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Abstract

Changes in composition of membrane proteins in Synechocystis PCC 6803 induced by the shift of light
regime for photosynthetic growth were studied in relation to the regulation of PS I/PS II stoichiometry.
Special attention was paid to the changes in abundance of proteins of PSI and PSII complexes.
Composition was examined using a LDS-PAGE and a quantitative enzyme immunoassay. Abundance
of PsaA/B polypeptides and the PsaC polypeptide of the PST complex, on a per cell basis, increased
under the light regime exciting preferentially PS II and decreased under the light regime exciting mainly
PS 1. Similar changes were observed with polypeptides of 18.5, 10 and 8.5 kDa. The abundance of other
proteins associated with membranes, including PsbA polypeptide of the PSII complex, was fairly
constant irrespective of light regime. These results are consistent with our previous observations with
other strains of cyanophytes (Anabaena variabilis M2 and Synechocystis PCC 6714) that PST is the
variable component in changes in PSI/PSII stoichiometry in response to changing light regimes for
photosynthesis.

Abbreviations: CBB — Coomassie brilliant blue; Chl - chlorophyll; EIA - enzyme immunoassay; LDS —
lithium dodecyl sulfate; PAGE - polyacrylamide gel electrophoresis; PS — photosystem; PVDF - poly-
vinylidene difluoride

Introduction

In oxygenic photosynthesis electron transport in
the thylakoid system is driven by the cooperative
action of the two photosystems, PSI and PSII.
The incident light regime for photosynthetic
growth does not necessarily provide for a bal-
ance between PSI and PSII actions. When an
imbalance occurs, cells can adjust the stoichiom-

etry between PSI and PSII in the thylakoid
system, so as to balance their actions under such
a light regime (Murakami and Fujita 1988, Melis
et al. 1989, Chow et al. 1990, Murakami and
Fujita 1991).

In cyanophytes, the ratio of PSI to PSII
becomes higher under light regimes exciting
preferentially PSII, and the ratio is lowered
under the light regimes exciting mainly PSI
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(Myers et al. 1978, 1980, Fujita et al. 1985,
1987a,b, Manodori and Melis 1986a,b). Our pre-
vious studies for A. variabilis M2 (Kawamura et
al. 1979) and for Synechocystis PCC 6714 (Fujita
et al. 1987a, Fujita and Murakami 1987) have
indicated that the abundance of PS1 is changed
in response to light regime. The change was
found to be due to the control of formation of
PSI during cell growth (Fujita et al. 1988).
These results have been obtained mainly by
spectrophotometric and kinetic determination of
components involved in the photochemical re-
actions of the two photosystems. The present
study aims at confirming our previous observa-
tions by determining the levels of membrane-
bound proteins in cells grown under different
light regimes. The results indicate that the levels
of PS1 determined by the PsaA/B and the PsaC
polypeptides are variable in response to light
regime while PSII levels, as determined by the
PsbA polypeptide, remain constant.

Material and methods

Synechocystis PCC 6803 was grown in modified
Detmer’s medium (Watanabe 1960), but at
double-strength of K,HPO,. Glucose at 0.1%
(w/v) was added to the medium. Cells were
illuminated with a weak orange light exciting
mainly PSII (3Wm™% we call PSII light) or a
weak red light exciting mainly PST (4 Wm ™, we
call PST light) as described previously (Fujita et
al. 1985). Addition of glucose accelerated cell
growth but did not affect the changes in PS1/
PSII stoichiometry induced by light quality,
similar to the case of Synechocystis PCC 6714
(Fujita et al. 1987b). Cells were grown for more
than 8 days under respective light regimes. The
exponential growth phase was maintained by
dilution with the fresh medium. Growth con-
stants under the two light regimes were almost
identical, 1.0 and 0.92d™" under PST and PSII
light, respectively. Under a light microscope, no
difference was found in sizes and shapes of cells
of the two types.

