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i i . 

ABSTRAC'r 

Propionib acteria po s se s s  a m�mbran e -bound e le ctron 

transport system coupl ing ox idat ion o f  several s ubstrate s 

to reduct i on o f  fumarate or oxygen . Publ i s hed work has 

ind icated that the e lectron t ransport system con s i s t s  o f  

the fol lowin g : dehydrogenases for NADH , lactate , glycerol 

pho s phate and succinate; menaquinone ( I I , I I I -te trahydro­

menaquinone - 9 ) ; cytochrome s b ,  a ,  d and poss ibly o ;  

terminal oxidase ( s )  and fumarate reductase . Menaquinone 

has been demons trated t o  be an obli gate component o f  

e lec tron t ranspo rt to fumarate but the re i s  d i s agreement 

in the l i te rature c on c e rning th e role of the b-cytochrome 

components in the e le c tron transport pathv1ays .  In the 

pre s ent s t udy , the e f fe c t  of a nuwber of inh ib i tors on 

e l e c t ron tran�port from NADH , D- and L-lac ta te and succ inate 

to oxygen and to fumarate was investigated with the a im 

o f  e lucidating t he relati onsh ip b etween the aerobi c  and 

anaerobi c  pathways for oxidat ion o f  these sub strates and 

the role o f  the cytochr�me component s in these sys tems . 

Membranes were p re pa red by b reaking l ac tate -grown 

c e l l s  o f  P. shermanii ATCC 9 6 1 4  i n  a Hughes p re s s  and 

separating memb rane s from solub le c omponents by di f fere ntial 

centr i f ugation w i th a final centri fugation ov�r a s tep\..; i se 

suc rose gradien t . 

Spectrophotometric analy s i s  o f  pyridine hemochromogen 

derivative s showed the p re sence o f  s igni fican t  quan t i t i e s  

o f  cytochromes b and d ,  but d i d  no t de tect t he p re sence o f  

cytochrome a or c .  The cytoch rome s were a l so characte ri z e d  
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by redox t i trimetry at room temperature and by analy s i s  o f  
/ 

l ow temperature s pec tra o f  redox-·poi sed· membranes .  The se 

expe r iments ind i c ated the presence o f  four b -type cyto chrome s 

with a-absorption pe aks ( s ubs crip t )  and approximate mid-

point redox poten t i a l s  at pH 

fo l lows : b 5 6 2 _ 3 ( +1 2 0  mV) ; 

7 {bracketted f i gure s ) as 

HP · L P  b5 5 6 _ 7 ( +9 0  mV ) ; b 5 5 6 _ 7 ( -2 0  

mV ) ; b 5 5 3 _4 (,....2 0  mV ) . A midpo int potenti a l  a t  pH 7 for 

cytoch rome d o f  approximat e ly +150 mV was determined f rom 

room temperature t itrations . 

O f  seve ral inh ib i tors surveyed for e ffe c t s  on e l e c t ro n  

transport activi t ie s  o f  memb rane s , pCMB ,  d i cumaro l , UV 

l ight and cyanide were s e lected for detailed s tudy . 

Dicumaro l wa s parti cu l ar ly e f fective as an i nh i b i tor o f  

L-lactate dependent activitie s . L-l actate -dependent 

reduct ion of oxygen ,  D IC P I P  and Fe ( CN ) 6 was inh ibited by 

a concentrat i on o f  dicuma ro l 1 0 3 times le s s  than tha t  

required f o r  comp ar ab l e  inh ib i tion o f  the corre sponding 

D - l actate and NADH dependent activitie s .  Thi s  indic ate s 

e ither tha t  the L - l actate dehy drogenas e  has d i s t in ctive 

?icumarol - sensitive compon ents or that i t  i s  inte grated 

in the membrane in a manner which enhance s i t s  acce s s ib i l i ty 

to dicumarol . The f ac t  t hat the D-l actate -coupled 

activitie s are ve ry s table whi le the L- lactate dependent 

a ctivi t i e s  are unstabl e also indi cate s th at t he two l ac tate 

dehydrogenase s ys tems h ave d i f ferent propert i e s . 

Ultra�iolet l i ght i rradiation cau sed a rapid inactivation 

o f  NADH- and D - l actate - fumarate oxido reductases but a 

s l<;:>.wer inac tivat ion o f  NADH and D- lac tate ox·idase s . Th i s  

was inte rp re ted t o  i ndic ate that e lectro n  t ransport to 
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fumarate has an ab so lute requi rement for menaquinone wh i le 

a porti on o f  the ox idase activi ty did not requi re 

menaquinone . 

All e le ctron transport a ctivitie s we re inhibited by 

-4  
. 

pCMB at a concen tra t i on around 1 0  mo les per g ram protein 

but NADH-dep endent red ucti on o f  oxygen , Fe (CN) 6 and DICP IP 

was inhibi ted to a maximum of only 5 0 % . 

Th e pCMB t itrat i on c urve s for inhibition o f  NADH-
� 

dependent activitie s and the s igni ficantly h i gher reduct i on 

o f  cytochrome b by NADH than by D- o r  L - l actate i n  the 

presence of i nhibi tory concentrations o f  pCr.ffi sugge s t  the 

presence of two independent dehydrogenases for NADH . 

However the c omp l ete i nh ib ition o f  NADH -fumarate oxidoreduc -

t a s e  b y  pCMB s ugge sts that only the pCMB -sens i t i ve dehydro-

genas e is i nvo lved in ele ctron transport to fumarate . 

Cyanide inhib i ted · D- and L-lactate - and NADH- dependent 

oxygen consump tion w ith an r 5 0 of about 2 mM . The 

r e l at ive ly l ow sens i t i vi ty to cyani de sugge s t s  th at 

c y tochrome d is the m a j or terminal oxi das e .  Thi s  i s  

consi s te nt with th e evidence f rom d i f ference spec tra o f  

cyan i de -inhibi ted aerob i c  s teady s tate membrane s indicating 

that cyanide bind s  to cyto ch rome d . and inhi b i t s  oxidation 

o f  cytoch rome b .  Al though a eo-bindi ng cytochrome b i s  

pre sent , the low cyan i de s:ens i ti vi ty and abs e nce o f  CO 

inhibition o f  oxygen uptake s ugge s t  that an o-type oxidase 

does no t contribute s i gni fic antly to oxygen uptak e . 

The e f fect o f  inhib i tors on reduct i on o f  Fe ( CN ) r and 
0 

DICPIP by a l l  four s ub strates was also systema t i c al ly 

in.ve stigate d . The re sults obtained from the s e  studie s 



v .  

s u ggest multiple s i te s  o f  interact ion o f  the se a c ceptors 

with the etec tron t ran sport pathways, the points o f  

inte r action depending on both the nature o f  the a cceptor 

and o£ the reducing sub strate . 

Add i tion o f  fumarate c aused a dec rease o f  2 0 - 3 0 %  in 

the rate o f  oxygen con sumpt ion and in total oxygen con sumption 

a t  concent ra t i ons between 0 and 1 mM. No furt he r 

i nhibition occurred with increas ing fumarate conc entrations 

up to 1 0  mM, but concentrations above 1 0  mM inh i b i te d  f i r s t  

t h e  r a t e  o f  oxy gen c onsumpt i on a n d  then the tot a l  oxygen 

con sump tion unt i l  both we re comp l ete ly inhibi ted at 40  

mM fumarate� I nhibiJcion at low concentrations o f  fumarat.e 

i s  probably due to d i ve r s ion o f  a portion o f  t he e le c t ron 

f l ow f rom o xy gen to reduction o f  fumar ate . Thi s  

competi tion b etween oxy gen and fumarate for e lec t rons 

indicate s th at the pathway s to these two acceptors share 

common i n i ti a l  s tep s . · 

Comparison o f  cytoch rome di fference spect r a  o f  membranes 

i n  the aerobic and anaerobic s tate in the pre s ence and 

absence o f  .··,in .hibi tors indica te d  that UV , dicumarol and 

pCMB inhibi ted e lec tron trans port at s ite s on t he reduc ing 

s ite of the cytoch rome b components . Concentrat ions o f  pCMB 

whi c h  c omp l ete ly inhibited fumarate reduct i on appeared 

to leave cytochrome b 5 5 3 _ 4 large ly in the reduced s ta te in 

the anaerobi c  steady- s tate , but not in the ae rob i c  steady 

s tate suggesting that thi s cytochrome is not a component 

of e le ctron transport to fumarate . The other low potenti a l  

LP b type cytochrome b 5 5 6 _ 7 was oxidi zed by fumarate i n  the 

pre sence o f  pCMB , s ugges ting that i t  may be l o cated 
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vi . 

fumarate oxidized a t  l eust part o f  the cytoch rome b in UV-

i rradiate d  me�bran es , a p revious· s cheme for e le c t ron 

transport in thi s  organism in which cytochrome b can only 

be oxidi zed by fumarate via menaquinone was not suppor ted 

by the p re sent s tudy . 

Spectra o f  memb rane s in the aerobic s te ady s tate 

indica te d  a greater degree of reduction of cytochrome 

b56 2-
-3 

\vhen s uc cinate was re ducing s ubstrate than when D-

o r  L-la ctate or NADH was reducing s ub s trate . Thi s  s ugge s t s  

that the re w a s  a c l o s e  re lation ship between succ inate 

dehydrogenase and cytochrome b 5 6 2 _ 3 . S ince s u ccinate 

oxida s e  activity wa s low de spi te the presence o f  h i gh 

succin a te dehydrogenase activity , i t  i s  improbab le that 

b 5 6 2 _ 3 is part o f  an oxidas e . 

The p re s�nt s tudy did no t reso lve the que s ti on as to 

whether the re was a sin g l e  s uccinate dehydrogenase which 

fun ctions in vivo as the fumarate re ductase . Mo s t  evidence 

is c on s i stent with there b e1ng only orie enzyme sys tem but 

the f inding of two d i stinct K ( 
. 

t ) va lues for 
· m succ1na e 

succ inate - DI CP IP and succinate -Fe ( CN ) 6 oxidoreductase 

may indicate the pre se nc e  o f  two d i stinct s ys tems . 
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1. INTRODUCTION 



1 . 1 :  Som� G�neral Character i s t i c s  o f  Bacte r i a l  E lec tron 

Tran sport Sys tems 

The means by whi c h  l iving organi sms conserve and 

2 . 

u t i l i z e  the energy re leased by catabo l i sm has l ong been o f  

i ntere st to biologi s t s  and chemi sts . The most commonly used 

means o f  coupling e nergy-�e leas ing processes to energy-

requi ring p rocesses invo lve s the generation of ATP duri ng 

c atabo l i sm .  There are two main mechani sms whereby ATP may 

be synthe s i z ed in l iving organi sms: substrate leve l 

phosphorylation ( SLP ) and e lectron transport a s sociated 

phosphory lation ( ETP ) . The former mechanism ( SLP ) i s  

a s so c i ated wi th enzyme -catalysed s te p s  of intermediary 

c atabol i sm ( such a s  that c ataly sed by 3 -phosphoglycerate 

k inase) . The latter ( ETP ) i s  now widely accepted to be 

a s soc iated wi�h the uti l i z at i on o f  a potential energy 

d i f ference acros s membrane s (Mi tche l l , 1979). Thi s  potent i a l  

energy d i f f e rence may be uti l i zed by the cel l i n  a number o f  

way s  other t han ATP synthes i s , such a s· cell  mot i lity , nutrient 

transport ,  reversed e lectron transpor t , and heat production 

i n  animal s  ( Skulachev , 1979). 
The system which generate s thi s  potent i a l  energy 

0 
d iffere nce occurs in the membranes o f  cells and i s  termed 

the e lectron transport sys tem ( ETS ) . The ETS i s  usua l ly 

repre sented a s  a series o f  reduction-oxidation ( redox ) 

reactions beginning wi th the reaction o f  lowe s t  redox 

potenti a l , t he ' reducing sub strate ' or dehydrogenase e nd , 

and proceeding through intervening redox reactions to the 

reaction wi th the highe st redox potenti a l , the ' ox idi z in g  
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sub strate ' or termina l oxidase end . The se intervening 

reaction s  .involve the oxidat ion and. reduction of i ron-sul fur 

( Fe S )  protein s ,  quinones and cy tochromes . 

I n  mitochondr i a  (Figure l . l . A ) , oxygen may be cons idered 

the normal terminal oxidant , whereas in bacteria, a number 

of a l ternative oxid ants may serve in thi s role . Bes ide s 

oxygen , sul fate and· n i trate are common exogenou s terminal 

e l ectron a ccep tors used by b acteria . The maj or organic 

c ompound whi ch has b ee n  characteri zed as a te rmina l oxi dant 

for bacteria is fumarate ( Kroger , 1978), whi c h  may be 

provided externa l ly for the ce l l s  o r  generated by intermedi a ry 

metabo l i sm a s  de scribed later in thi s introduct i on for 

propionibacte r i a . Fumarate may a l so act as a termina l 

oxidant in some eucaryotic c e l l s  under anaerobi c  cond i t i ons 

( ibid ) � Other termin a l  e l ectron acceptors for certa in 

bacteria are .� ron (Fe3+), e l eme ntal sul fur , ca rbon dioxide 

and dimethyl s u l f oxide ( Z inder and B rock , 1977). 
Some bac te r i a l  ETS resemb l e  that o f  the mi tochondrion . 

Para c o c c u s  d e n i t r ific a n s  and A lca lig e ne s  e u tr o p h u s  have a 

constitut ive ETS ( Fi gure l . l . B )  which is s imi l ar to that 

o f  mitochondria in i ts cytochrome , quinone , dehydrogenase 

and oxidase c ontent and i t s  sensi t ivi ty to inh ibi tion by 

rotenone and cyanide (Jones , 1977). These s imi l arities are 

such that P. d e n i t r i fi ca n s  has been sugge sted as an 

evolutionary predeCe s so r  of mitochondri a  ( John and What ley , 

1975). However ,  even i n  the se bacte r i a  there a re induc i b l e  

ele ctron transpo rt c omponent s  whic h  have no counterpart i n  

the mitochondrial syste m . Mos t  b acteria have ETS which differ 

great ly f rom t hat o f . the mitochondrion , e . g . t ha t  in 
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Es c h e r i c h ia c o li (Figure l . l . C ) . These vari a tions may oc cur 

in the type ( s )  o f  membrane bound dehy�rogenase ( s )  ava i lable , 

the type ( s )  6 f  i ron- sul fur proteins , quinone s and 

cytochrome s i nvolved , and the type ( s )  of te�mina l 

oxidoreductase system ( s ) . 

Like other components o f  t he ETS , the d e hydrogen ases  

are membrane bound , and o ccur in the ' partic u l ate fraction ' 

o f  broken c e l l s� The i r  p resence may be dete c ted by 

subs t r ate dependent reduction of natural terminal electron 

acceptors s uc h  a s  those l i sted above , or of arti f i c i a l  

e l ectron acceptors such a s  tetramethy lpheny l ene d i amine 

( TMPD ) , dichl?rophenol indopheno l ( DICP I P )  or pot a s s ium 

ferricyanide ( K3Fe ( CN ) 6 ) .  These art i ficial e le c tron 

acceptors may react wi th the dehydrogenase i t se l f , or with 

some other c omponent o f  the e l ectron transpo rt sys tem , or 

both . 

Spe c i f i c  memb rane-bound dehydrogenase s for several 

d i f fe rent s ub s t r ate s may occur and these may be present in 

d i ffe rent i s oenzymic form s . I n  E .  co li , dehydrogenases for 

a�g lyceropho sphate , suc c i nate , l ac tate and NADH occur . 

E .  c o Li NAD H  dehydrogenase has been reported to occur i n  at 

l e a s t  four e lectrophoretic a l ly d i s tinc t  forms ( Thompson and 

Shapi ro , 1981) which are di stingui shable by t he ir reactivi t i e s  

with n atural and arti f i c i a l  e lectron accepto r s . Two o f  the 

NADH dehydrogenases reacted wi th DICP I P , and o f  t he se , one 

reacted more rapidly wi th quinone than DIC�I P  and was 

composed o f  a s ingle polypeptide ( 4 6 , 0 0 0 dalton s )  containing 

one i ron atom per polypeptide . Anothe r  form from E .  c oli 

which doe s  not c ontain i ron has been studied i n  puri fied form 



Fsgure 1.1: Aerobic E le ctro n Tran s po r t  
A. M i to c h on d r i a  ( H a tefi & G a l a ntf:, 1978) 
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( Young , I . G . , pers . comm . ) . Succinate dehydrogenase a l so 

occurs in E .  c o l i  and has a s eparate gene tic l ocus from 

fumarate reductase ( Bpencer and Gue s t , 1 9 7 3 ) , which 

c atalyse s the s ame react ion but acts as a te rmina l oxido-

reductase . Thus the presence o f  i s o z yme s whi c h  may h ave 

d i f fe rent functions.mus t  be con s i de re d  when de s cribing 

e le c t ron tran s port sys tems . 

The quinone s involved in e l ec tron tran sport in 

6 . 

bacter i a  ( F i g . 1 . 2 ) a l s o  vary ac cord ing to the organi sm and 

the growth cond it i on s . Both benzoqu inone s ( such as 

ubiquinone (UQ ) ) and n apthoquinone s  ( such as menaqui none ( MQ ) ) 

occur freque ntly , but vary betwee n gener� in the l ength and 

degree of hydrogenation of the i s oprenoid s ide chain 

( Co l l in s  and Jone s ,  1 9 8 1 ) . Ubiquinone and men aquinone have 

d i f fe rent r o l e s  in Pro t e u s  r e t tge r i  in that menaquinone 

func t i on s  in anae rob i c  e lectron t ransport to fumarate while 

ubiquinone functions in aerob i c  e l ectron transport to oxygen 

(Kroger , e t a Z ,  1 9 7 1 ) . The d i fferent functions of ubiquinone 

and menaquinone are re f lected in the ir midpoint redox 

potentials at pH 7 ( Em? ) since that of ubiquinone ( + 1 1 5  mV) 

i s  more posi tive than the potenti al o f  the succin ate/ fumarate 
a 

couple ( + 3 3  mV) while that of menguinone ( - 7 0  mV) i s  mor e  
� . 

negative ( Thaue r , Jungermann and Decke r , 1 9 7 7 ) . 

Other typ e s  o f  quinone may occu r  as electron transport 

components . Bu ty r i vi br i o  fi br i s o Z ve n s  has been shown to 

conta i n  a -tocopherol quinone whi ch is spec i f i cally 

i nvolved i n  hydrogenation o f  un saturated fatty ac i d s  ( Hughes 

and Tove , 1 9 8 0 ) but may als o  be i nvolved in ETP , whi ch has 

been sugge sted to occur in thi s  o rgan i sm (Asmund son , 1 9 7 4 ;  



. Figure 1.2: Bacterial Quinones 
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Ru s s e l l  and Baldwin , 1 9 7 9 ) . Another type o f  quinone , 

pyrroloquino l ine quinone , occurs in �eve ra l b ac te r i a  in 

as sociat ion with d e hydrogenases for methano l ,  al cohol s ,  

glucose , methylamine and l ac tate (Duine and Frank , 1 9 8 1; 

Ameyama e t a Z ;  1 9 8 1 ) . Thi s  quinone d i f fers from the othe rs 

mentioned in the ahsence of a non-pol ar side chain and in 

i ts hi ghly acidic n ature . Duine and Frank ( ib i d )  c i te an 

unpub l i shed survey of the occurrence of thi s type o f  quinone . 

Of particular re levance to the p re s en t  study i s  the finding 

tha t  i t  occurs in a s soci ation wi th lactate dehydrogena s e  o f  

Prop i o n i b a c t er i um p e n to s a ce um . 

There is also con si derab l e  variation between bacterial 

spec i e s  in cytochrome content , both i n  the type o f  cytochrome 

and re
_
l at ive amount s  of the d i f fe re n t  types . Four group s o f  

bacte r i a  h ave b ee n  i denti fied i n  term s  o f  content o f  

cytochrome s a
1

, a a3 , b ,  c ,  d and o ( Meyer and Jone s ,  1 9 7 3 ) . 

P ropionibacteria f a l l  into a relative ly sma l l  group which 

contains cytochrome s d and with cytochrome b a s  a major 

component . 

Multiple forms o f  cytochrome b may be p re sent in a 

single speci es . E .  c ol i  can produce seven b - type cytochrome s 

wh i ch d i f fe r  in the i r  absorption max ima , midpoint redox 

potenti a l s  a nd the cond i tions unde r which they appear ( Re i d  

and I nge l dew ,  1 9 7 9 ) . Thus t h e  ni trate reductase o f  E. co Z i  

is spec i f i c a l ly associated w i th b+ l O  ( Table 1 . 1 ) . 5 5 6  



Tab le 1 . 1 : Cytochrome s of the b type pre sent in E. co li .  

�peak 
(nm ) 

5 5 5  

5 5 6  

5 5 6  

5 5 6  

5 5 6  

5 5 8  

5 6 3" 

�7 
( mv ) 

+ 4 0  

-so 

+ 1 0  

+8 0 

+2 6 0  

+ 25 0  

+ 2 6 0 

f rom Re i d  and Ingledew , 1 9 7 9 . 

Culture Condition s 

anaerobic , N03 I fum 

aerob ic 

anaerobic , N0 3 

aerobic 

ae rob ic 

anaerobic , N0 3 , fum 

ae robic 

9 .  
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Seve r a l  d i f fe rent cytoch rome s app ear to function a s  

terminal oxidas e s  i n  bacteria ,  the particul ar one s pre sent 

again varying according to the org ani sm and the g rowth 

cond i tion s . These are cytochrome s a1 , aa 3 ,.o , d ,  c 

( Jurtschuk:et a l , 1 9 7 5 )  and bd ( Watanabe e t  a l , 1 9 7 9 ) . I n  

E. c o li and other bacte r i a  the termina l oxidase depends on 

the g rowth pha s e  such that in the log phase o f  growth , 

cytochrome o funct ions a s  the ma in terminal oxid a s e  whe re as 

cytochrome d func t ions as terminal oxidase in s ta t i onary 

phas e  ( Mey er and Jone s ,  1 9 7 3 ) . 

Thu s there i s  a wide dive r s i ty o f  comp o s i tion and 

organ i s a t ion ?f the e le c tron transport chain in the bacte ri a , 

not only b etwee n  the d i f ferent group s and s pec i e s  o f  bacte r i a , 

but a l s o  wi thin any one organ i s m ,  depending on growth 

cond i tions . I n  view o f  thi s wide dive r s i ty , a tho rough 

revi e\v o f  bacte rial e le c tron tran s port chains i s  beyond the 

s c ope of thi s introduc t i on . The fol lowing s e c t i on wi l l  

rev i ew wha t  i s  known o f  the comp o s i t ion and organ i z ation of 

the electron transport c hain in propionibac te ri a . 



1 . 2 :  The Elec tron Transpo r t  System o f  Propionibacte r i a  

Propionibacteria a r e  chemo-organotrophic bacteria 

1 1. 

which a naerobic a l l y  met abol i se carbohydrat e s , polyo l s  and 

organi c  acids such as lactate . Fermentation p roduc t s  

charac teristic a l ly inc lude combinat ions of propi onic and 

ace t i c  a cids with }e s s er amount s o f  mono- and d i c a rboxy l i c  

acids a n d  carbon d ioxide (Moore and Holdernan , 1 9 7 5 ) . The 

intermed i ary met abo l i sm of propionibacteria has been 

extensively s tudied by Wood and coworkers ( Wood , 1 9 8 1 )  . 

Propionibacte r i a  are gener a l l y  charac te r i zed a s  

aerotolerant anaerobe s (Moore and Holdernan , 1 9 7 5 ) , meaning 

that whi le their metabo l i sm i s  norma lly anaerob i c , they 

survive expos ure to oxygen but derive no benef i t  from i t . 

I t  has been s hown that propionibacteria can adapt to f a i r ly 

hi gh leve l s  of aeration in l iquid c ul ture provided a certain 

limit is not exceeded ( Pr i t chard et a Z ,  1 9 7 7 ) . The 

di fferent spec i e s  o f  prop ionibacteri a  di ffer in the i r  

sen s i tivity t o  inhibition b y  oxygen ( Schwart z , 1 9 7 3 ;  deVri e s  

e t  a Z ,  1 9 7 2 ) . P .  s h e rmani i *  and P .  fr e ude nre i c h i i  are s ome -

what l e s s  aerotolerant than P .  pe n to s a c e um .  

Ear ly evidence that e lec tron transport o c c urred in 

propionibacteria was the observation that cytochromes o ccurred 

in the s e  bacteria ( Chaix and Fromageot , 1 94 2 ) . S tud i e s  o f  

molar growth yie l d s  ind i ca ted that S LP could n o t  account for 

the mas s  of c e l l s  produced and consequently it wa s propo sed 

that ETP dependent on lactate-fumarate oxidoreduct a s e  cou ld 

* . In the most recent rev1s1on of the taxonomy of propionibacteria 
(Moore and Holdeman, 1975) P. sher manii has been renamed 
P. freu denreichii s ubsp. she rmanii . The name P. she rmanii will be 
retained in this thesis since it_is referred to by this name in all 
the literature on this organism. 



Figure 1.3: L ac t a t e  Me t abo lis m  i n  P ropio nib a c t eria 
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provide add itional ATP (Bauchop and E l sden , 1 9 6 0 ) . 

1 . 2 . 1 :  E lectron transport activi tie s and components i n  

membranes from propionibacte r i a  

1 3 .  

Membranes prepared from a l l  s pec ies o f  propi onibacteria 

whi c h  have been stud ied contained e lectron transport s y s tems 

whi c h  coupled oxidat i on of l ac tate , NADH and glycero l - 3 -

phosphate t o  reduct i on o f  fumarate or oxygen . Spec i fi c  

ac tivi ties o f  some o f  the se e lectron transport re action s 

are shown in Tab le 1 . 1 .  

In general , the spec i f i c  a c tivi ties reported for 

P.  s he rma n i i  �re greater thantl1ose reported for other spec i e s  

o f  propionibacteria . Al though the fumarate reduc tase 

activi t i e s  o f  P.  s he rma ni i  and P.  ara b ino sum are roughly 

equ a l , the ox idase activities are very d i f ferent , e specia l ly 

with NADH and lac tate . Lactate oxidase activity i n  

P .  a ra b i no s um appears t o  be very low , despite the pre s ence 

o f  ample lactate dehydrogenase ( lac tate ( +PMS ) -D I C P I P  oxido­

reductase ) .  The l arge d i f ference i n  spec ific activi ti e s  

between membrane s from P .  s he rma n i i  and P .  fre ude nr e i c h i i  

i s  surpri sing s i nce the se two spec i e s  are con s idered t o  be 

c lo s e ly related (Moore and Holdeman , 19 7 5 ) . Howeve r , thes e  

d i f fe rence s may be d u e  to d i f ferences in the methods o f  

preparation o f  the membrane s .  

S ome o f  the dehydrogenas e s  present in propioniba cteria 

have been par t i a l ly purif ied and inve stigated . The s e  are 

the a-glycero l phosphate dehydrogenase of P. a ra b i n os um 

( Sane a nd K i t sutani , 1 9 7 2 ;  Sane , 1 9 7 3 ) , the NADH dehydro­

genase o f  P .  she rma n i i  ( Schwartz and Krause , 1 9 7 5 ) , the 
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Table 1 . 2 :  Spec i f i c  Ac tivities of Membrane Bound Elec tron 

Transport React ions i n  P ropionibacteria 

Oxidant Reductant P. arabinosum P. shermanii P. .freuden rei chii 
(a ) (b) (c) 

Oxygen NADH 0 . 135 1 . 34 

Lac
(4 ) 

0 . 009 1. 7 4  

GP 0 . 14 5  0 . 24 

Succinate 0 0 . 024 

Fumarate NADH 0 . 39 0 . 2 7 

Lac 0.27 0 . 51 0 . 07 

GP 0 . 66 0 . 3 2 0 . 14 

Other NADH 0 . 22<1) 

Lac 0 .  3 3  (
1 )  

5 . 2
<2 ) o. 91 

(3 ) 

GP 0 . 2 2
(1) 

0 . 4 6
(2 )  

0 . 36
(3 ) 

Succ inat e  1 . 13
(1) 

1 . 68
(2 )  

Value s pre s ented a r e  spe c i f i c  a ctivites in �mo le s  per rnin 

per mg protein .  

( a )  lactate -grown c e l l s  ( Sone , 1 9 72 )  

( b )  g lucose- grown cel l s  ( Schwartz & Sporkenbach , 1 9 7 5 )  

( c )  l actate-grown c e l l s  ( deVr i e s  e t  a l ,  1 9 7 3 )  

( 1 )  DICP I P  + PMS 

( 2 ) Oxygen + PMS 

( 3 )  DICP I P  

( 4) S chwart z and Sporkenbach ( 1 9 7 5 )  and deVr i e s  e t  a l  
( 1 9 7 3 )  used D-lactate , Sone ( 1 9 7 2 )  did not state 
whether D- or L-l actate was used . 



15 . 

D-l actate dehydrogenase of P .  p e n t o s a c e �m (Mol inari and 

Lara , 1 9 6 0 )  and the succinate dehydrogenase o f  P. ve n to s a ceum 
• L 

( Lara , 1 9 5 9 ) . I t  should be emphas i zed that the s e  were only 

parti a l ly puri fied preparation s , e spec i a l ly t he D - l actate 

dehydrogenase (which contained a s i gn i f icant proportion of 

L- lactate dehydrogenase activity )  and the suc cinate 

dehydrogenase . Whi l e  some o f  the prope rties o f  NADH 

dehydrogenase were d i f ferent for the particulate and s olub l e  

forms , there appeared o n  the bas i s  of evidence from 

acrylamide ge l s  to be only one type o f  NADH dehydrogenase 

( Schwart z and Krau s e , 1 9 7 5 )  a s  was also the case with 

a-glycerol p�o sphate dehydrogenase ( Sone , 1 9 7 3 ) . 

The menaquinone present in memb ranes o f  propionibacteria 

wa s i sol ated and identi fied by both Sone ( 1 9 7 4 ) for 

P. arab i no s um and S chwartz ( 1 9 7 3 )  for P. s he rma n i i .  I t  

was found b y  u s e  o f  chromatography and mas s  spect rometry 

to be ( I I , I I I ) -te t r ahydromenaquinone - 9  in both speci e s . 

Schwart z reported t he re lative concentration o f  menaquinone 

to cytochrome b to be 1 0  to 1 .  On the bas i s  of the Rf value 

o f  a f luore scent spot i n  thin layer chromatograms , S chwar t z  

reported t h e  pre sence o f  an ubiquinone i n  P .  s h e rma n i i ,  but 

e s imated that thi s compo sed l e s s  than 1 0% of the total 

quinone . 

Di f fe rence spectra o f  membrane s from p ropionibacteria 

generally show pe aks corre spondi ng to cytochrome s b and d .  

Spectra o f  membra n e s  from P. s he rma n i i  and P. fre ude n r e i c h i i  

genera l ly s how a sma l l  s houlder a t  5 9 5  to 6 0 0  nm wh ich may 

be indicative of a cytochrome a ( deV,ri e s  e t  a l , 1 9 7 2 ; 

Schwar t z  and Sporkenbach , 1 9 7 5 ) . The b peak wa s de s c r ibed 



a s  c omplex by S chwart z  and Sporkenbach ( 1 9 7 5 ) indicating 

th at more than one spe c i e s  o f  cytochrom� b i s  pre sent . 
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The terminal oxidoteduc ta�e s  o f  propion ibacte r i a  

appear to vary between spec i e s . Al l spec ies i nve s t igated 

po s s e s s  fumarate reductase activity which may be catalysed 

by the same en zyme system a s  that re spons ible for suc c i nate 

dehydrogenase activi ty. Some species posse s s  a n i trate 

reductase ( P .  fre u de nr e i c h i i 3  P .  a c i di pro pi o n i c i  ( synonyms= 

P. pe n to s ac e u m 3  P .  a ra b i no s u m )) whe reas othe rs do not 

(P. s h erma ni i 3  P .  t ho e n i i 3  P .  je ns e ni i  (=P . pe t er s o n i i )3 

P .  a v i d u m 3  P .  gra nu lo s u m  (Moore and Holdernan , 1 9 7 5 ) ) .  Sone 

( 1 9 7 2 )  s ugge s ted that the terminal ox idase o f  P .  ara bi no s um 

i s  a f l avoprote in ox idase on the bas i s  o f  the ab sence o f  

cyanide inhibition of oxygen uptake with a - g lyceropho sphate 

and. lactate , al though h i s  data indi cated that NADH oxidase 

activity can b e  a lmos t  comp l e te ly bl ocked by cyanide . The 

pre sence of f lavin oxidases i n  P .  s he rma n i i  and P .  pet e r s o n i i  

(P . je n s e ni i ) ha s a l s o  been s ugge s ted b y  Bonartseva at a Z  

( 1 9 7 3 ) . However ,  the pre s ence o f  cytochrome s a ,  d and 

pos s ibly o ( CO-binding cytochrome ( Sone , 1 9 7 2 ; S chwartz 

and Sporkenbach , 1 9 7 5 ) ) s ugge s t s  that the se may function 

as componen t s  o f  terminal·oxidases ( Jurtshuk , e t  a Z  1 9 7 5 ) . 

The re have been no d irect examinations o f  te rmi n a l  oxida ses 

i n  propionibacteri a . 



1 . 2 . 2 :  Org ani z ation o f  the e lectron transport sys tem 1n 

propionibacteria 

The role o f  menaqu inone i n  e l ec tron transport in 

propion ibacteria has been i nve s t igated by use o f  ultra-

vio let l i ght i rrad iation of membrane s , which de stroy s 

quinone s .  DeVr i e s " e t a Z  (19 7 7 )  observed a de crease in 
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1 
menaquinone c ontent with time o f  exposure whi c h  para�e l led 

a decrease i n  L-lac tate dependent reduction of both oxygen 

and f umarate in P. fr e u de nr e i c h i i , whereas , w ith P. 
pe n to s a c e um ,  glycerophospha te- fumarate oxidoreductase activity 

de creased a t  a s lower rate than did menaquinon e s . 

Sone ( 1 9 7 4 )  a l s o  observed a dec rease in spec i fi c  

a ctivit i e s  o f  var i ous e lectron transport proce s s e s  with 

e xposure t o  UV l i gh t  in membrane preparation s from 

P. arab i n o s um _ _  (=P. pe n to s a c e um ) .  O f  the acti v i t i e s  t e s ted , 

oxygen and f umarate reduc t ion de creased most rapidly , being 

complete ly inactivated after 1 5 - 2 0  min expo sure . Suc c in ate 

dehydrogena s e  ( D I C P I P  + PMS ) was l ea s t  sensi tive to UV 

light , o n ly decre a s ing by 1 0 % , whi le D-lactate-DICP I P  

( +  PMS ) , NADH-D ICP I P , and NADH-Fe ( CN ) 6 oxidoreductases were 

reduced by on ly 5 0 %  a fter 3 0  min expo sure to UV l i gh t . S one 

( 1 9 7 4 ) a l s o  s tudied the re storation o f  e lectron transport 

activitie s  by add i tion o f  menaqu i none s to membr anes '\vhi c h  

had been i rr ad i ated wi th UV o r  depl e ted of menaqui none by 

use of cholate extraction . Activi t i e s  of glyce rol phosphate - , 

lactate- and NADH- fumarate oxidoreduc tase were l arge ly o r  

completely re s tored to con trol leve l s  b y  add i tion o f  

menaquinones .  The se re su l ts i ndi cated an obl i gate role for 
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men aquinone as an i ntermedi a te i n  the membr ane -coupled 

redox reac tion s  from NADH , l actate and g lyce rol pho sphate 

to fumarate although not to a r t i f i c i a l  e lectron acceptor s . 

The reduc t ion of cytochrome b by NADH and glycerol phosphate 

was a l s o  inhibited by irradi ation with UV l ight , i nd i c at ing 

a dependence on the p resence of menaquinone . Howeve r ,  

reduction o f  cytochrome b b y  l a c tate and suc cin ate sti l l  

occurred i n  the 1 min react ion time a l l owed . On the bas i s  

o f  the s e  re su l t s  and o f  e ar lier studie s u sing i nhibito r s  

( Sone , 1 9 7 2 ) , the scheme f o r  e le c tron transport i n  

P .  ar ab i n o s um shown i n  Figure 1 . 4 . A was pre sented by Sone 

( 1 9 7 4 ) . Many o f  the feature s of thi s  scheme re st on very 

tentati ve evidence wh i ch i s  not very fu l ly d i s cu s sed i n  

Son� s: pape rs . Noteworthy features are l i sted be low . 

1 .  Menaquinone and cytochrome b are obl i g ate intermed-

i a t e s  on the e lectron transport pathwa y  f rom NADH , 

g lycerophosphate and l actate to fumarate , although 

e lectrons from l ac tate may be able to byp a s s  the 

menaquinone s tep ( s ince lactate can s t i l l  reduce 

cytochrome b in UV-treated membranes )  • 

2 .  Cytochrome b i s  not a n  ob l igate interme d iate in. 
�· 

e lectron tran sport to oxygen . The point at 

which e lectron f low to oxygen dive rge s from that 

to fumarate is at menaquinone or , in the case o f  

NADH , a t  an e ar li er s tep . The evi dence f o r  thi s 

latte r  conclusion re s t s  on the inab i l i ty to restore 

NADH-oxyge n oxi doredu�tase by re addi tion o f  

menaquinone . S one does not discu s s  the bas i s  of UV 

inactivation of NADH-oxygen oxidoreductase activi ty . 
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3 .  DICPIP i s  cons idered to in te ract at di f fe rent points 

in the e lectron transport pathway depending on the 

reducing sub strate used . The evidence f o r  thi s i s  not 

d i scussed by Sone . 

The role of cytochrome b in e lectron tran sport to 

fumarate in propionibacteria has been inve st igated by two 

· group s  w ith con f l i ct ing findings . Both group s h ave 

inve s t i gated cytochrome b involvement using the a lkyl 

hydroxyquinol ine-N -oxide inhibitors HOQNO ( deVr i e s  e t  a Z ,  

1 9 7 3 ) , and NOQNO ( Schwartz and Sporkenbach , 1 9 7 5 )  . 

U s ing �embrane s from P .  fr e ude nr e i c hi i , deVr i e s  e t  a Z  

( 1 9 7 3 )  showed that cytochrome b reduct ion by D - o r  L - l ac tate 

or glycerol pho sphate and the fumarate oxidoredu c t a s e s  for 

the s e  s ame sub strate s we re inhibi ted by HOQNO . Addi tion 

of fumarate to sub strate -reduced membrane part i c l e s  caused 

a rapid oxida tion of cytochrome b ,  both in th e pre sence and 

absence of HOQNO . However the s teady s tate reduction leve l 

o f  cytochrome b was lowe r ( 4 6 %  o f  the substrate reduced leve l  

a s  opposed t o  5 4 %  i n  the absence of HOQNO ) . Thi s re sult 

indicate s that whi le reduct ion of  cytochrome b i s  inhibited 

by HOQNO , oxidation by fuma�ate is not . DeVrie s e t a Z  ( ibid ) 

concluded that cytochrome b · functions on the e le ct ron 

transport pathway to fumarate in P. fre udenre i c h i i . 

Schwart z and Sporkenbach , ( 1 9 7 5 )  also s tudied the 

e f f e c t  of a s imi lar i nhibitor , NOQNO , on electron transport 

in membranes from P. she rma n i i . Spectra of membrane s i n  

the anaerobic s teady s ta te showed an increase in reduction 

level o f  men aquinone in the presence o f  NOQNO over that i n  
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i t s  ab sence · and a decrease in redu c ti on leve l o f  cytochrome 

b ,  ind i c a t i ng that the s i te o f  inhib i tion of NOQNO was 

between the se two redox components . In sharp c ontrast to the 

results of deVr i e s  e t  a Z  ( 1 9 7 3 )  the y  observed no re-ox i dation 

o f  lac t ate-reduced cytochrome b by fumarate i n  th e pre sence 

of NOQNO , where as reoxidation d i d  oc cur when oxygen was 

added . They conc l uded f rom thi s  re s u l t  that cytochrome b 

i s  not i nvolved i n  e lec tron t ranspor t  to fumarate but i s  

i nvolve d  i n  e lectron transport t o  oxygen . The branch point 

in e lectron transport to fumarate or oxygen was cons i de red 

to be menaquinone . Schwar t z  and Sporkenbach pre sented a 

scheme for e �e c tron tran sport in P. s he rman i i  a s  shown i n  

F i gu re 1 . 4 . B .  

I n  l ight o f  the se re s u lt s , deVries e t a Z  ( 1 9 7 7 )  

reinve s t i gated and expanded the i r  e a r l ier work u sing membrane 

preparat ions ·of  P .  pe n to s a c e um and P .  fre ude n re i c h i i  i s ? lated 

u s ing a sucro se gradient centri fugation . Thi s  puri fic ation 

s tep wa s i n c luded to remove fumarase activi ty whi c h  they 

found to be pre se n t  i n  membrane s prep ared by the procedure 

u sed in e a r l ier s tud i e s . I n  con fi rmat ion o f  t he i r  e a r l i e r  

experiments and i n  c ontras t t o  t h e  find ing o f  S chwart z  

and Sporkenbach ( 1 9 7 5 ) , they ob serve d ,; a dec re ase i n  t-he 

reduc tion leve l  of cytochrome b in HOQNO -inh ib i ted s ub strate­

reduced membranes upon addition o f  oxygen - fre e fumarate . 

They a l s o  exami ned the e f fe ct o f  UV i rradiati on on the l evel 

o f  cytochrome b reduction and observed that whi le the 

proportional reduction of r e si dual menaquinone remained the 

s ame in the anaerob i c  s teady s tate , t he pror:>ortion of reduced 

cytochrome b dec reased with i ncre a s ing expos u re . Thi s  
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result i s  not con s i stent with the s cl1em� of S chwa r t z  and 

Sporkenbach ( 1 9 7 5 , F igure 1 . 4 . B ) on the ' bas i s  of which the 

redox state of cytoc hrome b should be in equ i l ibrium w i th that 

of menaquinone d uring anaerob i c  e1 ectron transport , so that 

changes in the redu c tion leve l of cytochrome b shou ld re f lect 

tho se of menaquinone . Thi s re su l t  i s , howeve r ,  con s i s tent 

with the idea that cytochrome b i s  a component o f  e le c t ron 

t ransport to fumarate . Since s imi l ar re sul t s  a l s o  o c c urred 

with memb ranes in the aerob i c  ste ady s tate , cytochrome b 

was a l s o  cons idered to be a c omponent of e le c tron transport 

to oxygen . A s cheme repre s en ting the findings o f  deVri e s  

and eo-worke rs i s  shown i n  F i gure 1 . 4 . C .  

Thi s c on troversy mus t rema in unre s olved unti l  a more 

deta i led unders tanding of e le c tron tran sport in various 

spe c ie s  of propionibacteria i s  ach i eved since th e two groups 

mentioned above have u sed d i f ferent spe c ies o f  

propi onibacter i a  i n  the i r  re s e arch . 

Th e unc e rtainty concern i ng the i nvolvement o f  

cytochrome b in anae rob i c  e le c tron t ransport to fumarate 

i s  not c on fined to p ropionibacte ri a .  Re sults from s tudi es 

w i th othe r bacte r i a  have a l so que s ti oned the role o f  

cytochrome b a s  a n  obligate i nte rmedi ate in the anae rob i c  

pathway . 

A mutant o f  E. co l i  whi ch lack s cytochrome b s t i l l  

performs e le ct ron t ransport between g lycerol phosphate and 

fumarate ( Singh & B ragg , � 9 7 6 ) . Howeve r ,  cyto ch rome le s s  

ce l l s  i n  the p resence o f  glycero l phosph ate and fumarate 

are unab l e  to take up proline , whereas cel l s  contain in g  

cytochrome c an . I t  was s ugge s te d  that cytochrome b was 
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requi red i f  membrane energ i z at i on and e nergy coup ling to 

active tr�n s port were to occur but not for act ivity of the 

oxidoreductase sys tems c ataly s i n g  e l ec tron f low t o  fumarate .  

I n  Baite ro i de s  r umi n i c o Z a , a strict an aerobe whi ch 

c ontain s cytochrome b and whi c h  ha s been proposed to d e rive 

energy from electron t ransport to fumarate , the role o f  

cytochrome b i n  e lectron transport to fumarate was 

inve stiga ted (Mountfort and Roberton , 1 9 7 7 ) . I n  a membrane 

prepar a tion , they ob served that whi l e  cytochrome b was 

reduced by NADH and r apid ly reox i d i z e d  by oxygen and fumarate , 

the rate o f  reduction o f  cytochrome b by NADH was too s low 

to account for the rate o f  NADH- fumarate oxidoreduc t a s e  

ob se rved i n  t h e s e  membrane s .  Also , the rate o f  reduc t i on 

o f  cytochrome b by NADH was more s en s i tive to HOQNO 

i nhib i t ion than was tne NADH- fumarate oxidoreductase . The se 

results were �nte rpre ted to ind i cate that cytochrome b ,  

a lthough a s so c i ated wi th fumarate reductase was not an 

obl i gatory i n termediate on the p at hway of ele ctron f low from 

NADH t o  f umarate a s  shown in Figure l . 4 . D .  

The s e  results c on fl i ct wi th the conc lu s ions o f  Kroge r 

and eo-worke r s  f rom work w i th fumara·te reductase i so l ated 

f rom Vi b r i o  s ucc i n o g e n e s (Undcn e t  a Z , 1 9 8 0 ) . Fumar ate 

redu c t a se was i s ol a ted in two forms , one of whic h  c on t a i ned 

cytochrome b whi le the o th er l ac ked cytochrome b .  Rea c t i on 

o f  both f orms o f  the e nzyme oc curred wi th viologen dye s or 

anthrahydroquinone su l fonate , but reaction wi th h ap thoquinone s 

requ ir ed the pre sence of cytochrome b .  Thi s indicated that 

cytoch rome b was a component of t he in v i v o  fumarate reduct a s e  

since the qui none p re s e nt in thi s  o rganism i s  a napthoqui none 

(Figure l . 4 . E . ) . 
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1 . 3 :  -Aims o f  the Pre sent S tudy 

Althou gh s tudi e s  o f  e lectron transport in propion ibacte r i a  

have p l ayed a n  important p art in t h e  recogni tion o f  the 

importance o f  e le ctron transport in th e energy metabo l i sm 

o f  anaerobe s , they have been re latively neglected i n  recent 

years in compar i son with the more extens ive s tudi e s  that 

have b een carried o ut on other anaerobes such as Vib r i o  

s uc c in o ge n e s  ( Kroger e t  a Z , 1 9 7 5 )  and Pro t e us r e t tg e r i  

( Kroger e t  a Z ,  1 9 7 1 ) . I t  i s  c lear from the foregoing review 

o f  prev i ou s  work that several aspe cts o f  the compos i ti on 

and organ i s ation o f  t he e lec tron transport systems are 

i n  need o f  further inve s tigation be fore the role o f  thi s 

system in ATP production , active tran s port and other ene rgy­

l i nked functions in propionibac teria c an be evaluated . 

Particular are as requi ring attent ion are : 

1 .  Characte r i z a t ion o f  t he primary dehydrogenase systems . 

Some i nformat ion i s  ava i lable on the NADH dehydroge n a s e  

( Schwartz and Krau se , ·  1 9 7 5 )  and glycerophosphate dehydrogenase 

( Sone and Kitsutan i , 1 9 7 3 ; Sone , 1 9 7 4) , bu t the properti e s  

o f  other dehydrogena se systems are vi rtually unknown . 

There i s  no pub l i shed in formation on the ex i s te nce and 

propertie s o f  separate D- and L-l actate de hydrogenase s and 

in some s tudi e s  i t  i s  not even speci f ied whi ch i som�r o f  

l ac tate was used a s  a reducing su b strate . I t  i s  not known 

whether the succ inate dehydrogenase activity i s  due to the 

s ame enzyme sys tem as the f umarate reductase or to a 

d i s tinc t  dehydrogenase system as i n  B .  c o l i . 



2 .  Characte rizati on o f  the cytochr6me. components . 

The spectra pub l i shed by Schwartz  and Sporkenbach 
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{ 1 9 7 5 ) sugge s t  that the large cytochrome b pe ak i s  complex , 

but the re have been no pub l i shed report s es tabl i shing the 

exi s tence of mu ltip le forms of cytochrome b s pe c ie s  in 

propionibacteria . In v i ew o f  the ex i s tence o f  mu l t iple 

forms o f  cytochrome b in mo s t  o ther bacteria which have been 

studied , it i s  ve ry l i kely that propionibacte r i a  c ontai n  

several d i s t inct b type cytochromes . Charac·ter i z a tion o f  the 

d i f ferent forms may h e lp to re so lve some of t he conflicting 

evidence on the role of cytochrome b in anaerobi c  and 

aerob i c  e lectron tran s por t . 

3 .  The n a ture of the te rminal oxidas e s  med i ating oxygen 

upt ake . 

Apar t  from the s ugge s tion by Sone ( 1 9 7 2 )  and 

Bonartseva e t  a l  ( 1 9 7 3 )  that f lavoprotein ox i d a s e s  may be 

re s pon sible for oxyge n  uptake by membrane parti c l e s  from 

propionibacteria there i s  no in format ion on the oxidase 

sy s tems although it i s  we l l  known that both who l e  c e l l s  and 

membrane particles have an ac tive respira tion { deVries e t  a l � 

1 9 7 2 ;  S chwart z , 1 9 7 3 ; P ritchard e t  a l � 1 9 7 7 ) . 

4 .  The re lat i on ship between the aerobi c  and anae robic 

pathways .  

I t  i s  not known whe ther the aerob i c  and anaerobic systems 

share common init i a l  s teps and if so at wha t  .point the two 

sys tems d iverge . As ind ic ated , previous workers _ h ave 

arrived at very d i ffe rent conc lus ions concerning the point 



of branching o f  the e lec tron transport system to t he 

two acceptor s .  

2 6 . 

· The aim o f  t he pre sent s tudy was to obta i n  further 

in formation on the e le ct ron transport proce s s e s  and 

component s in membrane partic l e s  from P .  s he rma n i i  whi c h  

might c larify some o f  t hese a reas of uncertainty . 

