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Under high irradiance, most cyanobacteria induce a photoprotective mechanism that decreases the energy
arriving at the photosynthetic reaction centers to avoid the formation of dangerous species of oxygen. This
mechanism which rapidly increases the heat dissipation of excess energy at the level of the cyanobacterial
antenna, the phycobilisomes, is triggered by the photoactivation of the Orange Carotenoid Protein (OCP).
Under low light conditions, the Fluorescence Recovery Protein (FRP) mediates the recovery of the full anten-
na capacity by accelerating the deactivation of the OCP. Several FRP Synechocystis mutants were constructed
and characterized in terms of the OCP-related photoprotective mechanism. Our results demonstrate that
Synechocystis FRP starts at Met26 and not at Met1 (according to notation in Cyanobase) as was previously
suggested. Moreover, changes in the genomic region upstream the ATG encoding for Met26 influenced the
concentration of OCP in cells. A long FRP (beginning at Met1) is synthesized in Synechocystis cells when
the frp gene is under the control of the psbA2 promoter but it is less active than the shorter protein.
Overexpression of the short frp gene in Synechocystis enabled short FRP isolation from the soluble fraction.
However, the high concentration of FRP in this mutant inhibited the induction of the photoprotective mech-
anism by decreasing the concentration of the activated OCP. Therefore, the amplitude of photoprotection de-
pends on not only OCP concentration but also on that of FRP. The synthesis of FRP and OCP must be strictly
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regulated to maintain a low FRP to OCP ratio to allow efficient photoprotection.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Photosynthetic organisms are exposed to fluctuating light condi-
tions. The ability of these organisms to adapt themselves to these
changing conditions determines their survival and their evolutionary
success. One mechanism of adaptation and photoprotection regulates
the energy arriving at the reaction centers. Under low light condi-
tions, the energy-collecting antennae efficiently funnel the absorbed
light energy into the reaction centers. Under high light conditions,
changes in the antennae are induced and the excess absorbed energy
is dissipated as heat instead of being transferred to the reaction cen-
ters. This decreases the generation of reactive oxygen species, which
are destructive for the photosynthetic apparatus and potentially le-
thal for the organism itself.

The molecular mechanisms involved in antenna-related photo-
protection are different in plants and cyanobacteria. The antenna of
higher plants and green algae are membrane embedded chlorophyll-
and carotenoid-binding protein complexes (reviewed in [1]) that upon
sensing the acidification of the lumen of the thylakoids, switch from an
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energy funneling- into an energy dissipating-mode (last reviewed in
[2,3]). In cyanobacteria, the antenna, called phycobilisome (PB) is an
extra-membrane complex formed by proteins, which covalently bind
blue and red bilins, the phycobiliproteins. The PBs which are attached
to the stromal side of the thylakoid membrane, are formed by a core,
from which six rods radiate. Both core and rods are composed of
phycobiliproteins connected by linker proteins tuning the spectral prop-
erties of the pigments to ensure efficient excitation-energy transfer to
the reaction centers (reviewed in [4-7]). The rods are composed of
hexamers of phycocyanin (PC) emitting at 650 nm and the core is built
of trimers of allophycocyanine (APC) emitting at 660 and 680 nm. In
most cyanobacteria, strong blue-green light induces an increase of heat
dissipation of the absorbed energy at the level of the core of the PBs
[8-11]. However, PBs alone are not capable of performing this functional
switch; they need to interact with a soluble carotenoid protein, the
Orange Carotenoid Protein (OCP) [10].

The OCP, a ubiquitous protein of 35 kDa, carries a keto-carotenoid,
3’-hydroxyechinenone, in an all-trans conformation. The protein has
two domains: the all-a-helical N-terminal domain and the mixed
a-helical/B-sheet C-terminal domain. The carotenoid spans both do-
mains [12-14]. The OCP is photoactive: in darkness or low light it ap-
pears orange (OCP®); strong blue-green light triggers conformational
changes of the carotenoid and the protein. Upon photoactivation, the
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metastable red form of OCP (OCP") accumulates [15]. In darkness,
OCP' reconverts to OCP°. The kinetics of reconversion is strongly tem-
perature dependent. OCP" is stabilized at lower temperatures [15].

