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SUMMARY

Degradation of the cyanobacterial protein pigment complexes, the phycobilisomes, is a central acclimation
response that controls light energy capture. The small protein, NblA, is essential for proteolysis of these
large complexes, which may reach a molecular mass of up to 4 MDa. Interactions of NbIA in vitro supported
the suggestion that NbIA is a proteolysis adaptor that labels the pigment proteins for degradation. The
mode of operation of NbIA in situ, however, remained unresolved. Particularly, it was unclear whether NbIA
interacts with phycobilisome proteins while part of the large complex, or alternatively interaction with
NbIA, necessitates dissociation of pigment subunits from the assembly. Fluorescence intensity profiles dem-
onstrated the preferential presence of NblA::GFP (green fluorescent protein) at the photosynthetic mem-
branes, indicating co-localization with phycobilisomes. Furthermore, fluorescence lifetime imaging
microscopy provided in situ evidence for interaction of NbIA with phycobilisome protein pigments. Addi-
tionally, we demonstrated the role of NbIA in vivo as a proteolysis tag based on the rapid degradation of
the fusion protein NbIA::GFP compared with free GFP. Taken together, these observations demonstrated
in vivo the role of NbIA as a proteolysis adaptor. Additionally, the interaction of NbIA with phycobilisomes
indicates that the dissociation of protein pigment subunits from the large complex is not a prerequisite for
interaction with this adaptor and, furthermore, implicates NblA in the disassembly of the protein pigment
complex. Thus, we suggest that, in the case of proteolysis of the phycobilisome, the adaptor serves a dual
function: undermining the complex stability and designating the dissociated pigments for degradation.

Keywords: Regulated proteolysis, phycobilisome, adaptor protein, cyanobacteria, Synechococcus elongatus
PCC 7942.

INTRODUCTION

Light absorbance by photosynthetic organisms is continu-
ously adjusted to ambient conditions to provide efficient
light harvesting and avoid the photoinhibitory effect of
excess excitation (Vass and Aro, 2007; Bailey and Gross-
man, 2008; Kehoe, 2010; Nixon et al, 2010; Nowaczyk
et al., 2010; Kirilovsky and Kerfeld, 2012; Muramatsu and
Hihara, 2012; Tikkanen et al., 2012). Phycobilisomes are
large protein pigment complexes that serve the purpose of
light harvesting in cyanobacteria and red algae (Glazer,
1985; Gantt, 1994; Ting et al., 2002; Tandeau, 2003; Adir,
2005; Six et al., 2007; Mullineaux, 2008; Su et al., 2010; Wa-
tanabe and lkeuchi, 2013). Degradation of these complexes
is a pivotal acclimation response to nutrient limitation
(Allen and Smith, 1969; Grossman et al., 1993, 2001; Sch-
warz and Forchhammer, 2005). A small protein, NblA,
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which is essential for the regulated proteolysis of the phy-
cobilisome, was initially identified in the cyanobacterium
Synechococcus elongatus PCC 7942 (Collier and Gross-
man, 1994). The designation, NbIA, reflects the ‘non-
bleaching’ phenotype of the knockout-mutant, which
remains blue-green under conditions that trigger phycobili-
some degradation, in contrast with the wild type that turns
yellowish or bleaches. Orthologs of NbIA of S. elongatus
(proteins of ~6-7 kDa) have been identified in a variety of
cyanobacteria and red algae (Baier et al., 2001, 2004; Ri-
chaud et al., 2001; Li and Sherman, 2002; Luque et al.,
2003; de Alda et al., 2004; Kawakami et al., 2009). Tran-
scription of nblA, which is induced by specific environmen-
tal cues, is subject to complex and tight regulation
(Schwarz and Grossman, 1998; Sauer et al., 1999; Luque
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et al., 2001; van Waasbergen et al., 2002; Osanai et al.,
2005; Sendersky et al., 2005; Lahmi et al., 2006; Salinas
et al., 2007; Zabulon et al., 2007; Kato et al., 2008, 2011;
Ruiz et al., 2008; Leganes et al., 2009). Recently, homologs
of NblA were identified in the genomes of cyanophages
(Yoshida et al., 2008; Gao et al., 2012; Yoshida-Takashima
et al., 2012; Nakamura et al., 2014), however, the role of
these viral nblA genes in phage infection is yet unknown.

