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Abstract The cyanobacterial small CAB-like proteins
(SCPs) are one-helix proteins with compelling similarity to
the first and third transmembrane helix of proteins
belonging to the CAB family of light-harvesting complex
proteins in plants. The SCP proteins are transiently
expressed at high light intensity and other stress conditions
but their exact function remains largely unknown. Recently
we showed association of ScpD with light-stressed,
monomeric Photosystem II in Synechocystis sp. PCC 6803
(Yao et al. J Biol Chem 282:267-276, 2007). Here we
show that ScpB associates with Photosystem II at normal
growth conditions. Moreover, upon introduction of a con-
struct into Synechocystis so that ScpB is expressed
continuously under normal growth conditions, ScpE was
detected under non-stressed conditions as well, and was
copurified with tagged ScpB and Photosystem II. We also
report on a one-helix protein, Slr1544, that is somewhat
similar to the SCPs and whose gene is cotranscribed with
that of ScpD; Slr1544 is another member of the extended
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light-harvesting-like (Lil) protein family, and we propose
to name it LilA.
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Abbreviations
CAB Chlorophyll a/b binding

ELIP Early-light induced protein

HLIP High-light induced protein

LHC Light-harvesting complex

Lil Light-harvesting like

PAGE Polyacrylamide gel electrophoresis
PS Photosystem

SCP Small CAB-like protein

LC-MS/ Liquid chromatography combined with
MS tandem mass spectrometry

p-oM f-p-maltoside

Introduction

The first step in photosynthesis is the absorption of sun-
light by chlorophylls and other pigments. To keep them in
their proper location and orientation, the pigments are
bound to carotenoid-containing proteins to ensure efficient
and rapid energy transfer, and effective quenching of
toxic triplet states. In plants the majority of pigments,
including chlorophyll a, chlorophyll b, and various
carotenoids are bound to a family of membrane-integral
proteins, called the light-harvesting complex (LHC). Most
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abundant is LHCII, the main light-harvesting complex of
Photosystem II (PSII), which is known to consist of three
transmembrane helices, each of which is comprised of
20-34 amino acids (Kiihlbrandt et al. 1994; Liu et al.
2004; Standfuss et al. 2005). The sequences of helices I
and III of LHCII are very similar to each other and
comprise a motif of approximately 25 amino acid residues
that includes the chlorophyll-binding domain and is
known as the CAB (chlorophyll a/b binding) motif
(Jansson 1999). Proteins sharing the CAB motif display a
high degree of sequence similarity and are believed to
have a common evolutionary origin (Durnford et al. 1999;
Heddad and Adamska 2002). The members of this family
also include the antenna proteins located around Photo-
system I (PSI), the stress-induced early light-induced
proteins (ELIPs) (see Adamska 2001), and the PsbS
protein (reviewed by Funk 2001) that has an important
function in non-photochemical quenching (Li et al. 2000).
Moreover, related genes coding for polypeptides with one
or two transmembrane «-helices have been detected in the
genomes of Arabidopsis thaliana (Heddad and Adamska
2000; Jansson et al. 2000), rice, poplar (Klimmek et al.
2006), the green alga Chlamydomonas reinhardtii (Ter-
amoto et al. 2004), and the red alga Cyanidioschyzon
merolae (Ohta et al. 2003).

In contrast to plants, cyanobacteria lack multi-helical
CAB proteins. Instead, many cyanobacteria use the
extrinsic phycobilisome as a major peripheral light-har-
vesting complex. However, the genomes of both marine
and freshwater cyanobacteria encode for a family of small
CAB-like proteins with masses of less than 8 kDa
(reviewed in Bhaya et al. 2002). These proteins are pre-
dicted to have a single membrane-spanning «-helix that
displays significant sequence similarity to the first and third
membrane-spanning region of the CAB proteins of green
plants. This common characteristic has given them the
name small CAB-like proteins (SCPs) (Funk and Vermaas
1999). They were also designated high-light inducible
proteins (HLIPs) since the level of the corresponding
transcripts was found to increase after transfer of cells to
high light intensity and other stress conditions (He et al.
2001; Mikami et al. 2002).

In the cyanobacterium Synechocystis sp. PCC 6803
(hereafter Synechocystis 6803), five SCPs were identified
(Funk and Vermaas 1999); four of them (ScpB to ScpE)
encode proteins of around 6 kDa, while the fifth one
(ScpA, S1r0839) is the C-terminal extension of ferroche-
latase. The genes coding for ScpB-ScpE are induced
under various different stress conditions, including very
high light intensity (>500 pmol m2 s™"), low tempera-
ture, and N- and S-starvation (He et al. 2001; Mikami
et al. 2002). A mutant with these four genes inactivated
was sensitive to high-intensity illumination and showed
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alteration in pigmentation and in the ability to perform
non-photochemical dissipation of absorbed light energy
(Havaux et al. 2003). SCPs may prevent the formation of
reactive oxygen species (ROS) by serving as transient
carriers of chlorophyll (Xu et al. 2004; Xu et al. 2002).
Furthermore, the SCPs appear to participate in tetrapyr-
role biosynthesis and to regulate pigment availability (Xu
et al. 2004; Xu et al. 2002). Interestingly, ScpC (Ss12542,
HliA) and ScpD (Ssr2595, HIiB) seem to be functionally
complementary (Xu et al. 2004). These two genes are
most similar (87.1% identity, He et al. 2001), indicating a
rather recent gene duplication event (Bhaya et al. 2002)
or a strict requirement for conserved primary structure.
Using 2D PAGE, N-terminally His-tagged ScpD was
immunologically detected to comigrate with PSII
(Promnares et al. 2006). Consistently, His-ScpD copuri-
fied with PSII upon affinity chromatography and its
closest neighbor was CP47 (Yao et al. 2007). The very
similar ScpC protein also comigrated with PSII (Yao et
al. 2007) but no compelling experimental data on the
subcellular location of ScpB and ScpE are available yet.

