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Photoreceptors are biologically important for sensing changes in
the color and intensity of ambient light and, for photosynthetic
organisms, processing this light information to optimize food pro-
duction through photosynthesis. Cyanobacteria are an evolution-
arily and ecologically important prokaryotic group of oxygenic
photosynthesizers that contain cyanobacteriochrome (CBCR) pho-
toreceptors, whose family members sense nearly the entire visible
spectrum of light colors. Some cyanobacteria contain 12 to 15 dif-
ferent CBCRs, and many family members contain multiple light-
sensing domains. However, the complex interactions that must be
occurring within and between these photoreceptors remain un-
explored. Here we describe the regulation and photobiology of
a unique CBCR called IflA (influenced by far-red light), demonstrat-
ing that a second CBCR called RcaE strongly regulates IflA abun-
dance and that IflA uses two distinct photosensory domains to
respond to four different light colors: blue, green, red, and far-
red. The absorption of red or far-red light by one domain affects
the conformation of the other domain, and the rate of relaxation
of one of these domains is influenced by the conformation of the
other. Deletion of iflA results in delayed growth at low cell den-
sity, suggesting that IflA accelerates growth under this condition,
apparently by sensing the ratio of red to far-red light in the envi-
ronment. The types of complex photobiological interactions de-
scribed here, both between unrelated CBCR family members and
within photosensory domains of a single CBCR, may be advanta-
geous for species using these photoreceptors in aquatic environ-
ments, where light color ratios are influenced by many biotic and
abiotic factors.

chromatic acclimation | chromatic adaptation | phytochrome | signal
transduction | tetrapyrrole

M embers of the phytochrome superfamily of photoreceptors
are broadly distributed in photosynthetic and nonphoto-
synthetic eukaryotes and bacteria, where they control an enor-
mous range of physiological responses (1-4). Plant phytochromes,
which possess covalently bound bilin chromophores and photo-
reversibly respond to red and far-red light, control many aspects of
morphogenesis and development (5). Cyanobacteria often contain
large numbers of phytochrome family proteins, with as many as
15 different members in a single species. A subgroup of the phy-
tochrome superfamily within cyanobacteria is the cyanobacter-
iochromes (CBCRs). These proteins are the most structurally
diverse subgroup of this superfamily and respond to the greatest
number of different light colors. CBCRs contain from one to six
GAF [cGMP phosphodiesterase/adenylate cyclase/formate hydro-
gen lyase activator (FhlA)] domains. Most, but not all, of these
GAF domains are photosensory and contain a cysteine through
which a photoconvertible phycocyanobilin (PCB) or phycoviolo-
bilin chromophore is covalently attached (2, 6-8). The cellular
roles of CBCRs are diverse and include the regulation of gene
expression, CAMP levels, phototaxis, and blue-light-dependent
growth (4). The most studied CBCR response, type III chromatic
acclimation (CA3) (9, 10), controls the expression of genes in re-
sponse to red and green light in the filamentous cyanobacterial
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species Fremyella diplosiphon and acts through the CBCR RcaE
(11, 12). RcaE controls the activity of RcaC, an OmpR/PhoB-class
transcription factor that binds a direct-repeat DNA sequence
called the L box upstream of CA3-regulated genes (13, 14).

Although the structural and functional complexity of CBCRs
has been intensively studied (6, 7, 15, 16), nothing is understood
about how their levels are regulated, how they interact with each
other, or even how the information from separate light-sensing
GAF domains is integrated within a single CBCR. We show that
the cellular levels of IflA (influenced by far-red light), a pre-
viously undescribed, four-color-sensing CBCR that appears to
accelerate growth at low cell densities by sensing the ratio of red
to far-red light within the ambient light, are strongly regulated by
the two-color-sensing CBCR RcaE. This example of hierarchical
control of the abundance of one CBCR by another is unique
within the prokaryotic phytochrome family and establishes the
existence of interactions between different photoreceptors within
cyanobacteria. We also analyze the effects of the two IflA pho-
tosensory domains on each other after the absorption of four
different colors of light, providing unique insights into how mul-
tiple GAF photosensory domains interact within a single CBCR.
These studies suggest that complex interactions between and
within photoreceptors often may be advantageous in aquatic
environments, where light color ratios and irradiance levels vary
greatly at different depths.

