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ABSTRACT. In green plants, several intrinsic protein components of the photosystem Il (PS 1l) complexes
are subject to reversible phosphorylation on threonine residues. Evidence from mutant and inhibitor studies
indicates that multiple kinases are involved. The protein kinases appear to be membrane-bound and redox-
regulated, with activity requiring reducing conditions. We report the identification of a protein kinase
activity which copurifies with a core complex of PS Il and is capable of phosphorylating the photosystem
proteins and associated light-harvesting complex. The enzyme is a distinct and novel protein whose
close proximity to the photosystem reaction center is confirmed by its rapid inactivation under strong red
light irradiation in the presence of oxygen.

Reversible protein phosphorylation is well established as thylakoid membranes (Coughlan & Hind, 1986a; Gal et al.,
a mechanism for signal transduction and the regulation of 1990; Race et al., 1995a), and recent studies confirm the
metabolic pathways in both plants and animals. The involvement of a 64-kDa membrane protein distinct from a
responsible protein kinases and phosphatases usually showolyphenol oxidase of the same mass (Hind et al., 1995; Race
high residue specificity toward defined phosphorylation sites et al., 1995b; Sokolenko et al., 1995). Although the bulk of
in their protein targets. Phosphorylation of intrinsic protein thylakoid kinases is extracted in this way, enzyme activity
components of the photosynthetic complexes share some ofs consistently detected in the remaining unsolubilized
these characteristics, such as a preponderance of threoninemembranes. Such material is likely to retain varying
modifications (Bennett, 1991). The modified residues are amounts of the four intrinsic thylakoid complexes including
on the stromal face of the thylakoid membrane, and it is PS | and PS II.
presumed that this membrane is also the site of the kinase- In the work described here, established fractionation
(s) and phosphatase(s) involved in the catalysis of the protocols were employed to identify the origin of the residual
reactions. Numerous specific enzymes may be required ormembrane-associated kinase activity. This was found to
fewer operating with relaxed substrate specificity. The originate in a minor protein component, distinct in apparent
protein kinase(s) appear to be redox-regulated with activity mass from the 64-kDa kinase and physically associated with
favored by reducing conditions (Horton et al., 1981). The PS Il. The apparent tightness of this association prompted
apparent midpoint potential of activation correlates with the a search for evidence of functional interaction of the enzyme
reduction of the membrane plastoquinone (Rf@pl (Horton with PS Il photochemistry. Kinase activity proved to be
etal., 1981). The phosphorylation of the thylakoid proteins highly sensitive to illumination by red light in the presence
is thought to bring about an increase in negative charge onof oxygen. Under conditions favoring photogeneration of
the stromal aspect of the membrane under conditions whichoxygen-containing radicals at the reducing side of PS I, and
cause the PQ pool to be over-reduced (Allen et al., 1981). leading to partial photobleaching of photosynthetic pigments,
This is postulated to initiate electrostatic detachment of some more than 50% of the activity could be destroyed within 1
light-harvesting complex (LHC II) from photosystem Il (PS min. These results lend support to the notion that this novel
II) with consequent decrease in the electron pressure causingrotein kinase is specifically complexed within PS II.
the PQ over-reduction. This negative feedback loop would Further studies performed under physiological illumination
not be the only means by which PS Il is down-regulated, regimes will be needed to examine whether the redox status
and it is postulated to contribute to balancing the relative of PSIl components may effectively regulate the kinase
turnovers of PS Il and photosystem | (PS 1), which may be wvivo.
visualized as electron pumps working in series.

Mild, neutral detergents, such as octyl glucopyranoside EXPERIMENTAL PROCEDURES
(OG), have been used to obtain kinase-active extracts from PS [l-enriched membranes were prepared from spinach
as described by Berthold et al. (1981). PS Il core complexes
T This research was supported by funding from the Division of and a. crude LHC I preparatl_on were derived .from th.ls
Energy Biosciences, Office of Basic Energy Sciences, United States Material according to Ghanotakis et al. (1987). Tris-washing
Department of Energy. of PS Il complexes was accomplished as in Ghanotakis et
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1 Abbreviations: Chl, chlorophyll; DBMIB, 2,5-dibromo-3-methyl- e protocol of Krupa et al. ( ). e crude