In this study, we overexpressed Strep-tagged ScpB
(Ssl1633, HIIC) in Synechocystis 6803. We observed
association of both Strep-tagged ScpB and ScpE with
Photosystem 1I in cells grown under normal growth con-
ditions, while neither ScpC nor ScpD were detectable. In
contrast, high-light stressed cells expressed slri544, the
product of which copurified with PSII and resembles the
SCPs.

Materials and methods

Growth conditions. Synechocystis 6803 was cultivated at
30°C at a light intensity of 40 pmol photons m~> s~" in BG-
11 medium (Rippka et al. 1979), in which sodium nitrate
was partially substituted by ammonium nitrate so that the
final concentration was 13.2 mM and 4.4 mM respec-
tively. The growth medium was supplemented with 10 mM
TES/NaOH buffer, pH 8.2, and 5 mM glucose. Antibiotics
were added where appropriate. Liquid cultures were grown
while being shaken at 120 rpm. Solid medium was sup-
plemented with 1.5% (w/v) agar, 0.3% (w/v) sodium
thiosulfate, and 10 mM TES/NaOH buffer, pH 8.2. The
optical density of the cell cultures was determined at
730 nm using T90+ UV/VIS Spectrometer by PG Instru-
ments. For all experiments cells were harvested from liquid
cultures at an optical density of 0.5-0.7, which corresponds
to mid-log phase.

DNA isolation and genetic manipulations. Chromo-
somal DNA was isolated from the wild-type strain by a
standard method of N-lauryl sarcosine lysis and phenol-
chloroform extraction (Joset 1988; Maniatis et al. 1982).
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PCR amplification of the locus containing scpB (ssl1633)
was conducted using the primers BF and BR (Supple-
mentary Table 1). The BF primer sequence contained the
Strep-tag II and linker sequences, which allowed intro-
duction of this tag at the N-terminus of ScpB. The PCR
product contained restriction sites for Ncol and Pst,
which were used for cloning the tag-scpB fusion in lieu of
lheb in the pA3lhcgA3 plasmid (He et al. 1999). In the
resulting construct scpB was under the psbA3 promoter
that allows continuous expression of this gene under non-
stressed growth conditions. This construct (Supplementary
Fig. 1) was used to transform a wild-type strain of Syn-
echocystis sp. PCC 6803, and the resulting mutant
continuously expressed a Strep-tagged ScpB under normal
growth conditions whereas in its original locus, scpB is
only expressed under stress conditions (Funk and Ver-
maas 1999; He et al. 2001). The gentamicin resistance
cassette downstream of scpB provided a convenient
means of mutant selection and segregation.

To attach the Strep-tagll (IBA GmbH) to the N-ter-
minus of Slr1544 the following strategy was used: A
2,160 bp PCR fragment was generated using the primers
D1 and D2 (see Supplementary Table 1); this fragment
included the coding region of scpD and slr1544 as well
as flanking regions. This fragment was ligated into
pUCI18 using the HindIll and Sacl restriction sites
resulting in plasmid pDF that is shown in Supplementary
Fig. IB. Both genes (scpD and sir1544) were then
replaced by a kanamycin resistance cassette to generate
the plasmid pDKF. After transforming wild type Syn-
echocystis cells with pDKF a scpD/slri1544~ kanamycin-
resistant mutant was obtained. The PCR product encod-
ing for the Strep-tagll using primers ST1 and ST2
(Supplementary Table 1), was inserted into pUCI1S8; the
new plasmid was called pStag (Supplementary Fig. 1B).
The reverse primer (ST2) contained a Spel site in
addition to the BamHI site, allowing cloning of slr1544
in frame with the Strep-tag, using the PCR product
obtained with primers F1 (Spel) and 18R (Pstl), creating
the plasmid pStagF. Using pDF (primers 18F and DR)
and pStagF (primers F2 and 18R) as templates a new
plasmid called pDStagF was generated, in which the N-
terminal strep-tagged slr1544 is in frame with its natural
promoter (the scpD sequence was excluded in the PCR).
A spectinomycin resistance cartridge (Eaton-Rye and
Vermaas 1991) (2 kb, restricted by BamHI in pDStagF
using the Bcll restriction site) was inserted and the
resulting plasmid was used for transformation of the
double-knockout Synechocystis mutant scpD /slri1544.
Cells were allowed to segregate in the presence of
antibiotics. Complete segregation of the mutants was
confirmed by PCR using the primers D1 and D2 (Sup-
plementary Fig. 1C).