Results

ifiA (Fig. 14) was identified in F. diplosiphon. It encoded a pro-
tein with a predicted molecular mass of 85 kDa. IflA contained
three GAF domains as well as a C-terminal region of unknown
structure (Fig. S14). The GAF domains were similar to those
present in cyanobacterial phytochromes, such as the Cph2s (17)
and other CBCRs (Fig. S1B). Canonical phytochrome chromo-
phore attachment site cysteines were present in the GAF1 do-
main at position 141 (C141) and in GAF3 at C539, but not in
GAF2, suggesting it did not attach a chromophore (Fig. S1B).
In addition, a second chromophore attachment cysteine found in
CBCR GAF domains with blue-green photoreversibility was lo-
cated in GAF3 at C511 (6-8, 16, 18-23).

DNA sequence matching the L box was identified upstream of
ifiA (Fig. 1B), suggesting that the expression of this gene might
be regulated by the Rca system. The ifi4 transcription start site
was mapped (Fig. S24) and shown to be within the L box (Fig.
1B), indicating that ifl4 expression could be repressed by RcaC
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Fig. 1. The Rca system regulates ifl/A mRNA and IflIA protein abundance.

(A) Genomic location of iflA and L box (small black arrow). Upper arrows,
transcript locations/sizes. (B) iflA L box sequence, underlined; direct re-
peat, bold; transcription start site, bent arrow. (C) Histogram showing
mean iflA transcript levels for strains and light colors indicated (G, green
light; R, red light), normalized using the 16S ribosomal values for each
lane. Error bars represent SEM. (D) Representative immunoblot showing
IflA abundance during growth in the light colors indicated in C.

binding and blocking ifl4 transcription initiation in red light.
RNA blot analysis demonstrated that in wild-type cells, ifl4
transcripts were five times higher during growth in green light
than red light (Fig. 1C). These transcripts, which were 2.4 and 2.8
kbp and apparently include only ifi4 (Fig. 14), were absent in an
ifiA deletion mutant (Fig. S2B). In an rcaE null mutant, ifl4
RNA accumulated to intermediate levels and light regulation
was abolished, demonstrating that ifi4 expression is controlled by
the CBCR RcaE (Fig. 1C). CA3 regulation was also lost in an
rcaC mutant because of increased ifl4 transcript abundance
during growth in red light, supporting the proposal that the Rca
system controls ifl4 expression via repression during growth in

red light. The regulation of ifi4 by RcaE was reflected at the
protein level, as IflA was six to seven times more abundant in
green light than red light (Fig. 1D).

To further establish the role of IflA, we examined the spectral
properties of various forms of IflA expressed in an Escherichia coli
strain synthesizing PCB. These produced a wide range of brightly
colored cells (Fig. 24), and zinc-dependent fluorescence analysis
of these purified proteins revealed that covalent bilin attachment
to IflA required C141, C511, and C539 (Fig. 2B), with C511 and
C539 likely doubly linked to the GAF3 bilin as demonstrated for
blue-green CBCR GAF domains (6, 7, 16, 18-20, 24). The IflA
GAF1 domain alone was converted to the red-absorbing (Pr) form
by far-red or blue light and to a mix of the Pr and the far-red-ab-
sorbing (Pfr) form by red or green light (Fig. 2C). (The absorbance
maxima of all IflA forms are provided in Table S1.) In contrast, the
GAF3 domain was photoconverted by blue and green light between
predominantly the green-absorbing (Pg) and blue-absorbing (Pb)
forms, respectively, whereas red and far-red light did not photo-
convert this domain (Fig. 2D). Attempts to express full-length IflA
were unsuccessful, but the first 608 residues of IflA, containing the
three GAF domains and lacking the C-terminal 142 residues
(hereafter called IflA608), absorbed in the blue, green, red, and far-
red regions (Fig. 2F).

Purified IflA608 protein was eluted from a size-exclusion col-
umn as an apparent dimer (Fig. S1C). Red and green light both
shifted IfIA608 to a relatively higher Pfr:Pr and Pb:Pg ratio,
whereas far-red and blue light changed it to a relatively higher
Pr:Pfr and Pg:Pb ratio. Several interesting features were appar-
ent for IflA608 that were not observed for the individual GAF
domains. First, both red and green light drove IflA608 to a much
higher Pfr:Pr ratio than seen for GAF1 alone, suggesting that
domain interactions within IflA608 modify the behavior of GAF1
in the context of the longer protein. The double cysteine to al-
anine mutant IflA608-C511A/C539A was also converted to a
higher Pfr:Pr ratio by red and green light than was GAF1 alone
(Fig. 2 G vs. C), confirming the results mentioned earlier and
demonstrating that the higher ratio did not require a GAF3 chro-
mophore or photoactivity. Second, GAF3 behavior was also
changed within the context of IflA608, as it was not differentially
responsive to red versus far-red light as an individual domain
(Fig. 2D) but, within IfIA608, was red/far-red photoreversible in
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IflA is a four-color-sensing CBCR. (A) PCB-producing E. coli cell pellets containing wild-type and cysteine mutant forms of IflA608, GAF1, and GAF3. (B)

