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Protein phosphorylation of the B873 light-harvesting complexes in the phototrophic bacterium, Rhodospirillum rubrum G9, is an
important means to regulate energy transduction. The B873 kinase activity is found in the water-soluble fraction and
phosphorylates not only the - and B-subunits but also a third, new component, £2, which copurifies with the B873 complex. The
B873 kinase is unaffected by the presence of cAMP but is weakly inhibited by ADP and AMP. Mg?* stimulates the kinase
reaction but the transition metal ions Cu?* and Zn?* ellicit the most active phosphorylation. The B873 kinase also
phosphorylates in vitro purified B873 light-harvesting complexes from R. rubrum. The extent of phosphorylation of the B873
complexes in intact chromatophores is dependent on the redox state of the quinone pool as well as of the cytochrome bc,
complex. Fluorescence measurements of the B873 complexes of isolated chromatophores confirmed the functional significance of

the phosphorylation events observed.

Introduction

Many cellular processes such as sensing and signal
transduction are now known to be regulated by protein
phosphorylation [1-5]. In plants and cyanobacteria,
light energy distribution between photosystems is also
controlled by protein phosphorylation [5-7].

Although protein phosphorylation has been demon-
strated in phototrophic bacteria such as Rhodospirillum
rubrum, Rhodobacter sphaeroides, or Rhodomicrobium
vannielii [8-12], its role in the regulation of photo-
synthesis of purple non-sulphur bacteria has been little
studied so far. Loach and co-workers showed that the
photosynthetic units of R. rubrum show cooperative
energy transfer between light-harvesting complexes
when the chromatophores are illuminated in the pres-
ence of Mg2* and ATP [8-13]. These workers were
able to isolate a phosphorylated 10-kDa polypeptide
from illuminated chromatophores, which was assumed
to correspond to the a-subunit of the B873 complex
[8]. A change in the fluorescence kinetics of the B873
complex after illumination of the chromatophores in
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the presence of Mg?* and ATP was also demonstrated
by Holmes and Allen [14]. They suggested that the
13-kDa and 10-kDa polypeptides which were assigned
to the a- and B-polypeptides of the B873 complex
were phosphorylated in the light in the presence of
ATP. The extent of phosphorylation was modulated by
the redox balance of the quinone pool of the chro-
matophore membrane [15]. Furthermore, they sug-
gested that a membrane-bound kinase might be re-
sponsible for the phosphorylation of the B873 complex.
However, the addition of the supernatant fraction ob-
tained by ultracentrifugation of a crude extract from
cells of R. rubrum also enhanced the phosphorylation
of the B873 complex. Unfortunately, the phospho-
rylated polypeptides could not be unambiguously iden-
tified. Furthermore, Holmes and Allen [15] observed
the phosphorylation of an unknown component of low
molecular mass (4 kDa). We have recently identified
the 4 kDa component to be a small, very hydrophobic
polypeptide, omega (£2) which copurifies with the com-
plex [16,17]. Although the precise function of the
polypeptide is not known, we will present evidence that
it plays a role in the regulation of fluoresence energy
transfer among B873 complexes.

Following the work of Holmes and Allen [15], we
will show that not only the a- and B-polypeptides, but
also the Q-polypeptide is phosphorylated by a water-
soluble protein kinase which in turn is regulated by the
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redox state not only of the quinone pool but also by the
redox state of the cytochrome bc, complex.

A preliminary account of this work has been pub-
lished previously [17].

Materials and Methods

Growth of the bacteria

R. rubrum G9 was grown anaerobically in the light
in 100-ml bottles using a modified Sistrom medium
[18]. Cells were harvested in the mid-log phase and
used immediately.

Preparation of chromatophores

Chromatophores were prepared by the method of
Snozzi and Bachofen [19] with the following modifica-
tions. Pelleted fresh cells (2 g) were suspended in 10-ml
extraction buffer (50 mM Tris-HCI pH 7.5 containing 5
mM MgSO,, 1 mM DTT and 10 mM PMSF). After
addition of a grain of DNase the suspension was passed
three times through a French Press and then cen-
trifuged at 30 000 X g for 20 min at 4°C to remove cell
debris. The supernatant was centrifuged at 100 000 X g
for 1 h at 4°C. The supernatant obtained (henceforth
referred to as the ‘supernatant fraction’) was recen-
trifuged to remove contaminating membranes, then
frozen rapidly and stored at — 70°C.

