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ABSTRACT: Phytochromes are red/far-red photosensory
proteins that regulate adaptive responses to light via photo-
switching of cysteine-linked linear tetrapyrrole (bilin) chromo-
phores. The related cyanobacteriochromes (CBCRs) extend
the photosensory range of the phytochrome superfamily to
shorter wavelengths of visible light. CBCRs and phytochromes
share a conserved Cys residue required for bilin attachment. In
one CBCR subfamily, often associated with a blue/green
photocycle, a second Cys lies within a conserved Asp-Xaa-Cys-
Phe (DXCF) motif and is essential for the blue/green
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photocycle. Such DXCF CBCRs use isomerization of the phycocyanobilin (PCB) chromophore into the related phycoviolobilin
(PVB) to shorten the conjugated system for sensing green light. We here use recombinant expression of individual CBCR
domains in Escherichia coli to survey the DXCF subfamily from the cyanobacterium Nostoc punctiforme. We describe ten new
photoreceptors with well-resolved photocycles and three additional photoproteins with overlapping dark-adapted and
photoproduct states. We show that the ability of this subfamily to form PVB or retain PCB provides a powerful mechanism for
tuning the photoproduct absorbance, with blue-absorbing dark states leading to a broad range of photoproducts absorbing teal,
green, yellow, or orange light. Moreover, we use a novel green/teal CBCR that lacks the blue-absorbing dark state to demonstrate
that PVB formation requires the DXCF Cys residue. Our results demonstrate that this subfamily exhibits much more spectral

diversity than had been previously appreciated.

hotosynthetic organisms use a broad variety of photo-
sensory systems to optimize their metabolism and light-
harvesting apparatus.' Such sensors have historically been
classed as mediators of blue-light responses or red-light
responses. Blue-light responses often are mediated by proteins
using flavin chromophores.””> Red-light responses are instead
mediated by phytochromes, which use linear tetrapyrrole
(bilin) chromophores. Phytochromes function as critical
regulators of photomorphogenesis in higher plants, as
regulators of the light-harvesting apparatus in purple photo-
synthetic bacteria, and as regulators of fungal development and
social responses in other systems.’”'' Phytochromes photo-
switch between red-absorbing (P,) and far-red absorbing (Pg)
forms via photoisomerization about the 15,16-double bond of
their covalently bound bilin chromophores.”'*™'* The 152
configuration (P,) is usually the dark state, and the ISE
configuration (Pg) is usually a metastable photoproduct that
can thermally decay to P, via dark reversion."*~'7 All
phytochromes share a photosensory core module comprising
a GAF domain containing the bilin-binding pocket and a C-
terminal PHY domain contacting the pocket via a conserved
loop, 13~ 16:18-20
Cyanobacterial phytochrome-related photosensors named
cyanobacteriochromes (CBCRs) have been described more
recently.'>?' > Phylo%enetic analysis identifies several sub-
families of CBCRs.**~>> Unlike phytochromes, CBCRs require
only the isolated GAF domain for bilin attachment and for
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reversible photochemistry.”** CBCRs and phytochromes from
oxygenic photosynthetic organisms share a thioether linkage
between the C3' atom of the bilin and a conserved Cys residue
in the GAF domain (Figure S1A). Individual CBCR GAF
domains do not exhibit the red/far-red” photocycles of
conventional phytochromes; instead, they exhibit an astonish-
ing diversity of photocycles, with examples ranging from the
near-UV to the red region of the electromagnetic spec-
trum.>*~>>*773! Cyanobacteria frequently contain multiple
CBCRs arranged in tandem, and such proteins can even
contain red/far-red phytochromes as well."***** In this work,
we define individual photosensory modules as CBCRs or
phytochromes and thus consider tandem CBCRs or
phytochrome/CBCR composites as larger, more complex
Sensors.