Zn** blots (Upper) and stained bands (Lower) of wild-type and cysteine mutants of purified IflA608, GAF1, and GAF3. Upper and lower image sets were each
spliced together from nonadjacent lanes of the same blot or gel. (C-H) Absorption spectra of purified wild-type and select cysteine mutants of IflA608, GAF1,
and GAF3. Line colors indicate the blue, green, red, and far-red light treatment provided to that sample before scanning. Spectral distributions of the light
sources are provided in Fig. S2C. Difference spectra for green minus blue (green lines) and red minus far red (red lines) treatments are shown (/nsets).
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the blue region (peak at 407 nm; Fig. 2E, arrow). The red and
far-red light effects on GAF3 were clearly operating through the
chromophore within GAF1, as in an IflA608-C141A mutant, this
red/far-red responsiveness was absent, whereas blue/green light
responsiveness was retained (Fig. 2F). Results very similar to
those obtained with the IfTA608-C511A/C539A mutant were
recorded for the IfIA608-C511A and IflIA-C539A mutants (Fig.
S3 A and B). IlIA608-C141A/C511A/C539A, which contained
replacements of all three cysteines required for bilin attachment
in both GAF1 and GAF3, was unresponsive to all four light
colors (Fig. 2H), and forms with a single substitution in both of
these domains yielded similar results (Fig. S3 C and D). Col-
lectively, these data demonstrate that IflA is a four-color-sensing
CBCR in which domain interactions alter the photobiology of
the light-sensing GAF domains within this protein, relative to the
GAF domains by themselves, which is a previously undescribed
capability of CBCRs.

We examined dark reversion rates of the IflIA photosensory
GAF domains individually and within the IflA608 wild-type and
mutants after blue, green, red, and far-red light treatments. GAF1
alone nearly completely reverted to Pr within 4 h after photo-
conversion to Pfr (Fig. 34), whereas Pr was stable for 12 h (Fig.
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Fig. 3. GAF1 dark reversion is influenced by other IflA608 domains and the
Pg:Pb ratio of GAF3. Twelve-hour dark reversion analysis of IflA GAF1 after
(A) red or (B) far-red light exposure, 24-h dark reversion analysis of IflA GAF3
after (C) blue or (D) green light exposure, and 16-h dark reversion analysis of
IflA608 after red (E), far-red (F), blue (G), or green (H) light exposure. For all,
line color denotes length of time in the dark after the initial light treatment
(insets), and black dashed lines are spectra after irradiation with opposite
light color (red/far-red or blue/green) postdark treatment.
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3B). Thus, the thermodynamically stable state of GAF1 is Pr. For
GAF3, there was little dark reversion from Pg to Pb over the
course of 16 h (Fig. 3C) and a similarly minor amount of reversion
of Pb to Pg during the same time (Fig. 3D), demonstrating that
Pb and Pg are nearly equivalent thermodynamically stable states
for GAF3. Overall, these results suggest that GAF1 must absorb
red light to form Pfr, whereas GAF3 is equally likely to exist as
either Pg or Pb. Within IflA608, however, after red light treat-
ment, GAF1 failed to strongly revert to Pr in the dark, and the
small increase in Pr over the course of 16 h was not accompanied
by a corresponding decrease in Pfr (Fig. 3E), as measured for
GAF1 alone (Fig. 34). However, this protein could be completely
photoconverted to Pr at the end of the dark treatment (Fig. 3E).
The Pb that was formed by red light was also relatively stable but
was eliminated by far-red light, as seen previously (Fig. 2F).
Initial far-red light treatment also photoconverted IflA608 to Pr,
and no reversion to Pfr was measured after 16 h of darkness
(Fig. 3F). Again, a small increase in Pr was measured during this
dark treatment.

