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The kinetic and circular dichroic properties of two yeast mutants that are resistant towards specific inhibitors

of the mitochondrial cytochrome bc; complex have been characterized. Both of these mutants have an altered
cytochrome b gene in which aromatic residues are exchanged with non-polar residues in a highly conserved region
of the protein. -

The mutant resistant to myxothiazol and mucidin that contains the substitution Phe129 — Leu is not greatly
affected either in its ubiquinol:cytochrome c reductase or in the spectral properties of cytochrome 4. On the other
hand, the mutant resistant to stigmatellin that contains the substitution lle147 — Phe shows a large decrease of
the catalytic efficiency for ubiquinol and of the maximal turnover of its reductase activity. This stigmatellin mutant
also shows an altered circular-dichroic spectrum of the low-potential haem of cytochrome b.

This study provides biochemical and biophysical information for identifying a region in mitochondral cytochrome
b that may fulfill a crucial role in the binding of ubiquinol to the bc; complex. The results are discussed also in

terms of the structural model of cytochrome b having a core of four transmembrane helices.

The mitochondrial be; complex catalyzes the electron
transfer from ubiquinol to cytochrome c. In yeast, this enzyme
is composed of at least nine subunits, three of which have a
redox function: cytochrome b, cytochrome c; and the Rieske
iron-sulphur protein [1]. Cytochrome b, the only subunit that
is encoded by the mitochondrial DNA [1], is an integral pro-
tein which carries two haems, 5-562, the high-potential form
(by) and b-566, the low-potential form (bL). These haems are
located towards the inner and outer side of the mitochondrial
membrane, respectively [2—6], and form a transmembrane
electron circuit between the two redox sites of ubiquinone
within the bc, complex, Q; and Q, according to the Q-cycle
scheme for mitochondria [1, 4, 7] (or Q. and Q_, respectively,
in the equivalent schemes for bacteria [6, &]).

Inhibitors like antimycin, diuron and funiculosin act at
the Q; (Q.) site as they block the oxidation of cytochrome b
by ubiquinone and affect the by haem, whereas inhibitors like
myxothiazol, mucidin and stigmatellin affect the Q, (Q,) site
since they block the reduction of the Rieske protein and alter
the optical properties of the b, haem {8 —12]. Stigmatellin also
affects the EPR and redox properties of the Rieske cluster
[13].
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Abbreviations. by, high-potential cytochrome b or b-562; by, low-
potential cytochrome b or b566; Iso, concentration of inhibitor which
reduces by one-half the reductase activity; Kuins Vmax/Km O second-
order rate constant of the reaction between ubiquinol and the re-
ductase; Q,, ubiquinone-2; Q,H,, ubiquinol-2.

Enzyme. Ubiquinol:cytochrome ¢ reductase (EC 1.10.2.2).

The availability of several potent inhibitors of the bc,

" complex has favoured the selection of many mutants that are

resistant in vivo to any of these compounds. These mutants
generally show a single amino acid substitution in the gene
for cytochrome b [14 —17], which indicates that both Q; and
Q, inhibitors bind to this subunit of the complex [1, 4, 6].
The location of the genetic lesions responsible for resistance
towards inhibitors of the two different classes has suggested
a revision of the former nine-helices model for the structure
of cytochrome b [1, 6, 15—19]. In the current model, only
eight helices are considered to transverse the membrane and
the former helix IV is believed to form an amphipathic helix
which possibly runs paralle] to the membrane plane [1, 6, 18].

Several mutations leading to the resistance towards Q,
inhibitors map around or within the region corresponding to
the former helix IV. In yeast such mutations are at position
129, 137 and 147 [16], in mouse at positions 143 and 148 [19]
and in Rhodobacter capsulatus at positions 125, 129, 137, 143
and 148 [20] (using the alignment to the yeast sequence [16]).
Natural resistance towards myxothiazol and mucidin in sea
urchin mitochondria is also related to the substitution of the
highly conserved Gly143 with Ala [21] as in mouse and Rb.
capsulatus mutants [19, 20]. It is increasingly clear, therefore,
that the region spanning residues 129 — 148 is directly involved
in the binding of Q, inhibitors and, presumably, also of
ubiquinol as these compounds have structural properties in
common with quinols [6, 16, 19 —22].