Particular attention has b een paid to the cytochrome 

component s and the ir role in the processes o f  anaerobic and 

aerobi c  e lec tron transpo rt .  



2 I �1ETHODS AND �1ATER IALS 
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2 . 1 :  Cultu re Method s 

Pro pi o n i bac t e ri um s h e rma n i i  ATCC 9 6 1 4 was obtained 

2 8 . 

from the Department o f  Food Sc i ence , Univer s i ty o f  Minne sota . 

The culture was maintained at 3 0°C by weekly or two weekly • 

- 1  subcu lturing i n  2 0  ml liquid medium composed o f  1 0  g . l  , 

-1 - 1  casein hydrolys ate , 1 0  g . l yeast extract and 1 6  g . l 

6 0- 7 0 %  sod i um , D , L-l actate syrup d i s solved in tap water . 

A s tock o f  freeze dried culture was prepared from the 

original c u l ture and the se were used to restart the c u lture 

wheneve r c ontaminat ion was noticed . 

Bacteri a for membrane preparations were grown in 4 

to 8 1 batche s o f  t he above medium . The inocu lum used for 

these larger c u l tures wa s a 2 4  hr old culture in 5 0 0  ml o f  

the same med ium . The large c u ltures were s t irred \vith a 

magnetic s t i rrer . A mixture o f  5 %  co2 and 9 5 %  N 2 was passed · 

0 through a c opper reducing column at 3 5 0  C to remove t r a.ce s  

o f  oxygen and wa s bubbled through the medium at least two 

hours prior to inoculation and during _ growth in the 

fermentation ve s se l . Temperature was contro l led at 3 0°C 

( +  1°C )  by infra-red l amps ( Ph i l l ip s  IR 133 - 2B/4 7 9 * ) powered 

by a 2 2 0  V s ine-wave power source cont ro lled by a var i ab l e  

re si stance thermistor . Growth was f o l lowed b y  measurlng 

absorbance at 5 4 0  nm . Ce l l s  were harvested by centri f ugation 

a t  2 5 0 0  g for 2 5 min when absorbance at 5 4 0  nm approache d  

2 . 5 , whic h  norma lly occurred 2 0  hrs a fter inocul ati on . Ce l l s  

were observed by phase contrast mi croscopy o r  Gram s t a i n  to 

c heck for c ontamination before membranes were prepared . 
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2 . 2 :  Preparation o f  Membrane s 

Initi a l l y , attempts were mad e to prepare spherop las ts 

of P.  s h e rma n i i i n  order to permit o smotic lysi s o f  the c e l l s , 

a method thought to g i ve lea st damage to c e l l  membrane s .  

Cel l s were grown in t he med ium described above c ontai ning 

0 . 3  M mannitol unt i l  one doubl ing o f  culture growth 

remained . -1  At that time , 0 . 5  g . l sodium benzyl peni c i l lin 

was added . After 4 hrs , the culture was harve s ted by cent r i -

fuga tion . The c e l l s  were wa shed and resuspended in 0 . 3  M 

mannitol and t hen treated wi th lyso zyme ( 4 0  mg/ 1 0  g we t. 

c e l l s )  at pH 8 for 4 hrs ( Suther land and Wilkinson , l 9 7 J. )  . 

Some a lteration o f  the c e l l  wal l  was noted when thin sections 

were examined by transmi s s ion electron microscopy , but no 

lys i s . was observed by phase contract microscopy on di lution 

o f  the c e l l  suspens ion . Further attempts u s ing a range o f  

i ncuba t ion condit ions were unsucce s s fu l  so thi s  method was 

abandoned .  

I n  the early stage s o f  the work , membrane s were 

prepared by the fol lowing procedure .  Harvested c e l l s  were 

d i luted to a volume of 20  ml vlith a buffer c omposed o f  0 . 1  M 

Tr i s ,  0 . 0 1 M MgC 1 2 and 0 . 0 0 1  t1 EDTA , pH 7 . 4 ,  and p laced i n  a 

Hughes pres s . The pre s s  wa s coo led to - 3 0°C in a - 7 0°C 

free z e r  and then p laced i n  a hydraulic pres s . The pre s s  

usua l ly forced the c e l l s  through i t s  aperture a t  a ram pre ssure 

o f  2 2 . 5 tons pe r square inch or greate r .  The fro zen b roken 

c e l l s  were removed from the pre s s  and stirred at room 

temperature !N i t  h - 1  deoxyr ibonu c lease ( 2 0 � g  m l  ) for 

3 0 min i n  1 2 0  ml Tris/Mg/EDTA buffer · ( as above ) . Thi s 
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homogenate wa s then c entri fuged at 1 2 0 0 0  g for 1 0  min to 

remove unbroken c e l l s  and l arge c e l l .  debri s ( ce l l  wal l s ) . 

The pe l l e t  was resu spended with 5 0  ml bu f fer and again 

c entri fuged at 1 2 0 0 0  g for 10 min . The pe l l e t  was d i scarded 

and the c ombined supernatant s were c entri fuged for 1 hr at 

1 0 0 , 0 0 0  g .  The supernatant was di scarded and the membrane 

p e l l e t  was resu spended in buf fer and recentri fuged at 

1 0 0 , 0 0 0  g for 1 hr a further two t ime s to free it f rom so lubl e  

enzyme s . I t  was t hen used wi thout further treatment . 

Electron microscopy o f  the membrane frac tion prepared 

in thi s way showed l arge c l umps of e lec tron dense mater'i a l  

with l i t t l e  evidence o f  membrane structure . I t  was 

eventual ly rea l i z ed that thi s wa s due to clumping of ribosome s 

due to the high Mg 2 +  content o f  the buffer . The clu�ped 

ribo some s sedimented wi th t he membranes . Therefore MgC 1 2 

was subsequently omi tted from the buf fer in· p reparing 

membra ne s . 

The membranes prepared by the a bove procedure sti l l  

had some re sidua l  fumarase . Remova l  of fumarase i s  impor tant 

for mea surement s of fumarate reductase activity . DeVri e s  

e t  a Z  ( 1 9 7 7 )  reported that fumara s e  w a s  completely removed 

by c entri fugation over sucrose layers .  Therefore a final 

centrifugation through a d i scontinuou s sucrose gradient 

· ·wa s i n c l uded in the procedure . 

The final p rocedure adopted for preparing membran e s  

from c e l l s  harve s ted from an 8 1 culture was a s  fol low s : 

The c e l l  paste wa s inj ected into t he Hughe s pre s s  by syr inge 

with a c anul a  and the pre s s  plus c e l l s  were f ro ze n  overnight 

at - 2 0°C .  The pres s  was then p l a ced in a - 7 0°C freez e r  for 
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1 hr before p lac ing i t  in the hydrau l i c  pre s s  where i t  was 

p laced under cont inuous pre s sure ( about 2 6  ton s per square 

i nc h ) unt i l  it had warmed s u f f ic ient ly for the c e l l s  to be 

pressed through . The broken , frozen c e l l  paste was s t i rred 

at room t emperature for 3 0  min in 2 4 0  ml Tri s/EDTA bu f f er 

( as above but wi thout MgC 1 2 ) conta ining approx�mately 2 

mg deoxyribonuc lease . The suspens ion o f  broken c e l l s  was 

c entrifuged at 1 6 , 0 0 0  g for 1 0  min . The pe l le t  was 

resuspended in 1 5 0  ml Tri s/EDTA buffer and recentri fuged a s  

above . The combined supernatants were cent r i fuged for 2 hr 

a t  1 4 0 , 0 0 0  g .  The p e l l et wa s suspended in 5 0  ml Tri s/EDTA 

bu ffer and centri fuged over a d i s cont inuous sucrose grad ient 

( compo sed of 10 ml each o f  6 0 % , 4 0 %  and 20% sucrose i n  

T r i s/EDTA buffer ) for 3 h r  a t  1 3 0 , 0 0 0  g .  A portion o f  the 

materi�l pas sed through the 6 0 %  sucrose and formed a p e l l e t  . 

which appeared und e r  phase contra s t  mic roscopy to be 

c omposed of who l e  c e l l s  and broken cel l wal l s . The maj or i ty 

o f  the mat e r i a l  formed a loose band between the 6 0 %  and 4 0 %  

l ayers . Extended centri fugat ion compre s sed t h i s  l ayer into a 

f la t  d i s c  which could be l i f te d out with a spatula .  Norma l ly 

the laye rs o f  sucro s e  above the 4 0 % / 6 0 %  inter face were 

sucked off w i th a water aspirator and. t he loose membr.ane 

layer was c o l l ec ted with a Pas teur pipe tte , d iluted t o  6 6  ml 

with Tris/EDTA bu ffer and centri fuged at 2 8 0 , 0 0 0  g for 1 

hr . The pe l le t  from thi s was suspended in about 5 ml T r i s /  

EDTA buffer in a g l a s s  homogeni zer and stored a t  5°C .  Thi s  

procedure resu l ted i n  membrane ve s i c l e s  almo s t  free from 

fumara s e  activity . 
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2 . 3 : E l ec tron Microscopy 

Membranes were prepared for thin section e l ectron 

microscopy as fol lows . Membrane s amp le s  su.spended in T r i s/ 

EDTA buf fer ( a s  above ) were f ixed by adding 0 . 1  volume of 2 5 %  

glutara ldehyde . After 2 . 5 h r  o n  ice , al iquots we re 

centr ifuged in 1 . 5  ml coni c a l  propy lene tube s , washed wi th 

bu ffe r ,  post-f ixed wi th Oso4 and magne sium uranyl acetate , 

dehydrated and embedded as de scri bed by Robertson e t  a l  

( 1 9 7 8 ) . Negative stains o f  ce l l s  were prepared by e i ther a 

drop wa sh ( 1 )  or spray 

( 1 )  Drop wash method 

( 2 )  method as described below :  

A drop o f  d i luted c e l l  suspens i on was p l a c ed on a 

formvar-carbon coated g r id and exce s s  liquid was removed after 

5 min with a piece of f i lter paper touched to the edg� -

o f  the drop . One drop o f  d i s t i l led H 2 o was added and 

removed a f ter 1 0  sec with f i lter paper . A drop o f  2 %  

phosphotung stic ac id was added and removed wi th f i l ter paper 

after 1 0  sec a nd t he grid was a l lowed to dry 2 0  to 3 0  min 

prior to examination in the e l e c tron micro scope . 

( 2 )  - Spray method 

A f a i r ly turbid c e l l  suspension in 0 . 3 % pho sphotungstic 

acid (pH7 ) and 0 . 5 % bovine s erum a lbumin was s prayed u s ing 

an a sp i rator at a pre s sure of 2 0  psi nitrogen f rom a d i stance 

of 4 0  cm onto formvar-carbon grid s , al lowed to d ry 1 0  to 

2 0  min and examined in the e lectron microscope . 

The elec tron microscope used in thi s work was a 

Phi l ips EM2 0 0  transmi s s ion electron microscope . 



2 . 4 :  Analyt i c a l  Method s 

2 . 4 . 1 :  Prote in determination 

3 3 . 

The protein content o f  the membrane preparation s was 

compared u s ing t he Folin ( Lowry , e t  a Z , 1 9 5 1 ) , b iuret 

( Gornal e t  a Z ,  1 9 4 9 ) , Cooma s s i e  dye binding ( B rad ford , 1 9 7 6 ) , 

phenol -hypochlorite ( Jaeni cke , 1 9 7 4 )  and K j e l dah l ( Lang , 1 9 5 8 )  

met hod s . The values obtained u s ing the Coom a s s i e  b lue 

method appeared t o  agree reasonably we l l  wi th tho s e  determined 

by the other methods , and , s ince i t  is a very convenient and 

rapid � s s ay ,  it was rou ti nely u sed for determination o f  

protein cont�nt . Bovine s erum a lbumin was u s ed to prepare 

s tandard curve s . 

2 . 4 . 2 : Lipids 

Total l ipids were e s timated by extracting aqueou s 

suspens ions o f  membranes three t ime s with a mixture o f  

chloroform and methanol ( 2 : 1 ,  v/v ) , drying the extracts 

in a rotary vacuum evaporator and weighing . 

2 . 4 . 3 : Tota l  c a rbohydrates 

Total c arbohydrate i n  membrane s was e stimated by 

the su l furic ac id-pheno l method ( Immers , 1 9 6 4 ) . Five ml of 

cone . s u l furic a c id containing 1% phenol was rapidly added 

to 1 . 0 ml membrane su spens ion conta ining 1-1 0 0  �g o f  

carbohydrate . After a few minutes , the absorbance o f  the 

resul ting so lut ion was measured at 4 9 0  nm . A standard 

curve was prepared u s ing g lucose o r  a mixture o f  sugars 
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prepared i n  the s ame rat i o  as that found in the membranes 

( see Section 3 . 1 . 3 ) . 

2 . 4 . 4 :  G a s  chromatography 

Gas l i qu id chromatography o f  c arbohydrates was 

performed by the fol lowing me thod which was d eve loped by 

D .  Fenemore and I . G .  Andrew in thi s laboratory . Brie fly , the 

method con s i s ts of .acid hydro lys i s , ac etylat i on o f  the resul tant 

mono s accharides and then separation and determination on a 

gas l iquid c hromatograph . Spec i fi c  detai ls o f  the method 

a re g iven be�ow . 

To 1 . 0  ml membrane suspension , 0 . 5 7 ml 5 . 5  N HC l wa s 

added and the mix ture was heated at 1 0 0°C for 3 hrs . The 

HC l was removed by blowing a stream of air over the 

hyd rolysed s ample ove rnight . The sugars we re reduced with 

1 m l  NaBH 4 ( 1 0 0  mg i n  1 0  ml 1 M aqueous NH3 ) for two hours 

at room temperature . Glacial  acetic acid was added dropw i s e  

unti l  frothing s topped ( to neutral i z e  exce ss NaBH4 ) .  

Methano l ( 1  ml ) was added and an air s tream pas s ed 

over the solution to blow o f f  methyl borate . The add i tion o f  

methanol was repe ated two or three time s . Thi s  proced ure 

took 2 - 3 hrs at 4 5°C and gave a final d ry s ample . 

1 ml of acetic anhydride in pyridine ( 1 : 1 ,  v/v) was 

added and the reac t i on mixture wa s incubated for one hour 

0 at 1 0 0  C ( for 1 2  hrs at room temperature ) . 1 ml CH 2c 1 2 and 

1 ml of d i s t i l led w ater were then added and the s amp l e  

swirled . T h e  C H2c 1 2 layer ( bottom) . containing t h e  acetylated 

c a rbohydrate s was collected . The CH2c 1 2 extraction was repe ated 
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twi ce and the c ombined CH2 c 1 2 extract s  were dried under an 

air s tream . The d ried extract was then redi s solved in 0 . 5  

ml CH2c 1 2 and app l ied to the gas  chromatograph . 

S amp l e s  were appl ied to a Varian Aerograph gas  

chromatograph u s ing a OV2 7 5  s tee l co lumn 2 meters l ong w i th 

. - 1  m1n a 2 mm i . d .  at 2 1 0°C and a f l ow rate of 30 ml N2 

Alternative ly s amp l e s  were a l so app l ied to a Pye 1 0 4  

chromatograph w i th an SP2 3 4 0  g l a s s  column 2 . 4  met e r s  long with 

an i . d .  o f  3 mm at 2 3 0°C and a g a s  flow rate o f  2 0 ml N2 
. - 1  m1n 

2 . 4 . 5 :  Pyrid ine hemochromogen derivat ives o f  cytochrome s 

Pyr id ine hemochromogen s were prepared and determined 

by the met hod of We s t on and Knowle s  ( 1 9 7 3 ) . P.lpha band 

wave lengths and extinc tion coe f f i c ients as l i sted by 

Smith ( 1 9 7 8 )  were u s ed to identify and quanti fy cytochrorne s .  

Characte r i s t i c s o f  the pyridine hemochromogens o f  the main 

cytochrome types are l i s ted in Table · 2 . 4 . 5 . 1 .  

2 . 5 :  Dete rminat ion o f  Electron Tran sport Ac tivitie s  

2 . 5 . 1 :  Determination o f  dehydrogenase ac tivi t ie s  

D - l ac tate , L- l ac tate , NADH �nd s uccinate dehyd rogenase 

activi t i e s  were mea sured in c ontinuous spec tropho tome t r i c  

assays u s i ng D IC P I P  o r  Fe ( CN ) 6 a s  elec tron acceptor s . PMS 

acce l erate s the reduc tion o f  DI�PIP and i s  thought to a c t  

b y  coup ling the dehydrogenase and D I C P I P  d i re c t l y , thus by-

p a s s ing c omponents o f  the e le ctron t ranspo rt c hain subseq uent 



Tabl e  2 . 4 . 5 . 1 :  Absorpti<:?n Characte r i s t i c s  o f  Alkaline 

Type 

a 

b 

c 

d 

Pyrid ine Hernochrornogens 

Alpha Band ErnM 

5 8 0 - 5 9 0  nrn 2 2 . 8  

5 5 6 - 5 5 8  3 4 . 4  

5 4 9 - 5 5 1  2 9 . 1  

6 0 0 - 6 2 0  

Ether 
solub i l i ty 

s o luble 

s o luble 

inso l ub l e  

soluble 

3 6 . 
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to the dehydrogena s e . However , the mode o f  a c t ion o f  PMS 

i s  probab ly more complex than thi s ( see sec t i on 3 . 1 . 2  and 

3 . 2 ) . Oxygen wa s a l so found to compete with Fe ( CN ) 6 and 

D I C P I P  as an electron acceptor in some as s ay s  ( see 

section 3 . 1  . 2 )  • 

The a s say mixture s were prepared in 1 cm cuvette s 

in f inal vo lume s o f  3 . 1  ml . Al l reagents were prepared in 

Tri s/EDTA ( 0 . 1  M and 1 mM ,  re spec tive l y )  buf fe r  ( pH 7 . 4 ) . 

Cuvettes containing buffer , membrane s and either DICP I P  

o r  ferricyanide a t  f inal concentrations o f  5 . 2  x 1 0 - S  M 

or 9 . 5  x 1 0 - 4  M ,  re spective ly , were a l lowed to equ i l ibrate 

t o  '3 0°C in t h� spectrophotometer for 5 - 1 0  min . The a s s ay 

was initi ated by the addi t ion of 0 . 1  m l  5 0  mM D - or L-

l actate or succ inate or 0 . 1  ml 30 mM NADH . Reduction o f  

D IC P I P  or ferricyan ide was fo l lowed a t  6 0 0  nm o r  4 0 5  nm , 

re spec t i ve ly ,  in a Pye-Unic am SP1 8 0 0  spectrophotometer : 

Ext inction coe f f i c ient s for D ICPIP and ferricyanide a t  

- 1  - 1  these wave lengths a r e  1 9 . 1  and 1 . 0 5 mM c m  , re spec t ively . 

PMS , i f  inc luded , was added to a f ina l concentration o f  0 . 1  

t o  0 . 5 mM . 

I f  a s says wer e  to be c a rried out anaerob i c a l ly , a l l  

t h e  reagents were prepared u s i ng Tri s /EDTA bu ffer whi c h  

0 had been boiled and equi li b rated to 3 0  C unde r oxygen- free 

N2 and s tored in the re frige rator i n  butyl rubber - s toppered 

bot t l e s . Each cuvette wa s prepared under oxygen- f ree N2 . 
Anaerobi c  cond i ti on s  were further a s s ured by incubating 

cuvette s in the presence of reducing sub strate ( D- l ac t ate , 

L--lactate , suc c inate or NADH )  for a f ew minu t e s  before 

s tarting the reac t i on by the addit ion o f  oxi d ant ( ferricyanide 



or DICP I P )  which had been prepared anae�ob i c a l ly . 

2 . 5 . 2 : Fumarate ox idoreductase a ctivity 

Fumarate ox idoreductase activity was determined by 

mea suring the decrease in ab sorbance due to fumarate at 

0 2 7 0  nm at 3 0  C .  Spectros i l  grade cuvettes o f  1 cm l i gh t  

3 8 .  

p at h  wi th c i rc u l ar ground g l a s s  openings were gas sed under 

o 2 - free N 2 and made
_ 

to 2 . 4 ml with anaerobic 0 . 1  M T r i s  

( pH 7 . 4 ) , membrane su spen s ion and reducing sub strate 

( D- l a ctate , L - l actate to a f inal concentration o f  2 mM 

i n  2 . 5  ml ) . !he cuvettes were c lo sed with butyl rubber 

s epta and a l lowed t o  preincubate at 3 0°C for 5 - 1 0 min to al low 

membrane oxidas e s  t o  remove any traces o f  oxygen pre s ent 

b efore t he a s s ay was started by addit ion of 0 . 1  ml 5 0  mM 

a naerobi c  sodium fumarate . Fumara se activi ty was te s ted 

for by an a ppropr i at e  c ontro l ( buf fer , membrane su spen s i on 

plus  fumarate ) .  

NADH- fumarate oxidoreductase cannot be mea sured at 

2 7 0  nm due t o  t he high absorbance o f  NADH and NAD a t  thi s  

wave lengt h .  NADH- fumarate oxidoreductase was therefore 

measured by fol lowing the decrease in abs orbance due to 

NADH at 3 4 0  nm . Thi s s ame a s s ay mixture without fumarate 

c an b e  used to t e s t  t he qual i ty o f  the a�erobi c  technique 

by fol lowin g  t he decrease in ab sorbance a t  3 4 0  nm of cuve t t e s  

prepared anaerob i c al ly w i t h  bu f fer p l u s  meffibran e s  which have 

been equi l ibr ated to 3 0°C .  Any oxygen present w i l l  re s u l t  

in oxidat i on o f  NADH d u e  t o  NADH-oxygen oxidoreductase . 

The reacti on i s  s tarted by addi tion o f  NADH to about 0 . 1 6 �� 
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f inal concentrat ion . The rate a t  which absorb ance at 3 4 0  

nm decre a s e s  prior to addi tion o f  fumarate provide s a mea sure 

of NADH-oxygen oxidoreductase and the total change in 

absorbance provides a mea sure of the amount of oxygen pre sent 

in t he s uppos ed ly anaerobic a s s ay mixture . A decrease of 

absorbance greater than 0 . 1  a t  3 4 0  nm due to the pre sence of 

oxygen was regarded as unacceptable for sub sequent ly 

mea suring NADH- fumarate oxidoreductase . After the 

absorbanc e at 3 4 0  nm in the absence of fumarate ceased to 

decrease , 0 . 1  ml of 5 0  mM anaerobic sodium fumarate was 

added and the rate o f  decre a s e  of abs orbance at 3 4 0  nm was 

measu red . 

An end-point a s s ay for measuring fumarate uti l i z ation 

was deve loped to a s say l arger numbers of s ampl e s  u sed in 

de te rmining inhibi tion c urve s . A reaction mix ture o f  0 . 8  

ml c ontaining 0 . 1  M T r i s  (pH 7 . 4 ) and membrane su spen s ion 

was prepared in c entri fuge tubes ( 1 0  ml polypropylene ) which 

had been f lu shed w ith oxygen free N 2 and capped with rubbe r  

serum c aps . D - or L-iac t ate ( 0 . 1  ml of a 6 0  mM anaerobi c  

solution ) w a s  added and the tub e s  were incubated f o r  5 - 1 0  

min a t  3 0°C t o  al low consumption o f  re s idual t r ac e s  o f  

oxygen by oxid ases  present i n  the membrane s .  The reaction 

wa s s t arted by add it ion of 0 . 1  ml 6 0  mM anaerobic s odium 

fumarate and t he reac t i on was s topped after 1 0  min by 

addi tion of 5 ml spe c tr a l  grade abso lute ethano l . Two 

other prote in precipitants .tried in thi s as s ay were 

t r i c hloroacet i c  ac id and barium sul fate , but both altered 

the abs orption spectrum o f  fumarate and so were not used . 

The samp l e s  containing e thanol were shaken vigorou s ly and 



a l l owed to s tand on the bench for - 5 -1 0 min be fore 

centrifuging in a bench centri fuge for 5 min . The 

absorbance of t he ethano l i c  solution was read again s t  a 

b l ank c ompos ed o f  a l l  reagents excep t fumarate . 

4 0 . 

Absorbance a t  t = 0 was determined by adding fumarate to an 

e thanol -pre c ipitated s ample and reading at 2 7 0  nm . Fumara s e  

activi ty was checked b y  mea suring the decrease in fuma r ate 

in fue absence of a reduc ing subs trate . NADH- fumarate 

ox idoreductase c annot be measured by th i s  a s s ay due to high 

absorbance o f  NADH and NAD a .t 2 7 0  nm . NADH- fumarate 

oxidoreduct a se mu s t  be measured at 3 4 0  nm in a c ontinuou s  

a s s ay a s  de sc ribed above . 

Fumarate reduc tase activity a s  mea sured above involve s  

a c omplex e lectron transport sys tem composed o f  dehyd rogena s e s  

qui nones and cytochrome s . As a more direct mea su re of the 

activity of the fumarate reductase system i tse l f , reduced 

ben z y l  viologen was u sed as e lec tron donor ( U nden , e t  a Z , 

1 9 8 0 ) . Reaction mixtures were prepared anae rob i c a l ly i n  

2 . 5  m l  volume s in 1 c m  l i gh t  path cuvette s cont aining about 

0 . 1 4 mM ben zyl vio logen and membrane s in 0 . 1  M T r i s bu f fe r  

( pH 7 . 4 ) . Cuve t t e s  were warmed t o  3 0°C in a n  S P  1 8 0 0  

spec trophotometer and t he benzyl viologen was reduced by 

add ing 1 - 5  � 1  2 %  ( w/v)  KBH 4 ( KBH4 was added 1 � 1  at a t ime 

unt i l  the benzyl vio logen appeared ful ly reduced ; cuvet te s  

requi ri ng more tha n  5 � 1  KBH 4 solution to become reduced were 

not u se d ) . The reac t ion wa s s tarted by the addi t ion o f  

fumarate t o  a f i n a l  c onc entration o f  2 mM anq the change 

i n  ab s orbance at 5 6 0  nm was fol lowed . The mi l l imo l ar 

ext inction c oef f i c ient o f  reduced ben zyl viologen i s  7 . 5  

- 1  - 1  mM c m  a t  5 6 0  nm . ,  
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2 . 5 . 3 :  Oxygen oxidoreduc tase activity 

Oxygen con sumpt ion was fol lowed us ing a C l ark oxygen 

e l e ctrode ( Model 5 3 0 1  chamber wi th a Mode l  5 3  amp l i f ier , 

Ye llow Spr ings Ins trument Co ) . Ass ay mixtures o f  3 . 0  m l  

t o t a l  volume were prepared by equ i l ibrating 2 . 9  ml 0 . 1  M 

T r i s buffer (pH 7 . 4 ) , which conta ined membrane s in a i r ­

s aturated bu ffer f o r  a few minute s in the wat e r  j acketted 

chamber at 3 0°C and then s tarting the a s s ay by the add i tion 

o f  0 . 1  ml 60 mM D- or L - l ac tate or succinate or 30 mM NADH . 

The amount o f  oxygen i ni t i a l ly pre sent wa s as sumed to b e  

0 . 2 3 5  �mo l ml�1 and t h e  instrument w a s  c a libra ted prior to 

u s e  by reduct ion with a few grains of sodium d i th i on i te . 

2 . 6 :  Spectrophotometric Examination o f  Cytochrome� 

2 . 6 . 1 : Low temperature spe c trophotometry 

Low temperature d i f ference spectra were obtained 

u s ing a Shimad zu (MPS ) 5 0 0 0  doub le beam s pectropho tometer 

wi th low temperature a tt achment s .  Membrane su s pen s ion s 

· in 0 . 1 M Tri s buffer ( pH 7 . 4 ) with or without 5 0 %  glyc e ro l , 

were p laced in 2 mm l i ght path low temperature c e l l s  and 

f ro z en in l i quid a i r .  Liqu id a i r  was u s ed i n  p l ac e  o f  l iquid 

ni trogen becau s e  it wa s readi ly ava i lable in the department . 

C ompari son o f  several s pe c tr a  obtained f rom s amp l e s  fro ze n  

i n  l iquid a i r  wi th tho se o f  dup li c a te s amples f r o z e n  i n  

l iquid n i trogen revea l ed no detec table d i fferenc e s . 

S amp l e s  containing 5 0 %  glycero l . forrn a t ransparent 

g l a s s when originally frozen . I f  these s amp l e s  are then 
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0 warmed s lowly t o  - 7 0 to - 5 0  C ,  they take on a thick mi lky 

appeara h c e  as the g lycerol and water separate and the water 

forms microcry st a l s . The microcry s t a l line s t ate i s  re tained 

when the s amples a re recooled in l iquid ai r .  

S amples  f ro z en t o  l iqu id a i r  temperatures g i ve an 

approximate ly tenf�ld ampl i fi c ation of the b peak absorbance 

r e l a t ive t o  that a t  room temperature i f  the s o lvent i s  

who l l y  aqueou s , and approximately 2 0 - fold i f  t he s amp l e s  

are made m i c rocrystal�n e  i n  5 0 %  glycerol as d e s c r ibed 

above . The a - peak ab sorption wave length of the b cytoc?rome s 

obse rved at l i qu i d  a i r  t emperature i s  shifted to about 5 

nm l e s s  t han that obse rved a t  room temperatur e . 

I f  su f f i c ient c are was taken to keep the pro te in 

concentrat ions i n  s ampl e  and reference cuve tte s equal , 

de f i n i te a ,  8 and Soret pe ak s could be seen i n  spe ctra o f  

membran e s  prepared i n  aqu eou s s o lvent . Howe ve r i f  5 0 %  

glycerol was the s o lvent , the shape o f  the peak s i n  the 

Sore t region was not very reproduc ible . Th i s  was probably 

d ue to the increa s ed l i ght path i n  the pre sence o f  

g ly c erol a nd the i n c re ased s c attering o f  l ight a t  l ower 

wave lengths , both o f  which wou ld tend to amp l i fy even very 

s l i gh t  d i f fe rence s between preparations in the s ample and 

re ference cuve t te s .  The a -peak spectra were h igh ly 

reproduc ible both with and without g lycero l i n  the solvent . 



2 . 6 . 2 :  Redox titrations 

2 . 6 . 2 j : Room �emperature redox t i trations 
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Redox t i trations a t  room temperature were pe rformed 

in a doub l e  b eam s pectrophotomete r ( Cary' 2 1 9 ) u s ing a 
. 

spe c i a l l y  c on s truc ted cuve t te accommod ating the e l e c trode , 

a magnetic sti rring ba� t i trant and gas ports . The redox 

pote nt i a l  was measured wi th a pH-mV meter ( PHM6 2 ,  Radio -

me ter , Copenhagen ) .  A platinum e lectrode was imn1e r sed in 

the cuve tte and a calome l e lectrode wa s u sed a s  a re ference 

connected t o  the cuvette by a KC l s a l t  bridge ( 2  M KC l 

in l %  aga r ) . Th e accu racy o f  the vol tmeter was te s ted by 

u s e  o f  a quinhydrone e lectrode . The cuve tte w a s  s t i rred 

by means of a magnetic s t i r re r  housed in the s amp l e  compart--

ment . Reductant ( 5 % sod i um dithion i te , pH 7 . 0 )  or oxidan t  

( 2 %  pota s s ium ferricyanide , p H  7 . 0 ) we re added in micro l i ter 

quanti t ie s  to the s ample cuve tte by c api l lary tubing 

connected t o  mic rometer s yr inges (Agla , Burrough s -We l lcome 

Co . ,  London ) . Oxygen- free N2 was pas sed conti nuous ly 

through the s amp l e  cuvette during the redox t i tration . 

After each addi tion o f  reductant or oxidant , 5 - 1 0  min were 

a l lowed for the potenti a l. to s t abi l i z e be fore a d i f ference 

spec trum was recorded . The reference cuvette contained an 

equ a l  concentration of med iators and membrane s whi ch had 

been thoroughly mixed wi th air to keep the cytochrome s in 

an oxidi zed s tate . The reaction mixture con t ained about 

-1 3 · mg m l  membrane prot e in in 0 . 1  .H Tris buf fe r  ( pH 7 . 0 ) . 

I t  wa s nece s s ary to inc lude redox mediators acting over the 

range o f  + 2 0 0  mV to - 1 0 0  mV . These are l i sted in Tab l e  

2 . 6 . 2 . 1 . 
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Mediator Ern7 ( rnV)  Concentr ation (M)  

FeC l 3 + 1 1 7  1 0 - 2  - 4  ( re sp . )  EDTA , , 3 x l 0  

PMS + 8 0  
- Ll  

5 x l 0 . 

Jug lone +3 0 5 x l 0- 5  

Duroquinone +5 5x l 0 - 5  

Re s a z u r in - 4 6  3 x l o - 6 

2 - 0H - 1 , 4 -napthoquinone - 1 5 2  1 0 - s 
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2 . 6 . 2 . 2 :  Low temp erature redox t i trations 

Memb r anes poised at known redox potent i a l s  were 

frozen and the absorption spectra recorded at low 

temperature s as d e s c ibred above ( se c ti on 2 . 6 . 1 ) . Thi s was 

done in o rd e r  to resolve a-peaks o f  the b type c ytochromes 

w i th absorption maxima d i �fer ing by 3 - 5  nm and to 

d i s tingu i s h  b etween the a -peaks of b type cytoch rome s which 

had Em? v a lu e s  insu fficient l y  separated ( le s s  than 50 mV ) 

to b e  d i s tingu i shab l e  by room temperature redox t i t ra t ions . 

A 1 5  ml su spe ns ion o f  membranes ( 0 . 3  to 0 . 6  mg membr ane 

prot e i n  m l- l ) from wh ich s amp les were to be removed and 

froz e n  a t  spec i fi c  redox potent i a l s  was placed in a 

magn et i c a l ly s t i rred , water j acketted chamber ( con s t ru c te d  

according to t h e  de sign o f  Dutton , 1 9 7 8 )  maint ained a t  2 5°C 

with a c i rculating wat e r  bath . A p l atinum e l e c t rode and a 

c alomel e lectrode we re immer sed d i re ct ly in the s amp l e  and 

the redox potenti a l  wa s fol lowed u s ing a pH-mV meter . 

Reductant { 5 %  sodium d i thion i te , pH 7 . 0 ) or ox idan t ( 2 %  

pot a s si um ferri cyanid e , pH 7 . 0 )  were added via c api l l ary 

tubing in amounts controlled by mic rometer syringe s .  Oxygen­

free N 2  was continuou s ly pas sed ove r the s ampl e  and allowed 

to e sc ape via the s ampl ing tube . Prior to s amp l in g , the 

external end o f  the s ampl i n g  tube was placed i n s ide the l ow 

t emp e rature s pe c t roph otometer cel l t o  flu s h  t he c e l l  f re e  

o f  air . Samp l ing wa s performed by forcing the s amp l ing 

tube i nt o  the redox-equ i li brated membrane su spen s i on . The 

sub sequent r i s e  i n  inte rn a l  pres sure forced the s ampl e  up 

the s ampl ing tube into t he low tempera ture c uvette without 

e xposure t o  a i r . The cuve t te was immediately f r o z e n  in 
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/ 

l i quid a i r . Redox med i ator s were the s ame as tho se l i s te d  

i n  Tab l e  2 . 6 . 2 . 1 .  

In s ever a l  t i t rations c arri ed out by the above me thod , 

t he membran e s  were suspended in 5 0 %  aqueous . g lyce ro l  i n  

o rder t o  reduce the amount o f  membrane required to perform 

a t itration . . However ,  the inc lus ion of glyce rol c au s ed 

problems due t o  the increa sed vi s cos i ty . Thi s me ant that 

s tirring had to be very vigorous to obtain a homogeneous 

s o lu tion and s u f f i c ie nt t ime h ad to b e  al lowed between 

addi tions o f  redu ctant or oxidan t  to al low comp l e t e  equ i l ib r a-

t ion between the cytochrome s ,  the med i a  and . the e l e ctrode s . 

Furthermore , the u s e  o f  glycerol gave l e s s  reproduc ib l e  

Soret peak s a s  exp l ained e a r l i er . More s ati s f ac to ry redox 

t i trations we re obtained u s ing more c oncentrated memb r an e  

s ampl e s  wi thout g lyce ro l . 

Exper imental procedure s for obt aining s te ady - s ta te 

and subs trate reduced spectra and for s tudying 1 the e f fe c t s  

o f  inh ib itor s o n  the oxidation and reduct ion o f  cytochromes 

are de s c r ibed in the appropria te sec tion of t he r e s u l t s  

( 3 . 2 . 1 . 1 . ) . 

2 . 7 :  Sourc e s  o f  Chemical s 

The c hemic a l s  u sed in experiments pe rformed for thi s 

the s i s  and t he i r  s ourc e s  are l i s te d  below . 

Potas s ium ferricyan ide ( K3FE ( CN ) 6 ) UCB , Brus s e l s  

Re s a zurin L • . Light & Co . ,  
Ltd . Co lnbrook , 
Eng land . 



Sodium succ inate 

Yeas t  Ext r ac t 

BDH 

GIBCO 
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The fol lowing chemical s were a l l  purchased f rom S i gma 

Chemical Company . 

Benzyl viologen ( l , l ' -diben z y l - 4 , 4 ' -bipyridinium chloride ) 

Casei n ,  enzymat ic hydroly s a te 

Cooma s s i e  bri l lant blue G 

Deoxyribonu c l ease , grade I I  

2 , 6 -d ic h l o ropheno l - indopheno l 

Duroqu inone ( te tramethyl -£-benzoqu inone ) 

Fumarate , sod ium s a l t  

Jug lone ( 5 -0H- 1 , 4 -nap thoqu inon e )  

D-lactat e , l i thium s a l t  

D , L- la c t ate , s od ium , 6 0 %  syrup 

L - l actate , l i th ium s a l t  

Lawsone ( 2 -0H- 1 , 4 -nap thoqu inon e )  

S-nicotinamide adenine d inuc leotide 

Phena z i ne metho su l f ate 

Tri s ( hydroxymethyl )  aminoethane 

Reagent s not l i s ted above but mentioned in the text 

were of the h ighe s t  pu r i ty avai lab l e  . 

. / 
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· 3 .  RESULTS 
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3 . 1 : Characte ri z a t ion o f  Membrane Particles 

In th i s  s e c ti on , s ome o f  the properties o f  the membrane 

fraction prepared as d e s c r ibed in section 2 . 2  are pre s ente d . 

The membrane preparation was charac t er i z ed by u s e  o f  e le c t ron 

microscopy , den s i ty grad ient centri fugat ion , ana lys i s  for 

e l ec tron transport components and as s ay o f  spec i fi c  

activi t i e s  o f  e le c t ro n  t ran spo r t  proce s s e s  under various 

cond i ti on s . 

3 . 1 . 1 : Inve s t igation o f  the membrane fract ion by e le c tron 

microsc opy and den s i ty gradien t cen tri fugation 

The procedure o rigin a l ly adopted for preparation o f  

memb r an e s , whi c h  emp loyed buf fe r  cont aining 1 0  m.� MgC 1 2 , 

g ave a very dense preparation which sedimented through 6 0 %  

sucro s e  wi thin 3 0  min at 1 6 0 , 0 0 0  g .  Membran e s  prepared 

in thi s  manner a nd examined in thin sec t ions by t r ansmi s s ion 

e lec t ron micro s copy showed a mas s  of smal l  parti c l e s  w i th 

a diameter o f  about 1 3  nm ( Pl ate 3 . 1 . 1 . 1 }  in whi c h  the re 

was very l i ttle evidence of membrane s t ructure . 

I t  was s ub sequent ly real i zed that the particulate 

n ature of the memb r ane fract ion wa s due to c lumping o f  

. b . h f h .  h ++ 
. r 1  o some s 1n t e presence o 1 g  Mg c onc entra t 1on s . When 

++ Mg was omi tted f rom the preparat ion bu ffe r , the membrane 

fract ion was le s s  dense and thi s permit ted t he inc lus ion o f  

a · centri fugat ion ove r sucrose layers ( 2 0 %/4 0 %/6 0 % , as  

d e s c r ibed in 2 . 2 } in the i so l ation procedure . Thi s  s e rved 

the purpose of removing further solubl e  or cytop lasmic mater i a l  

above the 2 0 %/4 0 %  i n te rface as we l l  a s  s eparating who l e  c e l l s  

and c e l l  ':.·la l l s , whi c h  formed a pe l let . The membrane s fanned 



P 1 at.e 3 . 1 . 1 . 1 : ELECTRON M ICROGRAPH OF MEMBRANES 

PREPARED IN THE PRESENCE· OF Hg++ 

Membranes prepared wi th buffer , containing 1 0 -
2 

M Mg++ as desc r ibed in Method s ( 2 . 2 ) were prepared 

for thin s e c t i on e lec tron microscopy as de scribed 

previou s ly f2 . 3 ) . Magn i fi c ation X 7 4 , 0 0 0 . 

5 0 . 
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a l ayer a t  the 4 0 %/6 0 %  sucrose i nte r f ace . 

To te s t  whether the omi s s ion of �g++ h ad a s ign i fi c an t  

e f f ec t  o n  the spe c i fi c  ac tivities of e l ectron transport 

p roce s s e s , a c e l l  extract obtained by ce ll bre akage in the 

Hughes pre s s  was divided into two al iquots . Membrane s 

were prepared by di f fe rent i a l  centri fugat i on f rom one 

a liquo t u s ing bu f fe r  c onta in ing 1 0  mM MgC 1 2 and f rom the 

other a liquot u s ing bu f fer l ac king MgC1 2 . A c omparison o f  

c e r t a i n  e lectron t ransport a c ti vi tie s  ( Table 3 . 1 . 1 . 1 )  showed 

tha t  there was l ittle d i f f e rence between the two al iquot s ,  

so that r e s u l t s  obtained with membrane s prepa red with o r  

wi thout MgC l i a re probably comparable . 

E l e ctron microscopy o f  who le ce l l s  us ing negative 

s t aining ( P late s 3 . 1 . 1 . 2 , A & B )  gave some ind i c ation 

that me sosome s might _ oc cur i n  P.  s he rman i i .  Thin s e ct ions 
· -

o f  apparent ly whole c e l l s  pre sent in membrane p repa ra tions 

al s o  frequent ly showed ex tensive internal membr ane s truc ture 

( P l a te 3 . 1 . 1 . 3 ,  C ,  i i ) . Th i s  r a ised the pos s i b i l i ty o f  

particular spe c i al i z a�ion o f  t h e  c e l l u l a r  membrane in 

certain region s . Var i at ions i n  spe c i fic act iv i ti e s  of 

e l e c t ron t r ansport reac t ion s might also be a s s o c i ated 

wi th
. 

variation s in the amount of c e l l  wal l  attached to 

membrane s ,  the ratio of ins ide-out to right- s ide -out 

ve s i c le s , and c ont aminat ion wi th unbroken cel l s . 

The pos s ibi l i ty o f  membrane partic le he te rogene i ty 

wa s i nvestig ated by dens ity equ i librium separation o f  membrane s 

prepared i n  the absence of Mg++ . Membrane s c o l l e c te d  from 

betwee n  4 0 %  and 6 0 %  suc rose l ayer s  we re d ialysed . again s t  

0 . 1  M Tri s  bu ffer ( pH 7 . 4 , a t  5 °C )  for 8 hrs and then applied 



Tabl e  3 . 1 . 1 . 1 :  Compari s on o f  recovery of e l ectron 

transport a c tivi ties in membranes 

prepared with and without Mg++ in 

the isol ation bu f fe r  

5 3 . 

Total 
Prot ein 

D-lac -D ICP IP 
ox idoreductase 

D-lac -oxygen 
oxidoreductase 

NADH-oxygen 
oxidoreduc tase 

+Mg
++ 

++ 
-Mg 

2 . 3 7  17 . 6  2 0 . 4  

3 . 4 7  16 . 2  16 . 9  

The values presented in this table are the 
recoverie s of tot a l  protein or activi ty i n  
the puri f ied membr ane fraction a s  a 
perc entage o f  the tot a l  prote in or a c t iv ity 
in the original b roken c e l l  suspens ion . 

3 5 . 4  

2 5 . 7  
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STAINED CELLS OF P .  s h e rm a n i i .  
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C e l l s  co l l ec ted at the e nd o f  log growth and kept a s  a 

p e l l e t  were prepared for e le c tron microscopy as fo l lows : 

A .  0 . 2 5 %  PTA , spray ( a s  de s cr ibed in sec tion 2 . 3 ) .  

Magn i f ic at ion , X 5 5 , 0 0 0 . 

B .  The s ample was p repared as in the drop wash 

method ( section 2 . 3 ) except that 1 %  ammonium 

molybdate was u s ed instead of 2 %  PTA . 

Magni fication , X 5 5 , 0 0 0 . 



A 

B --
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to a 3 0  ml 4 0 %  to 6 0 %  linear sucrose gradient and 

centri fuged ove rnight ( 1 4  hrs ) at 1 0 0 , 0 0 0  g a t  5°c .  

F ra c tions o f  1 . 2  ml we re col l e c ted by forcing G 5 %  sucrose in 

f rom the bottom o f  the tub e . The s e  frac tions we re analysed 

f o r  prote in ,  spec i f ic a c tivi ties o f  D - l actate- , L - l a c t ate ­

and NADH-D ICPIP oxidoreduc tas e s , D -lactate- and NADH-oxygen 

oxidoreduc tas e s  and spec i f ic gravi ty . Data f rom thi s 

are pre s ented in F i gure 3 . 1 . 1 . 1  and 'I'ab l e  3 . 1 . 1 . 2 .  

Memb rane mate r i a l  was concent r ated in three ma j o r  

zone s  appearing a s  three peak s in F igure 3 . 1 . 1 . 1 . Howeve r , 

the spec i f ic ac tivi ties o f  a l l  the e l e c t ron t ranspor t  

proce s se s  me&su red were very s imilar in all  f raction s , 

apa r t  f rom the four mo st dense fraction s , wh ich may have 

inc l uded s ome unbroken c e l l s , and th e  first four frac tions 

( Ta b l e  3 . 1 . 1 . 2 ) . The s pec i f i c  ac tivitie s of D - l a ctate -DICPIP 

ox idoreduc tase i n  f r ac tions 2 ,  3 and 4 were s i gni f i c antly 

h i gher than the mean activity o f  all s ampl e s . The s ame i s  

t rue for L - l ac tate-D ICP I P  oxidoreductase in fraction 2 .  

The se high ac tivitie s are probably due to a form o f  D - l a c ta te 

and L - l ac tate dehydrogenase whi ch has di ssoc i ated from the 

membrane , s ince the spec i fic gravi ti e s  o f _ the se frac t i on s  

l i e  b e low the l i near portion o f  the den s i ty g radien t . 

The shaded portions o f  Figure 3 . 1 . 1 . 1  repre sent 

pooled fractions whi c h  were d ialysed to remove sucro s e  and 

ex amined by t ran smi s s ion e lec tron micros copy ( P la te s  

3 . 1 . 1 . 5 , A ,  B & C ) . The s i z e  d i s tr ibution o f  the s e  p arti c l e s  

w a s  e s timated b y  measuring thir ty ve s i c l e  d i ame ter s  f rom e ac h  

o f  3 or 6 photogr aph i c  prin ts . Re sul t s  o f  the se mea su rements 

are tabu lated in Tabl e  3 . 1 . 1 . 3 .  
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F i gure 3 . 1 . 1 . 1 :  D - lactate -D ICP I P  oxidoreductase and 

total protein in fract ions from den si ty 

gradi ent cent r i fugation o f  membranes 

p repared f rom P. s he rmani i . 

Data shown graphic ally i n  thi s  figure are t abul ated in 

Table 3 . 1 . 1 . 2 .  Shaded portions repre sent the pooled 

f ractions which were examined by e lectron microscopy 

( P l ate 3 . 1 . 1 . 2 ) . Total D- l ac ta te-DICP IP oxidoreductase 

( �mol D IC P I P  reduced min- 1 ) e ;  prote in conc entration 

-1 A ( � g  ml ) .tf:iA ; Spec i fi C  gravi ty 1 J'JJ o 
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Table 3 . 1 . 1 . 2 :  Sucrose Dens i ty Gradient Frac t ionation o f  

11 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

1 2  

1 3  

1 4  

1 5  

1 6  

1 7  

1 8  

1 9  

20 

21 

2 2  

2 3  

2 4  

25  

2 6 .  

2 7  

28  

29  

30 

X 
s. d .  

Pro t e!y 
(ug ml ) 

4 5  

5 0  

9 0  

1 60 

1 3 0  

9 0  

7 0  

6 5  

6 5  

6 0  

5 2  

5 0  

5 2  

5 5  

6 5  

9 2  

1 1 8 

2 0 2 -. 

280 

2 4 6  

1 9 6 

1 66 

1 66 

2 3 7  

1 28 

58 

4 7  

4 0  

3 5  

3 2  

P .  s h e rma n i i  membrane s :  Prote i n , Spe c i fic 

Ac tivi ties and Spe c i f i c  gravity o f  Fraction s . 

D-lac L-lac NADH D-lac NADH 
D ICPIP D ICPIP D ICPIP Oxygen Oxygen S . D .  

1 . 62 0 . 1 33 0 . 4 1 3  0 0 

1 5 . 2  2 . 4 6 0 . 566  0 0 . 235  1 . 1 3 7  

1 4 . 5 1 . 80 0 . 7 62 1 . 1 59 0 . 2 7 3  

1 1 . 4  1 . 1 5 1 . 3 04 1 . 2 1 6  0 . 500 1 . 1 6 1  

9 . 8 7 

7 . 80 

8 .  7 8  

7 . 1 0  

6 . 4 9 

6 . 83 

7 . 20 

6 . 7 1 

6 . 6 2  

6 . 83 

5 . 9 8 

4 . 66 

5 . 7 1  

7 . 07 

6 . 7 1  

6 . 38 

7 . 1 7 

7 . 4 4  

7 . 4 0  

8 . 6 1 

6 . 20 

6 . 87 

4 . 1 3 

3 . 30 

2 . 1 6  

1 . 4 1  

6 . 94 

3 . 02 

1 . 06  

o.  9 1 1  

o .  7 9 2  

0 . 884 

0 . 8 1 8  

0 . 824 

0 . 835 

0 . 7 1 4  

0 . 692 

o. 7 2 2  

0 . 624 

0 . 51 5  

0 . 642 

o. 642 

0 . 599 

0 . 6 5  

0 . 634 

0 . 6 5 9  

0 . 598 

0 . 62 7  

0 . 4 3 7  

0 . 32 5  

0 . 1 1 6  

0 . 09 3  

0 . 1 06 

0 . 1 1 6 . 