Total RNA purification

Cell cultures grown to mid-logarithmic phase (O.D. 0.5—
0.8) were transferred to 50 ml sterile Sarstedt tubes, chilled
on ice to 0°C, and immediately centrifuged at 4,500g for
5 min. The cell pellet was resuspended in RLT buffer
(RNeasy Mini Kit, Qiagen) and mixed with an equal vol-
ume of 0.1-mm-diameter glass beads. Cells were broken in
the Bead-Beater using four breakage cycles (each cycle
consisted in 1 min breakage followed by 1 min cooling on
ice). RNA was purified from lysed cells according to the
RNeasy Mini Kit (Qiagen) protocol.

Northern Blot analysis

Total RNA (5 pg) was resolved by gel electrophoresis (2%
agarose/2% formaldehyde) and transferred to a positively
charged nylon membrane (Roche Diagnostics). DNA
probes were synthesized using a digoxigenin (DIG) DNA
Labeling and Detection kit (Roche). To synthesize the
scpD and slri1544 probes the following primers were used
for amplification: scpD forward 5'-ATGACTAGCCGC
GGATTTC-3', scpD reverse 5'- TTAGAGAGAGAGCA
ACC-3, sir1544 forward 5'-ATGAACTACCAAAGGAC
TG-3', slr1544 reverse 5'-TTAGAGAAAGTCAGCCTG
AAG-3'. Hybridization and detection were performed
according to the DIG hybridization (Roche) standard
protocol.

Isolation of protein complexes containing Strepll-tagged
ScpB

Thylakoids were isolated from cultures of the Synecho-
cystis ScpB-Strep mutant according to Funk (2000).
Thylakoids were solubilized with dodecyl f-p-maltoside
(p-pM) at a final detergent/chlorophyll ratio of 8:1 (w/w)
in a medium consisting of 100 mM Tris/HCl, pH 8.0,
150 mM NaCl, and 1 mM EDTA. Purification of ScpB-
Strep-1I-containing protein complexes was conducted using
a strep-tactin sepharose gravity flow column according to
the manufacturer’s recommendations (www.iba-go.com).

Isolation of a PSIl-enriched fraction

Thylakoid membranes were extracted according to Rogner
et al. (1990) with modifications: Cells in logarithmic
growth phase (OD73q 0.5-0.8) were pelleted by centrifu-
gation at 6,000g for 7 min at 4°C, and washed twice in
washing buffer (20 mM MES/NaOH pH 6.5, 10 mM
CaCl,, 10 mM MgCl,). The cells were resuspended in
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thylakoid buffer (20 mM MES/NaOH pH 6.5, 10 mM
CaCl,, 10 mM MgCl,, 1 M sucrose) containing proteases
inhibitors, keeping the chlorophyll concentration at about
1 pg/ml. One ml of cell suspension was transferred to 2 ml
screw-capped microcentrifuge tubes half-filled with pre-
wetted glass beads. Cells were broken by BeadBeater at
4°C using 0.1 mm glass beads, by 4 cycles of 30 s each,
with 5 min cooling intervals between cycles. Unbroken
cells and glass beads were precipitated at 550g for 6 min.
The supernatant containing the thylakoid membranes was
centrifuged at 18,000g for 30 min; the soluble fraction
containing phycobilins was discarded, and the membranes
were resuspended in Dissolving Buffer (20 mM MES/
NaOH pH 6.5, 10 mM CaCl,, 10 mM MgCl,, 0.5 M
mannitol, and 20% glycerol) at a chlorophyll concentration
of 1 mg/ml. Thylakoid membranes at a concentration of
1 mg Chl/ml were stirred with an equal volume of Dis-
solving Buffer containing 4% (w/v) p-DM for about
40 min at 4°C and 10 min at room temperature. Extracted
complexes were separated from the remaining membranes
by centrifugation (18,000g, for 20 min); the supernatant
was diluted at least 2 times with Binding Buffer (20 mM
MES/NaOH pH 6.5, 10 mM CaCl,, 10 mM MgCl,, 0.5 M
mannitol, 0.04% (w/v) f-DM).

PSI and PSII were separated on a FPLC (AKTA
machine) anion-exchange column Hitrap Q FF (GE
Healthcare), equilibrated with Binding Buffer (5 mM
MgSO, and 0.03% (w/v) f[-DM added). The thylakoid
suspension was eluted by a non-linear gradient of 5-—
200 mM MgSO, at a flow rate of 0.5 ml/min. The different
fractions were analyzed by 77K fluorescence (Fluoromax2)
to monitor the enrichment in PSIL

Non-denaturing PAGE

Analysis of the pigment-protein composition of the com-
plex co-isolating with Strep-ScpB  was conducted
according to Anderson et al. (1978) with modifications
(Kufryk 1997).

