With wings beating 60 times per sec-
ond, the ruby-throated hummingbird
has a metabolic rate 50 times that of
ahuman. The muscles of its wings are
packed with mitochondria, which sup-
ply the ATP needed to meet the bird’s
energy demands.

Mitochondria

T he mitochondria (Gr., mito=thread, chondrion =gran

ule) are filamentous or granular cytoplasmic or
ganellesof al aerobiccellsof higher animal sand plants
and also of certain micro-organismsincluding Algae, Protozoa
and Fungi. Theseareabsentinbacterial cells. Themitochondria
havelipoproteinframework which containsmany enzymesand
coenzymes required for energy metabolism. They also contain
aspecific DNA for the cytoplasmic inheritance and ribosomes
for the protein synthesis.

HISTORICAL

Themitochondriawerefirst observed by K olliker in1850
asgranular structuresinthestriated muscles. In 1888, heisolated
them from insect muscles (which contain many slab-like mito-
chondria; Fig. 10.1) and showed that they swelled inwater and
contain amembrane around them. In 1882, Flemming named
themasfila. Richard Altmann (1890) devel opedaspecificstain
that had useful specificity for the mitochondria. He named this
organelle, the bioblast. Altmann correctly speculated that
bioblasts were autonomous elementary living particles that
made a genetic and metabolic impact on the cells. The present
namemitochondriawasassigned by Benda (1897-98) to them.
Hestained mitochondriawithaizarinandcrystal violet. Michae-
lis (1900) used the supravital stain Janus green to demonstrate
that mitochondriawere oxidation-reduction sitesinthe cell. In
1912, Kingsbury suggested that the oxidation reactions medi-
ated by mitochondria were normal cellular processes. Otto
Warburg (1883-1970), who is considered as ‘the father of
respirometry’,in1910isolated mitochondria(*largegranules’)
by low-speed centrifugation of tissues disrupted by grinding.
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He showed that these granules con-
tained enzymes catalyzing oxidative cristae
cellular reactions. slab-like
Variousstepsof glycolysiswere |~ Mitochondria
discovered by two German biochem-
isssEmbdenandM eyerhof [Gustav G.
Embden (1874-1933) ;0ttoF. M eyer hof
(1884-1951)]. Meyerhof got Nobel Prize
in1922 alongwith Englishbiophysicist
A.V.Hill, for thediscovery of oxygen
andmetabolismof lacticacidinmuscle
(i.e., production of heat in muscle).
L ohmann (1931) discovered ATPin
muscle. Lipmann (Germanbiochemist
inU.S. ; born 1899) discovered coen-
zymeA and showed itssignificancein
intermediary metabolism. In 1941, he
introduced the concept of “high en-
ergy phosphates’ and “high energy
phosphatebonds” (i.e., ATP) inbioen-
ergetics. War bur glinkedthephenom- i
enonof ATPformationtotheoxidation
of glyceraldehyde phosphate.

sheet of
flight
muscle

Fig. 10.1. Mitochondriaof theflight muscleof adragonfly, showing
profuse cristae.

M eyer hof showedtheformationof ATP
from phosphopyruvate and Kalckar related oxidative phosphoryalation to respiration. Sir Hans
Adolph Krebs(Germanbiochemistin England; born1900),in 1937, worked out variousreactionsof the
citricacid cycle(or tricarboxylicacid or TCA cycle). Hiscontribution wasremarkable, because, upto
that timeradioactively labelled compoundswerenot availablefor biological studiesand cellular sites
of the reactions were not known with certainty. Krebs received the Nobel Prize in 1953 along with
Lipmann for hisdiscovery of thecitric acid cycle.

Kennedy and L ehninger (1948-1950) showedthat thecitricacid cycle(Krebscycle), oxidative
phosphorylation and fatty acid oxidation took placein the mitochondria. In 1951, L ehninger proved
that oxidative phosphorylationrequiresel ectrontransport. Amongtheseearly investigatorsof ET Sthe
Nobel Prizerecipientswere\War bur g, Szent-Gyor gyi and K uhn. In1961, M itchell proposedthehighly
acclaimed“ chemiosmotic-coupling hypothesis’ for the ATP-productioninmitochondria. Hegot the
Nobel Prizein 1978 for the devel opment of thismodel .

Palade (1954) described theultrastructureof cristale. In 1963, Nassand Nassdemonstrated the
presenceof DNA fibr esinthe matrix of mitochondriaof embryoniccells. Attardi, Attardi and Aloni
(1971) reported the 70S type ribosomesinside the mitochondria.

Previously the mitochondria have been known by various names such as fuchsinophilic
granules, par abasal bodies, plasmosomes, plastosomes, fila, ver micules, bioblastsandchondriosomes.

DISTRIBUTION OR LOCALIZATION

The mitochondria move autonomously in the cytoplasm, so they generally have uniform
distributioninthecytoplasm, butinmany cellstheir distributionisvery restricted. Thedistributionand
number of mitochondria (and also of mitochondrial cristae) are often correlated with type of function
thecell performs. Typically mitochondriawith many cristaeareassoci ated with mechanical and osmotic
work situations, where there are sustained demands for ATP and where spaceis at a premium, e.g.,
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between muscle fibres, in the basal infolding of kidney
tubule cells, and in a portion of inner segment of rod and

conecellsof retina. Myocardia musclecellshavenumerous =
largemitochondriacalled sar cosomes, that reflectthegreat | SPe'™M head

amount of work done by these cells. Since the work of . -. ‘ . .. =
hepatic cells is mainly biosynthetic and degraditive, and o

: - e
work locationsarespread throughout thecell, inthesecells, "

sourcesof ATP production distributed throughout the cell.
Oftenmitochondriaoccur ingreater concentrationsat work mitochondria

it may bemoreefficient tohaveal argenumber of “ low key” iy ."-.__.l

sites, for example, intheoocyte of Thyonebriaeus, rowsof dense . |
mitochondriaareclosely associated with RER membranes, fibres a.:f ﬁﬁ.

where ATPisrequiredfor protein biosynthesis. Mitochon- Wy
driaareparticularly numerousinregionswhere ATP-driven - i L
osmoticwork occurs, e.g., brush border of kidney proximal E et _;I

tubules, the infolding of the plasma membrane of dogfish ¥ -
salt glands and Mal pighian tubules of insects, the contrac- Jﬂ _-:.' "
tilevacuoles of some protozoans (Paramecium). Non-my- | Piasma Y icrotubules
elinated axons contain many mitochondria that are poor _ _

ATP factories, since each has only asingle crista. In this é\pg%s;}ﬁté%"mfAéhfzﬂlngﬂgiﬂgm
case, thereisagreat requirementfor monoamineoxidase,an | microtubule and mitochondria.
enzymepresent in outer mitochondrial membranethat oxi-
datively deaminates monoaminesincluding neurotransmitters (acetylcholine).

ORIENTATION

The mitochondria have definite orientation. For example, in cylindrical cellsthe mitochondria
usually remain orientated in basal apical direction and lie parallel to the main axis. Inleucocytes, the
mitochondria remain arranged radially with respect to the centrioles. As they move about in the

membrane

mitochondria

.= e

P TE ot

.l u
flagellar ~ ®
axoneme

myofibril

cardiac muscle
Fig. 10.2. Location of mitochondrianear high ATP utilization : A— In cardiac muscles; B— In sperm tail
(after Albertset al., 1989).

mitochondriaform long moving filamentsor chains, whilein othersthey remain fixed in one position

wherethey provideATPdirectly toasiteof high ATPutilization, e.g., they are packed between adjacent

myofibrilsinacardiac musclecell or wrapped tightly around theflagellum of sperm (Fig.10.2).
MORPHOLOGY

Number. The number of mitochondriain acell depends on the type and functional state of the
cell. Itvariesfromcell tocell and from speciesto species. Certain cell scontain exceptional ly largenumber



194 CELL BIOLOGY

of themitochondria, e.g., the Amoeba, Chaoschaoscontain 50,000; eggsof seaurchin contain 140,000
to 150,000 and oocytesof amphibianscontain 300,000 mitochondria. Certaincells, viz, liver cellsof rat
contain only 500to 1600 mitochondria. The cellsof green plantscontainless number of mitochondria
in comparison to animal cellsbecausein plant cellsthe function of mitochondriaistaken over by the
chloroplasts. Some algal cellsmay contain only one mitochondrion.

Shape. Themitochondriamay befilamentousor granular inshapeand may changefromoneform
to another depending upon the physiological conditionsof the cells. Thus, they may be of club, racket,
vesicular, ring or round-shape. Mitochondriaaregranular in primary spermatocyteor rat, or club-shaped
inliver cells(Fig.10.3).

Time-lapsemicrocinematography of living cell sshowsthat mitochondriaareremarkably mobile
and plastic organelles, constantly changing their shape. They sometimes fuse with one another and
then separate again. For example, in certain euglenoid cells, the mitochondria fuse into areticulate
structure during the day and dissociate during darkness. Similar changes have been reported in yeast
species, apparently in response to culture conditions (see Reid and L eech 1980).

Size. Normally mito-

chondriavaryinsizefrom0.5 - itochondi
pumMto 2.0 ym and, therefore, o - L p MECCTONGTE. -.__I"I-I:-.'I-_.
arenot distinctly visible un- N, . RIS

der the light microscope. .

|
Sometimes their length may I_||--=I _|.'.I! o nuclei - 4 :I:::__I

reach upto 7 um. =S 1 :[Tl
Structure. Eachmito- IE =
I L | ] [ ]
chondrion is bound by two s ll'li::". nucleolus ._d-': et

highly specialized mem- . e -
branesthat play acrucial part A Rat (primary B Turtle (liver cell)

in its activities. Each of the spermatocyte) _ . - -
mitochondrial membraneis6 mitochondria ~ ® i nJd gl !I' L

nm in thickness and fluid-
mosaicinultrastructure. The
outer membrane is quite
smooth and hasmany copies
of atransport protein called
porinwhichformslargeagque-

lei "
ous channels through the | ¢ Mammal et =L
lipidbilayer. Thismembrane, ey ezl D Turtle (iver cell
thus, resembles a sieve that Fig.10.3. Mitochondria of different type of animal cells.

ispermeabletoall molecules

of 10,000 daltonsor less, including small proteins. Inside and separated from the outer membrane by
a6-8nmwidespaceispresenttheinner membrane(Fig.10.4). Theinner membraneisnot smooth but
isimpermeable and highly convoluted, forming aseries of infoldings, knownascristae, inthe matrix
space.

