out ~th this conventional third site'inhibitor. As a conse

quence of the <effect of the endogenous "'e tabo li sm , part icularly 

evident in whole cel15, exposure of unstarved cells to C; for 

a certain lapse of t1:oe resulted in cancellation of the dif

ference spectrum initially recorded bet~een a C; treated and 

an untreated suspension. \/ith cyan ide in the sample cuvette, 

the cytochromes became quickly reduced with endogenous re

serves (Figure 31A, 0 ",in). In 30 ",inutes the cytochromes . 

were also completely reduced in the reference cuvette due to 

'endogenous reserves and were reoxidized again .. hen 02 gas was 

bubbled in (Figure 31A, upper trace). The difference in rate 

of.reduction in sample and reference CUVette can be ascribed 

, ,
-*' 



)Figure 31. Jevelopce~: of di:=er~ce spec:=a ~he~ ~~e sa:ple 
C".JVet:e cootai:1ed unsta:veè i:lcac: cells of A. :~c
~ ?lus la ~ c:::< an~ :.'le refere::lce cuve::e 
con camed che cells oxi~ized wi:h °2 . 

Cyanide + en~ogenously-::e~uce~ m.i.nu.6 0, -oxidize~ 
difference spec:ra. !he whole cell s~~?ensions ~e=e 
maed (1:'1)' with suc:::::>se (O. ;5:,( , final concen:::a
non), bubbled wi th 02 gas :or la ::lin and divide~ 
intO the saClple and :.'le reference cuve tte. Cyanide 
(la ~) vas t..'len added :0 :he con ten ts of t..'le sa::lple 
cuvettes and the di::ere::lce s?ec:ra vere recorded. 

~ !he reduc1::lg substrate(s) vere :.'le endogenou5 re-
~ serves in (A) and (3). :he s:a nonary ?hase cells 

lIEU vashed and le:: as is 1:l (A) or :Urt..'lér· shaken 
for 48 hr at 2S·C in sterile compl.ete 'sàlt soJ,.utioo 
(.3M ~aCl, .OSM ~gC12, .OL~ KCl) in (3). !he numbers 
beside :.'le curves i:ldicate the ::i:Ie at vhich' the 
scans were started af:er the addition of :yan~de. 
Atter 30 min incubation at rOa:l :cperaC"..re, Oz ~as 
vas ~ubbled aga1:l L~to che ra:erence c~vet:es (upper 
:::aces). llIe dit:erence spectra "'ere recordeè. at 

• 

.83"K llSine cuve ttes of 2 :'1:1 light path. :he ~ase
lines were obtained by scannin:;-:he s=e concen:::a
tion -of ..nole cells (21.0 :IIg protein/::Il, in (A) "-8.5 
:IIg pro,tein/ml L~ (3» pres~nt in :ht; sample and :h,e 
reference c~vettes.!he vertical bars re?rese::l: one 
teotrr'of the absor~ancv unit at vhich the sp4c:ra 
were recorded and the ;;aveleogt.'lS are "-'t?res'seè. in 
nanome ters . 
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te the inability of the cy~ochroces to be re-oxidi:ed .hen ~ 

is present. Fo110wtng starvation, soce o~ the endogenous re-

serves of the cell suspension have been exhausted. With 0; in 

the samp1e cuvette (Figure 31B, 0 =in) still enough reserves are 

present to reduce the C-type cytochroces t==ediate1y an~ the 

b-type ~ter 30 minutes but not enough Io'!len cocpeting O
2 

is pre

sent to OXidize the c:yt:ocbroc .. s in the absence of 0;-. Variation 

of cytochrome absorption occurring withi. ... 10:: of the original 

scan is considered nor=al (Pudek ~d Bragg, 1974; Downie and Cox, 

1978). The stabi1ities of th .. CS- cocplexes were checked in cell

free extracts the following way (Figure 32). Cyan ide was added 

to an oxidized preparation and the reaction left to proceed for 

at 1east 30 min. The difference spectra developed as expected. 

When the 02 gas was vigorously flushed i. ... to the 0;- treated sample 

cuvette, no change in peak height was observed: all the cytochromes 

liganded by C; remaine~ reduced despite the addition of the oxi-
-2 dant. Further addition of (52°4) to the sample cuvette (Figure 

32, upper trace) reduced the unreduced cytochromes presumably not 

on the endogenous pathway sensitive to CS-. The different rate 

of electron flow generated by the biological as opposed to the chemi

cal reductant could also exp1ain the difference in the reduction 

level. The peak heights in the visible region and the shift in the 

Soret band from 419 to 423 am indicate that the majority of the non

endogenously reduced cytochromes in the presence of CS were of the 

b-type. 

Sinilar experinents were carried Out with the periplasœic 

fraction containing cytochroce c. Reçu.ction occurring with tine in 

the reference cuvette had been prevented by treating its contentS 

wtth the chemical oxidant ferricyanide. Figure 33 presents a tine 

course reaction of C; with the periplasmic fraction. With tine 
• cyan ide a110wed complete reduction of the cytochrome by endogenous 

material to such an extent that further addition of d~thionite to 

the sample cuvette (upper trace) did not alter the difference 

" ,-' 

1.50 



Figure 32. 5tability of CS-difference spectra of cell-free ex

r 

, 

tracts to oxidizing or reducing agents. 

Cyanide'+,endogenously-reduced ~ 02-oxidized dif
ference spectra. At first, the cell-free extracts 
were bubbled'~th 02 gas for 10 min and divided into 
the saolple and', the' reference cuvette. Cyan ide -(1.0 ;n.'I) 
was added to the contents"!)f the saolple cuvette and the 
difference spectra were recorded. The m,cbers beside 
the curves indi.cate the t':!.::Ie in minutes at which the 
scans were stac.Hd after the addition of CS-. Aftir 
30 min of~eaét.ien at roan tet:lperature, O? gas was 
'bubbled into the Ci-treated (sample),cuvette and then 
solid crystals of dithionite were added to the same 
cuvette. The spectra were recorded at roan tempera
ture in cuvet tes of 10 = light path'. The baseline 
was obtained by scanningthe same concentration of 
untreated extracts (11.6 m!; protein/ml) present in 
the saolple and the reference cuvettes. The'vertical 
bars represent one tenth of th~orbancy units at 
which the spectra were recorded and~e wavelengths 
are expressed in nananeters. , 
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Figure 33. Spectral changes observed as a function of time after 
creat::lent of the J>eriplas<'lic fraction of A. :wi.a
pl.œr./z.t.(..& vi th Oi-. Ferricyanide vas used as oxidan t. 

.. 

0-

0. -

Cyanide + endogenously-reduoed ~ [Fe(0i)6]-3-OXi
dized difference spectra. Cyanide (1. 0 ml>!) vas added 
te the contents:>f the sample cuvette, solid crystals 
of ferricyanide te tbe referenœ cuve tte and the dif
ferenc:e spectra were recorded,c-!he numbers beside 
the .:urves indicate the tjme in minutes at vhich the 
scans were starœd after the addition of cr. Aft~r 
development of the difference spectra, the sample 
and the referenœ cuvettes were treated as specified 
b.eside the .:urves. !he spectra were recorded at ro= 
tempe rature in cuve ttes of 10 mm li3ht l'8th. !he 
base1.ine vas obtained by scanning the same conc:en tra
tion of [Fe(0i)6] -3-oxidized proteins (4.7 mg/ml) 
present in the sample and the reference cuvettes;. 
!he ~ertical bar represents one tenth of the absor
bancy unit at vhich the spectra were recorded and the 
vavelengths are expressed in nananeters . 
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spectruc. Addition of 02 gas to the reference cuvette did nOt 

alter e1ther the dtfference spectrum as e:xpected when ferricyanide 

is the ox1dant and 0/-15 absent. 
/' 

It s~ be pointed out that autoreducible 'cytochromes c. 
e 

have been reponed in ?.!>ewiOÏIoruu. A1U (O'Keeffe and Anthony, 1980). 

Autoreduct:ion is def!ned by ,the autl1brs as the reduct10n of cyto-, 
chrome c. occurring at a1kaline pH in the absence of added reductant. 

The "''ichanisn of autoreduction postulated invo1ved intramo1ecu1ar 

electron transfer. Tbe final reacticm was the sace whether the 

enzyme preparation was treated initial1y with CS- and subsequently 
-2 

with (5
2
°4) qr v.<.c.e vV'..I>~ (Figure 34); a baseline was regained 

\ -3 . 
f0110wmg the addition of [Fe(CS)6] to the sacple cuvette (Figure 

34, upper trace) indicating, that the e1ectron 'flow can be drained 

at the end of the chain by an artif icial electron acceptor such as 

ferricyanide in tbe presence of 0/-• 

• 4 

The same experilDents were carried out with the membrane 

fraction (Figures 35,36). As for the other cell fractions, the 

~ndogenous metabo1isœ caused an increase.in cytochrome reduction 

vith tilDe in the presence of cyan ide (Figure 35). Upon addition of 

dithionite (Figure 35, upper trace), th~ocbromes not reduced " 

by endogenous reductants, part:ic~arly r:rJ b-type cyt~hromes, be

came reduced by ~thiona1e. 
before or after dithion~te, 

The order of addition of cyan ide , 

df& ,not affect the final result: -com-
--.. 
plete ~duc.tion of the cytochromes b"and c. (Figure 36). As vith 

" 
the periplasmic f~action, ferricyanide added in ~~cess to the contents 

of the sample cuvette cancet1ed 

(Figure 36., upper trace). 

out the difference 'absorption spectrum 

, 
, " ( 

following the addition .. 'The sequence of absorption change s 
'~ 

of cyanide to a melÙ>rane preparation oxidized by 02 gas 1s pre- "-

,sented in ,F'igure 37. il. reduced m~ oxidized difference spectrUm 

is developed as the cytochromes in the samp1e cuvette are béing 

reduced by endogenous reduct~(s). By 15 ",inutes, howeVer, the 

155 
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Figure 34. Roan temperature difference spect:ra of t:he perip1as
mic fract:ion t:reat:ed ~t:h ~-, dit:hionit:e and ferri
cyanide. 

o. 1 . 

The reducing subst:raœs were t:he elldogenous subst:rat:e (s) 
;md/or sodium dit:hionit:e. oThe oxidant: was ferricy;midé 
in a11 che cases. The order of addition of the sub
st:rat:e ;md/or t:he inhibit:or (Ci, 1.0 ::L"l) t:o t:he samp1e 
cuvette was as specified beside che curves. The spectra 
were recorded at roCIII temperat:ure in cuvet: tes of 10, mm 
1ight: path. The base1ine was obt:ained by scanning t:he 
same concentration of [Fe(Ci)61-3-oxidized proteins (4.7 
.mg/ml) presellt: in che samp1e ;md t:he referellce Olvet:tes. 
The vert:ica1 bar represellt:s one tell ch of t:he absorbancy 

'unit: at: which t:he spectra were. sc;mned ;md the wave1engchs 
are expressed in nanometers. 
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Figure 35. 

