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ABSTRACT: Seven single-site mutants in six residues of the cyt b polypeptide of Rhodobacter capsulatus
selected for resistance to the Q, site inhibitors stigmatellin, myxothiazol, or mucidin [Daldal, F., Tokito,
M. K., Davidson, E., & Faham, M. (1989) EMBO J. 8, 3951-3961] have been characterized by using optical
and EPR spectroscopy and single-turnover kinetic analysis. The strains were compared with wild-type strain
MT1131 and with the Ps” strain R126 (G158D), which is dysfunctional in its Q, site [Robertson, D. E.,
Davidson, E., Prince, R. C., van den Berg, W. H., Marrs, B. L., & Dutton, P. L. (1986) J. Biol. Chem.
261, 584-591]. Mutants selected for stigmatellin resistance induced a weakening in the binding of the inhibitor
without discernible loss of ubiquinone(Q)/ubiquinol(QH,) binding affinity to the Q, site or kinetic impairment
to catalysis. Mutants selected for myxothiazol or mucidin resistance, inducing weakening of inhibitor binding,
all displayed impaired rates of Q site catalysis: The most severe cases (F144L, F1448S) displayed loss of
affinity for Q, and evidence suggests that parallel loss of affinity for the substrate QH, was incurred in these
strains. The results provide a view of the nature of the interaction of Q and QH, of the Q,,, with the Q,
site. Consideration of the mutational substitutions and their structural positions along with comparisons
with the Q4 and Qg sites of the photosynthetic reaction center suggests a model for the structure of the
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Q, site.

’Il:e redox centers of the ubiquinol-cytochrome cyt ¢, oxi-
doreductase (cyt bc, complex)! of the purple, non-sulfur
bacterial family Rhodobacter serve to complete the cyclic
transfer of electrons initiated by light activation of the pho-
tosynthetic reaction center protein (RC). The RC generates
the two substrates for the cyt bc, complex, ferricytochrome
¢, and QH,. Cyt ¢, is a water-soluble protein diffusing between
electron donors and acceptors exposed to the periplasm.
Ubiquinone is a membrane-associated electron and proton
carrier diffusing between sites of redox catalysis within the
membrane. The cyt bc, complex reduces ferricyt ¢, and ox-
idizes QH,, utilizing the approximately 250 mV of standard
free energy difference between these components to catalyze
charge separation and translocate protons across the chro-
matophore membrane, resulting in the formation of the
electrochemical proton gradient, Auy+.

The cyt be, complex of Rhodobacter capsulatus is coded
by the three-gene fbc (pet) operon (Daldal et al., 1987,
Davidson & Daldal, 1987a,b). The photosynthetic bacterial
cyt be, is analogous in function to its counterparts in mito-
chondria and chloroplasts, differing materially only in the
number of auxiliary subunits found in the isolated enzyme.
The redox cofactors of the cyt bc; complex are associated with
three polypeptide subunits. The iron-sulfur subunit contains
a 2Fe2S cluster, the cyt b polypeptide contains two electro-
chemically and spectroscopically distinct b-type cytochrome
hemes (cyts by and b;; subscripts indicate high and low
midpoints), and the cyt ¢ subunit contains a cyt ¢, [for reviews
and spectral and electrochemical details see Crofts and
Wraight (1983), Crofts et al. (1983), Rich (1984), and Dutton
(1986)].
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The presence on the cyt bc; of two sites for ubiquinone redox
catalysis (Mitchell, 1975, 1976) now appears well established.
Mitchell named the two quinone binding sites Q, and Q;, on
the basis of their proton output and input functions. Re-
searchers working on the cyt b¢; complexes of photosynthetic
bacteria have called these sites Q, and Q, respectively.

The Q-cycle mechanism (Mitchell, 1975, 1976) is most
commonly accepted as the working hypothesis for cyt bc,
protonmotive function. Figure 1 and its legend detail the
sequence of electron transfers and show the approximate
positions of the redox centers and ubiquinone binding sites of
the RC and cyt bc,. Recent evidence (Glaser & Crofts, 1984;
Robertson et al., 1985; Robertson & Dutton, 1987, 1988;
Ohnishi et al., 1989) supports the idea that charge separation
in cyt bc, is, like that in the RC, effected by electron transfer
only, with little or no proton (H*) movement through the
low-dielectric part of the membrane; this evidence also indi-
cates that the Q, and Q; sites are located close to the aqueous
interfaces of the membrane, on opposite sides. Q, and Q; have
proven to be the sites where a variety of inhibitors act, most
likely by disruption of the ubiquinone-site interaction. An-
timyein, long known to inhibit cyt bc, function, has been shown
to interact with high specificity at the Q, site, and more re-
cently, myxothiazol, stigmatellin, mucidin, and UHDBT have
been shown to be similarly specific as Q, site inhibitors. The
model of Figure 1 is appealing in its simplicity of form, in its
ability to explain the majority of experimental data in a

! Abbreviations: cyt, cytochrome; cyt bcy, ubiquinol-cyt ¢, oxido-
reductase; QH,, ubiquinol; Q, ubiquinone; cyt b, low-potential cyt bsgq
of cyt bcy; cyt by, high-potential cyt bsgy of cyt bej; Q,, ubiquinol oxi-
dizing site; Q;, ubiquinone reducing site; UHDBT, 5-undecyl-6-
hydroxy-4,7-dioxobenzothiazole; HQNO, 2-heptyl-4-hydroxyquinoline
N-oxide; UHNQ; 2-hydroxy-3-undecyl-1,4-naphthoquinone; Ey, ambient
redox potential; E, electrochemical midpoint potential; £, electro-
chemical midpoint potential at pH 7; Ps*, photosynthetic growth positive;
Ps~, photosynthetic growth negative; RC, photosynthetic reaction center.
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FIGURE 1: Cyclic electron-transfer system of Rhodobacter showing
the direction of electron transfer following light absorption by [BChl],,
the positions of redox centers relative to the membrane, and the
relevant redox-linked protonations and deprotonations. In this model,
the RC, ubiquinone in Q. €yt bey, and cyt ¢y, function with 2:50:1:2
stoichiometry. The sequence of the reactions in a complete turnover
is as follows: (a) absorption of photons by two [BChl], from an RC
pair results in the reduction of one Q™ to QH; and the release of this
QH; to Qpey; (b) rereduction of two [BChl], by two cyt ¢, provides
two oxidized cyt ¢, for cyt bey; (c) one QH, from Qy is oxidized
at Q,, resulting in the reduction of one of the oxidized equivalents
on cyt ¢; and 2Fe2S and reduction of (already oxidized) cyt by; this
passes the electron onto cyt by which, in turn, reduces a Q from Q,
at the Q; site yielding a semiquinone at Q;; (d) oxidation of a second
QHj; at Q, reduces the remaining oxidizing equivalent of the cyt c,
and 2Fe2S and results in QH, formation at Q; which subsequently
dissociates into Q. The large open arrows indicate the exchanges
of Q and QH,, the large closed arrows indicate the direction of reducing
equivalent flow, small open arrows refer to protonation/deprotonation
of bound ubiquinone, and light, closed arrows refer to redox-linked
protonation/deprotonations.

straightforward way, and as a viable model on which to frame
experiments. While alternate possibilities cannot be ruled out
[e.g., Konstantinov and Popova (1988)], the model of Figure
1 will remain the principal model to test and for discussing
results obtained in this report.

Previous to the present study, a detailed analysis was made
of R. capsulatus strain R126, a spontaneous nonphotosynthetic
(Ps”) mutant severely blocked in cyt bc; turnover (Robertson
et al., 1986). The lesion was identified to be in the Q, site,
making it virtually incapable of oxidizing QH,. Since these
physical-chemical and functional analyses, the sequence al-
teration for R126 has been shown to be an aspartate substi-
tution for glycine at residue 158 of the cyt b polypeptide, i.e.,
G158D (Daldal et al., 1989).