Only OCP" is able to bind to the core of PBs to induce an increase of
thermal energy dissipation [15-17]. The increase of thermal dissipa-
tion is accompanied by a simultaneous decrease of PB fluorescence
and of energy transfer from PB to reaction centers. In vitro, OCP"
forms a stable complex with PB and this binding is almost irreversible
[17]. However, in vivo, the “quenched” cells, when transferred to
darkness or dim light, recover in minutes the lost fluorescence (and
the full capacity of the antenna), suggesting the detachment of the
OCP from PB. The in vivo recovery needs another protein, the Fluores-
cence Recovery Protein (FRP). Mutants missing this protein, once
quenched, only partially recover the full capacity of antenna [18]. In
vitro, when FRP is added to the quenched OCP-PB complexes, it
induces the recovery of fluorescence and the detachment of OCP
from the PB [17]. Thus, FRP is an off-switch of the OCP-mediated
photoprotection [17,18]. In Synechocystis, the FRP is encoded by
the slr1964 gene. In fresh water cyanobacteria strains (including
Synechocystis) the frp gene is downstream the ocp gene. In marine
strains a P-carotene ketolase-encoding gene is in-between these
two genes [18]. The FRP is a non-chromophorylated soluble protein
of unknown structure. Its theoretical mass is around 13 kDa [18,19].
It interacts only with the red form of OCP and greatly accelerates its
reconversion to the orange form [18].

FRP contains between 106 and 111 amino acids in most of the se-
quenced cyanobacteria strains [18]. Only the FRPs of Mycrocystis NIES
843 and Synechocystis seem to be longer based on Cyanobase.org
data. In both strains, the FRP contains an N-terminal prolongation
of 22 to 25 amino acids. In Synechocystis, this additional sequence
contains four ATG or GTG codons. The first GTG is considered as
the first Met (Cyanobase numeration) of the FRP. The fourth Met
(Met26) coincides with the first Met of most of homologues [18]. In
the past, we have constructed a Synechocystis mutant in which the
frp gene beginning in the GTG encoding for Met1 was under the con-
trol of the psbA promoter [18]. This strain produced relative high con-
centrations of an active “long” FRP but all attempts to isolate an active
FRP starting at Met1 were unsuccessful [18]. The long FRP remained
strongly attached to the membrane and the detergent, which was
needed to isolate it, affected its activity. When this cyanobacterial
gene was overexpressed in Escherichia coli the protein was isolated
as inclusion bodies. Denaturation and renaturation, of these inclusion
bodies to obtain an active protein, were fruitless. In contrast, a shorter
version of the gene encoding for a FRP starting at Met26 was success-
fully overexpressed in E. coli and the corresponding protein was
isolated in a soluble and active form [18]. In the in vitro studies de-
scribed in Boulay et al. [18] and Gwizdala et al. [17] this short version
of FRP (short FRP) was used.

Based on our past results, a doubt appeared about the real length
of the Synechocystis FRP and the first Met of the protein. In this
work, we have constructed a series of Synechocystis mutants to com-
pare the activity and characteristics of the “short” and “long” FRPs in
vivo and to elucidate the presence or absence of the N-terminal pro-
longation in the Synechocystis WT FRP. One of these mutants allowed
the isolation of the “short” FRP from Synechocystis cells and its charac-
terization. In addition, the study of mutations introduced between the
ocp and frp genes gave us some information about the regulation of
OCP synthesis.

2. Material and methods
2.1. Construction of FRP mutants
A summary of the genotypes and names of the mutants used in

this work is described in Fig. 1 and the details of the different con-
structions are described in Figures S1, S2 and Table S1.
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Fig. 1. Constructs used in this study. The ocp gene is marked with light gray and the fip
gene in dark gray. The symbol X in the frp gene stands for an antibiotic resistance
cassette; the white bar indicates the position of the His-tag and the black line indicates
the presence of the M26I point mutation. The “psbA2” is the promoter of the psbA2
gene that was used as a strong promoter to overexpress the fip gene. Names of mu-
tants used in this article are in the second column. Details in Figure S1 and S2. Mutants
DF and OLH were described in Boulay et al. [18].