Cells in the late-exponential growth phase
were suspended in 50 mM Tris-HCI1 (pH 7.6),
2mM EDTA and protease inhibitors (0.01%
(w/v) phenylmethylsulfonyl fluoride, 1 mM 6-

amino-n-caproic acid and 1mM benzamidine-
HCI). Cell suspensions were passed three times
through a chilled French pressure cell at
1100 Kg/cm’. Cell wall fragments and unbroken
cells were removed by centrifugation at 6000 x g
for 10 min. Membrane fractions were collected
by centrifugation at 100000 x g for 1h, and
washed twice with 6 mM Tris—maleate (pH?7)
containing the protease inhibitors described
above.

LDS-PAGE of membrane proteins was per-
formed at room temperature following the meth-
od of Delepelaire and Chua (1979) after slight
modifications. Concentrations of urea and LDS
in stacking and resolving gels were 6 M and 0.1%
(w/v), respectively, and the acrylamide concen-
tration in the latter gel, 12.5%. Anode and
cathode buffers contained 25 mM Tris, 192 mM
glycine, 0.1% LDS and 1 mM EDTA. As the
markers of molecular mass, LMW protein stan-
dards (BIO-RAD, Richmond, CA) were used.
Membrane proteins were solubilized in 25 mM
Tris—HC] (pH 6.8) containing 3% LDS, 5%
(v/v) 2-mercaptoethanol and 20% (w/v) glycerol
on ice for 30min (membrane concentration,
equivalent to 50-250 wg Chl a ml™'). Protein
assay by the bicinchoninic acid method of Brown
et al. (1989) indicated that more than 90% of
membrane proteins was extracted by this treat-
ment. After running gels, proteins were stained
with CBB R-250 or blotted onto PVDF mem-
brane (Millipore, Bedford, MA) in the mixture
of 25mM Tris, 192mM glycine, 0.1% LDS,
1mM EDTA and 20% (v/v) methanol. More
than 80% of proteins in the gels was transferred
to the PVDF membrane. Blotted membrane pro-
teins were probed with anti-spinach CP1, anti-
spinach PsaC or anti-PsbA antibodies (Johannin-
gmeier 1987), and detected using a horse radish
peroxidase conjugated to antibodies against the
rabbit IgG. Blocking and washing treatments
were performed as described by Takabe et al.
(1986). Antigen-antibody complexes were de-
tected in 10 mM phosphate (pH 7), 0.012% (w/
v) 4-chloro-1-naphtol, 0.01% (v/v) H,0, and
20% methanol. Photometric determinations
were made at 580 nm or 300 nm as described by
Domingo and Marco (1989).

P,y and cytochrome by, (Cytb,s,) were de-
termined spectrophotometrically as described



previously (Fujita and Murakami 1987,
Murakami and Fujita 1991) using the difference
absorption coefficients of Hiyama and Ke (1972)
for P,,, and Garewal and Wasserman (1974) for
Cytb,s,, respectively. Chl a was determined
spectrophotometrically with acetone extracts
using the absorption coefficient of Mackinney
(1941). Cell numbers were counted on a
hemacytometer under a light microscope.

Results

Abundance of PS I and PS II polypeptides in
cells grown under PS I and PS II light