The mutants used in the current study were obtained by a
different method. These were isolated as spontaneous mutants
selected for resistance to the Q, site inhibitors myxothiazol,
mucidin, or stigmatellin. These three inhibitors were chosen
because each causes characteristic spectral and electrochemical
changes in the Q, redox partners, 2Fe2S and cyt b, and
because they are thought to have distinct binding determinants
at the Q, site [for a review see von Jagow and Link (1986)].
All the mutations resulting in resistance which map in _fbc (pet)
have been shown to map in the cyt b polypeptide and exhibit
distinctly different patterns of cross-resistance to each of the
three inhibitors (Daldal et al., 1989). These mutants are all
Ps* so, despite the fact that large changes occur in the affinity
of the cyt be, for the inhibitors, drastic effects of the mutations
on function, such as those encountered in mutant R126, are
not anticipated. In this paper we have characterized these
mutants, using the protocols developed during the R126 in-
vestigation, to explore the relationship between resistance to
a particular inhibitor and what, if anything, is altered in the
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physical chemistry of the cofactors, the affinities of the site
for ubiquinone and ubiquinol, and the kinetics of redox ca-
talysis.

MATERIALS AND METHODS

Bacterial Culture and Mutant Selection. Cultures of R.
capsulatus were grown photosynthetically and chromatophores
prepared as previously described (Dutton et al., 1975). All
inhibitor-resistant strains were derived from strain MT1131,
a green mutant with wild-type cyt be; (Zannoni et al., 1980).
Growth rates of pure cultures of mutant strains were com-
parable to that of strain MT1131 (Daldal et al., 1989).
Mutants were selected as outlined in Daldal et al. (1989).
Strain R126 was grown aerobically at low [O,] (Robertson
et al., 1986). After scaling up growth of cultures on liquid
medium, aliquots of each strain were routinely checked for
inhibitor resistance by observing photosynthetic growth on
plates prepared with the same concentrations of stigmatellin,
myxothiazol, or mucidin used in the selection protocol [see
Daldal et al., (1989)].

Flash-Activated Absorption Difference Spectroscopy.
Flash-activated turnover of cyt bc, was performed on a
Biomedical Instrumentation Group (University of Pennsyl-
vania) dual-wavelength spectrophotometer fitted with an
anaerobic redox cuvette. Single, short (full width at half-
height, 8 us) pulses of actinic light were delivered to the cuvette
at 90° to the measuring beam. Redox potentiometry was
performed as detailed in Dutton (1978). Kinetics of cyt b
reduction were measured at 561 minus 569 nm, cyt ¢, + ¢,
oxidation and rereduction were measured at 550 minus 540
nm, and [BChl], oxidation-reduction was measured at 605
minus 540 nm (Dutton et al., 1975). Flash-activated kinetic
transients were averaged with a Computerscope ISC-16 A/D
board and software (R. C. Electronics, Inc., Santa Barbara,
CA) using an IBM personal computer. Fits to kinetics traces
were made with a computer program (C. C. Moser, unpub-
lished) using the nonlinear, least-squares procedures of Bev-
ington (1969).

The Ubiquinone Pool (Qp.). The size of Qo has been
determined in the closely related Rhodobacter sphaeroides
strain Ga where it was found that approximately 35 of the 50
quinones/cyt bc, behaved as a homogeneous pool with an
electrochemical midpoint value of 90 mV (Takamiya &
Dutton, 1979). Similar measurements of pool size have been
carried out in photoheterotrophically grown R. capsulatus,
where values of 41 (Robertson et al., 1986) and 50 (Ding,
Robertson, and Dutton, unpublished results) have been de-
termined. It is clear that Q, size is a function of growth
conditions, and we have therefore adopted the number 50 as
the number of ubiquinones in the homogeneous pool available
for interaction with cyt be; and the RC. Variations in this
number by 20% will have no effect on the treatment of results
in the present work.

The Ey; for Quq in R. capsulatus has been determined
(Ding et al., unpublished results) to be close to the midpoint
determined for the closely related R. sphaeroides (Takamiya
& Dutton, 1979), i.e., 90 mV. Thus, prior to the flash the
redox state of Qpq, could be varied from nearly fully reduced
to fully oxidized by redox poising between 30 and 200 mV.
Flash activation provides an additional QH,/cyt bc, to a Qg
that is not fully reduced, meaning that the QH,/cyt bc, ratio
could be varied between 50 and 1.

Interaction of Q at the @, Site. The line shape of the EPR
spectrum of the reduced 2Fe2S reports the redox state of Qo
(Siedow et al., 1978; deVries et al., 1979; Matsuura et al.,
1983a). When Q, is oxidized, the spectrum narrows, yielding
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Table |
cyt ¢; + ¢, reduction cyt by reduction
idized
rate Qo rate Qg  Ep (mV) rates Qpoo) OXi 2Fe2S L
inhibitor residue reduced  oxidized at 1/2 max Qgcythy Qrcytbhy line shape, Iso in vitro (kM)
selection substitution s (sh rate ™ s 8. MYX STG  UHDBT
none (wt) 362 (£43) 18 (£3) 113 89 (£17) 72 1.80 0015 <001 082
myxothiazol G152S 301 (£23) 8 (£2) 98 68 (£8) 77 1.80 0.55 <0.02 0.90
myxothiazol F144L 28 (£18) 4 (£2) 57 5 (£95) 84 1.765 8.00 0.05 9.00
myxothiazol F144S 247 (£21) 13 (£3) 103 50 (£6) 79 1.80/1.78 8.00 <0.01 0.70
mucidin L106P 72 (£19) 7 (£3) 80 49 (x11) 50 1.80 0.13 0.038 0.50
stigmatellin ~ V333A 387 (£52) 17 (£3) 115 72 (£13) 66 1.80 0.073 0.07 2.00
stigmateflin ~ T163A 403 (£28) 16 (£4) 124 78 (£11) 89 1.80 0.05 0.06 2.70
stigmatellin -~ M 1401 378 (x61) 16 (£3) 110 85 (£12) 90 1.80 0.30 0.075 2.20
R126 G158D 0 0 0 ND 1.77 ND ND ND

(Ps™ mutant)

a clearly observed, sharpened g, feature centered at g = 1.80.
When the Q is reduced, the line shape becomes broadened
and the g, feature is centered at g = 1.78. Thus the 2Fe2S
spectrum provides a direct measure of the occupancy of the
Q, site by Q. The EPR line shape of the 2Fe2S center was
measured as outlined in Robertson et al. (1986). Samples were
poised with Q,,, oxidized and 2Fe2S reduced by addition of
0.1 uM N-methyldibenzopyrazine methosulfate (PMS) and
20 mM sodium ascorbate. Q. and 2Fe2S were poised in the
reduced forms by addition of sodium dithionite. Measurements
were performed at 15 K at a microwave power of | mW on
a Varian E-109 X-band spectrometer equipped for low-tem-
perature operation with a variable-temperature, flowing helium
cryostat (Air Products LTD 3-110).

Oxidation of QH, at the Q, Site. QH, oxidation at the Q,
site was observed as outlined in eq 1, which describes the

Q.H, + ferricyt by + ferricyt ¢, + ¢; —
Q, + ferrocyt by + ferrocyt ¢; + ¢, + 2H* (1)

generally accepted reaction catalyzed by this site after QH,
is bound. For simplicity, the equation is restricted to the
experimentally observed components, predominantly cyt by
and cyts ¢; + ¢, (Figure 1). The left-hand side of the equation
shows ferricyt ¢, + ¢, which is generated in less than 1 ms by
the flash-activated RC (Meinhardt & Crofts, 1982; Moser &
Dutton, 1988). Cyt by is poised in the oxidized form prior
to activation by redox potentiometry. QH, is derived either
from the flash-activated reaction center Qp site if the Q. is
fully oxidized or from the reduced members of Q... Thus,
the rate of arrival, binding, and oxidation of the QHj, at the
Q, site is determined by the state of reduction of the Q,, the
affinities of Q and QH, for Q,, and the collisional charac-
teristics of the ubiquinone and the site.

