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S ;*‘;;f Cyanide—resistant reVliration in the cotyledons of germinating peas

]

. [N
) o

has beﬁx studied using ‘isolated mitochondria. The mitochondria were .. - A

° "'

i} 1sola'ed on a sucrose—step gradient by‘zonal centrifugation. Up to 157
! of the isu\cc1 'te oxidat‘ion. was resistant to 0 2 mM KCN.. A;vgreaterﬁpro- ‘.(
:1? 'g. e reSplration was re31stant to cyanide when-C-ketoglutarate
{; as the respiratory substrate., A

w1th the electroqttransport chain. The results support the involvement \5:"?

of ubiquinone in the cyanide—fesistant pathway and indlcate that branch—-' .

e i[;g ;td the alternate pathw/ay may take place at that point.‘_ DUquu inol ,‘
| was observed not to :;onate electrons to the allternate pathway andﬁa ntew:_' S
inhibitor of tyanide—resistant respiration, chIoroqu:Lne, was found.\ ;
o Some factors affecting the amount of cyaqj;de-resistant respiratéion | |
were also 1nvlest;igated... The age of the cdtyledons was found to °be a very

K

EIRLEIIE ST S mportant facter. Miteehondria——isolated—from—eotyledow&r" :
-"é"- 24 hours °f 'germination\had Virtually no cyanide-resistant respiration,-

but thereafter cyanide resistance gradually‘ increased \mtil the sixth or i
‘ seventh day of germination. ; The Presence of light during SGMination, or‘ o
. the inclusion of chloram’phenicol or. azzide in the germination medium did :
g / Q not influence the amount of cyanide—resistant respiration‘_ HOWev,gr, the J |
.. \ f plant (‘hormone ethylene -was found to affect the amount of c}'anide resis_ e
h tance. : Coq{ledons germinated in an atmos:phere cont:aining approximately

S d " 100 ppm ethyle e were found to have greater amounts of cyanide—resistant ‘ .. "

germination than when ethYlene was absent, _' /
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The past century has seen a steady increase in the productivity of

B i
»;

;‘3_ = ,<§3>_ e plants and domestic animals._ Much of this gain in productivity has come f?;lr

1as a result of improved agronomic practices and the exploitation of L
B

viﬂ;;g" :.Ffexisting genetic potentials by plant and animal breeders.- There a\e C

i
P

T . A
i

fhowever, indications that increases achieved by these technologies are‘unﬁlﬂ
'.{:«ﬂplateauing and that a neg enetation of agricultural reSearch is required
Dr. S H. Wittwer has pointed out that this new generation of agri—"”

“T.fﬂ_]ffel fcultural research "depends on mission—oriented basic research relating tovfbf"v”

'-‘5;7the biological processas that control and now limit crop and livestock
-’{jfproductivity. ; The underlying hope is that theSe processes may be man—'tifiﬁfﬂ
b_?ipulated "to enable plants and animals to, more effectively utilize i

e zrws;,~_;,_,,@~.-_;f.,._u E ;»_tjl“"igffyff,f’-é

,environmental resources. L My -,1‘~

S

A’.v_-,

Cyanide-resistant respiration may prove to be an area where such

T :_ff.wj- - manipulation is possible.~ Many authors have pointed out that cyaniderl B
- SRR N X

- L : S Ko
:resistant respiration does hos»seem to be as efficient in the energy EERp
: v ﬁ/ ; C

4‘vecon0my OI the cell as other respiratory pathways. There have‘fzen/been.

( —

Li,some preliminary attempts to produce plants that would genetically lack

S _gfcyanide—resistant respiration.; However spch research is probably prema-- f;} o

,fy_’xmutwpfm;i: L . ) R
. EP AN 5ture sinCé we.know Fo little about the nature and composition of the o

bih'ﬁyanide-resistant respiratory‘pathway, and of its importance to the plant.":f~

: The studies reported herein were directed‘at furthering Our understandingl

ﬂlifof this important biological process with the‘hope thaw’they may in Some -
“._,way contribute to the long range goal of increasing agricultural produc_fk._..
tiyity- j v"‘QLZ:V'Tl>”ffili'” f'ai".'q”fﬂ’f;n Fﬁ_.i,;,¥‘i_

From S.H. Wittwer (113) I

2Ibid ,!,3_ S _:Tj;“;iﬁ:{ e ;‘f.'ui_'.ﬁ Lyf’;-gingxm;;¥%i:;fi{";
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:l:gwhich the inhibition constant of SHAM was determined and in calculating

"-yniithe extent to which the cyanide—resistant pathway operated during normal
'h‘Laboratory at various t;mes _uring this study ‘"(f;kffbﬁh“.{ fefxg,
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1. LITERATURE REVIEW N

Histo:-ical Developments in the Study of Cyanide—Resistant
Respiration B ‘ _ o .

\
N

The poisonous properties of hydrogen cyanide hydrocyanic ac1d or

prussic acid names that all refer to the same compound have been known K

' for nearly 200 years. Fontana pointed out in an early book on venoms .’.

¥

“and poisons that the leaves of the "cherry 1aurel" (Prunus lauocerasus)

B contaihed "a poison which for some" years has been celebrated in Europe

. e
Fontana (33) observed that the poison exerted a violent effect on

| animals" and kllled them rapidly when 1t was administrated by injection,li

- 'of the mouth.uvydgd, - - L Sl ;fsf'; f“Q af.:.'.“"

by mouth or when it was merely kept in- contact w1th the mucous membranes,
i . KE ; ; K

': Hydrogen cyanide has given biologists a research tool which has

provep,very useful in the unravelling of the mechanisms of: biological .

©

: oxidations.: Keilin,(57) acknowledges thlS in his c1a351c book on. the -

[

history of the study of respiration and dlSCUSSeS some of the experiments Co

that eluc1dated the mechanism by which hydrogen cyanide exerts its
poisonous action.-»u
The first clue came in 1857 when Claude Bernard (9) found that the

blood in animals poisoned by cyanide remained red on both sides of the

.v‘>~‘heart. Bernard knew that this was not a direct effect of cyanide on. the e

blood bdt 1t remained for Hoppe Seyler to 1nterpret his results.‘ Boppe -

v

j Seyler (47) correctly deduced that the action of cyanide was to inhibiti

» the utilization of oxygen by the t1ssues.. The reason why cyanide

Coou until the experiments of Keilin (56)

'i.“'inhiblted the utilization of oxygen however,_could not be ascertained v

~
N
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' “‘warburg (106) reported that the respiration of starved yeast was. not

‘Vaffected by cyanide,‘and in 1927 Emmerson (31) reported that the respira—;"_’u h

‘under some conditions. " This occurred when HCN (10 4M) was added without o

Lo 1 o ) - v _
v , - S v

[ . . - ' R ¢

Keilin B experiments on cytochrome established the seemingly

universal occurrence of the cytochromes a, b and c, fheir reversible

_oxidation and red\ction, and their role in cellular respiration.. A

_ well he was able to localize the effects of some respiratory ﬂhhibitors,*

B

\dfincluding cyanide, because of - their action on. the cytochrome system In

later experiments Keilin and Hartree (58) were: able to show that tyanide

R combined with cytrochrome a3 to. form an a3 e CN complex that was noif

c 1onger able to. undergo reversible oxidation and reduction

However even while Keilin Was carrying out these very 1mportant

*

‘jd_experiments with cytochrome and with cyanide, other workers were reporting

5fthat not all respiration was, in fact inhibited by cyanide. In 1918 ‘~"'

J

N

| _ tion of Chlorella protothecOides could dn’ fact be accelerated by cyahide 1i'

r °\

.',exogenous substrate to cells that had been grown autotrophically in an’

~inorganic medium

Another instance in which cyanide stimulated respiration was

~~

reported by Hanes and Barker in 1931 (42). Their experiments utilized

: ‘whole potato tubers that had previously been stored for some months at

(o)

15 C. Under these couditions the potatoes had. a steady but very low

L respiration rhte.» When a stream of air containing small amounts of

cyanide was passed over these tubers both the oxygen consumptiou and the

, C02 output began to increase dramatically. The increase in resp{ration

began about 24 hours after the initial expoSure to cyanide, but the o

imaximum rate was not reached until 10 or 15 days 1ater. Higher concen—

"trations of\cyanide produced a proportionally greater response, at 1east o



within the concentration range tested (0.14 ce HCN/liter to 1.45.cc
¢ 4

The respiratory quotient remained ‘near 1 in all cases,

o

The effects were vf

S

HCN/liter)
/except at the very highest 1evel of cyanide tested

.

reversible ih that removing the potatoes from the cyanide-containing

‘atmosphere before the completion of the experiment cag\\d the respiration

-u' : - W
R

_rate«tQNfall before it achieved its maximum - R

B These experlmental reSults proved very difficult ‘to explain. The&%
' authors felt that cyanide perhaps had an activating effect on the amylases

of the potato and that the increase in reSpiration could be explained by
They had a

B R UY

an 1ncrease in the soluble sugar content of the potato.

1imited amount of experimental ev1dence to support their opinion, but

the r experiments did not receive a great deal of attention and further

expe iments on this phenomenon were not carried out for the next thirty

years ‘
Another early study on cyanide insensitiv respiration that deserves

mention is one that was . done by Genevois in 1929 (25) He observed that

"zetiolated Lath ryus seedlings had a portion of their respiration resistant _

"to cyanide. As the seedlings~aged the total respiration rate fell but N

the cyanide resistant respiration rate did not.

| The peculiar respiration of the Arum family and- its’ relationship to

- cyanide insensitive respiration was studied by Van Herk in 1937 (102)
It had been discovered as early as’ 1778 (62) that some members of the

' Arum family produced heat when they flowered Wﬁn Herk extended these :

.studies and found that the heat producing organ in . Sauromatum, a sterile

L : e
appendix, had a greatly accelerated respiration rate.} Moreover, the

oxygen uptake of this organ ‘'was not inhibited by cyanide.. Since that

time members of the Arum family have been used extensively in the study




f\‘
of cyanide-resistant respiration _

Van Herk (103) studied the mechanism.of cyanide—resistant respira— ﬁ
.;tion'further.- He was unable to’ detect cytochrome or” cytochrome oxidase
_iin the " Sauromatum appendix He did however, isolate an autoxidizab1e~
:Tflavoprotein and he ascribed the cyanide insensitivity to this enzyme. -
A major step in the study of cyanide resistant respiration occurred
T’in l955.p James and Elliot (Sl)Hhsed the recently worked out technique'

of differential centrifugation to 1sdlate mitochondria from the spadix

7,rof Arum'mataculatum The respiration of these mitochondria prjjfd to beb“"’

relatively insensitiva to cyanide ﬁ’v” ;‘Agbwrila '__« d g 's“ﬁw
;\e year later Bendall and Hill (8) disproved the earlier suggestion
fby Van Herk that the Arum spadix did not contain cytochrome and started
'»-'workers off on a path of research that eventually proved un&;uitful. .h
v‘qytochrome, they found that mitochondria isolated rom the spadix of

: C.Arum mataculatum had absorption bands at 605 nm, 560 nm and 550 nm.

A

e‘This corresponded roughly to the cytochromes a, b and c from other t'f o
tissues.‘ However, the b band seemed to be unique in that it remained
}oxidized in the presence of}succinate and cyanide‘even though the a and
‘ c bands were readily neduced. The authors called this cytochrOme b7 and
‘m"ascribed the cyanide insensitivity of the‘é___ family to its presence ‘
:'This view beeame widely accepted and can still be found in some relatiVely
'recent textbooks (39) §torey and Bahr (96) were the first to question

this view. They found that cytochromes of Symplocarpus foetidus were

Tf-nearly fully reduced in the presence of antimYcin aud yet the cyanide

v:resistant pathway continued to operate under these conditions. 1

b

'i’and-Bonneru(7) also'found this t01be_true.. The view that cytochrome b7

‘Using the microspectroscope, he instrument with which Keilin had discovered

o



"sucrose gradient, did not contain cytochrome b7 finally ae@med to

A
._/

was involved in cxanide—resistant respiratidn persisted however ‘The

'discovery (27) that mitochondria from Arum mataculatum, purified on a

-

»

'dispell the. view that cytochrome b7 was involved in cyanide resistant

'hrespiration

\

: S )f L ; S
An alternative suggestion concerning the mechanism.of cyanide T

\_'resistant respiration appeared shortly after the discoveries by Bendall
"sfjand Hill It was. called the excess—oxidase theory and was carefully
v “lexamined by Chance and Hackett (22), Yocum and Hackett (115), and ‘

".Hackett and Haas (37) The following two points prov1de the basis for'

",

" . s , o
: this theory. 1) Plant mitochondria contained cytochrome/oxidase in much .
,,1arger quantities than the other respiratOry components, and 2) Even in
‘,the presence of cyanide a small amount of oxidized cytochrome a3 COuld L

‘t~be found it was thought that a. slow turnover of the cyanide—cytrochrome‘

complex could account for the CYanide insensitive respiration.:;;-"’

However Wiskich and Bonner (llO) and Bendall and Bonner (7) were

}~ .

quické§27refute this theory.; In their experiments they used a mixture

of ascorbate and TMPD és the respiratory Bubstrate, which donateéa ‘v‘a*= S

’ «Zelectrons to the respirato y chain after the second site of phosphory—‘"A

'1at10n, probably at the le'el of cytrochrome c.. Oxidation of this»w'-”"'m

lsubstrate by isolated swe

:;Hfamount of residual respi ation could reflect a slow turnover of the

: tLOﬂ of the substrate.

o practically 1002 inhibite. by cyanide.J)The authors felt that the small

o

‘inhibited form of cytoc rome a3, or. perhaps a small amount of autoxida— :

When succinate was added to these inhibited B

5 mitochondria the resp ,ation rate increased dramatically.. It was clear

. : 7

‘ ’*that the excess oxid'se theory could not account for these results and ';a .

| potato mitochondria was very rapid and was flaff L
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it became necessary to poatulate that .a second oxidase was indeed
B

present in the sweet potato mitochondria.

In summing up knowledge to 197L Bonner and Bendall (7) concluded

e

f'that there was 1ittle positive information to characterize the alternative

e

'Lpathway. However, they felt that ‘an. earlier suggestion by Okunuki (76)

/

'(first proposed in 1939) came the closest to fitting all the experimental

*'_results. As a result of his studies on. pollen respiration, Okunuki

~

Vproposed a branched respiratory chain, the alternative pathway connecting

9.',

;twith the cytochrome pathWay on the substrate side of cytochrome c, prior _

'7‘to the antimycin block More recent studies have upheld this view

’ “_ pass electrOns to NADH and from there the electrons are passed on: to

(

Bfngeﬂ&&ﬁfmﬁﬁnﬁﬁhbfﬂﬁfm&&ﬁhuf yf

.i\

1. - General Features of ‘Electron fTr'arisp'otf in ;Planti-'Mitochondria_ o

'v;ﬁrhe*résﬁifatéryfchain of plqnt mitochondria as outlined by Palmer
(77) is shown in Figure 1 In many ways it resembles that of mammalian
: N .
mitochondria. The soluble Kxebs cycle enzymes present in the matrix

flavoproteins, then to iron sulfur proteins, to ubiquinone, and finally f;f?5

- S . Kl

. to the cytochromes. There are three phosphorylation sites analogous to

‘jﬁg

P

. Substrate there are only two phoaphorylation sites and the succinate ql

mitochondria (49) The only differences would appear to beﬁslight

T
those in mammalian mitochrondria., When succinate is the respiratory

) dehydrogenase is membrane bound.

. Much information still needs to be gathered about the iron—sulfurif’

proteins and the flavoproteins in plant mitochrondria (15) Some appear
to have mammalian counterparts, others do not. ‘ ”~;ifﬁffyt' vwﬁ

The o and a type cytochromes closely resemble th e of mammalianlc

\

. "-, Ty

S
: L4
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Y -Oxida'tion *dffﬁAna 'by‘;?iémé ;:nitoi:honé'ria' R

' ”f;f'genases (7/) However, one is associated with the outer membrane and

:d°]d0es not normally transfer reducing equivalents to the mitochondrial ,ﬂjl“f”

b'cﬁ_the fact that it is specific for the 4—cC—hydrogen of the NADH whereas(3 5,:d “

- R . . . : -

- shifts in the abSorbance‘peaks.' For example, the(k}absorption,peak4of B

cytochrome a occurs between 601 nm’ and 603 nm rather\than the 605 m of

- beef heart mitochondria cytochrome a. As in other mitochondria the

.’

' identities and behavior of the b type cytochromes‘are not well under—~:
‘ﬂi‘”StOOd Plant mitochondria may contain as many as. 4 b cytochromes reducible -
’ 3by natural donors (77) The proton motive ubiquinone cycle proposed by
-Mitchell (73) and applied to plant mitochondria by - Rich and Moore (87)

‘ Imay help to clarify the role Of the h cytochrmnes.,f--.j

The ubiquinone in plant mitochondria is ubiquinone 10 (10) : Ubif‘

w'tquinone seems to act as a collecting agent for reducing equivalents -_::

ﬂ'fprior to the second site of phosphorylation (76) It may also serve as

§ .

FITfthe branch po nt for the cyanide resistant pathway (18 48)

Plant mitochondria contain a minimum of 4 different NADH dehydro-.'tk-fi o

<,

L.' -

| :fffphosphorylating electron transport Chaln (28) It is distinguished by

| the other dehydrogenases are specific for the 4—[?—hydrogen.:"?taf:_V“"""

A secpnd of these plant NADH dehydrogenases is associated with the vfd

outer surface of the inner membrane (28 78) It allows the plant mito—‘v_; &;'

A

chondria to oxidize externally added NADH. Plant mitochondria oxidize pn o

“,ycexternally added NADH rapidly and with an ADP*O ratio of 2 0.: This fact A
‘:8nd the fact that the oxidation of exogenous NADH is sensitive to anti—vV'
fismycin indicates the electrons from dhe NADH are added between sites 1

v»:and 2 of the main electron transport chain. That is, electrons are



o : K ) E ‘ ‘ -t ‘ . - v“?);f) » ‘ B ',_w
.transferred either to ubiquinone'or directly to the cytochrome b region.

One of the- striking differences between plant and animal mitochron—
o : .x\

_dria is their sensitivity to the inhibitor rotenone.'-Inuanimals rotenone o

| i,\ ?v' }is one of the most potent of the respiratory poisons.rIThe’same isfnots‘
..:nh;\;\;\\, true for plants (50 lll) Possible reasons for the difference‘include
| ‘rb-dli.structural differences in the iron—sulfur proteins to which rotenone f‘
‘binds; or differences in the lipid env1ronment surroundlng these proteins,m_~f
,preventing binding of the inhibitor Another very plau51ble¢reason and.. |
one strongly espoused by Palmer (19 77) is that there are two internal
NADH dehydrogenases,‘one sensitive to rotenone and coupled to ATP Synthe51sif:
i! i and one resistant to rotenone and not coupled to ATP synthesis an'. B it’ ?f
strong,piece of evidence for this hypothesis is the fact that rotennne-
’vcauses the ADP 0 ratios to fall by approximately 1 unit when either

‘a malate or e‘—ketoglutarate is the respiratory substrate (19 111)

Plant mitochondria also possess malic enzyme in addition to malateic*i?'7':

: dehydrogenase.; This can be shown by kinetic analysis for malate oxidation’_faff

.'?Efff[ih:'fi by whole mitothondria., Both Brunton and Palmer (19) and Wedding,_Black

and Pap (109) have found bimodal substrate saturation curves for malate.frlfffiﬁ

Wedding et al attribute the high affinity part of the curve to malate fj?“’”"

dehydrogenase, and the 1ow affinity part to malic enzyme. Brunton and

Palmer have the reverse interpretation Other workers (BB) have demon— l:,g'f _f

B (: P K

5 .

e strated the presence of malic enzyme by isolating it from purified

L

5 sonicated mitochondria, and by showing that pyruvate and not qxaloacetate ﬁc.f .

Vo
v . R . ‘

is often a product of malate oxidation.:; Pff:;f ' :17'?‘;cff*d?;?k'}
_ Piericidin A (an inhibitor that probably acts at the same sise as -
T']”ff rotenone:XSZ)) has been observed to have differing inhibition patterns3’7ii

depending on the‘concentration of malate used in the assay. At high

e, . R R SRR i.::v Lol : PR Lot ) : '°".."' Lot



' r,‘access to the phosphorylating rotenone—sen31t1ve pathway., Palmer

| malate concentrationsv(60 mM), a condition which Brunton and Palmer (19)
claim favors malate dehydrogen%ée, they found that Piericidin A caused
:only a emall inhibition in. oxygen uptake, similar to: the inhibition
7robserved when °<rketoglutarate was the substrate. However when conditions E
'i 'favored the operation of malic enzyme (10 mM Malate);da large tran51ent .
inhibition of oxygen uptake 0ccurred and after this the recovered ‘rate
i approximated the inhibited rate of o@ketoglutarate ox1dation.d Their
'“'_interpretation of these ékperiments is that malic enzyme has preferential |

B

‘,f_refers to this ‘as kinetic compartmentation (77)
Palmer has done other experiments using oxalacetate as an 1nhibitor

' ,iof malate oxidation to support contentions concerning the two NADH

v';videhydrogenases and kinetic compartmentalization (79) However the o

"4',conc1usions from his experiments are by no means clear cut and there are.

'17fthose that disagree with them Wiskich and Rayner (lll) acknowledge the e

' fl;existence of the rotenone insensitivity, but feel it might simply be a ’ﬂ

,,4

”ffjtfshort circuit ——5an artifact of mitochondrial isolation, and may have“ .ff'

. 'fngQ.little physiological significance '“fih-tﬁf'f{‘rf;i;h;f?g7dff?”i;““ -

ER r'-':j-:_me *cyaﬁiaerxeastaef P_athwaj R

: S} TR T L .'.//.l::

'>ﬁar; Organization of the Alternate Pathway lviT f’f"Vf;3cf e fﬁgfﬁ

Another major difference'between plant and mammalian mitochpn—ﬂygffV

'f,i_dria is that the former possess an alternate cyanide—resistant terminal

& r'kingdoms, and has been reported in lower animals as Well (45) When -

:ifff“pathway, but rather co—exists with 1t..;}1f

7i?oxidase- This pathway is quite widespreed among the plant and microbial ‘__,_,

'rfpresent, the cyanide resistant pathway does not replace the cytochrome f a

L



el

flavoprotein complement of the mitochondria should remain oxidized both

in the presence and absence of cyanide. Thls did occur 1n the tissues

1
Questions concerning the.arrangement of the two pathwaysband |

of the apportionment of electons between the two pathways then arise
Henry and Nyns (45) have dlscussed four different ways “in- which the two

pathways could be arranged. The first case has the two pathways connecting

only ht the substrate 1evel They have common substrates ‘but separate (@% T
‘-' : J T

substrate dehydrogenases and separate electron transport chains. In the '

- rf . R 4

second case the two pathways share substrate dehydrogenases, but no:

member of the,electron transport chain is common to. both pathways - The
N,

g third and mOst commonly accepted arrangement is that the first part of

,,,,. . ,

‘the electron transport chain is common to both pathways and branching

occurs at a single point It is also possible to envision branching ;f' ;‘ffi_[
‘ . PN v . . P
occurring at more than one point, which is. the fourth possibility )
discussed by Henry and Nyns.- L

Bahr and Bonner (3) attempted to find direct expeiimental u}h :;U'

j evidence for the third hypothesis._ It was. their feeling that if the

& . § g::i

flavoprotein dehydrogenases had equal access to both pathways, hen the 7

that they tested but the experiment is not too conv1ncing given the

,.r.w

ntvf multiplicity of flavoproteins in plant mitochondria and the general lack

.

'lih of knowledge about them.: Perhaps the best evidence indicating a bnanched
chain rather than two separate onea is the fact that in the presence of 5:5»“f’1

ATP and cyanide, reversed electron transport seems to take place from

A5

.?J?? cytochrome c to the alternate pathWaY (16) 7];;12 _hdihfftfhih

The Branch POint :

The nature of the branch p it




1.

" time it was thought that a. flavoprotein was the most likely ¢andidate.

antimycin resistant respiration, the branch point must be before the b

::‘mitochondria. The components that then become ox1dized belong to thef';:"':
u}falternate path and the time course of their oxidations 1ndicate their

frsequence.‘ Unfortunately when this is done the reduced cyanide ‘r'a3°:

° e ' ’ '>‘/,; « k’ D ' “ ‘-‘bﬂ'

‘ However it now appears that ubiquinone fulfills this role. : S ,‘;‘5

It is’ clear that the branch point must be 1ocated between

phosphorylation sites 1 and 2 of the electron transport chain.. Storey

‘vand Bahr (97) found that shunk cabbage (Symplocarpus fbetidus) mitochon—

o~

;h dria had a ADP 0 ratio of 0 when ox1di21ng succinate in the Presence of , - ..)