Blue light treatment of IflIA608 initially increased the Pg:Pb
and Pr:Pfr ratio, and during the dark period, Pg decreased,
whereas Pr increased significantly (Fig. 3G). Interestingly, both
of these changes occurred without reciprocal changes in Pb or
Pfr levels. The relatively high Pb:Pg and Pfr:Pr ratios driven by
green light were predominantly stable for the 16 h dark treat-
ment (Fig. 3H). IIA608-C141A was unresponsive to either red
or far-red light and showed no dark reversion (Fig. S4 4 and B).
However, it was strongly photoconverted by blue and green light
and only weakly dark reverted (Fig. S4 C and D), similar to the
GAF3 domain alone (Fig. 3 C and D). For the IflIA608-C511A/
C539A mutant treated with red or far-red light, the results (Fig.
S4 E and F) were nearly identical to those obtained for IflA608
(Fig. 3 E and F), except that virtually no increase in Pr occurred
during the dark treatment, and this difference was particularly
apparent after red light treatment. Blue-light-treated IflIA608-
C511A/C539A also strongly converted to Pr (Fig. S4G), but un-
like IlA608 after the same treatment (Fig. 3G), there was no
large additional increase in Pr during the dark treatment. A
similar trend for IflIA608-C511A/C539A compared with IflA608
was measured during the dark treatment after green light ex-
posure (Fig. S4H).

All of these proteins remained functional after these treat-
ments, because each was efficiently reversible at the end of its
dark treatment period. Overall, these dark reversion data in-
dicate that the rapid and complete reversion of GAF1 to Pr is
highly constrained within the IflA608 protein, but that this re-
version is enhanced by the presence of chromophorylated GAF3,
and particularly by the formation of Pg in GAF3, whereas the
dark reversion of GAF3 from either Pb or Pg appears to be
generally equivalent for this domain by itself or in the context of
IflIA608. The influence of a single chromophore-binding domain
on the dark reversion kinetics of another is unique among phy-
tochrome-class photoreceptors and is certain to influence the
activity of this photoreceptor in environments with changing
ratios of the four light colors tested here.

Because the cellular function of IflA could not be established
by its predicted domain structure (Fig. S14) or genome context
(Fig. 14), we created an ifl4 deletion mutant and examined it
for irregularities in its physiological responses. The mutant pos-
sessed normal light-harvesting pigments, chlorophyll content, and
CA3 capacity, as assayed by pigment accumulation profiles (Fig.
S5). However, in white light, the growth of wild-type cells was
more rapid than ifl4 cells for the first 5 d [m,, (Wild-type growth
curve slope), 0.116 (R% 0.99); mygs (iflA mutant growth curve
slope), 0.070 (R?, 0.99)] (Fig. 44). After the sixth day, when ifi4
cells reached an absorbance at 750 nm (A7s0) ~0.4, growth was
equivalent for both strains [my,, 0.104 (RZ, 0.99); miga, 0.101
(R?, 0.99)]. We tested whether this was a light-intensity effect
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Fig. 4. Supplemental far-red light affects wild-type, but not iflA mutant,

growth. Wild-type and iflA cultures grown in (A) 30- or (B) 15-umol photons

m~2s~" white light, or (C) 15-umol photons m~2.s~" white light plus 5-pmol
photons m

~257" of supplemental far-red light. (D) Comparison of growth
curves for wild-type and iflA mutant grown in 15-uymol photons m=2.s~"
white light, with or without 5-pmol photons m~2.s~" of supplemental far-red
light. Horizontal red line in B indicates the Asso at which iflA cells shift from
slower to wild-type growth. Error bars represent SEM.

by decreasing the irradiance from 30 to 15 pmol m~%s~.. Although
the growth of both wild-type and ifi4 cells slowed, the same pat-
terns emerged (Fig. 4B). For the first 8 d, wild-type cells grew
more rapidly (my,, 0.073; R? 0.99) than ifi4 cells (mjpa, 0.045; R?
0.98), but growth was equivalent [my,, 0.082 (R2, 0.99); mjga, 0.089
(R?, 0.99)] after the ifl4 cells reached an A;so~ 0.4. The slower
growth of the ifl4 mutant at low cell densities was not because
of the higher irradiance level, as 15 pmol m~2-s™'-grown cells
with an A7s9 of 0.2-0.4 grew slowly (Fig. 4B) yet received
equivalent or less light than 30 pmol m 2s '-grown cells at an
Azso of 0.4 (Fig. S64). Media composition and age also did not
cause this lag, as fresh media had no effect on growth (Fig. S74).