SDS-PAGE
Denaturing PAGE was performed according to Schigger
and von Jagow (1987). The gels contained 6 M urea. The

samples were loaded on a chlorophyll basis (5 ng chloro-
phyll per lane).

Pigment analysis

Chlorophyll content was determined in 80% acetone and
was calculated as described by Porra et al. (1989).
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Immunoblotting

After electrophoresis, the proteins were electrotransferred
to PVDF membranes and immunostained according to
Towbin et al. (1979). The Strep-tag II was detected using
StrepMAB-Classic HRP conjugate (IBA) according to the
manufacturer’s protocol. Chemiluminescence was detected
using a LAS3000 Luminescent image analyzer (Fuji), and
the images were analyzed by Image Reader LAS3000
software.

Protein analysis by mass spectrometry

Peptides for mass spectrometry analysis were prepared by
in-gel digestion using trypsin according to the principal
steps of standard methods (Shevchenko et al. 1996, Pandey
et al. 2000). Bands from a green gel were excised, cut into
small cubes and destained by extracting the gel pieces four
times for about 30 min using 0.2 ml of 20 mM ammonium
bicarbonate in 35% (v/v) acetonitrile. The gel pieces were
dried by two wash steps using 0.1 ml of pure acetonitrile,
and the dry white gel pieces were reconstituted on ice with
a solution containing 20 mM ammonium bicarbonate,
10% (v/v) acetonitrile, and 2 ng/pl of sequencing grade,
modified trypsin (Promega). The amount of trypsin solu-
tion depended on the volume of the gel pieces and was just
enough to cover the gel pieces. After about 1 h the in-gel
digest samples were transferred from ice to an incubation
room that was set to 37°C; the amount of trypsin solution
was checked after 10 min and, if needed, adjusted to ensure
that the gel pieces did not get dry during the incubation.
The trypsin treatment was continued overnight at 37°C.
To prepare samples for analysis by reverse-phase LC-
MS/MS the liquid phase of the in-gel digest samples was
diluted with Milli-Q water to final concentration of 5% (v/
v) acetonitrile; the solutions were acidified by adding
10% (v/v) formic acid to a final concentration of 1% (v/v)
and centrifuged for 15 min at 20,000g at 4°C. Analysis by
LC-MS/MS was performed using a nano Acquity Ultra-
Performance LC (Waters) coupled to a Q-TOF Ultima
mass spectrometer (Waters). Peptides were separated by
nanoflow reverse-phase chromatography using a BEH C,g
1.7 pm column (100 pm x 100 mm) that was equilibrated
at a flow rate of 350 nl min™' with 95% of solvent A
(5% (v/v) acetonitrile in 0.1% (v/v) formic acid) and 5% of
solvent B (95% (v/v) of acetonitrile in 0.1% (v/v) formic
acid). Peptide separation was achieved by applying a linear
gradient from 15% solvent B at 1 min to 45% solvent B at
20 min. The total time for a single LC run was 35 min.
Spectra acquisition was performed using typical settings
for data-directed analysis of the MassLynx 4.1 software.
Peptides eluted on-line into the ion source were monitored
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using a MS-TOF survey scan (m/z 400 to m/z 1,200, 0.8 s
scan time, and 0.2 s inter delay), and the three most
abundant signals were selected by charge state for MS/MS
analysis (50-2,000 m/z range, 1.0 s scan time, 0.1 s inter
delay). To obtain a better coverage of the peptides present
in the samples additional runs under identical conditions
were performed that employed smaller mass windows for
the MS-TOF survey scan (m/z 400-620, m/z 600-820, and
m/z 800-1,020).

The raw data files were processed using the ProteinLynx
Global Server 2.2.5 (Waters) and settings for fast deisot-
oping combined with 50% baseline subtraction. The
resulting PKL files were used for searches in the Syn-
echocystis sp. PCC 6803 database of the EBI (v 41) on an
in-house Mascot server (version 2.1.04) licensed to Umea
University by Matrix Science (www.matrixscience.com).
Searches were carried out by Mascot Daemon using the
merged PKL files for one sample. The search parameters
allowed mass errors up to 100 ppm for MS data, and up to
0.06 Da for MS/MS data. Additional settings permitted two
missed cleavage sites for trypsin and included the variable
modifications deamidation (N, Q), oxidation (M), phos-
phorylation (S, T, Y) and propionamide derivation (C). The
threshold for individual peptide identifications was set to
99.5% confidence and redundant identifications were
excluded using the bold red function.