L

’ cyanide, while under the same conditions a value of 0 7 was obtained

< .‘»! .

x}when malate was the substrate. Other workers have confirmed these

‘results (45) V As well, since cyanide resistant respiration 1s also‘““

'cytochromes. SRR 3 ,' ”rif‘

The most directéapproach in determrhing the branch point is &

- the administration of an oxygen pulse to ahaerobic, cyanide—inhibitedf»"

jicomplex turns over too rapidly to allow measurements of a type required

",Dto be made (93) .’;T?;¥?ﬁ_;7;1225

: Storey (98) has recently repeated these experiments using

r'@?carbon monox1de as an inhibitor of the cytOChrome pathway With Sh““k : s

R I LT l.

-,?cabbage mitochondria he found that the ubiquinone and an unidentified A _‘iil
l_f1f1avoprote1n became oxidized rapidly upon the additlbn of the oxygen [ff7
‘;ipUISE._ The oxidation of these two components could be prevented by m—ij!,;‘d

"7lfCLAM, an inhibitor of the alternate pathway. Therefore Storey concluded "1}ff.;bﬂ

"n*r'that ubiquinone was the branch point and that the.unidentified flavo—~fﬂ7“
f'}protein was the first-member of the alternate pathway .-{ ]gfr.;_xii;;ffagfr,égy




e

n

tion when spectrophotometric measurements are done in the region where

‘_”ubiquinone has its’ absorption peak namely the ultraviolet region. It

is therefore desirable to have other methods of confirming Storey s )

/.

.-

. ;esults. \"7',-’; e S :1f o

' Huq’and Palmer (ﬁh) have used the pentane extraction method

loriginally developed by Szardzowski (99) to extract ubiquinOne from

'JArum mataculatum‘mitochondria.u They found that removal of the nbiquinone

‘,caused a loss of both cyanide sensitive and insensitive respiration,; |

o However'a partial removal of the ubiquinone resulted in a loss of ‘the

vffrin the mitochondria. Bonner and Rich (18) have also expressed this e

OPlnion- o , ‘ .' Lo &

©

.dﬁresistanturespiration, but does not prove it is the branch point.

R4

<&

P "‘.
. .
' REIPTON
S

Recently Bonner and Rich (18) claim to have solubilized with

. deoxycholate, a quinone 02 reductase from skunk cabbage mitochondria. ‘ffdia"
”'vQThis reductase was inhibited by m—CLAM If the enzyme isolation can be ff'
‘.€§5VErified in other 1aboratories, it would no doubt clear up the questions

“fprsurrounding the branch point and the role of ubiquinone in the alternate‘h”

Control of the Alternate Pathway

~[,s. .

D K
b

"“.g Since the alternate pathway gnd the cytochrume pathway co-:f,f_ﬁi;l“
fex1st and since the alternate pathway is nonphosphorylating, it‘would

\V'f4iseem that some mechanism for apportiouing electrons between the two 15t“ .

S

'There is however considerable:interference from protein absorp-_

13

‘tWhiCh could be restored by durOQUinone, orhgy reconstitution with ubiqu1—5<‘-”J

-‘none 50. This would indicate the involvement ;f ubiquinone in cyanide e

f‘ﬁcyanide resistant fractlon without a 1oss in the cyanide sensitive ‘5‘ 1f""””

L lfraction., This would suggest that there are separate pools ‘of ubiquinone ::fjf
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- pathwayS'must exist This probIEm has been the most thoroughly inves— .
_h tigated by Bahr and Bonner (2 3)

Bahr and Bonner used a seemingly specific inhibitor of .the °

Tﬁ{"alternate pathway, m—CLAM in their investigation. The action of mnCLAM

band other substituted benhydroxamic acids had been discovered earlier by
,f Schonbaunu Bonner, Storey and Bahr (90) Bahr and Bonner plotted rate

. versus. inhibitor concentration in the presence and absence of cyanide v

- ,From this data could be obtained p, a fraction indicating what portion

”-”alternate pathway.

?.}of the alternate pathway was actually operating under the given experi—
.mental conditions.\ Under state 3 conditions in‘mung bean (Phaseolus .v
:‘aureus)-mitochondria, the alternate pathway was: not operating at all
Iwhile under state 4 conditions it was maximally active With shunk

lcabbage mitochondria under the same assay conditions»the values ‘were 0.55.

and 0 65 respectively. The primary controlling factor 1n the operation
_‘of“the alternate pathwam appeared to be the flux through the cytochrome
hpathway. Thus under state 4 conditions when activity of the cytochrome -
pathway was. inhibited by a lack of ADP electrons were shunted to the ’

=Y

A mechanism by which control of this type could be achieved

LN

‘was also postulated by Bahr and Bonner (2, 3) It is shown in Figure 2

It consists of two carriers at the branch po int. b ing in equilibrium T
) g“’?
p

with e‘jh other. The E" values of. the carr need to be such that

under conditions were A, the carrier 1eading to the alternate pathway is .

7lfully‘or partially oxidized B, the carrier leading to" the cytochrome |
lpathway is fully reduced | ) 7 |

. Despite some. difficulties with this mechanism, namely the fact,

: that different Krebs cycle substrates occasionally have bigher or 1ower
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*The branch point as envisioned by Bahr and Bonner

1

Bahr and Bonner (3) envision the branch point to be composed
of two ‘separate electron carriérs in equilibrium with- each

K ~other. Further details are given in the  text.

<
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" rates. of ox1dation by the alternate pathway than expected (45), no other

]

general theories of control have been offered One of the‘reasons for

L]

this is that no other methods for simultaneously measuring the‘activity
'l'of the alternate and cytochrome pathways have been found Several

authors have suggested that this is an experimental priority (72 94)

It should be pointed out that one of the nice features of the '
. »

- mechanism discussed above is that .t allows for the indirect control of ’

the alternate pathway by the, energy charge of the ndtochondria The

o phosphorylating cytochrome pathway 1s preferred to the. alternate non-

'phosphorylating pathway when ADP is present (state 3) and the alternate A,

f pathway is preferred under high energy charge conditions (state 4)

Tt
.

jdlib Nature of the Alternate Oxidase : R R '>\\\\‘
Complete knowledge of the nature of the alternate oxidase will_ :

Hprobably not come until the enzyme has been\isolated and purified ‘In_ ]
f;thi:'respect the recent solubilization reported by Bonner and Rich (18)
.is of considerable importance.. They, however, have not as yet been abler A

| iito characterize the proteins that they have solubilized 'ir;{ o
Iron—sulfur proteins have long been implicated as poss1ble ‘
,fcomponents of the alternate pathway., Cheveau, Dizengemel and Lance (23)f
5have studied the thermal denaturation of the electon transport chain 1n B
plant mitochondria. They have found that the cyanide—resistant pathway
:is consistently‘more sensitive to thermal denaturation than is the .-
cytochrome pathway. They have also found that HZS is released as the

o

alternate pathway activity is lost About-ZO% of the acid labile,sulfur»

of the mitochondria of Arum Mataculatum was lost during the denaturation>‘ _

3 of theACyanide-resistant.pathway.



Henry, Bonner and Nyns (44) have studied cyanide-resistant

respiration in the yeast Saccharomycopsis lipolytica.> They‘found that

‘the cyanide—resistant respiration developed during the stationary phase'
“of growth when the culture was aerated The addition of Fe (III) to the
‘culture medium;increased the'rate'of appearance and‘the‘extent of

development of the cyanide resistant respiration. 'Of’theimetals tested,

oo

only Fe (III) had this effeet.
The above: experiments together'with those on the inhibition of
'the alternate pathway, to be discussed below, constitute the main’ body |
. of ev1dence favouring the involvement of 1ron-sulfur proteins in the
cyanide-resistant pathway._ A good deal of effort has gone into investiga—

.tions confirming suspicions by epr spectroscopy of the involvement of

i

: iron—sulfur proteins (74 83 86 90) However, for the most part these .

hN

o experiments have proved unfruitful Some authors (74 90) have attributed :

”.part of the complex signal at g 2 Ol to the alternate oxidase
,However, Rich Moore, Ingeldew, and Bonner (86) have carefully examined
gthis hypothesis and have discounted it, since there seemed to be no
=»correlation between this signal and alternate pathway activity 1n the -
imitochondria from several plant species. Also, m—CEAM has no - effect on

'.Vthisasignal except at concentrations higher than that required for

-},-inhibition of the alternate pathway.

. Henry (43) has found a signal at- g =4.03 in mitochondria from_v.-

:S lipolytica, which he attributes to the alternate oxidase Rich and

'Bonner have, however, been nnable to find any evidence to link the t.;_'

| :signal at g = 4. 03 to the alternate oxidase in higher plant mitochondria

' _' (83)."
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- a concentratibn often used to inhibit cyanide-resistant respiratlon.'l"
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e. - Inhibition of.the Alternate Pathway‘

Inhibitors can\provide a great deal of information about

"

biochemical pathways and the nature of the enzymes involved it has

been known from some time now that various hydroxamic acid derivatlves_
inhibit the alternate pathway (90) The-most potent of'these.derivatives_
is-m—iodobenzhydroxamic acid (K = 0,02 mM) However others including '

4

m—chlorobenzhydroxamic ac1d (K =0.03 mM) and salicylhydroxamic acid

’( i O 06 mM) are also good 1nhibitors.» The substituted benzhydroxamic':}

:acids are generally more inhibitory, perhaps because of their nonpolar i

H

'nature. The 1nhibition is reversible in that it can be removed by .

washingf i Y

RN

It is natural to assume that the hydroxamic ac1ds act by s
. ' \\_"‘—f “

chelating a transition metal All of them will complex with 1ron, i

S

J.,partlcularly iron in the ferric state.' However, this idea as been

y-strongly challenged by Rich, Wiegand Blum, Moore, and Bonner (87)

Rich et al (87) studied the effect of SHAM on several redox ;Ti

enzymes: Potent inhibitions (greater than 904) of tyrosinase, L-OC~ :

g

'glycerophosphate and horseradish peroxidase was obtained with 1 mM SHAM

aThe 1nhiPition was not related to the nature of the metal at the active 5‘

<

"site and could not be mimicked by other metal chelators. Kinetic

d

ﬂjanalysis showed the inhibition of tyrosinase to be competitve with L—

tyrosine. The authors concluded that inhibition of these enzymes was by

‘competition with the phenolic substrate for the binding side on’ the 9

protein By analogy they feel that the alternate mitochondrial oxidasdd

f’is probably inhibited by competition for its substrate, reduced ubiquinone.-‘ i
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K the specifici

<

" of the. mitochondrial enzymes and is inhibited by SHAM at one order of

Y

', An interesting point that arises as a result of this work is

SHAM have often been used in experiments where tissue slice respiration

has been measured Rich et ‘al (87) point out that the tyrosinase enzyme, o

.in a potato slice has at least 100 times the dk/gen-conSuming capacity
]

magnitude léss than the cyanide—resistant respiratory pathway is.
Clearly the interpretation of such experiments is very difficult |

| Other inhibitors of - the cyanide—resistant pathway have also ._‘
been found Disulfiram (tetraetylthiuram disulfide)‘will inhibit the .
alternate pathway specifically and at a site different from the site ;
1nhibited by SHAM (36) Preliminary evidence implicates the formation |
of a mixed‘disulfide with a protein sulfhydryl group as the mode of .

e

action (36) 'fz'ngl'_";:-f.'b;

"l

y of SHAM in unpurified or whole cell systems. ti~CLAM and‘ =

The quinone analog, dibromothymoquinone (2 5 dibromo-6—methyl—a'r?

3—1sopropyl—p—benzoquinone?g inhibits both the cyanide sensitive and

msenSiti"e Path"ays in plant. mitochondria (91) . \The inhibition Pattern B

= ?pat_:.hyay\ _(,48),. -

1s complex and is not c0nsistent with a site—specific mode of action o

- g SR :
‘ Part of its action~may result from a general decrease 1n membrane

5_ E

fluidity (91) Nonetheless, inhibition by d romothymoquinone hasvbeen

cited as evidence for the involvement of ubiquinone 4in the alternttibe

-

BERS

:y_fi.‘ Product of the Alternate Oxidase

b

There is SOme evidence to indicate that the end~product of the hivf

cyanide resistant pathway is H202 rather than H 0.¢ Rich Boveris and

had rates of H,0 production which correlated well with alternate

22 g
; 3:r

ot

Bonner (84) found that sub—mitochondrial particles inhibited by antimycin k
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pathwayyact1v1ty.‘ Wholevmitochondria on the other hand had low rates of
2 2 production. This was attributed to the presence of endogenous t
l:"catalase. Catalase has typically been regarded as’'a mitochondrial
’contaminant. However since even gradient purified mitochondria have S
been shown to possess some catalase (40 84), it may have an. 1ntra?’

'mitochondrial role. Although H O2 production by wholeimitochondria was

'»low in Rich et al's (84) experiments, it was significantly higher when : "

“:the alternate pathway was operating i.e. under state 4 conditions

[y

Production of H202 by the alternate oxidase has been used to

,_»_explain the 1ncrease 1n respiration,caused by cyanide in Ch10r81la4pro— S

iithecoides first discovered by Emmerson (31) and 1ater confirmed by Grant
. ~and Hommersand (35) A simulation model (24) has shown that the smmul—
"dtaneous 1nhibition ot cytochrome oxidase and catalase would increase 02 .1_'* e
~:consumption because of the stoiéhiometry'involved in the production of :;iyﬁA'

H 2 2 Since antimycin does not stimulate oxygen consumption in this?:‘
l'organism, presumsbly because it does not inhibit catalase, the explana-.f

-*f"tion seems reasonable. - ';?; ,1[c :.7;_~?,f,_‘"frf;j hf'g_vf

“_:lfgr Induction of the Alternate Pathway
j*In both plants and micro—organisms there are conditions that

’»7canvih¢re53e the amount of cyanide—resistant respiratidh The conditions

'°~x;}which elicit this response vary from organism to organism._ e

» In micro—organisms conditions that inhibit the cytochromeii dhh5
vdftpathway, ‘or inhibit its development, will induce the alternate pathway.h'
'Chloramphenicol for example, when included in the culture medium of

d d-Neurospora, will cause development of the alternate pathway (30) :

- Chloramphenicol inhibits protein synthesis on mitochondrial ribosomes

'.
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'and therefore inhibits the formation of some subunits of the b and a
Lcytochromes. The inclusion of 1ow concentrations of cyanide or anti— :
' mycin A. in the culture medium will also lead to the development of

‘ cyan1de~re31stant respiration in other organisms (63) With the yeast

Candida utilis,-a copper-deficient growth nedium has been shown to

| stxmulate the development of cyanide—resistant respiration (29)

'Presumably again this is because cytochrome oxidase cannot be synthe— h "ﬁ,
.:sized because of the lack of copper .an essential component of the |
h'enzyme,:: : : ‘ :
| Another factor known to induce the alternate pathway in micro—

organisms is acetate. Troostenberg, Ledrut—Damanet and Nyns (101)

- showed that concentrated cell suspensions of Saccharomycopsis 1‘polytica‘ ‘:

'_excreted large amounts of acetate into the induction medium as they
‘:'became insensitive to cyanide. Dilute cell solutions did not secrete

5=acetate and did not become cyanide insensitive unless acetate was added

'1ﬁto the medium. They hypothesized that a high rate of substrate oxidation

d"ff;_coupled with a low rate of reSpiration resulted in the accumulation of

,‘ Lo

:wadan 1ntermediary metabolite, acetate, which then triggered the induction

7process.lf:df3 »,mtg:,a;:,ly.r
et A o UL R
There seems to be only one reported instance where chloram— o
‘d{riphenicol has induced the alternate pathway in higher plants. ;The_]tft
: respiration of coleoptiles from rice seedlings that had been germinated DR
v i'in an aerated water solution containing 0 25 mg chloramphenicol/ml was -

ysvabout 902 resistant to cyanide (70)

Kano and Knmazawa (54) felt that pretreatment with low concen— e
~14 '

o :trations of HCN (10 M) for 2 to. 12 hours leds to a subsequent increase ;

";r‘in cyanide resistant respiration in wheat seedlings. They‘wereﬂunable;.yg
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» aﬂeadditiOn to the carbon dioxide..fv' IR 'f'j;jif~f9f.ﬁ" >

~3production of "wound"‘ethylene by the

Zicontrols grown in a normal atmosphere.‘ The effect was enhanced when the

_ -
to show this with isolated mitochondria however (55) and it is difficult.
"to ascertain from their experiments whether or not HCN in the environ—‘;
ment actually led to an induction of the cyanide resistant pathway

A cOpper deficient growth medium in.a plant cell culture of

Acer;pseudoplatanus did not induce the alternate pathway (14) The-K

for cyanide declined and the amount of cytpchrome oxidase ‘as measured
spectrophotometrically declined “but respiratory function was: not 1mpaired
Pres bly this is because plant mitochondria normally have a 1arge :

excdss,of cytochrome oxidase relative to other resplratory components.

The most familiar enample of induction of the alternate pathway;
‘ is ‘the case of‘washed and aged potato slices (26 38) Normally the

']f respiration .of mitochondria from the tubers of the white potato (Solanum _
f”tuberosum) is completely inhibited by cyanide. However if tissue slices:ﬁh

‘h@are taken from the,potato and maintained in an aerobic incuhated medium

i
a cyanide—resistant SHAM—sensitive\respiration that can. account for up

P

'flito 40% of the mitochondrial respiration rate. ;if

mﬁ_ The reasons behind this phenomenon have never been fully

P R -

"tato slices. fr '{aj;ff.:iﬁyf,.

Cyanide.resistance has also }een produced by high levels of

2 -

2 in the ambient atmosphere and by ethylene. McCaig and Hill (71)

‘A"ﬁreported that wheat coeloptiles grown in an- atmOSPhere containing 25%

2

L

i'jiwheat seedlings were grown in an atmosphere containing only oxygen in e

22

' for 24 hours,,it is found that the mitochondria from these slices pd%sess r-f

:"r3]elucidated but the possibility exists that it may be as a result of the,rf' -

had significantly higher rates of cyanide resistant respiration thanowi,fix
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.h. Cyanide-Resistant Respiration and . Ethylene

The olefenic gas ethylene has 1ong been known to have varied

feffects on plant growth (20 65) It is now considered to .be an endogenous

\.

| plant growth regulator. Of special interest to many physiologists has

been its effect on’ the respiration and ripening of fruit.. Ripening

«\

"fruit undergo a respiratory upsurge known as: the climacteric (13)

Associated with the. climacteric is an. increase 1n ethylene production

-The climacteric and ripening can also be br0ught about artifically

through an exogenous application of ethylene ' The mechanism and cause '

: of the cLimacteric are unknown.,
. <@

Experiments by Lips a1d=Biale (66) showed that the respiration B

. of slices taken from climacteric avacadoes was not inhibited by cyanide .;'“
‘;or by amytal.» The raSpiration of pre-climacteric slices was in fact *:“"
f:stimulated by cyanide.: As a result of their experiments they proposed
:t a dual pathway concept for the oxidation of NADH in plant mitochondria
f’.szhey soon abandoned this theory when they found that the mitochondria j“:‘ﬁ- :
far_isolated from both climacteric and pre—climacteric slices were.very .
fifsensitive to cyanide and'amytal (11) A close examination of these
"i;results reveals that the mitochondria from climacteric.slices were in ;f

"ffact slightly less inhibited than those from the pre—climacteric slices,*;ifl.V‘;-

"3gbbut the experiments are too incomplete to form definite conc1u51ons

Solomos and Laties were the first to propose a 1ink between

uiiﬁsthe climacteric and cyanide—resistant respiration (93, 94) They found
2 :that in a large number of storage tissues,_roots and fruits of various ivlb:ff;b:
";plants, both ethylene and cyanide, stimulated respiration. They felt rﬁ'7:::'

'that the ethylene exerted its action by a direct activation of the-5;“ |

e

T cyanide resistant respiratory pathway.3 However they were unable to y'

N



‘ :vpresent.. They feel that ethylene stimulates the production of proteins

'h=j;'failure of m—CLAM to inhibit respiration in tissue slices during thefj‘_.f

explain why isolated mitochondria from potatoes failed to show any

T : )
' indication of a cyanide resistant pathway.

It now ‘seems that another explanation is possible. Rychter,
:_Janes, and Frenkel (89) have shown that if mitochondria are isolated
"from potato tubers after they have been treated with either ethylene or

. -3, .
’cyanide, a significant amount of cyanide resistant respiration is

: _respon51ble for cyanide—resistant respiratlon._ They suggest that ethylene
ycan be considered an. 1nducer of the alternate pathway. There are stlll .
'-some questions, however, about the involvement of cyanide-resistant

)

"f respiration in the respiratory climacteric. They have arisen because of.

4]

'climacteric (65 lOO)

| -i;- Physiological Significance of Cyanide-Resistant Respiratlon

Except in the case of the Arum family where cyanide resistance

V‘J.seems to be very definitely associated with heat production (85), no

:[clear—cut physiological roles for the cyanide—resistant respiratory YA-'N

‘—t

- pathway have been found : There are however many possibilities.,ff;"% 3

One of the most straightforward is that the cyanide-resistant J'v o

'f?m;pathway serves as an alternate pathway when conditions are unfavorable

vrﬂ;gfor the cytochrome pathway. Inhibitors of the cytochrome pathway abound ._'K

i in nature.; Hydrogen cyanide can be produced by over 750 species of

kdrplants, as well as by numerous micro—organisms and fungi (53) In

'”l;addition, compounds such as antimycin, hydrogen sulfide and carbon

‘1fﬁmonoxide can. also occur in nature (ﬁ& 112) : The importance and significance SN

.’»- RN

"ﬂifof an alternate respiratory pathway under these conditions becones 7’13

”'y*obvious. In support of this hypothesis an experiment by Rissler and
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o ‘ A, : L
Millar (88) can be cited They found‘that exposure of‘the fungus Stem~

phylium lot1 to cyanlde led to an 1nduct10n of the alternate pathway. E

5,an:exper1ment

This pathway then seemed to provide the energy for the induction of

formamide hydrol—lyase activity, which then’ detoxified ‘the cyanide . The

1

inclusion of SHAM w1th the cyanide preVented the induction of thlS .
enzyme. ‘ |

ﬁ Another experrment in thlS regard was carried out by Passam

P

(80). He found that mitochondria isolated from cyanogenic cassava

s

’l_ tubers were quite resistant to cyanide. Moreover, the degree of cyanlde—',f

b

re51stance was correlated with the cyanide producing potential of the -,

.

cultivar in question." r'&‘w

o

Alves, Heisler, Klssing, Patterson and Kalan (l) have found

: that the production of sesquiterpenoid stress metabolites\in potato'

tubers was enhanced by ethylene oxygen mixtures, conditions whlch

°

‘ 1nduce the alternate pathway. The effect was suppressed by SHAM Such ‘ "‘7

ises’ the possibility that the alternate pathway or

rom the alternate pathway are involved in stress -

ion._ There are may peroxidase enzymes in plants and

generate ATP, and 2) to generate organic acid intermediates for bio—‘}'“fif;,;'“ B

synthetic reactions.‘ In plant cells the first function can be serVed yij

o equally well by chloroplasts and photophosphorylation.n One then‘might

. expect that the second to have more importance. The presence of the
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] ex1sts 1n plant mltochondrla. Another factor Important to this scheme ,

- COHVEISlon of succ1nate to oxaloacetate in the endosperm of fat conta1n~¥vj.f'*i»

26

alternate pathway would allow Krebs cycle reactions to occur in the
presence of a high energy charge. Present knowledge concernlng the

control of the alternate pathway 1ndicates that electrons could be -

switched back to the phosphorylatlng paﬁgway should the ADP 1evel of the '

cell increase. Thelalternate pathway would be: aided in thlS role by the

)

non—phosphorylatlng NADH dehydrogenase that Palmer (77) clalms also

is the 1ntramitochondrlal presence of mallc enzyme. It allows the
7

mltochondﬂla to. start with any Krebs‘ cycle 1ntermed1atgfand convert 1t

v 4

to any othe ebs cycle Intermedlate A f1na1 requlsite of thls d

'. scheme is that the Krebs cycle enzymes cannot be 1nh1b1ted by ATP;]»f

A

s Thls may not be the case (92)

There is’a limlted amount of experlmental evidence to support
the above hypothe51s. Von Wlllert and Schwobel (105) h%ve found that

hen 1eaves of the succulent plant Mesembryantheum crystalllum shlft <

from a’ C3 photosynthetic mechanism to CAM photosynthetic mechanism,_the
mitochondria undergo a number of changes.v Mitochodgria from the CAM
leaves have,lower RCR and ADP 0 ratios and much greater 1nsen51t1v1ty to

cyan1de than 1eaves with a: C3 photosynthetlc mechanlsm These authors "y

belleved that thlS change allowed the m1tochondr1a to convert malate ta

i pyruvate, a process eSQEntial to the CAM photOSynthetic mechanlsm,'g./fff

wathout a correspondingly higher ATP productlon.{ Mitochondrla havebfjﬁf-’v

already been shown to be involved 1n malate metabolism inSCA plants
/ - R R L
Mitochondria have also been shown to_besinvolved in the ‘ijf_;**ﬁ T

l

ng seeds such as castor bean (6) Succinate is derived from the j[77

SIYOxalate cycle and transported to. the mitochondria. The oxaloacetate }ﬂ L

s
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©is not further metabolized but is converted by way of - phosphoenolpyru—'
- vate, and reversed glycolysis to sucrose for export to the developing
. axis. Although this -process does not necessarily 5equ1re a non~
1phosphorylating oxidation pathway, 1t does illustrate plant mitochondria-

. g
playing a role An 1ntermediary metabolism There may be other 1nstances’

where such a role could requ1re a non—phosphorylating pathway
: S v

C.” Germindtion Processes in Pea Seeds

The aim of this study‘was to study cyanide-re51stant respiration in
lgerminating pea: seeds.: A great deal of informatlon and experience on v‘
the respiratory reactiOns 1n germinating pea seed had already been‘ .
k ﬁaccumulated in the laboratory and it seemed de51rab1e to expand this to 38
include.the cyanide—res1stant pathways Cyanide resistance had not been fh
<stud1ed extensively in pea seeds prior to this. A number of questionsA
’“vwere addressed 1ncluding the extent of cyanide resistance 4in isolated H%:vli-
bilmitochondria as germination progressed, the relationship of cyanide‘.f
liresistance to- other oxidation pathways, the role of ubiquinone 1n g

'E;cyanide—resistant respiration, and the possible effects of external

v,'f:env1ronmental factors on the development of the cyanide resistant '

LI R N LEE ‘a

:1re8p1rat10n.;fﬁp‘ﬁw"i,t

| "l Because of the nature of the study, a brief review is given on some :hf"'::

7:processes occurring in germinating pea seeds..g «39ff53.fﬁ“"uv -

The most extensive study done on the germination of pea seeds was

A;ify:perhaps one done by Bain and Mercer (4) They studied ultrastructural

o changes in the cotyledons by electron microscopy and related changes ;;ijr;hgh:'”

’"?;Loccurring at this 1eve1 to other anatomical and physﬂologlcal changes
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o : They were able to distingulsh three phases in the germination
Ce | _ process. Phase l extended from the onset of imbibition to JUSt before ‘
V the start. of shoot elongation.\ At the start of this phase the

respiration rate was low and mitochondrial structure was not readily

discernlble. However shortly after the completion of 1mbibit10n the.