A 2.2 kb fragment containing the slr1963 (encoding for OCP) and
slr1964 (encoding for FRP) genes was amplified by PCR from the
Synechocystis PCC 6803 genome using restriction sites-creating
primers car7Xhol and car6Spel (Table S1). This fragment was cloned
into the SK (+) ampicillin-resistant vector. A BamHI restriction site
was created downstream the end of the slr1964 gene by site-
directed mutagenesis (Table S1). A2000 bp spectinomycin and strepto-
mycin resistance cassette with a transcription terminator was then
inserted into the unique restriction site BamHI of the plasmid (Fig S1).
Hisg-Tag was added after the ATG encoding for the Met1 or the Met26
in the slr1964 gene in this plasmid. To construct the N-terminal Hisg-
tagged M26I-FRP, a point mutation was introduced in the sir1964
gene by site-directed mutagenesis. All plasmids were checked by se-
quencing and used to transform wild-type Synechocystis PCC 6803
cells. Complete segregation was tested by PCR amplification.

2.2. Overexpression of the long or the short His-tagged fip in Synechocystis

To obtain a strain overexpressing a N-terminal Hiss-tagged long fip
(M261) or short His-tagged fip, a plasmid containing the long slr1964
gene under the control of the psbA2 promoter was used (Fig S2). The
construction of this plasmid and the strain which overexpress a
N-terminal Hisg-tagged frp were described in [18]. The point mutation
M26I or the deletion of the nucleotides coding for the first 25
amino-acids (short FRP) was introduced in the slr1964 gene in the
overexpressing plasmid by site-directed mutagenesis using the
Quickchange XL site-directed mutagenesis kit (Stratagene) and syn-
thetic primers (Table S1). The presence of the deletion or that of the
point mutation was confirmed by DNA sequencing. These plasmids
were used to transform the kanamycin resistant AFRP mutant of
Synechocystis PCC 6803 [18].

To remove the short FRP sequence, a plasmid where the psbA2
coding region was replaced by a 1.1 kb p-chloramphenicol resistance
cassette was used to transform, the overexpressing short frp strain.
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2.3. Overexpression of the short His-tagged frp in E. coli

To overexpress short His-tagged frp without thrombin in E. coli,
the slr1964 gene (beginning in the ATG coding for M26) was ampli-
fied by PCR using the petM26HISfor/petM26HISrev oligonucleotides
(Table S1) and the pCB9 plasmid as template. The construction of
the pCB9 plasmid was described in [18]. The ultracompetent
XL10-gold strain (Stratagene) was transformed with this plasmid.
Then, the plasmid was extracted and used for the transformation of
the BL21 strain (Stratagene) adapted for gene overexpression. The
plasmid was checked by sequencing. Primers used in this work are
listed in Table S1.

2.4. OCP purification

OCP was isolated from the overexpressing C-terminal His-tagged
OCP — ACrtR strain [20]. Its purification was performed as previously
described [15].

2.5. Purification of the FRP from E. coli and the Synechocystis
overexpressing short His-tagged frp (OSH)

The isolation of the FRP from the E. coli strain overexpressing the
His-tagged short FRP of Synechocystis was described in (18).

Synechocystis OSH mutant cells (1 mg Chl mL~!) were broken in
100 mM Tris-HCI pH 8.0 using a French Press. The membranes
were pelleted and the supernatant was loaded on a column of
Ni-ProBond resin (Invitrogen). The FRP was eluted with 300 mM
imidazol and dialyzed during 48 h against 40 mM Tris-HCl at
pH 8.0. Further purification was performed on a Whatman DE-52 cel-
lulose column. The FRP was eluted with 80 mM NaCl in 40 mM Tris-
HCl and dialyzed overnight against 40 mM Tris-HCl at pH 8.0. Purity
of FRP was checked by SDS-PAGE, on a 17% polyacrylamide/2 M urea
in a TRIS/MES system [21].