In order to characterize the structural and functional
changes that are associated with the specific amino acid re-
placements in mutants resistant to inhibitors of the b¢; com-
plex, we report here results on the enzymatic and CD proper-
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ties of two yeast mutants, one resistant to myxothiazol
(Phel129 —Leu) and the other resistant to stigmatellin
(Ile147 — Phe). We have chosen to study these mutants, in
which a phenylalanine is either replaced or inserted, as the
CD spectra of oxidized cytochrome b are essentially due to
the dipole coupling of each haem with surrounding aromatic
residues, especially phenylalanines [23]. The results reveal
novel structure/function relationships in mitochondrial
cytochrome b since the stigmatellin mutant, contrary to the
myxothiazol mutant, shows a remarkable decrease in the cata-
lytic efficiency of the ‘ubiquinol:cytochrome ¢ reductase in
parallel with a modification of the CD signal specific for the
bL haem. s

MATERIALS AND METHODS
Strains and growth conditions

Parental strains: KM91, 777-3A (« ade opl) x KL 14-4A
(a hisl trp2); GM50-3C (a hisl trp2); KL 14-4A a hisl trp2).
The myxothiazol-resistant mutant is GM50-3C/103 (myx1—
103) [24], whereas the stigmatellin mutant is KL 14-4A/stil —
5[16].

The cells were grown aerobically in YPGal medium con-
taining 1% yeast extract, 2% bactopeptone, 2% galactose,
0.1% glucose, 0.005% alanine and 0.12% ammonium sul-
phate, pH 6.5, in a 10-] fermentor [15, 16].

Mitochondria and bc, complex preparation

Mitochondrial particles were prepared by the method de-
scribed in [25] modified by Meunier-Lemesle et al. [26]. Crude
bc, complex was prepared from each strain as a soluble succi-
nate:cytochrome ¢ reductase by a simplified procedure derived
from the method of Siedow et al. [27] (G. Palmer, personal
communication).

The total content of cytochrome b of either mitochondrial
particles or crude bc; complex was measured from the
dithionite-reduced minus ferricyanide-oxidized spectrum at
561— 575 nm by using an absorption coefficient of 28 mM ~*
cm ™! [27]. The content of by and by, was estimated from their
optical « band reduced by appropriate redox mediators {8, 9,
23] and also from the intensity of the negative band at 424 nm
* with respect to the positive band at 411 nm in the CD spectrum
of the oxidized preparation (the former band is specific for by,
[23]). In the crude bc; complex of the various strains, the ratio
of the two b haems was very close to 1 as previously found in
baker’s yeast [23, 27]. The concentration of bc; complex was
assumed to be equal to one-half of that determined for
cytochrome 4.

Reductase assay

The ubiquinol :cytochrome ¢ reductase activity of the mito-
chondrial fractions was measured at 25°C as previously de-
scribed [28], generally with quasi-saturating concentrations of
horse-heart cytochrome ¢ (type VI Sigma). The crude bey
complex was diluted to about 2—5puM cytochrome b in
25 mM Tris/Cl pH & containing 20% glycerol (the same buffer
as that used in the CD measurements [23]).

CD measurements

The CD measurements were carried out at room tempera-
ture 1n a Jasco J-500 spectropolarimeter under the conditions
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Fig. 1. Inhibition of ubiquinol :cytochrome c reductase by myxothiazol,
mucidin and stigmatellin in the crude bc, complex of three yeast strains.
The reductase activity was measured as described previously [21] with
15 uM cytochrome ¢ and 4 pM 2,3-dimethoxy-5-methyl-6-nonyl-
benzoquinol. (A) Inhibition by the tridecyl analog of stigmatellin (sti
analog): (A) wild-type KM91, 12.8 nM cytochrome &; (#), stil—5
mutant, 10 nM cytochrome b. (B) Inhibition by myxothiazol (O,
®) and by mucidin (A, A); (O, A) wild-type KM91 with 3.2 1M
cytochrome b; (®, A) myx1—103 mutant with 4.1 nM cytochrome
b. The titer of the inhibitors is very similar in all wild-type strains to
that in baker’s yeast (results not shown, see also [9])

described previously [23]. Optical spectra of the same CD
samples were recorded in a Jasco Uvidec-610 spectro-
photometer.

