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Cyambacten&l thylakoxd membrane proteins are reverslbly
phosphorylated under plastoquinone-reducing conditions in vitro
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Reversible, light:dependent protein phospharylathon was observed in selaied thylakeld membranes of Ui eyanobracterium Spnechoceceis 8301,

A polypeptide of 13 kDa in particular wik phospharylated under plastequinensredusing conditions and was net phospharylated under plastequine

ane-otidising conditions, thphmylallun and dephospharylation reaclions invelving this snd el othver membrane palypeptides shawed seni-

uvhy te inhibitors of prevein kingses and phosphatases. Chunges in phoaspharylation state eorreluted with changex in law temperature Auarescencee

emirsion eh.umeunum of :hunaes inv excifation energy disteibulion helween the phatasysiems. The 15 kDa phmplmpolypepndc is hk«ly © I:e in-
valved direetly in light siae adaprations in eyanobaeteria, :

Phumsyﬂthesls; Protwin phaspharylution: Stae tramiliam Pratein kintse; Phosphatuae; Cyancbueterium

|, INTRODUCTION

Photosynthetic organisms are able to perform short-
. term adaprations known as State 1-State 2 transitions
in response 1o changing spectral quality of incident light
(1,2]. Transition 1o State 2 occurs under conditions giv-
ing preferential excitation of PSII and results m
distribution of excitation energy away from PSII,

favour of PSI. Transition to State 1 occurs if FSI is

preferentially excited, giving rise to increased excitation.

" energy transfer to PSIL. In this way, quantum efficiency

of photosynthesis can be maintained despite variations

in light regime (for review see [3]).

In higher plant chloroplast systems, transition to
~ State 2 occurs under conditions in which preferential
excitation of PSII induces a net reduction of the plasto-

quinone pool. Under these plastoquinone-reducing con--

ditions, a redox-controlied protein kinase phospho-
‘rylates LHC-II [4-6], thereby inducing its ﬂ,issociation
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dephosphorylates LHC-IE,

from PSIT [7]. This dissociation is manifested as é

decrease in the absorption cross-section for PSII and

- decreased excitation energy transfer 16 the photosystem

{4]. State 1 is achieved under oxidising conditions: the
kinase is inactive and a dark-active. phosphatase
permitiing reassociation
with PSII [8].

Despite a wealth of information concexnmg func-
tional ¢hanges occurring during state transitions, con-
siderable controversy remains @ surrounding - the
molecular mechanism by which phycobilisome- -
containing arganisms, including both eukaryotic red -
algae and prokaryotic. ¢yanobacteria, perform these
adaptations. Recent advances have, however, provided
evidence thar state transitions in the cyanobacteria are

‘also regulated by redox state of plastoquinone [9-11]:
and that the decrease in- excitation énergy transfer to -

P81l observed during adaptation to State 2 in these
organisims oceurs via a mechanism 1nvolv1ng a decrease
in PSII absorption cross-section [12] similar in
character to that seen in chloroplasts. By analogy with
the higher plant chloroplast system, the possibility
therefore arises that redox-controlled phosphorylation
of thylakoid membrane proteins may regulate state

- transitions in cyanobacteria, despite the widely differ-. .

ing niatuse of the light-harvesting apparatus in the two
systems. A thylakeid membrane protein with a
molecular mass of 15 kDa has indeed been observed to -
undergo light-dependent but irreversible phosphoryla-
tion in vitro in the cyanobacterium Synechococcus 6301
{13}, leading to the propesal that this polypeptide fOne-

. tions in the dissociation of the phycobilisome from PSII

during transition to State 2 [14].
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In this s'tuf.ty‘ the influcnge of rédm state of plasto-

quinone on the in vitro phosphorylation of thylakeid

membrane polypeptides in Syaechocoecns 6301 1% in-
vestigated in detail, In addition, the effects on observed
phosphoryiation and dephosphorylation reactions of
established  inhibitors of prowin kinases  and
phosphatases are determined.

2. MATERIALS AND METHODS .

Swechdcoeeu Mﬁl"_wcu- cultwpgd as previously deseribed [10),

Gelly were harvested by centeifugarion at 6300 = & for 10 min and -

resuspended in 20% suergse, 30 M HEPES-NwOH, 10 mM MyCh,
pH 7.8 This and s} subsequent buffers eomained 0.% mM
phenylmethylsulphonyl fliuorkle and | mM benzamidine 83 prolease
inhibitars, Sphwcrcplmu. prepared by ncubiating for 2 o 17°C winlr
Iysozymie ut 3 mgrml ™, were subsequently harvesied by centrifugu.
tian il 10000 & Tor i3 min. Thylakeld membrings swyre produced by
Iyxis af the sphacroplasis in 1O mM HERES.-NaHOQ, 10 mM McCh,
pH:- 7.8 with vigerous homogenisation. Deoxvribomuclease 3
pp M Yy avas added (o degrade nugleic acils, Unbroken cells and cell
debris were removed by centrilugation nt 6500 x g for 15 min, prior o
harvesting of thie thylakoid membranes by centrifugation ar 15000 g
for 30 min. Thylakoids were washed a further 3 times with the lysis
buffer ro ensue complete removal of soluble-phase proteing.