Phycobilisomes are large water-soluble protein pigment
assemblies, which are anchored to the photosynthetic
membranes. A recent study demonstrated the presence of
a megacomplex resulting from the interaction of the phy-
cobilisome with the membrane located photosynthetic
reaction center complexes (Liu et al., 2013). The phycobili-
some is comprised of pigment binding-proteins (phycobili-
proteins) as well as linker proteins, most of which do not
bind chromophores. Phycobiliprotein dimers, which are
considered to be the basic, so-called monomeric building
block of the pigment complex, assemble into trimeric
rings, which are further stacked to yield cylindrical shapes.
Short cylinders of the pigment protein allophycocyanin,
comprise the core of the complex, whereas cylindrical
assemblies of other pigments, (e.g. phycocyanin) emanate
from the core, giving rise to a hemi-discoidal structure.
The particular pigment composition varies between spe-
cies and in response to light conditions (Glazer, 1985;
Gantt, 1994; Grossman et al., 1995; MacColl, 1998; Adir,
2005; Watanabe and lkeuchi, 2013).

Substrate recognition in bacterial proteolysis relies, in
particular cases, on adaptor proteins that interact with the
substrate and introduce it to the degradation machinery
(Mogk et al.,, 2007; Ades, 2008; Hengge, 2009; Kirstein
et al., 2009; Schmidt et al., 2009; Tyedmers et al., 2010;
Gur et al, 2011; Sauer and Baker, 2011; Dougan et al.,
2012; Battesti and Gottesman, 2013). Such a tagging func-
tion, which was initially postulated for NblA (Collier and
Grossman, 1994), was corroborated by affinity purification
experiments demonstrating interaction, in vitro, of NblA
from the cyanobacteria Tolypothrix PCC 7601 and Anabae-
na PCC 7120 with phycobilisome protein pigments (Luque
et al., 2003; Bienert et al., 2006). Additionally, NbIA of An-
abaena was shown to interact in vitro with ClpC, a chaper-
one subunit of the clp protease complex (Karradt et al.,
2008). The protein degradation machinery of chloroplasts
employs clp proteases, in accordance with the cyanobacte-
rial origin of these organelles (Adam et al., 2006; Olinares
et al., 2011; Clarke, 2012).

Interaction of NblA, in vitro, with phycobilisome protein
pigments and with ClpC, provided support for the sug-
gested function of NbIA as an adaptor of proteolysis. The
mode of action of NblA in vivo, however, remained unre-
solved. In principle, two basic scenarios may be envisaged
for designation of protein pigments of the phycobilisome
for degradation. In the first one, NbIA initially interacts
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with the protein pigments while they are part of the large
light-harvesting pigment complex. Alternatively, it may be
suggested that while part of the phycobilisome assembly,
the protein pigments are inaccessible to NblA. Therefore,
detachment of small pigment subunits (e.g. monomers or
trimers) from the phycobilisome is required prior to inter-
action with NblA. Here, using an NblA::GFP fusion protein,
we present evidence for interaction of NbIA with intact
phycobilisomes, thereby assigning to NblIA a role in the
supra-complex disassembly. Furthermore, the role of NblA
as a degradation tag is demonstrated in vivo, based on the
rapid degradation of the fusion protein NblA::GFP.

RESULTS AND DISCUSSION
Cellular localization of NblA::GFP

To determine the initial target of interaction of NbIA, we
followed its localization in situ. To this end, a gene encod-
ing GFP-labeled NbIA was introduced into NbIAQ, the
nblA-inactivated strain of S. elongatus (NbIA::GFP,
Figure 1(a)). This fusion product restored phycobilisome
degradation in NbIAQ, under nitrogen starvation condi-
tions, as indicated by the level of phycocyanin, the major
pigment of the light-harvesting antenna of S. elongatus
(Figure 1b). The strain expressing the NblA::GFP exhibited
slower phycocyanin degradation relative to a strain pos-
sessing native NbIA (Figure 1(b), compare NblA:GFP and
the Free GFP strain following 48 h of nitrogen starvation).
Phycocyanin levels, however, were comparable in these
strains when starvation was prolonged to 96 h (Figure 1b),
indicating that tagging of NbIA with GFP does not abrogate
its function.

