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The dependence of the respiratory rate on the redox poise of the quinone pool was investigated in wild type and mutant membranes of Rhodobacter

capsulatus, A linear relationship has been found between these two parameters only when succinate was oxidized by the be, complex. Conversely,

a marked nonlinear relationship was observed between the Q-pool reduction level and the respiratory rate when O, uptake occurred via the alterna-

tive oxidase, In addition, it was found that this latter pathway was not engaged until Q-pool reduction level reached approximately 25%. These
results are discussed within the framework of 4 homogeneous pool regulating both photosynthetic and respiratory fluxes.
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1. INTRODUCTION

Purple non-sulphur bacteria (Rhodospiritlaceae) are
facultative anaerobes which accommodate the
pigments and the redox components necessary for both
photosynthesis and respiration on the same continuous
cytoplasmic membrane [1]. Several observations [2—6]
support the concept that photosynthetic and
respiratory apparatuses share common redox compo-
nent(s) such as, for example, soluble cytochrome ¢. The
situation is, however, complicated by the fact that the
respiratory chain branches at the level of ubi-
quinone/bc; complex into separate pathways leading to
distinct oxidases, a Cyt ¢ oxidase inhibited by 50 xM
KCN and a quinol oxidase inhibited by 3—5 mM KCN
and CO {7,8]. This implies that the quinone pool is a
key redox element in partitioning electrons through the
respiratory branches. In addition, since it has previous-
ly been shown that membrane fragments catalyse a
light-driven oxygen uptake [9], quinone must necessari-
ly connect the photosynthetic and respiratory ap-
paratuses.

Early data on the redox state of the Q-pool in mem-
branes of Rb. capsularus indicated that the level of
quinone reduction induced by respiratory substrates
during steady-state respiration is approx. 40% of the
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total Q present [7]. The level of reduction was shown
to increase to only 50% under conditions in which the
Cyt ¢ oxidase was blocked by CN™ (50 xM), suggesting
that the Q-pool was in redox equilibrium with the alter-
native oxidase-containing pathway. A major difficulty
with such studies, obtained through the use of the ex-
traction technique introduced by Kroger and
Klingenberg [10], is the lack of a fast and continuous
monitoring of the Q redox state. Here, the level of
reduction of the Q-pool has been determined
voltametrically, a technique recently used to investigate
the relationship between the redox state of the Q-pool
and respiratory fluxes in plant mitochondria [11-13].
In the present study, we have simultaneously measured
the steady-state redox level of the Q-pool and oxygen
consumption, in wild type and respiratory mutant
strains of aerobically dark-grown Rb. capsulatus. The
data have been interpreted to show that the partitioning
of electron flow between the bc; containing pathway
and the alternative oxidase branch is determined by the
redox state of the ubiquinol pool.

2. MATERIALS AND METHODS

Semiaerobic growth of Rb. capswl/atus was carried out in the dark
at 30°C in RCV- (MR126 and R126 strains) and MPYE- (MT1131
and MT-GS18 straing) media, as previously described {9,14]. Cells
were harvested at late log growth phase. After harvesting and
washing cells in 30 mM  Mops/5 mM  MgCh, (pH 7.2)
chromatophores were prepared by the French press method [9] and
resuspended at approx. 30 mg protein/ml. Strains used: Rb. cap-
sulatus R126 is a green derivative of strain Y11, a normally
pigmented, non-phototrophic {(Ps™} mutant of Rb. capsulatus [15].
MR126 is a phototrophic (Ps™} derivative of R126, constructed using
a gene-transfer agent (GTA) [16]. Strain MT-GSI8 is a non-
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photosynthetic (Ps™), Cyt ¢; and Cyt ¢; deficient (¢ ,c; ) mutant con-
structed via GTA [14]. Strain MTI1131 is a ‘green derivative’,
phototrophic competent (Ps™) of SB1003 [17].

Protein concentration was determined by the Lowry method [18].

The concentration of cytochrome ¢; was determined from oxidized
minus reduced difference spectra (552.5-540 nm, ¢ =
19 mM~'-cm™!). The concentration of reaction centers (RC) was
measured at 542 nm (¢ = 10.3 mM™'-cm™') as described in [19].

Ubiquinone-10 was extracted from chromatophores according to
[7] and its concentration determined by HPLC analysis (high-
pressure liquid chromatography) [19]. Standards were the kind gift of
Dr J. Baush and Dr H.E. Keller of Hoffmann-La Roche (Basel).

Oxygen consumption was measured polarographically in 1.8 ml of
reaction medium containing S0 mM  Mops buffer/5 mM
MgCla/5 mM KCl, all adjusted to pH 7.2, in a specially constructed
cell (University of Sussex Workshops) housing a Rank oxygen elec-
trode, a glassy carbon, and a platinum electrode.