Complications to the measurement of the rate of QH, ox-
idation at the Q, site arise, as is described in Figure 1, because
a complete turnover of the cyt bc, involves the successive
oxidation of two QH, [see Figure 1, Matsuura et al. (1983b),
and Crofts et al. (1983)]. The most direct measure of the rate
of a single QH, oxidation at the Q, site is provided by ob-
serving the rate of cyt by reduction in a cyt bc; whose complete
turnover has been inhibited by addition of antimycin (Snozzi
& Crofts, 1984). Antimycin virtually abolishes Q; function
in the millisecond time scale to prevent cyt by reoxidation and
the oxidation of a second QH, at the Q, site. The kinetics of
QH, oxidation observed by monitoring ferricytochrome ¢; +
¢, reduction under these conditions is complicated by the
presence of the 2Fe2S center (Bowyer et al., 1980). However,
in the uninhibited state, the time course of reduction of ferricyt
¢ + ¢, is a useful guide for the oxidation of the second QH,
at the Q, site, completing the catalytic cycle of the cyt bc;.

Oxidation of QH, at the Q; Site. QH, oxidation at the Q;
site was determined by observing cyt by reduction under
conditions when the Q, site function is inhibited by myxo-
thiazol or stigmatellin. It has been shown with Rhodobacter
that at high pH (Glaser et al., 1984; Robertson et al., 1984)
or low [Q,,] (Robertson et al., 1984) flash-activated cyt by
reduction can occur through the Q; site in a reaction that
proceeds in the reverse of the physiological direction, as shown:

QH, + ferricyt by < Qi + ferrocyt by + 2HT (2)

Inhibitor Titrations of Mutants. The cyt b reduction ex-
periment with antimycin present (i.e., cyt by reduction via Q,)
was also used to assay, in vitro, the sensitivities of the mutants
to inhibitors. In this assay chromatophores from each mutant
were poised at an E}, of approximately 240 mV so that the Qp
was completely oxidized prior to activation. After the flash,
approximately one QH, enters the Qo per cyt be, complex,
and its oxidation by the Q, site was measured by cytochrome
by reduction in the presence of antimycin to block Q; function
as described above. The rate of cyt by reduction as a function
of inhibitor concentration was essentially constant so that the
inhibition of Q, could be monitored simply by the extent of
cyt by reduction 50 ms after the flash. The I, values reported
represent the cuvette concentration of added inhibitor. Each
mutant was assayed with myxothiazol and stigmatellin as well
as with UHDBT. Although mutants resistant to mucidin were
selected, the unavailability of this inhibitor prevented assay
of its effect on cyt by reduction.

Chemicals. N-Methyldibenzopyrazine methylsulfate
(PMS), N-ethyldibenzopyrazine ethosulfate (PES), antimycin,
and Good buffers were purchased from Sigma. Myxothiazol
was purchased from Boehringer-Mannheim Biochemicals.
UHDBT was obtained from Dr. B. L. Trumpower, Dartmouth
University, and stigmatellin was a generous gift of Dr. G.
Hofle, Gesellschaft fur Biotechnologische, Braunschweig.
Quinhydrone, 2-hydroxy-1,4-naphthoquinone (OHNQ), and
2,3,5,6-tetramethyl-p-phenylenediamine (DA D) were obtained
from Aldrich. Pyocyanine was synthesized by photooxidation
of PMS and subsequently purified by chloroform extraction.
All other chemicals were reagent grade and were purchased
from commercial sources.

RESULTS

Table 1 details the phenotypes and amino acid substitutions
for each of the seven inhibitor-resistant mutants studied as well
as for mutant R126 (G158D). Five of the amino acid re-
placements fall between positions M140 and T163, spanning
the G158D substitution, while the other two, L106 and V333,
are at considerable distances in the primary sequence from
this region. In the process of collecting inhibitor-resistant



11252  Biochemistry, Vol. 29, No. 51, 1990

mutants about 50 were isolated (Daldal et al., 1989). How-
ever, and quite remarkably, the acquisition of resistance due
to substitutions mapping in fbe (per) was restricted to only
six residues, and of these six positions only one was substituted
with more than one (i.e., F144S,L) alternative residue. The
chromatophore preparations of each mutant were examined
in the same way as was the G158D mutant (Robertson et al.,
1986) and were found to possess RC and ¢yt be; complements
at concentrations similar to those for MT1131, the strain
containing the wild-type cyt bc;. Moreover, there appeared
to be no differences in the assembly, degradation, or overall
integrity of the RC-Q,,—cyt bey—cyt ¢, cyclic electron-transfer
system (data not shown).

In Vitro Inhibitor Sensitivity of Mutants. Table I shows
Iy values calculated for the effect of myxothiazol, stigmatellin,
and UHDBT on the extent of cyt by reduction via Q,. Each
mutant exhibits a general pattern of inhibition of cyt bc,
activity that parallels the effects of stigmatellin and myxo-
thiazol on the rate of growth of each strain (Daldal et al.,
1989). It is also clear that alterations in different amino acid
residues confer different degrees of resistance. More specif-
ically, F144L and F144S exhibit resistance to myxothiazol at
concentrations about 500-fold higher than wild type while the
remainder of the myxothiazol- or mucidin-resistant strains are
resistant to 10-fold higher concentrations. M1401, F144L,
T163A, and V333A exhibit stigmatellin resistance to con-
centrations more than 7-fold higher than that required for
inhibition of wild type, and these strains also show resistance
to UHDBT to levels around 3- to 5-fold that of the wild-type
strain. Note that an effect of UHDBT on growth could not
be measured and therefore UHDBT resistance could not be
selected for (Daldal et al., 1989).

Kinetics of Cvt be; Turnover in Inhibitor-Resistant Mu-
tants. The kinetics of cyt b¢| turnover were measured as a
function of the redox state of the Qg with a view toward
revealing the source of alterations in Q, site function in dif-
ferent mutants.

(a) Kinetics with the Q. Reduced before Activation.
Under these conditions, established before activation, there
are approximately 50 QH,/0 Q/cyt be,, conditions expected
to yield maximal QH, oxidation rates following flash activa-
tion. Table I lists the rates of ¢yt bc, turnover (i.e., two QH,
molecules oxidized at the Q, site) measured by observing the
rate of cyt ¢, + ¢, reduction after flash oxidation. Values are
given for the seven inhibitor-resistant mutants, the dysfunc-
tional G1358D, and the wild-type strain, MT1131. The
standard deviations presented reflect variations in chromato-
phore preparations from three to five different batches of cells.
The rate of turnover in the wild-type strain is 362 + 43 57/
when Q,,, is reduced prior to activation. Mutants selected
for stigmatellin resistance with substitutions M 1401, T163A,
and V333A, and yielding >7-fold weaker stigmatellin binding,
display rates of QH, oxidation remarkably unaltered from the
wild-type value. On the other hand, mutants selected for
myxothiazol resistance with substitutions G152S, F144S, and
F144L, giving 30-, 500-, and 500-fold decreased affinity, are
slowed by 1.2-, 1.5-, and 12-fold. The only mutant selected
for mucidin resistance (not measured in the chromatophores),
L106P. displayed a 4.4-fold slowing in turnover.

(b) Kinetics with the Qo Oxidized before Activation.
These conditions, where approximately one QH,/cyt bc, is
introduced into the oxidized Qpeq (1 QH,/50 Q/cyt bey) after
flash activation, yield a minimum rate for turnover (Prince
et al., 1978; Crofts et al., 1983). Table 1 shows that the
flash-induced rate of ferricyt ¢, + ¢, reduction measured for
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FIGURE 2: Kinetics of Q,-mediated cyt by reduction. Conditions were
as outlined in Figure | except that antimycin was added to a final
concentration of 5 uM. The redox potential was set between 180 and
200 mV, ie., with Qp, fully oxidized.

wild type is approximately 18 s7!, some 20-fold slower than
the rate observed when Q. is fully reduced before activation.
Kinetics observed for the mutants generally follow the same
hierarchy as was seen when Q,, was reduced before activation.
However, the reliability of measurements under these con-
ditions was lower, due to greater variations (see Table I) in
the rate of cyt ¢; + ¢, reduction encountered from one chro-
matophore preparation to another. Also, it must be stressed
that two QH, must be oxidized to yield a complete turnover
and under Q. -oxidized conditions the rate is limited by the
availability of substrate, i.e., QH, is subsaturating (Matsuura
et al., 1983b; Crofts et al., 1983).