Multiple blue/green CBCRs already have been described, all
of which share a second conserved Cys residue in the GAF
domain as part of a larger Asp-Xaa-Cys-Phe (DXCF)
motif.”**7*7*! Such DXCF CBCRs are found in genomes of
a wide variety of cyanobacteria adapted to freshwater, marine,
and soil environments. In some cyanobacterial species, such as
Thermosynechococcus elongatus”>** and Gloeobacter violaceus,™
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Figure 1. The two-Cys photocycle of blue/green DXCF CBCRs. In the blue-absorbing 15Z dark state (left), there is a second covalent linkage
between the C10 atom of the bilin chromophore and the “second” Cys residue of the DXCF motif. Photoconversion initially results in a 1SE
photoproduct retaining this second linkage (top), with subsequent elimination of the Cys to restore conjugation across C10 and to red-shift the
photoproduct absorbance (right). Photoconversion of this I1SE state results in a 15Z species (bottom), which then regenerates the second linkage
and completes the cycle. This cycle can utilize either PVB or PCB chromophores,® differing at C5 and in the A-ring (bottom left). Peak wavelengths
are provided for TIr0924 (ref 24 and this work). Species with an intact second linkage have two chromophoric systems centered on the C- and D-
rings (PCBcp) and on the A- and B-rings (PCB,g). Et, ethyl; P, propionate; Vn, vinyl.

DXCF CBCRs are the only members of the phytochrome
superfamily. The proliferation of the DXCF CBCR family in
cyanobacteria underscores the importance of light sensing
across the entire spectrum that can be harvested for
photosynthesis.

Formation of the blue-absorbing dark state in DXCF CBCRs
requires the DXCF Cys residue.***>*"*> Such dual-Cys
photocycles have also evolved independently in a second
subfamily of CBCRs (the insert-Cys subfamily) and even in a
variant phytochrome.” For all of these cases, we envisage that
the second Cys forms a thioether linkage to the C10 atom of
the bilin chromophore in the 15Z dark state (Figure 1),
conferring absorbance of near-UV, violet, or blue light.23’24 This
model is consistent with the known properties of bilin
chromophores; in particular, it is known that the C10 atom
can react with thiol compounds or other nucleophiles.>~*’

Previously, four CBCRs have been characterized using both
cyanobacterial expression and recombinant expression in E. coli
engineered to produce bilin chromophores.”*"*>*® All four
accept phycocyanobilin (PCB) as the chromophore precursor,
forming a PCB adduct after covalent attachment of the first
Cys. Unlike other CBCRs, DXCF CBCRs can autocatalytically
isomerize initially formed PCB adducts into phycoviolobilin
(PVB) adducts, shortening the conjugated system while
saturating the 4,5-double bond (Figure S1A). This PVB
formation is frequently incomplete when DXCF CBCRs are
expressed in Escherichia coli,’"*® and the resulting mixed
populations have given rise to conflicting interpretations of the
chromophore structure in the literature.”**>*” The recent
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demonstration of multiple bilin populations in the DXCF
CBCR TePix] and of the presence of an additional free thiol
group in its photoproduct state reconciles the earlier data and
supports the DXCF photocycle model shown in Figure 1.

In this model, both PVB and PCB populations of DXCF
CBCRs possess indistinguishable blue-absorbing dark states
due to thiol adduct formation at C10 (Figure 1). Primary
photochemistry therefore must occur at C1S because the PVB
population has a saturated C5 methine bridge and CI10 is
saturated by thioether linkage formation. After blue light
triggers 15Z-to-1SE isomerization, thermal cleavage of the
linkage at C10 accounts for the large red-shift of the
photoproduct absorbance as conjugation is restored across
the C10 methine bridge (Figure 1). The PVB population
absorbs green light, resulting in the familiar blue/green
photocycle when PVB is in excess relative to PCB. Photo-
conversion of both products restores the 15Z configuration,
followed by spontaneous thermal re-formation of the second
linkage to complete the photocycle. The majority PVB
population is detected upon acid denaturation of the
protein,”>*”*> while the minority PCB population can be
detected by circular dichroism spectroscopy”* and by character-
izing the photochemistry of the acid-denatured photoproduct
state 3L3541

The present study was undertaken to address several
questions that remain unanswered about the DXCF CBCRs.
Does PCB to PVB isomerization always occur for members of
this subfamily? If not, what factors influence this isomerization?
What is the spectral region spanned by this subfamily? To
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address these questions, we have performed a survey of all
members of this subfamily encoded in the genome of the
filamentous cyanobacterium Nostoc punctiforme ATCC 29133.
We tested 18 possible photosensors, 15 of which have both
conserved Cys residues of the DXCF subfamily. This survey
yielded 14 photoactive proteins. These newly characterized
CBCRs provide valuable insights into the spectral diversity of
DXCF CBCRs and into the requirements for PVB formation,
demonstrating that these proteins sense a much broader range
of light than previously appreciated.