Thylakoids were finally suspend=el te & ehlorophyll concentration of _

0.5 mg-ml” 'in 1 0% glycerol, SuthhPES-NaOH 10mM '\15CI
pH 7.8 and were stored on jee v the dark,

Allquots of thylakoid membrane suspension’ (200 ) \-.crr in=
wbmcd uneler the conditions speeified in Table | in the presence of

[+"*P)ATP at & specific activity of 750 Chomel ™ * and a final ATPF

sencentration of 40 M, Kenctlons were terminated by the addition of
4 vols of acetone at =20°C altar which protein material was pelleted
by centrifugation, Samples-were solubilised in-electraphoresis bufler

and analysed by SDS.PAGE an '15-25% acrylamide gradient mini-

gels essentially as previously deseribed {13). Stained dried gels were
subjectadt to autoradiography as described [13), Stained dried gels
were subjected to autoradiography ns described [13] and the resulting
autoradiographs were scanned with an LKB Ulirascan XL laser den-
sitomater. ‘ _

. For low temperature [uorescence emission spectroscopy, thylakoid
membranes were incubated a1 a ¢hlorophyll concentration of 200
paeml ™1 with non-radionctivé ATP at a concentration of 40 aM
under the specifisd conditions prior to Leing rapidly diluted 10-fold
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Ingubal iwr mmiu o Tor In viire phissphorylstion af Synechocdeeny
B30) tliviskold membraner. Laft column refesx o lanes of SD3-
FAGE gelv wibleeted 1o autaisdiegraphy e Fig. 13, ineubations,

- prdineubstlans and posimcubations were for 13 min sach. MV,

_methyl u&ﬂmmn. PQ. dureguinane: DQHy, durm;ulnal .

I’reim:nimllm Ineubaden Pos.
© e et £ e e . ficubatton
T Dark - ‘ Dark o
I Durk Light: : i
3 Pk B AT YO Dark
4 Dark Ligh
3 DPask o Light = 10 mM NaF  coren
6 Duk : - Light = 10 mM NaPF  Dark
-7 Ligw w40 aM FSBA Light . . e
4 Dark Dark ‘ ‘ i
9 Light + 20 M DCMU Light . .
10 Light + 20 aM DOMU Light + 0.5 mM DQHy o
1 Park , Light + 50 aM MV PO
12 Dark : Light » 6.5 mM DQ
13 Duark ‘Dark ‘ -
14° Dark Dark + 0.5 mM DQHz w--.-

with thytakoid resuspension bulfer and frozen at 77K, Fluorescence
speciroscopy was performed with exgitation at 435 nm, with
Nuarescence emission detected in the range 630 pm 10 750 nm 8% in
[13]. -

3, RESULTS AND DISCUSSION

Autoradiographs obtained subsequent to SDS-
PAGE analysis of Synechococcus §30) thylakoid mem-
branes radiolabelled with [y**P]ATP are shown in Fig.
1. The conditions under which each incubation was per-
formed are detailed in Table I. From Fig. I itis evident

‘that phosphorylation of a number of species of

polypeptide is induced in this system, and comparison
of lanes 1 and 2 indicates <cleasrly that these
phosphorylation reactions show a degree of light

8 9 10 11 12 13 14

kDa

Fig. |. Autoradiographs subsequem to SDS-PAGE analysis of [y**PJATP- radnolabelled Synechomccus 6301 thylakmd membranes. Each gel track
(gels not shown) was loaded with thylakoid membrane proteins equivalent to 2 ug chlorophyll . Incubation conditions wetre as detailed in Table
1. Positions and Mr of SD5-PAGE standard proteins are indlcated.
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Fig. 2. Densitomelric scans of the aumfad'iogrn‘phs shown: in Fig. 1.
Positions aund M, § of principal phosphoproteins are indicated, SDS.

