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Abstract

There is a renewed interest in the structure and functioning of the mito-
chondrial respiratory chain with the realization that a number of genetic
disorders result from defects in mitochondrial electron transfer. These so-
called mitochondrial myopathies include diseases of muscle, heart, and brain.
The respiratory chain can be fractionated into four large multipeptide com-
plexes, an NADH ubiquinone reductase (complex I), succinate ubiquinone
reductase (complex II), ubiquinol oxidoreductase (complex IIT), and cyto-
chrome ¢ oxidase (complex IV). Mitochondrial myopathies involving each of
these complexes have been described. This review summarizes compositional
and structural data on the respiratory chain proteins and describes the
arrangement of these complexes in the mitochondrial inner membrane. This
biochemical information is provided as a framework for the diagnosis and
molecular characterization of mitochondrial diseases.

Key Words: Mitochondrial myopathies; electron transfer chain; tissue specifi-
city; electron microscopy; protein sequences.

Introduction

For many years, study of the mitochondrial inner membrane was the province
of the bioenergeticist interested in the mechanism of oxidative phosphorylation
(reviewed in Wainio, 1970; Tzagoloff, 1982). The number of laboratories work-
ing on aspects of the structure of this membrane has expanded significantly
since it became possible to examine the biogenesis of the mitochondrion and
the targeting of proteins to this organelle (reviewed in Schatz and Butow, 1983).
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More recently, the structure of the mitochondrial inner membrane has
become of interest to clinicians, geneticists, and biochemists working on mito-
chondrial myopathies, a group of diseases in which defective mitochondrial
metabolism causes muscle weakness, exercise intolerance, and, in some cases,
neurological, renal or cardiac dysfunction (reviewed in DiMauro et al., 1985;
Morgan-Hughes, 1982; Morgan-Hughes and Landon, 1983). This review is
written with this latter group of workers in mind, and provides an overview
of the structure of the mammalian mitochondrial inner membrane with
particular focus on the composition of the respiratory chain complexes.

Many of the mitochondrial myopathies described so far involve com-
plexes I, III and cytochrome ¢ oxidase, and a knowledge of the structure of
these multicomponent complexes is a necessary prerequisite to understanding
of the molecular basis of defects responsible for these diseases. The sequences
of the various subunits of complexes I1I and cytochrome ¢ oxidase from beef
heart are included as a reference source, as are data for the human enzyme
where available.

General Organization of Respiratory Chain Components in the
Mitochondrial Inner Membrane

It was shown more than 25 years ago that the mitochondrial electron
transfer chain is organized into four large multipolypeptide complexes, an
NADH ubiquinone reductase (complex I), succinate ubiquinone reductase
(complex II), ubiquinol cytochrome ¢ oxidoreductase (complex III), and
cytochrome ¢ oxidase (complex 1V) (reviewed in Hatefi, 1976) (Fig. 1). These

Complex I
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Fig. 1. Schematic of the mammalian mitochondrial respiratory chain.
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Fig. 2. FElectron micrograph of thin sectioned beef heart tissue labeled for cytochrome ¢
oxidase by antibody against the holoenzyme and protein A conjugated with colloidal gold
[reproduced from Kim ez al. (1987) with permission.]

four clectron transfer complexes comprise most of the inner membrane of
mitochondria from all mammalian tissues. Table I gives the relative amounts
of these components in the inner membrane of beef heart mitochondria,
along with the amounts of other major proteins including the ATP synthase
and ADP-ATP translocase. The ratio of respiratory chain complexes based
on these compositional data is 1 complex I; 2 complex II; 3 complex III; 6
cytochrome ¢; 6 cytochrome ¢ oxidase.