B MATERIALS AND METHODS

Bioinformatics. CBCR sequences were aligned with other
DXCF CBCRs published to date, SyPix]Jg2, TePix], T1r0924,
and UirS (also known as Slr1212, SyETR1, and PixA)>* 727314
using MUSCLE* followed by manual addition of AnPixJg2,
NpR6012g4, SyCcaS, and NpCcaS. Manual alignment used a
number of conserved residues, highlighted in Figure S2.

Cloning and Expression of CBCRs. Purified TePix]
protein was the gift of Prof. Susan Spiller (Mills College,
Oakland, CA). For other proteins, appropriate primers were
used to amplify regions of interest from N. punctiforme genomic
DNA or from plasmid pBAD-0924d.** Specific protein regions
cloned for expression are reported in Table S1. Full-length
TIr0924 was expressed and purified exactly as described.”*
NpR2903, NpR1597g1, NpF6001, NpF1883g3, NpF1883g4,
NpRS113g1, NpRS313g2, NpAF142¢3, NpR1060, NpF1000,
NpF6362, NpF1883g1, NpF2854¢4, and both GAF-alone and
GAF-GGDEEF TI1r0924 were expressed in a previously described
intein-CBD fusion system.*> PCR products were digested with
Necol and Smal and cloned into pBAD-Cphl-CBD.* C-
terminal intein-CBD fusion proteins were coexpressed with
pPL-PCB, encoding biosynthetic machinery for PCB produc-
tion in E. coli strain LMG194.** Coproduction of phytochro-
mobilin (P®B) used a published modification of this system.*
Coexpression of PEB used LMG194 cells and plasmid pAT-
PebS (gift of Rachel Kerwin, U. C. Davis), which contains the
PEB synthase PebS and its associated heme oxygenase from
cyanophage PSSM2* in pAT101.*” Purification using chitin
resin (NEB) followed a previously described procedure,* with
final dialysis against TKKG buffer (25 mM TES-KOH pH 7.8,
100 mM KCl, 10% (v/v) glycerol).

NpF1883g2, NpF4973, NpR612S5, and NpRS113g3 gave
poor expression as intein-CBD fusions, so they were expressed
and characterized as C-terminally Hiss-tagged proteins by
cloning the equivalent regions into pET28a-RcaE (gift of Drs.
Yuu Hirose and Masahiko Ikeuchi, University of Tokyo) using
Ncol and BamHI sites to keep the C-terminal Hiss tag and
associated sequences in-frame. Expression then used E. coli
strain C41[DE3]** with plasmid pKT271 for PCB synthesis,*’
and protein was purified on Talon resin (Clontech) using an
imidazole gradient (30—430 mM) with final dialysis into 20
mM sodium phosphate (pH 7.5), 50 mM NaCl, 1 mM EDTA.

Purified proteins were analyzed by SDS-PAGE using
standard procedures and apparatus (Bio-Rad) followed by
semidry transfer to PVDF membranes, staining with amido
black for visualizing total protein, and zinc blotting50 to confirm
the presence of covalently bound bilin (Figure S3A). Some
proteins were concentrated using centrifugal concentrators (10
kDa cutoff, Amicon) prior to analysis. Site-directed mutagenesis
was conducted using the QuikChange Kit (Stratagene) with
appropriate primers in accordance with the manufacturer’s
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directions. All constructs were verified by nucleotide sequenc-
ing.

Characterization of CBCRs. Absorbance spectra were
acquired at 25 °C on a Cary 50 spectrophotometer modified
for illumination from above with a 75 W xenon source and
bandpass filters.”> The pulsed-source architecture of the Cary
50 allows acquisition of spectra during illumination, permitting
better resolution of unstable photoproducts exhibiting rapid
dark reversion. Rapid dark reversion was not observed for the
proteins described in this study. Bandpass filters used for
triggering photochemistry were 670 nm center/40 nm width
(fwhm), 650 nm/40 nm, 600 nm/40 nm, 550 nm/70 nm, 500
nm/25 nm, and 400 nm/70 nm. Denaturation assays used 1:6
dilution with 6 M guanidinium chloride/100 mM citric acid,
pH 2.2.>" All proteins successfully expressed and purified in this
study exhibited detectable photoconversion in the denaturation
assay, indicating the presence of stable photoproducts. Native
and denatured peak wavelengths are reported in Table 1, while

