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Introduction

Mechanistic. str 1

and ic investiga-
tions of the human respiratory chain are still in
the developmental stages. A driving force for these
investigations is the increasing number of human
neurologic diseases that are being recognized as
being mitochondrially based. There remain a num-
ber of technical problems which must be addres-
sed, not the least of which is the small amounts of
material that can be obtained through the wwo
conventional of human dria, cul-
tured ~hin fibroblasts and muscle biopsy. There
also e¢xists a major problem in obtaining control
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tissues from unaffected subjects, this dilemma
being especially severe when control muscle
mitochondria are needed. Many of the respiratory
chain defects that have been reported in humans
also involve the absence of more than one protein
in a single respiratory complex [1,2], and at times,
the accompanying decreases in the mass and/or
activities of other compiexcs. The latter observa-
tion, which is quite common, is ample evidence for
the need for methodologics to investigate the
molecular properties of these oxidation-reduction
proteins beyond the simpie spectral, catalytic and
immunologic levels.
In this paper, we present a method for obtain-
mg large amounts of human mitochondria from
tote ob d by plateletph This ap-
proach has the advantages of providing large
amounts of reasonably pure mitochondria from a
single preparation. Furtheriore this procedure is
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relatively noninvasive and can be repeated on a
single subject at several day intervals. It also has
advantages over human diploid fibroblasts as a
source of mitochondria in terms of time needed io
obtain adequate yields of mitochondria and in
terms of avoiding the problem of fibroblast senes-
cence. We have employed this new method to
detect an abnormality in complex III in a patient
with a neurologic disorder, intermittent ataxia {3].
This patieni was previously reported deficient in
the E, component of the pyruvate dehydrogenase
complex [4). This is the first report of resistance in
humans to inhibition by myxothiazol. This highly
specific inhibitor of cytochrome b of complex III
acts at the 5-566 heme group of the cytochrome
and inhibits ubiquinol oxidation at a concentra-
tion stoichiometric with the b-566 center [S). Pre-
vious investigations have shown that mutations
conferring resistance 1o inhibition of cytochrome
b by myxothiazol in higher and lower eucaryotes
map exclusively to the mitochondrial cytochrome
b gene [6,7].

Methods

After approval of the project by the Institu-
tional Review Board and after informed consent

lel gradient. The mitochondria were recovered
from the gradient by careful aspiration, diluted
40-fold in 250 mM sucrose/10 mM Tris/and 1
mM EDTA (pH 7.4) and sedimented by centrifu-
gation at 17000 xg for 10 min. The purified
mitochondria were resuspended in a small volume
of sucrose/Tris/EDTA, quick-frozen in an
acetone/dry ice bath and stored at —70°C.

Durified platelet mitochondria were assayed
for NADH: fer‘:cyamde oxldoreductase [13],
NADH : ubiqui d (complex I)
using Q, [13), succinate:cytochrome-c oxidore-
ductase {14], alpha-glycerol phosphate : cyto-
chrome-c oxidoreductase [14], cytochrome-c
oxidase, ubiquinol: cytochrome-c oxidoreductase
using Q,H, [15], and succinate dehydrogenase
[16].

The concentrations of cytochrome b and of
cytochrome a + a; were determined at room tem-
perature from dithionite reduced minus oxidized
difference spectra using a Shimadzu UV-3000
spectrophotometer. Reduction was lished
with dithionite after solubilization using n-dodecyl
p-p-malioside (Calbiochem) [17]. Cytoch

i were cal d using the absorp-
tion coefficients determined by Rieske [18].

by the patient, blood platelets were collected by
plateletpheresis. A clinical description of this pa-
tient has been published previously [3). Control

Activities of specific segments of the electron

platelets were obtained from single vol nor-
mal controls with no personal or family history of
mitochondrial or neurologic disease.

A crude mitochondrial pellet was prepared by a
modification of the method of Salganicoff [8,9].
Unless otherwise stated, reagents were obtained
from Sigma. EGTA was -ubstituted for EDTA
and platelet disruption was accomplished by
nitrogen cavitation [10). The crude mitochondrial
pellet was resuspended in 125 mM NaCl/2 mM
CaCl, and held for 5 min at room temperature in
order 1o promote depletion of alpha-granules [11].
The mitochondria were repelleted by centrifuga-
tion at 17000 X g for 10 min. These mitochondria
were further purified by centrifugation on a Per-
coll (Pharmacia) gradient [12]. Mitochondria were

port chain (Table I) were within control
ranges, except for ubiquinol : cytochrome.c oxido-
reductase activity, which was moderately de-
creased to 63% of control values.