PAGE lane number and incubation conditieons {as in Table D are in-

dicnted for each profile. Superimposed scans are platted to the same
: seale.

dependence, in contrast with an earlier report which
suggested that only light-independent phosphorylation
occurred in vitro [15]. To permit'a more throrough ap-
praisal of conditions influencing in vitro phosphoryla-

tion, the autoradiographs shown in Fig. 1 were sub-

jected to scanning densitometry, the results of which

- are shown in Fig. 2. From Fig. 2, top, (lanes 1 and 2) it -

is clear that phosphorylation of polypeptides of
molecular masses 15 and 18.5 kDa occur specifically in
the light. Phosphorylation of two polypeptides of
molecular mass 85 and 120 kDa occurs to some extent

in the dark (Fig. 2, top, lanes 1 and 3), and

phosphorylation of these species’is.also significantly in-
creased in the light, Minor species of phosphoprotein
with masses of 9, 12, 25, 35, 45 and 55 kDa are also evi-
dent.

Removal of light-incubated thylako:d membranes to
dark conditions (Fig. 2, top, lanes 3 and 4) gave
decreased levels of radiolabeling for all observed species
of -phesphoprotein, indicating reversibility of the
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phmphﬁrylmlﬂn reactions and implying [lw prmnw of
u dark-active phosphatase. This Implication was tested
by removing phosphorylated membranes to the dark in
the presence of the non-specific phosphatase inhibitor

. sodium fluoride (Fig. 2, top, lanes 3 and 6), which ’

prevented dephosphorylation in the dark of all palypep-

tides with the exception of the 18.5 kDua species. :

Presence of sodium fluoride has been demonstrated 1o
fix eyanabacterial cells in Stare 2 [16}, consistent with a
phosphatase requirement far transition to State I, The
phospharylation reactions of all polypeptides with the

~ exception of the 8.5 kDa species were sensitive to the
kinase ‘inhibitor FSBA: preincubation of thylakeid - -

membranes with this compound significantly decreased
or abolished light-dependent phosphorylation (Fig. 2,
top, lane 7)., The resiscance of the reactions involving
the 18.5 kDa polypeplide to established kinase and
phosphatase inhibitors does suggest that radiolabeling
of this species oceurs by a phosphate transfer
mechanism other than Kinase activity, perhaps via some
form of pymphosphﬁte intermediate. .
Incubation -in the light, which gave rise to
phosphorylation, would be expected to induce plasto- -
quinone reduction in this isolated membrane system -
depleted of electron acceptors. The influence of redox
state of piastoquinone . on ' phosphorylation . - of

Synechococeus 6301 thylakoid membrane polypeptides

in vitro was further investigated by inclusion of electron

transport mediators in membrane incubations (Fig. 2, -
bottom). The herbicide DCMU blocks electromn transfer
from the reducing side of PSII to plastoquinone, -
leading to plastoquinone oxidation and State 1 [9).
Preincubation with DCMU gave significant decreases in
the levels of phosphorylation of the 15, 85 and 120 kDa
polypeptides (Fig. 2, bottom, lanes 2 and 9), with

- phosphorylation of the 18.5 kDa. specxes affccted to a o

lesser extent.

‘The implication that phosphorylation of all polypep-
tides with the exception of the 18.5 kDa species is
dependent on net reduction of the plastoquinong pool is
tested by inclusion of the mediators methyl viologen,
durcquinone or duroquinol. Methyl viclogen may act
as an electrom acceptor from P8I, whereas duroquinone
will accept electrons directly from the reducing side of.
PSIL. In either case the net effect would be oxidationof

the plastoquinone pool and both give functional State 1 -

in vivo [10]. Duroguinol may compete with plasto-

. quinol for sites at the oxidising side of the cytochrome
b6/f complex [17] and would therefore be expected to

give rise to increased reduction of plastoquinone. Duro-
quinol gives rise to functional State 2 in whole cells [10].
The observation (Fig. 2, bottoni, lanes 11 and 12) that

. both methyl viclogen and druroql}ir{pne dé_crease‘the
.light-dependent phosphorylation of all polypeptides ex-

cept the 18.5 kDa species supports the conclusion that
the kinase activity requires the reduction of plasto-
quinene or reduction of a component close to plasto-
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guinone in the electron transport ¢hain, as s the eusein
the chioroplast system [8]. Anomalously, incubatien
under these conditions gave markedly elevated levels of
phospharylation of the 18.5 kDa polypeptide, Incuba-
tion with duroguinol gave rise 1o high levels of
phospharylation of both the IS5 kDa and 18.5 kDa
polypeptides (Fig. 2, bottom, lanes 10 and §4), but
abolished completely phospharylation of all other
species, suggesting the possibility of a redox-activated
phaspharase. These effects of duroquinol weére obseev-
ed irrespective of preincubation with DCMU ar incuba-
tion in the dark, suggesting that veduction of plasto-

quinone or of a component of the cytochrame bo/sf

complex is required for kinase activity,
Phosphorylation of the 18.35 kDa polypeptide oceurs
to the greatest extent under conditions in which electron
ransport is promoted by the presence of electron
donors or acceptors, rather than specifically under con-
ditions of plastoquinone reduction. Methyl viologen
and duroquinone will promote electron transport
through PSE and PS11 respectively, whereas duroguinol
could promote : electron  transport  through - the

cytochrome- b6/f complex even in the dark vin the

respiratory electron transport system 18], It is con-
ceivable therefore that the mechanism giving rise to

phosphorylation of the 18.5 kDa polypeptide is sen- .

sitive to some other factor, for example any ApH gra-
dient established as a result of electron transport.