Table 1. Peak Wavelengths of DXCF CBCRs*

native 157 native ISE  denatured 15Z; 1SE
protein bilin (nm) (nm) (nm) b

NpR2903 mix® 426 526 615 (678); 538
NpR1597g1 PVB 420 498 610; 512
NpRS113g3 PVB 422 496 604; 512
NpF6001 PCB 426 578 674; 576
NpF4973 PCB 434 602 672; 576
NpRS5113g1 PVB 564 494 606; 510
NpRS5313g2 PCB 550 428 672; 574
NpF1883g2 PCB 424 564 676; 574
NpF1883g2 PVB 426 500 606; 522
NpF1883g3 PCB 426 546 678; 574
NpF1883g3 PVB 424 502 608; 514
NpF1883g4 PCB 428 562 N/D
NpF1883g4  PVB 416 498 N/D

TIr0924 PCB 436 588 674; 578
TIr0924 PVB 436 532 609; 512
TePix] mix® 432 530 610 (655) 520
NpAF142g3%  mix® 414 414 [538] 610 (668); 526
NpR1060% PCB 422 424 2] 674; 574
NpFlOOOd PCB 418 420 [560] 672; 584

“Unless otherwise noted, native peak wavelengths were calculated
from photochemical difference spectra or sequential difference spectra
for the transitions with the longest wavelength in each photostate. N/
D, not determined. “Denatured peak wavelengths were calculated
from sequential difference spectra or photochemical difference spectra
for photoactive proteins. Values are reported for the long-wavelength
transition as 15Z; 1SE pairs. “Peak wavelengths are reported for the
PCB/PVB mixed population. When multiple 15Z peak wavelengths
were observed, the long-wavelength value, corresponding to PCB, is
reported in parentheses. “In cases with overlapped photoproduct and
dark-state absorption, the main values were taken directly from the
photoequilibrium absorption spectra. Secondary 1SE photoproducts at
longer wavelengths were calculated from difference spectra and are
reported in brackets. “Overlapping populations and protein instability
complicated the analysis. Denatured wavelengths are reported for the
mix, with specific PCB values in parentheses.

native and denatured specific absorbance ratios (ratio of the
peak chromophore absorbance on the band of longest
wavelength to the peak protein absorbance of the aromatic
amino acid band at 280 nm) are reported in Table 2. All
photochemical difference spectra are reported as (15Z — 1SE).
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Table 2. Chromophore Incorporation and CS Saturation of CBCRs”

protein bilin reversibility (%)
NpF6001 PCB 98
NpF4973 PCB 93
NpR2903 PCB/PVB 78
NpR1597g1 PVB 9S
NpRS113g3 PVB 99
NpRS5113g1 PVB 100
NpRS113g1-CogA PCB N/D
NpRS313g2 PCB 99
NpF1883g2 PCB/PVB 97
NpF1883g3 PCB/PVB 93
NpF1883g4 PCB/PVB 93
T1r0924 PCB/PVB 93
NpAF142¢3 PCB/PVB S8
NpR1060 PCB 91
NpF1000 PCB 644

native SAR denatured SAR PVB:PCB ratio

0.61 0.71 <1
0.34 0.41 <1
0.095 0.09° 1:1.7¢
0.40 0.46 >10:1
0.30 0.36 >10:1
0.31 023 >10:1

~0.07 0.09 <1
0.66 0.55 <1
0.32 0.32% 3.2:1
0.42 0.54% 12:1
0.15 0.15% 1.0:1
0.49 0.50° 2.9:1
021 0.23% 1.2:1¢
0.45 0.44 <1
0.17 022 <1

“Specific absorbance ratio (SAR) was calculated by dividing the peak absorbance for the bilin transition at longest wavelength by that of the protein
absorbance band in the near-UV. Reversibility was calculated from forward and reverse difference spectra. Saturation ratios for mixed populations
were calculated for the ISE populations from the regenerated 15Z spectra in sequential conversion assays unless otherwise noted. N/D, not
determlned Reported for the mixed population. “Estimated by fitting the denatured spectra as described in the Materials and Methods section.