Reagents

Ubiquinols were prepared and assayed as in [28, 29]. Q;
was a genmerous gift from Eisai Co. (Tokyo, Japan) and
nonylbenzoquinone was donated by Prof.G. Von Jagow (Umni-
versity of Frankfurt, FRG). The stigmatellin analog was pro-
vided by Dr T. Wiggins (ICI Agrochemicals, UK), whereas
stigmatellin was purchased from Fluka. Myxothiazol was pur-
chased from Boehringer and mucidin was kindly provided by
Dr J. Subik (University of Bratislava, Czechoslovakia). The
concentration of inhibitors was determined in ethanol using
the absorption coefficients reported in [22].



Table 1. Iso values of the inhibition of ubiquinol-cytochrome c reductase
activities of crude bc, complex from various yeast strains

Conditions used are described in the legend of Fig. 1. I, represents
the concentration of drug which decreases the rate of nonyl-
benzoquinol:cytochrome ¢ reductase by 50% [21]

Strains Isq for
stigmatellin myxothiazol mucidin
nM
Wild type 4 0.7 8
Myx1-103 3 743 115
Stil—S5 61 = =
RESULTS

Inhibition of the reductase activity
by myxothiazol, mucidin and stigmatellin

The sequencing of the split gene of cytochrome & has
established that phenylalanine at position 129 is replaced by
a leucine in the myx1—103 mutant and that isoleucine at
position 147 is replaced a phenylalanine in the s#i1 —5 mutant
[16]. To perform a detailed characterization of these mutants,
we have titrated the activity of their crude b¢; complex with
three Q, inhibitors (Fig.1). We have chiefly used the
stigmatellin analog having a tridecyl side chain, a compound
which, although less potent, exhibits effects similar to those
of stigmatellin in the bc,; compiex [30].

The sti1 — 5 mutant shows an order-of-magnitude increase
in the I, for this analog (Fig. 1 A) as for stigmatellin (results
not shown). When expressed as the ratio to the bc; complex,
the stigmatellin mutant displays an about 20-fold increase in
the titer for the stigmatellin analog (Table 1). There is no cross
resistance to myxothiazol in the s#i1 —5 mutant (results not
shown).

Myxothiazol and mucidin possess a methoxyacrylate
group that is different from the chromone ring of stigmatellin
and resembles part of the substituted ring of ubiquinol [12,
13, 22, 30]. Owing to their different effects on the Rieske
cluster [30, 31], methoxyacrylate inhibitors such as myxo-
thiazol seem to bind to a pocket in the mitochondrial bc,
complex that is not identical to that of stigmatellin [22, 30,
31]. Consistent with this, the myx1 — 103 mutant shows a three
orders-of-maguitude increase in the s, of myxothiazol in
the ubiquinol:cytochrome ¢ reductase activity, but no cross
resistance towards the stigmatellin analog (Table 1). In Rb.
capsulatus, however, the identical substitution Phe — Leu at
the position equivalent to 129 in yeast induces resistance to
myxothiazol and also, though small, to stigmatellin [20, 32].

The results obtained here provide the first accurate evalu- .

ation of the titer for Q, inhibitors in yeast resistant mutants
and can be directly compared with previous results obtained
in mouse mutants [19], with those reported in the natural
resistant Paracentrotus lividus [20] and with the more recent

" data in Rb. capsulatus mutants [32]. Table 2 collects all such
data and their comparison suggests the following consider-
ations.

First, it appears that the yeast mutant having the substi-
tution Ile147 — Phe shows the highest level of resistance
towards stigmatellin, but much lower than the resistance
towards myxothiazol exhibited by some myxothiazol mutants.
Secondly, the level of myxothiazol resistance in the mutants
(either yeast or Rb. capsulatus) carrying the mutation at posi-
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tion 129 is lower than that of mutants or species where Gly143
is substituted by Ala [19—21]. Thirdly, resistance to mucidin
is 10-fold higher in P. /ividus (position 143) than in the yeast
mutant myx1 —103 (position 129, see als [32]).

The last two observations suggest that the mutation
Phe129 —Leu affects more specifically the binding of
myxothiazol, whereas the mutation Gly143 — Ala impairs the
binding of the methoxyacrylate group that is common to both
myxothiazol and mucidin.