0 . 7 9 7  

0 . 44 5  

1 . 2 2  

1 . 1 08 

1 .  03 

0 . 980 

0 . 923 

0 .  8 1 1  

1 . 0  

1 . 01 

1 . 05 

1 . 008 

0 . 659 

0 . 764 

1 . 1 3 1  

1 . 1 8 

1 . 1 5 

1 . 3 1 8  

1 .  31 2 

1 . 29 9  

1 . 205 

1 . 3 2 

1 . 1 05 

1 . 1 1 3  

0 .  754 

0 . 543 

0 . 253 

0 . 286 

1 . 028 

0 . 2 2 6  

1 . 1 02 

0 . 791  

1 . 33 

1 . 03 

0 . 3 91  

. 0 .  7 7 2  

0 . 691  

0 . 706 

0 . 7 79 

0 . 641 

· 0 . 925 

1 . 042 

0 . 892 

0 . 683 

0 . 97 5  

0 . 750 

0 . 882 · 

0 . 230 

0 . 5 7 6  

0 . 5 6 7  

0 .  7 1 3  

0 . 6 7 2  

0 . 538 

1 . 1 7 2  

0 . 654 1 . 1 8 1  

0 . 6 1 4  

0 . 5 1 5  1 . 1 9 1  

0 . 5 7 2 

0 . 63 1  1 . 200 

0 .  7 2 5  

0 . 895 

o.  7 5 6  1 . 207 

0 . 80 1  

0 .  7 5 8  1 .  2 1 3  

0 . 7 9 8  

0 . 0495 

0 . 59 2  

0 . 2 0 2  

1 . 2 23  

Spec ific ac t iv it ies a r e  expressed as umoles D ICPIP or oxygen r educed 
nPr m i n  n P r  m� nrn r P i n .  
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Tab l e  3 . 1 . 1 . 3 :  Parti c le s i zes  f rom three di f fe rent den s i ty 

grad i ent - fractions 

Spec if ic Grav ity 
3 

(g /cm ) 1 . 1 60 1 . 200 

D iamet er (nm) 3 2 . 4 (a )  1 03 (b ) 

S tand ard d ev iat ion (mn) 0 . 6 7 1 3 . 3  

Range (nm) 1 2- 6 1  22-4 1 0  

( a )  

( b )  

ave rage o f  9 0  determinat ions 
. -

ave rage o f  1 8 0  de terminat ions 

1 .  2 1 2  

9 8 . 7 ( b ) 

1 Lf .  1 

2 2-480 
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- 3  The sma l l  part i c le s  ( spec i fi c  gravi ty 1 . 1 6 0  g c m  ) 

corre spond app roximate ly in s i ze ( 3 0 - 4 0  nm diamete r )  to 

the ' mesosome ' s i z e  observed in e lectron mic ro s copy o f  

thin sec t ion s o f  who le c e l l s  ( Pl a te 3 . 1 . 1 . 2 ) . Howeve r ,  

the ' mesosome - l ike ' feature s ob se rved by electron micros copy 

may we l l  be a rti f ac t s  created by the procedure s for preparing 
. 

ce l l s  for e lec tron micro scopy which c ause s bonding b etween 

DNA and the c e l lu lar membrane ( Pa rk s  e t a Z, 1 9 8 1 ) . S ince 

there is no s i gni ficant di f ference in speci fic ac tiv i ty of any 

o f the .electron t ransport proce s s e s  as sayed in the l i ght 

- 3  . 
part i c l e  frac t i on ( spec i f i c  gravi ty o f  1 . 1 6 0  g cm ) from 

that i n  the h eavier fract ion ( spec ific gravity o f  1 . 2 0 0  g 

there i s  no evidence o f  funct ional spec i ali zation o f  the se 

membrane s .  

- 3 cm ) , 

The two more den se pooled fraction s ( spec i f i c  gravi ty 
- - 3  o f  1 . 2 0 0  an� 1 . 2 1 2  g cm ) a l so d id not d i ffer s i gni f i c antly 

in spec i f i c  activitie s .  They d i d  di ffe r  in th a t  the heavier 

fraction appe ared to contain more cell wal l mate r i a l  than 

d id the s . g . 1 . 2 0 0  membrane s a s  wel l  as some who le ce l l s . 

The who l e  c e l l s  present in the s . g .  1 . 2 1 2  f raction 

( P late 3 . 1 . 1 . 3 , C )  formed a sma l l  proportion o f  the fract i on . 

Some o f  the s e  c e l l s  s how considerab l e  membrane s t ructure in 

the cytopl a smic space , whe re a s  others show very l i tt l e . 

Thi s probably repre sents variat ion in degree to which the 

c e l l s  were broken , the more damaged c el l s  showing greater 

inte rna l membrane s truc ture . 
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P l ate 3 . 1 . 1 . 3 :  ELECTRON M ICROGRAPH S OF POOLED FRACT IONS 

FROM DENS I TY GRAD IENT CENTRIFUGAT I ON . 

A .  Negat ive s t ain ( 0 . 2 5 %  PTA , as de s c r ibed in 2 . 3 ) o f  

' l i ght '  membrane fracti on ( s . g . , 1 . 1 6 0 ) . X 8 2 , 0 0 0 . 

B .  Th in section e lectro n  micrographs o f  ' middle ' 

membrane fraction ( s ·. g . , 1 . 2 00 ) . X 4 6 , 0 0 0 . 

C .  Thin s e c t i on elec tron mic rograph o f  ' heavy ' 

membrane fraction ( s . g . , 1 . 2 1 2 ) . 

( i )  X l 7  , 5 0 0  

( i i )  X 4 6 , 0 0 0  
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3 . 1 . 2 :  E lectron t r ansport activiti e s  o f  P .  s h e rm a n i i  

membrane preparat ions 

6 4 . 

Membrane s prepared as de scribed in the sec tion 2 . 2  

were able to couple the oxidation o f  D- l actate , L - l ac ta te 

NADH and succ inate with the reduct ion o f  oxygen and oxidat ion 

of the f i r s t  t hree of t hese donor s  w ith the reduction o f  

fumarate . The e lectron t ran sport a c tivi ties dependent on 

D - l ac t ate , NADH and succ inate as donor s  were fairly s t able , 

although i t  was noticed th at NADH c oupled activi tie s de creased 

s li ght ly with t ime . L - l actate-coupled ac tivities  were muc h  

le s s  stable , dec re a s i n g  f rom leve l s  s imi lar to tho se f o r  

D - l actate i f  a s s ayed the d ay o f  preparat ion t o  2 0 %  or l e s s  

i f  a s sayed the f o l lowing day . Therefore , L- l actate-coupled 

reacti on s  were norma l ly as sayed on the d ay of preparation or 

a s  s oon as pos s ib l e  thereafter , whe reas other activi t i e s  c ou l d  

be mea sured during t h e  four days s ub sequent t o  prepara t i o n  

without substant i a l  l o s s  o f  act ivi ty when s to red a t  4 °C .  

Membrane fra c t i ons were rare ly k ep t  longer t han th i s . 

3 . 1 . 2 . 1 :  Spe c i fic a c tivities o f  oxyge n and fumarate 

oxidoredu c ta s e s  

Spec i fi c  ac tivit ie s  o f  elec t ron transport proce s se s  

c oup led t o  oxygen or fumarate reduction ( the latter i n  an 

oxygen- f ree as s ay )  are shown in Table 3 . 1 . 2 . 1 . The memb r an e s  

f h d · h o f  1 0  mM Mg
++ 

or t ese a s s ay s  wer e  prepare 1n t e presence 

and were a s s ayed on the d ay of preparation . Spec i f i c  

activi t i e s  determined wi th membranes which h ad been prepared 

u s ing a sucrose grad ie nt s tep and a s s ayed a f te r  s torage a t  
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4°C for 1 - 4  day s  were lowe r , norcial ly 2 5 - 5 0 %  o f  these 

value s . Howeve r , t he rati o s  of acti�ity of oxygen to fumarate 

con sumpt ion , of oxygen con sumption in the pre sence and 

absence o f  PMS , and of D - l ac t ate to NADH to succinate 

dependent activi t i e s  remai ned fai rly con stant . 

I f  the rates o f  oxygen consumpt ion are expre s sed a s  � g 

. - 1  - 1  atoms o f  oxygen m1n mg , the rate s o f  reduc t ion o f  oxygen 

and fumarate are roughly equal for e ach sub s t rate . PMS 

acce lerated oxygen consumpt ion 2 . 5  fo ld with D - l actate , 6 . 0  

fold with L - l ac ta te and 1 9 . 2  fold with succ inate . Succinate-

oxygen oxi doreduct ase a c tivity wa s ve ry much lov1e r than 

that with o th er donor s ( 2 . 5 % of D - l actate -oxygen oxidoreduct a s e ) 

Howeve r ,  PMS s t imul ated i t  by a much greate r factor , 

s ugge� ting tha t  the low rate of electron tran s fe r  from 

succ inate to oxygen i s  not l imi ted by a low d ehydrogenas e  

activity . 

Tab l e  3 . 1 . 2 . 1 :  Spec i f i c  Ac t ivi tie s o f  Oxygen and Fumara te 

Ox idoreductase in Membranes o f  P .  s h e r ma ni i . 

Acceptor D - lac 

Oxygen 7 . 6 7  

Oxygen + PMS 1 9 . 7  

Fumarate 4 . 0 2 

Reduc t ant 
L-lac NADH 

2 . 0 3 

1 2 . 2  

1 . 5 4 3 . 2 1 

Succ 

0 . 1 9 2  

3 . 6 9 

Spe c i fi c  a c tivi ti e s · are in �mo les fumarate o f  �mo l e s  

. - 1  mg . -1 oxygen m1n prote 1n . PMS was pre sent , when indi cated , 
1\ 

a t  1 0 - 4  M . .  Membrane s were prepared
.

in the presence o f  1 0  

mM Mg++ and a s s ayed on the day preparation . Fumarate 



6 6 . 

r educ t a s e  activities were determined in an anaerobic a s s ay . 

a s  described in sec t ion 2 . 3 . 7 .  Oxygen c onsumption was 

f o l l owed us ing an oxygen e lectrode a s  de sc ribed in section 

2 . 3 . 8 .  

3 . 1 . 2 . 2 :  Spec i f i c  ac t ivitie s o f  the Fe ( CN) 6 a nd D I C P I P  

oxidoreduc t a s e s  

Spec i fic ac tivities o f  reductases mea sured with Fe ( CN ) 6 

o r  DICPIP a s  e l ec tron ac ceptors are s hown in Tab le 3 . 1 . 2 . 2  

& 3 . 1 . 2 . 3  re spective ly . Activities were compared in the 

pre sence and absenc e  o f • PMS and also in the pre sence and 

absence o f  oxygen to ascertain the extent to whi c h  oxygen 

compet e s  wi th the dye s for e lec tron f low . 

Table 3 . 1 . 2 . 2 :  Spec i fic activities o f  Fe (CN ) 6 Reducta s e s  

02 
( a )  PMS ( b )  D - l ac L- l ac NADH Succ 

+ 3 0 . 8  2 . 0 2 24 . 7  6 . 2 2  

+ + 9 4 . 1  3 . 1 0 1 3 . 2  

3 3 . 2  4 . 3 3 2 8 . 0  6 . 7 1 

+ 9 1 . 0  7 . 4 4 1 3 . 2  

Va lues pre sented are spec i f ic activi t i e s .  of Fe ( C N ) 6 reduction i n  �mo l e s  per min per mg prote in . 

( a )  As s ay performed u s ing reagents equi l ibrated wi th 
atmo spheric oxygen ( + ) or oxygen- free , under 
ni trogen ( - ) .  

· 

( b )  PMS pre sent , when i nd icated , a t  0 . 1  �� . 
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Table 3 . 1 . 2 . 3 : Spe c i f i c  Activitie s o f ' D ICP I P  Reduct a s e s  

02 
( a ) PMS ( b )  D - la c  L - l ac NADH Succ 

+ 4 3 . 4  1 . 5 5 3 . 4 4  1 . 4 5 

+ + 6 7 . 2 . l .  2 5  7 . 8 8 

3 9 . 5  7 . 6 4  8 . 6 7 1 . 8 3 

+ 7 1 . 9  8 . 3 4 9 . 4 1 

Figures are spec i f i c  ac t ivity o f  D I CPIP reduc t i on in 
micro mo l e s  per min . pe r mg prote in . ( a )  and ( b )  a re 
the s ame a s - in · F ig . � . 1 . 2 . 2 .  

The ratios o f  activity mea sured in the pre sence o f  

oxyge n  to t h a t  i n  i t s  ab sence a re given in T a b l e  3 . 1 . 2 . 4 .  

I t  can be seen that oxygen competes s trongly with Fe ( CN ) 6 

o r  D IC P I P  i n  s ome as says but not at a l l  in o thers . I n  

par t i cu l ar , L- l actate-D ICP I P  oxidoreduc tase and , t o  a 

l e s s er exte nt , L - l ac tate-Fe ( CN ) 6 oxidoreductase activit i e s  

were inhibi ted b y  the pre s ence o f  oxygen � NADH-D I CP I P  

oxidoreductase activity was a l s o  quite s trongly inhibi ted , 

·whi l e  NADH-Fe ( CN ) 6 oxidoreduc tase activi ty was not markedly 

a f fe c ted . The pre senc e of PMS had l i ttle e f fec t on the 

rat io s . 

The ratios o f  ac tivi t i e s  in the presence and absence o f  

PHS are shown i n  Table 3 . 1 . 2 . 5. Wh i le PMS s t imu l ated the 

ox i doreductase activi tie s in a l l  c ase s except for L - l actate-

D ICP I P  oxidoreduc tase , the extent o f  stimu l a t ion d i f fe re d  

. / 



Tab l e  3 . 1 . 2 . 4 :  E f fec t s  o f  oxygen on Fe (CN ) 6 and D IC P I P  

Reduc tase s . 

Ox idant PMS D - l ac L - l ac NADH S u c c  

Fe ( CN ) 6 1 . 0 8 2 . 1 4 1 . 1 3  1 . 0 8 

F e ( CN ) 6 
+ 0 . 9 7 2 . 4 0 1 . 0 0 

D IC P I P  0 . 9 1 4 . 9 3 2 . 5 2 1 . 2 6 

D IC P I P  + 1 . 0 7 5 . 3 8 1 . 1 9 

6 8 .  

The values p re sen ted in thi s t ab l e  are the rat ios obtained 
by d ividing t he s pec i f ic activity determined in the absence 
o f  oxygen by t_hat determined in i ts pres ence , u s i n g  data 
presented in Tabl e s  3 . 1 . 2 . 2  and 3 . 1 . 2 . 3 . 

T able 3 . 1 . 2 . 5 :  E f f e c t  of PMS on Fe ( CN ) 6 and D ICP I P  

Oxidant 

F: ( CN � 6 

Fe ( C N ) G 
D IC P I P  

D IC P I P  

+ 

+ 

Reductase s . 

D-lac 

3 . 0 6 

2 . 7 4 

1 . 5 5 

1 . 8 2 

L- l ac Succ 

1 . 5 3 2 . 1 2  

1 . 7 2 1 .. 9 7  

0 . 0 8 6  5 . 4 3  

1 . 0 9 5 . 1 4 

The v�lues pre s ented in thi s t ab l e  are the ratios obt ained 
by d ividing t he spec i f i c  ac t i v i ty de te rmined in the presence 
of PMS by that determined in i ts absence , us ing d at a  
presenced i n  Tabl e s  3 . 1 . 1 . 5 · and 3 . 1 . 1 . 6 .  
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markedly for the d i f fe rent sys tems . PMS s timu l ated Fe ( CN )
6 

reduc tase much more t han D I C P I P  redu c tase with D - l ac ta t e  

a s  donor , b u t  had t h e  oppo site e ffect with succinat e . The 

acce leration of reduc tase activi tie s by PMS was 

unaffected by oxygen . I t  i s  a l s o  o f  interes t  to note that 

PMS s timu lated act ivity of the reduc tases by a l e s s e r  fac tor 

than that for PMS s t imu lation o f  oxygen consumption ( see 

Tab l e  3 . 1 . 1 . 4 ) . 

A f in a l  c ompar ison o f  inte re s t  i s  that whi le the 

speci f i c  activities o f  the D I CP I P  reduc tase and the Fe ( CN ) 6 

reduc tase ( in the ab sence o f  PMS ) are approx imate ly 

comparab l e  fqr D- and L- l actate , the Fe ( CN) . reduc tase 
t> 

a ctivity i s  markedly h i gher than DICPIP activity for NADH 

and succinate . 

From t he se s tudie s ,  i t  i s  apparent that D IC P I P  and 

Fe ( CN ) 6 interact w ith d i f f erent components o f  the e le c t ron 

tran sport chain . The se re su lts wi l l  be discus sed late r in 

th i s  the s i s . 

Determin ation of Apparent Km Values for Sub s t rate s 

Michae l i s  constants for D - l a c t ate , L-lac tate and NADH 

were dete rmined u s ing a numb er of d i f ferent a s s ay s  in orde r 

to ensure that a su f f i c i ently h igh concentration o f  s ub s t rate 

wa s u s ed to achieve s aturation of e l ec t ron t r ansport 

activiti e s  in rou ti�e a � s ays . Da t a  from linear regre s s ions 

o f  Lineweaver-Burk p lots ( 1/v vs 1/S ) are shown in Tab le 

3 . 1 . 2 . 6 .  B e c au s e  the ac tivi ti e s  b e ing measured are i n  a l l  

c a s e s  mul t i - step p�o c e s s e s  in which the rate l imi ting s tep may 

no t be the s ame with di ffe rent e l e ctron accepto r s , 



Tab le 3 . 1 . 2 . 6 :  Apparent Km values for e lec t ron donors 

some oxidoreduc tase systems 

donor acceptor Km (nLM )  r n 

D - lac oxygen 0 . 1 5 0 . 9 9 9 

D - l ac D I C P IP 0 . 3 6 4  0 . 9 9 8 

L- lac oxygen 0 . 0 2 7  0 . 9 8 8 

L- l ac D I C P I P  0 . 1 0 5  0 . 9 8 8 

NADH oxygen 0 . 7 2 0 . 9 9 8 

Linear regre s s ions o f  d ata ( 1 /v vs 1/S ) we re 
c a l cu lated u s ing t he interna l program on a Sharp 
5 1 0 0  calcu l ator . r i s  the corre lat ion coe f f i c i e n t  
from a regre s s ion o f  n p a i r s  o f  data . 

in terpreta tion o f  the s i gni fic ance of the K valu es i s  m 

7 0 . 

of  

c ompl ex and wi l l  not b e  attempted . The dete rminations were 

made only to e s timate s a turating sub strate c oncent r a t i ons 

for these re ac t i on s . 

The apparent Km va lue s for succinate-Fe ( C N ) 6 and 

succinate -DICPIP ox idoreductases were a l so d e termined . 

Plots o f  1/v vs 1/S are concave dmvnward ( F i gu re s  3 . 1 .  2 . 1  

A & B ) . Thi s sugge s t s  that there are two b inding s i t e s  

for succinate f o r  both oxi doreduc tase systems with 

di f fe rent K va l u e s  ( C l e l and , 1 9 7 0 )  or that negative m 

cooperativi ty e x i s t s  between binding s i tes for succinate 

on the s ame enz yme ( Fromm , 1 9 7 5 ) . Linear regre s s ions f i t ted 

to the points on t he a s s umption that the forme r interpretation 

is corre c t  give approximate Ka values for the two s u c c inate 

b inding s i te s  as s hown in Tab le 3 . 1 . 2 . 7 .  



Tab l e  3 . 1 . 2 . 7 :  Appa rent succ inate binding con s tants for 

Fe ( CN ) 6 

D IC P I P  

suc c in ate-Fe ( CN ) 6 and succinate-D ICPIP 

ox idoreduc tase sys tems . 

0 . 1 5 7  2 . 1 7 

0 . 0 5 0 2  0 . 7 4 2 

2 ( a )  r 

0 . 9 9 6  

0 . 9 7 5  

( a )  r
2 i s  the multiple corre l ation coeffic ient 

( S eber , 1 9 7 7 ) o f  t he data shown in Figu re 
3 . 1 . 2 . 1  f i tted to the equation o f  Cle l and , 
( 1 9 7 0 ) ! 

7 1 . 

The d i f ferenc e between the con s t ants determined u s ing 

D I C P I P  a nd Fe ( C N ) 6 probably de pends on the s i te s  at wh ich 

th ese acceptors interact with the comp lex sys tem coup l i n g  

ox ida tion - reduction reactions with the normal sub s trate s .  

The D I CP I P  reduc in g  sys tem apparent ly b ecomes s a tura ted 

at l ower concentrations of suc cinate than doe s that 

reduc ing Fe ( CN ) 6 • Thi s  pos s ibly ind i cates that the rate 

l imiting s teps in e le c tron t ranspo r t  from succ inate to the 

two acceptors are d i f fe rent . 

Suc c inate -coup led rea c t ions we re routine ly a s s ayed 

u s ing 2 mM succ inate . Thi s  c oncentration e f fectively 

s aturate s the h i gher affinity s i te , but not the lowe r a f f i n i ty 

s i te .  S ince these values were determined at a late s tage in 

the work desc ribed in this the s i s , thi s aspe c t  o f  succinate -

c oupled activities c ould not b e  further inve s t igate d . 



72 . 

F i gure 3 . 1 . 2 . 1 :  Lineweaver-Burk P lots o f  succinate-Fe { CN ) 6 

and suc cinate -D ICPIP ox idoreductases 

Data p l o tted are the inverse rate o f  reac tion versus the 

i nver s e  of su� c i n ate concentration {mM )  • The reac tion 

rate o f  succinate -Fe { CN ) 6 oxidoreductase was expre s s ed 

a s  th e change i n  ab sorption a t  4 0 5  nm per minute and 

that of succ�nate-D ICP I P  oxidoreductase as the percent 

maximum rate me asu red , both in the pre sence of 0 . 1  mM PMS . 

. - 1  - 1  V was e s t imated a s  4 . 9 9 and 2 . 5 0  �M m1n mg for max 

s uccin ate-Fe ( CN ) 6 and succinate -D I CPIP oxidoreductase s , 

re spe c t ive ly .  

A .  Succ inate -Fe ( CN ) 6 oxidoredu ctase 

B .  Suc c i n a te -D IC P I P  oxidoreduc tase 



F i g u r e 3 .1 . 2 .1 
A 

2 0  

1/V 

1 0  

B 
4 -

1/v 
3 

2 

"I 
1 0  

o �------------�--------�----

. - -

0 10 1/S 
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3 . 1 . 3 :  P rote in , carbohyd rate and l ipid content o f  membrane s 

B e fore i t  was reali zed that Mg++ was c au s in g  the h igh 

dens i ty o f  membrane f raction s , i t  wa s thought that this  h i gh 

dens i ty migh t  be due to a pecu liar c omposition of the 

membrane . Dete rmination o f  the ma j o r chemi c al con s ti tuents 

was there fore attempted to examine the extent to whi ch 

membran e s  may b e  contaminated with ' non-membranou s '  ce l l u l ar 

materia l s  and a s  part o f  the general membrane characte ri z a ti on . 

A membrane fract ion was analysed for protein content by 

five d i f ferent methods ( Table 3 . 1 . 3 . 1 ) . The Cooma s s i e  

b lue bind ing a s s ay gave the lowe s t  value . . Howeve r ,  due t.o 

ease o f  u s e , -i t  \va s  adopted as the routine method for 

e s timating the prote in content o f  membrane suspens ions 

throughout this work . 

In the same membrane preparation u sed above , phos ph ate , 

analysed by the met hod o f  Jaenicke ( 1 9 7 4 ) , whi c h  include s a 

perch lori c  acid dige s t , was present at 1 3  � g  per mg dry wei ght . 

Occa s i ona l ly , howeve r ,  a b l ack membrane preparation resulted . 

One - o f  these , prepared in the absence of Mg++ and f i n a l ly 

c o l l e c ted from between 4 0 %  and 6 0 %  sucrose l aye r s , was 

anal y se d  for pho sphat e . Phos phate was present i n  _ thi s memb rane 

fraction at 1 . 6 7 mg per mg prote in . Cel l s  o f  propionibacteria 

grown as de s c r ibed in this s tudy c ontain a l a rge polypho s phate 

granule whi c h  is the probable source of phosph at e  ob served 

in the b l a ck membran e s . B l ack membrane s appeare d  infrequently 

and did not app ear t o  di ffer from o ther membrane preparations 

i n  any of the e le c t ron t rans port activities a s s ayed . 



Table 3 . 1 . 3 . 1 :  Protein Analy s i s  o f  Memb ranes 

Method mg prote in per �g d ry we i gh t  

Phen o l  hypoch lori te 

K j e ld ah l  

Coomas s i e  blue 

b iuret 

Lowry 

0 . 3 6 

0 . 4 9 

0 . 2 8 ( a ) 

0 . 4 7 

0 . 3 8 

Membrane s  prepared by di f fe rent i a l  centrifugation 
in the presence o f  1 0  mM MgC l 2 were dia lysed 
against d i sti l led water twic e  for 10 hrs b e fore 
ana lys� s .  Va lue s  pre se nted �re the average o f  
dup l i c ate s . Each a s s ay was s tandardi z ed aga i n s t  
bovine serum albumin . 

( a )  This value was dup l i cated on a separate 
membrane preparation . 
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In the membrane p reparation used for the de te rminations 

pre s ented in Tab l e  3 . 1 . 3 . 1 ,  c arbohyd rate was pre s ent a t  0 . 2 0 

mg per mg dry wei ght . Thi s  unusually h i gh c arbohydr ate content 

prompted the determination of carbohydrate i n  a numb er o f  

separate memb�ane preparations ( Tabl e  3 . 1 . 3 . 2 ) . Carbohydrate 

was pre sent at an average concentration of 2 . 1 3  mg per mg 

protein and l ipid was present at an ave r age o f  3 . 2 7 mg per mg 

prote in ,  giving a membrane compo s i tion o f  1 6 % pro tein , 5 1 % 

lipid and 3 3 %  carbohydrate � The maj or devi at ion f rom normal 

membr ane c ompo s i t ion ( Law & Synder , 1 9 7 2 )  is the pre sence o f  

a h i gh conte n t  o f  c arbohydrate . 
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Tab le 3 . 1 . 3 . 2 : Carbohyd r ate and Lipid. Conten t  o f  Membranes 

P ro tein ( a )  

( mg/ml ) 

9 . 0  

4 . 4  

0 . 4 5 

0 . 9 8 

C arbohydr ate ( b )  

( mg/ml ) 

1 6 . 0  

1 0 . 5  

1 . 1 6 

1 . 7 2 

L . ' d ( c )  lpl 
( mg/ml ) 

1 4 . 2  

3 . 2 5  

Carbohyd rate 
in lipid 
fraction 

( mg/ml ) 

0 . 3 2 

0 . 0 5 4 5  

( a ) Prote in was a s s ayed with the Coomas s ie b lu e  binding 
method . 

( b )  Carbohyd�ate was ass ayed in dup li c a te by th e phenol 
s u l furic acid me thod u s ing a s tanda rd composed of 
glucose ,  mannose and inos i tol in th e rati o  6 . 4  to 3 . 2  to 
1 . 0 ,  r e s pect ive ly ( see be low) . 

( c )  Lipid was me asu red by extrac tion in dup l i c ate with 
chloroform-methano l ( 2 : 1 w/v) ) a nd weighing the drie d 
extrac t .  

An attemp t  to determine the s ource of c a rbohydrate 

wa s made by iden t i f ic at ion o f  its mono saccharide compos i tion . 

Thi s was done by ac id hydrolys i s  o f  a membrane fraction , 

acetyl ation o f  the hydroly sed monos ac ch arid e s  and separation 

by gas  l iquid chromatography as de scribed in Section 2 . 4 . 4 .  

A chromatogram ob tained u s ing an S P 2 3 4 0  column i s  shown in 

F i gure 3 . 1 . 3 . 1 .  

Al l mono s accharides i n  the s ample co-chromatographed 

wi th sug ars in the s t andard , excep t inos i to l , which was 

identi fied by co-chromatography wi th another s t andard . 

The rat i o s  o f  mono s accharide s were 'determined by compari son 

o f  peak h e i ghts to be 6 . 4 g lucose : 3 . 2  mannos e  : 1 ino s i to l . 

• 
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F i gure 3 . 1 . 3 . 1 :  Gas Liquid Chromatography Tracing o f  

Ace ty 1 a ted Monos acch arides . 

Samp l e s  o f  acetyl ated s ugars were prepared as de scribed 

{ 2 . 3 . 4 ) . T rac i ngs obtained u s in g  the Sp 2 3 4 0  column are 

shown . 

1 . 4 � 1  s t andard c ontaining equirno l ar p roportions of 

all sugars . 

2 . � . 4 � 1  s t andard plus 1 � 1  s ample . 



F i g u re 3.1 .3.1 

rhamnose 
f ucose 

a ra b i n o s e  

xylose 

2 deoxyg l u cose 

m annose 

g a l actose 

glucose 

inositol  

1 
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Traces o f  galactose and arab inose were also pres en t . 

An acyl ated ino s i to l  manno side i s  known to b e  a ma j or 

consti tuent o f  membrane lipids in P .  s h e rma n i i  ( Shaw and 

Dinglinge r , 1 9 6 9 ; P rottey and Ba llou , 1 9 6 8 ) , but as s uming 

all the ino s itol i s  pre sent as a mannos ide , there rema ins 

a con s iderab l e  amount o f  glucose and mannose to account 

for . The probab le source o f  thi s ca rbohyd rate i s  cap s ular 

polysaccharide which has adhe red to the membranes dur ing 

prepara t ion . G lucose and mannose a re known to be 

consti tuents of c apsu lar po lysaccharides in p ropionibac teri a 

( Skogen e t  a l , 1 9  7 4 )  . 

3 . 1 . 4 :  Qu inone Content o f  Membrane s 

Both Schwar t z  ( 1 9 7 3 )  and Sone ( 1 9 7 4 )  have i s o l ated 

the ma j o r  qu i none in P.  s h e rma n i i  and P.  arab i no s um and 

identi f i ed i t  a s  ( I I ,  I I I ) -tetrahydromenaqu inone-9 by �se 

o f  chromatography , UV ab sorption spec trometry and mas s  

spec trome try . Concentra tions repo rted were 4 - 7  nanomo l e s  

per mg p ro te in ( Sone , ibid)  o r  1 8 . 3  manomoles pe r m g  p rotein 

( Schwart z ,  ibid ) . Absorption maxima in i so-oct ane we re at 

2 4 3 , 2 4 8 ,  2 6 0  and 2 6 9  nm . Schwart z noted a f luore scen t  s pot 

running in the pos i tion of ubiquinone on a thin l aye r 

chromatogram o f  h i s  chloro f o rm-methanol extrac t ,  but s ta ted 

tha t  i t  6ompri sed less th an 1 0 %  of the total quinone . 

Quinone s were extracted from f ree ze-dried membranes 

wi th e i ght suc c e s s ive 5 ml portions of sodium-dr i ed 

n�pe nt ane by grind ing i n  a Dua l l  ti s sue grinde r .  Th� 

combined n-pentane extra c t s  were v acuum evaporated to 

dryne s s , r e su spended in n-pen tane and s c anned over the UV 
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region aga i n s t  an n-pentane b l ank in a qouble beam s pe c t ro ­

photomete r .  Fi gure 3 . 1 . 4 . 1  shows an u l travi o l e t  ab s orpt ion 

spec trum of such an extrac t .  Thi s  s pectrum . corresponds to 

that reported by both Sone ( 1 9 7 4 )  and Schwartz ( 1 9 7 3 )  e xcep·t 

for the hi gh absorbance below 2 4 0  nm . U s ing a mi l l imo l a r  

extinct ion c o e f fi c i e n t  of .menaqU:i none a t  2 4 9  n m  o f  1 8 . 0  i n  

i so -octane a n d  a s s uming that t h e  s ampl e  i n  Figu re 3 . 1 . 4 . 1  

i s  pure , the menaquinone content of membrane s i s  c a lcul a te d  

as 1 6 . 1  nanomoles p e r  m g  protein .  Thi s agrees we l l  with 

the value of 1 8 . 3  nanomoles per mg pro tein quo ted by 

Schwartz and Sporkenbach ( 1 9 7 5 )  • 

3 . 1 . 5 . 1 :  Cytoch rome content of P .  s he rma n i i  membranes 

The cytochrome .conte nt of propion ibacteria has b een 

d e s c r ibed by Sone ( 1 9 7 2 ) , Schwartz and Sporkenbach ( 1 9 7 5 )  and 

deVries e t  a Z  ( 1 9 7 2 ) . Sone reported only a cytochrome b peak 

i n  d i thion i te reduced minus oxidi zed spectra o f  memb rane s o f  

P .  arab i no s u m . However , this pub l i sh ed spect rum d i d  not 

extend above 6 0 0  nm , so he woul d  not have detec ted cyto ch rome d .  

Schwartz and Sporkenbach observe d ,  in low temperature s pectra 

of membrane s from P.  s h e rma n i i , the p resenc e o f  cytochrome s b ,  

a ,  d and traces o f  c ( ba sed on a sma l l  shoulder a t  5 4 8  nm) . 

D eVrie s  e t  a Z  obse rved cytochrome s b ,  a and d in P .  s h e rma n i i �  

P .  fre u de n r e i c h i i , P .  rub rum and P .  p e n to s a c e um . The b peak 

wa s de s c r i b ed a s  comp 1ex by S chwart z  and Spo rkenbach and wa s 

thought to contain an o type cy tochrome on the b as i s  o f  c arbon 

monoxide d i f fe rence spectra . 
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F i gu re 3 . 1 . 4 . 1 :  U ltravi o l e t  Absorption Spectrum of the 

Quinone Extracted from Membranes of 

P�·  s h e rma n i i  �-

The s amp l e  u sed for me asur ing the ultraviolet absorption 

spectrum s hown was prepared from 0 . 2 0 6  g ;�ry we ight o f  

dri ed memrbane s which were extracted 5 time s wi th sodium­

dried n-pentane . The extract was rotary vacuum evaporated 

to d rynes s ,  red i s s ol ved in 1 0  rnl n-pent ane and s c anned 

again s t  a b lank o f  n-pentane . The maj o rity o f  

ab sorpt ion appears to b e  dqe to menaquinone , b u t  there 

i s  s ome oth er u l t r avio l e t  abs orbing materi a l  pre sent vlhich 

appears to increase in absorbance as the wave length 

de crease s .  The l ower l i ne i s  a s c an v1i th n -pentane in the 

s amp l e  and reference cuvet tes . 



F i g u r e 3 . 1 .4.1 

0.5 A 

I . I 240 260 
WAV E L E N G T H  (n m )  

280 
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Reduced minus oxi dized d i f fe re nc e  spec tra o f  

membranes obtained u s ing dithion i te , D - l actate , NADH o r  

s uc c inate a s  reduc tants are shown in Figu re 3 . 1 . 5 . 1 .  The se 

spectra are s imilar to tho s e  o f  S c�wartz and Sporkenbach 

( 1 9 7 5 ) , showing a shi f t  in the absorption pe ak t o  shorte r 

w ave l engths in low temperature spectra as compare d  w i th room 
. 

temperature spectra , and a l s o  in th e comp lexity o f  the b peak . 

Th e low tempe r ature spectra show that the b peak i s  compos ed 

o f  a t  l e a s t  two b type cytochrome s ,  and there i s  a s li ght 

shou lder at 5 4 8  nm in l ow temperature spec tra ( mo s t  c le a rly 

evident in the suc cinate reduced spec trum) whi c h  may be due 

to a c type cytoch rome . * 

D- l actate and NADH reduce mo s t  o f  the c ytochrome b 

reduci b l e  by d i thioni te , bu t succinate reduc e s  a sma l l e r  

f ract ion o f  t h e  cytochrome b .  The spe c trum , Suc c ( LT )  ( F i gure 

3 . 1 . 5 . 1 ) , ind i c ate s that succinate reduce s cytochrome s d ,  

c and the b type cytochrome abs orbing at about 5 6 2  nm, but 

has  not fu l ly reduced the b type cytochrome ab s o rb ing at 

5 5 3 - 4  nm . Thi s ind i c ates tha t  the b-type cytochrome ab sorbing 

at about 5 6 2 nm , cytochrome d and the putative cytochrome c 

have r edox potenti a l s  above + 3 3  mV , the potent i a l  o f  the 

suc c i na te/ fumarate redox coup le ( Thauer , Junge rmann and 

Decker ,  1 9 7 7 ) , whe reas the b - cy tochrome absorbing at 5 5 3 - 4  nm 

has a redox potent i a l  below + 3 3  mV . 

* No te that throughou t thi s the s i s ,  the wave lengths 
spe c i f ied for cytochrome s  are those obtained from low 

. temperature spe c tr a , except where otherwi s e  s pe c i fied . 



F i gu r e  3 . 1 . 5 . 1 :  Room T emperature and Low Temperature 

Spectra of D i thi onite and Subs trate 

Reduced Membrane s .  

Memb rane s prepared as described were reduced wi th 

D-lactate , NADH , suc cinate or sodium d i thi oni te 

8 4 . 

and s c anned at room temperature ( RT )  or at low temperature 

· ( LT )  in the Sh imadzu MPS 5 0 0 0 . The refe rence cuve t t e  

contain ed membrane su spen sion ox idi zed by addi t ion o f  

a smal l volume o f  �2o 2 solut ion . Memb ranes were 

- 1  p r e s e n t  a t  a protein concentr at i on of 0 . 6 2  m g  ml . 



RT 

LT 

430nm 

I 
I 
I 

F i g u re 3 .1 . 5 .1 

0 .1 A 

S u c c  

t-1 A 



5 55 nm 

0.1 A DT 

D- l ac 

RT , 

NADH 

S u c c  

LT 
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C a s tor and Chance ( 1 9 5 9 ) demonstrated the pre sence o f  

a cytochrome w ith an a lpha-peak i n  the region o f  the b - type 

cytochrome s whi ch bound CO and ac ted as a terminal oxi dase , 

whi ch has b een d e s i gnated a s  cytochrome . o . They u t i l i zed 

d i f ference s pectrophotometry in whi c h  the s amp le wa s 

reduced in the pre sence o f  CO whi le the refe rence was 

reduced by the s ame agent in the absence of CO . Thi s  gives 

a spec trum in whi c h  th e alpha-pe ak of c ytoch rome o appears 

as a trough w it h  low peak s  on each s ide whi c h  are due to 

eo-bound cytochrome o .  D i f ference s pectra of P .  s h e rma n i i  

memb rane s  reduc ed i n  the pre sence o f  CO by d i thion i te , D-l actate , 

NADH and succ inate minu s membranes reduced by thes e s ame 

sub strate s in the absenc e  of CO are shown in Figure 3 . 1 . 5 . 2 .  

As sumlng the interpretati on given by Schwartz ( 1 9 7 5 )  i s  

corre c t , ( i . e . , that the t rough minimum in d i ffere nce s pe c t ra 

of S + CO/S re f l ec t s  the peak absorb an ce of reduced 

cyto chrome o ) , t he cytochrome o of P .  s h e rma n i i  corre s ponds 

to a b-type cytoch rome wh i ch has an alpha peak a t  5 5 5 - 5 �7 

nm . However the Ami n  o f  t he eo-induced trough may be 

inf luenced by th e ab sorbance pe ak s  due to eo-bound 
; 

cytochrome . 

Pyridine hemochromogen de rivative s  o f  the cytochrome s 

were prepared as desc ribed in sec t ion 2 . 4 . 5 .  The abs o rption 
I 

spec t rum o f  t he s e  hemochromogens i s  shown in Fi gure 3 . 1 . 5 . 3 .  

A lpha peaks for b-type heme and d-type heme a re p re s e n t  a t  

5 5 6  nm and 6 4 9  nm , re spective ly . U s ing the extinction 

c oe f f i c i ent o f  heme b at 5 5 6  nm ( Tab l e  2 . 4 . 4 . 1 ) , a c oncen tra­

t ion of 0 . 6 6 5  nmo l e s  heme b per mg protein is e s t imate d . 



F i gu re 3 . 1 . 5 . 2 :  Ca rbon monoxide d i fference spec tra o f  

memb rane s . 
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Memb rane s  ( f in a l  concentrati on o f  0 . 7  mg prote in per 

ml ) were p l ac ed in butyl rubber s toppered vi a l s  and one 

of e ach of four pa i r s  was i nj ec ted with 5 ml of c arbon 

monox ide gas . After 1 5  min , reduc tant was added and 3 0  

min was a l lowed f o r  the s ample t o  reduce . S ample 

reduced i n  the pre sence o f  CO was placed in the sample 

b eam cuve tte whi le that reduced in the absence of CO 

wa s p l aced in th e re ference be am c uvette . DT re fers 

to dithion i te . 



F i g u re 3 .1 . 5 . 2  

555 nm  

0 .02  A DT + CO 
DT 

-...._- D - l ac + C O 
D - l a c  

N A D H + C O 
NADH 

Sue c. 



F i gu re 3 . 1 . 5 . 3 : Spect r a  o f  Pyridine Hemo chromogens 

9 0 . 

Th e v is ib l e  abs orpt ion spe c t rum o f  pyrid ine hemochromogens 

prep ared f rom membrane s o f  P .  s he rma n i i  ( 7 . 0  mg pro te in 

per ml ) a s  o e s c r ibed i n  2 . 4 . 5 .  is shown . Heme d is pre sent 

as ind i c ated by a peak a t  6 4 0  nm and heme b is pre sent 

a s  ind i c ated by a peak a t  5 5 6  nm . 
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Thi s  compare s  with t he valueA by S chwart z and Sporkenbach 

( 1 9 7 5 )  o f  1 . 8  nanomol e s  per mg protein . There was no 

c yto�hrome c hemochromogen observed in the acid ace tone 
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insoluble fraction , but thi s may be due to the low quant i ty 

o f  this  cytochrome . 

3 . 1 . 5 . 2 :  Room temperature redox t i trat ions 

It was evident from t he low temperature spectra that 

the b peak wa s c ompo sed of two or more cytochrome b component s , 

whi c h  probably d i f fered in midpoint redox potent i a l . I f  the 

midpoint redox potent i a l s  o f  cytochrome component s d i f fe r  

b y  5 0  mV o r  more , a redox t itrat ion wi l l  dist ingu i sh betwee n  

them . Redox t i tratlon s  o f  membrane suspen sion s were therefore 

performed as d e s c r ibed in sect ion 2 . 6 . 2 . 1  . 
. -

Repre sentative d i f ference spec tra o f  the a -peaks o f  

cytochrome ( s )  b a t  known redox potent i a l s  are shown in 

Figure 3 . 1 . 5 . 4 .  From a whole series  of t hese scans ( be twee n  

2 0  and 2 5  for e a c h  t itration)  the d i f ferences in absorbance 

at the wavel engths pairs 5 6 5  nm - 5 7 5  nm* and 5 5 9  nm - 5 7 5 . 

nrn were determined . The absorbance d i fferences were p l o t t�d 

as percent max imum abs orbance change versus redox potent i a l  

( Eh ) .  Two such plots are shown i n  F igure 3 . 1 . 5 . 5 ,  A and B .  

The c u rve f ormed by plotti ng the absorbance d i f fe re nc e  

between 5 5 9  nm and 5 7 5  nm shows two c learly separab l e  

c omponent s w i th approx imate midpoints o f  +8 0 mV to +1 0 0  mV 

and - 3 5  mV to - 4 0  mV . The high redox potenti a l  fraction o f  

* Note that wave lengths quoted in thi s s ec t ion re f e r  to room 
t emperature spec tra and wi l l  be d i f ferent f rom wave l engths 
u s ed in the other sect ions whi ch refer to low temper ature 
spectra . 
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F i gu re 3 . 1 . 5 . 4 : Room Temperature Spectra o f  Redox P o i sed 

Membranes 

T r ac in g s  shown are s c an s  o f  the b peak pe r formed in the 

C ary 2 1 9  at room temperature . The redox potential o f  the 

memb r anes in the s ample be am are shown on the right h and 

s ide of eac h  s pectrum . The refe rence sample was a 

s u spen s ion o f  membrane s at equal concentration whi ch were 

ful ly oxidi zed by addi tion o f  a few granu les of potas s ium 

ferricyanide . Membranes were pre sent at a protein 

- 1  concentration o f  1 . 8  m g  m l  . 



Fi g u re 3 .1 . 5.4 
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F i gu re 3 . 1 . 5 . 5 :  Room T emp er ature Redox T i t r at ion s o f  

Cytochrome s b ·and d 

Absorbance d i f fe rences at 5 5 9  nm - 5 7 5  nm ( o , 0 )  at 

5 6 5  nm - 5 7 5  nm (+) for cytochrome b and the absorbance 

d i f fe rences for cytochrome d ( £. , �) as e s t imated by the 
at 6 30n?n 

d i f fe renceA between t he re corded s pect rum and a s t ra i ght 

l ine c onnect ing points on the recorded s pectrum at 6 6 0  nm 

and 6 0 5  nm. - S o l i d  symbols we re determined from 

t i t rat ions w i th 5 %  sodium d i th i oni te and open f i gure s were 

dete rmined from ti trat ions · wi th 2 %  pot ass ium ferricyande . 

The expe riment s were perf ormed as de scribed in 2 . 6 . 2 . 1 .  

I n  t he d i thion i te t i t ra tion o f  the cytochrome b peak in 

3 . 1 . 5 . 5 ,  A ,  the values for absorb ance d i fference at 

- 5 6 5  nm - 5 7 5  nm (�) ove r the redox range + 50 mV to 

-1 8 0  mV are so c lose to the va lues for 5 5 9  nm - 5 7 5  nm that 

the points h ave b een omi t te d  from the f i gure for cl ari ty . 
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cytochrome b appears t o  compos e  6 0 - 7 0 % of the tot a l  

cytoch rome b ,  whi le the l o w  potent i a l  .fiaction appea r s  to 

compo se 3 0- 4 0 %  of the total cytoch rome b .  

The high redox potenti a l  fract ion account s for a 

hi gher propor t io n  o f  t he tota l t i tratable cytochrome b 

peak when t he wave length pair o f  5 6 5  nm - 5 7 5  nm i s  u sed . 

Thi s c an be attr ibu ted t o  the contr ibut ion of a cy tochrom e 

b absorbing i n  t he region 5 6 2 - 5 6 5  nrn which i s  reduced a t  

higher ( about 1 0 0 mV ) redox potent i a l s  and t h e  decreased 

contribution o f  a component ( or component s )  with a 

maximum absorption wave length l e s s  than 5 5 9  nm vJh i c h  i s  

reduced at lower po tent i al s . Thi s i s  more c l e ar l y  seen in 

Figure 3 . 1 . 5 . 4 ,  where the absorption peak shi f t s  to a shorter 

wave length as the redox potential i s  lowe red . 

From data obtai�ed u s i ng the wave length s 5 6 5  nm a nd 

5 7 5 nm , there i s  s ome i nd i c at ion o f  another step b etween 

the se two ma j or groups . Thi s  appears as a sma l l  step i n  

Figure 3 . 1 . 5 . 5 ,  B at approximately - 1 0  mV ( s o l id square s ) . 

Whi l e  thi s step appeaied in the maj ority of room temperature 

redox t itration s , it c an account for no more than 5% o f  the 

b cytochrome . 

The midpoints o f  t he two main steps are s imi lar in the 

two curves s hown ( Figure 3 . 1 . 5 . 5 ,  A & B ) , however ,  wit h  

several other redox t itrations , some variation i n  midpoint 

redox potential values was found . Nine different redox 

titrations were performed whi ch were s imi lar in shape and 

s eparation of midpoint value s but d i f fering somewhat i n  

the actual va lues . e s t imated for the midpoints ( T able 

3 . 1 . 5 . 1 ) . Back titration s  o f  membranes reduced wi th 

d ithionite were pe rformed us ing ferricyanide as oxidant i n  
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two i n s tanc e s  and the se both showed 1narked hy s te re s i s  

( F i gure 3 . 1 . 5 . 5 ) . Hystere s i s  b etween · r�ducing and ox idi z ing 

�itration s has been attributed �o non - e s tabl i shment o f  

equ i l ibrium between t he p l atinum electrode and the 

cytochrome component s ,  which may be due to inadequate 

c oncentrat i on s  of medi a tor s .  

The variabi lity in midpoint value s e st imated from 

reduct ive t i tration s  and the observat ion of hystere s i s  w i th 

r everse ti t ra t ions means that accurate midpoint potent i a l s  

c annot be a s s igned . However , i t  i s  c le ar from the se t i tra t ions 

that there are at l e a s t  two maj or cytochrome b component s 

with redox potent ia l s  o f  the order o f  - 2 5  mV and + 9 0 mV 

( Table 3 . 1 . 5 . 1 )  and pos s ibly a very minor component with a 

midpoint potential  in betwee n  these , present in membrane s o f  

P .  s he rm a n i i .  

3 . 1 . 5 . 3 :  Low temperature spectra of redox-poi sed membrane s 

The greater re solut ion o f  low temperature spectrophoto­

metry a l lows f iner d i stinc tion between cytochromes with 

c lo sely ad j ac ent abs orb ance maxima than is pos s ib l e  u s ing 

room temperature spectrophotometry . Low temperature 

spectrophotometry a l so perm i t s  the inve st igat i on of e f fe c t.s 

o f  incrementa l  c hange s  in the redox· potenti a l  by dete rmining 

the d i f ference betwee n  frozen s amp l e s  containing membran e s  

poi se d  at d i f fe rent redox potent i al s . The r e s u l ti ng 

d i f f e rence spec t rum shows the amount o f  cytochrome reduced 

be tween the known potential s ,  e l iminating any reduction 

which has occurred at potent i a l s  highe r  than that of the 

reference s amp l e . 
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Membrane su spen s ion s in 5 0 %  glycerol we re poi sed a t  

known redox potent i al s , f ro z en in l iquid a i r  and d i f ference 

spec tra measu red in a Shimad zu MPS s pec trophotometer , as 

described in sections 2 . 6 . 1 and 2. 6 . 2 . 2 .  I n  each experiment , 

s amples were t aken at a s  many a s  ten d i f ferent redox 

potent ia l s .  The first s ampl e  was normal ly fu l ly ox idi zed 

( Eh = +1 8 0  mV or greater)  and the redox potenti a l  was 

progre s s ive ly lowered unt i l  ten samp les cove r i ng the de s i red 

r ange of redox poten t i a l s  had been collected . 