The 37% reduction of quinol:cytochrome-c
oxidoreductase activity led us to focus on the
three redox-active proteins in complex III which
can be measured by visible or EPR spectroscopy.
Dithionite reduced minus oxidized difference
spectra from the patient and a normal control are
shown in Fig. 1. The calculated cytochrome b:cy-
tochrome @ + 4, ratio in the patient was 1.1 and
was 1.40 in controls. The slight reduction in the
patient is probably not significant. Another prop-
erty of complex Iil that reflects the structure-
function relationship is the inhibition of electron

found in two zones corresponding to densities of
1.054 and 1.096. Densities were determined by
centrifugation of density marker beads on a paral-

transport through the plex by myxothiazol
and antimycin. Complex III activity can be titrated

by either of these tightly binding inhibitors, such
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Fig. 1. Room temperature dithionite reduced minus oxidized difference spectra. Dodecyl maltoside extract of platelet mitochondria

was assayed at a

that complete inhibition is achieved at an inhibi-
tor : cytochrome-b ratio of 1:2, based on total
cytochrome b chromophores [19). Myxothiazol is
thought to bind at or near the cytochrome b-566
center, which, in the Q-cycle model of complex
11, has quinol oxidase activity {20). Antimycin
perturbs the absorption spectrum of the high-
potential cytochrome 5-562 center, the quinone
reductase center, and by inference, binds at or
near this chromophore. Any difference in the
binding of these inhibitors might reveal a stru-
cutral abnormality in the complex. This may be
particularly true of myxothiazol, which has been
proposed to act as a ubiquinone analog [19,21]
Electron transport through complex III was
i d with myxothiazol and imycin using
a-glycerol phosphate as the reductant, since previ-
ous studies had indicated a relatively high activity
of this reductase of complex III in platelet

protein

of 3 mg/ml.

mitochondria [9]. Further, the topography of the
protein obviates the necessity of disrupting the
mitochondria, which could result in minor dif-
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Fig. 2. Inhibitor titrations of alpha-glycerol phosphate: cyto-
chrome-c oxidoreductase activity.
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TABLE 1

ASSAYS OF RESPIRATORY CHAIN ACTIVITIES IN ISO-
LATED PLATELET MITOCHONDRIA

Activities are measured as nmol/min per mg.

Complex 1 NADH-ubiquinone oxidoreductase
1otal rotenone-
sensitive
contiol (n=7) 244+74 182464
patient s 194
plexes 11 . biguinol
and IH hy
control 217.0+115.0 351.91+146.23
(n=6) (n=4)
patient 137 1252
Complex IV cytochrome-¢
oxidase
control {(n = 6) 13534392
patient 171

ferences in membrane sidedness among prepara-
tions if other dehydrogenases were used as the
source of electrons. Results of these experiments
are shown in Fig, 2. Control data from four nor-
mal controls showed the predicted titration of
activity, with both inhibitors at a stoichi y of

mitochondria, have the advantage of being ob-
tained through a relatively noninvasive, inexpen-
sive, rapid procedure in large amounts. The major
contaminants of mitochondria prepared in this
fashion are unlysed alpha-granules but these do
not interfere with spectral or enzymatic assays.
The limitation of this source of human mitochon-
dria is the same as that encountered with any
other single source of mitochondria, namely, tis-
sue-specific expression of some nuclear genes en-
coding mitochondrial proteins [22,23]. However,
for mutations affecting non-tissue-specific pro-
teins or those encoded on the mitochondrial ge-
nome, platelets provide a readily avialable source
of human mitochondia. Further, since platelets are
nonnucleated, they should provide a rich source of
human rmtochondnal DNA for studies of the
mol of drially encoded
proteins.

Qur data show that there is considerable resis-
tance to inhibition by myxotluazol of electron flux

through III in the patient’s mitochondria.
The site of int by myxothiazol is highly
specific in eukaryotes. Resi to hiazol

inhibition has previously been reported in yeast
mutants selected for growth on myxothiazol-con-
taining medium [7]. In these lower eukaryotes,

was resi! to myxothiazol inhibition

1:2 (inhibitor: cytochrome b), and the titration
curves are raonotonic. In marked contrast, elec-
tron transfer through complex IIT in the patient
was relatively resistant to inhibition by myxothia-
zol and to a lesser extent to inhibition by anti-
mycin (Fig. 2). The myxothiazol titration curve
was shifted to the right and flattened. These ef-
fects indicate a difference in binding of inhibitor
at the quinol oxidase site. Complete inhibition was
not observed even at a 3:1 molar ratio of
myxothiazol to cytochrome b.