Under Qpqq-oxidized conditions, a reliable measure of a
single QH, oxidation at the Q, site rate is afforded by ob-
servation of cyt by reduction in a cyclic system whose complete
turnover is inhibited by antimycin (see Materials and Meth-
ods). Figure 2 shows representative traces of cyt by reduction
with chromatophores poised under these conditions. The
measured rates are again listed in Table I. Mutants V333A,
T163A, and M140I, selected for stigmatellin resistance, exhibit
little if any deviation in rate from wild-type MT1131. The
mutants selected for myxothiazol resistance, G152S, F144S,
and F144L, on the other hand, have rates 1.3-, 1.8-, and
17.8-fold slower than wild type, respectively, while L106P
selected for mucidin resistance has a rate 1.8-fold slower than
wild type. In mutant G158D, there is no discernible reduction
of cyt by on the time scale used for these experiments (Rob-
ertson et al., 1986). Thus, the cyt by reduction data confirm
that the mutations cause a roughly proportional slowing of
QHj, oxidation independent of whether the Q. is reduced or
oxidized. An intriguing exception is L106P, whose cyt bc¢,
turnover rate (i.e., two QH, oxidized at Q,) is lowered 5-fold
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FIGURE 3: Redox potential dependence of cyt ¢, + ¢, reduction
following flash delivery. Chromatophores were suspended in 50 mM
MOPS and 100 mM KCI, pH 7.0. The final concentration of RC
in the cuvette was 0.11 uM. PMS, PES, and pyocyanine were added
to 1 uM, DAD to 2.5 uM, and OHNQ to 5 uM. Valinomycin was
added to a final concentration of 3 uM. The redox potential was varied
by addition of sodium dithionite and potassium ferricyanide. Data
were obtained and analyzed as outlined under Materials and Methods.
Experiments were performed on at least three chromatophore prep-
arations, and the standard deviation for the maximum rate, i.e., with
Qpooi fully reduced, was calculated for each strain. The average
maximum and minimum values found are listed in Table I. Symbols:
(@) wild type; (O) G152S; (A) F144L; (A) F144S; (*) M1401; (m)
T163A; (O) L106P; (X) V333A.

while its QH, oxidation rate (one QH, oxidized) is lowered
less than 2-fold.

(c) Dependency of the Rate of Cyt bcy Turnover on the
QH,/Q Ratio in Q. Figure 3 describes, using redox po-
tentiometry, how the turnover rate changes as a function of
the QH,/Q ratio in Qj, measuring the rate of flash-oxidized
cyt ¢, + ¢, reduction; again this was done for each of the
mutants. It is clear from the set of titrations that the mutants
selected for stigmatellin resistance are similar to the wild-type
cyt be), while the mutants selected for myxothiazol/mucidin
resistance display distinctly modified dependencies of QH,
oxidation rates as a function of the QH,/Q ratio. It is also
clear in the myxothiazol/mucidin resistant mutants, whose
rates for this process are slowed, that the redox potential value
at which the cyt ¢, + ¢, reduction rate is half-maximal is also
lowered. For example, the value measured for wild type and
for the strains selected for stigmatellin resistance is 113 mV
while for L106P (5-fold slower than wild type), selected for
mucidin resistance, and for the F144L (12.9-fold slower),
selected for myxothiazol resistance, the values are 80 and 57
mV, respectively.

Binding of Q to Q. Observation of the 2Fe2S EPR Line
Shape. The sensitivity of the EPR spectrum of the reduced
2Fe2S to the presence of Q in the Q, site affords a means to
examine the cyt bc| for any weakened binding of Q in the site
in each of the mutants. Figure 4 shows the 2Fe2S EPR
spectrum for the wild type and the mutants when the Qpo Was
oxidized. The spectrum of the wild type (top trace) shows the
well-known narrowed line shape at g = 1.80 that is exhibited
by the reduced 2Fe2S when a Q is associated with the Q, site.
Similar spectra were displayed by all mutants with the ex-
ception of F144L and G158D; F144S also showed a consist-
ently diminished g = 1.80 signal amplitude and the appearance
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FIGURE 4: EPR specira showing g, and g, features of the 2Fe2S center
of mutant and wild-type strains. Chromatophores were suspended
to a final RC concentration of 10 uM in 50 mM MOPS and 100 mM
KC], pH 7.0. PMS was added to 0.2 uM and sodium ascorbate to
20 mM. After 2-min incubation, samples were placed in quartz EPR
tubes and frozen rapidly in 5:1 isopentane/methylcyclohexane
equilibrated with liquid nitrogen. With the Q,; reduced, all mutants
showed the familiar broadened spectrum of the reduced 2Fe2S center
(data not shown).

of the broadened signal at higher field strengths.

Thus, mutants with modest or no impairment of QH, ox-
idation rates (WT and the stigmatellin-resistant M140I,
T163A, and V333A) also exhibit similar narrowed g = 1.80
features indicative of a normal Q occupancy of the Q, site.
At the other extreme, F144L and G158D, mutants with the
slowest rates of QH, oxidation at the Q, site (12- and
>100-fold slower than wild type), showed no narrow signal.
We interpret this as suggesting that a parallel loss in the
binding affinity for Q is incurred and that, in these mutants,
Q does not occupy the Q, site even under conditions when the
Qpoor is fully oxidized. The F144S is intermediate to these
extremes, appearing to possess a Q, site that is partially oc-
cupied when the Q is oxidized. Thus, it is worth considering
that the loss of narrowing by Q and slowed cyt b¢, turnover
or QH, oxidation rates arise simply from a diminished binding
strength of both Q and QH, at the Q, site.

QH, Oxidation at Q,. Experiments were performed on each
of the inhibitor-resistant mutants to check whether the mu-
tation that rendered the Q, resistant to inhibitors had any
effects on the function of Q;. This was done in the presence
of sufficient myxothiazol to inhibit Q, function in the resistant
strains. Flash-activated cyt by reduction was examined for
alterations in amplitude, rate, and redox potential dependency.
The kinetic traces in Figure 5 show that, with the exception
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FIGURE 5: Cyt by reduction via site Q;; kinetics, extent, and £, for
inhibitor-resistant mutants. Conditions were as outlined in Figure
2 except that myxothiazol was added (3 uM final or 25 uM final for
myxothiazol-resistant mutants) instead of antimycin and the pH was
buffered at 9.0 with 50 mM glycine. Symbols: (@) wild type; (O)
F144S; (a) F144L: (A) V333A: (*) G152S; (m) T163A: (O) L106P;
(xX) M140L.

of L106P, the mutants displayed very similar amplitudes and
rates, which are listed in Table I. The response of the R126
(G158D) strain, also unaltered from the wild type, may be
seen in Robertson et al. (1986). All strains displayed a similar
antimycin sensitivity (data not shown). Additionally, all
mutants show a similar trend of the extent of cyt by reduction
as a function of redox potential with an E 5 value of 55 mV,
in good agreement with Glaser and Crofts (1984) and Rob-
ertson et al. (1984). The exception, L106P, consistently ex-
hibited a rate approximately 45% lower than the mean value
measured for the remainder of the mutants and the wild-type
strain. While this is not a drastic reduction in rate, it is of
some interest, since it is the only example of an inhibitor-re-
sistant mutation affecting the rates of QH, oxidation and cyt
by reduction via both Q, and Q,.

Discussion

Selection of Mutants/Relationship to Functional Conse-
quences. The high-affinity, site-specific natural product in-
hibitors of cyt bc, have been used for the study of individual
redox reactions or partial turnovers and have led the way, in
large part, to the present state of knowledge of the mechanism
of the complex. In a different stratagem aimed at detailed
understanding of its structure, a number of investigators have
adopted the approach of inhibitor-resistant mutant selection
followed by protein sequence determination. Besides bacteria,
residue alterations giving resistance to Q, site inhibitors have
been identified in Saccharomyces cerevisiae (diRago et al.,
1989) and to Q; site inhibitors in S. cerevisiae (diRago et al.,
1986; diRago & Colson, 1988) and Schizosaccharomyces
pombe (Weber & Wolf, 1988). Specific resistance to a
number of Q, and Q; inhibitors due to single amino acid
substitutions has also been described in mutant strains of a
mouse tumor cell line (Howell et al., 1987; Howell & Gilbert,
1987, 1988). The study presented here has attempted to draw
on the advantages afforded by both strategies.