6-isopropylp-benzoquinone; DTT, dithiothreitol; LHC 11, chlorophyll ~ remaining after OG solubilization of PS ll-enriched mem-
alb-binding proteins of light-harvesting antenna complex associated with branes was treated with TX-100 [detergent to Chl ratio of

photosystem II; OG, octyl glucopyranoside; PSHK, protein kinase . IR ;
closely associated with PS Il core complex; PQ, plastoquinone; PS |, 10:1 (w/w)] before precipitation with 100 mM KCl and 10

photosystem I; PS II, photosystem Il; SBBAGE, sodium dodecyl ~ MM MQ_C|2- The pellet obtained after Centri_fUQation through
sulfate-polyacrylamide gel electrophoresis; TX-100, Triton X-100.  a cushion of 0.5 M sucrose (30 G§)040 min) was resus-
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pended in 10 mM Tricine (pH 8.0), 50 mM Sorb_iml’ 1 m_M Table 1: Fractionation of Protein Kinase Activities from Spinach
DTT at 0.8 mg of Chl/mL, and LHC Il was precipitated with  Thylakoids

KCl and MgClL as above. Centrifugation through sucrose

volume protein chlorophyll total specific kinase

(10 00@, 10 min) resulted in a pellet of purified LHC 1 sample (mL)  (mg) (mg) = kinas® activity yieldd
which was resuspended as before. The OG extract ofyjakoids 92 469 278 13600 29 100
thylakoids was obtained as outlined in Race et al. (1995a); PS ll-enriched 9 59 24 3360 57 25
DTT (1 mM) was included in all buffer solutions. Chl LH@?r‘braneS 5 13 19 s 11 1
concentrations were determined as described by Arnonpg | core 8 18 4 2050 164 22
(1949), and protein levels were estimated according to complexes

Bradford (1976). 2 Fractionation of spinach thylakoids and assays of protein, chloro-

Protein kinase activity was measured using a histone IlI-S phyll, and protein kinase activity were carried out as described in
phosphorylation assay (Race et al., 1995a): incident il- Experimental Procedures. For histone kinase assays samples equivalent

ih At ; ; BN to 20 ug of protein were incubated with 20 mM Tricine (pH 8.0), 0.5
lumination during the assay period was minimizes 7 mg of histone I1I-S/mL. 5 mM DTT, 10 mM MgGl 0.5 mM ATP. 3

/meI/n]Z/$)' Casein, phosvitin, histone VI”'S' or myosm uCi of [y-3?P]ATP at 22°C for 10 min. After spotting on Whatman
light chains (each at 0.5 mg/mL) were substituted in place 3MM paper and washing to remove unbound phosphate, incorporated
of histone 1lI-S to assess substrate preferente.vitro radioactivity was measured by Cerenkov countiBicomoles of
phosphorylation of PS Il proteins and purified LHC Il was Phosphate igcorpo;]ated into hiSs/tone/III-S/rfrﬁlﬁ!icoEolels of phosphalte

- P - : 2 incorporated into histone 1lI-S/min/mg of proteihRelative to total
mon_ltored after 3min mcubatlon.wnhfF PJATP (Coughlan Kinase activity of thylakoids.
& Hind, 1986b). Samples equivalent to 2% of protein

were analyzed except where PS Il and LHC Il were mixed, . .
and then the amount of LHC Il was reduced to Ag to CaCl using an SLM DW2000 spectrophotometer. Pigment

minimize band distortion during electrophoresis. SpS ~ Photobleaching was also monitored with this instrument.