• 

Spectral changes observed as a function of time after 
treacnent of the membrane fraction of A. ju:t!c~ 
with C/-. Ferricyanide was used as oxidan t. 

Cyanide + endogenously-reduced m.Uw.6 [Fe (C/)6l-3-
oxidizea difference spectra. Cyanide (1.0 lIIM) was 
added to the con ten ts of the sample cuvet te, solid 
crystals of f"rricyanide to the con tents of the re
ference cuvette and the differenœ spectra were re
corded. The nUlllbers beside the curves indicate 
the time in minutes at which the scans were started 
ai ter the addition of 01-. 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 
cuvet'tes of 10 mm l1ght path. The baseline was ob
tained by scanning the sallie concentration of [Fe (Cl) 6]-3-
oxidized membranes (5.6 mg protein/ml) present in the 
sample and the reference cuvettes. The vertical bar :-e
presents one tentb of the absorbancy unit at which the 
spectra were recorded and the wavelengths are expressed 
in nanometers. 
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Figure 36. 

!o.' 

( 

RoaD .tem.perature difference soectra of the aembrane 
fraction treated vith C,-, dithionite and ferricyan
ide. 

The reducing substrates were the endogenous substrate(s) 
and/or sodium dithionite. The oxidant vas ferricyanide 
in all the cases. The or der of addition of the substrate 
and/or the inhibitor (CS, 1.0 ~l) to the sample cuvette 
vas as specified beside the curves. The baseline vas 
obtained by scanning the same concentration of [FeCCS)61-3-
oxidized membranes,C5.6 ms prote in/al) present in the 
sample and the reference cuvettes. 'The vertical bar re
presents OQ~ tenth of the absorbancy unit at vhich the 
spectra vere recorded ane! the vavelengLhs are expressed in 
nanometers. 
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Ugure 37. Spectral chan-ges observed as a function of time ai ter 

treacnent of the membrane fraction of A. h.a..f.o~ 
vith Qi-. 02 gas vas used as oxidant. 

( 

Cyanide + endogenously-reduced ~ 02-oxidized dif
ference spectra. The membrane fraction vas bu!5bled 
vith 02 gas for la min and divided in te the sample and 
the reference cuvet tes. Cyanide (1.0 mM) vas added to 
the contenrsof the sample cuvette and the difference 
spectra vere recorded. The numbers beside the cnrves 
indicate the time in minutes at vhich tbe scans ...ere 
started after the addition of Qi-. Aiter development 
of the difference spectra, the sample and the reference 
cuvettes vere treated as specified beside the curves. 
The spectra wère recorded at room temperature in 
,cuvettes_ of la lIIIII l1ght path. The baseline vas ob
tained by scanning the same concentration of untreated 
membranes (16.0 mg protein/~) present in the sample 
and the reference,cuvettes. The vertical bar represents 
one tenth 'cf the absorbancy unit aG- which the spectra 
vere recorded and-the vavelengths are expressed in nano
:ne ters. 
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Cj""tochrcmes :!.n t.he reference cu ..... ette have also becane endogenously 

reduced ~o ~he poin~ where ~here is essen~ially no difference 

spec~ru=. A~ 30 and 60 ~inu~es, ~he reduced + CS-~ reduced 

specrruc appeared as a pseudo-oxidized mKr~ reduced spee:r~ 

(~rough a~ 558 =), demonstra~i,,,g ~hat the reduced fo~ of c~o

ch=e 0 ,a b-~ype c)~och=e) can possibly bind cr. Addition of 

di~hioni~e ~o ~he sample cuve~~e comple~ely reduced the c)~ochrOQes. 

Addition of ferricyanide to the reference c~~e~~e comple~ed the 

oxidadon ini~ia~ed by O2 gas. 

C~ochrome Reduc~ion in the Presence of O~her Inhibitors 

To further characterize the respiratory chain of A. halo
~, a series of respiratory L,hibitors were tes~ed by means 

of difference absorption spectrophotocetry at the level of who1e 

ce1ls, cel1-free extracts, periplasmic and ~~brane fractions. 

The conventiona1 site one inhibitors, rotenone °and =ytal , 

and, :0 seme extent, a:ebrine were looked at spectrophotometrica11y 

in the presence of ~ADH and remaining endogenous subs~rate(s) of 

starved whole cells "'(Figure 38). At steady state, the c~ochromes 

present in whole cel1s were reduced by ~~H (Figure 38, trace b) ., 

when compared to the dithionite-reduced ",~ ferricyanide-o ° 

oxidized difference spec:rum (Figure 38, trace ~). Rotenone 

(trace C), ~tebrine (trace d) and am~al (trace e) prevented cyto

chrome reduction by ~ADH and endogenous substra~e(s) to various 

degrees. Among the :hree inhibitors tested, rotenone was ~he mos~ 

effective causing approximately 50: inhibi~ion. These spec~ra 

c?uld indicate that a por~ion of the elec~ron flow d%iven by 

the oxida~ion of ~ADH reached ~he final electron acceptor via a 

route insensitive ~o the f irs~ site inhibitors. 

Specif ic inhibi~ion of succinate dehydrogenase by ~henoyl

~rifluoroacetone, (TTFA), could be demonstrated spectrophotome~

rically in ,,;hole cells. lndeed, ~he series of difference spec~ra 

16':' 
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Figure 38. Law cemperature difference speccra showing che effecc 
of che firsc sice respiracory inhibicors on che cyco-

~ chrane sysce:n of canplex medium gr~ cells reduced 
\.. - '1 by liADH and retlaining endogenous subscrace(s). 

"--
1 

The sca~d ceU suspension was mixed (1:1) wich suc
rose (O. i5 ~ , final concentration), bubbled ,,;üh Oz 
gas for 10 min and d1vided inco che sample and che re-
ference cuvenea. The follawing inhibiCors were in
cubaced for 3 min wich che concencsof che s~le 
cuvecces prior co subscrac~ reduccion: rocenone (1.0 
mM), acebrine (0.5 mM) and lIIIycal (1.0 m."!). The con
cencradon of !'IADH was 2.5 mM. 
Trace ~: dichioniCe-reduced ~ ferricyanide-oxidized 
difference speccrum; 
crace 0: liADH-reduced ~ 02-oxidized; 
trace c: Rocenone-inhibiced/liADH-reduced ~ 02-oxi
dized; 

-
trace d: Acebrine-inhibited/llADH-reduced m.o-.LW 02-o",i
dized; ~ , 
trace e: Amytal-inhibited/liADH-reduced ~hUL6 0Z-oxidized; 
trace c': Rotenone-inhibited/endogenously-reduced mcU~ 
°Z-oxidized; 
trace d': Atebrine-inhibited~endogenously-radu~ed m~ 
°2-oxidized; ---
trace e': Amytal-inhibited/endogenously-reduced mcU~ 
°2-oxidized; 
trace 6: endogenously-reduced ~ 02-oxidized differ
ence speccrum. The baseline (trace g) was obtained by 
scanning the same concencration of 02-oxidized whole cells 
(22.5 mg protein/ml) present in the sample and the refer
ence cuveCte5. The spectra were recorded at 83°K in 
cuvet tes of Z mm light pa th. The vertical bars represen t 
one tenth of the absorbancy units at which the spectra 
were recorded and the wavelengchs are expressed in nano-
c.eters. 
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presented in Figure 39 sholo'ed that drA did prevent cytochroce ::e

duction 'wllen succinate "'3S ser.:ing as the elecc:on donor (::race cl, 

whereas reduction ""aS not :!::1peded in the absence of the inhibitor 

(trace bl. Xainly, the C-type c:~ochrOCles reduced by renaining 

endogenous su.~strate(sl (trace dl ""re inhibited by !'!FA (trace C'). 

",,--
I.nen inhibition with the conventional second site inhibitors 

antinycin A and 2-heptyl 4-hydroxyquinoline (HOQ:iOl were looked ac 

spectrophotOCletrically, the following results were obtained with 

aseptically starved .ceUs (Figure 40).. As noticed earlier, the 

physiological oxidation and reduction of the cytochrOCles by O
2 

gas 

and ~ADH (Figure 40A, trace b) "'35 of - less numerical: i:IIportance thao 

the'che=ical oxidation and reduction of the cytochromes by ferri-

cyan ide and dithionite respectively (Figure 40, trace ~l. 

less, the inhibitory action of anttnycin A (FigU~~A, trac 

and HOQSO (Figure 40A, trace dl of SADH-reduced Cytoch:r:OCles 

obvious in as lIIUch as only reduct ion of the c:~ochrOCles 

erthe-

el ,,';t 
s 

? 
allo~d in the presence of the inhibitors, the pronounced trough , 

; 
in the 550nm region was evidenced for the oxidation of the c-type 

cytochrOCles·. As expected, the cytochrOCles located on the oxygen 

side of the inhibitory block·were readily oxidized. I.ôen the peak 

heights were caken into consideration, it was also noticed that a 

certain p:oportion of the b-type cytochrOCles ""re not'reduced to 

the extent of the uninhibited control (Figure 4CA, trace bl indi

'cating partial resistance of the b cytochranes toward the second 
" site inhibitors on the ~ADH pathway. With succinate-reduced 

whole cells, very different' s~sitivity patterns developed with 

an.:inycin A and HOQSO (Figure·~40Bl. Searly cOClplete reduction of 

O-and C-type cytoChr~es was observed in the presence of either 

inhibito~, indicating that anttnycin A and HOQNO would not act be

tween cytochrome b and C on the succinate pathway, although a por-
C,:/ . 

tion of the cytochromes' C was part~ly oxidized when the peak 

heights (Figure.~OB, traces C and d) were compared,to the peak 

heights of the uninhibited contro-l (tigure 40B, trace bl. This 

167 
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Figure 39. 

.. 