2.6. Fluorescence measurements

Fluorescence quenching and recovery were monitored with a pulse
amplitude modulated fluorometer (101/102/103-PAM; Walz, Effelrich,
Germany). All measurements were carried out in a stirred cuvette of
1 cm diameter at 30 °C. The fluorescence quenching was induced by
870 umol photons m~2 s~ ! of blue-green light (400-550 nm). Recov-
ery of fluorescence was recorded under dim blue-green light conditions
(40 umol photons m =2 s~ 1).

2.7. Absorbance measurements

Cell absorbance was monitored with an UVIKONXL spectropho-
tometer (SECOMAN, Alés). Chl content was determined in methanol
using the extinction coefficient at 665 nm of 79.24 mg mL™' cm ™.
The orange to red photoconversion of the OCP was monitored in a
Specord S600 (Analyticjena, France) spectrophotometer during illu-

mination with 5000 umol photons m~2 s~ of white light at 10 °C.
2.8. OCP and FRP Immunoblot detection

The quantity of OCP and FRP protein was analyzed by SDS-PAGE on
a 12% or 17% respectively, polyacrylamide/2 M urea in a TRIS/MES sys-
tem [21]. The OCP and the FRP proteins were detected by a polyclonal
antibody against OCP and FRP respectively. Binding of antibodies was
monitored by an alkaline phosphatase colorometric reaction (Biorad,
AP Conjugate Substrate Kit) or by peroxidise chemiluminescence reac-
tion (GE Healthcare, Amersham, ECL Prime Western Blotting Detection
Reagent) (Figs. 5 and 7). Chemiluminesence was recorded with cooled
CCD camera (DNR MicroChemi Bio Imaging System, GelCapture) and
analyzed with Image] software. The detection was performed in

membrane-bound phycobilisomes (MP) fractions obtained as previous-
ly described in [10].

3. Results

3.1. Characterization of Synechocystis strains overexpressing the long or
the short frp gene

In order to compare the activities and characteristics of the “long”
and the “short” FRPs, two mutants were constructed. In both mutants,
the frp gene in its locus was interrupted and the psbA2 gene was re-
placed by the long or short frp gene. In these mutants the psbA2
gene is absent but it was previously shown that deletion of this
gene does not result in any modification in the strong blue-green
light induced fluorescence quenching and/or in the recovery [18]. In
the OLHMI mutant, the fip gene starting at the GTG coding for Met1
and containing a mutation that leads to the replacement of Met 26
by an Ile was under the control of the psbA promoter. The mutation
at Met26 was introduced to be sure that no short FRP is present in
this mutant. In the OSH mutant, the frp gene starting at the fourth
ATG encoding for Met26 was under the control of the psbA promoter.
An N-terminal His-tag was introduced in the short and the long FRPs
in order to detect the proteins. Our anti-FRP antibody, which was
obtained using a denatured N-terminal His-tagged long FRP isolated
from E. coli inclusion bodies, detects only the short or the long FRP
containing an N-terminal His-tag [18]. The WT FRP and a His-tagged
C-terminal FRP are not detected by this antibody [18]. However, it is
specific for FRP since it does not recognize the His-tagged OCP [18].

We first compared the OLHMI mutant to a previously constructed
“over-FRP” mutant, in which the long frp gene (beginning in the GTG
encoding for Met1) without the M26I point mutation, was under the
control of the psbA promoter (OLH mutant) [18]. The Western-blot in
Fig. 2A shows that the size (about 13 kDa) and the quantity of FRP
present in the cells and the membranes of both mutants were identi-
cal. No smaller band was detected. All long FRPs present in the cells
were in the membrane fraction (Fig. 2A) as expected from previously
published results [18]. The kinetics of fluorescence decrease under
strong blue-green light (Fig. 3A) and those of fluorescence recovery

1 2 3 4
-\\_,,__.__‘12{

Long FRP
B
C MP C M
— 2 | S — 12
short FRP long FRP
¢ S M S M
P | —
Tris-HCI MES

Fig. 2. Immunoblot detection of short and long FRP. (A) Immunoblot detection of long FRP
incells (1,2) and in membranes (3,4) of OLH (1, 3) and OLHMI (2, 4). (B) Inmunodetection
of short and long FRP in cells and MP fractions isolated from OSH and OLH cells respectively.
(C) Immunodetection of short FRP in soluble (S) and membrane (M) fractions from OSH
mutant cells broken in Tris-HCI (pH 8) or MES (pH 6). In A and B each lane contains 4 ng
chlorophyll. In C each lane contains 40 pg protein.



