L T

/

1\

=y

CrossMark
& click for updates

Three cyanobacteriochromes work together to form a
light color-sensitive input system for c-di-GMP
signaling of cell aggregation

Gen Enomoto?, Ni-Ni-Win?, Rei Narikawa®"<, and Masahiko lkeuchi®°"'

2Department of Life Sciences (Biology), Graduate School of Arts and Sciences, The University of Tokyo, Meguro, Tokyo 153-8902, Japan; PDepartment of
Biological Science, Faculty of Science, Shizuoka University, Suruga-ku, Shizuoka 422-8529, Japan; “Precursory Research for Embryonic Science and
Technology, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan; and “Core Research for Evolutional Science and Technology,

Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan

Edited by J. Clark Lagarias, University of California, Davis, CA, and approved May 21, 2015 (received for review March 2, 2015)

Cyanobacteriochromes (CBCRs) are cyanobacterial photoreceptors
that have diverse spectral properties and domain compositions.
Although large numbers of CBCR genes exist in cyanobacterial
genomes, no studies have assessed whether multiple CBCRs work
together. We recently showed that the diguanylate cyclase (DGC)
activity of the CBCR SesA from Thermosynechococcus elongatus is
activated by blue-light irradiation and that, when irradiated, SesA,
via its product cyclic dimeric GMP (c-di-GMP), induces aggregation of
Thermosynechococcus vulcanus cells at a temperature that is sub-
optimum for single-cell viability. For this report, we first characterize
the photobiochemical properties of two additional CBCRs, SesB and
SesC. Blue/teal light-responsive SesB has only c-di-GMP phosphodi-
esterase (PDE) activity, which is up-regulated by teal light and GTP.
Blue/green light-responsive SesC has DGC and PDE activities. Its
DGC activity is enhanced by blue light, whereas its PDE activity
is enhanced by green light. A AsesB mutant cannot suppress cell
aggregation under teal-green light. A AsesC mutant shows a less
sensitive cell-aggregation response to ambient light. AsesA/AsesB/
AsesC shows partial cell aggregation, which is accompanied by the
loss of color dependency, implying that a nonphotoresponsive
DGC(s) producing c-di-GMP can also induce the aggregation. The
results suggest that SesB enhances the light color dependency of
cell aggregation by degrading c-di-GMP, is particularly effective un-
der teal light, and, therefore, seems to counteract the induction of
cell aggregation by SesA. In addition, SesC seems to improve signal-
ing specificity as an auxiliary backup to SesA/SesB activities. The
coordinated action of these three CBCRs highlights why so many
different CBCRs exist.
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yanobacteria are photoautotrophic prokaryotes that carry

out oxygenic photosynthesis. Light exposure is essential for
their nutritionally independent growth; therefore, cyanobacteria
have a very large and photochemically diverse number of photo-
sensory systems that respond to a broad spectrum of light. When
exposed to far-red light, certain cyanobacteria express far-red
light—absorbing chlorophylls, namely chlorophyll d and f, to opti-
mize photosynthesis (1). During complementary chromatic accli-
mation, certain cyanobacteria alter their antenna pigment and
protein compositions in response to the ambient red/green-light
ratio (2, 3). The ability of cyanobacteria to move toward or away
from light (phototaxis) is also a light color-dependent process
and is usually controlled by UV/blue- or green/red-light exposure
(4-7). Conversely, to date, cell aggregation has been shown to be
dependent on only blue-light exposure (8).

Photoreceptors are the proteins that sense ambient light for ac-
climation. Cyanobacteria contain photoreceptors, denoted cyano-
bacteriochromes (CBCRs) (9, 10), that contain a covalently bound
linear tetrapyrrole (bilin) chromophore in their GAF (cGMP
phosphodiesterase/adenylyl cyclase/FhlA) domains. CBCRs respond
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to a wide spectral range of light from the near UV to the far red
(3, 11-14). CBCRs reversibly convert between two photo-induced
states according to their bilin chromophore isomerization between
its C15-Z and C15-E states (10). Although much is known about
the mechanisms of CBCR photoconversions, why CBCRs possess
such diverse photochemical properties has not been elucidated.

