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SUMMARY

1. The functions of ubiquinone in the respiratory chain were studied with mem-
brane fractions from aerobically grown Rhodopseudomonas palustris.

2. Ubiquinone-10 was found to be the only quinone present (5.70 nmoles/mg
protein).

3. The extent of reduction of ubiquinone was independent of the respiratory
rates of the substrates. 809, of the total amount of ubiquinone was equally accessible
to the redox equivalents provided by NADH and succinate.

4. Extraction of the membranes with n-pentane, or irradiation with ultraviolet
light, greatly lowered the activities of both the NADH and succinate oxidase systems.
On reincorporation of ubiquinone into the ubiquinone-depleted membranes, both
the NADH and succinate oxidase systems were restored. The restoration of the
succinate oxidase system was found to be independent of the length of the isoprenoid
side chain of ubiquinone, whereas only the higher homologues of ubiquinone were
active in the NADH oxidase system. Phospholipid was essential for the effect of
ubiquinone homologues in restoring the NADH oxidase system, whereas no effect
was found for restoration of the succinate oxidase system.

5. The ubiquinone-depleted membranes exhibited no, or very small, cytochrome
reduction with NADH or succinate. The cytochromes of normal, lyophilized, and
ubiquinone-incorporated membranes were all equally reduced by succinate, NADH
and dithionite,.

6. Neither extraction nor irradiation of endogenous ubiquinone had any effect
on the NADH dehydrogenase of the membranes as measured with 2,6-dichloro-
phenolindophenol as the electron acceptor, whereas the succinate dehydrogenase
activity measured with phenazine methosulphate-2,6-dichlorophenolindophenol as
the electron acceptor was diminished. However, this latter activity was fully restored
when ubiquinone was reincorporated into the membranes.

7. It is concluded that ubiquinone not only serves as a redox carrier between
the dehydrogenases of NADH and succinate, respectively, and the cytochromes, but
may also exert an effect on the succinate dehydrogenase. It was further concluded

Abbreviations: DCIP, 2,6-dichlorophenolindophenol; PMS, phenazine methosulphate;
Q, ubiquinone; MK, menaquinone.
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that the sites for ubiquinone are structurally different in the two oxidase systems.
The site for ubiquinone in the NADH oxidase system has, in contrast to the site in
the succinate oxidase system, a specific requirement for the high hydrophobicity of
an isoprenoid side chain and for phospholipid. However, these two sites interact
with each other and exchange electrons.

INTRODUCTION

The function of ubiquinone (Q) in the electron transport chain of mitochondria
has been intensively studied, and numerous, though partially contradictory, views as
to their role have been proposed. For example, it has been suggested that Q is not
involved directly in the pathway of electron transfer but merely constitutes a side
branch of the respiratory chain''? and serves as an inter-chain mediator which links
together the individual chains of the electron carriers®; or that Q functions on the
main electron transport pathway between cytochromes b and c¢; (ref. 4) or between
the flavoproteins and the cytochromes®™’. Strong evidence for the latter viewpoint
has been provided by Ernster et al.® using the method of extraction and reincorpo-
ration of Q.

Furthermore, Lenaz ef al.® established that there are two structurally different
sites for Q in the mitochondrial electron transport chain having different receptivities
for the isoprenoid side chains of Q.

Bacterial membranes, unlike mitochondria, may contain Q or menaquinones
(MK) or both. Most of the aerobic Gram-positive bacteria contain only MK, whereas
the aerobic Gram-negative bacteria generally contain only Q!°. A few microorga-
nisms, including enteric bacteria!® and photosynthetic bacteria'’ contain both Q
and MK.

It is widely accepted that the quinone is localized in the membrane fraction
and is involved in the electron transport systems of bacteria'?.

The most common quinone in the photosynthetic, non-sulphur purple bacteria
(Athiorhodaceae) is Q. There is strong evidence that Q is a part of the photosynthetic
reaction centre complex'*>~'® and interacts as an electron acceptor with reaction
centre bacteriochlorophyll'#:17-18 There is some evidence that Q does not function
as a primary electron acceptor in the photosynthetic system'*:'®2°, The function
and the localization of Q in the oxidative electron transport system of aerobically
grown Athiorhodaceae and the interaction of Q between the oxidative and photo-
synthetic electron transport systems is far from clear, although in Rhodospirillum
rubrum a coupling between the oxidative and photochemical systems through Q has
been suggested'?. The possibility that the Q of the two systems are separate in nature
is indicated by the fact that the difference spectrum obtained for the reduction of
endogenous Q by light differs from that obtained by chemical reduction with suc-
cinate?'.

The present communication describes the function of Q in the oxidative electron
transport system of Rhodopseudomonas palustris. In addition, the localization of
the Q in relation to the NADH and succinate oxidase systems was studied.
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MATERIALS AND METHODS

Growth of organism

Rhodopseudomonas palustris, strain 11/1, was cultivated aerobically in the dark
in the culture medium RH?? with 0.25%, sodium acetate as the carbon source. Growth
proceeded at 30 °C under vigorous stirring and aeration in a fermentor (Microferm
MF 14, New Brunswick) at oxygen pressures between 140 and 150 mm Hg.

The cells were harvested in the late exponential phase. They were washed twice
in 0.05 M potassium phosphate buffer (pH 7.5) and stored at —85 °C. Under these
conditions, enzyme activities in the electron-transfer system remained stable for
30 days.