Thus, mitochondria are double membrane envel opesin which the inner membrane dividesthe
mitochondria spaceintotwodistinct chambers: 1. Theouter compartment, peri-mitochondrial space
ortheinter-membr anespacebetween outer membraneandinner membrane. Thisspaceiscontinuous
intothecoreof thecrestsor cristae. 2. Theinner compartment,inner chamber or matrix space, which
isfilledwithadense, homogeneous, gel-likeproteinaceousmaterial, calledmitochondrial matrix. The
mitochondrial matrix contains lipids, proteins, circular DNA molecules, 55S ribosomes and certain
granuleswhich arerelated to the ability of mitochondriato accumulateions. Granules are prominent
inthemitochondriaof cellsconcernedwiththetransport of ionsand water, including kidney tubulecells,

Contents
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epithelial cells of the small intestine, and the
osteoblastsof bone-forming cells. Further, the
inner membranehasan outer cytosol or C face
toward the perimitochondrial space and an
inner matrix or M facetoward matrix.
Ingeneral, thecristaeof plant mitochon-
dria are tubular, while those of animal mito-
chondriaarelamellar or plate-like(Hall, Flow-
ersand Roberts, 1974), but,inmany Protozoa
and in steroid synthesizing tissues including
the adrenal cortex and corpus luteum, they
occur asregularly packedtubules(Tyler,1973).
The cristae greatly increase the area of inner
membrane, so that in liver cell mitochondria,
thecristaemembraneis3—4timesgreater than
theouter membranrearea. Somemitochondria,
particularly thosefrom heart, kidney and skel-
etal muscles have more extensive cristae ar-
rangements than liver mitochondria. In com-
parisontothese, other mitochondria(e.g., from
fibroblasts, nerve axons and most plant tis-
sues) haverelatively few cristae. For example,

..._. ribosome
.= outer membrane

. inner membrane
outer chamber
matrix

= DNA molecule

.'-._ F, particle

" cristae

Fig. 10.4. Alongitudinally cut mitochondrion showing
itsinternal structure.

mitochondria in epithelial cells of carotid bodies (or glomus car otica which are chemoreceptors,
sensitiveto changesin blood chemistry and lienear the bifurcations of carotid arteries) haveonly four

granule
inner

itS nuMerous oxysomes.

subunits (oxy-
somes)

mitoribosomes

cytosol or C

tochondrial space

matrix space

Fig. 10.5. A mitochondrion in sectional view to show

to five cristae and mitochondria from
non-myelinated axons of rabbit brain
have only asingle crista.

Attachedto M faceof inner mito-
chondrial membranearerepeated units
of stalked particles, called elementary
particles,inner membranesubunitsor

membrane

face

of cristae | oxysomes(Fig.10.5). They areasoiden-

o Membrane | tifiedasF, particlesor Fy-F, particles
matrix or M | andare meant for ATPsynthesis(phos-
face of cristae | porylation) and alsofor ATPoxidation
outer (i.e., actingasATPsynthetaseand AT-

_ meml;reemi Pase) (Racker,1967). F;-F, particlesare

regularly spacedat intervalsof 10nmon
theinner surfaceof inner mitochondrial
membrane. According to some esti-
mates, there are 10* to 10° elementary
particles per mitochondrion. When the
mitochondrial cristae are disrupted by
sonic vibrationsor by detergent action,
they producesubmitochondrial vesicles
of inverted orientation. Inthesevesicles,
Fo-F, particles are seen attached on
their outer surface(Fig.10.6). Thesesub-
mitochondrial vesicles are able to per-

inner
membrane
or cristae
membrane
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formrespiratory chain phosphorylation. However, intheabsenceof F -F, particles, thesevesicleslose
their capacity of phosphorylation as shown by resolution (i.e., removal by ureaor trypsin treatment)
andreconstitution of theseparticles(Fig.10.6).

sites of rupture
of membrane

= .~ outer
TS """ membrane b
L A . ]
9 . |
k. = inner = .
- membrane = '|5 treatment | - '- 9 | "
u with trypsin 5 @ i "k i u . .f
- &c:tio.n.' - alf 1 °, -: reconstitutic?n' 1 r..
- d r or urea I-T et
] n
.t cristae % - . o
d . . submitochondrial soluble .:
B submitochondrial vesicles almost Fy ATPase the reconstituted vesicles
LI (res \i/;?(l)crlesmain completely lacking ~ Molecules XL e e mbrane
. . p y c spheres (no oxidative i
mitochondrion phosphorylation) hosphorviati spheres (restoration of
phosphorylation) oxidative phosphorylation)

Fig. 10.6. Method of formation of small mitochondrial vesicleshaving oxysomesontheir surface. Experimental
resultsof resolution and reconstitution of oxysomesalso have been shown (after Sheeler and Bianchi,
1987).

ISOLATION
Mitochondria have been studied by following three types of methods :

1. Direct Observation of Mitochondria

Theexaminationof mitochondriainliving cellsissomewhat difficult becauseof their low refractive
index. However, they can be observed easily in cells cultured in vitro, particularly under darkfield
illumination and phase contrast microscope. Such an examination has been greatly facilitated by
colourationwithvital stain Janusgr een which stainsliving mitochondriagreenishblueduetoitsaction
with cytochrome oxidase system present in the mitochondria. This system maintainsthevital dyein
itsoxidized (coloured) state. Inthesurrounding cytoplasmthestainisreducedtoacol ourlessleukobase.

Fluorescent dyes (e.g., rhodamine 123), which are more sensitive, have been used in isolated
mitochondria and intact cultured cells. Such stains are more suitable for in situ metabolic studies of
mitochondria

2. Cytochemical Marking of Mitochondrial Enzymes

Different partsof mitochondriahavedistinct marker enzymesfor histochemical markings, such
ascytochr omeoxidaseforinner membrane, monoamineoxidasefor outer membrane, malatedehydr o-
genasefor matrix and adenylatekinasefor outer chamber.

3. Isolation

Mitochondriacan be easily isolated by cell fractionation brought about by differential centrifu-
gation. Homogeneousfractionsof mitochondriahave been obtained fromliver, skeletal muscle, heart,
and some other tissues. Indifferential centrifugation mitochondriasediment at 5000 to 24000 g, while
inliving cellsat the ultracentrifugation (20,000 to 400,000 g) mitochondriaare deposited intact at the
centrifugal pole.

Contents



The two mitochondrial
membraneshavebeen separated
by density gradient centrifuga-
tion. Theouter membraneissepa-
rated by causing a swelling
which can be brought about by
breakage followed by contrac-
tion of inner membraneand ma-
trix. Certain detergents such as
digitonin and lubrol are often
usedfor thispurpose. Sinceouter
membrane is lighter and much
stronger, centrifugal force is
needed to separate it. When
outer membraneisremovedwith
digitonin, theso-calledmitoplast
isformed. Mitoplastincludesin-
ner membranewithunfoldedcris-
taeand matrix. Mitoplastisfound
to carry out oxidative phospho-
rylation. Theisolated outer mem-
brane is revealed by negative
staining and shows a “folded-
bag” appearance (Fig.10.7). Such
isolation of two membranesand
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Fig. 10.7. Actionof digitoninonliver mitochondrionto producemitopl ast
and“folded-bag” of outer membrane(after DeRobertisand De
Robertis, Jr., 1987).

compartments has enabled lo-

calization of various enzyme systems of mitochondria.

CHEMICAL COMPOSITION

The gross chemical composition of the mitochondriavariesin different animal and plant cells.
However the mitochondriaare found to contain 65 to 70 per cent proteins, 25to 30 per cent lipids, 0.5
per cent RNA and small amount of the DNA. Thelipid contents of the mitochondriaare composed of
90 per cent phospholipids(lecithinand cephalin), 5 per cent or lesscholesterol and 5 per cent freefatty
acidsandtriglycerides. Theinner membraneisrichinonetypeof phospholipid, called car diolipinwhich
makesthismembraneimpermeableto avariety of ionsand small molecules(e.g., Na*, K*, Cl-, NAD*,
AMP, GTP, CoA and so on).

The outer mitochondrial membrane has typical ratio of 50 per cent proteins and 50 per cent
phospholipids of ‘unit membrane’. However, it contains more unsaturated fatty acids and less
cholesteral. It hasbeen estimated that inthe mitochondriaof liver 67 per cent of thetotal mitochondrial
proteinislocatedinthematrix, 21 per centislocatedintheinner membrane, 6 per centissituatedinthe
outer membraneand 6 per centisfoundinthe outer chamber. Each of thesefour mitochondrial regions
contains a special set of proteins that mediate distinct functions :

1. Enzymesof outer membr ane. Besidesporin, other proteinsof thismembraneincludeenzymes
involved in mitochondrial lipid synthesis and those enzymes that convert lipid substratesinto forms
that aresubsequently metabolizedinthematrix. Certainimportant enzymesof thismembranearemono-
amineoxidase, rotenone-insensitive NA DH-cytochrome-C-reductase, kynurenine hydroxyal ase, and
fatty acid CoA ligase.
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2. Enzymes of intermembrane space. This space contains several enzymesthat usethe ATP
mol ecul es passing out of the matrix to phosphorylate other nucleotides. The main enzymesof thispart
are adenylate kinase and nucleoside diphosphokinase.

3.Enzymesof inner membrane. Thismembranecontainsproteinswiththreetypesof functions:
1. thosethat carry out theoxidati onreactionsof therespiratory chain; 2. anenzymecomplex, called ATP
synthetase that makes ATP in matrix ; and 3. specific transport proteins (see Table 10-1) that
regulate the passage of metabolites into and out of the matrix. Since an electrochemical gradient,
that drivesATPsynthetase, i sestabli shed acrossthismembraneby therespiratory chain, itisimportant
that themembranebeimpermeabletosmall ions. Thesi gnificant enzymesof inner membraneareenzymes
of electrontransport pathways, viz., ni cotinamideadeninedinucl eotide (NAD), flavinadeninedinucle-
otide (FAD), diphosphopyridine nucleotide (DPN) dehydrogenase, four cytochromes (Cyt. b, Cyt. c,
Cyt.c,, Cyt. aand Cyt. a,), ubiquinone or coenzyme Q,,, non-heme copper andiron, ATP synthetase,
succinate dehydrogenase; B-hydroxybutyrate dehydrogenase; carnitive fatty acid acyl transferase
(Fig.10.8).