How CBCRs transduce signals to downstream components also
remains mostly unexplored, except for signaling mechanisms of
the histidine kinase-type CBCRs CcaS and RcaE (2, 3, 15). The
phototaxis regulator Cph2 and the cell-aggregation regulator SesA
produce the second-messenger bis(3’-5)-cyclic dimeric guanosine
monophosphate (c-di-GMP) upon irradiation of blue light (5, 8).
C-di-GMP is universally found in bacteria, including cyanobac-
teria, and generally induces sessile multicellular lifestyles and re-
presses motility in these organisms (16). It seems that light is a
major factor regulating c-di-GMP signaling (5, 8, 17-19). The
GGDEF domain usually synthesizes c-di-GMP via its diguanylate
cyclase (DGC) activity (20), whereas the EAL and HD-GYP do-
mains usually degrade c-di-GMP via their phosphodiesterase
(PDE) activities (21, 22).

A common feature of CBCR-GAF and c-di-GMP synthesis/
degradation domains (GGDEF/EAL/HD-GYP) is their large
number in bacterial and the majority of freshwater cyano-
bacterial genomes, especially compared with the numbers of
other types of photoreceptors, such as LOV or BLUF. For
example, in Synechocystis sp. PCC 6803, there are seven CBCR
genes, whereas there is only one each for LOV and BLUF (23).
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Regarding c-di-GMP domains, there are 29 Escherichia coli, 41
Pseudomonas aeruginosa PAO1, and 28 Synechocystis sp. PCC 6803
genes encoding these domains (16, 19). Many of the c-di-GMP
synthesis/degradation proteins have been shown to be specifically
involved in a particular response pathway, owing to, for example,
transcriptional regulation, protein—protein interaction(s), and var-
iation in the binding affinity of c-di-GMP receptors for c-di-GMP
(16). Conversely, little is known about how CBCRs work together
and why so many CBCRs are needed in cyanobacteria.

The CBCR SesA from the thermophilic cyanobacterium
Thermosynechococcus elongatus has a CBCR-GAF domain ac-
tivated by blue-light irradiation, and disruption of Thermosynecho-
coccus vulcanus sesA has been shown to inhibit cell aggregation (8).
The cellulose synthase 7. vulcanus TI0007, which has also been
shown to be essential for cell aggregation (24), contains a c-di-
GMP-binding domain (25, 26) and may be the downstream ac-
ceptor for SesA-produced c-di-GMP. In addition, although Ther-
mosynechococcus spp. genomes possess five CBCR genes, two of
the other four CBCRs are homologs of participants in pathways not
involved in cell aggregation in other cyanobacteria (4, 27) and, of
the 10 c-di-GMP synthesis/degradation domain proteins, only SesA
(TIr0924), SesB (TIr1999), and SesC (TIr0911) contain a photo-
sensory domain. The functions of SesB and SesC to our knowledge
had not been characterized before this report, but the presence of a
CBCR-GAF domain in these two proteins implied that they might
also be involved in the light-regulated cell aggregation.

For this study, we first characterized the photobiochemical
properties of SesA, SesB, and SesC from the thermophilic cya-
nobacteria 7. vulcanus and T. elongatus that had been expressed in
and purified from a cyanobacterial expression system, and then
investigated the effects of disruption of sesA, sesB, and sesC sep-
arately and in combination with the temperature-sensitive aggre-
gation of T. vulcanus.

We found coordinated regulation of cell aggregation by SesA,
SesB, and SesC via c-di-GMP signaling, which partially explains
why multiple CBCR and c-di-GMP synthesis/degradation pro-
teins are present in cyanobacteria.

Results

Photobiochemical Properties of SesA. Previously, we reported the
physiological role of T. vulcanus sesA together with the photo-
biochemical properties of SesA protein from the closely related
T. elongatus (8). Here, we prepared the full-length 7. vulcanus
SesA holoprotein (~90.5 kDa) from a cyanobacterial expression
system and confirmed that it is indeed a blue light-induced DGC
(Fig. 1 and Fig. S14).

Spectral Properties. We isolated the full-length T. vulcanus SesB
holoprotein (~93.6 kDa; Fig. 24) from a cyanobacterial ex-
pression system (Fig. 2B) and showed that it reversibly photo-
converts between a blue light-absorbing form (Pb; Ayax 417 nm)
and a teal light-absorbing form (Pt; A 498 nm) (Fig. 2C and
Fig. S1B). The light-induced difference spectrum of acid/urea-
denatured SesB shows that its chromophore is phycoviolobilin
(PVB). These results are consistent with our previous analyses
on the CBCR-GAF domain of 7. elongatus SesB (28).

