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&
§§ Mitochondria isolated from etiolated pea- cotyledons by the sucrose,

.density gradient technique exhibit resistanée to. rotenone while

N

'Oxidizing NAD—linked sxfs}es. "The inhibited rate .of ocsketoglutarate
¢ oxidation is equivalent to.the recovered rate of- malate oxidation lf‘,;g”
: : A

) / : RN '
(the recovered rate is the rate following the transient inhibition .;tﬁﬂ‘

| ”'by roggnone) : The inhibitory effect of rotenone on galate oxidation

. rd“i‘v [:" [ R Ce v

_increases in response to incre331ng respiratoryxcﬁntrol ratios.. The

cyanide—resistant and rotehonearesistant patﬁa;\i

follOW'different-7.'“
‘courses of development and operation. The ri r_ﬁrresgstant pathway

, transfers reducing equivalents to the cyanide-seb~ 1 Lve pathway Malic:

3!

*enzyme was found to be competitively inhibited by rotenone

'con\entrations as low as. 1 67 uM . In pea cotyledon mitochondria

/

h;rotenone is transformed into elliptone.\ Ih reduces its inhibitory_,;-“f

. \-

s"“'fz‘.'effect”on intact mitochondria. However, elliptone inhibits malic
\:enzyme to‘the same’ extent as ddbs rotenone.‘ The products of malate :’i:;'
'T}f-oxidation refleht”the interaction between malic enzyme and malate '
’dehydrogenase.ﬂ Rotenone inhibits the NADH dehydrogenase associated E
hiwith malate dehydrogenase.> Thus rotenone appears to exert its o

‘bfinhibitory effect on two enzymes of the electron transport chain of

l pea cotyledon mitochondria.: }e

,ivlvq

o~ q



for | her guidance and help ul- advice. 5. ‘ “”, ,t . _""'f f.' '5)

land patience."

“be forgotten.' ft

-y

Ly | “-'ACI@OWLEDGEMENTs -
) L S CUNWG

v

I would 1ike to- eXpress my sincere thanks to Dr Mary Spencer l :

,'&
oL would alsthike to thank my husband Martin, for his support

;ﬁ _
The discussions between my colleagues at South Lab and myself

.\»

‘were most helpful. The cheerful spirit of the lab members will not |

Dr.»Ballantyne at the University of Victoriaﬁ@ust also be

sacknowledged for guiding me into this field of study. | '}‘; : __[A'

NSERC of Canada is gratefully acknowledged for their financial
.".‘ \.J .

‘support through a Post—Graduate scholarship to the author ‘. VTY,j;V;

»




" ‘TABLE OF. CONTENTS' -
T S T I o ‘,_fﬂ . -Page
: :Introduction.................;.....‘ ;L;Z..;.....};...,ﬁg...;;..;; 1
mxuammeRmdma.n..“.”.“.g.Lju;n.“.“f“;Q.;.u.“..‘2,1
. Préparative Methods....eevsteeeriesersuinssusueasionrasises 2
% Roterong Resistance....... L N PR
-~ The Exogenous NADH Dehydrogenases ...;...........‘.;.......* 3
.~ The Internal NADH Dehydrogenases........4.....;........w..._,6
. .The Significance of ‘Multiple Pathways of NADH Oxidation..... 8
~Malic Enzyme..._...........a.........,,.,,...........;.f...;39 _
" Malate Dehydrogenase.........g..............;........ SRR & B
.- The Electron Transport qpain.....;.....................a... ©12
= The " Rotenone—Resistant Pathway ,...;...;......,.,..;....',15y

Materials and Methods ._.‘QL..‘...-o--?uooi.o.;;oo.uoulooooo}o-.o.y,22

Plant Material c:uo.oo..oo.o;-ouoooonuloo.n.oo-ocloo-nic:ov-‘ot 22

';J_Isolation of Mitochondria L T A g L ST 2
~'Respiratory Measurmenrs ;.......777771.;;..................'f23f”

. Succinate -Cytochrome 'c RedUCLESE. s veuiasveonnssnisnssvass 26

.~ NADPH - Cytochrome C. Reductase......................;.gu,..gﬁaﬁrf '

© ' Purification and Characterization of the End Product , -
|7 " Formed From Rotenone ;;..........;.................,;.,;;,. 24

-~ Isolation and Purification of. ENZYIMES e iis et vansasnesosanesss 24 -

- Spectrophotometry of Respiratory Pigments...veseresasteanes 25

" Assay’ of :Reduction’ Products..... B P TS T

; Lf’Protein...............................;,...;;....;..........*26; o

L StAEISTICS .. ii et e e i e dveaeeneserianaraas 260 0
AL

—————Results- .(....;..;;T;;...;;;;;..;.;.....;..;.;f;:;.;.;l.;:fi};.;.,;-27“]
.. . ‘Preparative. Methods vuuiivueneiiiaienrsinnnesas .;..........;'275[
© .. The Effect of" Rotenone on o Ketoglutarate and Malate ‘

-, v Oxidation ..........,............;......................;J..
.. Localization of the"Rotenone-Resistant.Pathway " “.iiueveses 36 -
C 0 Enzyme INKIbLtion.i..iiiiivecinaseviseaieniataesnesanseseees 36

Chemicals .......‘.'..v."‘.'..'.......-.....'..-v...‘...'.\.'..\"."v..".‘ 26

‘The Deactivation of Rotenone ;..............................'43-[-w

‘f-ﬁProducts of Malate Oxidation ...............................,53'?l
o The Effects of Rotenone‘on the Electron Transport Chain ,;,;‘33

Discussion I P G ..{;.;;;.}..{;..}.I.};;r59j -
- . Preparative Methods ................53&..;:...;.........;;:;e59;a.w
. " The Effects of Rotenone on-a-Ketoglutarate and Malate 1“:'_ o
S0 oxidation ......... B A S LRSS DO <L UNI
.9 “Localization of the"Rot e -Resistant Pathway" ...........f;63'f ‘

. Enzyme Inhibition on.-o-o‘lotl'.\;-\'ooooo 0..00.0..!..000..000‘ 64
" The Deactivation of Rotemnone ..............a....d.m........."64;.,{'"

PrOdUCtS Of Malate Oxidation OoocnoloooliO.sooonot.n..c't'oo 65

The EffECt of Rotenoue on' the Electron’ Transport Chain ceees 69

Literature Cited -,.:; . .‘ s i.o‘.c o o0 o . o“-f'n » o- c u‘o . .‘l s 00 goo.. .-o . l . ndo‘}_ o’c’o(.' 78 .

CI~ B

vl



Figure ; " R L i -_j_a ERN :v;' ‘l‘“,"\Pagef

-2, The effect of rotenon on respiration of pea mitochondriaig.
oxidizing a—ketogluta ate caneeang

o.-cnoouoooo-ooo.o-loonco‘lo 30

| ' 3 A& B The- effect of ¢ yled i
e , of mitochondria oxidizing malate ..........,...............ﬁ, .33

A e e : 35
: ' 4 Changes in the respiratory controi ratios and . maximum ‘ ' H

 inhibitién by rotenone of respiration with malate as ‘the - :

SR substrate ;.............................................'.,."A138 o

n“age on resistance to rotenone‘

L s, Lineweaver - Burk plot for the inhibition of malic enzyme ",ﬂf>'
by rotenone and elliptone .......,..........\.............. o420

”i 6:’Paper chromatography of rotenone and elliptone,....;....;.}, ﬁft46;3

l Possiblg,organization of the electron transport chain ‘.;..... 14 LT

48 -,

2

;"yj” 7. Spectrophotometer scans of rotengpe and elliptone 5&......;.5-1l50'*"

R ' i ’ S
S 8. The difference in elliptone,and rotenone inhibition of - : o
.J respiration when malate 1s- the substrate'.;.;............... - 52,

flg ' 9 A & B. The products of malate oxidation ,.,;.;;;lj,Q;..:;L;,',ﬂfss*_

- ;-lo; The chemical structures of rotenone and elliptone "",“"f~:b 67

*jli: A ‘B. & C. Proposed pathways for the oxidation of NAD-linked - L
A SubStrates'.‘-.-u..-..._".....-n......... ---0.---,.--}..n..‘-_c.ﬂ-...‘ 71 X




S e ; A R
_'/j-éh,“ TSR TP o Ho '

\ Table - :'.: S S ”_" *ﬂy o '.‘_;., Page
e T, LT , Ce , L R

RTS8 A Comparison of the Respiratory Activities of Mitochondria
\,’ - ° Prepared by Differential .Centrifugation and by Sucrose ,
I {.f".Density Gradient Centrifugation ..;.‘...............,,,. .28
II The Effect of Rotenone on Respiration of Mitochondria N
OXidiZing a-KetOglutarate ....'. ...“" . -e.ooo oena e n.l. . v.-vo}‘ 31

III The Recovered Rate of Respiration Following Rotenone, R

Inhibition .l‘l..l.....'.'..l.‘...'.’....‘.DOOOOOO‘QOO.I\ 39

IV Rotenone Resistance 1in the Presence of Cyanide or SHAM \ 40

oo
T

v Km and Vmax for Malate Dehydrogenase and Malic Enzyme ;...ﬁ 44

o VI The ‘Reduceion of NAD and the Cytochrome Chain of - .
o Mitochondria Respiring in the rresence of Rotenone Yeda _;;58.




P
ADP

. BSA

eyt. b

EDTA

.. FP ‘, 3 = v'v

. NaD.

":’ffNAbﬁ;
.VfdiNéﬁ?}ﬂ"i
*fhd5£nmjgfv

: adenosine 5 triphosphate e

75 flavoprotein

: nicotinamide adenlne dinucleotide» o

K

L8

LIST OF ABBREVIATIONS .

L

w

e édenosinelS' diphbsphate

adeposine 5! diphosphate to oxygen ratii

bovine serum.albumin.»

e cytochrome

ethylenediaminetetracetic acid

S

I

nicotinamide adenine dinucleotide (- reduced )
nicotinamide adenine dlnucleotide phosphate
nano atom B

salicylhydroxamic acid

N—tris(hydroxymethyl)-methyl 2-amino ethﬁnesulphonic d; L

e S

fe nicotinamide adenine dinucleotide phosphate ( reduced )



| 2 INTRODUCT{N' S
. R . » : ‘ \ )‘ i- . " .' ) “
) This investigation has been undertaken to study the rotenone—

resistant pathway'in plant mitochondria The study»of rotenone

. » . T
<, ¢ \

res1stance has been the subJect of much investigation for a number

of years. During this time, many different ideas have emerged in an ‘5

attempt Eo explain the ability of pLant mitochondria to continue to .'

o respire in the presence of rotenone.- These have not been totally

]
/]

seemingly indiscriminate use of inhibitors and cofactors to activate

B substantiated and in fact many have been refuted E

- Palmer in a’ recent review ( 1976 ), questions the biochemical

benefit to ‘be derived from density gradient purification of mitochodria.‘

- Many workers have used mitochondria prepared by simple differential

centrifugation in their studies of rotenone resistance. The validity
/ : .

of this procedure is investigated in- this thesis.