The 100 000 x g pellet (‘the chromatophores’) was
homogenized using a precision Potter homogenizer
(Reichelt, Switzerland) in 20 mM Tris-HCl pH 7.5
containing 5 mM MgSO, and 1 mM DTT, centrifuged
again at 100 000 X g and then resuspended by homoge-
nization in the same buffer. The homogenization step
causes the chromatophores to rupture transiently, thus
allowing their content (including the water-soluble cy-
tochrome ¢,) to be released. The washed chromato-
phores were applied to a sucrose gradient (0.4-2 M) in
the same buffer and centrifuged for 22 h at 26000rpm
in a Beckmann SW28 rotor. The cytochome c, content
of the purified chromatophores was routinely checked
by SDS-PAGE followed by haem staining. Usually only
traces of cytochrome c, were found for all the chro-
matophore preparations reported here. The blue-green
band containing the chromatophores (henceforth re-
ferred to as ‘the chromatophore fraction’) was har-
vested, frozen in liquid nitrogen and stored at —70°C.

Protein determinations of the supernatant and chro-
matophore fractions were performed by the modified
Lowry method of Peterson et al. [20] using bovine
serum albumin as a standard.

Determination of B873 kinase activity

The standard conditions for the determination of
kinase activity were modified to be performed in a 1.5
ml Eppendorf tube: chromatophores and/or the su-
pernatant fraction (30 wg protein of each fraction

respectively) were added to the incubation buffer (50
mM Tris-HCI pH 7.5, 20 mM MgCl,, 2 ng/ml ventu-
ricidin and 100 xM DBMIB) and incubated in the dark
for 15 min at 30°C. The kinase reaction was initiated by
the addition of 10-25 uCi [y-*?PJATP and 0.5 mM
unlabelled ATP to yield a final reaction volume of (.5
ml. The tubes were then illuminated for 30 min at
30°C, then the reaction was terminated by the addition
of 50 ml 72% TCA. The TCA-treated assays were
incubated for 10 min at room temperature and then
centrifuged for 20 min at 3000 X g. The supernatant
was discarded and the pellet washed with 0.5 ml 20
mM Tris-HCl pH 7.5. The washed pellet was then
dissolved in 20 ml SDS-sample buffer (56 mM Tris-HCl
pH 6.8, 10 mM EDTA, 5% glycerol, 2% SDS, 50 mM
DTT), heated for 90 s at 100°C and then applied to a
15% SDS-acrylamide gel prepared according to
Laemmli [21]. After running, the gel was stained with
Coomassie blue and then autoradiographed (Fuji film)
at —70°C for 2-3 days.

Modulated fluorescence measurements of chromatophore
preparations

Modulated fluorescence measurements were per-
formed using a Hansatech modulated fluorescence ap-
paratus [22]. The chromatophore suspension (5 ml) was
pippetted into a temperature-controlled cell and al-
lowed to equilibrate for 5 min, after which the ground
level fluorescence (F,) was recorded. The variable flu-
orescence (F,), due to saturation of the available reac-
tion centres, was recorded after excitation with actinic
light. The fluorescence signal was measured using an
infra-red filter (Kodak Wratten 89b) with a cut-off
below 850 nm.