Nineteen separate redox ti trations were pe r formed by 

thi s method . Some o f  t hese encompassed · the fu l l  range of 

redox pote nt i a l s  shown by the room temperatu r e  ti trations to 

inc lude a l l  o f  the c ytochrome s , i . e . , an Eh r ange of +2 0 0  

mV t o  - 1 0 0  mV . S ome e xperiments covered narrower redox 

r ange s in order to d i s t ingui sh between b-type cytochrome s 

with midpo int potenti a l s  d i f fe ring by less  than 5 0  mV . 

A set o f  spec tra cove ring the ful l range o f  redox 

potent i a l s  ( from +3 0 4  mV to - 1 2 1  mV ) is shown in Figure 

3 . 1 .  5 .  6 . In these spe c tra , the reference s ample \vas fully 

oxidi zed . Cytochrome d was fu lly reduced at + 1 4 7 mV and 

there appeared to be no furthe r  incre ase in p e ak height a t  

6 3 0  nm a s  the redo x potent i a l  wa s lowered b e l ow thi s  value . 

The Soret peak for cytochrome d appears to b e  a t  about 

4 3 6  nm . Thi s contra s t s  with the s t a tement by Schwartz and 

Sporkenbach ( 1 9 7 5 )  t ha t  a s houlder i n  the i r  spect ra at 4 1 9  nm 

i s  due to cytochrome d .  The pos i tion of the c ytochrome d 

Soret absorption appe aring a s  a shoulder a t  about 4 4 0  nm 

i n  t he spec tra shown in F i gure 3 . 1 . 5 � 6 ,  B corresponds 

rea s onab ly we l l  with that reported for cytochrome d in 

MASSEY UN IYERSITY 
LIBRARY 
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E. c o l i  ( 4 4 2  nm ( Pudek and Bragg , 1 9 7 4 ) ) .  

In the cytochrome b region t here are c l e arly two 

components in the peak in the s can 1 4 7  mV/3 0 4  mV o f  F igure 

3 . 1 . 5 . 6  with a lph a p eak absorbance max ima at 5 6 2 - 3  nm 

and about 5 5 6 - 7  nm .  As the redox potential o f  the s amp le 

was lowered ( 1 1 4  mV/3 0 4  mV ) , the 5 5 6 - 7 nm component bec ame 

more reduced , ind i c at ing t hat i t  has  a lower redox midpo int 

potenti al than th e c omponent with peak absorbance a t  5 6 2 - 3  

nm . A s  the redox potential o f  the membrane suspension i n  

the s ampl e  cuvette was de c reas ed , the b peak s i z e  i n c re ased , 

but addit ional s eparate component s c annot be ident i f i e d  in 

the se spectra.  

More det a i l  c an be s een when the difference spe c t ra 

b etween each inc rement o f  redox potenti al are examined 

( F i gure 3 . 1 . 5 . 6 , B ) . The se show that between +1 4 7  mV and 

+ 8 8  mV the b 5 6 2 �3 and b5 5 6 _ 7  components become progre s s ively 

reduced with the b 5 6 2 _ 3 component b eing more comp lete ly 

reduced at +1 1 4  mV t han the b 5 5 6 _7 c omponent . Both the s e  

components appeared t o  b e  ful ly reduced at + 8 8 mV , s ince 

there is  no d i f fe rence b e tween +80  mV and + 8 8 mV . 

Betwee n  + 2 4  mV and + 8 0  mV , a small  asymmetric peak 

appea red which may poss ibly be due to · a further component or 

c omponent s  s ince the ad j acent s pe c t ra ( +80  mV minus + 8 8 

mV and --3 mV minu s + 2 4  mV ) show no b peak . Hov.•eve r ,  the 

ob served peak s are sma l l  and could be due to minor change s 

o f  the redox potent ial when t he s amples were col lec te d . 

Thi s  i s  the probable explanat ion o f  the negative peak ob served 

in the spectrum 2 4 / 5 7  ( F i gure 3 . 1 . 5 . 6 , B ) . Between - 3  mV and 

-1 2 1  rnV , two further c omponents w it h  approximate 

peak s at 5 5.6 - 7  nm and 5 5 3 -4 nm become reduced . 

absorbance 
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The b type cytochrome s c an thu s be divided i n to two 

major group s , a high potent i a l  pai r , b 5 6 2 _ 3 and b��6 _ 7 , 

with midpoint potent i al lying between + 8 8  mV and +3 0 4  mV , 

and a low potent ial pa i r ,  b 5 5 3 _ 4 and b��6 _ 7 , with midpo int 

po tential s lying b etween - 3  mV and - 1 2 1  mV ( F i gure 3 . 1 . 5 . 6 , C ) . 

These two group s  c orre spo�d to the two maj or steps ob s e rved 

in room t emperature redox t i t ration s . Two minor components 

wi th midpo in t potent i al s  be tween these two may b e  pre s en t ,  

but the evidence for the se i s  l e s s  convincing . 

The B and Sore t  peaks o f  the b type cyto chrome s h ave 

peak s at 5 2 9  nm and 4 2 6  nm , re spective ly , ex cept for 

b 5 5 3 _ 4 for wh ich th e peak s are about 5 nm le s s  for both . 

I t  i s  as s umed that the shou lder at 4 2 1  nm i s  t he Sore t  peak 

o f  the c omponen t des ignated b 5 5 3 _ 4 , s ince both peak s  appear 

over the s ame redox potenti a l  range . This Soret peak 

wave lengt h  i s  c lo se to that of c type cytochrome s ( 4 1 7 · to 

4 1 9  nm ) but the pyrid ine hemochromogen evidence s ugge s t s  

that ther e  i s  i n s u f f i c i ent cytoch rome c to account f o r  the 

absorbance a t  4 2 1  and 5 5 3 - 4  nm , so thi s component i s  

regarded a s  a b type cytochrome . The minor cytochrome s , 

i . e . , the • c 5 4 8 • and the • a5 9 5 • detec ted as sma l l  shou lde rs 

on the low wave length s ide of t he b a�d d peak s re s pe c t ive ly , 

a re not c l early re s olved in the redox titratio n s . 

Ano ther redox t i tration i s  s hown in Figu re 3 . 1 . 5 . 7 .  

Although the redox potent i a l s  appear s lightly h i gher , a 

s imilar r e s u l t  to the above i s  obt ained . Cytochrome b 5 6 2 _ 3 
HP becomes r educed f ir s t , f o l l owed c lo se ly by b 5 5 6 _ 7 . The 

LP other two cytochrome s , b5 5 6 _ 7 and b 5 5 3 _ 4 , are reduced at 
' 

lower pote nt i al s ,  between - 1 2 6  mV and +7 8 mV . Between the 
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F i gure 3 . 1 . 5 . 6 : Low Temper ature Spectra o f  Redox-Poised 

Memb ra ne s  

Membrane s we re prepared a s  described in 2 . 6 . 2 . 2 .  Spectra 

are ident i fied as �h ( S amp le ) /Eh 
( Refe rence ) , v:here Eh is 

i n  mV . Memb ranes were present at a protein concentration 

- 1  o f  1 . 5  m g  m1 . 

A .  D i f ference spectra o f  redox poi s ed membranes ve rsu s 

oxid i z ed membrane s .  

B .  D i f fe rence spectra o f  redox poised membranes versus 

memb ranes poi sed at the nearest hi gher potential . 

C .  D i f fe rence spec tra o f  redox -pois ed membrane s 

s howing the ma j or redox groups of cytochrome s . 
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F i gure 3 . 1 . 5 . 7 :  Low Temperature Spectra o f  Redox-

Poi s e d  Membranes 

1 0 5 . 

Spectra were prepared a s  de scribed in 2 . 6 . 2 . 2 .  Spectra 

are de signated a s  Eh ( mV ,  sample c uve tt e/Eh ( mV ,  reference 

cuvette ) . Merr�ranes were present at a p rotei n concentration 

-1 of 6 . 0 mg ml • 

-

The solvent was whol ly aqueous . 

A .  Spectra o f  memb r an e s  poi sed at various Eh ve rsus 

oxid i zed memb ranes ( Eh = 2 4 4  mV) . 

B .  Spectra o f  memb rane s reduced between increments 

o f  redox potent i a l . 
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F i gu re 3 . 1 . 5 . 8 :  Low Temperature Spec tra o f  Redox-Poi sed 

Membranes 

Spe c t r a  we re prepared a s  desc ribed in 2 . 6 . 2 . 2 . Spe c tra 

are d e s i gnated as Eh ( mV ,  samp le cuve tte ) /Eh (mV , re fe rence 

cuvette ) . Th e membrane s were suspended in buffer without 

g lycero l . 

A .  Spectra o f  membranes poi sed at various Eh ve rsus 

oxidized membranes ( Eh = 2 0 0  mV) . 

B .  Spectra o f  membrane s reduc ed be tween inc rements o f  

redox po tentia l . 
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two high redox potential cytochrome s and the two low 

potential cytochromes there i s  a smal l  b peak with a lpha peak 

ab s orpt ion b etween 5 5 7  nm and s-'60 nm ( spectra 6 7/ 8 9  

and 8 9/ 1 1 9 , F i gure 3 . 1 . 5 . 7 , B ) ,  wh�ch may indi cate the 

pre sence of an addi tional minor b component . Cytochrome d 

i s  ful ly reduced b� 1 8 7  mV , indicating a hi ghe r midpoi n t  

potent i a l  than t h a t  i nd icated by room temperature redox 

ti trat ion s ( + 1 5 0  mV ) . 

A further expe riment covering the fu ll range o f  

potent i a l s  i �  shown i n  F i gu re 3 . 1 . 5 . 8 . Here the midpoint 

p o te nt ia l s  e s timated more c l o sely approximated the ave rage 

va lues ( Table - 3 . 1 . 5 . 1 ) , with two b type cytoch rome s 
+ 

( b 5 6 2_ 3 a nd b��6 _ 7 ) showing midpoints ne ar +l O O  mV and two 

LP b type cytoch rome s ( b 5 5 6 � 7 and b 5 5 3 _ 4 ) showing midpoints 

s l ightly below 0 mv . The spectra 4 6 / 6 5  and 2 9 / 4 6  give a 

s l ight i ndication that there may be smal l amount s o f  b 

c y tochrome wi th i n termed i a te redox potent i a l s  ( about + 4 0 mV ) 

and a lpha peaks b etween 5 5 7  and 5 6 0  nm . 

T i trations ove r  the high potent ial cytochrome region 

( Eh greater than +6 0  mV ) showed that the two .cytochrome s 

i n  thi s region d i f fe r  in redox midpoint by 2 0  to 3 0  mV w i th 

the b 5 6 2 _ 3 c omponent �howing the highe r midpoint . The pair 

o f  c ytoc hromes at lower redox potentials also t itrated 

separate ly , bu t s howed a much narrowe r separation o f  

midpoin t s . 

I n  s ummary , redox ti trations at room temperature and 

l ow t emperature s c ans o f  redox poi sed membrane s h ave 

i nd i c ated t he pre sence o f  four maj or b cytochrome i n  

membranes o f  P .  s he rma ni i .  The characte ri s t i c s  o f  these 
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cytochrome s b and o f  cytochrome d are shown in Table 3 . 1 . 5 . 1 .  

The redox t i t r at ions did not provide any c lear cut evidence 

for c o r  a type cytochromes , s ince these peaks are too 

sma l l  to be detected in the spectra of redox poised menillrane s . 

Table 3 . 1 . 5 . 1 :  Ab so rpt ion Maxima and Approximate Midpoint 

Potent i a l s  of Cytochrome s of P. s he rman i i . 

Cytochrome Ab sorp t i on Maximum ( nm )  Midpoint Potent i a l  
alpha beta Soret ( mV )  

d 6 3 0  4 3 6  + 1 5 0  

b 5 6 2 - 3  5 6 2 - 3  5 2 9  4 2 9  + 1 2 0 ( +2 1 )  ( a )  

liP b 5 5 6 - 7  5 2 6 - 7  5 2 9  4 2 9  + 8 8 ( +2 2 )  

LP b5 5 6 - 7  5 5 6 - 7  5 2 9  4 2 9  - 2 3 ( +1 6 ) 

b5 5 3 - 4  5 5 3 - 4  5 2 5  4 2 1 - 2 3 ( +1 6 ) 

( a ) Figures prese nted are t he ave rage o f  8 or 9 
dete rminations in the case o f  t he b cytochrome s . 
B racke tted f igures are the 9 5 %  con fidenc e  limi t s . 
( Alder a nd Roe s s e le r , 1 9 6 4 ) . 

3 . 1 . 6 :  Summary o f  c on c lu sions from membrane characteri z a t i on 

Studies 

The membrane p reparation u se d  i n  th is s tudy was composed 

primari ly of membrane ve s i c l e s  but con t ained s ome contamination 

by c e l l s  and c e l l  wal l s , a s  wel l  a s  a · l arge amount of 

c ar bohydra te , probab ly extrac e llular po lys accharide . There 
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wa s no evidence o f  spec i al i z ation ( at l e ast w i th re spe c t  t o  

e l ec tron transport activities )  ob served i n  membranes o f  

d i f fe rent den si ti e s . 

Membrane s con tain an e lectron transport s y s tem coup l i ng 

ox idation o f  D- and L-lac tate and NADH to fumar ate reduction 

and the oxidation of  t hese three sub stra te s and succinate 

t o  reduc tion o f  oxygen . The spe c i f i c  activi tie s o f  oxygen and 

fumarate oxidoreduc tase systems were o f  the s ame orde r . 

D- l ac tate , NADH and succ inate coup led ac tivi ti e s  we re re l a tively 

s tabl e ,  but L-lac tate c oupled a c tivi ties were unstable . 

The arti f i c i a l  e lec tron acceptors , Fe ( C N ) 6 and D I CP I P , 

a l s o  i nte ract w ith the e l ectron transport sys tem o f  these 

membrane s but the s ites of interaction d i ffer depending on 

both the a cceptor and the donor used . Oxygen c ompete s 

s t rongly w ith the art i f i c i a l  acceptor in the c a s e  o f  L - l ac t ate­

DICP I P , L- l ac tate-Fe (CN) 6 and NADH-DICPIP oxidoreductas e s  

and s l i gh tly in t h e  c ase o f  NADH=Fe ( CN ) 6 and succ inate -DICPIP 

oxidoreductases . PMS s t imu l ated activities with DICPIP and 

Fe (CN ) 6 but d id not alter compe ti tion by oxygen . 

The membrane s c ontain menaquinone , four cytochrome s 

b and a cytochrome d .  Two o f  the b cytochrome s have redox 

potent i a l s  low e nough to permi t them to func t ion in an 

e l ectron transport system to fumarate . 

The s e  results are summari zed in F i gure 3 . 1 . 6 . 1 .  
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3 . 2 :  Ef fec t s  o f  I nhibitors on Electvon Trans port Ac tivi t i e s  

and Reduc t ion Leve l o f  the Cytochrome s in Memb rane s o f  

P .  s h e rma n i i . 

3 . 2 . 1 :  In troduct ion to princ iple s and procedu re s used 

As de s c r ibed in Chap te r  1 ,  one o f  the principa l aims o f  

t h i s  s tudy was t o  inve s t iga te the role o f  the c y tochrome 

c omponents in the e lectron transport s y s tem o f  P. s he rman i i . 

The main method o f  approach employed for thi s  purpose was 

f i r s t ly to de termine the e f fec t s  of i nh ibitors or inhibi to ry 

treatmen t s  on the s p ec i fi c  ac t ivi ties o f  membrane -bound 

e lectron transport p roc e s s e s , and second ly to de termine the 

e f fec t of these s ame inhibi tors on the reduc t i on l eve l s  o f  

t h e  cytochrome component s . 

Be fore presenting the resu l t s  o f  the s tudies w ith 

inhibi tors a d e s c r iption o f  the procedure u sed for s tudying 

the e f fect o f  inhib i tors on the reduction leve l of 

cytoc hrome s and of the cytochrome pattern in various s tate s 

i n  uninhibit ed particles w i l l  be pre s ented in the two fo l l owing 

sections . 

3 . 2 . 1 . 1 :  General d e scrip tion o f  expe riment al procedure 

The redu c t ion l eve l o f  cytochrome s i s  mos t  

convenien tly measu red us ing a dual wave length s pectropho tome te r . 

S i nc e  such an i n s trument w�s not ava i l able whi le work for thi s 

t h es i s  was being undertaken , an a l ternative me thod was 

adopted . Thi s  consi sted o f  free z ing membrane s i n  v ar ious 

redox s tates and ex amining the frozen mernbrane s . by mean s o f  

low temperature d i f fe rence s pe ctropho tome try . The general 
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p rocedure adopted i n  al l the experiment s with inhibi tors i s  

d e s c r ibed and d i sc u s sed below ,  s ince the advant age s and 

l imi tations of thi s  approach , and the a s sumptions invo lve d  

mu s t  b e  kept i n  mi nd when inte rpre ting the re sults o f  the se 

expe r iment s .  

A typical time-course f o llowing the reduction l eve l o f  

a hypo thet i c a l  b-type cyt·ochrome in a membrane su spen s ion 

u sing a dual wave length spe c tropho tomete r i s  shown in 

F igure 3 . 2 . 1 . 1 .  Addi tion of a reduc ing sub s trate ( S )  to an 

a i r-equ i l ibrated memb rane s u spen sion c auses a rapid parti a l  

r educt i on to a leve l whi ch depends o n  the rate s a t  whi ch the 

c ytochrome i� reduced by S ( vi a  the dehydrogena ses , e tc . ) and 

oxi d i zed by oxygen ( vi a  ox ida se s ,  etc . ) .  Thi s  condi tion 

i s  the aerobic ( 0
2 ) s te ady s ta te and i t  continues unt i l  

a l l  the oxygen has been consumed . After the oxygen has b een 

c on sumed , the redu c t ion l eve l o f  the cytochrome incre a s e s  

r apidly to th e maximum leve l f o r  that particular sub s t rat e . 

Thi s  l a tter level i s  referred to as the sub s t rate -reduced 

s tate . 

I f  anaerobic fumarate i s  added to sub strate-reduced 

membrane s ,  the reduc tion l eve l dec re ase s to a s teady - st a te 

whi c h  i s  dependent o n  t he rate of reduc tion by sub s trate and 
•, 

the rate o f  oxid ation by fumarate ( F i gure 3 . 2 . l . l , B ) . Thi s  

s ta te i s  re ferred t o  a s  the anaerob i c  s teady - s tate . 

I f ,  instead o f  fumarate , a solu tion o f  H 2o2 i s  adde d , 

the reduct ion l eve l dec re a s e s  to th e ae rob i c  ( H2 o2 ) s te ady­

s tate ( F i gu re 3 . 2 . l . l , A) . H 2 o2 was used as a convenient 

method of rapid ·oxygen addi ti on s ince membrane parti c les h ave 

s u f f i c ie nt catalase a c tivity to re lease oxygen rapidly f rom H2 o2 . 
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Figure 3 . 2 . 1 . 1 :  Du al W ave length Spectrophotomete r Tracing 

of I nhibi ted and Uninhibi �ed Cyto chrome 

b Reduct ion 

Th i s  f i gure pre s ents a hypothet i c al du al wave length 

s pectrophotome ter trac in� o f  a cytochrome b wh i ch i s  

a n  intermed i ate i n  the coup l ed �xidation-reduction 

react i on depic te d  in s cheme 1 .  

fum 

or ( 
s ucc 

Tracings are s hown w hi ch may be e xpec ted to result , s ta rting 

wi th a ful ly oxid i zed memb r ane sus pension , where reduct ion 

i s  initi ated by a reducing sub strate SH 2 . The three 

c ond i t ions are ( a )  no i nhibitors present (---) ,  ( b ) 

i nhibitor ( I  1 , )  inhibi ts reduction of cytochrome (� ) and 

( c ) inhibitor ( I 2 ) inhibits oxid ation of cy tochrome b ( -- - ) . 

The thre e s tate s examined by lm·7 temperature spec trophotometry 

are sub strate reduced ( 1 ) , anaerob ic steady- s t ate ( 2 )  and 

a erob i c  s te ady- state ( 3 ) . 

A .  Membranes reduced by SH 2 and then pl aced in the 

anaerobic s teady- s tate w i th fumarate . 

B .  Memb ranes reduced by SH 2 and then p l aced i n  the 

ae robic s te ady- s tate with oxygen ( u s ing H 2o2 as a 

s ou rc e  o f  o2 ) • 
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The p re senc e o f  inhibi tors wi l l  alte r  the t ime course 

of cytochrome reduction out l ined above , affecting both 

the rate at whi c h  the cytochrome approaches the s te ady- s tates 

and the s ub strate -reduced s tate , and the proporti on of 

cytochrome reduced when in the s te ady- state . The change , 

relative t o  the u ninhibi ted condi tion , will depend on the 

s ite of action o f  the inhibi tor , i . e . , , on whe ther i t  

decre a s e s  the rate o f  reduct i on or the rate o f  oxidation o f  

the cytochrome . 

I f  the inhibitor a c ts by decreas ing the rate o f  

redu c t i on , i t  w i l l  prolong the ini ti al aerob i c  steady- s tate 

as we l l  as s low the approach to th e s ub strate-reduced 

s tate . The leve l o f  reduct ion o f  t he cytochrome w i l l  be 

l e s s  than tha t in an uninhib i ted con t rol in both the 

aerobic and anaerob i c  ste ady- state s . 

I f  t he inhib i tor a f fe c t s  the rate of oxi da tion o f  the 

cytochrome , it w i l l  also prolong the ini t·ial aerob i c  s te ady­

s tate , bu t wi l l  not alter the rate at which the sub s trate­

reduced s tate is re ached once the oxygen i s  removed . I n  

thi s case , the s teady- state level o f  reduct ion wi l l  b e  greater 

than that o f  the uninhibi ted s tate . 

Thi s  line o f  reasonin g  forms the basis  o f  the de s i gn 

o f  experiments d e s c r ibed i n  the fol lowing s e c t i on s  i n  which 

the e ff e c t s  o f  i nhibi tors on the reduction l eve l o f  cyto chrome s 

under three c ond i t ions were ex amine d . The t hree condi tions 

were the s ub strate -reduced s ta te ,  the aerob i c  ( H 2o 2 ) s te ady­

s tate and the anaerobic ( fum) s teady- state . 

The f ir s t  � ondition w�s used to determine whether the 

inhibitor inhibi ted redu ction o f  the cytochrome s .  Thi s  was 
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don e by a l lowing a membrane su spen s ion in the ox idi zed 

s t ate to �qui libr ate w ith inhibi tor £or 1 0  min at 3 0°C and then 

adding s ub s tr ate to reduce the cytochrome components .  The 

oxidi zed membrane suspens ion con-�ained only the small amoun t 

o f  oxygen present in 0 . 1 ml o f  ai r-equ i l ibrated conc entra ted 

mmebrane su spension s i nce the o ther 0 � 9  ml of reagents 
. 

( bu ffer p l u s  reduc ing and ox idi z ing sub strate s ,  except H2 o2 ) 

wa s prep ared anae rob i c al ly . The t ime nece s s ary to red u ce the 

cytochromes i n  uninhibited membrane s was de te rmined by 

fol lowi ng the reduct ion o f  t he b peak in simi l arly prepare d  

anaerobic cuvettes at 3 0°C .  I n  the ab sence o f  a dual 

wave length s pe c t rophotomete r , this wa s done by manual ly 

a l ternating the wave length b etween 5 6 0 nm and 5 8 0 nm i n  an 

S P1 8 0 0  double-beam spec tropho tomete r .  Wi th D - l ac tate and 

NADH as reductant s , i t  was found tha t  the t ime requ ired to 

reach the substrate -reduced s t ate was only a few s econds . 

S ample s for examination o f  the low temperature s pe ctra 

were the re fore c o l l ec ted one minute afte r add i t ion of 

sub strate , t he minimum t ime t o  a l l ow for mix i ng ,  t rans fer to low 

temperature ce l l s  and freez ing . Wi th L-l actate and suc cinate , 

l onge r period s we re required and s ampl e s  were c o l l ected three 

minute s a f te r  add ing reductan t . In s amp l es t re ated w it h  

inh i b i to r , t he duration o f  the aerobic s te ady - st ate and the 

time requ i red f or the cytochrome to reach the sub strate 

reduced s tate may be c on side rably ex tended , s o  that the point 

on the redu c t ion curve at which the s ample was t aken was 

not known . Thus an un ambi guou s location of t he s i te o f  

a c t i on o f  t he inhibito r , i . e . , whethe r i t  i s  o n  the reducing 

sub s t rate or acceptor s ide o f  the cytochrome o r  no t ,  c annot 
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always be obt ained by thi s  proced�re by i tse l f . Due to the ve ry 

sho rt durat ion o f  t he i n i ti a l  s teady� s tate i n  the large ly 

anae robi c react ion mixture i t  i s  u su a l ly obvious when the 

inhibi tor i s  blocking reduc tion . The e ffect o f  the 

inhibitor on the s te ady s tate reducti on leve l  give s  a much 

more unamb i guou s indicat ion o f  the s i te of i nhibi tor a c tion . 

Steady- s tate s amp l e s  we re prepared by f i r s t  fully 

reducing membrane suspensions wit h  sub strate ( 1 0  min with 

D - l a c tate and NADH , and 2 0  to 3 0  min with L- l ac tate and 

s uc c in a te ) , the n expo s i ng one o f  a pai r  o f  s amp les to 

anaerob i ca l ly prepared i nhib i tor for 1 0  min . An H 2o2 

solu t ion o r  anae robi c a l l y  prepared fumarate was then added 

via a syringe and a fter 1 min of gentle mix i ng , t he 

s ampl � s were removed t o  low temperature ce l l s  and froz en . 

Comparison o f  the he ight and shape o f  the a-peak o f  the 

cytochrome spec tra in the inhibited and uninhibi ted s t eady­

state samples p rovide s i n formation on the s ite of the inh ib i tor . 

Care f u l  precautions were : taken when preparing the se 

s amp le s  to kee p the membrane con centration equ a l  unde r a l l  

condi tions ex amined i n  a s ingle exper iment , t hu s  making i t  

pos si b l e  t o  obtain d i f fe rence spectra between uninhibi ted and 

inhib i ted s teady - state s and the sub strate-reduced s t ate . 

Thi s po s s ib i l i ty c on s t i tu te s  a maj or advant age ove r 

dual wave length exper imen ts where only a s ingle s tate c an 

be ex amined at a time and · the re fore d i f ference s b etween 

inh i b i te d  and uninh ib i ted - s tate s c annot be d i rec t ly a s s e s sed . 

Low temperature s pectrophotometry a l s o  provi de s greater 

re s o l u tion than that of room temperature spe c trophotome t ry , 

making i t  po s s i b l e  to d i stingu i sh b etween s ome o f  the 
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membrane s .  
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After surveying a range of known inhibi tors o f  e l ect ron 

tran spo r t  proce s se s , four inhib itors - dicumaro l ,  HOQNO , 

p-chloromercuribe nzoate and cyanide - were s e lected for a 

more intens ive s tudy o f  t he i r  e f fe c t  on the rate o f  

var i ou s e lectron transport proce s s e s  and on t he ox idation and 

reduct io n  o f  the cytochrome component s .  Othe r inh ibi tors 

te s te d  were antimycin A ,  rotenone , o-phenanthro line , oxamate 

and c arbon monoxide . Ant imycin A and rotenone produced only 

very s!n a l l  inhibi tion o f  e lec tron tran sport , even a t  high 

concen tration . o-Phenanthroline inhib i ted al l e lec tron 

tran s po r t  proce s s e s  equ a l ly s trongly and the re fore was not 

parti�ua r ly u se fu l  for i nve stigating the invo lvement o f  

cytochrornes i n  the d i fferent pathways .  Oxarnate , a s  expec ted , 

produc e d  s trong competi tive inhibi tion of D - and L- l ac t ate 

dependent activities , whi le leaving NADH depende nt act i vi tie s 

unaf fe cted . Aga i n  this inh i b i tor was not particu l arly useful 

for i nve s t i gat i ng the regions of  the elec tron transport 

pathway which we r e  o f  part i cular i ntere s t . 

The e f fe c t  o f  CO on oxygen consumption was examined 

brie f ly . The re s u l t  of thi s i s  rec o rded in S ec t i on 3 . 2 . 8 . 

HOQNO was added from s tock s o lu t ions made up in DMSO 

( dime thy l  su l foxide ) . An equiva lent vo lume o f  DMSO l acking 

inh i b i to r  was a lways adde d  to the controls in a l l  e xpe r iments . 

At the l eve ls added , the DMSO did not appear to produce any 

inhibit ion of e lec tron transport . Di cumaro l , cyanide and 

pCMB we re added from aqueou s s olutions ad j u s te d  to pH 8 .  

Cyanide s o lutions we re s tored in rubber stoppered vi a l s  a f te r  

ad j u s ti n g  the pH t o  8 .  
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In s e l ec ting a sui tab le c once ntration for the s tudie s 

o f  the e f f e c t s  o f  inhib itors -on cytochrome ox idat ion and reduction ) 

a concentrat i on found to give s trong i nhibit ion o f  e l ectron 

transport activi ti e s  vlas cho sen in o rder to maximi z e  

d i f fe renc e s  betwee n  inhibi te d  and uninhibited pathways . S ince 

the prote in concentration in the expe riment s on cytoch rome 

oxidation and redu c t ion was h i gh and s ince i t  was cons idered 

de s i rable to mai ntain the ratio of inhibi tor to membrane 

constant , the actu a l  inhib i tor concentrations u s ed in the 

experiments are f ai r ly high . 

As we l l  a s  the s tudie s us in g the se fou r i nhibito r s , 

UV i rrad i at ion was u sed a s  another means o f  inhib i ti ng 

e l ectron t r an s por t . The procedures used for thi s are 

iu l ly de scribed in sec tion 3 . 2 . 2 .  

Be fore d e s c ribing the e f fe c t s  o f  these inhib i tors 

in detai l , the spec t ra obtained f rom uninhib i ted membranes 

wi l l  f i r s t  be pre sented and dis cussed . 

3 . 2 . 1 . 2 :  Spec tra of membrane s in s ub st rate - reduced and 

s teady- s t ates 

A se lect ion o f  d i f ference spec tra prepared u s ing 

membrane s i n  the abs e nce of inhibi tors is shown in Figure 

3 . 2 . 1 . 2 .  For e ac h  o f  the four reduci ng sub s t rate s used ( NADH , 
D- and L- lactate and succ inate ) s ix d i fference s pe c tra are 

shown : 

1 .  The s ub s trate -reduced membrane suspens ion i n  the s ample 

beam and the H 2o 2 -oxidi z ed s uspens ion in the re f e rence 

beam . Thi s  is refe rred to as S/H 2o2 � whe re S i s , any 

. one o f  the reducing s ub strate s . 
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2 .  Ana�rob i c  ( fum) s te ady- state membrane s in the s ample 

beam and H 2o2 -oxid i z e d  membrane s in the re ference 

beam . Thi s  is refe rred to as S , fum/H 2o 2 . 

3 .  Aerobi c ( H 2o2 ) s teady- s ta te membrane s in the s amp l e  

beam and H 2o2 -oxidi zed membranes i n  the re f e rence 

beam . Thi s  i s  re f�rred to a s  S , H 2o2;H2 o2 . 

4 .  Sub s t ra te-reduc ed memb rane s in the re ference beam 

and aerob i c  ( H 2 o2 ) s teady - s tate membrane s i n  the 

re ference beam .  Thi s  is re ferred to as S/S , H 2 o2 . 

5 . Sub strate reduced membranes i n  the samp le beam and 

anaerob i c  ( fum) s teady- s tate merobrane s  in the 

re ference beam . This i s  re ferred to as S/S , f um .  

6 .  Anaerobi c  ( fum) s teady- state membrane s i n  the s ample 

.beam and aerob i c  ( H 2o 2 ) s te ady - state membrane s i n  

the re f erence b e am .  Thi s i s  re fe rred . t o  a s  S , fum/S , H 2o2 . 

Two features c learly emerge f rom comparison o f  the 

aerobi c  and anae robic s teady- state s .  One i s  that cyto chrome 

d remains fu l ly reduced in the anae robi c  ste ady- s tate 

( S , fum/H 2o2 ) and i s  oxi di zed in the aerobic s teady- s tate 

( S , H 2o2 ;n 2o2 ) .  Thi s ind i c ate s th at cytochrome d i s  on an 

e l ec tron transport p athway to oxygen and no t on the path to 

fumarate . Th i s  i s  a l so tru e for the sma l l  cytochrome a peak 

vi s i b l e  in the s e  spe ct r a . I t  should be noted that since the 

redox couple succinate/ fumarate has a midpoint potenti a l  o f  

+3 3 mV whi l e  cytochrome d has . a midpoint potenti a l  o f  a bout 

+1 5 0 mV ( Se c t i on3 . 1 . 5 . )  Tab le 3 . 1 . 5 . 1 ) ) ,  fumarate wou l d  not 

b e  expected t o  oxid i z e  reduced cytochrome d .  
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Sub strate Reduced and S teady-S tate s .  
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Spectra o f  steady- s t ate and s ub strate reduced membrane s 

were p repared as de s c ribed i n  methods and t he text ( Section 

2 . 6 . 1 ,  3 . 2 . 1 . 1 ) . Membrane was pre sent at a f inal concentration 

-1 o f  0 . 8 3 mg pro te in m l  Fumarate , D-lac tate , L- l ac tate and 

s u c c i nate were added , w here ind i c ated , at f i n a l  concentration 

of 4 . 3  mM . NADH and H 2o 2 were added , wh ere i ndicated , at 

f i n a l  concentrat ions of 2 . 1 4 mM and 0 . 0 1 4 3 % , respectively . 

Spectra in thi s and l at e r  f igure s and in th e text are 

r e f e r red to in a sho rthand notat ion de s c rib ed in the 

f o l lowing . When a part i cular reducing su bstrate ( D- or 

- L- l ac tate , NADH or succ inate ) i s  not s pe c i fi c ally named , i t  

i s  refe rred to as S .  Aerobi c  and anae rob ic ste ady-s tate s 

are referred t o  as S , H 2o 2 · and s ,  fum , respe c t ively . The 

membrane preparation in the samp le beam of t he double beam 

spec trophotometer i s  d e s c r ibed f ir s t  and the s ample in t he 

r e ference beam second w ith a s lant ( / )  between t he two . The 

ord e r  in whi ch reagents were added i s  repeated by the order 

o f  t h i s  s horthand , so t hat S ,CN , fum means t he membrane s 

were f ir s t  reduced by S ,  then inhibitor ( cy anide ) was added , 

a nd fina�ly fumarate was added , which give s  t he cyanide 

i nhibi ted anaerob i c  ( fum)  steady-state . 

A .  D - l actate 

B .  L-lactate 

C .  NADH 

D .  Suc c in ate 
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The se cond fe atu re i s  that , . w ith the exception o f  

succinate , the reduction l eve l o f  t h� cytochrome s in the 

aerobi c s te ady- s t ate i s  much less than that o f  the 

cytochrome s in t he anaerob ic s te ady-state . · Th e c y toch rome s 

whi c h  remain reduced in the aerobic s teady- s tate are primari ly 

b 5 6 2 _ 3  and pos s ibly some b 5 5 6 _ 7 • Thi s conc lu s ion is b ased on 

the pos i tion of the b pe ak a t  about 5 5 9  to 5 6 0 nm i n  spect ra 

of membrane s in the aerob i c  s te ady- s t ate ( S ,  H 2 o2 ;H 2o 2 ) , 'ivhi ch 

i nd i c a te s  a ve ry sma l l  con tribution , i f  any , o f  b 5 5 3 _ 4 to 

thi s  peak . Howeve r ,  the amount o f  b 5 6 2 _ 3 remaining reduced in 

the aerobic s teady- state i s  only a f rac tion of t he tot a l  

b 5 6 2 _ 3  pre s ent . Thi s res idual frac tion i s  even l e s s  in the 

case o f  b 5 5 6 _ 7  ( bo th HP and LP ) . 

W i th D - l ac t ate in th e aerobic ste ady- s t ate , the 

a-peak i s  consider ably l a rger than th at with L- l actate or 

NADH . Thi s  i·s con s i s tent with th e higher activity o f  

D- l actate dehydrogenase ( as e s t imated by th e r e l a tive D ICPI P  

oxidoreductase leve l s  ( Table 3 . 1 . 2 . 3 ) ) . 

The ae rob i c  steady- state wi th succinate shows a h i gher 

degree o f  redu ction of the b cytochrome s ,  e spec i a l ly b 5 6 2 _ 3 , 

than w ith any o f  the othe r  reducing sub s trate s t es ted . 

Thi s  d i f ference has b ee n  found con s i s tently i n  a l l  s te ady-

s ta te spectra ob tained in thi s s tudy . Thi s i s  s u rpri s ing in 
l 

view o f  the low dehyd rogenase activiti e s  w it h  succ inate 

re l a tive to tho s e  o f  D - l actate and NADH ( T ab le 3 . 1 . 2 . �) . A l s o  

with succinate , the cytochrome s i n  the aerobi c  and anaerobic 

s te ady state s are reduced to ve ry nearly the s ame extent , 

except for cytochrome d .  In fact , the di f fe rence b etween 

aerob i c  and an aerobi c s te ady state b pe ak s w ith s uccinate 
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was frequent ly even l e s s  than that shown in F i gure 3 . 2 . 1 . 2 , D  

( succ , fumjsucc , H 2o2 ) ,  where there i s  s ign i f i c an t  d i f fe re n ce 

between t he two s tate s in the leve l o f  redu c tion o f  

cytochrome s b 5 5 6 _7 and b 5 6 2 _ 3
. The high leve l o f  reduc tion 

o f  cytoch rome b 5 6 2 _ 3 in the ae robic s te ady- s t ate 0ith 

succ inate is surpris ing s ince thi s cytochrome has the 

h i ghe s t  redox midpoint potential o f  al l the b -type c y to chrome s 

( Table 3 . 1 . 5 . 1 ) , a potent i a l  very s imilar to tha t  o f  cytochrome 

d, which i s  fu l ly ox i d i z ed in th e aerob i c  ste ady s ta te . 

One in terpre tation o f  the higher degree o f  reduct ion 

of cytoch,ro me b 5 6 2 _ 3 in the aerobic ste ady- state with 

succ inate than w ith o ther reducing s ub strate s i s  that thi s 

cytochrome i s  c lose ly as soc i a te d  with a s uc c in a te 

dehydroge nas e ( which may or may not be the s ame enzyme as 

fumarate reduc tas e )  , but i s  only s lowly oxidi z ed by o xygen . 

Thi s  i s  consi stent wi th the very low succinate oxidase · 

activity relative to that w ith oth er subst rate s ( Tab le 

3 . 1 . 2 . 1 ) . 

The d i f fe rence spe c tra between anaerobi c  and aerobic 

s teady- state s ( S , fum/S , H 2o2 ) generally show a b  peak 

apparent ly c omposed of approximately equal p ropo r tions o f  

b 5 6 2 _ 3 and b 5 5 6 _7 and a le s s e r  quanti ty o f  b 5 5 3 _ 4 ( thi s 

parti cul a r  d i f fe rence spec trum should reve al tho se cytochrome s 

which are more highly oxidi zed in the ae rob i c  s te ady- s ta te 

than in the anaerob i c  s teady- s ta te )  . Thi s i s  con s i s tent w ith 

the redox potential measureme nt s  ( Table 3 . 1 . 5 . 1 . ) ,  which show 

that b 5 6 2 _ 3  and b��G - ? have redox potent i a l s  considerably 

more pos it ive than that of the succinate/fumarate coup le . 
• 

On the othe r  h and the s pe c t rum succjsucc , fum ind i c ate s that 
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fumarate doe s oxidi z e  a b 5 5 6 _ 7 component . The low po ten ti a l  

LP cytochrome b 5 5 6 _ 7  ( b5 5 6 _ 7 , Em7 = - 2 3  mV ) has a midpoint 

p o tenti a l  which would permi t a fun c t i onal rol e  in e le c t ron 

t ranspo r t  to fumarate . 

Con c lus ion s f rom the spectra described above are 

summari zed be low :  

1 .  Cytochrome d i s  a te rmina l oxidas e . 

2 .  LP Cytochrome b5 5 6 _ 7 poss ib l y  has a functional role 

in e le c tron tran sport to fumarate . 

3 .  Cytochrome b 5 6 2_ 3 poss ibly has a c lo se re l a t i onship 

with succinate dehydrogena se . 

3 . 2 . 2 :  E f f e c t s  o f  UV i rradi ation and n-pentane ex trac t ion 

on e l ec t ron t r ansport 

The pos-s ib l e  rol e  o f  qu inone s in e lec tron tran s po r t  

in P .  s he rma n i i  membranes was i nve sti gated b y  me a s uring 

the e f fect of quinone removal or i nactivation on membrane -

l inked reactons . Qui none s were removed by s o lvent extract ion 

of f ree ze-dried memb ranes or inactiva ted by e xpos u re o f  

aqueou s  suspens ions o f  membranes to UV light . The former 

method has b een used by Kroge r  e t  a l  ( 1 9 7 1 )  to dete rmine the 

role of menaquinone and ubiquinone in Pro t e u s  re t t g e ri 

and by King and D rews ( 1 9 7 3 )  to s tudy the ro le o f  ub iquinone 

in Rho dop s e u do mo nas p a l u s tri s 
J - - De s truct ion o f  quinone s by · 

UV l igh t was u sed by B rodi e  and B a l l antine ( 1 9 5 0 )  to s tudy 

men aquinone funct ion i n  My c o b a c  t e 1� i u m  p h  l e i  and h a s  

sub sequently been employed b y  deVrie s . e t  a l  ( 1 9 7 7 )  a n d  by 

Sane ( 1 9 7 4 )  to inve s t i g ate the role of menaquinone in e le ctron 

tran s po r t  in propionibacte ria . 
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The effec t s  o f  UV i rradiation are · not , however ,  s pec i f i c  

to qu inones . Brodi e ( in Morton , 1 9 6 5, p 3 6 2 )  repor ted that 

UV l ight a l so c au se s  a s lower de struction of FMN , al though i t  

has  n o  e f fect on FAD ( re l at ive perc entage inactiva tion quoted 

for quinone , FMN and FAD we re 8 4 % , 2 4 %  and 0 % , re s pe c t i ve ly ) . 

U l trav i o let ligh t  a l so i nac tivate s cytochrome d ( Bragg , 

1 9 7 1 ) . 

3 . 2 . 2 . 1 :  Effects of UV l i ght on e le c tron transport a c ti v i t i e s  

Membranes w e r e  i rradi ated by p l acing an aqueous memb rane 

s uspen s ion ( 2- mg prote in ml - l ) in a Pe t ri dish suppor te d  on 

a bed of c rushed i ce 5 cm be low an u ltrav i o le t l amp ( emi s s ion 

maximum 3 5 0  nm) and s lowly rocking ( 1 2  rpm) during expos ure . 

S amp l e s  were col l e c ted at 0 ,  5 ,  1 0 , 2 0 , 4 0  and 8 0  min and 

a s s ayed for 'the various e le ctron t ran sport ac tivitie s .  

The t ime course s o f  inactivation o f  oxygen and fumarate 

con sumption , of Fe ( CN ) 6 and DICP I P  reduction , and o f  the 

b enzyl viologen- fumarate ox idoreductase we re mea sured . 

Re su l t s  o f  these expe rimen ts u s ing D - l a ctate , L-lac�ate , 

NADH and succinate as reducing s ub s t r ate s are shown in 

Figure 3 . 2 . 2 . l , A  to E .  

O f  the various e lec tron transport act ivi ties me asure d , 

D � l a c t a te- fumarate and NADH-fumarate ox idoreductases \ve re the 

mo s t  r apidly de st royed by -UV l igh t . P lot s o f  log1 0  % a ct i v i ty 

agai n s t  t ime ( F i gure 3 . 2 . � . 1 ,  E )  i nd ic ate that the h a l f - t ime s 

for des tru ction of these two �ctivi ti e s  are 6 and 8 min for 

NADH and D - lactate , re spec tive ly . These semi - log p l o t s  are 

ve ry nearly l i ne ar ,  s uggesting tha t UV inactivation invol ve s  a 

s i� g l e  s i te . 
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F i gu re 3 . 2 . 2 . 1 :  UV inactivation o f  e le c t ron transport 

activities . 

Value s presented in the s e  figure s are th e ac tivit i e s  in 

membranes i rr ad i a ted by UV l ight as de s c ribed in the text 

e xpre s s ed as a percentage o f  activities pre s ent in 

un irradi ated membrane s .  The a s s ay procedu re s are 

d e s r ib ed in the method section ( se c ti on 2 . 5 ) . Oxygen + PMS , 

G ;  oxygen , 0 ; Fe ( CN ) 6 , (/ ;  DICP I P , 6. ; fumarate , X .  

A .  D - l ac t at e -depe ndent ac tivi ties 

B .  L- l actate-dependent activi ties 

C .  NADH-dependent a c tivi ties  and benzyl -vi o logen­

fumarate c� idoreductase 

D .  Succinate -dependent activi ties 

E .  Semi - l o g  p lo t  of % re s idual acti v i ty versus time 

for NADH oxida s e  { e )  ; D - l a c tate oxid
.
ase <.£. )  ; 

NADH- fumarate oxidoredu c tas e , ( 0 ) ;  D - l ac tate­

fumarate oridoreductase ( � )  . 
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E l ec tron transport to oxygen f rom· o �lac tate and NADH i s  

l e s s  sensi tive t o  UV than that t o  fu�arate . The t ime o f  

exposure required for 5 0 %  inactivat i on i s  1 4  m i n  a n d  2 3  m i n  

for NADH and D-lactate , respective ly ( F ig . 3 . 2 . l . l , E ) . 

Semi log plots for the inactivation o f  D-lac tate and NADH­

oxygen ox idoreductases are non - l i near , indic a t ing that 

e lectron f l ow t o  oxygen occurs via at least two pathways with 

d i f fer ing sen s i tivity to UV i rrad iation . 

Oxygen con sump* LDn with D-l actate in the pre sence o f  

PMS showed a n  ini ti a l  sma l l  but rapid drop and then a s low 

decrease whi ch approached l inearity with time ( F i g . 3 . 2 . 2 . l , A ) . 

The rate o f  inac tivation was very much s lower than that i n  the 

ab senc e o f  PMS whi c h  ind icates that t he main UV- s e n s i t ive s i te 

is l argely by-pas sed when PMS i s  pres ent . 

D - l a c t ate -DIC P IP oxidoreductase activity wa s rapid ly 

inac tivated to about 6 0 %  o f  t hat at 0 min after 1 0  min 

exposure , but t here was no further i nactivat ion wi th 

continued exposure . On the other hand , NADH-DICP I P  ox idore-

ductase showed progre s sive i nactivation with incre a s ing expo sure 

t ime a t  a r ate s imi lar to that of NADH-oxygen oxidoreduc t a s e . 

The o �l ac tate-Fe ( CN ) 6 oxidoreductase was inac t ivated to a much 

greater extent than the D - l actate D ICPIP ox idoreduc tase and 

showed a rate o f  inactivation s imilar to that o f  D - l ac t ate­

oxygen oxidoreductase . In contrast to thi s , NADH-Fe ( CN ) 6 

oxidoreduc t a s e  was les s rapidly inactivated than NADH-DICPIP 

oxidoredu c ta s e . As noted previou sly ( section 3 . 1 . 2 ) , F e ( CN ) 6 

and D ICP I P  appear to interac t at more than one s i te i n  t he 

e l ectron t ransport chain , and the extent or rate. o f  i nt e r action 

a t  the d i f f erent s i t e s  i s  d i f fe rent for the d i f fe rent donor s . 
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The d a t a  obtained us ing L - l actate are l e s s re l i abl e 

than tho se obtained wi th o ther donor� sinc e mo s t  o f  the 

original L-l actate-coupled activity had been lost from the 

membranes u s ed in the se exper iments due to · the time invo lved 

in preparat ion . The destru c t ion by UV l ight o f  L - lactate 

dependent activities was s imi l ar to that with D- l ac t ate in 

that fumarate reduction wa s the most sens itive reaction . 

However ,  L-lactate-D IC P IP and L- l actate-oxygen ( +PM S )  

oxidoreduct as e s  d ecayed under UV l i ght a t  a rate s imi lar to 

that of L- l a c tate and 0- l a c tate-oxygen oxidoreduc tases . 

These result s  s ugge s t  that the L - l ac t ate dehydrogenase sys tem 

( unlike that _for D-l actate ) i s  d e s t royed by UV l i ght and 

that i t  i s  i nac t ivat ion at t h i s  s ite that determine s the 

decay rate o f  oxygen consumpt ion . 

Wi th succinate a s  reduc ing sub strate , there was no 

inacti vat iori -o f  D ICPIP reduction on exposure to UV light . 

The rate o f  reduction o f  oxygen in the pre sence o f  PMS and 

the rate of reduction of ferricyanide we re a l so only very 

s lowly inac t ivated . Howeve r ,  the rate of inactivat ion o f  

suc c i nate-oxygen ox idoreductase wa s very c l o s e  t o  that o f  

0- l ac t ate-oxygen ox idoreduc t a s e . 

3 . 2 . 2 . 2 : E f fe c t s  of UV l ight on reduction and oxidation o f  

cytochrome s 

The e f fec t s  o f  UV l i gh t  on reduc tion o f  cytochromes 

by D -lactate , NADH and succ inate and on the l evel o f  aerobic 

and anaerobi c  steady-state cytochrome reduction were determi ned 

u s ing low t emperature spectrophotomet ry according to the 

procedure d e s c r ibed in sect ion 3 . 2 . 1 .  A membrane s u spens ion 
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wa s divided into two a l iquots , one o f which wa s i rrad i ated 

for 8 0  minute s a s  d e s c ribed above . One ml portions o f  

i r radiated and unirrad iated membrane suspen sion were 

incubated wi th D - lac tate , NADH or succ inate ( L- lactate wa s 

omi tted bec ause o f  the very low activi ty o f  L-lactate-dependent 

activi t i e s ) .  Both i r r ad iated and uni rradi ated samp l e s  we re 

reduced for the same t ime int erva l s , then the samp l e s  were 

frozen and ex amined by low temperature spectrophotomet ry . 