Another practice that could lead to er roneous results is the

/

VV;fv and stimulate the rotenone—resistant pathway The present investigat;:n

s \
/

of the rotenone-re81stant pathway has been done using only rotenone as S
_,/, S

the activator of the pathway o l i'
_ e - a

Aspects of this study 1nclude the relationship of the rotenone—.'y.“

L resistant pathway to the cyanide—resistant pathway,_substrate and
cofactor effects and the mechanism for the deactivation of rotenone.:&fj,

The enzymes responsible for the oxidation of malate are also studied

On the basis of the present investigation a possible explanation for the ‘f't
, ’ '--"""-N R FER ._,; o
control and operation of the rotenone—resistant pathway is developed




LITERATURE REVIEW

o Preparative Methods 1 In early work mitochondria were prepared’w
~.} by simple differential‘c ntrifugation Studiesrof mitochondrialb
.intactness and purity have shown that this method is not always -
adequate (James and Spencer, 1979 Solomosb Malhotra Prasad and
_Spencer, 1972) Microsomal contamination,‘lack of homogeneity
and the presence of cytochrome*b containing organelles are a few ‘
'of the problems encountered when this method is employed (Douce,
v’Manella and Bonner, 1973 James and Spencer. 1979 Solomos et al
jv‘l972) ' Homogeneity and minimal contamination can be achieved ' J
through the use of density gradients (Douce et al 1972) -
\\gespite this, many workers continue to prepare mitochondria by
B simple differential centrifugation In studies that involve »

a

inhibitors, the presence of microsomes could increase the .5‘
inhibited res iration rate as well as decrease the.uptake of :

the inhibitor into the mitochondria.; The inhibitory effect of

7 ,hrotenone is inversely proportional to the protein concentration B
‘}?;(Ernster, Dallner and Azzone, 1963 Oberg, 1961) thus any :.',vf;°
ih’ﬁ'increase in extra mitochondrial protein would decrease the'viy. |

“effect on the mitochondria lffffn‘?h

Rotenone Resistance.:For a number of years rotenone has been used], ;

>

fhlin s?ﬁdies of the electron transport chain of mitochondria In the
"°rftpast decade the presence of a rotenone—resistant pathway was
"‘ifrecognized in ‘a’ number of yeasts and higher Dlants.l Unlike plants, o
: . a‘, . : Lo

‘3i”;animal mitochondria lack this pathway and consequently oxidation

‘rfj‘of all NAD. linked substratea is inhibited by rotenone (Gutman, Singer
S .

a}ld Casida, 1970 Ikuma/and Bonner, 1967 Oberg, 1961) The site o



/
“and Hanson,_1969) ' Very low concentrations (1 2 uM)J

W

BRTN < . . . . .on -
. '

. ~
»

; e - A ' £

of inhibition is one of nonhaem iron centres. associated with the

x? Y

\tnternal NADH dehydrogenase complex (Oberg, 1961 Ohnishi 1973

Ragan and Garland 1971 Teeter Baginsky and Hatefi 1969 Wilson

e
are sufficient to cause this inhibition (Gutman et al 1970

;Oberg, 1961) Higher—rotenone concentrations inhibit more than o
'”one site of the respiratory chain (Teeter et. al 1969), one of
:nthese being cytochrome b (Yamamoto Unai Ohkawa and Casida 1971)

o The Exogenous NADH Dehydrogenases The ability to oxidize |

P

exogenous NADH is ‘a basic difference between plant and animal

'i_s‘jmitochondria (Cunningham, 1964 Ikuma, 1972 Palmér and Coleman, 1974)
:'iInitially, the ability of plant mitochondria to oxidize exogenoua f
"fNADH was thought to,belcaused by poor isolation techniques ’ f 'rfvo

:(Lieberman and Baker, 1965) - It was: exnected that NADH was being

.“'oxidized by the internal NADH dehydrogenase because of leaky :

'ffayeast mitochondria (Ohnishi Kawagushi and Hagihara, 1966)

'ﬁrapid oxidation of exogenous NADH was found in aPDarently intact’“ fl

I

*-the inner mitochondrial membrane is impermeable to NAD and NADH in

";1yeast the internal NADH dehydrogenase could not be responsible (Von

b

8 *F;;to postulate that exogenous NADH is oxidized by an external

7xb;coupled to only two sites of ATP synthesis (Coleman and Palmer,j“{*!*ii

' ‘.”“'.{;;1971 Cunningham, 1964 Day and Wiskich l974a' Douce et al 1973-

f‘NADH dehydrogenase. The dehydrogenase bypasses the flavoprotein k.

e

.‘.

B

-

;'mitochondria (Ikuma, 1972 Lieberman and Baker 1965). Subsequently,

«

'.'bffJagow and Klingenberg. 1976) Cunningham (19642 was the fimst wfl"°'fl:'

'“'fr:responsible for the oxidation of endogenous NADH and is therefore IR



Ikuma and Bonner 1967 Moreau, 1976 Palmer and ColemanY 1974;

Palmer and Passam. 1970)
This external NADH dehydrogenase is on the outside of the inner

-

membrane (Douce et al, 1973; Marx and Brinkmann 1978 Palder and ;
Passam, 1970). ExogenouS'cytochrome c isfnot required.for the
'transfer of reducing equivalents (Coleman and Palmer 11972). Divalent
cations are required for the operation of this dehydrogenase
‘(Coleman,and:Palmer,‘1971; Palmer ‘and Coleman,‘l974). Inhibitor |
studies of this'dehydrogenase haveVShown it‘td be insensitive to

, rotenone and“strongly inhibited by antimycin A, indicating that
reducing equivalents ‘enter the electron transport chain on the
:substrate side of cytochrome b and bypass-t site one. (Coleman and -

‘A Palmer, 1972 Day and Wiskich, l974a Moreau. and Lance, 1972) |

— %

_ The pathway may involve one of the flavoproteins detected by
.Storey and Bahr (1972) |
Ferricyanide, an electron‘aCCeptor that cannot penetrate:
".the inner mitochondrial.membrane, has been used to'study this
dehydrogenase. However ferricyanide'will reactjwith many
flavoproteins, including the NADH cytochrome b ‘”reductase'of the

555
outer membrane (Douce et al, 1973‘ Marx and’ Brinkmann, 1978)
s
"Recent work has suggested an inability of ferricyanide to
react with the external NADH dehydrogéhase unless the mitochondria
are damaged'(Douce et al, 1973), Therefore, the ferricyanide cannot
provide conclusive proof for the existence of an external NADH *
dehydrogenase linked directly with the respiratory chain (Palmer
and Coleman, l974).: There'isbevidence for and against the involvement,v'
of,this”dehydrogenase in the QOtenonefresistant pathway.

n

s ' L




The other‘external NADH dehydroggnase»that oxidizeS'exogenous

NADH is located on the outer mitochondrial membrane ( Day, Rayner
and Wiskich, 1976 Douce et al, 1973; Moreau and Lance, 1972 ). It is

associated with flavoprotein and cytochrome b ( Day and Wiskich,

555
1975;»Douce et al, 1973; Moreau, 1976; Moreau and Lance, 1972 ).
Oxidation of NADH yia. the dehydrogenase is coupled to one site of ATP

‘synthesis (Moreau,.l978).__1t'is not inhibited by rotenone or

,;{:;ERWyeinrA‘(Day and Wiekich, 1974a; Douce et al, 1973; Moreau and
. : Q. ‘ ,

Lance,\l972) o f o
\‘\ ) .

' This pathway is found in almost all isolated plant mitochondria
(Day and Wiskich, l974a' Douce et al 1973; Moreau, 1976 Moreau and
LanceJ 1972 Palmer and Passam, 1976 Wilson and- Hanson, 1967) A,
requirement for the activity of . this pathway is a supply of exogenous
cytochrome c (Day et al 1976 Douce et al 1973 Moreau, 1976

Moreau, 1978 Woreau and Lance, 1972) Cytochrome ¢ may be reduced

by the NADH dehydrogenase and then Cross the intermembrane space and

N be oxidized by cytochrome oxidase This oxidation would result in the

production of ATP (Moreau, 1978 Palmer and Coleman, 1974) This‘

pathway is not expected to be involved in the rotenone-resistant

: patrway of NAD-linked substrates (Wiskich and Day, 1979)

The NADH dehydrogenase of the inner membrane can be distinguishedz-

from the NAD? dehydrogenase on the outer membrane by their requirement’

N

-

- for different stereoisomers of NADH, The NADH dehydrogenase on the"

'outer membrane is a-specific and ‘the NADH dehydrogenase on the

[

outside of the inner membrane is B-specific (Sottocasa, Kuylenstierma,
- 1 t

‘Ernster and Bergstrand, 1967). The,NADH dehydrogenaEe on the outside

of the inner. membrane has been demonstrated to be B-specific in -



.. ' \ : . . . -
yeast (Von Jagow and Klingenberg, 1970). . There is strong evidence

that this is also th case in highervplantS\(Douce et al, l973).
Ihese two pathwa for the_oxidation of exogenouslﬁADﬂ‘may

\be able to interact; Antimycin—A inhibited NADH oxidation can be

‘relieved by the’ addition of cytochrome c (Day and Wiskich 1974a;

vDouce, Christensen and Bonner, 1973).

The Internal NADH Dehydrogenases Current work Suggests that

there are two internal NADH dehydrogenases present in the. inner

mitochondrial membrane (Brunton%and Palmer,?l973; Day-and_Wiskich,'

d‘ 1974a;‘Palmer and Arron,,l976; Wilson'and HansOn,_1969).n’These
»bbth.are apprbachahle'only fron the matrixlside andioxidize |
' endogenous NADH only. The rotneone- ensitive dehydrogenase’is
'.coupled to three sites of phosphoryl;Xion,whereas the‘rotenone-
' ”‘resistant dehydrogenase is coupled to two sites of phosphorylation
(Palmer, 1976) |
‘The rotenone—sensitive dehydrogenase is a flavoprotein
: having flavin'mononucléotide (FMN)~as the proSthetic_group (Ra¢€
?‘Felton, Heunnekens and Wackler, 1963) It ‘also contains at.least
nfour ironfsulphur-centres.» The. site of ‘rotenone inhibition is

expected to be FeS the last iron sulphur centre to be reduced

2’

'.Piericidin A also inhibits at this site (Palmer, 1976)
’ Py

This pathway of NADH oxidation may be able to interact with

the rotenone—resistant pathway of NADH oxidation in the prgeence

7

RSN,




B

of endogenous.NADH (Wiskich ‘and Day,bl97d)

the'laterstationary"gr0wth'phase.correspondsfto the operation of -

al three“sites (Mackler and Haynes; 1973; Ohnishi 1973). 5

the pathway operating (Katz,‘197l Ohnishi 1973) In this case,'
though the pathway coupled to three\sites of phosphorylation is-

”.rotenone sensitive (Katz, 1971 Katz, Kilpatrick and Chance,iv‘*

’ . . ‘ A
i A

of added NAD (Day and Wiskich, l974a) The rotenone-resistant

- NADH dehydrogenase apparently transfers reducing equivalents

around the rotenone block and}back'tO‘the electron transport chain

S ) ',

" in the area of ubiquinone and cytochrome b (Palmer and Coleman, 1974).
' However, :there: 1is controversy as to‘the existence of,this dehydrogenase.,

Day and Wiskich (1974a) postulated the presence of an "unidirectionalh

transmembrane tranShydrogenase" that was capable of transferring

reducing equivalents to the pathway oxidizing exogenous NADH

Later, it was suggested that a lower affinity for rotenone was
\

responsible for the existence of rotenoneK;ZSistant oxidation
- ‘ ) ! . ' ' s : /4 ' H . *

In yeast mitochondria two distinct pathways for the oxidation

of endogenous NADH have been found In Saccharomycps species,

- one pathway is coupled to three sites of phosphorylation and

/

the other pathway is coupled to two sites of phosphorylation

’(Mackler and Haynes, 1973) Both of these are resistant to

rotenone (Ohnishi et al, -1966) The pathway operating is dependent

hfupon the growth phase of the population The-early stationary

growth phase correspondS'to two sites of phosphorylation,whereas ’