4. Enzymesof mitochondrial matrix. Themitochondrial matrix containsahighly concentrated
mixture of hundredsof enzymes, including thoserequired for the oxidation of pyruvateand fatty acids
and for the citric acid cycle or Krebs cycle. The matrix also contains several identical copies of the

mitochondrial DNA, special 55S mitochondrial ribosomes, tRNAS

C face cristae M face
and various enzymes required for the expression of mitochondrial membrane
genes. Thus, the mitochondrial matrix contains the following en- TG
zymes: mal atedehydrogenase, i socitratedehydrogenase, fumarase, deh.
aconitase, citrate synthetase, o-keto acid dehydrogenase, 3-oxida- I
tionenzymes. M oreover, themitochondrial matrix containsdifferent choline
nucl eotides, nucl eotide coenzymesand inorgani c el ectrol ytes—K*, deh.
HPO,~,Mg*™,Cl~and SO,". _I_

succinate
MITOCHONDRIA AND CHLOROPLASTS AS deh.
TRANSDUCING SYSTEMS "
a-glycero-

In cells, energy transformationtakespl acethroughtheagency phosphate
of two main transducing systems (i.e., systemsthat produce energy "
transformation) represented by mitochondriaand chloroplasts. These
two organelles of eukaryotic cells in some respects operate in

opposite directions. For example, chloroplasts are present only in
plant cells and especially adapted to capture light energy and to
transduceit into chemical energy, whichisstoredin covalent bonds
between atoms in the different nutrients or fuel molecules. In
contrast, themitochondriaarethe” power plants’ or “ power houses’
that by oxidation, releasethe energy containedinthefuel molecules
and make other forms of chemica energy (Fig.10.9). The main
function of chloroplastsisphotosynthesis, whilethat of mitochon-
driais oxidative phosphorylation. Finaly, photosynthesisisan  |Fig. 10.8. A part of inner mito-

ender gonicreaction, whichmeansthat it capturesenergy; oxidative chondrial membrane
phosphorylation is an exer gonic reaction, meaning that it releases (cristae) showing the
energy. Table10-2 hasenlisted someof thebasicdifferencesbetween distribution of differ-
these two transducing systems. ent dehydrogenases

and cytochromesonM

faceand Cface.
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Transport systems of inner mitochondrial membrane
Table 8-1. (Source: Sheeler and Bianchi, 1987).
System Exchange

1. Decarboxylatecarrier | Exchange for mole-for-mole basis of malate, succinate, fumarate and phosphate
between matrix and cytosol.

2. Tricarboxylate carrier Exchangeon mole-for-molebasiscitrateandisocitratebetween matrix and cytosol .
3. Agpartate-glutamate Exchange aspartate for glutamate across

carrier membrane.

4. o-Ketoglutarate- Specifically exchangeo.-ketoglutaratefor
malatecarrier malateacrossmembrane.

5. ADP-ATP carrier Exchange of ADP for ATP.

FUNCTIONS

The mitochondria perform most important functions such as oxidation, dehydrogenation,
oxidative phosphorylation and respiratory chain of the cell. Their structure and enzymatic system are
fully adapted for their different functions. They aretheactual respiratory organsof the cellswherethe
foodstuffs, i.e., carbohydratesandfatsarecompl etely oxidisedinto CO,and H,O. Duringthebiol ogical
oxidation of the carbohydrates and fats large amount of energy is released which is utilized by the
mitochondriafor synthesis of the energy rich compound known asadenosinetriphosphateor ATP.
Because mitochondriasynthesize energy rich compound ATP, they areal so known as* power houses’
of thecell. Inanimal cellsmitochondriaproduce 95 per cent of ATPmolecules, remaining 5 per centis
being produced during anaerobic respiration outside the mitochondria. In plant cells, ATP is aso
produced by the chloroplasts.

Adenosine triphosphate or . motility, contraction -
ATP e :
. . w=a" biosynthesis of cell material  pf .

TheATPconsistsof apurine _-'
base adenine, a pentose sugar ri- R —— o
bose and three molecules of the 5 "
phosphoric acids (Fig. 4.30). The s " transmission of impulses mmm
adenine and ribose sugar collec- L biolumi
. . . u ioluminescence R B
tively constitutethenucleosidead- i'
enosine which by having one, two —
or three phosphate groups forms SA;:: Jf'o':r'n e S11870Y ttra”Sport - ATP
the adenosine monophosphate o S G Sl
(AMP), adenosine diphosphate 1
(ADP) and adenosinetriphosphate
(ATP) respectively. INATPthelast " — T | )
phosphategroupislinkedwithADP = E 'i_ ] ™ -
by a special bond known as “en- | carbohydrate, fat B CO,+H,0
ergy rich bond” becausewhenthe fules exhaust
last phosphate group of the ATPis Fig. 10.9. Diagrammaticrepresentationof theenergy lib-
rel easedthelargeamount of energy eration in mitochondrion and its utilization in
isreleased as shown by thefollow- variouscellular functions.
ing reaction :

A—P~P~-P = A-P~-P + Pi +7300calories

ATP ADP Phosphate group
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In the above reaction, we have seen that by the breaking of the energy rich bond about 7300
caloriesof energy arereleased, whilethe common chemical bond rel easesonly 300 cal oriesof energy.
Thechemical reactionswhich synthesizetheenergy richbond or~Pbond requiregreat amount of energy
which is supplied by the oxidation of the foodstuffs in the mitochondria. The utility of energy rich
phosphate bond (~P) of the ATP isthat great amount of energy is kept stored in the ready statein a
very limited space of thecell. Thestored chemical energy isdisposed of very quickly at thetime of the
needinvariouscellular functionssuch asrespiratory cycle, proteinand nucleic acid synthesis, nervous
transmission, cell division, transportation and bioluminescence, etc.

Table 9-2 Differences between photosynthesis and oxidative phosphorylation (Source: De
" |Robertis and De Robertis, Jr., 1987).

Photosynthesis

Oxidative phosphorylation

Uses H,O and CO,
Liberates O,
Hydrolyzes water
Endergonicreaction

No oA~ ONDE

Takes place in chloroplast

Occursin the presence of light; thus, periodic

CO, + H,0 + energy — foodstuff

. Independent of light; thus continuous
. Usesmolecular O,

. Liberates CO,

Forms water

Exergonicreaction

. Foodstuff + O,— CO,+ H,0O + energy
Takes placein mitochondria

N oA wWNE

Becausetheterminal phosphatelinkagein ATPiseasily cleavedwithreleaseof freeenergy, ATP
acts as an efficient phosphate donor in alarge number of different phosphorylation reactions. In this
way, ATP actsasacarrier moleculelikethe acetyl CoA and as coenzyme likethe CoA or NAD.

Recently, besides ATP, certain other energy rich chemical compounds have been found to be
activeinthecellular metabolism. Thesearecytosinetriphosphate(CTP),uridinetriphosphate(UTP)
and guanosinetriphosphate (GTP). These compounds, however, derivetheenergy fromthe ATPby
nucleosi dedi phosphokinases (Fig. 10.9 and Fig.10.10). Theenergy for the production of ATPor other
energy rich moleculesis produced during the breakdown of food molecul esincluding carbohydrates,
fatsand proteins (catabolic and exer gonic activities).

OXIDATION OF CARBOHYDRATES

Thecarbohydratesen-
ter in the cell in the form of
monosaccharides such as
glucose or glycogen. These
hexose sugars are first bro-
kendowninto 3-carboncom-
pound (pyruvic acid) by a
series of chemical reactions
known by many enzymes.
The pyruvic acid enters in
themitochondriaforitscom-
pleteoxidationinto CO, and
water. The reactions which
involve in the oxidation of
glucose into CO, and water
areknowntoformthemeta-
bolicpathwaysandthey can
begrouped under thefollow-
ing heads :

exergonic_processes endergonic processes
|
" ATP megp mechanical energy
= (cyclosis, contractility,
_". mmesmm Cell division)
d — .l L}
anaerobic " .I
glycolysis
. }.'-_ active
..._-' [ ] S transport
l. .l I-..
oxidative -'-.- 'I. nerv.e conduction
hosphorylation I
phosphory - .-'. and transmission
[ | n ADP - u n
i | 9
i bioluminescence
heat
Fig. 10.10. Diagrammatic representation of uses and synthesis of ATP.
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0] Glycolysis or Embden-Meyerhof pathways (EMP) or Embden-Meyerhof-Parnas pathways
(EMPP);

(i)  Oxidativedecarboxylation;

(i)  Krebscycle; citricacid cycleor tricarboxylic acid cycle;

(iv)  Respiratory chain and oxidative phosphorylation.

1. Glycolysis

Under anaerobic conditions (i.e., in the absence of oxygen) glucoseisdegraded into lactic acid
or lactate by aprocesscalled glycolysis(i.e., lysisor splitting of glucose), e.g., it commonly occursin
vertebrate muscles when the energy demand in heavy exercise exceeds the available oxygen. [Note:
Accordingto Circular No. 200of Committeeof Editorsof Biochemical JournalsRecommendations(1975)
theending atein lactate, pyruvate, oxal oacetate, citrate, etc., denotes any mixture of freeacid and the
ionizedform(s) (accordingtopH) inwhich cationsarenot specified (seeM artin Jr ., etal., 1983). Most
modern textbooks though have adopted this convention for all of the carboxylic acids, but we prefer
to stick to the old pattern). If glycolysisis carried out under aerobic conditionsthe final products are
pyruvic acid and coenzyme NADH. Glycolysisisachieved by aseriesof 10 enzymesall of whichare
located in the cytosol (cytoplasmic matrix). Asshown in Figure 10.11, in this chain of reactions, the
product of oneenzymeservesasasubstratefor thenext reaction. Tofacilitateitsanalysis, thesequence
of glycolysiscan be subdivided into following threemain steps:: (i) Activation (stagel); (ii) Cleavage
(stagell); and (iii) Oxidation (stagelll).

(Y Activation. Inreactions1to3theglucosemoleculeisconvertedintofr uctose-1-6- diphosphate.
Thisstep usestwo moleculesof ATPandinvolvesthefollowing enzymes: hexokinase, phosphoglucose
isomerase (or phosphohexoisomerase) and phosphofructokinase.

(i) Cleavage. In reactions 4 and 5, fructose -1-6-diphosphate splits into two (3-carbon) end
products, glycer aldehyde-3-phosphatemol ecul es. During the step of cleavageonly two enzymesare
used: aldolase (fructoaldolase) and triose isomerase ( triosephosphate isomerase).

(i) Oxidation. Inreactions6to 10, two molecul esof glyceraldehyde-3-phosphateare oxidized
and ultimately convertedintotwo moleculesof pyr uvicacid. Thisstep producesfour moleculesof ATP
by substrate-level-phosphor ylation andinvolvesthefollowing enzymes: phosphoglyceric dehydro-
genase(glycera dehyde phosphate dehydrogenase), phosphoglycerickinase, phosphoglyceromutase,
enolase and pyruvic kinase.

