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Trans-membrane Signaling in Photosynthetic State

Transitions

REDOX- AND STRUCTURE-DEPENDENT INTERACTION IN VITRO BETWEEN STT7 KINASE
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West Lafayette, Indiana 47907 and the SPasarow Mass Spectrometry Laboratory, NPI-Semel Institute, David Geffen School of
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Trans-membrane signaling involving a serine/threonine
kinase (Stt7 in Chlamydomonas reinhardtii) directs light energy
distribution between the two photosystems of oxygenic photo-
synthesis. Oxidation of plastoquinol mediated by the cyto-
chrome b¢f'complex on the electrochemically positive side of the
thylakoid membrane activates the kinase domain of Stt7 on the
trans (negative) side, leading to phosphorylation and redistribu-
tion (“state transition”) of the light-harvesting chlorophyll
proteins between the two photosystems. The molecular descrip-
tion of the Stt7 kinase and its interaction with the cytochrome
bef complex are unknown or unclear. In this study, Stt7 kinase
has been cloned, expressed, and purified in a heterologous host.
Stt7 kinase is shown to be active in vitro in the presence of reduc-
tant and purified as a tetramer, as determined by analytical
ultracentrifugation, electron microscopy, and electrospray ion-
ization mass spectrometry, with a molecular weight of 332 kDa,
consisting of an 83.41-kDa monomer. Far-UV circular dichro-
ism spectra show Stt7 to be mostly a-helical and document a
physical interaction with the b¢f complex through increased
thermal stability of Stt7 secondary structure. The activity of
wild-type Stt7 and its Cys-Ser mutant at positions 68 and 73 in
the presence of a reductant suggest that the enzyme does not
require a disulfide bridge for its activity as suggested elsewhere.
Kinase activation in vivo could result from direct interaction
between Stt7 and the b¢f complex or long-range reduction of
Stt7 by superoxide, known to be generated in the bsf complex by
quinol oxidation.

“State transitions” in the context of photosynthesis describe
the ability of photosynthetic organisms to adjust over the short
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term to different spectra and intensities of light illumination by
reversibly phosphorylating the light-harvesting chlorophyll
complex protein II, LHCIL,? thus changing the distribution of
absorbed light energy between the two photosystems, PSII and
PSI (1-11). The signal for activation of state transitions is initi-
ated through the oxidation of plastoquinol by the cyt b.f com-
plex (Fig. 1, A—C) on the lumen (electrochemically positive)
side of the thylakoid membrane (11, 12). Through the trans-
membrane activity of the kinase, plastoquinol oxidation is cou-
pled to phosphorylation of the LHCII (light-harvesting chloro-
phyll complex II) protein on the stromal (electrochemically
negative (n)) side of the thylakoid membrane, which facilitates
lateral diffusion of the phosphorylated LHCII proteins in the
thylakoid membrane (13), resulting in their redistribution from
the PSII to the PSI reaction center complex. The Stt7 protein
(Fig. 1D) that responds to the signal generated by plastoquinol
oxidation and functions as the LHCII kinase was identified by
screens for Chlamydomonas mutants deficient in state transi-
tions (4, 6) and was found to be a 754 residue serine/threonine
kinase located in the chloroplast thylakoid membrane as well as
in the soluble fraction (6). An orthologous protein, STN7, pres-
ent in Arabidopsis thaliana, also participates in LHCII phos-
phorylation and state transitions (6, 7). Description of the
molecular events that underlie photosynthetic state transitions
would contribute not only to the understanding of photosyn-
thetic energy transduction but also, more broadly, to that of
trans-membrane signaling mechanisms, most completely
described at present for the G protein-coupled receptor system
(14).

Binding of the cyt bf complex to Stt7 has been demonstrated
via co-immunoprecipitation (15). However, no evidence has yet
been provided for an interaction between the cytochrome com-
plex and Stt7 that perturbs a measurable physical or chemical
property of either member of the putative complex. Purifica-
tion of Stt7 from its native source is difficult because it is pres-
ent in substoichiometric levels, ~1:20 to cyt b.fin the unicellu-

3 The abbreviations used are: LHCII, light-harvesting chlorophyll complex
protein II; PSI, photosystem I; PSII; photosystem Il; cyt, cytochrome; n side,
electrochemically negative side of the thylakoid membrane; p side, elec-
trochemically positive side of the thylakoid membrane; iron-sulfur protein;
Chl-g, chlorophyll a; BME, B-mercaptoethanol; KD, kinase domain; UDM,
n-undecyl-B-p-maltopyranoside.
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lar green alga Chlamydomonas reinhardtii (15). A crystal
structure has been obtained of its kinase domain from a homo-
logous protein, MsStt7d, isolated from Micromonas sp. (16),
with which the kinase domain of Stt7 shares 47% sequence sim-
ilarity. However, the two kinases differ in N- and C-terminal
amino acid sequences, implying a different mechanism of
action. MsStt7d lacks the two cysteines, Cys®® and Cys”?, near
the N terminus, which have been proposed to be involved in
redox-mediated regulation of Stt7 activity (16, 17). Consistent
with this inference, targeting of the sulthydryl groups of the Stt7
in thylakoid membranes with N-ethylmaleimide inhibited
kinase activity (18). Regarding the redox state of the Cys®® and
Cys”? residues, proposed to be responsible for p side regulation
of activity, there has been a difference of opinion as to whether
the reduced —SH (17) or oxidized disulfide, -S-S- of the two Cys
are required for activity (15). Recently, it has been inferred that
these two cysteine residues form a permanent disulfide dimer
that does not change redox state during state transitions (19).