Finally, we tested the effects of the four light colors that are
best absorbed by IflA on the growth of wild-type and ifi4 cells.
No differences in growth were measured in blue, green, or red
light (Fig. S7 B-D). Because F. diplosiphon grows poorly in far-
red light, white light with or without far-red light supplementa-
tion was used to test the effect of far-red light. Wild-type cells
grown in 15 pmol m~s™" of white plus far-red light had a longer
lag in their initial growth phase than cells grown in white light
only, and this difference was lost by the mid- to late-exponential
growth phase (Fig. 4 C and D). However, this difference was not
observed for ifl4 cells (Fig. 4 C and D). It also did not result from
the development of suppressor mutations, as the cells used in
this experiment, which were grown to an A5, of 0.9, were reused
in the same experiment, with identical results. These data suggest
that IflA increases growth in response to sensing an elevated red/
far-red light ratio in the environment. Thus, we conclude that for
iflA mutant cells growing in white light, the absence of IflA
eliminates the ability of the cells to increase the rate of growth at
low cell densities, when the red/far-red light ratio is elevated
(Fig. S6B and Table S2).

Discussion

Our studies establish that the abundance of a newly discovered,
multi-GAF-domain CBCR called IflA is regulated by green and
red light through the action of another CBCR called RcaE (Fig. 1,
C and D). This regulation occurs through the repression of ifi4
expression in red light, leading to a six to seven times higher level
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of IflA protein in green light. We determined that IflA accel-
erates cell growth, apparently by primarily sensing the red/far-
red ratio of ambient light. We also discovered that in addition to
the red/far-red photoreversibility of GAF1 and blue/green pho-
toreversibility of GAF3, the behavior of these two domains in the
context of IflIA608 is complex.

Although genetic evidence exists for cross-regulation of the
expression of plant phytochrome family members (25-28), the
regulation of one prokaryotic phytochrome superfamily member
by another has not been previously described. The RcaE-medi-
ated increase in IflA abundance as the green to red light ratio
increases (Fig. 1D) may have dramatic physiological effects.
During Arabidopsis seedling development, phytochrome family
members phyA and phyB activate mutually antagonistic responses
until the degradation of phyA allows phyB to dominate growth
regulation (29). F. diplosiphon is found in aquatic environments,
where the decrease in irradiance with depth may lead to a re-
duction in the activation of IflA deeper in the water column.
Because the Rca system senses the red/green light ratio, it may
be used as a proxy for depth sensing. Water absorbs red light
more efficiently than it does green light, increasing the green/red
ratio with depth (30). Thus, RcaE may increase IflA abundance
with depth to offset the decrease in the number of photoac-
tivated IflA photoreceptors. The depth to which this increase
might be effective can be calculated: If IflA is six times more
abundant in green than red light (Fig. 1D), this would offset an
83% decrease in red light irradiance. Transmittance of red (650 nm)
light through surface water ranges from 47% to 70% m™" (30),
so an 83% decrease in red light would typically occur between
2 and 4 m, making this a potentially useful physiological response
in an aquatic environment.

The presence of IflA led to more rapid growth that could be
countered by decreasing the red/far-red light ratio (Fig. 4D),
suggesting that IflA exerts its effect in the Pfr form. However, the
influence of IflA on growth was no longer measurable once the
cells grew beyond an Aysy of 0.4. Because the red/far-red ratio
decreases with increasing culture density, this may be the density
at which this ratio is no longer adequate to maintain a sufficient
amount of the Pfr form of IflA (Table S2, asterisk). Because Pr is
the thermodynamically stable state of GAF1 when it is part of
IflA608 and is exposed to blue light (Fig. 3G), the absence of
sufficient red light to maintain the Pfr form should lead to its
reversion to the Pr form if blue light is also present. IflA-medi-
ated change in the growth of F. diplosiphon cells in response to
changes in the red/far-red light ratio is reminiscent of the phy-
tochrome-mediated shade avoidance response of many angio-
sperms, in which a decrease in the red/far-red light ratio reduces
the inhibition of stem elongation (31). IflA may be responsible
for accelerating growth when the absorption of red light by
nearby organisms is reduced, as gauged by an increase in the red/
far-red light ratio.

The photoconversion characteristics of GAF1 and GAF3 are
modified by other regions of the protein, as red light drove
GAF1 to a higher Pfr:Pr ratio when it was part of IflA608 than
when it was a single domain (Fig. 3 E vs. A), and GAF3 was
converted to Pb by red light in IlA608 (Fig. 2E), which did not
occur with either isolated GAF3 protein (Fig. 2D) or IflA608-
C141A, in which GAF1 lacks a chromophore (Fig. 2F). In ad-
dition, the relatively rapid and complete dark reversion of the
GAF1 domain to Pr after far-red light treatment was significantly
reduced when it was part of IlA608 (Fig. 3 4 vs. E). Inter-
estingly, the reduction in Pr formation was mitigated when
GAF3 was in the Pg form (Fig. 3G), although it is not yet clear
how these two events are linked. Light-mediated interactions
between GAF domains of a CBCR family member have not been
previously shown.