Recently, the ratio of electron transfer complexes in bovine heart and
human muscle mitochondria has been examined by immunoelectron micro-
scopy, using antibodies generated to bovine proteins (Kim et al., 1987). The
labeling of bovine heart tissue with anti-cytochrome ¢ oxidase antibodies
conjugated with protein A colloidal gold is shown in Fig. 2. The cytochrome
¢ oxidase molecules are seen to be randomly dispersed in the mitochondrial
inner membrane. This immunolabeling method gave ratios of 0.6:3:6 for
complex I, III, and IV, respectively, in both beef heart and human muscle
mitochondria.

The monomer molecular weights of the respiratory chain complexes are
listed in Table I. Both complex IIT and cytochrome ¢ oxidase form stable
dimers in detergent solution (Leonard et al., 1981b; Robinson and Capaldi,
1977), and these complexes probably exist as dimers in the mitochondrial
inner membrane (reviewed in Capaldi, 1982). The distribution of the redox
components in the inner membrane is shown schematically in Fig. 3, with the
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Fig. 3. Schematic of the density of the respiratory chain proteins in the mammalian mito-
chondrial inner membrane [reproduced from Capaldi (1982) with permission.]

individual complexes drawn roughly to scale. The area per complex I1I dimer
is around 200,000 A2, as calculated by dividing the surface area of the inner
membrane (2 x 10°cm’/g protein) by the number of complex III dimers
present (Table I). This gives an average distance between a complex I and a
complex III of 310 A and between a cytochrome ¢ oxidase and a complex I1I
of 225A. The diffusion of the small “mobile” carriers, ubiquinone and
cytochrome ¢, is fast in/on the mitochondrial inner membrane [diffusion
constant 10~® cm?/s (Kawato et al., 1980)], and it is unlikely that intracom-
plex electron transfer is the rate-limiting step, even if the large respiratory
chain complexes are hindered from diffusion by the highly viscous nature of
the “protein solution” in the matrix (Capaldi, 1982).

Complex I (Brink et al, 1987; Leonard et al., 1987), complex III
(Leonard et al., 1981), and cytochrome ¢ oxidase (Henderson et al., 1977,
Fuller ef al., 1979; Deatherage et al., 1982; Kim et al., 1985; Frey et al., 1982)
have each been obtained as two-dimensional crystals, suitable for analysis by
electron microscopy and image analysis. The low-resolution structures of the
three complexes obtained by this method (at 25 A resolution), are used in
Fig. 4 to generate a view perpendicular to the plane of the mitochondrial
inner membrane. Complex I has most of its mass in the matrix space while
cytochrome ¢ oxidase extends most prominently from the cytoplasmic face of
the inner membrane.
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Fig. 4. Schematic of the electron transfer coraplexes spanning the mitochondrial inner mem-
brane. The size and shape of each complex is based on low-resolution structural data obtained
by electron microscopy and image analysis.
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Fig. 5. Genomic map of beef mitochondrial DNA showing the locus of the complex I genes
(ND), cytochrome ¢ oxidase genes (COX), ATPase genes (ATPase), and the cytochrome b genes.
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The Mitochondrial Genome

An important feature of the mitochondrion is the presence of DNA. The
genetic contribution of the organelle to its own assembly is modest with only
about 16,000 base pairs in the mtDNA of mammals (reviewed in Tzagoloff,
1982). The full sequence of the mitochondrial genome has been determined
for several mammals including beef (Anderson ez /., 1982) and man (Ander-
son et al., 1981). Figure 5 shows the organization of the bovine mitochondrial
genome; the map of the human genome is identical. The gene map in Fig. 5
is shown in linear fashion for convenience, although the actual genome is
circular. There are 13 open reading frames coding for 7 subunits of complex
I (ND genes), 1 subunit of complex III (cyt b gene), 3 subunits of cytochrome
¢ oxidase (COX genes), and 2 subunits of the ATP synthase (ATPase genes)
(Tzagoloff, 1982; Anderson et al., 1981, 1982; Chomyn et al., 1985).