Thenet energy yield of chainreactionsof glycolysisistheproduction of two ATPmoleculesfrom
onemol ecul eof glucose. Under aerobic conditions, theend productsof glycolysisarepyruvicacidand
reduced coenzyme NAD (i.e., NADH). NADH carriestwo electrons, taken from glyceraldehyde-3-
phosphate and contains little energy. However, under anaerobic conditions, pyruvic acid remainsin

the cytosol (cytoplasmic matrix) and is used as a hydrogen acceptor and converted into lactic acid :
Lactic dehydrogenase

Pyruvicacid Lacticacid+ NAD + Energy
+NADH
In above case, the following equation represents the overall reaction of glycolysis:
CgH1,06+ Pi + 2ADP ———— 2C,HO;+ 2ATP+H, 0O
Glucose Lacticacid
Further, pyruvic acid isconverted into ethyl a cohol viaacetal dehyde by yeast, Saccharomyces
cerevisaein the absence or deficiency of oxygen. Thisprocessiscalled alcoholic fermentation :
Glycolysis -CO, +2H
CH;,04 — CH,COCOOH — CH,CHO —— CH,CH,OH
Glucose Pyruvicacid Acetaldehyde Ethyl a cohol




202 CELL BIOLOGY

However, inthecellsof higher plantsunder anaerobic conditions, pyruvic acidisconvertedinto

either ethyl al cohol or any organicacid suchasmalicacid, citricacid, oxalicacid andtartaricacid. The

Glycogen
+P & Phosphorylase

Glucose-1-phosphate
-

++
ATP MeEpEkiTEee ADP L Phosphoglucomutase + Mg

++ o
Glucose (e Mg Glucoseﬁhosl.)ﬁate
CeHyy Os—P

L} - FEEN  UEE 0 UEEE O
" .
P Glucose -6- H,0 Phosphohexoisomerase
phosphatase

CGH1206
—

Fructose-6-phosphate
C6H11 OG_P

ATP
Phosphofructose-1-kinase
= ADP

Fructose 1-6 diphosphate I

Fructoaldolase

1 e [} L}
Dihydroxyacetone phosphate = L Glyceraldehyde-3-phospate I
CsHs0;—P i CHyO4—P (x2
l3-5 3-—l— Trlose_ .353 .( )
isomerase

Phosphoglyceric dehydrogenase
= +ATP + NAD
T E— . L [ ]
1-3,diphosphoglyceric acid
o P=C3HO,—P (x2) (NADH,) |

2ADP 'E
3-Phosphoglyceric-1-kinase
2 ATP -m
L____BEE -
3-Phosphoglyceric aci
C;H,0,—P (x2)

Phosphoglyceromutase

+Mg++

I |
2-Phosphoglyceric acid

Enolase Mg**

= H,0
Phosphophenol pyruvic acid
C;H,04P (x2)
2ADP ™
Pyruvic kinase Mg**
2 ATP ==
| Pyruvic acid
| C,H,0, (x2)

Fig. 10.11. Glycolysis or Embden-Meyerhof pathways showing the step-wise degradation of glucose to
pyruvic acid.
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anaerobic respiration of higher plants and fermentation of bacteria and yeast have the following
differences:

(i) Fermentation is an extracellular process, i.e., the respiratory substrate (i.e., sugar, etc.) is
present outside the cell and that too in the liquid medium, while the process of anaerobic respiration
isintracellular, i.e., therespiratory substrateis present inside the cell.

(i) Theenzyme(zymase) needed for fermentationissuppliedfromthemicro-organismlikeyeast,
whiletheenzymes(zymase-complex) requiredfor theprocessof anaerobicrespirationarepresentinthe
same cell of the higher plant in which the processis occurring.

However, both processes produce similar end-products as follows :

Anaerobic

Respiration
CH, O — > 2CHOH + 2CO, + Energy
Glucose or Fermentaion Ethyl Carbon

acohol dioxide

2. Oxidative Decarboxylation

In aerobic organisms, sincepyruvic acid still containsalarge amount of energy, it must undergo
further degradation, but this time inside the mitochondria. Thisis done in three consecutive steps :
oxidativedecar boxylation (remova of carboxyl or—COOH group), K r ebscycleandoxidativephospho-
rylation. Pyruvic acid directly enters the mitochondrial

matrix andisconvertedintoacetyl-CoA by thehelpof ahuge Pyruvic acid
enzyme, cdled pyruvicacid dehydr ogenase(Fig.10.12). The -
two NADH molecules (which are generated during glyco- CH,~C—COOH

lysis) cannot penetrate directly into the mitochondria, so
their electronsaretransferred to dihydr oxyacetone phos-
phate, which shuttles them into the mitochondria. This

Pyruvic
| dehydrogenase

process utilizesone ATP moleculefor each NADH ; inall ¥ co,
two ATP molecules are consumed for two NADH mol- Active acetaldehyde
ecules. When both of these NADH passthrough ETS, they :
tend to generate 6 ATP molecules. (CH;-C-H) T TP
Pyruvicacid dehydrogenaseand itsaction. Some- Pyruvic dehydrogenase
n

timestwo enzymesthat catalyze sequential reactionsform

anenzymecomplex andtheproduct of thefirst enzymedoes “p(gc acid

not have to diffuse through the cytoplasm to encounter the ( 's> La)
second enzyme. The second reaction beginsassoon asthe Acetyl-ipoid acid
firstisover. Somelargeenzyme(multienzyme) aggregates o s

carry out whole series of reactions without losing contact CHS_é';_H S>La

with the substrate. For example, the conversion of pyruvic

acid to acetyl CoA proceedsin three chemical steps, all of Pyruvic dehydrogenase
which take place on the same large multienzyme complex * ((:g%%)ém 2
(i.e., pyruvate dehydrogenase). Pyruvic acid dehydroge-

naseoccursinthemitochondrial matrix andislarger than a Acetyl-Co A

ribosome in size. It contains multiple copies of three en- G

zymesnamdly pyruvivcacid dehydr ogenase, dihydr olipoyl CH,—C~S-CoA

transacetylaseanddihydrolipoyl dehydrogenase. Italso
containsfivecoenzymes(e.g., NAD, coenzymeA, etc.) and
two regulatory proteins (e.g., protein kinase and protein Fig. 10.12. Theoxidativedecarboxyla-
phosphatase ; both regulating the activity of pyruvic acid tionof pyruvicacidtoacety!
dehydrogenase, turning it off whenever ATP levels are coenzyme A.

high).
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Thus, during oxidative decarboxylation of one molecule of pyruvic acid, one mole of CO, is
produced and oneNAD isreducedto NADH. Theend product of thisreactionisa2- carbon compound,
theacetyl gr oup whichisattached to coenzymeA to producethe carrier molecule, called acetyl CoA.

Role of coenzymesin mitochondria. Some coenzymes have a central role in mitochondrial
function. CoenzymeA (CoA) ispart of agroup (Table10-3) that i sderived from anucleoside (adenine-
D-ribose) and contai nspantothenicacid (avitamin of B complex) linkedtotheriboseby pyrophosphoric
acid. CoA canbeeasily transformedintoan ester at thethiol end(—SH) by acetyl group making acetyl-
CoA. Acetyl-CoA isacarrier moleculein which acetyl group islinked by reactive bonds so that they
canbetransferred efficiently to other mol ecul es. Thesamecarrier moleculewill often participateinmany
different biosyntheticreactionsinwhichitsgroup (i.e., acetyl group) isneeded, e.g., growingfatty acid.

Other mitochondrial coenzymesarenicotinamideadeninedinucleotide(NAD*) whichcontains
thevitaminnicotinicacidof B complexandflavin mononucleotide(FM N) andflavin adeninedinucleotide
(FAD), bothof whichcontainriboflavinor vitaminB,. NAD*, FMN and FAD areimportant coenzymes
not only in mitochondria but also in chloroplasts.

Some important coenzymes which act as carrier molecules in transfer of a group
1Ll SHREE  (Sourcer Albertset al., 1989).

Coenzyme Group transferred

1. ATP phosphate

2. NADH, NADPH hydrogen and electron (hydrogen ions)
3. Coenzyme A acetyl

4. Biatin carboxyl

5. S- Adenosyl-methionine methyl

3. Krebs cycle

Two acetyl CoA molecules, produced above by oxida-
tion of one molecule of glucose pass through a series of
reactions of Krebs cycleto produce CO,, H,O and electrons.
Enzymes and coenzymes of Krebs cycle are located in the
mitochondrial matrix (someof them such assuccinicdehydro-
genase, are attached to M face of inner mitochondrial mem-
brane). Asillustratedin Figure10.13, theKrebscycleinvolves
the condensation of the acetyl group with oxaloacetic acid to
makecitricacid (6-carboncompound). Thisstepisdirected by
theenzymecitratesynthase. Fromcitricacid, H,Oisreleased
twice by aconitase enzymeto produceisocitric acid. Thisis
followed by a decarboxylation (loss of CO,) by isocitric
dehydrogenase, producing5carbonoi- ketoglutaricacid. CO,
isreleased by oi- ketoglutar atedehydr ogenaseinthepresence
of CoA toproducesuccinyl - CoA which changesby succinyl

) ’ " In this computer graphics image of ATP,
kinaseenzyme(alsocalled succinyl CoA synthetase) intoad- | adenosine is blue, pentose is white and

carbon compound, the succinicacid (at thisstageone GTPis | the phosphate groups are red.

generated by substrate level phosphorylation). The next en-
zymeof Krebscycle, the succinic dehydr ogenase convertssuccinic acid into fumaric acid and then
fumar ase enzyme produces malic acid. The mediation of malate dehydr ogenase enzyme produces
oxaloacetic acid, and thereby closesthe Krebscycle.

At each turn of the Krebs cycle, four pairs of hydrogen atoms are removed from the substrate
intermediates by enzymatic dehydrogenation and two CO, molecules are released. These hydrogen

Contents
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atoms ( or equivalent pairs of electrons) enter therespiratory chain, being accepted by either NAD* or
FAD. Three pairsof hydrogen moleculesare accepted by NAD™, reducingitinto NADH, and one pair
by FAD, reducingitinto FADH, (thispair of electronscomesdirectly from thesuccinic dehydrogenase
reaction). Since it takes two turns of the cycle to metabolize the two acetyl groupsthat are produced
by glycolysisfrom one molecule of glucose, atotal of six moleculesof NADH and two of FADH, are
formed. During Krebscycle are al so produced two ATP molecules(i.e., viaGTP molecul es).