'" 

Low tempera=e dtiference absorption spectra show
iug the effect of the 'respiratory iuhibitor TIFA on 
the cytochrœe system of cœplex mediu::l grow"cells 
reduced by succiuate and remaiuing eudogenous sub-
strate (s). ô 

The starved œil suspension vas mixed (1:1) vith 
sucrose (0.75 M, final concentration), bubbled vith _ 
02 gas for 10 min and divided into thé sallple and"-+": 
the reference cuvette. The inhibitor'thenoyltri
fluoroacetone TIFA (1.0:oH) was inOlbated for 3 
min vith the contents!.f the s:lllllple cuvette prior 
to substrate reduction. The concentration of suc-
cina te used wU 10 m..'i,.. _. ' 
Trace 41: dithionite-reduœd ~ farricyanide
Clti.dized dtiference speCt:rulll; 
trace b: succina.;e-reduced l!I.Ù!U.6 02-oxidi:ed; 
trace c: TIF A-inhibitedl succinate-reduced l!\.Ùt!L4 

°2-oxidized; 
trace c': TIF A-inhibitedl eudogenously-reduced 
l!I.Ù!U.6 02-oxidized; 
trace d: endogenously-reduced ~ 02-oxidized 
dtiference spectr=.· The,. basei~!! (trace, e5 was 
obtained bv scanuing the Sallie' concentration of 

" :t>' 
02-oxidized whole cells (18.5 mg.protein/ml) pre-
sent in the -sallple and the reference c:uvettes. 
!he spectra-" vere recorded at 83 "K in cuve ttes of 
2 mm light path. The'vertical bar represents one 

< 
tenth of the absorban~ unit at which the spectra 
were recorded and the ~aveleug ths are expressed in 
nanometers. 
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. Figure 40. Lo~ :e:peracure difference absorètion spec:ra sh~ng 
the effect of ~~e second site respira:o=:· ~hibi:ors 
on the cytochroce syste: of cocplex nediu: gro~n cells 
reduœd by liADH and renaining endogenou'" subs:ra:e (s) 
in (A) and by succina:e and re:ai:li.""lg er.dogenous sub-
s:rate (s) in (B). -

• 

!he s:arved cell suspension was nixed (1:1) v~~~ 
sucrose (0.i5~, fL""lal concentration), bubbled vith Oz 
gas for 10 nin and divided in to the sa::1ple and the 
reference cuvette. !he.inhibitors ant:1::1ycin A (1.0 
::.~) .. and HOQliO (O. 5 t"I.~) vere incubated fo~ 3 nin vi:h 
the contentsof the satlple cuvettes prior to· substrate 
reduction. The conCentrations of substrates used were: 
liADH (Z.5 ::.~) and succL""late (10 ::.~) •. Series of dif
ference spectra presented in section (A): 
Trace 11.: di thioni te-reduced "'-Uw.6 ferrÛ:ya.""lide-oxidized; 
trace b: liADH-reduced m.Uu.Ih Oz-oxidized; 
trace C: Ant:1::1ycin A-inhibited!:iADH-reduced' m.Uu.Ih 0;<
oxidized; . 
trace 'd: HO~:D-inhibited!XADH-redUcèd ~~ 0Z-oxidized. 
trace c': An~' ycL""l A-L""lhibited!endogenously-reduced 

"'.0t:.L6 O,-oxidi ; ~ 
trace d~: HOQND-L""lhibi ted! endogenously-reduced 'J.(;::w DZ-'
oxidized; 
trace e: endogenously-reduced ~::w 0Z-oxidized. !he 
baseline (trace 5) was .:>btained by scanning the same 
concentration of 02-oxidized whole cells (18.5 ng 
protein!ml) present in the sa::1ple and the reference 
cuv~ttes. !he spectra vere recorded at 83°K in 
c~~ettes of 2 =m light path. The vertical bar repre
sents one tenth of the absorbancy u.""lit at wh~ch the 
spectra were reèorded and the 'waveleng ths are ,:xpressed 
in nanoœters, 

Series of diffe'rence spectra presented in seccion (B): 
trace 11.: dithivnite-réduced m.Uuw ferricya.""lide-oxidized; 
trace b: succinate-reduced r,,-uUW O,-oxidized; 
trace c: AntL"lycin A-inhibited!sucëinate-reduced '1.{r.u.!> 

Oo-oxidized; 
~ace d: HOQliO-inhibited!succinate-reduced M.{r~ 02-
oxidized; 
trace c': Ant:1::1ycL""l A-L""lhibited!èndo:;enously-r:educed 
m.Uuw 0z-o;(idized; 
trace d': HOQliO-inhibited!endogenously-reduced '".i..it:.w 
°2-oxid1zed; 
trace c: endogenously-reduced ",.i..i::W O:-oxidize~. !he 
baseline (trace ~) was as specifiedin section (A) a.""ld 
the protein concentration waS adjus::.ëd to 1~.5 ng!nl. 
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could alse be caused ~y blocka~e of reciuc:ion of the cy:ochroce C 

~y rcai:li:lg endoge:lous rese!'Ves 1..., the ?rese:lce of. the inhibit:ors 

(Figure ~OB;, trace c.' a:ld d'). !: is QO\.ltl :h.at respiratory 

systecs expressing different sensitivities :o_~rd cyanide often 

express different sens1t1vities toward 'lnt:l::1yci.., A (Deg'; e..t G.L. 

19ï8). 

Several attecpts were ~de to resolve spectrophotccetri-

cally the electron transport chal.:! of A • . ha.è.oplan~ at the ::ec

brane and periplasc levels but the poor resolution of the differ

ence spectra allowed us only to conclude that total l.:!hibition of 

cytochI-ome reduction usi.."g l:.Otenone, amytal, T!FA, an:t::lycih A 

and HOQNO at var10us concentrations was not observed, although 

with dehydrogenase-specific i..,hib1tors, flavoprotein troughs were 

leveled off and thus ind1cated sace inhibition of,the flavoprotei..,s 

pc~ .!le. Such results suggested that even at the reduced end of the 

chai..." electron flow ::tay b)-1'ass specif ic flavoprotei.."'ls :0 further 

reduce the cytochrcces by an alternative route wh1ch could poss1bly 

be 1dentif1ed as the peripla!ID1c route. The difficult1es encountered 

1.., resolving the chain at Y'" sub-cellular level stec:ned :nainlv fran 

the falOt that (~) physiological substrate reduction of bacterial 

c~ochromes in 1so1ated mecbranes was of lower extent than in cell

free extracts or in whole cells; (ü) the possibllity always recal.:!ed 

that "art of the ::ecbrane-bound enzymes became d1sor1ented or were 

solubilized (to a certain degree) during the .fractionation procedure 

and thus unable to respond to me:nbrane-spec1f1c i..,hibitors; (~) 

the sub-cellular electron carriers are by nature very reac:1ve and 

the1r redox states were more easlly d1sturbed by unspecif1c effects 

of solvents or other chem1cals presen,: i..."'l the react10ri ::tix-:ure. 

Furthe~ore, extensively _~shed ~~brane particles derived froc 

starved cells revealed that indeed endogenous substrate(s) could 

not entirely be washed free fra= the preparations. 
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'!'he spec~::,ophotocetric data obtai:led froc the !.nterac'.:!.on 

·of cellular and sub-cellular frac~ions wi~h specific respira~ory 

inhibi~ors and subs~ra~es were subs~an~ia:ed vi:h ;>olarographic 

da:a. This aspec: of :he study was concen:rated on .. i101e cells 

since :hey represen: :he :os~ physiological en~i:y :ha: respires 

oxygen. 

The polarographic s~udy was carr1ed ou: vith the third 

si~e inhibitors, cyan ide ~~d aZide, in combination vith the sub

s~ra~es SADR, succinate and ascorba~e/'n'IPD. Table xr ... presents 

~he 50% and 90% inhibi:ory concen~ra:ions for :he respec~ive 

oxidases in the presence of cyan ide and azide. Acong the sub

st:-ates tes:ed, ascorbate/D!PD was the :lost ser..s!ti,,·e ta cyan!.de 

li3 

with a :edian inhibitory dose in the vicinity of l ~X (:0.5 = .00lS ::1.'1) 

aS weIl as to azide (1
0

•
5 

- .045 l1li1); succinate oxic.ase vas lUO ti:es 

less sensitive tO cyanide (10• 5 = .120 :l1.'1) and very resistan: to 

azide (10•5 > 10~~). SADR oxidase was even less sensi:ive tO 

cyanide (10•5 = .450mM) but camparatively ~ore sensi:ive to azide 

(10•5 = 1~'1) than succinate oxidase (10• 5 > 10~'1). These con-

cen trations were derived fram the inhibitory curves plotting the 

percentages of oxidase activities ve:w~ various concentrations 

of the third site inhibitors for SADR, succinate and ascorbate/ 

'n'IPD (Figures4lA to "3A). P:ots of the reciprocal of fractional 

inhibition agai.~st the reciproc'al of inhibitor concentration that 

intercept the ordinate at 1.0 indicate that total inhibition ~ay 

be effected at iniinite concentrations of the L~hibitors (Siven 

e.t <U.., 19i5). L.., :he sace line of t!1ought, a suaight li.~e i.~

tercepting the abcissa would indicate sensitivity to the inhi-

bitor at a defL~ite concentration and a straig;,t line i.~ter·cept-

De-i.~g the ordi.~ate would signify resis:ance to the inh1bitor. 

grees of resist~~ce would vary dependL~g on the slope of the

seraight lL~e and on its point of L~tercept with the ordinate. 
::ç . 

... 



'IAl!LE XIV. Conœna-atiOlls of cyanide and a%ide required 

for SO% (Io.s) and 90: (Io.9)inhibition 

Substrate 

SADR 

su eeina te 

aseorbate/'IMPD 

of !iADH, suec:inate and aseorbate/'ll!PD oxi

dase aetivities of intàet cella of A.Uvr.D

mona4 ha.l.o~ grown in ecmplex medium. 

Inhibitors 

Cyanide A%ide 
COlle. for an inhibition of Cone. for an inhibition of 

I(O.S) I(0.9) l (0.5) I(0.9) 

.4S0 m.~ .900 !II.~ 10 mM 40 mM 

.120 mM > 10 mM >100 ::1..~ >100 m.~ 

• 0015 m.~ .045 mM ~.001 m.~ 4 m.~ 

, 

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

ments for each substrate with no 1ess than 9 determinations eaeh. 

-

.--
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Figure 41. The effect of various concentrations of cyanide and 
azide on inuct cells of Â. hI:iop.l:.rJ-Üh oxidiz1.."1g 
~H. 

. . 