Results

The introduction of affinity tags has proven to be a suc-
cessful strategy to study the subcellular localization of the
ScpC and ScpD proteins of Synechocystis and to discover
their PSII association in light-stressed cells (Promnares
et al. 2006, Yao et al. 2007). In this study we used a related
approach to determine the location of other members of the
SCP family. Of particular interest was ScpB as earlier
observations indicated that this protein might also be PSII-
associated (Yao et al. 2007). To investigate the subcellular
location of ScpB, we constructed a mutant, in which the
scpB gene was under the control of the psbA3 promoter
that is continuously active but is strongest at high light
intensity. Using this design we were able to study ScpB not
only under light stress but also under normal growth con-
ditions. To facilitate immunodetection of ScpB and
copurification with other complex forming proteins, ScpB
was fused at its N-terminus to a Strep-tag-II. Mutant cells
that expressed Strep-tagged ScpB in addition to the ScpB
wild type (the native gene was not disturbed) displayed a
phenotype similar to wild type and showed no significant
differences in their chlorophyll content and growth rate
under photoautotrophic and photomixotrophic conditions
(data not shown).

To identify the proteins that bind to ScpB we employed
streptavidin affinity chromatography that specifically binds
Strep-ScpB and allows a straightforward purification of
proteins that form complexes with ScpB. As the result of a
single-step affinity purification may contain considerable
cross-contamination, we employed a tandem approach in
which the affinity chromatography was followed by a
separation using a non-denaturing electrophoresis gel.
Figure 1 shows the efficiency of this purification. Lane T
displays the separation of complexes of a total membrane
fraction of wild type cells, while lane S shows the com-
ponents of the fraction of proteins co-purifying with
Strepll-tagged ScpB. Band 1 (lane T) representing PSI
trimer core complexes, and band 4 containing PsaA/PsaB
complexes (Ivanov et al. 2006) were missing in the ScpB-
Strepll fraction (lane S). However, the broad band visible
in lane S was comigrating rather with band 3, representing
Photosystem II (PS II) in the thylakoid fraction (lane T).
The localization of Strepll-tagged ScpB was determined by
immunoblotting that specifically labeled the Strepll-tag in
the lower region of band 3 (Fig. 1, lane I). This observation
indicates that Strepll-ScpB expressed under the psbA3
promoter accumulates in mutant cells under normal growth
conditions, and StrepIl-ScpB might co-isolate with PSII
complexes.

To obtain more insight into the proteins that copurified
with Strepll-tagged ScpB the protein components from the
corresponding part of band 3 in lane S were analyzed using
tandem mass spectrometry. As shown in Table 1, the
proteins copurifying with Strepll-tagged ScpB include
subunits of PSII, phycobilisome components, and other
proteins related to photosynthesis. The inner antenna pro-
tein CP47 was one of the most abundant proteins that
associated with ScpB under our experimental conditions. In
addition, we found the PSII reaction center proteins (D1
and D2), a cytochrome bsso subunit, CP43 and PsbH. Also,
the orange carotenoid-binding protein (OCP, SIr1963),
regulating the efficiency of energy transfer between the
phycobilisome and PSII (Wilson et al. 2006), was detected.
Two ATP-dependent proteases were identified in the
StrepII-ScpB/PSII complexes: one of these belongs to the
Clp family of serine proteases, the other is a FtsH metal-
loprotease. Interestingly, some proteins of unknown
function co-isolated with this fraction and possibly might
associate with PS II (see Table 1). An important finding of
our mass spectrometry analysis was the identification of
ScpE among the proteins that comigrated with Strepll-
tagged ScpB.

While ScpD and ScpC associate with PSII upon expo-
sure to high light intensity, at normal light intensity these
two proteins could not be detected, even when a constitu-
tive promoter, psbA2, was used (Promnares et al. 2006;
Yao et al. 2007 and this work). However, accumulation of
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Fig. 1 Non-denaturing “green” PAGE of thylakoid membranes (T)
from Synechocystis sp. PCC 6803 and ScpB-strep (S) co-isolate from
mutant cells, both grown under normal conditions. Bands 1 and 2 are
designated to the PSI complex; band 3 is designated to the PS II
reaction center complex; band 4 contains the PsaA/PsaB core
complex of PSI; band 5 represents free pigments (Ivanov et al.
2006). I, Immunodetection of strep-tagged ScpB using the Strep-
MAB-Classic HRP conjugate

ScpB (under the control of the psbA3 promoter) led to
detectable accumulation of ScpE under its natural pro-
moter, whereas the scpE promoter has been found to be
inactive unless stress is applied (Funk and Vermaas 1999,
He et al. 2001). This suggests that accumulation of ScpB in
the cell induces expression of wild-type scpE.

A similar coregulation has been detected for scpD
(ssr2595), which by microarray analysis was found in a
gene cluster together with the adjacent slr1544 (Suzuki
et al. 2001). Both transcripts were found to be responsive
to cellular redox state (Hihara et al. 2003) and were
enhanced at low temperature (Suzuki et al. 2001), and
upon osmotic (Mikami et al. 2002) and salt stress (Marin
et al. 2003). Genome clustering of scpD and sir1544 was
found not only in Synechocystis, but also in the cyano-
bacteria Anabaena variabilis, Nostoc punctiforme, and
Nodularia spumigena (Fig. 2A). In all four strains ScpD as
well as Slr1544 have high sequence similarity (Fig. 2B).
Northern blot analysis showed that the transcript detected
with a slr1544 probe was around 600 bases long and sug-
gests cotranscription of scpD (210 bases) and slr1544 (309
bases) (Fig. 2C). SIr1544, similar to CAB-family proteins,
contains the conserved amino acid pair Gly-Arg of the
CAB motif in its predicted membrane-spanning helix
(Fig. 2D).