L et usconsider thespecificfunction of theKrebscycle. Whenalogistobeburnedinafireplace,

the log must first
bechoppedupinto Pyruvic acid = _
smaller chunks of Fatty acids _ﬁﬁtyl COA-I
fuel. Glucose, the Amino acids =™ CoA-SH
fuel for metabo- _m 1 —r -
lism, must also be = L e
: ax,  condensing o
brokenintosmaller Oxaloacetic acid enzyme CeHeO
pieces.Inglycoly- C,H,06 I_ R S
ss,_g_lucoselsflrst NADH+H+_. ;' Malic _ Aconitase
sphtlntotwopyru- Y G +H,0
vicacidmolecules. NAD* e
Then, each pyru- Malic acid EIS-%OSHS acid
vic acid molecule CoHeOs 6 O m—
is broken into Aconitase
threecarbondiox- +H,0
idefragments: One H,0 Fumarase .
co oY | e d Iso-citric acid
molecule Is Fumaric acl C.H.O
givén off during| L GO« | —
= NADP* n Iso-citric

OXIdaII\{e de?ar- FADH Succinic CIET I
boxylation (i.e., dehydrogenase NDPH+H* = ™ nase +Mn**
CO”V?rS' O_n . of s id I Oxalo-succinic
pyruvic acid into uccinic aci acid

C,HsO, i —
acetyl-CoA) and = e "
two CO, mol- .

| . Succinyl CoA co,
ecu es are given u synthetase + Mg+t -
off in the Krebs r a-Ketoglutaric
cycle. Thus, two Succinyl-CoA  + CO, o acid CgHgO
turns of Krebs - el
cycle will com- i s -l
.

pletely break up NADH+H+  Lipoic acid, Thymine It
one glucose mol- pyrophosphate, CoA,
ecule. In fact o-Ketoglutarate dehydrogenase
chopping off alog Fig. 10.13. Krebs cycleor tricarboxylic acid cycle.

intokindlingwood
doesnot oxidizethewood. Nor doeschopping glucoseinto smaller carbon fragment oxidizetheglucose.
TheKrebscycleitself releasesno energy, but astheglucosebreaksup, it al sofreesthe hydrogen atoms
attached to the carbons. Each hydrogen atom contains one proton (H*) and one electron (7). The
electronswhicharerel eased during compl eteoxidation of glucose(i.e., glycolysis, oxidativedecarboxy-
lationand Krebscycle) carry most of the energy of theglucose. Inthefinal stageof cell respiration, the
electron transport system, these electrons will at last rel ease their energy to the cell.
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4. Respiratory Chain and Oxidative Phosphorylation

Two molecules of FADH, and six molecules of NADH produced in Krebs cycle (from two
moleculesof acetyl-CoA) are oxidized by molecular O,inarespiratory chain or electron transport
system or ET Sinvolving a series of enzymesand coenzymes.

Intheelectrontransport system, the successive el ectron acceptorsare at lower and lower energy
levels. With each transfer to alower energy level, the electronsrel ease some of their potential energy.
That iswhy thisseriesiscalled an electron cascade, likeacascade of falling water. At each stage, the
released energy isused to form ATP. Since electron transport invol ves oxidation aswell as phospho-
rylation(i.e., ADP+P=ATP)thisprocessby whichcell systemtrapschemical energy iscalled oxidative
phosphorylation (Fig10.14). Thepassageof el ectronsfromNAD tooxygengenerates3ATPmolecules,
whereas the passage of electrons from FAD to oxygen generates only 2 ATP molecules.

- 10H* - msm

NADH ..f 4H* Succinate o H

2
NAD* Fumarate H,0O 1/20, + 2H*
Electron - transport chain.

(A) Compoundsthat occur inETS.Fol-
lowing five types of compounds are associ-

ated with electron transport system of inner i
mitochondrial membrane: -i. ]

high
g'-'-

(i) Pyridine-linked dehydrogenases

require as their coenzyme either NAD* or A .

NADP"* bF’th of which can accept two elec- L nicotinamide nucleotides, ATP
tronsat atime. Thereareabout 200 dehydro- |
genasesforwhichNAD™- linked compounds
such as pyruvic acid dehydrogenase, are :
involvedinETS. B 5 y .

(if) Flavin-linked dehydr ogenases(of- | @ - wi #ATP
tencalledflavopr oteinsor FPs) requireeither ) = |
FAD or FMN. Both are prosthetic groups % —
whoseisoalloxazinering can accept two hy- |C e
drogen atoms. Flavin- linked enzymes are i ~ Ertoomroms AP
commonly involved in anumber of enzyme a7
systems such asfatty acid oxidation, amino |D e T
acid oxidation and Krebscycleactivity (e.g.,
succinic dehydrogenase or SDH). L e ——— OXY (€] - hydrogen

(iii) Ubiquinones were so named be- | {7 Ene water

causeof their occurrenceinsomany different | g 10.14. Electron transfer in respiratory cascade or
organismsandtheir chemical resemblanceto electron transport system.
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quinone. They arefound in severa different formsincluding the plastoquinonesof chloroplasts. The
formof ubiquinonespresent inmitochondriaisoftencalled coenzymeQ,,(CoQ,,0r Q). CoQ,,isalipid
soluble and accepts two hydrogen atoms (or two protons and two electrons) at atime.

(iv) Cytochromesareproteinscontainingiron-porphyrin (haem) groups. Therearealargenumber
of cytochromesin cells; most arefound in mitochondria, although somealsofunctionintheERandin
chloroplasts. Mitochondriahavefivetypes of cytochromeswhich are arranged in thefollowing order
inaninner membrane: cyt. b, cyt. c;.,cyt.c, cyt. aandcyt. a,. All of themtransfer electronsby reversible
valence changes of theiron atom (trivalent ferric or Fe**—=bivalent ferrous or Fe**).

(v) Iron-sulphur proteins(Fe,S, andFe,S,) areelectron carriersof mitochondriacontainingiron
and sul phur inequal amounts. Theironisreversibly oxidized duringtheel ectrontransfer. Iron- sul phur
proteins transfer one electron at atime.

NADH dehydrogenase p-c,, complex cytochrome

complex (monomer) (dimer) oxidase complex
- " (dimer)

j | =i~ ™~ ]

inner j — ] R’ .. Ga—
mitochondrial - [, Res— | | S | ——
membrane | | " | 8 |

matrix " L m = -
space

intermembrane -
space = .
TIT I s EIE " s VIC e  mEppIEEpEEI
ririetefl Ar e R e e
inner Ii 1 _r: » .'._.,(\-:
membranes - . I'_ I. :\D%Q_o‘.. ey o . .
s WA SRR T
i o v ﬂ,--.ﬂ:l‘.‘_fe_,...'lgﬁl:

- dehydro- g= = |
matrix genase 1/20,
m e
ol i
NADH 2H* 2H* 2H
(from oxidative 5 4
reactions) NAD* H,0

Fig. 10.15. Respiratory enzyme complexes. A—Therelative sizes and shapes of the three respiratory enzyme
complexes, B—Mode of transfer of H* through the three respiratory enzyme complexes of inner
mitochondrial membrane (after Sheeler and Bianchi, 1987; Albertset al., 1989).

All thesecomponentsof ET Sarearranged intheinner mitochondrial membraneinthefollowing
sequence: NAD-linked succinic dehydrogenase (SDH), flavoprotein (FAD), non-haemiron protein or
iron-sul phur protein, flavoprotein (FAD), cytochromeb, ubiquinoneor coenzymeQ, ,, cytochromec;,
cytochromec, cytochrome a, cytochrome a, and three coupling sites, where phosphorylation coupled
with oxidation leadsto production of ATP.

(B) Threecomplexes. Evidently abovedescribed componentsof ETSoccur inthemitochondria
intheform of followingthreecomplexes(Greenetal., 1967; Capaldi etal., 1982; Weissetal., 1987):

(i) TheNADH-dehydr ogenasecomplex. Itisthelargest of therespiratory enzymecomplexes, with
amass about 800,000 daltons and more than 22 polypeptide chains. It accepts electronsfrom NADH
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and passesthem through aflavin and at least five iron-sul phur centresto ubiquinone (Q) that transfer
its electrons to the next complex, the b-c;, complex. This complex spans the inner mitochondrial
membrane and is able to transl ocate protons acrossit from M sideto C side (Fig.10.15).

(i) Theb-clcomplex. Itcontainsat |east 8 different polypeptidechainsandisthoughttofunction
asadimer of about 500,000 daltons. Each monomer containsthree haemes bound to cytochromesand
iron-sulphur protein. This complex accepts electrons from ubiquinone (Q) and passes them to
cytochromec, asmall peripheral membraneproteinthat carriesitselectronsto the cytochromeoxidase
complex. In the topology of this complex the Q-site may be in the middle of the membrane in the
hydrophobic area and the cytochrome c-site on the C side.

(iii) Thecytochromeoxidasecomplex. It comprisesat | east eight different pol ypeptidechainsand
isisolated as adimer of about 300,000 daltons, each monomer contains two cytochromes (a, a;) and
two copper atoms. Thiscomplex accepts el ectronsfrom cytochrome ¢ and passesthem to oxygen and
isthought totraversethemitochondrial membrane, protruding onboth surfaces. Suchatransmembrane
orientation is associated with the vectorial transport of protons across the membrane.

Thecytochromeoxidasereactionisestimatedtoaccount for 90 per cent of thetotal oxygenuptake
inmost cells. Thetoxicity of the poisonssuch as cyanideand azideisduetotheir ability to bind tightly
to this complex and thereby block all electron transport.

(C) Fy-F,complexor couplingfactors. One om
of the main proteins in the inner mitochondrial L o -B"-
membraneisthemultisubunit couplingfactor (Fig. Yo . :_.
10.16), the enzyme that actually synthesizes ATP L . ol

andsimultaneoudly actingasapr oton pump. A quite
similar enzyme complex islocated in thethylakoid
membranesof chloroplastsandintheplasmamem- ]

brane of bacterial cell. The coupling factor hastwo Cytof'asmifc - it 'y
L . surface o "
principal components: . . S embrane _ :-_ ., "
(a) Fy-complex. It is an integral membrane f e
complex, composed of very hydrophobic proteins— =3
3 or 4 distinct polypeptides and one proteolipid— pe— —

which together span the mitochondrial membrane.
FO - complex possesses the proton translocating
mechanism. FO-compl ex canbeextracted only with
strong detergents.

(b) F;-particle. AttachedtotheFOcomplexis
F, particle, acomplex of fivedistinct polypeptides:
alpha(o), beta(B), gamma(y), delta(d) and epsilon
(¢), withthe probable composition of o, 3;yd¢. F;
forms the knob or ‘tadpole’ that protrudes on the
matrix sideof theinner mitochondrial membrane. F,
particle can be detached from the membrane by
mechanical agitation and is water soluble. When
physically separated fromthemembrane, F, particle
iscapableonly of catalysingthe hydrolysisof ATP
into ADP and phosphate. Hence, it is often called

bactrial plasma
membrane

Fig. 10.16. Model of molecular structureof F,
and F, partilces in the bacterial
plasmamembrane. Thecoreof F,
particleisan a,, 3, complex. Thed
polypeptide of F, and probably
theyareinvolvedinbinding F, to
the membrane-embedded F -par-
ticle. The role of & subunit of F,
complexisnotknown (after Darnell
etal., 1986).

the F,-ATPase. However, its natural function isthe synthesis of ATP.

