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Excitation energy transfer from phycobilisomes to photosystems: a
phenomenon associated with the temporal separation of photosynthesis
and nitrogen fixation in a cyanobacterium, Plectonema boryanum!
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Abstract

Plectonema boryanum shows temporal separation of photosynthesis and nitrogen fixation under diazotrophic conditions.
Low temperature fluorescence studies have shown that in vivo the nitrogen fixing and photosynthesizing cells are adapted to
‘state 2° and ‘state 1°, respectively. During nitrogen fixation phycobilisomes seem to transfer excitation energy to
photosystem I whereas during oxygenic photosynthesis the energy is transferred to photosystem II. The state 2 adapted N-
phase cells failed to undergo transition to state 1 while P-phase cells exhibited state 1 to state 2 transition. The nitrogen fixing
cells showed a decreased level of psbC transcript, lack of CP47 in thylakoid membrane, and presence of the F685 peak but
absence of the F695 peak in 77 K fluorescence spectra. These results suggest that the metabolic and molecular changes
associated with nitrogen fixation may favor direct energy transfer from the phycobilisomes to photosystem I. This should
help the organism to achieve low photosystem II and high photosystem I activity to set temporal separation of nitrogen
fixation and photosynthesis for photoautotrophic growth under diazotrophic conditions. © 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Cyanobacteria contain phycobilisomes (PBS), the
large complexes of phycobiliproteins bound to the
surface of the thylakoid membrane [1]. In most cya-
nobacteria, including Plectonema boryanum, the dif-
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containing photosystems. The structure and func-
tions of PBS in different cyanobacteria have been
extensively studied (see [4] for review). However,
the mechanisms of energy transfer from phycobili-
somes to Chla containing photosystems is poorly
understood. Several earlier studies had shown that
PBS were associated with photosystem (PS) II [5-
8], suggesting that the contribution of PBS to the
action spectra of the primary electron donor of PSI
(P700) might be due to ‘spillover’ of excitation from
PBS-PSII to PSI [9]. However, the demonstration of
state transition in cyanobacteria by physiologically
relevant environmental factors, such as change in
light quality and intensity and CO; limitation, and
in PSII-deficient mutants has provided evidence for
transfer of excitation energy from PBS to PSI (see
[10-12] for reviews). The latter studies have mostly
used cells either adapted to monochromatic light or
bearing mutations in the psbC and psbD genes [12].
This phenomenon has not been studied with cells
growing photoautotrophically while performing
PSII-independent and light requiring processes.
Here we report such a study and show that the tran-
sition to state 2 may be promoted by an adaptive
mechanism which permits the cells to carry out
PSII-independent and light-dependent nitrogen fixa-
tion and anoxygenic photosynthesis in the cyanobac-
terium, Plectonema boryanum [13].

Plectonema, a microaerophilic nitrogen fixer [14],
shows temporal separation of photosynthetic (P-
phase) and nitrogen fixation (N-phase) activities
while growing diazotrophically in continuous light.
The N-phase cells show characteristic features such
as a decrease in PSII activity, an increase in PSI
activity, and a decrease in intracellular nitrogen re-
serve and PSII-independent CO, fixation [13]. Nitro-
gen fixation in this organism occurs when the plas-
toquinone (PQ) pool is reduced and electron
transport between the primary and secondary qui-
none electron acceptors (Qa and Qg) is impaired
[15] leading to uncoupling of the PSII and PSI activ-
ities [16]. These metabolic changes and their associ-
ation with nitrogen fixation make P. boryanum an
ideal system to study the excitation energy distribu-
tion from PBS to photosystems. Here we report that
this organism uses a regulatory mechanism that is
similar to state transition to separate nitrogen fixa-
tion and oxygenic photosynthesis to accomplish di-

azotrophic growth. Wild-type cells with different re-
dox states of photosynthetic electron transport (PET)
components showed differences in CP47 assembly in
thylakoids, in the expression of the psbC gene and in
transfer of excitation energy from the PBS to the
photosystems. Nitrogen fixing cells with low expres-
sion of the psbC gene and decreased levels of CP47 in
the thylakoid membrane showed altered excitation
energy transfer from PBS to the two photosystems
indicating that the metabolic changes associated with
nitrogen fixation may alter the specificity of excita-
tion energy transfer from PBS to photosynthetic re-
action centers.