The conserved genomic adjacency of the scpD and
slr1544 genes in cyanobacteria indicates that the corre-
sponding gene products may be functionally related, and
share similarity to other members of the light-harvesting
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like (Lil) family (Jansson 2005). To study the Slr1544
protein in Synechocystis a mutant was constructed, in
which ScpD and Slr1544 were deleted, and a Strepll-tag-
ged Slr1544 was reintroduced under its natural promoter;
cells of the resulting strain were subjected to light stress
according to Yao et al. (2007). Two fractions of this
mutant, one containing total membranes and the other one
enriched in PSII, were separated by SDS-PAGE and either
stained with Coomassie Brilliant Blue or immunostained
using Strep-specific antibodies. Lane A of Fig. 3 shows
immunodetection of the Strep-tagll in the total membrane
fraction. The immunoblot displayed in Lane C shows that
the Strep-tagll signal also was detected in the fraction
enriched in PSII. Lanes B and D show the corresponding
protein fractions using Coomassie Brilliant Blue staining.
The apparent mass of the Strep-tagll signals in the total
membrane fraction and in the PSII enriched membrane
fraction was very close to the theoretical mass of 11.9 kDa
that was expected for Strepll-tagged Slr1544 indicating
that Strepll-tagged Slr1544 was expressed in light-stressed
cells even in the absence of ScpD. The results also indicate
that Slr1544 copurifies with PSII suggesting that it might
fulfill a function related to that of the SCPs.

Discussion

Cyanobacterial Small CAB-like proteins are members of
the extended family of light-harvesting like (Lil) proteins
(Jansson 1999, Klimmek et al. 2006). In contrast to the
chlorophyll a/b binding antenna proteins, the Lil proteins
do not seem to function in the absorption of light as they
are regulated opposite to LHC proteins and are induced by
stress. In addition, they play roles in the tetrapyrrole bio-
synthesis and chlorophyll stability (Xu et al. 2002, 2004;
Tzvetkova-Chevolleau et al. 2007) indicating that they
might rather be involved in photoprotection (reviewed in
Jansson 2005) and function as pigment-carrier proteins
(Adamska 1997; Funk and Vermaas 1999; Xu et al. 2002,
2004).

Synechocystis 6803 has five clear small CAB-like pro-
teins (Funk and Vermaas 1999). Little was known about
their location until ScpC and ScpD were found to associate
with PSII (Promnares et al. 2006; Yao et al. 2007). This
study provides evidence that ScpB and ScpE also associate
with PSII. However, the expression of ScpC/ScpD and
ScpB/ScpE may be distinctly different. When the ScpD-
His protein was expressed under the light-inducible psbA2
promoter (Promnares et al. 2006; Yao et al. 2007) that,
unlike the native scpD promoter, leads to high expression
levels even at low light intensity (Mohamed et al. 1993),
the ScpD-His protein accumulated only in cells grown at
high light intensity, consistent with the expression of native
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Table 1 Protein identifications in the ScpB comigrating band
Hit Accession in Description Mascot ~ Mass Peptides
number Swiss-Prot/TrEMBL score [Da] matched
1 P27179 ATP synthase alpha chain (EC 3.6.3.14) 776 53932 14
2 P05429 Photosystem II P680 chlorophyll A apoprotein (CP-47 protein) 416 55867 8
3 Q55544 Phycobilisome LCM core-membrane linker polypeptide 378 100234 8
4 Q01952 Allophycocyanin beta chain 316 17205 8
5 Q54714 C-phycocyanin beta chain 284 18115 7
6 P26527 ATP synthase beta chain (EC 3.6.3.14) 281 51701 6
7 P74390 Negative aliphatic amidase regulator 250 48329 4
8 Q55662 ATP-dependent Clp protease regulatory subunit 226 91118 4
9 P22034 60 kDa chaperonin 2 (Protein Cpn60 2) (groEL protein 2) 197 57608 4
10 Q54715 C-phycocyanin alpha chain 181 17576 5
11 P74227 Elongation factor Tu (EF-Tu) 163 43705 3
12 P72827 Iron transport protein 158 39346 3
13 Q55247 Nitrogen regulatory protein P-II (PII signal transducing protein) 156 12390 3
14 P09193 Photosystem II 44 kDa reaction center protein (CP43) 145 51728 3
15 P16033 Photosystem Q(B) protein (Photo-system II protein D1) 134 39696 3
16 Q55584 Cation or drug efflux system protein 120 117487 1
17 P73452 Nitrate transport protein nrtA 113 48935 3
18 P73103 S1r1908 protein 106 64471 1
19 P09190 Cytochrome b559 alpha subunit (PSII reaction center subunit V) 98 9312 2
20 P17253 ATP synthase gamma chain (EC 3.6.3.14) 88 34584 2
21 P73294 50S ribosomal protein L13 85 16980 1
22 P74426 S110359 protein 84 17208 2
23 P74102 Orange carotenoid-binding protein (OCP, SIr1963) 74 34637 1
24 Q01951 Allophycocyanin alpha chain 74 17270 1
25 P73048 S111638 protein 73 16467 1
26 P73563 CAB/ELIP/HLIP superfamily (ScpB) 73 7808 2
27 P14835 Photosystem II reaction center H protein (PSII-H) 72 6981 2
28 Q55155 General secretion pathway protein E 71 75065 1
29 P74737 RecA protein (Recombinase A) 70 37782 1
30 P73204 Phycobilisome 32.1 kDa linker poly-peptide, phycocyanin-associated, 70 30779 1
rod 2
31 P73093 Phycobilisome rod-core linker polypeptide; CpcG 69 27375 2
32 P74177 DNA-directed RNA polymerase gamma chain (EC 2.7.7.6) 68 70933 1
33 P73704 General secretion pathway protein G 68 17563 1
34 P80505 Glyceraldehyde-3-phosphate dehydro-genase 2 (EC 1.2.1.59) 66 36359 1
35 P09192 Photosystem II D2 protein (Photo-system Q(A) protein) (PSII D2 66 39467 1
protein)
36 P73319 50S ribosomal protein L4 60 23342 1
37 P54205 Ribulose bisphosphate carboxylase large chain (EC 4.1.1.39) 60 52457 2
38 P73203 Phycobilisome 32.1 kDa linker poly-peptide, phycocyanin-associated, 59 32370 3
rod 1
39 P77972 Enolase (EC 4.2.1.11) (2-phosphoglycerate dehydratase) 59 46500 1
40 Q55511 Trigger factor (TF) 59 52578 1
41 P74135 S111873 protein 58 12898 1
42 P73304 30S ribosomal protein S5 57 18230 1
43 P54123 Hypothetical UPF0036 protein slr0551 57 70383 1
44 P73488 S111130 protein 56 12925 1
45 Q55318 Ferredoxin—-NADP reductase (EC 1.18.1.2) (FNR) 53 46330 1
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Table 1 continued