Results
Optimization of the assay conditions for the B873 kinase

(a) Assignment of the phosphorylated key components
Fig. 1(a,b) shows typical autoradiographs of *’P-
labelled chromatophores after performing the standard
assay. We have indicated 3 regions of the autoradio-
gram profile which have been used to optimize the
standard assay conditions. The 55-kDa band is similar
to that observed by Turner and Mann [12] for
Rhodomicrobium vannielii and is present in the cyto-
plasmic fraction (the supernatant). We identify this
band provisionally as the Rubisco subunit of R. rubrum.
The 13-kDa and 10-kDa bands present in the chro-
matophore fraction correspond to the a- and B-poly-
peptides, respectively, of the B873 complex, by compar-
ison to the isolated complex [23]. As judged from the
autoradiogram the «a- and B-polypeptides often appear
not to be resolved in this gel system. When the inten-
sity of the «/B-region was analysed by digital process-
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Fig. 1. Effect of illumination upon the phosphorylation of purified
chromatophores. Conditions for the phosphorylation reactions: (a)
no DBMIB added; (b) 100 uM DBMIB added. Phosphorylation
reactions were performed in the light (L) or in the dark (D) as
indicated. Samples in the phosphorylation reaction were: lanes 1,4,7,
supernatant fraction alone; lanes 2,5,8, chromatophores plus super-
natant fraction; lanes 3,6,9, chromatophores alone. Lanes 1-6 show
the autoradiograms after SDS-PAGE, and lanes 7-9 show the
Coomassie blue-stained gel corresponding to lanes 4-6 of the auto-
radiogram. The amount of protein applied to the gel was 30 pg for
each fraction. The location of the a- and B-polypeptides of the B873
complex and of the {2-component are indicated. In addition the
positions of the L, M and H subunits of the reaction centre as well as
of cytochrome ¢, are shown. The expected migration of cytochrome
b-560 is indicated. The autoradiogram shown in Fig. 1(a) was overex-
posed in order to develop the somewhat weak signal due to the a-
and 8-, and {2 components of the B873 complex.

ing, the data clearly showed in all cases two overlap-
ping phosphorylated bands which correspond exactly to
the observed positions of a- and B-polypeptides as
determined by Coomassie blue staining of the SDS-gel.
Furthermore, the a- and B-polypeptides were distin-
guished visually from the Coomassie-stained gel in
most separations. The third component indicated, (2, is
a new protein component of the chromatophores which
copurifies with the B873 complex and which we assume
to be associated with it [16,17]. The function of this
component is at present unknown. The separation of
water-soluble from membrane fractions as indicated by
the near-IR absorption spectra and SDS-gel profile
was not always successful, due to incomplete sedimen-
tation of small membrane vesicles, particularly when
large amounts of protein were employed. However,
small scale preparations usually led to a good separa-
tion of chromatophore and water-soluble fractions. For
preparations where a good separation had been
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achieved, the addition of the water-soluble fraction to
the chromatophores was essential to demonstrate
phosphorylation of the light-harvesting complexes. Our
chromatophore preparation is more homogeneous than
that of Holmes and Allen [15] who used only a single
ultracentrifugal step to prepare the chromatophore
fractions, as indicated by the presence of the 55 kDa
band in the latter preparation. Furthermore, it should
be noted that only minute amounts of kinase, which
almost always contaminate the chromatophore frac-
tion, are sufficient to catalyse a significant phospho-
rylation.

(b) Buffer

The pH dependence of B873 phosphorylation
showed an optimum at pH 7.5 in both Tris-HCl and
imidazole-HCI buffer systems, the activity in the latter
being somewhat weaker (data not shown). Phosphate
buffer proved unsuitable, resulting later in protein
aggregates accumulated at the top of the gel.

We have routinely used Mg?* as a cofactor in our
standard assay system. The optimum concentration of
Mg?* was 20 mM, and the optimal concentration of
ATP was 0.5 mM, sufficient to ensure maximal phos-
phorylation of the B873 complexes. Preliminary studies
suggest the apparent K, of the B873 kinase activity to
be less than 100 uM (data not shown). The stability of
the added ATP in the light-dependent phosphorylation
assay was measured with a coupled assay of hexokinase
and glucose-6-phosphate dehydrogenase [24]. No sig-
nificant non-enzymatic breakdown of ATP was ob-
served. Enzymatic breakdown of ATP due to the en-
dogenous ATPase of the chromatophores was blocked
with venturicidin. Substitution of venturicidin by DCCD
or vanadate was not successful.

In most of the work we have included 100 uM
DBMIB as an electron transport inhibitor unless other-
wise stated. Under these conditions the phosphoryla-
tion of a, B, and {2 polypeptides was always repro-
ducibly high although the dependence of phosphoryla-
tion upon illumination was abolished. The addition of
10 mM DTT to the storage buffer for membrane and
soluble fractions had no apparent effect upon B873
phosphorylation.