The Cytochrome b Complex—Crystal structures of the
active cytochrome b f complex have been obtained from the
filamentous unicellular cyanobacteria Mastigocladus lamino-
sus and Nostoc PCC 7120 (20-22) and the green alga C. rein-
hardtii (23). The cytochrome bf complex is organized as a sym-
metric dimer of eight distinct integral protein subunits (Fig. 1, A
and B): cytochrome by (cyt b) with four trans-membrane heli-
ces (A-D), subunit IV with three trans-membrane helices (E
and F), and the single trans-membrane helix of cytochrome f
(cytf), the Rieske iron-sulfur protein (ISP), and the small hydro-
phobic peptides PetG, PetL, PetM, and PetN. The cyt fand ISP
subunits each contain a large extrinsic domain on the lumen (p)
side of the membrane. The b.f complex contains seven pros-
thetic groups per monomer, including hemes bp, b, and c,,
associated with the cyt b4 polypeptide within the hydrophobic
trans-membrane domain, and heme f and [2Fe-2S] cluster
bound to the p side extrinsic domain of cytochrome fand the
ISP subunit, respectively (Fig. 1B). Single chlorophyll a (Chl-a)
and a B-carotene pigment molecules are located within the
hydrophobic domain of each monomer of the dimeric complex
(Fig. 1B). The quinol oxidation (Q,,) site of the cytochrome b4f
complex, which has been proposed to initiate state transitions
(11, 12), lies at the end of a narrow portal whose entrance is
defined by the C and F trans-membrane helices (Fig. 1C) and
that extends to the intermonomer cavity. The Chl-a phytyl tail
is inserted into the portal, suggesting that it can occlude plas-
toquinol/quinone passage in the channel (24), thus prolonging
the residence time of p side quinol/semiquinone/quinone and
providing a mechanism for increased production of superoxide
(25), which is proposed in this study to provide the reductant
required for state transitions.

Although the crystal structures of the cyt bf complex (Fig. 1,
A-C) and MsStt7 kinase domain have provided significant
insights into the functions of the individual proteins, the molec-
ular details of the mechanism of Stt7 kinase action, its interac-
tion with the b.f complex, the mechanism of signal transduc-
tion from the QP site of the bf complex to the kinase, and the
regulation of kinase activity remain incompletely defined.

Pulldown assays have previously demonstrated an interac-
tion between inactive Stt7 and the Rieske or cytochrome f
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subunits of the b.f complex but not with the intact b4f com-
plex (15). Recent yeast two-hybrid studies have inferred that
Stt7 interacts with an exposed p side site of the Rieske [2Fe-
2S] protein (19). This study documents a different approach
to the problem. Stt7 was overexpressed and purified from
Escherichia coli as a tetramer of 332 kDa, and a physical
interaction between purified active Stt7 and the intact bof
dimer was demonstrated. The isolated Stt7 showed in vitro
ATP hydrolysis activity under reducing conditions. This
implies that Stt7 displays kinase activity when the sulfhydryl
group of key cysteine residue(s) is reduced, in contrast to the
inference reached previously that a disulfide S-S bond is
essential for activity (15, 26).

Results

Domain and Amino Acid Sequence Analysis of Stt7—The Stt7
serine/threonine kinase is divided into four domains (9) (Fig.
1D): an N-terminal 41-residue signal peptide, a p side regula-
tory domain (residues 42-96), a putative single trans-mem-
brane domain (residues 97-122), and a C-terminal kinase
domain (residues 123-754). On the p side, two conserved cys-
teine residues at positions 68 and 73 have been suggested to
be involved in sensing the redox state of the lumen (15). An
analysis of the Stt7/STN7 sequences from a variety of
eukaryotic organisms reveals that cysteine residues at posi-
tions 68 and 73 are conserved only in higher organisms
(including C. reinhardtii).

The predicted trans-membrane domain, from residue 97-122
(6), °’VALLAPVLAYLFLPPGVLPGAIDYYI'??, contains four
proline residues (highlighted in the sequence in underlined
bold italics), which is a large number for a trans-membrane
domain. However, only proline residues 111 and 115 are con-
served in the Stt7/STN7 sequence (Fig. 24). The Stt7 sequence
also shows the presence of a '">*GXXP"'"® motif (where X is any
amino acid) in the putative trans-membrane domain (Fig. 24),
which is characteristic of a hinge motif (27, 28). The motif for
the hinge in Stt7/STN7 is conserved across photosynthetic
organisms (Fig. 24). Regarding other sequence motifs, the Stt7
trans-membrane sequence contains the ""2GXXXG"'® motif
(where X is any amino acid) (Fig. 24), which has been impli-
cated in the dimerization of trans-membrane domains (29).
Other than the Stt7 homolog from Micromonas sp., the
dimerization motif is conserved in the putative trans-mem-
brane domain in photosynthetic organisms (Fig. 24).

The n side of Stt7 contains several characteristic features of
kinases (Fig. 2B), including the **°HRD?’* motif, which is found
in eukaryotic kinases and is involved in proper spatial orienta-
tion of the substrate (30, 31). It is significant that the conserved
DFG motif, which has been linked to kinase activation/inacti-
vation (32, 33) is replaced by **'DLG>* in the C. reinhardtii
Stt7 (Fig. 2B).