G

respiration rate rose drazagically nd ‘the outer double mitochondgial

taé were re dily distinguished Shortly before'

membrane and inner cr
the end of phase 1, the respiration rate fell slightly
Phase 2 consisted of shoot development and emergence Lateral'rOOt

formation was also initiated at‘thiS‘time.. Some transport of reserve.

material from the cotyledons to the young axis also took place : The;s

v

respiration rate’ remalned relatively co.stant. Towards the end of phase

2 the cristae of "the mitochondria seemed to become disorganized
Phase 3 was characterized by the greatest loss of reserve material
.; ks from the cotyledons. It is believed that most of the reserve material

is transferred as sucrose and as amides such as glutamine and asparaglne

The respiration rate increased somewhat during this period.‘é

structure. of the mitochondria ‘was obscure but the outer doub

b BN
appeared to remain intact.- ' S . ‘g

Bain and Mercer also studied the relationship between the coty-‘
" ledons and the developing axis (5). They found that the ydhng seedling

‘ was dependent on the cotyledons 1ong after its morphological deve10pment L
A » . .
would indicate otherwise. i.e. well into phase 3. They also found that
S :
the presence of the young axis was necessary during the first 48 hours

“of germination. If it was removed normal development of the mitochon-
, dria and other ultrastructural features did not take place. This had
éarlier been no;gd/by Young, Huang, Vaneko, Marks ﬁnd Varner (116)
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. sdlomos,_Malhotra, Prasad, Malhotra, and.SpencerA(955vcarried out a
similar Study on mitochondriai.deyelopmentbin éerminatiﬁg peas. They
found that the resplratory activ1ty of mitochondria isolated from coty-
ledons ‘shortly after the onset of imbibition was.limited. -1t increased
’rapidly after the flrst-two dayS'though and higher rates of substrate“
'.oxidatlon as well as good RCR and ADP:0 ratlos Were ‘obtained after 4 to

A6 days of development. Thereafter the values decllned somewhatvas the

rf'cotyledons senesced

In the1r studles Solomos et al (95) found that many of the mltochondria .

.‘1solated shortly after the onset of 1mbibition banded at a heav1er |
“den81ty than expected on a sucrose density gradient. These heavy nitofob
'-chondria disappeared as the cotyledons developed They therefore
'hypothesized that new mitochondrla were not synthe31zed in the germina— f’
t1ng peas.but rather these heavy mltochondrla were pro~m1tochondr1a -
which subsequentiy underwent developmen§ "ﬁ‘y", - ' ;' A

To test this hypothesis Malhotra, SOlomOS, and Spencer (69) used
radloactive precursors and measured the 1ncorporation of these inLo
mitochondrial DNA and protein.v They found that 14C'leuCinewas incorr_,
| porated-into mitochondrial*prqtein, butv3H thymidine?was not‘incorporated
into mitochondrial DNA. ‘Tﬁ%y concluded theretore'that a net'Synthésis
of new mitochondria did not take place. fhis»idea has been'supported hy

others (75)

29



II. MATERIALS AND METHODS

A. - Plant Material

1. fRoutine'Germination*Conditions

r -

Cotyledons from seedlings of the garden pea (Pisum sativum L var, a

Homesteader) were used in this study.- Large lots of seed (5 kg) were
purchased from a wholesale seed distributor (Seed Center, Edmonton) and.
were kept under refrigeration until needed
The seeds were soaked in tap water for 6 hr. They were then

planted in horticultural grade vermiculite to a depth of l 1/2 inches.d
‘ Broken, damaged and diseased seeds were discarded Germination was 1n
?:ta growth chamber-in the darkrat-27 + 2 C. The peas were watered daily )
vpiand a high relative humidity was maintained throughout the growth
period c . ‘ - i ‘

I3

After the appropriate germination period the peas were harvested

]eAgain, diseased and poorly germinated plants discarded The seed coats

vtwere removed and the cotyledons were separated from the epicotyl and f-.
hypocotyl The cleaned cotyledons were’ washed with tap water, rinsed

. _once or twice with deionized water and then stored on ice until the T_f"

’_ mitochondria vere isolated. RS

. .2, Alteration of Germination Conditions

~a. Inclusion of Chloramphenicol

~ An experiment was done whereby chloramphenicol was included in

0

.'the growth medium This ‘was accomplished by soaking the seeds in an
!

aerated solution containing 0 S'mg/ml chloramphenicol for 24 hours._‘The

2 : L3
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seeds were then transferred to a tra®% and were grown on filter paper for
four.dayS-further.’~The filter'paper was kept moist with the chloram~

phenicol solution. Temperature and light_conditions were as above.

.~ b. Inclusion of Azide

Sodium azide was included in the growth medium in the same way

as chloramphenicol.’ Two ‘concentrations were used: - 10- -4 M and 10~

C. Treatment with Light

<

Conditlons in this treatment were the same as the normal

éermination.conditions except.that continuous light was substitutedifor.'

v :
continuous darkness.

"d;‘ Treatment with Ethylene
' The seedlings in this treatment,were grown in large respira—~4
:toryfjars., About 7 5 grams of dry pea seeds were placed in a jar and

covered with vermiculite. The vermiculite was thoroughly wetted with '

stap water 'nd excess water was poured off The Jar was then sealed and

T-purified e ylene was injected into t' ‘give a final ethylene

'concentration offnear 10 ,PPm'

iolateri'-i"

"Anralternate ‘system was also. used'in sqme ekperiments.vFPeasb ",

?xwere planted into a. large (33 1iter) Plexi~glass growth chamber sealed]d'

'except for two ports. A stream of purified a containing 112 ppm

l‘ethylene was | then passed over. the seeds b six days. The flow‘rate'

-into the chamber was appfoximately 10 .ml/min.‘

The cotyledons Lere harvested ‘six days.,’

31



e S

B.-

.)VIat 20 c by the addition of Tris
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Isolation of Mitochondria

l. freparation of Washed Mitochondria
. The isolation procedure followed here was hasically that of Phillips
All operations'were carried out between 0 and 4° C. Approximately
The
- | s

(81)

250 grams of peas were ground in cold m@rtar .and pestle for 8 min.

0. 5 M mannitol 5. mM EDTA

following grind meditm (300 ml) was used
| The pH was adjusted to\7 4 at

v 0 SA BSA 0. 054 cysteine and 50 mM Tes.

The brei was filtered through one layer of miracloth

20 c with Trls.
The‘superr :

and the filtrate was then centrifuged at 700 g_for 7 min..
The supernatant‘r

natant layer was recentrifuged at’ 21 ,000 g_for 5 min.
layer, including the fluffy white 1ayer Surrounding the dark brovn

mitochondrial pellet, was removed with a pasteur pipet connected to a

The mitochondria were then resuspended in a wash medium

vacuum line.
consisting of 0 3 M mannitol, 0. Z BSA and 25 mM¢ Tes brought to pH 7 2

'é centrifugation,stepsfwere*repeated,

su pended in the following medium 0. 3 M-
2

'*jand the mitochondria wer
mannitol 4 mM MgClz,‘and 50 mM Tes with the pH adJusted to 7 2 at 20 C

with Tris.l
",Z.T: Preparation of‘Zonally IsOlated’Mitochondria_
The zonal procedure of Hamman and Spencer (41) was . followed with

The 1nitial steps up to and including the 700 g

B some modifications.
i The super—

centrifugation step were identical to. the above procednre.

natant layer from the low speed centrifugation was then edge—loaded into

‘a chilled Ti—XIV zonal rotor spinning at 1500 rpm in a Beckman Spinco

L2—65B centrifuge. Following thia a sucrose—step gradient wéialoaded

»



'T[s‘fmg/ml BSA- and 50 Ll Tes, with the pH adjusted to 7. 2 at. 20% by Trls)

5
into the rotor. The‘gradient consiSted of 100 ml eachcof 33%, 3?)5%,
and-43%‘(w/w)‘sucrose, andfsufficient 48% (w/w)-suErose‘totfill the |
f‘rotor;. The gradient also containedTO.TZj(w/w) BSA and»lZ (w/w) Tes,-
with‘the ph~adjustedito Z:Afatzébocbwith:TrisQT Centrifugationcwas for‘i
honr at 37,600 rpn;' At theiend:ofzthis time‘the.rotor-was eenter;unloaded: .
"hy‘use of;a:507 (w/w) sucrOSelsoiution‘"Protein peaksbwere monitored:_f
‘w1th a Pharmacia o Duo Monitor (Model 200) The proteinipeah'attthe'v>
,1nterface of the 37 SA and 43A steps was saved This:fraction wasi
slowly diluted with a buffered solution (0. lA BSA, 25 mM Tes, with pH
. adJusted to 7.2 at 20 C.-with Tris) This suspension was centrifuged
‘f'for ‘10 min. at 19, 000 g. The mitochondria were then resuspended in a

rmedium consisting of 0 3 M mannitol 4 mM MgClz, and 25 mM Tes with the

pH adjusted to 7 2 at 20 c with Tris, ii,b

‘4C.' _Measurements ofjMitochondrial"Integritg.

+'1. Succinate~Cytochrome c Reductase .
Succinate-cytochrome c reductase activity was measured by the rf

‘T,ﬂ:method of Douce et al (27) Mitochondria were added to 3 ml of suc—"’hf .

:f.vccinate assay medium (0 3 mannitol 5 mM phosphate, 5 mM MgClz, 75vk~31-;{3_j‘i1>

RN

?iThe assay medium also contained 0 02 umoles of cytochrome/c and was 0 5 5”
"_mM in KCN.' The reaction was initiated by the addition of succinate to a. 'c.;[;f;‘

.»/‘

whfinal concentration of 8 mM and was followed by observing the increase"’

-
e

| in absorbance at 550 nm on aaCary/IS recording spectrophotometer. “;

. e
-

7

Osmotically burst mitochondria were assayed in a 1o‘mn phosphate

- . R \ R »

. buffer, pH 7;2»at,20.c.21



2.  NADPH-Cytochromec Reductase

This activity was measured in 3 ml of assay medium that was made
0.5 mM inm KCN and contained 0. 02 umoles cytochrome c and 0 02 umoles
: o
NADPH. The reaction was followed by recording the increase in absOr—

‘bance'at 550 nm.,

)

“D. 'Respiratory'Measurements

>

Oxygen uptake was measured with a Yellow Springs Instrument Company ,

Model 53 oxygen monitor connected to a Beckman 100 mv potentiometric :
"recorder.» The procedure and media were those of Solomos et al (95)

The: standard assay medium consisted of the follow1ng -0;3>M:"'-

fmannitoldgé M MgClz, ‘5, mM phosphate, 0 75 mg/ml BSA and 50 mM Tes with:

-

fthe pH adjusted to 7 2 at 20 C by the addition of Tris The respiratory

_substrate was included in the assay medium This was usually either 8

Nd;mM succinate, 8 mM ct}ketogluturate, 10 mM L-malate. The sodium salt ofﬂ _

‘these acids was used The malate and °<—ketoglutarate media contained

LQ;O 1 mM thiamine perphosphate and thee(ketoglutarate medium contained Sfﬂ_

v 1
l:mM malonate as well

In a typical assay, 3 ml of assay medium containing the appropriate eri' g

kT

substrate waa added to the reaction vessel This was allowed to equili-'ti

‘;wVJT{:Tf‘:hffdthig5t~h?;ﬂféfgb,'

34

| l’brate for 3 to 5 minutes.= The temperature in the water bath surroundingt,j' _

o fthe reaction vessel was maintained at 25 C.; Following equilibration thelb.}l”..“

, oxygen probe was inserted into the reaction wessel and the recorder wasv

'_5set to read lOOA saturation.‘ Complete oxygen saturation of the assay

"_l medium was assured by keeping the assay medium cooled prior to adding it';k S

0

B to;thevreaction_vessel BEtween 0 5 and 1 5 mg of-mitochondrial protein:f""

-



o us/ml

£

was then added followed by 10 to 20 ul of 0. 03 M ADP From 2 to 4

[

‘cycles of state 3, state 4 conversions vere initiated

When inhibitors were used they were usually added after the second

laor third ADP addition. Potassium cyanide was routinely made up as O 02

,M solution in water‘ Thirty ul of this solution was added to the reaction

‘\

’vessel to give a final KCN concentration 0.2 .

SHAM washdissolved in dimethyformamide and 30 ul were added to make
I

. jthe final concentration in the reaction vessel 1 mM. Chloroquine was
"dissolved in water and handled similarily.. Rotenone was dissolved in -
fdimethylformamide. Antimycin A was dissolved in 95% ethanol and from 5

. to 10 ul of solution was used to give a final concentration of 0. 4 .

L4 B

Occasionally, at the completion of the run a small amount of Jg,»‘ '

',"dissolved sodium diothionite was added to the reaction vessel.. This

4 7 : EO

:'insured that the baseline on the recorder was indeed 0 It was assumed

-

. jthat the oxygen saturated assay medium contained 275 nmoles O /ml ,The”l
"'iifcalibration procedure suggested by Estabrook (32) was used to check thlS
'-"value. In this experiment, the amount of oxygen consumed by frozen

-mitochondria oxidizing known amounts of NADH ‘was measured This method

v“i;&225 and 240 nmoles 02/ml.: However since the 275 figure had been used in

: previous calCulations and in other studies in the laboratory, it was'

-fretained* ‘

a

3;ff1ndicated that the value for the saturated solution was probably between |

35

When duroquinol or menadiol were used as respiratory substrates. _.»‘”°”

‘::they were first prepared by reduction with sodium borohydride. A few
"grains of sodium borohydride were added to a 50 mM solution of the~

,l oxidized substrate, which was dissolved in 952 ethanol A few drops of

C o Lo - ’J“.‘:' S S Q



"”;:f operations were carried out between 0 and 4 C.sv ”f'"H”"'

'*“slubiquinone or commercially obtained Coenzyme Q6 was accompliShEd by the

36

o

HCl then added to insure reduction and to eliminate the remaining
borohydride., From 10 to. 20 u1 ‘of this solution were added to” the
reaction vessel. Menadiol and duroquinonol oxidations were carried out’

at pH 6.0;

E.  Extraction of'Coenzyme'Q,,

|

lhe procedure for‘the extraction of ubiquinone from the mitochon— -
-dria was ba31cally that of Szarkowska (99) Washed mitochondria from 6
Viday cotyledons Were resuspended in 0.15 M KCl at a concentration between f
"10 and 20 mg protein/ml About 10-ml of this solution was qulck frozen |
~”f 1n a dry 1ce—acetone bath The frozen suspension was then lyophillzed

k|

'.for appr2x1mate1y 8 hours u51ng a Virtis lyophllizer.' After the lyo~.
.'oliphilizatiOn procedure was.complete, the mitochondria were“resuspended in :
- ~'pentane with a teflon coated pestle u31ng”a,Sorva11 Omnxmixer and were |

' shaken for five minutes in'a glass stoppered test tube.i The mixture.was
:then centrifuged at high speed on a. small table centrifuge for 3 minutes.l
‘jeThe pentane was removed/anditheAprocedure was repeated The extraction A"

.f]procedure was repeated f{we times. The residue after extraction was!'

*i'dried under vacuum at room temperature for 30 minutes.: All other ul .

o Reincorporation of the ubinquinone, either the prev1ous1y extracted

: :reverse procedure. A small amount of ubiquinone containing pentane (2 —‘F},vf.tlg.

e 3 ml) was shaken in a glass—stoppered test tube with the extracted

. ‘ .
':fmitochondria were lightly washed w1th pentane.—'Theﬁmitochondria with

R}

, ,;mitochondria. The pentane was removed following centrifugation and the S

B reincorporated Coenzyme Q were then dried under vacuum at room temperature.v3



<

-\“\ssél
TThe_lyophiiized; extractedrand reincorporated mitochondria were'homo-
genizedvin the mitochondrial'suspending medium and assay;in the same
fvmanner as\othervmitochondria; | |

v !
’

e T ¥ IR . .
- F.' Measurements of the Redox State-of Coenzyme Q .

The procedure followed was. ba31cally that of Kroger and Klingenberg
(59) Between 250 and 500 ul of a highly concentrated mitochondrial
'suspen51on (10 to 20 mg protein/ml) were added to 1 ml of mitochondrial

' assay nmdlum.; Succinate was used as the respiratory substrate.»_The_

'mixture was incubated for 5 minutes at 25 c. The reaCtion wasrtermina—

37

",ted by the rapid addition of 5 ml of GOA methanol 4OA petroleum ether o

h(v/v).mixture._ The resulting suspension was then rapdily mixed for 1
¥minute with a Vortex mixer. The petroleum ether was removed with a
vf Pasteur pipet after a brief centrifugation (1 to 2 mihﬂ 1n a table
‘:icentrifuge.‘ The extraction procedure was repeated with 4 ml of petro—c

'1h1eﬁm éther. he combined petroleum ether extracts were then washed once .

With 95% methanol The petroleum ether was'. removed by evaporation at _?.T"ﬁ'

‘*.ireduced pressure. The remaining material was dissolved 1n a: 4 l ethanol

o F

v:heptane mixture under nitrogen.} The absorbance spectrum between 220 nm

- and 320 nm of this solution was taken on a Cary 14 recording spectro—~v3

"prhotometer., A small amount of sodium borohydride was added and after a

. few minutes, another absorbance spectrum was taken.r The QX1dized minusv,f_i(_f‘

';reduced absorbance at 275 nm was determined. b

iG;f":Proteinn;.j

I T

The Lowry method (67) for determ?nin% protein was used From 10 to"

‘7i;A25 ul of the protein containing solution were added to 0 5 ml of 202

TN



- TCA. This %

was thenicentrifnged at-high-speed‘in'a'enallltable centri-
,fﬁg;; 'The'TCA wasfrenoved and‘the pellet waa"rediSSOlved’in O.S'ml;of 1
v}_N NaOB’End brought to’ ‘a volume of 1 ‘ml with distilled water Five'mlfofﬁ
‘a solution 0. 014 in: copper sulfate D OZA 1n sodlum-pota531um tartarate
f :and 2% ln-sodlnn carhonate,yere thenvadded : After 10 mlnutee 0.5 ml of
j Folinfphenol»reagent pas‘addedr' Ihe:ahsorbance was.readﬂat 750 nm 30
"f:midutes later.‘iALetandardleurve;ﬁas prepared:nith'hnman‘serun alhnmin:‘

'-*H;r*‘chemicalsf".“’ REan

. . L
All chemlcals were of reagent grade and w1th the eXCeption of the ‘
. . . d

.'follow1ng were from Flsher Sclentiflc Co. Cytochrome c (Type III), NADH

‘;NADPH ADP Tes, duquuinone, menad’:;e, chloroqulne and cystelne were from
1"Slgma Chem1cal Co., BSA,‘chloramphenlcol and °<rketoglutarate, were from
difCalblochem Corp. and salicylhydroxamlc acid from Aldrlch Chem1ca1 Co |
tu_z'Coenzyme Q6 was obtained from Mann Research Laboratorles., Purifled

’.,-; .

'HVf;"fgases were obtglned from Matheson Co
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Téﬂire51dual resplratlon remalned in the case of-the washed mltochondrla

III. RESULTS : L

A. WMorphological'Development of the Peas o o /A

LN

:““We peas was very rapld w1th the germ1nat1on condltlons

\’:The\gro;f

2l

used. gFigura‘ za,tes this._ The radlcle emerged between 24 and 48

1mb1b1tlon Thereafter the shoot system

'develot . emerged above ground between the thlrd and fourth

Because the growth chamber was kept dark the shoot
dxd\not develop fully Lateral.root formatlon began
'bent shape of the roots shown in the dlagram occurred

> nature of the growlng contalner Development after the

isted-mainly of_epicotyl~elongatlon and root,exten31on.‘=

brial Integrity and Purity
A Comparlaon between zonally 1solated and washed mltochondrla is
. S N
The former preparatlon was buff 1n color, wh11e the .

'dxstlnctly brown Zonally 1solated mltochondrla

hlgher spe01f1c rates of oxygen consumptlon and had

'sllghtly better resplratory control ratlos._ However ADP 0 ratlos and

o

_ the percentage of resplratlon 1nh1b1ted by cyanide were s1m11ar in both
': ;preparatlons.f The oxygen uptake of the zonally isolated mltochondrla

"1was completely 1nhibited by cyanide + SHAM but a small amount of

¥

S

o The reductlon of externally added cytochrome c by succ1nate 1s also

'~jrfshown in Table I. In mannltol—Tes buffer the reductlon was 1ess than

‘.<u

. 5;104 of the actlvity in phosphate buffer.f Thls act1v1ty was somewhat

’Vf39f,}g
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FIGURE 3.. Morphological development of the pee'seedlings,

. Peas were soaked in tap‘watei_forpﬁ hours prior to .- . -

- planting. They were then planted in horticultural
grade -vermiculite and placed in growth chambers and .
kept at 27 + 2°C in the dark for the appropriate period

 of time. The above 1llustrat10n shows .the pea seedlings
at 1, 2, 3, 4, 5, 6, 8 and 10’ days after the onset of -

, 1mb1b1t10n (startlng at the top 1eft and proceedlng
from 1e§p’to rlght)
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© TABLE 1

A Comparison of the Respiratory Activities of "Washed"
v : Mitochondria and Zonally Isolated Mitochondria.