The coc;flex mediu::t grown cells were harvested at the 
stationary phase, washed t:wice 1.."1 cocplete salt (.~ 
SaCl., .OSH HgC12' .0lM KC1) solution and starved for 
48 hr at 2s·C, ZOO rpm, in a volu::te of sterile salt 
solution equal to the growth volu::te. The starved 
cells were harvested by centrifugation and resus
pended in an appropriate volume of can~lete salt 
(.3H ~aCl, .0sH HgS0 4, .OL~ KC1) Tris/P04 (50 + l ~~, 
pH 7.4) to a concentratign of 19.5 mg prote in/ml 
in (A) and 21.8 m; prote in/ml in (R). The whole 
cell l'roteins (0.65 mg in (A), O. 72 mg in (R) were ;>re
incubated for 3 min with various concentrations of 
cyan ide (0.01 to 10 :o.~ in (A) and azide (0.01 to 100 :o.~ 

in (R)). The reactions were started by the addition of 
2.5 :o.~ SADH. Initial rates of oxygen consucption were 
measured for 10 min in an Oz electrode cell at ZsoC. 
Cyan ide and azide inhibitions are ex;>ressed as the ;>er
centages of SADH axidase activity in the presence of 
various concentrations of cyan ide or azide in (A) and 
(R) respectively. ln (A') and (B'), the double reci
pro cal ;>lots of 1/ frac tioual inhibi tion ve::~lU> 1/ inhi
bitor (mM)-l are inserted in the main figures. The 
slopes' of the lines and the interce;>ts with the axes 
were calculated by linear regression . 
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Figure 42. ~e effect of various concencrations of cyanide"'a:ld 
azide on intact cells of A. :uu:.or-ÙlJ~ C!Xidizil'lg 
succinate. 

The cocplex ~ediu: grown cells were harvested at the 
stationary ?hase, .ash~d t~~ce in cocplete salt (. 
~aCl, .05M ~gC12' .OL~ KC1) solution and starved f 
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 resu~'pel 

in an appropriate volume of complete salt (.lM 
.05M ~gS04, .OL~ KC1) Tris/P04 (50 + ~~, pH 7.~) to 
protein concentration of 22.5 ~g/~l in (A) and 20.0 
ml in (B). The whole cell proteins (O. 75 ~g in (A) 
and O. 50 ~g in (n)) ~were pre-L"1cubated for 3 ~in .it:1 
various concentrations of cyan ide (0.01 to 10 ~~ in 
(A) and azide (0.5 tO 100 lI1.~ in (B)). The reactions 
wére started by the addition of 10 lI1.~ succinate. 
Initial rates of oxygen consu:ption were ~easured for 
10 min in an 02 electrode cell at 25 0 C. Cyanide and azide 
inhibitions are expressed as the percentages of suc
cinate oxidase activity in the presence of 'Jarious 
concentrations of cyan ide or a=ide in (A) and (B) re
spectively. ln (A') and (B'), the double reciprocal 
plots of li fractional inhibition ve.'th~ li inhibitor 
(lI1.~)-l are inserted in the main figure. The slones 
of the lines and the intercepts vith the axes were 
calculated by linear regression. 
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Figure 43. 

, 
/ 

The effect of various concentrations of cvanic!e and 
azide on intact cells of.A. hato~ ~idiZing 
ascorba tel D!PD. 

The COClplex medium grova c:ells were harvestec! at the 
stationary phase, vashed tvice in cocplete salt 
(.3~ ~aCl, .OSM MgC12, .OL~ KC1) solution and starved 
for 48 hr at 2S'C, 200 rpm, in a volume of sterile 
salt solution equal to the grovth volume. The starvea 
cells vere harvested by centrifugation and resuspenc!ed 
in an appropriate volume of comple te salt (. 3M ~aCl, .05M 
%504, .OD! KC1) Tris/P04 (50 + l mM, pH 7.4) tO a pro
tein concentration of 19.0 mg/ml in (A) and 20.0 mg/ml 
in (B). The ·whole cell proteins (0.63 mg in (A) and 
0.66 mg in (B)) vere pre-inc:ubated for 3 min vith various 
concentrations of cyan ide (0.001 tO 10 ~~ in (A) and 
azide (0.01 to 25 ~~ in (B)). The reactions vere started 
by the addition of 10 + 0.5 ~~ ascorbate/1XPD. Initial 
rates of oxygen consumption vere measured for 10 min in 
an 02 electrode cell at 25 0 C, and corrected for the auto
oxidation of the dye 1XPD. Cyanide and azide inhibitions 
are expressed as the percentages of ascorbate/1XPD oxi
dase activit-y in the presence of various concentrations 
of cyanide o~ azide in (A) and (B) respectively. In 
(A') and (B'), the double rec:iprocal plots of l/fractional 
inhibited VVtbu..\ l/inhibitor (c.~)-l are inserted in the 
main figures. The slopes of the lines' and the intercepts 
vith the axes vere calculated by linear regression. 
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1 7he double reciprocal ?lots of the inhibition curves for SADE, 

succinate anè ascorbate/~D are shawn in the inserts of Figures. 41 

to 43. They suggest that SADE syst= (Figure 4lA') was oade U? of 

= oxidases: one SADE oxidase sensitive to cyanide, inhibited at 

2.0 ~~ (interce?ting the ordinate at 0.64) and another SADE oxidase 

~esistant to cyanide (interce?ting the ordinate at 5.8). In fact, 

a recent study on intact cells of the marine bacterium revealed that 

Att~~c~ r~~ oxidi:es SADE both exogenously and endogen

ously by ?rocesses distinguishable from one another for their require

~ents for alkali metal ions (Khanna et al., 1984). The results are 

ex?lained in terms of = sites for oxidation of SADE, one on the 

outside and one on the inside surface of the cell cytoplasmic =em

brane (Khanna et al., 1984). SADE -axidase would be sensitive to 

~de at infinite concentration "igure 4lB'). 

-As far as succinate i5 concerned, the double reci?rocal ?lots 

(Figure 42A', B') show that the oxidase syst~ would !le :'esistant 

te both cyan ide and azide. Ascorbate/~PD oxidase, on the other 

band, would he very sensitive to cyan ide (1
0

•
5 

= 1.5 \.:~) and to 

azide (1 0•5 = ~~) (Figure 43A,B respectively), heing fully inhibited 

at low and high concentrations according to the double 

reci?rocal ?lot (Figure 43A'), but resistant tO azide (Figure 43B'), 

the st:,aight line interce?ting the ordinate at 1.1. 

In summary, it appears that two ?athways would be required for 
"-

the oxidation of SADR; one pathway resistant to cyan ide and one pa th-

181 

~ay sensitive to cyan ide and azide. SuccL~ate oxidation on the other 

hand, would be conveyed via two pathways resistant to cyanide and one 

?athway resist~t to azide. Finally, ascorbate/TMPD would be ox1di:ed ~ 

~v1a two ?athway~ sensitive to cyanide and one ?athway resistant to azide. 

and 

The results of the ~~?eriments canJied out with starved cells 

the SADH dehydrogenase specific ~~tors :'otenone and acytal 

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

J 
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• 
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Figure 44. The effect of various concentrations of 3IIIyt:al and 
rotenone on inuct cells of A. halcptar.k.W oxidiz
ing NADH. 

-The ccœplex medium grown cells were harvested at the 
stationary phase, washed twice in ccœplete salt (.3M 
NaCl, .OSM :·1gC12, .Ol.'i KCl) solution and starved for 
48 hr at 2s·C, 200 rpm, in a volume of sterile salt 
solution equal t:O the growt:h volu:ne. The starved 
cells were h~esi:ed by centrifugation and resuspended 
in an appropriate volume of ccœplete salt (.3M !:aCl, 
.OSM ~S04, .Ol.'i KC1) Tris/l'04 (50 + l mM, pH 7.4) tO 
a concentration of 30.0 mg yrotein/ml. The whole cell 
proteins (0.50 mg) were preincubated for 3 min with 
various concentrations of (A) aIIlytal -and (3) - rotenone 
(0 to 1,000 ~M). !he reactions were started by the 
addit10il of 2.5 mM NADH. Initial rates of oxygen con-

-, sumption were measured for 10 min in an 02 electrode cell 
at 25 ·C. Amytal and Totenone inhibitions are expressed 
as the percentages of NADH œ:idase activity in the 
presence of various concentrations of amytal or rote
none in (A) and (3) respec"tive1y. In (A') and (3'). the 
double reciprocal plots of l/fractional inhibition 
Velt.1l~ 11 inhib1t:or (mM) -1 are insert:ed in the main 
figures. The slopes of the lines and the intercepts 
with the axes were ca1culated by linear re~ress1on . 
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1 
?lo~s (~iguie 44A',B') one SADR oxidase is resis~an~ ~o acy:al 

(intercepting the ordinate at 6.0), the other sensitive at 2.0 ::.~ 

concentration (intercepting the ordinate at 0.5). ~i~h respect to 

rotenone (Figure 44B') the SADR oxidases are bath resistant to the 

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

The specifie inhibi:or of succinate dehydrogenase, TIrA, vas 

tested in starved cells grown in complex and chemically defined media 

(FiKure 45). More.than 800 ~~ of TIrA vere required for 50: inhibi

tion of complex medium groWn cells oxidizing succinate (IO.5 • 825 ~~) 

whereas a five times less concentration (IO.5 - 165 ~~) was sufficient 

to inhibit 50: oxidation of succinate by cells grown in succinate 

chemically defined medium. The respective double reciprocal plots 

(Figure 45A',S') revealed that the cel~ grown in complex medium are 

resistant to the inhibitor (slope intercepting the ordinate at 1.7) 

whereas the cells grown in succinate chemically defined medium are 

sensitive to the inhibitor at concentration around 500 rH (slope 

intercepting the ordinate at 0.4). 

184 

~ith respect to antimycin A, a conventional inhibitor of the 

second site of oxidative phosphorylation, NADR oxidase vas more sen

sitive to the inhibitor (10 •5 _ 460 ~) than succinate oxidase (10 . 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 pathvays are operative in the respiratory 

c ha in 0 f A. halo pl.I:utkt.W . 

For HOQNO inhibition (Figure 4iA,B), succinate oxidase was more 

sensitive (10 . 5 • 10 ~) than SADH oxidase (IO.5 • 250 ~~). When the 

double reciprocal plots (Figure 47A',B') were taken into consideration, 

the resistance of succinate oxidase toward HOQNO vas less pronounced 

(slope intercepting the ordinate at 1.3) than the resistance of SADR 

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



Figure 4S. The effect of various concentrat'ions of TIFA on in
tact cells of A.. Iu:l.cr..lr~ oxidizing succinate. 