Preparation of the membrane fraction

All of the following procedures were performed at 4 °C. The frozen cells were
thawed and resuspended in 0.05 M phosphate buffer containing 0.01 M MgCl,, and
were thendisrupted by twopassages through the French pressure cell at 19000 1b/inch?.
Whole cells and debris were removed from the crude extract by centrifugation at
17300 x g for 20 min. The supernatant was centrifuged at 144000 x g for 90 min.
The sediment was washed once and used in the experiments as the membrane fraction.

Extraction, detection, and identification of quinones

Three different procedures were used for extraction of quinones from the
membranes.

(1) Direct extraction of membranes with acetone-methanol as described by
Okayama et al.?3.

(2) Direct extraction of lyophilized membranes with n-pentane by the procedure
of Szarkowska?*.

(3) Saponification of membranes with methanolic alkali in the presence of
pyrogallol as described by Bishop et al.!°, with the following modification: The light
petroleum (b.p. 40-60 °C) phase was shaken three times with an equal volume of
959, methanol and dried over anhydrous Na,SO,. The solvent was removed by
evaporation at 4 °C in a stream of N,.

The extracts were dissolved in small volumes of isooctane, apptied to silica gel
thin-layer plates. Thin-layer chromatography was run by a mixture of chioroform
and benzene (1:1, v/v). Q fractions were visualized under ultraviolet light as fluores-
cent brown spots (MK: fluorescent greenish spot) or under ultraviolet light after
spraying with Rhodamine B (0.25% (w/v) in ethanol) as fluorescent violet spots?>,
The Q spots were quickly scraped off into acetone, and the silica gel was removed
by centrifugation. The acetone was evaporated under N, and the residues were re-
suspended in ethanol. These solutions were used to obtain oxidized and reduced
spectra with a Cary Model 14R recording spectrophotometer. The quinones were
reduced by adding NaBH,.

Further identification of the length of the isoprenoid side chain of the isolated
Q was achieved by means of reversed-phase thin-layer chromatography with authentic
Q as references on paraffin-treated silica gel G plates with acetone—-water (19:1, v/v)
as the mobile phase?®.
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Determination of redox state of Q

The degree of reduction of Q in the steady state was measured after determi-
nation of total Q and oxidized Q by the rapid solvent extraction technique as de-
scribed by Crane and Barr?”.

Preparations of Q-depleted and Q-incorporated membranes

The membranes, suspended in 0.05 M phosphate buffer (pH 7.5) at a concen-
tration of about 7 mg protein/ml, were quickly frozen at —85 °C and were lyophilized
for 30 h at —35 °C. The lyophilized membranes were kept over P,O5 in vacuum.

Q was extracted from lyophilized membranes in essentially the same manner
as described for mitochondria by Szarkowska®*. Lyophilized membranes (approx.
20 mg protein) were suspended in 10 ml n-pentane by gentle homogenization for
5 min in an ice bath, and the suspension was shaken for 10 min at 4 °C. The pentane
extract was removed by centrifugation. The extraction was repeated 4-6 times until
ultraviolet-absorbing material (320-220 nm) was no longer detectable in the extract
The Q-depleted membranes were dried under N, at 0 °C.

The preparation of Q-incorporated membranes was carried out according to
the method of Ernster er al.® described for submitochondrial particles. The Q-depleted
membranes were gently homogenized for 10 min in a small volume of n-pentane
containing either Q (100 nmoles/mg membrane protein) or Q with phospholipid
(mg/mg protein). [Phospholipid (soybean lecithin) was first dissolved in pentane, and
the insoluble materials were removed by centrifugation. ] The suspension was shaken
in ice for 20 min. The Q-reincorporated membranes were collected by centrifugation
and were dried under N, at 0 °C. The same method was employed to incorporate
pentane extracts into Q-depleted membranes.

The reincorporated membranes contain approx. 6 nmoles Q/mg protein, which
is about the same concentration as in the untreated membranes.

Preparation of phospholipid micelles
Phospholipid (soybean lecithin) micelles were prepared as described by
Fleischer and Fleischer?®.

Measurement of difference spectra

The reduced-minus-oxidized difference spectra of the membrane cytochromes
were obtained with a Cary Model 14R recording spectrophotometer supplied with
0 to 0.1 absorbance slide wire, using 1-cm light path cuvettes, at room temperature.

Enzyme assays

Both NADH and succinate oxidase activities were measured polarographically
at 25 °C using a Beckman oxygen macroelectrode (Beckman Instruments, Inc., Palo
Alto, Calif.) connected to a Varian model linear recorder. The reaction mixtures
contained 0.05 M potassium phosphate (pH 7.5), appropriate quantities of the mem-
branes, and either 10 mM succinate or 1 mM NADH in a final volume of 3.4 ml.
The initial dissolved oxygen concentration in equilibrium with atmospheric oxygen
was assumed to be 240 uM.

The following enzyme activities were measured spectrophotometrically (d=
1 cm; r=25 °C) with an Eppendorf photometer connected to a linear recorder in
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a final volume of 1 ml. Specific activities were calculated by using millimolar ex-
tinction coefficients of 20.6 mM ™! -cm ™! for DCIP at 578 nm, and of 2l mM ~'-cm ™!
for cytochrome ¢ at 546 nm.