Hit Accession in Description Mascot Mass Peptides
number Swiss-Prot/TrTEMBL score [Da] matched
46 P74618 6-phosphogluconolactonase (EC 3.1.1.31) (6PGL) 53 26335 2
47 P73405 Pyruvate dehydrogenase E1 beta subunit 52 35687 2
48 P72655 Hypothetical protein slr1128 51 35705 2
49 Q55390 S110553 protein 46 38246 1
50 P72968 SIr1590 protein 45 32584 1
51 P77964 Preprotein translocase secY subunit 44 47969 1
52 P73411 Glucose-6-phosphate 1-dehydrogenase (EC 1.1.1.49) (G6PD) 44 57849 1
53 P73437 Cell division protein ftsH homolog 3 (EC 3.4.24.-) (S111463 protein) 42 68157 1
54 P77961 Glutamine synthetase (EC 6.3.1.2) (Glutamate—ammonia ligase) 42 52992 1
55 P72758 Carbon dioxide concentrating mechanism protein; CcmM 41 73076 1
56 P73123 LysR transcriptional regulator 39 37994 1
57 P26287 Apocytochrome f precursor 38 35209 1
58 Q55458 Hypothetical protein slr0039 38 38394 1
59 P72932 High light inducible protein (ScpE) 37 6468 1

ScpD (Funk and Vermaas 1999). An explanation for this
phenomenon may be provided in He et al. (2001), who
found that native ScpC and ScpD were degraded immedi-
ately after transfer of cells from high light intensity to
normal growth conditions. Therefore, the lack of accumu-
lation of ScpD under conditions of high constitutive
expression may be due to regulation at the post-transla-
tional level. In this study, we observed Strepll-tagged ScpB
and ScpE in PSII of cells grown at normal conditions using
the psbA3 promoter that allows high expression under
normal light. Strepll-tagged ScpB appeared to be suffi-
ciently stable for detection when cells were grown at
moderate light intensity, whereas ScpC and ScpD were not
detected under these conditions.

Surprisingly, the accumulation of StreplI-ScpB under
normal growth conditions coincided with the expression of
ScpE. Since the promoter of ScpE was found to be inactive
unless stress is applied (Funk and Vermaas 1999; He et al.
2001) ScpB either may be a positive regulator of scpE
transcription under its natural promoter, or may stabilize
ScpE so that it can accumulate even when transcript levels
are low. In support of the former explanation, He et al.
(2001) showed that ScpE expression upon high light
intensity treatment followed ScpB expression with a time
lag of 3 h: while ScpB accumulated after 1 h of exposure
to high light intensity, reaching maximum abundance at
3 h, ScpE was immunodetected only after 3 h of high-light
exposure and reached its highest level at 6 to 9 h after the
onset of the high intensity light.