The ccmplex medium grololn cells in (A) and the suc
cinate chemically defined mediumgrOloln cells in (E) 
were harvested at the stationary phase, washed in 
ccmplete salt (.3M NaCl, .OSM MgCIZ' .OL~ KC1) solu
tion and starved for 48 hr at 2S·C, 200 rpm, in a 
volume of sterile salt solution equal to the growth 
volume. The starved cells were harvested bv cen-- . 
trtfugation and resuspended in an appropriate volu::e 
of ccmplete salt (.3M SaCl, .OSM MgS04, .OL~ KCl) 
Tris/P04 (SO + l :n.~, pH 7.4) to a protein concentra
tion of 20.S .. g/ .. l in (A) and lS.O in (S). The whole 
cell proteins (0.50 mg) were preincubaœd for 3 .. in 
with various concentrations of TIFA ,(0 to 1000 ;lM). The 
reactions weré started by the addition of 10 mM suc
cL~ate. Initial rates of oxygen consumption were 
measured for 10 ",in in an 02 electrode cell at 2SoC,. 
!'!FA (thenoyl-trifluoroacetone) inhibitions are ex
pressed as the percentages of succinate oxidase acti
vit y in the presence of various concentrations of the 
inhibitor with cccpl~~ medium grololn cells in (A) and 
succinate chemically defined ",edium grown cells in 
(S) respectively. In (A') and (S'), the double reci
procal plots îf l/fractional inhibition v~th~ l/in
hibitor (to.~)- are inserted in the ",ain figures. 
The ,slopes of the lines and the intercepts with the 
axes wère calculated by linear regression. 
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Figure 46. The effect of various concenttaüons 0: ant1mvcin A 
on intact cells of ~ .• ::a..è.opù:r~ oxidizing ~li 
and succinate. 

The complex medium grown cells were harvested at the 
sta tionary phase. washed twice in cœplete salt (. lM 
~aCl. .05M MgC12 •• OL~ KCl) solution and starved 
for 48 hr at 25°C. 200 rpm. in a volume of sterile 
salt solution equalto the growth volume. The starved 
ce Ils Were harvested by centrifugation and resus
pended in an appropriate volume of cooplete salt 
(.lM ~aCl •• 05M MgS04 •• OL~ KCl) tris/POl. (50 + 1 =.~. 
pH 7.4) to a concentration of 21.7 mg prote in/ml L~ (A) 
anJ (B). ,The whole cell proteins (0.50 ::le) were pre
incubated for 3 min with various concentrations of 
aDt~~in A (0 to 1000 "M). The reactions were started 
by the addition of 2.5 "':1 :.-iADH in (A) and la =.'1 suc
cinate in (B). L~itial rates of oxygen consumption 
were measured for 10 min in an 02 electrode cell at 25 0 C. 
Ant1:lycin A inhibitions are expressed as the percentages 
of ~ADH oxidase activity in (A) and succinate oxidase 
acüvity in (B) in the presence of various concentra
tions of the inhibi tor •. In (A') and (B') the double 
reciprocal plots of l/fractional inhibition v~~~ 
l/inhibitor (~~)-l are inserted in the main figures. 
The slopes of the lines and the intercepts with the 
axes were calculated by linear regression. 

, 





Figu~e 47. The effect of various concentrations of HOQ~O on 
in tact cells of A. :taloptar~ oxie!izing );ADH ane! 
succinate. 

) 

The complex :nee!ium·."grown cells ...ere harvested at the 
stationary phase, washed twice in complete salt (.3M 
~aCl • • OSM ligC12' .OL'! KCl) solution and starved for 
48 hr at 2soC,200 rpm, in a volume of sterile salt solu
tion equal to the growth volume. The starvee! cells 
...ere harvested by centrifugation and resuspene!ed in 
an appropriate volume of complete salt (.3~ ~aCl, 

.OSM l'.gS04, .OL'! KCl) Tris/P04 (Sù 7" 1 :0:\, pH 7.4) 
tO a protein concentration of 23.5 :ng/:11 in (A) ane! 
21.7 mg/ml in (R). The whole cell proteins (0.50 

# mg) ...ere pre-incubatee! for 3 cin with various con
centrations of üOQNO (0 to 10UO ~M). Thé reactions 
...ere startee! by the ae!e!ition of 2.5 ~'! ~ADH in (A) 
and 10 ~'! saccinate in (R). Initial rates of oxygen 
consumption ...ere measured for 10 min in an 00 electroe!e 
cell at 2SoC. HOQ~O inhibitions are expres;ed as 
the percentages of ~ADH oxidase activity in (A) and 
succinate oxidase activity in (R) in the presence of 
various ·concell,t:Yations ot the inh1bitor. ln (A') 
ane! CR'), the. .double reciprocal plots of 1/ fract iona1 
inhi~1~ion ve~ l/inhibitor (~,!)~l are insertee! in 
the main figures. The slopes of the lines and the 
1ntercet>ts with the axes were calculatee! by linear 
regress10n. 
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~nd the points of intereept to the ordinates were calcu1ated. Also 

both succinate and SADR oxidase have an oxidase sensitive to ROQSO" 

(second set of s1opes, Figure 4iA',S'), succinate oxidase being ~re 

sensitive than SADR oxidase. The results suggest that ROQNO and 

an tilllycin 

oxidative 

A act either at the same site (conventional eecond site of 
" phospborylation, between cytochrome b and c) or at a 

different site vith antimycin A having a furtber site of action on 

tbe patbvay of SADR oxidation, possibly before the entry of succinate 

in tbe respira tory chain • 
• 

'. 
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In addition, O
2 

elect::-oc!e experi::lents using ~02 and vari=s 

cell fractions were car::-ied out to shed light on the ter.ninal seg

ment of the elec::on transie:- pathway(s). Also i::l v1ew of the face 

cha: a pro?Ortian of the electron transport chain 1s resistant :0 

knOloQ reS?irato::-y inhibitors ane! that inhibitor-r'!sistant pathway Cs) 

are often associatee! with the production of EZO: C_ebster, 19i5; 

Ains>lOrth e..t aL., 1980a,b), the following ex;>eri::lent was consideree! 

necessa::-y to assess the presence or the absence of the enz:~e cata

lase in the mar1.,e bacteriu::>. Catalases a10ng · ... ith peroxidases 

for.n a group of enzymes cal1ed hydroperoxidases responsib1e for the 

breaitdowo of. peroxides. De;>ending on the substrate usee! tO assay 

the énzyme and de?enè~~g on the end product of the reaction, it ~-ll 

be a catalase or a peroxidasi>. A <:nown function of hye!roperoxidases 

is to supply add~ oxygen to microorganiscs 0iah1er a.,d Cordes, 

19i1; IbralU:1 and Sch1ege1, 1980). The resu1ts presentee! in Figure 

48 were consistent witb the presence of a catalase en::~e pree!oc1.,

antly active in whole cells, cell-free e."(trac:s and its ::lembrane 

fraction. The source of enz:~e was me:nbrane-bound a.,d hence the 

relative1y 10w content found 1., the perip1ascic fraction. The per

oxidase enz:~ has not been assayed due to the 1ack of specif icity 

of most hydrogen donors used for quantitative deter.nination 

CSaunders U aL., 1964). However, it ,"",5 ascertained that the

enzyme present in the periplascic fraction '""'5 sensitive· to azide 

and thus con::::-asted ~~th the a:ide-insensitive cytochroce C per-

ox idase presen t 1., ?.!l eJ.I.domor'..a2> ~w.0I:.~ ww CLenhoff and Kaplan, 

1956) • 

Insights on the possi:'1e elect::-on carriers ter.n1.,ating the 

respirato.ry chain and thus acting as oxidoreductases came frem re

su1ts obtai.,ed by differenceabsorption spectrophotemetry using 

.. 

. . <' 

192 
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Figure 48. 

'-

Cacalase ac~ivi:y ~ ~hole cells, cell-f:ee ~~::ac:s, 
i:!em1?r=e a.n.d peripla=ic f:ac:ionsof A. hai.oy;l:J~ 
g:own ~ comple:t :lediu::1. 

Cells .of A. iu:l.c~ =:e 8:own i."l COC1p~ex ::!eèiw:l, 
harves~ed at the 5:ationary phase, ~ashed, resuspended 
in app:op:iate vol=es oÏ buffereè salt solu~ion, 
and frac~ionated in~o cell-f:ee ~~::acts, ::!embrane and 
periplasoic fractions. !he catalase ac:ivi:y ~as esti
ma~ed_po1a:ographically ~th a Cla:k oxy;en e1ec::ode 
cove:-ed wi.:h a I:eflon :le::lbrane and :la.!.:l :aineè al: :he 
constan t tClle: a:u:e of 25 'c. During th""" breakdown of-'
hyèrogen pe:oxide by the enzyme catalase, \Iaccording :0 
the rel~iOnshi?: H20: • l/Z Oz • HZO, ~xY3en i5 
evolved:- 02 evolu~ion "Jas initiated by :hè addition 
of azOz (0.58 m~) to the 5us~nsion of ~hole cel1s, 
cell-free ex:=ac:s, :le:b=~e and ?e=i.?la~ic =rac:!ons. 
!he ini~ial raœs of :;20Z breakdown are e.~pressed in n 
atoms 0 produced/::!~. 



.' 

s: 
E ..... .., 
• 
~ 
II. 
0 

• E 
0 
;; 
.; 

z 
~ 
0 
0 

~ 
loi 

:fi 
N 

~ 
... 
0 

} / 
loi 
~ 

o.-r < a: 

~ - _ CoIS -
400 

300 

2 

1 

C.n .. r... IStrcc1 

.... 0 •• hactiort 

p.j"" lie 1rar:tIan 

~ .. -c _ .. --

• 

PROTElN ~T (""1) 

, 
/ 

• 

- \ 



• 

céllular fractions in cccbina:ion ",-:h reducing subs:ra:es anci car

bon =onoxicie. ~igure 49 illusra:es CO-d1!ference spec:ra recorded 

",-:h the peri;>lascic frac:iOll and the ",,,,,,brane fraction u:ilizing 

physiological anci non-physi01ogical $Durces of elec::rons. In the 

periplaSl:1ic fraction (Figure 49A), the ttough a: 545 :;:O .... ..n the 

visible region and the Sore: peak a: 412 llC are L~ciica:ive :ha: 

carbon =onoxide bL~ds the periplaSl:1ic C yhen reciuced Yi:h cii:hion~ 

i:e (:race ~), ascorba:e~D (:race 0), succina:e (:race cl, 

195 

SADR (:race ci), bu: no: YlIen reduced with r ... ainL"'g endogenous sub

s:ra:e(s) (:race e) exhibi:ing a reciuced peak a: 545 !lm. !bere 15 no evi-

dence of CO-binding in the 585 :0 650 cm region of the spec:ruc 

ciue :0 a:-:ype c~ochI'01Oe. In the ", ... brane fraction (Figure 49B), 

visible ::rough a: 556 and 547 ne and Sore: peaks a: 419 and 414 Il:! 

reveal the presence of CC-binding o(a)-and C-:ype cytocnromes respec

:ively yhen reduced ",-:h d1:hioni:e (:race ~), ascorba:e/~PD (:race 

b), and :iADR (:race ci). In the presence of succina:e (:race cl, , 
:here 1s no obvious pseudo-oxida:ion of cy:ochrcme b (a)-a: 556 ne 

bu: :here 1s pseudo-oxida:ion of c~ochrome Ccc at approxina:ely 

547 ne yi:h a defini:e Sore: peak a: 414 1lC. As "'-th the peri

plasmic fraction, the r ... aining endogenous subs:ra:e(s) L.,. the "' ... -

brane fraction (:race e) do no: alloy bind1ng of car~n monoxide 

and the ", ... brane-boUtld c~ochromes b absorbing a: 558 and 556 cm are 

reduced in the visible region along y~:he Sore: peak a: 422 Ile. 