Fluorescence microscopy was used to determine the cel-
lular localization of NblA::GFP. In S. elongatus as in some
other cyanobacteria, the photosynthetic membranes are
arranged in multiple shells that lie underneath the cell
membrane leaving a central membrane-free area [(Mulline-
aux, 1999; Liberton et al., 2006; van de Meene et al., 2006;
Nevo et al., 2007), also see Figure 2(c)]. Perforations in
these membranes allow trafficking of water-soluble
molecules throughout the cell (Nevo et al., 2007). Upon
excitation of the phycobilisome, an ellipse-shaped red fluo-
rescent region was revealed, reflecting the arrangement of
the photosynthetic membranes, which was manifested in
the intensity profile across the cell, as two regions of
intense red fluorescence enclosing a relatively dim region
(Figure 2(a,b), red traces). Notably, cells expressing NblA::
GFP exhibited a similar profile of green fluorescence (Fig-
ure 2a), in contrast with the free GFP strain, which was
characterized by bright green fluorescence, evenly dis-
persed throughout the cell (Figure 2b). Emission spectra
confirmed the presence of GFP in the NblA::GFP and the
Free GFP strains. The spectra of these strains were charac-
terized by emission maximum at 505 nm, close to the
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Figure 1. NblIA::GFP restores phycocyanin degradation to the nblA-inactivated strain.

(a) Constructs used to study the cellular role of NblA. NbIA::GFP: The coding region of GFP was fused to the C-terminus of NblA. The regulatory region of nblA
(nblA-reg) includes 400 bp upstream of the start codon of NblA. This fragment includes the promoter of nblA and its putative ribosome binding site. Free GFP:
The open reading frame (ORF) encoding GFP was attached to the regulatory region of nblA. NblA::GFP and free GFP were introduced into the nblA-mutant
(NbIAQ) and wild type cells, respectively. Thus, each of the resulting strains harbors a single intact nblA gene. As a control strain, we used wild type cells that
contained nblA-reg in a shuttle vector (referred to throughout the study as wild type). spc” —spectinomycin resistance cassette.

(b) Changes in cell pigmentation following 48 h or 96 h of nitrogen starvation detected by absorbance spectra of cell cultures. Strains included in the analyses:
nblA-inactivated (NbIAQ); NblA::GFP, and free GFP. Absorbance maximum at 620 nm indicated phycocyanin (PC), the major component of the light-harvesting
complex in Synechococcus elongatus. Absorbance maximum at 680 nm reflected the chlorophyll (chl) level. Phycocyanin degradation progressed more slowly
in NblA::GFP compared with the free GFP strain; following 96 h starvation, however, phycocyanin levels were similar in these two strains. Absorbance is shown

in arbitrary units (au).
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Figure 2. NbIA:GFP is preferentially localized to the photosynthetic membranes.

(a, b) Confocal fluorescence images and fluorescence intensity profiles of NblA::GFP and the free GFP strains. The white line across each cell image indicates
the region at which the intensity profile was measured. Cells were excited at 488 nm, and emission was recorded at: 620-670 nm (red solid lines); 500-530 nm
(green dotted lines). Note the different intensity scale for the strain that expressed free GFP. Fluorescence intensity is shown in arbitrary units (au).

(c) Electron micrographs of longitudinal section of an Synechococcus elongatus cell that demonstrated the organization of the photosynthetic membranes (PS).
The image was obtained from high pressure-frozen, freeze-substituted cell samples.

(d) Quantitative analysis of cell fluorescence: signal from the membrane area was divided by that from the cell interior (average and standard deviation of 25
and 28 cells, for NblA::GFP and free GFP, respectively). The asterisk indicates statistical significance (t-test P < 0.05).

commonly reported emission maximum of GFP (508-
510 nm), whereas wild-type cells exhibited a very low sig-
nal in this emission range (Figure S1).