Asnoted, Stt7 is predicted to contain the kinase domain from
residue 123-754 on the n side (Fig. 1D). An analysis of the Stt7
sequence (Uniprot accession no. Q84V18, C. reinhardtii) by
PSIPRED (34) shows that two C-terminal segments, Ala®'°-
Lys”%® and Glu”*>-Leu”®’, are predicted to be disordered. The
N-terminal 499 residues of Stt7 contain 6.8% glycine and 11.4%
alanine. In contrast, residues 500 —754 consist of 12.5% glycine
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FIGURE 1. Summary: structure aspects of the cytochrome b,f complex and Stt7 kinase. A, the cytochrome b4f complex from the filamentous cyanobac-
terium Nostoc PCC 7120 (PDB code 40GQ), consisting of eight distinct subunits (shown as ribbons). Cyt bg (white) and subunit IV (yellow) are polytopic subunits
containing four and three trans-membrane helices with seven prosthetic groups per monomer. Cyt f (cyan) and the Rieske ISP (red) contain a single trans-
membrane helixand large p side extrinsic domains. Four single-helix trans-membrane subunits, PetG (blue), PetL (green), PetM (orange), and PetN (light brown),
form the peripheral boundary of each monomer. B, electron transfer within the trans-membrane domain involves heme b,,, b,, (blue/red sticks) and heme c,
(black/red sticks) and, on the p side, a [2Fe-2S] cluster (brown/yellow sticks, spheres) linked to the ISP subunit and covalently linked heme f (black/red sticks). Two
pigments, Chl-a (green/red/blue sticks) and a B-carotene (B-Car, yellow sticks), are present in single copies in the trans-membrane domain. C, the p side Q, site
is marked by a quinol analog (PDB code 2E76), shown as thin black/red sticks. On the p side, the Q,, site is covered by the [2Fe-2S] cluster in the extrinsic domain
of the ISP subunit (red). F and G helices of subunit IV (pale yellow) are located at the periphery. The phytyl tail of the Chl-a (green/blue/red sticks) wrapped around
the F helix gates quinone residence at the Q,, site (24). A lipid molecule (brown/blue sticks) is bound within the niche formed by F and G helices adjacent to the
chlorin ring of Chl-a. Other protein subunits are represented in surface mode. D, schematic of the domain architecture of Stt7 kinase from the unicellular green
alga C. reinhardtii, for which a crystal structure is not available. The Stt7 polypeptide consists of an N-terminal 41-residue signal peptide sequence (red) that
targets the polypeptide to the chloroplast and is followed by a p side regulatory domain (blue, residues 42-96), containing two conserved Cys residues at
positions 68 and 73 (yellow circles) implicated in the activation/deactivation of Stt7 (15, 18, 19). The single hydrophobic domain (brown, 97-122) is proposed (9)
to span the membrane, connecting the regulatory and C-terminal kinase (yellow, residues 123-754) domains, the latter located on the n (stroma) side of the
membrane. In this study, kinase activity was found to be restricted to residues 124-549 (defined by the dashed line), with residues numbered according to
UNIPROT entry Q84V18.
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FIGURE 2. Conserved motifs in Stt7/STN7 kinase family members. A, within the trans-membrane domain, the GXXP motif, which encodes a hinge, is found
to be conserved and is shown in a dashed box. The dimerization motif GXXXG is present in the Stt7/STN7 kinase enzyme of all species except Micromonas sp. B,
the HRD motif, which is a key signature of kinases, is found to be highly conserved across Stt7/STN7 from all species. However, the DFG motif is replaced by the
amino acids DLG, as shown in the figure.
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FIGURE 3. Characterization of purified Stt7 kinase. A, SDS-PAGE analysis of Stt7 shows a band near 75 kDa that corresponds to Stt7. The sample was further
analyzed by mass spectrometry. B, isolated Stt7 was digested with trypsin, and peptides were analyzed by nano-liquid chromatography with automated
data-dependent tandem mass spectrometry on an Orbitrap instrument (Thermo Scientific, Orbitrap XL, high-resolution Orbitrap MS1 and ion-trap MS2).
Peptide MS data were matched to Swiss-Prot entries using Mascot software (Matrix Science). Peptides matched within 95% confidence limits are mapped onto
the Stt7 sequence (red) within the trans-membrane domain. C, intact Stt7 protein was analyzed by reverse-phase liquid chromatography with ion-trap mass
spectrometry (Thermo Scientific, LTQ with lonmax source). The mass spectrum was deconvoluted to the zero-charge state using BioMultiView software (MDS
Sciex). D, molecular weight of the purified Stt7 in its native state determined by analytical ultracentrifugation. A relatively large amount, 92.95% of purified Stt7,
showed a peakaat 11.75 S corresponding to a molecular weight of 332 kDa, which implies a tetrameric organization of the enzyme. E, under reducing conditions
(blue trace), Stt7 eluted in a single peak centered at 10.7 ml. The fractions marked by the dotted lines were used for characterization of the enzyme by analytical
ultracentrifugation. In contrast, under oxidizing conditions (red trace), Stt7 was mostly aggregated and eluted in the void volume of the chromatography
column. Note that the absorbance values at 280 nm of the protein peaks under reducing and oxidizing conditions have been normalized to 1. F, the purified
Stt7-KD band was analyzed by 12% SDS-PAGE, which corresponds to a molecular weight of 42 kDa. Different fractions of eluted Stt7-KD contain a similar

quantity of protein. Therefore, a representative sample is shown on SDS-PAGE. MW, molecular mass (kilodalton); Std, molecular weight standards.

and 19.6% alanine. Furthermore, the C-terminal portion of the
enzyme from residue 722-754 consists of a relatively high con-
centration of charged residues, 11 negatively charged (aspartate
and glutamate) and five positively charged (arginine and
lysine). The abundance of charged residues and of glycine
and alanine, two of the smallest amino acids, has been linked
previously to intrinsic protein disorder (35). It is noted that
the C-terminal disordered domain of Stt7 is found exclu-
sively in C. reinhardtii (6).

Location of Cysteine Residues—In addition to the p side cys-
teine pair Cys®®/Cys’® mentioned above, there are five other
cysteine residues, of which Cys'® and Cys*” are located in the
signal peptide, and Cys***, Cys>°®, and Cys®®” are present in the
kinase domain that is predicted to reside on the n side.