Mitochondrial DNA also codes for the 16S and 12S rRNA components
of mitochondrial ribosomes as well as for 22 transfer’ RNA genes. The
remaining components of the mitochondrial protein synthesizing machinery
are made in the cytoplasm and imported into the mitochondrion (Schatz and
Butow, 1983). Assembly of the mitochondrial inner membrane involves the
insertion of mitochondrially coded subunits with the large number of nuclear
coded subunits to form the respiratory chain complexes.

Subunit Structure of the Respiratory Chain Complexes

Recent studies indicate that complex I is composed of 25-28 subunits
(Heron et al., 1979; Ragan, 1980; Ragan et al., 1982; Ise et al., 1985); complex
I1, 5 subunits (Davis and Hatefi, 1971; Capaldi et al., 1977; Capaldi, 1982);
complex III, 11 subunits (Schagger et al., 1986), and cytochrome ¢ oxidase 13
subunits (Kadenbach and Merle, 1981; Capaldi et al., 1986; Takamiya et al.,
1987), as shown in Figs. 6-8. Nine of the eleven subunits of beef heart complex
III have been sequenced, and these sequences are listed in Table II. The
sequences of all 13 different polypeptides of beef heart cytochrome ¢ oxidase
have been obtained, either from sequencing of mtDNA (for subunits MtI and
III) or by direct sequencing of the isolated subunit (Tables III and IV).

The arrangement of subunits in both complex III and cytochrome c
oxidase has been explored extensively, using chemical labeling with water-
soluble as well as membrane-intercalated protein-modifying reagents (e.g.,
Gutweniger et al., 1981; Gellerfors and Nelson, 1977; Beattie et al., 1981; Bell
et al., 1979; Malatesta ez al., 1983), by crosslinking with bifunctional reagents
(c.g, Smith and Capaldi, 1977; Briggs and Capaldi, 1977; Jarausch and
Kadenbach, 1985), and with protease digestion experiments (e.g., Lorusso
et al., 1985; Zhang et al., 1987). In complex 111, the two core proteins (total
M, ~ 100,000) and subunit VI (often incorrectly called the quinone-binding
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Fig. 6. Subunit structures of complexes I and II from beef heart mitochondria. IP and FP are
iron proteins and flavin protein fractions. ND, is a mitochondrially coded subunit. Pd subunits
with asterisk are present in Parococcus denitrificans.

protein) make up much of the M domain extending into the matrix of the
mitochondrion. Cytochrome b and subunit VII make up much of the inter-
membrane domain while cytochrome ¢, and the nonheme iron protein con-
tribute to the C (cytoplasm-facing) domain. In the cytochrome ¢ oxidase
complex, most of the subunits are transmembranous (Fig. 9) with subunit
Mtllinvolved in the high-affinity binding site for cytochrome ¢ (Millett et al.,
1982; Bisson et al., 1982) along with some of the smaller subunits.

Function of Subunits: Comparison of Prokaryote and Mammalian
Respiratory Chain Complexes

There are considerably more subunits in the mammalian respiratory
chain complexes than can act as apoproteins for the redox centers, raising the
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Beef heart Yeast Paracoccus
— |
/Core I TAT (50,000) MLR 50,227*
B . Core II TLR  (46,000) LTV 38,705°
N — 111 () (MIN) (42,590) MAF 43,662 MAC 50,122
” l T~ (cy) SDL 27,287 MFS 34,072 DAS 44,654
—\
; vV (nhFe) SHT 21,406 #(20,100) MSH 20302
amn —— V1 ACGR 13,389 MPQ 14,564
VI GRQ 9,507 GPP 12,325
. VIIT GoP 9,175 MDM 17,315
__—IX MLS 7,998 «(8,500)
—— ____ X VAP 7,189 w(7,000)
—XI MLT 6,363