The inhibitor-resistant strains used in the present functional
analysis were isolated as spontaneous Ps* mutants selected for
resistance to one or more inhibitors of ubiquinol oxidation at
the Q, site of the cyt bc; complex (Daldal et al., 1989). The
selection procedure is designed to yield photosynthetically
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competent (Ps*) mutants. The amino acid substitutions
conferring resistance, therefore, are those that allow the or-
ganism to tolerate the presence of the inhibitors while mini-
mizing deleterious effects on function. Mutants with drastic
functional alterations may be missed due to a failure to form
discernible colonies during the time of selection. The limits
of slowing of Q, site catalyzed QH, oxidation tolerated by the
bacteria growing under laboratory conditions in the presence
of inhibitor appear to be somewhere in the region of 10- to
20-fold slower than those of the wild-type strain. The F144L
mutant, having a turnover rate approximately 20-fold slower
than wild type, was most severely affected, possibly placing
this strain near a limit below which growth would not be
detected.

The appearance of a given kind of spontaneous inhibitor-
resistant mutant in the selection procedure is a function of the
frequency of base substitution to code for alternate residues
and may be limited by the above-mentioned practical con-
siderations to those residues allowed by single base codon
substitutions. For example, given the codon usage of the fbe
{pet) operon and the G/C-rich usage in the third position of
the codons in R. capsulatus (Davidson & Daldal, 1987a), there
are only six possible single base pair substitutions that may
be observed at F144: L, S, 1, Y, V, and C. Apparently, only
the substitution of L (for stigmatellin and myxothiazol) or S
{for myxothiazol) meets the criterion of maximal inhibitor
resistance versus the tolerable loss of QH, affinity. Work in
progress has shown that strains constructed with L, S, I, Y,
V, and C at residue 144 have functional cyt be, (Ding, Rob-
ertson, Tokito, Daldal, and Dutton, unpublished results).

Subunit Location of Inhibitor-Resistant Residue Substi-
tutions. It may seem unusual that all mutants isolated were
in the cyt b polypeptide (Daldal et al., 1989), especially in view
of the history of effects on the 2Fe2S cofactor by compounds
interacting with the Q, site. These effects include not only
EPR line-shape changes induced by ubiquinone and inhibitor
interactions with the Q, site but also substantial {0.1-0.3-V)
midpoint shifts induced by inhibitors. Especially relevant is
the observation of Matsuura et al. (1983a), who demonstrated
that the binding of UHDBT at the Q, site was changed at least
20-fold, dependent upon the redox state of the 2Fe2S, i.e.,
UHDBT binds more tightly to the reduced form of 2Fe2S.
Clearly, the 2Fe2S cofactor is energetically strongly coupled
to events occurring in the Q, site.

Brandt et al. (1988) have presented data which show that
certain methoxyacrylate inhibitors (myxothiazol and mucidin)
bind to cyt bc; devoid of the FeS subunit. Thus, while the
2Fe2S center reports inhibitor and ubiquinone binding at the
Q, site, it may not supply amino acid side-chain determinants
to Q.. Alternatively, if there are pertinent inhibitor binding
residues in the 2Fe2S subunit, alteration of these residues may
be impossible without (a) leading to Q, function at a level
below the threshold that allows photosynthetic growth in the
laboratory or (b) leading to failure to assemble the 2Fe2S
cluster or the cyt bc; complex. Whatever the reason for the
absence of inhibitor-resistant mutations in the FeS subunit,
it is clear that the cluster interacts strongly and locally with
the Q, site occupant.

Location of Mutations in the Low-Dielectric Medium of
the Membrane. It is valuable to examine the sequence changes
responsible for the mutant phenotypes with respect to the
predicted secondary structure (Saraste, 1984; Widger et al.,
1984) as recently modified by several groups (Rao & Argos,
1986; Crofts et al., 1988; Howell & Gilbert, 1988; Brasseur,
1988). Figure 6 shows eight transmembrane helical segments
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FIGURE 6: Amino acid sequence of cyt b showing membrane-penetrating helices. The folding pattern is taken from Rao and Argos (1986),
Crofts et al. (1987), and Howell and Gilbert (1987). The sequence linking helices III and IV, though not shown as such, is postulated by
these authors to be an amphipathic helix arranged at the edge of the membrane. Areas shown in outline are stretches of sequence with strong
chemical homology over cyt b sequences from a number of phylogenetically diverse species (Howell, 1989). Contained in blocks with appropriate
hatching to indicate resistance to myxothiazol or stigmatellin are residues altered to give inhibitor resistance. Those residues whose alterations

result in cross-resistance are hatched in both patterns.

with the four cyt be, invariant histidines (i.e., H97, H111,
H198, and H212) thought to be ligands for the two b-type
cytochromes. Also, shown in outline are areas of sequence
conservation derived from an in-depth examination of cyt b
sequences over a broad phylogenetic range (Howell, 1989) The
six amino acid substitutions giving inhibitor-resistant pheno-
types, as well as that responsible for the R126 phenotype at
G158, are in three regions of the cyt b sequence [see also
Daldal et al. (1989)]. Five of the mutants are located in a
loop between helices 111 and IV, a region that also contains
the lethal G158D. V333 in helix V1 is quite distant in the
sequence from this group. Likewise, L106 is separate, located
in helix IT between two (H97 and H111) of the four histidine
ligands to the cyt & hemes (Hauska et al., 1988).

With the exception of residue L106, all the mutant positions
are located in or near relatively invariant regions of the cyt
b sequence (Howell, 1989) and are placed well toward the
periplasmic, cytochrome c side of the membrane. Thus, their
positioning is consistent with the proposed location of the Q,
site in the membrane profile from functional studies. More-
over, they are in proximity to the 2Fe2S center and cyt b; (see
Figure 1). As such, this supports the idea that the effects of
ubiquinone and inhibitor binding at the Q, site on the 2Fe2S
EPR line shape and E, value arise from changes in local forces
rather than from more global alterations in protein structure.

It is worth noting that six of the mutations yield altered
inhibitor binding and/or impaired function at Q, without any
effects on QH, oxidation at the Q; site. This substantiates the
idea that the two ubiquinone binding sites are distant from
one another and apparently do not overlap [see also Robertson
et al. (1986) and Robertson and Dutton (1988)].

The single exception to the above generalities is L106P,
which has a small, but significant, effect on the oxidation rate
of QH, at both sites (as measured in the presence of antimycin
or myxothiazol). However, L106 is also exceptional in its
location (Figure 6). It is not close to a region of structural

invariance (Howell, 1989) and maps far from the outside
surface of the membrane between two of the invariant histidine
ligands of the cyt b hemes, H97 and H111. As such, it is
located roughly equidistant from the proposed positions of the
Q, and Q, sites. Thus, this mutation cannot be regarded as
one located in the Q, region generally defined by the other
six mutants. The L106 alteration to proline, a residue known
to be stereochemically incompatible with helix formation [see
Creighton (1984)], may impair QH, oxidation by transmitting
deleterious structural alterations to both Q binding sites or,
alternatively, to the closer histidines ligating one or both cyt
b hemes. In fact, if the mutation affects cyt by, we may
explain the discrepancy between the rates for turnover (i.e.,
two QH, oxidations assayed by cyt ¢; + ¢, reduction; antimycin
present) vs those for a single QH, oxidation via Q, (cyt by
reduction) in L106P (Table I) by assuming that it is the cyt
by interaction with Q; that is affected.