Purification of Full-length Stt7 and the Isolated Kinase
Domain—The gene for the full-length 754-residue Stt7 with a
C-terminal hexahistidine purification tag was overexpressed in
the E. coli BL23 Rosetta strain, and the protein was purified to
homogeneity using metal affinity cobalt-nitrilotriacetic acid
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followed by size exclusion chromatography. Stt7 is expressed in
the soluble fraction as well as in association with thylakoid
membranes in the native host C. reinhardtii (6). In our overex-
pression studies in E. coli, the protein was localized in the cyto-
solic fraction. Purified Stt7 from E. coli displays a molecular
weight of ~75 kDa, as determined by 12% SDS-PAGE (Fig. 34).
The identity of the purified protein was confirmed by pro-
teomics mass spectrometry (Fig. 3, B and C). The average
molecular mass was measured as 83,410 Da by electrospray
ionization-MS, which is larger than calculated for the trans-
lated coding sequence (81,568.15 Da). The mass spectrum
was quite heterogeneous, and the measured mass spread
between 83,300 and 83,500 Da (Fig. 3C). The origin of the
heterogeneity and extra mass of ~1.7 kDa in the monomer is
most like a consequence of the use in the protease inhibitor
mixture of 4-(2-aminoethyl)benzenesulfonyl fluoride hydro-
chloride (184 Da), which binds to the hydroxyl group of ser-
ine and tyrosine, in the protease inhibitor mixture, required
to prevent cleavage during the purification. In its native

JOURNAL OF BIOLOGICAL CHEMISTRY 21743
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state, Stt7 was found to have a sedimentation coefficient of
11.75 svedberg unit by an analytical ultracentrifugation anal-
ysis, which corresponds to a tetramer of 332 kDa, having a
Stokes radius of 6.74 nm (Fig. 3D). The molecular mass of the
monomer (83 kDa) inferred from the analytical centrifuga-
tion analysis is consistent with the monomeric mass deter-
mined by electrospray ionization-MS.

The presence of a reducing agent was found to be crucial
for the stability of the isolated full-length Stt7 enzyme (Fig. 3E).
In the absence of a reducing agent, because of protein aggrega-
tion, purified Stt7 eluted in the void volume of the S200 size-
exclusion chromatography column (Fig. 3E) and was retained
within the stacking gel of SDS-PAGE.

The isolated kinase domain (residues 124-549) was ex-
pressed as inclusion bodies in the E. coli BL23 Rosetta strain
(Fig. 3F). The inclusion bodies were refolded by dilution in 6 M
guanidinium hydrochloride. The refolded protein was found to
be enzymatically active as a kinase. Deletion of the C-terminal

FIGURE 4. Electron microscopy analysis of the Stt7 tetramer. Diluted Stt7
(2 mg/ml) was absorbed on a carbon-coated 400-mesh copper grid and
stained with uranyl acetate. Images were recorded on an FEI Tecnai transmis-
sion electron microscope operated at 200 kV at a magnification of X71,000
and defocus of —1 um. A, the 2D image shows a square-like organization of
the Stt7 tetramer of ~10 X 10 nm with an ~14-nm diagonal length. Band C,
magnified views of two tetramers of Stt7 highlighted in A with yellow boxes.
The tetramers show a dark circular feature at the center that represents a
hollow cavity of ~1 nm diameter.

Negative
Contral

Positive
Control

Negative
Control

Negative
Control

segment (residues 550—-754), which is predicted to be disor-
dered and is found exclusively in the C. reinhardtii Stt7 (6), did
not lead to a loss of kinase activity. This implies that the Stt7
C-terminal segment extending from residues 550-754 is not
involved in catalysis.

Visualization of the Stt7 Tetramer by Negative Stain Electron
Microscopy—A negative stain EM image of full-length Stt7 (Fig.
4A), shows an approximate 4-fold rotational symmetry. The
projection image displayed a square-shaped tetramer (Fig. 4, B
and C), of 10 X 10 nm and having a noticeable cavity of 1 nm in
diameter at the center. The Stt7 particles are measured to be of
14-nm diameter, which matches the Stokes diameter of 13.5 nm
determined from analytical ultracentrifugation.

Enzymatic Activity of Stt7—The isolated full-length Stt7
enzyme was found to be competent as a kinase in vitro by cat-
alyzing the hydrolysis of ATP to ADP, measured qualitatively
using the ADP-glo kit supplied by Promega (Fig. 54). The spe-
cific activity of purified Stt7 was 300330 nmol of ATP con-
verted to ADP/minute/mg of protein. Wells 1, 3, and 4 (Fig. 5A)
were negative controls in which ATP/protein, ATP, and pro-
tein, respectively, were omitted. Lanes 2 and 5 (Fig. 5A) exhib-
ited luminescence associated, respectively, with Stt7-depen-
dent conversion of ATP to ADP, and the presence of ADP alone
as a positive control. It was observed that the kinase activity of
the full-length Stt7 was dependent on reducing conditions. The
enzyme was found to be active in the presence of DTT or BME
(Fig. 5A). Similarly, Stt7 kinase domain (Stt7-KD) and the cys-
teine double mutant (C68S/C73S) were found to be active
under reducing conditions. Lanes 2 and 3 in Fig. 5, B and C,
respectively, contained Stt7-KD and C68S/C73S. Lane I in Fig.
5, Band C, displayed negative controls, whereas lanes 3 and 2 in
Fig. 5, B and C, respectively, contained ADP as a positive con-
trol. Comparable in vitro kinase activity obtained with the dou-
ble mutant C68S/C73S implies that an S-S disulfide bond
between cysteine residues at positions 68 and 73 is not essential
for activity.