“The regenerated 15Z population was spectrally distinct.

Spectral Analysis. Extinction coefficients were derived
from the absorbance spectra in two steps. First, the
concentration of holoprotein was estimated using published
extinction coefficients for PCB (&4, 35 500) and PVB (&9, 38
600) under acidic denaturing conditions.>> Second, the native
absorbance spectra were corrected for holoprotein concen-
tration using the Beer—Lambert—Bouguer law to give the
native extinction coefficients reported in Table S2.

To quantitate isomerization at CS in cases with mixed bilin
populations, we evaluated four assays (Table S3). In the first
assay, we assumed that the extinction coefficients of the blue
bands of the blue-absorbing C10 adducts of PCB and PVB were
approximately equal because the longest conjugated system of
both populations is formally identical (Figure 1). Native
difference spectra for each population were then calculated
from sequential conversion assays (described in detail in the
Results), with the ratio of the 15Z blue-absorbing peaks
representing the PVB:PCB ratio. This assay, which relies on
teasibility of sequential reverse photoconversion, measures only
the photochemically active I1SE population. Values from this
approach are reported in Table 2 unless otherwise noted. In the
second assay, aliquots denatured during sequential conversion
assays were used to calculate denatured difference spectra for
the individual PCB and PVB populations. Published extinction
coefficients for denatured bilins (see above) were used to
estimate the holoprotein concentrations for each population,
from which the PVB:PCB ratio was calculated. This assay gave
equivalent results to the first approach (Table S3) and also only
measures the photochemically active 1SE population. In the
third assay, denatured difference spectra for the two
populations of NpF1883g3 obtained from sequential con-
version assays were normalized with the first assay and then
used to generate linear combinations for manual fitting of the
denatured photochemical difference spectra for a given protein.
This assay, which also measures only the active population,
corroborated the results of the first two methods, thereby
validating the normalization step and the first assay. In the last
assay, the denatured 15Z spectra of NpR1597¢g1 (PVB) and
NpF6001 (PCB) were normalized using the acid-denatured
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extinction coefficients and used to generate linear combinations
for manual fitting of the 1SZ denatured spectra. This assay
allowed examination of the total population, permitting us to
examine changes over days while avoiding possible complica-
tions of dark reversion; it too gave similar ratios to the others
(Table S3).

In Vitro Assembly. T1r0924 and NpRS5113gl apoproteins
were expressed in E. coli as intein-CBD fusion proteins without
a second plasmid for bilin biosynthesis and were purified as for
the holoprotein. Apoproteins could be stored at —80 °C for up
to 6 months without loss of activity. In vitro assembly reactions
were performed with HPLC-purified PCB**" in TKKG buffer
without added reductant. For assembly reactions, apoproteins
were diluted in freshly prepared buffer to a concentration of
12—25 pyM in a final volume of 1 mL. PCB was added from a 1
mM stock in DMSO such that the apoprotein was present in
1.2—1.3-fold excess (10—20 nmol). The presence of covalently
attached chromophore following dialysis was determined by
SDS-PAGE and zinc blotting as described above.

B RESULTS

Defining the DXCF CBCR Subfamily in N. punctiforme.
DXCF CBCRs contain conserved motifs around both Cys
residues as well as other sequence characteristics in the first,
fifth, and sixth beta strands of the GAF domain that distinguish
them from the red/green’® and green/red’** CBCR
subfamilies (Figure S2). To identify members of the DXCF
subfamily in N. punctiforme (Figure 2), we used repeated
BLAST®® searches against the N. punctiforme genome. We
identified 15 candidate domains containing both Cys residues,
two domains containing only the DXCF Cys, and one other
closely related domain lacking both Cys residues but still
containing other sequence elements of the DXCF CBCRs
(NpF1883g1”, Figure S2). To define the functional DXCF
CBCRs of N. punctiforme, we cloned all 18 isolated GAF
domains (Table S1) as intein-CBD fusion froteins for
expression in E. coli engineered to produce PCB.