!be Sore: peak a: 414 !lm accoun:s forl:~ reduced C-:ype c~ochromes. 
no evidence ~! ~binding in the 585 :0 650 cm region due :0 a:-:ype 

cytochrome. !bus .:hree CC-binding ~~ochromes a:e present in Â. 

ita.topù:nkZ.W: Ot» a.sSOCiat~h· the periplasmic c~ochrome C and 

:wo others associated Yi:h a b ~O) cytochrom~ and a C c)~ochrome 

bound to the :nembrane. 1 

"'-The o:her att"'pts :nade 

p1asm1c and the me:nbrane-bound 

... 

to further charac:erirhe peri':.. 

cytochromes of the :na~ine bac:eriu:n 

, 

c 
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Figure 49. Subs1:raœ-reduced + CO m.ùt:.L6- subs1:ra1:e-reduced dif
ference absorp1:ion spec1:ra of (A) the periplasmic 
and (B) 1:he membrane fraction of A. :utlopù:nk.ü.6 
using various reductants. 

/ 
Starved œl1.s of A. halo~ were washed, resus
pended in buffered salt solution and fractionated 
into meotbrane and periplasmic fractions. Thefrac
tions were mixed (1:1) w11:h sucrose (0.75 II, final 
concentration) and reduced with the following sub
strates in (A) and (B): al ditn1~ite; bl ascorbate/ 
'IMPD (1Q.+{).5 mM); cl succinaœ (la m..'!); dl SADH 
(2.5 mi); el rema1ning endogenous substrate(s). 
Carbon monoxide was bubbled for 3 min· into the 
samples which were incubated a1: room temperature in 
darkness for an add1tianal 10 min. The baseline 
(traces S> were obtained by scanning the same con
centration of prote in (A) 7.7 mg/ml,(S) 20.0 mg/ml, 
present in the sample and the reference cuvette$. 
The difference spectra were recorded at 83°K tn 
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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1 
were: (..i.) testi:lg the sensitivity of the redex carriers :o",=d· the 

te=inal oxidase inhibitors, cyanide a..,d a::iJ:!e, and (u) sc=ing 

nitric oxide (!'i0) difference spectra to clarify the nature of the 

c}~ochrome(s) involved i:l the reaction. 

A coccon substrate for the periplascic and the ~ecbrane

bo~.,d c}~ochroces is ascorbate/~~D. Results of the L.,h1b1tory 

effect of CS and!'i; on ascorbate/~ oxidase'act1v1ty in both 

fractions are presented in Figures 50 and 51. Although the inhi

b1tory curves of ascorbate/~ ox1dase ve~~ var10us concentra

tions of cyan ide and azide in cocbinat1on ",1.:h the peri;>lascic 

fraction (Figure 50A,B) indicate that the ox1dase 1s quite sensi-, 
tive to both inhibitors, cyan ide (10•5 = 2 uM) and azide (10•5 = 
20 ~M), still SOlDe res1stance is encountered as ind1cated by the 

reciprocal curves (Figure 50A',B') with straight lines intercept

ing the ordinate above the value of 1.1. The slope of the cyanide 

curve being ~uch less pronounced than the slope of the az1de curve 

indicates that the periplascic fraction is core sensitive to cyanide 
• 

than to azide (Jones, 1973). 

The inhibitory ~edian doses for inhib1ting the'l:i'emb~ane
bound ascorbate/!MPD oxidase by cyan ide and azide are (1

0
•5 = 1.0 uM) 

and (1 0•5 = 20 _M), respective1y (Figure 51A,B). The double re

ciproca1 plots for both inhibitors (Figure 51A',B') intercept the 

ordinate at the origin, confi=ing the sensit1vity of the oxidase 

for the inhibitors. 

Thus the substratè ascorbate/.~PD 1s oxid1zed by a cyan ide 

and az1de-sens1t ive :nembrane-bound ox1dase and a cyan ide - 1n

sensitive periplascic ox1dase. In several bacteria1 systems, the 

oxidation of this non-physio10gical substrate is 1inked to a-and c

type cytochromes binding carbon ::lonoxide and readily L.,hibited by 

10101 concentrations of cyan ide and az1de (King and Drews, 1976; 
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Figure 5'0. The effect of various concentrations of cyanide and 
azide on the periplas::1ic fraction of A. :u:lopù:r..k.t..i..6 
axidizing ascorbate/~PD. 

, 

The periplasmic fraction was derived fraD stationary 
phase cells grown in cOClplex ::Iedium. The protein con
tent of the fraction was 7.5 mg/ml. The periplasmic 
proteins (0.50 ::Ig)were pre-incubated for 3 min with 
various concen t:rations of cyan ide (0.5 to 100 lU'! in 
(A) or azide (5 to 1000 ~M in (B». The reactions 
~ere started by the addition of la + 0.5 m.'! ascorbat:e/ 
~D. Init:ial rates of oxygen consumpt:ion were mea
sured for 10 min ;in an 02 elect:rode cell at 250 C and 
corrected for aut:oaxidation of the dye T!PD. Cyan ide 
and a:ide inhibitions are expressed as t:he percent:ages 
of ascorbat:e/~PD oxidase activit:y in the presence of 
various concen trat:ions of cyan ide or azide in (A) and 
(B) respect:ively. In (A') and (B'), the double reci
procal plot~ of l/fractional inhibition ~'e,'t.6LL6 l/inhi
bit:or (~M)- are inserted in the main figures. The 
slopes of t:he lines and the intercepts wit:h the axes 
were calculated by linear regression • 

• 
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Figure 51. The effec:t of various concentrations of cya:lide :and 
aude on the membrane fraction of Â. lu:..e.o,~ 
oxidi:ing ascorbate/~PD. 

The membrane fraction was derived fram stationary 
phase cells grown in cOlllplex mediU!ll. The prote in 
coutent of the fraction "as 22.0 mg/ml. The mea
brane proteins (0.50 mg) were pre-incubaced -for 3 
min with various conc:entrations of cyanid~ (0.5 
to 1000 .M in (A) or ande (5 to 1000.M in (B». 
The reactions were started by the addition of 10 + 
0.5 mM ascorbate/~. Initial rates of oxygen con
sumption were measured for 10 min in an 02 electrode 
cell at 25°C and corrccted for autooxidation of 
the dye ~D. Cyanide and ande inhibitions are 
expressed as the percentages of ascorbate/~PD 
Ol<idase ac:tivity in the presence of various con
centrations of cyandde or azide in (A) and (B) re
spectively. In (A') and (B'), the double recipro
cal plots of l/fractional inhibition VC/:.6LW 1/ in
hibitor (1'~'1) -1 are inserted in the =in figures. 
The slopes of the lines and the intercepts with 
the axes were c:alculated by linear regression. 
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Difference .abso!i'tion spectra \!si.."1g ni:ric oxide, :\"0, w1:h 

the oxidi:ed ~d reduced for: of the per1plascic and =e=br~e-;ound 

cytochrOCles of A. ju:lcpl..::Jt~ were scanned in an atte:lpt to :ur:he::

characterize the nature of the cytochroces i.."1volved. 

The iZhcdc.\p.i.,~ hae::\ prucei.., CU:?) of the purple photo

synthetic bacteria ;():.od.c~p.(.,"'..i....U.:.. ":.!..tc..':.Um .as ?ro?osed by 7aniguchi 

and ~en (1963) as the pro:ot:7e of a ne~ class of haeco?rotein 

called cytochrOt:loids (cyt.ochroce C. var!.a:'\t or c:~ochrO'Cle c. r
). T~e 

unique character1stic of this haen pro:.ein ... as the abil!:y of its 

ox1d1zed and reduced for.:! :0 bind n1tr1c oxide. 

Earl1er work by Bartsch and ~en (1953) had been presented 

~?licating the RH? L"1 an oxidase syste=. Cox ct ~., (1971) con

cluded from a study done w1th ?.\w.dcmoltc.\ r-c-:~;:C;:()"1a:: . .{;::w :hat :he 

c.-t~, .... ?e cyt.ochrcsnes involved i..."1 rtitrite reduction were all presen t 

L., the :;0 complex for.:!. 3o:h hae=s of ?.\W.CcmOl:c.\ ae,~.iJto.\a cyto

chrome ox1dase cd (nitrite reductase) reac: with ~O in the oxidi:ed 

and reduced states and are L"1te~ediates L~ the ~eehani~ of nitrite 

reduc:10n (Shimada and Ori1, 1976). The C cytochroces appear to be 

"periplas::lic", freely soluble in phototrophic bacteria, and cOt:lprise 

the large st and =05t _~despread cla5s of bacterial cytochroces 

known, yet the functional rol~s of these cytochroces have eluded 

definition (~eyer and ~en, 1982). Recently, a soluble C-ty?e 

cy:ochrome present in ,'-iWJc..~ mcr.),;'!.gj~~;_d.i~ !"las been classified as 

cytochrO't:le cr on the bas1s of 1:5 reactivity with nitric exide (Yu 

et ai., 1979). ~o func:ional role could be attributed to the C' 

cytochroce. 

'Wnen :1.itric oxide,- :;0, difference spectra were sea..,ned with 

the feuie and the ferr.ous for.ns of the periplascic (Fi.gure 52) a...,d 

l 
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Figure 52. Si~ric oxide (~O) difference aosor?~ion spectra of 
~he per1plaS1rlc frac~ion of A. f-..r:lcp~ :.:' oxi
dized vi~h hydrogen peroxide and ib: reduced vith 
sodium dithionite. 