. ‘Mitochondria were isolated as in the Materials and Methods
section. A batch of 8’day old cotyledons was divided into two
parts and carried through the respective procedures. Similar
results were obtained when the experiment was repeated with 2 and
6 day old cotyledons. ' '

Washed | Zonally Isolated
Parameter - - Mitochondria Mitochondria
- Oyxgen uptake, state 3 . . 117.7 , 181.7
' (nmoles/min/mg protein) . :
Respiratory control ratio | » 2.42 - 3.38
' . . . e . ¥ ’
ADP:0 Ratio - ° : S 1.37 oo ] 1.38
Cyanide-sensitive respiration ~ 88%- . 887
Suécinate—cytqchrome ¢ reductase : .
in mannitol-TES buffer =~ - 10 S 7
(nmoles cytOChrgme c reduced/ ‘ S
min/mg/protein)

Succinate-cytochrome c reductase .
in 10 mM phosphate buffer 154 R o113
(nmoles cytochrome c reduced/ ° :

" min/mg protein)

-NAD?H-cyEoch£ome c reductase 72 o 32
(nmoles cytoch;ome.c'reduced/( S s ‘
min/mg protein) '

Antimycin A-resistant .NADPH-

cytochrome c¢ reductase _ 20 ‘ , o1
(nmoles cytochrome ¢ reduced/ - '

- min/mg protein)

I

#The millimolar absorbance coefficient used was 21.0 mM 1 cm—; (6).
. . . . Coe i J
o ""ﬁo-

Q

v . . . ' 6




lower for the zonally isolated mitochondria than for the washed mito-

v

chondria.
C. Mitochondrial Oxidations - “
--1,  Oxidation of Succinate

[

' The oxidation of succinate ?y zonally‘prepared mitoehondria from 4
day old cotyledons is'shonn in Figure 4. Mitochondria prepared from
cotyledons of this age typically had high rates of substrate oxidation
with good RCR and ADP:0 ratios. The oxidation of suec1nate was more rapio
than that of other Krebs cycle intermediates. Oxidation rates were
around 250 mmoles O2 min mg protein in state 3 and near 90 mmoles

“02/m1n.mg proteln in state Aj‘ The RCR was usualiy between 2'anq 3 ang

the ADP:0 ratio near 1.5. The respiratory control ratio was lower with

succinate than with either ~ketoglutarate or malate.

a. Effect of Cyanide : V‘ . %

The effect of cyanide on succ1nate ox1dat10n is also shown in
'Fignre 4, The effect of- cyanide was- the same whether it was added during
state 3, state 4, or to the uncoupled state. Uncoupllng was achieved

‘with 1.8 uM»CCP,, ADP added‘after the cyanide had no‘effeht on the

- oxidation rate (not shown).

The concentration of cyenide-required for inhibition was also
' . N
investigated. The results are shown in Figure 5. Half—max1ma1 1nhibitioé€

was obtained between 4 anq.10'uM KCN. However complete inhibition was .

not achieved even with 5 M. KCN.
b.  Effect of SHAM
The effect off SHAM on the cyanide resistant oxidation is also
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_ FIGURE 4. Oxidétibn’oﬁ succinate by pea cotyledon'mitochpndria.»- '
Mitochondria from 4 day old cotyledons were. isolated by
the zonal technique ‘and assayed polarographically. (See
Materials and Methods) The numbers alongside the traces
refer to oxygen uptake'in nmoles O, /min . ng protein

The circled numbers refer to the RCR and numbers in
rectangles to the ADP 0 ratio. :

A Y
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FIGURE 5.

L zonal centrifugation and assayed polarographlcally
- Materials .and Methods) The respiratory substrate was

- tions from 2 and 8 day old cotyledons.

Q t

The effect of cyanlde on the oxygen uptake of pea
cotyledon mitochondrla : ,

Mitochondria from 6 day old cotyledons vere prepared by
. (See

8. mM succinate. The experlment was repeated with another
preparation from 6 day old cotyledons, “and with prepara—

‘1




shownlin Figure 4. The cyanide resistant respiration was completely
inhibited‘by. SHAM in the case of zonally 1solated.mitochondr1a. A small

"amount of residual respiration (1 to 2%) occasionally remained with the

washed preparation. In the absence of cyanide, the additiOn of SHAM to
state 3 had little effect on the respiration rate (Figure‘6)'while
addition of SHAM to etate afcaueed a considerable decrease in the
respirationirate; Complete inhibition with‘KCN and - SHAM together was

Sag
IS

. obtained regardless of the order of addition.

The inhibition versus concentration curve for SHAM is shown in
Figure 7 ~ Half maximal inhibition was obtained at approximately 0.17 mM

[

" SHAM., Th1s curve was used together with the method of Bahr and Boriner
(2,3) to determlne the extent to whleh the cyanide—re51stant pathway was
actually operating durlng state 3 and state 4 respiratlon (Figure 8)

‘ The total respiration rate (V ) was plotted agalnst’g(l), a functlon

Kl

'describing the activity of the alternate pathway at yarious 1nh1b1tor

\

concentrations (Figure 8); The function g(l)-was detetmlned\from‘the--

°

,1nh1b1t10n curve of the cyanlde—re81stant respiratlon by SHAM' (Figure‘
7). The slope of the Vo veﬂius g(l) curve yielded p, the fractlon of.
the cyanlde re51stant pathway operating under the given condltions D

- was determlned to be 0.2 in state 3 and 0. 5 in state 4 Thls fractlon

- was approxrmately the same for 2, 4, 6, and 8 day old cotyledons

~

'2.  Oxidation of eC—Ketoglutafate » ’ s

. The‘OXidation of'eé—ketoglﬁtarate aS’shown:in‘Figure 9. The
'-,7ox1dat1on rate was. con51derably Slower than that of succ1nate but

ilhigher RCR s’were obtalned The ADP:O ratlos were 1nd1cat1ve of &”

ZcOupllngjsites Inhibition by cyanide lowered the ADP 0 ratio by

‘_v. é
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o
FIGURE 6. The‘effect'of SHAM on state 3 and state 4 reépiratipn.'

Mitochondfia'frbm 6 day old‘cotyledons.were isolated by ,
‘the. zonal technique and assayed»polarographically. (See
Materials and Methods). . The final concentration of '
SHAM was 1 zM. The numbers alongside the traces refer o
to oxygen uptake in nmoles O ‘min . mg protein. The
circled numbers refer to the RCR.. -
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Effect of‘Sngbon‘cyanide—resistant respiration.

WaShéd‘ﬁ&tOChondfia»mitochdﬁdria wére‘iéolatéd'from.é_déy[pld pea .

cotyledons and were allowed to”qxidize.succinate; Varying
concentrations pf_SHAM.were’added prior to the mitochondria.

Afte:tthewseCOhdiperibd.of state 3. respiration KCN was;addéd ]

’VtOiabfihal conéentration,Qf3Qa5'mM,H ‘ ‘ oy
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FIGURE 8.

i

Y
L=

{

The respiratory rate in states 3 and 4 versus g(i).

Washed mitochondria were isolated from cotyledonms. of
the appropiate age and were allowed to oxidize

succinate. SHAM, at varying concentrations, was
" added prior to the mitochondria. = The resulting

oxidation rate was plotted against g(i), which for
that particular concentration of SHAM, was determined
from experiments llkevthosg shown in Figure 7.
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FIGURE 9.

Oxidation of drketoglutarate by pea cotyledon mltochondrla.'

' Mltochondrla from 4 day old cotyledons were isolated by the

zonal technique and assayed polarographically. (See Materials

- and Methods).. The numbers alongside the traces refer to
. oxygen uptake in nmoles 0, min . mg protein. The circled

numbers refer to the. RCR and. thé'numbers in rectangles to
°the ADP 0 ratio. '
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approximately‘Z units.- SHAM and cyanide together lowered the respira-

[

tion rate to 0. ,
L&D

‘The possibility existed that thec(rketoglutarate and the cyanide

\
N\

might be reacting to form a cyanohydrin. This’ would mean that the

effective concentration of the cyanide in. solution w0u1d be 1ower,‘thereby
accounting for part of the cyanide re81stanCe This possibility seemed,
unlikely since the cyanlde-resistant respiration was 1nh1b1ted by SHAM.

A furthe% experxment seemed to conflrm ‘this. Sodium arsenite was added

‘to the mitochondria oxidizing'dkketoglutarate. All respiration was 1nh1b;

ited. Ascorbate—TMWD ‘which donates electrons directly to the cytochrome

oxidase regionﬁﬁnas th&n added and respiration resumed Follow1ng Lhis

3

SHAM was added and the ascorbate—TMPD respiration was 1nh1b1ted almost

entirely. “While this does not. mean that cyanohydrin formation was not
occurring, it does mean that fcs importance was minimal
. . 3 [

3. Oxidation of Malate

\

The ‘oxidation of malate (Figure 10) was éomewhat»Qariable.' A few
o | ceu o o .
preparations’oxidized malate much more slowly than other preparations.

.;}"

o

' However in, general the oxidation “of 10 mM malate was about 135 nmoles

05 /min mg protein. The ADP 0 ratio was about 2.3 and was decreased to
less than 1 by the addition of cyanide%
Occasionally the state’ 4 oxidation . rate with malate showed two

phases an. initial slow phase followed by an abrupt change into a

£

faster rate._ Another point concerning the oxidation of malate was that
b4 g ' LS
the second and third state 3 rates were lower than the first. The‘

opposite occurred with succznate and ‘ertoglutarate.

50



24

[

1 ) 1

16

_. A
[e) , o O
[+ o]

0 - ~

(#) NoOILY¥NiVS N3IDAXO

“

4
o
(]

12

"TIME

(MIN),



51a.

y

FIGURE 10. -0x1dation of malate by pea cotyledon mltochondrla

Mitochondria were isolated from 4. day old cotyledons by
< the zonal technique and assayed polarographically (See
" Materials and Methods). - The numbers alongside the traces
o refer to oxygen uptake in nmoles O,/min . mg protein.
+  The circled numbers refer to the RER and the numbers in
\\ '~ rectangles to the ADP:0 ratio. - .
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4, Qxidation-of'NADH-

v

Externally added NADH was oxidized rapidly by the pea cotyledon .

mltochondria (Figure 11). The ADP.O_ratio was near 1.5 A small

’fraction of the NADH oxidation was re51stant‘to cyanide, and sen31tive

to inhibition by SHAM.

5. ~Oxidation ofACitrate

[

The oxidation of citrate (Figure 12) proceeded very slowly but with

good respiratory cogntrol. ADP: O ratios were near the. theoretical 3.
(

The cyanide resistant respiration rate was large when expressed as a
percentage of the total respiration rate but on per mg protein. basis, it
’ . N : .' - ! : \

was not greatly different from other respiratory substrates.

S

6. ‘Oxidation of~Ascorbate-TMPD ’

The, oxidation of ascorbate-TMPD (Figure 13) proceeded extremely

rapidly with poor resplratory control (RCR = 1.5). ADP:O ratios were

. less than one. Cyanide (O 2 mM) did not completely inhibit the oxida-

c.

tion of the ascorbate-TMPD mixture, but the remaining: ox1datlon was only

]

slightly 1n¥ibited by SHAM

Addition of succinate after the cyanide caused a slight stiﬁhlation '

" of the respiration rate Most of this was sensitive to SHAM . An experi—

ment was also conducted in which no ADP was added While the oxidation . o
was proceeding. The addition of cyanide caused the rate to fall to 8. 6
nmoles O /min mg protein. The addition of ATP then caused the Tate. to

rise to 10.8,- The addition of SHAM then caused the rate to fall to 5 7.

-
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‘FIGURE 11,

O

. L . |
Oxidation of'NADH\by pea cotyledon mitochondria

Mitochondria from 6 day old cotyledons were 1solated by

" the zonal technique and assayed polarographically. ' (See

Materials and Methods) . The concentration of the NADH

~was approximately 1 mM. The numbers alongside the traces

refer to oxygen uptake in nmoles 0, /min . mg protein. The
circled- numbers refer to the RCR and the numbers in rec—
tangles to the ADP:0 ratio. :

I
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FIGURE 12.

-

Ox1dat10n of c1trate by pea cotyledon mltochondrla.

Mltochondria from 6‘day old cotyledons were 1solated

‘by . the zonal - technlque and ‘assayed polarographically.

(See Materlals and Methods).. 'The concentration of .
citrate was 8 mM. The numbers alonside the traces

refer to oxygen uptake in nmoles O, /min . mg protein:
_The circled numbers refer to. the: RE
in recta gleg to the ADP:0 ratio. -

L‘/ R

R and the numbers
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FIGURE 13.

The oxidation of ascorbate-TMPD byvpeaVcotyledoh‘mitochondria.

Mltoéhdhdrié werevprépared from 6 day old cotylédons by.

the zonal technique and were assayed polarographically.

. (See Materials and Methods). .The concentration of ascorbate
was 4 mM, -and’.the concentration of TMPD was O. 2 mM.

Succinate was added to a final concentration of 8 oM.

The numbers along51de the traces refer to oxygen uptake’ .
in nmoles 0,/min.. mg protein. .The.circled numbers ‘
refer to -the RCR and the numbers in rectangles to the

'dADP 0 ratlo e



f‘rotenone 1nh1b1ted mitochondrla caused a further reduction in ‘the “

7. Oxidation of ‘Duroquinol

- The oxidation of duroquinol proceeded quite rapidly and with. some

respiratory control (Flgure-lé). The ADP: 0 ratios indicated that the

: electrons were passing through the last two sites of phosphorylation

The 1nh1b1tion by cyanide was almost complete and the remaining respira—

tion was not inhihited,by SHAM. 1In fact the addition of SHAM caused an

increase in the oxygen uptakelrate.

- 8. Oxidation of Menadiol

The auto-oxidation of menadiol-(Figure 15) proceeded'very rapidly,

eVen at pH 6.0. Therefore measurements with'this substrate were very -

\difficult to make However the addltlon of mitochondria increased the |

oxygen uptake rate above that of the auto—ox1dat10n rate »This rate was

usomewhat 1nh1b1ted by cyanide ‘ The addition of SHAM d1d not decrease

. this rate but in fact temporarily stxmulated 1t In control experiments‘

w1thout mitochondria a sumllar effect occurred.

9, " Inhibition by Rotenone

56

" An inhibition versus,concentrationtcurvevfor rotenone inhibition of

malate oxidation is shown in Figure 16. Increasing the concentration

{

",past 10 uM did not increase the inhibition At th1s concentratlon about

§

'_'AOA of the. malate oxidation was 1nhibited The addition of cyanlde to

,respiration rate to less than ISA of the original state 3 rate.,f”“

"_,1o;<f1ﬁh1bitioaiby“chidfcquihé*f”lyi i rf;“’,.,_vr“

4

'fif'Anfinhihition'ﬁexsuédconcentratibnfcurve’for chloroquine“inhibition
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FIGURE 14.

“ow

! | S ‘ 7
O ) o
Oxidation of duroquinol by pea cotyledon mitochondria.
, .

Mitochondria ffom 6 day old cotyledons ﬁere isolated

by the zonal technique and assayed polarogrthically
(See Materials and Methods). The concentration of

 duroquinol was 0.3 mM. The numbers. alongside the' traces B

refer to oxygen uptake in nmoles O,/min . mg protein.
The circled numbers refer to the RER and the numbbrs
in rectangles to ‘the ADP 0 ratio. :
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FIGURE 15. Oxidatfon of menadiol by pea cotyledon mitochondria’

_ - o : Mitochondria frbm 6 day old cotyledons were/isoiated ‘
LI . by the zonal tethnique and assayed poarographically.”

’ T (See Materials and Methods). The concentration of .~
N menadiol was 0.3 mM. The numbers alonside the -traces’
1 refer to oxygen uptake in mmoles Ozlmin . mg protein.
e ’ .
o
SR



~of cyanidefresistant respiration is shown in Figure 17. Half-maximal

. inhibition was occurred near 0.4 mM. .

‘Chloroquine did not‘inhibit the state 3 respiration rate at either

. ' . Al "\\V N
pH 7.2 or 8.2 when succinate was used as a.respiratory substrate.

EECY

However the state 4 rate was Slightly.accelerated at pH 7.2land complete

uncoupling occurred at pH 8.2. 'Chloroquine inhibition of malate oxidation

. was.similar at pH 7.2 (Figure 19). ' However at pH 8.2 the situation was.

different Chloroqu1ne at 0.1 mM inhibited the malate oxidation by 30%

while almost complete inhibition occurred at 3mM.

. / - . . o o D . . o 3

. 11. Reproducibility of Respiratorvaeasurements
" : ‘ : o N :

/ ':».~, e

@ Phillips (81) from this laboratory, ‘has' shown that oxygen uptake
measurements with the apparatus and procedures used in this study are

reproducible to w1thin't'54; However in the hands of'the present author

\

the reproducibility of the,respiration rate measurements was probably in |
the vicinity of + lOZ. Drift by the . recorder and oxygen probe was

usually about 1 to 2/ jper run and was probably not a major source of
J B}
error. However the Hamilton syringes used to 1nject the mitochoudria .

probably had a reproducibility of less than 5%. This coupled with small

changes in the volume of the reaction vessel ‘as the probe was inserted

°? ‘ and other miscellaneous sources of error probably accounted for the

’ relatively large variability. The cyanide resistant respiration when

b

expressed as a percentage of the total respiration varied very little
.between runs of the/same preparation, usually less than 2 to 3 percent

‘However differences_of up’ to 8A'occurred_between runs of. different
. - L. 3 R . ~A . . . .. 4
‘preparations. ' '

" ‘ ' ) . 3 . . . o . « o~ . ~. v
o . - h . .
. B h R
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FIGURE 16.

RESIDUAL RESPIRATION

}
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‘The inhibition of malate oxidation by rotenone.
Ao Lo o

Mizt'o‘ehondria were isolated from 6 day old cotyledons by the

zonal technique and were allowed to oxidize malate. Rotenone, .

at-the indicated concentrations, was added during the second
period of state 3 respiration. o o '
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 FIGURE 17.
y
!' )

. (See Materlals and Methods) “The respiratory substrate -
" was succinate. KCN was added following the second perlod S |
- of state 3 resplratlon and followlng thlS chloroqu1ne D

,was added

N , o ‘
3 R
Inhlbltlon of cyanlde—re51stant resplratlon by chloroqulne.

Mltochondrla from 6 day old cotyledons were prepared by
the zonal procedure and were assayed polarographlcally e

o
‘
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FIGURE 18.

',2 l/

rectangles to. the ADP: 0 ratio._”g

»

Iﬁhibitidn of succinate oxidation By'chloroquine.

M1tochondria ‘were-” prepared from 6 day old cotyledons

: by ‘the zonal - technlque and were assayed polarographically.
. (See Materials .and Methods) . The final concentration :
- of Cththuine was 3 mM. The numbers alonside the traces
~refer to- oxygen uptake in nmoles OE/mln . mg. prOtEIU '

The circled numbers refer ‘to the RER and: the numbers in’

. ‘)

>

1_ [\



L

OXYGEN

(2) -

&

“SATURATION
= o ,
o

100

T

[o o]
o)

o

én1on¢ QUINE

‘ 5 -
- ?PH- 8.2

[
'

'8 12

18

63




63a

i 50 PR .

_FIGU&E?'19'

i
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e

Inhibltlon of malate oxidatlon by chloroqulne. g

Mltochondrla were’ isolated from 6 day. old cotyledons .

“by the zonal gechnlque and’ were assayed polarographlcally.’,:'

(See Materials and Methods). The flnal concentration of
chloroquine was 3 mM. .The numbers along31de the: traces.

v refer to Oxygen uptake in nmoles 0 /min £ mg-proteln.
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.

Different lots of seed seemed to vary with regards to cyanide-
resistant respiration. However this hypothesis was not investigated

rigorously.

‘D, jThe'Redox‘State of Coenzyme Q

Experiments of the type shomn in. F1gure 20 were used to determine
,'the redox state of the Coenzyme Q under different experimental condl—
~tions. The spectra shown in Figure 20 illustrate the characteristic -
‘absorption peak of ublquinone at. 275 mn in the oxidized form and the
shift in thlS peak to 290 nm on reduction The strong.absorbance at the
ilower wavelengths probably arises from contaminating 11p1ds in the' . | o
preparation. ‘:-f o o :_ N IR | |
| The redox state oﬁ Coenzyme Q. under different experimental condi—
tions is given in Table II The ubiquinone was consldered to beleOZ
'oxidized in: the case where ﬁb respiratory substrate was present in the
assa;*medium;x When this is taken as 100/ the ub;quinone was' 29% redqcédil
in state 3 and SZZ reduced in state 4 ' In the presence of cyanide ASA

.

' (in state 3) and 532 (in state 4) of the Coenzyme Q was reduced.s he

a

ltfaddition of SHAM to the mitochondria in either state 3§sr State 4 led to

g

"xa slight oxidation of the ubiquinone

It was also possible to determine the ubiqulnone content ofnthe o

\.

‘mitochondria as; a result of these experiments. ‘ﬂsing a-value of 12 250

l”lfor the molecular extinction ;oegficiﬁﬁtICJO), Values of 1 9 anIes»Q”#_fr*

‘°;Vub1quinone/ mg protein&;’;ﬂZ 4“nmb1es uﬁ&qulnone/mg protein were :5C{”7;;

“5t obtained,
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( . .
The absorption igﬁptrum of ubiquinone obtained by
r“petroleum ether ‘€xtraction. : oo o

.Washed m1tochondrla were 1ncubated in the standard

polarographic assay medium for three minutes. A
mixture of ‘petroleum ether and methanol (60:40 v/v)

~ was then added. - The extract was washed once with 95%
- “methanol, "the petroleum- ether was remowed and the »
residue was -dissoved in an ethanol: heptane mixture

(4:1 v/v). "Reduction was achieved by the addltlon of

-a few.gralns of sodlum borohydrlde.
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TABLE I1

. The Redox State of Ubiquinone Under Varlous Experlmental
: Conditlons

. ; Mltchondrla were 1ncubated for 3 q;nutes in a medium o
containing 0.3 M mannitol, 5 mM phosphate, 5 mM MgCl,, 8 oM

.succinate, 0.75 mg/ml BSA, and 50 mM TES with the pH adJusted

‘to 7.2 by Tris. The reattion'was terminated by the additlon

of the petroleum ether extracting solution ~
. %

The absorbance spectrum of the exrracted ubiquinone was

then determined KCN and SﬁAM were added to give a concentra-
" tion of 0.2 mM and 1 mM respectively The cbncentration of ADP

66

for the state 3 conditlon was 1 -mM. The values are the average

[

of duplicate runs. . - % N
R .,‘9‘\

< . . . . | .
. . « K . : o . N
A . . . . Lo s o s \\
N

, o Preoaratioﬁ ‘
Assay Condition A* ~Z* A Z A X A

™o
>

-
. PR

L . -
o

. no'siccinate 19 0 .105 0 .21 .0 .20 S0 .09
) state’3 - == =15 29- - 216

state 4.+ KON .07 73 .05 S .11 48 = =0 -

- state 4 + KCN
'+ SHAM

TR

.‘§

~ state 5‘+_SHAﬁ",— = j‘.’f'.. - - ’i*,:@’~13i 535‘/.’ >
,_sameB-hsmm'”*ut‘w‘ ST : “;‘<_uf;' 07

*a Absorbance at 275, oxidized minus reduced S

A reduction ST CI R i “33 e e

09753 .05 52 .15 29 ISR

9y s f"id B -

R




E. The Effect of Ubiquinone Extractions . on Mitochondrial-Reactions

It was possible through repeated pentane extractions to remove much

of the Coeﬁ/yme Q from the. mitochondria. The absorption gpectrum of the

o o

pentane extracts is shown in Figure 21, and the oxidation of succinate o

A

by such a preparation is shown in’ Figure 22 .The preparation 1n which
e

'there was absolutely ‘no respiration was not achieved However up to 9OA

of the activity of ‘the lyophilizedrmltOChondria was lost. NADH oxidiz-

. \u U).

~ing activity was lost more rapidly than succxnate oxidizing actlvity

W
(Table III) Much of the activity could be- restored agaln through the‘

y

reincorporation of Coenzyme Q6 (Figure 23) Some activity could also

ad - oy

restored by direct additlon of duroquinone to the extraoted mltochondria

o . [ 3

_Duroquinone restored NADH oxidation to a much greater extent than it did

.t‘

succinate oxidation (Figure 24) Activ1ty could also be restored

"t

, thrdugh the direct addition of Coenzyme Q6 to the reaction medium L

(results not shOWn) but the activity of. such a preparation did nog-

f,exhﬁbit linear uptake of oxygen. The addition of cytochrome c was'

~‘_stituted mitochondr1a1 pPr paration that exhibited cyanide resistant )

"respiration. The cyanide resistant respiration survived free21ng but 1t

"mitochondria and on the amount of cyanidewresistant réspvratlon is showni"'

beneficial in restoriqg the oxidizing activity. - ‘f‘ﬁy 4*'*"7? -

.,.

Despite repeated att[mpts, it was 1mpoSsible to obtain a recon—'"V

'did not survive the lyophilizatlon procedure (Figure 25)

|
3

Cp e :Ef_'fect' “6‘£§Jf=¢b£yiééon,Agé'_6h m;aeﬁoﬁdfial:,ox‘i“_daeionsﬁ}rr- .

Iy
ot

The effect of seedling age on the respirato

C b

67

, iinablejIV Mltochondria from pea cotyledons that have imbibed for Mrﬁi

g\)‘ i
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The absorptlon spectra of a serles‘of pentane extractlons

‘of lyophlllzed mltochondrla.