PAGE was performed using a 13.5% polyacrylamide/4M RESULTS
urea gel (12.5« 13 cm; Race & Gounaris, 1993). Incor-
poration of radioactivity was detected using a Molecular  Solubilization of spinach thylakoids with OG yields an
Dynamics Phosphorimager. Non-radioactive, phosphory- active protein kinase extract and a comparably active
lated PS Il cores were produced in a similar way except that residuum (data not shown). The OG extract contains at least
the incubation time was extended to 15 min to ensure 20 proteins, of which few, if any, bind chlorophyll (Race et
maximal modification of the proteins. al., 1995a). The unsolubilized membranes retain the bulk
The renaturation blot assay used was based on the methodf the PS | and PS Il components. A more exhaustive
of San Agustin and Witman (1995). Samples of OG extract fractionation protocol was adopted to determine whether the
(8 ug of protein), PS Il core complexes (& of protein), kinase activity in the unsolubilized membranes was distinct
and catalytic subunit of cCAMP-dependent protein kinase (1 in its protein origin from that solubilized with OG. Exposure
ug of protein) were electrophoresed on 10% polyacrylamide to TX-100 releases the appressed regions of the thylakoid
minigels. Proteins were transferred to PVDF (Millipore) membrane, which form PS ll-enriched vesicles (Berthold et
using 25 mM Tris, 192 mM glycine, 20% (v/v) methanol al., 1981). The data in Table 1 demonstrate that at least
(140 mA x 4 h, 4°C). Renaturation was followed by one protein kinase copurifies with the PS Il-rich fraction.
incubation for 1 h in 30 mM Tris (pH 7.4) with histone 1lI-S  Subsequent treatment with OG at high ionic strength resolves
(0.5 mg/mL) as indicated. The filters were then treated with these vesicles further, separating the bulk of LHC Il proteins
[y-32P]ATP (50uCi/mL, 6000 Ci/mmol; 15 mL) for 30 min  from core complexes of PS Il, which are devoid of membrane
before washing to remove unincorporated label (San Agustin structure but retain some lipid together with ca. 10 proteins
& Witman, 1995). Where indicated filters were incubated in the molecular weight range-%0 kDa (Ghanotakis et al.,
with ATP (0.5 mM) before washing. Radioactive proteins 1987). Components associated with the water:PQ oxi-
were detected as above. doreductase activity of PS Il also remain bound, but virtually
Irradiation of PS Il core complexes was performed using all LHC Il is removed. Analysis of specific protein kinase
red light defined by a Kodak Wratten 25 filter; variable activities in these fractions demonstrates that the enzyme,
intensities were achieved using mesh screens and metallichereafter denoted as PS-IPK, copurifies with the PS I
neutral density filters. PS Il cores (2@ of Chl/mL) were core complex. When supplied with exogenous substrates,
illuminated at 22°C in a 1.0 mm pathlength wafer cuvette PS II-PK phosphorylated histone IlI-S at4 times the rate
in contact with a thermostatted copper block; spectra were obtained with casein, phosvitin, histone VIII-S, or myosin
recorded in the same cuvette. Aliquots were removed at thelight chains (data not shown). Histone IlI-S has previously
times indicated in the figure legends, stored on ice in been shown to compete with LHC Il for phosphorylation
darkness, and assayed within 10 min. When used, 2,5-by thein membrandinase activity (Coughlan et al., 1988).
dibromo-3-methyl-6-isopropyp-benzoquinone (DBMIB, 0.2  Interestingly, only very low levels of kinase activity fraction-
mM), superoxide dismutase (10 unitg/ of Chl), and ate with the dominant thylakoid phosphoproteins: the 25-
catalytic subunit of cAMP-dependent protein kinase (0.018 and 27-kDa LHC Il polypeptides.
ug of protein/L, 1.0 uniti«g of protein) were preincubated The ability of PS IFPK to phosphorylate endogenous
with the PS 1l complexes for 5 min in darkness at 22 thylakoid substrates was analyzed using SIPAGE fol-
DTT was excluded when DBMIB was used. Electron lowed by autoradiography to detect radioactively labeled
transfer kinetics of PS Il core complexes were assayed at aproteins obtained after incubation with-f2P]JATP. Phos-
concentration of 8.;g of Chl/mL in the presence of 1,5- phorylation of the 43-kDa chlorophyk-binding antenna
diphenylcarbazide (1.5 mM) and 2,6-dichlorophenolindophe- protein occurs within 3 minutes of exposure of PS Il core
nol (50uM) in 50 mM Tris (pH 7.5), 10 mM NaCl, 5 mM  complexes to}-*?P]JATP (Figure &, lane 1). Restoration
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Ficure 1: Phosphorylation of endogenous proteins and reactivation «?, g g g
of protein kinase activity in PS Il core complexes) PS Il core v Z 904 § 2
complexes and purified LHC Il proteins were incubated witii3P]- A2 it
ATP for 3 min before termination of phosphorylation and electro- 7 g a =S
phoresis on a 13.5% polyacrylamide/4 M urea gel. Lane 1, PS Il P T i 1 ' T — 0 &%
complexes; lane 2, PS Il complexes purified LHC II; lane 3, 0O 20 40 60 80 100 120
urified LHC II. Positions of molecular weight standards and major . uminati ;
Bhosphoproteins are indicate®h) OG extra?:t (lanes 1 and 4), PJS Time of illumination (sce)
Il complexes (lanes 2 and 5), and catalytic subunit of cAMP-
dependent protein kinase (lanes 3 and 6) were electrophoresed on 100
a 10% polyacrylamide gel before transfer of the proteins to PVDF.
Renaturation was followed by incubation with histone for 1 h where
indicated. The filters were treated withy-f2P]JATP for 30 min 80
before washing to remove unincorporated label. Positions of major =
phosphoproteins are indicated. g 60
Q
of purified LHC Il proteins to the PS Il core complexes é
results in their phosphorylation within the same time frame =~ £ £ 40 7
(Figure 1, lane 2). Phosphorylation is not seen when LHC 3 §
Il proteins are incubated with nucleotide in the absence of E § 201
PS Il (Figure &, lane 3). The D1 and D2 reaction center = “\5 b
proteins, the PsbH protein (also known as the 9-kDa T . . . . . '
phosphoprotein) and a 5-kDa protein (Webber et al., 1989), 0 2000 4000 6000 8000 10000 12000
are phosphorylated at longer incubation times (data not Intensity (umol/m”/s)
shown), in keeping with the pattern described for thylakoid piguge 2: Photoinactivation of PS #PK and electron transport
membranes (Bennett, 1979). in PS Il core complexesa) Time course of inactivation of PS II