Fig. 7. Subunit structure of beef heart complex IIT with N terminal sequences and the molecular
weights of each polypeptide listed along with the composition of the bc, segment of the
respiratory chain from Paracoccus denitrificans and yeast. Amino terminal sequences for the
yeast subunits were obtained from the DNA sequences as reported by Tzagoloff ez al. (1986),
Oudshoorn et al. (1987), Nobrega and Tzagoloff (1980), Sadler er al. (1984), De Haan et al.
(1984), Van Loon et al. (1984), and Maarse and Grivell (1987). For beef sequences see Table I1.
Molecular weights in parenthesis are calculated from gene data.

question of the role(s) for these additional components. Studies of the
respiratory chains of prokaryotes are relevant in this regard. Paracoccus
denitrificans has a respiratory chain that is very similar to that of mammalian
mitochondria in the number and spectral characteristics of the redox centers,
as well as in overall functioning in oxidative phosphorylation (John and
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Beef heart Yeast Paracoccus
e Mt MFI 56993 MVQ 56000 (MSA) (61826)
— Mtyr MAY 26049 DVP 26678 QDV 28000
' —Mtyyy MTH 29918 MTH 30340 (MAH) (30697)
/CIV AHG 17153 AQT 14858
]
_——Cy SHG 12434 SDA 12627
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—
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Fig. 8. Subunit structure of beef heart cytochrome ¢ oxidase with N terminal sequences and the
molecular weights of each polypeptide listed. The subunit structure of cytochrome ¢ oxidase
from Paracoccus denitrificans and yeast are given for reference. Amino terminal sequences for
the yeast subunits were obtained from Bonitz et al. (1980), Coruzzi and Tzagoloff (1979), Pratje
et al. (1983), Thalenfeld and Tzagoloff (1980), Power et al. (1984b), Maarse et al. (1984), Koerner
et al. (1985), Gregor and Tsugita (1982), Power et al. (1984a), Wright et al. (1986), and Power
el al. (1986). Beef sequences may be found in Tables III and IV.

Whatley, 1977; Poole, 1983; Ludwig, 1986). However, complexes I, 111, and
cytochrome ¢ oxidase in this and other prokaryotes are much simpler in terms
of subunit composition. For example, complex 1 in Paracoccus denitrificans
contains flavin and at least four nonheme iron centers but only 8-10 subunits,
compared with 25 or more in mammals (Yagi, 1986). Complex III from this
and other bacteria contains three polypeptides only, which are highly homo-
logous in amino acid sequence to cytochrome b, cytochrome ¢;, and the
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Fig. 9. Schematic of the topology of subunits in mammalian cytochrome ¢ oxidase (adapted
from Zhang et al., 1987). This figure emphasizes the transmembrane nature of the subunits
rather than near neighbor interactions. The distribution of subunits between the transmembrane
domains remains to be determined, although subunits Mt;;; and Mt, are probably in different
domains.

nonheme iron proteins (subunits III, IV, and V, respectively) of the mam-
malian complex (Yang and Trumpower, 1986; Kurowski and Ludwig, 1987).
Likewise, the bacterial cytochrome ¢ oxidase is composed of only 2 or 3
subunits (Ludwig and Schatz, 1980; Saraste er al., 1986) with strong homo-
logy to the mitochondrially coded subunits of the mammalian complex
(Raitio et al., 1987).

Complexes I, 111, and cytochrome ¢ oxidase from Paracoccus denitrifi-
cans are efficient redox-linked proton pumps (Lawford, 1978; Ludwig ef al.,
1983; Yang and Trumpower, 1986), implying that the function of any super-
numery components is not in energy coupling per se. Instead, it has been
suggested that these extra components of the eukaryotic respiratory chain are
involved in regulation of oxidative phosphorylation. Huther and Kadenbach
(1986) and Bisson and colleagues (Motecucco ez al., 1986; Bisson ef al., 1987)
have each shown that the electron transfer activity of cytochrome ¢ oxidase
is sensitive to ATP concentration, with the high-affinity phase of this activity
being lost at high ATP concentrations. Kadenbach (1986) has suggested that
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Table Il Amino Acid Sequence of the Components of Beef Heart Complex I11
1