‘Washed m1tochondr1a were 1yophlllzed and then homOgenlzed
repeatedly with 5 ml allquots of n-pentane. The absorption . _
. spectra of these extracts was taken - The upper curve is the ‘

spectrum of the first- extract, and the- others follow

consecutlvely //)///. . - Jﬁ? \ﬁ
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'FIGURE 22.  The oxidation ofvsuCéinate;by pentahe extracted mitochondria. |
" “Washed. mitochondrla were lyophilized® ‘and then extracted
five times with pentane. The pentane was removed and the \
* . ‘residue was suspended in. m1tochondr1al suspending medium and \
.assayed in the usual manner. * (See Materials and: Method ).
" The numbers alonside the trace refer to oxygen uptake i
< nmoles 0 /min » mg proteln.- :

69
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Lyophillzed mltothondrla were extracted«w1th penxane a pumber
~of tlmes. After the approplate number of extractions the pqu

S The Effect of Pentane Extractlons on Mitochondrial
‘ . Ox1dat10ns. ,

=

TABLE IIIJ : o e .

I

ane was

removed. The mltochondrla were resu5pended in the. usual suspendlng

medlum and were assayed polarographlcally

(See Materlals and Methodé)
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0x1dat1on of su¢c1nate by pentane extracted and CoQ
-tremncorporated_mltochondrla : :

' FIGURE 23:

L Lyophillzed milochondrla were extracted Wlth pentane 5
7;t1mes.. COenzyme Q was- then re1ncorp0rated into' the;"
"fmltochondrla using ausmall dmount’ of pentane..The“f
v‘pentane was removed afid the'mltochondrla ‘were suspended
'31and assayed in the. usual manner. (See Materials: and

L of 0,2 umoles/ml "The numbers along51de the trace
ij‘refer to. oxygenyuptake 1n nmoles 0, /ml;:’

mg prote'n.{fifi'

’[?»Methods) ytochrome T was. added ‘to a\flnal Concentratlon'*?
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. FIGURE 24.

: SO e T e
, Recoastltutlon of electron transport in pentane exglacted
g mmitochondria by duroqulnone.iv' - --;. I
, Washed mitochondria were lyophillzed and then extracted Sl v
 with pentane 5 times.  The pentane was removed and the ~ -
-p..»v“;:j;mltochondrla were resuspended in: "the usual suspendlng

i f7f¢17med1um and assayed in the usual manner., (See Materlals

- and. Methods) “The numbers along51de ‘the traces refer :_'nf‘( g SRR
o oxygen uptake 1n nmoles 0, /m1n ; mg prote1n., o e
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FIGURE 25 -

<.

Oxidatlon.of succ1nate by 1y0phlllzed mltochondrla 'f '_'

h:}Washed.mltochondria were prepared from 6 day old eotyledonS"
. ‘and were suspended in 0.15 M KCl.. They were- ‘then

,;,'f1y0philized for 6 hours. Follow1ng this they were v
"isuspended in the "usual” suspendlng medium and’ assayed in. the

°

usual. manner. (See Materlals and. Méthods) Cvtochrome c

was. added ‘to a: final concentratlon of 0; 2 umoles/ml Theff
. ;numbers along51de the’ traces refer. to oxygen uptake 1n
”’:;jnmoles O /mln . mg proteln.’»wpﬁ. AR '

e e St iz 3 .
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only a few ‘hours have very low rates of ox1dat10n and no Cyanlde resis-

tance.~ However after 24 hours of imblbitlon the succ1nox1dase systems ‘ ;_ﬂ.,
: seems to be well developedni Relatlvely high,rates of oxygen uptake were

’ , _ R
: obtalned and there was good resplratory control In fact resplratory

f2474‘ control at thlS stage w1th succ1nate was dften better than.at 1ater
"_. stageS’BffHEVEIBpﬁEﬁt. The malate and<£~ketoglutarate onldlzlng systems i
‘ developed more slowly A thtle development took place unt11 the second
‘ day of germlnatlon. At thls t1me both the ox1dat10n rate and the resplra~
‘tory control 1mproved From the‘second day untll ‘the 51xth day ox1dat1on.
| rates for malate; cirketoglutarate;,and succ1nate all 1ncreased-.:_hesv'
t:'! most‘substantlal.rncreases occurred between the.second and fourth days ‘;fli
The period betueen the fourth and 31xth days wasdmore of a plateaulAy“-
perlod w1th increases being smaller After the sixth day resplratory
ratesjdeclined. The highest degree of resprratory control was also

-obtained near tRe fourth day, but relatlvely good resplratory control ' c

':could be obtalned at’ al stages of germlnatlon.vf[; jﬂfﬂj{&*’,fhf,ﬂi,gﬁr’ Rj"

The cyanlde re31stant resplratlon did not appear until the second

day of germlnatlon. After thls tlme 1t increased both 1n absolute ff-"’ T
: . N N ERE oo E , -

amounts and 1n proportlon to the total respiratlon rate.v It reached aéFﬁA

maxmmgm near the 51xth day of germ1nat10n and decllned after that :?{
TLGSQmewhat;'ﬁ' ff ! i>
j,Ggf1ﬂEffect'offAlteration“of‘Germination.Conditions” o L
LvL_l lnc1u51on of Chloramphenlcol ﬂ.fﬂir5\“ e
: o g T e o L
Tl ) : .‘ : X - : ) ’
:-1e}f“' *;f Inclusion of chloramphen1col 1n the germlnatlon medlum at the
:';} concentratlon used in thls study (0 5 mg/ml) did not alter greatly the fe'ﬁ_,'ahff
C . , 5
¥ : “_ ) f \



inhibited The reSpiration rate»was slightly less and the respiratory fb‘*”

-f,'control ratiOS slightly lower, but the amount of cyanide resistance was

R . o, : B TP S

o not. altered lj_} s

V'of cyaniddPre51stance. HoweVer the respiratory control ratios were much

' lower and the mitochondria seemed to deteriorate quickly,after 1sola-:-
TMRE\ 51mi1ar experiment was condggted with cyanide With lO 6 M cyanide in

dé_?gdria However at 10 5 M cyanide no germination occurred

.%fIight for 6 or 9 days did not behave differently than peas that had not

‘:hirecelved 1ight with the'exception that at 9 days the respiratory :

P N ]

resplratory parameters studied, even though the growth of peas was .55j",a‘ o

'frf.

1

2. Imclusion of ‘Azide . - o T S e

The 1nclu31on of a21de at lO 4M or 10 6M d1d not affect the amount
'. . v : . ~.t@

B O“.. o B .“v:

L ‘*tion.. After 30, minutes no respiratory control could be observed 'Af,f'l'

"\’,

'f,the germination medium, there was no discernible effects on the mitochon—uhf]‘:ff;ﬁ

2 .
[

:‘fug;ﬁ”*EffééﬁloffLight“fv.'»“'

Mitochondria 1solated from peas that had been grown in continuous

v".

- control ratios were reduced by a factor of 2 or. 3 i ;f;ﬁ‘fiilhﬂfif;;[ﬂ"“f'

S

P T e e T T e

*J;Q;I:?sffeét%of>E£ﬁyréﬁé”;;f-gpﬁitfgy[:3%.v_f?s,ff4i‘: ,
“3*“-3(”4 {f,s fﬂ T e L :

:-“'_'
e

Initial experiments using a crude ethylene treatment showed that\7t'i

lethylene did indeed alter the amount ochyanide re51stance Washed
”"llmitochondria from 6 day old peas grown in closed respiratory jars in an

."f'atmosphere containing 100 ppm ethylene had between 25 and 304 of the

. A '

- succ1nate oxidation rate.r°51stant to: cyanide.x In other respects the P,

_».\, -

"mitochondria behaved normally.v The‘more rigoroﬁs flow through treatment

',;‘<.T;?. _” &5‘1ﬂﬁv {'_‘..v, : ,y‘.' ?1.32%' :z,%_*



in which purified aiy was used as a carrier for the ethylene‘and after

.

»

which the‘mitochondria'were isolated zonally‘yielded similar results

*
a

(Figure .26) . A R . o
. ‘ , / S e | :

The concentration of ethylene required to achieve this effect was

not investigated rigorously. ‘However in one - experiment peas were grown " v

,‘\5' Q

for 5 days in a closed respiratory jar 1nitially containing only oxygen.u
‘ Enough ethylene was produced by the peas themselves to produce typical

ethylene injury symptoms, such as’ growth inhibition, and radial expan—'

sion of the young shoot. Mitochondria 1solated from these peas again '

had high ‘amounts’ of cyanide resistgnt respiration.'”llzi'f

B

Another experiment indicated that. thisvwas not a: direct effect of
the oxygen. Cleaned cotyledons from 3 day old peas were divided into

two 1ots. One lot was . sealed in a respiratory Jar with 100 ppm ethylene

‘in a background of lOOZ oxygen - The other was continously flushed with '

oxygen. Hitochondria from both lots were 1solated 24 hours 1ater,'
' . B

Mitochondria from both 1ots were isolated 24 hours later.' Mitochondria
from the ethylene treated peas had approximately 25% of their succxnate ©

xidation resistant to cyanide* while the peas ‘that received 100% oxygen '

‘ had only 15% of their succ1nate oxidation resistant to cyanide Coty-
~ ledons treated with 100 ppm ethylene in a purified air back ground also ‘
had only 152 of the succinate oxidation resistant to cyaaide, indicating“

‘the oxygen and ethyleﬁe treatment. was synergistic.

%

ﬁ%l

«*
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FIGURE 26.

‘to the RER and the numbers 1n rectangles to the ADP 0 o

The effects of ‘an ethylene atmosphere durlng germlnatlon :

~on.m1tochqndr1al reactlons.

Peas were‘gerninated in a container through which purified
‘air containing 112 ppm ethylene was passed cantinuously.
After 6 days the peas were harvested and mitochondria were

isolated using the zonal technique.- They were assayed
in the usual manner.._(See Materlals and: Methods) . The_?

'numbers alonside the. traces refer to ‘oxygen uptake in!

nmoles ‘0,/min . mg. proteln. The circled numbers refer

ratio.
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IV. DISCUSSION:

¢ o e . ' -
: - - . ¢ B

‘A.b Morphological Development of the Peas

_ The rates at which various germination,processes oCcur in peas and

i

‘-other plants are dependent on a variety of internal and external conditions

r

Temperature is an’ especially 1mportant factor. ‘Therefore in.order to
lf "q B

correlate results between laboratories, it is necessary to have criteria

.‘other than chronological age for identifying developmental stages

- The. morphological development of the peas in. this study proceeded

fmore rapidly than in the study done by Bain and Mercer (45) . Phase l as

\
described by them was complete at the end of the second day, phase 2

2

. extended from the second to the fifth day, and phase 3 extended from the

'sixth day onward i'*_-f o .' i- R \ o R '>a‘

B. Mitochondrialllntegrity and Phrity';

e Many traditional tests of mitochondrial integrity and purity, such as ;‘,.

.the degree of respiratory control used with animal mitochondria cannot

“'fibe successfully applied to plant mitochondria The presence of alternate»'

anon-phosphorylating pathways, and othen additional features in plant

dfmitochondria could lead to erroneous results. The tests used the present

study were suggested in a recent review of electron transport in plant

_:fmitochondria (77) as alternatives ‘to tests traditionally used with animal

',r.

" mitochondria. ‘]'. D 'r;:-; T ?vfftili

The basis of ‘the succinate—cytochrome c reductase Qgét 1is . the fact o

that externally added cytochrome c cahnqt pass through the outer mito— b

chondrial membrane (27) It therefore cannot be reduced by the succinate

dehyrogenase system of the inner membrane. -As a result the test is’a




J

v/ ‘.

‘measure of the fraction of,the mitochondria hhving'damaged outer mem-

%

branes. In this~study succinate‘dehydrogenase cytochrome c reductaSe

-

ractivity was low for both the washed and zonally isolated mitochondria

It was increased greater than fifteen fold when the mitochondria were

- pIaced in‘a hypotonic»medium. ‘It .seems reasonable»to conclude therefore

that only a small fraction of the mitochondria infeither‘preparation hadf'

80

damaged»eXternal membranes; The fraction having damaged membranes was ;'> _

sllghtly less in the case of the zonally 1solated mitochondria.,

It hasg beenfsuggested that the presence of'@ntimycinAA—resistant

" NADPH cytochrOme'c reduCtase activityVindicates microsomal'co:)aminationA

'(77) .However his test has not been w1de1y used perhaps because of

[y

'its low sensitivity : In qPis study the activity was low and somewhat

&

:‘ difficult to measure in both preparations It was somewhat lower in- the

3,

' mycin is not known On the whole it would seem that the above test 1s_

- o v
-_.to be electron microscopy (77) Hamman (40) used electron microscqpy to

lvcase of the zonally isolated mitochondria, indicating perhaps that th%s ‘\ e

was a somewhat purer preparation The identity of the antimyc1n—A—'»"“i<i; __;‘7

A ,
sen51t1ve activity is not known It may be extra~m1tochondr1al 1n»

¢..

’nature since its actlvity is 1ess in the case of the zonally 1solated

»

‘mitochondria However an: extra-mitochon ial site sen31t1ve to anti- “f” B

-not a good test to measure the purity of a mitochondrial preparation

The most reliable measure of mitochondrial purity would still seem .

*'show that mitochondria isolated by the zonal technique used in thls

~ 3

_,study, produced relatively pure preparations. The higher specific rates

f~of oxygen uptake, the lack of residual respiration, and the 1ighter

- color of the : nal preparation observed in the present study all support

A

ﬁﬁthat conclusion that the zonal preparation contained less contaminating

¢

‘: E




;:i_near 400 nmoles/min mg protein

‘.

.

C. Mitochondrial Oxidations.

7jthan regular preparations (Table IV)

81

’

protein.. Other reports appéaring in the literature'have consistently

shown the advantages of isolating mitochondria on sucrose step gradients
. K S Lo . B
.. . ST A

(27 77) _ . " R
4 W LN

[}

1. Oxidation of Succinate »

IS

" The rates of succinate oxidations for mitochondria from- 4 to 6 day

old cotyledons are not greatly different from the rates reported for

‘other mitochondrial preparations, Douce et al (27) reports that highly

: purified mitochondria from mung beans have succinate oxidatlon rates of

=t

The lower reSpiratory control ratios obtained with succ1nate than with -

O(rketoglutarate or malate probably occurs because the alternate pathway is

'not under the control of phosphorylation. Thls 1s shown by the observatlon'lff

~‘that ADP added after cyanide had no effect on the respiration rate when i

-jﬁsuccinate was the substrate It was noted that preparations that had

R N . . g A
lower cyanide:ﬁésistant rates, such as preparations from l day old

(rlcotyledons, often;had higher reSpiratory control ratios with succinate

' f ‘1

“Th K for cyanide inhibitio of succinate oxidation feported in

this supdy also agrees fairly clo ely with figures reported in the’ '
g

‘literature._ Ikuma and Bonner (5 ) report a value of 4 uM As seen from .

_the inhibition curve (Figure 5) he concentratlon used in routine assays L

.'](0 02 mM) was'. adequate to compl‘tely inhibit cytochrome oxidase. The:'

fhypothyl mitochondria (25)

f”amount of cyanide resistance i the pea cotyledons mitochondria is

v



y -

The | inhibition by SHAM of the cyanide—resistant respiration indl—bl

. cates the operation of an alternate oxidase similar to that described in
"the literature-_ SHAM is a relatively sPecific inhibitor (87 90) “of the.‘. /
- alternate oxidase in plant mitochondria with a slightly lower inhibitiong T‘i» ‘
‘ :;‘%5_‘ . . comstant- than m—CLAM However it~was used in this study because it is '
' ;commercially available while m-CLAM is not The half maximal inhibition '

1ffconstant for SHAM has been reported = be O 06 mM with mung bean mito-'

chondria as compared with 0 17 mM found 1n this study.. vflffhf - t‘ﬂ‘ ‘f )
" Inhibition oﬁ state 4 respiration and not state 3 (Figure 6) respira—,
g"tion supports the gegeral contention that the cyanide—resistant pathway

'ffoperates when there is a; excess of electrons that the cytochrome pathway

"cannot handle. It has be n reported (2 3) that in mung beans thev:tl_;itl:_ o
fi“;alternate‘pathway is maxim.lly active during state 4 but is not engaged
Tfat all in state\3 The results reported in the present study (Figure 8)
=';:;differ somewhat from this. However the method010gy used to determine_;“‘*y”;'lif
't?{u;:-_tthis information is not that reliable. Small errors in the drawingﬁof

*ﬂljjthe 1ines on the graphs COuld change thevresults considerably

EREr I "Oxidation'eof".-C—"'Ke'toglutarate SO

S

The oxidation rate of- °<—ketoglutarate of near 130 nmoles 0 /min mg %%}{e;t;l
,’i,protein from mitochondria from 4 day old cotyledons (Figure 9) is somewhat :'U’:>
’slower than the 220 nmole rate reported for purified mung bean mitochon-i'%g[
:dria (77) However the difference is not large and can perhaps be | ‘
'”aaCCounted for by differences‘in the methods used to measure protein.i:"'
The fact that respiratory control.was possible even in the presence
'{:Lof cyanide indicates that phosporylation is associated with the alternate e

'3

o pathway.v The ADP 0 ratio of near 2 supports the co\\Ention that the‘7y.;



. » . .e ""A . L f ' ) .
_branch point is bet;;:;\;hBQPhorylation sites 1 and 2 of the respiratory

B

N\
R

Although the percentage of the respiration resistant

much greater for succinate than for d&ketoglutarate, the ra es of yanide».

‘ J're31stant respiration in terms of nmoles Oz/min mg proteip were roughly

. the same for both substratés.‘ This could indicate that electrons from
both substrate dehdyrogenases had equal access to the alternate pathway
Other authors have reported greater cyanide resistance W1th succinate‘ |

than with malate and have concluded that the cyanlde resastant pathway

is more available to the dehydrogenases of succinate that to the dehydro— :

genases of other substrates.. This may be true fdr other tissues but

does not seem to be true for pea cotyledon mitochondrla
' : L ‘T;T;iﬁ auugg-.

. \;) . 'ox‘idatisﬁ-- o‘f}'M;'iAt_e o

The oxidation of malate (140 nmoles Oz/min.mg protein) (Figure 10)

is considerably lower than that repgrted for mung bean mitochondria (450
S

:f{ nmoles 02/min mg protein) (27) However the mung bean study used 30 mM

malate while 10 mM malate was used in this study.v It is quite likely

LE

'.2 that the 10 mM concentration faf/rs the operFtion of malate dehydro-

© 83

genases whereas malic enzyme is probably also operating at 30 mM malate jLﬁ,lf“'

=~

(109) : This may account for the lower rate of malate oxidation by the

pea mitochondria as compared with the mung bean mitochondria, or it may

simply be that the capacity of the malate dehydrogenases is lower in the ?f,:

: pea cotyledon mitochondria.~ ;”;f!4 *ilh ;:.’,:‘}f.h_vQE'J

It has frequently been observed that plant mitochAQina &xhibit art"

-ff more rapid state 3 rate after 2 or 3 cycles of ADP additions., It is



K The experiments in this study add 1ittle to: the.above observations other _

felt that ‘the. lower initial state 3 rate may be lhmited by the intra

mitochondrial substrate concentration (49) Malate oxidation does ‘not
y ,

"behave simiarily, perhaps because of a build—up of oxaloacetate (110)
' A two phase state 4 rate has been interpreted by Palmer (79) in terms of
‘ kinetic compartmentation._ He feels that the second phase may be due to :

»bla transfer of electrons to the nonphosphorylating NADH dehydrogenase.

N

lthan confirming that mitochondria from pea cotyledons behave similarily

4

B _to other plant mitochondria. No reason was found for the low malate

ﬂfimalate oxidizing enzymes as to the othen Krebs cycle dehydrogenases

:”oxidation rate observed in some preparations

Access to the alternate pathway seemed as equally available to -

oy

Points concerning alternate sathway phoaphorylation and the branch point:_

;_;mentioned 1n the discu381on of n(-ketoglutarate oxidation, apply to

Timalate oxidation as’ well “flf_'[, - _ng"i'ﬂ;'f

. L s

-f?it seemed to have limited access to the alternate pathway.a This would
’-fbe difficult to explain if ubiquinone were the branch point,and if the'i' 3

’foxidation of exogenous NADH prOceeded through ubiquinone However the ',,I;a

ﬂ

"_Apoint at {JhiCh electron from the e_xternally added NADH enter the

f‘respiratorv’;hain is not definitely known.: Von Jagow and Bohrer (104)

lhaVe shown that cyanide—resistant duroquinol oxidation in Neurospora S

"r‘f,'proceeds backwards from a compOnent in Complex III to ubiquinone and

f'*then to the alternate pathway.} The same situation may be occurring withh”t}lf*'

fhleADH oxidation*in the pea cotyledon mitochondria and this would account ?=ﬂ: e

.,A

L e

AlthOugh the °Xidati°“ of ex°gen°us NADH vas very rapid (Figure 11)5;7' oy




/ _
for the limited(access»to alternate pathway: by electrons from NADH
"~ oxidation.
: ' 4 N
- "5, ._-‘0‘xidation ‘of Citrate , R e
R | ’ g - " : - B . . . . »
N e o : S A ;_Ma1 A :

o

\,

'dﬂ\\\\;\~\51nce citrate oxidation does not yield NADH directly, the reducing e

equivalents received by the respiratory chain must have come from the )

foxidation of isocitrate, which would account for the slowness of the

.vrespiration rate (Figure 12) This\eXperiment is~important 51nce it o

:-once more shows that all of the Krebs ncycle intermediates tested had L
' 1

“r{equfl access to the alternate pathway One could speculate that if the‘¢u

vf-chain (7) Therefore complete i
o -TMPD by cyanide would be expected

“'r-The remaining respiration can perh ps b: acc\”

d~ihfunction of the alternate pathway was to allow conversion of oae of

'rKrebs cycle intermediates to another in the presence of a high energy S

'?jl'6,j;-0xidation-q£ AScorbateeTMPDf‘Jﬁff_=j-*-'

f};gpassed directly to the cytochrome oxidase region of the electron transport

;bition of the xidation of ascorbate |

This did not occur‘(Figure 13)

ted for by residual S

a E jﬁ py

'Lgfcytochrome oxidase activity or pe‘haps by a slow auto—oxidation of the

“‘o'

85

0-.""‘*"

lcharge, the amount of cyanide—resistant respiration‘might be influenced{“;tf*ﬂ}"

'ﬂ{by which~intermediateywasrpresent.~ This did not appear to be the case'VhQ”h"filiQ

The electrons from the oxidation of an ascorbate—TMPD mixture are: ﬁfjj"

‘;,ascrobate—TMPD mixture.} Since the addition of succinate to the cyanide— 7;_E;ﬂifo'

5}inhibited stat& caused an accelerat{on of the respiration rate and since S

"*;this rate was inhibited by SHAM (Figure 13) it is clear thav*residual
;:?cytochrome oxidasy activity is not great enough to account for the

"ffcyanide—resistance observed in the pea cotyledon mitochondria., This_v

-

.68
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. ’
Cm

experiment is essentially a repeat,of thigearlier Wiskish and Bonner r

| 'experiment (110), which Showed that cyani e—resistant respiration could
~ mnot’ be explained by residual cytochrome oxidase activity
A small amount of reverse electron transport from the ascorbatef =

‘“TMPD to the alternate oxidase may also have been occurring  The erperielx'

86

ment in which ATP was added after the cyanide was designed to test'thisf.-:

hypothesis : ATP is necessary for reverse electron transport to oo@ur (7)
 The results can be interpreted as meaning it was., However too much
"@Temphasis cannot be placed on these reSults as the measured rates are 3

SR

fivery slow and bordering on the limits of sensitiv1ty of the oxygen monitor.