(D) Redox reactionsand r edox couples. Themovementsof el ectronsbetween cellular reductants
and oxidantsrepresent aformof energy transfer incells. A reductant (or r educing agent) isasubstance
that loses or donates electrons to another substance; the latter substance isthe oxidant (or oxidizing

Contents



MITOCHONDIRA 209

agent). Conversely, an oxidant isasubstancethat accepts el ectronsfrom another substance, thelatter
being thereductant. Reactionsthat involvethemovement of el ectronsbetweenreductantsand oxidants
arecalledredoxreactions.

Different chemical substanceshavedifferent potential sfor donating or accepting electrons. The
tendency of hydrogen to dissociate:

~—2H"+2e~

thereby releasing electrons, is used as a standard against which the tendencies of other substances
to release or accept electronsis measured. The electron donor (e.g., H, in the above reaction) and the
electron acceptor (e.g., 2H* intheabovereaction) arecalled ar edox couple or half cell. Thetendency
of any chemical substanceto lose or gain electronsis called the redox potential and ismeasured in
volts(V). Measurements are made using an el ectrode that has been standardized against the H, —2H*
couple whose redox potential is set at 0.0 under standard conditions (pH 0.0, IM(H*), 25° C and 1
atmosphere pressure). This potential is noted by the symbol Eo. For biochemical reactions which
normally occur at pH 7.0, theredox potential of theH,—2H* coupleis —0.421V; standardredox potentials
at pH7.0 are noted by the symbol E".

Any substance with amore positive E'0 value than another has the potential for oxidizing that
substance (i.e., removing electrons from the substance with the more negative E‘'o value). The greater
thedifferenceinredox potentials, thegreater theenergy changesinvolved. Thechangein standardfree
energy changes, AG®” isrelated to E'0 asfollows:

AG” =nFAFE o
wherenisthenumber of electronsexchanged per molecule, FistheFar aday (96,406 JV),and E'0isthe
differenceinredox potential betweenthemorepositiveand morenegativemembersof theredox couple.
For example, theoxidizedformof cytochromec (E'ovalue="*0.254V) can oxidize thereduced form of
cytochromeb (E’0 value=+ 0.030V) by removal of two electrons. The difference between the redox
potentials of thetwois:
+0.254—+0.030)=+0.224V , therefore,
AG” =-2(96,406JV)(0.224V)
=-43.19kJ( per mole of each cytochrome).

(E) ATP synthesis. The potentials drop in three large steps, one across each major respiratory
enzymecomplex. Thechangeinredox potential betweenany twoelectroncarriersisdirectly proportional
to the free energy released by an electron transfer between them. Each complex acts as an ener gy-
conver sion-deviceto harnessthisfree-energy change, pumping H* acrosstheinner membraneto create
an electrochemical proton gradient as electrons
pass through. The energy conversion mechanism
underlying oxidativephosphorylationrequiresthat
each protein complex beinserted acrosstheinner
mitochondrial membraneinafixed orientation, so
that all protons are pumped in the same direction
out of thematrix space. Suchavectorial or ganiza-
tion of membraneproteinshasbeen experimentally
proved.

Justasaflow of water fromahigher toalower |
level can be utilized to turn a water wheel or a
hydroel ectric turbine, the energy released by the | =24 i
flow of theprotonsdownthegradientisutilizedin
thesynthesisof ATP (seeReid and L eech, 1980).
Similarly, resultant el ectrochemical proton gradi- The structure of the ATP synthase.

Intermembrane
space
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entisharnessedtomake ATPby F - F, complex (acting asA TP synthetaseand proton pump), through
which the protonsflow back into the matrix (Fig. 10.17). The ATP synthetaseisareversible coupling
devicethat normally convertsaback-flow of protonsinto ATP phosphate-bond energy, but it can also
hydrolyze ATP(into ADPand phosphate) to pump protonsintheoppositedirection, if theel ectrochemi-
cal proton gradient is reduced.

Thechemiosmotictheory. Several hypotheseshavebeen proposed to explainthemechanismof
electrochemical link between respiration and phosphorylation insideinner mitochondrial membrane.
Most accepted oneisthat of Mitchell’schemiosmotic couplingtheory, proposedin 1967. According
tothistheory, theinner membraneof themitochondriaactsasatransducer converting theenergy which
isprovided by anelectrochemical gradient, intothechemical energy of ATP. Inthismodel (Fig.10.18A),
themembraneisimper meabletobothH* and OH " ions. For thisreason, if pH differencesareestablished
acrossthe membrane, they act asenergy-rich gradients. The electron transport systemisorganizedin
“redox loops” within the membrane, and the electrons are passed from one carrier to another on the
respiratory chain. Atthesametime, protons(H*) areejectedtoward thecytoplasmicside(Cside), while
OH remain on matrix side. Thisvectorial movement of protonscreatesadifferenceinpH (i.e., lower
pH on the C side and higher onthe M side), which resultsin an electrical potential (Fig. 10.18B).

H*

H* H* . . .
. inner mitochondrial "
L H H* membrane nH
"
H+ - H | |
| | | n
& -1
|
I I Fo
— —
matrix ' . matrlx
space - space

u
ADP + |:| F1 b-q ADP +.P|.
ATP| _l
ATP

A | — 9 nm
B

Fig. 10.17. ATP synthetase (F-F, ATPase) is areversible coupling device that interconverts the energies of
theelectrochemical proton gradient and chemical bonds. The ATP synthetase can either synthesize
ATP by harnessing the proton motive force (A) or pump protons against their electrochemical
gradient by hydrolyzing ATP (B). The direction of operation at any given instant depends on the
net free-energy change for the coupled processes of proton transl ocation across the membrane and
the synthesis of ATP from ADP and Pi (after Albert et al., 1989).

Calling A pH the pH gradient and Ay (deltapsi ) theresulting electrical gradient invalts, the

energy produced A Pistheproton motivefor ce:
AP=Ay +23RT/FApH

where R is the universal gas constant, T the absolute temperature, and F the Faraday constant.

Thechemiosmotictheory postul atesthat the primary transformationsoccurringintherespiratory
chain guidethe osmotic wor k heeded to accumulateions. The energy generated by electron transport
isconserved in the energy-rich form of aH*ion gradient. Thisgradient providesthedriving forcefor
the inward transport of phosphate and potential for generating ATP. ADP is brought into matrix in
exchangefor ATP, i.e.,, cotransport. Asindicated in Figure 10.18C, thisgradient through the action of
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the proton pump of the F-F,, drives the oxidative phosphorylation of ADP to form ATP by which

mechanism free energy is conserved :

ADP+Pi == ATP+H,0

Inthisreaction H,O isalso formed because
of the dehydration, which leadsto theremoval of
H*and OH ions.

Inrecent years, muchexperimental evidence
has supported the validity of Mithchell’s chemi-
osmoatic theory. However, there is some dispute
over the number of H* ions translocated out dur-
ing two-electron transportation from NADH to
oxygen. AccordingtoL ehninger andBrand (1979)
these may be 9 to 12 in number instead of 6 as
claimed by Mitchell (1967). However, Mitchell
and M oyle (1979) have reasserted their original
claim of 6 H* translocation.

(F) Ener geticsof glucoseoxidation. Of the
686,000 calories contained in amole of glucose,
lessthan 10 per cent (i.e., 58,000 calories) can be
released by anaerobic glycolysis. Thecell isable
to store only 45 per cent of the chemical energy
liberated by thecombustion of glucoseintheform
of ATP(i.e., only 36 ATPmolecules). Therest of
the energy is dissipated as heat or used for other
cell functions.

At this stage, let us do stocktaking of ATP
generation during aerobic respiration of onemole
of glucose. We have seen that glycolysis and
Krebscyclecaneachgenerate2moleculesof ATP
per molecule of glucose by substrate level phos-
phorylation (total 4 ATP molecules). In addition
10NADH (i.e.,2NADHinglycolysis,2NADHin
oxidative phosphorylation and 6NADH in Krebs
cycle) and2FADH, areproducedwhichareequiva:
lentto 34 ATPmolecules. Thus, atotal of 3BATP
molecules are produced per glucose molecule
oxidized. However,inmost eukaryoticcells2mol-

membrane
C-side M-side
2H NADH
o -2e*
u
2H+_ u - -
= oH*+ 20H-
2H- o" o o
] —
2H* g 2e~ Hzo
ol
2H _ 280 o 20n-
u
u
oH* meel 26—
S oA
A " om 2H* mw HZO
) u
H,0 20H
pH
H+ gradient - (Ht)
(OH— 2H
lower + — higher
pPH) + pH
B + electrical potential
ADP +Pi
]
I - "\TPase
H* I L] i B
C I ATP +
H,O

Fig. 10.18. Diagramexplainingchemiosmoticcoupling
according to Mitchell. A—During electron
transport H* ions are driven to the C side of
inner mitochondrial membrane; B—Thispro-
cessproducesapH gradientandanelectrical
potential acrossthe membrane; C—thisgra-

dient drivesthe proton pump of the ATPase

and ATP is synthesized from ADP and Pi
(after De Robertisand DeRobrtisJr., 1987).

ecules of ATP are used in the transportation of 2 mole of NADH produced during glycolysisinto the
mitochondrion (viathemalateshuttle) for their further oxidation (viaETS). Hence, thenet gainof ATP
is38-2=36 mol ecul es; since one high energy phosphate bond isequal t0 36.8 kJ; s0 36ATP=1325kJ

or 36,000caories:

CgH,04+36Pi + 36ADP+60,+6H,0 —6CO,+36ATP+12H,0

Glucose Inogranic
phosphate

(360,000 calories
or 1325 kJ)
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TheP/Oratio. Inthe electron tranport chain, since the formation of ATP occursin three steps,
the equation can be written as follows:

NADH +H*+3ADP+3Pi +1/20, - NAD" + 4H,0+3ATP

Oneway of indicating the ATPyield from oxidative phosphorylationisthe P/O ratio, whichis
expressed as the moles of inorganic phosphate (Pi) used per oxygen atom consumed. Thus, in above
equationtheP/Oratiois3because3Pi and 1/2 O, areused. Ontheother hand, whenasubstrateisoxidized
via aflavoprotein-linked dehydrogenase, only 2 mol of ATPareformed, i.e.,, P/Oratiois 2.

B-OXIDATION OF FATTY ACIDS

Inthe mitochondriaof all cells, enzymesin the outer (e.g., thiokinase or acyl - CoA synthetase)
andinner (e.g., carnitine) membranemediatethemovement of freefatty acidsderivedfromfat molecules
into themitochondrial matrix. Inthematrix, each fatty acid moleculeexistsintheform of “ activefatty
acid” or “fatty acyl CoA” andisbrokendowncompletely by acycleof reactions, called B-oxidation that
trimstwo carbons(i.e., oneacetyl group) at atimefromitscarboxyl end (B-end), generatingonemolecule
of acetyl - CoA ineachturn of cycle (Fig. 10.19). The acetyl- CoA producedisfed into Krebscycleto
befurther oxidized.