Cells of,A. r..r:lcplar~ vere grawn in cocplex oedium 
to ~he stationary phase. Sta~1onary phase cells were 
harvested by centrifugation. vashed. resuspended in 
buffered salt solution and frac~ionated inta the =ec
brane and the periplasmic n-actions. The periplasmic 
fraction vas mixed (1:1) vith sucrose (0.ï5M final 
concen~ration). In !.:: the fraction vas oxidized 
vi~h H202 (1 drop of 1:100 30: solution) and divided 
into the sample and the reference cuvettes. ~O gas 
vas then bubbled for 3 min through the contents of 
the samp le ct"vene and the react10n allowed to proceed 
for la :1n at room te:pera~ure beforp the d1fference 
spectrum was scanned at 830K in cuvettes of 2== 11ght 
path. In (bl the frac~ion vas reduced vith solid 
crystals of dithionite and div1ded into the sa:ple and 
the reference cuvettes. ~O gas ~as then bubbled for 
3 :1n through the contents of the sample cuvette and 
the reaction allowed to proceed for la min at room 
temperature before the d1fference spectruc vas scanned 
at low temperature. The protein content of the fraction 
in (.:! and ibl vas 4.5 mg/ml. The vertical bars rep
resent one tenth of the absorbancy units at vhich the 
spectra vere recorded; the wavelengths are expressed in 
nanometers. 

• 

\ 
.' 

• 



1 

, " 

o 

b 

46 

!60 
WAVELENGTH (nml 

.. 

417 
1 

400 



r 

, 

\. 

" 

the :oembrane fraction (Figure 53) of A. :u:.lcpt::nkt.W, the ", ; and '( 

absorption =!:na of the periplascic ferri..,'iO ccaplex absorbed at 

561, 532 and 417 ne respectively (Figure 52, trace ~); the ferro..,'iO 

camplex absorbed at 560, 531 and 416 nm respec~e:y (Figure 52, 

trace b). These absorption max!:na are in goO<! ag~.".ent vith the 

absorption ::wcima published for the ax1dized RBP-NO\ccaplex «(1563' 

5530 , "(417) anC! the reduced Rl!P..,'iO ccaplex ("560' 5530', "(417) 

(Taniguchi and Kamen, 1963). '!bus, on specual basis, the peri

p1asm1c cytochrcae ~49 of the :larine bacter.·could be classi

f1ed as a cytochro::1e c!. 

As far as the :o=brane-bound cytochrcaes were concemed, only 

the axidi:ed for: of the cytochrcaes reacted in a characteristic 

fashion vith nitr1c oxide (Figure 53, trace ~) vith absorption max!:na 

absorbing at 562, 530 and 419 n:; the reduced fona of cytochromes 0 

and c bound NO (Figure 53. trace b) vith sh1fted peaks at 565 and 535 

nm but the Soret troughs at 424 and 414 nm appeared anomalous when 

compared to the Soret region of the oxidi:ed + NO ~nu6 oxid1:ed 

difference spectrum (Figure 53. trace ~). 
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Figure 53. Sitric oxide (SO) difference absorption s~tra of 
the membrane fraction of A. haloplar~ [~J oxi
dized vith bydrogen peroxide and [bJ reduced vith 
sodium ditbion1te. 

Cells of A. halo~ were grawn in cocplex medium 
to tbe stationary phase. 5tationary phase cells were 
harvested by centrifugation,wasbed, resuspended in 
buffered salt solution and fractionated into tbe mem
brane and tbe periplasmic fractions. The membrane 
fraction was mixed (1:1) vitb sucrose (O.75H final 
concentration). In {~J. tbe fraction was oxidized 
vitb HZOZ (1 drop of 1:100 30: solution) and divided 
1oto the sample and tbe reference cuvettes. SO gas 
was tben bubbled for 3 min tbrougb tbe contents of 
tbe sample cvvette and tbe reaction allowed to proceed 
for 10 min at room temperature before the difference 
spectrum vas scanned at 83~ in cuvettes of 2mm ligbt 
path. In [bJ. the fraction was reduced vith solid 
crystals of dithionite and divided into the sample and 
the reference cuvettes. SO gas was then bubbled for 
3 min through the contents of the sample cuvette and 
the reaction allowed to proceed for 10 min at room 
tempe rature before the difference spectrum was scanned 
at low temperature. The protein content of the fraction 
in [~J and {bJ 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. alSCU:SIOS 

The dyn2:ic aspects 0: the par:icipa:ion of cytochr~es 

!.:l the process of carrying reduci .. ,.g equiv:alents &long the re- '--...-

spiratory chain ca=not be rendered ~y the sole =eansof polaro-

gra?hy. Spectl."Ophotomet:-y is also requi:-ed to identi!"y and·follo,", 

the oer~vior of the redox ca:-riers. Indeed, only through spect:-o

photo~et:-y can the cytochrome seg:ent of the respirator~ chain he 

looked at in detail, with the possibility of focussing on any one 

component in ?articular. The spectl."Ophotometric tecimic;ue using 

difference absorbance with ~~d without respiratory substrates and 

inh1b1tors has oeen used successfully in ~itochrondrial (Chance and 

Williams, 1955d, 1956; Haddock and Carland, 19i1; Fu;"U t.t 
~, 1980), as well as in bacterial syst~s (Art:a and Oka, 1965; 

Appleby, 1969a,o; Revsin ~ al., 1970; Ishac;ue ~~, 1971; 

Kauff~ and V~~ Gelder, 1973; Yu and De Voe, 1980). 

The same ?rL~ci?les were applied to the study of the elec

tran transport chain of AUe,~""onah lta..ecplanUW. Throughout the 

course of the spectrophotom~tric study, it ,.;as found that biologi

cal and ch~ical oxidation of the enzyme preparations ,.;as a pre

requisite for better resolution of the cytochromes ?resent."1n the 

marine bacteriuc. lt,.;as observed for instance, that if the 

degree of oxidation achieved with ~~rr1Cy~de was taken as 100:, 

only 80: or 50 of the cY"t-ochromes of A. ;"~ktW were ?hysio

logically oxidizable by oxidants such as air, hydrogen peroxide 

or oxygen gas. 

Ch=ical and biological cytochrome reduction could oe 

demonstrated spec:rophometrically in "hole cells, cell-free ex

tr3cts, ~embrane and ~r1plasmic fractions. ~ADH Wa5 proven to 

redllce all the cytochromes L~volved in the respiratory chain of 

A. :u:..top.i.CJt~; suc.cinate .. as confined to the !:lecbrane.-contai:ling 

seg~ent(s), although a ?ortion of the electron flo" could 

split at the end of the chain to reach the CO-binding cytochrome 

J 

( 

.. 
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c. located in the ;"iriplas::tic spaœ. The artificial electron donors 

asoorbate and ascorbate/~PD readily reduced all thé c.-type cytO

chr=es as ~l as a good proportion of ::he O-types. The redox 

potentials of succinate (-31 mV) and ascorbate (+80 :nV) diverge 

by seme 110.:nV, tnerefore the cccparable levels of cytochrcce re7 

duction achieved by both substrates can only be explained in te=s 

of partial reversed electron flow. The standard redox potentials' 

of the reductants ();ADH, -320 :nV; succinate, -31 :nV; ascorbate, 

. +80 :nV, at 25°C, pH 7.0 ~hler and Cordes, 1971)) and of the oxi

dants (ferricyanide, --380 :V; 02 gas, +820 ",V) defined the points' 

of entry and exit of the electrons in the resp.1ratory chain of the 

=arL~e bac~er!um. 

• 

A detailed study of the chain usL~g res~iratory L~hibitors 

pe=it ted further resolu tion of the C)"1:ochrcce sequence. In 

A.t.œ.-':.OmOIt.U. ha.l.aptank.W, the effect of cyan ide on the cytochr=e 

segment of the respiratory chain was investigated L~ wbole cells, 

cell-free extracts, periplasmic and ",e:obrane fractions. Spectro-' 

photometrically, not too many definite conclusions could 

be drawn due tO the ubiquitous presence of residual endogenous 

:naterial in all the enzy:ne fractions. However, it could be shown 

that cyan ide in the presence of exogenous and residual endogenous 

substrates blocked the flow of reducins. equivalents at the oxi

dized end of the chain causing reduced ~ oxidized difference . . . 
spectra to develop. Re-oxidation of the ~-treated s3mples by Oz 
gas did not alter the difference spectra previously .recorded, de-• 
:nonstrating the inability of the cytochromes to be re-oxidized when 

cyan ide was present. On the other hand, re-oxidation of the ~

treated samples by ferricyanide did cancel the difference spectr~, 

indicating that the flo" of electrons can be èrained at the end of 

the chain by an artificial electron acceptor. );0 a-type cyto

chroces were spectrophoto:etrically involved L~ the reaction ~~th 
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~~e ~er:inal oxidase inhib1tor. In the ~e:br~~e frac~ion, ~he re

duced + c:; m..(r.~ reduced diiferenc' spect= developed with t:!me 

as a pseudo~idized m~ reduced spect~, deconstrating that 

the redùced fo~ of cytochroce 0 (a b-type cytochroQe) possibly 

binds cyanide. Finally, in all the fractions tested, cyan ide re

acted :ore readlly with the C-t:ye than the b-t:ye cytochro:es, 

~dicatin8 that the C-type cytochromes are clustered at the oxi

dized end of the chaL~ where the effect lies of the respiratory 

inhibitor. 

In the presence of ~ADH dehydrogenase specifie inhibitors, 

emytal and rotenone, the difference spectra scanned w1thO starved 

whole cells could only show t'hat rotenone was preventing in appro

xi=ately 50% the reduction of cytochroces. ~ossibly, the endogenous 

material as .... ell as portion of th~::enous ~AD~ dehydrogenase were 

"insensitive to the conventional sCe L~hibitors. 

In ~e presence of succinate dehydrogenase speciiic inhi

bitor, TIFA~re than 90: of the cytochroce reduction ..as 

abolished; seme insensiti~ity toward the inhibitor ..as encountered 

~ith the recaining endogenous substrate(s) • 

.. nen the conventional site tWC inhibitors, ant:!mycL~ A and 

HOQ~O, ~re lo~d at spectrophotometrically, the results sho"ed 

that the flo" of electrons generated bl' the oxidation of ~ADH but 

not bl' succ1nate 'Jas blocked bet'Jeen cytochroQes b and cytochromes 

C as evidenced by the reduced absorption peaks of the cytochromes 

b anQ;.,the oxidized absorption troughs of the cytochroces c.. The 

cytochroces reduced by the residual endogenous :aterial present 

in ,the fractions 'Jere insensitive tO seme degree to both inhibitors. -. 
AU the exper:!l:lents were conducted ~th stationary phase cells 

since the full complement of the respir~~ry proteL~s are syn

thesized in quantities sufficient enough to be detected • 



Ho,,-ever, i: =s: oe Otept i:, :ind tha: eJ<ponential cells are 

generally :lore sensitive to respiratory L~hibitors (?uèek ànd Bragg, 

1974) . 