"757_:3-Oridationfof‘burOQUindii~

S . el PIRS

~ol closely resembles Coenzyme Q in structure (Figure

d form it is believed to react near the same site as
"Nﬂreduced Coenzyme=0) 25) Duroquinol ox1dation proceeds without going '
through endogenous ubiquinone but there is some evidence to indicate

"7vﬂthat high duroquinol concentrations can cause a reduction of the ubiqui—'f;l idﬁ:

7»ifnone in the mitochondrla.:;ﬁf(iilf T

It is 1nteresting to speculate why an analog such as this does not

/':'f’; readily donate electrons to the alternate path (Figure 14) The moéﬁ

l,{likely reason is that the redox potential of the duroquinol (E + 35

dfv:mv pH 6 0) is higher than that of the first member of the alterpate

o .pathway " The fact that duroquinol does not readily donate electrons to t;ogifrffu

e the alternate pathway does provide some evidence that ubiquinone is the

”gg:the reduced ubiquinone, then the branch point must be prior to’ the site'

1erof ubiquinone oxidation, either at ubiquinone or prior to it. It is 2

e

' **branch p01nt., If it is assumed that duroquinol reacts at the same site as *_;
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FIGURE 27 The Jchemical structures of menadione,
chloroquine, .and Coeﬁzyme QlO‘ .
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YVCQ unlikely that the branch point is prior to" the ubiquinone site, 81nce 1n

; LD
- the autox1datiog rate of duroquinol and therefore the exact amount of

e

o
N3

i'lgj: ubiquinone is oxidized (25) However part of the oxidation of menadiol
hfih also proceeds through ubiquinone since menadiol has a lower redox

“'1f5f potential than duroquinol (E = —lmv) Menadiol therefore would sehm to:f“"i'l'

AN : : Le o

)
»

s . ; - O Vo

the pea cotyledon mitochondria electrons from endogenous NADH and from""

' succinate have equal access to the alternate pathway e

It 1s pOSSSible that a small amount of the duroquinol oxidation was

proceeding by the alternate pathway (Figure 14) SinCe SHAM increased

alternate pathway activity could not be determined However 1t must

have been Very low since greater than 90/ of the oxidatlon was cyanide fif

- sens1t1ve and small amount of the reéﬁ&ning respiration probably arose-n

frgm a: slow auto—oxidation of duroquinol

.

ifigsfffioiidAtidn5of]M¢na&ioi7i;:;-ff“

raﬁ"if_"?'

‘:- le

Menadiol oxidation also takes place through the sites at which

£l
9-

be a good tool for determining whether ubiquinone is involved in alterate

:ff" pathway oxidations However the extremely rapid auto—oxidation of

menadiol (Figure 15) coupled with the problems associated with the use “;f‘s

of SHAM make it difficult to make concrete conclusions.: Although it

C w—

: initial auto—oxidation rate, this does not necessarily mean that the ”fjg;xgﬁffff‘

g.f

‘.if electrons were going to the alternate pathway. It may have simply been

*;7a diaphorase-like activity. “f}:;} 3ff5fg jf@;7fiv‘j.ﬂﬂﬁiﬂgh

BOnner and RiCh (18) use the SHAM—sensitive menadiol O2 reductase ‘u:‘

.0 N

activity as. the assay technique 1n their experiments where they clarm to vyz”tf

have solubilized the alternate oxidase. They do not report any of the

@

’ was found (Figure 15) that cyanide resistant rate was greater than the

S



- interactions found in this Study,_and'do not give any details of their

assay procedure.

- 9f. ‘Inhibition by<hotenone»
The malate oxidation of the pea”cotyledon mitochondria Qasfquite
resistant to rotenone (Figure_lb).' In fact it is somewhat greater than
\';that'reported for.other‘plant tissues. However.rotenone insen51t1v1ty
seems to varyya greal deal depending on. the tissue used (lll)
‘ The rotenone and cyanide experiments are interesting since they
provide ev1dence against there being two parallel reSpiratory chains
,t Lips and Biale (66) proposed this hypothe31s on the baSis of their work '
. with tissue slices in which the respiration was re31stant both to: cyanide ;
and amytal Since‘in the pea cotyledons the cyanide reSistant respira-
tion was not as great in the presence of rotenone as its absence but
was still present to a fairly 1arge degree, it would seem likely that \\.:‘
| the cyanide—resistant pathway was receiVing electrons from both rote- =

none sensitive and insensitive dehydrogenases.

10, lnhibition by-Chloroguine

Inhibition of cyanide-resistant_ espiration by chlorquine has- not
‘been shown before. It is the first time that a ubiquinone analog has .

unambiguously inhibited cyanide-resistant respiration.- Dibromothymo—

quinone has Hﬁ used to inhibit the alternate oxidase but part of its

inhibition may\simply result from a non—sp .3 ¢ effect on membrane
fluidity (91)
Chloroquine is a unqiue inhibitor in that it inhibits thevinternal

'v'NADH oxidizing system, but it does not inhibit the succinate oxidizing

_a.;_



system (255."lt has also been shown to uncouple phosynthetic phos-
’hhorylation (46); All these obseru;tions have been confirmed in this
ﬂ,study.‘ Experiments‘were done at two pHs since atpr 7.2 chloroquine

. does not -pass through the inner mitochondrial membrane. For that

reason most previous experiments using chloroqulne have been conducted
iwith inverted tinside out)'electron transport_particlest About 607%
inhibition«dﬁ theﬁﬁhDH oxidation of these particles can be‘obtained with
a 10 uM concentrationhof chloroduine (25); .Crane (25) also reports~that
there‘is another inhibition-site in-right'sideyout.particles at,lOQ uM -
chloroquine.’.No evidence;for~this site was tound using whole pea
‘cotyledonhmitochondria. vThedinhibitidﬁ by chloroduine'raises some N

. interesting.questions concerning the location of :the alternate'oxidase.

Since'inhibition_of-the,alternate oxidase occurred at pH 7.2, it'would_anpear

"that the alternate ox_idast? must bé located on the outside of t_he inner
'membraner -However»some°uncoupling of'resoirationvtook place.at pH 7.2
(Figure 18) indicating perhaps that a small amount of chloroqulne was

‘pa531ng through th? inner membrane. Also 51nce relatively high concen—

o

trations of chloroquine were required to 1nhibit the alternate oxidase, 3

‘one‘could argue that the inhibition of the alternate oxidase was being
7 carried out by a small amount of chloroquine pas51ng through the inner :
‘membrane.; However since malate oxidation was uﬁaffected at pH 7 .2 byv
chloroquine but was dramatically affected\at pH 8 2 it seems unlikely

that chloroquine was passing,through the 1nner,membrane. An experiment

conducted'to'compare the’chloroquine:inhibition,ofvsuccinate—supported :

cyanide resistant respiration at pH 7 2 and 8.2 was compllcated by the
. fact that ‘the' alternate oxidase 1tself was con31derably inhibited at pH_

‘8.2 No' ev1dence could be found though for greater inhibitlon of the
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i SHAM was.present theuubiquinone was in a more oxidized state than when

it was absent. There aﬁe three p0551ble explanations for this The

alternate pathway:by chloroquine at this*pH. flherefore'it seems likely-

that the alternate oxidase is located on the external surface/of the

*" inner membrane. The structural similarity of chloroquine to ubiquinone

(Figure 27), and the_previously'reported (25) mode of action of chloro-

quine{on beef-heart submitochondrial particles, faVorvthelidea that'f

P

chloroquine inhibits the alternate oxidase by competing with‘reduced

‘ubinquinone for an enzyme site. . . s

D. . ‘The Redox State of Coenzyme Q | . R

o
=)

The experiments measuring the redox state of Coenzyme Q (Table II)

do not yleld a great deal of 1nformation. ,In all the;experiments wherev '

R

"first is that a small amount of SHAM wh1ch absorbs strongly in the
ultraviolet region, was:carriedeith the ubiquinone throughatheiextrac—‘.o

" tion procedure. The possibility is nnlikely since'control experiments _

& .

‘»showed that. SHAM ‘was virtually insoluble in petroleum ether and : partioned
-rapidly into the methanol-water phase. The second explanation iS‘thatv’
B the SHAM chemically ox1dized the ubiquinone during the extraction :tj 'f.i

"_ lprocedure This idea is negated somewhat by the fact that the SHAM v;"

\

partioned into the methanol—water phase.- However, it is sup—':'

ported by the experiments with SHAM and menadiol. The third option,d’

B that the in vivo effect of SHAM was to 1nhibit the reduction of ubiquinol

| fis even more 1ike1y. If this were the ‘case then the branch point would

.

| -have to be located prior to the ubiquinone and there would have to be a
rrseparate pool of ubiquinone, incapable of 1nteracting with the main pool

of ubiquinone, for the alternate pathway. The,ubiquinone in animal :

o



mitochondria at‘least is‘generally cdnsidered tovbe a homogenOus pool
‘ kZS). Therefore it was felt that the resultsnfrqm.the experiments in
‘which SHAM was used vere artifactuai" - :
'~ The main piece of intormation that can be gleaned from these

experiments then is the oxidation state of the ubiqu1none under state 3
‘ and 4 conditions.. The,valﬁes obtained of "29% reduction in state 3 and
_SZZ?reduction.in state 4~arefinrlineanith yalues obtained by Storey (98)
‘ usingisoectrophotometric methods. This nroyides anyindependent confirma;
tion‘of his results and“indirectiy ofvhiS-conciusions eoncerning the

role of'ubiQuinone in the alternate“nathway.-ihe believes:that‘these
values satlsfy the requirements»placed on the branch point by~ the work

e

of Bahr and Bonner (2, 3), and therefore ublquinone is likely the

”-alternate'ox1dase.“

[

. E.- Ubiquinone Extraction Experiments o

.BeeauSe:ofhthelfragiiity ot_the alternate;pafhnay;fno definite,;w
'cdnéluéiéﬁs'eoncerning'theialtefyégz—;athnayfoan‘be nade;from these_
'experimentsV‘.Von Jagon'and Bohrer (104) obtained sumilar results w1th
kﬁmitochondria from chloramphenicol treated NeurosEora.“‘HOWever, in
‘f‘their case’ they started nith considerably more cyanide resistanee and
»ysome of this’did survive\the lyophilizatlon,_extraction, and re1ncorpora—\ S
.,tion procedures.; | | L | |

kl

Nonetheless the extraction and reincorporation experiments are’

‘d interesting because since they do say‘something about ubiquinone functiqn“ '
in the mitochondria and do allow some comparisons t04be made between

lant and animal m1tochondria.’7"



- It has been observed previously'that partial ubiquinone extraction
idoes‘not affect all omidizing»systems to the same‘extent.(ZS). In'beef‘"
‘iheart mitochondria succinoxidase is lost first, while in brain mitochon—
dria NADH oxidizing ability is lost first The plant mitochbndria'

T behave ‘more like the brain mitochondria in this case. These Obserya—
tions have‘been interpreted as showing‘structural differentiation oflthe.
:"ubiQuinone poolfwith-the mitochondrial-membrane‘f'i.‘*l B o |

‘ Duroquinone does not restore mitochondrial activ1ty 1n pentane
.'extracted beef heart mitochondria.,‘Duroquinone can be reduced by the
NADH dehydrogenase only if ubiquinone is present and the activity is

- rotenone.sensit1Ve'(25) Since in the present study duroquinone restored
'NADH ox1dizing activity but not succinate oxidi21ng activity, 1t.1s

‘ possible to speculate that the existence of ‘a rotenone insensitive B
;dehydrogenase in plant mitochondria could explain this difference

i between the plant and animal mitochondria The rotenone,insensitive

»oxidase may be able to interact directly with duroquinone without thel

‘ 1ntervention of Co yme Q

Fg'”bThe'Effectéofﬁcotyledoange On'MitOChondrial‘Activities“~

'\Rconceivably control the amount of cyanide-resistant respiration with thet“_t

- ;’hope of gaining insight into the phy31ological role of the alternate

i

93 .

.

One of the aims of this study was to study some factors that could .

'L_pathway.: In this regard pea cotyledons provide an interesting systemtto ;3 8

.vwork with since they undergo a number of striking developmental changes
in a relatively short period of time. These developmental changes ;

"extend to the mitochondria. .



'hthe cotyledonary reserves (4 5) This would mean

¢ [

It isdgenerally believed.that the'mitochondria present in the dry

seeds -are relative+y disorganized but that they develop rapidly to

v

supply the énergy needs of the cotyledons (4, 5, 75, 95) This is’

B reflected 1n the present study by the 1ow rates of oxygen uptake and
3

relatively poor resplratory control obtgnned aftef 4 hours of imbibition-

v

s (Table IN) The rapid development is illustrated by the fairly rapid

'succinate oxidation and good respiratory control obtained after 24 hours '

‘.H'

hrapidly than act1v1ty with other Krebs ‘cycle intermediates is interest— ‘j

_1ng.. It nay reflect the importance of. the glyoxalate pathway during the'

94

.. of imbibition. The fact that succ1nate oxidizing abllity develops more'4j_»f

~ear1y stages of germination. Earlier it was mentloned that succ1nate 1s'f‘}

' ox1dized to malate by the mitochondria when this pathway 1s operating,,

,'but that further mitochondrial oxidations are inhibited It 1s not

. SN : Y I
L known how this 1s achieved but the results of the present study suggest

' that it may be possible because of relatively low concentrations of the
’_enzymes responsible for malate breakdown

Oxidative activites in the'Mitochondria contlnue to 1ncrease until

‘”sabout the fifth or: sixth day of germination (Table IV) , This probably

hh“reflects an increasing energy demand by the cotyledons and the growing

'vstarting to be transferred to the axis about the time that the mitochon— L

t;dria are beginning to assume full oxidative activities (after the

'idfsecond day of germination) "gg;gfﬁ f fkf

¢

After the sixth day of germination the oxidative activities ,{5

f begin to- fall off This reflects the senescence of the cotyledons. It

:o.ax1s. It has’ been found that radicle emergence ca occur without any of -
: : : : ? o .

pat. reserves are fJﬂ%;V“' Sl



hbecame increasé;gly difficult to isolate mitochondria from these,coty4

‘ledons. - The yields of mitochondria were lower and many of ‘the cotyledons“v

s

d;‘were infected with disease.l It is quite-probable however that the‘
greatest transfer of reserve material from the cotyledons to the axis

B occurs just before the onset of and during thls phase of development -

-(5). "Lf : B R :t':.: L : - :,: o ‘.’ : .

T The development of cyanide—re51stant respiration roughly parallelsv:';d.:'
that of other respiratory activities.v This is shown in Figure 28 wthh |
',compares the development of two enzymatic activites as determined by |
Solomos et al (95),.and the development of cyanlde resistant respiration.

a

‘vThis pattern of development has also been found in 31milar studies done
“on chick pe é (21) It is in contrad1Ct1on with another view (114) put
E., forward wh#Zh/held that cyanide—resistant respiration operated very :

3early in. the germination of sevéral seeds The 1atter study did not ii‘t’
dliutilize isolated mitochondria and‘the results may reflect the 1nvolvement

e , : Y
'°of non-mitochondrial oxidative pathways.__x

.o'.i

It is interesting that at the very early stages of germination ;hi.ﬁ*
‘fv;there.is no: cyanide resistance.a This situation extends until after the fi _”71
":first 24 hours of germination even though mitochondria from one day oldv-v tille’fé f
”'Ycotyledons“dre able to oxidize succinate rapidly l It is not known why R

"'1T’this situation exists.‘ It may reflect the poor development of mito—:

1tchondria1.membranes.t A recent study has emphasized the imPOICaH
h; mitochondrial membranes in cyanide resistant respiration (107 108)

The fact that the greatest amount of cyanide-resistant respiration"
.,occurs when the mitochondria have high oxidative activities, and when .S-ii

B the transfer of reserves from the mitochondria is the greatest is,

o probably significant.» It is consistent with the ideas of Palmer (77)

ol
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FIGURE 28

e

Changes during germination 4n the activity of SuCClnate )
;,idehydrogenase, cytochrome oxidase and- cyanlde~resistant o
..respiration h”'.__: SRR w‘_-”;}.w.’:_ f ;5f«\”]"”

N

-?the data for cyanide~re31stant respiration 1s taken from
. Table IV with succinate as the substrate. The’ data for .
* cytochrome oxidase and succinate dehydrogenase 1s taken

‘1f'Solomos et al (95)



’lfﬁalternate pathway in which electrons are shunted to the alternate:"' ;

‘EQ‘;drial activity was not greatly affected However gr i

fh:glwas twice that used in the study done with rice.: The 'iscrepancy‘may zgl‘-htb

.'concerning the function oi‘the alternate pathway.liThealternate‘pathway
imay be involved in the interconversion of organic acids in the pﬁﬁsence :

! of a high' energy charge. Krebs cycle intermediates are required for‘
}?the synthesiSaof amides, which are one: of the: forms by which reserves

are transferred ‘from-the cotyledons | R

| It is interesting that the amount of cyanide resistance does not.
increase.during.the'senescence of . the cotyledons - Other workersghave
lassociated the cyanide—resistantlpathway w1;y'senescence (45) It’has ;.:
;._been observed that the amount of cyanide—resistant respiration 1ncreases
'<as ageing.proceEds . However most of these studles have used whole

;itissues rather thanlisolated mitochond%ia : It'may be that tbe capacity ‘-‘”
“of - the alternate~pathway does}not increase during senescence,»but

_;rather electrons tend to pass to‘the alternate pathway rather than to i
ﬂfthe cytochrome pathway because the‘energy.requirements of an older H

'*:“tissue are not as high.ﬂ The control mechanisms (31) proposed for the L

fjfpathway in the absence of ADP, allows this to occur

'Jf G.  Alterations of the Germination Enviromment: . - . o .

‘1. Inclusion of cnl'diax‘nphéniéoi i
The results reported in this study differ from those obtained with
’bNeurospora, and with rice coeloptiles.r It may be argued that the?:f

sl'chloramphenicol was not getting to the site of action since mitochon-‘

& phenicolagrown peas was’ slower indicating that the hloramphenical 'as o

"rf}having some effect on the peas. Als° the/?oncentra‘ on in this study



.

-~

reflect species differences between rice and\peas. There are some

e o
~

a control cyanide resistant respiration in dicotyledons than 1n mono— ‘-b

‘ pointed out that rice 1s exceptional in that it can also germinate in e

"-required (70)

- lziazide affects.e Azide was used 1n these experiments because of the

i '11: difficu‘lt

cotyledons. However this hypothesis has not been tested It should be -

—h

7rthe absence of oxygen, something very unuSual for plant seeds ,However,

3

for the development of cyanide resistant resplration 1n r1ce oxygen was.

N

2. \pEffeCthothzide': )

In many micro—organisms, 1nclu31on of respiratory.inhibitorsyin the-b
“vincubation medium leads to the development of the alternate pathway. :f'v
Ti:Being an inhibitor of cytochrome oxidase, azide might be expected toi
fhave'the same.effect.l However.cyanide re51stance was not promoted 1n' if
1'fpeas;¢ Nevertheless mitochondrial respiratory characteristics were |

“’lﬂaffected This is not surprising considering that many enzymes that

o -

Se—d

:'?bevolatility of cyanide made 1nterpretation of experiments conducted Wlth ,f*

ool

: -s', '.

emperimental results (70 .71, 89) that might indicate different factors‘

. 98

There is no a priori reason for expecting light to influence the 5Hff:5ﬁ""

""cyanide resistant pathway.: However it 1s remotely possible that 1ight

';'might affect the deVelopment of the cotyledons by making the young

ﬂ_"seedling self-suffic1ent earlier. Hower~this did not appear to be the

«

T

control ratio were since the effect was not 1nvestigated intensively

‘j case. It is not known how significant the decreahes in the respiratory jff..'
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4. ' Effect of ‘Ethylene.

The changes in cyanide—res1stant respiration in response to ethy- RTINS
N

1ene reported in this study, including the synergistic effect of oxygen,

". closely resemble the responses report for potato tubers (89) Initially

‘.1t was not clear if the response was a direct effect of the ethylene or

5was an indirect effect occurring as a result of the growth 1nhibit10n

-

::.caused by ethylene. However, the experiment in which cotyledons ayén

. a direct effect of the ethylenea . It is. not known how this 1s achieved
.for why oxygen would be synergistic. However it has been regg;med elsewhere -
.b that high oxygen tensions promote synthe31s of the alternate ox1dase )

; (71 89) ‘. ‘ q - | | | | .. .‘ \
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V.. SUMMARY AND: CONCLUSIONS

The'preceding experiments have”shown”that-an-alternate, cyanide- o

°
!

re31stanc resplratory pathway operates 1n the mat%fhondrla of pea cotyl—;“
'edons “ﬁThe follow1ng evidence supports thls conclu51on 'l) thepe 1s,
.1ncomplete 1nh1b1tion by cyanide of .the resplration of the pea cotyledon .

v'mitochondria,'and 2): the remainlngyrespiration'ls_1nhib1ted'by,SHAM.

0y
.

'ReSidual cytochrome OXidasevactivity,feither as a resnlt of incomplete.

i .
v

'_1nh1bit10n by cyan1 % or slsw turnover of the 1nh1b1ted form of cytochroqef:

j'ox1dasevcannot:accoun

‘.,

70T the qyanide,re31stant respiration. The use of

- the zonal procedure for the 1solat10n of mltochondria insures that the ‘

o

'flocation of the cyanide—re51stant respiration is 1ntra-m1tochondr1al

iF-p The relationshlp between the alternate and maln resplratory pathways

'bfhas also been examined to some extent.' All Krebs cycle 1ntermed1a}es ~~,¢ﬁdf

'-tested were able to donate electrons to the alternate ox1dase. However'l

<

‘-’only a small part of the ox1dat1on of exogenous NADH proceeded through

‘?ﬂpathway 1n pea cotyledons branches from the ma1n respiratory pathway
“ '.betWeeg the first and second Sltev

"fthat the cyanlde-re31stant resplr

'f;the alternate pathway These experiments 1ndicate that the alternate

ne L

:\-

1 4

:ﬁilndicatlng that there was not a rotenone-insen31t1ve, cyanide insen51t1ve,'

s

‘-finon—phosphorylating pathway operating in parallel with the maln resplfatoryrhf=”fi£f

1
v.‘l

L b _‘ : B ,' . - ST p i
A previously unreported 1nhibitor of dyanide—resistant nespiration,
Ly

'1rloroqu1ne was found _ Inhlbitlon by chloroquine indicates that ubiquln-f“

'“Qlocation outside the 1nner m1tochondr1a membrane as the site for the

"1-one is probably involved in the cyanide-res1stant pathway and points to a

/..

v"ihalternateﬂoxidaSe;, Unfortunately the involvement of ubiquinone 1n cyanfde—p;f““Wm

\
A
l
}

ElOOL:J

phosphorylat10n.5 Itgwas;also,fonndd":f]hff &

'tio was inhlbited somewhat by rotenone,; IR
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resistant respiratlon could not be confirmed by ubiquinone extraction and

reincorporation experiments. However these experiments do p01nt out some
_ _

o similarities and differences between plant and animal mitochondria. "“;i}it

Since duroquinol oxidation did. not proceed through the alternate

o

N pathway, although duroquinol oxidation resembled ub1qu1nol oxidation 1n

other ways, 1t would appear that branching to the alternate pathway must
occur Just prior to the ubiquinol ox1dation sites of the main resplratory

= chain, namely at ub1qu1none.
Thls study has also shown how the cyan1de~resistant respiration 1n

the pea cotyledons varies w1th the development of the pea seedllng It 1s"~b

absent at the initial stages of germination, at a t1me when the 1nner flyf”»”'

vl cristae membranes are not well developed but is at 1ts maximum near the

Slxth day of germination.l It is possible that the alternate pathway 1s °5Hyf'

playing a role 1n the mobilization of reserves from the cotyledons, 51nce :i if:;

)

thlS process is also maximally active at this time. It may be allowing

'”T certain mltochondrial reactions, such as’ the interconver51on of organic
S ac1ds, to OCcur at a time when the energy demands of the cotyledons may

not be as great. ihrfffs‘jgﬁh{f'ff"f;;;.}‘ :

In addition this study has determined the effect of some external

N Py

\'v

env1ronmental factors on the development of cyanide-resistant respiration‘frjy‘: g

in pea cotyledons.. It has been shown that the presence of light dld not

ib'ii affect the amount of cyanide resistance. Neither did;the 1nclusion of ,:;jsf;ﬂ;i

. X
) - - \' .14/‘. .
Ld chloramphenicol or 321de in the germination medium. These last two
=_ . G - : ~-\ PR
experiments do not lend\support to the idea that the cyanide—resistant

<‘°.‘\

BRRN

pathway acts as a protective mbchanism when inhibitors of cytochrome




¥ o - . ' L

amount:of‘cyanide‘tesistance. This may indicate that the development
(T &< “of cyanide—resistent'resoiration in pea cotyledons is normally under the

control of this plant hormone.

«

&

resplration in pea cotyledOns, some relatlonshlps between the normal and

cyanide—resistant respiratory pathways, the develoPment of cyanlde—

3

re51stant resplration durlng pea cotyledon germlnation, and. the 1nfluence‘

of ‘some external factors: on the’ development of cyanlde—re51stant resplr—
ation in pea_cotyledonsg Otherlaspects of.respiration‘and the electron
. transport chain in plant mitochondria have also been studied and

‘discussed. LR ' RN n

In summary, this study has shown. the gresence of cyenide—resistant’
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The absorptlon spectra of a serles‘of pentane extractlons

‘of lyophlllzed mltochondrla.
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. Washed m1tochondr1a were 1yophlllzed and then homOgenlzed
repeatedly with 5 ml allquots of n-pentane. The absorption . _
. spectra of these extracts was taken - The upper curve is the ‘

spectrum of the first- extract, and the- others follow
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'FIGURE 22.  The oxidation of suté-inate;‘by pentane extracted mitochondria. |
" “Washed. mitochondrla were lyophilized® ‘and then extracted
five times with pentane. The pentane was removed and the o
‘residue was suspended in- m1tochondr1al suspending medium and "\
.assayed in the usual manner. * (See Materials and: Method ).
" The numbers alonside the trace refer to oxygen uptake i
< nmoles 0 /min » mg protem.- : :

69



}5

| M’

7

~of tlmes.