We also prepared the full-length 7. vulcanus SesC holoprotein
(~145.7 kDa; Fig. 34) from cyanobacterial cells (Fig. 3B) and
showed that it reversibly photoconverts between a blue light-
absorbing form (Pb; Ap.x 415 nm) and a green light-absorbing
form (Pg; Amax 522 nm) (Fig. 3C and Fig. S1C). The bound
chromophore is PVB.

Although there are one and three amino acid substitutions in
the T. vulcanus and T. elongatus SesB and SesC homologs, re-
spectively (Fig. S2), T. elongatus SesB and SesC showed spectral
properties similar to the corresponding ones in 7. vulcanus (Figs.
S3 and S4). When prepared in E. coli, all three CBCR proteins
(SesA, SesB, and SesC) contain both PVB and phycocyanobilin
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Fig. 1. Photobiochemical properties of T. vulcanus SesA. The full-length
SesA holoprotein was prepared in and purified from the cyanobacterial
expression system. (A) Domain composition of SesA (TIr0924) deduced by
SMART (smart.embl-heidelberg.de). CBS, cystathionine beta synthase; PAS,
Per/ARNT/Sim. (B) SDS/PAGE of SesA after Coomassie brilliant blue (CBB)
staining and fluorescence (Fluo) in the gel before () and after (+) Zn** ad-
dition. (C) Absorption spectra of native SesA Pb (blue line) after irradiation
with green light, and SesA Pg (green line) after irradiation with blue light.
(D) HPLC chromatograms assessing SesA DGC activity (GTP—c-di-GMP). NAD
served as the internal control. Reaction mixtures, including 100 pM GTP,
were incubated for 5 min under blue light (Left) or green light (Right).

(PCB) (Fig. S5) (12, 28), and SesA and SesC show two in-
dependent photoconversions (Fig. S6) (29). Conversely, when
these CBCRs are expressed in cyanobacteria their chromophore is
PVB, and they have only a single photoconversion cycle that oc-
curs in a similar spectral window, although their effective wave-
lengths are distinct.

DGC and PDE Activities. SesB and SesC have GGDEF-type DGC
and EAL-type PDE domains that might be involved for signal
(c-di-GMP) output. We measured the DGC and PDE activities
of the full-length 7. vulcanus SesB and SesC holoproteins from
the cyanobacterial expression system and found that SesB has no
DGC activity under blue- or teal-light conditions but has PDE
activity that is enhanced under teal light rather than under blue
light (Fig. 2D), indicating that SesB degrades c-di-GMP mainly
when exposed to teal light. Therefore, SesB represents a pre-
viously unidentified type of CBCR, that is, one that can degrade
c-di-GMP. Addition of GTP further substantially enhances this
newly uncovered PDE activity of SesB under blue and teal light
(Fig. 2D), whereas ATP has no effect (Fig. S1D). In SesB, the
consensus GGDEF motif (16) is replaced with GSDEF (Fig.
S24). As mentioned above, SesB does not show DGC activity,
suggesting that its degenerate GGDEF domain may act instead as
a GTP-binding domain to regulate its PDE activity, which would
be functionally similar to that of the degenerate GGDEF domain
in CC3396 (PdeA) from Caulobacter crescentus, which has the
noncanonical motif GEDEF (21). The teal-on/blue-off PDE ac-
tivity of SesB is compatible with the blue-on/green-off DGC ac-
tivity of SesA (8), in that c-di-GMP is increased under blue light
and decreased under teal and green light.

SesC has DGC activity that is enhanced under blue light and
decreased under green light (Fig. 3D). It also has PDE activity
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Fig. 2. Photobiochemical properties of T. vulcanus SesB. The full-length
SesB holoprotein was prepared in and purified from the cyanobacterial ex-
pression system. (A) Domain composition of SesB (TIr1999) deduced by
SMART. (B) SDS/PAGE of SesB after CBB staining and the fluorescence in the
gel before (=) and after (+) Zn?* addition. (C) Absorption spectra of native
SesB Pb (blue line) after irradiation with teal light, and SesB Pt (teal line)
after irradiation with blue light. (D) HPLC chromatograms assessing SesB PDE
activity (c-di-GMP—pGpG—GMP). NAD served as the internal control. The
reaction mixtures including 100 uM c-di-GMP (substrate) were incubated for
10 min under blue light (Left) or teal light (Right). Addition of 100 pM GTP
(Lower) under both light conditions enhanced PDE activity, compared with
reactions performed without GTP (Upper).

that is enhanced under green light and decreased under blue
light (Fig. 3E), which indicates that SesC is a blue/green sensor/
regulator of c-di-GMP levels. SesC is, therefore, the first protein,
to our knowledge, whose photosensory CBCR-GAF domain ap-
pears to regulate two distinct output activities—c-di-GMP syn-
thesis and degradation. Interestingly, the spectral dependency of
SesC is also compatible with the aforementioned regulation of
c-di-GMP levels by light color.