2. Materials and methods
2.1. Organisms and growth conditions

P. boryanum UTEX 594 is from the University of
Texas Collection. Under nitrogen-sufficient condi-
tions, it was grown in BG11 medium [17] bubbled
with air passed through a 0.22 um filter at 25+ 2°C
under continuous illumination as described [18]. Pho-
toautotrophic growth under diazotrophic conditions
was established with continuous bubbling of a mix-
ture of N, and CO; as described [13].

2.2. Fluorescence spectroscopy

The cells were harvested by centrifugation and sus-
pended in BG11, at a Chla concentration of 5 ug/ml.
They were incubated in the dark at 25°C for 30 min
in a microaerobic atmosphere, then illuminated with
white fluorescent light for 30 min and frozen in liquid
nitrogen under constant illumination as described
earlier [19]. The fluorescence emission spectra were
recorded at 77 K on a Perkin- Elmer LS-5 spectro-
fluorimeter at excitation wavelengths 437 nm and 546
nm, respectively. Average values from triplicate spec-
tra of each sample were used for plotting the emis-
sion spectra that were normalized at the phycocyanin
(650 nm) and the PSII (685 nm) peaks.

2.3. Probe preparation and Southern hybridization

The preparation of plasmid DNAs and the elution
of DNA fragments from agarose gel were done as
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described [20]. For preparation of probes other than
psbB (Table 1), the appropriate plasmid DNA was
digested with appropriate restriction endonucleases
and separated on 1% low melting point agarose.
The correct size DNA fragments were excised and
eluted from agarose. For the psbB gene probe,
PCR-amplified full-length psbB gene DNA (1.529
kb) was digested with HindIlI and a 623 bp fragment
was eluted from the agarose gel. DNA probes were
radiolabelled using [*’?P]JadCTP (Board of Radiation
and Isotopes Technology, Department of Atomic
Energy, India) and the random primed DNA label-
ing kit (Roche Biochemicals, Germany) following the
manufacturer’s protocols. For Southern hybridiza-
tion, the total DNA from Plectonema was prepared
according to a modified protocol of Felkner and
Barnum [21]. The cyanobacterial culture grown to
mid-exponential phase in BG11 medium was har-
vested and washed in 10 mM Tris—HCI (pH 8.0)
and 1 mM EDTA. One gram of the cell pellet was
suspended in 4 ml sucrose buffer (50 mM Tris—HCI
pH 8.0, 100 mM EDTA, 25% w/v sucrose). Lyso-
zyme was added to a final concentration of 5 mg/
ml and incubated for 1 h at 37°C. The suspension
was treated with proteinase K (100 pug/ml) and incu-
bated at 37°C in the presence of 1% sodium dodecyl
sulfate (SDS) until it become clear. The cleared lysate
was extracted with phenol and chloroform. The sub-
sequent steps were as described [18]. Total DNA (5.0
ng) was digested with appropriate restriction en-
zymes, treated for 30 min at 37°C with DNase-free
RNase (50 pg/ml) and electrophoresed on 1% agar-
ose. The DNA fragments were transferred to a nylon
membrane. Prehybridization and hybridization were
carried out as described by Sambrook et al. [20].