L a

\',

TABLE III/-

I

. Ox1dat10ns.

Lyophillzed mltoehondrla were extracted«w1th penxane a
After the approplate number of extractions the pqu

S The Effect of Pentane Extractlons on Mitochondrial

=

umber
ane ‘was -

removed. The mltochondrla were resu5pended in the. usual suspendlng
\ib\medlum and were assayed polarographlcally

(See Materlals and Methode)

Treatment

¥

oy

S
B

. Oxidatipns’Réte.(hmoleéldzfﬁinQéfpfotein

.Sﬁccihate.,v

'.v'vaADH

fLyophiliQE& Mifochopdria

'_ZX extracted

': 4X- extracted

4 3
| 21 |

N [N

. . ..
ol T

70



71"

-

"

9o}

RN

d
(@
[}

. .}
S

v

o l#). "NoILVYNivs NISAXO

1
o
0

~

(MIN)

“TIME



0x1dat1on of su¢c1nate by pentane extracted and CoQ

?fff‘f~ oy remncorporated.mltochondrla S e :”5]a
:' - R 1 s ‘ i, S k \ L . ’ . . 2 s j,‘ '( ,:.
f»f;‘f: _‘-Lyophillzed mitochondrla were‘extracted w1th pentane 5 : S
ndf*j' . times. . Coenzyme Q was- then re1ncorp0rated into the;~ =7 o
wEie "fmltochondrla using a; small dmount’ of pentane.,The”‘7“'”'l¢] R
BN ‘~,2pentane was removed aﬂd the'mltochondrla were’ suspended ;fw’ifff
'Hg{f'f - and assayed. in the. uSual manner.‘ (See Materials and’ L
e ,=u?Methods) CYtochrome © was. 'added- to a\flnal concentratlond RETI
T Lo of 0,2 umoles/ml "The numbers along51de the tracep . .. 0

ol {j‘refer to. oxygenyuptake in. nmoles 0, /mln g mg prOte‘n-3fib9 L

. ’ : R FM'. S ‘ s \ )




" IDUROQUINONE

o

s

“SATURATION (%)
i

}

OXYGEN

N

DUROQUINONE (0.3

(s MmN -

-

-

LN
.(.
Y
o
.

A -

LI

U(0s MY

-

.

A

A L

e

‘ 5   3kw;
O (MIN) %

B




28

'.“" - K

e FIGURE”ZA » Reconstltutlon of electron transport in pentene’exéZaetedﬁ"
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, Washed mitochondria were 1y0philled and then extracted
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rntsleedlum and assayed in the usual manner., (See Materlals
... and; Methods) “The numbers along51de ‘the traces refer
©.to oxygen uptake 1n nmoles 0, /m1n ; mg prote1n., ol
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‘fIGURﬁ 25{ Oxidatlon of succ1nate by 1y0phlllzed mltochondrla ‘f '

- y;:fWashed.mltochondria were prepared from 6 day old cotyledonS"
o T 7 %weUand were suspended in 0.15 M KCl.. They were- ‘then-
o e *-v_;];ﬂd‘lyophilized_for 6 hours. Follow1ng ‘this they were ttﬁ
Lo "isuspended in the ‘usual” suspendlng ‘med ium and assayed in the
- usual, manner (See Materlals and Méthods) Cvtochrome c.
o was. added ‘to a: final concentratlon of 0; 2 umoles/ml The’f
L R jnumbers along51de the’ traces refer. to oxygen uptake 1n : ﬂlh_
TN ”f:;fnmoles O /mln . mg proteln RS sl AR
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'tance.~ However after 24 hours of imblbitlon the succlnoxldase systems S

L ) o . : BN

only~§ffewfhours have Véry low’rateé“of okidation and no cyanide resis-

«»v

: seems to be well developedni Relatlvely high,rates of oxygen uptake were

- 8

: obtalned and there was good resplratory control In fact resplratory

,control at thlS stage w1th succ1nate was dften better than at later

- stages f development. The malate and<£~ketoglutarate ox1d121ng systems i

,fdeveloped more slowly A thtle development took place unt11 the second

"

‘ day of germlnatlon. At thls t1me both the ox1dat10n rate and the resplra~

V“.tory control 1mproved From the second day untll the 51xth day ox1dat10n

tates for malate; cirketoglutarate and succ1nate all 1ncreased he-,v

most substantlal 1ncreases occurred between the second and fourth days SO

’The period between the fourth and 31xth days was more of a plateau A_“'

E perlod w1th increases being smaller After the sixth day resplratory

':could be obtalned at’ al

'fsday of germlnatlon. After thls tlme 1t increased both 1n absolute gj-”
”',amounts and 1n proportlon to the total respiratlon rate.l It reached a ;ﬂ g
'»»maxlmgm near the 51xth day of germ1nat10n and decllned after that

?sgmewhatgd"

I

1obtained_near t}

e

Q. . 'Effect 'of Alteration -of Germination Conditions "

bratedeeclined. The highest degree of resplratory control was also

N ‘1ri{)' :
e fourth day, but relatlvely good resplratory control ' s

stages of germlnatlon. l:;; ffﬂ;ff“*',tyffl;,[fn’ \["

The cyanlde re31stant resplratlon did not appear until the second

-

b

>

e T e T e LT RO

Lvﬁhll Inc1u31on of Chloramphenlcol ﬂ.fti55\a
i e . . ":'V‘kx EN L

S L :
X BN

>

Inclusion of chloramphen1col 1n the germlnatlon medlum at the

concentratlon used in thls study (0 5 mg/ml) did not alter greatly the EIRN

q
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resplratory parameters studied, even though the growth of peas was SRR LA
inhibited The reSpiration rate»was slightly less and the respiratory RS
-f,'control ratiOS slightly lower, but the amount of cyanide resistance was -
: . - . v ot . . AR RN . . P S e T
L not. altered e i
- 2. 0 Imclusion of Azide o T v LT e o g
—— R R S B A R S T
The 1nclu31on of a21de at lO 4M or 10 6M did not affect the amount
. . .o o . 3'. . : .t ©
_ fof cyaniddPre51stance. HoweVer the respiratory control rauios were much RSRIS
: ' lower and the mitochondria seemed to deteriorate quickly,aftér 1sola—~- -

L ‘*tion.. After 30, minutes no respiratory control could be observed .A]_,.‘~

Vh'f\ 51mi1ar experiment was condggted with cyanide With lO 6 M cyanide in

./v " » —",

'f,the germination medium, there was no discernible effects on the mitochon-uiif‘;f

‘{t\f-’f"fF_fgdria However at 10 5 M cyanide no germination occurred o

S e ‘_'P~3;:~,Effé¢ﬁlof’Light“‘"':f - R N T
S o S e T TR L e T B G R
Mitochondria 1solated from peas that had been grown in continuous

.%fIight for 6 or 9 days did not behave differently than peas that had not

§

‘ihireceived 1ight with the'exception that at 9 days the respiratory

- control ratios were reduced by a factor of 2 or. 3 ‘_;f;f‘fii.hﬂsﬁr;,jﬂ'Jﬁff

P T e e T T e

*L;g;fﬁ?sffeét%of>E£ﬁy1éﬁé“;5f-g;ﬁqyfggj;3i.r s

:.“-_v
e

Initial experiments using a crude ethylene treatment showed that\ii‘iﬂf}ﬂﬁi
lethylene did indeed alter the amount ochyanide re51stance Washed
’ ’;3mitochondria from 6 day old peas grown in closed respiratory jars in an

."f'atmosphere containing 100 ppm ethylene had between 25 and 304 of the '};'}f37

40'- »

- succinate oxidation rate r 51stant ‘to: cyanide.p In other respects the Wi

: .\,_-

"mitochondria behaved normally.v The‘more rigoroﬁs flow through treatment



v o S K o
in which purified aiy was used as a carrier for the ethylene and after |
. . . , N . . N , N ’
which the‘mitochondria were isolated zonally yielded similar results

)

(Figure 26). L T

a

The concentration of ethylene required to achieve this effeet was

" not investigated rigorously. ‘However in one - experiment peas were grown " .

,‘\5' Q

for 5 days in a closed respiratory jar 1nitially contalning only oxygen.u
‘ Enough ethylene was produced by the peas themselves to produce typical

ethylene injury symptoms, such as’ growth inhibition, and radial expan—'

sion of the young shoot. Mitochondria 1solated from these peas again '

had high ‘amounts’ of cyanide resistgnt respiration.'”llzi'f

B

Another experiment indicated that. thisvwas not a: direct effect of
the'oxygen. Cleaned cotyledons from 3 day old peas were divided into

two 1ots. One lot was . sealed in a respiratory Jar with 100 ppm ethylene

‘in a background of lOOZ oxygen - The other was continously flushed with '

oxygen. Hitochondria from both lots were 1solated 24 hours 1ater,'

h i
Mitochondria from both 1ots were isolated 24 hours later.' Mitochondria
from the ethylene treated peas had approximately 25% of their succinate ©

oxidation resistant to cyanide¥ while the peas ‘that received 100% oxygen '

‘ had only 15% of their succinate oxidation resistant to cyanide Coty-
~ ledons treated with 100 ppm ethylene in a purified air back ground also ‘
had only 152 of the succinate oxidation resistant to cyaaide, indicating“

‘the oxygen and ethyleﬁe treatment. was synergistic.

%

«*
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FIGURE‘26;: The effects of ‘an ethylene atmosphere durlng germlnatlon :
L ~on.m1tochqndr1al reactlons. - o

Peas were‘gerninated in a container through which purified
‘air containing 112 ppm ethylene was passed cantinuously.
-After 6 days the peas were harvested and mitochondria were
isolated using the zonal technique.- They were assayed
in the usual manner.._(See Materlals and: Methods) . The_?
'numbers alonside the. traces refer to ‘oxygen uptake in!
nmoles ‘0,/min . mg. proteln. The circled numbers refer _
‘to the RER and the numbers 1n rectangles to the ADP 0 o
ratio. o B - :
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IV. DISCUSSION:

¢ o e . ' -
: ' ' _ - ¢y : !

‘A.b Morphological Development of the Peas

_ The rates at which various germination,processes oCcur in peas and

i

‘-other plants are dependent on a variety of internal and external conditions

r

Temperature is an’ especially 1mportant factor. ‘Therefore in.order to
lf "q B

correlate results between laboratories, it is necessary to have criteria

.‘other than chronological age for identifying developmental stages

- The. morphological development of the peas in. this study proceeded

fmore rapidly than in the study done by Bain and Mercer (45) . Phase l as

\
described by them was complete at the end of the second day, phase 2

2

. extended from the second to the fifth day, and phase 3 extended from the

'sixth day onward i'*_-f o .' i- R \ o R '>a‘

B. Mitochondrialllntegrity and Phrity';

e Many traditional tests of mitochondrial integrity and purity, such as ;‘,x

.the degree of respiratory control used with animal mitochondria cannot

"ifibe successfully applied to plant mitochondria The presence of alternate :

anon-phosphorylating pathways, and othen additional features in plant

dfmitochondria could lead to erroneous results. The tests used the present

study were suggested in a recent review of electron transport in plant

_:fmitochondria (77) as alternatives ‘to tests traditionally used with animal

',r.

"'mltochondria- . "f» Do 'r;; e e e ij':Lil

The basis of ‘the succinate—cytochrome c reductase Qgét 1is . the fact
that externally added cytochrome c cahnqt pass through the outer mito— b
chondrial membrane (27) It therefore cannot be reduced by the succinate

dehyrogenase system of the inner membrane. -As a result the test is’a




J

v/ ‘.

‘measure of the fraction of,the mitochondria hhving'damaged outer mem-

%

branes. In this~study succinate‘dehydrogenase cytochrome c reductaSe

-

ractivity was low for both the washed and zonally isolated mitochondria

It was increased greater than fifteen fold when the mitochondria were

- pIaced in‘a hypotonic»medium. ‘It .seems reasonable»to conclude therefore

that only a small fraction of the mitochondria infeither‘preparation hadf'

80

damaged»eXternal membranes; The fraction having damaged membranes was ;'> _

sllghtly less in the case of the zonally 1solated mitochondria.,

It hasg beenfsuggested that the presence of'@ntimycinAA—resistant

" NADPH cytochrOme'c reduCtase activityVindicates microsomal'co:)aminationA'

'(77) .However his test has not been w1de1y used perhaps because of

[y

'its low sensitivity : In qPis study the activity was low and somewhat

&

:‘ difficult to measure in both preparations It was somewhat lower in- the

3,

' mycin is not known On the whole it would seem that the above test 1s_

- o v
-_.to be electron microscopy (77) Hamman (40) used electron microscqpy to

lvcase of the zonally isolated mitochondria, indicating perhaps that th%s ‘\ o

was a somewhat purer preparation The identity of the antimyc1n—A—'»"“i<i; __;‘7

A ,
sen51t1ve activity is not known It may be extra~m1tochondr1al 1n»

¢..

’nature since its actlvity is 1ess in the case of the zonally 1solated

»

‘mitochondria However an: extra-mitochon ial site sen31t1ve to anti- “f” B

-not a good test to measure the purity of a mitochondrial preparation

The most reliable measure of mitochondrial purity would still seem .

*'show that mitochondria isolated by the zonal technique used in thls

~ 3

_,study, produced relatively pure preparations. The higher specific rates

f~of oxygen uptake, the lack of residual respiration, and the 1ighter

- color of the : nal preparation observed in the present study all support

A

ﬁﬁthat conclusion that the zonal preparation contained less contaminating

¢

‘: E




;:i_near 400 nmoles/min mg protein

‘.

kY

C. Mitochondrial Oxidations.

-ﬁﬁsuccinate was the substrate It was noted that preparations that had

7jthan regular preparations (Table IV)

81

’

protein.. Other reports appearing in the literature'have consistently

shown the advantages of isolating mitochondria on sucrose step gradients

. . } @,}.
- . .

(2777) . '.s,
4 W LN

[}

1. Oxidation of Succinate »

" The rates, of succinate oxidations for mitochondria from: 4 to 6 day

old cotyledons are not greatly different from the rates reported for

‘other mitochondrial preparations, Douce et al (27) reports that highly

: purified mitochondria from mung beans have succinate oxidation rates of

=t

The lower reSpiratory control ratios obtained with succ1nate than with -

O(rketoglutarate or malate probably occurs because the alternate pathway is

'not under the control of phosphorylation. This 1s shown by the observation‘lf*

~‘that ADP added after cyanide had no effect on the respiration rate when i

*

lower cyanide:ﬁésistant rates, such as preparations from l day old

’Ilcotyledons, often;had higher reSpiratory control ratios with succinate

’:" f

“Th K for cyanide inhibitio of succinate oxidation reported in

this supdy also agrees fairly clo ely with figures reported in the’ '
A g

literature._ Ikuma and Bonner (5 ) report a value of 4 uM As seen from .

_the inhibition curve (Figure 5) he concentratlon used in routine assays L

.'](0 02 mM) was'. adequate to compl‘tely inhibit cytochrome oxidase. The:

fhypothyl mitochondria (25)

ﬁ”amount of cyanide resistance i the pea cotyledons mitochondria is

v



y -

The | inhibition by SHAM of the cyanide—resistant respiration indl—bl
. cates the operation of an alternate oxidase similar to that described in
‘theliterature._ SHAM is -a relatively specific inhibitor (87 90) of theh_" o
- alternate oxidase in plant mitochondria with a slightly lower inhibitiong "r
- ‘constant- than m-CLAM However it~was used in this study because it is '
' ;commercially available while m-CLAM is not The half maximal inhibition '
ilﬁfconstant for SHAM has been reported o be O 06 mM with mung bean mito:_

B |

chondria as compared with 0 17 mM found 1n this study.. vflffhf - t‘ﬂ‘ ‘f )
" Inhibition oﬁ state 4 respiration and not state 3 (Figure 6) respira—,
h"tion supports the gegeral contention that the cyanide—resistant pathway

'ffoperates when there is a; excess of electrons that the cytochrome pathway

"cannot handle. It has be n reported (2 3) that in mung beans the :tl_;if;:_ f””
f?“;alternate pathway is maxim.lly active during state 4 but is not engaged
Tfat all in state\3 The results reported in the present study (Figure 8)
=';:;differ somewhat from this. However the method010gy used to determine_;“‘*y”;'lii
'tiguis'_ﬁthis information is not that reliable. Small errors in the drawing”of

dﬁljfthe 1ines on the graphs c0uld change thevresults considerably

<

20 "oxid'atioh'ebf'*_-c-"r(ét'dgiutara:té S

.- el °

' The oxidation rate of- °<—ketog1utarate of near 130 nmoles 0 /min mg ﬁ%;{h;t;:
,’i,protein from mitochondria from 4 day old cotyledons (Figure 9) is somewhat :'U’:>
’slower than the 220 nmole rate reported for purified mung bean mitochgn-:'ﬂyj
:dria (77) However the difference is not large and can perhaps be ‘
'”aaCCounted for by differences‘in the methods used to measure protein.::"'
The fact that respiratory control.was possible even in the presence
hhyiof cyanide indicates that phosporylation is associated with the alternate ‘_577t>

'3

o pathway.v The ADP 0 ratio of near 2 supports the co\\tntion that the'”'



B

S \;) g 'ox‘idatiaﬁ-. o"f' ;'M;i'aitg .

N\

. » 8 .e ""A . L f ' ) .
_branch point is bet;;:;\;hBQPhorylation sites 1 and 2 of the respiratory

R

Although the percentage of the respiration resistant

much greater for succinate than for d&ketoglutarate, the ra es of yanide».
‘ J're31stant respiration in terms of nmoles Oz/min mg proteip were roughly .

. the same for both substratés.‘ This could indicate that electrons from

both substrate dehdyrogenases had equal access to the alternate pathway
Other authors have reported greater cyanide resistance W1th succinate‘

than with malate and have concluded that the cyanide resastant pathway

is more available to the dehydrogenases of succinate that to the dehydro— :

genases of other substrates.. This may be true fdr other tissues but

does not seem to be true for pea cotyledon mitochondrla

S .
R - :
. /’ . N

The oxidation of malate (140 nmoles Oz/min.mg protein) (Figure 10)

g is considerably lower than that repgrted for mung bean mitochondria (450

J

:f{ nmoles 02/min mg protein) (27) However the mung bean study used 30 mM

malate while 10 mM malate was used in this study.v It is quite likely

LE

that the 10 mM concentration faf/rs the operftion of malate dehydro—

© 83

genases whereas malic enzyme is probably also operating at 30 mM malate jLﬁ,lf“'

=~

(109) : This may account for the lower rate of malate oxidation by the

pea mitochondria as compared with the mung bean mitochondria, or it may

simply be that the capacity of the malate dehydrogenases is lower in the ?f,.

: pea cotyledon mitochondria. v“hh'?z ,;iv:'}. ’.1‘}frh_vjE‘J_ L

It has frequently been observed that plant mitochd;*ria“QXHibitﬂaﬁi-“

-_T more rapid state 3 rate after 2 or 3 cycles of ADP additions., lt isf;f: o



felt that ‘the. lower initial state 3 rate may be lhmited by the intra

mitochondrial substrate concentration (49) Malate oxidation does ‘not

"behave simiarily, perhaps because of a build—up of oxaloacetate (110)
' A two phase state 4 rate has been interpreted by Palmer (79) in terms of
‘ kinetic compartmentation._ He feels that the second phase may be due to :

»bla transfer of electrons to the nonphosphorylating NADH dehydrogenase.

4

. The experiments in this study add 1itt1e to: the.above observations other _

~than confirming that mitochondria from pea cotyledons behave similarily

4

B _to other plant mitochondria. No reason was found for the low malate

-ﬂfimalate oxidizing enzymes as to the othen Krebs cycle dehydrogenases

:”oxidation rate observed in some preparations

Access to the alternate pathway seemed as equally available to -

S,

Points concerning alternate sathway phoaphorylation and the branch point:_

;_;mentioned 1n the discusSion of n(-ketoglutarate oxidation, apply to

Tdmalate oxidation as' well ’fhf_'[, - _Qb@'?'?;'f

'.,_ t.:_ ('5

-f?it seemed to have limited access to the alternate pathway.c This would
’-fbe difficult to explain if ubiquinone were the branch point,and if the Q' 3

’foxidation of exogenous NADH prOceeded through ubiquinone However the ',,I;a

ﬂ

fﬁ_point at\which electronJ%from the externally added NADH enter the

f‘respiratory’;hain is not definitely known.: Von Jagow and Bohrer (104)

lhaVe shown that cyanide-resistant duroquinol oxidation in Neurospora S

.'.””.'proceeds backwards from a compOnent in Complex III to ubiguinone and

fhfINADH oxidation*in the pea cotyledon mitochondria and this would account ?=': e

.,A

3 fd"then to the alternate pathway.i The same situation may be occurring with:ﬁfdlfr.

L e

Although the oxidation of exogenous NADH was very rapid (Figure ll)ﬂff'd'




- o '-".,_'- . o ' l«94,‘
for- the limited(access»to alternate pathway: by electrons from NADH
s PR B o e T , .
"~ oxidation.
‘ ' Y N
el

5. -‘OXidation of Citrate |

o

\,

'dﬂ\\\\\\~\51nce citrate oxidation does not yield NADH directly, the reducing o

equivalents received by the respiratory chain must have come from the )

foxidation of isocitrate, which would account for the slowness of the

.vrespiration rate (Figure 12) This\eXperiment is~important 51nce it o

Q

:-once more shows that all of the Krebs ncycle intermediates tested had

“r{equfl access to the alternate pathway One could speculate that if the‘¢u

P -TMPD by cyanide would be expected

“'b-The remaining respiration can perh ps b: acc\”

d“ihfunction of the alternate pathway was to allow conversion of one of

'rKrebs cycle intermediates to another in the presence of a high energy e

'?jl'6,j;-0xidation-o£ AScorbateeTMPDf‘Jﬁf*:=j-*-'

'*_Qpassed directly to the cytochrome oxidase region of the electron transport

f-chain (7) Therefore complete i ; bition of the xidation of ascorbate |

This did not occur‘(Figure 13)

ted for by residual S

a ‘.‘5.'4’-

‘Lgfcytochrome oxidase activity or pe‘haps by a slow auto—oxidation of the

85

0-.""‘*"

lcharge, the amount of cyanide—resistant respiration‘might be influencedfﬂftijﬂd"

'ﬂ{by which intermediate was present.~ This did not appear to be the case.yfies.ﬁﬁ‘ o

The electrons from the oxidation of an ascorbate—TMPD mixture are: ﬁfjj'v

‘;,ascrobate—TMPD mixture.} Since the addition of succinate to the cyanide— -f_i;aija'

5}inhibited stat& caused an accelerat{on of the respiration rate and since S

"*;this rate was inhibited by SHAM (Figure 13) it is clear thav*residual
':?cytochrome oxidasy activity is not great enough to account for the

"ffcyanide—resistance observed in the pea cotyledon mitochondria., This_v

-

g
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experiment is essentially a repeat,of thigearlier Wiskish and Bonner r

| 'experiment (110), which Showed that cyani e—resistant respiration could

o,

. not” be explained by residual cytochrome oxidase activity

A small amount of reverse electron transport from the ascorbate— o

‘.

‘“TMPD to the alternate oxidase may also have been occurring The experi- |

86

ment in which ATP was added after the cyanide was designed to test this o

hypothesis : ATP is necessary for reverse electron transport to oo@ur (7)
 The results can be interpreted as meaning it was., However too much
"@Temphasis cannot be placed on these reSults as the measured rates are 3

fivery slow and bordering on the limits of sensitiv1ty of the oxygen monitor.

"357.:f-Oridationfof‘burOQUindif~

S . R .