NADH:cytochrome ¢ reductase (EC 1.6.99.3) and succinate: cytochrome c¢ re-
ductase (EC 1.3.99.1) were assayed by measuring the increase in absorbance at 546 nm
resulting from the reduction of horse heart cytochrome ¢. The reaction mixtures
contained the following: 40 mM phosphate buffer (pH 7.5), 2 mM KCN, 1 mg cyto-
chrome ¢, and 0.2 mM NADH or 6 mM sodium succinate as substrate.

NADH dehydrogenase (EC 1.6.99.3) and succinate:2,6-dichlorophenolindo-
phenol (DCIP) reductase (EC 1.3.99.1) were assayed by following the rate of re-
duction of DCIP at 578 nm. The reaction mixtures contained 40 mM phosphate
buffer (pH 7.5), 2 mM KCN, 0.06 mM DCIP, and 0.15 mM NADH or 6 mM sodium
succinate.

Succinate dehydrogenase (EC 1.3.99.1) activity was measured by the phenazine
methosulphate (PMS)-mediated reduction of DCIP assay of Arrigoni and Singer®®,
except that a fixed PMS concentration was used. The assay mixture contained 40 mM
phosphate buffer (pH 7.5), 2 mM KCN, 0.06 mM DCIP, 0.4 mM PMS, and 6 mM
sodium succinate.

Cytochrome ¢ oxidase (EC 1.9.3.1) activity was measured by following the de-
crease in absorbance at 550 nm in the Cary spectrophotometer using the chemically
reduced cytochrome c¢ at room temperature3®. The reaction mixture contained
100 mM phosphate buffer (pH 7.5), 2 mg ferrocytochrome ¢, membranes, and water
to 3 ml. The millimolar extinction coefficient for horse heart ferrocytochrome ¢ is
19 mM~!-cm™! at 550 nm. Ferrocytochrome ¢ was prepared by reducing cyto-
chrome ¢ with a small amount of ascorbate, and the reduced cytochrome ¢ was freed
from reductant and oxidized ascorbate products either by dialysis or by Sephadex
G-25 chromatography.

Protein was determined by the method of Lowry et al.*! with crystalline bovine
serum albumin as the standard.

Chemicals

Cytochrome ¢ (horse heart), phenazine methosulphate, and Q-10 were purchased
from Sigma Chemical Co., St. Louis, Mo., U.S.A. Antimycin A was obtained from
Serva Entwicklungslabor, Heidelberg, Germany; NADH from C. F. Boehringer and
S6hne, Mannheim, Germany, and rotenone from British Drug Houses Ltd, Poole,
England. All other chemicals were of the finest or spectroscopically pure grade.

RESULTS

Nature of the quinone in R. palustris

It has been reported that only Q-10 is present in R. palustris grown under both
aerobic oxidative and anaerobic photosynthetical conditions®*?. However, another
report!® showed that a vitamine K-like substance is also present in this organism in
addition to Q. Our investigations with the membranes of aerobically grown R. palus-
tris strain 11/1 was consistent with the first finding that Q-10 is the only quinone
present (Fig. 1). The amount of Q-10 present in the membrane fraction was about
5.70 nmoles/mg protein.
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Fig. 1. Reversed-phase thin-layer chromatography of Q homologues and the Q isolated from
the membranes of R. palustris by three different extraction procedures involving (A) extraction
after hydrolysis with alkali (saponification), (B) direct extraction with acetone-methanol, and
(C) direct extraction with pentane. The plate was developed with the solvent system acetone - water
(19:1, v/v), which was saturated with liquid paraffin at room temperature. The Q fractions were
detected under ultraviolet light after spraying with Rhodamine B (0.25% (w/v) in ethanol) as
fluorescent violet spots.

Redox reactions of Q

The degrees of reduction of Q under a variety of conditions, as determined
after chemical extraction, are given in Table 1. If no substrate was added and the
membrane vigorously aerated, the extracted Q was predominantly in the oxidized
form. Aerobic incubations of membranes with either NADH or succinate resulted
in reduction of the endogenous Q to steady-state concentrations of 36 and 329, of

TABLE I

STEADY-STATE OXIDATION-REDUCTION LEVELS OF Q IN THE MEMBRANE
FRACTION OF R. PALUSTRIS

Membrane fractions (1 ml, about 10 mg of protein) in 0.05 M Tris buffer, pH 7.5, were incubated
under constant and vigorous shaking at 25 °C with substrate. The reduction state of Q was
measured as described under Materials and Methods. KCN (5 mM) was preincubated with the
membrane suspension for 8 min before adding succinate (40 mM) or NADH (10 mM). The
figures are the averages of several experiments.