The e f fec t s  o f  UV irrad iation on reduc t ion o f  the 

cytochrome s by D - l ac t ate , NADH and succinate are shown 1n 

F i gure 3 . 2 . 2 . 2 .  Reduction o f  the b peak was inhibited by 

UV l ight in a-l l three c a s e s , although inhibition was sma l l  

with succ inate a s  e lec tron donor . Wi th NADH as reductant 

the re was no reduced cytochrome d pe ak ( 6 3 0 nm) in the uv ­

treated sample ( as compared with D - l ac tate and succina te ) 

whi ch indicate s that those membran e s  were sti l l  in the 

aerob i c  steady state . 

The reduced cytochrome d peak wa s also much sma l ler 

in t he UV irrad iated membrane s reduced with D - l actate 

and suc cinate . This  cou ld be due to inhib i tion o f  

c y tochrome d r eduction i n  UV irradiated membrane s . Howeve r ,  

i f  thi s  were t he c as e ,  t here should b e  a hi gher c ontent o f  

ox i d i z ed cytochrome d ,  and con sequently there should be a 

trough at 6 4 5 nm i n  the spectra D - lac/UV , D- l ac and 

Succ/UV , succ , s ince ox idi zed cytochrome d has  a peak a t  

6 4 5 nm . A s  can be seen f rom F i gure 3 . 2 . 2 . 2 , A ,  no s u ch t rough 

i s  evident . A more l ike ly exp l anation i s  t hat the 

dest ruct ion o f  cytochrome d by uv l ight ( B r agg , 1 9 7 1 )  i s  

re s ponsible for t he smal ler d pe ak at 6 3 0  nm i n  t he uv 
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F i gu re 3 . 2 . 2 . 2 :  · Effects  o f  UV I rrad i ation . pn Reduction 

Leve l s  of Cytochromes 

A membrane s u s pens ion expos ed to UV light for 8 0  min as 

de s c ribed i n  the text was compared wi th membrane s which h ad 

not b een expos ed t o  u l tr�violet l i ght in the sub strate 

redu ced (A) , anae rob i c  s teady- st ate ( B )  and ae rob i c  s teady-

s t a te ( C )  • Membranes were present at a protein concentration 

- 1 o f  0 . 4 2 mg ml . D - l a c t ate , L- lactate , s uccinate and 

fumarate were p re s ent , w here indic ated , at 6 mM. NADH and 

H 2 o2 were p re s en t , whe re ind i c ated , at 3 mM and 0 . 1 % ,  

re spective ly .  

NOTE : In t he s pe c t r a  s hown in Fi gure 3 . 2 . 2 . 2 . , A ,  B & C ( and 

i n  mos t s ub seque nt s pectra u s ing inhibitors ) , the s pe c tra 

shown on the l e ft h and s ide of the pag e are the d i f fe rence 

spe ctra between t he s ub s trate redu ced or s r 2 ady s t a te 

s amp le s ,  w ith and w i thout inhibit o r  ( s amp le cuvette ) and a 

fu l ly oxidi z e d  s ampl e  ( re fe re nce cuve tte ) . The s pectra on 

th e r i ght h and side of the p age are obtained by pl acing the 

uninhibited s ample in the s amp le cuvette and the inh ib i ted 

s ampl e  i n  the r e f e rence cuve tte ( e . g . , D�la c/UV , D- l a c ) .  

The s e  spec tra reve a l  more c learly d i f fe re nces in reduction 

leve l o f  the cytochrome s in the inhibited and un inhibi ted 

s amp le s . 

A .  Sub strate reduced memb ranes 

B .  Anae robi c s t e ady s t ate 

C .  Aerobi c  s te ady s t ate . 
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treated membrane spe c tra . S ince , a s  wi l l  be d i scus sed late r , 

cytochrome d i s  probably the ma j or terminal ox idase in 

P. s h erma n i i  membran e s , thi s addit ional site of UV action 

would contribute to the non- linearity of the semi - log p lo t s  

o f  U V  inac t ivat i on o f  oxygen consumpt ion ( F i g . 3 . 2 . 2 . l , E ) . 

The aerobic and anaerobic steady- state s o f  the cyto-

c hrome s were a l so ex amined . Membranes were reduced by the 

variou s sub strate s ( D - l ac tate , NADH and succ in ate ) for 1 0  

min (D- lac t ate o r  NAD H )  or for 3 0  min ( succinate ) at 3 0  C .  

Thes e  t imes were con s idered long enough to remove oxygen and 

t o  al low ful l reduc t ion o f  the cytochromes in both i r radi ated 

and unirrad iated memb ran es . Membrane s in the steady- state 

were then prepared by adding eithe r a s olut ion of H 2o 2 

o r  o f  anaerob i c  fumarate , mix ing gent ly for one minute , and 

free z i ng in low temperature c e l l s  in l iquid a i r . Anaerobic 

and aerob i c  steady- s tate spectra of UV- i rradi ated and 

unirradiated membran e s  and the dif ferences between them are 

s hown in F i gure 3 . 2 . 2 . 2 . B and C .  

Comparison o f  the aerobic steady- state s o f  i rradiated 

and untreated s ampl es with D - l actate a s  reduc t ant 

( D- l a c , H 20 2 /H 2 o2 and D - l ac , UV ,  H 202 /H 2 o2 (Figu re 3 . 2 . 2 . 2 , C ) )  

shows a sma l l e r  b peak in the irradi ated memb rane s , indicating 

that the maj or e f fect o f  UV l ight is on the reducing s ide 

of the b cytochromes .  Th� d i f ference spectrum between 

uni rradiated and i rradiated aerobi c  steady- s t at e s  

I 

b peak with c ontribut ion s f rom at l e a s t  two o r  more cyto chrome s 

b .· 



1 4 1 . 

The anaerobic steady- state spec t�a with D - l ac tate 

a l so indicate that the maj or inhibit�on with UV l ight o ccurs 

on the reduc ir'lg s ide o f  the b cytochromes . The d i f fe rence 

be tween unirrad i ated and irradiated s teady....:. state membrane s 

( D -lac , fum/D � lac , UV , Fum ( Figure 3 . 2 . 2 . 2 , B ) ) shows a complex 

b peak ind i c a t ing that fumarate oxid i z e s  several of the b 

cyto chrome s ,  even when the maj o rity o f  menaqu inone i s  

des t royed . 

The same c oncl u s ions hold for NADH s ince t he spectra 

ob served when NADH was u sed as reduc ing sub st rate we re 

nea r ly identi c al to tho se for D - l a cate . 

Wi th su_ccinate , UV i rradiation had ve ry l it t l e  

e f fe c t  on the steady- state reduct i on levels o f  b type 

cytochromes as shown in F i gure 3 . 2 . 2 . 2 , C .  This indic ates 

that menaqui none does not have an e s sent ial ro l e  in the 

redu c t ion o f  cytochrome b by succinate . 

3 . 2 . 2 . 3 :  E f fe c t s  o f  so lvent extract ion on e l ec tron 

t ra n sport ic tivities 

Membranes were extrac ted wi th n -pentane according to 

the method o f  Kroger ( 1 9 7 8 )  . Some vari ab i l i ty was noted 

in the e f fe c t  of n -pentane ex traction on e l ec t ron t ranspo rt 

activity,  which may h ave been due to the high humidity a t  the 

t ime the s e  expe r iment s v1ere carried out . The membrane s 

whi c h  h ad b ee n  lyoph i l i z ed and dried i n  vaauo over pho sphorus 

pentoxide may h ave t aken up some wate r .  It  was emph a s i s ed 

by Kroger ( ibid ) that membrane s and solvent s should be 

thoroughly d ry ,  e spec i a l ly dur ing readdi tion of quinone s to · 

depl eted membrane s .  
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Sucrose had to be thoroughly d i�lysed away f rom 

membrane s before n-pentane extrac tion , � inc� in the pre sence 

o f  sucrose , membran e s  buriched between the glas s p i s ton and 

the wal l  of the Dua l l  homogeni zer , preventing smooth mixing . 

The e f fec t s  o f  n-pentane extraction on oxygen 

reduc t i on by memb ran es w ith t he various sub st rate s are 

shown in Tab l e  3 . 2 . 2 . 2 .  

Table 3 . 2 . 2 . 2 :  E f fe c t s  o f  n-pentane Extraction o f  Membrane s 

On Rate o f  Oxygen Consumption 

Native Extrac ted Re s idue ( % )  

P- lac 2 . 4 3 0 . 5 7 8  2 3 . 8  

L-lac . 3 1 2  0 . 0 8 8  2 8 . 2  

NADH 2 . 3 0 0 . 7 6 0  3 3 . 0  

Succ 0 . 3 0 2  0 . 1 7 9  5 9 . 3  

Value s presented are the ave rage o f  dup li cate a s s ay s  
o f  spec i f ic ac tivi ty ( �M o2 min-1 mg p rote in- 1 ) .  

In thi s exper iment , t he spe c i f i c  activity o f f re e z e  dried 

extracted membranes was compared w ith membrane s which were 

kept in aqueou s s uspension . The rate o f  oxygen c on sump tion 

wa s much le s s  in the n-pentane extrac ted membrane s .  Part 

o f  thi s los s o f  a c t ivity may have been due t o  t he e ffect o f  

freeze drying rathe r  than n-pentane extract ion , s o  that the 

re s u l t s  are o f  l imited va lue . However ,  they are p re sented 

here bec ause they provide further confirmation t ha t  oxidation 
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o f  succ inate i s  inhibi ted to a s i gni fl cantly l e s s e r  extent 

( about 4 0 % )  than that o f  D-l actate , L� lactate and NADH ( about 

7 0 % ) . 
extract l e  h 

The e f fe c t  o f  n-pentaneA on dehydrogen�se a c t iviti e s  

was mea sured u s ing D ICPIP a s  e lec tron acceptor in the 

presence and absence of PMS ( Tabl e  3 . 2 . 2 . 3 ) . 

Table 3 . 2 . 2 . 3 :  E f fects O f  n-pentane Extrac t ion o f  Memb ranes 

on D I CP I P  reductase activity 

Unextracted Extracted Re s i due ( % )  

D - l a c  4 . 3 4 4 . 0 8 9 4 . 0  

" +PMS 8 . 1 8 7 . 2 2 8 8 . 3  

NADH 4 . 4 6 3 . 9 4 8 8 . 3  

Succ 0 . 7 1 2  0 . 8 2 6  1 1 6 . 0  

" +PMS 3 . 3 6 3 . 9 1  1 1 6 . 4  

Va l u e s  pre sented a re the average o f  dup l i c ate 
as says o f  s rec i f ic ac t i v i ty ( �M D ICPIP min­
mg protein- ) . 

In thi s expe riment , both extr acted and unextrac ted membranes 

were free z e  dried , so th at c hange s in activity c an be 

attributed to n-pentane extrac t ion . Al l three dehydrogenase 

act ivi t i e s  were re l at ive ly unaffected by n -pent ane extraction . 

Ex traction o f  membrane s w ith n -pent ane s l ightly acce lerated 

s ucc inate -D I CPIP oxidoreduct a s e  in the presence or absence 

o f  PMS and this  may be due to a partial removal o f  t he 

c ompeti t i on b etween oxygen and DICPIP fol lowing n-pentane 

ext ra c tion . 
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The e f fect o f  n-pe ntane extract ion on fumarate ox ido-

reductase · i s  shown in Table 3 . 2 . 2 . 4 . . The re latively h i gh 

ac tivity of fumarase present in the parti cu lar membrane 

preparation u sed in thi s expe r iment permi ts on ly the 

qual i tative c onc l u s i on that a l l  three ac tivi t i e s  are 

inhibited by n-pen t ane extraction . 

Tabl e  3 . 2 . 2 . 4 :  The E f fect Of n-pen t ane Extract ion o f  

Membrane s On Fumarate Oxidoreductase Ac t ivi ty 

Unex tracted Extrac ted Re s i du a l  
membranes memb r anes activi ty ( % ) ' 

D - l ac 0 . 4 1 8  0 . 0 3 9 5  9 . 4  

L-lac 0 . 1 0 3  0 . 0 5 9 9  5 8 . 2  

NADH 1 . 3 6 3  0 . 3 5 0  2 5 . 6  

Spec i f i 6  activi t i e s  are in uni t s  of ��ol fumarate 
min- 1  mg �rote in-1 exclp t  with NADH whic h  i s  � mo l  
NADH min- mg protein- . Fumarase activ i t i e s  were 
0 . 3 6 8  �mo l min- 1  mg-1 i n  extracted membranes a nd 0 . 7 3 6  
�mo l min-1 mg- 1  i n  unex tracte d  membrane s . Va lues 
shown are the ave rage o f  dup licates . 

Re s u l t s  o f  exper iments i n  whic h  a quinone ex tract 

( see F i gure 3 . 1 . 4 . 1  for a UV s c an of this ext r ac t )  was 

added back to n-pentane extracted membranes is shown in 

Table 3 . 2 . 2 . 5 .  In no in stance did re addi tion o f  t he 

menaquinone extract give comp l e te react ivation o f  membrane 

ac tivitie s .  The g reate st reac tiva tion occurred w i th D - la c t ate-

fumarate oxidoreduc tase where about hal f the a c t ivity was 

recovered . 
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Table 3 . 2 . 2 . 5 :  The E f fect Of Quinone Readdition to n-pentane 

Reduc tant 

D - l ac 
11 

11 

11  

NADH 
11 

11 

11  

ben z y l  
vio logen 

Extracted Membrane s .  

Oxidant 

oxygen 

fumarate 

D I C P I P  

Fe ( CN ) 6 

oxygen 

fumarate 

D IC P I P  

Fe ( CN ) 6 

fumarate 

Unextracted 

0 . 6 9 8  

0 . 5 6 4  

6 . 5 3 

3 . 1 1  

1 . 5 7 

3 . 0 0  

1 . 7 6  

2· . 7 8 

1 9 . 0  

Extracted 

0 . 0 4 8 3  

0 

3 . 1 1 

3 .  0 2  ; 

0 . 0 3 7 9  

0 . 0 1 9 8  

0 . 4 2 4 

5 . 4 9 

1 . 8  

Extracted 
+MQ 

0 . 0 9 7 9 

0 . 2 5 9  

3 . 7 7 

2 . 7 9 

0 . 0 6 0 8  

0 . 0 8 4 6 

0 . 4 2 3  

7 . 6 2  

4 . 6 1 

Va lues presented are the ave rages o f  dup li cate as s ay s  
in uni ts o f  spec i f i c  aci tvity ( �mo l min-1 mg- 1 ) .  Va lues 
pre s ented are c orrec ted for fumara s e  ( p re sent in the 
memb rane s at 0 . 0 0 6 5  �mo l min-1 ml- 1 ) .  Quinone readd i tion 
was at the leve l o f  1 . 3  �mo l mg-

• 

I n  contra s t  to D - l ac tate - fumarate oxidoreductase 

reactivat ion , D - l ac tate-oxygen oxidoreductase was not 

reactivated to a s i gn i fi cant extent . Al though all activi t i e s  

exc ep t  NADH oxida s e  and NADH-DICPIP oxidoreductase were 

reactivated by quinone re addi tion by a sma l l  amount , none 

of the NADH-depe ndent ac-t i vities were reactivated to a 

s igni f i c ant percentage o f  the native membrane activi t i e s . 

Benzyl-viologen-fumarat e oxidoreductase was al so 

re activated by readdi t ion o f  the n-pentane solution o f  

qu inone from 9 . 5 % t o  2 4 %  the nat ive activity . Th i s  
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d e s truc t ion and react ivation i s  not consi stent with the 

very smal l  decre a s e  of thi s activity in UV i rrad i ated 

membrane s ( Fi gure 3 . 2 . 2 . l , C ) , as suming that the maj o r  e f fe c t  

o f  both UV irrad i a t ion and n-pentane extraction i s  on the 

. quinone s . Secondary f ac tors associated with n-pent ane 

ext ract ion are the e f fec t s  o f  free ze d rying and the removal 

o f  some l ipid by n -pentane ex traction . These two factor s  

l imit i n terpreta tion o f  re su l ts f rom n -pentane extracted 

membrane s . 

Pos s ibly the mo st s i9n i f icant re sult f rom th ese 

experiment s  was the f ind ing that D - l a c tate -fumarate 

oxidoreductase o f  n -pentane extracted menilirane s wa s 

significantly reac tiva ted by readdi tion o f  quinone . The 

re activat i on o f  thi s  parti cul ar act iv i ty would merit further 

inve stigation . 

3 . 2 . 2 . 4 :  Conc lu s ions from UV i rradiation and n-pentane 

extrac t ion experiment s 

The main c onc l�s ion s from the u l travio l e t  i rrad i a tion 

and n-pe ntane extract ion expe riments a re su�nar i zed b e l ow .  

For the s ake o f  s imp li c i ty ,  the res u l t s  for each donor 

wi l l  be d i s c u s sed s eparate ly . 

D- l ac tate 

The s i te at which UV l i gh t  ac t s  o n  electron tran s port 

to fumarate i s  prob ably menaqu inone . S ince D - l ac t ate- fumarate 

oxidoreduc tase was a lmost c ompletely i nhibi ted by UV l i gh t  

and s ince the semi - lo g  plot o f  inactivation . was linear , i t  
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c an be c onc luded that there i s  only 6ne . ma j or s ite o f  

i nhibition and that menaqu inone i s  an. obligatory intermediate 

in e lec tron trans port to fumarate . Elec tron tran sport 

a c ti v i ty to fumarate vri th D-l actate as donor wa s also 

s t rongly inhibi ted by n-pe ntane extraction , and thi s was 

rever sed to a s igni fi c ant extent by the addi tion o f  a 

quinone extrac t . I n  l ight o f  thi s ,  the fol lowing scheme mu s t  

be part o f  any overal l  s cheme for e lectron transport i n  

P .  s he rma n i i .  

( l )  D - l ac --- MQ --- fumarate 

-
The much lower sensi tivity o f  D - l ac tate -oxygen 

ox idoreductase to UV inac tivation ( t� = 23 min as compared 
2 

with t� = 8 min for D - lactate- fumarate ox idoreduc tas e )  
'2 

indic ate s that menaquinone i s  not an obl i gatory intermed i a te 

i n  D-lac tate dependent oxygen consumption . The re s idual 

men aquinone after 8 0  min exposure to UV l ight should be about 

0 . 1 % , a s suming tha t the t� for menaqui none d e struc tion i s  
. 2 

8 min ( as i ndicated by th e inac tivat ion o f  fumarate 

reduction } . The non- l inearity o f  the semi- log plot o f  lo s s  

o f  thi s activity on expo sure to UV l ight also ind i c ate s 

tha t  there i s  more than one s i te at which uv l i ght acts . 

Pos s ib l e  s i te s  are cytochrome d ( B ragg , 1 9 7 1 )  and f l avin 

mononuc leotide ( Brod i e , 1 9 6 5 ) . Partial destruc tion o f  

cytoc hrome d i s  i nd i c a ted b y  the spectra shown . The 

menaqu i none - i ndepe ndent route may be due in p art to direct 

t r ans fer o f  e lectrons f rom the primary dehydrogenas e  to 

oxygen or to a bypass  of menaquinone . The se pos s ib i li ties  

are summari sed in the diagram below . 
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( NOTE : the cytochrome components are de signated s impl y  
as b and d )  . 

D- lac ta te-D ICP I P  ox idoreductase i s  dec re ased to a 

max imum o f  3 5 % after 1 0  min expo s ure to UV l i ght . Thi s  

indi c a te s that a di screte portion o f  the DICP I P  reductase 

activity ( 3 5 % )  i nvolve s a pa thway requ i r ing menaqu inone , 

whi le the remaining 6 5 % doe s not ( and has no othe r s i te 

sen s i t ive to UV l i gh t )  . The pos s ible s ites o f  in teraction 

of D ICPIP are .indic ated be low . 

( 3 )  D - l ac ----.. fp\: J:--� b  ---. d --� o2 

D ICPIP 

The inac tivation of  D- l actate-Fe ( CN ) 6 ox idoredu c tase 

1 . 
para�e l led tha t  o f  oxygen consumption . Thi s  ind i c a te s  that 

the s i te ( s )  of UV i n ac t ivation of Fe ( CN ) 6 reductase and 

oxygen reduc tase ac t ivity i s  probab ly the s ame , s o  that 

Fe ( CN ) 6 , un l ike D IC P I P , is interac t i ng wi th the e le ctron 

transport pathway f rom D- l actate mai n ly at a s i te beyond 

menaqui none as d iagrammed be low .  

( 4 )  D - 1  ac ----+- Fp0 --+ MQ --+,......__
b

_-::::;:::_
d....J ---+-

0 2 t r ' 
' ' .... uv 

_ _ _ - �  Fe ( C N ) 6 
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That the ma j or inhibit ion o f  the electron transport 

by UV l i ght is at a s i te b ef ore cyto qhrome b i s  c learly 

ind i c a ted by spectra of bo th s teady- s tates and the sub strate 

redu6ed s tate . This i s  c o n s i s tent with scheme s 2 and 4 ,  

above . 

NADH 

NADH-dependent fumarate and oxygen cons ump tion 

decayed under UV l i ght at rate s s imi lar to tho s e  of D - l ac tate 

dependent activiti e s .  The i nterpretation i s  thu s  the s ame 

a s  for D - l ac tate dependent ac tivitie s .  

b?  
( 6 ) NADH --- fpN-_ --� MQ fum 

1t uv uv 
� b? i MQ 02 ( 7 )  NADH --� fpN 

NADH-DICPIP oxidoreduc tase was inactivated by UV l ight 

at the s ame rate a s  NADH ox i dase , thereby ind i c ating that 

D IC P I P  i nte racts w ith the e l ectron transport c hain from NADH 

p rincipal ly a f te r  menaqui none . 

!,. MQ \ \ 
( 8 )  NADH fpN 

b? .. d ; 02 t ' ZD ICPIP uv 

I r radi ation with UV l i gh t  i nactivated only 5 0 %  o f  the 

NADH-Fe ( CN ) 6 ox idoreductas e  activity . The t i me c ourse for 

the decrease of this UV- sen s i tive c omponent was s imi l ar to 

that for inactivat i on o f  fumarate reductase , i nd i c at ing that 

de s t ruc tion of menaquinone i s  re spon sible for i nhibi tion o f  

thi s  c omponent o f  t he total Fe ( CN ) 6 reductase ac t ivi ty . 
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The sugge st ion that Fe ( CN ) 6 can interact with the 

e lectron trans port c hain �rom NADH at the dehydrogenase 

h. ..S Kr-ause 
s i te i s  c on s i s t ent w it h  the ob serva tion of S c�a rt z A ( l 9 7  

th at Fe ( C N ) 6 i s  reduced more r apidly than D IC P I P  and other 

oxidants i n  a parti al ly pur i f ied NADH dehydrogenase from 

P .  s he rmani i  P Z 3 . 

Succ inate 

Suc c i n at e -dependent activities we re not s igni fic ant ly 

inhibi ted by UV i rradiation exc ep t  for the suc c inate-oxygen 

ox idoreductase activity in the absence o f  PMS . Th ere wa s 

l i tt l e  di f ference between i rrad i ated and uni rrad i a ted s amp l e s  

i n  the leve l o f  c ytochrome reduction i n  the sub strate 

reduced or in e i ther s teady- state . Thi s indic ate s that 

c y tochrome reduc t ion by succinate i s  large ly una f fe c ted by 

the remova l o f  qu inone , but that t he maj or route for the weak 

oxida s e  a c t i vi ty with succinate is via a qciinone . 

.#uv 
b? � Succ --_--.... fp 8---...,.-,---- MQ -----� Oxygen 

DIC� j �Ms --- oxygen 

Fe ( CN ) 6 

With succ inate , Fe ( CN ) 6 and DICPIP probab ly react near 

the . dehydrogenase s ince both activi t i e s  are una f fe c ted by 

UV i rradi ation . 
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Dicumarol i s  a n  inhibitor o f  e lectron t ransport a c tivity 

whi c h  act s  a s  an antagoni s t  o f  menaqui none s or vi tamin K 

Lehninger ( 1 9 6 5 ) , o f  which i t  i s  an analogue ( Harold , 1 9 7 6 ) . 

- 5  - 6  At lqwer conc entrations ( 1 0  t o  1 0  M ) , i t  uncoup l e s  

pho sphorylat ion f r om oxidation o f  various subs t rates in 

My c o ba c t e r ium p h Z e i  ( Brodie , 1 9 6 5 ) . The inhibition of 

oxidation is  sub strate spec i fic in M .  p h Z e i  where ma late 

ox idation is inhibi ted but s uc c inate oxidation i s  not 

inhibited ( ib id ) . However , in mitochondrial particles , i t  

ha s been demonstrated t ha t  dicumarol irihibits succinate 

oxidat ion by d irect binding t o  s uccina te dehydrogenase 

(Wi l son and Mertz , 1 9 6 9 ) . 

Schwartz and Sporkenbach ( 1 9 7 5 )  reported that dicumarol 

inhibi ted NADH , D ,  L - l ac tate and suc cinate dependent oxyge n  

uptake by membrane partic les o f  P .  s h e rm a n i i  P Z 3  a t  a 

concentration around 1 0- 7 mol e s  per ng protein but no further 

data were given . Maxima l inhibi tion was 7 0 %  and they found 

succ inate oxidase a c t iv i ty t o  be more s ensitive to i nhibi tion 

tha n  NADH or lac t at e  oxida s e . Sane ( 1 9 7 2 )  reported 9 0 %  

inhibi tion o f  both NADH-oxygen oxidoreduc tase and NADH-

fumarate oxidoreduc tas e  by 0 . 2  mM dicumarol in P.  a r a bi n o s um 

membrane partic les . 

Mol inari and Lara ( 1 9 6 0 )  reported that a part i a l l y  

puri f ied lactate d e hydrogenas e  from P .  p e n t o s a c eum wa s 

inhibited by dicumarol ( 9 6 %  at 1 mM and 4 9 %  a t  0 . 1 mM 

dicumarol ) • 
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3 . 2 . 3 . 1 :  Dicumarol inhibi tion o f  elec tron transport activi t i e s  

The e f fects of d icumarol on D-lac tate , L - l ac tate and 

NADH-dependent oxygen c on sumption were measured u s i ng the 

oxy gen electrode (Figure 3 . 2 . 3 . 2 , A ) . D-lactate -oxygen and 

NAD H-oxygen oxidoreduct a s e s  proved rel atively insens i tive, 

to dicumarol , requir ing about 1 0 - 2  M to give 5 0 %  inhibition 

( p r 5 0/E = 1 . 5 ( a ) ) .  T h i s  i s  the upper l imit of solub i l i ty o f  

d icumarol i n  water s o  e ffects at higher concentrations could 

not be a scerta ined . Thi s is much lower sens i t i vi ty than that 

reported by S chwart z  a nd Sporkenbach ( 1 9 7 5 ) . L - l actate -oxygen 

ox idoreductase exhibited a much greater sens itivity , showing 

5 0 %  inhibi tion at about 1 0 -5 M dicumaro l ( p r 5 0;E = 4 . 5 ) . 

I n  contra st to the d i ff erent oxygen ox idoreductase 

sys tems , reduction o f  fumarate by the three d i f ferent reduc i ng 

sub strate s s howed much l e s s  di fference in sen s i tivi ty to 

d icumarol inhibition . Hal f  i nhibi tion of fumarate reduction 

occ urred at about 1 0 - 5 M dicumarol ( p r 5 0;E about 4 . 0 ) . Thi s  

i s  s imi lar t o  the sens i tivity o f  L-lactate -oxygen oxidoreduc-
' 

tase , sugg e s t ing that a simi lar s ite might be i nvolved i n  

·inhibi tion o f  both aerobi c  and anaerobic pathways from L-lactate . 

NADH , D- lactate a nd L-lactate dehydrogenase act i vi t i e s  

mea sured u s i ng D ICPIP or Fe ( CN ) 6 a s  e l ectron acceptor s s howed 

the s ame re lative sen s i tivity to inhibi tion a s  d id oxygen 
• 

consumpt ion . Hal f inhibi t ion o f  L-lactate-D I C P I P  and 

L- l ac ta te-F e ( CN ) 6 oxidoreduct a s e s  occurred at 1 0 - 6  to 1 0 - 7  

M d icumarol ( pr 5 0;E about 4 . 4 with Fe ( CN} 6 and 4 . 1  with 

( inhibitor cone . g.iv iilg - SO% inh ibit ion (M) ) 
l og l O . 1 membrane protein cone . ( g . l - ) 
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DICP I P )  , whereas for D - lactate and NADH dehydrogenases 

concentriti bn s  o f  1 0 -4  to 1 0- 3  M dicumarol were requi red to 

give s imilar inhibi tion . Succ inate dehydrogenase ac tivity 

( F e ( CN ) 6 or DIC P I P )  was least sensi t ive to d icumarol . 

3 . 2 . 3 . 2 :  E f fec t s  o f  D ic umarol on Cytochrome Reduc tion 

0 
The e f fe c t s  o f  d icumarol on cytchrome reduction were 

A 

determined us ing low temp erature spectrophotometry o f  

s amp l e s  prepared a s  d e s c r ibed previous ly ( Se c ti on 3 . 2 . 1 ) . 

The c oncentration o f  d i c umarol used was the h i ghes t  at whi c h  

i t  wa s s oluble in aqueous solution , 2 x 1 0
-2 M ( pi/E about 

1 . 5 ) .  At thi s concentra t i on , the L - l actate-d ependent 

s y s t ems and the fumarate oxidoreductase systems shou ld be 

a lmo st comp letely inhibi ted . 

The e f fe c t  o f  d icumarol on reduction o f  cytochrome b 

i s  s hown i n  F i gu re 3 . 2 . 3 . 2 , A .  At the high concentration u s ed , 

dicumarol inhibi ted reduction o f  cytochrome b in a l l  c a s e s . 

The d i fference between uninhibited and inhibi ted peak 

heights is s imi l ar for a l l  four donors . ·  It i s  rather 

surp r i s ing tha t  a more c ompl ete inhibition o f  L-lac tate-

dependent cytochrome b reduction was not found i n  view o f  

the high sen s i t ivity o f  the L-lactate-dependent e l ec tron 

tran s port activity descri bed above . The d i f ference spec tra 

between inhibited and uninhibited s amples show some sma l l  

qua l itative d i f ference s  in peak shape betwee n  t he d � f fe rent 

reduc t ant s . I n  al l c a s e s  a b 5 5 6 _7 i s  the ma j o r  component 

in thi s di f ference spectrum with varying amounts o f  b 5 5 3 _ 4 . 

The very d i s tinct s houlder on the short wave length side o f  the 

b ' peak in the uninhibi ted minus inhibited d i f fe rence spectrum 
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F igure 3 . 2 . 3 . 1 :  D icumarol Inhib i t ion of Electron T r an sport 

Act i vi t i e s  o f  Membrane Ves i c les o f  

P .  s h e rmani i .  

Value s pre sented i n  the s e  f igure s are the spec i f i c  activi tie s  

o f  e le c tron transport proce s s e s  i n  the pre sence o f  var ious 

conc entr at i o n s  of dicumaro l expre s sed as a percentage o f  

t ho se o f  the uninhibi ted control . Each value i s  t he 

average o f  dup l i cate determinations . A .  Oxygen 

c o ns ump tion mea s ured w i th the oxygen e lectrode . B .  Fumarate 
-

mea sured in anaerob i c  a s s ay � C .  Fe ( CN ) 6 reduction rate . 

D .  D ICP I P  redu c t ion rate . 0 ,  D - l ac tate ; 0 ,  L-la�tate ; 

D ,  NADH ; � '  succ inate . 
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for suc c i n ate ( succ/D IC , succ ) may be due to the ' c  type ' 

cyto chrome with peak absorption . at 5 4 8  nm . The reduc t i on 

o f  b 5 6 2 _ 3 i s  apparent ly less a ffected by dicumaro l than that 

o f  other cytochromes . 

On the othe r hand , the anae robi c  steady state 

di fference spec tra ( S , fum/S , D IC , fum) consistently indicate 

that dicumaro l  i nhibi ts reduction o f  cytochrome b 5 5 6 _ 7 , 

cytochrome b5 6 2 _3 and the c type cytochrome . The mo st 

signi fi cant feature o f  the anaerob i c  steady- state spec tra 

is the r e lative ly smal l d i fference b etween the inhibi ted a nd 

uninhibi ted spec tra , considering that the concentration of 

d icumarol u sed should , according to the dat a  presented 

e a r l i er ( 3 . 2 . 3 . 1 ) , h ave comp lete ly inhibited the fumarate 

oxidoreduc tase ac tivit ies . Thi s  c an be exp l ained i f  e ither 

the b-type cytoch romes which are obl igatory components o f  

the anaerobic e lectron t ransport pathway to fumarate are 

only a smal l  proportion o f  the tota l cytochrome b poo l or i f  

d icumaro l  inhibi ts fumarate oxidoreductase systems at two 

s i te s  lying on e ither s ide of the cytochrome b in the 

anaerobic pathway , or both . �hi s  i s  pos s ible consider ing 

the high concentr at ion o f  dicumarol used . I n  retrospe c t ,  i t  

wou ld have been more i nformative to have also i nvestigated 

the e f f e c t  o f  a lower c oncentration o f  d icumaro l . 

Dic urnarol caus es a s i gni fi cant reduc tion in b peak 

s i ze in the aerobj c steady- state spectra ( F i g . 3 . 2 . 3 . 2 , C )  

ind ic ating . that i nhibit ion i s  mainly on the redu c ing s id e  

of t h e  b cytochromes . Again the d i f fe rence between 

uninhibi ted and i nhibi ted aerob i c  steady-state s ( S , H2 o2 ; 

S , D I C , H 2
o2 ( Fig . 3 . 2 . 3 . 2 , C ) ) indicates that the ma j o r  



1 5 7 .  

cytochrome s wh ich are less  reduced in the inhibited state 

are b5 5 6 _ 7 and to a lesser extent b 5 6 2 _3 _ 

3 . 2 . 3 . 3 :  Conc lus ions from experiments us ing dicumarol as  

an inhibitor 

The maj or conc lusion s  which may be drawn from the 

inhibition studies with dicumarol are as  fol l ows . 

D- l actate and NADH 

Di cumarol has s imi l ar e f fects on electron transport 

proce s ses invo lving D - l actate and NAD H . Electron transport 

from D-lactate or NADH to oxygen , Fe �N ) 6 or D ICPIP was 

inhibited only at higher concentrations of d icmuarol 

( p r 5 0;E of about 1 . 5 ) .  At the se high concentrations o f  

d icumaro l ,  inhi bition may be relatively non- spec i f ic . 

D-lactate and NAD H- fumarate oxidoreduc tase systems were 

much more sensitive to dicumarol inhibiti on ( pr 5 0;E of 

about 4 . 5 ) .  Thi s concentration o f  dicumarol corre sponds 

to a dicumarol to menaquinone ratio of about 2 : 1 ( a s suming 

menaquinone t o  be present at 1 6 nmol per mg protein ( sect ion 

3 . 1 . 4 ) ) .  I f  i t  i s  assumed that at thi s  low concentration 

the e f fect of dicumarol i s  t o  inhibit menaquinone funct ion 

( e i ther reduction o r  oxidation o r  bot h )  then the low 

sensitivity o f  t he oxygen , Fe (CN) 6 and DICP IP oxidoreduc­

tases mus t  be due to : : 
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F igure 3 . 2 . 3 . 2 : E f fec t o f  Di cumarol on Substrate Reduced 

and Steady State Low Temperature Spectra 

o f  Membrane Ve sicles o f  P .  s h e rma n i i . 

Spectra o f  s ub s trate reduced , anaerobic ( fum) and 

aerobi c ( H 2o2 ) steady s tate me��ranes were prepared a s  

described in method s and Section 3 . 2 . 1 .  Dicumarol ,  where 

indicated , was pre sent at 2 x 1 0 -2  
M ( p i/E = 1 . 5 )  � D-

l actate , L-lactate , succinate and fumarate were present 

a t  6 mM .  NADH and H2o2 were pre sent , where indicated , at 

3 mM and 0 . 1 % , respective ly . Hembranes were pre sent a t  

- 1 - 1  protein concentrat ions of Q . 6 0 mg ml , 0 . 6 1  mg ml , 

- 1  - 1  0 . 6 5 m g  m l  and 0 . 6 2 m g  ml  for D - l actate , L-l actate , 

NADH and s uc c inate , re spectively . 

A .  Sub strate reduced spectra 

B .  Anaerobic-steady--state spectra 

c .  Aerobic-ste ady state spectra . 
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( 1 )  the ex istence o f  menaquinone-independent route s from 

NADH and D -l actate to oxygen , DICPIP and Fe ( CN ) 6 • 

D - l ac ----"=- Fp0 -----==- MQ -- fum 

\ ' 
02 DIC 

( 2 ) d i f fe rent pool s  o f  menaquinone showing d i f fe rent 

acces sibil ity to di cumarol • . 

DIC ' � MQ1-.,---..::.. fum 

D - lac __ ___:::,._ Fp0� 
MQ2--� 0 2 

( 3 )  an inhibit ion o f  e lectron f low from menaquinone 

to fumarate bu t not to oxygen . 

D IC 

� __...:::- fum 
D-lac __ ___;:::....fp0---� MQ -� ------------==- 0 2 

The data obta ined by UV irradi ation o f  memb rane s 

( Sec tion 3 . 2 . 2 ) i s  consi stent with the first o f  these 

pos s ibilitie s . 
( 

At high concentrations , dicumarol inh ibit s  p rimari ly 

on the reduc ing s ide o f  the b-cytochromes . S ince 

menaquinone ( E ' = - 7 0 mV) is  l ike ly to lie on the reducing 
0 

s ide o f  cytochrome b ,  this  observation i s  con s i stent with 

dicumarol acting as a menaquinone ant agoni st . 

I 
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An aerob i c  s t e ady-state s pectra ( Fi g . 3 . 2 . 3 . 2 , B )  show 

decre ased reduct ion leve l s , e spe c i a l ly o f  b5 5 6 _ 7 , b
5 6 2 _ 3 

and t he putative c ytochrome c ( 5 4 8  cm)  . Th i s  again 

indi�ate s a menaqu inone func t ion in the reduc t ion of the s e  

b cytochromes . The decre a s e  i n  peak hei ght in t he inhib i ted 

sample i s  re lative ly smal l , cons ide r ing the h i gh concent rati on 

of dicumarol used , and thi s may be due to a partial 

inhibi ti on by dicumarol of t he oxidation of t h e s e  

cy tochrome s by fumarate , a s  wel l  a s  the inh i b it ion o f  

reduct ion . 

The po s sibi l ity o f  a dicumarol inh ibit ion o f  the 

fumarate reductase system i s  supported by the ob servatior1 

of Wi l son and Mer t z  ( 1 9 6 9 )  that dicumarol bind s  to s uc c inate 
Q 

dehydrogenase i n  mi tochondria , and by the data o f  S cwartz and � 

Sporkenbach ( 1 9 7 5 )  that s u c c in ate oxidation was more s e n s i t ive 

to dicuma ro l inhibi tion than that o f  lac tate or NADH . 

L- l ac tate 

L- l actate -oxygen oxidoreductase i s  much more 

sensi tive than D - l ac t ate and NADH oxygen-oxidoreductase 

sys tems . The s ame d i fference app l i e s  to the Fe ( CN ) 6 and 

D I C P I P  oxidoreduct a s e s . Sen s itivi ty of a l l  t he s e  L - l ac tate 

dependent activi t ie s  i s  s imi l ar to that of fumarate 

oxidoreduc tases �Thi s  s ugge s t s  the fol lowing : 

( 1 )  That menaqui none i s  an obligatory component o f  a l l  

e l ectron transport pro c e s s e s  f rom L-lac tate , and 

( 2 )  that the s ite o f  inhibi tion by d icumarol i s  the 

s ame for fumarate , oxygen , Fe ( CN.) 6 and D I C P I P  

oxidoreductase sy stem s . 

. . 
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Succ inate 

Redu c tion of Fe ( CN ) 6 and DICPIP is not inhibited by 

d i cumarol e xcept at very h i gh concentration s . Spec tra 

i ndicate tha t  the reduc tion of b5 5 6 _ 7 and b 5 6 2 _ 3 is s l i ghtly 

i nhibite d  by dicumaro l . However t h i s  inhib i t ion may b e  

due t o  the inhibition o f  succinate dehydrogen as e  by 

d i cumarol at high concen trations as mentioned above . I t  

wou ld h ave been o f  intere s t  t o  examine the e f fe c t s  o f  

dicumarol on cytochrome oxidat ion and reduc t i on a t  a low 

c oncentrat i on o f  i nh ibitor . 

Taken in c on j unct ion with the scheme s pres ented in 

the previous section s , t he re s u l t s  o f  t he s tudy of the 

e f fe c t s  of dicumaro l are cons i s tent with the f o l l owing 

. s cheme . 
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3 . 2 . 4 :  I nhibi tory e f fects o f  p-chloromercuriben zoat e  

on elec tron tran s port proc e s s e s  

The $Ul fhyd ry l re agent p-ch loromercuribenzo ate 

( pCMB ) inh ib i t s  many en zymes by reacting wi th e s senti a l  

s u l fhydryl group s . I t  reacts w ith i ron-sul fur proteins , 

c au s ing the l o s s  o f  character i s t i c  EPR sign a l s  ( Orme -John son 

and Orme-John son , 1 9 7 8 ) . I n  propi onibacte r i a  i t  h a s  b een 

shown t o  inhibit g lyc erol phos phate dehydrogenase ( Sane , 

de 
N . , 1 9 7 3 ) , l ac tate fiydrogenase (Mol inari and Lara , 1 9 5 8 )  

� 

and NADH dehyd rogena s e  but no t succinate dehydrogen a s e  

( Sane , 1 9 7 2 ) . Sane reported that both NADH-oxygen 

oxidoreduc t a s e  and NADH- fumarate oxidoreduc tase activi t i e s  

were inh i b i te d  s trongly b y  pCMB . However , a partia l l y  

pur i f i ed NADH dehydrogenase from P .  s he rma n i i  wh ich was 

a s s ayed usin� Fe ( CN ) 6 , was inhibi ted on ly 2 0 %  by 

p-hydroxy mercuriphe nyl s u l fonate at 2 mM ( Schwar t z  and 

Krause , 1 9 7 5 ) . 

3 . 2 . 4 . 1 :  Inhibition o f  e lectron transport activi t i e s  

The rate o f  oxy gen consumpt ion with D- and L - l a c tate 

and NADH wa s inh i b i ted by pCMB but the ex tent o f  i nh i b i tion 

d i f fe red ac cording t o  whe ther lactate (D- o r  L- ) or NADH 

was the e le c tron donor ( Fi gu re 3 . 2 . 4 . l ,A) . Whi le both D -

and L-lacta te-dependent oxygen consumption were i nh i b i te d  

a lmos t  comp l ete ly b y  10 - 3  M pCMB , NADH-dependent 

c onsumpt ion was only inhibited t o  about 5 0 %  at this 

concentration of pCMB , and a t  hi gh er concentrations appeared 

t o  approach a maximum of 50 to 6 0 %  inhib i t ion . Suc cinate-
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dependent oxygen c onsumpt ion was not inhibited to nearly 

the s ame extent , only 2 0 %  inhib ition being attaine d  a t  1 0 - 3  

l-1 pCMB . 'The finding that NADH oxidase activity w a s  only 

· part i a lly inh ibi ted in membrane s from P. s h e.rm a n 1�- i 

con tras t s  with the report by Sane ( 1 9 7 2 )  of  9 8 %  inhibi t i on 

o f  NADH ox idase by 2 x 1 0 - 5  M pCMB in P .  arab i no s um .  

I n  contra s t  to the inhibi tion o f  oxidase activity 

fumarate reduc t io n  w i th D - l actate , L- l actate and NADH 

was inhibi ted s imi l arly for a l l  three sub strate s ( F i gure 

3 . ·2 .  4 . 1 ,  B )  • I nhibit ion o f  f umarate reduc tion wi th the s e  

- 4  sub strates reached l O O %  at 1 0  M pCMB . Expre s sed i n  te rms 

of p i 5 0 ;E , the concentration o f  pCMB requ ired for comp l e te 

inh i b i t ion o f  NADH , D- o r  L-l ac tate -fumar ate oxidoreduct a s e s  

( p i 5 0/E ) o f  about 4 . 0 ) was comparabl e t o  that f o r  comp l ete 

inhibi tion o f  the D- and L - l actate oxygen oxidoreduc t a s e s . 

The portion o f. NADH oxidase act ivi ty which was sen s i tive 

to inhibi tion by pCMB wa s  inhibited at a s imi l a r  p i 5 0/E 

( about 4 . 0 ) . 

I nhibi t i on o f  ferricyanide and DICPIP reductases by 
1 

pCMB ( F i gure 3 . 2 . 5 . l , C & D )  parale lled the re s u l t s  obtained " 

for inhibi t ion o f  oxygen uptake , i . e . , concent ra tions o f  

pCMB g iving l O O %  inh ib i tion o f  activi tie s with D- l ac tate 

inh ibi ted NADII dependent ac tivi tie s only parti a l ly and 

succinate dependent activi ties  very l i ttle ( 2 0 to 3 0 % ) . 

The p re sence o f  PMS d id no t a f fe c t  th e i nhibi t ion 

curve s . The p i 5 0;E va lues for pCMB inhibition of D- l ac tate 

depe ndent oxidoreduct a s e s  were s imi l ar in the pres ence or 

abs ence of PMS ( Table 3 . 2 . 5 . 1 ) . 

\ 
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T able 3 . 2 . 5 . 1 :  pCMB p i 5 0;E Values for D - l ac a te 

Oxi do reductas es . 

Oxygen Fumarate Fe ( CN ) 6 DICPIP 

+PMS 3 . 9 ( l o - 5 • 2 ) 2 . 6 ( l o - 5 · 1 ) 

- PMS 3 . 8  4 . 2 4 . 3 ( 1 0 - 5 " 7 ) 2 . 6 ( 1 0 - 4 " 5 ) 

Values pre sented are p i 5 0 /E ( mo l e s  per g ram) . 
Bracketted figu re s are �fie I 5 0  ( mo l ar)  • 

Th e d at a  pre s ented in Table 3 . 2 . 5 . 1 indicate tha t  

D- lactate-D ICPIP oxidoreductase i s  much le s s  sen s i ti vi e  to 

pCMB than the othe r  activi ties  if thi s  i nhibi t i on i s  

expre s sed i n  te rms o f  p i 5 0;E, a lthough the d i f fe rence 

was s omewh at less when expres sed as the actual concentrati on 

o f  pCMB in solution a t  whi ch h a l f  inhibi tion occurred 

( bracketted fi gure s in Table 3 . 2 . 5 . 1 ) . 

Inhibit ion o f  benzyl vio logen-fumarate oxidoreduc tas e  

by pCMB cou ld not b e  measure d , due to the reduction o f  pC�ffi 

by the KBH 4 u s ed to reduce the ben zy l v iologen . 

3 . 2 . 4 . 2 :  E f fects o f  pCMB on the reduc tion l eve l of 

cytoch roines 

The sub strate - reduced spectra ind icate that redu c t i on 

o f  cy tochrome b by D - l actate and . NADH was inhibi ted by pCMB 

( Fi gu re 3 .  2 .  4 .  2 , A )  w he reas th at by s uccina te was not 

inhibi ted to any s igni ficant extent ( F i gure 3 . 2 . 5 . 2 ,A ) . 

In the case o f  D�.l a c t ate , the b-peak area o f  the inh ib i te d  



"",. - ,· 

1 6 8  

F i gure 3 . 2 . 4 . 1 : pCMB I nhibition o f  Oxidoreductases 

P re s ent in Memb rane s  of P. s h e rman i i . 

I n  th e s e  f i gure s , the s pe c i f i c  activity o f  the various 

e l e c tron transport reactions is expre s sed as p ercentage 

o f  uninhibited contro l . D- l actate as dono r , 0 ;  L- l a ctate 

a s  dono r , 0 ;  NADH a s  donor , () ; succ in ate as donor , 6. .  

A .  I nhibition o f  Oxygen conslli�pt ion as measured 

wi th the oxygen e lectrode . 

B .  Inhibi t ion o f  fumarate reduct ion measured 

anaerob i ca l ly at 2 7 0  nm . 

C .  Inhibit ion o f - Fe ( CN) 6 reduction measured 

aerobi c al ly at 4 2 0  nm . 

D .  I nhibition o f  D ICPIP reduction me asured ae robi c a l ly 

at 6 00 nm . 
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s ubstrate-reduced spectra ( D- l ac , pCMB/H2o2 ) i s  s imi l a r  to 

that of the uninh ibi ted aerob i c  s te ady state s pe ct rum ( D- lac , 

H 2o 2/H 2o 2 ( Fi g .  3 . 2 . 5 . 2 , C ) ) and cytoch rome d i s  on ly 

parti a l ly redu ced , indi c a t ing that the membrane s we re fro z en 

b e fore a l l  the oxy gen h ad be e n  consumed . Howeve r , in the 

case of NADH , the inhib i ted s ub strate -reduced b peak i s  

much larger than tha t  of the inhibited aerob i c  s te ady s tate 

( Fi g . 3 . 2 . 5 . 2 , C ) , po s s ib ly indicatin g  that the reduc tion o f  

s ome o r  a l l  o f  t he b - typ e cytoch romes b y  NADH i s  le s s  

s t rongly inhibited by pCMB than i t  i s  with D- lac t ate . 

Th e inhib i tion by pCMB on the reducing s ide o f  the b 

cytoch rome s i s  supported by the an ae rob i c  s te ady s t ate 

spectra ( F i gure 3 . 2 . 5 . 2 , B ) . Th at pCMB inhib i ts reduct ion 

i s  indic ated by the lower reduction l eve l o f  the b p e ak wi th 

a l l  reduc ing sub s trates in the pre s e nce of inh ib i to r  as 

compared t o  that in i ts absence . 