Energetics of fatty
acid oxidation. During -
oxidation, two ATP mol-
ecules are utilized for the
activation of a fatty acid
(e.g., 16-carboncontaining

R—CH,~CH,~COOH

ATP
CoA-SH
O

FAD

1
R-CH,~CH,~C-SCoA &y i

palmitic acid); thus, one |(|3 - '_.l_ ~ FSDHZ
ATP is used by acyl-CoA \cH, c-scoa f ¢ = " R CH_C.L Yo con
synthetase outside the mi- " o - I "
tochondria; another ATP + B & ‘ '

(i.e., GTP)isused by mito- o 1 ?  CH,C-S-CoA I OHZO
chondrial acyl-CoA syn- | R-C-S-CoA M
thetase. During oxidationof R-CH(OH)-CH,—C-S-CoA
afatty acid, water isadded " o .

and 4 hydrogen atoms are - = NAD
removed, forming one CoASH By, O 0O .-I...NADH

FADH, molecule and one
NADH molecule, from2car-
bon atoms nearest to CoA.
When electrons of FADH,

R-C-CH,—C-S-CoA

Fig. 10.19. The oxidation of fatty acids by the 3-oxidation
helical scheme.

and NADH are passed
through ETS, they release 5SA TP moleculesfor each of thefirst 7 acetyl - CoA moleculesformed by [3-
oxidationof pamiticacid, i.e., 7x5=35ATPmolecules. 3 - oxidation of palmiticacid producesintotal
8 mol of acetyl - CoA, each of which on oxidation by Krebs cycle produces 12ATP molecules; thus,
making 8 x 12 = 96ATP moleculesviathisroute. By deducting 2ATP used for initial activation of the
fatty acid, anetgainof 129ATP(i.e., 35+96—2=129) isachieved. Intermsof energy 129 ATPmolecules
contain 4747 kJ (129 x 36.8 kJ). Asthefree energy of combustion of palmitic acidis9791 kJ/mol, the
process of 3-oxidation captures as ATP molecules on the border of 48 per cent of the total energy of
combustion of thefatty acid (see M ayesand Granner, 1985).

OXIDATION OF PROTEINS
Before proteinscan beintroduced into the mainstream of metabolism (catabolism) they must be

splitinto amino acids. Theprocessisaccomplished by protease enzymessimilar to the process occurs
in digestion. Each peptide bond is severed with the introduction of a water molecule, a hydrolytic
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reaction. Next, nitrogen isremoved from amino acids by any one following two processes: oxidative
deamination and transamination.

During oxidativedeamination, theamino group of theamino acidissplit off fromtherest of the
molecule, formingammonia(NH,). Theremainder of theamino acidthenentersthemain metabolicstream
asaketo acid. Water isrequired for this process and two hydrogens are removed by coenzyme NAD.
The ammonia formed during deamination may be immediately excrerted or organized into another
mol ecul e before excretion; for exampl e, in human beingtheammoniaisconvertedinto ureamol ecules
by the liver cells before being sent via the blood to the kidney. The energy derived from oxidative
deamination dependsupontheaminoacidinvol ved. For example, oxidativedeamination of glutamicacid
involvesits conversion into a-ketoglutaric acid, which is oxidized by the Krebs cycle:

NAD — NADH,
Glutamicacid o-Ketoglutaricacid
@minoacid) "\ (keto acid)
H,O NH,

Inthiscase, high-energy phosphateswould be created by thetransfer of hydrogenfromNADH,,
(formed in deamination) through the cytochrome system.

Transamination reaction consi stsof an amino group being shifted from onemol ecul eto another
inexchangefor anoxygen. For exampl e, duetotransaminationaminoacid glutamicacid being converted
into o-ketoglutaric acid, asis shown by following reaction:

Glutamicacid + Oxaloaceticacid ———— o-Ketoglutaricacid + Aspartic acid

(aminoacid) (ketoacid) (ketoacid) (aminoacid)

Inthis case, the amino group isnot lost completely but istransferred to one of the substrates of
Krebscycle. Oxal oaceticacidlosesitsoxygenand picksuptheNH,, group and becomestheaminoacid,
aspartic acid. Thus, oneamino acid isconverted into keto acid, while another keto acid istransformed
intoanaminoacid. Theusual purposeof suchreactionsistomaintainaparticul ar balanceamong amino
acids and substrates rather than providing grist for the metabolic mill.

Some amino acids such as aanine, cysteine, glycine, hydroxyproline, serine and threonine
undergo enzymatic reaction to become pyruvic acid which enters mitochondriaand is changed into
acetyl-CoA and oxidized by Krebs cycle. Some other amino acids such as phenylalanine, tyrosine,
tryptophan, lysine and leucine form acetyl-CoA directly without first forming the pyruvic acid.

OTHER FUNCTIONS OF MITOCHONDRIA

Besidesthe ATP production, mitochondriaserve thefollowing important functionsin animals:

1.Heat productionor ther miogenesis. Aswehaveal ready discussed earlier that only 45 per cent
of the energy released during the oxidation of glucoseis captured in the form of ATP, the rest 55 per
cent is either lost as heat or used to regulate body temperature of warm-blooded animals. In some
mammals, especially young animal sand hibernating species, thereisaspeciaizedtissuecalledbrown
fat. Thistissue, typically located between the shoul der blades, isespecially important in temperature
regulation; it produceslarge quantitiesof body heat necessary for arousal fromhibernation. Thecolour
of brown fat comesfrom itshigh concentration of mitochondria, which aresparsein ordinary fat cells.
The mitochondriaappear to catalyze el ectron transport in the usual way but are much lessefficient at
producing ATP. Hence, a higher than usual fraction of the oxidatively released energy is converted
directly toheat (called non-shiveringther miogenesis).

2.Biosyntheticor anabolicactivities. Mitochondriaal so performcertain biosyntheticor anabolic
functions. Mitochondriacontain DNA andthemachinery neededfor proteinsynthesis. Therefore, they
canmakelessthanadozen different proteins. The proteinssofar identified are subunitsof the AT Pase,
portions of the reductase responsiblefor transfer of electronsfrom CoQ to theiron of Cyt ¢, and three
of the seven subunitsin cytochrome oxidase. Altogether, no morethan 5-10 per cent of mitochondrial
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componentscan beattributed
to mitochondrial genes.

Somebiosyntheticfunc-
tions of mitochondria are of
primary benefit to the rest of
thecell. For exampl e, thesyn-
thesis of haeme (needed for
cytochromes, myoglobinand
haemoglobin) begins with a
mitochondrial reaction cata-
lyzed by the enzyme, deltaor
d-aminolevulinic acid syn-
thetase. Likewise, someof the
early steps in the conversion
of cholesterol to steroid hor-
mones in the adrenal cortex
are also catalyzed by mito-
chondrial enzymes.

3. Accumulation of
Ca?" and phosphate. In the
mitochondria of osteoblasts
present in tissues undergo-
ing calcificationlargeamount
of Ca?* and phosphate (PO, )
tend to accumulate. In them
microcrystalline, electrone-

Pyruvic acid

Intermembrane o (cg)

space i

Summary of the major activities during aerobic
respiration in a mitochondrion.

dense deposits may become visible. Sometimes, the mitochondria assume storage function, e.g., the

extra cellular

&L
-
y f

cytoplasm

:l = tubule

:I- vesicle

plasma membrane
matrix I:. =i . protuberance

invagination

T
-~ -'3' mitochondrion

Fig. 10.20. Hypothetical diagrams showing the origin
of mitochondriafrom plasmamembrane.

mitochondriaof ovumstorelarge
amounts of yolk proteins and
transforminto yolk platel ets.
BIOGENESIS OF MITO-
il CHONDRIA
'.II Regardingtheoriginof the
mitochondria, several hypoth-
o eses have been postulated which
'tl areasfollows:

1. “de novo” origin. Ac-
cording to this hypothesis, the
mitochondria are originated “de

tubule

mitochondrion
Ig‘ direct evidence in suppport of
“de novo” hypothesis for the
B originof themitochondriathere-
fore, it isdiscarded now.

2. Origin from the endo-

plasmic reticulum or plasma

exracellular matrix

vesicle

novo” (L.anew) fromthesimple
building blocks such as amino
acidsand lipids. But, thereisno

E
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membrane. Accordingto M or rison (1966) thenew mitochondriamight havebeen originated fromthe
endoplasmicreticulum or plasmamembrane(Fig.10.20). Thishypothesisal so could not providedirect
evidences, therefore, it isnot well accepted at present time.

3. Origin by division of pre-existing mitochondria. The electron microscopic and radio-
autographic observations of the culture cells have shown clearly that the new mitochondria are
originated by the growth and division of pre-existing mitochondria. On average, each mitochondrion
must doublein massand then dividein half oncein each cell generation. Mitochondriaare distributed
between the daughter cells during mitosis and their number increase during interphase. Electron
microscopic studies of Neurospora crassa (L uck, 1963) and HeL a cells (Attardi et al., 1975) have
suggested that organelle division begins by an inward furrowing of theinner membrane, asoccursin
cell divisoninmany bacteria(Fig. 10.21). After elongating, oneor morecentrally located cristaeform
apartition by growing acrossthe matrix and fusing with the oppositeinner membrane. This separates
the matrix into two compartments. The outer membrane then invaginates at the partition plane,
constricting until thereis membrane fusion between thetwo inner mem-

branewalls. Thus, two separable daughter mitochondriaare formed.
Mitochondriaassemiautonomousor ganelles. Recently thestudy = iy
of mitochondrial and chloroplast biogenesis became of great interest "
becauseit was demonstrated that these organelles contain DNA as well '.I.E .!
asribosomesand are ableto synthesize proteins. Theterm semiautono- |l « 5t
mous or ganelleswas applied to the two structuresin the recognition of I
these findings. Thisterm also indicated that the biogenesis was highly
dependent on the nuclear genome and the biosynthetic activity of the
ground cytoplasm. Itiswell established now that themitochondrial mass
grows by the integrated activity of both genetic systems, which coop-
erate in time and space to synthesize the main components. The mito-

chondrial DNA codesfor themitochondrial, ribosomal andtransfer RNA e
andfor afew proteinsof theinner membrane. M ost of the proteins of the b
mitochondrion, however, result fromtheactivity of thenuclear genesand - |-'I . :I
are synthesized on ribosomes of the cytosol (cytoplasmic matrix). The I I

cooperation of two genomes hasbeen greatly clarified by studiesonthe
mol ecul ar assembly of cytochromeoxidase(Saltzgaber etal.,1977). This
cytochrome, as studied in Saccharomyces cerevisiae is made up of
seven polypeptide subunitsfor acombined mol ecul ar weight of 139,000

daltons. Threeof the polypeptidesare coded by mt DNA and assembled

on mitochondrial ribosomes. They are very hydrophobic and high in I'J Ih |-
mol ecular weight (23,000—40,000daltons). Theremaining four subunits
are coded by nuclear DNA and made on cytoplasmic ribosomes. These

are hydrophilic polypeptides of lower molecular weight (4500-14,000 AN '." : -
daltons). i
Mitochondrial DNA. Mitochondrial DNA (mt DNA) moleculeis |Ir |_I ¥

relatively small, simple, doubl e-stranded and except for theDNA of some
algaeand protozoans, itiscircular. Thesize of mitochondrial genomeis e '_J'
very muchlargeinplantsthaninanimals. Thus, mt DNA variesinlength b'-.;-.'ql' .
from about 5 umin most animal speciesto 30 pum or soin higher plants. =
Themt DNA islocalizedinthematrix andisprobably attachedtotheinner |Fig. 10.21. Fission of amito-
membrane at the point where DNA duplication starts. This duplication chondrion by par-
is under nuclear control and the enzymes used (i.e., polymerases) are 0@ iEELer