The fluorescence intensity measurements were then
used to derive the ratio between the signal intensity in the
region of the photosynthetic membranes and the cell inte-
rior (see details in Experimental Procedures). Average ratio
of ~1 indicates an even distribution between the

membrane region and the cell interior. The average ratio
of the red fluorescence, however, was ~2 (Figure 2d) for
free GFP as well as the NblA::GFP strains, consistent with
the phycobilisomes being located at the photosynthetic
membranes at the cell periphery. In the free GFP strain, the
average ratio of green fluorescence was ~1 (Figure 2d),
indicating that free GFP was dispersed evenly throughout
the cell. In contrast, the NblA::GFP strain was characterized
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by an average ratio of green fluorescence of ~2 (Figure 2d),
indicating preferential presence of the fusion protein at the
photosynthetic membranes. These data support a model in
which the process of pigment degradation is initiated by
interaction of NbIA with phycobilisomes. An alternative
mode of operation assumes detachment of small phycocy-
anin assemblies (e.g. monomers or trimers) prior to the
interaction with NbIA. Dissociated pigments will diffuse
and disperse throughout the cell as demonstrated here for
S. elongatus (Figure S4, see details in Experimental Proce-
dures) as well as was previously shown for Synechocystis
PCC 6803 (Tamary et al., 2012). This putative scenario of
phycobilisome dissociation is expected to result in an
evenly distributed GFP fluorescence in the NbIA::GFP
strain, contrary to our observations (Figure 2a,d).

NbIA::GFP is characterized by a shorter fluorescence
lifetime compared with free GFP

Forster Resonance Energy Transfer (FRET) implemented
through fluorescence lifetime imaging microscopy (FLIM)
was employed to assess further the molecular interactions
of NblIA in situ. This technique enables detection of pro-
tein—protein interactions, in which shortening of the fluo-
rescence lifetime of the donor indicates energy transfer to
the acceptor (see Experimental Procedures). The fluores-
cence lifetime is measured at every pixel of the image and

Figure 3. Fluorescence lifetime images (a—c)
and phasor plots (d-f) of the following strains:
Free GFP (a, d); NblA::GFP (b, e) and the control
strain (c, f).
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therefore allocates regions of co-localization of the donor
and the acceptor. We hypothesized that an interaction of
GFP-labeled NbIA with the phycobilisome may bring GFP
to the vicinity of a pigment (phycocyanin or allophycocya-
nin). Sufficiently close apposition that would allow for
energy transfer from GFP to the pigment would be
reflected in a shorter fluorescence lifetime of GFP. The
emission spectrum of GFP, the putative donor, and absor-
bance spectra of phycocyanin and allophycocyanin, the
putative acceptors, indicated spectral overlap (Figure S2).
This spectral overlap, although not ideal, is compensated
for by the vast abundance of phycobilisome pigments and
their organization into multimeric complexes. Such organi-
zation of the pigments into supramolecular complexes
may allow NbIA to be surrounded by several pigment mol-
ecules, thereby increasing the probability of energy trans-
fer. To detect possible energy transfer between GFP and
the phycobilisome pigments, we compared the fluores-
cence lifetime of free GFP and NbIA::GFP expressed in
S. elongatus. Fluorescence lifetime images are presented
using the phasor approach where each pixel of the image
gives a point in the phasor plot. Image analysis is based
on clustering of pixels in specific regions of the plot (see
Experimental Procedures and legend to Figure 3).

Free GFP expressed in S. elongatus cells exhibited a
mean fluorescence lifetime of 2.83 ns (Figure 3g), within
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shown in (a—c). In 38% of the control cells
(n = 68) the autofluorescence was confined to
the region of the photosynthetic membranes.
(g) Histograms of the time delays of data
shown in (a—c). Data were normalized at the
maximal frequency. Mean fluorescence life-
times were calculated from data obtained from
three different microscope fields for each strain.
Analysis of variance (anovA) with the Bonferroni
post hoc test indicated significant difference
between populations of the three strains
P < 0.0001 (F = 9416.5, df = 2, 97784).
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the range of values reported for GFP (Scruggs et al., 2005).
In contrast with the free GFP strain, the NblA::GFP strain
was characterized by a wider range of fluorescence life-
times (compare Figure 3(d,e), respectively as well as red
and green histograms in Figure 3(g)). Importantly, the
mean fluorescence lifetime calculated for NblA:GFP,
2.31 ns (Figure 3g), was significantly shorter compared
with the lifetime obtained for free GFP, indicating substan-
tial FRET in the NblA::GFP strain. This energy transfer indi-
cated that NblA::GFP was localized in close vicinity to the
phycobilisome pigments. Furthermore, 87% of the NblA:
GFP-expressing cells (n=149) demonstrated a fluores-
cence lifetime pattern reminiscent of the photosynthetic
membranes enclosing the cell interior (see for example
Figure 3(b)). In contrast with the NblA::GFP strain, in 90%
of the cells that expressed free GFP (n = 96) the lifetime
pixels were distributed evenly throughout the cells (Fig-
ure 3a). The localization of the short fluorescence lifetime
pixels in the NbIA::GFP strain to the region of the photo-
synthetic membranes supported the association of NbIA
with the phycobilisome.