Electrophoretic fractionation of proteins followed by core complexes (23@g/mL) resuspended in 50 mM Hepes (pH

immobilization and renaturation of activity (San Agustin & Zég)iigllgtTll\g g‘g&'gn% Ir/nml\g/sc):aglli éungt"é' v'agr-l; argr‘]jqic')'\‘/ggig?tﬁ]de"t‘%hes
Witman, 1995) in the presence of an artificial substrate, indicated, stored on ice, an'd assayed within 10 min. Protein kinase

histone III-S, was employed to estimate the molecular mass activity was measured by 10 min incubation with 20 mM Tricine
of PS II-PK. Two putative protein kinases, with masses (pH 8.0), 0.5 mg of histone llI-S/mL, 10 mM Mg&10.5 mM ATP,

of 64 and 58 kDa, are apparent in the OG extract of 5 mM DTT, 3 uCi [y-3?P]JATP. After termination of phosphory-
thylakoids (Figure I, lane 1). The PS Il core complexes lation, samples were spotted on Whatman 3MM paper and washed

g . to remove unbound label. Incorporated radioactivity was determined
(Figure b, lane 2) are dominated by the 58-kDa renatured by Cerenkov counting. Electron transfer kinetics of PS Il core

prOtein but retain a low level of aCtiVity around 64 kDa. The complexes (8549 of Chl/mL) were assayed in the presence of
catalytic subunit of cAMP-dependent protein kinase is also 1,5-diphenylcarbazide (1.5 mM) and 2,6-dichlorophenolindophenol

renatured under these conditions (Figupelane 3). Chasing  (504M) in 50 mM Tris (pH 7.5), 10 mM NaCl, 5 mM Caglising
with unlabeled ATP did not diminish the amount of @an Amlgco DV\IIZOOO spec:tgr?())photcl)mfeterr]. Corr]urol values in UI’&I”U-

. . . . - minated samples were 133 pmol of phosphate incorporated into
radioactivity associated with any of the phosphoproteins (datayjstone 111-S/mg of protein/min and G2equiv/img of Chifhn = 3

not shown), indicating that there is covalent attachment of or 4. () PS I[I-PK activity in core complexes after 1 min

phosphate to protein rather than electrostatic interactionillumination with varying intensities of red light. Aliquots were

between ATP and a binding site. If incubation with histone Pfoceﬁﬁeedc S‘Qﬁoﬁ"vo;ﬁjg ';(i)rr‘ahsrﬁlIi‘;:]ii\/r:geﬁassame?essu'\r/‘v?gsalséescmriot;ed
. . . . . n a.