This biological relevance of this approach assumes that the
recombinant proteins will be comparable to cyanobacterially
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Figure 2. Domain structures of DXCF proteins in this study. Proteins
from N. punctiforme are shown at the top, and two CBCRs from
Thermosynechococcus elongatus also used in this study are shown at the
bottom. All DXCF CBCRs examined in this study are outlined in thick
black lines and color-coded by photocycle. The polygon below the
GAF domain represents the bilin (blue, PCB; pink, PVB; blue/pink
mix, PCB/PVB mix). NpR3572, a CBCR that failed to express, is left
outlined with a “?” for the bilin. GAF domains that fail to bind bilin but
that are related to DXCF CBCRs are shown in black with dashed gray
outline, and undescribed CBCR GAF domains are in gray with dashed
black outline. The insert-Cys CBCR NpR1597g2 (UB1*®) is not
outlined and is faintly colored. Putative transmembrane helices are
shown in dark gray. REC domains, MA-MCP domains, and His kinase
domains (indicated by H-ATP) are involved in two-component
signaling pathways. GGDEF domains are involved in metabolism of
the bacterial second messenger cyclic-di-GMP.

produced ones, that isolated GAF domains will reproduce the
behavior of the same domain in full-length sensors, and that
PCB is the correct chromophore precursor. Recombinant
expression in E. coli has been shown to yield CBCRs with
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comparable photochemical behavior to cyanobacterially ex-
pressed proteins,>*"*%* so this approach should provide
accurate information about the intrinsic photochemical
behavior of the isolated domains. While the effects of
truncations or of possible cyanobacterial interacting proteins
are harder to generalize, multiple CBCRs have been expressed
as isolated GAF domains without changing their photochemical
properties.”?%* Moreover, we have confirmed that the
photochemical properties and chromophore composition of
the DXCF CBCR TIr0924>* are not significantly different when
expressed as part of the full-length protein, as the CBCR GAF
domain alone or in tandem with the adjacent GGDEF output
domain (Figure S4). We therefore use the isolated TIr0924
CBCR (designated TIr0924 hereafter) in the present studies.

CBCRs characterized after cyanobacterial expression invar-
iably contain PCB or PVB chromophores rather than the more
oxidized bilins, phytochromobilin (P®B) or biliverdin.*”**>>*
The conservation of the “first Cys” residue in CBCRs is
consistent with the known A-ring thioether linkages of PCB or
POB in plant and cyanobacterial phytochromes (Figure
$2'7°%). 1t is thus a reasonable assumption that CBCRs will
utilize PCB as authentic chromophore precursor. While P®B
might also be expected to bind to CBCRs, as it shares the
ethylidene moiety of PCB and differs only in the more oxidized
18-vinyl side chain (Figure S1A), it is not normally present in
cyanobacteria. Coexpression of five DXCF CBCRs with POB
in E. coli*® all resulted in formation of stable bilin adducts
(Figure S3A). One of these, TIr0924, was also tested for its
ability to incorporate phycoerythrobilin (PEB), a PCB isomer
that lacks the 15,16-double bond (Figure S1A). In this case,
PEB was poorly incorporated and no photochemical activity
could be detected (Figure S3). Similar results were obtained
with the CBCR NpF2164¢3 (Figure S3), a member of the
other CBCR subfamily known to use dual-Cys photocycles.”®
Taken together, these experiments indicate that the 15,16-
double bond is important not only for CBCR photoconversion,
as is the case in phytochromes,” but also for bilin binding.
These pilot experiments indicate that our survey of DXCF
CBCRs of N. punctiforme will provide insight into this
photosensor subfamily.

Out of 18 targets (Figure 2), only one candidate domain,
NpR3572, failed to express a stable protein (data not shown).
The three proteins that lacked the first Cys (NpF1883¢l,
NpF2854g4, and NpR6125) all failed to bind detectable bilin
(Figures S3 and SSA). Another protein, NpF6362, exhibited a
blue-absorbing state with complex photochromic behavior
(Figure SSB). Unfortunately, it proved thermally unstable, with
rapid aggregation occurring even on ice (Figure SSC). We
therefore focused on the remaining 13 proteins, which all
formed stable PCB adducts (Figure S3A and data not shown).
These 13 photoreceptors constitute the largest set of DXCF
CBCRs characterized to date and provide valuable new insights
into the flexibility of this CBCR subfamily.