We confirmed that the SesB and SesC homologs from
T. elongatus have photobiochemical properties similar to the
corresponding ones in 7. vulcanus. T. elongatus SesB is a teal light-
and GTP-activated PDE (Fig. S3), and T. elongatus SesC is a blue
light-induced DGC/green light-induced PDE bifunctional protein
(Fig. S4).

Single-Gene Mutagenesis. In contrast to the very closely related
T. elongatus, T. vulcanus shows cellulose-dependent cell aggre-
gation under blue light and at a low temperature (31 °C) that is
not optimal for viability and replication (8, 24). To assess the
roles of T. vulcanus SesA, SesB, and SesC in cell aggregation, we
disrupted their genes to create strains that lack sesA and/or sesB
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and/or sesC (AsesA, AsesB, and AsesC, respectively). We cultured
these strains at 31 °C for 48 h under violet (Amax 404 nm), blue
(Amax 448 nm), teal-green (A, 507 nm), or red light (Ayax 634 nm)
at a photon flux density of 5 pmol photon-m=s~' (Fig. S7). In all
cases, the stralns were also irradiated with red light (30 pmol
photon-m™s™) to support phototrophic viability without affecting
the activities of SesA, SesB, and SesC. To determine the effect of
disrupted Ses genes, we calculated the relative number of aggre-
gated to total cells (reported as the aggregation index; %) (24)
(Fig. 44). We also present the aggregation indexes for the mutants
as a function of light wavelength (Fig. 4B).

Aggregation of wild-type T. vulcanus is strictly dependent on
violet- and blue-light irradiation, because no aggregation oc-
curred under teal-green and red light. Ases4 did not aggregate
under any of the light conditions, which is a finding consistent
with our previous report (8). AsesB showed apparently enhanced
cell aggregation under all light conditions, which was significantly
different from that of wild type, when cells were exposed to teal-
green light. These results indicate that SesB is a negative regu-
lator of cell aggregation and fine-tune the effective light range
allowed for cell aggregation upon blue/violet-light irradiation. For
AsesC, the dependency of cell aggregation on the specific color
of light appeared to be weakened but not significantly different
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Fig. 3. Photobiochemical properties of T. vulcanus SesC. The full-length
SesC holoprotein was prepared in and purified from the cyanobacterial ex-
pression system. (A) Domain composition of SesC (TIr0911) deduced by
SMART. (B) SDS/PAGE of SesC after CBB staining and the fluorescence in the
gel before (-) and after (+) Zn?* addition. (C) Absorption spectra of native
SesC Pb (blue line) after irradiation with green light, and SesC Pg (green line)
after irradiation with blue light. (D) HPLC chromatograms assessing SesC
DGC activity (GTP—c-di-GMP). NAD served as the internal control. Reaction
mixtures, including 100 pM GTP, were incubated for 10 min under blue light
(Left) or green light (Right). pGpG was produced from c-di-GMP, the DGC
product, via the accompanying SesC PDE activity. (E) HPLC chromatograms
assessing SesC PDE activity (c-di-GMP—pGpG—GMP). NAD served as the in-
ternal control. The reaction mixtures, including 100 pM c-di-GMP, were in-
cubated for 10 min under blue light (Left) or green light (Right).
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Fig. 4. Light-induced cell aggregation of the T. vulcanus single gene-dis-
rupted mutants. (A) Aggregation index values for wild type (WT) and its
single gene-disrupted mutants (AsesA, AsesB, and AsesC) (error bars report
the SDs for three biological replicates). Cells were cultured at 31 °C for 48 h
under light of a single wavelength (violet light, Upper Left; blue light, Upper
Right; teal-green light, Lower Left). The cells were also cultured under only
photosynthetic red light (Lower Right). Statistical significance was de-
termined using Student’s t tests (*P < 0.05; ***P < 0.001). (B) Aggregation
indexes for the single gene-disrupted mutants as a function of light wave-
length using the data shown in A.

from that for wild type. However, the AsesC aggregation index
fluctuated compared with that of wild type, indicating that SesC
improves the specificity of the c-di-GMP signal in the cell-aggre-
gation system.