Ubiquinol :cytochrome c reductase
in the inhibitor-resistant mutants and their wild types

‘We bhave characterized the properties of the ubiqui-
nol:cytochrome c¢ reductase of the s#i1 —5 and myx1—103
resistant mutants and compared it to that of their respective
wild-type strains for investigating the functional effect of the
mutations. Alterations in the catalytic properties of the bc;
complex can be deduced from the reductase assays by con-
sidering that its steady-state mechanism conforms to a ping-
pong/two-site scheme in which ubiquinol and cytochrome
¢ interact with independent sites [28, 33, 34]. Although the
interaction of exogenous ubiquinols involves both the Q; and
the Q, site, the latter site seems to be more rate-determining,
especially in yeast [34, 35]. '

Classically, the functional effect of mutations involving a
single amino acid is evaluated by the experimental value of
Vmax/Km (herein abbreviated as k), which corresponds to
the apparent second-order rate constant for the reaction of
enzyme and substrate to form product [36]. The independent
reaction of ubiquinol to its site (chiefly formed by cytochrome
b [3, 6, 35]) and the ping-pong nature of the mechanism of the
reductase render k,,;, particularly valuable for appreciating
variations in the catalytic efficiency of the bc; complex for
ubiquinol. This parameter, which is equivalent to the inverse
of the slope in the reciprocal plots of the rates as a function
of quinol concentration, is in fact independent of the concen-
tration and reactivity of the other substrate, cytochrome ¢ [33,
34].

An additional advantage given by the ping-pong/two-site
mechanism is the possibility of measuring the dissociation
constant of the product ubiquinone from its competitive inhi-
bition versus ubiquinol [33, 34]. Indeed, the K; of ubiquinone-
2 derived from these steady-state measurements is in very
good agreement with the X, for the same quinone measured
by static binding [34, 37]. Information on other properties of
the interaction of ubiquinol at its site could be derived from
pre-steady-state experiments [35], which, due to the large
amount of enzyme required, have not been possible in this
study.

The double-reciprocal plots of the Q,H, and
nonylbenzoquinol titrations performed in the bc; complex
extracted from the mutants myx1—103 and sti1 — 5 and one
related wild type are shown in Fig. 2. Although myx1—103
exhibits a decrease in V., (Which is, however, within the range
of variability seen in various wild-type strains, results not
shown), the slope of the plots is not substantially changed
from that of the wild type. This suggests that the catalytic
efficiency of the be; complex for ubiquinol is not much altered
in this mutant. Moreover, only a slight increase of the dis-
sociation constant for ubiquinone is seen in myx1—103
(Table 3).

In the case of the sti1 —5 enzyme, however, the reciprocal
plots with both quinols show a one order-of-magnitude de-
crease of the value of k;, relative to any wild type (Fig. 2 and
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Table 2. Overview of the various mutants resistant to Q, inhibitors

The data are taken from [16, 19—21, 40, 50, 51]. The number refer to the positions in the sequence of yeast cytochrome &, to which the
sequences of the other species have been carefully aligned [16, 21, 42]. The relative ratio of resistance expresses the ratio between the /5o of
the resistant mutant and that of its wild-type strain, obtained iz vitro. In the case of the natural resistant P. lividus [21] and besf, this ratio has
been calculated using the 5o found here in the wild-type strain of yeast (Table 1) after normalization to the same content of cytochrome b.
Yes and no indicate the phenotypic resistance towards an inhibitor found in vivo and/or in vitro (this work and [16, 20]). The dash signifies

that data are not available

Relative ratio of resistance to

Species Position and substitution

myxothiazol mucidin stigmateilin
Rb. capsulatus Met125 — Leu 20 no 8
S. cerevisiae Phel29 — Leu 1000 14 no |
Rb. capsulatus Phel29 — Leu 530 no 5
Rb. sphaeroides Phel29 — Ser 28 - -
Rb. capsulatus Phe129 — Ser 530 yes no
C. rheinhardtii Phe129 — Leu yes yes -
S. cerevisiae Gly137 - Glu 20 — —
S. cerevisiae Gly137 — Axg yes yes no
Rb. capsulatus Gly137 — Ser 37 yes 2
M. musculus Gly143 — Ala 2110—19380 yes 1—4
P. lividus Glyl43 — Ala 1990 147 —
Rb. capsulatus Gly143 — Ala yes yes —
S. cerevisiae Jle147 — Phe no no 17
M. musculus Thr148 — Ala no — 6
Rb. capsulatus Thr148 — Met 3 no 6
S. cerevisiae Asn256 — Tyr yes yes no
S. cerevisiae Leu275 — Ser, Phe, Thr yes yes no
B. taurus Leu275 — Phe 2 3 —
Rb. capsulatus Val292 — Ala 5 no 7
M. musculus Leu295 — Phe 4 no 5