Determination of Secondary Structure—Isolated full-length
Stt7 was analyzed by far-UV CD spectroscopy. The enzyme was
found to be predominantly a-helical, with the CD spectra
showing negative minima at 222 and 208 nm and a positive
maximum at 195 nm (Fig. 6A4). The estimated content of «
helix, B sheet, and disordered region of 56% * 7%, 7% * 2%, and
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FIGURE 5. Assay of kinase activity. A, qualitative luciferase assay of ATP hydrolysis activity of purified Stt7 kinase in 0.1 m phosphate buffer (pH 8). Reaction
mixture (kinase buffer, ADP glo reagent, and ADP reaction mixture) was added to lanes containing the following: lane 1, H,O blank; lane 2, Stt7 (3 n.g) in 2 mm
BME and 400 um ATP; lane 3, Stt7; lane 4,400 um ATP as a negative control; lane 5,400 um ADP as positive control. B, activity of the Stt7 kinase domain (Stt7-KD).
Lanes 1 and 3 contained no protein and acted as negative and positive controls, respectively. Reaction mixture kinase buffer, ADP glo reagent, was added to all
lanes. The concentration of ATP and ADP was 400 um. C, activity of C685/C73S double cysteine mutant of Stt7 kinase assayed with luciferase. Reaction mixture
was added to wells containing C68S/C73S Stt7 (lane 3) and lanes 1 and 2 as negative and positive controls, respectively.

21744 JOURNAL OF BIOLOGICAL CHEMISTRY SASBMB  VOLUME 291-NUMBER 41-OCTOBER 7, 2016



A 3]
- 201
2 Stt7 in 0.1 M K-Phosphate
~ 10 -
£
o
[o)]
R
"2
o)
-10
-20 - - - . , .
190 200 210 220 230 240 250
Wavelength (nm)
0
B Stt7
) -20
O
©
E
£
c -40 4
N
©
)
S 01
-80 T T

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Temperature ( C)

FIGURE 6. Far-UV circular dichroism spectra of Stt7. A, far-UV CD spectrum
of purified Stt7 in 0.1 m phosphate buffer (pH 8), 12 mm BME, and 0.1% UDM.
The spectrum with pronounced negative peaks at 208 and 222 nm shows that
the protein is primarily a-helical. B, temperature dependence of ellipticity of
Stt7 and bgf complex, measured at 222 nm in 0.1 M phosphate buffer (pH 8),
0.1% UDM of isolated Stt7 (a, red), spinach bsf complex (b, blue), and Stt7
together with the bsf complex (c, purple). d, thermally induced melting func-
tion of Stt7 in the presence of bsf (black), determined by the difference
between functions c and b.

37% * 8% was determined by the CONTINLL, CDSSTR, and
K2D algorithms in the DichroWeb package using an extended
set of reference proteins (36 —38). The relatively large content
of disorder in the full-length Stt7 matches well with the
sequence-based prediction of disorder, localized predomi-
nantly at the C terminus of the C. reinhardtii Stt7, from resi-
dues 500754 (Fig. 1D).

Evidence of Interaction between bf and Stt7 from Far-UV CD
Spectroscopy—Although it has been demonstrated previously
that Stt7 in an inactive state interacts with components of the
cyt bof complex in the thylakoid membranes of C. reinhardtii
(15), evidence of a physical interaction between the two isolated
and purified protein complexes in their native and enzymati-
cally active states has remained elusive. In this study, the inter-
action between the two isolated and enzymatically active pro-
teins was investigated using far-UV CD spectroscopy (Fig. 6A)
to probe intermolecular interactions that would affect the ther-
mal stability, i.e. the temperature dependence, of the secondary
structure of the Stt7. The yield of purified cyt b.f from C. rein-
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hardtii was found to be limiting. PetD (subunit IV), which is
proposed to be a junction of interaction with Stt7, shares 81%
identity and 84% similarity between C. reinhardtii and spinach.
Given the ease of purification of active dimeric cyt b¢f from
spinach, the interaction studies were conducted with purified
dimeric spinach bf. Isolated full-length Stt7 was mixed with
purified intact cyt bf, and the change in molar ellipticity at 222
nm was measured as a function of temperature (Fig. 6B). A net
increase of 3.2 °C in melting temperature for Stt7 at 222 nm was
observed in the Stt7-cyt b f mixture (Fig. 6B), which implies
stabilization of Stt7 caused by physical interaction with cyt bf.
The melting profile of Stt7 in solution containing 0.1% UDM
detergent is derived from the difference between melting func-
tions of (Stt7 + bf) function (Fig. 6B, trace d) and that of the bf
complex alone (Fig. 6B, trace a).

Discussion

Summary of New Information Regarding the Properties of
Stt7—This study provides a molecular characterization of puri-
fied Stt7, the enzyme that senses changes in trans-membrane
redox poise across the thylakoid membrane and responds to
quinol oxidation within the cyt bf complex to activate photo-
synthetic state transitions by catalyzing the phosphorylation of
the light-harvesting LHCII proteins. Purified full-length Stt7
was found to be enzymatically active in catalyzing the hydroly-
sis of ATP to ADP (Fig. 5A4), indicating that the enzyme was
properly folded and retained its native state. The enzymatic
activity of the full-length Stt7 was found to be dependent on
redox conditions and to require the presence of a reductant
(Fig. 5A). Comparable activity (~300-330 nmol of ATP con-
verted to ADP/minute/mg of protein) activity was obtained for
the Cys®® and Cys”*-to-serine double mutant. (Fig. 5C). The
enzymatically active, full-length Stt7 was purified as a tetramer
with a molecular mass of 332 kDa (Fig. 3D). The thermal melt-
ing temperature of tetrameric Stt7, relative to Stt7 in the same
concentration of UDM detergent, was increased by 3.2 °Cin the
presence of the intact cyt b f complex, implying a significant
energetic interaction between the two protein complexes (Fig.
6B). These are the first data that demonstrate the existence of a
physical interaction that is involved in a model of redox control
of Stt7 by the b f complex.