Interaction of the Q and QH, from Q. with the Q, Site.
Detailed experimental information is lacking on the kinetics
and binding affinities of Q and QH, for the Q, site though
indirect evidence is available. If we combine the kinetics and
the 2Fe2S line-shape analysis reported here with results of
earlier studies, a semiquantitative picture emerges. Matsuura
et al. (1983a) using R. sphaeroides chromatophores showed
that the g = 1.80 EPR feature of the 2Fe2S, reporting Q
occupancy of Q,, remained fully formed as the Q,oq/cyt be,
ratio was decreased by ubiquinone extraction by 85%; this
decrease is equivalent to a change from 30 to approximately
4 Q/RC? or, as estimated by Ding, Robertson, and Dutton
(unpublished results), from 50 to 6 Q/cyt bc,. However,
further extraction to a level of 1.9 Q/RC (or 2-3 Q/cyt bc))
nearly eliminated the g = 1.80 signal. This suggested that the
Q from Qpqq has a high affinity for the site. Moreover, redox

2 The quantitation of Q was referenced to the RC concentration in
Matsuura et al. (1983a).
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titrations of the g = 1.80 signal amplitude followed the Q.
Nernst curve, which suggested that the affinity of QH, for
the site equals that of Q. Very strong support for this con-
clusion was provided by inhibitor titrations performed when
the Qpoo was all Q or all QH,; under each condition the Iy,
for UHNQ was the same (Matsuura et al., 1983a). These data
suggest that in native membranes the Q, site is essentially fully
occupied either by Q or by QH,. Very recent work with R.
capsulatus (Ding, Robertson, Daldal, and Dutton, unpublished
results) has yielded similar conclusions and has clarified
matters considerably regarding the 2Fe2S signal response to
Q, site occupancy (see Added in Proof).

With this view of the Q, site-Q,,, interaction, the rate of
QH, oxidation in chromatophores may be governed by a
combination of QH, concentration (substrate) and the com-
peting presence of Q in the site (inhibitor), the exchange rates,
ko, and k., for both Q and QH,, and the internal rates of
electron transfer within the catalytic sequence. Thus, the
effects of the mutations on QH, oxidation may be understood
as follows: Alteration of V333A, T163A, and M140l (STGR)
has no discernible effect on either binding of Q (g = 1.80 signal
is the same as that of the wild type) or the binding and oxi-
dation of QH, (the oxidation rate vs QH,/Q ratio is the same
as that of the wild type; Figure 3); in all cases, the redox
potential at which the rate is half-maximal is higher than that
of the Qpge (113 mV vs 90 mV), showing that the maximum
rate is attained when the Qo is only partly reduced prior to
activation (approximately 7 QH,/43 Q). This maximum rate
is interpreted as reflecting internal rate restrictions governed
by one or more of the subsequent electron-transfer or protolytic
steps.

At the other extreme, the F144L displays loss of the g =
1.80 signal and gain in the broader g, feature similar to that
seen in the Ps™ G158D, indicative of an empty Q, site even
at 50 Q/cyt be,. Thus, for the two mutants F144S and F144L
it is clear that there is a major loss of affinity of the site for
Q. The loss of kinetic competency in the QH, oxidation rate
is most simply explained by a parallel loss in the binding
affinity of the site for QH,. Hence, in the case of F144L a
nearly fully reduced Q, is required to observe a measurable
increase in rate of turnover; here the potential at which the
rate is half-maximal is 57 mV (approximately 47 QH,/3 Q).
Hence, lowering the potential to establish 50 QH,/0 Q has
little effect; even at the maximum the rate is 15-fold slower
than the rate of the wild type. In the case of G158D, even
with a fully reduced Q,,, the rate was >»100-fold slower.

The other F144 mutant (F144S) shows a partially dimin-
ished g = 1.80 signal when Q, is fully oxidized (Figure 4),
indicating that this mutant has suffered a sufficient loss of
affinity so that the site is only partially occupied at 0 QH,/50
Q. In this mutant, the potential at half-maximal rate (Figure
3) is also lowered compared to the wild type, suggestive of
weakened QH, binding although additional kinetic defects at
other steps in the catalytic sequence cannot be ruled out.

Additional observations and conclusions related to the
residue substitutions in these mutants are compiled in Table
1.

Suggestions for Structural Modeling of the Q, Site:
Analogies to the Q , and Qg Sites of the Photosynthetic Re-
action Center. Using the three-dimensional reaction center
structures for Rhodopseudomonas (Rps.) viridis (Deisenhofer
et al., 1985) and R. sphaeroides (Chang et al., 1986; Allen
et al., 1988), we have explored the idea that ubiquinone binding
sites may have some common structural features. We draw
on the structures of Q4 and Qg and the data regarding the
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binding of ubiquinone (to Q4 and Qg) and of certain herbicide
inhibitors (to Qg). The generalizations that emerge, considered
together with the spectroscopic, mutational, and functional
observations reported here for the Q, site, have been used to
construct a hypothetical Q, site as shown in Figure 7. Figure
7 also shows, for comparison, the structural elements of Q,
(panel A) and Qg (panel B) and a map of myxothiazol and
stigmatellin binding regions in Q, (panel D). The evidence
for this model is detailed as follows:

(1) Q4 and Qg Site Structures. The sequences for the RC
subunits of four purple, non-sulfur bacteria [R. sphaeroides,
Williams et al. (1986); R. capsulatus, Youvan et al. (1984);
Rhodospirillum rubrum, Belanger et al. (1988); Rps. viridis,
Michel et al. (1986b)] have been determined and compared
within the framework of the three-dimensional X-ray crystal
structures for Rps. viridis and R. sphaeroides [see Komiya
et al. (1988)]. The Q4 and Qg sites each have an invariant
histidine (HisM2193 in Q, and HisL190 in Qg) which ligates
Fe and possibly hydrogen bonds to the ubiquinone. Each site
also has an aromatic residue roughly cofacially oriented with
ubiquinone (Trp M252 in Q4 and Phe L216 in Qg) and an
aliphatic moiety on the opposite side of the ubiquinone ring
[Val(or Leu)M226 in Q, and lle{or Val)L229 in Qg]. Within
each site is an invariant, nonionic polar side chain which is
a candidate for hydrogen bonding to ubiquinone (ThrM222
in Q4 and SerL223 in Qg) and a small nonpolar aliphatic
residue (AlaM260 in Q, and GlyL225 in Qg). Additionally,
there are invariant residues which do not provide structural
determinants for ubiquinone binding by van der Waals contacts
but are necessary for the tertiary site structure; for example,
TyrL222 near site Qg is shown in Figure 7B. The Q4 and Qg
site functions, though different in details of protonation,
electrochemical midpoints, stabilization of semiquinone, etc.,
are similar with regard to the chemistry of their Q and QH,
binding determinants [Q,, Warncke and Dutton, unpublished
results; Qg, Rutherford and Evans (1980)] and may differ
materially only in their surrounding residues whose role is not
primarily structural. The immediate binding determinants
may provide the chemical architecture for any ubiquinone
binding site, and as such, these generalities have been assumed
to operate at Q,.

(2) Analogy to the Qg Site Herbicide-Resistant Mutants
in the Photosynthetic RC. The model proposes that the five
residues determining inhibitor resistance (with the exception
of L106) and the G158 residue are structural elements of the
Q, site. This tenet of the model is based partially upon the
arguments outlined above as well as upon analogous inhib-
itor-resistance work done on the Qg site of Rps. viridis (Sinning
et al., 1990) and R. sphaeroides (Paddock et al., 1987) reaction
centers. Three-dimensional structures for the Qg site with
ubiquinone bound for R. sphaeroides (Komiya et al., 1988)
and with ubiquinone and the inhibitors o-phenanthroline and
terbutryn for Rps. viridis (Michel et al., 1986a) have been
solved from X-ray crystallographic data. These results show
that residues altered to confer herbicide resistance are involved
directly with Q binding at the site (PhelL216, SerL223,
[1eL229) or, if indirectly involved (e.g., TyrL222), are within
6 A of the ubiquinone.