Table 3). We exclude that such a dramatic change is due to an
enhanced lability to the extraction conditions of this mutated
enzyme, as the same decrease Of V. /Kn is seen in the mito-
chondrial particles of sti1 — 5 with respect to those of its parent
strain KL 14-4A (the actual values with Q,H, being
6.4x 105 M~ s™* for stit —5 and 6.0x 107 M~ * s~ for the
wild type). Therefore, it is clear that the substitution
Ile147 — Phe in cytochrome b of the stil —5 mutant produces
a large decrease of the catalytic efficiency for ubiquinol. On
the other hand, the X; of Q, is not changed in this mutant
(Table 3), thereby indicating that the affinity for the quinone
product is not modified.

Circular-dichroic properties of the crude bc, complex
from mutants and wild-type strains

The, resolved properties of cytochrome b within the bc,
complex from yeast and other species have been characterized
[23]. The bisignate Cotton effect in the Soret region is essen-
tially derived from the dipole coupling of each of the two
haems of cytochrome b with surrounding aromatic residues
plus, especially in the reduced state, an exciton signal due to
haem —haem coupling [23]. This latter signal does not greatly
contribute to the spectral features of the oxidized state, in
which the negative band at about 424 nm is specifically attri-
buted to the interaction of the b; haem with its protein en-
vironment [23]. This band is so characteristic of the by haem
that it can be recognized even in crude preparations of the
complex [23]. -

With this in mind, we have studied here the CD spectra of
the resistant mutants myx1 —103 and stil —5 as they both

involve a modification of aromatic residues that are postulated
to be near the b, haem in the current models for the structure
of cytochrome b [6, 18, 19, 20, 23, 32]. Any significant alter-
ation of the CD signal specific to the by, haem in these mutants,
therefore, could be correlated to the structural position of
the mutated residues and also provide information on the
topology of by within the protein.

The CD spectra of the oxidized crude bc, complex from
the two resistant mutants and one related wild type are similar
in their overall intensity (Fig. 3A). However, the spectrum of
the stil — 5 complex is completely shifted towards negative 4e
and shows a wider negative band with respect to the spectrum
of the wild type or to that of the purified enzyme from baker’s
yeast (cf. [23]). These alterations suggest that the replacement
of Ile147 with Phe in the stigmatellin-resistant mutant leads
to a different electronic environment of the by haem. Modifi-
cations in the haem —haem coupling are unlikely to be the
cause of the observed CDD-changes as the peak-to-through
intensity is identical in the stil — 5 mutant and in the wild type
(Fig. 3A, cf. [23]).

The oxidized CD spectrum of the crude be; complex from
the myx1—103 mutant similar to that of the wild type
(Fig. 3A). Thus, the replacement of Phe129 with Leu in the
myxothiazol-resistant mutant induces a weaker effect than the
introduction of Phe at position 147 on the environemnt of the
by haem.

In agreement with previous conclusions that the couplings
of the haems with aromatic residues are considerably over-
lapped by the haem —haem coupling in reduced cytochrome
b [23], there is no substantial difference in the reduced CD
spectra of all strains (Fig. 3B). We have checked the optical
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Fig. 2. Ubiguinol:cytochrome c reductase of the crude bc, complex
from various yeast strains. The reductase activity was measured with
a fixed concentration of 15 uM cytochrome ¢ under the conditions
described previously [28]. The enzymatic rates are expressed in turn-
over numbers (TIN) normalized to the concentration of the be; com-
plex asin [21, 28]. (A) Double-reciprocal plot of the rates as a function
of the Q,H, concentration: (#) wild type KM91; (O) myx1 —103;
(4) sti1 —5. (B) Double-reciprocal plot of the rates as a function of
the concentration of nonylbenzoquinol (NBH): (#) wild-type KM91 ;
(O) myx1—103; (A) stit —5
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spectra of the mutants and found no significant alteration of
the reduced « and Soret bands that are characteristic of each

b haem, at Jeast within the resolution of our instruments

(results not shown).

The present CD data are mterpreted to mean that, in the
native cytochrome b, Ile147 is presumably close to the &
haem, whereas Phe129 may be located beyond the limit of
1.5 nm at which aromatic—haem coupling can be discerned
[23]. However, the latter conclusion is not so straightforward,
since the loss of the eventual dipole coupling of Phe129 with
the by, haem might be partially compensated by some adjust-
ments in the tertiary structure resulting in stronger interactions
of this haem with other aromatic residues.