The redox state of exogenously added Q-2 was measured volta-
metrically using a glassy carbon working electrode and a platinum
electrode (Anachem, London) connected to an AglAgCl; reference
electrode. The working electrode was poised at —360 mV with
respect to the reference electrode as described previously [20]. Mem-
brane fragments (3—5 mg protein) were incubated with 1 xM Q-2 and
5 mM succinate was added to initiate oxygen consumption. The con-
centration of Q-2 used had no effect upon the respiration rates or sen-
sitivity to inhibitors. Fully oxidized Q was taken as the base of the
trace following addition of Q and membranes. Total reducible
quinone (Q,) was estimated as the amount reduced under anaerobic
conditions. Illumination of the reaction chamber was provided with
a 150 W spot-lamp with a round flask filled with water as a heat filter
and focusing device between the lamp and the electrode.

Antimycin and myxothiazol were purchased from Sigma and
Boehringer Mannheim, respectively.

3. RESULTS AND DISCUSSION

Fig. 1A shows the simultaneous measurement of ox-
ygen uptake and steady-state level of reduction of
quinone by Rb. capsulatus MRI126 membrane
fragments whilst oxidising succinate. It is apparent that
the addition of succinate resulted in a rapid (60 s)
reduction of the quinone pool (to 30% of the level
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achieved upon anaerobiosis, Q.} and initiated oxygen
consumption. Conversely, in the absence of an ox-
idisable substrate, there is negligible respiratory activity
and the quinone pool is substantially oxidised.
Notably, the level of reduction of quinone is only
slightly increased by light with no appreciable effect on
the rate of respiration.

Fig.1B—D shows the traces of a series of experiments
in which respiratory electron flow was inhibited by
either CN™, antimycin A (AA) and/or myxothiazol
(Myx). The most significant results can be summarized
as follows: (a) addition of 50 4M CN~ to respiring
membranes induces a further reduction of the quinone
pool (Qr = 70% of Q,) with a parallel 50% inhibition
of the oxygen uptake (Fig. 1B); (b) Myx (5 #M) and
CN7™ (50 £M) show similar effects, i.e., partial inhibi-
tion of respiration with a consistent increase of the
steady-state level of Q; (Fig. 1B and D); and (¢) AA
(5 #M) blocks 50% of oxygen uptake with only a slight
effect on the redox state of the quinone pool (Fig. 1B
and C). Previous data on the reduction kinetics of b-
and c-type cytochromes in membranes of Rb. cap-
sulatus MR126 indicated that Myx is highly effective in
inhibiting reduction of Cyt’s ¢ (¢1 + ¢2) whereas AA had
a significant, but partial, effect on c-type reduction
[21]. In contrast, no appreciable change on the reduc-
tion kinetics of Cyt b-562 was observed upon addition
of either AA or Myx although a complete block of Cyt
b reduction could be induced by addition of both an-
tibiotics [21]. According to the protonmotive ‘Q-cycle’
scheme [22], Myx acts at a redox center, defined as Qo,
in such a way that it blocks quinol oxidation catalyzed
by both Cyt b-566 (plus Cyt b-562) and Rieske iron-
sulphur protein [23-25]. Conversely, AA blocks reduc-
tion of quinone by Cyt 5-562 through binding to a
redox center, defined as Qi, in which 5-562-heme forms

Suc

Tat

Qr

Fig. 1. Simultaneous measurement of O, consumption and steady-state reduction level of Q with membranes from Rb. capsulatus MR126.
Respiration was initiated by the addition of 5 mM succinate (Suc). Membrane concentration was 2.55 mg/ml. Inhibitor additions were as
indicated at a concentration of 50 M and 5 xM for cyanide (CN") and antimycin A (AA) or myxothiazol (Myx), respectively. In A, illumination
was switched ON and OFF, as indicated. Numbers on the respiratory traces are in zequiv. O per h per mg protein. Further details in section 2.
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the catalytic site [26]. On the basis of these considera-
tions results of Fig.1A~D suggest, at least, two partial
conclusions, namely: (i) inhibition of the Cyt ¢ oxidase
branch by CN” strongly limits the oxidation of quinol;
and (ii) inhibition of Q, and/or Q; sites by Myx and/or
AA results in a differential effect on the redox state of
the Q-pool.