The influence of incubation conditions on distribu-
tion of excitation energy in the isolatad thylakoid mem-
brane system was studied by. low temperature

fluorescence emission spectroscopy (Fig. 3). At 77K,

PSII gives rise to fluorescence emission at 685 and 695
nm, whereas PSI gives emission at 720 nm. Variations
in the emission ratio F720/F6&95 have consistently been
used to dernonstrate changes in excitation energy
distribution after light state adaptation [1,10;19,20}],
and from Fig. 3 the decrease in this ratio observed upon

incubation in the light in the presence of ATP is cansis-

_L+FSBA

LD

Relative_fluorescence intensity -

Or ] -y T )
_630 &30 750830 630 75
. © Emission wavelangth {nm)

Fig. 3. 77K fluorescence emission spectra for Synechucoceus 6301
thylakoid menbranes incubated under varying conditions with 40 pM -

ATP. Fluorescence emission maxima were at 685 nm, 695 nm and 720
nm. Spectra were normalized to the emission in-the range 630-630
nm. Incubation conditions were as defined in Table 1.
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1ent with decteased energy transfer te PSII of increased
spitlover of epergy from PSIL to PSI, Previousiy

-abserved lightindueed changes in the ratie F720/F898
‘oecurring in isolared membrane systems have been in-

terpreted as due 10 reversible photooxidation of
chloraphyll {13,13], This interpretation is not possible
fur the elffeery observed here, since thie inérease in the
ratio F720/F693 observed upon transition from light ta
dark was abolished by the inclusion of sodium fluoride,
suggesting thar this redistribution of excitation energy
réquires.  the activity . of a membrane-bound
phosphatase. Preineubation with FSBA partly inhibited
the inerease in F720/F693 observed upon incubation in
the light, impiying the requirement for a kinase activity
in the light-induced redistribution of excliation energy.

From this study it seems evident that reversible
phosphorylation of atleast one polypeptide of mass 15
kDa oceurs specifically under plastoquinang-reducing
conclitions known (o give rise (o State 2. The
phosphorylation of all species of polypeptide with the
exception of that with mass 18.5 kDa was inhibited by
a kinase inhibitor and phosphorylation was maintained
under otherwise dephosphorylating conditions by a
non-specific phosphatase inhibitor. Réversible changes
in PSII fluorescence yield at 77K were also abolished by

“these inhibitors. A strong. correlation between phos-

phorylation of thylakoid membrane proteins and redox
state of plastoquinone is therefare suggested, with these
phosphorylation events occurring concurrently with
observed changes in. excitation energy distribution
diagnostic for state transitions.

Phosphorylation of the 18,5 kDa protein in vivo has
previously been described:{21,22], and this polypeptide

~has been proposed to be a component of the

phycobilisome [21]. This work does demonstrate that
this species undergoes reversible light-dependent
phosphorylation in vitro, but this phosphorylation
reaction is not coupled to reduction of plastoguinone
since duroguinone, methyl viologen and duroquinol all
induced: high levels of phosphorylation of this protein.
The phosphorylation and dephosphorylation reactions
involving this polypeptide were not sensitive to in-
hibitors and are not correlated with changes in excita-
tion energy d:smbutmn, contrary to the proposal of
Allen et al. [13], '

Recent work has suggested that redox controlled

transltlon to State 2 in the cyanobacteria involves
. dissociation of phycobilisome-PSII units and deereasad

PSII absorption cross-section [23,24]. Increased energy
transfer to PSI [19] and increased P8I photochemistry
in State 2'[25] may result from association of PSI with
the phycobilisome [25] or by .spillover from the
chlorophyll antenna of PS11 {19,26]. Increased associa-
tion of these complexes with PSI is implied, suggesting
a randomization of membrane complexes upon transi-

tion to State 2 which is consistent w:th observed

ultrastructural changes [27].
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Wc; therefare propose that phmphmylatiﬁﬂ of

thylakoid membrane polypeptides, In particular the 18
kDa specles, Is invalved in inducing dissociation of the

phyeabilisome from PSII in State 2 by & redox-

controtied mechanism similar to that dissociating LHC-

I from PSIE in higher plants. Identlfiention of the
- phosphorylated pepcides is required funw ter 1t this
hypothesis,
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