2.4. RNA isolation and Northern hybridization

Total RNA from N-phase and P-phase cells was
isolated using a modified protocol of Chomczynski
and Sacchi [22]. Cells were harvested at 4°C, the
pellet was washed with 50 mM Tris—=HCI (pH 8.0)
containing 100 mM NaCl and immediately frozen at
—70°C and then thawed. A high concentration of
guanidinium thiocyanate (5 M) was used and the
cells were broken by vortexing with acid-washed
sterilized glass beads (0.45-0.60um, Sigma Chemical
Co., USA) as described [23]. Additionally, the RNA
pellet was further washed with 3 M sodium acetate
(pH 5.6-6.3) to reduce DNA contamination in the
preparation. The RNA concentration was deter-
mined spectrophotometrically. For dot blot hybrid-
ization the RNA samples were denatured with form-
aldehyde-formamide and blotted on Hybond N*
(Amersham Pharmacia Biotech, USA) using a mani-
fold apparatus as described by Sambrook and col-
leagues [19]. The prehybridization and hybridization
were carried out at high stringency as described ear-
lier [24]. Detection of signals and quantitation of
probes hybridized to specific RNA were achieved
using a Phosphor Imager (Molecular Dynamics, Sun-
nyvale, CA, USA). The blot hybridized with psbD
was boiled in 0.1% SDS for 5 min to strip off the
probe and then reprobed with psbC and subsequently
with the 23S rRNA (rrn) gene probe to ensure that
equal amounts of RNA were present on the mem-
brane during hybridization with the respective
probes.

2.5. Thylakoid preparation and Western hybridization

The N-phase and P-phase cells were harvested,
washed with HM buffer (50 mM HEPES-NaOH,

Table 1

DNA probes used in this study

Source organism Source plasmid Gene Gene product Fragment used as probe Reference
Synechocystis 6803 pKW1266 psbA D1 0.5 kb Kpnl-HindIl1 [36]
Synechococcus 7942 PAMO11 psbD D2 1.3 kb BamHI [37]
Synechococcus 7942 pGS102 psbC CP43 0.4 kb PstI-HindIIl [37]
Anabaena 7120 PANG621 rrn 23S rRNA 4.0 kb EcoRI [38]
Anabaena 7120 pAN154.3 nif H Fe protein nitrogenase 1.8 kb HindIIl [39]
Plectonema PCR product psbB CP47 623 bp HindIIl This study
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pH 7.5; 20 mM MgCl,), stored at —70°C and then
thawed before use. The protocols for membrane
preparation, SDS-PAGE and staining with Coomas-
sie brilliant blue R250 were as described [23]. Immu-
noblotting and hybridization were carried out using
antiserum specific for apoprotein of CP47 [20].

3. Results

3.1. Diazotrophic growth and the excitation energy
transfer from the phycobilisomes to the
photosynthetic reaction centers

P. boryanum grown photoautotrophically under
diazotrophic conditions showed temporal separation
of oxygenic photosynthetic activity and nitrogen fix-
ation (Fig. 1). A low level of oxygen evolution cor-
responded to high nitrogen fixing activity which de-
creased again when the oxygen evolving activity of
PSII increased. We have earlier shown that N-phase
cells showed low PSII and high PSI activity com-
pared to P-phase cells [13].

77 K fluorescence emission spectra were recorded
with N- and P-phase cells to study the excitation
energy distribution between PSI and PSII in these
two phases. Fig. 2 shows the normalized emission
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Fig. 1. Alternating cycles of nitrogen fixation (N) and photo-
synthesis (P) in P. boryanum strain UTEX 594 grown photoau-
totrophically under diazotrophic conditions. Acetylene reduction
activity (@) and light-dependent oxygen evolution (4 ), moni-
tored in the medium during the first two cycles, are plotted.
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Fig. 2. Normalized 77 K fluorescence emission spectra of N-
phase (2) and P-phase cells (@) of wild-type P. boryanum
grown photoautotrophically under diazotrophic conditions. (A)
Excitation at 437 nm. (B) Excitation at 546 nm. The bandwidth
of the excitation and emission monochromators was 10 nm and
2.5 nm, respectively.