Substrate Respiratory activity  Cyanide % reduction
(nmoles Og- min—1- of total Q
mg protein—")

— - 16
+ 47
Succinate 47 — 32
+ 80
NADH 131 - 36
+ 80
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the total Q, respectively. The inhibition of the electron flow at the level of the cyto-
chrome oxidase by KCN caused an increase in the percentage of reduced Q. The
extent of reduction of Q appeared to be independent of the respiratory activities
with different substrates, since 80%, of the total Q present in the membrane was
reduced enzymatically in the presence of KCN with either succinate or NADH.
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Fig. 2. (A) Effect of time of irradiation on Q-10 purified from the membranes of R. palustris.
Q, purified as described in the Materials and Methods section, was dissolved in 959 ethanol
and was irradiated with ultraviolet light at 350 nm for the periods indicated with a Camag Uni-
versal ultraviolet lamp TL-900 (Camag, Muttenz, Switzerland) at 0 °C from a distance of 6 cm.
The absorption spectra were recorded in the Cary 14R spectrophotometer. y —— —,
and ------ indicate spectra of unirradiated Q, Q after 60 min, after 120 min and after 180 min
of irradiation, respectively. (B) Absorbance spectra of Q-10 extracted from untreated and ir-
radiated membranes. Membrane suspensions in 0.05 M phosphate buffer (pH 7.5), containing
about 15 mg of protein per ml, were irradiated with ultraviolet light for different periods of
time as described in A. Q was then extracted as described in Materials and Methods, ————,
— — — and — — indicate the spectra of Q extracted from untreated, 60 min and 120 min ir-
radiated membranes, respectively. (C) Effect of increasing exposure to ultraviolet light on NADH,
succinate and cytochrome ¢ oxidase activities of membrane fractions. Membrane suspensions in
0.05 M phosphate buffer (pH 7.5), containing about 2 mg of protein per ml, were irradiated
with ultraviolet light for different periods of time as described in A. The assays of the enzymatic
activities were performed as described in Materials and Methods. @—@, NADH oxidase; ©—O0,
succinate oxidase; A—A, cytochrome ¢ oxidase.
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Effect of ultraviolet irradiation on Q and on oxidase systems in the membrane

Exposure of the Q purified from the membranes of R. palustris to ultraviolet
light appeared to cause a structural modification of the Q (as shown by the alteration
in spectral properties, Fig. 2A). Similar results were also observed after irradiation
of the membrane fractions (Fig. 2B). Besides the spectral alteration in the Q, ir-
radiation of the membranes resulted in a concomitant inhibition of the NADH and
succinate oxidase systems, as shown in Fig. 2C and Table 1I. The NADH oxidase
system was more labile to irradiation than the pathway linked to succinate. It is
interesting to note that in contrast to NADH dehydrogenase, which was not affected
by ultraviolet light, succinate dehydrogenase activity was significantly inhibited
(Table II), although phenazine methosulphate is known to be the primary acceptor
of electrons from succinate dehydrogenase, and to pass these electrons directly to
DCIP?°. The cytochrome ¢ oxidase, in which electrons are directly transferred to
the cytochrome region of the electron transport chain, was also affected by ultraviolet
light (Fig. 2C and Table II).

In order to examine whether the modification of endogenous Q was the cause
of the inhibition of the NADH and succinate oxidase systems, the irradiated mem-
branes were lyophilized and extracted with pentane, followed by reincorporation of
authentic Q-10 into the depleted membranes (see Materials and Methods). Table 11
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Fig. 3. (A) Difference spectra of the successive pentane extracts from the lyophilized membranes
of R. palustris. Each extract was reextracted twice with one-fourth volume of 959 methanol,
and was evaporated to dryness under nitrogen. Each residue was dissolved in 95%; ethanol and
the difference spectrum of oxidized minus NaBHas-reduced Q was recorded in the Cary 14R
spectrophotometer. The number at each difference spectrum indicates the order of extractions.
(B) Relationship between the extraction of Q and the succinate oxidase and NADH oxidase
activities. The oxidase activities of the extracted membranes were measured polarographically as
described in Materials and Methods. A—2, Q extracted; @—@, NADH oxidase; 0—0O, suc-
cinate oxidase.
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shows that reincorporation of Q-10 into irradiated—extracted membranes resulted in
a partial restoration of both oxidase systems. The lack of complete restoration is
apparently due to the partial destruction of the terminal oxidase in the case of the
succinate oxidase system, however in the case of the poor restoration of the NADH
oxidase system it must be assumed that additional components have been destroyed
by the ultraviolet treatment. However, the restored NADH and succinate oxidase
systems appeared to be physiological, in as much as antimycin A (50 ug/mg mem-
brane protein) inhibited the restored NADH and succinate oxidase activities by 68
and 40°%,, respectively.

These results indicate that the modification of endogenous Q is one of the
causes of the inhibition of oxidase systems caused by ultraviolet irradiation.

Effect of pentane extraction and restoration of succinate and NADH oxidase activities
by direct addition of Q-10

Fig. 3 shows that successive extraction with pentane efficiently removed Q from
the lyophilized membranes. NADH oxidase was more sensitive to pentane extraction
as well as to irradiation with ultraviolet light (Table H) than the succinate oxidase.

By the direct addition of authentic Q-10 to the pentane-extracted membranes,
only succinate oxidase activity could be largely restored. The NADH oxidase activity
was restored to 109, of the original activity by the simultaneous addition of Q and

TABLE 111

RESTORATION OF NADH OXIDASE AND SUCCINATE OXIDASE ACTIVITIES BY
DIRECT ADDITION OF Q-10 AND OTHER COMPOUNDS TO THE AQUEOUS SUS-
PENSIONS OF THE Q-DEPLETED MEMBRANES

Oxidase activity was measured polarographically using either 1 mM NADH or 10 mM succinate
as a substrate. Final volume, 3.4 ml; temperature, 25 °C. The amounts of lyophilized, and Q-
depleted membranes corresponded to 0.8-1.0 and 1.0-1.3 mg protein, respectively. The additions
were as follows: Q-10, 100 nmoles; phospholipid micelles (P), 2 mg; cytochrome ¢ (cyt. ¢), 1 mg;
Triton X-100, 0.3 mg; Tween-80, 0.3 mg. Q-10 was added as a solution in absolute ethanol
{15 ;1/ml reaction mixture). All figures represent the average of several experiments.