The autofluorescence detected in the control cells was
characterized by a mean lifetime of 2.35 ns (Figure 3c,f,g).
Our data indicated distinct characteristics of fluorescence
lifetimes of the control strain and the GFP-expressing
strains. First, the lifetime distributions were markedly dif-
ferent between the NbIA::GFP strain and the background
measured for the control strain. For NblA::GFP, the life-
times were distributed symmetrically in contrast with the
broad and asymmetric distribution of the control data (Fig-
ure 3(g) green and blue histograms, respectively), confirm-
ing that the measured lifetimes corresponded to the NblA::
GFP fluorescence lifetime. Second, as apparent from the
phasor plot, lifetime data of the control strain deviated
from the line that connected the lifetime pixels of the GFP-

expressing strains (Figure 3f), a result that indicated that
the lifetimes are related to different populations (Clayton
et al., 2004; Digman et al., 2008). Altogether, these data
demonstrated that GFP lifetimes are clearly distinguished
from the background, and supported the conclusion that
the shorter lifetime measured for NbIA::GFP compared
with free GFP represented FRET.

Free GFP or NblA::GFP was also expressed in Escherichi-
a coli cells to examine the fluorescence lifetimes of these
proteins in a cell that does not harbor the putative accep-
tors for energy transfer. The mean fluorescence lifetime of
NblA::GFP measured in E. coli was 4.05 ns, significantly
longer than the 3.15 ns obtained for free GFP expressed in
these cells (Figure S3). These data indicated that shorten-
ing of the fluorescence lifetime of NblA::GFP compared
with free GFP that is measured in the cyanobacterial cells,
reflected energy transfer between GFP and protein pig-
ments of the phycobilisome and not merely an intrinsic
property of the fusion protein. The mean fluorescence life-
time of free GFP in E. coli, 3.15 ns compared with 2.83 ns
in S. elongatus (Figures S3 and 3(g), respectively), may
reflect the effect of the different cellular environment.

NbIA::GFP is degraded rapidly compared with free GFP

Fluorescence microscopy indicated relatively low green flu-
orescence signal in NblA::GFP cells compared with cells of
the free GFP strain (Figure 2(a,b), note different y axis). Flu-
orescence measurements of bulk cultures of these strains
corroborated this difference in green fluorescence intensity
(Figure 4a). Furthermore, the level of free GFP, as revealed
by western blot analysis, was substantially higher com-
pared with the fusion product NblA::GFP (Figure 4(b), com-
pare signals at 48 h starvation). In light of these
observations, we postulated that NblIA may designate the
attached GFP to proteolysis, and the lower steady-state
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Figure 4. NbIA::GFP exhibits rapid degradation compared with free GFP.

(a) Fluorescence spectra of cultures of the NbIA::GFP and the free GFP strains.

(b) Western blot analysis using anti-GFP. Cells were starved for nitrogen for 48 h to induce expression from the nb/A promoter and to enable accumulation of
free GFP and NblA::GFP. Then, chloramphenicol (Cm) was added to inhibit protein synthesis and the level of the free reporter and the fusion product NblA::GFP

in cell extracts was determined at the indicated times.
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level of the fusion protein, results at least in part, from its
rapid degradation. To examine the stability of free GFP ver-
sus that of NblA::GFP, we inhibited protein synthesis using
chloramphenicol (Cm), and followed the levels of these
proteins by western blot analysis. NblA::GFP exhibited
rapid degradation in contrast with free GFP, which under
the same experimental conditions, was not degraded over
the time course tested (Figure 4b). These data suggest that
the fusion protein NblA::GFP is introduced to the cellular
degradation machinery. The degradation of NbIA::GFP
may suggest that NblA, by itself, is degraded. Support for
this hypothesis is provided by in vitro experiments that
demonstrated proteolysis of NblA of Synechocystis PCC
6803 by a clp protease complex (Baier et al., 2014).