M. Gwizdala et al. / Biochimica et Biophysica Acta 1827 (2013) 348-354 351

Fluorescence (% of Fm')

50 |

1 1 1 1
0 50 100 150 200 250 300
Time (sec)

100

80

60

40

Fluorescence (% of Fm')

20

om
0 100 200 300 400 500 600 700 800
Time (sec)

Fig. 3. Induction and recovery of the photoprotective mechanism by strong blue-green
light in strains overexpressing the long or the short FRP. (A) Decrease of maximal fluo-
rescence (Fm') during exposure to 870 umol photons m~2 s~ ! of cells of: WT (closed
triangles), OLHMI (closed square), DPS (open triangles) and OSH (closed circles) and
OLH (open circle). (B) Increase of maximal fluorescence (Fm') at 40 umol photons
m~2 s~ ! in pre-quenched cells of: OLH (open circle) and OLHMI (closed square). Mea-
surements at cell concentration of 3 ug Chl/mL and at 30 °C. Average of three indepen-
dent experiments. Error bars represent SD.

(Fig. 3B) were also similar in both mutants. These results indicated
that the M26I mutation does not inactivate the long FRP and that
the OLH mutant only contains the long FRP. The presence of short
FRP in this mutant in addition to the long FRP would result in a faster
recovery. Thus, under the control of the psbA2 promoter only the long
version of the protein is synthesized in the presence or absence of
Met26.

When OSH cells, overexpressing the short frp, were illuminated
with strong blue-green light less than 10% of fluorescence quenching
was induced while 30-35% of fluorescence quenching was observed
in the strains overexpressing the long frp (OLH and OLHMI)
(Fig. 3A). In the OSH mutant, the lost fluorescence recovered in less
than 1 min. To confirm that the low level of fluorescence quenching
was only related to the overexpression of the short frp another mu-
tant was constructed. We re-transformed the OSH cells with a plas-
mid in which the short frp gene under the control of the psbA2
promoter was replaced by an antibiotic resistance cassette. In the
new mutant (DPS), strong blue-green light induced about 30% of
fluorescence quenching like in WT cells (Fig. 3A). This result con-
firmed the relationship between very low fluorescence quenching
and overexpression of the short frp gene in OSH mutant cells. In
vitro experiments have already shown that the presence of relative

low concentrations of FRP during illumination destabilizes OCP" and
decrease or inhibits its accumulation [17]. Under these conditions
less fluorescence quenching was observed.

Our results also indicate that the short FRP has higher activity than
the long FRP. The overexpression of the short fip inhibited the accu-
mulation of OCP" and the induction of fluorescence quenching. This
was not observed when the long frp was overexpressed in OLH and
OLHMI mutants. In addition, the fluorescence recovery was faster in
the OSH than in the OLHMI and OLH mutants. The amount of FRP
was similar in OSH and OLHMI cells (Fig. 2B).

We have already shown that the long FRP has a very strong inter-
action with the membrane. It was always present in the membrane
fraction and salt washes were unable to detach the protein from the
membrane [18]. The behavior of the short FRP was different. Fig. 2C
shows that the short FRP was mostly in the soluble fraction when
the cells were broken in 100 mM Tris-HCI (pH 8.0) but it remained
attached to the membrane when the cells were broken in MES buffer
(pH 6.0). This behavior was also observed for the OCP, which is found
in the membrane fraction when the cells are broken in MES but it is
present in the soluble fraction when the cells are broken in Tris-HCl
[10,15]. The presence of the short FRP in the soluble fraction enabled
the purification of the Synechocystis FRP (FRP*¥") from OSH mutant
cells.

To isolate the short OCP, the OSH cells were broken in 100 mM
Tris-HCI (pH 8.0) and the soluble fraction was loaded on a column
of Ni-ProBond resin (Invitrogen). We eluted the FRP with 300 mM
Imidazol. The FRP was further purified using a Whatman DE-52 cellu-
lose column. The FRP*Y" purity was confirmed by SDS-Page (Fig. S4).