Membrane Additions % activity
preparation

NADH oxidase Succinate oxidase

Lyophilized — 100 100
Q-10 99 96
-Q depleted — 3 14
Ethanol 3 16
Q-10 4 66
Cyt. ¢ 3 14
P 4 12
P, cyt. ¢ 4 13
Q-10, P 10 67
Q-10, P, cyt. ¢ 10 69
Tween-80, ethanol 2 8
Tween-80, Q-10 2 35
Triton X-100, ethanol 1 6
Triton X-100, Q-10 1 12
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phospholipid, whereas the succinate oxidase activity was not influenced by the phos-
pholipid (Table III). In the absence of added Q-10, neither phospholipid nor cyto-
chrome ¢, alone or in combination, had any influence on the rate of oxidation of
either substrate (Table 1II).

In contrast to the findings of Crane and Ehrlich®® in mitochondria, the non-
ionic detergents Tween-80 and Triton X-100 not only did not replace phospholipid
in restoring either of the oxidase activities of pentane-extracted membranes of
R. palustris, but, in fact inhibited the oxidase activities (Table III).

Effects of extraction and reincorporation of Q-10 on the NADH and succinate oxidase
systems

As shown in Table IV, contrary to other reports® **, lyophilization caused no
change in activities of both oxidase systems. The lyophilized preparation was therefore
taken as the control for the effects of extraction and reincorporation of Q.

The reincorporation of authentic Q into pentane-extracted membranes ac-
cording to the method of Ernster et al.® is more effective than the direct addition
procedure, since the Q is reincorporated by a procedure comparable to that of the
depletion, and probably results in an insertion of the Q into the original site of the
membrane'?. This is supported by the finding that only amounts of the Q equal to
the original content are required for restoration (see Materials and Methods and
ref. 8). The activities of the succinate dehydrogenase and succinate: DCIP reductase
were significantly inactivated by extraction of the membranes with pentane, as well
as by irradiation with ultraviolet light; however, the NADH dehydrogenase remained
intact. Reincorporation of Q-10 almost completely restored the succinate-linked en-
zyme systems, whereas the activities of NADH oxidase and NADH:cytochrome ¢
reductase were restored to only 34 and 47%, of the controls, respectively. Cyto-
chrome ¢ oxidase activities were the same in all four types of membranes (Table V).

On the simultaneous reincorporation of Q-10 and phospholipid, the NADH
oxidase activity was restored to 45%, of the control, while the NADH :cytochrome ¢
reductase was restored nearly to 100%, of the original activity. As shown in Table III,
phospholipid had no effect on the succinate-linked enzyme systems (Table IV).

Neither the NADH nor the succinate oxidase systems were fully restored by
reincorporation of the pentane extract into Q-depleted membranes (Table 1V). The
restored activities were lower than the activities measured after reincorporation of
authentic Q-10 alone, and it is remarkable that the addition of Q-10 to the pentane
extract did not, upon reincorporation, increase the activities of either oxidase system
(Table 1V).

Effect of respiratory chain inhibitors on the NADH and succinate oxidase systems

The sensitivity of the NADH and succinate oxidase systems to KCN, rotenone,
and antimycin A was the same in untreated membranes as in pentane-extracted—
reincorporated membranes (Table V); these data indicate that the restored activities
are not due to a bypass of electrons out of the electron transfer chain. However,
the restored NADH:cytochrome ¢ reductase was less sensitive to antimycin A
(Table V). This antimycin insensitivity may be related in some way to the additional
restoration of NADH :cytochrome ¢ reductase compared to NADH oxidase (Tables
IV and VI).