spectra of cells from the two phases excited at 437
and 546 nm, separately. The typical spectrum
showed three major regions: (i) a broad peak at
around 645-655 nm corresponding to phycobilin pig-
ments, phycocyanin and allophycocyanin, associated
with the distal antenna system; (ii) two nearby peaks
at 685 and 695nm which are contributed by the Chla
molecules bound to CP43 and CP47, respectively
[25,26] of the PSII core complex; (iii)) a 725 nm
peak originating from the PSI complex [27]. Compar-
ison of the normalized 77 K fluorescence data of the
N-phase and the P-phase showed that the N-phase
cells exhibit (i) a higher yield of F7snm, (i1) the ab-
sence of the Fgos nm peak, and (iii) a blue shift of the
phycocyanin emission peak from Fgsony in the P-
phase to Fgss,m in the N-phase. These results sug-
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Fig. 3. Normalized 77 K fluorescence spectra of intact cells (a)
and thylakoids (@) from N-phase (N) and P-phase (P) cells.
Samples were illuminated under simulated conditions of N- and
P-phase and frozen in liquid nitrogen. The emission spectra
were recorded at 437 nm excitation and normalized at 685 nm.
The bandwidth of the excitation and emission monochromators
was 10 nm and 2.5 nm, respectively.

gested that the N- and P-phase cells have different
modes of excitation energy transfer from PBS to
photosystems. Specifically the P-phase cells had spec-

Fluorescence Intensity ( arb. units)
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Fig. 4. Normalized 77 K fluorescence spectra of intact cells (a)
and thylakoids (@) from N-phase (N) and P-phase (P) cells.
Samples were illuminated under simulated conditions of N- and
P-phase and frozen in liquid nitrogen. The emission spectra
were recorded at 546 nm excitation and normalized at 650 nm.
The bandwidth of the excitation and emission monochromators
was 10 nm and 2.5 nm, respectively.

tral characteristic of state 1 light adaptation and the
N-phase cells of state 2 adaptation. The ratio of the
heights of the PSI peak at 726 nm in the spectra
excited at 546 nm and 437 nm has been considered

Table 2
Excitation energy distribution from PBS to photosystems in intact cells and thylakoids prepared from N- and P-phase cells of Plecto-
nema
Growth condition Treatment Fegs/Frhg at excitation Fr6 (546)/Fra6 (437) Fess (546)/Fgss (437)
546 nm 437 nm

N-phase Control 0.95 0.28 0.76 2.57

Thylakoids 0.67 0.313 0.41 0.87
P-phase Control 2.65 0.40 0.57 3.71

Thylakoids 1.42 0.39 0.19 0.67

The data presented here are from Figs. 2-4.
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Fig. 5. Detection and expression of PSII component genes from P. boryanum. (A) Southern hybridization of total genomic DNA di-
gested with HindIIl (1) and EcoRI (2) using psbA (a), psbD (b), and psbC (c) gene probes. Sizes of the fragments hybridized with the
respective probes are given in kb. (B) RNA dot blot hybridization of RNA prepared from two subsequent N-phases (N1 and N2)
and P-phases (P1 and P2) blotted in quadruplicate and hybridized with rrn (a), nifH (b), psbA (c), psbB (d), psbC (e), and psbD (f)

gene probes as described in Section 2.

an indicator of the efficiency of energy transfer from
PBS to PSI [12]. This ratio was 0.57 in P-phase cells
and 0.76 in N-phase cells indicating that during N-
phase the proportional energy transfer from PBS to
PSI increases.