DISCUSSION
Binding sites of Q, inhibitors and ubiquinol in cytochrome b

The mutation Ile147 — Phe of s#il — 5 is located in a region
of cytochrome b which is topologically not equivalent, though
close in the sequence, to the mutation Phel129 — Leu. The
former position belongs to an amphipatic loop or helix (corre-
sponding to the former helix IV [6, 18]), whereas the latter
position lies in a hydrophobic region which is consistently
predicted to form the C-terminus part of transmembrane helix
IIT or C [6, 18 —21]. This different location of the mutation
within the structure of cytochrome & can be correlated with:
(a) their different effects on the binding of methoxyacrylate
inhibitors and stigmatellin (Tables'1 and 2); and (b) their
different alteration of the catalytic efficiency of the bc; com-
plex for ubiquinol (Table 3).

We note first that, among the stigmatellin-resistant mu-
tants, the mutation Ile147 — Phe (yeast strain stil —35 [16])
induces the highest level of resistance to this inhibitor
(Table 2). So, this mutation can be considered to have altered
the binding pocket of the chromone ring which is the active
part of stigmatellin [22]. As the replacement lle147 — Phe dra-
matically decreases the catalytic efficiency of the bc; complex
for ubiquinol (Fig. 2 and Table 3), it is conceivable that this
position is somehow critical also for the binding of the
benzoquinol ring of ubiquinol. Note, in fact, that the ring
group of stigmatellin strongly resembles the ubiquinol ring
[22]. Furthermore, the b, haem may lie within 1.5 nm of the
ring-binding site for ubiquinol or stigmatellin, as deduced
from the type and intensity of the CD change in the oxidized
spectrum of the s#i1 — 5 mutant (Fig. 3A).

Table 3. Catalytic properties of the ublqumo[ cytochrome c reductase of the crude be, complex in various yeast strains
The assay conditions are those described in the legend of Figs 1 and 2. The concentration of cytochrome ¢ was always 15 pM, which ensured

quasi- saturatxon of the enzyme as its K, is 2—3 pM in all strains (results not shown). 7,
s~1. Note that the values of kp;, for ubiquinol-2 (i.e.

cytochrome'c reduced x (mol be; complex)™?

max Values are expressed in turnover numbers, i.e. mol
Vmax/ Km) 10 other wild-type strains are .

very similar to those of KM91. NBH =2 3-dxmethoxy -5-methyl-6-nonylbenzoquinol

Kinetic parameter Ubiquinol Value in yeast strain
and unit
KMO91 (wt) myx1—103 stil—5
Viax 571) Q.H, 556 333 208
K. (uM) Q.H, 8.1 3.3 23.9
Kmin M1 s™1) Q:H, 6.9x107 1.0x 108 8.7x 10°
K; (uM) Q= 21 25 20
| Gl NBH 250 228 139
K. (uM) NBH 1.9 2.3 49
kmin M ™" 5—1) NBH 1.4x108 1.0x 108 2.8x 107
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Fig. 3. Circular dichroic spectra of crude be, complex of three yeast
strains. The preparations from the wild-type KM91 and the resistant
mutants myx1—103 and stil —5 contained 3.45, 3.73 and 3.93 uM
cytochrome b, respectively, dissolved in 25 mM Tris/Cl pH 8 contain-
ing 20% glycerol and 0.1% recrystallized sodium cholate [23]. (—)
Wild type; (-----) myx1—103 mutant; (—-) szil—5 mutant. A)
Spectra of the oxidized enzymes. (B) Spectra of the dithionite-reduced
enzymes. The optical spectra in the Soret region were indistinguishable
in the three preparations. It is interesting to note that the overall shift
towards the negative Ae of the oxidized spectra of the sti1 —5 mutant
may be caused by the gain of a single Cotton effect due to the coupling
of Phel47 with the by, haem. Indeed, 2 similar shift is seen in the CD
spectrum of iso-cytochrome ¢ with respect to its mutants in which
Phe82, that is known from the crystals to lie about 0.5 nm from the
haem, is replaced by Ile or Leu [49] o
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By contrast, the mutations conferring resistance to
stigmatellin in Rb. capsulatus, which occur at positions
equivalent to the residues 125, 129, 148 and 292 in yeast
cytochrome b, do not induce substantial changes in the reac-
tivity of the bc; complex with ubiquinol as judged by their
flash-induced transient kinetics [32). This, together with the
low level of resistance towards stigmatellin (Table 2, see also
[19, 20, 32]), suggests that these positions are not largely
involved in the binding of the ring of either the inhibitor or
the quinol substrate. As the stigmatellin-sensitive positions
125, 129, 292 [20] and 295 [19] are located within the trans-
membrane helices C and F [16—20], it is possible that they
are involved rather in the binding of the hydrophobic tail of
stigmatellin. The same helices C and F may also contribute to
the binding of the hydrophobic tail of myxothiazol, since a