In chromatophores from Rhodobacter sphaeroides
Ga and Rb. capsularus MR126 it has previously been
shown that the EPR line shape of the Rieske-center is
affected by the redox state of the Q-pool [27]. Parallel
experiments in membranes from Rb. capsulatus R126
(a non-phototrophic mutant) indicated that the R126
lesion involves quinone function at the Q. site, i.e.
quinone is excluded from the site necessary for Q,
catalysis. In contrast, the Q; site of R126 is fully func-
tional as compared to its wild-type derivative strain
(MR126), and also both primary and secondary
guinone acceptors (Qa and Qy), plus the Q-pool func-
tion are intact [28]. Fig.2A shows that in membranes
from R126, approx. 34% of the total reducible quinone
{Q:) can be reduced by succinate under steady-state
respiration, As expected, this reduction level was not
affected by Myx and/or illumination.

To test the role of both Q. and Q; sites on the control
of the Q redox state, with respect to the oxidation of
reduced Q, a strain lacking bc¢y complex, designated as
MT-GS18 [14], was analyzed. Rb. capsulaius MT-GS18
is a double mutant (c3,c{) unable to grow
phototrophically but which maintains the capacity of
aerobic growth by means of the alternative oxidase
branch. Fig. 2B shows that in MT-GSI18, similarly to
R126, approx. 37% of Q. is reduced by respiration. The
Q reduction level was insensitive to AA and Myx.

Fig. 3 shows a typical titration of the Q reduction
fevel in wild-type membranes (MT1131 strain) as a
function of increasing malonate concentrations {(from
0.05 to 11.6 mM) to provide a progressive inhibition of
succinate oxidase activity. Clearly, as the malonate
concentration was increased, the steady-state level of Q
reduction by succinate showed a progressive oxidation
until a final reduction level of ca 4-5% was reached.
Fig. 4 shows the results of a number of these ex-
periments analysing the relationship between electron
flux via the alternative oxidase and/or the bc, complex
and the reduction level of the Q pool in both MT1131
and MT-GS18 membranes. The data are presented as
the ratio of v/V, (where v is the initial rate of oxygen
uptake in the presence of inhibitor of electron input
and V, is the uninhibited rate) plotted vs the proportion
of Q in the reduced state {Q./Q.). The results obtained
in MT1131 (w.t.) membranes indicate that under
uninhibited conditions (open circles), the relationship
approximates linearity over the full range of Q reduc-
tion level (between 4—5% and 30%). However, the rela-
tionship becomes markedly nonlinear when the Cyt ¢
oxidase dependent branch is inhibited by CN™ (closed
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Fig. 2. Simultaneous measurement of respiration and steady-state

reduction level of Q in membranes from Rb, capsulatus mutant

strains R126 and MT-(GS18. Membrane concentrations were 2.6 and

2.1 mg/ml for R126 and MT-GS18, respectively. Numbers on the

respiratory traces are in gequiv. O, per h per mg protein. Additions
and abbreviations as in Fig. 1.

circles) and/or CN™ plus AA and Myx (closed squares).
In this latter case, the Q./Q; level at which a significant
rate of electron flux can be seen, is shifted from 4-5%
to approx. 25% indicating that in MT1131 membranes
the alternative oxidase will not be engaged unless the
steady-state Q-pool reduction is maintained above this

Suc

!
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Fig. 3. Steady-state reduction level of Q and oxygen uptake as a

function of increasing concentrations of malonate in membranes

from Rb. capsulatus MT1131, Malonate additions were as indicated

up to a final concentration of 11.6 mM. Numbers on the Q-trace are

in mM whereas those on the respiratory trace are in gequiv. O, per

h per mg protein. Membrane protein concentration was 1.4 mg/mb
Qther conditions as in Fig. 1.
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Fig. 4. Dependence of respiratory flux on quinone redox state in

membranes from Rb.  capsulatus MTI1131 and MT-GSIS.

Abbreviations as in Fig. 1. (=) MT1131 in the absence of inhibitors;

(®) MTI1131 in the presence of 50 M CN7; (m) MT1131 in the

presence of 50 4M CN™ plus S uM AA and 5 M Myx; (A) MT-

(S18. Data represent a summation of two separate experiments. See
text for further details.

level. In Fig. 4 the values of v/V, vs Q,/Q, in mem-
branes from MT-GS18, are also reported (open
triangles). In this mutant strain, the alternative oxidase
is not engaged to any significant extent until the level
of the Q pool reaches 12%. Below this level the rate of
electron flow is negligible. These data suggest that in
MT-GSI18, in which the total respiratory electron flow
depends on a quinol oxidase activity, the quinol oxidase
is engaged at a lower Q reduction level, possibly reflec-
ting a higher oxidase activity of the mutant. This point
is currently under investigation (Zannoni and Daldal,
in preparation).