In summary, this study included different experimental
approaches that demonstrated, in vivo, the function of
NbIA as an adaptor of proteolysis. The short fluorescence
lifetime that characterized the NblA::GFP strain compared
with free GFP (Figure 3) supported the interaction of NblA
with phycobilisome pigments. Furthermore, fluorescence
intensity profiles (Figure 2) and the cell images obtained
from the FRET-FLIM analyses (Figure 3b) indicated
preferential localization of NblA::GFP to the photosynthetic
membranes and supported interaction of NblA with phyco-
bilisomes. Additionally, the rapid degradation of NblA::GFP
compared with free GFP (Figure 4) denoted that NbIA was
capable of designating the fusion protein to proteolysis.

Degradation of a large complex such as the phycobili-
some may require dissociation of monomers or small sub-
complex assemblies to allow interaction with the adaptor
protein. In an alternative scenario, NblIA may be able to
associate with the large complex and thereby initiate the
degradation process. Intensity profiles (Figure 2), as well
as the patterning of the fluorescence lifetime data (Fig-
ure 3) that demonstrated the presence of NblA::GFP at the
photosynthetic membranes and co-localization with phyco-
bilisomes, supported a model in which NblA is intertwined
into the large protein pigment complex. This model
implied that the proteolysis adaptor is also involved in the
pigment complex disassembly. Several functions were
postulated for NbIA upon its identification including a role
in phycobilisome disassembly (Collier and Grossman,
1994) and, later on, based on its crystal structure, NblA
was predicted to intercalate into the phycobilisome struc-
ture and to undermine the association of neighboring phy-
cocyanin subunits (Dines et al., 2008). The current study
provides solid evidence for such a disassemblase function;
interaction of NbIA with phycobilisomes associated with
the photosynthetic membranes, and supports a scenario in
which the small adaptor protein assists in dissociation of
the pigment complex. We propose that small assemblies
of phycobilisome pigments and NbIA are detached from
the whole pigment complex and that the pigments are
further designated to degradation.
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EXPERIMENTAL PROCEDURES
Strains, culture conditions

Synechococcus elongatus PCC 7942 and derived strains were
grown as described previously (Schatz et al., 2012). Strains that
carried a shuttle vector were grown in liquid culture supple-
mented with 10 ng ml~" kanamycin or spectinomycin, as appro-
priate (5 ug ml~" under starvation). Starvation was performed by
replacing the replete growth medium with nitrate-lacking medium
as follows: cells grown in complete growth medium to an ODss
of 0.8-1, were harvested by centrifugation (5000 g, 10 min), resus-
pended in an equal volume of medium that lacked nitrate, repel-
leted by centrifugation, and resuspended in medium that lacked
nitrogen to 1/10 of the original culture volume. This concentrated
cell culture was diluted into medium that lacked nitrate to an
0ODy5o of 0.5. Unless indicated differently, cells were starved for
48 h. At this time point, phycobilisomes were not yet completely
degraded (Figure 1b), while sufficient level of NblA:GFP was
accumulated to allow microscope analyses.

Escherichia coli DH5a transformed with pASK-IBA3 (IBA) was
used as a control strain. Details of cloning of GFPuv (referred to as
GFP) and NblA::GFP in pASK-IBA3 under the tet promoter are pro-
vided in Table S1. Induction was performed following growth of
E. coli cultures to an ODggo of 0.1 and the addition of 0.2 pg ml™"
anhydrotetracycline. Molecular details of construction of the
strains used in this study are provided in Table S1.

Western blot analysis

Preparation of cell extracts and western blot analysis were
performed as described previously (Balint etal., 2006).
Chloramphenicol was added following 48 h of nitrogen starvation
to a final concentration of 250 ug ml~". Mouse monoclonal
antibody GFP (Covance, https://store.crpinc.com/datasheet.aspx?
Catalogno=MMS-118R) and anti-mouse IgG, conjugated to horse
radish peroxidase (Jackson ImmunoResearch, http://www.jackso
nimmuno.com/MERCHANT2/merchant.mv?Screen=BASK&Store_
Code=JI&Action=ADPR&Product_Code=115-035-062&Attributes=
Yes&Quantity=1) were used for detection of GFP.