Comparison o £. the re l at i ve h ei gh t s  of the b peak in 

the inh ib i ted anaer ob i c  s te ady- s tate s pectra for D - l ac tate 

and NADH sugge s t s  th at the pCMB has inhibi ted reduc tion l e s s  

i n  t h e  c as e  o f  NADH th an w i th D - o r  L - l actat e . Thi s  

s ugge s t ion i s  made o n  the bas i s  o f  the peak h e i gh t s  o f  

the s pe ctra , S , pCMB , fum/H 2o 2 a s  compared w i th S , fum/H 2o 2 

( Fi g .  3 . 2 . 5 . 2 , B ) , w here the i nh ib ited peak are a i s  a muc h  

greater percent age o f· t he uninh ib i ted peak area w ith NADH 

t han with D- or L- l actate .  

The uninhibi ted minus inhibi ted di ffe rence s pe c tr a  

( S , fum/ S , pCMB , fum i n  Fig . 3 . 2 . 5 . 2 , B - right h and spe c t r a )  

i nd icate that th e reduction o f  b 5 6 2 _ 3 and , to a l e s s e r  

extent , b 5 5 6 _ 7 i s  inhibited b y  pCMB , whereas reduction o f  
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F igure 3 . 2 . 4 . 2 :  E f fe cts o f  pCMB on Reduction Leve l o f  

Cytochrome s i n  Membrane Ve s i c l e s  o f  

P .  s h e rman i i . 

Spe ctra p re sented in these f i gure s are o f  memb rane s uspens ions 

p repared a s  des c ribed in the tex t . Memb rane s  were present 

- 1 a t  p ro te i n  c oncentrations o f  0 . 5 8 mg/ml , 0 . 7 2 mg ml , 

- 1  - 1  0 . 9 2 mg m l  and 0 . 6 2  m g  ml for spectra prepare d w i th 

D - l actate , L- l actate , NADH and succinate , re spe ctive ly . 

pCHB was p re sent whe re i nd i c a ted , at a-.conoe ntration o f  

5 mM .  Fumarate , D - and L- l ac t ate and s uc c in ate we re added , 

where indic ated , t o  6 mM .  NADH was pre sent , wh ere indi c ated , 

a t  3 mH .  H 2o2 was added to 0 . 1 % .  

A .  Subs t rate - reduced spectra 

B .  ru1aerobic s teady - s tate spec t r a ·  

C .  Aerob i c  s te ady-s tate s pectra 
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b 5 5 3_ 4 i s  much l e s s  sen s i tive to inh ib i tion . Th e pre s ence 

of a b 5 5 3 _ 4 c omponen t  in the inhibi ted s te ady s t ate s pe c t ra 

i s  evide n t  in the c as e  of D - l ac tate and NADH . S ince the 

c oncentration of pCMB u s e d  shou ld have b een s uffi cient to 

inh ibited e lectron tran s port t o  fumarate almo s t  completely , 

the re l a.ti ve ly smal l  e f fe c t  o f  pCMB on the reduc tion l eve l 

o f  cytochrome b 5 5 3 _ 4 in the anaerob i c  s te ady- s tate may 

ind ic ate that thi s cyto chrome doe s not lie on the direct 

pathway f rom sub strate to fumarate . In the c as e  of NADH , the 

p roportion of the b 5 5 3 _ 4 component in the inhib i te d  anae rob i c  

s te ady s tate spec trum ( NADH , pCMB , fum/H 2o2 ) s ugge s ts that 

thi s component may be almo s t  fully reduced , s ince the redox 

ti t r ation of the b type cytochrome s ( Section 3 . 1 . 5 )  

indi cated that b 5 5 3 _ 4 a ccounted for only about 1 5 %  o f  the 

t o t a l  fu l ly reduced peak . Wh i le undue weigh t  c annot b e  

p l aced o n  this  obser�at ion in view of th e d i f f i cu l ties 

i n  e s ti mating t he re lat ive quantit i tes of the b type 

cyto chrome s in the comp lex peak , i t  is con s i s ten t with the 

view that b 5 5 3 _ 4 is not on the di re c t  p a th to fumarate . 

Th e m ark ed e f fe c t  o f  pCMB in t he succ , fum/H 2o2 

s pectrum i s  di fficult t o  explain in vi ev1 o f  the c lear cut 

i ndication s from both e le ct ron transport rat e s  and the 

· sub s t rate reduced and aerobi c  s teady s tate th at succinate­

depende nt activitie s are less sen s i tive to pCMB . The fact 

tha t  the i nhibited ae robi c  s te ady s tate peak ( suc c , pCMB , 

H 2o2 ;H 2o 2 ( Fi g . 3 .  2 .  4 .  2 , C ) ) i s  much l arger than 'the 

inhibi ted anaerobic s te ady s ta te peak ( succ , pCMB , fum/H 2o 2 ) 

i nd icate s  that th e smal l s i ze o f  the l a tter cannot be due 

to th e introduction o f  o xygen into the cuve tte . 
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That the ma j o r  s i te o f  inh ibi tion by pCMB i s  on the 

reducing s ide o f  the b cytoch rome s i s  a l s o  ind i cated by 

the de cre ased b peak of the aerobi c  inh ibited s te ady 

s t a te s  ( S , pCMB , H2o2 ;H2 o 2 ) compare d  to the uni nh i b i te d  

aerobi c s te ady s tate ( s , H 2o 2 ;H 2o2 ) .  Thi s doe s no t app ly 

to succinate where the re i s  vi rtual ly no d i f fe re nce between 

inhibi te d  and un inhibite d  aerob i c  ste ady- st ate s .  

Tn l ight o f  the marked di fference between pCMB 

inhibit ion o f  NADH dependent o xygen consumption and that 

with D- and L - l ac tate ( F i gure 3 . 2 . 4 . 2 , A )  it was expec ted 

tha t  there mi gh t  h ave b ee n  a d i f ference between th e inhib i te d  

aerob i c  s te ady s tate w i th NADH as compared with that o f  D -

or L - l a ctate . Th e aerob i c  s teady s tate provides l i ttl e 

ind i c a t i on of t hi s , pos s ibly d ue to the low l eve l o f  

cytochrome b reduct ion in the aerobic s teady s t ate . 

3 . 2 . 4 . 3 :  Conc lus ions from the s tudy o f  pCMB i nh i b i t i on 

D - and L - l actate d!=pende nt e lectron t ransport 

D- l actate depe ndent e lectron t ransport to o xygen , 

fumarate , Fe ( CN ) 6 and D ICPI P  was a lmo s t  comp l e te ly 

inh ib i te d  by 10 - 3  M pCMB . The inhibi tion curve s give an 

approximate p r 5 0 ;E o f 4 ( ex cept for the DICP IP oxidore ductase 

whi ch h as a pr 5 0 ;E o f  a bout 2 . 5 ) . Thi s  imp l i e s  a common 

s ite o f  inhibi tion for D-lactate -oxygen , -Fe ( CN ) 6 and 

- fumarate oxidoreduc t as e  sys tems . The s ame i s  t rue for the 

L- l a c tate dependent activi tie s which we re inve s t i gated . 

Inhibiti on occurs on the reduc ing s ide o f  the b 

cytochrome s i n  the aerobi c and anaerob i c  s te ady s tates and 

_ · -_ _ c ds o  in the s ub strate reduced 
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membrane s .  Memb rane s  in the anaerobic s teady s tate in 

the presence o f  pCHB reve a l ed that cytochrome b 5 5 3 _ 4 was 

s ti l l  l arge ly in th e reduced s tate and i ts reduction l eve l 

\vas not markedly affected by pCMB , suggesting t hat thi s  

cytochrome i s  not o n  the p athway to fumarate . Th e di f fe rence 

spectra betwee n  uninh ib i ted and inh ibi ted anaerobic s te ady 

s t ate s ( D- l ac , fum/D- l ac , pCMB , fum )  ind icate tha t cytochrome s 

b s s 6 - 7 and b5 6 2 _ 3 are oxidi z able by fumar ate . 

The following d i agram ( based partly on evidence 

pre s en te d  earli er ) indicate s a pathway con s i s tent w i th the s e  

re su l ts . 

bLP 
__ ,_,__ fuma rate / 5 5 5 -7 

D - o r  L- l a c tate � fp ---.o.. HQ 

/ ">. b 5 5 3 - 4  __ '>.....,. oxygen 
pCMB 

NADH dependent e l ectron transport 

Act i  vi ti . e s  cou p l ed to NADH a l l  showed a maximum 

inh ib i t ion of 5 0  to 6 0 % , except NADH- fumarate oxidoreductas e ,  

which was comp lete ly inh ib i ted by pCMB . Two poss ibl e  

s cheme s  can b e  s ugge sted t o  account for this re sul t .  

2 .  NADH ---=--

oxygen 
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In scheme 1 .  inhibi tion i s  a t  the dehyd rogenase l�ve l 

and tvlO separate NADH dehydroge nase s  as pos tu l a te d , one 

of which i s  insen s i t i vi e  to pCMB . In s cheme 2 .  the 

inh ibition s i te mu s t  be p laced at a s i te on the path to 

fumarate bu t after a branch to oxygen . 

Since the cytochrome b 5 5 3 _ 4 appears to b e  large ly 

reduced in t h e  inhib i ted anaerobic steady state whereas 

cytochromes b5 6 2 _ 3 and b5 5 6 _ 7 a re le s s  fu lly reduce d ,  a 

s cheme s imi l ar to that for D- and L-l ac tate can b e  

postul ated , wi th the addi tion o f  a pCMB insen s i tive route 

a l lowing reduc t ion o f  cytochrome b 5 5 3 _ 4 on an aerob i c  

pathway . 

LP b 5 5 6 - 7  __ .::,._ fum 

Succin ate dependent e lectron trans port 

E le c t ron t rans port act ivitie s coupled to s u c c inate 

were no t s trongly inh ibi ted by pCMB , the maximum inhib i tion 

being 20 to 3 0 %  a t  1 0 - 3  M pCMB . It was not po s s ib l e  to 

te s t  ben z y l  viol? ge n- fumarate oxidoreductase d i re c t ly due to 

reduction o f  pCMB by KBH 4 . 

The anaerob i c  s teady s tate spe c tra provide n o  i ndica tion 

o f  a pCMB s e n s itive s i te between the b type cytochromes and 

fumarate . Moreove r , there was no di f fe rence b e tween 

inh ibited and uninh ibited reduction leve l s  of cytochrome b · 

in the sub s trate reduced or aerob i c  steady s ta t e s  with 
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succinate. as. reducin g  s ub strate . Thus there i s  no ind i ca t i on 

f rom th ese ob s e rvations that suc cin ate dehydrogenase and 

fuma rate reduc t a s e  activi t ie s  are due to di fferent. en zyme 

sys tems . Thi s  contra s t s  with the r e su lts of Kroger ( 1 9 7 5 )  

who found that su ccinate -Fe ( CN ) 6 oxidoreduc tase activi ty in 

Vib r i o  s uc c i n o g e n e s  was sensi tive t o  p-chlorome rcuripheny l -

sul fonate but that fumarate reductase was not . 

'The one ob se rvat ion from the experiments us ing pCNB as 

an inh ibitor wh i ch sugge s ts distinct s uccinate dehydro gena s e  

and fumarate redu c tase sys tems i s  t h e  mark ed e f fe c t  o f  pCMB 

on the anaerob i c  s te ady s tate spe c t rum with suc cinate a s  

reductant . Thi s  e f fect o f  pCMB on the reduction leve l  o f  

b5 6 2 _ 3 i s  c onsi s te nt w it h  the s ugge s t ion made e ar l i er that 

th i s  cytoch rome i s  c lo s ely asso ci ated w ith a succinate 

dehydrogenase sy stem but can a l s o  be oxidized by a s ep a ra te 

fumarate reduct ase . 

I n  orde r t o  recon c i le t he scheme presented below with 

the f ind ing th at pCMB ha s h ad no e f fec t on the reduct.ion l eve l 

o f  b 5 6 2 _ 3 in the aerob i c  s teady s tate , i t  i s  nec e s s ary to 

postulate that the rate . o f  oxi dat ion of b 5 6 2 _ 3 by oxyge n  i s  

s low re lat ive to the rate o f  which i t  c an be reduced by 

succ in a te e i ther via fumarate reduct ase or · a s eparate 

succinate dehydrogenase . 

. Suc c/fum __ --=:.... fps b 5 6 2 - 3  
� � 

s low 02 pCMB 
I 

� 
Fum/succ ---""'- fpFR LP b5 5 6 - 7  

/ 
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3 . 2 . 5 : Inhibitory e f f�cts o f  HOQNO on elec tron transpo r t  

proce sses and cytochrome reduction 

As de scribed in the introduc tion ( Sect ion 1 . 2 ) , the 

inh ibitors HOQNO a nd NOQNO h ave bee n  w idely used to s tudy 

elec tron t ransport proce s s e s  in bac te ria . HOQNO . was used in 

one of t he earliest s tu d i e s  o f  anae robi c e le c t ron tran s port 

in propion ibacte r i a  by deVries e t  a l  ( 1 9 7 3 )  who s tated that 

i t  was ' an inhibitor o f  cytochrome b function ' citing Cox 

e t  a l ,  ( 1 9 7 0 )  as t he b as i s  o f  the s tatement . In fact , Cox 

e t  a l  did not s tate that HOQNO was an inhibi tor of cytoch rome 

b fun ction . They s u ggested , on the b a s i s  of mut ant s tudie s 

indicati ng that ub iquinone func t ioned in two d i f ferent 

parts of the e le c t ron transport chain , that HOQNO inhibi ted 

both the oxid ation and reduc t ion of cytochrome b .  The exact 

s i te and mode o f  act ion of the a lky l -hydroxyquinol ine-N-
· -

ox ide s app ears to b e  �t i l l  uncertain . The e ar l iest s t udie s 

o f  these c ompound s ( Li ghtbown and J ackson , 1 9 5 6 )  ind i c a ted 

a s i te between cytoch rome b and c 1 in the succinoxidas e  sys tem 

of mitochond ri a .  Howeve r , sub s eque nt work with bacte r i a l  

systems i ndicat e s  th at i t  a c t s  b y  blocking qu inone func tion . 

Thus Singh and Bragg ( 1 9 7 5 )  found that it blocked e le c t ron 

transport t o  fumarate in a cytochrome-less mutant of E. c o l i  

Kroge r and Dadak ( 1 9 6 9 )  a l s o  concluded that HOQNO a cted a t  

the quinone s ite i n  the e le ct ron tran s port ch ain o f  B .  

me ga t e ri u m . The c on f l i c t ing f indings o f  deVr i e s  e t  a l  

( 1 9 7 3  and 1 9 7 7 ) and o f  Schwart z and Sporkenb ach ( 1 9 7 5 )  from 

s tu d i e s  o f  the e ffe c t s  o f  these inh ibi tors on e le c t ron 

transport in prop i onibacte ria h ave b een des c r ibed in the 
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i ntroducti on . The s tructura l s imi l ar i ti es o f  HOQNO with 

napthoquinones ( Corn forth and James , 1 9 5 6 ) s ugge s t  that 

i t  may act a s  an ant agoni s t  o f  re actions involving 

menaquinone . 

3 . 2 . 5 . 1 :  I nhibit ion o f  e lectron trans po rt ac tivities 

Inhibit ion oy H OQNO o f  e lectron t r ansport a cti vi ti e s  

i n  membranes prepa red from P .  s he rma n i i  a s  de s c ribed 

p re vious ly is s hown in F i gu re 3 . 2 . 5 . 1 .  Oxygen and fumarate 

reductases were i nh ib ited s imi l arly for all s ub strates with 

an - 5  r 5 0 about 10  M ( p i 5 0 ;E about 3 . 6 ) . Thi s  concentra tion 

o f  HOQNO is con s iderably h i gher than the concentration o f  

NOQNO requi red t o  g i ve comparab le inhibi tion i n  the work o f  

S chwar t z  and Sporkenbach ( 19 7 5 )  who obse rved a pr 5 0;E for 

NADH and D - l actate-oxygen oxidoreduc tase s of about 5 to 6 .  

The Fe ( CN ) 6 and · D ICP I P  oxidore duc tase sys tems we re 

even l e s s  s ens i tive to inhib i tion by HOQNO than the oxygen 

and fumarate ox idoreductase sys tems . At the h ighe s t  

c oncentrat i on o f  HOQNO attainab le , only D-l ac t ate and NADH-

F e ( CH ) 6 oxidoreduc tase were s i gni fican t ly inh ib i ted and 

e ve n  then only by about 2 0  to 3 0 % . I nte restingly the NADH-

D I C P I P  oxidoreduct a s e  activity was s t imulate d by up to 2 . 3  

fold by the pre se nce o f  HOQNO ( Fi g . 2 . 3 . 5 . l , D ) . A s imi lar 

s t imul ation was not f ound for the o ther donor s .  That the 

s t imu l at ion o f  NADH -DICPIP oxi doreduc tase i s  due to removal 

of competi tion wi th oxygen is evident from Tab le 3 . 2 . 5 . 1  

whi c h  shows that no s uch s timu lation occurred in the abs ence 

o f  oxygen . 
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F i gure 3 . 2 . 5 . 1 :  E f fects of HOQNO on Elect ron T ran s port 

Acti vi t ies . 

Th e act ivitie s  o f  var ious e lectron transport reac ti on s  are 

expre s sed as a pe rcenta ge control in the ab sence of 

inhibito r . D - 1 a ctate , G ( -:-PMS , il )  ; L - l actate 1 0 i 
NADH , () i  s u c ci n ate , ,6 ( +PMS A) . 

A .  Oxy gen consumpt ion 

B .  Fumarate Reduc t ion 

C .  Fe ( C N) 6 Reduction 

D .  D I CP I P  Reduction 
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Table 3 . 2 . 5 . 1 :  The E f fect o f  Oxyge n on HOQNO Stimu l ation 

Oxy gen ( a ) HOQNO ( b )  

+ 

+ + 

+ 

NADH -D ICP I P  
oxidoreductase 

pmol min- lmg-1 

3 . 6 7 

5 . 4 7  

7 . 2 0 

7 . 4 0 

0 . 0 2 

0 . 0 3  

0 . 1 0 

0 . 0 2  

( a )  + ind icate s  the re age nts were prep�red 
equi librated w i th a i r , - indicates the reagents 
were p repared unde r ni troge n .  

{ b )  as s ay concent ra t ion o f  1 0 - 3 M .  

( c )  R i s  the d i f fe re nce b etween dup l i cate s . 

3 . 2 . 5 . 2 :  E f fe c t s  o f  HOQNO on cytoch rome reduc tion 

The e f fe c t s  o f  HOQNO on cytochrome redu ction were 

mea s ured by use of low temper ature s pect rophotome try w ith 

methods de s c ribed previou s ly . Not al l the s pectra ob s e rved 

are shown bec au s e  the e f fects of HOQNO on cytochrome 

reduction we re very minor for a l l  s ub strate s . Only the 

spectra observed when NADH was reducing sub st rate are 

shown in Figure 3 . 2 . 5 . 2 ,  whe re p i /E was 0 . 0 6 5  ( HOQNO 

pre sent at 0 . 6 4 5 mM) . Spectra wi th ot her reducing sub s trate s 

were s imi lar . The c oncentrat ion o f  HOQNO u s ed i s  ne a r  

the aqueous limit o f  solub i l i ty and gave s t ron g inhibi tion 

of oxidase and fumarate reduc tase activi ti e s  ( Fi g .  3 . 2 . 5 . 1 )  

HOQNO c aused a de creased i n  the b pe ak o f  s ub s trate� 

reduced membranes but showed virtual ly no e f fect on t he 

aerob i c  o r  anae robi c  s teady s tate b or d peak s . 
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I t  appe ars from these results t hat e le c tron tran s port 

proc� s s e s  i n  memb rane parti cles from P .  s h e rman i i  a s  

prepared in th i s  s tudy a r e  l es s  sen s i tive t o  HOQNO 

inh ibi tion th an in the s tudy o f  Schwartz and Sporkenba ch 

( 1 9 7 5 ) . No satis f ac t o ry exp lanation can be o f fe red for 

t h i s  d i s crepancy . I t  i s  po s s ible th at t he carbohydrate 

mate ri a l  p re s e nt wi th th e membrane p arti c le s  used in th i s  

work may h ave l imi ted acce s sibi l i ty o f  HOQNO i n  some way . 

S chwartz and Sporkenba ch used NOQNO rathe r than HOQNO 

and i t  i s  known t hat s ome e le c tron t r ansport proce s s e s  a re 

much more sens i t ive to NOQNO than HOQNO ( Li ghtbown and 

Jackson , 1 9 5 6 ) . DeVrie s  e t  a l  ( 1 9 7 7 ) , h oweve r ,  used HOQNO 

- 5 -1 at a con cent rat ion o f  about 10 mol e s  gm and ob s e rved a 

smal l decrease in the l eve l o f  reduction of cyto chrome b 

i n  both th e aerobi c and anaerobic s te ady states ( from 5 3 %  

reduct i on im • uninh i b i te d  memb ranes to 4 7 %  in inhibite d  

membranes ) .  

Thu s  the re are thr_ee con f licting f indings conce rning 

t he e f fect of  HOQNO o r  NOQNO on electron transport in 

membrane s from prop i on ibacteria : 

1 .  HOQNO causes a sma l l  de crease i n  the anaerob i c  s te ady 

s t ate reduc t ion leve l  o f  cytoch rome b ( deVries e t  a l  

( 1 9 7 7 ) . 

2 .  NOQNO c auses an incre a s e  in the anaerob i c  s te ady 

s t ate reduc t i on l eve l o f  cytochrome b ( Schwartz and 

Sporkenbach , 1 9 7 5 ) . 
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F i gure 3 . 2 . 5 . 2 :  E f fe c t s  o f  HOQNO on Cytoch rome Reduc tion 

Spectra prese nted we re measured at low tempe rature as 

described in the met hods section ( 2 . 4 . 9 )  and section 

3 . 2 . 1 .  Memb r ane s were pre sent a t  a prote in concentration 

-1 o f  0 . 7 5 mg m1 . NADH , fumarate and H 2o2 were added to 

final concentrat i on s  o f  3 �1 , 6 mr1 and 0 . 1 % .  HOQNO was 

pre sent a t  0 . 6 4 5 m� . 
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3 .  HOQNO h as l i ttle e f fect on the reductj _on l eve l o f  

the cytochrome b p e ak i n  th e anaerob i c  ( or ae rob i c )  

s te ady s t at e  ( th i s  s tudy ) . 

Sane ( 1 9 7 2 )  a l s o  found that NOQNO did not inhibi t  

e i ther NADH- fumarate oxidoreductase o r  NADH-oxygen 

oxidoreductase activi tie s in membrane parti c l e s  from 

P .  a r a b ino s um .  

I t  i s  c l e a r  that the e f fe c t s  o f  HOQNO and NOQNO require 

a mor e  extensive s tudy to res olve these con f l i c ting finding s . 

3 . 2 . 6 : E ffects o f  cyan i de on e l e ct ron t rans por t  

Cyanide has  b een wide ly used as a n  inh i b i to r  o f  

terminal oxidase s .  I t  b i n d s  to cytoch rome aa 3 ( Van B uuren 

e t  a l , 1 9 7 2 )  1 cytochrome d ( Pu dek and B r agg 1 1 9 7 4 )  and 

cytochrome o ( \'veb ster and Liu 1  19 7 4 ) . Cytochrome d has b een 

shown to be l e s s  sensi tivie to cyanide t han c ytoch rome o 

in several b ac te ria ( Ok a  and Arima 1 1 9 6 5 ; Jone s 1 1 9 7 � ; 

Pudek and B ragg 1 1 9 7 4 ) . 

Sane ( 1 9 7 2 )  1 work i n g  with P .  a r ab i n o s u m �  repo rted 

that NADH-oxyge n oxidoreductas8 waE inhibited 7 4 %  and 8 9 %  

by KCN concentrations o f  I mM and 2 mM ,  re s pe c t i vely , 

wherea s  w ith NADH-fumarate oxidoreduc tase , the inhibition 

wa s on ly 1 3 % and 4 3 %  re spectively . He a l s o  repo rted that 

lactate ( p re sumab ly D-lactate ) depe ndent oxygen con s umption 

in memb rane s  from P .  a r a b i n o s u m  was pra c ti c a.l ly insen s i ti ve 

to 1 mM cyanide ( 3 % inhibi tion) whe re as NADH dependent 

oxygen consumption was a lmo s t  complete ly inh i b i te d , whi ch 



sugge sted that d i f fe rent - s ub strates may be ox i d i zed vj _ a 

d i f fe rent terminal oxida s e s . Bonarts eva e t  a Z  { 1 9 7 3 )  
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al s o  reported complete i nhibit ion o f  NADH oxid a s e  activi ty 

by 1 mM cyanide i n  fres hly prepared membrane part i c l e s  from 

P .  s he rma n i i and P .  p e t e r s o n i i  although the i nhibitory 

e ffect decreased on storage o f  the membran e preparation. 

However ,  Schwartz  and Sporkenbach ( 1 9 7 5 ) reported that 

oxidase activi ty i n  membran e s  of P. s h e l'man i i  was inhibited 

by cyanide only at concentrations of 10  mM or grea.te r . 

Cyanide at 3 . 3  mM has been reported to s t imul ate a 

partia l ly puri f i ed lactate-DICP IP oxidoreductase from 

P .  p e n t o sa c e um by a factor o f  1 . 2 5 (Mol inari and Lara , 1 9 6 0 ) . 

3 . 2 . 6 . 1 :  E f fects o f  cyani de on e lectron trans port activi ties 

The i nhibi t ion of oxygen con sumption in memb rane s of 

P .  s h e rma n i i  was i nvest igated ove r the range 0 to l O O  mr-1 

cyanide ( F i gure 3 . 2 . 5 . l , A ) . These re sults ind i c ate that 

NADH dependent oxygen reduct ion i s  inhib ited to a maximum of 

about 9 2 %  at 2 0  mM cyanide . D - l ac tate -oxygen oxidoreductase 

is less c omp l ete ly inh ibited by cyanide than that o f  NADH . 

Howeve r , the d i f ference i n  cyanide s en s itivity o f  the NADH 

and D-lactate oxidase systems i s  ve ry much l e s s  than that 

reported by Sone ( 1 9 7 2 ) . I n  the p re sence o f  PMS , D -l actate 

dependent oxygen up take i s  e ve n  les s  s trongly i nh i b i te d  by 

cyanide . Analy s i s of the data for D-l actate oxi d a s e  inhib i -

t ion b y  u s e  o f  D ixon p lots ( F i gure 3 . 2 . 6 . l , B )  s ugge s t s  

that ther e  a r e  two binding s i te s  fo r cyanide . Cyanide 

inh�bition at the l e s s  sen s i t ive bind�ng s it� ( K . about 2 2  l. 

mM )  appears to be r e s ponsib l e  for inhibition o f  D � l actate 
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-dependent oxy gen c on sumption i n  the presence o f  PMS , 

indicat i ng that PMS bypa s s e s  the more sensi tive s i te .  

L�lactat e-depe nde nt oxygen consumpt i on was also i nhibi ted 

by· cyanide , bu t to an eve n  l e s s e r  e xtent than D-l actat e -

oxy gen oxidoreductase , and in t h e  pres ence o f  PMS there was 

vi rtually no inhibit ion o f  L- l a ctate dependent oxy gen 

consumption . Suc c inate -dependent oxygen con sumption was 

a l s o  very l ittle a f fected by cy anide , be ing i nhibi ted to a 

maximum o f  2 0 %  by 2 0  mM cyanide . 

· In contrast t o  the e f fe c t  on oxy ge n consumption , there 

was no inhibit ion o f  f umarate c onsumption at 1 0  mM cyanide . 

However , the re wa s a lmo s t  compl ete inhibition a t  1 0 0  �1 

cyan ide wi ·th NADH and D- lac tate and 7 5 % inhib i t io n  \vi th 

L- l actate ( F i gure 3 . 2 . 6 . l , C ) . The inhib ition o f  fumarate 

consumption at thi s  h i gh cyanide concentration may po s s ibly 

be due to a non-spec i fi c  e ffec t of  h i gh ionic s t rength . 

Howeve r , cho l ine c hloride ( l O O  mH) o r  potas s ium c hloride 

(l O O  mM) d i d  no t c ause a s imi lar in hibit ion ( 3 0 % i nh ib it ion 

for the former and none wi th the l at te r ) . 

Cyanide a l so inhibi ted D- and L-lactate - and NADH-

DICPIP oxidore ductas e act ivi ty ( Fi gure 3 . 2 . 6 . l , D ) , but the 

inhibitory e f fe ct again varied according to t he reducing 

substrate . D - l actate-D ICP I P  oxidoreductase was mo s t  s en s i tive , 

2 . 5 mM cyan ide giving 5 0 %  inhibition . L -lactate-D ICP I P  

oxidoreduct a s e  showed only a smal l  decrease in a c t i vi ty a t  

l ow concentrat ions and then s trong inh ib i tion a t  l O O  mM 
H 

cyanide . NAD"-DICPIP oxidoreduc t ase showed a twofold r i s e  i n  

spec i f i c  act ivity w i t h  incre a s ing cyapide concentrations up 

to 1 0  mM ;  inhibit ion occurred at hi ghe r concen tration s . ·  The 
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s t imul a t ion o f  NADH-D I CP I P  oxidoreduc tase activi ty i s  

prob ably due t o  remova l o f  oxygen comp etition . As reported 

e a r l i er ( Sect ion 3 . 1 . 2 ) , NADH-DICPIP ox idoreduc t as e  ( unl ike 

D � l a ctate -DICP I P  oxidoreduc ta s e )  is cons iderably h i gher under 

anaerob i c  con di t ions than ae rob i c  cond it ions and thi s  

indic a te s tha t  there i s  comp eti tion between D ICP I P  a nd oxygen 

for e lectrons from NAD H . Thi s  i s  a l so a pos s ible explanation 

for the s t imul ation ob served by Molinari and Lara ( 1 9 6 0 ) . 

3 � 2 . 6 . 2 :  E f f e c t  o f  c y anide on s to ichiometry o f  oxygen 

consumpt ion 

Tota l oxygen c on sumpt ion p er mo l e  of sub stra t e  

oxidi zed w a s  a ls o  mea sured a t  cyanide concent rations vary ing 

between 0 and 1 0 0  mM ( T able 3 . 2 . 6 . 1 ) . The ratio o f  oxygen 

consumed to sub stra te oxidi zed is e xpected to vary b e twee n  

0 . 5 a n d  1 . 0 ,  d e pending on t h e  proportion of oxygen reduced 

to H 2o or H 2o2
. I n  the case o f  an oxidase sy s tem catalys ing 

re duct ion of oxygen to wate r , the ratio o f  oxygen cons umed 

to sub strate oxidi zed would be 0 . 5 ( 2H+ + 2e + �0 2 7 H
2o ) , 

whereas ox idas e  sys tems reducing oxygen to hydrogen pe roxide 

would give a r a t i o  of 1 . 0  ( 2 H+ + 2e + o2 7 H 2o2 ) .  For 

a l l  t hree sub strate s , the r a t i o  is h i gher in t h� pre s ence o f  

cyanide than i n  t he absence o f  cy anide ( Tab l e  3 . 2 . 6 . 1 ) , 

s ugge sting that i n  the pre sence o f  cyanide an incre a s e d  

proportion o f  t he oxygen uptak e i s  mediated by a pe roxygenic 

ox idase . Further evidence for a c hange in the nature o f  

the termi nal oxi d a s e  i n  the p re senc_e o f  cyanide i s  evident 

from the shape of the oxygen uptake curve s ( F i gure 3 . 2 . 6 . l , F ) . 
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Table 3 . 2 . 6 . 1 :  E f fe c t  o f  cyanide o n  the stoichiomet ry 

Cyan ide 
Concentrat ion 

' (mM )  ' 

� 0 

2 � 5  

· .  5 .  0 

1 0 . 0  

2 5 . 0  

5 0 . 0  

7 5 . 0 

l O O  

o f  mo le o f  oxygen c onsumed per mo le of 

sub strate oxi d i s ed by membrane parti c l e s  

f rom P .  s he rma n i i :  

Mo le o f  oxygen per mole s ub strate 

NADH ( a ) D- l ac tate L-lac tate 

0 . 4 9 0 . 5 2 0 . 6 2 

0 . 5 1 0 . 5 4 0 . 6 0 

0 . 5 0 0 . 5 6 0 . 6 8 5 

0 . 5 4 5  0 . 6 0  0 . 7 1 

0 . 5 7 5 0 . 6 1 0 . 7 7 

0 . 6 9  0 . 6 6  0 . 7 5 

0 . 6 0 0 . 5 9  

0 . 6 8 5  0 . 5 7 0 . 7 8 

( a ) A l l  s ub st rate s were used at a f inal concentration 
of 0 . 2 mM .  Tot a l  oxygen uptake wa s measured w ith an 
oxygen e l ectrode u s i ng the reaction mixture d e s c ribed 
i n  the text ( Se c t ion 2 . 5 . 3 ) and a l lowing oxygen uptake 
t o  go to comp l e t ion . 

The rate of oxygen consumption in th e abs ence o f  cyani d e  was 

z e ro orde r ( l i n e ar wi th t ime ) w ith r e s pect to oxygen 

concentrat i on u n t i l  very low oxygen concentr at ion was reache d . 

I n  the pre s enc e o f  5 0 �M cyanide the rate c urve i s  f i r s t  

o rde r vlith re spe ct to oxygen conce ntration over; · the who l e  

range o f  oxygen concentration . Th i s  indicates tha t the K m 

values for oxygen o f  the oxidase s y s t�m operating i n  the 

pre sence and ab s e nc e  of cyanide are ve ry d i f f e rent . 
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F i gure 3 . 2 . 6 . 1 :  E ff e c t s  o f  Cyanide on E l ec tron T ran sport 

Act i vi t i e s  

A .  E f fect o f  c y anide o n  rate and total oxygen consumption . 

Membrane parti c l e s  s us pensions we re pre incubated in open 

o xy gen e lectrode chambers with the appropr i ate 

c oncentration o f  cyani de and 0 . 0 1  pmol reducing subs t rate 

f o r  3 -5 rnin be f ore inserting the e l ectrode and adding 

f urther s ub strate . All s ub strate s we re pre sent at a final 

concentration o f  3 mM . Sub strate s used were : NADH 0 ;  

D- l actate , D ;  D - l ac tate_ + 0 .  5 mM PMS , 0 ;  L-l actate , A; 
L- l ac tate + PMS , � ; Succinate , X .  

B .  Dixon p lo ts o f  s ome o f  the data pre se nted in Figure 

3 . 2 . 6 . l , A .  

The data f o r  L- l actate have been inc l uded but the 

regre s s ion l ine s h ave b een omi tted for c l a rity . Symbo l s  

are a s  i n  F i gure 3 . 2 . 6 . l , A .  
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F i gure 3_ . 2 . 6 . 1 : E ff e c ts o f  Cyanide on E l ec t ron Transport 

Act i v i t i e s  ( c ont inued)  

C .  Cyanide inhibit ion of fumarate reduction 

Sub s t r ate s and fumarate were pre sent at f inal 

concentrat i on s  of 1 Iill-1 . Activi t i e s  are rec orded a s  % cont rol 

d e t.e rmined i n  the absence o f  cyanide . D- l ac t.ate , S ;  

L- l actate , £:..i NADH , 0 .  

D .  Cyani de inh i b i t i on o f  DICP I P  reductase 

Activ i t ie s of D - l ac tate-D I C P I P  oxidoreductase (�) , 

L- l ac tate - D IC P I P  ox idoreductase ( �) and NADH-D ICP I P  

ox i doreduct a s e  ( � )  were measured again s t  cyanide 

- 5 - 1  concentra t i on s  o f  1 0  t o  1 0  M and recorded as a percent 

control det e rmined in t he abse nce of cyan ide . 
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F i gure 3 . 2 . 6 . 1 :  E f fe c t s  o f  Cyanide on E l ectron 

Transport Activi ties 

E .  
tAp ta ke 

Oxygent\ t r ac ing in t he p re s ence and absence o f  

cyani de 

Tracings shown are for D - l actate oxidase in the 

pre s ence ( a ) and absence ( b ) of cyanide ( 5 0  J:lllvl )  

a s s ayed usin g the - oxygen e l e c trode a s  d e s c ribed i n  

methods ( 2 . 5 . 3 ) . 
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I n  th e case o f  L- lactate , the ratio o f  oxygen 

consumed to substrate oxidi z e d  in the absence of cyanide i s  

markedly gre ater than 0 . 5  which could b e  inte rpreted to 

indi cate that a s i gni fi cant propor tion of L-lac tate 

dependen t oxygen up take by memb rane partic l e s  i s  due to a 

pe roxigenic fl avoprote in oxidase o r  to dire c t  autox ida tion 

o f  the primary dehyd rogenase . Thi s  would b e con s i s tent 

w i th the high cyanide -in sens i tive component o f  the L - l actate 

oxyge n  oxidoreductase activity ( F i gure 3 . 2 . 5 . l , A) . Howeve r , 

such an expl an ation i s  d i f ficul t t o  re concile with the 

pre s e nce of c atalase a c tivity in the membrane p reparation 

( Tabl e 3 . 2 . 6 . 2 ) s ince i n  the absence o f  cyanide thi s shou ld 

immedi ate ly decompos e  any H 2o2 formed , giving an oxyge n : 

sub st r ate ratio o f  0 . 5 . 

Tab le 3 . 2 . 6 . 2 :  Cyan ide Inhibi tion o f  Catalase 

Cyanide (mM) % Act i vi ty 

0 l O O  

0 . 3 3 3  2 5 

0 . 6 6 7  1 4 . 7  

1 . 6 6 7  7 . 9  

5 . 0  0 

Cata l ase wa s a s s ayed by mea suring the rate o f  o2 

p roduc·tion from H 2o2 u s ing the oxygen e lec t rode . Oxygen­

f re e  bu f fe r  unde r N 2 gas plus memb rane ( 0 . 0 7  mg ml- l ) 

were p re incubated in the e le ctrode c e l l  at 3 0 °C and the 

a s s ay wa s initi ated by addi tion of 0 . 1 ml H 2o2 ( final 



2 0 1  

concen trat i on about 0 . 0 5 rn£.1 ) . Uninhib i ted s peci fic ac t i vi ty 

-1 - 1  \va s  0 .  5 5 1 pmol 0 2 min rr.g Spec i f i c  ac tivi tie s for 

oxygen con sumption of thi s s ame memb rane preparation were 

0 . 7 5 , 3 . 9 and 2 . 4  �Qo l o2 min - l  mg- l  for L�l ac tate 1 D - l ac t ate 

and NADH , r e s pe c t i ve ly .  

Th at H 2o 2 i s  actual ly produced during s ub strate 

ox idation i n  t he pre sence o f  cyanide was confirmed by 

iodometric dete rmin at ion of H 2o 2 i n  re act ion mixture s 

containing memb rane suspens ion , s ub strate and 5 0 mM cyanide 

wh i c h  had b een incubated for a suf fi c i ent period to al low 

ox idation o f  s ub s trate . In . Tab l e  3 . 2 . 6 . 1 ,  t he mea s ured values 

for H 2o 2 produced p er mol e  of sub s t r ate oxidi zed a re 

compare d  wi th tho s e  c a l cul ated from the value s  for the 

s to ichiomet ry of oxygen con s umed per mol e  o f  sub strate 

o xidi zed given i n  Tab l e  3 . 2 . 6 . 3  at 5 0 mM cyani de . 

Tab l e  3 . 2 . 6 . 3 : P roduct ion o f  H 2
0

2 i n  the pre sence o f  

Cy ani de 

Sub s t rate lJmO l  o2;lJmol sub strate 

me asure d  ca lculated ( a )  

D-lactate 0 . 3 0 0 . 3 2 

L - l actate 0 . 1 8  0 . 5 0 

NADH 0 . 1 5 5  0 . 3 8 

5 0 mM 

(a ) the bas i s  for c a lcu l ation o f  H 2o 2 product ion i s  as  
fol lows . If  x i s  the mol e  fract ion o f  sub stra te oxidi z e d  
via a perox igenic oxidase and 1 -x the mole fraction 
oxidi zed vi a a wat e r  producing oxidas e , th en the tot a l  o2 uptake pe r mol e  o f  s ub strate oxidized wi l l  be x + 0 . 5 ( 1- x ) . 
U s ing t he values for 0 2  upt ake per mol e  o f  s ub st rate 
oxi d i zed at 5 0 mM cyan1de given in Tabl e 3 . 2 . 6 . ,  the va l ue 
o f  x can b e  found for e ach sub strate . 
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Apart from D - l ac tate , the measured peroxide production 

is less th an that c al c u l ated from the o2 : sub st rate 

stoi chiome t ry . Howeve r ,  the errors in e s t imati n g  sma l l  

quanti t i es o f  H 2o2 t i t rimetrica lly are cons iderabl e ,  s o  

undue s igni ficance s hould not b e  attached t o  the lack o f  

agreement between measured and c alculated value s . The 

s igni f i c ant finding i s  that H2o 2 product ion d oe s  occur in 

the presence of cyan ide , which i s  con s i s tent w ith the 

p ropos ed explanation for the i ncrease in o2 : sub strate 

stoich iome try in the presence of cyanide . No H 2o 2 was 

detectable in the abs ence of cyanide wi th any sub strate . 

3 . 2 . 6 . 3 :  E f fects o f  cy ani de on cytoch rome reduction l eve l s  

The e f fe c t s  of cyanide on reduct ion and oxidation o f  

t h e  cytochrom�s i n  memb ranes o f  P .  s he rman i i  were measu red 

u s ing l mv temperature·  spectrophotomet ry in systems 

i dentical to those p reviou sly described . Becau se cyanide d i d  

not inh i b i t  fumarate con s umpt ion a t  1 0  mM but did at l O O  mM ,  

these two concentrat i ons were used in t he hope that thi s would 

p ermit the resolution of tho se cyto chromes i nvolved in 

aerob i c  and anaerob i c  re spi rat ion . Because two d i f fe rent 

c oncentrations of cyan i de were used , t he figu re s  ( 3 . 2 . 6 . 2 ,  

A a nd B )  pre senting t he s e  sp ectra are nece s s ar i ly more 

comp l i cated . To- · s impl i fy the d i s cu s s ion comments on these 

s pe ctra , on ly the anaerobic and aerob i c  s te ady state s pectra 

a re shown ( the sub strate reduced spectra do no t add any 

f urther in fo rmat ion) . A l so , due to l imita t i on s  o f  space , 

d i f fe rence spectra o f  memb rane s in the anaerobi c s teady s ta te 
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and the ae rob i c  ste ady state versus oxidi zed membrane s 

are not s hown for experiment s in \vhi ch NADH was the re ducing 

sub strate . Howeve r , the di fference spectra shown on the 

r i ght h and s ide of Figures 3 . 2 . 5 . 2 ,  A and B
'
i ndicate the 

e ffects of cyanide on the abs orption spectra for �11 three 

s ub st rate s under the condition s te s ted . 

The mos t  obviou s e f fect o f  cyanide can b e  seen in the 

aerobi c s te ady s tate spectra ( Fi gure 3 . 2 . 6 . 2 ,  B ) . These 

spectra c le ar ly indicate that cy anide , at 10  and l O O  nM , 

i nhibits oxidation o f  cytochrome b .  

Wi th D - l ac tate , t he cytochrome b peak in the ae robic 

s te ady s tate i s  more reduced in the pre sence of 10 �M cyan ide 

than with l O O  �1 , pre sumably because the hi gh er concentration 

inh ib i ts both red uc t ion and oxidat ion o f  cytochrome b .  

The d i f f e re nce spectrum ( D- l a c , l0 /1 0 0  ( Figure 3 . 2 . 5 . 2 , B )  

ind icates th at i t  i s  the reduct ion o f  b 5 5 3 _ 4 which i s  mai n ly 

inhibi ted by l O O  � cyanide . 

W i th NADH , cyan ide al s o • inhib i t s  oxidation o f  the b 

cytoch romes , but in the presence o f  lO O mM cyan ide the 

cytoch rome s  ( mainly b 5 5 3_ 4 and b 5 5 6 _ 7 ) are more reduced 

than in 10 mM cyanide ( s pectrum 1 0 /1 0 0 , NADH , H 2o 2 ( Fi gu re 

3 . 2 . 6 . 2 , B )  showi ng t hat the re lat ive e f fec ts o f  cyanide 

on the oxid� z ing and reducing s ides o f  the b cytochrome s 

are d i f fe rent for D- l actate and NADH . 

With s uccinate , for which cyanide inh ib i t i on o f  oxygen 

con sumption was very minor , inhibi t ion is again p rimari ly 

on the oxid i z ing s ide o f  the b cytochrome s ( Fi gu re 

3 . 2 . 6 . 2 , C ) . Cyan ide at l O Q  mM incre a sed the l eve l o f  

aerobic s teady s tate cytochrome b reduction ove r  that 

obs erved wi th 1 0  � C}'lan ide . 
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F i gu re 3 . 2 . 6 . 2 : E f fe c t s  o f  Cyanide on Cytochrome 

Reduc tion 

Memb rane s were prepared and ob served using low temperature 

s pectrophotometry as des crib ed in 2 . 6 . 1  and 3 . 2 . 1 in the 

pre sence o f  0 ,  1 0  and 1 0 0 mM cyan ide . Spectra for e ach 

redu c ing sub strate were p repared in separa te exper iments .  

Mewb rane s were pre s e nt at a p rotein conce ntra tion o f  0 . 8 3 

- 1  mg ml wi th s pectra for NADH , L - l ac t ate and succinate , 

- 1  
and 0 . 6  m g  ml wi th spectra f o r  D- l ac tate . 

S in ce two d i f fe rent concentrat i ons o f  cyanide h ave b een 

u sed , a s l i gh t ly d i fferen� con ve ntion has been adopted for 

l ab el l i ng t he spec t ra . Th e nume rals 0 ,  10 and 1 0 0  re fer to 

the mi l l imo l ar c onc entrat i on o f  cyanide used . Thus , the 

spectrum l abe l l ed 0 / 1 0 , for ex ample , is the d i f fe rence 

spec trum ob ta ined when the uninhibited s te ady-s tate s ample 

i s  i n  the s amp le c uve tte , whi l e  the s te ady - s tate s ample 

containing 10  mM cyanide is  in t he re fere nce cuve tte . 

A .  Anaerob i c  s t e ady- s tate membranes 

B .  Ae rob i c s teady - state membrane s 
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The reduced cytochrome d peak has di s appe ared in al l 

the aerob i c  s te ady-s t ate spectra , howeve r ,  in the i nhibited 

s pe ctra , the d i s appearance h a s  riot be en accompanied by 

an increase in oxidi zed cyto chrome d s ince the re i s  a trough 1 

in the s pe ct rum at 6 5 0  nm ( due to oxidi zed cy�ochrome d in 

the re ference cuve t te ) . Note that there i s  no s imi l ar 

trough in the uninhibited s pe ctrum . Thi s  d i f ference c an be 

attributed t o  the formation o f  cyanoo.ytochrome d in the 

pre sence o f  cyanide ( Pudek and Bragg , 1 9 7 4 ; Kau fmann and 

van Gelde r , 1 9 7 4 ) . Thi s  indi cate s that cytoch rome d i s  a 

s i te o f  cyani de bindin g with a K .  value that i s  l e s s  than 
1 

1 0  mM . 

Th e anaerobic s te ady- state spectra ( Fig . 3 . 2 . 6 . 2 , B )  

show incon s i s tenc ie s w it h  re s pect t o  the e ffect o f  cyanide 

on cytochrome d in th at the re i s  a reduced cytoch rome d 

p e ak at 1 0  mM cyanide but hot a t  lO O mM cyanide wi th 

D � l ac ta te . Cyanide �ho uld no t re act w ith reduced cytochrome 

d under anaerobic conditions ( Pudek and Bragg , 1 9 7 4 ) , so the 

d i s a ppe arance of the d peak at 1 0 0  mM cyanide may ind i cate 

tha t  a trace of oxygen was added w i th e i ther cyanide o r  

the fumarate . Alte rnat ive ly , i t  may be that a t ve ry h i gh 

conce ntrations ( l O O  mM )  cyanide can b ind to cytoch rome d 

even unde r anaerob i c  cond i t io ns . 

The anaerobi c s te ady - s tate d i f fe rence spectra obtained 
and l OO m M  

\'li th D- l actate indi cate tha t  1 .0  mM11 cyan ide bofh inhib i t  

reduc tion o f  the b typ e  cytoch rome s , but that inhibi ti on 

by l O O  mM cyan ide i s  mu ch more s i gni fi cant . Such an 

inh ibition on the reduc in g _ si de of cytochrome b could 

account for the inhibition of D-lactate - fumarate oxidoreduc-
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tase a ctivity at l O O mM cyanide ( F i gure 3 . 2 . 6 . 2 , A ) . 

Wi th NADH in the anae robi c s te ady s tate ( Fi gure 

3 . 2 . 6 . 2 , B ) , the e ffect of cyanide i s  much le s s  marked and 

t he re i s  l i tt le d i f fe rence between the s pec tra at 1 0  and 

l O O  mM. cyanide . Th i s  i s  con s i s ten t w i th oth e r  data 

indic ating tha t  inhib i tion a t  a s i te o ther t han the 

te rmin al ox idase a t  high cyanide c oncentration s  i s  much more 

marked wi th D-l actate than w i th NADH . 

3·. 2 .  6 .  4 :  Conc lu s ions from exper iments using cyanide_ 

A s urnnary o f  con c lu s ion s and indications f rom 

inhibi tor s tud i e s  with cyanide a re as follows : 

1 .  Cyanide i nhib i ts membrane-coup led reduction o f  oxyge n 

at concentrati on s  o f  cyanide betwee n  1 and 1 0  mM and i nhib i ts 

fumar ate reduc t ion at . h i gher concen tr ations ( 1 0 to l O O  mM) . 

2 .  The inhibi tion o f  oxygen cons umpt ion w i th D - l a c t ate 

as redu cing sub strate appe ars to h ave two s ites o f  inh ibi tion , 

w i th r 5 0 values , as e s timated from Dixon plots , o f  

approximate ly 2 and 2 2  mM cyanide . The low a f f i n i ty s ite 

is presumab ly re spon s ib le for inhib i tion of D - l actate 

depende nt oxygen consumpt ion in the presence o f  PMS s ince 

the D i xon plot for thi s activity only ind icates a s ing le 

s i te with an r 5 0  value of 22 mM .  Wi th NADH and L - l ac tate , 

th e exi stence o f  a low affinity s i te i s  less  e vi den t .  