weak resistance towards this inhibitor is seen in the above
positions conferring stigmatellin tolerance in mouse and Rb.
capsulatus (Table 2). By inference, it might be that helices
C and F are partially involved in the interaction with the
isoprenoid tail of ubiquinol as well.

The mutation Gly143 — Ala induces the strongest resis-
tance towards the methoxyacrylate inhibitors myxothiazol
and mucidin (Table 2 and [16, 19—21]). Presumably, as such
a position is located in an extrinsic loop of cytochrome b
[6, 16—20], it is primarily involved in the binding of the
methoxyacrylate group, the active and most hydrophilic part
of the inhibitors. This moiety resembles part of the dimethoxy-
substituted ring of ubiquinol [22] and thus can occupy part of
the binding pocket for ubiquinol in cytochrome b. Indeed, the
mutation Gly —Asp in Rb. capsulatus at the position
equivalent to Gly143 of yeast [20] produces a deficient mutant
(R126) which has a non-functional Q, (or Q.) site [32, 38],
thereby suggesting a critical role of this position in the binding
of ubiquinol [20, 32].

The binding of myxothiazol also involves position 129,
which lies in transmembrane helix C and seems to be much
less important for the binding of mucidin than position 143
(Table 2). Hence, by considering that these two inhibitors
essentially differ in the structure of their hydrophobic tail [22],
it is likely that position 129 is more essential for the recognition
of their hydrophobic tail than for their methoxyacrylate
group, as discussed before.

Apparently, several results obtained in the mitochondrial
be, complex do not sustain the concept that myxothiazol binds
exactly at the same site as that of ubiquinol (for instance, see
[22, 37, 39]). However, in Rb. capsulatus one myxothiazol-
resistant mutant (showing the same substitution as that of
yeast myx1 — 103 [20]) is heavily affected in the rate constants
of reactions that are characteristic of ubiquinol oxidation at
the Q, or Q, site [32]. These observations are interpreted
to mean that the replacement Phe144 — Leu (at a position
equivalent to position 129 in yeast) induces a weakening in
the binding of both ubiquinone and ubiquinol at the Q, (or
Q,) site in the bc, complex [32]. The transient kinetics measure-
ments in [32] are not directly comparable to the present steady-
state data, but it seems unlikely that alterations such as seen
in this Rb. capsulatus mutant would not affect clearly either
the catalytic efficiency or the dissociation constant for
ubiquinone in the yeast myx1—103 mutant that carries the
same residue substitution. On the other hand, neither of these
parameters is much affected in myx1—103 with respect to the
wild-type strains (Fig. 2 and Table 3).

Nevertheless, this discrepancy does not necessarily imply
a controversy, for several points indicate that the same
Phe — Leu substitution in transmembrane helix C induces dif-
ferent phenotypic effects in the bacterial and in the mitochon-
drial bc; complex. First, the myxothiazol-resistant mutant in
Rb. capsulatus exhibits a cross-resistance towards stigmatellin
that is not seen in the yeast myx1—103 mutant (Tables 1
and 2, see also [16, 20, 32]). Secondly, another myxothiazol-
resistant mutant of Rb. capsulatus shows the substitution
Phe144 — Ser but its kinetic properties are little affected [32]
and its phenotype looks quite similar to that of the yeast
myx1—103 mutant (Table 2, cf. [32]). Thirdly, in the alga C.
rheinardtii the Phe129 — Leu substitution confers resistance
towards myxothiazol without altering significantly the mito-
chondrial respiration [40].