(c) Dependence of B873 phosphorylation upon illumina-
tion

Fig. 1(a) shows a typical autoradiogram of isolated
chromatophores after phosphorylation, conducted un-
der light or dark conditions and in the presence or
absence of added supernatant. In these experiments
DBMIB was absent. We confirm the observation of
Holmes and Allen [15] that a kinase activity in the
supernatant fraction stimulates the phosphorylation of
the B873 «- and B-polypeptides. However, phospho-
rylation with the supernatant fraction alone also re-
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vealed a soluble phosphorylated component which mi-
grates at the position of the a-polypeptide, thus com-
plicating the interpretation of the effect of super-
natant. This component, which is hardly visible on the
Coomassie-stained gel, was also present on the gels
shown by Holmes and Allen [15].

INuminated chromatophores consistently show a
slightly stronger phosphorylation than those incubated
in the dark. An exact repetition of the experiments of
Allen and Holmes [15], using MgSO, instead of MgCl,
and a single ultracentrifugal step to prepare the chro-
matophores, yielded the same results.

Phosphorylation of whole cells according to Loach
et al. [8] and Holmes and Allen [14] in the light or dark
in the presence of 20 mM Mg?* and 1 mCi of inor-
ganic [**Plphosphate yielded similar results to those
observed for chromatophores phosphorylated in vitro.
More inorganic phosphate was incorporated into the
various cell components including the B873 poly-
peptides, but no other components were found to
become labelled compared to chromatophores.

When various factors affecting B873 phosphoryla-
tion were investigated, large variations in the degree of
phosphorylation in the absence of DBMIB were ob-
served between different preparations. By contrast,
when 100 uM DBMIB was added to the kinase reac-
tion mixture the phosphorylation profiles were highly
reproducible, and thus DBMIB was added routinely to
the standard assay mixture. Fig. 1(b) shows that in the
presence of DBMIB and added supernatant, the pro-
tein pattern of the chromatophores exhibits a strongly
phosphorylated band with a molecular weight of ap-
prox. 30 kDa, corresponding to the position of cy-
tochrome c¢; (Fig. 1b (lanes 2,3,5,6)). The reaction
centre subunits are not phosphorylated although the
H-subunit, running slightly below cytochrome c¢; may
be weakly labelled. Another phosphorylated compo-
nent of the chromatophores with a molecular mass of
approx. 40 kDa is labelled only when the chromato-
phores are illuminated during the reaction. This 40-kDa
component is located exclusively in the chromatophore
fraction and might correspond to the cytochrome b-560
of the cytochrome bc, complex [25].

Finally, comparison of Figs. 1(a) and (b) shows that
whereas the «- and B-polypeptides of the B873 com-
plexes are more strongly phosphorylated than the 2
component in the absence of DBMIB, in its presence
the phosphorylation of (2 is maximal and higher than
« and B.

(d) Metal cofactor dependence of the B873 kinase activ-
ity

Fig. 2 shows a series of metal cofactors used to
activate the B873 kinase activity. Interestingly, the
transition metal ions Cu®* and Zn** were significantly
more active than either Mg2* or Mn?*. Ca?* exhibited

a b
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Fig. 2. Dependence of the B873 kinase activity upon the metal
cofactor. Chromatophores were phosphorylated in the presence of
added supernatant by the standard assay. The following metal cofac-
tors were added to final concentration of: (1) 10 mM CuCl,; (2) 10
mM CaCl,; (3) 10 mM MnCl,; (4) 10 mM MgCl,; (5) 5 mM MnCl,
and 5 mM MgCl,; (6) 10 mM ZnCl,; (7) 10 mM MnCl, followed by
the addition of 10 mM ZnCl, after illumination; (8) conditions as in
(7) but in the presence of 5 U alkaline phosphatase with 10 mM
ZnCl,; (9) control without metal cofactor. Autoradiograms are shown
in (a), a representative Coomassie blue-stained lane is shown in (b).

only a weak activation effect. Combination of either
Mg?* and Mn?* or Mg?* and Zn?* did not increase
the activation above the sum of the two determined
separately. In these experiments sub-optimal concen-
trations (5 mM) of metal ions were employed in order
to maximize differences in activity.