Core protein 1 TATYAQAL QSVPETQVSQ
(Gonzalez-Halphen,
unpublished)
1
Core protein II TLXVAPKVKA TEAPAGVPPH PQDLEFRRLP NG
(Gonzalez-Halphen,
unpublished)
1 50
III cytochrome b MTNIRKSHPL MKIVNNAFID LPAPSNISSW WNFGSLLGIC LILQILTGLF
(Anderson et 51 100
al., 1982) LAMHYTSDTT TAFSSVTHIC RDVNYGWIIR YMHANGASMF FICLYMHVGR
101 150
GLYYGSYTFL ETWNIGVILL LTVMATAFMG YVLPWGQMSF WGATVITNLL
151 200
SAIPYIGTNL VEWIWGGFSV DRATLTRFFA FHFILPFIIM AIAMVHLLFL
201 250
HETGSNNPTG ISSDVDRKIPF HPYYTIKDIL GALLLILALM LLVLFAPDLL
251 300
GDPDNYTPAN PLNTPPRIKP EWYFLFAYAI LRSIPNKLGG VLALAFSILI
301 350
LALIPLLHTS KQRSMMFRPL SQCLFWALVA DLLTLTWIGE QPVEHPYITI
351 379
GQLASVLYFL LILVLMPTAG TIENKLLEKW
1 50
1V cytochrome cj SDLELHPPSY PWSHRGLLSS LDHTSIRRGF QVYRQVCSSC HSMDYVAYRH
(Wakabayashi et 51 100
al., 1982a) LVGVCYTEDE AKALAFEVEV QDGPNEDGEM FMRPGKLSDY FPKPYPNPEA
101 150
ARAANNGALP PDLSYIVRAR HGGEDYVFSL LTGYCEPPTG VSLREGLYFN
151 200
PYFPGQAIGM APPIYNEVLE FDDGTPATMS QVAKDVCTFL RWAAEPEHDH
201 241
RKRMGLKMLL MMCLLLPLVY AMKRHKWSVL KSRKLAYRPP K
1 50
V non-heme Fe SHTDIKVPDF SDYRRPEVLD STKSSKESSE ARKGFSYLVT ATTTVGVAYA
protein 51 100
(Schagger et ARNVVSQFVS SMSASADVLA MARIEIKLSD IPEGKNMAFK WRGKPLFVRH
al., 1987) 101 150
RTRKREIDQEA AVEVSQLRDP QHDLERVKEP EWVILIGVCT HLGCVPIANA
151 196

GDFGGYYCPC HGSHYDASGR IRKGPAPLNL EVPSYEFTSD GMVIVG

there is a broader anion regulation of cytochrome ¢ oxidase, and postulated
that some of the supernumery subunits of cytochrome ¢ oxidase are binding
sites for regulatory hormones.

Tissue Specificity of the Respiratory Chain

Evidence is accumulating that there are tissue-specific isoenzyme forms
of the respiratory chain complexes. This is expected if the respiratory chain
is under physiological control as discussed above, and given the different
constraints on electron transfer in different tissues.
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Table II. Continued.

1 50
VI (Wakabayashi AGRPAVSASS RWLEGIRKWY YNAAGFNKLG LMRDDTIHEN DDVKEAIRRL
et al., 1985) 51 100

PENLYDDRVF RIKRALDLSM RQQILPKEQW TKYEEDKSYL EPYLKEVIRE

101 110

RKEREEWAKK

1 50
YII (Borchart GRQFCHLTRV RHVITYSLSP FEQRAFPHYF SKGIPNVLRR TRACILRVAP
et al., 1986) 51 81

PFVAFYLVYT CGTQEFEKSK RENPAAYEND R

1 50
VIII (Wakabayashi GDPREEEEEE EELVDPLTTY REQCEQLEKC VEKARERLELC DERVSSRSQT
et al., 1982b) 51 78