(3) Q, Site Structure. As pointed out in Davidson and
Daldal (1987b), at least some of the residues altered to give
inhibitor resistance in the Q, site are similar to those conferring

3 RC residues are numbered according to convention where the amino
acid name is followed by the subunit name and the residue’s numbered
position in the sequence of that subunit. The numbers used are those for
R. sphaeroides (Komiya et al.. 1988).
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Table 11
implications and
sub- interpretations
selection phenotype  stitution observation” for quinone catalysis inhibitor action
none (wt) MYXS, STGS, - - - -
MUCS
myxothiazol MYXR, STGS, G152S no detected Q and QH, weakening; G to S size increase and OH G to S size increase or OH
MUCR little or no slowing in QH, addition, minor effects addition weakens myx and
oxidation; myx weakened by muc; no consequence for stig
>2 kcal;®? stig unaffected
myxothiazol MYXR, STGR, Fl44L Q and QH, weakened by >1 kcali F to L aromatic to aliphatic or F to L aromatic to aliphatic or
MUCS QH, oxidation slowed 20-fold; steric change deleterious; see steric change weakens myx
myx weakened by >3.6 kcal; also F144S below and stig; no consequence
stig weakened by >0.7 kcal for muc
myxothiazol MYXR, STGS, F144S Q and QH, binding weakened by  F to S aromatic to aliphatic, OH F to S aromatic to aliphatic,
MUuCS 0.05-1 kcal; QH, oxidation addition, or size change deleterious, OH addition, or size change
slowed by <2-fold; myx though less than F144L; OH curves weakens myx; OH ameliorates
weakened by >3.6 kcal; stig L substitution; note: similar F to S L with regard to stig
unaffected in Qg weakens terbutryn and resistance
o-phenanthroline?
mucidin MYXR STGS, LI06P no detected Q or QH, weakening; L to P, no consequence to QH, L to P weakens muc and myx;
MUCR little effect on first QH, oxidation or Q binding; causes no consequence for stig
oxidized; full cyt be turnover damaging structural changes
impaired; myx weakened by near cyt by; possibly impairs
>1.4 keal; stig weakened by by to Q, electron transfer
>0.5 keal
stigmatellin MYXS, STGR, V333A no detected Q or QH; binding V to A size decrease, no V to A size decrease weakens
MUucCS change; no effect on QH, consequence stig; no consequence for myx

oxidation; myx unaffected;
stig weakened by 1.1 kcal

no detected Q or QH, binding
change; no effect on QH,
oxidation; myx unaffected;
stig weakened by 1.1 kcal

no detected Q or QH, binding
change; no effect on QH,
oxidation; myx weakened by
>2 kcal; stig weakened by
>1.4 keal

MYXS, STGR, TI63A
MUCS

stigmatellin

MYXR, STGR, M1401
MUCS

stigmatellin

R126 Ps~
(Ps™ mutant)

G158D Q and QH, binding weakened;
no detected QH, oxidation;

note: stig binding unaffected®

and muc

T to A size decrease or loss of
OH weakens stig; no con-
sequence for myx and muc

T to A size decrease and OH loss
no consequence; note: S to A
change in Qg weakens terbutryn
and o-phenanthroline?

sulfur of M and M to I structure
change, no consequence; note:
in Qa, MetM218 and MetM256
in R. sphaeroides are AlaM216
and LeuM254 in Rps. viridis;®
see text

loss of sulfur on M or M to [
structural change weakens
myx and stig; no consequence
for muc

G to D size change or carboxyl
addition deleterious

G to A in mouse yields myx
resistance/

4 All free energy values expressed in kcal/mol; for brevity “mol” has been eliminated. ®Calculation based upon Iy values; all free energy differences are
determined from the following approximation: AG = —RT In [Isy(mutant) — Iso(wild type)]. ©An estimate based on the virtual loss of the g = 1.80 EPR signal.
AG, = -RT In K, ; taking g = 1.80 as a guide, K, is changed by at least a factor of 5 upon disappearance of the signal. 4Sinning et al., 1989. *Komiya et
al,, 1988. /Howell and Gilbert, 1988. #Robertson and Dutton, unpublished results. * Abbreviations: myx, myxothiazol; stig, stigmatellin; muc, mucidin.

herbicide resistance in the Qg site; in each site, mutations lead
to alterations in binding and kinetics in broadly the same range.
For example, in the Q, site, F144 (F144S, MYXR; F144L,
STGR, MY XR) may be analogous to PheL.216 in the Qg site
(providing van der Waals contact with ubiquinone) which
when substituted to Ser provides resistance to both terbutryn
and o-phenanthroline with a decrement in the binding affinity
of ubiquinone. Likewise, V333 may be analogous to the Qg
I1eL219, on the other side of the bound ubiquinone. This
residue, when altered to methionine to give herbicide resistance,
has a similar effect. Our model suggests that F144 and V333
are analogous to these residues in function and in position
relative to the bound ubiquinone in Q,. Preliminary data on
mutants with 14 substitutions at F144 support the role of an
aromatic residue in Q and QH, binding (Ding, Robertson,
Tokito, Daldal, and Dutton, unpublished results). Another
hydrophobic residue such as 1162, which alters to yield
spontaneous inhibitor resistance in S. cerevisige (di Rago et
al., 1989), located between the residues 140 and 163, could
serve a similar function to V333 and might easily be substi-
tuted in the site model.

Like Q4 and Qy, the hypothetical Q, site incorporates
nonpolar aliphatics (G152 and G158) and a nonionic, polar
residue (T163). Also, like Qa, which has methionines
(MetM218, MetM256) which appear to guide the ubiquinone
tail, Q, has a methionine (M 140) which alters to give inhibitor

resistance and, in the model, is suggested to serve the same
purpose. Note that T163 in the Q, model maps in the stig-
matellin binding region but does not provide critical hydrogen
bonding to ubiquinone carbonyl or phenoxy groups on Q or

2

(4) Helical Topology of the Cyt b Polypeptide. The six
residues of the site are found on three helical segments dis-
placed within the primary structure of cyt 5. To form a single
region, therefore, helix II (containing L106 and the heme
ligands H97 and H111), helix III (containing two inhibitor-
binding residues, M140 and F144), the amphipathic helix
between III and IV (with two inhibitor-binding residues, G152
and T163, and G158) and helix VI (with V333) have been
brought into close proximity. The suppositions used to move
these segments of structure close to each other are based in
part upon the modeling of Brasseur (1988), who used a pre-
dictive method to determine the topological interrelationships
between membrane buried a-helices of cyt b based upon the
calculation of hydrophobic moments. In his arrangement,
helices II and IV (providing ligands for the cyt 5 hemes) and
helix III are arranged close to each other; helix VI is in close
proximity to IIT and IV.

(5) Topology of Residues on Helix I1I and the Amphipathic
Segment Linking III and IV. Daldal et al. (1989) have
postulated that three of the residues conferring resistance or
causing dysfunction are on the hydrophobic side of the am-



11258 Biochemistry, Vol. 29, No. 51, 1990

Robertson et al.

w-HN_/
vaa@i b
Ho = 0
H

A B
.-Fe .Fe
/ SN Iie 229 SN
O_( HN N k o HN\) His LISO
—0 o His M219 o o
MTZthZ HO)_‘ 3 7
Val M226 LeulLI93
~
OH
% Ser L223
Phe 216
Trp M252 Tyr L222
C
m
Lo
M40
7
Flas ):‘
o Ho (LN.._-Fe

FIGURE 7: Structural model of the Q, site. The model as presented has the a-helices organized to give an open view of the site. However,
the model makes no predictions for these beyond providing the suggested spacial positioning to define the ubiquinone binding domain. Panel
A: Three-dimensional model of Q4 of R. sphaeroides, showing residues surrounding the bound Q. This model is constructed from data in
Michel et al. (1986a) and Komiya et al. (1988). Panel B: Three-dimensional model of the Qy site showing residues near Q or residues altered
to give herbicide resistance in R. sphaeroides (Paddock et al., 1986) and Rps. viridis (Sinning et al., 1989). Panel C: Hypothetical model
of the Q, site based upon analogies to Q4 and Qg and upon the additional evidence outlined in the text. Panel D: Map of inhibitor binding
regions within the Q, site based upon the residues altered to give resistance to myxothiazol and/or stigmatellin. The dashed border encompasses
the side chains critical for ubiquinone binding, the hatching surrounding T163, V333, F144, and M140 delineates the stigmatellin binding
side chains, and the hatching around G158, G152, F144, M 140, and L106 defines the myxothiazol or mucidin region.

phipathic, extramembranous segment of a-helix between
helices 111 and IV. They have postulated that this portion of
sequence is separated from helix III at a highly conserved
proline near the membrane surface (P150; see their Figure 7).
Helix I11, moreover, contains two additional residues whose
alterations result in resistance. A helical wheel analysis of helix
IIT and the amphipathic segment shows that the residues which
alter to give resistance may be brought into close proximity
near the aqueous boundary of the cyt b polypeptide, but dis-
posed toward the site interior.