It is noteworthy that the Q, values observed in
MTI1131, R126 and MT-GS18 strains were confirmed
by experiments in which the redox state of the Q-pool
was determined by combining chemical extraction [10]
and HPLC analysis (see section 2) (Table I).

Table 1

Comparison of the Q-pool reduction levels (Q./Qy) during steady-

state succinate oxidation by membranes of Rb. capsulatus, as

determined by either the voltametric technique (Q-electrode) and/or
by extraction/HPLC analysis

Strains Extraction/HPLC Q-electrode
MTI1131 0.32 0.35
MT-GS18 0.30 0.37
R126 0.28 0.34

Note: results are the means of two experiments; see text for further
details.
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4. CONCLUSIONS

This study demonstrates, for the first time, how elec-
tron flow via the alternative pathway, i.e., quinol ox-
idase, of Rb. capsulatus is regulated by the reduction
level of the Q-pool. Unlike the bey complex, through
which electron transport appears to be linearly related
to Q,/Q, (between 4-5% and 30%), net flux through
the Q,-oxidizing step of the alternative pathway is
strongly limited until the Q-pool reduction level reaches
approx. 25%. Obviously this is dependent on the
relative rates of input and output of electrons from the
Q-pool which, in turn, will vary with different
substrates.

It has previously been shown that in photosynthetic
membranes of Rb. sphaeroides clectron flow is
modulated by changes in the pool redox state only
through the quinol oxidase site (Q, site) [19]. The ap-
parent Ky, of QH:; at this site was calculated to be ap-
prox. 3.5Q per RC. Semiaerobically grown Rb.
capsularus MT1131 contains ca 60 quinones per RC
(this work, not shown). Since we have demonstrated
that, under steady-state respiration, the bc, complex is
reduced when the Q reduction level reaches 4—5%
(Fig. 4), this means that the K, of QH: at the Q, site
is approx. 2.4—-3 Q per RC, a value close to that found
in phototrophically grown Rb. sphaeroides. If we
define the quinol-oxidizing step of the alternative ox-
idase as Q. site, it can also be concluded that in
MT1131 membranes (Fig. 4, closed symbols) the Ky, of
QH_: at this site is approx. 15 Q per RC, since the alter-
native oxidase is only engaged when the Q pool has
been approx. 25% reduced.

The kinetic model of homogeneous Q-pool
behaviour as proposed by Ragan and Cottingham [29]
provides a mechanism to explain the observed first-
order kinetics of oxido reduction of Q, via the
cytochrome chain under conditions of apparent
equilibrium saturation. More recently, Reed and Ragan
[30] demonstrated how modification of the
homogeneous pool model, to incorporate the existence
of an unfavorable equilibrium associated with the
quinol oxidase step, may cause marked deviations from
first-order kinetics. A marked non-linearity of the rela-
tionship between alternative pathway activity and
reduction level of the Q-pool has been shown to be pre-
sent in soybean (Glycine max) mitochondria where the
CN™-insensitive pathway is not engaged until Q,/Q,
ratio reaches 35-40% [12]. Here we demonstrate that
a similar non-linearity between these two parameters is
also observed in membranes from Rb. capsulatus under
conditions in which the bci-containing branch is either
absent or inhibited.

In plant mitochondria, the non-linearity of the rela-
tionship between CN-resistant pathway activity and the
reduction level of the Q-pool, has been suggested to
limit the extent of ‘energetically wasteful’ respiration
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[12]. This proposal is not applicable to Rb. capsulatus,
since observations made with the respiratory mutant
R126 indicate that the quinol oxidase pathway is linked
to energy transduction [31]. Furthermore, it has also
been observed that the restriction of respiratory elec-
tron flow by light and the uncoupling of electron flux
from Agu., involves the quinone-reducing step
(NADH dehyd) rather than the quinol-oxidizing
pathways [32,33]. These findings suggest that, under
aerobic conditions in the light, the alternative oxidase
of Rb. capsulatus will be poorly engaged because of a
limited substrate-dependent electron input. Conversely,
a net flux through the Q. site of the alternative
pathway will be observed under conditions of high in-
flux rate, e.g., when the reducing power level is large
enough to induce uncoupling of complex I [33].

Acknowledgements: This work was supported by research grants
from the Science and Engineering Research Council (A.L.M.) and
Consiglio Nazionale delle Ricerche (D.Z.). We are grateful to Dr F,
Daldal for supplying us with the strain MT-GSI18.

REFERENCES

[1] Drews, G. (1978) in: Current Topics in Bioenergetics (Sanadi,
R.D. and Vernon, L.P. eds) vol. 8, pp. 161-207, Academic
Press, New York.