We also attempted to induce a dephosphorylation of
the phosphorylated B873 complex by the addition of
Zn** and calf intestinal alkaline phosphatase (Fig. 2,
lane 8). In the event, no dephosphorylation of either a,
B, or 2 of the B873 complex was observed. In the
presence of Zn?* and Cu?*, respectively, additional
phosphorylated bands appeared in the 25 kDa region,
which could not be identified.

(e) Regulation of the B873 kinase activity by ADP and
AMP

Fig. 3 shows the effects of the addition of 0.1-0.4
mM ADP or AMP to the kinase assay mixture contain-
ing chromatophores and supernatant fractions prior to
illumination. Increasing amounts of ADP progressively
inhibit the phosphorylation of a-, 8-, and Q-poly-
peptides (Fig. 3, lanes 2-4), and the same trend is
observed in the presence of AMP (Fig. 3 (lanes 5,6). In
contrast, the addition of cyclic 3’-5' AMP had no effect
upon the phosphorylation of the a-, B-, or 2-poly-
peptides (lane 7).

(f) Substrate specificity of the supernatant B873 kinase
activity

Fig. 4 compares intact chromatophores, purified
B873 complexes and histone V-S as substrates for the
supernatant kinase activities. The a-, 8-, and 2-poly-
peptides of purified B873 complexes were phospho-
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Fig. 3. Regulation of the B873 kinase activity by adenine nucleotides.

Purified chromatophores were phosphorylated in the presence of

added supernatant in the standard assay with the following addi-

tions: (a) 0.1 mM ADP; (b) 0.2 mM ADP; (c) 0.4 mM ADP; (d) 0.2

mM AMP; (e) 0.4 mM AMP; (f) 0.1 mM cAMP. The pH of the

nucleotide stock solutions were adjusted to pH 7.0 before addition to
the phosphorylation assay.

rylated identically to those in the chromatophore mem-
branes. Histone V-S was also strongly phosphorylated
and can thus be utilized efficiently as a substrate by the
purified B873 kinase.

(g) Effects of electron transport inhibitors upon the B873
kinase activity

Fig. 5 shows the effects of various redox reagents
and electron transport inhibitors upon the phospho-
rylation of the B873 components. As observed by
Holmes and Allen [15], the addition of sodium dithion-

B875 HistoneV-S
T 1 | 1

Fig. 4. Substrate specificity of the kinase activity in the supernatant

fraction. Substrates (1) isolated B873 complexes (no detergent) or (2)

histone V-S in the presence of supernatant fraction. Coomassie
blue-stained gels in (a); autoradiogram in (b).
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Fig. 5. Effect of inhibitors of electron transport upon the phospho-

rylation of B873 complexes. The standard assay was performed in the

presence of: (1) 1 uM antimycin; (2) 100 uM antimycin; (3) 100 uM

DBMIB; (4) 5 mM sodium ascorbate; (5) 5 mM sodium dithionite;
(6) 5 mM potassium ferricyanide.

ite completely abolished the phosphorylation of a-, 8-,
and Q-polypeptides. After extensive oxidation of the
membrane with K(Fe(CN),), however, both a- and
B-polypeptides were still phosphorylated whereas the
{2-polypeptide incorporated only little phosphate. Simi-
larily, the addition of the reducing agent, sodium ascor-
bate, abolished the phosphorylation of (2 whilst leav-
ing the phosphorylation of @ and 8 unaffected. Inhibi-
tion of electron transport with antimycin also pre-
vented the phosphorylation of {2, whereas upon the
addition of DBMIB all three polypeptides were strongly
phosphorylated. In contrast to Holmes and Allen [15],
a differential phosphorylation of the a- and B-poly-
peptides upon varying the redox state of the membrane
was not found.