SN

In. Candida species\of yeast the growth phase again controls

-

__1971 Ohnishi 1973)




It now seems fairly certain that two dehydrogenases do exist,
one that 1s rotenone-sensitive and the other that is rotenone-
resistant. ‘Study'of these ‘two dehydrogenases is_integral to the

study of rotenone resistance in plant mitochondria. '

The Significance of Multiple Pathways of NADH Oxidation -The main -

metabolic role of NADH is to link the oxidation of various
_substrateS'to‘the formation of ATP,aresulting ineoxygen consumption.v
'h However, the existence-of.four different‘dehydrogenases fun tioningr
to transfer reducing equivalents suggests additional roles.” '

The external NADH dehydrogenase on’ the outer membranevmay not .
function in vivo to tgbnsfer reducing equivalents to the electron
‘(transport chain . (Palmer and Coleman,_1974) Both of the external,
'JNADH dehydrogenases‘may regulate.the cytosolic ratio‘of’NaD/NADH:.
: This is of importance indthe regulation of m%ny‘metabolic\pathways;‘i
mostvnotably.glycolysis To maintain glycolytic flux NADHDmust
- be reoxidized (Coleman and Palmer 1972 Marx and Brinkmann 1978)

o Functions of the internal NADH dehydrogenases may be to

.produce low molecular weight carbon skeletons in the case of the : .
resistant pathway; and to produce ATP in the case’ of the sensitive‘v:
| fpathway (Palmer and Coleman, 1974) \vEVidence for this comes from o
: studies of yeast mitochondria The rotenone—resistant pathvay X
operates in cells undergoing rapid growth and thus requiring many:;
:}carbon skeletons Some workers have found that low levels of

ATP stimul e the rotenone sensitive pathway (Palmer and Coleman, v_,f-

'1974) thereby increasing ATP production.- However,,others have f‘

‘--[found that ATP levels have very little effect on the operation of

B these pathways (Marx and Brinkmann, 1978) Marx and Brinkmann (1978)

' »»have suggested that the rotenone—resistant pathway functions as




'V»the electron acceptor (Colema:

' an "overtlon pipe" for excess NADH This suggests'a.role in
regulating NAD/NADH in the matrix in the same manan as the
external NADH dehydrogenase regulates the cytosolic ratio.

‘ The roles of the dehydrogenases are probably not this simple {i‘_
';as the NAD- linked dehydrogenases seem to be kinetically linked ;’
With the - internal NADH dehydrogenases (Brunton and Palmer 1973X;d

* Malic Enzyme.’ A basic difference between plant and animal o

(,;

.amitochondria is the ability of plant mitochondria to oxidize

malate in the absence of, an oxaloacetate removal system (Brunton ‘
.xiand Palmer, 1973’/C01eman and Palmer,_1972 ‘Ikuma, 1972 Ikuma
.’and ﬁonner 1967 Macrae and Moorhouse, 1970 Wiskich and Bonner,v
1963) Mitochondria isolated from animal tissue require either .
|vg1utamate to transaminate oxaloacetate or acetyl CoA to condense

'h oxaloacetate Plant mitochondria do not require either of

. these, presumably because of malic enzyme (L-malate NAD oxidoreductasei»l.
h.(decarboxylating) ‘E. C 1. 1 l 39) (Coleman and Palmer 1971 |
‘:'Macrae and Moorhouse, 1970) However, malic enzyme is found in
vrﬁpiéeon liver and bovine\adrenal cortex mitochoqdria (Ikuma andb

yBonner 1967 Simpson and East brook 1969) Malic enzyme catalyses -

J i;the decarboxylation of malatevto produce pyruvate with NAD asld:;

and Palmer, 1972 Macrae, 1971
J‘.Wiskich and Rayner, 1978) N‘ P can also function as the electron i'v
vt‘acceptor (Coleman and Palmer 1972 Macrae, 1971 e :

| Very 1ittle work has b en done on the purified enzyme.i:{Q_L
vahe Km and Vmax values'for malic enzyme«purified from Jerusalem'

”-4artichoke tubers are as fbllows.‘ Km 0 57 mA NAD 0 74 mM NADP l 7 mM



"’1ldo not cause inhibition (Rustin and Moreau, 1979) Rustin and )

L-malate; Vmax'in‘moles NAb(P)H/min/mg'protein; 3.96; .9%4;
?iand 3. 98 (Coleman and Palmer, 1972) | | ‘

| Malic- enzyme requires Mn++ or Mg+ as a cofactor (Coleman

: and Palmer, 1972) The enzyme'is specific for L-malate -and ,
malonate competitively inhibits its activity (Coleman and Palmer,
1972) - The enzyme has very little oxaloacetate decarboxylase '
l,activity (Coleman_and Palmer, 1972 Macrae 1971) In-some cases
'-oxaloacetate inhibits the enzyme (Brunton and Palmer 1973) ln'

‘addition to this NA?H competitively inhibits malic enzyme (Coleman

and Palmer, 1972 Macrae, 1971) NAD is expected to bind to the -

3

The pH optimum of malic enzyme is 6. 7 to 6. 9 (Coleman and :
»'Palmer, 1972) : Activity decreases ranidly at higher pHs (Arron -
- and Edwards, 19795 1980; Coleman \and Palmer, 1972). R
f,i Malic enzyme mediated electron‘transport has been shown to

Wbe inhibited by SHAM whereas antimycin A, rotenone and cyanide

Ny

/"

Moreau (1979) suggest that malic enzyme activity is controlled by
'the cyandde resistant pathway and functions as -an alternate iif.
enzyme for the oxidation of malateA | i |

i However Marx and Brinkmann (1978) found that rotenone—resistant
' resoiration was antimycin A—sensitive.i Coleman and Palmer (1972) |
,fnroposed that malic enzyme functions in the rotenone-resistant

RS

upathway.' However later work by Palmer and his colleagues o

10

(’suggested that malic enzyme functions in the rotenone—sensitive SO TR

'pathway (Brunton and Palmer, 1973 Palmer 1976) \N\her workers )

"have postulated that malic enzyme is the main dehydrogenase responsiblelmfl'

bt for the oxidation of malate (Douce et al 1972)

A :\‘/', o

PR —
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Another area ot controversy “1s the localization of malic »

: enzyme Initially, many workers felt that it was in the intermembrane
‘ space (Coleman and Palmer, 1972 Palmer and Arron 1976); _-Sf

’- malate can be oxidized outside of the: inner membrane in the presence :
“of NAD (Coleman and Palmer 1972 Palmer and Arron, 1976), malic 1.:

.enzyme was expected to be responsible. This too w0uld explain

malic enzyme 's role in. rotenone—resistant respiration, as NADH .

‘.-'produced by this enzyme would be oxidized by the external NADH g -\\ e

_dehydrogenase located on the outside of the inner membrane and
7:1inked to two sites of phosphorylation (Coleman and Palmer, 1972
P'Day and Wiskich l974a, 1974b) However Douce and Bonner (1972)

B suggested malic enzyme was a soluble matrix enzyme In retrospect

- Palmer (1976) also decided that the enzyme was found in. the matrix.

' ~This presented a problem as NADH produced from malic enzyme would

be available to both the rotenone—sensitiVe and the rotenone—

'hfvresistant pathways. Thus compartmentation of the matrix was .

dhypothesized The compartmentation was suggested to: be structural

: (Brunton and Palmer, 1973 Chance and Hollunger,_1961) or kinetic

| :(Palmer and Arron, 1976) Structural compartmentation could result ?P
:\idfrom a structural separation of the NADH dehydrogenases and the)

J:close association of malic enzyme and malate dehydrogenase (Brunton_

v'hand Palmer, 1973) Recent work on the 1ocalization of malic fgjft:r;;"pff

h-enzyme shows that it is a soluble matrix enzyme ahd it méy adhere

", to the inner membrane (Day, Arron and Laties, 1978)

This section will be dealt with in further detail when the

',:'whole system and the interactions are discussed

f : Malate Dehydrogenase Malate dehydrogenase (L—malate NAD

el a3,




"f_’1976)
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OxidoreductasevE C. 1.1.1,37) is a soluble.matrix enzyme that
"'catalyzes the oxidation of malate -to oxaloacetate with NAD as
the electron acceptor (Coleman and Palmer, 1972 Macrae and

'_ Moorhouse, 1970 Palmer and Arron, 1976) This enzyme is found
in all mitochondria and was until recently felt to be the- main

.\\ -
h;enzyme for the oxidation of malate It is readily reversible,

in fact the thermodynamic equilibrium of the reaction favours the .

m—

‘reverse réaction..

/.

equilibrium the reaction favours oxaloacetate production. Thei

equil”brium constant for malate dehydrogenase is 2 O X 10 5 Therefore,

higﬂ levels of ‘malate are required during oxidation. (Bowman and Ikuma,4
_ 1976) Both oxaloacetate and NADd are strong inhibitors of the forward
‘reaction (Hulme, Rhodes and Vooltorton, l967a"Raval and WOlfe, l962a,
,Wiskich and Day,_1979) At pH 6 8 which maximizes the activity ‘

"jof malic enzyme the formation of malate from oxaloacetate is
-‘preferred (Raval and Wolfe, 1962b) The Km of malate oxidation |

: for malate is 5 mM in mung bean mitochondria (Bowman and Ikuma,

The Electron Transport Chain. The electron transport chain is

"f:composed of ubiquinone, the cytoehromes and flavoproteins (see Fig 1)

~""'lfkssociated with the chain are three sites of phosphorylation

“iUbiquinom; is expected to be at the junction of the cyanide—hj?iip
L~hinsensitive pathway and the cyanide sensitive pathway. There

': may be two pools of ubiquinone each transferring electrons to one
1{'lof the above pathways (Storey, 1973) . | S
The cytochrome chain is arranged.in decreasing order.of redor

'if'potential The number and placement of these has been studied




| - Fig. 1 "A“poséible'orgénizatibn of the eigctron transpdrt‘chain’

- . j’:in-plént mitochondria.'.
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’extensively.and the-only area of controversy<is the b cytochromes- .
(see Palmer, 1976 for review) The study of the flavoproteins o
is technically more difficult than the cytochromes and therefore
* much less is known about them If a rotenone—resistant pathway

o
' exists, the branching point ig expected to be in the area of

\
the flavoproteins (Marx and Brinkmann 1978)

Four flavoproteins have been found to be involved in electron

transport Two of these have high redox potentials and have been

. \

»:'designated th and thf and two have low redox potentials and have '

been designated Fplf and Fp1 (Storey, 1970) The high potential |

: flavoproteins may be". important in the cyanide—resistant pathway v
7.1(Palmer, 1976), as th is f0und between ubiquinone and cytochrome b
x'and thf is found in the cyanide’resistant pathway (Ikuma, 1972)
-”This, of course is not consistent with- ubiquinone being the .jf
-‘branch point of the cyanideﬁresistant pathway ~
Fpléiappears to be closely related ‘to the endogenous pyridine
?‘nucleotide pool as they both have similar redox notentials

'(Palmer 1976) Fp is reduced by malate via- an amytal sensitive

~la

vpathway and by reversed electron transport flow from succinate

‘(Palmer 1976) These two are expected to function in,the rotenone—

"sensitive and Iotenone resistant pathways, respectively v However, -

?_recent studies of the redox behavior of these have shown that -

15

A<,ithere is no difference in their response in the presence and absence'

-:of rotenone (Marx and Brinkmann,i

. The "Rotenone-Resistant Pathway - Work on rotenone—resistant L
1_"’respiration really began in l972 when it was recognized that there:

’ *were two NAD 1inked enzymes capable of oxidizing malate. Small




;quantities’of'pyruyate were found to be prdduced from the oxidation
of malate in avocado fruit mitochondria (Lance; Hobson, Young (
and Biale 1967) and in apple peel mitochondria (Hulme, Rhodes
and Wooltorton, 196Lb0 In cauliflower bud mitochondria pyruvate
”':was the direct product of malate oxidation (Macrae and Moorhouse,
.1970) | The oxidation of malate to produce pyruvate was liQxed
to. the electron transport chain and’ required NAD This was also
:found in mitochondria isolated from Jerusalem artichoke tubers. |
V(Coleman and. Palmer, 1972) Malic enzyme was‘responsible for the
4voxidation of malate to produce pyruyate |

e

From further work oh Jerusalem artichoke and mung bean

, hypocotyl mitochondria Coleman and Palmer (1972) found that 'alate
_was oxidized via the endogenous NADH pathway of oxidatiou by

malate dehydrogenase and Via the exogenous NADH pathway of oxidation

. by the malic enzyme It was also found that one. of these pathways

o

"'was coupled to three sites of phosphorylation and was rotenone—

‘isensitive while the other was coupled to two sites of phosphorylation
t . . o

3 and was rotenone-insensitive

Malic enzyme was postulated to be in the outer.mitochondrial
»compartment as. this was the only way it could reducc exogenous-b
f‘;NAD If NAD was added to rotenone inhibited mitochondria the‘d
:f;iinhibition was alleviated From this they determined that malic ii'
'h’enzyme was associated with the rotenone-resistant pathway. ‘ :.
v?, The pathgey Suggested by Coleman and Palmer would allow for';t
;'”;the production of NADH and pyruvate in the intermembrane space-'“i
’;.:1This is.made possible by the translocation of malate to the outer }j'

';,lcompartment , A 3:~v':¢-:,;'4‘*=‘; ‘Lfﬁ‘ f\;t‘nn

16
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f; The. 1evel of NADH would be controlled by the action of the

. /-;:

exogenous NADH dehydrogenase As malic enzyme is inhibited by
erADH ‘the action of these two enzymes could aid in the control of
lthe cytosolic-NAD/NADH ) | :
_Douce et al (1972) 1ater suggested that malicvenzyme was.the
'main enzyme for the oxidation of malate Further to this they
‘isuggested that malic enzyme utilized a" common pool of NAD and At
therefore was within the inner mitochondrial membrane |
In response to this Brunton and Palmer (1973) did further :

' work on the localization and inhibition of malate oxidation._l ';'v"

‘ Ferricyanide reduction by the Diericidin-A-resistant pathway was:

i_‘found to be antimycin Afsensitive. This further suggested that malic o
eﬂzyme'was'foundlin the matrix”;‘ L |
As oxaloacetate will readily inhibit pyruvate or citrate RO

. ;oxidation but will not inhibit malate oxidatien the idea of

L compartmentalization ‘was. developed (Palmer and Arron 1976 »-“,!@a\fl

o Brunton and Palmer, 1973 Palmer Cowley and Al Sane, 1978)

'...Evidence to support this theory included the reduction of v”‘
"endogenous NAD in two phases (Brunton and Palmer, 1973) Thislli-; v.;'y;‘
: f»is consistent with the idea of two pools of NAD

Malic enzyme was expected to be associated with the rotenone-rI“‘"‘

| Qsensitive pathway and malate dehydrogenase was expected to be
' Gy

‘“r\
ook T

"ffbassociated\with the rotenone—resistant pathway
; Day and Wiskich (l974a) looked further at the pathways of Tl :

7li“ma1ate oxidation in cauliflower bud mitochondria.‘ Malate oxidation

. flwas altered by the addition of NAD This caused oxidation 8imilar lf_fg fs;;f""'}'

aiat . o Lo Hf-'
! - -

"f'to NADH oxidation and almost completely relieved rotenone inhibition.,:.;;bil
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This was explained by the presence of a hypothetical "unidirectional

transmembrane transhydrogenase" (Day and Wiskich 1974a, 1974b)

.

| This would reduce NAD which would then be reoxidized via the

‘external NADH dehydrogenase on the outside of the inner membrane ‘
'(Day and Wiskich, 1974b) " An alternate explanation of this was
developed by Neuburger and Douce (1978) They noted that NAD
"had’ little'effect when there was high‘endogenous NAD Also,‘
oxaloacetate inhibition of malate oxidation did n6t increase

when there was exogenous NAD. They therefore explained the
effect of NAD as stimulating malic enzyme activity, thus ) %
increasing the rate of oxaloacetate removal This is supported

by the work of Spalding, Arron and Edwards (1980) in which :

‘ oxaloacetate or NAD stimulated malic enzyme activity. The

&

buildup of NADH during rotenone inhibition also supports this
idea (Wiskich and Day, 1979)
‘ The major discrepancy between the results of Day and

Wiskich and Palmer and his co—workers are: Day and Wiskich found

Ry that n—butyl malonate (an inhibitor of the phOSphate—malate

exchange carrier~in animal mitochondria (Robingon and Chappell, 1967))
inhibited malate oxidation in the presence of NAD and rotenone, |

and Day and Wiskich reported a requirement for glutamate to. ‘

,rate of malate oxidation, ag{utamate may affect the

resPiration’rate as it alters the balance. of substrates (Arron
and Edwards, 1979).

) In 1976, Palmer and Arron (1976) suggested there were two
internal pathways of malate oxidation, one which was’ rotenone-

sensitive and the other which is rotenone—resistant. The sensitive



. .
pathway was expected to be directly available to malate dehydrogenase

and the resistant pathway wes expected to be directly available to
malic enzyme (Palmer and Arron, 1976).

, Mote,recent'work by Day and Wiekich (1979) makes no mention
of the "unidirebtional transmembréne transhydrogenaseﬁ and in
fact suggests that a rotenone-resistant pathway may.not even
exist at all. -However, they expect the‘presence of the pethway
to be the moet likely‘expianetion.vb

An intereeging ohservetion'isdapde in the paper. . The N
"recovered'tate>of.rotenone inhihitionﬁv(the rate of oxygen |
coneumptionrin state 3 following the;tranéient inhibition) was
equivalent'to the inhibited ratetfor other NAD—linhed substrates.
This suggesté the exietence of more‘than one eite of totenone \
inhibition. The NADH dehydrogenase probabiy éccountS’for‘the
-pefmanent inhibition or recoveredbrate'end-one of the malate
dehydrogeneses’accounts'for the.transient'inhibition.. Malate
dehydrogenase was exoected to be the inhibited oxidoreductase’
V(Wiskich and Day, 1979)
The basis fot the assumption is that both NADH and

oxaloacetate accumulated when rotenone is added (Wiskich and
Day, 1979) TThis would causevmalate dehydrogenase.to teverse
- thus oxidizing NADH and producing malate. However, oxaloecetate"
has been shown to affect all NAD- linked substrates equally
(Doucevand‘Bonner, 1972). Aetrotenone'appears to'gffect malete
»oxidation-tO'a gteatet~degtee than it effecte;thejokidation k
of other NAD-1inked suhstretee (Wiehich andibay, 1979), onaloacetate

could not be responsible for this effect. Further to this



.
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oxaloacetate has:not beenfshown‘to accumulate in‘rotenone
inhibited mitochondria (Brunton and Palmer, 1973)

» 4The accumulation of NADH has been'shown to occur by a number
of workers (Coleman and Palmer, 1972; Day and Wiskich 1979). =
This could inhibit malate dehydrogenase activity thus leading to
more oxidation_of malate;via malic enzyme. However, malic
enzyme_is alsoninhibited‘bg NADH_(Coleman and Palmer.'1972),
therefdre, permanent~inhibition ofAthese_enzymes would.occur;

Rustin and Moreau (1979) haue Suggested?that theirotendne—
resistant_pathway 1gmediated bj the cyanide—resistant'pathway
and inuolves malic enzyme. As.rotenone-resistant.respiration is
coupled‘to two‘sites of phosphorylation‘andtcyanide;reSistant o
hresbiration is not associated'witthTP production,vthis seems
v"unlikely. ‘Also rotenone-resistance has‘been shomn to be '
.antimycian—sensitive (Mara and“Brinkmann, 1978). | ‘ ’ ’f
5 NAD has been shown to alleviate rotenone inhibition (Brunton

and Palmer 1973; Coleman and»Palmer, 1972- Wiskich and Day, 1979).

' .This along with the fact that NADH accumulates in rotenone

'inhibited mitochondria (LaNoue Bryla and Williamson 1972 Ragan
and Garland 19715 Oberg, 1971 Wiskich and Day, 1979) suggests
'that rotenone inhibition is caused by an . imbalance of NAD/NADH
~rather than an imbalance occurring due to rotenone inhibition
_NAD is_tranaported through the inner mitochondrial membrane j‘

" (Neuburger and Douce, 1978). NAD has the greatest effect in

'fn,:tissue which has low endogenous levels of NAD (Veuburger and Douce,

1978). Therefore the exogenously applied NAD may hasten the rate"

at which the NAD/NADH ratio is re-established AstAD,preferentiallyb

20 -
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increases the rate of oxaloa¢etate production, the‘equilibriUm
- effect alone could éﬁt0unt'fot the inhibition ofAmalate

. dehydrogenase (Bowman and Ikuma,'l976b). The bypass of tﬁe
firét site of phospho%ylatioh,could be accounted for By the

Imovement of NADH to the external NADH dehydrégeﬁase on fhe outside-

of the inner membrane.



" MATERIALS AND METHODS

Plant Material. fea seeds (Pisum_sativum L. var"Homesteader) were
'soaked in tap waterifor>six hours. Damaged and nonimbibed seeds
-were discarded.and the remainder Were planted in horticultural
grade vermiculite. The seeds were germinated at 27 C in the dark
tor pariqus periods. | o | | |

The method of'isolation waS’basically that>of Solomos et;al»
(1972). -

g Isolation of Mitochondria Approximately 250 ml of washed cotyledons

ﬂwere ground with a mortar and pestle for 7 min‘ in 250 ml of
B ice cold extraction medium 0.5 M mannitol 5 ‘mM EDTA 0.5% fatty
acid poor BSA; 0. 057 cysteine and 0. 057 Tes The pH was adjusted
to 7.1 at 25 C with KOH The brei was filtered through one layer?
of miracloth and the filtrate was then centrifuged at 700 g
ifor 7 min in a Beckman JA—20 rotor The pellet was discarded
..and the supernatant layer was centrifuged at 21,000 g for 5 min
in’ a‘BeckmanlJA—ZO rotor., The pellet was resuspended in 50 ml of
- ice cold, - wash mediun (0.3 M { mannitol, 25 nlf Tes and 0.3%. fatty
acid poor BSA, the pH adjusted to 7.1at 25 C with KOH) |
_Centrifugation was at 21, OOO g for 5 min in a Beckman JA-ZO rotor.
'The pellet was resuspended in 3 ml of suspend medium (0 3M mannitol

4 mM MgCl and 25 mM Tes, adjusted to pH 7 l at 25 C with KOH) and

2.
loaded onto a sucrose density gradient (26 ml O 6 M sucrose and
‘10 ml l 6 M sucrose both with 50 mM Tes and 0 1% BSA adjusted to g -

_"!pH 7. 1 at 25 ke with KOH) or’ used as such for mitochondria prepared

22



by differential c ntrifugation. This was centrifuged for one hour

at‘30v000 g‘in‘a Eeckman SW27 rotor. The fraction at the

interface was removed and diluted slowly with a buffered solutfbn

" (25 mM Tes and 0 1% BSA, adjusted to pH,%‘l at 25 C with KOH) .

.The fraction wasvthen CEntrifugedAfor 5 min at 21,000 g in a’

BeokmathAfZO rotor and the pellet was resuspended in the suspend |

medium used above. - All steps of the isolation were carried out’ at

0to4C.