The high a f f inity s i te , bypa s sed in the pre sence o f  

PMS , i s  pre s umably t he terminal oxi dase . Spec tral e vi dence 

indic ates that cyanide binds to cytoch rome d and the 
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re l ative ly h i gh conc ent r at ion o f  cyan ide require d  for 

inhibi tion of the terminal oxidase i s  cons i s tent w i th 

cytochrome d be i n g  the ma j or terminal ox idase , s ince i t  i s  

known to be much le s s  sens i tive to cyanide inhibi tion than 

o ther cytoch rome oxidases in o ther b ac te ri a  ( Jones , 1 9 7 3 i  

Pudek and Bragg , 1 9 7 4 ) . 

3 .  The ox idation o f  the b cytoch romes i s  bl ocked by 1 0  

mr-1 cyan ide . In part i c ular , t he reduction l eve l s  o f  b 5 5 6 _ 7  

and b 5 6 2 _ 3 a re much h i gher i n  the ae rob i c  s te ady s ta te w ith 

cyanide than in t he absence o f  cyanide . 

4 .  Cy anide a l s o  inh ibi ts reduct ion o f  cytochrome b ,  but 

th e inh ib i t ing e f fe c t  i s  d i f ferent for d i f fe rent reduc ing 

s ub strat e s . High cyan i de c oncentrations ( l O O  ��) h ave a 

much s tronge r inhibi tory e f fect on re duc tion o f  cytochrome 

b by D-lactate than w it h  other donors ,  as ind icated by 

the anaerobi c s te ady � t a te s pe c tra . Thi s  i s  con s i s tent w ith 

the greater sen s i ti vi t y  o f  D-l actate-D ICP IP oxi doreducta s e  

and D - l a ctate oxidation i n  th e pre s e nce o f  PMS than the 

c orre s ponding ac tivi t ies wi th othe r donors . The one 

resu lt not c ons i s tent w ith thi s  inte rpret at ion is t he \ 

apparently comp lete i nhibition of NADH- fumarate oxidoreduc­

tase by l O O  mM cyan ide ( F i gu re 3 . 2 . 6 . l , C ) . 

5 . Oxygen con sump t i on per mo le o f  s ub strate oxidi z e d  

incre as e s  in th e p re s enc e o f  cyanide . Thi s  c an b e  ac counted 

for by a sh i f t  in the nature of the oxidase me diating oxy gen 

uptake from a cytochrome te rminal oxidase ( cytochrome d)  to 

.a  peroxigenic oxidase s ince the incre ase in oxygen uptake i s  
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shown t o  be . accompani ed by th e produ ction o f  hydrogen 

pe roxide . The perox i genic oxidase may b e  a f l avoprotein 

oxidase ( po s s ib ly e le c tron trans fe r  from the primary 

dehydro gen ase fl avoprote in to oxygen ( Sone , 1 9 7 3 ) . 

Al ternutive ly , some cytochrome oxidase s produce perox i de 

in the p re s ence o f  cyanide , e . g . ,  the puri fi ed NADH-cyto ch rome 

o oxidoreductase from Vi tre o s c i l l a sp . ( Webster and Li u ,  

1 9 7 4 ) . 

6 .  Wi th D - l actate in the ae robic s te ady s t ate , inc reas e d  

inhibi tion a t  1 0 0  mM cyanide over that at 10  mH cyanide was 

re f l ected mainly in an i nc re ased i nhibi t ion o f  reduction o f  

b 5 5 3 _4 ( 1 0 / l O O , D- lac , H 2o2 ; Fi gure 3 . 2 . 6 . 2 , C ) . Thi s  

ind icate s  that b 5 5 3 _ 4 i s  on the oxidi z ing s ide o f  an 

inhibition site o f  low cyanide a f f ini ty . 

3 . 2 . 7 :  E f fec t s  o f  Fumarate 

Sone ( 1 9 7 2 )  obse rved in oxygen e lectrode expe r iments 

w i th membranes f rom P . . a ra b i n o s u m  that the rate of a ­

glycerol phosphat e -depende nt oxyge n consumpt ion was i nh ib i te d  

7 1 %  b y  fumarate , and h e  con c luded from thi s  t h a t  ' the 

e lectron t ransport s ys te m  seems to use fumar ate in pre ference 

to oxygen as the te rminal e lec tron ac ceptor ' .  No fur the r 

explana tion was o f fe red by Sone ( 1 9 7 2 )  and the re are no 

other pub l i shed stud i e s  of the inter ac t ion between oxygen 

and fumarat ein prop i onibac te r i a . 
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At an . early s t age o f  the pre s ent s tudy , i t  was noti ced 

that. oxygen c onsumption was s li ghtly inh ibi te d  by 

fumarate . Th i s  e f fe c t  wa s further ch aracte r i zed by 

s tudying thi s inhib i t ion ove r a range o f  fumar ate 

con c entra tion s , by examining the e f fect of c y an ide on 

fumarate inhibit ion o f  oxyge n uptake , and by obse rving the 

e f fects of fumarate on the reduction leve l  of cytochrome 

b i n  the aerobic s t e ady- state . 

3 . 2 . 7 . 1 :  E f fe c t s  o f  fumarate on oxygen consumpt ion 

Ini t i a l  expe r iment s  per fo rmed at an early s tage o f  

work for t h i s  thes i s  showed that D-lactate , L - l ac tate and 

NAD H-oxygen oxidoreductase activities me asured wi th the 

oxyge n  e l ec t rode we re inhibited by 2 0  to 30 % in the pre sence 

of 2 mM fumarate . To further c haracte r i ze t he s ite at which 

f umarate was actin g ,  �his inh ib i tory e f fect was me as ured as 

a function of fumarate concentration . Both the rate o f  

oxy ge n  uptake and the amount o f  oxygen consumed per mo l e  o f  

sub strate were measure d . For t he measu rement o f  total 

o xy gen consumpt ion , it was neces sary to use lowe r concentra-

t i o n s  o f  reduc ing sub strate ( 0 . 2  mM) s o  that the amoun t  o f  

s ub st rate s upp l i ed w a s  l e s s  t han the total amount of oxygen 

ava i l able in s o lu t ion in th e reaction mixture . 

The presence of l mM fumarate inhibited both the rate 

o f  oxygen uptake and the amount of oxygen con sumed by about 

2 0 %  for D - la ctate , L - l ac tate ( not shown ) and NADH (Figure 

3 . 2 . 7 . 1 ) . At concent rations above 10 mM there was a further 

marked inhibi tion of  t he ra
.
te o f  oxyge n uptake , V.'hi le a t  
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conce ntrat ions gre ate r than 20  rnl'1 , the total oxygen uptake 

was a l s o  furthe r inhibi ted . Both the rate and tota l oxygen 

up take per mo le of s ub st r ate approached zero at a fuma rate 

concent r at ion o f  4 0  mM .  Thus the re appear to b e  two 

separate inh ib i tory e f fe cts o f  fumarate on oxygen uptake : 

one at low c oncentration s g iving a maximum inh ib i tion o f  

about 2 0 % and a second a t  concentrations of fumarate greater 

than 1 0  to 2 0 mM whi c h  g i ve s  compl ete inhib i ti on a.t about 

4 0  mM . Examination o f  t he inhibi tory e ffec t  ove r the ran ge 

0 to 1 mM fumar ate ( Fi g . 3 . 2 . 7 . l , B )  indic ate s an approximate 

1 5 0 of 0 . 1  to 0 . 2  mM for inhibi tion at the h i gh a f fini ty 

s i te . Thi s  i s  l e s s  than the Km ( fum) o f  ben z y l  viologen­

fumarate oxido reduc tase ( 0 . 5 3 mM fumarate , F i gu re 3 . 2 . 7 . 2 ) . 

_ Al though the va lu e s  o f  these two parameters a re ra the r 

di fferent , they are s u f f i ciently c lo s e  to b e  cons i s tent 

wi th the po s s ib i l i ty that the inhibit ion o f  oxyge n  consumption 

is d ue to fumarate bind i ng to the fumarate reductase and 

thus compe t ing wi th oxygen for e l ectron s f rom the s ub s trate . 

The pe rcent inhibi ti on o f  suc cinate ( +PMS ) dependent 

oxygen con sumption c aused by fumarate was much greater than 

that with D- lactate , L - l a c tate or NADH ( Fi gu re 3 . 2 . 7 . 1 ) . 

Th i s  inhibi tory e f fe c t  was further inve stigate d  by 

measuring the Ki ( fum) for s u c c inate ( +PMS ) -D I C P I P  

oxidoreduct ase . D ixon p lots indicate that fumarate 

inhibits this activity c ompe titively w ith a K i o f  0 . 5 3  mM 

fumarate ( F i gu re 3 . 2 . 7 . 3 ) , exactly equ al to the Km ( fum) 

of f umarate reductase ( benzyl viologen-fuma r ate oxidoreduc­

tase ) . Thi s  su gge s t s  that . succin ate dehydrogenase and 

fumarate reductase activities are due to the s ame e n zyme 

syste m . 
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A s tudy o f  t he e f fect o f  fumarate on D ICPIP reductase 

activity s hov.1ed that fumarate a l s o  competed with DICPIP in 

a manner s imi lar t o  that w ith oxygen ( Table 3 . 2 . 7 . 1 ) . 

Table 3 . 2 . 7 . 1 :  Compet i tion of Fumarate with D ICP I P  

Reduct ase 

Fumarate PMS D - lactate L-l actate NADH Succinate 

2 2 . 0  8 . 9 2 10 . 1  1 . 0 1 

+ 1 7 . 4  7 . 3  6 . 0  0 . 3 3 3 

+ 3 8 .  0 1 0 . 5  6 . 6 8  

+ + 3 1 . 4  7 . 5 2 1 . 4 4  

Va lue s  pre sented a re speci fic ac tivities o f  D I C P I P  
reduction as pmo l min -1 mg- 1 . Al l as s ays were 
performed in the absence of oxygen as de s c r i b ed in 
2 . 4 . 6 .  

3 . 2 . 7 . 2 :  E ffect o f  cyanide on fumarate compet i t ion 

Previous work ( Section 3 . 2 . 6 ) h a s  shown that cyanide 

inh ib i ts oxygen consumpt ion large ly by binding a t  the 

terminal oxidase s ite . Inhibi tion o f  this oxida s e  by 

cyanide s hould al low fumarate to compete more e ffe ct i ve ly 

wi th oxygen for e lectrons , thu s  decreasing the t o t a l  oxygen 

consumpti on per mol e  o f  sub s trate oxidi zed when both oxy gen 

and fumarate are p re sent . The e ffect o f  vary i n g  cyan i de 

concentration on oxygen uptake in the presence o f  2 mM 

fumarate and in the �b sence o f  fumarate was inve s t i ga ted 

us ing the oxygen e lectrode and mea suring both the i n i t i a l  
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F i gu re 3 . 2 . 7 . 1 :  Fumarate Inhibi tion o f  oxygen consumption 

Values pre s ented in thi s  figur� were determined us ing the C l arke oxygen electrode 

as desc ribed in section 2 . 5 . 3  and the text , and are recorded here as % o f  control 

values determined in the absence o f  fumarate . Final · sub s trate concentrations were 

0 . 4 mM for D-lac tate and NADH and 2 . 0  mM for succinate . PMS was pre sent at 0 . 5  mM ,  

· wh ere ind icated . D-lactate-oxygen oxidoreductase , : 0  ; NADH-oxygen oxidoreductase 

o ; total oxygen consumption w i th D - l actate , e ; total oxygen consumption with 

NADH , • :  succ inate ( +PMS ) -oxygen oxidoreductase , � . Speci fic activities for oxygen -1 -1 uptake in th e contro l samples we re 3 . 11 , 2 . 4 0 ,  and 1 . 1 1 �mol min mg for 

D-lactate - , NADH- and s uccinate ( +PMS ) -oxygen oxidoreductas e s , respective ly .  

A .  Fumarate concen tration varied be tween 1 and 4 0  mM .  

B .  Fumarate concentrat ion varied between 0 and 1 mM .  
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F i gu re 3 . 2 . 7 . 2 :  App arent K ( f  ) for benzy l vio logen-m urn -
fumarate oxidoreduc tase . 

spec i f i c  activ i t i es o f  ben zyl viologen- fumarate oxidoreduc tase 

were determined as des cribed in se ction 2 . 5 . 2 .  The ve loci ty , 

. - 1  
v ,  i s  expre s sed as the c hange in A5 5 5  m1n A l inea r  

regre s s ion o f  the data i n  thi s  fi gure g ive s the equation 
- 1 - - 1  v = 0 . 6 5 5  + 0 . 3 4 7 S , where n = 10  and r = 0 ; 9 7 6 . Thi s  give s  

e s t ima-ted v a lu e s  for K and V o f  0 .  5 2 9  mM and 3 3 . 9  l-!lTIO l m ( fum) max 
. - 1 - 1  m1n mg respective ly . 

F i gu re 3 . 2 . 7 . 2 :  K
i ( furn) for � uccinate ( +PMS ) -D I CP I P  

oxidoreduc tas e 

Succ in�te ( +PMS ) -D I C P I P  oxi doreduc tase activity was 

d e t e rmined as de s c r ib ed in s e c tion 2 . 5 . 1  at a PMS 

conc en trat ion o f  1 0 - 4  M .  Linear regre s s ions o f  the data 

s hown h ave three inte rcepts w ith an ave rage value o f  - 0 . 5 2 6 , 

i n d i c a t i ng the va lue o f  K
i ( fum) i s  0 . 5 3 mM .  Succ inate 

concentrat i on s  of 0 .  7 mM <V ) , 2 .  0 mM C'f' )  and 10 mM ( 0 )  
wer e  u s e d . 
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rate o f  oxygen consum p tion and the total oxyge n  consump tion . 

Re s u l t s  o f  these expe r iment s are shown i n  Figure 3 . 2 . 7 . 4 .  

The e f fec t  of fumarate on the relationship between 

cyanide conc entration and total oxygen uptake was ve ry 

di f ferent for NADH and D - and L-lac tate dependent oxygen 

consumpt ion . For . a I \  substrate s , with i ncre a s i ng cyanide , 

the oxygen uptake per mole of s ubstrate increased in the 

absenc e  of fumarate . This confirms the e ffect of cyani de 

reported earlier ( Se c tion 3 . 2 . 6 . 2 ) where thi s increase i n  

oxygen uptake p e r  mol e  o f  subs trate oxidi sed w a s  attributed 

to an increas ing proport ion of the oxygen upt ake proceeding 

vi a a cyanide insen s i tive peroxigeni c  oxidase a s  the cyanide 

concentration increa s e s . 

In the case o f  NADH in the pre s ence of f umarate , a 

substant i a l  decreas e i n  the oxygen uptake per mol e  o f  

subs trate occurred w i th incre a s i ng cyanid e . Oxygen consump­

t i on in the presence o f fumarate decreased from 7 7 %  o f  the 

control in the ab sence of cyanide to 1 8 %  at 4 0 mM cyanide . 

Thi s result i s  con s i stent w i th the idea that the i nhib i tory 

e f fe c t  o f  f umarate i s  due to compe tition be tween the two 

e l ec tron accep tors for e lectrons from the sub st rate . A 

pos s i b l e  s cheme con s i s tent wi th the s e  re sults i s  shown be low . 

l .  A cyanide - i n sens i tive oxidas e  

2 .  A cyanide -sens itive oxid a s e  
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F i gure 3 . 2 . 7 . 4 :  Effect of Cyanide on Fumarate Competition 

with Oxygen 

Oyxgen consump t i on was meas ured using the C larke electrode 

a s  d e s c ribed in s e c t i on 2 . 4 . 8 .  Sub strate concentrations 

were 0 . 4  mM for D- and L-lac tate and NADH . Fumarate was 

present at 2 �� final concentration ( solid symbo l s )  . 

Va lues p lotte d  are the percent act ivi ty o f  total oxygen 

c onsumpt ion in t he absence of fumarate . Contro l values were 

3 . 9 3 ,  0 . 7 4 6 and 2 . 4 0 � mol o2 min- l  mg- l  and 0 . 5 5 5 , 0 . 3 1 8  and 

-1 0 . 4 0 6  mol o 2 ( mo l  S )  for D-lactate , L-lactate and NADH , 

re spec t ively . 

To tal oxygen consumption 0 
To tal oxygen consumpt i on i n  the presence of fumarateD 

Ra t e  o f  oxygen con s umption O 

Rat e  o f  oxyge n  c onsumpt ion i n  the pre sence o f  

fumarate 0 
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As e lectron flow t o  t he cyanide -sensitive oxidase 

is decreas e d , an increased p roport ion o f  e le ctrons f rom the 

subs trate wi l l  f low to fumarate so tha t  the amount of oxygen 

reduced per mole of sub strate decrea ses . Since the oxygen 

uptake med i ated by the cyan i de insens i tive oxidase i s  o n ly 

a sma l l  p roportion o f  the total , the competing e f fect o f  

fumarate o n  oxygen consumpt ion more than of f s e t s  the 

increa se in oxygen to substrate s toi chiome try at high cyanide 

in the ab s ence of fumarate . 

Wi th D-l actate , however , the oxygen consumption per 

mole of s ub strate i n  the pre sence o f  £umarate remains at 
of fu.m -arate 

about 6 0  to 7 0 %  of that in the , s e h c e  at a l l  cyanide 
A 

concentra t ions . Th i s  mus t  mean that with D - l a c tate , cyanide 

mus t  be a f fec ting oxygen consumption not only at the t e rminal 

oxidase , but a l s o  a t  a s i te in the e lectron transport chain 

before the branch point to fumarate or oxygen ( see scheme 

be low) . Evidence for such an inhibi tion at h i gh cyanide 

concentrat ions in the case of D-lactate was reported in 

section 3 . 2 . 6 .  rN ( high)  

D -l ac tate A---------Y----- fumarate 

1 2 

The apparently lower sens itivi ty of NADH-dependent 

DICPIP reduc tase activity and NADH-dependent cytochrome 

b reduc t i on to inhibition by high cyanide c oncentrations 

may corre late with the d i fference between t he e f fects of 
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cyanide on NADH and D - l actatc --dependent activi ties i n  1:he 

pre sent study . The pos sibi l i ty that there are two NADH­

dependent dehydrogena ses , as sugge sted by the pCMB 

irriliibit ion d ata ( section 3 . 2 . 4 . ) , one of which bypas ses 

a cyanide-sensitive s i te prior to the branch po int may a l so 

exp lain thi s  resu lt . 

3 . 2 . 7 . 3 :  Low tempera ture spec tra of mem· r ane s in the 

aerobic steady state with fumarate 

I f  the inhibi tory effect of fumarate ( over the range 

0 to 2 mM) on both the rate of oxygen uptake and the total 

amount of oxygen consumed is due to competi tion between 

oxygen and fumarate for electrons , then it may be pos sible 

to detect a change in the l eve l of reduc tion of one or more 

of the b-type cytochrome s in t he aerobic steady state when 

fumarate is present in addi tion to oxygen . 

The e f fect of fumarate on the aerobic s teady s ta te 

with D-l actate , NADH and succ inate is shown in F i gure 

3 . 2 . 7 . 5 , A .  With a l l  three substrate s there is a decrease 

in the reduction l evel o f  �he b cytochrome s in the aerobic 

steady state c aused by fumarate . \vi th D-l actate , the 

d i f ference spectrum D-lac , H 2o2;n- lac , H2o2 , fum ( Figure 

3 . 2 . 7 . 5 , A )  shows a peak at 5 5 6 nm . This  peak may be 

compo sed o f  sma l l  portions of b cytochromes other than 

b5 5 6 _7 , but b5 5 6 _ 7 is  probably the maj or component . 

Fumarate a l s o  caused a dec rease in the aerobic s teady-state 

reduc tion leve l of the b cytochrome s with NADH . Wi th NADH 

the peak absorption appeared at 5 5 8 . 5  nm , indicating that 

the peak was composed of por tions of b5 6 2 _3 and b 5 5 6 _7 • 



The d i f ference in peak shape with D-lactate and NADH i s  

reproduc ible , indicating that there may b e  a di stinct 

difference betwe en the two redu cing sub strates in their 

interaction with the cytochromes b .  

The differences observed in the spec tra of F i gure 

3 . 2 . 7 . 5 , A were very sma l l . I t  was expec ted that an 
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amp l i fi cat ion o f  the effect o f  fumarate on the cyto chrome b 

peak might occur i f  the rate o f  cytochrome b oxidation by 

oxygen v1as decreased . As was shown in sec tion 3 .  2 . 6 , 

cyanide inhibi ted the rate of oxygen consumption at low 

concentrations by binding to cytochrome d and thi s  caus ed 

an increase in reduct ion level o f  the b peak . I t  was thus 

expected that in the pre sence of 1 0  �� cyanide , which 

inhibited oxygen cons1�ption but not fumarate reduction 

coup l ed to D-lactate and NADH , the e ffect of fumarate would 

be increased . That thi s i s  the case i s  shown in Figure 

3 . 2 . 7 . 6 , B .  Wi th bo th D - l actate and NADH , the proportional 

oxidat ion o6 the b cyt6chrome s , cau sed by addi tion o f  

fumarate to the aerobi c steady 

that in the absence of cyanide 

s tate , i s  inc reased ove r 
H 20 2 ( compare S , CN ; H

.
O +fum 2 2 

with S ;  ( F i gu re 3 . 2 . 7 . 6 , B  and A ,  res pective ly ) . 

In contras t to the s ituation in the absence o f  

cyanide , the difference spectrum showing the ef fect o f  

fumarate o n  the cy�nide inhibi ted aerobic s teady- state 

H 202 ( S , CN ;  H 0 c ( Figure 3 . 2 . 7 . 6 , B ) ) shows a peak 
2 2 +.LUm 

abs orption at 5 5 5  nm , indicating that fumarate i s  oxid i s ing 

a greater portion of the cytochrome b5 5 3 _4 , a s  we l l  as 

b5 5 6 _7 , when cyanide is present than when it  is absent . 
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F i gure 3 . 2 . 7 . 5 : E f fe c t  o f  Fumarate on the Aerobic Steady 

S t ate Reduction Level of the b Cytochrome s 

i n  the Ab sence and Presence o f  1 0  mM 
Cyanide . 

S amples  \·Jere prepared as  described in sec tion 2 .  6 . 1  and 

Section 3 . 2 . 1 .  D - l acta te and fumarate were present at final 

concentrations o f  6 mM . NAD H  was pre sent at 3 mM .  

A .  Spe ctra in the absence of cyanide . Membrane s were 

-1 present at a �rote in concentra tion of 0 . 5 9 mg ml . 

B .  Spectra in the pre s ence o f  1 0  :m!-1 cyanide . �1embranes 

- 1  were p resent a t  a protein concentration of 0 .  8 m g  ml • 

• 

( 
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These resul ts are con s i stent with the s chematic arrangement 

of the cytochrome s p re sented in ear l ier s ections ( i . e . , 

se ction 3 . 2 . 4 . 3 ) bu t d o  not provide clear support for a 

LP ro le of cytochrome b5 5 6 _ 7  in e lectron transpo rt to fuma rate . 

3 . 2 . 7 . 4 : Conc lus ions from the invest igation o f  fumarate 

competi tion wi th oxygen consumption 

Fumarate inhib i t s  oxygen consumpti on by membrane 

particles  of P. s h erma n i i  when D-l actate , L-lactate and 

NADH are reducing sub s trates . Concentrations o f  fumarate 

between 1 and 1 0  mM inhibited both the rate and total 

oxygen consumption by about 2 0 % . The inhibi tory e f fect o f  

fumarate over the range 0 t o  1 mM has an IS O ( fum) o f  0 . 1  to 

0 . 2  mM .  Thi s  value i s  only 2 0  to 4 0 %  of the values o f  

Krn ( ftim) of fumarate reduc tase ( ben zyl viologen- fumarate 

oxidoreducta s e )  and o£ Ki ( fum) of succ inate de hyd'-ogenase 

( su cc inate ( +PMS ) -D ICP I P  oxidoreduc tase ) both of whi ch were 

0 . 5 3 mM .  In view o f  thi s  dis crepancy , the sugge stion that 

f umarate is affecting oxygen consumption by acting as an 

a lternative e lectron acceptor via fumarate reductase is no t 

c onclus ively e stabl i s hed . 

I f  f umarate i s  competing with oxygen for e lectron f low , 

i t  would b e  expected that redox inte rmed iate s would be l e s s  

reduced in the presence o f  both termina l acceptors than with 

e i.ther oxygen or fumarate a lone . I f ,  on  the other hand , the 

e f fect of fumarate i s  due to direct  inhibition of an oxida s e  

a ctivity , then redox components preceding the inhibited 

oxidase shou ld be more reduced when in. the · s te ady-state with 
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both terminal ac cepto rs i n  compari son to the ste ady 

s tate i n  the presence o f  oxygen a lone . Fumarate , when added 

to the aerobi c  steady state with D-l actate and NADH , 

c aused a de crea se in reduction leve l of the b cytochromes 

over that i n  i ts abs e nce , thus ruling out the pos s ibil ity 

o f  d i re c t  inhibition of oxidase activity . With D-lac tate , 

the b cytochrome s further oxidi zed by fumarate showed a 

p e ak at 5 5 6  nm , and , with NADH , s howed a peak at about 

5 5 8  nm . 

Concentrati ons o f  fumarate greater than 1 0  Illi'\1. c aused 

a further inhibi tion of rateand to·tal  oxygen con sumption 

\vi th I 5 0  ( fum) values o f  about 1 3  mM a!'ld 2 6  mM ,  re spective ly . 

T o  explain the mechani sm by whi ch higher conc entrations o f  

f umarate inhibit oxygen consumption would require fur ther 

inves t igation . Such an investiga tion would only be worth­

whi le i f  i t  could be shown that the intrace l lu l ar 

c oncentration o f  fumarate ever reached 1 0  mH or gre ater . 

3 . 2 . 8 :  Othe r inhibi tors o f  electron transport 

As mentioned i n  section 3 . 2 . 1 . 1 ,  several  o ther 

i nhibitors were examined in a pre l iminary survey o f  

c ompounds whi ch might be u seful i n  these s tudie s . O f  these , 

the only one that warrants additi onal comment i s  CO . The 

e f fects of thi s were examin ed only ve ry supe rfic i a l ly , but 

the result i s  po s s ibly of signi fi cance in the l ight o f  

other work . CO does produce a change i n  the dithionite 

reduced spectrum indicative o f  an a-type cytochrome 

(Fi g . 3 . 1 . 5 . 2 ) . I f  CO is  bind ing to an o-type cytochrome 
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wh i ch acts. as  a terminal ox ida se , then CO shou ld c ause s ome 

inhibi tion of oxygen con sumption as measured with the C l a rke 

e l e ctrode . Two e f forts were made to demonstrat e inhibition 

o f  oxygen consumpt ion i n  the presence of  CO . I n  both 

c a se s , two al iquots of membrane s uspe ns ion in buffer were 

prepared in c l osed 1 5  ml tubes . Carbon monox ide ( 5  ml ) 

was inj e cted to one via l  and one hour at room temperature 

was a l l ov;ed for the CO to react wi th t he memb ranes before 

a s s aying for oxidase activity as norma l ly . Th i s  was done 

on the first occas ion with normal room l ighting and 

subseque ntly in a darkened room to avoid photode compos i tion 

of the eo-reacted cytochrome . There wa s no e f fect o f  c a rbon 

monox ide on either the spec i fic acti vity of oxygen con sumpt ion 

or on the compet ition by fumarate for oxygen consumption . 

The absen ce o f  an e f fect on fumarate competition indi c ates 

that CO does not inhibi t  fumarate reductase . 

Thi s  experiment ' wa s  not r�peated and hence cannot be 

c on s idered a firm re su l t . Al so , the concentration of CO 

w a s  not wel l  defined , the t ime al lowed for re ac tion may be 

i n s uffic ient , and the lighting cond itions may h ave been 

s u f f icient to allow reversal  o f  eo-i nhibition . While the s e  

po s s ibilities  mu st b e  kept in mind , the ab sence o f  e f f e c t  

o f  carbon monox ide sugge sts that the e o-binding cytochrome 

i s  not act ive in the e lec tron transport reactions measured 

under these cond it ion s . 
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4 :  D I SCUSS I ON 
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The general aim o f  the work de s cr ibed i n  thi s  the s i s  

was t o  inve stigate the e le ctron transport sys tem in 

Pro p i o n i b a c t e r ium s he rma n i i  by use of a membrane fraction 

prep ared f rom bacteri a l  ce l l s  grown anaerobic a l ly on l a c t ate . 

The memb rane fract ion used in these s tudies showed a 

comp o s i t ion s imi l ar to t hat reported by Schwart z and 

Sporkenba ch ( 1 9 7 5 ) for membrane s from a d i f fe rent strain o f  

P .  s h e rma n i i  i n  respe ct to both the proportion s o f  e le ctron 

transport components ( menaquinone and cytochrome b) and the 

· spec i fi c  activities o f  various e lectron transport proce s se s . 

Part i c ular aspe c t s  o f  the e lec tron transport system 

wh i ch were i nve sti gated were : 

1 . The composition o f  the anaer obic and ae rob i c  pathways 

and the relationship b etween them . 

2 .  The d i s tinct ion b etween the pathways involved in the 

oxidation o f  the four reducing sub strate s ,  D- and L­

l actate , NADH and s uccinate . 

3 .  The role o f  the cytochrome components in the s e  

pathways . 

4 . 1 :  Anaerobic Elec tron Transport to Fumarate 

As des cribed in the I ntroduct i on , the p ropo s a l  that 

e n ergy could be conserved for cellu l ar synthe s i s  ( as ,  for 

i n s tance , ATP ) during the oxidation of lactate coup led by 

an e lec tron transpo rt system to the reduction o f  fumarate i s  

no t a nove l ide a . However , whi le some o f  the e ar� iest 

s t udies whi ch ' le ad to the recogni tion o f . the importance of  

th i s  c oupled system i n  th e metabo l i sm of  anaerobe s were 
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pe r fo rmed with spec i e s  o f  propionibac teri a ( B a rker and 

Lipmann , 1 9 4 9 ; Bauchop a nd E l s den , 1 9 6 0 ; Al len e t  a J , 

1 9 7 4 ) , sub sequent work on the e lucidation o f  thi s sytem has 

l arge ly been d one wi th o th er anaerob e s  such . a s  Vi b r i o  

s u e c i n o g e n e s  ( Kroger 1 9 7 5 ) , Pro t e u s  re t t g e r i  ( K roge r e t  a l  

1 9 7 4 )  and B a c i l l u s  mega t e r i u m  ( Kroger e t  a l , 1 9 7 1 ) . 

The compos i tion and o rg ani zat ion o f  the anae rob i c  electron 

transport system i n  propionibacteria was neglected unt i l  

re l ative ly recently , when Sone ( 1 9 7 2 , 1 9 7 3 , 1 9 7 4 )  DeVries 

e t  a l  ( 1 9 7 3 , 1 9 7 7 )  and Schwartz  and Sporkenbach ( 1 9 7 5 )  

e s t ab l i shed that thi s s ystem was con tained i n  membrane s 

prepared f r om propionibacte ri a and that these membrane s 

contained menaquinone , f l avoprote ins and cy tochromes . 

Sone ( 1 9 7 4 )  and S c hwartz ( 1 9 7 5 )  i so l ated and 

characteri z ed the ma j o r  quinone pres ent in membranes f rom 

P .  a r ab i no s u m  and P. s he rma n i i  as I I , I I I -tetrahydromena­

quinone - 9 . U l travio let absorption spectra o f  n -pentane 

extracts o f  free z e  dried membranes prepared f rom P .  

s he rma n i i  ATCC 9 6 1 4  i n  t hi s  study ( F i gure 3 . 1 . 4 . 1 ) confirm 

the pre sence o f  a menaquinone in quantities s imilar to that 

reported by S chwartz a nd Sporkenbach ( 1 9 7 5 ) . 

Sone ( 1 9 7 4 )  provided evidence for the i nvolvement o f  

t h i s  quinone i n  the anaerobic e lectron trans porti  path to 

fumarate in P. a r a b i n o s u m  by examining the e f fe c t  of UV 

l ig ht on the rate of f umarate reduct ion by NADH , lactate 

and g lycerol phosphate . In the present study , it was 

c o n f i rmed that , in membrane s prepared from P .  s he rma n i i  

ATCC 9 6 1 4 , fumarate reduction coupled to the oxi dation o f  

NADH , D - and L-l actate was almost complete ly inhibited by 
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UV l i ght , n-pe ntane extraction and dicumarol , i . e . , with · 

treatments whi ch could b e  expected to inte rfere primari ly 

with the function o f  quinone s .  D-lac tate and NADH-dependent 

redu c t i on of fumarate in membrane s we re more s e n s i tive to 

UV l i ght than were the c orre sponding ac tivit i e s  with oxygen 

a s  e l ectron acceptor . S emi -log p lots o f  the decay o f  D­

l ac t ate and NADH- fumarate oxidoreductase activi t ie s  ( Fi gure 

3 . 2 . 2 . 1 ) were very near l y  l inear with half-decay time s of 

abo u t  7 minute s .  The l i nearity of the semi - lo g  p lot 

ind i c at.e s that UV light i s  probably acting mainly at a 

s in g le s ite . The work o f  Brodie and B a l l antyne ( 1 9 6 0 )  on 

membrane part i c l e s  from My c o b a c te r i um ph l e i  showed that 

naphthoquinones were much more rapidly destroyed by UV l ight 

at 3 6 0  nm than other components o f  t he e lectron transport 

pathway . Al though the destruction o f  menaqu inone by UV 

· l ight has not- direct ly been inve s tigated it s eems mo st 

probab l� that the site of UV inhibition of e le c tron transport 

to fumarate in membrane s of P .  s he rma n i i  is the menaquinone . 

Brodie and B a l l an tyne ( 1 9 6 0 )  provided evidence for 

�he s pec i f i ci ty of the UV e f fect by showing that vi tamin 

K1 ( the menaqu inone present in M .  p h l e i )  could re s tore 

a c t i vity to t he inactivated parti c le s .  Sone ( 1 9 7 4 )  was 

a l s o  able to demonstrate react ivation of NADH , l act.ate and 

glycerol phosphate dependent fumarate reductase a ctivities 

in UV treated parti c l es from P.  a ra b i no s um .  Attempts 

in the present study t o  reactivate fumarat� reductase 

a c t ivi tie s i n  UV-i rrad i ated parti c l e s  by addi tion o f  quinone 

extracts from P .  s h e rm a ni i we re not succes s fu l . 
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Ext raction o f  P .  s he rma n i i  membranes with n-pen tane , 

ano ther tre atment whi c h  has been used to demon strate the 

involvement of qu inones in e l ectron transport sys tems o f  

b•cteri a ( Kroger e t  a Z , 1 9 7 4 ) , was found i n  the pre s ent 

study to give vi rtua l ly complete los s of membrane -coup led 

fumarate redu ction . Res toration o f  ac tivity to the leve l s  

in unextracted part i c l e s  upon addition o f  qu inone e xtracts 

o f  P .  s he rma n i i  did no t occur , except for a parti a l  recovery 

of D-l actate- fumarate oxidoreductase ac tivity . Possible 

re a s ons for the low recoveri e s  o f  activity may h ave been 

d amage c au s ed by free z e  drying , removal of mate rial other 

than quinone by n-pentane extraction and tlre inab i l i ty to 

mai ntain fully des s i cated condi tion s during extraction and 

r e - addi tion o f  the qu inone . 

However , reactivation o f  D-lactate fumarate oxidoreduc­

t a s e  by addi tion of quinone did occur to a s i gni f icant extent 

( t o  5 0 %  o f  the activi�y in unextracted partic le s )  • Thi s  

r e s ul t  may ref l ect the inherent stabi lity o f  the D-lactate 

d ehydrogenase , s i n ce thi s sytem was more stable than o ther 

d e hydrogena s e  sys tems during prolonged storage o f  merobrane 

s uspens ions or fol lowing treatment with detergents ( K .  S cott 

and G . G .  Pri tchard , personal communication ) . 

I nhib i t i on o f  memb rane-coupled fumarate reduction by 

low c oncentrat i on o f  d icumaro l ( F i gure 3 . 2 . 3 . 1 )  a l s o  

i n d i c ated a role for menaquinone i n  t h i s  system . The 

c onc entrat ion o f  d icumarol giving 5 0 %  inhib i t i on o f  fumarate 

reduction o ccurred at a dicumarol to me naquinone ratio o f  

about 2 : 1 ,  wh i ch i s  c on s i stent with the view that d i cumarol 

i nhibits by inter fering wi th menaquin�ne fun c t i on . As in 
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the case o f  UV inhib.i tion , fumarate reduction v.>as more 

sens i t i ve to d i. cumarol inhibition than was oxygen reduct ion . 

One ob j ect ive o f  the s tudy o f  the anae robi c  pathway 

wa s to determine whether or not cytoc hrome b was i nvolved 

in e lectron t ransport to fumarate , s inc e controversy 

exi st s  in the l i terature in regard to thi s po int . Schwartz 

and Sporkenbach ( 1 9 7 5 )  u s ing membranes prepared from 

P .  s herma n i i  P Z 3 conc l uded that cytochrome b was no t on the 

pathway to fumarate . They found that NOQNO i nhibited 

reduct ion o f  cytochrome b by lactate , the de gree of reduc tion 

of cytochrome b in the aerobi c  s teady state being lower than 

in uninhibi ted membrane s . At the same t ime the percen tage 

reduction o f  menaquinone was found to be inc reased , 

i nd i cating that one s i te o f  NOQNO inhibi tion was between 

men aquinone and cytoch rome b .  They also obse rved that , 

wh ereas fumarate reoxidi zed the lactate -reduced cyto chrome 

b to about 5 0 %  in uninh ibi ted membranes ( anaerob i c  s teady 

s t ate ) , i f  NOQNO was added to membrane s in which cytochrome 

b was reduced by l actate , then fumarate add i t i on caused only 

a 5 % reoxidation of the cytochrome b .  In contrast to thi� , 

oxygen reox id i zed cytochrome b to the s ame l eve l as that 

obse rved in the absence of NOQNO . S ince the s i te of NOQNO 

i nhibi tion occurred between cytochrome b and menaquinone 

and cytochrome b was not s i gn i f icantly reoxidi ze d  by fumarate 

in the presence of NOQNO but was by oxygen � they conc luded 

that menaquinone was the branch point to fumarate or oxygen 

and that cytochrome b func tioned only on the pathway to 

oxygen , as diagrammed be low . 
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Schwart z and Sporkenbach ( 1 9 7 5 )  suggest that the rapid 

reoxidati on of cytochrome b by anaerob i c  fumarate in the 

absence of NOQNO found in the i r  work and previous ly reported 

by d eVri es e t  a Z  ( 1 9 7 3 )  and Sone ( 1 9 7 4 )  was due to 

equ i l ibration o f  the cytochrome b with the menaquinone poo l . 

I n  contrast to this , deVrie s e t  a Z  ( 1 9 7 7 )  found that 

add� tion of oxygen- free fumarate to HOQNO-inh ib i ted , reduced 

membrane part i c l e s  from P. p e n t o sa c e u m  and P .  fre u de nre i c h i i  

re s u l ted i n  immed i ate reoxida.tion of cytochrome b to a s teady 

s t a te l evel below that in the uninhibited part i c les . They 

concluded from thi s t ha t  cytochrome b functions on the 

e l e ctron transport pathway to fumarate . Apart from the use 

of HOQNO rather than NOQNO , the use o f  d i f fe rent buf fe r s  

( tr i s  rather than pho sphate ) and the u s e  of d i fferent s trains 

o f  propionibacteri a ,  t here is no obvious expl anation for the 

d i s crepancy between the obse rvations of the se two group s . 

The data ob tained us ing HOQNO in the present study do 

not resolve thi s d i s agreement s inc e the inhib i tion o f  

e l ectron transport act ivitie s was found to be much l e s s  than 

that reported by Schwartz and Sporkenbach ( 1 9 7 5 )  us ing 

c omparabl e  concentrations of NOQNO . Subsequent examination 

o f  the l i terature on the alky l quino line -N-oxide s indicate s 

that NOQNO i s  a more potent inhibitor o f  elec t ron transport 

t h an HOQNO ( Li ghtbown and Jackson , 1 9 5 6 ) . Whi l e  this would 

not account for the d i f ference between the find ings o f  

S chwart z and Sporkenbach ( 1 9 7 5 )  and deVries e t  a i  ( 1 9 7 3  and 
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inhibi tion found in the present study . A compar i son of 
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r e l a t ive i nhibition between the pre sent d ata and those o f  

deVr i e s  e t  a Z  ( 1 9 7 3  and 1 9 7 7 ) , who a l so used HOQNO , i s  not 

po s s ible s in ce they did not report· on the sensi tivity o f  

e l e ctron transport act ivities t o  the inhibitor . 

However ,  the e l ec tron transport scheme proposed by 

Schwart z and Sporkenbach in which a l l  the cytoch rome b 

l i e s  on the pathway to oxygen i s  not supported by results 

pre s ented in th i s  thes i s .  In the pre sence o f  d icumarol o r  

us ing UV- i rrad i ated membran e s , the sub strate -reduced b peak 

reduc tion leve l  is s ub st anti ally de creased by th e add i tion 

o f  f umarate to a level lower than that in untre ated membrane s .  

Thi s  could n o t  occur i f  menaquinone functioned between 

fumarate and a l l  of the cytochrome b .  

Evidence from the pre s ent study on the number and 

midpoint redox potential s : o f  the b cytochrome s i s  o f  

s i gni ficance i n  re l at ion to thi s  controversy . 

P .  s herma n i i  ATCC 9 6 1 4  contains at least four b-type 

cytochromes ( T able 3 . 1 . 5 . 1 ) , two of which have midpoint 

redox potenti a l s  wh ich would permit a functional role in 

e l e ctron transport to fumarate from l actate and NADH . 

LP The s e  are b 5 5 3 _ 4 and b 5 5 6 _ 7 , both o f  which have midpoi n t  

pot e ntial s at p H  7 ( Em7 ) o f  about - 2 0  mV . 

Compari son o f  t he anaerobic and aerob i c  steady states 

ind i c ated that a .  large proportion of the b cytoch rome 

remains reduced in the anaerob i c  steady s tate , whereas 

onl y  a sma l l  proportio n  i s  reduced in the aerobic s teady 

s tate ( F i gure 3 . 2 . 1 . 2 ) . It  seems l ikely that those b 
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cytochromes which are not completely oxidi zed b y  fumarate 

HP wi l l  inc l ude b5 5 6 _ 7  and b5 6 2 _ 3 , s ince t he midpo i n t  pote nti a l s  

o f  these two cytochromes are about 5 0 t o  9 0  mV above that o f  

·the s uccinate/fumarate c oupl e  ( + 3 3  mV ) . Thi s i s  con s i s te nt 

with the observation t hat the anaerob i c  steady state peak s 

are composed o f  mainly b 5 6 2 _ 3 and b 5 5 6 _ 7 ( pre sumably the 

HP form) • 

Compari son o f  uninhibite d  anaerobic steady s tate 

spectra indi cated that fumarate oxidi zed both b 5 5 3 _4 and 

b 5 5 6 _7 (presumably the LP form) . Evi dence f rom the e ffec t  

o f  pCMB o n  the anaerobi c ste ady s tate level o f  cyto ch rome b 

reduction ( Section 3 . 2 . 4 ) ind ic ated that b 5 5 3 _ 4 was l a�ge ly 

reduced in the inhibited anaerob i c  s teady state , but not the 

i nhibi ted aerobic stead y  state . Thi s  sugges t s  that thi s 

cytochrome may funct ion 

than to f umarate . Thi s 

in e l ectron transport to oxygen rather 

LP leave s b5 5 6 _ 7 as the mo st l ikely 

cytochrome component o f  the anaerob i c  pathw.�y .. Thi s po s s ible 

arrange is  di agrammed below . 

. bLP 
-----""' f t � 5 5 6 _ 7 umara e 

S __ ___.,_ MQ . 

� b5 5 3 _ 4 -----::;>"' oxygen 

Add i t i onal evidence supporting a role for cyto chrome 

b in e le ctron t ransport to fumarate i s  provided by the 

obs erva t i on that when fumarate was added to membrane 

pa r ti c l e s  in the aerob i c  s te ady s ta te , thereby decre a s ing 

the r ate of oxyge n c onsumption , the re wa s a . smal l de cre a s e  

in · reduc t i on o f  b5 5 6 _7 when D-lactate w a s  reducing s ub strate 

and o f  both b 5 5 6 _ 7 and b 5 6 2 _ 3 when NADH was reducing substrate 
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( F igure 3 � 2 . 7 . 3 ) . Th i s ,  howeve r ,  i s  not conc l u s ive 

LP evidence that b5 5 6 _ 7 i s  on an e lectron transpor t  pathway to 

fuma rate . I n  fac t , the evidence re l ated above c an on ly 

ind i c ate that i f  a b cytochrome i s  invo lved in e l ec tron 

transport to fumarate then the mo st l ike ly c and idate i s  

LP cytochrome b5 5 6 _ 7 . 

Th e p resence o f  a low potent i a l  b type cytochrome on 

the e lectron t ranspo rt pathway to fumarate has b een 

demonstrated by the s tudi es of -un den , Hackenberg and Kroge r 

( 1 9 8 0 )  for the fumarate reductase o f  Vi bro s u c c i no g e n e s . 

The fumarate reductase wa s pur i f i ed and it was ob served 

that reduction o f  fumarate by naptho-quinone ana logue s was 

cytochrome b -depende nt whi le b en zy l  viologen oxidat ion 

was no t .  The cytochrome b involved had an Em7 of - 2 0  mV . 

Suc c in ate dehydroge nas e  complexes f rom o ther organi sms have 

bee n  found t o- have a b-type cytochrome as part of the comp l ex 

( D a vi s and Hate f i , 1 9 7 1 ; Davi s e t  a l , 1 9 6 9 ; Hederstedt 
- ·  

e t  a l , 1 9 7 9 ) . I t  i s  thus po s s ib l e  that a s i mi l ar sys tem 

occurs in P .  s h e rman i i  vlh ich uti l i z e s  cytochrome b��6 _ 7 in 

th i s  rol e . 

4 . 2 :  The Aerobic Electron Transport Pathway 

Although the p ropionibacteria are usual ly re garded 

as anaerob i c  bacteria because visible colon i e s  do not appear 

on the surface of agar p l at e s  incubated ae rob i c a l ly , t he i r  

ab i l i ty to use oxygen as a n  e lectron accepto r f o r  the 

oxidation o f  a wide range o � substrate s has b ee n  wel l  

e s t ab l i s hed ( Schwart z , 1 9 7 3 ; deVries e t  a l , 1 9 7 2 ; 
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Bonartseva e t  a Z , l 9 7 3 i Van Gent-Rui j te rs e t  a Z , l 9 7 6 i 

P r i tchard e t  a Z , 1 9 7 7 ) . Howeve r , ve ry l i ttle 1 s  known 

about the aerobic pathway and one o f  t he aims o f  the 

pre sent s tudy was to p rovide further in format i on on the 

component s of this p athway and i ts re l at ionship to the 

anaerob i c  p athway . Othe r  que s t ions re levant to the data 

pre sented in thi s the s i s are the nature of the terminal 

oxi d a s e  and the di f fe rences b etween pathways for aerob i c  

oxi da t ion o f  NADH , D � l actate , L-lac tate and suc cinate . 
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4 . 2 . 1 :  D i f f e rences b etween reducin g  sub strates in e l e c t ron 

transport to oxygen 

The rate s o f  oxygen consumption dependent on D-l a ctate 
I 

and NADH were approximate ly equivalent and remained s t able 

for s eve ral days . The rate of  oxygen con sumption dependent 

on L- lactate was at b e s t  equ iva l ent to t hat w it h  D - l a c t ate 

but was usual ly much l e s s  due to th e i n s t abi l i ty of the 

L- l actate dependent ac tivi ty . The rate o f  oxygen con sumption 

wit h  succinate \vas much . less  th an that wi th e i the r D-l acta te 

or NADH ( about 3 %  for both ) . The relat ive rates o f  oxygen 

upt ake with the se subs trate s are s imi l ar to tho s e  reported 

by Sch\vartz a nd Sporke nbach ( 1 9 7 5 ) . 

The f actor by \vhich PMS s timu lated oxy gen consumption 

var ied wi th the redu c i ng substrate . Succinate oxidase was 

s timul ated by th e gre a te s t  fac to r  ( l 9x ) where a s  D - l actate 

oxi dase was least st imu l ated ( 2 . 6 x )  and the s t imulation o f  

the L-l actate ox idase was intermedi ate ( 6 x ) . The l arge 

PMS s t imul a tion wi th succinate indi cate s tha t  su6c inate 

dehydroge nase i s  no t t he rate- l imiting s tep i n  s uccinate 

oxi d a se acti vity . 
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A further d i f fe re nce b etween L-lactate and other 

redu c ing sub strat e s  emerged from studie s of oxidase 

inh i b i tion by d icumarol ( Se c tion 3 . 2 . 3 ) . L-l actate 

oxid a s e  activ i ty was much more sensitive t o  d i cumc:tro l 

inh i bition than D- lac t ate or NADH oxidases . Th i s  

sen s i tivi ty a l so occu rred wi th L- lactate-D ICP I P  and L-l actate -

Fe ( C N ) 6 oxido reductas e s , indicat ing ei ther , that coup l ing o f  

the dehydrogen ase t o  reduction o f  these dyes and t o  oxygen 

wa s dependent on menaqu inone or that the L-lactate 

dehydro gena s e  wa s itse l f  inh ib i ted by dicumaro l . 

NADH ox ida s e  a l s o  di ffered from D - l act ate and L-

lac t ate ox ida s e s  in i t s  sens i t i vi ty to inhibi tion by pCMB . 