The dark reversion characteristics of the two photosensory GAF
domains within IflA608 were unusual because during the dark
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treatment, Pr accumulated without a corresponding decrease in
Pfr (Fig. 3 E-G) and a decrease in Pg was not accompanied by an
increase in Pb (Fig. 3G). The increase in Pr depended on GAF3
being chromophorylated (Fig. S4 E, F, and H). One possible
explanation for this is that GAF3 in the Pg form subtly influences
the shift of GAF1 to Pr. Another possibility is that the GAF3
chromophore is being deprotonated and converting to Pr (32),
although this is unlikely, as in the IlA608-C141A mutant, con-
version of GAF3 to Pg by blue light did not lead to any accu-
mulation of Pr during the dark reversion period (Fig. S4C). It is
also possible that an increase of one isomer without a concomi-
tant decrease of the other isomer during dark reversion could
result from the accumulation of a colorless intermediate(s).
These surprising results highlight the fact that the interactions
between domains of multichromic CBCRs can result in unique
forms of photochemistry that cannot be generated in phyto-
chrome family members with a single chromophore domain.

It is unclear why cyanobacteria possess so many phytochrome
superfamily members with multiple photosensory GAF domains
when photoreceptors in fungi, other eubacteria, and plants do
not (4, 7, 24). Our lack of understanding is partly because the
interactions between such GAF domains have not been de-
scribed until now. Although such interactions must certainly be
used by cyanobacteria to deal with many different environmental
situations, unraveling the interactions between the photosensory
domains and understanding the roles of these interactions in the
natural history of these organisms will be a challenge. For IflA,
it is not clear why GAF1 subtly influences the Pb:Pg ratio of
GAF3 (Fig. 2E) or why blue light increases the ratio of Pr:Pfr in
the dark (Fig. 3G). Generally, however, it seems reasonable that
the evolution of multichromic phytochrome family members has
allowed phytochrome-class photoreceptors to be more effec-
tively used in aquatic environments, where cyanobacteria are
predominantly found.

On land, the red/far-red ratio of sunlight remains relatively
constant during much of the day, allowing plants to use changes
in this ratio to trigger, for example, shade-avoidance responses
(31). However, in water, where the red/far-red ratio increases
with depth, the use of this information could be problematic, as it
would shift a plant-type phytochrome further into the Pfr form,
thereby modifying the signal output (30). However, the ratio of
the other light colors of the visible spectrum also changes with
depth, including the blue/green ratio, which increases with depth.
We propose that multichromic phytochrome family members
allow more robust sensing in such environments by simulta-
neously sampling multiple light color ratios, which may provide
information not only about depth but also about competing
photosynthesizers, the time of day (which strongly affects the
relative amount of light of each wavelength in the visible spec-
trum), and other biotic and abiotic parameters. Because multi-
chromic CBCRs are also found in nonaquatic cyanobacteria, it is
likely that they are useful in additional settings, and as not all
phytochrome-class photoreceptors in cyanobacteria contain multi-
ple photosensory domains, there must be situations in which
sensing only a single light color ratio is adequate. However, the
abundance and diversity of photoreceptors with multiple light-
sensing domains, along with the results presented here, strongly
suggest that cyanobacteria are highly evolved to sense and re-
spond to complex light color environments.

Materials and Methods

Strains and Growth Conditions. The wild-type strain of F. diplosiphon UTEX
481 (also called Tolypothrix sp. PCC 7601) used was the shortened filament
mutant strain SF33 (33). The rcaE and rcaC null mutant strains used were
previously described (11-14, 34). Cultures were grown in BG-11 media from
an Ayso of 0.01, as described (35), in light irradiances of 15-, 20-, or 30-umol
photons m2s™!. Custom-built light-emitting diode (LED) panels provided
red light (www.digikey.com, 160-1415-2-ND), green light (www.digikey.com,

12838 | www.pnas.org/cgi/doi/10.1073/pnas.1303371110

754-1099-2-ND), blue light (Philips, LED-60L/2WB-1), and far-red light (Opto-
tech, L-D-735-H), and Solux 4700 Kelvin halogen lamps (Eiko Ltd., Q50MR16/
CG/A7/36) provided white light that closely matched the natural visible
spectrum. The spectral distribution and emission maxima of all LEDs are
provided in Fig. S2C, and for the white light source they are found in Fig. S6B
(black line). At least three independent growth experiments were conducted
for each cell type and light condition. Media replacement experiments were
performed once by harvesting cells growing in 15-umol photons m=2s~"
white light by centrifugation at 5,000 x g for 5 min and resuspending in
either the original or fresh BG-11 media. A;5, values were monitored before
and after the media replacement.