[2] Ramirez, J. and Smith, L. (1969) Biochim. Biophys. Acta 153,
466—479.

[3] McCarthy, J.E.G. and Ferguson, S.J. (1982) Biochem. Bio-
phys. Res. Commun. 107, 1406—1411.

[4] Cotton, N.P.J., Clark, A.J. and Jackson, J.B. (1983) Eur. J.
Biochem. 130, 581-587.

[5] Verméglio, A. and Carrier, J.M. (1984) Biochim. Biophys.
Acta 764, 233-238.

[6] Verméglio, A. and Joliot, P. (1984) Biochim. Biophys. Acta
764, 226—232.

[7] Zannoni, D., Melandri, B.A. and Baccarini-Melandri, A.

(1976) Biochim. Biophys. Acta 423, 413-430.

Venturoli, G., Fenoll, C. and Zannoni, D. (1987) Biochim. Bio-

phys. Acta 892, 172—184.

[9] Zannoni, D., Jasper, P. and Marrs, B.L. (1978) Arch. Bio-
chem. Biophys. 191, 625—-631.

[8

FEBS LETTERS

October 1990

[10] Kroger, A. and Klingenberg, M. (1966) Biochem. Z. 344,
317-336.

{11] Moore, A.L., Dry, I.B. and Wiskich, J.T. (1988) FEBS Lett.
235, 76—80.

[12] Dry, L.B., Moore, A.L., Day, D.A. and Wiskich, J.T. (1989)
Arch. Biochem. Biophys. 273, 148—157.

[13] Moore, A.L., Day, D.A., Dry, I.B. and Wiskich, J.T. (1990}
in: Highlights in Ubiquinone Research (Lenaz, G., Barnabei,
O., Rabbi, A. and Battino, M. eds) pp. 170—174, Taylor and
Francis, London.

[14} Prince, R.C. and Daldal, F. (1987) Biochim. Biophys. Acta
894, 370-378.

[15] Zannoni, D. and Marrs, B.L. (1981) Biochim. Biophys. Acta
637, 96-106.

(16] Yen, H.C. and Marrs, B. (1976) J. Bacteriol. 126, 619—629.

[17] Marrs, B.L. (1981) J. Bacteriol. 146, 1003—1012.

[18] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265-275.

[19] Venturoli, G., Fernandez-Velasco, J.G., Crofts, A.R. and
Melandri, B.A. (1986) Biochim. Biophys. Acta 851, 340-352.

[20] Dobbs, S.T. and Moore, A.L. (1987) in: Plant Mitochondria —
Structural, Functional and Physiological Aspects (Moore, A.L.
and Beechey, R.B. eds) pp. 239-242, Plenum, New York.

[21] Zannoni, D. (1985) FEBS Lett. 183, 340—344,

[22] Mitchell, P. (1975) FEBS Lett. 56, 1—6.

[23] Meinhardt, S.W. and Crofts, A.R. (1982) FEBS Lett. 149,
217-222.

[24] Von Jagow, G., Ljungdahl, P.O., Graf, P. and Ohnishi, T.
(1984) J. Biol. Chem. 259, 6318-6326.

[25] Cramer, W.A. and Crofts, A.R. (1982) in: Energy Conversion
by Plants and Bacteria (Govindjee, ed.) vol. 1, pp. 387-467,
Academic Press, New York.

[26] Brandon, J.R., Brocklehurst, J.R. and Lee, C.P. (1972)
Biochemistry 11, 1150-1154.

[27] Matsuura, K., Bowyer, J.R., Ohnishi, T. and Dutton, P.L.
(1983) J. Biol. Chem. 258, 1571-1579.

[28] Robertson, D.E., Davidson, E., Prince, R.C., Van den Berg,

W.H., Marrs, B.L. and Dutton, P.L. (1986) J. Biol. Chem.

261, 584-591.

Ragan, C.J. and Cottingham, [.R. (1985) Biochim. Biophys.

Acta 811, 13-31.

[30] Reed, J.S. and Ragan, C.l1. (1987) Biochem. J. 247, 657—662.

[31] Zannoni, D. (1982) Biochim. Biophys. Acta 680, 1-7.

[32] Richaud, R., Marrs, B.L. and Verméglio, A. (1986) Biochim.
Biophys. Acta 850, 256—263.

[33}] Zannoni, D., Melandri, B.A. and Baccarini-Melandri, A.
(1978) in: Functions of Alternative Terminal Oxidases (Degn,
H., Lloyd, D. and Hill, G.C. eds) vol. 49, pp. 169-177,
Pergamon, Oxford.

[29

127