Discussion

The experiments presented here clearly show
the utility of (a) platelet mitochondria in the study
of human mitochondrial function and (b) the util-
ity of titrations with highly specific, tightly bind-
ing (i€, K,=10"12 M) inhibitors. Our prep

in !hree different isolates and the mutation was
mapped to the N-terminal region of the
mitochondrial cytochrome » gene in all three
In these , the cytoch b con-

tent was not significantly different from wild-type
strains, as is the case with the patient, and the rate
of NADH oxidation in the absence of inhibitor
was reduced only 20-40% as compared to the wild
type. In ihe three yeast mutants, the myxothiazol
concentration required for 50% inhibition varied
from 4-50-fold greater than the wild type. In the
patient investigated here, the myxothiazol con-
ion needed for 50% inhib is difficult to
quantitate, since the curve appears to be biphasic,
but is clearly displaced form the control curve,
which is monotonic. This biphasic nature of the
curve seen with patient’s mitochondria is con-
sistent with heteroplasmy for the mitochondrial

tions are comparable to other mammalian platelet
mitochondria [8,9] and, for the study of human

cytoct b gene, g in the superimposi-
tion of a curve from normal cytochrome b and an
abnormal curve produced by d cytoch




b. Howell et al. {6] have described mouse fibro-
blast cell lines which are resistant to inhibition by
myxothiazol. The specific activity of succinate : cy-
tochrome-c oxidoreductase is about 60% of that in
the control lines, and the concentration of
myxothiazol required for 50% inhibition is at least
three orders of magnitude greater than the control
lines. Thus, even in eukaryotes selected for resis-
tance to inhibition by myxothiazol, the activity of
complex III is not drastically reduced as a result
of the mutation, paralleling the case with the
patient studied here.

The altered component of complex III confer-
ring myxothiazol resistance in the patient has not
been unequivocaly demonstrated; however, in
veast and in the mouse fibroblast system, the
mutations conferring myxothiazol resistance have
always mapped to specific sites encoding the N-
terminal region within the mitochondrial cyto-
chrome b gene. Nuclear-encoded resistance to
myxothiazol resistance has been reported in whole
mouse cell fibroblast lines, but these cell lines
were also resistant to inhibition by numerous other

pi y chain inhibi including azide [24}).
This observation may have resulted from a defect
in complex I, such that electron flux was ex-
tremely low through the entire respiratory chain,
with much of the oxidative metabohsm occurring
via bic pathways. R to u:
inhibi ionalized by the fact that very
few electrons reached the specific sites of inhibi-
tion; thus, the presence of inhibitors did not pro-
duce effects on growth of the cells in culture.
Mitochondria from the patient investigated be-
haved normally toward inhibitors other than
myxothiazol (cyanide, rotenone, azide, antimycin).
Thus, we conclude that the primary defect in this
patient is likely to be in the mitochendrial gene
encoding cytochrome b. Cytochrome-c oxidase ac-
tivity is increased in the patient’s mitochondria, a
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kinetic or thermodynamic properties of the b-566
center. The basis for assignment of this patient’s
defect to cytochrome b is based on the resxstance
of the paiient's miiochondria to ink
myxothiazol, a H-ct ized inhibi of
cytochronre b-566. The observed catalytic
abnormaliti g cytochrome b and spec-
trophotometric detcnninations of cytochrome &
[ ion are dary to the major argu-
ment. The fact that our patient’s cytochrome b
exhibited abnormal 10 myxc
which binds to cytockiome b itself (inferred from
the red-shift in the 566 nm absorbance of the
d cytoch [26)), rep a functional
abnormality which must be primary. Our data
taken in isolation do not absolutely rule out a
mutation in the Rieske iron-sulfur protein: this
protein may share a common myxothiazol binding
site wnth cytoch:ome b [5], however, since
myxoth died at the level of the
electron transpon chain has not been related to
iron-sulfur protein mutations and has been invari-
ably related to cytochrome b mutations, myxothi-
azol resistance is strong evidence for a primary
defect in cytochrome b. The fact that the patient’s
cytochrome & was also mildly resistant to inhibi-
tion by antimycin is further arg in favor of
the defect residing in cytochrome b rather than
the iron-sulfur protein. The patient’s mild cata-
lytic defect at the 5-566 site as measured by QH,
oxidase activity is in keeping with the mild nature
of his disease; he becomes symptomatic only at
times of metabolic stress, when the electron flux
through cytochrome b is presumably at its highest.
While spectrohotometrically determined cyto-
chrome b was slightly decreased with respect to
cytochrome a + a; as compared to controls, this
observation does not prove that the cytochrome b
molecules itself is defective. Apparent deficiency

.-

frequent observauon, which has been interpreted
asa p ry physiol P [1,25).
The physnologlc sngmﬁcanee of myxothiazol
resistance in the patient is not immediately evi-
dent. The specific activity of ubiquinol oxidase is
reduced about 70%. If this does indeed reflect a
mutation at the quinol oxidase site of complex III,
and since the total amount of cytochrome b is
relatively unaffected, the mutation could affect the

of substr. ducible cytock b has been pre-
viousiy observed in a patient with a mitochondrial
myopathy [27], but catalytic abnormalities were
not identified. This deficiency of sut red
ible cytochrome b was not necessarily primary,
and could have been the result of abnormalities
proximal to cytoch b in the el trans-
port chain, since generation of the reduced state
was accomplished through substrate rather than
dithionite reduction.
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