LDS-PAGE resolved the membrane proteins of
Synechocystis PCC 6803 into more than 20
species (Fig. 1A). Similar highly resolved pat-
terns by LDS-PAGE were also obtained for
membranes prepared from Synechocystis PCC
6714 (data not shown). Patterns of enzyme im-
munoassay (EIA) for the polypeptides of PSI
and PS II complexes are shown in Fig. 1B, C and
D. Molecular masses of PsaA/B polypeptides
and PsaC polypeptide of the PSI complex and
PsbA polypeptide of the PSII complex were
found to be 60-70 (Fig. 1B), 10-11 (Fig. 1C)
and 25-27kDa (Fig. 1D), respectively. The
band at 100kDa in Fig. 1B is due to an associ-
ated form of the PsaA/B polypeptides. This
complex was dissociated into species of 60—
70kDa when it was run again on the LDS-
PAGE after extraction from the first gel (data
not shown). The molecular size of PsbA poly-
peptide in the pattern of LDS-PAGE (Fig. 1D)
is smaller than 32 kDa, which has been common-
ly recognized as a standard size of PsbA poly-
peptide (Marder et al. 1986). However, the
PsbA polypeptide prepared from spinach leaves
by the method of Marder et al. (1986) behaved
identically to the PsbA polypeptide from Synech-
ocystis PCC 6803 under our conditions for LDS—-
PAGE. Thus, the band at 25-27 kDa is not due
to a degraded form of PsbA polypeptide, but
PsbA polypeptide migrates slightly faster under
our LDS-PAGE conditions. As observed previ-
ously with Synechocystis PCC 6714 (Fujita and
Murakami 1987), the abundance of P, in cells
of Synechocystis PCC 6803 grown under PSII
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Fig. 1. LDS-PAGE patterns of membrane proteins obtained
from Synechocystis PCC 6803 grown under PSII light. (A)
Densitometric pattern of CBB-stained LDS-gel. (B) Dens-
itometric pattern of membrane proteins blotted on PVDF
and probed by EIA with anti-CP1 antibody; (C), with anti-
PsaC antibody; (D) with anti-PsbA antibody. Numbers indi-
cate molecular mass (kDa) of the respective polypeptides.
For experimental details, see the text.

light was two-fold greater than that under PS1
light when compared on a per cell basis (Table
1). Quantitative EIA revealed that the abund-
ance of the PsaA/B and the PsaC polypeptides
of PS I was also greater in the former cells, while
no difference was observed in the abundance of
the PsbA polypeptide of PSII in the two cell
types. Since PsbA polypeptide has been known
to turn over rapidly (cf. Mattoo et al. 1989), the
value obtained for PsbA polypeptide does not
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Table 1. Abundance, on a per cell basis, of P,,,, PsaA/B polypeptides, PsaC polypeptide and PsbA polypeptxde in cells of

Synechocystis PCC 6803 grown under PSI and PSII light

Cell type Relative abundance® PSI/PSII®
P.oo PsaA/B PsaC PsbA
Grown under PS II light
Exp. 1 100° 100 100 100 3.0
2 82 81 95 125 -
3 99 91 97 106 -
Grown under PS I light
Exp. 4 53 55 53 120 1.5
5 48 44 50 111 -
6 55 46 57 114 -

*Abundance, on a per cell basis, relative to that of respective components in Exp. 1 is presented.
°The ratios were calculated from the abundance of P,y and Cytb., (cf. Fujita and Murakami 1987).

°Equivalent to 4.53 X 10™*° mol/cell.

necessarily correspond to the amount stably
present in PS II complex. However, the abund-
ance of Cytb,, in cells grown under two light
regimes was also constant (3.0 and 3.2X
10" " mol/cell in cells grown under PSI and
PSII light, respectively). The constant ratio of
PsbA polypeptide to Cytb,;, indicates that the
value obtained in our experiments is safe from
such a possible error.

The content of membrane proteins on a per
cell basis, estimated from the patterns of CBB-
strained LDS-PAGE gel, was 1.34 times greater
in cells grown under PSII light than under PSI
light. The difference suggests a possibility that
development of thylakoids is not the same in the
two cell types. However, the former cells con-
tained PS1T at two-fold greater amount than the
latter cells. The difference only for the amount
of PsaA /B polypeptides in the two cell types was
as great as 50% of the difference for the total
membrane proteins, indicating that most of dif-
ference in the contents of membrane proteins in
the two cell types is attributed to the higher
concentration of PST in cells grown under PSII
light. Difference in development of thylakoids is
probably insignificant in the two cell types, and
so the values in Table 1 can be recognized to
correspond to the concentrations of PSI and
PSII complexes in thylakoids. Therefore, the
results obtained with Syrechocystis PCC 6803 are
consistent with our previous view that the change
to a higher or lower PSI/PSII ratio in cyano-
phytes is due to changes in the abundance of the

PS1 complex (Fujita et al. 1987a, Fujita and
Murakami 1987).