Respiratory Measurements. . Respiratory measurements were made

- with a Yellow'Springs‘Instrument Company Model 53 oxygen monitor

_conneoted to_a Becknan 100 mV poEEntionetrio‘recorder."The

s

malate reaction medium consisted of 0.3 M mannitol, 50 mM Tes, 0.4 mM
MgClz,'S mM primary potassium phosphate;70.75 mg/ml-BSA and ..

8 mM malate (Solomos et al 1972) The pH was'adjusted to

A>7 l at 25 C with KOH

The 0L—Retoglutarate reaction medium and the procedures

"-were those’of Ma1hotra.and Spenber (1970).<'When,inhibitors

were used;they‘were added to State 4~mitochondria after 2

"cycles~of ADPvaddition Approximately 150 nmol of ADP ‘was

~ then added The inhibitor resistant rate was, taken to be the

| rate following the - ADP addition. o

When more than one inhibitor was to be used approximately

‘300 nmol ADP was. added after addition of the first inhibitor

N VAfter a steady oxygen uptake rate had been established the

| after‘the_inhibited]State 31 _p N

second inhibitor was added The recovered rate was determined T

fby the addition of lSO nmol ADP following the return to. State 4

L ’
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Succinate¥Cytochrome-c Reductase. Succinateécytochrome ¢ reductase

activity was measured with a Cary 15 recording Spectrophotometer
~at 550 nm according to the method of Douce et al (1972) 5 mM_
"~ phosphate buffer.(pH 7.2), 0.05 mM cytochrome c, 1 mM KCN and
'0 1 - 1 mg of mitochondrial protein The reactlon was'initiatedb

~

'wfth 10 mM succinate

NADPH—Cytochrome c Reductase; _NADPH-cytochrome c‘reductase
activity was measured withva Cary lS‘recording spectrophotometer
- . at 550 nm according to - the method of Douce et al (1972) 5 mM
"‘phosphate buffer (pH 7. 2), 0. 05 mM cytochrome c, 1 mM KCN and
0.1 - 1 mg of mitochondrial protein The reaction was initiated
'awith 0.3 mM NADPH ’  When antimycin A was used it was.added
' efore the mitochondria to give a final concentration of
0.4 ug/ml

Purification and Characterization of the End Product Formed

from Rotenone Rotenone was added to .active or heat denatured

mitochondria that had been suspended inimalate assay medium or-
distilled water Mixing was continued until the transient" PR
inhibition had ceased Aliquots were taken, boiled and then |
.centrifuged for 3 min at full speed on an International Model

Y:HV centrifuge The rotenoids were then extracted from the pellet
f.according to the methods of Payfer (1954) Paper chromatography |
‘:of the products was according to. the methods of Delfel (1965)

'The purity of the product was monitored by scanning from 860 nam -

'v‘to 260 nm on a Cary 15 recording spectrophotometer.

Isolation and Purification of Enzymes Malate dehydrogenase was _
"'dpurified and assayed according to the methods of Ochoa (1955)

._"For the preparation of malic enzyme mitochondria from approximately o



N '(1972)

25

500 ml of cotyledons were purified as for mitochondria isolated
"by‘differential‘centrifugation, except that the mitochondria were
finally suspended in the sonicatiOn medium of Coleman and Palmer

|

" The method of purification and assay were basically that of .

' B Coleman and Palmer (1972) Changes were as follows: centrifugatioég
- was- for one hour at 5900 g, and the enzyme was not, concentrated.,
‘.Either NAD or NADP was used as the cofactor of the reaction.
eVarying concentrations of rotenone and;elliptone were,added to:both"

»

enzyme preparations.

§pectrophotometry'of Respiratory'Pigments Mitochondria were

’.prepared as above and the protein content was adjusted such that there

.'ywas 0. 5 mg protein/ml of assay medium. The assay medium was as above

'except that the malate concentration was 1ncreased to 80 nﬂi The,

- r:reaction was-initiated.by'the addition of 3 mM ADP : Scans of the:

pigments were done according to the methods of Chance (1957), with

a Cary 15 recording spectrophotommter The scan rate was approximately
S

equal to one spectral band width per period assuming that the spectral

~ band width was approximately one-tenth the natural band width of the N

‘V:smallest absorption band Cyanide, as “KCN (final concentration 5 mM)

and rotenone (final concentration l3 3 uM) were added where indicated.

Assay of Reduction Products. The products of malate oxidation were-
.measured over a period of 20 min using the same assay medium and
R _r% o

'htprotein concentration as in the spectrophotometry of respiratory

,,pigments. Oxygen consumption was measured simultaneously in a separate -

_ | sample. Rotenone (13 3‘pM) was added Aliquots of 1 ml were taken }llfh»-

L) .o \.\
i . ’ ) : L . ' =

S
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’every 5 min and the reaction in the aliquot was stopped by the- addition
of lOO ul of 507 perchloric acid. The resulting mixture was centrifuged’
for 3 min at . full speed 1n an International Model HN centrifuge ‘Then
Vthe supernatant layer was adJusted to pH 5 to 6 with 5 M K2C03 (Coleman
and Palmer, 1972) This. mixture was . centrifuged as, before and the %i*x
supernatant 1ayer was assayed fok the presence of oxaloacetate
(Williamson and Corkey, 1969) and pyruvate (Von Vorff, 1969)

N

PrerinJ Protein was determined according to the method of Sedmak

and Grossberg (1977) S
Statistics. In all data sets showing the difference between treatments

the students t distribution for paired sample hypothesis was used

fwith the a—level at 0.05. (Zar, 1974) Linear regressions were used

to determine the best line and the fit of that line for all enzyme

 data (Zar, iy |

- Chemicals. All chemicals were of reagent grade and with the exception

_~j of the following were from Fisher Scientific Co.i Cytochrome c .“

(Type III), L-cysteine, glycylglycine, rotenone, Tes, L-malate, pyruvic

‘vacid antimycin A NAD NADP NADH ADP malate dehydrogenase and |

lactic acid dehydrogenase were from Sigma Chemical Co._and BSA

},ldithiothreitol and’ oxaloacqtate were from Calbiochem. The dialysis

. tubing used was Spectropore, mol Wt cutoff 6, 000 to 8 000

[



RESULTS ..~

;

Preparatiye Methods. Mitochondria'prepared‘byva sucrose density
gradient‘had(higher rates;of:oxygen consumption than those.prepared
by differential centrifugation‘(Table 1). ADP:O ratios were o
markedly higher while the respiratory control ratios were slightly
'lower The percentage of rotenone-resistant respiration was much )
_ lower and less variable in the gradient isolated mitochondria

~ Both NADPHTCytochrome-c reductase and succinate—cytochrome.c
"reduCtasegactivities were low.:'bothbpreparations produced
‘mitochondria that were'antimycin'Aesensitive..‘Mitochondrial{:
'isolated by simple dirferential1centrifugation.were found to

o ; ' o - e . S -
1ose*respiratory COntrol'over=a relatively}short'period.ofrtime<

\ . ‘

‘compared to those isolated on the density gradient

The Effects of Rotenone on (kKetoglutarate and Malate Oxidation

.'Mitochondria utilizing a—ketoglutarate as the respiratory substrate .

. were very rotenone resistant (Fig. 2) (Table II) Rotenone

-

:(20 uM) caused maximum inhibition in all ages of mitochondria
-‘Fpur day old mitochondria maintained respiratory control at this -
‘ﬂconcentration The ADP 0 ratio was lowered by one unit in the ;. "
‘presence of rotenone (from 2 5‘tov1 59) The ADP 0 ratios for other
\‘ages could not be determined by the polarographic method as there was =
,Hno.return to State 4 following rotenone inhibition._" |
Rotgnone ‘oncentrations as low as 0 66 uM caused inhibition of
"fState 3 r'.piration“in mitochondria when malate was the substrate (Fig;v,
"ijjghyAfAnf Maximum inhibition was caused by 6 7 uM State 4

: .respiration was- not affected by concentra ions:in.the range used..
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A Comparison ofithe Respiratory Activities, Intactness

and Response to Rotenone of Péa Cotyledon Mitochondria Prepared

‘Ey'Differential Centrifugation and’by-Sucrose'Density'Gradient

~ -.Centrifugation.

i
!

'in ‘the Materials and Methods section

of 3 separate preparationSt The mean. deviation vas + lOA

Mitochondria were prepared from 6 day old pea cotyledons as

Values shown<are the means q

% .
| Differential_c : Density-Gradient
Oxygen uptake, State 3. - '198'5 " 150
vi (n atoms/min/mg protein) . _ , T
|app:0 ratio | 1.3 1.9
Respiratory contrOl.ratio‘ 3.8 v»r3.5
Succinate—cytochrome'c:reductase ' 4.6 3.6
(anIes cytochrome'c reduced/min/ ‘ ' o
“mghprotein) ) ; | ,
NADPH;cytochrome‘c reductase! ';'20.2‘ ;22.4.
(nmoles cytochrome c reduced/min/
mg protein) N _ _
Antimycin A-resistant NADPH 5{0'" 5.9'
cytochrome ¢ reductase (nmoles‘ : ' B
| cytochrome c reduced/min/mg/proteinj ; ' )
. Rotenone resistant respiration } 58 % iq 33 %‘5
.‘ERotenone concentration causingm ) 3.3 'i3.3v"
maximum inhibition (uM) e

‘-vAssay medium

The millimolar absorbance coefficient at 550 nm was 21 0 mM
0.3 M mannitol 50 .mM Tes,_O 4 mM MgCl
/]phosphate (monobasic) 0. 75 mg/ml BSA and 8 mM. malate, pH adJusted Gy

to 7 l at 25 C with KOH final volume 3 2 ml

N

-1 S

5 mM potassium '




)4 o :
.ffié. 2 The effect of rotenjAe on the respiratory activity of
' pea cotyledon mitochondria oxidizing a-ketoglutarate.
Procedure as in ﬂaterials and Methods« Each point
.:‘ repreeents the mean.of three different preparations

_The.mean deviation was + 9%+

. -*-B——- 3 day Old 4

e 4 day 61¢‘ - R ‘_h ‘ .-
—;GF-‘h 5 day ola i .
V;-—ir—..‘ 6 day old : . S _ o ) .

‘aybmedinm 200, 3 M mannitol 50 mM Tes, 0.4 mM

5 nmipotassium phosphate (monobasic), O 75

;ml BSA 5 m malonate, 0. 07 mM thiamine pyrophosphate

-’
Y

hd 8 mM a—ketoglutarate;,pH.adjusted to 7.1 at 25 C with
KOH, final VOlume‘B;mel,'j\

N 4 N
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Table II. The Effect of Rotenone on Respiratory Activity of Pea

Cotyledon Mitochondria Oxidizing 0L-Ketoglutarate

Age of_Cotyledons:(Days)

3 & 5 6 g
- ."Oxygen"up'cake State 3 . (256 256 . 200 236 © 238
:(n atoms/min/mg protein) ; : o _ e
ADP:0 ratio ., |26 25 1.7 2.2 35
'Respiratory control ratio~ . 2.7v“ 2.8, . 3.3 2.4 3.1

; Oxygen uptake in the _ . s ,
presence of rotenoneq' L 222 '_-197' A 150 @~ 141" 188
.(n.atons/min/mg'protein) N e B ) R R
Rotenone-reSistent respiration 80% 7622_ - 75% :u~6OZ.“‘79%,

| 20 uM rotenone S _ o . ,
V Procedures in Materials and Methods Values shown are the mean of
3 different preparations The: mean dev1ation was + 9 % ‘

Assay medium:  As in’ Fig 2 -_‘t '

SRty
LW }
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Fig., 3: A ana B. The effect ofycotyledon age on the
résisFance of mitochondrial respiratipn to ‘rotenone.
Procedures for the isolatioh of thé mitochbndria as
in Materials and Methbds. Each value represents the

mean of three separate experiments. The mean

deviation was + 10%. IOOA*represents an oxygen

uptake rate. of 140 to 2 fivatoms/min/mg protein.
A, —-0—- 0.67 uM rotenone ~--0-- 1,0 uM rotenone . .
‘~;-F—i.3  ¥M rotenone =--B-- 2.0 ﬁM rofenbne'
._ADP:Q ratios for :Lisvdata set were éll apﬁroximately
1.9~ 2.1,

Assay mediam: 0.3 M mannitdl 0.4 mi MgCl,,

0.75 mg/ml BSA 5 mM potassium phosphate (monobaSic)
‘and 8 m malate, adjusted to pH 7.1 at 25 C with

KOH final volume 3.2 ml | N .
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Fig. 3: B —@— 2.67 uM rotenone =--&--3.3 uM rotenone

—8#-6.7 pM rotenone =-£3-13.3 pM rotenone
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Rotenone-resistance was correlated. to the.age of the mitochondria and

the respiratory.control ratio (Fig. 4). Over a widé concentration of

rotenone two separate trends in resistance were noted (Fig. 3:A and B).