241

UBIQUINONE IN OXIDASE SYSTEMS OF R. PALUSTRIS

19 88-0L

08-69 9L-89

SOt 011-¢£6 vO1-88

SO1 S0I-L6 66-16

011i-001 LI-v1 ey
001 001 00T
001 SOl 001
ISDIONPaL EN4IEN]
ISDPIXO 2140 -04pdYap
DAY LAIDUIING  2IPUIIING

99-09 95-6¥

796§ pS-1¢
001-€8 £6-06
£6-€8 $6-98
0T PI-11

001 001

v6 01

m.ﬁumb:\umk
diDa  asopixo
2Jbi12ong

1a10u1INg

PI1-01

91
86-C6
Ly—0¥

001
¥6

ISDJINPAL
2 34>
‘HAVN

£01-76 L 01-0 +10enx%3 surjuad + payddop O

96-16 0l-L 1oe1IX3 aueiudd + pays[dap O

Y01-06 Syt pidijoydsoyd + pajerodiosur p1-O

£01-S6 P€-6C pareiodrosur of-0

001-06 £-C pasdapd

001 001 pazijiydoA§

101 £01 JBWION

asvuas

-04pAyap aSVPIXO
HAdVN HAVN

nonv1odaid

Apanav %, UDIQUIZIN

‘0P ‘9SBPIXO I SWOIYIOIAD PUB (Hh—G¢

€3SRIONPII 2 DWOIYIO0IAD 19)BUIOINS (/] ]—¢§ ‘ISBUIZOIPAYIP 9)JvUIDIINS [GE~/L7 ‘DSBIONPAI JID( :IIBUIOINS 79—76 “ASBIONPAI 2 SWOIYI0IAd: HI VN
$0S1-011 ‘oseud8oIpAysp HAVN ‘95— ‘Osepix0 2eurddns f¢¢[~¢ol ‘9sepixo HAVN :(%001) 1011U0d se paases uwiosd Sw rdad uw/ssjowu
ur ssueiquidw pazijiydoA] jo sanianoe swAzud oyreds suohesedaid JuaIdHIP INOY 01 22JY3 UO PAWIOIdd SUONBUIWIIAP 1UISSIdal sanfeA [IY
‘SPOYIRIN PUB S[BLIDIBIAL Ul PIQLIdSIP SE pawLiojlad 31dm SIINAIDE JIBWAZUD dY) JO SABSSE 9U) pUB SSUBIQUIAW snoliea 31 Jo uoneredard ayJ,

SINFWIVIIL

SNOMNMVA dALAV SINTWOVId INVIGWIIN 40 SIWHILSAS dSVAIXO FLVNIDONS ANV HAVN 40 SHILIAILDVY AWAZNA

Al 4714V.L



242 M. T. KING, G. DREWS

TABLE V

INFLUENCE OF RESPIRATORY CHAIN INHIBITORS ON THE UNTREATED AND
RESTORED NADH AND SUCCINATE OXIDASE SYSTEMS

The experimental conditions were those described in Materials and Methods section. Absolute
ethanol was used as a solvent for rotenone and antimycin A} its final concentration in the reaction
mixture was 2 %.

Membrane Additions % inhibition
preparation
NADH NADH: Succinate Succinate:
oxidase cyt. ¢ oxidase  cyt. ¢
reductase reductase
Normal KCN, 1 mM 70 90
Rotenone, 10 uM 83
Antimycin A,
50 ug/mg protein 78 70 40 35
Lyophilized, extracted, KCN, 1 mM 70 100
Q and phospholipid Rotenone, 10 uM 80
reincorporated
Antimycin A,
50 ug/mg protein 72 54 35 47

TABLE VI

EFFECT OF Q HOMOLOGUES AND PHOSPHOLIPID ON THE RESTORATION OF
THE NADH OXIDASE SYSTEM IN Q-DEPLETED MEMBRANES

The experimental conditions were described in Table IV and in Materials and Methods. P = phos-
pholipid.

Membrane % activity
preparation
NADH oxidase NADH dehydrogenase NADH :¢yt. ¢ reductase
—-P +P —-P +P —-p +P
Lyophilized 100 100 100 100 100 100
Q depleted 2-3 2-3 90-100 90-100 6-8 6-8
Reincorporated
Q-10 29-34 43-45 95-104 90-104 40-47 92-98
Q-8 20-26 33-40 94-102 85-96 39-44 67-82
Q-6 11-15 24-26 95-100 92-93 24-27 36-41
Q-4 12 5 96-98 89-96 23 20-25

Effects of extraction and reincorporation of Q on redox patterns of cytochromes b and
¢ types

The difference spectra of normal, lyophilized, Q-depleted, and Q-incorporated
membranes at room temperature are shown in Fig. 4. Lyophilization caused no
change in the enzymatically reducible cytochrome contents in comparison with the
normal membranes. The non-enzymatically (dithionite) reducible amounts of cyto-
chromes were the same in all four types of membranes. Q-extracted membranes
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Fig. 4. Difference spectra of reduced-minus-oxidized cytochromes of the membrane fraction of
R. palustris after various treatments. The normal, lyophilized, Q-depleted and Q-reincorporated
membranes were suspended in 0.05 M potassium phosphate buffer, pH 7.5, at final concentration
of 2.42, 1.80, 1.86 and 2.48 mg protein/ml, respectively. All spectra were monitored with the
Cary 14R spectrophotometer at room temperature. ———, —-— and — — — indicate difference
spectra of partially reduced (with 3 mM NADH or 10 mM succinate) and of fully reduced (with
dithionite) minus oxidized cytochrome, respectively.
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showed only slight cytochrome reduction with succinate and no cytochrome reduction
with NADH, whereas Q-reincorporated membranes revealed cytochrome redox
patterns identical to those found for the normal and lyophilized membranes.

Effects of Q homologues and phospholipid on the restoration of the NADH oxidase
system

As shown in Table VI, the various Q homologues were increasingly effective
with increasing length of the isoprenoid side chain in restoring the NADH oxidase
system of Q-depleted membranes. Q-8 showed about two-thirds the activity of Q-10,
while Q-6 and Q-4 showed about one-half the activity of Q-10. With the exception
of Q-4, phospholipid increased the efficiency of the Q homologues in restoring the
NADH oxidase system (Table VI). The increased effectiveness of the longer iso-
prenoid side chains was also reflected in the phospholipid-stimulated activity
(Table V1).

Effects of Q homologues and phospholipid on the restoration of the succinate oxidase
system

In contrast to the results obtained for the NADH oxidase system, all the Q
homologues tested were equally effective in restoring the succinate-linked enzyme
systems of pentane-extracted membranes (Table VII). No effect of phospholipid was
observed in the succinate oxidase system.