Stoichiometry between levels of Py, and PS 1
polypeptides during changes in PS I level
induced by the shift of light regime

Table 1 also shows that the stoichiometry among
three components of PSI complex, P, the
PsaA /B polypeptides and the PsaC polypeptide,
are constant in the two cell types. Further, this
stoichiometry remained constant in the time
courses of changes in PS I level induced by shift-
ing light regime. These results are summarized in
Fig. 2A for the stoichiometry between P,,, and
PsaA/B polypeptides and in Fig. 2B for that
between PsaA/B and PsaC polypeptides. Re-
gression lines in both cases cross the Y axis at, or
nearly at, zero (Fig. 2A, B), indicating that
changes in the levels of the three components of
PS I complex are identical to each other. Stable
assembly of PsaC polypeptide in PS1 complex
has been reported to require the psaD gene
product (Zhao et al. 1990), which forms a part of
the ferredoxin-binding site of the PST complex.
The level of the psaD gene product is probably
changed similarly to that for PsaA/B and PsaC
polypeptides. These results strongly suggest that
changes in P, levels observed upon the shift of
light regime correspond to changes in the levels
of complete PS 1 complexes.

We could not find any bands by EIA, which
cross-reacted with anti-CP1 antibody but showed
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Fig. 2. Correlation between abundance of PsaA/B poly-
peptides and that of P, (A) and between abundance of
PsaA/B polypeptides and that of PsaC polypeptide (B).
Data obtained from the experiments for the shift from PSII
to PST light (@) and from PST to PSII light (A) and from
the cells grown under PST light (A) and PSII light (O) are
combined and plotted. Values of respective components rela-
tive to the maxima are plotted (r> = 0.95 for regressed line in
(A) and 0.90, in (B)). For experimental details, see the text.

different molecular mass, except for the band at
100 kDa, which is the associated form of PsaA/B
polypeptides (Fig. 1B). This was true even when
PS1 formation was accelerated by the shift of
light regime. Accumulation of precursor(s) of the
PsaA/B polypeptides may not occur at levels
detectable by EIA. The band(s) cross-reacting
with anti-PsaC antibody was always found in the
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region for peptides of very small molecular mass
(Fig. 1C). Occurrence of this band was in-
dependent of light regime. Our LDS-PAGE sys-
tem cannot resolve such small peptides, and so
the nature of the band(s) is not clear at present.

Besides the results for PsaA/B and PsaC poly-
peptides described above, changes in the abund-
ance induced by the shift of light regime were
observed for three other membrane proteins de-
tected by CBB-staining. As shown in Figs. 3A
and 4A, the direction of the change was the
same as that for known PSI polypeptides; a
decrease occurs under PS I light, and an increase
occurs under PSII light. The 10kDa band ap-
pears to correspond to the PsaC polypeptide in
its molecular mass. However, the PsaC poly-
peptide is poorly stained by CBB (Koike et al.
1989), and so the 10 kDa band detected by CBB-
staining may contain polypeptide(s) other than
the PsaC polypeptide, such as the PsaE poly-
peptide (Chitnis et al. 1989). Changes in the
levels of the 18.5kDa polypeptide were much
marked than those in PS I polypeptides (Fig. 3A,
4A); the difference caused by the shift of light
regime was more than double that for known
PS I polypeptides. The polypeptide may not be a
component of PS I complex, though the apparent
molecular mass is similar to that of the psaD or
psaF gene product (Alhadeff et al. 1988, Reilly
et al. 1988, Wynn and Malkin 1988, Koike et al.
1989, Franzén et al. 1989, Chitnis et al. 1991).
However, if the band corresponds to one of, or
both of, these PSI polypeptides, the pattern
suggests that such the polypeptide(s) is over-
produced when PSI1 formation is stimulated
under PSII light.