Based on the discussion above, ScpC/D and ScpB/E
might function in pairs, but have different roles. Whereas
we do not have experimental data whether ScpC and ScpD
or ScpB and ScpE form a complex, a heterodimeric
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complex—if any—is not expected to be a prerequisite for
function as deletion of single scp genes generally does not
have a major phenotype (Xu et al. 2002) whereas the
effects of the deletion of pairs are much more pervasive
(Xu et al. 2004). Therefore, members of a pair may be
functionally complementary. Moreover, if complex for-
mation would be required, similar amounts of the two
members of the pair would be expected. Based on immu-
nological studies the amount of ScpC and ScpD seem to be
similar during high-light-intensity stress (Yao et al. 2007),
whereas the ratio of ScpB/ScpE may be less constant as
discussed above. In addition, expression of C-terminally
His-tagged versions of ScpB and ScpE has been found to
differ greatly: ScpE accumulated to a much lower extent
under all conditions tested (He et al. 2001). Nonetheless,
SCP dimers are conceptually attractive as a pair of two
membrane-spanning helices could form a structure similar
to helix 1 and 3 of the light-harvesting complex, which
would enable transient pigment binding.

The expression patterns of ScpC and ScpD and their
high sequence similarity (87% identity) suggest that they
play a similar role in the cell, demanding a tight coregu-
lation. Moreover, cotranscription of the scpD and siri544
genes (Suzuki et al. 2001, Fig. 2C) suggests coregulation.
Under the control of the scpD promoter sir1544 is tran-
scribed upon various stress conditions. The two genes are
separated by 49 nucleotides in Synechocystis (59 nt in
Anabaena, 65 nt in Nostoc, and 60 nt in Nodularia, see
Fig. 2) thus excluding the formation of a two-helix protein
similar to the SEPs (Heddad and Adamska 2002) (see also
Yao et al. 2007). The slr1544 gene codes for a protein with
molecular weight of 12 kDa, predicted to have a single
transmembrane helix. Similar to the CAB-protein family it
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Fig. 2 (A) Ortholog neighborhood regions of Synechocystis, Ana-
baena variabilis, Nostoc punctiforme and Nodularia spumigena,
obtained using the Integrated Microbial Genomes (IMG) genomic
data analysis system (DOE Joint Genome Institute). The genes scpD
and slr1544 and their orthologs in other cyanobacteria are highlighted
in the rectangle. (B) Sequence alignments of the proteins encoded by

20.1 KDa —
R T ] == ==
! i —— 12KDa
B
6.5 KDa —
3.5KDa —

Fig. 3 Thylakoid membranes (lanes 1 and 2) and PSlI-enriched
fractions (lanes 3 and 4) were loaded on to a Tricine-SDS-PAGE gel
containing 6M Urea (5 pg Chl per lane). After SDS PAGE the gels
were stained with Coomassie Brilliant Blue (lanes 1 and 3) or
immunostained using the monoclonal StrepMAB-Classic HRP con-
jugate (IBA) (lanes 2 and 4)

* km EEraaaaE. ETagky A HaRa¥EAT ¥yEpw gy g g H

the scpD and sirl544 genes of Synechocystis sp. PCC 6803,
Anabaena variabilis, Nostoc punctiforme, and Nodularia spumigena,
(C) Northern blot probed with slr1544. (D) Alignment of the third
membrane-spanning helix of Lhcb3 and ELIP1 of Arabidopsis
thaliana (Heddad and Adamska 2002) with the predicted transmem-
brane regions of the ScpB-E and Slr1544

contains the amino acids Gly-Arg of the CAB-motif inside
this membrane spanning region. Whereas Slr1544 is
insufficiently similar to the SCP family to be considered a
bona-fide SCP, SIr1544 appears to share an evolutionary
ancestry with the SCPs and fits in with the broader family
of light-harvesting-like proteins (Lils) (Jansson 1999).
While in higher plants Lil proteins are numbered (Klimmek
et al. 2006), we will follow the established prokaryotic
nomenclature and suggest Slr1544 LilA. The SCPs and
also LilA appear to be associated specifically with PSII,
possibly particularly under conditions of complex turnover.
Our mass spectrometry analysis of proteins comigrating
with StreplI-tagged ScpB not only showed the presence of
PSII proteins but also of the ATP-dependent FtsH protease
(S111463). Of the four FtsH proteases in Synechocystis, two
are crucial for cell viability (Slr1390 and Slr1604) and two
are dispensable (S1r0228 and S111463) (Mann et al. 2000).
However, SIr0228 is required for normal rates of D1 deg-
radation during light stress (reviewed in Nixon et al. 2005);
no phenotype was detected for a Asl/1463 mutant. S111463
is associated with PSII during light stress (Yao et al. 2007)
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and here we could detect it in the PSII fraction in cells
grown under normal conditions.

It is noteworthy that PsbH was found in the fraction of
Strepll-ScpB. Previous studies detected ScpD-His in a
complex of CP47 and PsbH in cells grown at high light
intensity (Promnares et al. 2006).

The results presented in this study further emphasize the
association of SCPs with PSII, and show that such asso-
ciations persist even under unstressed conditions if ScpB is
expressed under a constitutive promoter.
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