Polarographic ~easurecents usL~~ the sa=e suostrates and 

inhibi:ors substantiated the spectrophotocetric data and enabled 

us ta further characterize the electron trans?ort chain of Altc~c

monab I~plan~. The protein concentration used L~ polarographic 

assays was 1/20 the protein concentration used L~ spectrophoto

metric 3ssays and thus the eventual r~aL~L~3 endogenous ~t~rial 

of starved cells was not !nterfer1n~ witn the ~easure=ents of exo

genous substrate oxidation a...,d respiratory L~hibitor .eHects. 

The inhibitory curves of ~ADH, succinate and ascorbate/~PD 

oxidase activities in the presence of cyan ide and azide revealed 

that the t:ledian inhibitory doses for the inhibition of the respec

tive oxidases by cyan ide were: I O•S (~/~ADH) = .~50 ~~; I O•S 
(CS/succinate) = .120~; I O•S (~/a6corbate +"!XPD)= .0015 ~~ and 

for azide: 10• 5 (~3/XADH) = la ~~; 10. 5 (~3/succi:late) > 100 ~~; 

1 0• 5 (~3/ascorbate+1:1PD) ~ .001 ::l.~), sugoesting the existence of 

up ta three oxidases: one oxidase very sen~1tive to cyan!de and 

azide"~ediatL..,g the oxidation of ascorbate/1:1PD and two others 

(or one cccmon oxidase) relatively insensi:ive to cyan ide and 

azide, tO accommodate the oxidation of ~ADH and succL~a:e. 

possibility that ~ADH could a150 channel electrons via the 

bitor sensitive oxidase 15 not ~~cludedt on the contrary. 

The 

inhi

The \ 

double reciprocal plots of these i:lhibitory curves revealed that 

~ADH oxidase 5YSte: i5 made up of t~o oxidases: one ~ADH ~~idase 

sensitive ta cyanide, L"lhibited at a concentration of :.0 ::::::.."1: 

• 
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and anot!1er SADH oxidase resista..""1.t tO cya..'"\ide _ :n the case of 

sueeinate oxidase, the double reciprocal ~lots showed that the 

oxidase system vould be resistant to both cyanide and az1de. 

!he results of the experi:ents carried out ~ith the ~ADR 

dehydrogenase specific inhibitors, roteaDne ~~d acytal, proved 

again that ro tenone was ::lare effective than a.=l:~al, preventing 

50; of the electron flow driven by the oxidation of :;ADH at con

centration of 100 ~~ whereas 500 ~~ amytal was required for the 

sac>e inhibition. 

!he speeifie L~hibitor of succinate dehydrogenase, TTFA, 

w&s five times ::lare effective on cells grown in succL~ate che=i-

cally defined :edium than on cells grown L~ cocpl~x :edium. le 

is expected that the cells of the fot":le~ ::lediu::l synthesized suc

cinate dehydrogenasé L~ larger ~~tities than the cells of the 

- Lat ter medium whieh was not suPi'le::lènted witn suee i.~ate_ 

With respec~ to anti=ycin A and HOQ~O inhibition, the 

results obtained stated that NADH oxidase was :ore sensitive to 

antimycin A than to HOQNO, when the oxidase aetivity was tested 

at various concentrations of the respective inhibitors. Suec:inate 

oxidase on the other hand, was :ore sensitive to HOQ~O than to 

antimycin A, although at infinite concentrations of both inhib

itors there was resistance expressed as revealed by the double 

reciprocal plots of theinhibitory curves. !he results were 

reconciled by suggesting that HOQ~O and antimyein A act either 

at the same site (conventional second site, between cytochromes 

b and ~) or at different sites with an .additional site for anti

:ycin A inhibition p~or to the entry of succinate in the respir

atory chain. With the two substrates. the flow of electrons 

resistant to anti=ycin A and HOQNO would have to be mediated via 

another route than the membrane-bound one and the periplasmic 

route 1s sugge~ted. 
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Insights on the possible elec:ron ca:-riers :e:::::::l:i:la:!ng 

the res?1ratory chain and thus actL~g as ox!.doreèuctases ca=e 

f~oc results obtained by difference absorption spect~ophoto

:etry using cellul"ar fractions in combinatioo with reduci.~g 

subs:rates a.-"ld ca~bon :lonox1de. The expe~1:en:al data fo

c:ussed on :hree CO-binding c~ochrClC1es present in A. fu::i.cp.tan.~

~: one associated w1:h the per1plaSD1c cy:ochroce C and :wc 

others associated with a 0 (0) cytochr~e and A C cytochroce 

bound tO the """.brane. :>0 ,,-type cytochroces were involved in 

the CO-binding react1ons. 

By v1rtue of the abll ity of- cytochroce b
SS6

•
S 

tO bind 

CO, it 15 bel1eved that :h1s cytochrome could be ident!fied as 

a cytochroce (0) ox1dase. CytoChroce 0 15 the most w1dely 

distribu:.ed of bacterial cytochrome oxidases baseci on the iden

tif ,"cation of a CO-binding b-type cytochroce in CO difference 

spectra (Poole, 1983'00). Potent1omen1c analySO!s suggest that 

cytochrome 0 contr1butes to a band at 556 am (Reid and Ingledew, 

1979). 

Although no C-type cytochromes have been to date ascr1bed 

an ox1dase func:1on :;>e:!. .le in bacter1al resp1ratory systems, 1: 

1s speculated that in AUe::.omot!~ i-.alop.tan.r~ the C-type cytO

chroces (periplasm1c and/or :le:lbrane~-"ld) are involved to some 
'.~ 

e.:<tent in the reduct10n of ::lolec:ular oxygen. In A::o.tcba.c-tc~ 

v.-iJtef..and-U (Yang, 1978; Jurtshuk and Yan;;, 1980), ?.\eu.dcmOt!~ , 
<leJWg-Uto.\<l(~atsush1ta ~ aL. , 1982), R::cdc:;>.Ieu.dcmo~ p.::ùwZ':..W 

(King- and Drews, 19i6), and ,'Ie;thy.wpivi.lu..6 Me;thy.lcZ.'W;-:iu.w (Carver 

and Jones, 1983), c~ochroces C are part of a.-"I enz)~e cocp1ex 

w1th cytochroce 0 as the ::lajor CO-sensitive ter::linal ox1dase. 

" , -_ .. 



F!nâlly, based on the spectropho:o=e:ric and ?Olarographic 

~ata presented, the electron transport pathways (~e=brane-boun~ 

""~ periplasmic) ouül:led in Figure 54 are pro;>ose~ to reconctie 

the experi:en:al data w1:h the reality of the cell envelope of 

the Gram :tegative bac:er:!.um. 

The electrons ~riven by the oxidation of ~ADR, succinate 

and ascorbate/1XPD ""uld be carried throU!';h~ =jor path_y, 

~=brane-bound (solid lin'J>, sensitive tO the conventional inhi

bitors rotenone, amytal, 'l''IFA, anti:nycin A, HOQ~;O, cyanide and 

a:ide. ln addition, a mL~or path_y, periplascic (dotted line) , 

""u'ld accoun t for the inhibitor-insensitive portion of tlle chain 

in addition ta carry reducing equivalents oxid!.zed on the outside 

surface of the cytoplascic =e:brane. Dith10nite min~ O~ and 

ciithionite m~~ H202 difference spectra of the peri?las=ic frac

tion (Figure 24) showed the presence of flavoproteL~ (absorption 

~L~1ca at 450 ne) and thus such unspecific electron acceptor 

(identified here as F
Px

) ""uld transfer the electrons fr~ the 

flavin region to the te~inal portion of the chain via cytochrCXlle 

C.549 • It is also believed that in the endogenouselec:ron nans

port chaL~ and l:l the inhibitor-insensitive pa th_y, the elec

trons may be accepted directly by 02 frac the flavin system or 

transferred directly fram cytochroce b558• 5 tO Oz via the peri

~asmic route (Figure 54, vertical dotted lL~esl. 

'\ 
~erestingly enough, very useful functions are fulfilled 

by alternative oxidases. In yeast, for instance, CS-resistant 

respiration provides an alternative pathway for the oxidation of 

reduced pyridi."'le nucleotides in the presence of hiZh concentra

tion of catabol1te repressors (Ains""rth e-t aL, 1980a, hl. In

hibitor~resistant respiration also develops in spe~ies whicp.are 
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Figure 54. Proposed scheme for ~he ::1emqrane-bound and ~he ;>er1-
plasmic routes of elec cr on f low in A.e . .te.':,cl'lCr~ :-..::.tc-
pùIr~. 

bSS8 •S ' 0556.5' CcO' c549: cytochrames; Coq: ~oenz:~e 
Q; F?, F : membrane-bound flavoproteins; F : ?eri
plasmic ?ïavin-1L~ked ax1doreductase(s) uns~cific 
electron accep tor (s) which could transfer the elec
crons fram the flavin region tO cytochrome c. Re
ductants: endogenous reserves, ~ADH, succinate. 
ascorbate/~PD. Oxidants: oxygen, hydrogen peraxide, 
ferr1cyanide, carbon monox1de •. Respiratory inhi
bitors: amytal, rotenone, t.'henoyl-trifluoroacetone. 
(TIFA), 2-heptyl-4-hydroxyquinoline ~-oxtde (HOQNO), 
antimycin A, cyan1de (~), azide (~3).· The so11d 
line represents the ::1ajor·pathway, the aembrane
bound pathway; the dotted line represents the :inor 
pa:hway, ~~e periplasm1c pathway of electron flow. 
the reacier is referred to the text for discussion • 

. 
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subjected to physiô10gical changes such as transfer froc anaerobic 

to Aerobic eovir=ents, agi:lg, stress (Eenry and Syns, 1975), and 

change i:l te::1perature (She;;herd e..t al.., 1978). See::1ing1y; altemate 

ox!dases are syn~hes1zed :0 cocnteract a depression in the level 

of eytochraoe oxidase or other respiratory eocponents (Eenry and 

Syns, 1975). They are synthesized L~ response tO inereased eon

eeotrations of eyanide in the envirotcleot or may resu1t frao the 

spatial organization of the respiratory syste: aeross the e)~o

plaaie ", ... brane (Knowles, 1976). ln severa1 instances, flavo

",rotein oxidases were invo1ved in the inhibitor-i:lsensitive path

way (Bonartseva e..c al.., 1973; A1.~sworth e..c al.., 1980a, b), and 

hydroge:l peroxide was the eod produet of the oxidase syste::1S 

(de Vries e..t al.. , 1978; Pritchard and Ascundson, 1980; A1.~sworth 

e..t al.., 1980a, b). 

• 
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