Absorbance and fluorescence measurements and cell
imaging

Absorbance was measured using a Carry100 Spectrophotometer
(Agilent Technologies, http://www.chem.agilent.com/en-US/pro-
ducts-services/Instruments-Systems/Molecular-Spectroscopy/Cary-
100-UV-Vis/Pages/default.aspx) equipped with an integrating
sphere. Fluorescence from cell cultures was recorded using AB2
Luminescence Spectrometer, Version 5.50 (excitation was pro-
vided at 405 nm). For bulk fluorescence measurements, cultures
were adjusted to an OD;sq of 0.8. Olympus FV1000 confocal micro-
scope was used to record fluorescence intensity from individual
cells. In preliminary experiments that were performed on non-
fixed cells, we observed dispersion of phycobilisome fluorescence
during data recruitment. This dispersion was manifested as a loss
of the preferential localization of phycobilisome fluorescence to
the photosynthetic membranes and increased fluorescence in the
internal region of the cell (Figure S4, see legend for details). A
similar phenomenon has been reported for the cyanobacterium
Synechocystis PCC 6803 (Tamary et al., 2012). Further microscope
analyses were performed on fixed cells to prevent alterations
occurring during image recruitment. Upon sampling, cells were
treated with 1% formaldehyde for 2 h at room temperature, and
rinsed three times with double-distilled water. Microscope
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analyses were performed using glass-bottomed dishes (MatTek,
P35GCOL-1.5-14-C, http://glass-bottom-dishes.com/catalog/index.
php?main_page=product_info&products_id=48). A drop of 3 pl of
the culture was spotted on the bottom coverslip and spreaded
with a slice of 1.5% solidified agar.

Fluorescence excitation was provided at 635 nm to detect phy-
cobilisome preferentially, and the emitted fluorescence was mea-
sured at 645-655 nm (red channel). GFP was excited at 488 nm,
although we employed GFPuv, as cell excitation at 405 nm (close
to the excitation maximum of GFPuv) caused severe bleaching.
Emission was detected at the range of 500-525 nm (green chan-
nel). As described in the Results, cells of the GFP strain were char-
acterized by high green fluorescence. Therefore, to avoid signal
saturation, the intensity of the 488 laser was reduced 10-fold for
measurements of the free GFP strain compared with the control
and the NblA::GFP strains. Images were acquired at 512 x 512 pix-
els. The image processing package, Fiji, was used for image analy-
sis. Fluorescence intensity in the red as well as in the green
channel varied between individual cells, therefore to provide a
quantitative measure for the fluorescence pattern we calculated
the ratio between the maximal and the minimal red fluorescence
values. The ratio of green fluorescence was calculated by dividing
the relevant values at the same cell positions that yielded the red
maximal and minimal fluorescence. The obtained fluorescence
ratios, [denoted ‘fluorescence intensity, photosynthetic (PS) mem-
brane area/cell interior'], were calculated for 25 and 28 cells, for
NblA::GFP and free GFP, respectively (Figure 2d).

FRET-FLIM was employed to examine the interaction between
NbIA and phycobilisome pigments. This approach maps the spa-
tial distribution of probe lifetimes in individual cells and allows
deducing protein-protein interactions based on shortening of the
lifetime of the donor molecule (Sun et al., 2011; Bakker et al.,
2012). Our working hypothesis assumed that close apposition of
NbIA and phycocyanin or allophycocyanin should place GFP of
the NbIA::GFP fusion in close proximity to the pigment and would
result in energy transfer between GFP and the protein pigment.
Intensity-based FRET was not feasible due to the high abundance
of phycocyanin and strong cross-excitation; very high phycocya-
nin fluorescence was obtained from GFP-lacking strains upon
‘specific’ GFP excitation at 488 nm. The FRET-FLIM approach
offers a methodology that does not involve the drawback of cross-
excitation relevant to intensity-based measurements (Sun et al.,
2011; Bakker et al., 2012).