Construction of the iflA Null Mutants, Expression Plasmids, and Transformations.
To create iflA null mutant strains, two iflA fragments were PCR amplified
from F. diplosiphon genomic DNA. Primers 5'tgcGAATTCC CTCACCAACG
TCGAAGGGCT3’ (EcoRI site bolded) and 5'cgaCTGCAGT CAGTCACTGC
TGTCATGTAT TTCTACG3’ (Pstl site bolded) were used to amplify the iflA
N-terminal region. Primers 5'gatCTGCAGC AGCAAATCCA ACAAACACAA
GCACA3’ (Pstl site bolded) and 5'ggtCCATGGT TACATCCGCA GACTCGACAG
CC3’ (Ncol site bolded) were used to amplify the iflA C-terminal region. Each
iflA fragment was then cut with restriction enzymes that cleaved within the
primer sequences and ligated into pJCF276 cut with EcoRl and Ncol. The
sequence of the clean deletion construct of iflA was confirmed by sequenc-
ing. F. diplosiphon was transformed by triparental mating, and three iflA null
mutant strains were selected as previously described (36, 37). All parent E. coli
strains used for triparental mating were DH5a MCR except 803, which carried
the RP4 conjugative plasmid (38). To create if/A strains containing a FLAG-tag
at either the N or C terminus, iflA fragments were PCR amplified from
F. diplosiphon genomic DNA. Primers 5'cttgtcatcg tcatccttat aatccaTGTA
TTTCTACGTA GGTATAATGT ATAAGTACG3’ (Fusion overlap is lowercase) and
5'tcaTCCGGAG CGTTACCTTT CTCGAAGACA TATCCG3’ (BspEl site bolded)
were used to amplify the iflA N-terminal region with a FLAG tag. Primers 5’
atggattata aggatgacga tgacaagACA GCAGTGACTG AGTACTCACA GGAA3’
(Fusion overlap is lowercase) and 5'gtaCCATGGC GTCTCAATTA CTAATCACTT
GTGTGTTC3’ (Ncol site bolded) were used to amplify the iflA C-terminal
region with a FLAG-tag in the N terminus. Primers 5'ttacttgtca tcgtcatcct
tataatccat ATTTTCATGC TGATTTACAC TTTTCAT3’ (Fusion overlap is lower-
case) and 5tcaTCCGGAG TTGATGTCAA CAGCCAATAC AAAT3’ (BspEl site
bolded) were used to amplify the iflA N-terminal region with a FLAG-tag in
the C terminus. Primers 5’atggattataa ggatgacgat gacaagtaaG ATTATTTGAT
TCAGTTAACC CACATC3’ (Fusion overlap is lowercase) and 5'gtaCCATGGC
GTCTCAATTA CTAATCACTT GTGTGTTC3’ (Ncol site bolded) were used to
amplify the iflA C-terminal region with a FLAG tag. Fusion PCR was per-
formed, and both iflA N-FLAG and iflA C-FLAG fragments were then cut with
restriction enzymes that cleaved within the primer sequences and ligated into
pJCF276 cut with BspEl and Ncol. The sequence of each iflA construct was
confirmed by sequencing and was transformed into F. diplosiphon iflA mu-
tant cells, and three isolates of each were selected. For the expression of
various regions of IflA in E. coli, iflA fragments were generated by PCR am-
plification of F. diplosiphon genomic DNA and cloned into the pETDuet
vector (Novagen) after digestion with BamHI and Sacl. Plasmids and cloning
primers used in this study are provided in Table S3. All junctions and PCR
amplification products were confirmed by sequencing. These plasmids en-
code 6x-histidine-tagged IflA608, GAF1, and GAF3 with and without the
C141A and/or C511A and/or C539A mutation or mutations and were trans-
formed into E. coli BL21(DE3) cells containing pPcyA (39).