In contrast, the abundance of the 47, 43, 27,
21 and 15.5kDa polypeptides remained fairly
constant (Figs. 3B and 4B), similar to the abund-
ance of the PsbA polypeptide (Table 1) upon the
shift of light regime in either direction. Some of
these must be components of PSII complex.
Further characterization of these polypeptides is
now in progress. As far as has been examined,
the abundance of all peptides detected by our
LDS-PAGE shows only changes of PSI- or
PS II-type upon the shift of light regime. Other
types of changes, such as a decrease under PS II
light or an increase under PS I light, could not be
observed.
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Fig. 3. Changes in abundance of membrane proteins in Synechocystis PCC 6803 induced by the shift of PST to PSII light.
Abundance, on a per cell basis, of each polypeptide relative to that at the time zero is plotted against the time after the shift of
light. Light was shifted at time zero. In (A) abundance of 18.5 (O), 10 (O0) and 8.5kDa (A) polypeptides are plotted, and in (B),
that of 47 (@), 43 (W), 27 (A), 21 (V) and 15.5 (X) kDa polypeptides. Abundance was determined by the peak area of each
polypeptide in the densitograms stained with CBB. As a reference, changes in P,y levels (V) are presented. The scale for
abundance of 18.5 kDa polypeptide in (A) is twice larger. For experimental details, see the text.
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Fig. 4. Changes in abundance of membrane proteins in Synechocystis PCC 6803 induced by the shift of PSII to PST light. For

explanation of the figure, see Fig. 3.

Discussion

Results of the present study for Syrnechocystis
PCC 6803 are consistent with those of our previ-
ous studies for A. variabilis M2 (Kawamura et
al. 1979) and for Synechocystis PCC 6714 (Fujita
and Murakami 1987) in that PS1 is the variable
component in changes in PS I/PS II stoichiome-
try in response to the light regime for photo-
synthesis. However, Cunningham et al. (1990)
have reported that in the red alga Porphyridium
cruentum, the abundance of both photosystems
is changed by a shift of light regime. They found

that the level of PS1 increases under PSII light
similarly to our observation with cyanophytes,
but the PSII level decreases at the same time;
PST light induced a decrease in PSI and an
increase in PSII level. We have also found a
similar variation of PSII level in the red alga
Porphyra yezoensis (Abe et al. in preparation).
The different patterns in the systems of different
phyla suggest the occurrence of different types of
regulation for PSI/PSII stoichiometry in the
two phyla. However, we have also found a vari-
ation of PSII level in the marine cyanophyte
Synechococcus sp. NIBB 1071, which contains



phycobilisomes (PBS) associated with multiple
PSII centers (Murakami et al. in preparation).
PBS in both Porphyridium cruentum (Ley 1984,
Ohki et al. 1987) and Porphyra yezoensis (Abe
et al. in preparation) are associated with multiple
PS II centers, while the PBS in A. variabilis M2
(Ohki et al. 1987) and Synechocystis PCC 6714
(Fujita and Murakami 1987) is an antenna for
only one PSII center. This stoichiometric rela-
tionship between PBS and PSII centers may
correlate to the difference in the patterns of
changes in PSI/PSII stoichiometry. However,
the reason is not clear at present.

In etiolated barley seedlings, the formation of
PsaA/B polypeptides on the membrane-bound
polysomes and their assembly are strictly reg-
ulated by Chl a supply (Klein et al. 1988, Eich-
acker et al. 1990). Results of the present study
indicate that (1) PsaA/B polypeptides are always
present at constant stoichiometry with P, and
(2) accumulation of precursors or degraded
products is insignificant even when the rate of
the synthesis of PST is accelerated or suppressed
upon the shift of light regime. These features
suggest that PSI formation in our case is con-
trolled under a similar mechanism to that for the
greening of etiolated seedlings. Our previous
finding that suppression of Chl a synthesis causes
a decrease in PS1 level even under PSII light
(Fujita et al. 1990) supports this idea.
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