NADH-oxidase was inh ib i ted to a maximum o f  5 0 %  whereas 

D - l a ctate and L - l ac t ate oxida s e s  were complet e ly inhibi t.ed 

by pCMB ( F i gu re 3 . 2 . 4 . l ) . Th i s  indic ate s the presence of 

tvm routes o f  e lectron .  transport to oxyge n frn ::1 NADH . S ince 

NADH-DICPIP and NADH-F e ( CN ) 6 ox idoreductases we re a l so 

inh ibi ted by pCMB to a maximum o f  approximat e ly 5 0 %  ( Se ct ion 

3 � 2 . 4 ) , the p re se nc e  o f  a pCMB - insen s i t ive dehyd rogenas e 

wa s indicated . Howeve r ,  the oxidoreduc tase sys tems 

ini t ia ted by these dehydro genase s must share t he s ame 

te rminal ox idase , s ince total NADH oxidase was inh ibited 

abou t  9 0 %  by cyanide , appare ntly at a s ingle s i te ( Se c t ion 

3 . 2 . 6 ) . Th ese re s ults are summarized in the diagram b e low . 

pCHB 
t ----"""" oxygen 

��--��--�-J 
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4 . 2 . 2 :  The nature o f  the termina l oxidase s  

Cyto chrome s present in P .  s h e rman i i  whi ch may function 

as t e rminal oxidase s are cytochrome s a ,  d and a eo-b inding 

cytoch�ome tentat ive ly identi fied as cytoch rome o 

( Sone , 1 9 7 2 ;  Schwart z and Sporkenb ach , 1 9 7 3 ; P r i tchard 

e t  a l , 1 9 7 7 ) . Only the cytochrome d and the eo-binding b 
i 

cytochrome are present in s i gnf icant quanti ties , so A 

that cons iderat ions o f  the maj or cytochrome terminal 

oxi d a s e  in P .  s h e rm an i i  under condit ions of growth used in 

thi s s tudy can be re s tri c ted to the s e  two . 

Cytoch rome o ,  a carbon monoxide b inding pigment , was 

f i r s t  ob served in St ap hy l o c o c c u s  a l b u s  ( Chanc e , 1 9 5 4 ; 

Smi t h , 1 9 5 4 ) . Photore ve r s a l  o f  CO binding was used to 

demo n strate i ts funct i on as a terminal oxida se ( Ca s tor 

and Chan ce , 1 9 5 5 ) .  Cyanide at 1 0 - 5  M i s  us ual ly e ffective 

in inhibi ting cytoch rome s o f  the o- type ( Okunuk i , Kamen 

and Seku z u , 1 9 6 8 ; Jones , 1 9 7 3 ) . 

Cytoch rome d fun c t ions as terminal oxi d as e  in many 

bac t e ri a  ( Jurtshuk , Mue l ler and Acord , 1 9 7 5 ) . I t  i s  s lowly 

de s troyed by UV light ( Bragg , 1 9 7 1 )  and may b e  i nhibite d  

b y  cyanide ( Pudek a nd Bragg , 1 9 7 4 ; Jon e s , 1 9 7 3 ) . Repo rted 

val u e s  for the cyanide inhib i tion constant ( k . )  vary w i th 
. 1 

the o rgan ism ( approx imate ly 1 5 �M with A z o t o b a c t e r  v i n e l a n d i i  

( Jone s , 1 9 7 3 )  and 7 . 4  mM with E .  c o l i  ( Pudek and Bragg , 1 9 7 4 ) ) 

but t hey are generally a t  least an o rde r o f  magnitude gre ater 

than the Ki ( CN ) for cytochrome o in any one organism . 

I n  membrane s f rom P .  s h e rma ni i , cyanide at 1 0  mM 
inhibi ted oxidase s o f  NADH , D-lactate and L - l ac tate by b e tween 

5 0 a nd 9 0 %  whi le having no e ffect on t he corre sponding 
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fumar ate ox idoreductase activi ties ( F i gure 3 . 2 . 6 . 1 ,  A & C ) . 

As mentioned above , NADH oxidase ·tHas a lmo st c omp letely 

inh ib i ted by cyanide wi th an I S O for c yan ide o f  about 2 .  2 m.l\1 

( F i gure 3 . 2 . 6 . l , B ) . Wi th D - l actate th ere appear to be two 

s i te s  o f  i nhibi tion ,. one wi th an I S O  o f  about 2 mM ,  presumab ly 

the terminal cytoch rome oxidase , and one with an I S O  value 

o f  2 0 - 2 S mM due to inh ibit ion at a s i te betwee n the D - l actate 

dehydro genase and cytochrome b .  Cytochrome d appears to be 

to ta l ly reacted wi th cyanide at 10  �1 concentration s ince th e 

d peak i s  ab sent f rom l ow temperature spectra o f  membranes 

i n  the aerobic s teady s t ate w ith 10  mM cyan ide ( Fi gure 

3 . 2 . 6 . 2 , B ) . The d i s appe arance o f  cytochrome d i s  due to 

f o rmat i on of cyanocytochrome d ( Pudek and B ragg , 1 9 7 4 ; 

Kau f fman and Van Ge lder , 1 9 7 3 )  whi ch does not absorb l i gh t  

a t  6 2 0 -· 6 S 0 nm . 

Two attemp ts were made to examine the e ffect o f  CO on 

oxygen c onsumption , but no CO inhibit ion cou l d  be 

demonstrated . Wh i l e  furthe r s tudie s \vi th CO would be 

nece s s ary to sub s tanti ate th is finding , it i s  con s i s tent 

w i th the idea that cytochrome o ,  if i t  doe s occur in thi s  

b a cterium , doe s n o t  h ave a s igni f ic ant rol e  i n  oxy gen 

consumpt i on in memb ranes prepared from P .  s h e rma n i i , and 

that the major te rminal oxidase is cytoch rome d .  

· whi l e  the above evidence indi cates th at cytochrome d 

i s  the major terminal oxid ase , accounting for about 9 0 %  

o f  the rate o f  oxygen consumption with NADH , i t  appears , 

on the b a s i s  o f  cyanide inhibi t ion s tudie s ,  t o  account for 

a sma l l e r  percentage of the oxygen consumption w ith D � l actate , 

l e s s  s t i l l  with L - l actate and on ly about 2 0 %  wi th s uc c inate . 
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The a c tual spe c i f i c  ac tivitie s o f  the cy anide -re s i s tant 

component of succ inate ox idase and L-l actate oxidas e  are 

ve ry sma i l ,  s ince the initial uninhibi ted activities o f  

th ese two oxidases are sma ll re lat ive t o  those o f  NADH and 

D- l actate . I f  the res idual oxidase act ivity determined 

were enti rely due to a peroxygeni c  oxidase , then th e ratio 

of oxygen consumed per mo le of sub strate oxidized s hould 

approach unity , \•7 he re as it only re ached about 0 .  6 8 with NADH 

and D - l ac t ate and 0 . 7 5 w i th L-l actate , indica t i ng tha t 

peroxide production accounted for a maximum o f  4 0 - 5 0 %  

o f  the cyanide re s i stant elec tron f low . The ori gin o f  the 

cyan i de -insensitive component of the oxygen uptake i s  not 

c l ea r . I t  could b e  due to d irect e le ctron tran s fe r  f rom 

the p r imary dehyd rogenase to oxygen as found by Sane ( 1 9 7 3 )  

for the puri fied g lycerophos phate dehyd rogen ase from 

P .  · a r ab i.n o s u m . I t  c ou l d  al so b e  due to peroxygenic reactions 

at t he terminal oxidase s imi l ar to tha t  obs e rved w i th a 

pur i fi ed NADH oxidase ( conta ining cytochrome o )  from a 

Ve i Z Z o n e Z Z a spec ie s whi ch d i s pl ayed t he same ratio o f  oxy gen 

con sumed to NADH ( 0 . 6 8 ) · as did inh ibi ted memb r anes f rom 

P .  s he rman i i  ( Web s te r , 1 9 7 5 ) . 

4 . 3 :  Th e Pre sence o f  Steps Common to Both Aerobi c and 

Anaerob i c  Pa thways 

Two d i ffe rent pieces o f  evidence pre s ented in th i s  

the s i s  ind icate that s ome s teps in e l ectron transport 

pathway s to fumarate and oxygen are s hared . Ther -f i r s t  o f  

the s e  i s  the s imi l ar i ty o f  e ffe ct o f  some inh ib i tors on 
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electron transpo rt to the se two acceptors and the second i s  

the compe ti tion b etween fumarate and oxygen for e le ctrons 

f rom the reduc ing sub s t r ate . 

The inhibi tor pCMB inhibi ted both fumarate and oxy gen 

reduction at a s im i l ar conce ntration and inhib i te d  reduction 

o f  th e b cytoch rome s i n  s teady s t ate s with e i ther oxygen o r  

furna rate . Thi s  indi c ated that inhibi t ion of oxygen or 

fumarate reduct ion oc curred at s imi l a r  s ite s , presumably 

at the dehydrogenases for the re spect ive reducing s ub s t rate s . 

Both fumarate reduction and oxy gen consumption we re 

inhibi te d  by UV l ight and dicumarol t re atment of membranes 

a l though th e le s s  comp lete inh ibi tion of oxygen oxidoreduc­

t a s e s  suggests  that only part of the total oxygen cons umption 

h a s  an ab solute requ i reme nt for menaquinone . The extent to 

which peroxyge nic reac t ion s at the dehydrogena s e s  may account 

for the component o f  oxygen con sumpt ion whi ch was l e s s  

s e n s i tive t o  inhibit ion by U V  light o r  dicuma rol c annot b e  

determined from results pre sented in th i s  the s i s , s ince 

H 2o 2  dete J..lilination durin g oxygen uptake expe riments with 

UV- irradi ated memb rane s ·was no t performed . 

Sane ( 1 9 7 2 )  demon strated a decrease in oxygen 

consump tion when fumar ate was adde d to re s pi ring membranes 

of P. a r a b in o s u m .  Thi s  s ame e f fe c t  was demon s trated i n  

memb ranes from P .  s h e rman i i  and further characte ri zed by 

showing that both the rate and tota l of oxygen consumption 

were de creased by the s ame proportion a t  fumarate concentrations 

up to 10 mM .  'I'hi s  re sul t indicate s . th at th e e lectron 

t r ansport p athways to o xygen and fumarate sh are common s teps 

up to an inte rmed i ate located at a branch poin t . 

• 
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A pos s ib l e  c andid ate for the c ommon intel�edi ate a t  the 

branch point is men aquinone . One view o f  the ro le o f  quinone s 

i s  �hat they act as a f ree ly mob i l e  pool of redox 

intermedi ate in the l ipid ph ase of the membrane whi ch i s  

reduced by dehydro gen ase comp l exes and oxidi z e d  b y  separa t e  

oxidase complexes ( Li e t  a l , 1 9 8 1 ) . Ac cord ing to th i s  view ,  

the f low o f  e le c t rons via fumarate reductase t o  fumarate 

wou l d  cause a decrease in the reduc t i on leve l of the 

menaquinone poo l , thu s decreas i ng the concentration o f  

reduced sub strate ava i l able to the ox idase and con sequen t ly 

caus in g a decre ase i n  the ob serve d r ate o f  oxygen 

con sumption and i n  the total oxygen c onsumed pe r mol e  o f  

sub strate . 

4 . 4 :  Interact i on o f  D I CP I P  and Fe ( CN ) 6 With the E l e c t ron 

Transport Sy s te m  

The e f fect o f  i nhibitors o n  the rate o f  reduc tion o f  

the e le ctron acceptors DICP I P  and Fe ( CN) 6 was s tudied 

s in c e  it was expe cted that the se a cceptors wou ld intercept 

e l e c trons at· a s tep ( or step s )  prior to the te rmin al 

oxidase o r  fumarate reductase and thu s provide further 

e vidence on the s i te s  o f  action of t he inhibi tors . 

Howeve r , the data obtained sugge st th at the interaction o f  

the s e  a cceptors w ith bhe e lec tron transport sy s tem i s  ve ry 

c omplex in that : 

1 .  The s ite s o f  i nte raction are d i ffe rent depending o n  

t h e  partic u l ar reduc ing sub strate used . 



2 .  DICPIP and Fe (ON ) 6 may act at d i f ferent s i te s . 

3 .  One or bot h  acceptors may act at more than one 

s i te in the e le c tron t rans po rt chain . 

I denti fica tion o f  the site ( s )  at v-rhi ch t hese two 
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acceptors act was not a primary aim o f  thi s  s tudy , but the 

data which b ear on this ques t ion are di s cussed below . 

Since t he s i te ( s )  o f  interact ion appears to d i f fe r  for 

e a ch reducing sub�trate , the re sul ts are discussed 

separate ly for each o f  the four reducing subs trates used . 

4 . 4 . 1 :  D-lactate 

Spe6 i fic activitie s  of ox idoreductases for D - l a c tate -

D I C P I P  and D-l actate -Fe ( CN ) 6 were s imi l ar , which may 

indicate that the two acceptors inte ract main ly at the 

s ame s i te when D - l actate is the re duc in g sub st r ate ( Table 

4 . 4 . 1 . 1 . ) . 

T ab l e  4 . 4 . 1 . 1 :  Spec i fic Activi t ie s  o f  D-lac t ate 

Oxi doreductases 

Oxyge n PMS Fe ( CN ) 6 DICPIP Oxygen Fumarate 

+ 3 0 . 8  4 3 . 4  7 . 6 7 

+ + 9 4 . 1  6 7 . 2  1 9 . 7  

3 3 . 2  3 9 . 5  0 4 . 0 2 

+ 9 1 . 0  7 1 . 9  

Val ue s  pre s e nted are specific activi ties in �mo l min- l  

mg protein - 1 . S ee T ab l es 3 . 1 . 2 . 2  and 3 . 1 � 2 . 3 for 
det a i l s  of p reparation 
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S i gni f i c an t ly , oxygen did no t a f fec t  the rate wi th 

e ither acceptor whether or not PMS wa s pre sent , and the 

spec i fic act ivity wi th the dye s was much greater than that 

with oxygen . Thi s suggests that the se e lectron a cceptors 

do not inte ract at a s i te near the terminal oxidase o f  the 

e lectron transport sys tem . 

U l trav h o let l i gh t  inhibited the reduction o f  ferricyanide 

and D- l ac tate oxidase simi l arly whereas only 3 5 % of D - l a ctate -

D ICPIP oxidoreduc tas e was sensi tive to UV l i ght , the 

r e s idual 6 5 % being in sens i t ive to UV l i ght ( F i g . 3 . 2 . 2 . 1 ) . 

Thi s  indi cates that DICPIP i s  acting at two d i s t inct s i te s  

i n  the D - l actate dependent e l e c tron tran spo rt pathways . One 

of the s e  s i te s  mu st be on t he h i gh redox potential s i de o f  

menaquinone , pos s ib ly the fumarate reduc tas e o r  a component 

o f  the aerobic pathway . Th e UV-inse n s i t ive reduc t ion o f  

D IC P I P  i s  probably due to interaction o f  thi s  acc eptor a t  

the leve l o f  tpe primary D - l ac tate dehyd rogenase . The 

greater sensitivity o f  Fe ( CN ) 6 reduction to UV indic ate s 

that the maj or s i te o f  interaction o f  Fe ( CN ) 6 i s  a t  a point 

on the ox i d i z ing s id e  6f menaquinone . Howeve r ,  the l ac k  o f  

any e ffect of oxygen o n  the rate o f  Fe ( C N ) 6 o r  D IC P I P  

reduct ion indi c ate s that none o f  t he s ite ( s )  i s  a t  the 

terminal oxidase . The follow ing s cheme summari z e s  th e s e  

conclu s ions . 

D IC P I P  ( 6 5 % )  

1 
D - l actate -� Fp0:---__,_ 

J 
Fe ( CN ) 6 

( b , fpFR) -... .... 
'- fumarate 

/ ',� -- - - -- -- -
MQ DICPIP ( 3 5 % )  

\ / / / ...,_ 

..._ 

Fe ( CN ) 6 

./ -
b -- ..- ......._ d -� oxygen 
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Because o f  the instabi lity o f  the L-lac tate cou pled 

activities , react1ons with thi s donor we re le s s  thoroughly 

investigated than o ther donors . Be fore c l ear conclusions 

regarding L-lactate -coup l ed activities can be drawn , 

stabi l i zation o f  these acti vities by some a lte r ation o f  the 

procedure for memb rane preparation is necess ary . There are , 

however , several  re su l ts w hich do bear on the s i te ( s )  at whi ch 

Fe ( CN ) 6 and D ICP I P  react wi th the e lectrbn transport 

system when L-l ac tate is donor . These are l i sted below : 

1 .  Oxygen competes with D ICPIP and Fe (CN) 6 for e lectron 

f low ( removal  of air s timu l ate s ac tivi ty approximate ly 

5 and 2 . 3  f old , re spe ctive ly ) . ( Tab l e  3 . l . 2 . 4 ) . 

2 .  PMS st�mu late s  ac tivity l . 6x when Fe ( C N ) 6 i s  

acceptor but has n o  e ffect when D ICP I P  i s  acceptor . 

3 .  Maximum activitie s  ( anaerob i c  in the prese nce o f  PMS ) 

are approx· imate ly the same for DICPIP and Fe ( CN ) 6 . 

4 . L- lactate c oupled activities were about 1 0 3 more 

sensitive to d i cuma ro l than with other reducing 

s ub strate s ( Fi g . 3 . 2 . 3 . 1 ) . The very big d i f fe rence 

in sen s i ti vity to d i cumarol of L-lactate - coupled 

dye redu ct ion c ompared to t hat w ith o ther reducing 

sub strate s c le ar ly indicate s that e lec tron transfe r  

from L- l ac tate t o  t hese a cceptors invol ve s  e i ther 

di stinctive dicumarol sens itive compone nts o r  a 

di stinctive location in the membrane to wh ich 

dicumaro l has  ready acce s s . 
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When NADH wa s used as the reduc ing sub st rate , the 

r.e su·l ts were d i f fe re nt from tho se obtained with e i ther 

L -· l a ct ate or D - l actate . NADH-DICPIP oxidoreductase 

activi ty was muc h less than NADH-Fe ( CN )
6 

oxido reductase 

activity and about the s ame as the act ivity o f  NADH oxida s e  

and NAD H -fumarate oxidoreductas e .  Oxygen inhibi ted NADH­

Fe ( CN ) 6 oxidoreduc tase only s lightly ( by about 1 0 % )  

whe re a s  NADH-D ICP I P  ox idoreductase was inhibi ted by about 

6 0 % , i ndicating that the s i te s for D ICPIP i nte raction are 

probably c loser to the terminal oxidase than i s  the c ase 

for F e ( CN )f() ( Table 3 . 1 . 2 . 4 ) . 

In the pre se nc e  o f  HOQNO and cyanide , NADH-D IC P I P  

activ ity was stimu l ated in aerobic assays ( F i g s . 3 . 2 . 5 . 1 ,  

3 . 2 . 5 . 1 ) . Th� s implest interpretation o f  thi s i s  that the 

inhibitors b lock the pathway o f  e le ctron flow to oxygen , 

th ereby removing oxygen c ompetition . Thi s  i s  s upported by 

the f ind i ng that no s uch s t imu lat ion in the presence o f  

HOQNO occurs in anae rob ic a s s ays ( Tab le 3 . 2 . 5 . 1 ) . Activity 

was s t imul ated s imi l a r ly by a factor of 2 . 4  with both 

inhibito r s , indicat ing that the same ox id�t i ve pathway 

i s  inh ib i ted by both inhibitors . 

I n  contras t to D - l ac tate-DICPIP oxidoreductase , NADH­

D IC P I P  oxidoreduc tase is i nactivated by UV l i ght at a 

rate s im i l ar to that o f  NADH oxidase (Figure 3 . 2 . 2 . 1 ) . 

This i s  con s i s tent w i th the conclusion that the main s i te 

o f  interaction o f  D IC P I P  w ith the . e lectron t ransport chain 

from NADH is on the oxid i z ing s ide o f  men aqu inone . On t he 
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other hahd , ·  only about 5 0 %  o f  t he NADH- fe ( CN ) 6 ox idoreductase 

acti vity i s  sen s i tive to UV l i ght , and this  port ion o f  the 

ac t i vity decays at a r ate s imi l ar to that of the oth er UV 

s e n s i tive , activi tie s , thus indicating a menaquinone 

requi remen t .  

Thes e  results c an be summari zed in the fol lowing 

s c h eme : 

NADH 

. ( b , fpFR) fumarate 

. / \ /PN __ =:.........::.... MQ� ;CP IP , Fe (CN )  G 

Fe ( CN )  6 ( b )  CN , HOQNO :::,. ( d )  __ 
:::,... oxygen 

The d i f fe rence wi th re spe c t  to th e points of interaction 

o f  D IC P I P  and Fe ( C N ) 6 indicated in the above scheme i s  

con si stent wi th the findings o f  Schwart z  and Krause ( 1 9 7 5 )  

o n  the properties o f  · a partial ly puri fied NADH de hydroger1ase ,. 

whi ch indic ated that NADH-DICPIP oxidoreductase ac tivity 

depended on a lipid c omponent whereas NADH-Fe ( C N ) 6 

ox i doreductas e d id not . 

4 . 4 . 4 : Suc cinate 

Succ inate-D ICP IP oxidoreductase i s  pre se nt at lower 

a c t ivities than succ inate -Fe ( CN )
6 oxidoreductase and 

ne i ther act ivity is s ub stanti ally inhibi te d  by oxygen ( Tab l e  

3 . 1 . 2 . 4 ) . Neither o f  t hese activi ties were a f fe c ted 

s igni ficantly by UV l i ght or dicumarol , indi c at ing that 

men aguinone i s  no t involved· . . . 1 
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Fumarate inhib i t s  suc cinate-DI C ? I P  ox idoreductase 

with a K .  ( f ) of 0 .  5 Iill-1. The re lat ionship b etween both l um 

su cc inate-D ICPIP ox idoreductase and succin ate -Fe ( CN ) 6 

oxido reductase activity and succinate concentration 

sugge s t s  t h at there a re two binding s i te s for succinate , 

(Fi g .  3 . 1 . 2 . 1 ) whi ch may indicate that the re a re two 

succinate dehydrogenase activi t ies , one of whi ch may be 

fumarate reductas e .  Thi s  para l l e l s  the obse rvat i on in 

E .  c o l i  memb rane preparations o f  two apparent K for m 

succinate ( Kasahara and Ahraku , 1 9 7 4 ) . 

4 . 5 :  Di f ferences Between Pathway s Oxidi z ing D i f fe rent Donors 

Previou s ly publ i shed s tudies on e lec tron transport in 

propionibacteri a have mo st ly i nvo lved the use of only 

one o r  two e lectron d onors , such as NADH , l ac t ate or 

g lyceropho s phate . It has no t a lway s been stated whethe r  

the D- or L- i somer o r  a D , L mixture o f  l actat e  h a s  b ee n  

used . I n  the work o f  Sane ( 1 9 7 2 , 1 9 7 4 )  who d id use a 

vari ety o f  donors , a lthough not sys tematical ly s o , some 

maj or d i f fe rences b etween the pathways oxid i z i ng d i f fe rent 

donors were reported . For instance , KCN . ( 1  mM )  was 

reported to inh ibit NADH oxidase activity in memb r ane s f rom 

P .  ara b i no s um by 9 2 % , wherea s  l actate ( D  or L ? ) oxidase was 

only inhibi ted by 3 %  ( Sane , 1 9 7 2 .h Th e sul fhydryl re agent , 

pCMB ( 0 . 0 8 mM )  was reported to inhibit l acta te-dependent 

fumarate reduc tase act ivity by 7 0 %  but glycerophosph ate -

dependent fumarate reductase was .inhibi ted by only 2 4 % . 

Iri a l ate r pape r , reducti on o f  dytochrome b by l a ctate was 

. I 
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reported t6 b e  unaf fec ted by UV i rr adiation , whi l e  tha t  

b y  NAD H w a s  strongly i nhibited ( Sone , 1 9 7 4 ) . These 

f i ndings sugge s t  that t.he pathv1ays of e lectron tran s port for 

the ox idation of the d i f fe rent dono rs are quite di stinc t . 

One of the aims o f  the pre sent study was t6 mak e a 

systematic compari son o f  the e f fect o f  inhib itors on 

e l e c tron tr anspo rt w ith NADH , D- and L- l ac t ate and 

suc c i n a te as reduct ants , and thus to re inve s ti gate the 

extent to which the pathway s from t he d i f fe rent donors were 

s im i l ar or di f fe rent . Many o f  the d i f ferenc e s  have a l re ady 

been presented and d i scus sed in the preceding page s 1 but 

i n  the pre sent s e c t ion the data relevant to spec i fi c  

compari sons are c o l l e c ted toge ther and discu s s ed . 

4 . 5 . 1 : D i f ferences b etween pathway s Oxi d i z ing D - l actate 

and ·L- lactate 

Although L - l ac tate supports a highe r rate o f  oxygen 

consumption than D - l ac t ate in in tac t c e l ls , the a_,:.! i V .'  _ I 
' 

._: I 
W' t :.. n._ �-- 1 Rd. ui t.. ob served in membrane preparations was at 

best equ�al to those o f  D - lactate a nd norma l ly much les s . 

Thi s  lower activity with L-lactate appeared to b e  due to 

instab i l i ty of t he dehydrogenas e , s ince activities wi th 

el ectron accepto r s  other than oxygen a l so dec reased when 

L - l a c t ate was used as d onor . Because of the instabi l i ty o f  

L - l actate dependent act ivi tie s ,  t he resu lts obt ained w ith 

th i s  donor are l e s s  compl ete t ha� for o ther donors . 



A �i ghe r  proportion o f  th e L-l actate ox id ase was 

insensi tive t o  cyanide than t he D-lactate and NADH 
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ox idases a l though the spec i f i c  activity o f  the i n s en s i ti ve 

portion was l e s s  than that with D - l actate or NADH . I f  

direct e le c t ron t ransfer to oxygen f rom th e dehydrogenase 

i s  the source of thi s  cyanide resis tant oxid as e a c t i v i ty , 

then the higher proportion w i th L- l ac ta te may b e  due to 

poorer coupl ing o f  the lactate dehydrogenase t o  the membrane 

e lec tron transport system , thus allowing a greater 

proportion o f  perox igeriic oxidase acti vity a t  the 

dehydrogenase s i te . 

Th e ma j or d i f fe rences b etween D - l actate and L-l actate 

depende nt a c t ivit i e s  may thus be due to the manner in whi ch 

the two dehyd rogenases are i n te grated w ith the mewb rane . 

D - l ac tate de hyd rogenase i s  app arently more t ight ly and 

s tably in tegrated i nto the memb rane than is L - l a c t ate 

dehydrogenase . L-lac t ate dehydrogenase act ivity i s  

apparent ly l o s t  when i t  becomes uncoup led f rom the membrane . 

Whethe r or not the s tabi l ity o f  the L-lacta te dehyd rogen a s e  

c ould b e  improved b y  mod i fications t o  the i so l at ion procedure 

is a s ub j ect for further research . Another top i c  for 

further rese arch is the role of pyrrolo-qu ino l ine quinone 

reported to fun c t ion i n  the l ac tat e dehydroge nase o f  

P .  p e n t o s a ce u m  ( Duine and Frank s , 1 9 8 1 ) . 

4 . 5 . 2 :  Di f ferenc e s  between pat hways oxidi z i ng NADH and 

D - l a c t ate 

NADH and D - l actate dependent a ctivities were 

genera l ly ve ry s imi larly a f fec ted by inhibitors and by 
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UV tte atrnent .  The mo st notab le di f fe rence b etwee n  them was 

in the ir sensit ivi ty to inhi b i t ion by pCMB . Wh i l e  D - l actate 

ox idase , D- lact ate-D ICP I P  oxidoreducta s e  and D - l ac tate-

Fe (CN) 6 ox idoreductase activit ie s could be comp l e t e ly 

- 3  inhibi te d  by pCMB a t  1 0  M ,  NADH oxidase , NAD H -DICP I P  

ox i doreductase and NADH - Fe ( CN ) 6 oxidoreduc tase activi ties 

could only be inhibited to about 5 0 - 6 0 %  at  the h i ghest 

concentr ati ons o f  pCMB achi evable i n  solution . The sh ape 

o f  the pCMB inhibit ion curve for NADH dependent activi ties 

sugge s te d  that only a d i s cre te portion of the s e  ac tivi ties 

wa s inhibitab l e  by pCMB and thu s tha t there were two 

d i stinct p athways for ox idat ion o f  NADH . I t  i s  pos s ib l e  

that there are two d i stinct NADH dehydrogenase sys tems by 

which e l e ctrons from NADH may be passed to the e lec t ron 

transport chai n . Since pCMB comp l ete ly inhib i t s  NADH-

fumarate oxidoreductase , it i s  s ugge s ted that one of the s e  

dehydrogenase sy s tems , the pCMB insen s i t ive o n e  byp a s s e s  the 

branch point to fumarate . The inhibition o f  NADH oxidase 

activi ty by cy anide sugge s t s  th at thi s is medi ate d by a single 

termina l ox idase ( cytochrome d )  so the per-m - in se n s i tive 

route mus t  share c ommon terminal s teps with the pCMB s e n s i ti ve 

route . 

I n  the pre sence o f  pCMB , NADH c au sed a g reater 

reduction of  the b cyto chrome s i n  the sub strate -reduced 

s tate and the anaerob i c  s teady s tate than d id D - l actate 

( Figure 3 . 2 . 4 . 2 , A and B ) . Thi s indicates that in pCMB 

i nhibi te d  memb ran e s , NADH has a gre ater abi l i ty to reduce the 

b cyto ch rome s than D - l ac tate and. may indic ate th a t  the 

putative a l te rnate dehydroge n a s e � for NADH bypas s e s  the 

menaqu i none . 
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A di f f icu lty w i th th� s s cheme i s  that i t  a l so imp l i e s  

tha t  a component of NADH oxidase activity s hou ld b e  l e s s  

sens i t ive t o  U V  than D - l act ate ox idas e , whi ch was not 

ob se rved ( Figu re 3 . 2 . 2 . 1 ) . This may be due to th e presence 

of separ ate poo l s  o f  menaquinone a s soc iated wit h  the pCMB 

insen s itive dehydrogenase and th e pCMB sensitive 

dehyd rogenase . The ex i s tence o f  separate menaquinone 

poo l s  �oughton e t  a Z , 1 9 7 6 ; John , 1 9 8 0 )  or o f  a l te rnate 

quinone s ( Duine and Frank , 1 9 8 1 )  a s s o c i ated wi th d i f ferent 

e i ec tron transport p athway s in bac teria may expl ain these 

re s u l t s . Alternative ly , i t  may be that the rate o f  quinone 

d e struction i s  less  s igni fic ant than is the de s truc tion 

of cyto chrome d ' .for the de c ay o f  oxidase activity unde r UV 

l i g ht , s ince menaqui none appe ars to be not s t r i c tly 

required for oxidase activ i ty . 

4 . 5 . 3 :  Di s tinctive featu re s  o f  succinate depe ndent e l ec tron 

t ransport activities 

In p revious s tudie s on e lectron t rans port by membrane 

preparations from propionibacteria , only b r i e f  ment ion h a s  

been made o f  succ i nate -dependent e lectroi transport 

activi t ie s . Lara ( 1 9 5 9 )  pub l i shed a b rie f report on a 

p arti al ly puri f i ed p artic ulate suc c in ate dehyd roge n a s e  

f rom P .  p e n to s a c e u m . The preparation retained cytoch rome b 

throughout the pu ri fic ation pro cedure . The KM ( fum) was 

about one thi rd that for s ucc inate ·,  but the maximum activity 

w ith suc c i nate was three time s hi �he r than that with 

fumarate . Lara conc luded that thi s succinate dehydrogena s e  
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was the enzyme r e s ponsib l e  for fuma rat e reductas e  activity . 

Schwartz and Sporkenbach ( 1 9 7 5 )  found that s uc c inate 

reduced less o f  the cytochrome b than d id othe r  reduc tants 

and . the absorption peak o f  the st1 c c in ate reduci b l e  cytoch rome 

b was at 5 6 2  nm rathe r than at 5 6 0  nm as wi th th e other 

reducing substrate s .  They also found t hat succi nate 

oxidase activity was much more sen s i tive to HOQNO i nhibi t ion 

than that of l ac tate and NADH ox id ase activity . In orde r 

to account for t hi s they inc lude s u c c in ate dehyd rogenase 

as a separate sys tem from fumarate reducta s e  in t he i r  scheme 

( F igure 1 1  in S chwartz and Sporken bach , 1 9 7 5 ) . Howeve r ,  

t hey conc l ude • the re lation betwe e n  fumarate reductase and 

s uccin a te dehydrogenase is an ope n qu est ion for P .  

s h erma n i i ' .  Sone ( 1 9 7 2 )  con cluded that the succ i nate 

dehydro genase of P. ara b i no s um ac t s  as a fumarate reducta s e  

b u t  g ave no d a t a  to support thi s .  Since , in E .  c o l i , there 

a re two qu i te d is tinct en zymes fun ctioning in succ i n a te 

oxida t ion and fumarate redu ction ( Hi rs ch e t  a Z , 1 9 6 3 ) , 

i t  cannot b e  as sumed that bo th a c t ivities are due to the 

s ame enzyme sys tem i n -propionibacteria . 

In the c urrent s tudy , s uc c i n ate was sys tema t i c al ly 

included a s  a reduc tant in a l l  inhibitor s tudie s ip t he 

hope that thi s mi gh t  yield i n formation on the que s tion o f  

wh ether succin ate dehydrogenase a ctivity and fumarate 

reductase activity were due to th e same enzyme s . 

In the p re sent s tudy , succ i n ate dependent e l e c tron 

transport a c t ivities s how a numb e r  of ma j o r  d i f f e re nces 

from those w it h  o ther reducing sub strates , as l i s ted below : 



1 .  As reported by Schwartz and Sporkenbach ( 1 9 7 5 )  

succinate reduc e s  a smaller proport ion o f  the tota l 

cytoch rome b .  Thi s  i s  t o  be ex pec ted s ince the redox 

couple s uc c inate/fumarate has a redox potent i a l  o f  +3 3 

mV , which p lace s i t  between t he two maj or groups o f  
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cytoch rome s b .  Thu s succinate wou ld b e  expected to reduce 

HP fully on ly cytochrome b 5 6 2 _ 3 , b 5 5 6 _ 7 and cytochrome d .  The 

succ inate- reduced s pectrum con firms th i s  ( F i gure 3 . 2 . 1 . 1 ) . 

2 .  The activity o f  succinate oxidase i s  very l ow 

re l a tive t o  that w ith o ther reducing sub strate s .  Again th i s  

i s  no t su rp ri sing s i n ce succin a te oxidas e  activ i ty i s  not 

re�uired i n  normal fermentative metabo l i sm in propionibac teria , 

i . e . , s uc c i na te ox ida tion i s  not thought to have a 

phys iologi c a l  function s uch a s  th at in more usual facultative 

anae robe s l i k e  E .  c o l i . However , i t  rai se s the que s t i on o f  

�here the r ate - l imit ing step i n  the succ inate oxidase sys tem 

o ccurs . S ince PMS great ly s t imu lates succin ate oxidat ion 

and succ inate reduces DICP I P  a nd Fe ( CN ) 6 at quite high 

rate s , i t  i s  c l ear that the rate-l imi ting s tep is not at 

the primary dehyd rogenase . 

3 .  The l eve l o f  reduct ion o f  cytochrome b i n  the 

aerob i c  steady s tate i s  h i gher with succinate than w i th 

other red u c ing sub strate s ( Fi gure 3 . 2 . 1 . 2 ) inc luding 

n·- l ac tate , whi ch has a very h i gh dehydrogenase a c t ivity . 

I n  particu lar , cytoch rome b 5 6 2 _ 3 i s  more hi ghly reduced by 

s uc c inate in the ae robic steady st ate . than by o ther substrate s . 

This sugge sts that cytochrome b 5 6 2 _ 3 i s  a component in the 

pathway o f  oxidation o f  su c c in ate and that thi s  cytochrome 
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may be spec i f ic ally as soc i ated with the succ i n ate 

dehydrogenase . I t  al so s ugge s t s  th at the rate l imi t ing s tep 

in s uc c inate ox idat ion may be b etwe en cytochrome b 5 6 2 _� 
and cy toch rome d or othe r  termin al oxidase . Cy toch rome 

d i s  fu l ly redu c i b le by succ inate , bu t it is comp l e t e ly 

ox i d i z ed in the ae robi c  s teady s tate , where as cytochrome 

b 5 6 2 _3 i s  s ti l l  qu i te h i gh ly reduced . 

The l eve l of reduction o f  cytochrome b 5 6 2 _ 3 i s  further 

incre ased by cyanide which acts , at concentrat ions b e l ow 

1 0  mM ,  primarily by b ind ing to cyto chrome d .  Howeve r ,  since 

cyanide has ve ry l ittle inh ib i tory effect ( 1 0 % )  on succinate 

ox idase activity , the ma j or ' oxida s e '  for s uccinate mu s t  be 

some compon�nt other than cytochrome d .  The pre sent s tudy 

does -not give an i ndication o f  wha t  thi s might be , unl e s s  

reduced cytoch rome b 5 6 2 _ 3 i s  i t se l f  c apable o f  s low reduct ion 

of oxygen � o�- t he ma j ority of the s ucc inate ' oxidas e ' i s  

due to re action o f  the dehydrogenase with oxygen ( po s s ibly 

perox i genic ) . 

4 .  In c ontrast to D - l actate , L- l ac tate and NADH , UV 

i rrad i ation o f  membranes doe s not g re at ly inhib i t  reduction 

of cytochrome b by suc c i nate ( Fi gu re 3 . 2 . 2 . 2 ) , thus 

ind icatin g  that there i s  no quinone functioning b etwee n  

succi n ate and cytochrome b .  Likew i se , pCMB had l it t l e  

effect o n  the sub strate-reduced and ae rob ic s te ady s ta te 

cytoch rome b s pectra with succinate ( Figure 3 . 2 . 4 . 2 ,  A & C )  

wh ich agreed w ith the f i nding that max imum i nh ib i t i on o f  

oxidase ac tivi ty b y  pCMB i s  orily a bou t 2 0 % . Th i s  indi c ated 

- that the re was no : : s i gni f i cant invo lvement of a pCMB s ens i t ive 

s ite i n  cytoch rome b reduction o r  oxidat ion w i t h  s u c c inate 
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Succinate dehyd rogenase and fumarate reduct ase 

activi ties are p erformed by a s ingle en zyme in bee f heart 

mi tochond r i a  (Ma s se y  a nd Singer , 1 9 5 7 )  and i n  b aker ' s  

yeast ( Singe r , Ma s s ey and Kearney , 1 9 5 7 ) . I n  t he l atter 

case , a Linewe ave r-Burke plot for s ucc inate is l inear 

( as opposed to the re s u l t s  shown in F igure 3 . 1 . 2 . 1 ) 

i nd i c ating a s i ngle bindi ng s i te con stant for s uc c inate . 

As mentioned previously , there are two d istinct e nzyme s 

for these activities in E .  c o l i  ( Hi r s ch e t  a Z , 1 9 6 3 ) . 

4 . 6 : The Ro le o f  Cytoch rornes i n  E lectron Transport 

The d i s c u s s ion o f  the functional role of the d i f ferent 

cytochrome s has large ly b een covered in previou s s e ct ion s . 

Th i s  section gathe r s  toge ther and summa r i zes the 

in format ion re levant to the role of the cytochrome s .  

I n  re spe c t  to its cytoch rorne content , P .  s h e rma n i i  

c l early belongs with tho s e  anaerobi c to microaeroph i l i c 

heterotrophic b acteria i n  wh ich the reduced minus oxidi zed· 

d i f fe rence spec t r a  are dominated by b and d peak s with the 

pos s ib l e  pre sence of a1 ( Meye r and Jone s , 1 9 7 3 ) . There 

appear to be minor a and c componen t s , bu t l i ttle can be 

conc l uded regard ing the f unctional role of these cytochromes .  

A broad peak a t  5 8 5 - 5 9 5  nm i s  present in the sub strate­

redu ced and anaerob i c  s te ady s ta te . spectra .but is abs ent 

in aerobic s te ady s tate s pe c tra . Thi s  broad peak appe ars to 

remain reduc ed in th e cyanide -i nhibi ted aerob i c  s teady s tate 

( Fi gu r e  3 . 2 . 6 . 2 , C )  so that it may c onstitute a minor oxidas e , 

but , l ik e  the c ytochrome a1 :�o f  E .  c o l i , i t  may b e  kine t i c al ly 
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inadequate t o  make a s i gni fi cant c ontr ibu tion to total 

oxygen up tak e ( H addock , Downie and Garland , 1 9 7 6 ) . 

A ve ry sma l l  but di s tinct s hou lder at 5 4 8 nm in s ome 

d i ffe rence s pec tra i s  the only ind i cation that a c -type 

cytochrome is present . A s imi lar sma ll s houlder was 

ob served by Schwartz and Sporkenbach ( 1 9 7 5 )  . Th i s  

component was mo st evide n t  in the s ucc inate -reduced spectra 

( F i gure 3 . 2 . 1 . 2 , D ) , probably b ecause it was not masked by 

cytochrome b 5 5 3 _ 4 , which , because o f  i ts low redox potent ia l ,  

i s  no t sub stan t i a l ly reduced by suc cinate . I t  i s  a l so 

evi dent in some uninhibited minus i nhib ited di f f e rence 

spec tra ( Fi gu re s  3 . 2 . 3 . 2  and 3 . 2 . 4 . 2 ) again due to i ts 

unmask ing by the decreased redu ction l eve l o f  b 5 5 3 _ 4 . 

Cytoch rome c was not . obse rved in th e pyridine 

hemochromogen spect rum of the e the r inso luble acid 
. -

acetone extra c t  of me�rane p arti c l e s , but thi s may b e  

d u e  to the sma l l  amount pre s e nt . A much l arger s cale 

preparation may be nece s s ary to charac te ri z e  thi s  mino r 

cytoch rome component i f  pre s e n t . 

A functional r o l e  for cytoch rome d ( Em? = + 1 5 0  mV ) 

a s  the cytochrome o f  the maj or terminal oxidase seems to 

be fairly c lear f rom the pre sen t s tudy . Thi s  oxidase 

i s  known t o  be the ma in terminal oxidase in E .  c o l i  grown 

at low partial pre s sure s o f  oxygen where i ts h i gh a f fi n i ty 

for oxygen enab l e s  E .  c o l i  to maintain high rate s of aerobi c 

e le c tron trans port under these conditions ( Ri c e  and 

Hemp f l ing , 1 9 7 8 ) . A s imi l a r  h i gh a£f.ini ty te rminal 
"-: · .  

oxidase in P .  s he rma n i i  membrane p ar t i c les i s  i nd i c ated by 

the l i nearity of oxygen uptake rate s unti l a low 
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concentra tion o f  oxygen i s  re ached . I ts function i n  v i v o 

may we l l  be as an oxygen scavenger , s ince fre e oxygen i s  

known t o  b e  inhibito ry to growth o f  propionibac t e r i a 

( Schwart z ,  1 9 7 3 ; deVries e t  a l , 1 9 7 2 ; Pritchard e t  a l ,  

1 9 7 7 ) . 

Cytochrome d i s  fully oxidi zed in the ae robi c  s teady 

state but not in the anaerob i c  ste ady s tate . Cyanide 

bind s to the d cytochrome f o rming a complex whi c h  l acks 

both the reduced absorption peak at 6 2 7 nm and t he 

O X i d i 0ed peak at 6 5 0 nm ( s een as a t rough when oxi d i z e d  

membrane s a r e  in t h e  re ference be am) ( Kau fmann and van 

Gelde r ,  1 9 7 3 ; Pudek and Br agg , 1 9 7 4 ) . The high r 5 0 
concent r a t ion o f  cyani de ( about 2 �� ) for inhibi tion o f  

oxygen consump r i �n is c onsis tent with cytochrome d being 

the ma j or te rminal oxidase s ince cytochrome d i s  known to 

have the h i ghest Ki for cyanide o f  the knovm cyto ch rome 

ox idases ( Jone s 1 1 9 7 3 ; Oka and Arima , 1 9 6 5 ) the value 

obtained i n  thi s s tudy i s  o f  a comparab l e  order to t hat o f  

E. c o l i  cytochrome d ( 7 . 4  mM ,  ( Pudek and Bragg , 1 9 7 4 ) ) .  

The funct ion o f  the b-type cytoch rome s has a l re ady 

been d i scus sed in e arlier s ections ( 4 . 1 ,  4 . 2 ,  4 . 5 ) .  Room 

temperature redox titrations of the b peak indic ated the 

pre sence of two groups of b- type cytochromes with Em7 o t  

about - 2 0  mV and abou t +l O O  mV . Low temperature d i f ference 

spectra o f  redox poi sed memb ranes revealed a t  l e as t four b-

typ e cytoch romes , two with l ow Em? of about - 2 0  mV 

LP and b5 5 6 _ 7 ) 1 one with an approximate Em7 of + 9 0  mV 

( b5 5 3 - 4  

( bHP ) 5 5 6 - 7  

and one w i th an approximate Em7 o f  +1 2 0_ mV ( b 5 6 2 _ 3 ) .  The 

LP 
two low potential b-type cytochrome s 1  b 5 5 3 _4 and b5 5 6 _ 7 ) 1 both 



h ave E 7 va lues wh ich would p ermi t  a function ro l e  i n  
m 
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e lectron trans port to fumarate . As di cus sed in s e c tion�  

LP 4 . 2  a nd 4 . 3 ,  s ome r e su lts ind i cate tha t  cytoc hrome b5 5 6 _ 7 

i s  the mo s t  l ik e ly c andi date for a func tion in th i s  role , 

whe reas low temp erature s pectra in the presence o f  pCMB 

sugg e s t  that b 5 5 3 _ 4 i s  not s ub stanti ally ox idized 

by fumarate and i s  there fore mo re l ikely to functi on on 

a pathway to oxy gen . 

As d i s cus sed in sec tion 4 . 4 . 3 ,  the high pote nt i a l  b 

cytochrome , b 5 6 2 _ 3 , appe ared to b e  more rapidly reduced 

by s uc c i n a ·t.e than by D - l ac tate or NADH , hence it was 

po stulated tha t it i s  c lo sely a s s o c iated with succ inate 

dehydrogenase .  I t . i s  presumedly not a componen t o f  a 
• 

terminal oxidase s i nce i t  was at least partial ly reduced 

in th e aerob ic s te ady ·  s ta te (with succ inate espe c i al ly , 

but to a l es s e r  ex te nt w ith D - l actate and NADH ( Fi gure 

3 . 2 . 1 . 2 ) ) .  The func t ion o f  thi s cytochrome i s  thu s  

obs cure . 

HP The othe r  high pote ntial b type cytochrome , b 5 5 6 _ 7 , 

was not d i s tingu i s hab le f rom b�; 6 _ 7 , except in the redox 

titrations , so that l ittle c an be deduced �oncerning i ts 

function . I t  may b e  the CO-bindi�g c ytochrome ( F igure 

3 . 1 . 5 . 2 ) and h ence an a-typ e cytochrome . I f  thi s  i s  the 

case , howeve r ,  i t  has a very low oxidase activity , s ince no 

CO inhibi tion of oxyge n consumpt ion �as ob served . Th i s  

r e s u l t  would h ave t o  b e  ve ri f ied s ince e o  inhibi t ion o f  

oxygen up tak e h as b ee n  r eported in · P /  p e n t o s c w e u m  ( Chaix 

and F romageot , 1 9 4 2 ) . Whi le the role o f  thi s b cytochrome 

thu s remains obscure , i t  is tentative ly pl aced as an e lement 
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o f  a n  aerobic pathway be tween b 5 5 3 _4 and cytochrome d .  

4 . 7 :  Conc lus ion 

In conc l u s i on , a s cheme for electron t ransport 

in P .  s he rman i i  is presented in Figure 4 � 1 .  Thi s  s cheme 

emb�dies the we l l  e st ab l i shed findings as we l l  a s  the 

many tenta t ive sugge stion s  described in the D i s c u s s ion . 

Seve ral o f  the relation ships sugge sted in this  s cheme 

are specu la t ive and wou ld require con firmat ion by more 

sy stemati c  ana ly s i s  u s ing a further extens ion o f  the 

approache s emp loyed in work for this the s i s  or by other 

means . Further work on e lectron t ransport in P .  s h e rman i i  

should probab ly inc lude i s o l ation and characte ri z at i on 

o f  the dehydrogenases o f  lactate , NADH and succina te , 

the reductase o f  fumarate and the termina l  oxidas e , by 

use o f  de tergent f ract i onation or amphipathic column 

chromatography . Comp lex i ti e s  which should be c on s i dered 

during such work are the presence and func tions of quin­

ones othe r than the characteri zed menaqu 1none ( e . g . , 

ubiqu inone and pyrro loquino l ine quinone ) , the pres ence 

and funct i on of the £our b type cyto chrome s ,  and the 

po s s ibi l i ty that multiple dehydrogenase s for NADH and 

succinate occur . 

Anothe r  important con s i derat i on i s  the extent to whi ch 

the e le c t ron transport proce s s e s  s tudied in i s o l ated 

membrane f ractions re f lect the processes o cc urring in 

the intac t ce ll . For example , it was sho�n that L- lact­

·ate coupled activi t i e s  were lowe.r relative t o  D - l actate 

c oupled acti�ities in membrane s than in whol e  cel l sus­

pensions due to instab i l i ty o f  the L-la c t ate dehydrogen­

ase system in the membrane preparation . Ot.her le s s  



readi ly detec ted change s may accompany membrane i so l ­

at ion , espec i a l ly i n  the presence o f  oxygen . 

2 6 5  

The involvement o f  the systems s tudied in t h i s  work 

in the generation o f  a proton gr adient and membrane 

poten t i a l  and the i r  coup l ing to ATP synthe s i s  and act ive 

transport i n  propionibacteria are ma j or areas for 

future inve s t igation . No work has been done on the 

membrane bound ATP a s e s  of propionibac te ri a .  The im­

portant rol e  of inorganic pyrophosphate in carbo ­

hydrate catab o l i sm in propionibacteria and the pos s ib­

i li ty that the generation of thi s  pyrophos phate may 

be coupl ed to e l ec t ron transport as sugges ted by 

·wood e t  a Z  ( 1 9 7 7 ) raise intriguing areas for future 

re search on the b ioenergetic mechani sms o f  propioni­

bacteria . 



Figure 4.1 : Te ntative Scheme fo r Electron Transport  in P. shermani i  
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