Furthermore, the sequence of both cytochrome b and the
Rieske protein in bacteria have long insertions located at the
Q, side of the membrane [6, 20, 41, 42] which are absent in



these subunits of mitochondria [41]. It is possible that such
extra protein regions are involved in contacts that are specific
to the bacterial bc; complex with the part of transmembrane
helix C containing position 129 (Phel44 in Rb. capsulatus
[20]). One might speculate that this explains the observed
effect of the Phe144 — Leu mutation on the bacterial Rieske
cluster [32]. Certainly, in the light of the different functional
effects in Rhodobacter and ‘yeast or algal cytochrome b, the
proposal that an aromatic in position 129 of cytochrome b is
essential for the function the Q, (Q,) site [32] can not be
extended to the mitochondrial b¢; complex.

Further informadtion for the structure of cytochrome b

The present work not only suggests possible structure/
function correlations between the inhibitors and the ubiquinol
binding site in the bc; complex, but also gives additional
information for implementing the modeling of the structure
of cytochrome 4. In particular, the finding that position 147
is within the dipole interaction region (i.e. < 1.5 nm [23]) of
the by haem (Fig. 3) agrees with previous evidence indicating
that this haem is not far from the water —lipids interphase [3,
8], since this position belongs to an amphipatic region that is
now considered to protrude at the positive side of the mem-
brane [6, 16 —21, 42]. On the other hand, the sligth effect on
the CD spectra induced by the loss of a phenylalanine at
position 129 myx1 —103 mutant, Fig. 3) is helpful for locating
the side of transmembrane helix C that may be most distant
from the b, haem.

In the current model of cytochrome b, the position of
‘helices B and D are constrained since each of them possesses
two invariant histidines that form the axial ligands of the
two haems [3, 6, 18,.41, 42]. In our opinion, the following
arguments, when considered together with the above dis-

cussion, strengthen the concept that transmembrane helices -

A —D form the central core of cytochrome b.

a) By using the sequence alignment of 23 species selected
from all those available [42], it is seen that helices A, B, C and
D have a periodical distribution of the conserved residues
resembling that previously seen in bacterial reaction centres
[42 —44]. The majority of the most conserved and of the in-
variant residues are located on the same side of the helices; in
helices B and D they surround the ligand histidines (i.e. they
are haem-sided, Fig. 4).

b) Among the few invariant residues, there are four gly-
cines, Gly33 and Gly47 in helix A and Gly117 and Gly131 in
helix C, each pair spaced by 13 residues, which is the same
distance separating the pair of invariant histidines in helices
B and D [41, 42]. These glycines, which have the smallest
side chain of all the amino acids, may be just positioned
symmetrically in the tertiary structure to give some ‘spatial
comfort’ to the two haems of cytochrome & (i.e. they form
part of the haem pocket). Consequently, they may be critical
for the packing and assembly of the protein and even of the
whole be, complex. This idea is supported by the partial loss
in the assembly of the complex when Gly131 is replaced by
Ser in a respiratory deficient mutant of S. cerevisiae [45].

c) There is a clear similarity in the sequence motifs that
characterize the probable ends of helices A and C and those
of helices B and D (M. Degli Esposti, unpublished results;
see also [41, 42, 44]). This, together with the equally spaced
doublets of histidines in helices B and D and of glycines in
helices A and C, is reminiscent of a duplicated motif of two
helices, as it is generally seen in proteins organized in antipar-
allel bundles of four helices [43, 46 —48].
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Fig. 4. Helical wheel representation of the transmembrane helices A, B,
C and D in the haem-binding domain of cytochrome b. The numbers
refer to the sequence of cytochrome b in yeast (S. cerevisiae), to which
22 other sequences, selected among the 100 or so available, were
aligned [42]. For helix D only the consensus of 21 sequences minus
those of cytochrome bs has been used to avoid the insertion of a
threonine after the invariant His182 that is present in the b sequence
[41]. Invariant residues are squared, conserved residues in cytochrome
b but not in bg are circled and residues conserved in more than 75%
of all the sequences are underlined. Note that the orientation of helix
C has been chosen so as to locate Phe 129 at a side not facing the
haem pocket, which is supposed to lie at the centre of the helical
bundle [44—48], on the basis of the CD spectra of the Phe129 — Leu
mutant (Fig. 3A). The protein is viewed along the membrane plane
from the positive side

The core formed by the transmembrane helices A to D
(Fig. 4). May also constitute the essential catalytic unit of the
quinol reaction sites in the b¢; complex [47, 48], as the present
characterization of the Ile147 — Phe mutation outlines.
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