(h) Effects of phosphorylation upon the modulated fluo-
rescence of the chromatophore membranes

Fig. 6 shows the effect of illumination during phos-
phorylation upon the modulated fluorescence profile
of purified chromatophores. Under a variety of condi-
tions, the variable fluorescence (F,) was markedly de-
creased after phosphorylation during illumination.
Table I summarises the effects of varying the reaction
conditions of the phosphorylation reaction upon the
modulated fluorescence profile. The variable fluores-
cence (F,) observed from isolated and ‘non-phospho-
rylated’ chromatophores which have been inhibited by
DBMIB was rather high (Fig. 6, trace a) and in all
cases, was decreased when in vitro phosphorylation
was performed prior to fluorescence measurement. F,
was markedly decreased when the chromatophores
were phosphorylated in the light (Table I, samples
2,4,6), but approached the value observed under non-
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Fig. 6. Effect of protein phosphorylation on the fluorescence signal
(F,) of chromatophores in the absence of added supernatant: (a) in
the absence of DBMIB and ATP; (b) after a phosphorylation reac-
tion in the presence of DBMIB and ATP. The ground level fluores-
cence (F,) is due to the modulating measuring beam, and the
steady-state fluorescence signal observed after excitation with actinic
light (on, light switched on; off, light switched off) is referred to as F,

in the text.

phosphorylated conditions when the chromatophores
were phosphorylated in the dark. The presence of
added supernatant had relatively little effect upon F,
(Table I, lanes 2-5). Although the effects of phospho-
rylation, presence of added supernatant, and illumina-
tion upon F, largely paralleled those observed for F,
the ratio F,/F, varied. A correlation between the
changes of fluorescence, the redox state of a specific

TABLE 1

Modulated fluorescence measurements of chromatophores from R.
rubrum

Modulated fluorescence was measured under various conditions as
indicated in the table. The observed phosphorylation of the a-, 8-,
and §2 polypeptides under the conditions before the measurement is
indicated. (+), phosphorylated; (—), not phosphorylated; (+ /),
weakly phosphorylated.

Fluorescence meas- Phospho-
rylation

Sam- Reaction conditions
ple urements

Light ATP DBMIB super- F, F, F,/F, a+B Q
nat.  (mV) (mV)

1 + — + - 21 8 1.33 + +
2 + + - + 8 5 0.63 + -
3 - + - + 12 25 2.1 + -
4 + + + + 5 4 0.8 + +
5 — + + + 18 26 1.44 + +
6 + + + - 6.5 8 1.23 + +
7 - + + - 13 22 1.69 - +

component, and the degree of phosphorylation is not
possible at present. For instance, the level of fluores-
cence in the absence of DBMIB and illumination (Ta-
ble 1, lane 3), where a-, 8-, and Q-components of the
B873 complex were only weakly phosphorylated, was
very similar to that observed in the presence of DB-
MIB (Table I, lane 5) where all three components were
labelled.

Discussion

The present study confirms and extends the work of
Allen and co-workers [11,14,15] who showed for the
first time that the phosphorylation of the B873 light-
harvesting complexes of R. rubrum depends upon the
redox state of the chromatophore membrane, probably
at the level of ubiquinone. However, there are a num-
ber of significant differences between the study of
Holmes and Allen [15] and the resuits presented here.

First, the chromatophore as well as the supernatant
fractions were purified extensively by repeated homog-
enization and ultracentrifugation. The chromatophores
contained only traces of cytochrome c,, thereby mini-
mizing effects attributable to an intact cyclic electron
transport chain. In addition, the supernatant fraction
was purified extensively by repeated ultracentrifuga-
tion so as to remove small chromatophore vesicles.
These differences are significant since only minute
amounts of kinase protein are sufficient to catalyse a
light-dependent phosphorylation [17].

Secondly, in our assay procedure, which is similar to
that of Holmes and Allen [15], we have omitted the
final extraction with 80% acetone after pelletting the
protein by TCA precipitation, since the {2 component
is soluble in acetone [16] and the extraction of BChl or
BPh from chromatophores by this procedure almost
always leads to some extraction of B873-a as well. The
effect of phosphorylation of «- and B-polypeptides
upon their solubility in 80% acetone has not been
determined.