(6) Hydrogen Bonding to Histidines Ligating Fe in the Qg
and Q4 Sites. We have speculated on the major hydrogen-
bonding contacts to the carbonyls of the ubiquinone in Q,, one
involving either H97 or H198, proposed to be axial ligands
to cyt by, and the other indirectly bonded to the 2Fe2S cofactor
via a proposed histidine ligand of Rieske-type 2Fe2S centers
(Cline et al., 1985; Powers et al., 1989; Gurbiel et al., 1989).
This idea has also been proposed by Rich (1989). These
suggestions are based on the following: (a) analogy to Q, and
Qj, where both sites have been suggested to interact with their
ubiquinone occupants through hydrogen bonds provided by
histidines ligated to Fe; (b) the large number of reported E,,
shifts (of the 2Fe2S) and spectral alterations (of the 2Fe2S
and cyt b ) induced by ubiquinone or inhibitor occupancy of
Q, (von Jagow & Link, 1986); (c) the nature of the catalytic
event, a concerted action between 2Fe2S, cyt by, and QH,/Q
(Meinhardt & Crofts, 1983) which may be expected to be
promoted by a strong overlap of wave functions; and (d) the
effect of the 2Fe2S redox state on the affinity of the site for
UHNQ and the reciprocal effect of the redox state of the
UHNQ on the 2Fe2S spectrum and midpoint (Matsuura et
al., 1983b). The indirect contact between the bound ubi-

quinone and an invariant histidine near to, but not ligating,
the 2Fe2S center may be a reasonable alternative as postulated
by Gatti et al. (1989).

(7) Hydrogen Bonding from Protein Residues to Ubi-
quinone Carbonyl Oxygen Lone Pairs. 1t is also suggested that
the carbonyl(s) of Q and the phenoxyls of QH, interact with
the site through similar linkages. Hence, in Figure 7D the
phenoxyl and carbonyl oxygen lone pairs interact with hy-
drogen bond donors in a similar fashion with similar strength
(Keske et al., 1990), thereby leading to similar binding af-
finities of Q and QH, for the site. Hence, any interactions
occurring due to the phenoxyl hydrogen, if present in the site
when comparing Q and QH,, are predicted to sum to zero.
A similar situation has been proposed to exist in the Qy site
where Q and QH, binding affinities are roughly similar
(Rutherford & Evans, 1980; Wraight & Shopes, 1989).
Obviously, and again as found in the Qj site, the fate of the
hydrogens/protons is crucial to the catalytic cycle of events.
Rich (1987) has suggested that the preferred ubiquinol species
bound to the Q, site is the QH™ anion, and Robertson et al.
(1983) have suggested that a proton exchange is associated
with ubiquinone binding to the Q, site. At this time, little more
can be said concerning protonation/deprotonation and the
reactions at the Q, and Q; sites.

It is important to stress that Figure 7 is a working model
based upon functional data and indirect structural observations
and is designed to provide a foundation for future experiments
aimed at a precise description of the mechanism of Q,. There
are data that may contradict some details of this simple
schematic representation, however. For example, analyses of
evolutionary conservation within the sequence of cyt b (Howell,
1989) have shown regions of conservation other than those
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utilized to construct the model. The extramembranous loop
between helices V and VI, for example, containing the highly
conserved PEW triplet has been postulated to be required for
the Q, site (Hauska et al., 1988). Also, Brandt et al. (1988)
have presented binding and kinetic data for certain low-affinity
methoxyacrylate inhibitors which imply that they bind near
to but not coincident with the Q, site. Though the model
incorporates the idea that inhibitor and substrate side-chain
determinants are not identical (Figure 7D), it remains to be
seen whether partial overlap (as opposed to no overlap) of
binding regions can explain the noncompetitive behavior.
Experiments combining site-directed mutagenesis and various
functional approaches are currently in progress which may
support, amend, or invalidate the model.

ADDED IN PROOF

Recent work in this laboratory (H. Ding, D. E. Robertson,
F. Daldal, and P. L. Dutton, unpublished results) has at-
tempted to provide conclusive proof that the very broad EPR
signal of the most severely affected mutants (e.g., F144L and
G138D) is due to a Q, site unoccupied by Q or QH,, the result
of a much-weakened Q, site binding affinity. Experiments
employing extraction and reconstitution of Q. from wild-type
R. capsulatus have demonstrated the following: (a) that the
complete removal of ubiquinone from Q. and the Q, site
reversibly produces a much-broadened spectrum of the 2Fe2S
cluster, characterized by a diminished g, = 1.90 signal and
a shallow g, feature at g = 1.76; (b) that this extracted
spectrum is distinctly unlike those seen when the Q, is in
the Q or QH, form, which show prominent transitions at g
= 1.80 and 1.78, respectively, but is very similar to the dys-
functional mutants; (¢) that Q and QH, bind to the Q, site
relatively tightly and nearly equally (half-occupied at 1.5-2
Q or QH,/cyt bc; complex); and (d) that the Q, site of mu-
tants such as F144L or G158D must suffer a greater than
40-fold weakening in the affinity of Q and QH,. Hence, our
new results substantiate our previously held, but only indirectly
supported, view that the R. capsulatus mutants severely af-
fected in their ability to oxidize QH, possess Q, sites with
lowered affinity for Q and QHj in the Qpq.

The above results allow observations made earlier by two
groups working on the structure of the 2Fe2S center to be
interpreted within the framework of the Q, site model (Figure
7) as it applies to the occupied vs unoccupied site: (a) Romish
et al. (1987) have reported the g values for the EPR spectrum
of the isolated FeS subunit from Neurospora crassa to be g,
=2.03, g, = 1.90, and g, = 1.75. The high-field shifted g,
value is similar to that observed with Q-extracted wild-type
or severely affected mutant cyt bc, (Figure 4). The soluble
subunit spectrum would be expected to mirror the situation
wherein the Q, site is unoccupied if ubiquinone does not bind
to the 2Fe2S subunit when isolated. (b) Gatti et al. (1989)
in their Figure 4 present EPR spectra for the 2Fe2S of a cyt
be, complex from S. cerevisiae in which a residue of the 2Fe2S
subunit is mutated, and which is severely functionally impaired.
The spectrum in this mutant (N705) is broadened beyond that
seen in wild type when the Qp is oxidized or reduced (i.e.,
Q or QH,; occupying the Q, site) and is unaffected by the redox
state of the Q. Our interpretation of these spectra, in the
light of the above-mentioned extraction studies, is that this
mutation, engineered in the 2Fe2S subunit of cyt bc; complex,
has produced a Q, site that, like our cyt b polypeptide mutants
(e.g., F144L, G158D), has a very much lowered affinity for
Q and QH,. Thus, although none of our inhibitor-resistant
mutants resulted in 2Fe2S subunit residue substitutions, it is
clear that these data indicate that there are residues in the
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2Fe2S subunit which can affect the binding of ubiquinone at
the Q, site. Hence, further developments on the Q, site
structural model shown in Figure 7 can be expected to include
more involvement of the 2Fe2S subunit residues.

Registry No. Ubiquinol—cytochrome ¢, oxidoreductase, 9027-03-6;
stigmatellin, 91682-96-1; myxothiazol, 76706-55-3; mucidin,
52110-55-1.
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