The activity of FRP*¥" was tested in vitro by measuring the kinetics
of OCP" to OCP° dark conversion in the absence or presence of FRP*Y",
Its activity was compared to that of the short FRP isolated from E. coli
(FRP€) [18]. The OCP® was first illuminated to convert it to OCP" and
then incubated in darkness in the presence of FRP*“ or FRP*¥". The
dark reconversion to OCP° was monitored with a spectrophotometer
(Specord S600 AnalyticJena) at 10 °C (Fig. 4). In these conditions, in
the absence of FRP the conversion OCP" to OCP® was very slow.
After 15 min only 20% of OCP" was converted to OCP°. The presence
of both of FRPs, FRP*¥" or FRP®¢, largely accelerated this conversion.
No differences in kinetics of reconversion were observed in presence
of FRP*“ or FRP®", One FRP per 10 OCPs induced full reconversion
with a ty, of 200 s. By increasing the FRP to OCP molar ratio the ki-
netics were even faster. At 1 FRP per 2 OCPs the t;,, was 40 s. Thus,
the activities of the short his-tagged FRPs isolated from E. coli and
Synechocystis cells were similar.

% of red OCP

0 1 1 1 1 1 1 1 .5
0 100 200 300 400 500 600 700 800
Time (sec)

Fig. 4. Kinetics of dark reconversion OCP'-to-OCP° at 10 °C in the absence and the
presence of FRP: without FRP (triangles), with 1 FRP per 10 OCPs (squares) and 1 FRP
per 2 OCPs (circles) (molar ratios). Open symbols for Synechocytsis FRP, closed symbols
for E. coli FRP. Average of three independent experiments. Error bars represent SD.
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3.2. Synechocystis FRP begins at Met1 or at Met26?

Due to the high activity of the short FRP (higher than that of the
long FRP) and to the fact that only Synechocystis and Mycrocystis
FRPs seemed to have an N-terminal prolongation, big doubts
appeared, concerning the real size of the WT Synechocystis FRP. In
order to elucidate the presence or absence of the N-terminal prolon-
gation two other mutants were constructed. A sequence encoding for
6 Histidines was introduced downstream the GTG encoding for Met1
(LH mutant) or the ATG coding for Met26 (SH mutant) of the frp gene
in its locus to facilitate the detection of the FRP. In another mutant
(LHMI), Met26 was replaced by an Ile to eliminate a possible transla-
tion starting site at Met26. In this mutant, which contains also a
His-tag downstream Metl, only the long FRP could be present. In
the LH mutant, a His-tagged long FRP or a non-His-tagged short FRP
can be present. A previously constructed mutant lacking the FRP
was also used in this study [15]. In this mutant the fip gene was
interrupted by a kanamycin resistance cassette (DF mutant).

To study the influence of the frp mutations on fluorescence recovery
kinetics, WT and mutant Synechocystis cells were preilluminated with
strong blue-green light (870 pmol photons m~2 s~ !, 400-550 nm)
for 2 min to induce fluorescence quenching and then they were incu-
bated in dim blue-green light and the increase of fluorescence yield
was followed with a PAM fluorometer (Fig. 5A). The WT and the SH
(carrying a His-tag after Met26) and LH (carrying a His-tag after
Met1) mutants recovered the fluorescence rapidly and almost com-
pletely within 10 min (Fig. 5A) indicating the presence of active FRPs
in the mutants and WT. Although the concentration of short FRP is
very low in SH cells we could detected its presence by Western-blot
(Fig. 5B). However, we were unable to detect any traces of long FRP in
the LH mutant (Fig. 5B) indicating the absence of long His-tagged FRP
in this mutant. Since this mutant recovered the lost fluorescence, we
concluded that in the LH mutant a short FRP beginning at Met26 is
present, like in WT and SH cells. This short FRP was not detectable
due to the lack of an N-terminal His-tag.