At low concentrations of'rotenone six day old mitochondria had
high resistance in comparison;to mitochondria of other ages, but
at the higher concentrations of rotenone the resistance.was much
lower. : : '; 3 |

Both .malate and a4ket0glutarate oxidation recovered foliowing

" the initial rotenone inhibition (Table III). The recovery decreased

as the concentration of rotenone increased Although malate oxidation.‘

was greatly inhibited initially (Fig 3:A and B), the recovered
rate was much the same‘as‘the a—ketoglutarate recovered rate,_

Localization of the "Rotenone- Resistant Pathway". Addition of

SHAM to mitochondria isolated from seven day old tissue resulted
in 444 inhibition of oxygen uptake (TableiIV) - If SHAM was added'
. after 13 3 uM rotenone had been added the inhibition was 69%. ‘This
is approximately the amount of inhibition caused by rotenone alone
‘Reversing thﬁ order of addition did not Change the degree of,
inhibitionr | ) | J
'Cyanide (as KCN) concentrations:of~5 uM or higher caused-637 |
inhibition.. Addition of 13 3 uM rotenone increased the inhibition
“to approximately 91%., Addition of cyanide following rotenone

»addition resulted in ‘the same effect

Enzyme Inhibition Malic enzyme (L-Malate NAD oxidoreductase

(decarboxylating)E C 1. 1 1. 39) was competitively inhibited by
rotenone concentrations of 1 66 uM to6 6 uM with no. further

effects at concentrations of inhibitor up to 13 3 UM (Fig 5)

36



Fig. 4 Changes in the rGSp%rétory control ratios and in
maXimﬁm inhibition by rotenoﬁe‘of respiration of
| mitqphondfia.from pea cotyledons‘of differépt éges.
Mitochondria from ﬁéé cotyledons were isolated and
assa&ed-és ;n Materials énd Methods. Each value
fepfeSengs the mean of'tﬁréé,separate expefimehts,'l'
. The mean deviation was i 10 / SIOZ“i'nhibi-tion‘ |
' uPtéke‘rate.of 70'to.100 ”

i
. natoms/min/mg protein.

‘represents an oxygen

~ State 3 0, uptake in the.

- —@— Percent inhibition = presence of 13.3 uM rotenone
Sta;e‘3 02 uptéke prior to
: oo ‘ the additidh-of rétehone‘
L —— Resﬁiratory conﬁroitratié : o

Assay medium:,fAs»ianig; 3.
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Table III. Recovered Ratea”of Respiration in PeavCotyledon Mitoéhondria

Okidizing'Malate or a-Ketoglutarate in thé Presence of Rotenone.

. Mitochondria from 5 day old cotyledons were isolated as'ih -
'Materials_and4Methods. - Each value represents the mean of at least>
\ . .

3 separate preparations.,‘Comparabie'results were bbtained from

mitoghondria of different ages. The mean ‘deviation was + 10%.

Rotenone Concentration
| : : :
Substrate - S o 3.3 QM ‘ - 6.6 UM "'13:3 UM |
| Malate | 1007 SRR:72 N 413
_o-Ketoglutarate | .100% . . 93% . . 75%

aTbe.reCOVerédtrate of rotehone’iﬁhibitioﬁ was taken‘fo be equal

Cto: y -

) CLB¥ ‘ .
State 3 62 uptékeifolldwing rotenone inhibition X 100
:State. 3 Oz-uptake'priof to’roteﬁohewinhihitién i

‘Assay Media: As in Table II‘and Fig. 2 and 3:A and B.
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Table IV. Rotenone Resistance,~in\£he Presence of Cyanide or SHAM, of

' Pea Cotyledon Mitochondrié Oxidizing HalateQ_

/

Mitochoﬂdria wefe ispiaﬁed froﬁ 7 déy old ﬁea_cdtyledqn, as
ééscribed in'Matefials and'Metﬁods} Reaétion ﬁixtu:e as in
Fig.“jﬁA and E. Where‘pf8sent, SlmM"KCN-was‘added‘and 1.5 uM SHAM
was added.u The inhibiﬁéd :atés were measuféd aS'spon aé a»sfeady
rate ofjoxygenfupfake_hédfbéeﬁ estabiishéd. The sgéond,ihhibitoff
was added af;er a_steady‘rate‘of oxygen, consumption wasiestablished.

Each value rep:ésents the mean of 3 separate experiments.x

B S L Percent - .Percén§ :"
Order of addition .Inhibitor‘  “ Inhibition | Inhibitor - Inhibition |
1. sHAM 44 Cyanide | 63
2 - Rofenone . - 83.8 | Rétenoﬁe : v}91
Inhibition caused by 2nd inhibitor® 71. | 76
| 1 | ‘l o Rotenone 76 ~ +/| Rotenome & “-74.
| 2 //;" SHAM 69 | Cyamide - 90.4
.inhibitioﬁ'céusedvb?Qan inhibitor %)_' ‘:%:‘ ) 'k‘i :>.v63

e | T 100 * percent |
_ Inhibition caused by 2nd inhibitor = _inhibition to 2nd imhibitor .4,

T o S S o 100 - percent oo
~inhibition to lst inhibitor

B The,meanbdeﬁiétion,VaSAi;9ZQ:



Fig. 5 Linex;eaver4Burk plot‘ for the i'nhib’ition of malic |
~enzyme by rotenone and ellin:tone.' ' -’
Malic r‘enzym'e was‘prepar’ed .xand a‘ssayec.i as in Materials
and Metho'dsQ 1/S represents mmoles NAD/100 sec/mg
p‘rot-ei'n -1 and 1/v represents M NADH l | |

.uninhibited enzyme —— O 1. 67 uM rotenone

—— .3 3 uM rotenone, — -'—— ,0 6. 7 uM rotenone
'--——- — V 13 3 uM rotenone, ——— 713‘.13 M
ellipitone.._-s | | o “ |

, Significanee ‘o,f.‘ the rlines: un‘inhibited-"Enzyme: 0.79., ‘

- 1.67 uM rbtenbne‘: 0. 91 3.3 uM rotenone. 0. 87 6 7 uM

l_;rotenone 0. 74 13 3 uM rotenone 0. 73, 13 3 uM elliptone
'elliptone.' o .92 (Zar, 1974) | e

| rlAssay medium'-'ZO mM Tes, 5 mM Mgc12,_o 3 dithio—';‘
- threitol and 8 mM malate, 'adjusted to pH 6 8 with KOH at :
25 C. The reaction was started by the addition of NAD.

The final volume was 3 ml

/

‘ ik Each point represents the mean of three separate i , g

EE prep_aratio_ns. The mean deviation was + 0 009 uM ._i .
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This is in agreement with the data from isolated mitochondria.
Do | ' , N ,
g5 not inhibited by rotenone when NADP ‘was used as

the subg '51e V).
fogenase activity was measured using an- excess

irand NADH Concentrations as high as 6 7 uM rotenone ’

inhibitlon (Table V).,No change in inhibition‘was-

notél . 3.3‘uM-to 50‘uM rotenone. Therefbre'itvwas concluded

e did not. inhibit the action of malate dehydrogenase
and Vmax values for the two enzymes are shown in
Table : From this»it can be~seen'that NADP and NAD‘are both effective
for maiic'enzyme.’ Thetstudents t distribution»for paired

_samples -wed that rotenone inhibition was insignificant when

- NADP was tie cofactor (c(2) 11 < 2. 29) (Zar, 1974). The KI for'

 malic enzyme inhibited by rotenbne was calculated to be 6.6 uM

-rOtenone_(w ht.‘l977); Measurement of inhihition‘by~concentrations
this;were not poSsible with this method.

The'DeactiVation.of'Rotenone. Rbtenone is.trensformed into elliptone

' .in the presence of both active and neat denatured mitocnondria

K

. ( Fig. '6) Scans from 860 nm to 260 nm show the difference in

o absorbance of these two compounds (Fig 7) Also it can be seen

v'that the elliptone preparation was. free from mitochondrial contamination;

i

:, ,Both compounds absorb to the same degree at 340 nm,when in 95/ 1

ethanoi There was no shift in absorption when either buffers or

‘malate.assay medium was used as the.solvent : Measurements of'

_NAD reduction would be erroneous otherwise

Elliptone inhibits mit0chondrial respiration.- The degree of

resistance is higher than when rotenone is the inhibitor (Fig 8)

RV
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',Téble V. Km and Vmax Values for Malic Enzyme and Malate Dehydrogenase

1Purified from:Pea Cotylédons.

Purification and 5ssay of the enzymes as in Materials and Methods;,
, Y ' i _ : . Ty
Both enzymes: were prepared from pea cotyledons between the ages of 3

and S.Qays.

| Substrate - fMaiic.Enkyme ] Malate;Deydrogenase

.ij \ Vmaxb : Ka® "Vmaxb

b | o.s - s0 1 100
| 4D + 1.66 |
| yM’roténone R 0{05 50 | o 1llQOf'v o K;yl
|NAD + 3.33 | | |
LM‘rdtéﬁQﬁek‘ 0.06  s0 |
lwp+es | ?f 3 . B ST

4 rotenone . | 0.185 50 | %;7 100
| NAD +‘1i3_.j | - | |
| uM'roteﬁpné ‘“> 0,185? " 50 S, ‘Q,33 3 33.3 o
/NADﬁ‘;'“ 60 s | | |
| nave +13.3 ' B

‘| 1M .rotemone | . 21 - - 100 .

' - Pm: as mmolar substrate . meax‘éq ﬁmolés}product/loo séé/ -

| o mg pro;einjj§; L S




. Fig.

. and Methods.,

A. Rotengne stdndard' B. Active mitochondrla and

vdmitochondria and rotenone irf distllled water' D. ‘Heat R

6. Paper chromatography of rotenone and elliptone. .

Wethod of purlfication and solvent system as- in Materials

£

\ rotenone in malate assay medium, c. Active d

denatured mitochondria and;rotenone in malate'assayb

medium‘ E. Malate assay medium and rotenone,'F; Heat .
-denatured mitochondria and rotenone in distilled water

':Malate assay medium‘ As in Fig. 3.

@ .
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Fig. 6 Papef chromatography of rotenone and elliptone.
E. Malate assay medium and rotenone.
F. Heat denatured mitochondria and rotenone in

distilled water.
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Fig. 7 Spect;ophotoﬁeter scanslofvrotenone_and elliptone.

in 95% ethanol, |

The eiliptone was purified accordihg to the procedqre
outlined in Materials énd'Méthods.