In agreement with Holmes and Allen [15], the 13-
kDa (B873-a) and 10-kDa (B873-8) polypeptides are
heavily phosphorylated when the chromatophores are
incubated with Mg?* and ATP in the light. However,
also in the dark both polypeptides become labelled. A
major difference between our findings and that of
Holmes and Allen [15] is that we find no evidence for
differential phosphorylation of the «- and B-poly-
peptides dependent upon the illumination or redox
state of the membrane. In fact the major differences in
phosphorylation occur at the level of the component
0. In this context the effects of redox reagents or
electron transport inhibitors upon B873 phosphoryla-
tion are particularly illustrative. Complete reduction of
the membrane abolished phosphorylation of «a-, 8-,
and 2-polypeptides, whereas complete oxidation al-



lowed the phosphorylation of a- and B-polypeptides,
while the {2-polypeptide became only weakly labelled.
Addition of DBMIB, an electron transport inhibitor,
caused all three components to be phosphorylated.
The DBMIB effect shown here is different from that
observed by Holmes and Allen [15] where DBMIB
abolished the phosphorylation of the a- and B-poly-
peptides. Unfortunately, the mechanism of inhibition
of electron transport by DBMIB is not well-defined; in
fact, preincubation of chromatophores with 100 uM
DBMIB does not appear to affect the dithionite-
K;Fe(CN), redox spectrum of the cytochrome bc,
complex (data not shown). It may well be that DBMIB
behaves as a diverter of electrons and is able to influ-
ence the [QH,]/[Q] ratio in this way. However, this
would not affect the general conclusion presented here:
that changes of the redox state of the quinone pool
affect the phosphorylation of the various components
of the chromatophore membrane. Upon the addition
of antimycin A, which blocks the reduction of the
Rieske Fe-S complex by cytochrome 5-560, we observe
strong phosphorylation of the «- and B-polypeptides
with only weak or no labelling of the {2 polypeptide.
By contrast, the autoradiographs of Holmes and Allen
[15] show the £2-polypeptide to be heavily phospho-
rylated under these conditions. At present we are
unable to explain the discrepancies, which are possibly
due to some detailled difference in methodology
(growth conditions, extraction procedures).

The effects of phosphorylation upon B873 function
can be measured by studying the fluorescence of chro-
matophores under different conditions. Using this
technique two parameters are important, the ground
fluorescence, F,, reflecting the background fluores-
cence due to the modulated measuring beam, and F,,
the variable fluorescence observed upon illuminating
the chromatophore suspension with saturating actinic
light. Although there is some variation in F,, the
effects of phosphorylation are seen in F, which pro-
vides a measure of energy transfer and quenching
within the complexes. We have measured F, and F,
under a number of conditions which are pertinent to
defined phosphorylation states (Table I) and a number
of conclusions may be drawn: (a) in the absence of
ATP (line 1) the variable fluorescence is maximal. We
assign this state as being dephosphorylated (see also
Ref. 8). Upon the addition of ATP, the variable fluo-
rescence is decreased by a factor of approx. 3 when the
phosphorylation is conducted in the light but remains
almost unchanged in the absence of illumination (lines
2 and 3). The quenching of fluorescence we assume to
be due to an as yet unknown mechanism which leads to
an increase in the efficiency of energy transfer and
perhaps of B873 coupling to the reaction centres; (b)
although the kinase activity is predominantly found in
the supernatant, the addition of the supernatant frac-
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tion does not further decrease the fluorescence changes
due to phosphorylation. This is probably due to the
fact that only traces of B873 kinase contaminating the
membrane fraction are sufficient to allow phosphoryla-
tion to occur. However, we cannot necessarily exclude
the presence of an additional membrane-bound B873
kinase which has not been identified so far; (c) the
presence of DBMIB causes some modulation of both
the basal (F,) and variable (F,) fluorescence without
severely affecting the relative changes observed in the
presence or absence of illumination during the phos-
phorylation reaction. This effect may be due primarily
to the variable phosphorylation of the {2 polypeptide.