In cyanobacteria, a considerable contribution to
the fluorescence emission between 630 and 670 nm
comes from the phycobilin pigments bound to the
distal antenna system. These get detached from the
photosystems during the normal process of thylakoid
preparation. In intact cell fluorescence the phycobilin
emission cross-contaminates the PSII emission com-
ing from the 685 nm peak. Therefore, the Fggs peak
in the N-phase, though very poorly, could be due to
contamination from the phycobilin pigments. To as-
certain this, the thylakoids were prepared from the

N- and P-phase cells and low temperature fluores-
cence spectra were recorded at 437 and 546 nm sep-
arately. Fig. 3 presents the 77 K emission spectra of
thylakoid and intact cells normalized at the Fggs
peak. Only the Fggs peak was present in the thyla-
koids of the N-phase cells while the P-phase thyla-
koid showed the Fggs and the Fgos peaks on chloro-
phyll excitation (437 nm) (Fig. 3). Both of these
peaks disappeared from the thylakoids in both
phases while the Fyys yield showed a significant de-
crease on excitation of the phycocyanin (546 nm)
(Fig. 4). Characteristically, a blue shift in the phyco-
cyanin emission maxima from 650 nm to 645 nm as
compared to intact cells was observed with the P-
phase thylakoid preparations (Fig. 4P). The emission
spectra recorded at 437 nm showed similar spectral
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characteristics and proportionate yields for the Fggs
and F6 peaks in both thylakoids and cells (Table 2).
These results are consistent with our hypothesis that
during thylakoid preparation loosely bound water-
soluble PBS get detached from the photosystems
leading to the disappearance of Figs/Fgos and a de-
crease in the F;y¢ emission. The lack of the 695 nm
peak and the consistent presence of the Fggs peak in
both the thylakoid and whole cells of the N-phase at
437 nm excitation indicated that the chlorophyll
binding protein CP47 was not assembled in the
PSII reaction center in these cells.

3.2. Expression of photosynthetic genes in the N- and
P-phases

Southern hybridization was carried out with DNA
isolated from P. boryanum using psbA, psbC and
psbD DNAs as probes as given in Table 1. The re-
sults obtained from Southern hybridization demon-
strated conservation of the sequences of these genes
among different cyanobacterial systems and the spe-
cificity of heterologous probes used in this study
(Fig. 5a). Using these probes, RNA dot blot hybrid-
ization was carried out with RNAs prepared from
the N- and P-phases. Results presented here showed
that the psbD and psbB transcript levels were com-
parable in these phases while pshA and psbC de-
creased in the N-phase compared to the P-phase
(Fig. 5b) and the nifH transcript showed a trend
reciprocal to that of psbA and psbC. Hybridization
of RNA dot blot with the rrn gene probe showed
that approximately equal amounts of total RNA
were present in each dot.

The near equality between the psbB transcript level
in the N- and P-phases is intriguing in view of the
absence of the 77 K fluorescence peak at Fgys in the
N-phase. To resolve this apparent contradiction we
determined the level of CP47 in the thylakoid protein
from the N- and P-phase cells. The thylakoid pro-
teins isolated from the N- and P-phase cells were
separated on SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes. The blots were hybrid-
ized with antibodies against CP47 apoprotein. The
results presented in Fig. 6 show that the CP47 anti-
body hybridized with two very similarly sized protein
bands in the P-phase thylakoids (lane 2) while it gave
a very poor signal in the N-phase thylakoids (lane 1).

I 2

PR
Fig. 6. Western blot analysis of thylakoid proteins from N-
phase (lane 1) and P-phase (lane 2) cells of Plectonema grown
photoautotrophically under diazotrophic conditions using anti-
bodies against CP47 apoprotein.

The reason for the presence of the two bands in lane
2 is not clear at this stage. The highly unlikely pos-
sibility of our anti-CP47 serum having antibody im-
purity that recognizes another thylakoid protein and
the possibility of CP47 being present in two forms
have not been completely ruled out. However, it is
obvious that in spite of the normal level of the psbB
mRNA the N-phase thylakoids have little CP47, if
any. Whether this is due to poor translation of the
psbB mRNA or poor incorporation of CP47 into
thylakoids in N-phase cells will be interesting to in-
vestigate.