EEDCTEELLD FLBARDHCVA HKLFNSLK

1 50
IX (Borchart MLSVAARSGP FAPVLSATSR GVAGALRPLV QAAVPATSES PVLDLRRSVL
et al., 1985) 51 78

CRESLRGQAA GRPLVASVSL NVPASVRY

1 50

X (Schagger VAPTLTARLY SLLFRRTSTF ALTIVVGALF FERAFDQGAD AIYEHINEGK
et al., 1983) 51 62

LWKHIKHEYE NK

1 50
XTI (Schagger MLTRFLGPRY RQLARNWVPT AQLWGAVGAV GLVSATDSRL ILDWVPYING
et al., 1985) 51 56

KFKKDD

There is indirect evidence of tissue specificity of complex I, complex I1I,
and cytochrome ¢ oxidase from studies of patients with mitochondrial
myopathies. In many cases the defects in these complexes are present in one
or relatively few tissues only (Bresolin ez al., 1985; Darley-Usmar et al., 1982;
DiMauro et al., 1980, 1987; Kennaway et al., 1987; Sengers et al., 1984; Zeviani
et al., 1987b). The only direct evidence of tissue specificity is for cytochrome
c oxidase. Figure 10 compares the subunit profile of beef heart and beef liver
cytochrome ¢ oxidase. It can be seen that three of the subunits of the enzyme
have different migrations in the two tissue forms, as first reported by Kaden-
bach (1983). These are polypeptides labeled ASA, Cy,;, and Cx. The detec-
tion of isoenzyme forms of cytochrome ¢ oxidase has been examined in rat
tissues by Kuhn-Nentwig and Kadenbach (1985) using immunological
techniques. All of the nuclear coded subunits appeared to show tissue specific
as well as adult-fetal differences in immunological reactivity.

We have been studying the tissue specificity of bovine cytochrome ¢
oxidase by amino acid sequencing of the various subunits. Table IV includes
sequence data on ASA, Cy,;, and C,x from beef heart and beef liver, confirm-
ing that each is a tissue-specific subunit of the enzyme. N-terminal sequence
data of the other nuclear coded subunits showed no differences between
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Table III. Comparison of the Amino Acid Sequences of the Mitochondrially Coded Subunits

of Beef and Human Cytochrome ¢ Oxidase (Anderson et al., 1981, 1982)

Subunit Mty

Beef

Human

51

101

j:HLFSTNHKDIGTLYLLFCAHA

WLFSTNHEDIGTLYLLFGAWA

MV

TALSLLIRAELGQP

v

CTALSLLIRAELGQP

100

N

YNVITNTAHAFVMIFFMVMPIMIGGFGNWLVPLMIGAPDMAFPRMNNM

TAHAFVMIFFMVMPIMIGGFCNWLVPLMIGAPDMAF PRMNNM

150

SFWLLPPSFLLLLA

SFWLLPPSLLLLLA

VEAGAGTCNTVYPPLAGI

VEAGAGTGWTVYPPLAG

ASVD

GASVD

LTIFSL

LTIFSL

151

200

HLAGVSSILGAINFITTIINMKPP

YQTPLFVWS TAVL
RYQTPLFVWS TAVL

HLAGVSSILGAINFITTIINMKPP

LLLSL

LLLSL

201

250

VLAAGITMLLTDRNLNTTFFDPAGGGDPILYQHLFWFFGHPEVYILILPG

VLAAGITMLLTDRNLNTTFFDPAGGGDPILYQHLFWFFGHPEVYILILPG
251 300
FGMISHIVIYYSGKREPFGYMGMVWAMMSIGFLGFIVWAHEMFTVGMDVD

 FGMISHIVTYYSCREEPFCYMGMVWAMMSIGFLGFIVWAHHMFTVGMDVD

301 350
TRAYFTSATMITAIPTGVKVFSWLATLH w WALGFIFLFT
TRAYFTSATMITATPTGVRKVFSWLATLH W IWALCFIFLFTY]