13.3 uM rotenone ----.-. elliptone

4
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Fig.

The differenee'between elliptone and rotenone‘resistzice

in pea cotyledon»mitochondrial respiration when malate
is‘the substrate. | | M
Mitochondria from 5 day old cotyledons were isolated and
assayed as in Materials and Methods. Each point ‘
represents the mean of 3 separate preparations of
mitochondria and 2 separate preparations of elliptone
The mean deviation was + ZZ.-

Assay medium: As in Fig. 3,
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Maximum inhibition. was reached at elliptone concentrations of 13.3 uM.
~Malic enzyme was competitively inhibited by elliptone

Maximum inhibition was caused by 13.37uM elliptoner(Fig. 5).

However, the effect of elliptone‘was not significantly different

from that of_rotenone (e(2) 5 < .69) (Zar, 1974). Malate n

dehydrogenase was not affected by elliptone.

Products of Malate dxidation. The pattern of oxaloacetate

..production, hence malate‘dehydrogenase‘activity, was markedly ///(,
. different'in the presence of 13.3‘uerOtenone as compared to its
‘absence (Fig 9:A and B). Malate\dehydrogenase activity appeared

ito be stimulated by the addition of \?\in the absence of rotenone
After ten minutes the pattern‘of product accumulation was.much

the same'dn both samples. Pyruvate production mas little affected

by the. addition of rotenone (Fig. 9:A and B).

The Effect of Rotenone on the Electron Transport Chain.

Spectrophotometric scans of the respiratory pigments were done on

' isolated mitochondria preparations. Rotenone treatment resulted

_in reduction,of‘NAD_and.the'cytochrome'chain (Table>VI). In all -
‘cases the reduction was greater than that in the presence of
-cyanide.‘ No NADH peak was found ac 340 nm’ when cyanide was used.

";Rotenone treatment resulted in less reduction of NAD and %he cytochrome
'chain than did rotenone and cyanide together.; lhe percent change for;
7NADH was very low because there was an immediate increase in NADH

Both rotenone,kand-rotenone-plus cyanide resulted in a.largej

.-acCumulatiOn,of'NADH'and a small reduction of cytochrome bt



© Fig. 9

=

Lo

A, and'B, The products of malate oxidation in the

presence and absence of rotenone.

.Mitochondria from'7‘day,old pea cotyledons were

‘isolated as'déscribed:iﬁ Materials and Methods.

Assays of .the reaction products were ‘as in Materials’

aﬁd Mefhods. Each point represents the mean of 3
, separate preparétions of‘mitdqhondfia.*

A) Starddard

v;_+qy_;.oxaloacetéte SO -;—{54— pyruvate
Assay medium: - As in Materials and ﬂéthods,

* The mean’@gviation was ilo,og'umoles/mg protéin
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Table VI. Reduction of NAD and the Cytochrome Chain in Pea

Cotyledon Mitochonaria,pxidizing Malate in the Preseﬁce"qf'RotenOne

or of Rotenone Plus Qyénide.
Mitochondria from 6 day old pea cbtyledons were isolated as in

Materials and Methods. Each vaIué represents the mean of 3 separate

¢

'pfeparations. The mean deviation was + 10%

Rotenone ' o ‘Rotenone and Cyanidé
- a - b . r-a . b
Change ( % ) | Final Change;( %) Final
| | Absprbance' o o Absorbance
- Czy | )
NADH | 12 - 300 w7 - 400
cyt b | 126 - 230 329 " :286
eyte |55 s 149 | 60
eyt aa, w2 10 “" 335 230

y peaks were compared when 13.3 uM rotenone or 13.3 uM rotenone plus

5 mM KCN were added to the assay medium.
Change ( / ) equals:,

A A from time 0 to 15 min X 100
AA from time O to 15 min for KCN sample

koY

bFin#liAbsorbénce (2) equals: g
Aat 15min X 100
A-at 15 min.for KCN sample ‘

58
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DISCUSSION

.Preparative Methods. Many studies of mitochondrial respiratory )

activity are done with mitochondria isolated by simple differential

centrifugation Previous studies of mitochondrial purity and

‘vintaCtness have shown that this method of preparation does not

. remove microsomal contamination nor does it remove contaminating

proteins’and broken mitochondria (Douce et al, 1972 James' and-

Spencer, 1979; Solomoe et al, 1972). The presence of lipoxygenase

on the outer ‘membrane ‘of mitochondria prepared by simple d&fferential
centrifugation has been noted (Siedow and Girvin, 1980) The use of this
method_for preparation of mitochondria.could lead to erroneous |

results in thebpresentdinhibitor studies | |

. The reduction of . exogenous cytochrome c by succinate has

been used as-a method to determine the "intactness of mitochohdria

&

(Douce et al 1972; Palmer, 1976) The presence of antimycin

-A-resistant NADPHPcytochrome c reductase indicates microsomal

contamination (Palmer, 1976; James and Spencer,n1979) . Both

preparations contained 1itt1e broken mitochondria and;were relatively

“free from microsomal contamination ‘The density gradient prepagations

were bettEr in these respects, Microsomes decrease rotenone

, reactivity because of hydroxylation at/the 12 o position of the

B/C ring juncture and at 6' :f? and 8' of the isopropenyl grOup
(Yamamoto-et al '1971)~ The high rate of rotenone-resistant
respiration in mitochondria prepared by simple differential
centrifugation compared to those prepared by the density gradient =
method was probably caused by microsomal contamination (Table I)



The Effects of Rotenone on a-Ketoglutarate and Malate Oxidation.(

Mitochondria oxidizing o~ketoglutarate exhibited very high rates of
' rotenOne,resistance (Table II and Fig. 2). Other workers (Marx
and Brinkmann, 1978) have found the percent resistance to be around
60 to 66% in mitochondria 1solated from 9 to 12 day old broad bean
epicotyle. Resistance of u—ketoglutarate“okidation is therefore
'approximatetlx tmo times the resistance obtained for malate oxidation
(Fig. 3: A and B).‘ The pattern of rotenone:resistance as‘age
increases Qas different for malate and a-ketoglutarate oxidation,

A Inhibition of malate oxidation closely followed the respiratory
control ratio (fig. 4), bThis suggests that thef"fitness" of the

L S

mitochondria determines the extent to which inhibition occurs From

R

3/
the onset of inbibition to four days there is an 1ncrease in structural
development of the mitochondria. ThiS‘is paralleled by-an increase~

in respiration rates and: phosphorylation (Malhotra and Spencer, 1973)
L3N
Although ‘maximum oxygen uptake does not occur until day six,
4]
arespiratory’activity is already decreasing (Malhotra and . Spencer,

. 1973). ASuccinate dehydrogenaseoand thochromepoxidase activity

drops quite rapidly from five days. to seven days (Solomos et’al, 1972).
Therefore, the etructural development of the mitochondria would be
expected to control the "fitness" and therefore the resistance to .
_rotenone up to four days; Thereafter the re/hiration rates and |
rates of oxygen uptake prohably alter the respOnse to rotenone. -

This is much different from the development of the cyanide

resistant pathway where resistance peaks at about six days.

o

The initial rates of cyanide resistance are very low and'do not

rise above 307 until the fourth day (James and Spencer, 1979).

]
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The low percent resistance;éf mitochondriapisoiated from
four day old cotyiedons prob;ﬁié‘reflects the high rate of
“State 3‘re3piratioenT The actual 2ate of oxygen conéumptioo in
the presence of varying concentrations of?rotenone in four day old
mitochondria was only slightly lower than that for five day old
mit?chondria.l However, the State 3 rate of oxygen uptake prior
to inhibition was much greater in the four day oldlmitochondria
than in the five day old mitochondria (results noggshown); The ~
decreaee in ADP:0 ratios caused b&‘rotenone support.bothe; wolk
w‘ showing that the first site of'phosphorylation is bypassed'ﬁhen
mitochondria are oxidizing NAD-linked substrates.

Work on the development of mitochondria (Bain aod Mercer,
1956;1965) has shown that the developmentiof the embryonic axis
controls the activation of Lhé electron transport chain. This
is referred to as stage one‘(Bain and Meroer;‘l956; 1965), and
occurs from zero to fwo days in pea cotyledop mftochondria
(James and. Spencer, 1979). | |

: Stage'thfee occurs from five days and is a p?riod of *
'mobiiizaeion ofkreser;es'within,the cotyledons\(BaiB and Mercer,
1956; 1965; James and Spencer, 1979). At this time fesoiration
rates are highfés is rotenohe resistance when malate is the
substrate (Fig 3:A and B) This is consistent with the hypothesis
put forth by Coleman and Palmer (1972) that the rotenone resistant
, pathway functions to control»glycolysis'by'controlling the NAD/NADH
. ratio as well as functioning in the production of organic skeletons.

As w1sk1ch and Day noted (1979), the recovered oxygen uptake

rate, after~treatment with piericidin A, observed by Palmer and
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Arron. (1976) with malate as the substrate was equivalent to tﬂat
for o-ketoglutarate or citrate oxygeﬁ uptake in the presence of
piericidin A in mitochondria isolated from Jergse}em arfichéke
tubers. |

In pea cotyledon mitochondria, both malate and (}k?toglutarate
oxidatibn recovered to approximately the same degree after the o
initial inhibition by fotenone‘(Table‘III). Again, the recovered
rate of malate oxidation was much the same as the inhibited rate
of a-ketoglutarate oxidatipn. This is consistent with the idea
. that there is at least two sites of‘rotenone inhibition., One
that is permanent';nd-affecfs all NAD-linked gpbstrates — probably
the NADH dehydrogenase; and the other that 1s sp;cific for malate
oxldation énd is a tfansient inhibitién — probably malic enzyme
or malate deh&drogenasea

Iﬂ\cauliflower bud mitochondria this transient inhibition
could bé alleviated if an oxaloacetate removal system was ﬁfesent
~(Wiskich and Day,'1979). Other workers have found ;his to be
. ‘unnecessary in uninhibited mitoch¥ndria (Bfuntoﬁ and Palmer, 1973;
Coléman and Palmer, 1972), whereas Day and Wiskich found this to
be a necessary precéution (1974a; 1979). Thereféfe the buildup‘
of oxéloacetate may be a problem peculiar to ;heir.system.
However, if this is not the case malate dehydrogeﬁase activity
may.be inhibited or reygrsed as thereris also an accumulation of
NADH (bay.et‘al, {976; La Noue, Bryla and Williamsbn, 1972), thus
resulﬁing in.the gapid transient 1nhibition.‘ Howevér, Qxaloac;tate

has been found to jhave little effect on malate oxidationm,

while inhibiting pyruvate and citrate oxidation (Brunton and
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Palmer, 1973; Colemgn and Palmer, 1972). Other workers have found
oxaloaéetate to have identical effects oh ail NAD-linked substrates
(Douce apd‘Bonnér,.l972). As rotenone causes two different effects
depending upon the substra;e, this suggests that roELnone inhibition ‘
does not involve oxaloaceﬁa;e accumulation.  From the sfudy of
rea;tion producté”this definitely is the case (Fig.'9: A and B).
The most plausible explanation for the loss of the transient
inhibipion would be that.malateboxidatién is switcHed frém one enzyme

to the other. 2

- . : (
Localization of the"Rotenone-Resistant Pathway! SHAM and cyanide

were addéd in conjuction with rotenone‘to determine the path of
electronvflow_from the.roténoné block to the terminal oxidaée.
‘(Table V). SHAM is an inhibitor of the cyanide-resistant pathway -
and cyanlde is an inhibitor of the phosphorylatlng pathvay. T%e
inhibitor of the pathway that the electrons flow to from the’
rotenone~resistant pathway should therefore reduce the eleptron flow
éo zero when used in‘conjuctioﬁ with'fotenbne. C\Rustin'anci Moreau
(1979$'found the rotenoneeresistant>pathway to be linked to the cyanide-
resistant pathway. Theycfound that SHAM inhibited rotenone-resistant
respiration in mitochondria isolated from cauliflower bpds; However,
NAD rather than rotenone was used tpvactivaté the rotenone-resistant
pathway. In contrast to thig, péa cotyledon mitochéndria,oxidizing
malate in the presence of rotenone were ‘inhibited by éyénide.aﬁdiwere
| unaffécted by SHAM (Table 1V). The 37% resistance to cyanide is
'approximately the resistant rate noteh By chers (Jamés and Spencer,
1979). 'Rotehone and cyanide together reducéd‘the resistance to 10%.