We have also shown that the ATP-dependent B873
phosphorylation is relatively insensitive to the presence
of other nucleotides such as ADP, AMP and cAMP
(Fig. 3). Only at high ADP concentrations (> 0.4 mM)
could a significant inhibition of the B873 kinase activity
be observed. In view of the estimated K, of the
reaction (in the uM range), the inhibiting effect of
ADP and AMP is probably not important physio-
logically.

The B873 kinase activity in the supernatant shows
an unusual metal dependence; although Mg?™" is able
to activate the kinase, much higher activities are ob-
served in the presence of transition metal ions such as
Mn?*, Zn?*, and Cu®"* (Fig. 2). To our knowledge this
metal ion specificity (also observed for the isolated
B873 kinase, [17]) is novel among eucaryotic and
prokaryotic kinases examined so far. By contrast Ca®*
appears to only weakly substitute for Mg®™ in the
kinase assay.

Examination of the data shown in Figs. 1-5 demon-
strates that many higher molecular mass components
in the supernatant become phosphorylated under the
same conditions as those for phosphorylation of the
B873 complexes. One of the most prominent phospho-
rylated bands has a molecular mass of 55 kDa and
probably corresponds to ribulose bisphosphate carbox-
ylase (Rubisco). Under many conditions, the B873
complexes were not phosphorylated, whereas the 55-
kDa band of the supernatant was highly labelled. This
suggests the presence of at least two distinct kinase
activities. In addition, the membrane fraction shows
bands of higher molecular weight which are phospho-
rylated under certain conditions, some of these, proba-
bly cytochrome ¢; and 5-560 components, by the B873
kinase. If so, this could provide the molecular basis for
the redox control of B873 complex phosphorylation. At
present, the unambiguous assignment of these bands
and their function must await further clarification.

As shown by Holmes and Allen [15], the redox state
of the membrane dominates the phosphorylation of the
B873 complexes in vivo. When the quinone pool is
reduced the B873 complex is less phosphorylated than
under oxidising conditions. However, the comparison
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of phosphorylation in the presence of sodium dithion-
ite and sodium ascorbate suggests that not only the
redox balance of the quinone pool but also that of the
cytochrome bc, complex may be involved in regulation.
Whereas sodium dithionite completely reduces the cy-
tochrome bc, complex of R. rubrum, sodium ascorbate
reduces only the cytochrome 5-560 component but not
the cytochrome c, [25]. Since the cytochrome bc, com-
plex can be isolated as a supramolecular complex to-
gether with reaction centres and the B873 complex
{26], a direct physical interaction between these com-
plexes could affect the binding and activity of the B873
kinase by means of a redox-induced conformational
change. The redox-regulated control of light-harvesting
complex phosphorylation is not new: a similar effect
has been observed for the plant light-harvesting com-
plexes and the cytochrome bf complex [6], and re-
cently, Drews and co-workers [27] have shown that the
phosphorylation of the a-polypeptide of the B875 com-
plex of Rhodobacter capsulatus may be under redox
control.

Redox control of B873 phosphorylation provides a
link to the regulation by light intensity [6]. Under
conditions of high light, the quinone pool and cy-
tochrome bc, complex will be essentially reduced, thus
preventing extensive phosphorylation of the complexes.
As shown by fluorescence measurements, the dephos-
phorylated complexes have a high intrinsic fluores-
cence, and are thus an indication of a decrease in the
efficiency of energy transfer to the reaction centres.
Conversely, under low light conditions the B873 com-
plexes are highly phosphorylated, thus increasing the
efficiency of energy transfer to the reaction centres.
Clearly phosphorylation only modulates function, as
completely dephosphorylated complexes are still able
to transfer light energy to the reaction centres. Phos-
phorylation may provide a mechanism of adaptation to
different light intensities under varying environmental
conditions.

We have not been able to demonstrate the physio-
logical dephosphorylation reaction in vitro so far, even
though chromatophores can be dephosphorylated by
the addition of alkaline phosphatase to phosphorylated
membranes.

In summary, the phosphorylation phenomena ob-
served in vitro for isolated cellular fractions are highly
complex and possibly a variety of kinases are involved
in the regulation and redox control of photosynthesis.
The delineation of the gene products involved and
their role in regulation will be of great importance for
understanding the regulation of light energy transfer in
photosynthesis.
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