Trans-membrane Domain Sequence of Stt7—Although the
separation of redox control and enzymatic action on the two
sides of the photosynthetic membrane imply a connecting
trans-membrane structure of Stt7, the identity of this structure
domain is not obvious. The amino acid sequence of the Stt7
kinase contains four proline residue at positions 102, 110, 111,
and 115 within the putative trans-membrane domain (°”VAL-
LAPVLAYLFLPPGVLPGAIDYYI'??). Prolines within trans-
membrane domains have been associated with key functional
roles in protein structure and dynamics, including the forma-
tion of hinges that provide conformational flexibility to the pro-
tein (27). As the functionally significant thiol groups are located
predominantly within the p side domain, whereas the ATP-
binding site is localized across the thylakoid membrane in the n
side kinase domain, transfer of information from the n side
ATP binding site to the p side thiol groups would involve a
trans-membrane domain of Stt7. In this regard, it is important
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to note that proline 115 within the Stt7 trans-membrane
domain is organized in a "> GXXP''® motif (Fig. 2A), which is
characteristic of a flexible hinge (27, 28), and may be involved in
transducing information across the membrane. The ''?GXXP'"*
motif is conserved in Stt7/STN7 of higher organisms (Fig. 24).
An analysis of the Stt7 sequence reveals the presence of a
dimerization motif, '">*GXXXG''® (39), within the putative
trans-membrane domain (Fig. 2A4) that may be involved in the
formation of a tetrameric Stt7.

Analysis of the n Side Kinase Domain Sequence of Stt7—The
Stt7 kinase domain is localized on the n side of the thylakoid
membrane (6, 15). The domain shares limited sequence conser-
vation between photosynthetic organisms, especially at the C
terminus (6, 16). A crystal structure of a homolog of the Stt7
kinase domain has been solved from Micromonas sp. alga (16).
In this study, the kinase activity was localized within the amino
acid segment 124 —549 of Stt7. Moreover, the Stt7 C terminus
(residues 500 —754) is predicted to be disordered. As the C-ter-
minal disordered domain is not a universal feature of the Stt7
kinase and is found exclusively in C. reinhardltii, it is proposed
that the domain in its entirety is not involved in state transi-
tions. Deletion of residues 550 —754 (and residues 1-123) from
Stt7 did not abrogate the kinase activity (Fig. 5B), indicating
that the C-terminal domain is not directly involved in the struc-
ture-function of Stt7, as it pertains to state transitions. At pres-
ent, the function of the Stt7 C-terminal disordered domain
remains unknown.

Proposed Model I for a Physical Interaction Between the bf
Complex and Stt7—A recent proposal (19) suggested that the
activation of the Stt7 kinase does not involve any net redox
change of the p side cysteine residues Cys®® and Cys”®. An
experimental problem with assay of the oxidation state of the
Cys®®-Cys” pair is that the disulfide redox potential is very
negative, as in Refs. 26, 40, 41, and very strict anaerobic condi-
tions would have to be maintained and checked to ensure
reduction of the Cys®*-Cys”® disulfide bond. The model also
proposed that the Stt7 kinase is activated by a conformational
change induced via an interaction with a p side domain of the
Rieske ISP (19). There is a question as to whether the proposed
Stt7 interactive residues, 51-104, in the ISP are accessible. In
the cyt bof structure from C. reinhardtii (PDB code 1Q90), res-
idues 51— 68 are buried within the hydrophobic domain of the
membrane, implying a structure impediment to interaction
with the Stt7 N-terminal domain, which is outside of the mem-
brane in the p side aqueous phase. Moreover, the polyglycine
hinge of the Rieske iron-sulfur protein subunit, proposed as a
possible site of interaction between Stt7 and the cyt bf com-
plex, has a surface area of 340 A? (PDB code 40GQ), which is
small compared with the most frequent range of interfacial sur-
face areas for interprotein interactions of 500—1000 A2 (42).
Alternatively, significant in vitro kinase activity is demon-
strated in this study with purified Stt7 kinase under reducing
conditions, which implies a role for the p side cysteine residues
Cys®®-Cys”.

Proposed Model 11 for Stt7 Kinase Activation via Reduction of
the Cysteine 68 and Cysteine 73 Residues by Superoxide Gener-
ated from the bf Q, Site—The LHCII phosphorylation activity
associated with state transitions was reported to be sensitive to

21746 JOURNAL OF BIOLOGICAL CHEMISTRY

Cyt bgf Complex
A iy
&S : :
I (p)
73S
Kinase domain
(inactive)
B Cyt bgf Complex
(p)
(n)

Kinase domain
(active)

FIGURE 7. Hypothesis/model for trans-membrane activation of Stt7
kinase. Superoxide, O3, generated in the bsf complex via plastosemiquinone,
reduces the disulfide bond between Cys®® and Cys’3. Disulfide-sulfhydryl
transition causes a conformation change in the Stt7 trans-membrane domain
thatis transmitted to the n side of the membrane through the proline hinge in
the trans-membrane domain, thus activating the kinase on the n side. The p
side domain containing Cys®® and Cys’?, is shown as a blue oval, the trans-
membrane domain as brown cylinders, and the proline hinge as a gray (A) and
yellow (B) pentagon. The n side Stt7 kinase domain is shown in gray in the
inactive state (A) and, when activated, as a red rectangle (B). The C-terminal
disordered domain is shown as an orange rectangle. The cyt bsf complex (PDB
code 4H13) is shown in surface representation, with the p side plastoquinol
(Q,) binding site marked by the quinol analog tridecyl stigmatellin (purple
sticks). Lipid bilayer, light green. (A) The Q, site of cyt bsf complex is unoccu-
pied, Cys®® and Cys”® of Stt7 form a disulfide bond, and kinase remains inac-
tive. (B) Upon binding and oxidation of plastoquinol at the Q, site, plas-
tosemiquinone (PQ3) is generated which proposed to, serve as a reductant for
molecular oxygen (O,), generating O, which is oxidized to plastoquinone
(PQ). As noted in the main text, the Stt7 trans-membrane domain has been
proposed to occupy the niche between the peripheral F and G trans-mem-
brane helices of subunit IV.