Double- and Triple-Gene Mutagenesis. AsesA/AsesB restored cell
aggregation (Fig. 5, violet line), even though Ases4 could not
aggregate under any light-color conditions (Fig. 4). The restored
cell aggregation was up-regulated by blue light and down-regu-
lated by teal-green light. Because the cell-aggregation results for
AsesA/AsesB are consistent with the observation that SesC is a
dual sensor/regulator of c-di-GMP levels, we hypothesized that
SesC in AsesA/AsesB was responsible for cell aggregation. This
hypothesis was strengthened by assessing the effect of Ases4/
AsesB/AsesC on cell aggregation. Disruption of all three genes
resulted in partial cell aggregation, which was accompanied by
the loss of color dependency (Fig. 5, brown line). The uncoupling
of the light-color dependency and cell aggregation for AsesA/
AsesB/AsesC also implies that no other photoreceptor is involved
in cell aggregation. Moreover, because AsesA/AsesB/AsesC can
still aggregate, a light-independent, parallel c-di-GMP signaling
pathway(s) operating on an unidentified target(s) appears to be
present. Thus, SesC improves the specificity of the c-di-GMP
signal that induces cell aggregation, possibly by sequestering c-di-
GMP from a parallel c-di-GMP pathway(s). In addition to sesA4,
sesB, and sesC, six other genes exist in the T. vulcanus genome
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that encode a GGDEF domain, and some may be involved in
a parallel pathway(s).

Because neither AsesA/AsesC (Fig. 5, orange line) nor AsesA
(Fig. 4B, red line) aggregated, it appears that in the absence of
SesC, only SesA is capable of triggering cell aggregation and that
SesB can only negatively regulate cell aggregation to counteract
the effects of SesA, although we cannot rule out that the ex-
pression of sesC might be impaired in AsesA, as described for
RcaE/IflA (30). Cell aggregation of AsesB/AsesC is increased
under blue light and decreased under teal-green light (Fig. 5,
dark green line), which is consistent with the presence of SesA
providing DGC activity. Under teal-green or red light, however,
SesA appears to work as a negative regulator of cell aggregation
(compare the results for AsesB/AsecC and AsesA/AsesB/AsesC in
Fig. 5), which implies that SesA might bind and sequester c-di-
GMP in the allosteric product-inhibition site of its GGDEF
domain (31) that is produced by a parallel pathway(s). In sum-
mary, none of the mutants displayed the cell aggregation-related
wild-type color sensitivity, which, therefore, underscores our
proposal that all three photoreceptors are needed for color-
sensitive cell aggregation.

Heterologous Expression of DGC and PDE. To confirm that c-di-
GMP is an activating factor for cell aggregation, we created two
heterologous expression mutants, one that expressed DGC-
encoding ydeH (32) and one that expressed PDE-encoding yijH
(33), both from E. coli in wild-type T. vulcanus. The mutant that
expressed ydeH showed strong cell aggregation under all light
colors (Fig. 6). Conversely, the mutant that expressed yijH showed
greatly decreased cell aggregation compared with that of wild
type under all light colors (Fig. 6). These results demonstrate that
c-di-GMP is, indeed, a critical factor that can trigger cell aggre-
gation and that the dependency of light color on cell aggregation
at low temperature(s) is regulated by the c-di-GMP levels pro-
duced/degraded by SesA, SesB, and SesC.

Discussion

For this report, we identified and characterized a color-sensitive,
cyanobacterial c-di-GMP signaling system composed of three
CBCRs: (i) SesA, a blue light-activated DGC; (ii) SesB, a teal
light- and GTP-activated PDE; and (iii) SesC, a bifunctional
CBCR with DGC activity induced by blue light and PDE activity
induced by green light (Fig. 74). A large number of photore-
ceptors have been found in cyanobacteria, and the results herein
demonstrate that some may work in concert. Multiple blue-light
receptors, such as PixA (6, 7), PixJ (4), PixD (34), and Cph2 (5),
are known to regulate Synechocystis phototaxis, but their combined
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Fig. 5. Aggregation indexes for the T. vulcanus double (AsesA/AsesB, AsesA/
AsesC, and AsesB/AsesC) and triple (AsesA/AsesB/AsesC) gene-disrupted mu-