351 400
GGLTGIVLANSSLDIVLHEDTYYVVAHFHYVLSMGAVFAIMGGFHVHWFPLF|
GGLTGIVLANSSLDIVLEDTYYVVAHEFHYVLSMGAVFAIMCGCHIBWFPLF

401 450
SGYTILN. KIHFAEEFV VNMTFFPQHFLGLSGMPRRY SDYPDAY 7
SGYTILD KIHF IMHICV FFPQHF LGLSGMPRRYSDYPDAY

451

FISLTAVML WEAFASK
IX FISLTAVML WEAFASK
501 514

PYHTFEEBTIVNLE

PYHTFEEFR KS

components of beef liver and beef heart cytochrome ¢ oxidase. Subunit C,
from beef liver and beef heart has been examined most extensively, using
peptide mapping, and by sequencing of several of the CNBr fragments. No
differences between the heart and liver forms of this subunit have been found.
The isoelectric points of Cy and Cy; show no differences between heart
and liver subunits and our evidence so far is that the isoenzyme forms of
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Table III.

305

Subunit Mtyy

Subunit Mtyyy Beef

DATSPIMEEL]
A QDATSPIMEE

Continued.
50
ISLMLTTKL
LALTLTTKL
100
TILPAIILjLIALPSLRILYM ST.TNKITM
WIILPAITUMLIALPSLRILYM SLAIKSI

GHQWYWSY EYTDY|EDLISIHDEY S RL
GH WY YLYIDYGJEAJ b L RL
20
VLHSNAVPIGLKTDAIPGRLNQTTLMS YGQCSEIC
VLHSWAVPIILGLRKTDAIPGRLNQTTF TATRPGVIY YCQCSEI
25 277
50
WFHFINSMT LLM[L [3]
WFHEHSMT L LM N
, 100
L TMYQWWRDVJIIRES IHQGHHT HAVQRGLRYGMT LF S EVI[FRIG F FWA]
TLTMYQWWRDVIIR ES TIIQGHHTHAVQKGLRYGMI LF ITISEVHFHAGFFW
101 150
FYHSSLAPTHELG GIHPLNPLEVPLLNTSVLLASGVSITWAHHS
FYHSSLAPTHQLCGHWPRTGITPLNPLEVPLLNTSVLLASGVSTTHAHES
151 200
M YFTLLQASEYNFFEFTISD VYGSTFFVA
LM W FTLLQASEYFESPFTISDGIYGSTFFVA
201 250
TGFHCLHEVITIGSTFL Q FHFT HFGFEACAWYWHFVDVVAL
TGFHGLHVIIGSTFLUT QUMFHFTSRHHFGF EANAWYWHFVDVVWL

251

261

FLYVSIYWWGS

FLYVSIYWWGS

cytochrome ¢ oxidase in these two tissues differ only in three of the ten
nuclear coded genes.

Polypeptide Analysis of Human Mitochondria

Isolation of the respiratory chain complexes from human tissues has
progressed slowly because of the restricted availability of tissue samples.
Cytochrome ¢ oxidase has been isolated from human placenta using a
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Table IV.  Sequences of the Nuclear-Coded Subunits of Beef Heart Cytochrome ¢ Oxidase

(Nomenclature from Takamiya et al., 1987)