redox conditions prior to the identification of Stt7 (18). Subse-
quently, mutation analysis suggested an involvement of the p
side residues, Cys®® and Cys”?, in state transitions (15). In this
study, in vitro assays of kinase activity of isolated and purified
Stt7 and the Cys®® and Cys”3-to-serine double mutant demon-
strated the redox dependence, i.e. dependence on the reduc-
tant, dithiothreitol, of kinase activity (Fig. 5, B and C). Hence, it
is inferred that an active kinase requires cysteine to be in the
sulfhydryl state, i.e. no disulfide bridge between them. It has
been suggested previously that the Stt7 kinase, with its single-
pass trans-membrane domain, may be located proximal to the F
and G helices of subunit IV of the cyt bf complex (Fig. 1C) (39,
43-45). Such a complex between cyt b.fand Stt7 may place the
p side extrinsic domain of Stt7 in proximity to the Q,, site of cyt
bef (Fig. 7), which is the site of superoxide production from
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plastosemiquinone (25). Hence, in vivo, the superoxide (mid-
point redox potential, —0.14'V (46)) may be a sufficiently strong
reductant to reduce the disulfide bond between Cys®® and
Cys”>. Superoxide has been reported previously to reduce disul-
fide bonds in ion channels and pumps (26). The midpoint redox
potential, E_, of the disulfide bond, which is pH-dependent, has
been determined to be in the negative potential region, in the
range of —0.12 to —0.47 V (40, 41, 47— 49), where its chemical
reduction requires strict anaerobic conditions. The potential of
plastoquinone/plastosemiquinone is —0.10 to —0.15 V (4, 25,
49).

Hypothesis—A model is proposed, based on analysis of the
sequence of the trans-membrane domain of Stt7 (Fig. 7), that
also suggests a structural basis for signal transduction from the
p to the n side. The trans-membrane domain of Stt7 contains
four proline residues at positions 102, 110, 111, and 115
(°*’VALLAPVLAYLFLPPGVLPGAIDYYI'??). Proline can exist
in either cis or trans isomeric configuration with a large differ-
ence in the prolyl dihedral angle (50-52). Upon isomerization
between cis and trans configurations, relatively large conforma-
tional changes are introduced in the polypeptide. It is suggested
that the p side redox changes sensed by the Stt7 enzyme via the
formation/breakage of the Cys®® and Cys”? disulfide bond, are
communicated via the trans-membrane domain through
isomerization of the trans-membrane proline residues, leading
to the transduction of information across the membrane from
the p to the n side. It is noted that isomerization of proline has
been documented previously to be crucial to neurodegenera-
tive disorders, cellular signaling, gating of ion channels, and
control of access to enzyme active sites (53—-58). It has been
suggested previously that the Stt7 trans-membrane domain
may be bound between the F and G trans-membrane helices of
cyt bef (43-45).

Tetrameric Organization of Stt7—It is significant to note that,
previously, the Stt7 kinase pool was reported to be partitioned
between the soluble and thylakoid membrane fractions (6). The
membrane-bound fraction of Stt7 has been shown to be
dimeric (19). In this study, the Stt7 kinase was isolated as a
tetramer from the soluble fraction. It may be inferred that the
tetrameric organization of Stt7 limits the exposure of the puta-
tive trans-membrane domain to the aqueous phase to prevent
aggregation of the enzyme. In the membrane-bound fraction, it
is expected that the hydrophobic trans-membrane domain of
Stt7 will be exposed to the lipid acyl chains. The hydrophilic
surface of Stt7, which protects the trans-membrane domain
from aggregation in the soluble tetrameric state, will be
excluded from the hydrophobic core of the lipid bilayer. The
transition of Stt7 from a soluble to a membrane-bound form
would require conformational changes in the enzyme that may
be mediated by the conversion of a soluble Stt7 tetramer to a
membrane-bound dimer.

Experimental Procedures

Cloning and Expression of the Stt7 Gene—The 2.2-kb nucle-
otide sequence that codes the full-length stt7 gene (C. rein-
hardltii, accession no. Q84V18) was cloned into expression
vector pET28a at restriction sites Ndel and Xhol under the LacZ-
inducible operon in E. coli DH5« cells. The plasmid was later
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transformed into BL21DE3 Rosetta cells for overexpression.
Cysteines at the 68th and 73rd positions were mutated to
serine using the forward and reverse primers 5'-GCAGCAC-
CGTCCCAAGTTATGAAAAGTGGCGATATT-3" and 5'-
AATATCGCCACTTTTCATAACTTGGGACGGTGCTGC-
3, respectively.

Expression and Purification of Stt7 His-tagged Protein—Cul-
tures of E. coli (BL21DE3 Rosetta) expressing Stt7 were grown
at 37 °C, induced at an optical density of 0.6 with 100 um iso-
propyl 1-thio-B-p-galactopyranoside, and grown overnight at
18 °C. The cells were harvested by centrifugation at 16,000 X
g (10 min, 4 °C) and resuspended in lysis buffer (0.1 M potas-
sium phosphate buffer, 400 mm NaCl, 12 mm citrate, and 2
mM BME (pH 8.0). The cells were lysed at 16,000 p.s.i. in a
French pressure cell and then subjected to centrifugation
(27,000 X g, 4°C, 40 min). The clear supernatant thus
obtained was loaded on a cobalt-nitrilotriacetic acid column
pre-equilibrated with lysis buffer and washed (0.1 M potas-
sium phosphate buffer, 400 mm NaCl, 12 mu citrate, 2 mm
BME, and 2 mMm imidazole (pH 8.0)). The protein was eluted
with 0.1 M potassium phosphate buffer, 400 mm NaCl, 12 mMm
citrate, 2 mm BME, and 4 mM imidazole (pH 8.0), concen-
trated, and loaded on a S200 Superdex gel filtration column.
All procedures were carried out at 4 °C. The eluted protein
was analyzed by 12% SDS-PAGE.