DISCUSSION

The data presented show that Q-10 is the only quinone present in membranes
of aerobically grown R. palustris. The approximately 10-fold molar ratio of the Q-10
to the cytochrome b-type (King, M. T. and Drews, G., unpublished) suggests a similar
function for the Q in R. palustris and in mitochondria.

The enzymatic reduction of the endogenous Q by NADH or succinate as well
as the photoinactivation and extraction-reincorporation experiments indicate the
interaction of Q in the electron transport system of R. palustris (Tables I, Il and TV).
80% of the Q is reducible by either NADH or succinate. This suggests that a pool
of Q exists, which is functionally linked to each of the dehydrogenases in the respi-
ratory chain.

Irradiation of the membranes with ultraviolet light (350 nm) or extraction of
the membrane with pentane results in a loss of all the examined enzymatic activities
with the exception of NADH dehydrogenase. After reincorporation of Q, all ex-
amined enzyme systems are restored (Tables II and 1V). In addition, the Q-depleted
membranes exhibit no, or very small, cytochrome reduction with NADH or succinate.
The cytochromes of normal, lyophilized, and Q-incorporated membranes were all
equally reduced by succinate, NADH and dithionite (Fig. 4). These results indicate
that Q is present as a pool between the dehydrogenases and cytochromes and mediates
the electron flow from the dehydrogenases to the cytochromes.

Photoinactivation or extraction of Q leads to a decrease in the activity of suc-
cinate dehydrogenase. The activity is fully restored when Q is reincorporated into
the Q-depleted membranes (Tables IV and VII). These data indicate that Q is needed
for full activity of the succinate dehydrogenase. Therefore, Q not only serves as a
redox catalyst in the respiratory chain of R. palustris, but may also exert an effect
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on the succinate dehydrogenase. A similar function of Q was found in submito-
chondrial particles by Rossi et al.>3, who showed that on removal of Q from these
particles the kinetic properties of succinate dehydrogenase change to those charac-
teristic of the soluble enzyme, and that on reincorporation of Q the original properties
of the particle-bound enzyme reappear.

The observation that the succinate dehydrogenase can be restored by all ex-
amined Q homologues (Table VII) leads to the conclusion that the effect of Q on
succinate dehydrogenase is independent on the length of isoprenoid side chain of Q.

Rossi et al.>> have suggested that extraction of Q causes a modification of the
catalytic properties of the non-haem iron moiety of succinate dehydrogenase, and
consequently of the overall catalytic properties of succinate dehydrogenase. A chelate
formation between the non-haem iron and Q has been proposed by Moore and
Folkers®® for organic chemical reasons and by Blumberg and Peisach3” on the basis
of electron paramagnetic resonance experiments. It is therefore very likely that the
succinate dehydrogenase is fully functional only when its non-haem iron moiety is
chelated with Q molecules.

By direct addition of authentic Q-10 into the aqueous suspension of Q-depleted
membranes of R. palustris, only succinate oxidase activity can be restored. The resto-
ration of NADH oxidase activity by Q shows an absolute requirement for phospho-
lipid, whereas the phospholipid had no effect on the rate of oxidation of succinate
(Table I11). These observations suggest that there are two sites for Q in the respiratory
chain of R. palustris; one which is associated with the succinate oxidase system, and
the other with the NADH oxidase system. This concept is supported by the results
of the extraction and reincorporation experiments (Tables VI and VII). The obser-
vation that all the Q homologues tested were equally effective in restoring the suc-
cinate-linked enzyme systems, suggests that there is no structural specificity with
regards to the isoprenoid side-chain length in the succinate oxidase system. Con-
versely, the results with the NADH oxidase system show that isoprenoid side chain
length is important in the restoration of this system. In addition, phospholipid is
essential for the restoration of the NADH oxidase system, but is not required for
restoration of the succinate oxidase system. These data support the suggestion that
there are two sites for Q in these systems. The site for Q in the NADH oxidase
system has a specific requirement for the high hydrophobicity of the isoprenoid side
chain and for phospholipid. These lipoidal requirements are negligible in the site of
the succinate oxidase system. On the other hand, equal degrees of reduction of Q
are obtained with NADH and succinate, respectively (Table I). This demonstrates
that the pool of Q is functionally linked to each of the dehydrogenases. A possible
explanation for the relationship between these findings is that the two sites of Q
interact with each other and exchange electrons. A similar result was found by
Lenaz et al.’ in yeast and beef heart mitochondria, which were studied by direct
additions of Q homologues and phospholipids to the Q-depleted preparations. Their
findings indicated that there are two sites for Q in yeast and beef heart mitochondria.

One explanation for the incomplete restoration of the NADH oxidase system
(Tables 1V and VI) is that the pentane treatment of the membranes released other
components in addition to Q, and that these components are required for the full
restoration of the NADH oxidase system.

On reincorporation of the pentane extract, as well as of the pentane extract
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plus authentic Q-10, into Q-depleted membranes of R. palustris, both the NADH-
and the succinate-oxidase systems are not fully restored (Table IV). The restored
activities are lower than the activities obtained by reincorporation of authentic Q-10
alone. Q-10 has no stimulatory effect in this case. These observations suggest that
some other component released by the extraction of the lyophilized membranes pos-
sibly blocks the site for Q and so prevents the insertion of Q to its original site in
the electron transport system.