4. Discussion

P. boryanum grown photoautotrophically under
diazotrophic conditions shows alternate phases of
photosynthesis and nitrogen fixation [13,28]. During
the N-phase, the activity of PSII that is responsible
for oxygen evolution is suppressed and the PSI ac-
tivity increases by 40-50%. This is perhaps required
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for the organism to perform light-dependent nitrogen
fixation [16,29]. The uncoupling of the PSI activity
from PSII can be explained if we postulate either
that during N-phase the PSI reaction centers get light
energy directly from the light harvesting antenna pig-
ments and/or that during this phase oxidized P700
can be reduced either by cyclic electron flow from
NADPH; via PQ [30,31] or by oxidation of endoge-
nous electron donors like glycollate in the presence
of 3-(3,4-dichlorophenyl)-1,1-dimethylurea [16]. The
present study was carried out to elucidate the mode
of light energy transfer from the PBS to PSI in the
absence of the PSII activity during the N-phase. The
77 K fluorescence spectra excited at 546 nm revealed
that the N- and P-phase cells might have different
pathways of energy transfer from PBS to PSI (Fig.
2). On excitation at 437 nm the N- and P-phase cells
showed spectra characteristic of state 2 and state 1,
respectively. Since N-phase cells have little PSII ac-
tivity [13] and an impaired electron transport be-
tween Qa and Qg [15], the major route of excitation
energy transfer from the PBS to PSI is likely to be
direct rather than a ‘spillover’ from PSII. This kind
of alteration in the excitation energy distribution
from a light harvesting antenna pigment to the pho-
tosystems has been reported to occur through state
transition in photosynthetic organisms [11]. In cya-
nobacteria, it has been suggested that transition to
state 2 involves the decoupling of a portion of the
PSII core complex from PBS and the binding of the
PSI core complex in its place [5,19]. In such cases, it
has been shown that PBS are present as a PBS-PSI
complex and could transfer the excitation energy di-
rectly to PSI in state 2-adapted Synechococcus
PCC6801 and PSII-free mutants of Synechococcus
PCC6803 [12]. These mutants lack the genes for the
D2 and CP43 proteins and the PSII particles from
such mutants were devoid of the D1 and CP47 pro-
teins and contained unstable PSII reaction centers
[32,33]. These mutated cells did not show transition
to state 1 as PBS decoupling from PSI failed to en-
hance PSII emission [12]. Subsequently, it was shown
that the mutations in CP47 that could destabilize
PSII activity did not show the Fgys emission peak
in the 77 K fluorescence spectra [34]. The lack of
the Fgos emission peak (Fig. 2) and CP47 in the N-
phase thylakoid (Fig. 6) suggested that the N-phase

cells may have a similar PSII organization as psbD-C
mutants of Synechococcus PCC6803 [12].

The decreased levels of the pshbC transcript in the
N-phase cells (Fig. 5) and of the CP47 protein in the
N-phase thylakoids as compared to the P-phase cells
suggest a defect in assembling of the PSII reaction
center when the cells enter the nitrogen fixation
phase. If we assume that in the N-phase cells the
PSII assembly was analogous to the psbDI-C mu-
tants of Symechococcus [12] then the N-phase may
not be driven to state 1 transition. Results on the
77 K fluorescence of the N- and P-phase cells
adapted to PSI and PSII lights showed that unlike
P-phase cells the N-phase cells could not be induced
to state 1 transition (data not shown). Thus it may
be suggested that the presence of a stably assembled
PSII reaction center determines the excitation energy
distribution from the PBS to the photosystems.
However, the mechanism by which the PSII activity
decreases so rapidly and the cells enter the N-phase is
not understood and would be interesting to investi-
gate. One possibility could be that one or more of
the metabolic changes associated with the N-phase,
such as a decrease in intracellular nitrogen concen-
tration, the levels of reducing and energy equivalents,
reduction of the PQ pool, change in the redox po-
tential of PET components, etc. [35], inhibit the
availability of CP47 and CP43 for PSII assembly
and regulate the specificity of PBS towards photo-
systems.
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