tants as a function of light wavelength. Experiments were performed and
the data are plotted as described in the legend for Fig. 4.
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Fig. 6. Aggregation indexes for the heterologous DGC/PDE expression mu-
tants (ydeH-OX and yhjH-OX) as a function of light wavelength. ydeH-OX, the
T. vulcanus mutant expressing the E. coli DGC, ydeH. yhjH-OX, the T. vulcanus
mutant expressing the E. coli PDE, yhjH. The data for wild type are shown as a
black line for comparison. Experiments were performed and the data are
plotted as described in the legend for Fig. 4.

effects have not been evaluated. In moss and ferns, chloroplast
relocation is regulated by a phytochrome or neochrome photore-
ceptor with activity regulated by a red/far-red photocycle and a blue
light-receptor phototropin (35). However, the effects of these light
colors likely cannot be discriminated by moss and ferns, because
the activities of the two photoreceptors have been assumed to work
under very low light intensity (36).

SesA is the main trigger of cell aggregation in 7. vulcanus,
because Ases4 did not aggregate under any of the tested light
conditions (Fig. 4). SesB serves to counteract the activity of
SesA, because the presence of SesB appears to be necessary for
cell-aggregation suppression under all light-color conditions in
AsesA (Fig. 4) and AsesA/AsesC (Fig. 5). More specifically, SesB
prevents cell aggregation of the teal-green light—irradiated wild-
type strain by degrading c-di-GMP, as shown in AsesB (Fig. 4).
Thus, we concluded that SesB is a light color-specificity en-
hancer. It is of note that SesB Pt has the narrowest absorption
peak, owing to the trapped-twist form of its chromophore (Fig.
2C, teal line) (29, 37). Even though teal light-absorbing CBCRs
are commonly found, their physiological roles have not been
delineated. It is very likely that, because the SesB Pt peak is
sharp and blue-shifted compared with the Pg peaks, SesB can
confine the cell-aggregation response to irradiation by shorter
wavelengths of light, resulting in color specificity.

We concluded that SesC is a signaling-specificity enhancer be-
cause AsesC is less sensitive to cell-aggregation responses under all
tested light colors (Fig. 4). SesC seems to have an auxiliary backup-
type role in comparison with the SesA/SesB pair, because the
contribution of SesC to cell aggregation is most noticeable only
when ses4 and sesB are disrupted (Fig. 5). SesC may help sequester
c-di-GMP generated in the cell aggregation-signaling pathway from
another parallel c-di-GMP signaling pathway(s). SesC responds to
a wider range of light wavelengths than do SesA and SesB (Fig.
7B). SesC produces c-di-GMP under shorter-wavelength condi-
tions than does SesA. SesC also degrades c-di-GMP under longer-
wavelength conditions than does SesB. Because of these proper-
ties, SesC should broaden the effective range of light wavelengths
without deteriorating color specificity. The coordination of the
three CBCRs is, therefore, crucial for light wavelength-sensi-
tive cell aggregation. This study provides the first clue, to our
knowledge, as to why many CBCRs and c-di-GMP synthesis/
degradation proteins are needed in a simple bacterial cell.

Physiologically, photosynthesis is driven by visible light, but
blue light also damages the manganese cluster of the oxygen-
evolving complex of photosystem II in plants and cyanobacteria
(38). Cell aggregation is effective in protection against blue light-
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induced damage by self-shading especially at relatively low
temperature (suboptimal conditions for damage repair), whereas
cell aggregation should be avoided to perform photosynthesis
effectively under other light conditions. Thus, survival and pho-
tosynthetic production could be optimized by the complex light
color-sensitive regulatory system.