ACKNOWLEDGEMENT

We are indebted to Dr R. E. Hurlbert and Dr J. Oelze for their constructive
criticism of the manuscript. This work was supported by grants of the Deutsche
Forschungsgemeinschaft (Sonderforschungsbereich 46). Ubiquinone homologues
were a generous gift of Dr F. Weber of Hoffmann-La Roche and Co. Ltd, Bile,
Switzerland.

REFERENCES

Redfearn, E. R. and Pumphrey, A. M. (1960) Biochem. J. 76, 64-71
Storey, B. T. and Chance, B. (1967) Arch. Biochem. Biophys. 121, 279-289
Redfearn, E. R. (1966) in Vitamins and Hormones (Harris, R. S., Wool, I. G. and Loraine,
J. A., eds), Vol. 24, pp. 465-488, Academic Press, New York and London
4 Mitchell, P. (1966) Chemiosmotic Coupling in Oxidative and Photosynthetic Phosphorylation,
Glynn Research Ltd, Bodmin, Cornwall
5 Green, D. E. and Brierley, G. P. (1965) in Biochemistry of Quinones (Morton, R. A., ed.),
pp. 405-431, Academic Press, London and New York
6 Kroger, A. and Klingenberg, M. (1967) in Current Topics in Bioenergetics (Sanadi, D. R., ed.),
Vol. 2, pp. 151-193, Academic Press, New York
7 Szarkowska, L. and Klingenberg, M. (1963) Biochem. Z. 338, 674—-697
8 Ernster, L., Lee, [. Y., Norling, B. and Persson, B. (1969) Eur. J. Biochem. 9, 299-310
9 Lenaz, G., Castelli, A., Littarru, G. P., Bertoli, E. and Folkers, K. (1971) Arch. Biochem.
Biophys. 142, 407-416
10 Bishop, D. H. L., Pandya, K. P. and King, H. K. (1962) Biochem. J. 83, 606-614
11 Maroc, J., De Klerk, H. and Kamen, M. D. (1968) Biochim. Biophys. Acta 162, 621-623
12 Kroger, A. and Klingenberg, M. (1970) in Vitamins and Hormones (Harris, R. S., Munson,
P. L. and Diczfalusy, E., eds), Vol. 28, pp. 533-574, Academic Press, New York and London
13 Vernon, L. P. (1968) Bacteriol. Rev. 32, 243-261
14 Frenkel, A. W. (1970) Biol. Rev. 45, 569-616
15 Jolchine, G., Reiss-Husson, F. and Kamen, M. D. (1969) Proc. Natl. Acad. Sci. U.S. 64,
650-653
16 Reed, D. W. (1969) J. Biol. Chem. 244, 4936-4941
17 Clayton, R. K. and Yau, H. F. (1972) Biophys. J. 12, 867-881
18 Slooten, L. (1972) Biochim. Biophys. Acta 275, 208-218
19 Reed, D. W,, Zankel, K. L. and Clayton, R. K. (1969) Proc. Natl. Acad. Sci. U.S. 63, 42-46
20 Noél, H., van der Rest, M. and Gingras, G. (1972) Biochim. Biophys. Acta 275, 219-230
21 Parson, W. W. (1967) Biochim. Biophys. Acta 143, 263-265
22 Drews, G. (1965) Zbl. Bacteriol. 1. Abt., Suppl. Heft 1, 170-178
23 Okayama, S., Yamamoto, N., Nishikawa, K. and Horio, T. (1968) J. Biol. Chem. 243,
2995-2999
24 Szarkowska, L. (1966) Arch. Biochem. Biophys. 113, 519-525
25 Wagner, H., Horhammer, L. and Dengler, B. (1962) J. Chromatogr. 7, 211-215
26 Ramasarma, T. and Jayaraman, J. (1971) in Methods in Enzymology (McCormick, D. B. and
Wright, L. D., eds), Vol. 18, Part ¢, pp. 165-169, Academic Press, New York and London

W o =



248 M. T. KING, G. DREWS

27 Crane, F. L. and Barr, R. (1971) in Methods in Enzymology (McCormick, D. B. and Wright,
L. D., eds), Vol. 18, Part c, pp. 137-165, Academic Press, New York and London

28 Fleischer, S. and Fleischer, B. (1967) in Methods in Enzymology (Estabrook, R. W. and
Pullman, M., E., eds), Vol. 10, pp. 406433, Academic Press, New York and London

29 Arrigoni, O. and Singer, T. P. (1962) Nature 193, 1256-1258

30 Wharton, D. C. and Tzagoloff, A. (1967) in Methods in Enzymology (Estabrook, R. W. and
Pullman, M. E,, eds), Vol. 10, pp. 245-250, Academic Press, New York and London

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

32 Carr, N. G. and Exell, G. (1965) Biochem. J. 96, 688-692

33 Crane, F. L. and Ehrlich, B. (1960) Arch. Biochem. Biophys. 89, 134-138

34 Kroger, A., Daddk, V., Klingenberg, M. and Diemer, F. (1971) Eur. J. Biochem. 21, 322-333

35 Rossi, E., Norling, B., Persson, B. and Ernster, L. (1970) Eur. J. Biochem. 16, 508-513

36 Moore, H. W. and Folkers, K. (1964) J. Am. Chem. Soc. 86, 3393-3394

37 Blumberg, W. E. and Peisach, J. (1965) in Non-Heme Iron Proteins (San Pietro, A., ed.),
pp. 101-108, The Antioch Press, Yellow Springs, Ohio