. ft Th
imported from the cytosol. (1382; orpe,
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Mitochondrial ribosomes. Mitochondriacontainribosomes(called mitoribosomes) and polyri-
bosomes. In yeast and Neurospora, ribosomes have been ascribed to a 70S class similar to that of
bacteria ; in mammalian cells, however, mitoribosomes are smaller and have atotal sedimentation
coefficient of 55S, withsubunitsof 35Sand 25S(Attar di etal., 1971). Inmitochondria, ribosomesappear
to betightly associated with the inner membrane.

Mitochondrial protein synthesis. Asalready described, mitochondiracan synthesize about 12
different proteins, which areincorporated into theinner mitochondrial membrane. These proteinsare
very hydrophobic (i.e., they are proteolipids). Thus, on the mitoribosomes are made the following
proteins : three largest subunits of cytochrome oxidase (Fig. 10.6), one protein subunit of the
cytochrome b-c, complex, four subunits of ATPase and afew hydrophobic proteins. One of the best
known differences between the two mechanisms of protein synthesis (i.e., in the cytosol and in the
mitochondrial matrix) isintheeffect of someinhibitors. Themitochondrial proteinsynthesisisinhibited
by chloramphenicol, while synthesisin the cytosol (cytoplasmic matrix) isnot affected by thisdrug.
In contrast, cycloheximide hasthe reverse effect.

I mport mechanism of mitochondrial proteins. Most mitochondria proteinsarecoded by nuclear
genes and are synthesized on free ribosomesin the cytosol (cytoplasmic matrix). Theimport of these
polypeptides involves similar mechanism both in mitochondria, and chloroplasts. The transport
processesinvolved have been most extensively studiedin mitochondria, especially inyeasts(Attar di
and Schatz, 1988). A protein istranslocated into the mitochondrial matrix space by passing through
sites of adhesion between the outer and inner membrane, called contact sites. Translocationisdriven
by both ATP hydrolysis and the electrochemical gradient across the inner membrane, and the
transported protein isunfolded asit crossesthe mitochondrial membranes. Only proteinsthat contain
a specific signal peptide are translocated into mitochondria and chloroplasts. The signal peptideis
usually located at theaminoterminusandiscleaved off afterimport (Fig. 10.23A). Transport totheinner
mitochondrial membrane can occur asasecond stepif ahydrophobicsignal peptideisalsopresentin
the imported protein; this second signal peptide is unmarked when thefirst signal peptideis cleared
(Fig. 10.23B). Inthecaseof chloroplasts, import fromthestromainto thethylakoid likewiserequiresa
second signal peptide.

Mitochondrial lipid biosynthesis. Thebiogenesi sof new mitochondriaand chloroplastsrequires
lipidsin addition to nucleic acids and proteins. Chloroplasts tend to make the lipidsthey require. For

example, in spinach leaves, al cellular fatty

acid synthesistakesplacein thechloroplast. S

Themajor glycolipids of the chloroplast are .:l- Ty

also synthesized locally. L “annn
Mitochondria, on the other hand, im- I I II 'Iil

port most of their lipids. In animal cellsthe

phospholipids— phosphatidyl-cholineand L | I L I
phosphatidyl-serine—aresynthesizedinthe "I
ER and then transferred to the outer mem- '-' ". LI -

| | e | |
cytosol (cytoplasmic matrix)
Fig. 10.22. Modéd of cytochromeoxidaseof yeast show-

braneof mitochondria. Thetransfer reactions
arebelievedtobemediated by phospholipid

excha_ngepr (_)tei ns,; theimportedlipidsthen ing topographical relationship of its seven
moveintotheinner membrane, presumably at subunitsand itsrelation with cytochromec
contact sites. Inside mitochondria, some of (after Thorpe, 1984).

the imported phospholipids are decarboxy-

lated and converted into cardiolipin

(diphosphatidyl glycerol). Cardiolipinisa“ double” phospholipid that containsfour fatty - acid tails;
itisfound mainly in theinner mitochondrial membrane, whereit constitutes about 20 per cent of the
total lipids.

Contents
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insertion into membrane
driven by electrochemical
gradient
precursor = signal outer mitochondrial membrane
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Fig. 10.23. A—Proteinimport by mitochondrial matrix throughsinglesignal; B— Import of proteins
fromthecytosol (cytoplasmic matrix) tothemitochondrial intermembranespaceor inner
membrane through two (or multiple) signals (after Albert et al; 1989).

Prokryotic Origin or Symbiont Hypothesis

Early cytologistssuchasAltmann and Schimber (1890) havesuggested thepossibility of origin
of the mitochondriafrom the prokaryotic cells. According to their hypothesis, the mitochondriaand
chloroplasts may be considered as intra-cellular parasites of the cells which have entered in the
cytoplasm of eukaryotic cellsin early evolutionary days, and have maintained the symbiotic relations
withtheeukaryatic cells. Themitochondiraare supposed to bederived fromthebacterial cells(purple
bacteria) while chloroplasts are supposed to be originated from the blue green algae (see M ar gulis,
1981). DuetothesereasonsAltmann suggested thename* bioblasts’ to themitochondriaand heal so
hinted about their self-duplicating nature.

Recent cytological findings have also suggested many homol ogies between the mitochondria
and the bacterial cells. The similarities between the two can be summarised asfollows:

1. Similarity in inner mitochondrial membraneand bacterial plasmamembrane. (i) Inthe
mitochondriathe enzymesof therespiratory chain arelocalized ontheinner mitochondrial membrane
likethebacteriainwhichthey remainlocalizedintheplasmamembrane. Thebacterial plasmamembrane
resembleswith theinner mitochondrial membranein certain respects.

(ii) The plasma membrane of certain bacterial cells gives out finger-like projections in the
cytoplasm known asmesosomes. The mesosomes can be compared with mitochondrial crests. Salton
(1962) has reported respiratory chain enzymesin the mesosomes.
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(iii) Because the
outer mitochondrial
membrane resembles
with the plasma mem-
brane, therefore, it may

beassumedthat themi- i _ nucleus

tochondrial matrix and - L™ I

theinner mitochondrial .h

membrane represent| = | ol y

the symbiont which
might be enclosed by
the membrane of the
cellular origin (outer
mitochondrial mem-
brane).

2. Similarity in
DNA molecule. The
DNA molecule of the
mitochondria is circu-
lar like the DNA mol-
ecule of the bacterial
cells. Further therepli-
cation process of the
mitochondrial DNA is
alsosimilartobacterial
DNA.

3. Similarity in
ribosomes. The mito-

aerobic

eukaryotic
cell carrying
aerobic pro-
karyotic
endosymbiont |

present day
eukaryotic
cell

early anaer0b|c prokaryotlc cell
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¥

Fig. 10.24. Symbiotic origin of mitochondriaand chloroplast
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(after Albertset al., 1989).

chondrial ribosomes
aresmallinsizeandre-
sembl e the ribosomes of the bacteria.
4. Similarity in the process of
protein synthesis. Theprocessof pro-
tein synthesis of both mitochondria
and bacteria is fundamentally same
becausein both, the processof protein
synthesis can be inhibited by same
inhibitor known as chloramphenicol.
Further, themitochondriafor the
process of protein synthesis depend
partially on the mitochondrial matrix
and DNA and partially on the nucleus
and cytoplasm of the eukaryatic cells.
Thisshowsthe symbiotic natureof the
mitochondria
Duetotheabove-mentionedsimi-
laritiesbetween the bacteriaand mito-

These degenerating muscle fibers are from a biospy of a patient
and show accumulations of red staining “blotches” just beneath
the cell's plasma membrane, which are due to abnormal prolif-
eration of mitochondria.

chondria, the symbiont hypothesis postulated that the host cell (eukaryotic cell) represented an
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anaerobic organism which derives the required energy from the oxidations of food by the process of
glycolysis. Whilethemitochondriarepresent the symbiontswhichrespireaer obically and containthe
enzymes of Krebscycleand respiratory chain. The symbionts seem to be capableto get the energy
by oxidativephosphorylation fromthepartially oxidised food (pyruvicacid) of thehost cell.

REVISION QUESTIONS

What are the characteristic structural features of mitochondirathat aid in their identification ?

Why are mitochondria termed as the “ power houses’ of the eukaryotic cells ?

What isthe major function of mitochondria ?

What differences exist in structure and function between the inner and outer membranes of the

mitochondria?

Wouldyouexpect plant cell sto havethe Embden-Meyerof glycolytic pathway ?Explainyour answer.

What is the significance of acetyl-coenzyme A and where does it come from ?

What isan oxidative decarboxylation ? Give an example.

Of what value to the cell isacyclic process such as the Krebs cycle ?

Define the terms redox reactions and redox potential. Explain Mitchell's chemiosmotic coupling

theory.

10. Definethefollowing : electron transport; respiratory chain; oxidative phosphorylation; cytochrome
oxidase. Summarize various schemes for coupling electron transport to ADP phosphorylation.

11. Whatisafermentation, and why isit needed by some cells ?

12. What isthe special function of brown fat mitochondria and how isit carried out ?

13. Describe the B-oxidation of fats.

14. Describethe biogenesis of the mitochondria.

15. Explain why arethe mitochondriaconsidered as semiautonomous organelles.

16. Describe the energetics of glucose oxidation and compareit with that of fat oxidation.

17. Giveashort account of symbiotic origin of mitochondriaand chloroplasts.

18. Compare the functions of mitochondria and chloroplasts.
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