A

100 F T T T T T T T

Fluorescence (% of Fm')

OLE
0 100 200 300 400 500 600 700 800

Time (sec)

OSH SH LHMI LH
—~——

Fig. 5. (A) Recovery of fluorescence during exposure to dim blue-green light
(400-550 nm) after 2 min of high irradiance at 30 °C. Increase of maximal fluorescence
(Fm'") at 40 umol photons m~2 s~ in pre-quenched cells of: WT (closed triangles), DF
(crosses), SH (closed rhomboids), LH (open rhomboids) and LHMI (open squares). The
cells were diluted to 3 pg Chl/mL. Average of three independent experiments. Error bars
represent SD. (B) Immunoblot detection of FRP in MP isolated from OSH, SH, LHMI and

LH cells. Each lane contains 4 pg chlorophyll.

The mutant lacking the FRP (DF) and the mutant missing the
Met26 (LHMI) recovered the lost fluorescence very slowly and even
after 30 min incubation in dim light did not recover the full capacity
of the antenna (Fig. 5A and S3). We have already shown that M26I
mutation does not inactivate the long FRP. In consequence, the similar
recovery phenotype observed in DF and LHMI cells could be
explained only by the lack of the long FRP. This was confirmed by
Western-blot analysis. The anti-FRP antibody was unable to
detect any FRP in this mutant (Fig. 5B) We concluded that FRP begins
at Met26 and not at Metl when the frp gene is under its own
promoter.

Fig. 5B also shows that the concentration of short FRP in OSH cells
is largely higher than the concentration of short FRP in SH cells and
most probably in WT cells. Thus, these results confirm that the low
fluorescence quenching and rapid recovery observed in OSH cells is
related to a high concentration of short FRP. The fact that the lost fluo-
rescence recovered with similar kinetics in OLHMI and SH or WT cells
(compared Figs. 3B with 5A), even though the concentration of FRP is
largely higher in OLHMI cells confirmed that the long FRP has a much
lower activity than the short FRP.

3.3. Influence of the presence of the His-tag on fluorescence quenching
and OCP concentration

An unexpected result was observed when LHMI and SH
Synechocystis mutant cells were illuminated with strong blue-green
light (870 umol photons m~2 s~ !) (Fig. 6). Strong blue-green light
induced decrease of fluorescence in all the strains. However, while
in WT and DF (lacking FRP) cells, Fm' decreased by 30-35%, in the
other three strains containing a His-tag after Met1 (LH and LHMI)
or Met26 (SH), Fm' decreased only by 15-20%. In addition, in the SH
mutant, the kinetics of fluorescence quenching was slightly different.
In all the other strains most of the fluorescence quenching occurred in
the first minute of illumination. In contrast, in SH cells, the decrease of
fluorescence was slower (Fig. 6).

The amount of fluorescence quenching is related to the concentra-
tion of OCP" accumulated in the cells [15-17,22] and the mutants
having less blue-green light induced fluorescence quenching are
expected to accumulate a lower quantity of OCP". A decrease in
OCP" concentration could be due to a lower concentration of OCP or
to a higher concentration or activity of FRP. In order to understand
the cause of the lower fluorescence quenching in the three frp mu-
tants containing an N-terminal His-Tag, Western-blot analysis was
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Fig. 6. Induction of the photoprotective mechanism in WT and FRP mutant Synechocystis
cells. Decrease of maximal fluorescence (Fm') in WT (closed triangles), SH (closed
rhomboids), LH (open rhomboids) and LHMI (open squares) cells during exposure to
870 pmol photons m~2 s~ blue-green light at 30 °C. The cells were at a chlorophyll con-
centration of 3 ug/mL. Average of three independent measurements. Error bars represent
SD.
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undertaken to compare the amount of OCP in the cells. Fractions
containing the phycobilisomes attached to the membranes (MP), in
which all the OCP is present [10], were isolated from the three mu-
tants and the WT. Their proteins were separated by SDS-PAGE and
the OCP was detected by Western-blot using an anti-OCP antibody
[23] (Fig. 7A). In mutant cells containing a His-tag downstream
Met1 (LH or LHMI), the quantity of OCP in the MP was 50% lower
than in the MP of WT (Fig. 7B). Thus, in these mutants the lower fluo-
rescence quenching is explained by a lower concentration of OCP. In
contrast, in the SH mutant, which contains a FRP with a His-tag
after Met26 (SH), the concentration of OCP was similar to that in
the WT. Therefore, most probably changes in FRP concentration or ac-
tivity must cause the lower fluorescence quenching. This was also
suggested by a slightly faster fluorescence recovery in the first minute
of cell exposure to dim light (Fig. 5A). Unfortunately, since our anti-
body against FRP does not recognize the WT FRP [18], we cannot
compare the concentration of FRP in SH cells to that in WT cells.