SesB and SesC as Targets of Intramolecular Signaling. The SesB
GGDEF domain seems to respond to the presence of GTP, and
its CBCR-GAF domain responds to blue and teal light. Although
further work is needed to confirm the binding of GTP to the
GGDEF domain of SesB, both domains seem to regulate its
single signal-output domain, which is the EAL domain (Fig. 2D).
In SesC, a single CBCR-GAF domain regulates the DGC activity
of the GGDEF domain and the PDE activity of the EAL domain
in an opposing manner (Fig. 3 D and E). Many GGDEF and EAL
domains are present in tandem in a single polypeptide chain
(approximately one-third of all GGDEF domains and approxi-
mately two-thirds of all EAL domains) (16). In certain of these
hybrid proteins, either a GGDEF or EAL domain is the enzy-
matically active domain; although the other domain is inactive, it
may modulate the activity of the neighboring domain. For ex-
ample, in C. crescentus CC3396 (PdeA), the inactive GGDEF
domain still binds GTP and, thereby, enhances the activity of the
EAL domain (21). SesB is a composite protein, with an inactive
GGDEF domain that can still bind GTP and an N-terminal
photosensory CBCR-GAF domain that, under blue and teal light,
regulates the PDE activity of its C-terminal EAL domain.
There are a few other GGDEF/EAL hybrid proteins known
to have DGC and PDE activities (16). Shewanella woodyi DGC
and, probably, Vibrio parahaemolyticus ScrC, regulate both their
GGDEF and EAL domain activities independently but with the
aid of interacting partner proteins (39, 40). Notably, SesC is the
first example, to our knowledge, of a protein containing GGDEF
and EAL domains that regulates the activities of these domains
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Fig. 7. Coordination of the CBCRs SesA, SesB, and SesC that form a color-
sensitive, highly specific c-di-GMP signaling system. (A) A signaling model for
cell aggregation of Thermosynechococcus modulated SesA, SesB, and SesC.
Under blue light, the DGC activities of SesA and SesC increase and the PDE
activities of SesB and SesC decrease, leading to an increase in c-di-GMP levels.
C-di-GMP binds to the PilZ domain of cellulose synthase TII0007 and activates
it, resulting in cell aggregation. Under teal-green light, the DGC activities of
SesA and SesC are decreased and the PDE activities of SesB and SesC are
increased, leading to a decrease in c-di-GMP levels. In the absence of c-di-
GMP, the cellulose-synthesizing activity of TII0007 is silenced and cell
aggregation is not triggered. Thermosynechococcus probably contains a
light-independent c-di-GMP signaling pathway(s), which has not been char-
acterized. (B) The difference spectra for the photoforms of SesA, SesB, and
SesC. SesA produces c-di-GMP under blue light but SesB degrades it under teal
light, thereby confining the wavelength range that induces an increase in
c-di-GMP levels to shorter wavelengths. SesC produces c-di-GMP at shorter
wavelengths than does SesA, and degrades it at longer wavelengths than
does SesB. SesC can, therefore, broaden the effective wavelength range
without impacting the color specificity of c-di-GMP net synthesis.
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via an intramolecular photosensory domain. Generally, proteins
containing active GGDEF and EAL domains are dimeric and
their dimerization interfaces often modulate their DGC and
PDE activities (17, 31, 32). GAF domains including those of
CBCRs often transduce the input signal via a rotary movement
of a connecting a-helix toward a neighboring output domain (41,
42). Further characterization of SesB and SesC should clarify
their intramolecular signaling and any possible intermolecular
signaling with interacting proteins, which then might be used to
design chimeric sensor proteins.

C-Di-GMP Signaling Specificity. A major feature of c-di-GMP sig-
naling is redundancy; many c-di-GMP synthesis/degradation do-
mains (GGDEF/EAL/HD-GYP) are found in bacterial genomes,
including those of cyanobacteria. A second feature of c-di-GMP
signaling is its specificity; c-di-GMP produced or degraded by
an individual DGC or PDE regulates a subset of all possible
c-di-GMP-regulated responses, even though canonical second
messengers, such as c-di-GMP, are thought to be a diffusible
intracellular pool of molecules (16). The great specificity of c-di-
GMP signaling may be accomplished by intracellular compart-
mentalization of the various DGC/PDE and c-di-GMP receptor
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proteins, so that these proteins would have available only a local
supply of c-di-GMP (43). Thermosynechococcus spp. may be a
suitable system for elucidating the basis for c¢-di-GMP signaling
specificity, because the number of Thermosynechococcus spp. c-di-
GMP synthesis/degradation genes is only 10; the cell has a large,
elongated rod-like shape, which is suitable for localization studies,
and it is thermally stable, which is suitable for biochemical studies.

Materials and Methods

Experimental details are described in S/ Materials and Methods, including
information on used primers (Table S1) and expression and purification of the
CBCRs and their characterization by absorption spectroscopy and in vitro
DGC/PDE assays. Information on how the cyanobacterial mutant strains were
created and how they were characterized using the cell-aggregation assay is
also presented therein.
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