Purification of Cytochrome b Complex—Spinach leaves
were ground in 50 mwm Tris-HCI (pH 7.5), 100 mm NaCl, and 1
mMm EDTA and sedimented at 11,000 X g (4 °C for 30 min). The
sediment was washed with 10 mm Tris-HCI followed by 2 m
NaBr, and the thylakoid membranes were suspended in TNES
buffer (50 mm Tris-HCI, 100 mm NaCl, 1 mm EDTA, and 10%
sucrose) supplemented with 30 mMm #n-octyl-B-p-glucopyrano-
side and 0.1% cholate. The soluble extract was precipitated
sequentially with 38% and 65% ammonium sulfate to isolate bf
complex containing a native lipid complement. Further purifi-
cation was achieved using a 10 —32% sucrose density gradient in
TNES buffer with a final detergent concentration of 0.05%
UDM.

Assay of Kinase Activity—Catalysis by kinases involves the
transfer of a phosphate group from an ATP molecule by ATP
hydrolysis. ATPase activity was assayed using the ADP-glo kit
(Promega). ATP hydrolysis activity of Stt7 was measured with
0.4 mm ATP in the presence of buffer (50 mm Tris-HCl, 5 mm
Mg>", and BSA) at room temperature for 15 min. The reaction
mixture was incubated with ADP-glo reagent at room temper-
ature for 40 min to consume unused ATP. Detection reagent
was then added to convert ADP to ATP, detected in the pres-
ence of luciferase/luciferin, and luminescence was recorded
with a Spectramax luminometer (Molecular Devices). This
activity was determined from the amplitude of luminescence
measured as a function of ADP concentration.

Far-UV CD Analysis—Far-UV CD spectra were measured in
stirred cuvettes with an optical path length of 0.1 and 0.02 mm,
respectively, in a Chirascan Applied Photophysics spectropola-
rimeter. Samples in phosphate buffer (pH 8), 20 °C, containing
0.1% UDM were used for analysis. Thermal denaturation pro-
files were obtained by measuring the amplitude of the CD signal
at 222 nm over a temperature range of 10-95 °C.
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Sequence Analysis—All Stt7/STN7 protein sequences were
derived from the UNIPROT database: Q84V18, C. reinhardtii;
C1EBNI, Micromonas sp., Q9S713; A. thaliana; AOAOK9QAHS,
Spinacia oleracea; and AOAOB2PEE7, Glycine soja. Multiple
sequence alignment was performed in Clustal Omega (59). The
figures for sequence alignment were prepared in ESPript 3.0
(60). For prediction of disorder, the C. reinhardtii Stt7
sequence was analyzed in PSIPRED using the DISOPRED
server (61). The DISOPRED server initially assigns an equal
order-disorder probability to each amino acid position. The
DISOPRED server performs a position-specific iterative basic
local alignment search tool to generate a profile sequence.
Then, using the BLAST results, the server performs an iterative
search to calculate the disorder probability for each residue.
The calculation is based on high-resolution crystal structures of
related sequences deposited in the PDB, where the absence of
coordinates from a chain is inferred to indicate disorder.

Mass Spectrometry—Intact protein mass spectrometry was
performed as described previously (62) using a linear ion-trap
mass spectrometer (LTQ, Thermo Electron) operated in posi-
tive ion mode. Mass accuracy for protein standards typically
achieves a measurement accuracy better than 0.02%. For pro-
teomics mass spectrometry, protein samples were alkylated,
digested with trypsin, and analyzed by nanochromatography
with tandem mass spectrometry on an hybrid linear ion trap/
Orbitrap mass spectrometer as described previously (63). Mas-
cot software (Matrix Science) was used to identify peptides
using 10 ppm mass tolerance on high-resolution MS scan 1 and
0.5 Da mass tolerance on low resolution MS scan 2 for an over-
all 5% false discovery level.

Analytical Ultracentrifugation—Sedimentation velocity mea-
surements were made with a ProteomeLab XL-A (Beckman
Coulter) analytical ultracentrifuge. Purified Stt7 (400 ul, A,g, =
0.6) in PBS buffer (pH 7.4), and the same volume of buffer as a
blank reference was loaded in a double-sector analytical ultra-
centrifugation sample cell assembled with a 12-mm epon-char-
coal centerpiece and sapphire windows. The sample was loaded
in a Ti-60 rotor, equilibrated at 20 °C in the rotor chamber for
2 h before centrifugation, and then centrifuged at 30,000 rpm at
20 °C. The progress of centrifugation was monitored by record-
ing the absorbance at 280 nm. The sedimentation velocity
boundaries were analyzed by the c(s) model in SEDFIT version
15.01b (64), which was also the source for the values of buffer
density, viscosity, and protein-specific volume. The weight-av-
erage s value of each peak was created by c(s) analysis and con-
vertedtos,,, ,o) corresponding to standard conditions. The stan-
dard deviation of the molecular weight was calculated by c¢(M)
analysis (65).

Electron Microscopy and Negative Stain EM—Homogeneous
populations of Stt7 (2 ug/ml) were obtained by passing the
purified protein through an S200 gel filtration column and col-
lecting the selected peak fractions. The sample was applied to a
freshly glow-discharged 400-mesh copper grid and washed
with distilled water to remove excessive buffer without allowing
the grid to dry. The grid was blotted and instantly stained with
uranyl acetate on the side containing the sample. Excessive
stain on the grid was removed by blotting, and the data were
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acquired on an FEI Tecnai transmission electron microscope
operated at 200 keV.
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