To try to understand why the introduction of 6 Histidines after Met1
decreased the concentration of OCP in the cells, we modeled the struc-
tures of potential RNA in-between the ORFs of OCP and short/long FRP
(Fig. 8). The model described in the figure has the most negative AG
value out of 4 structures generated for this sequence by an on-line
tool mfold (http://mfold.rna.albany.edu/?q=mfold) [24]. Nevertheless,
in the 4 proposed models, the sequence downstream FRP Met1 forms a
stable hairpin. It is possible that this hairpin, together with the following
polyT sequence forms a rho-independent transcription terminator of
the opc gene. Introduction of a His-tag after Met1 results in destabiliza-
tion of the hairpin, which could affect transcription termination giving a
longer mRNA (Fig. 8). This longer mRNA which is likely less stable and
more exposed to digestion by exonucleases due to the destabilized hair-
pin could be an explanation for the lower concentration of OCP in the LH
and LHML. This hypothesis must be confirmed.

4. Conclusions

The results obtained in this study allow us to state that the first
Met of the Synechocystis FRP is the residue currently annotated as
Met26. The long FRP (starting at Met1) The long FRP (starting at
Met1) was present only when the long fip gene was under the control
of the psbA2 promoter. This longer protein was much less active than
the short FRP and had a stronger interaction with the membrane. The
short FRP is clearly a soluble protein like the OCP. We could speculate
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Fig. 7. OCP detection in membrane-phycobilisome preparation (MP) isolated from WT
and FRP mutant cells. (A) Immunoblot detection of OCP in MP from SH, WT, LH and
LHMI cells. Each well contained 0.05 pg chlorophyll. (B) Comparative densitometry
of OCP bands in SH, WT, LH and LHMI MPs. Bars indicate relative concentration of
OCP with 100% for WT. Average of three experiments with SD as the error bars.
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Fig. 8. A model of the RNA structure for the untranslated region between ocp and
short-frp ORFs. Structures generated by mfold on-line tool. The presented structure
(for complete region, upper) has the most negative AG (—35.4 kcal/mol) out of 4
structures proposed by mfold for this region at 37 °C. The FRP Met1 codon (gtg) is
highlighted in red-transparent. Stable hairpin downstream the FRP Met1 with the
poly-T region (highlighted in blue) forms the possible ocp transcription terminator
(structure in the middle). In all 4 proposed structures the hairpin downstream the
Met1 codon was destabilized by insertion of the his-tag (highlighted in green in the
lower structure; mutants LH and LHMI) as indicated by the AG values for the hairpin
(—13.9 and —7.6 kcal/mol hairpin alone in structures without or with his-tag,
respectively).

that also in Mycrocystis NIES 843, a strain closely related to
Synechocystis, the FRP does not have the N-terminal prolongation pre-
dicted by Cyanobase.org. In addition, transcription starting sites (TSS)
were reported at the ATG coding for Met26 in Synechocystis and Met1
in Anabaena PC 7120 [25,26]. Based on these data, we can assume that
frp is translated from a leaderless mRNA (not having 5’UTR) however,
a longer frp mRNA containing at least 120 nucleotides upstream the
first ATG of the short frp gene was previously detected in
Synechocystis [18]. More specific studies about the promoter region
of frp and its transcriptional regulation will give us further informa-
tion about the transcription starting site and the cis and trans ele-
ments involved in the regulation.

Our results also indicate that the synthesis of OCP and FRP must be
strictly regulated to obtain a high OCP to FRP ratio under conditions in
which photoprotection is needed. A high FRP concentration inhibits
photoprotection by destabilization of OCP". Thus, the amplitude of
the OCP-related photoprotective mechanism could be regulated not
only by the concentration of OCP but also by that of FRP. A high OCP
to FRP ratio is necessary to induce photoprotection.
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