1 50
Subunit Cyy AHGSVVKSED YALPSYVDRR DYPLPDVAHV KNLSASQKAL KEKEKASWSS
(Sacher et al., 51 100
1979) LSIDEKVELY RLKFKESFAE MNRSTNEWKT VVGAAMFFIGC TFALLLIWEK
101 147
HYVYGPIPHT FEEEWVAKQT KRMLDMKVAP IQGFSAKWDY DENEWKK
1 50
Cy (Tanaka et SHGSHETDEE FDARWVTYFN KPDIDAWELR KGMNTLVGYD LVPEPKIIDA
al., 1979) 51 100
ALRACRRLND FASAVRILEV VKDRKAGPHKE IYPYVIQELR PTLNELGIST
101 109
PEELGLDKV
1 50
Cyy (Brewald & ASGGGVPTDE EQATGLEREV MLAARKGQDP YNILAPKATS GTEKEDPNLVP
Buse, 1982) 51 98
SITNKRIVGC TICEEDNSTVI WFWLHEGEAQ RCPSCGTHYK LVPHQAH
1 50
Cy1r Heart FENRVAEKQK LFQEDNGLPV HLEGGATDNI LYRVTMTLCL GGTLYSLYCL
(Meinecke & Buse,
(1986)
Liver FENKVPERQR LFQEDNGIPY
(Yanamura, W.,
unpublished) 51 56
Heart GHASKK
1 47
Cyrir (Buse & SHYEEGPGKN IPFSVENKWR LLAMMTLFFG SGFAAPFFIV RHQLLKK
Steffens, 1978)
1 46
Cix Heart ITAKPAKTPT SPKEQAIGLS VTFLSFLLPA GWVLYHLDNY KKSSAA
(Meinecke et al.,
1984)
Liver IHSKPPREQL GTMEIAICLT SCFLD MENY KERE
(Yanamura, W.,
unpublished)
1 50
ASA Heart ASAAKGDHGG TGARTWRFLT FGLALPSVAL CTLNSWLHSG HRERPAFIPY
(Meinecke & Buse,
1985)
Liver SSGAHGEEG- +SARM
(Yanamura, W.,
unpublished)
51 84
Heart HELRIRTRPF SWCDGNHTFF HNPRVNPLPT CYEK
1 30
AED (Steffens AEDIQAKIKN YQTAPFDSRF PNQNQTRNCW QNYLDFHRCE KAMTAKGGDV
et al., 1979) 51 85
SVCEWYRRVY KSLCPISWVS TWDDRRAEGT FPGKI
1 50
STA Erdwig & STALAKPQMR GLLARRLRFH IVGAFMVSLG FATFYKFAVA EKRKKAYADF
Buse, 1985) 51 73
YRNYDSMKDF EEMRRKAGIFQ SAK
1 50
IHQ (Takamiya, S. IHQKRAPDFH DKYGNAVLAS GATFCVAVNV YMATQIGIED NPSPVGRVTP
et al., 51 56
unpublished) KEWREQ
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HLHH

Fig. 10. A comparison of the subunit structures of beef heart and beef liver cytochrome ¢
oxidase to show the altered migrations of ASA, Cy,;, and Cyy (reproduced from Takamiya et al.,
1986).

large-scale preparative procedure (Hare et al., 1980). More recently, Muijsers
and colleagues have developed a small-scale procedure using HPLC to isolate
cytochrome ¢ oxidase from human tissues (Sinjorgo er al., 1987a,b). These
workers have provided preliminary gel electrophoretic evidence for tissue
specificity of the human enzyme.

Based on the studies of the beef heart electron transfer complexes, the
human mitochondrial respiratory chain must contain at least 60 different
polypeptides and be coded by close to 100 genes, assuming that there are
isoenzyme forms of each of the different complexes.

The extensive characterization of the beef heart respiratory chain has
proved useful in studies of mitochondrial myopathies. We have found that
most of the antibodies raised to beef heart enzymes react with human muscle
and heart tissue (Darley-Usmar et al., 1982; Kennaway et al., 1987; Kim
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et al., 1987; Takamiya er al., 1986). However, it will be necessary to obtain
antibodies to the human proteins, particular tissue-specific components, if
defects in patients with mitochondrial myopathies are to be localized precisely.
Also, identification of genetic alteration(s) will require cloning of the mito-
chondrial and nuclear genes for the respiratory chain polypeptides, as well as
a full characterization of all nuclear gene products involved in the biosyn-
thesis and assembly of the electron transfer complex. A start on this has
already been made with the cloning of the genes for subunits C,y and C,x of
human liver cytochrome ¢ oxidase (Zeviani et al., 1987a; Schon, E., personal
communication).
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