This is probably a result of reversed electron flow or electrons
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trickling by the block, possibly by attachment and detachment of
. v

rotenone,

Enzyme Inhibition. . Although many workers have postulated from work "

with whole mitochondria that malié eﬁzyme is associated with the
rotenone-resistant pathway and malate dehydrogenage is associated.
with thé fotenone-sensitiﬁg pathway (Brﬁnton and Palmer, 1973y
Coleman and Palmer, 1972; Palmer et al, 19f8) to date the purified
- enzymes have not been studied. Confrary ;o'this view, isolated pea
mitochondrial ‘malic enzyme was‘coﬁpetitiﬁelv'iﬁhibited by rotenone
when NAD was the cofactor (Fig. 5 ) and malate dehydrogenase was.
unaffected when NADH was the cofactor (Table V).

The pH at which mitochondria are isolated and assayed may affect
the activity of these énzymes. " Most W§rkers isolatg'and aséayoat pH 7.2
to 7.4, The pHvoptimum:for malic enzyme is between 6.7 and 6.9 ’
..(Arron and Edwards, 1980). Acti&ity drops off qu%pkly above this éH,
therefore the purificatign and aséay of malic enzyme was done:at pH
. 6:?, while the isolatidn and.éssay of intact mitochondria wa%Iat pH
7.1. 'Althoughkthe inner mitophoﬁdrial membrane actséasxan insulating -
barrier to protoné, an-increase in the extefnal pH results’iﬁ an
increase in thekmatrix'pH (Neuburger and Douce, iﬁ.press). In addition.
to this, at.alka}ine pHs b%éarbonate inhibits ﬁalic enzyme'(Negburger
and Douce, in préss). Thgrefdre if the pH isnto§ high the reaction
produéts_(the majof method for determiﬁing wnich enzyme-isifnnctioning);
would not refiect‘the.true efféét'of.rotenoﬁé.‘4 , |

The Deactivétion of Rotenone. As ‘rotenone inhibition is transient,

it ﬁay be deactivated within the mitochondrion., This appeérs to be ‘the

case, as elliptone was - recovered from mitochondria respiring
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in the presence of rotenone inyconcentrations comparable to

the concentratlon of rotenOne added (Fig. 6 and Fig. 7). Elliptone

differs from‘rotenone by the_removal»of the isopropenyllgroup on

the tetrabydrofuran ring, resdlting’in the unsaturation of the

ring (Fig. 10). Yamamoto et al. (1971) suggested that the deactivation

" could be nonfmetabolic. My work confirmed this, as enzymicallg

.inactive mitochondria wereiable‘to deactivate rotenone. ‘
Elliptone was not as strong an inhibitor as rotenone with

intact mitochondria (Fig. 8). The outer mitochondrial membrane

“would be\freely permeable‘to rotenone and‘elliotone;'however

permeability of the inner membrane is doubtful. The effect of

‘rotenone oncintact mitochondrla therefore maj be to distort the

membrane because of attachment to lipid in tbekmembrane thus

disrupting electron transport. As the lipid enVlronment is

‘important inbdetermining.the degree of inhibition;ECutmen et al,

l?lO) and isopropenyl groups increase the molecules’ liposolubility

: (Nath, Venk%tasubramanian_and Kriebnamurti, 1980),»tbis would‘ |

explain the decreased inhibition.caused by elliptone. Further .

to thle the insectiCidal activity of the rotenoids is decreased -

‘ by the removal of alkyl groups (Muraska and Terada, 1972)
Elliptone causes inhibition of malic enzyme to the same.

degree as does rotenone (Fig 5) This is consistent with an. effect

within the- membrane in addition to malic enzyme inhibition

Products of Malate Oxidation.: Pyruvate havaeen found,to be

~

: the only product of malate oxidation in mitochondria inhibited

by rotenone (Coleman and Palmer, 1972; Palmer and Arron, 1976

- Palmer et al 1978) However Palmer and his co—workers included



Fig. 10 The chemical structures of rotenone and elliptone.
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NAD in their reaction medium. It has beenfshown that added NAD
stimulates malate oxidatioh via malate dehydrogenase in species
that.have low enddgenous NAb (ﬁeuburger and'Douce, 1978). Therefore
vthe true rotenone inhibition could be masked when NAD is added
'to the reaction medium. |

Another factor which could affect the products‘of malate
oxidation is the initial aubatrate‘copcentration. Some workers have
found that malate dehydrogenase has a high affinity for'malate and
»‘ malic enzyme has a low affinity for malate (Wedding and Pap, 1976),
whereas others have found the opposite to be true- (Brunton and Palmer,
1973). wTherefore, it is best to use a high substrate concentration,
as this will maximize the activity of both enzymes.

‘The.accumulation of reaction products of malate onidation
did not fuliy eupportathe purified enzyme resuits (Fig. 9:A and B).
The finai ieveisvof onaloacetate and pyruvate(;ere lower in
the inhibited mitochondria than in the uninhibited mitochondria.
The initial level of oxaloacetate was much lower in the rotqnone~
treated than in the untreated»mi ochondria. THowever, the very
high initial level of oxaloacetate'in.the uninhibited mitochondria
may inhibit malate dehydrogenase,as there is a dramatic ‘decrease
in the 1evel-of oxaloacetate The apparently low level of malic
'enzyme inhibition in vitro may - be caused by interactions between :
malate dehydrogenase and malic~enzyme. They would both be expected
',to utilize the same substrate and cofactor pool in addition to ;
‘irequiring the other product (oxaloacetate or pyruvate) for product

o removal via the citrate condensing enzyme.;

68
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The Effect of Rotenone on the Electron Transport Chaint The
accumulation ofiNADH in mitochondria inhibited by rotenone has been
noted (LaNoue et al, 1972; Oherg, 1961; Ragan and Gerland; 1971).
Measurements of NAﬁH show that NADH does accumulate (Tahle vI).

The reduction is greatest when rotenone and cyanide are used

| together.

The entire cytochrome chain is reduced in the presence of

rotenone. Again this reduction is greatest when rotenone ad&

eyanide are used together. This can be explained by the previous

.inhibitor studies. eAs approximately 35% of the electrons flow

through the cyanideeresistént pathway and this pethway is not
accessihle from the rotenone—resistant pathway”thererwould be
greater reduetion in the cyanide—sensitive‘pathway. The

addition of.cyanide‘WOuid'then further inCreasebthe reduction}
From this-it appears that a:rotenone~resistant pathway exists
for the:transport of.electrpns from the NAD—linked SUbstrates

to cytochrome»h.’ Malic enzyme iSYSensitizf to rotenone. Hoﬁever,

F
i

4 NADﬁ'dehydrogenases arealso involved as there is a large excess

~of NADH. -This suggests there is compartmentalization, within the

matriX'~either‘ph?sieal or organizational, as the NAD“availabie

to malate dehydrogenase is not available to malic enzyme. Malate

dehydrogenase does not appear “to be. linked to an NADH dehydrogenase

"that is 1inked to phosphorylation This would then make malic ’

_'enzyme the main enzyme for the decarboxylation of malate and

r

..would'therefore support Palg@f ] modified Krebs _cycle (Palmer 1976)

From this d%rk and the; work of others a scheme for rotenone o

‘E:resistance was devised (Fig. ll) Malic enzyme‘ipnctéons to -

:remove oxaloacggate produced from malate dehydrogenase.. Most

%

v
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‘ Fig; 11: A, B & C. Proposed pathways for the oxidation

of'NAD-linEed sustrates in mitochondria
isblated from etiolatéd pea cotyledons.
Uninhibited oxidation ‘of NAD-linked

substrates,
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Fig. 11: A, B & C. Prqpoéed péthways for the oxidation
; of NAD—-lin’ked‘ substrates in utitochondria isbovliatf'ed
:from pea éotyledons; | |
B. ‘Ihitial inhibition of ;he.égidacioﬁ of NAD-

linked sub‘strat,es by rotenone.

- B and the absence of arrows denotes rotenomne -

inhibition.

At
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"~ Fig. 11: A, B & C. Proposed pathwaﬁs for the oxidation

L

of NAD-linked sqbstfates in mitocfiondria isq‘lated'

vfr_om pea cétyledons. ‘ ‘.

C. pe;m;ﬁent 1ﬁhib1£18n‘;f'the“oxidation of NAD- .
iinked subs;rates by’rotenone. “ "

B and the absence of arrows denotes rotenone

‘inhibition: B o
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SN
of the electrons will preferentially enter the electron transport

chain at fnlf . This could Be?controlled by variations in
redox potentials between the two flav0proteins.or by the
electron transnort capacity of the two‘pathways. According to
work on the'eyanide—resistant pathway, apnroximately 65% of
the electrons utilize the sensitive pathway (James and Spencer,
1979) Therefore fewer electroms would be able to enter this
pathway.

When rotenone is added there is inhibition at two sites,
the NADH dehydrogenase associated with malate dehydrogenase and
malicrenzyme. The inhibition of the ﬁADH»dehydrogenase Vould result
in an increase in NADH as noted by a number ofT;nrkers. There
yould be approximately 35% reduction in electron flow and therefore o
oxygen consumption, with a decrease in ADP:Q retios of one. The
rotenone probably exerts ‘the inhibition by attaching to the membrane
and disterting it. This would cause rotenone to be pass&ﬁely
changed into elliptene upon its removal. 'If elliptone is added to
mitochondrie it would not be expected to attach ,ro the memnrane
| and therefore there would be apprpximately 357 1eSs inhibition.

:‘ Thus inhibition due ‘to rotenone would: affect all NAD-linked .
substrates and would be permanent. Further evidence to support
'this inclunes: SMP élaectron transport;is inh;bited’29z in: the
presence of rorenone when oxidizing exqgenons NAD; NAD-linked
substrates otner=than malate are inhibited by '35%; and malate
oxidarion is innibited by 30% 1n thevpresence of'eiliptone.

‘Malic enzyne is competitively inhibited by rotenone,

therefore, while the NADH-dehydrogenase 1is inhibited, there

4



is also a builduprof_oxaloacetate. The oxaloacetate then inhibits
the forward reaction of malaﬁe dehydrogenase. This would cause a
buildup of malate, while at the same time NAD would be expected to
be transported into the matfix. Theée two occureunces would allow
mal}c enzyme‘to produée pyruvate at an ever increasing rate, until
the'traﬁsient inhibition;is totally alleviated. At this time malate
dehydrogenase would no longer be inhibited. Evidence to support
this includes. the pattern of oxaloacetate accumulation in the
presence of rotenone parallels the patterq of pyrﬁvate production;
and oxaloacetate would increase the rotenone effect on'mitochdndrial
respiration and‘glupamate would decrease the rotenone effect on

mitochondrial respiration (Day and Wiskich, 1974a).

-
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