FRET-FLIM data were obtained using PicoQuant Microtime 200
system (http://www.picoguant.com/products/category/fluores
cence-microscopes/microtime-200-time-resolved-confocal-fluores
cence-microscope-with-unique-single-molecule-sensitivity) with
short-pulsed excitation at 470 nm and emission at 520/35 nm.
Excitation intensity in the case of the free GFP strain was tuned
to obtain emission intensity similar to the NblA::GFP strain. The
PicoQuant Microtime 200 is coupled to a FV1000 confocal micro-
scope and therefore allows measuring the lifetime at every voxel
that is scanned. Measurements were performed with a x 60
magnification (NA = 1.35) objective lens that provided a spatial
resolution of 180 nm. For statistical analysis, data from three
fields for each of the strains analyzed were used to obtain histo-
grams of the time delays and analysis of variance (anova) with
the Bonferroni post hoc test was performed.

Time-correlated single photon counting (TCSPC) was used to
measure the fluorescence lifetime. In TCSPC an avalanche photo-
diode (APD) records times at which individual photons are
detected after a single excitation pulse from individual pixels. The
recordings were repeated for multiple pulses and a decay curve of
the number of events across time was generated. The decay curve

may be fitted to a mathematical model to extract time constant(s)
- the lifetime values. The challenge in fitting TCSPC FLIM data
stems from the following: (i) a relatively small number of photons
is collected from a single pixel of an image; and (ii) the decay
curves are often complex and contain more than a single popula-
tion. To avoid the difficulties associated with fitting of the fluores-
cence decay data using exponentials, FLIM data were processed
by the phasor approach using the simFCS software developed by
Gratton (Digman et al., 2008; Sun et al., 2011) at the Laboratory
for Fluorescence Dynamics (http://www.lfd.uci.edu/). This method
was first developed for analysis of frequency domain FLIM (Clay-
ton et al., 2004) and adopted later for time domain FLIM by Dig-
mann and colleagues (Digman et al., 2008; Sun et al., 2011). The
phasor approach transforms the decay curves at each pixel to sine
and cosine values according to the following expressions:

gij(0) = /0 " (0 cos(wt)dt/ /0 (0t

sig(®) = /: () sin(wt)dt/ /03c I (t)dt

where o is the laser repetition angular frequency and the indexes i
and j identify a pixel of the image. The s and g coordinates are
plotted to generate the phasor plot where lifetime values in each
pixel are now presented as a point in a 2D graph. Every molecular
species has a specific position on the phasor plot, thus molecules
are identified by their particular location and FRET information is
obtained by localizing the position of clusters of pixels on the plot
(for example see ‘regions of interest’ in Figure 3). For a FRET pair
(NblA::GFP and phycobilisome protein pigments in this case), in
which the presence of the acceptor reduces the lifetime of the
donor, the resulting phasor of the interacting species (NblA::GFP)
cannot lie along the line connecting the phasor of the free GFP
and that of the cyanobacterial autofluorescence. The quenched
species will be positioned in a different part of the phasor plot
(Digman et al., 2008).

For analysis of single cell fluorescence lifetime images, Fiji was
used to draw a line across the cell (similar to the line shown in
intensity profiles, Figure 2(a,b), and lifetime values across the cells
were obtained. Individual cell profiles were normalized to the low-
est lifetime value in the particular cell. A flat profile (values <1.25)
was considered ‘evenly distributed lifetime data’. Fluctuations
resulting in cell interior values above 1.25, indicated cells with a
shorter lifetime in the photosynthetic membrane area. Depending
on the strain, 68-149 cells were analysed (see details in Results and
Discussion). For image analyses all cells in the field were analysed.

Transmission electron microscopy was performed as described
elsewhere (Nevo et al., 2007).
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Figure S1. Emission spectra recorded under the microscope indi-
cating the presence of GFP in the NblA::GFP and Free GFP strains.
Figure S2. Spectral overlap between putative donor and acceptor
pairs.
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Figure S3. Histograms of the time delays of E. coli cells expressing
free GFP or NblA::GFP from the pASK-IBA3 plasmid and the con-
trol strain and mean fluorescence lifetime calculated for the differ-
ent strains.

Figure S4. Sequential recruitment of confocal fluorescence cell
images results in dispersed phycobilisome fluorescence.

Table S1. Strains and cloning procedures.
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