”I'.S is omitted, the pattern of radiolabeling is unchanged of phosphate incorporated into histone III-S/n?g of protein/ml?n,

(Figure D, lanes 4 and 5) and the lower level of phosphate — 4

incorporation presumably originates from autophosphoryla-

tion of the kinase proteins. The catalytic subunit is not to intense red light (12 00@mol/n¥/s) resulted in a rapid

subject to autophosphorylation (Erlichman et al., 1974), and loss of protein kinase activity toward endogenous substrates

no labeling is apparent in the absence of histone (Fighye 1 (data not shown). In order to distinguish the effect of high

lane 6). irradiance on PS #PK from possible destructive modifica-

An intimate association between PS—RK and the tions to its endogenous substrates, kinase activity was assayed
reaction center of the photosystem is confirmed by the using the exogenous substrate histone IlI-S. This revealed
enzyme’s apparent sensitivity to light. The impairment of a half-time for the inactivation of~40 s (Figure 2).
oxygenic photosynthesis as a result of excessive irradianceMeasurement of PS Il electron transport in equivalent
is currently considered a two-step process manifest as asamples demonstrates that this is markedly less sensitive to
reduced efficiency of PS Il electron transport followed by illumination (Figure 2). No changes in polypeptide com-
degradation of various protein components of the photosys- position were observed to result from these short illumination
tem (Aro et al., 1993). Exposure of the PS Il core complexes periods (data not shown). Loss of PS-RK activity is
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Table 2: Modulation of PS #PK Activity?
0.00 specific histone kinase
=~ activity activity after 1 min
= prior to illumination (% of
S | sample illumination  unilluminated control)
= -0.02 | PS Il core complexes 133 44
20 | Tris-washed complexes 103 36
< | phosphorylated complexes 50 19
NS | PS Il core complexes:
3 | + DBMIB 99 59
5 -0.04 | — oxygen 67 97
g [ \ I + superoxide dismutase 87 26
2 \\ | — 4seclight+ 0, \J! catalytic subunit of CAMP- 353 98
< \’ ——- 60 sec light + O, deF)endent. protein kinase . .
-0.06 4 J “+ - 60 sec light - O aTris-washing and phosphorylation of PS || complexes were carried
2 out as described in Experimental Procedures. PS Il coresy(g30
! T ' ' T Chl/mL) were resuspended in 50 mM Hepes (pH 7.5), 10 mM NaCl,
400 450 500 550 600 650 700 5 mM CaC}, 1 mM DTT and illuminated with red light. DBMIB (0.2

mM), superoxide dismutase (10 unitg/of Chl) and catalytic subunit

of cAMP-dependent protein kinase (0.048 of proteinkL, 1.0 unit/
Ficure 3: Photobleaching of pigments in PS Il core complexes ug of protein) were preincubated with the PS Il complexes for 5 min
after red light illumination in the presence and absence of oxygen. in darkness at 22C. DTT was excluded when DBMIB was used.
PS 1l core complexes (23@g/mL) were resuspended in 50 mM  Anaerobicity was produced by use of argon-sparged buffer and
Hepes (pH 7.5), 10 mM NacCl, 5 mM Cagll mM DTT and preincubation with an enzymatic scavenging system: glucose (10 mM),
illuminated with red light (12 00Q«mol/n?/s). Anaerobicity was glucose oxidase (500 units/mL), catalase (1100 units/mL)..R0
produced by use of argon-sparged buffer and an enzymatic samples were incubated with 20 mM Tricine (pH 8.0), 0.5 mg of histone
scavenging system: glucose (10 mM), glucose oxidase (500 units/Ill-S/mL, 5 mM DTT, 10 mM MgCh, 0.5 mM ATP, 3 uCi of
mL), catalase (1100 units/mL). Samples were preincubated for 5 [y-*2P]JATP at 22°C for 10 min. Incorporated radioactivity was
min in darkness at 22C to ensure efficient scavenging. measured by Cerenkov counting of samples spotted on Whatman 3MM
. ) ) ) o paper.? Values were calculated by subtraction of PSPK activity
linearly related to the intensity of red irradiation above 1000 from total histone kinase activity in sample containing PS Il complexes

umol/m?/s (Figure ®). At lower intensities, a saturable and catalytic subunit of cAMP-dependent protein kinase.
inhibitory process seems also to occur, possibly involving