~ol closely resembles Coenzyme Q in structure (Figure

'“-.127);-,1n51tsrfer d form it is believed to react near the same site as }"

'r”ﬂreduced Coenzyme='y_25) Duroquinol ox1dation proceeds without going '

. )
through endogenous ubiquinone but there is some evidence to indicate

"7vﬂthat high duroquinol concentrations can cause a reduction of the ubiqui—'f;l idﬁl

7»dfnone in the mitochondria.:;ﬁy(ii'f-

It is 1nteresting to speculate why an analog such as this does not

/':'f’; readily donate electrons to the alternate path (Figure 14) The moéﬁ

l,{likely reason is that the redox potential of the duroquinol (E + 35

dfv:mv pH 6.0),is higher than that of the first member of the alterpate

o .pathway " The fact that duroquinol does not readily donate electrons to t;egifrffu

e the alternate pathway does provide some evidence that ubiquinone is the

R

”gg:the reduced ubiquinone, then the branch point must be prior to’ the site'

1erof ubiquinone oxidation, either at ubiquinone or prior to it. It is 2

L%

' **branch p01nt., If it is assumed that duroquinol reacts at the same site as *_;
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'?vﬂTffiGUREf27f§ The‘chemical structures of menadione, duroqulnone,v ﬁ-?“f o
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VVC} unlikely that the branch point is prior to the ubiquinone site, 81nce ine
o T
the pea cotyledon mitochondria electrons from endogenous NADH and from' '

' succinate have equal access to the alternate pathway e

It 1s pOSSSible that a small amount of the duroquinol oxidation was
proceeding by the alternate pathway (Flgure 14) SinCe SHAM increased f -
v‘ »—9 . )
- the autox1datiog rate of duroquinol and therefore the exact amount of

alternate pathway activity could not be determined However 1t must

have been Very low since greater than 90/ of the oxidatlon was cyanide &ff

:) S

o

- sen51t1ve and small amount of the reéﬁ&ning respiration probably arose-n

Ve : RIS v”w'ﬁ““.” ,;"w*ﬁlfl”:
QSA frgm a: slow auto—oxidation of duroqulnol "‘”\:af§ BRI AT

R a;;;a;;,xafi 'né;;ai;,iz‘?. e | 7
; Menadiol oxidation also takes place through the sites at which n
'.;§7é ubiquinone iS Oxidized (25) However part of the oxidation of menadiol :
hjtf also proceeds through ubiquinone since menadiol has a lower redox.‘ ifi.
:i ;‘:1€ﬁiipotential than duroquinol (E f —lmv) Menadiol therefore wouldnsehm to?ﬁ;?;aryg
Jj be a good tool for determining whether ubiquinone is involved in alterate’

;@f' pathway oxidations However the extremely rapid auto—oxidation of ‘ffa,;“f;;V?

menadiol (Figure 15) coupled with the problems associated with the use “;f‘s

of SHAM make it difficult to make concrete conclusions.: Although it

’ was found (Figure 15) that cyanide resistant rate was greater than the :

-p" . wlno T
. B S U S

s ——

i initlal auto—oxidation rate, this does not necessarily mean that the‘”fyi;xﬁﬁffff‘

g.f

’ electrons were going to the alternate pathway. It may have simply been

BOnner and Rich (18) use the SHAM—sensitive menadiol O2 reductase '\:;

.0 N

| *; a diaphorase-like activity.

activity as. the assay technique 1n their experiments where they clarm to v!zrzf.,,

@




- interactions found in this Study,_and'do not give any details of their

assay procedure.

9. ‘Inhibition by Roténone.

The malate oxidation of the pea”cotyledon mitochondria Qasfquite
resistant to rotenone (Figure_lb).' In fact it is somewhat greater than
\';that'reported for.other‘plant tissues. However.rotenone insen51t1v1ty
seems to varyya greal‘deal depending on. the tissue used (lll)

‘ The rotenone and cyanide experiments are interesting since they

provide ev1dence against there being two parallel reSpiratory chains
Lt Lips and Biale (66) proposed this hypothe31s on the baSis of their work '

~ with tissue slices in which the respiration was re31stant both to: cyanide ;
and amytal Since in the pea cotyledons the cyanide reSistant respira-
tion was not as great in the presence of rotenone as its absence but
was still present to a fairly 1arge degree, it would seem likely that \\.:‘
the cyanide—resistant pathway was receiVing electrons from both rote- =

none sensitive and insensitive dehydrogenases.

10, lnhibition by-Chloroguine

Inhibition of cyanide-resistant_ espiration by chlorquine has- not
‘been shown before. It is the first time that a ubiquinone analog has .

unambiguously inhibited cyanide-resistant respiration.- Dibromothymo—

'quinone has be’“ used to inhibit the alternate oxidase but part of its

inhibition may\simply result from a non—sp .3 ¢ effect on membrane
fluidity (91)
Chloroquine is a unqiue inhibitor in that it inhibits thevinternal

'v'NADH oxidizing system, but it does not inhibit the succinate oxidizing

a



system (255."it has also been shown to uncouple phosynthetic phos-
’bhorylation (46); All these obseruations have been confirmed in this
ﬂ,study.‘ Experiments‘were done at two pHs since atpr 7.2 chloroquine
. does not -pass through the inner mitochondrial membrane. For that

reason most previous experiments using chloroqulne have been conducted
iuith inverted tinside out)'electron transport_particlest About 607%
inhibition~0f ;hé"ﬁknu oxidation of these particles can be‘obtained with
a 10 uM coneentrationhof ehloroouine (25); .Crane (25) also reports~that
there‘is another inhibition-site in-right'sideyout.particles at 100 uM -
chloroquine.’.No evidenoe;for~this site was tound using whole pea S
‘cotyiedonhmitochondria. vThedinhibitidﬁ by chloroduine'raises some -
. interestingoquestions concerning-the ioeation Of:the.alternate'oxidase.
‘Since'inhibition_of-thegaiternate okidase oecurred‘at‘bﬂi7;2, it'would:anpear
r;hat thebalternate oxidaSi’must bé ioeateddon the outside of the inner
'membrane;‘-However»sone°uncoupling of:resnirationvtook piace.at pH 7.2
(Figure 18) indicating perhaps that a small amount of chloroqulne was‘
‘pa531ng through th? inner membrane._ Also 51nce relatively high concen—
trations of chloroquine uere’required to 1nhibit the alternate oxidase, f
‘one‘could argue that the inhibition of the alternate oxidase was being
7 carried out by a small amount of chloroquine pa551ng through the inner :
‘membrane.; However since malate oxidation was uﬁaffected at pH 7 .2 byv
chloroquine but was dramatically affected\at pH 8 2 it .seems unlikely
that chloroquine was paasing,through the‘inner,membraneri\An experiment
»eondueted'to'compare the’chloroquine:inhibition,otvsuccinate—supported. e
cyanide resistant respiration at pH 7 2 and 8.2 was compllcated by the

. fact that ‘the' alternate oxidase 1tself was con31derab1y inhibited at pH

‘8.2 No' ev1dence could be found though for greater inhibitlon of the
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i SHAM was.present theuubiquinone was in a more oxidized state than when

it was absent. There aﬁe three p0551ble explanations for this The

alternate pathway:by chloroquine at this*pH. flherefore'it seems likely-

that the alternate oxidase is located on the external surface/of the

*" inner membrane. The structural similarity of chloroquine to ubiquinone

(Figure 27), and the_previously'reported (25) mode of action of chloro-

quine{on beef-heart submitochondrial particles, faVorvthelidea that'f

P

chloroquine inhibits the alternate oxidase by competing with‘reduced

‘ubinquinone for an enzyme site. . . s

D. . ‘The Redox State of Coenzyme Q | . R

o
=)

The experiments measuring the redox state of Coenzyme Q (Table II)

do not yleld a great deal of 1nformation. ,In all the;experiments wherev '

R

"first is that a small amount of SHAM wh1ch absorbs strongly in the
ultravlolet region, was:carriedeith the ubiquinone throughatheiextrac— L

" tion procedure. The possibility is nnlikely since'control experiments _

& .

‘»showed that. SHAM ‘was virtually insoluble in petroleum ether and : partioned
-rapidly into the methanol-water phase. The second explanation iS‘thatv’
B the SHAM chemically ox1dized the ubiquinone during the extraction :tj 'f.i

"_ lprocedure This idea is negated somewhat by the fact that the SHAM vi

\

partioned into the methanol—water phase.- However, it is sup—':'

ported by the experiments with SHAM and menadiol. The third option,d’

B that the in vivo effect of SHAM was to 1nhibit the reduction of ubiquinol

| fis even more 1ike1y. If this were the ‘case then the branch point would

.

| -have to be located prior to the ubiquinone and there would have to be a
rrseparate pool of ubiquinone, incapable of 1nteracting with the main pool

of ubiquinone, for the alternate pathway. The,ubiquinone in animal :

o

(¥}



mitochondria at‘least is‘generally cdnsidered tovbe a homogen0us pool
‘ kZS). Therefore it was felt that the resultsnfrom.the experiments in
‘which SHAM was used vere artifactual" - :
'~ The main piece of information that can be gleaned from these

experlments then is the oxidation state of the ubiqu1none under state 3
: and 4 conditions.. The,valﬁes obtained of'29A reduction 1n;state 3  and
_SZA reductlon in state 4 are in line with values obtained by Storey (98)
‘ u51ng spectrophotometric methods. Thls prov1des an 1ndependent confirma-

tion of his results and“indirectly ofvhiS-conclusions concerning the

role of'ubiQuinone in the alternate"pathway He bellevesithat these
values satlsfy the requirements»placed on the branch point by~ the work

e

of Bahr and Bonner (2, 3), and therefore ublquinone is likely the

”-alternate'ox1dase.“

[

. E.- Ubiquinone Extraction Experiments '

.BecauSe:ofhthelfragility ot_the alternate;pafhway;fno definite,;ﬁ
'eonelusions'concerning~theialternége-pathwayfcan‘be made;frOm these'
'experiments Von. Jagow'and Bohrer (104) obtained sumilar results w1th

kﬁmitochondria from chloramphenicol treated Neurospora.“ However, in
df‘their case they started with considerably more cyanide resistance and
»ysome of this did survive\the lyophllizatlon, extraction, and relncorpora—~ L
'»’tion procedures.;--w'b | L

kl

Nonetheless the extraction and reincorporation experiments are’

‘i interestlng because since they do say something about ubiquinone functlon“ '
in the mitochondria and do allow some comparisons t04be made between

' plant and animal m1tochondria.’7"



It has been observed previously'that partial ubiquinone extraction
idoes not affect all oxidizing systems to the same extent (25) In'beef‘" .
‘iheart mitochondria succinoxidase is lost first, while in brain mitochon—
dria NADH oxidizing ability is lost first The plant mitochbndria'

T behave ‘more like the brain mitochondria in this case. These Obserya—

tions have‘been interpreted as showing‘structural differentiation oflthe.
:"ubiQuinone poolfwith-the mitochondrial-membrane;f'b._*l B o |

‘ Duroquinone does not restore mitochondrial actiylty 1n pentane
.'extracted beef heart mitochondria., Duroquinone can be reduced by the

NADH dehydrogenase only if ubiquinone is present and the activity is

- rotenone.sensit1Ve'(25). Since in the, present study duroquinone restored
'NADH ox1dizing activity but not succinate oxidi21ng activity, it is TR
‘ possible to speculate that the existence of ‘a rotenone insensitive R |
;dehydrogenase in plant mitochondria could explain this difference

j between the plant and animal mitochondria 'The rotenone,insensitive :
»oxidase may be able to interact directly with duroquinone wifhout ther .

‘1ntervention of Co yme Q, R

Fg'”bThe'Effectéofﬁcotyledoange On'MitOChondrial‘Activities“~

One of the aims of this study was to study some factors that could .
'\Rconceivably control the amount of cyanide-resistant respiration with thet“_t

: ;’hope of gaining insight into the phy31ological role of the alternate ‘
'L.pathway.: In this regard pea cotyledons provide an interestlng systemtto ;3\“
.vwork with since they undergo a number of striking developmental changes

in a relatively short period of time., These developmental changes R

"extend to the mitochondria. .



¢ [

It isdgenerally believed.that the'mitochondria present in the dry

v

seeds -are relative+y disorganized but that they develop rapidly to
supply the énergy needs of the cotyledons (4, 5, 75, 95) Tﬁis'is'

B reflected 1n the present study by the 1ow rates of oxygen uptake and
3

relatively poor respiratory control obtgnned aftef 4 hours of imbibition-

ﬁ-\ (Table IN) ) The rapid development is illustrated by the fairly rapid
'succinate oxidation and good respiratory control obtained after 24 hours '
.. of imbibition. The fact that succ1nate oxidizing abllity develops more';f

. "”v

srapidly than act1v1ty with other Krebs ‘cycle intermediates is interest— ‘j

_1ng.. It nay reflect the importance of. the glyoxalate pathway during the'

~ear1y stages of germination. Earlier it was mentloned that succ1nate 1s'f"

' ox1dized to malate by the mitochondria when this pathway 1s operating,,

,'but that further mitochondrial oxidations are inhibited It 1s not

{ Sy

'-,} known how this 1s achieved but the results of the present study suggest
' that it may be possible because of relatively low concentrations of the
’_enzymes responsible for malate breakdown L | AR
‘ . Oxidative activites in the'hitochondria'continue to 1ncrease‘until
"ffdabout the fifth or: sixth day of germination (Table IV) v This probably
hh~ref1ects an increasing energy demand by the cotyledons and the growing
- ioianis. It has been found that radicle emergence caggpccur yithout any of ;Qliii'

"'hthe cotyledonary reserves (4 5) This would mean {that reserves are yﬁ,;;,d

.dvstarting to be transferred to the axis about the time that the mitochon— RS

t;dria are beginning to assume full oxidative activities (after the

'idfsecond day of germination) "gg;gfﬁ f fkf

¢

After the sixth day of germination the oxidative activities ,{5

f begin to- fall off This reflects the senescence of the cotyledons. It



became increasé;gly difficult to isolate mitochondria from these coty—

Y

ledons -The yields of mitochondria were lower and many of ‘the cotyledons“v

s

K were infected with disease._ It is quite-probable however that the‘

greatest transfer of reserve material from the cotyledons to the axis

B occurs just before the onset of and during thls phase of development .

: The development of cyanide—re51stant respiration roughly parallelsv:';T.-‘
that of other respiratory activities.v This is shown in Figure 28 which
',compares the development of two enzymatic activites as determined by
--Solomos et al. (95),.and the development of cyanlde resistant respiration.

a

‘vThis pattern.of development has also been found in 31milar studies done
h';;Von chick pe é (21) It 1s in contradiction with another view (114) put
i., forward wh#Zh/held that cyanide—resistant respiration operated very :
3early in. the germination of sevéral seeds The 1atter study did not ii‘t’

' 1utilize isolated mitochondria and‘the results may reflect the 1nvolvement

B : , : Y
'°of non-mitochondrial oxidative pathways.__x

.o'.i

It is interesting that at the very early stages of germination ;hi.ﬁ*
‘fu;there.is no: cyanide resistance.s This situation extends until after the hi _“71
":first 24 hours of germination even though mitochondria from one day oldv-v tillp’fé f
”'Ycotyledons“§re able to oxidize succinate rapidly l It is not known why R

'h'this situation exists.‘ It may reflect the poor development of mito—:

1Tchondrial.membranes.t A recent study has emphasized the importaH
h; mitochondrial membranes in cyanide resistant respiration (107 108)

L The fact that the greatest amount of cyanide-resistant respirationliﬂ‘
.,occurs whenbthe mitochondria have high oxidative activities, and when ‘s‘ifv

B the transfer of reserves from the mitochondria is the greatest is,

o probably significant.» It is consistent with the ideas of Palmer (77)
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FIGURE 28

e

"wquhe data for cyanide~re31stant respiration 1s taken fromﬁii  ;
- Table IV with: succinate as the substrate. The' data for ..~
* cytochrome oxidase and succinate dehydrogenase 1s taken

Changes during germination 4n the activity of SuCClnate )
_,idehydrogenase, cytochrome oxidase and- cyanlde~resistant o
..respiration h”'.__: SRR w‘_-”,?.“,,:_»f ;5f«\”]"”

N

‘1f'Solomos et al (95)

o v

P SV



"concerning the function ot‘the alternate pathway.» The‘alternate‘pathway

imay be involved in the interconversion of organic acids in the pﬁﬁﬁence :

! of a high' energy charge. Krebs cycle intermediates are required for‘

}?the synthesiSaof amides, which are one: of the: forms by which reserves

are transferred ‘from-the cotyledons | R

| It is interesting that the amount of cyanide resistance does not.
increase.during.the'senescence of . the cotyledons - Other workersghave

hassociated the cyanide—resistantlpathway w1;y'senescence (45) It’has ;.:
;._been observed that the amount of cyanide—resistant respiration 1ncreases@d
'<as ageing.proceEds . However most of these studles have used whole
qitissues rather thanlisolated mitochond%ia 1t may be that tbe capacity i-‘”
“of - the alternate~pathway does}not increase during senescence,»but

:l_rrather electrons tend to pass to‘the alternate pathway rather than to i

S e c T
he cytochrome pathway because the energy requirements of an older

v '*:“tissue are not as high.ﬂ The control mechanisms (31) proposed for the L

*‘T[alternate Pathway in which electrons are shunted to the alternate:"' ;

fjfpathway in the absence of ADP, allows this to occur

-~ G.  Alrerations of the Germination Enviromment . - -

Hﬁ‘ydrial activity was not greatly affected However gr 4

f'3l5~lwa8 twice that used in the study done with rice.:jThe ‘iscrepan¢y,may- :&7._F“'

S O Inciusion'bfocnldiAmphéniéai‘»\-
The results reported in this study differ from those obtained with.r;flff
| ’bNeurospora, and with rice coeloptiles.r It may be argued that the?:f

ah'chloramphenicol was not getting to the site of action since mitochon-‘

& phenicolagrown peas was’ slower indicating that the hloramphenical 'as o

"rf}having some effect on the peas. Als° the/?oncentra‘ on in this study



.

-~

reflect species differences between rice and\peas. There are some

e o
~

a control cyanide resistant respiration in dicotyledons than 1n mono— ‘-b

‘ pointed out that rice 1s exceptional in that it can also germinate in e

"-required (70)

- lziazide affects.e Azide was used 1n these experiments because of the

i '11: difficu‘lt

cotyledons. However this hypothesis has not been tested It should be -

—h

7rthe absence of oxygen, something very unuSual for plant seeds ,However,

3

for the development of cyanide resistant resplration 1n r1ce oxygen was

N

2. \pEffeCthothzide': )

In many micro—organisms, 1nclu31on of respiratory inhibitors in the

“vincubation medium leads to the development of the alternate pathway. :f'v
Ti:Being an inhibitor of cytochrome oxidase, azide might be expected toi
fhave'the same.effect.l However.cyanide re51stance was not promoted 1n' if
1:fpeas;¢ Nevertheless mitochondrial respiratory characteristics were |

“’lﬂaffected This is not surprising considerlng that many enzymes that

o -

Se—d

:'?bevolatility of cyanide made 1nterpretation of experiments conducted w1th.:f9

ool

: -s', '.

emperimental results (70 .71, 89) that might indicate different factors‘

. 98

There is no a priori reason for expecting light to influence the 5Hff:5ﬁ""

'-,'cyanide resistant pathway.: However it 1s remotely possible that light‘n:'

';'might affect the deVelopment of the cotyledons by making the young

«

T

control ratio were since the effect was not 1nvestigated intensively

ﬂ_"seedling self-suffic1ent earlier. Hower~this did not appear to be the . f“: £

‘j case. It is not known how significant the decreahes in the respiratoryjjff.,'
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4. ' Effect of ‘Ethylene.

The changes in cyanide—res1stant respiration in response to ethy- SRR
AN

1ene reported in this study,‘including the synergistic effect of oxygen,

". closely resemble the responses report for potato tubers (89) Initially

‘.1t was not clear if the response was a direct effect of the ethylene or

5was an indirect effect occurring as a result of the growth 1nhibit10n

-

::.caused by ethylene. However, the experiment in which cotyledons ayén

. a direct effect of the ethylenea . It is. not known how this 1s achieved

..for why oxygen would be synergistic. However it has been regg;med elsewhere -

: .b that high oxygen tensions promote synthe31s of the alternate ox1dase )

; (71 89) ‘. ‘ q - | | | | .. .‘ \



A

"ox1dasevcannot:accoun

'f;the alternate pathway These experiments 1ndicate that the alternate
"fﬂpathway 1n pea cotyledons branches from the main respiratory pathway
'“ -.betheeg the first and second s:.tev

"fthat the cyanlde-re31stant resplr

'“Qlocation outside the 1nner mitochondria membrane as the site for the

V.. SUMMARY AND: CONCLUSIONS

The'preceding experiments have”shown”that-an-alternate, cyanide- o

°
!

re31stano resplratory pathway operates 1n the mit%fhondrla of pea cotyl—;“
'edons “ﬁThe follow1ng evidence supports this conclu51on 'l) thepe 1s,
.1ncomp1ete 1nh1b1tion by cyanide of .the respiration of the pea cotyledon L

'v'mitochondria,'and 2) the remainlngyrespiration'ls_1nhib1ted'by,SHAM.

0y
.

'ReSidual cytochrome OXidase'activity,feither as a result of.incompletej,ih -

i .
- v

'_1nh1bit10n by cyani % or slsw turnover of the 1nh1b1ted form of cytochroqefl

‘.,

70T the qyanideﬁre31stant respiration.u The use of

the zonal procedure for the 1solat10n of mitochondria insures that the ‘

o

'flocation of the cyanide—re51stant respiration is 1ntra-m1tochondr1al
iF-y The relationship between the alternate and maln respiratory pathways
hfhas also'beenTexamlned'to some extent.' All Krebs cycle 1ntermed1a}es ~~,¢1df<

'-tested were able to donate electrons to the alternate ox1dase. However'l

<

‘-’only a small part of the ox1dat1on of exogenous NADH proceeded through

ne L

1 4

'Yiindicating that there was not a retenone-insen31t1ve, cyanide insen51trve,'

‘-finon—phosphorylating pathway operating in parallel with the main respiratoryefﬁ_v~7if

. -
¥ sd

"l{.;pathW%y _‘ flfféli\'f:lﬁ:fp{”dpiijbihﬂi:”;‘ﬂ;;{ifxf:y)ﬂﬁy_ft.f“i;z

. e . . vl' . . B =T B i
A previously unreported 1nhibitor of dyanide—resistant nespiration,
oy

'1rloroqu1ne was found _ Inhlbition by chloroquine indicates that ubiquin-f“

'1-one is probably invqlved in the cyanide—re51stant pathway and points to a

,/‘

t'vfhalternatefoxidaSe;, Unfortunately the involvemept of ubiquinone 1n CYanfde‘,jf*udiy.
l
}

_{1_00 v

phosphorylatlon.i It was also found iifgfff o

'tlo was inhlbited somewhat by rotenone,; IR




vl cristae membranes are not well developed but is at 1ts maximum near the

S ac1ds, to ocour at a time when the energy demands of the cotyledons may B

"‘ oxidase are present.ba_'.
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resistant respiratlon could not be confirmed by ubiquinone extraction and

reincorporation experiments. However these experiments dovp01nt out some.

o similarities and differences between plant and animal mitochondria._‘“:h;::
Since duroquinol oxidation did. not proceed through the alternate
'.pathway, although duroquinol oxidation resembled ubiquinol oxidation in

other ways, 1t would appear that branching to the alternate pathway must
occur Just prior to the ublquinol ox1dation sites of ‘the main respiratory

'g chain, namely at: ubiqulnone. : "yf ltw‘lf_”":j:;.h‘7" if}fb"fi__,i;fiArgr.ﬁff
This study has also shown‘how ‘the’ cyanide~resistant respiration 1n\‘.'

the pea cotyledons varies w1th the development of the pea seedllng It 1s"~b

absent at the initial stages of germination, at a t1me when the 1nner fljsw’ll

Slxth day of germination.l It is possible that the alternate pathway 1s ilf“”

playing a role 1n the mobilization of reserves from the cotyledons, 51nce

K

thlS process is also maximally active at this time. It may'be allowing

'”T certaln mltochondrial reactlons, such as’ the interconver51on of organic
v/ ’

not be as great.

In addition this study has determined the effect of some external

N Py

\'v

env1ronmental factors on the development of cyanide-resistant respiration S

in pea cotyledons.. It has been shown that the presence of light did not

’ Ql affect the amount of cyanidp resistance. Neither did;the‘inclusion of d}ifyj,

) - \' .14/‘.. - - -

Ld chloramphenlcol or 321de in the germination medium. These last two

i ,.‘n,w: e . . ‘ s : . B
eXperiments do not 1end\SUpport to the idea that the cyanide-resistant

B

pathway acts as a protective méchanism when inhibitors of cytochrome ‘_;ln




&
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N

amount:of‘cyanide‘fesistance. This may indicate that the development
“of cyanide—resistent'resoiration in pea cotyledons isAnormally under the

control of this plant hormone.

«

In summary, this study has shown. the gresence of cyenide—resistant’

resplration in pea cotyledOns, some relatlonshlps between the normal and

cyanide—resistant respiratory pathways, the develoPment of cyanlde—

3

re51stant resplration durlng pea cotyledon germlnation, and. the 1nfluence‘

of ‘some external factors: on the’ development of cyanlde—re51stant resplr—

ation in pea_cotyledonsg Otherlaspects of.respiracion‘and the electron
. transport chain in plant mitochondria have also been studied and

‘discussed. R : RES W
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