Expression, Purification, and Detection of his- or FLAG-Tagged Regions of IflA.
E. coli BL21(DE3) colonies containing pPcyA (39) and the pETDuet constructs
listed in Table S3 were selected on Luria-Bertani medium plates containing
30 pg-mL~" chloramphenicol (Cm) and 50 pg-mL~" ampicillin (Ap). A 25-mL
overnight starter culture grown with shaking at 37 °C was added to 1 L LB
containing 30 pg-mL™" Cm and 50 pg-mL~" Ap and grown with shaking at
16 °C for 6 h. Addition of 0.1 mM isopropyl-B-pb-thiogalactoside induced
expression of heme oxygenase 1 (hoT)/phycocyanobilin ferredoxin-dependent
oxidoreductase (pcyA) and 6x-histidine-tagged IfIA variants. Cells were grown
overnight with shaking at 16 °C and then harvested by centrifugation at
15,000 x g for 20 min at 4 °C. IflA proteins from E. coli were then isolated as
previously described (12, 34). Size-exclusion chromatography was performed
using a Superdex 200 10/300 GL (GE Healthcare) column run at 0.5 mL-min~"
with 137 mM Nacl, 2.7 mM KCl, 10 mM Na,HPO,4-2H,0, and 2 mM KH,PO,,
using a 50-pL sample loop. The column was calibrated with the molecular
mass standards thyroglobulin (670 kDa), y-globulin (158 kDa), ovalbumin (44
kDa), myoglobin (17 kDa), and vitamin B;, (1.35 kDa) (BioRad). Elution of
IflA608 holoprotein and the standards were monitored at 280 nm. Total
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cellular proteins were isolated from F. diplosiphon cells (34), and Western
analyses using the anti-FLAG antibody (Sigma-Aldrich) and goat anti-rabbit
1gG-HRP antibody (Santa Cruz Biotechnology) were performed according to
the manufacturer’s instructions. IflA proteins were detected using Super-
Signal West Femto chemiluminescent substrate (Thermo Scientific), follow-
ing the manufacturer’s instructions, and the images were viewed using the
BioRad Chemidoc MP and quantified using Image Lab 4.1 software (BioRad).

Zinc-Induced Fluorescence Analysis. Isolated proteins from E. coli were sepa-
rated by SDS-PAGE. Gels were soaked in 10 mM Zn?* acetate for 30 min in the
dark and then examined for fluorescence, as previously described (40). Gels
were then stained with Coomassie brilliant blue R250 to visualize proteins.

Spectral Measurements. A Beckman DU640B spectrophotometer was used to
measure the A;so of F. diplosiphon cultures. A Synergy Mx plate reader
(BioTek Instruments) was used to measure the absorbance spectra, differ-
ence spectra, and dark reversion spectra of each form of IflA protein. The
plate reader was checked for the effect of the measuring beam on the
photochemistry of the samples, and no effect was found. The light sources
used for each of these experiments were provided using LEDs with narrow
spectral bandwidths for blue (Amax, 458 Nnm), green (Amax, 521 Nm), red (Amax
640 nm), and far-red (Amax, 740 nm) light. The spectral distributions of these
light sources are provided in Fig. S2C. Light irradiances of each LED source
were measured using a Jaz spectrometer (Ocean Optics) and a LI-250 pho-
tometer (LI-COR). For the absorbance measurements, the IflA proteins
were irradiated for 5 min with 20-pmol photons m=2.s~" of the appropriate
light wavelength before each spectral measurement. For dark reversion
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light for 5 min, and then absorbance was measured every 2 h for 24 h while
samples were kept at 21 °C in darkness. After 24 h of dark reversion mea-
surements, samples were irradiated with the light color opposing their initial
light treatment (red/far-red or blue/green), and absorbance was measured.
Irradiance and wavelength distribution measurements of light passing
through a culture tube were recorded using a Jaz spectrometer (Ocean
Optics), with the probe attached to the outside wall of the culture tube
positioned 180° away from the wall receiving the light and shielded from
other light sources. Each scan shown in the manuscript is representative of at
least three biologically independent replicates that were conducted for
each analysis.

RNA Blot Analysis. RNA blot analysis was performed as previously described (35).
At least three independent experiments were carried out for each cell type
and condition. The probe for iflA was made by PCR amplification using primers
5'CAGCAAATGT ACCAACAGGT ACAAG3’ and 5'CTGTCTGTTT TCAGCAGCTT
CCGCA3'. Blots were imaged and quantified as previously described (41).

Primer Extension. The transcription start site of iflA was determined using
a primer extension system (Promega) with primer 5'CGCCTGTCCC TGCTGCGAAT
T3'. The primer extension reactions were performed and sequenced as
previously described (41).
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