15-20% of the total protein kinase activity. Steady state 2) Removal of the 16-, 22-, and 33-kDa extrinsic proteins
absorbance spectra show that at high light intensity, photo-regyits in a slight loss of kinase activity but does not alter
bleaching of chlorophylia and carotenoids accompanies  the susceptibility of the remainder to photoinactivation. In
kinase inactivation (Figure 3). contrast, prior phosphorylation of the complex inhibits the
Exogenous electron acceptors and donors of PS Il arepjsione kinase activity of PS-HPK by 63% (Table 2) and
believed to minimize the accumulation of potentially damag- sypsequent illumination results in a more extensive loss of
ing radical species at either end of the redox chain by the remaining activity than is observed in non-phosphorylated
supplementing the electron supply at the site of water samples. Many protein kinases modulate their activity
oxidation or through ensuring efficient removal of electrons  through autophosphorylation (Krebs & Beavo, 1979), and
from the bound quinones (Aro et al., 1993). Preincubation ps ||—pK may be down-regulated in this fashion.
with the acceptor DBMIB slightly inhibits the kinase but
confers some protection on the enzyme during subsequenipy|scuUyssION
light treatment (Table 2). When PS Il core complexes are
illuminated under anaerobic conditions there is no light-  This is the first reported phosphorylation of both PS I
dependent loss of kinase activity (Table 2), although the and LHC Il proteins by a fraction purified from thylakoid
oxygen-scavenging system used results in a 50% inhibition membranes. The copurification of PS-PK with the core
of the dark control rate. Anaerobic conditions also prevent complex of the photosystem can be rationalized by assuming
the photobleaching of chlorophylls and carotenoids in PS Il the diffusional constraints of the membrane require a close
cores (Figure 3), as previously reported for other PS Il physical proximity between the enzyme and its substrates if
preparations (Aro et al., 1993) . Further evidence that the phosphorylation is to occur on a functionally significant time
inhibitory process involves an oxidant generated close to ascale. The differing positions and contexts of the modified
sensitive site on PSHPK stems from the observation that threonine residues within substrate polypeptides were previ-
histone phosphorylation catalyzed by cAMP-dependent ously considered indicative of a multikinase system (Allen,
protein kinase is not inhibited when its catalytic subunit and 1992) with one enzyme targeted toward the LHC Il proteins
PS Il core complexes are illuminated together (Table 2). The and a second directed toward the remaining PS Il substrates.
site of oxidant formation is presumably also inaccessible to The substrate preference of PS-RK appears sufficiently
superoxide dismutase (Table 2). The mechanisms underlyingbroad for residues in both types of environment to be
inhibition of kinase activity in unilluminated samples treated phosphorylatedin witro. Our data do not preclude the
with DBMIB or with radical scavengers are not clear. existence of additional kinases operating on some or all of
Omission of DTT does not lead to enzyme inactivation within these substrates vizo. Moreover, the existence of distinct
the assay period. populations of LHC Il with differential levels of phospho-
The tight physical association between PSRK and the rylation (Larsson et al., 1987; Peter & Thornber, 1991)
reaction center core is also apparent upon treatment of PS lisuggests that more than one kinase is involved in the
complexes with 0.8 M Tris (Ghanotakis et al., 1989) (Table modification of these proteins.

Wavelength (nm)
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The identification, using the renaturation blot assay the photodestruction of PS-+HPK may not occur in intact
technique, of a 58-kDa protein as the putative PSPK membranes under physiological conditions, it can reasonably
confirms that the enzyme is distinct and novel. This be assumed to accompany any photobleaching of pigments
assignment is based upon the correlation between increasingbservedn wvitro or in vivo.
levels of 58-kDa protein and kinase activity which are
observed upon solubilization of thylakoids to produce PS REFERENCES
ll-enriched membranes and PS Il core complexes. The Allen, J. F. (1992)Biochim. Biophys. Acta 109275-335.
amount of 64-kDa protein associated with the preparations Allen, J. F., Bennett, J., Steinbeck, K. E., & Arntzen, C. J. (1981)
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