DXCF CBCRs with Overlapping Photostates. Two of
the DXCF CBCRs from N. punctiforme are found in tandem
with red/far-red phytochromes of the knotless Cph2 subfamily:
NpRS5313g2 and NpAF142g3. One of these, NpAF142g3,
exhibited a blue-absorbing dark state as expected (Figure 3A).
NpRS5313g2 did not and will be discussed subsequently.
Iumination of the NpAF142g3 blue-absorbing dark state
with violet light (400 = 35 nm) resulted in modest bleaching
and in formation of a small amount of green-absorbing
photoproduct (Figure 3A and Table 1). In addition to this
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Figure 3. DXCF CBCRs exhibiting overlapped photostates. (A)
Absorbance spectra of native NpAF142¢3 in the 15Z ground and 1SE
photoproduct states (blue and orange, respectively). (B) Forward
(blue) and reverse (orange) difference spectra of native NpAF142g3.
(C) Absorbance spectra of native NpR1060, using the color scheme of
panel A. (D) Forward (blue) and reverse (orange) difference spectra
of native NpR1060. (E) Absorbance spectra of native NpF1000, using
the color scheme of panel A. (F) Forward (blue) and reverse (orange)
photochemical difference spectra and dark reversion difference
spectrum (dark red) for native NpF1000. As shown in panel B,
difference spectra are calculated as (1SZ — ISE).

photoproduct, the native photochemical difference spectrum
showed negative shoulders (1SE photoproduct) on either side
of the positive 15Z peak (Figure 3B). These shoulders raised
the possibility of a second photoproduct population over-
lapping the dark-state absorption. Such shoulders were not seen
in CBCRs with more efficient photoproduct formation (see
below). Green light (550 + 35 nm) resulted in nearly complete
reverse photoconversion of NpAF142¢g3 (Figure 3B and Table
2). We next used the photochemistry of the acid-denatured
photoproduct®® to identify the bilin composition of
NpAF142¢3 (Figure SSD). As in the DXCF CBCRs TePixJ>”
and UirS,” two 15Z peaks were identified at wavelengths
corresponding to PCB and PVB (Figure SSE and Table 1),
indicating the presence of a mixture of PCB and PVB in the
photoproduct.

Two other CBCRs, NpR1060 and NpF1000, exhibited
photocycles that were qualitatively similar to that of
NpAF142g3. NpR1060 exhibited only a very modest bleaching
of the blue-absorbing dark state and no apparent photoproduct
at longer wavelengths (Figures 3C,D). Surprisingly, it was
nevertheless possible to regenerate the dark state efficiently
with green light (Figure 3D and Table 2). Regeneration of the
dark state by green light implicates either a green-absorbing
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photoproduct with a very low extinction coefficient or an
equilibrium between a green-absorbing state and a second
photoproduct state overlapping the dark-state absorption.
Denaturation analysis demonstrated the presence of only
PCB in NpR1060 (Figure SSF), with the caveat that unstable
species would not be detected in this assay. NpF1000 also
exhibited modest loss of the dark state absorbance with
formation of only a trace amount of green-absorbing photo-
product (Figures 3E,F). However, photoconversion proved
surprisingly efficient, as denatured photoproduct spectra were
comparable to those of the red/far-red phytochrome Cphl
(Figures SSG and SSH). This result was again consistent with
either low photoproduct extinction coefficient or overlapping
dark-state and photoproduct absorption. Like NpR1060, only
PCB was present in NpF1000 (Figure SSI). For NpF1000,
significant thermal relaxation of the photoproduct (dark
reversion) was observed. Interestingly, the difference spectrum
for dark reversion was distinct from that of the forward reaction
in that it failed to show depletion of the green-absorbing
population (Figure 3F). Reverse photoconversion of the
residual photoproduct after dark reversion could be driven by
green light, yet the difference spectrum was distinct from both
forward photoconversion and dark reversion (Figure 3F).
These data indicate that NpF1000 exhibits heterogeneity in
both photostates. Moreover, the dark reversion of NpF1000
confirms the presence of a blue-absorbing 1SE population
because 15Z chromophore is regenerated during dark reversion
without loss of the green-absorbing photoproduct (Figure 3F).
A similar explanation likely accounts for the behavior of
NpAF142g3 and NpR1060.

PVB Formation Is a Mechanism for Photoproduct
Tuning. Examination of other N. punctiforme DXCF CBCRs
revealed an awesome diversity of photocycles. Surprisingly, only
NpR2903 exhibited the blue/green photocycle (Figure 4A) and
a mixture of PCB and PVB (Figure 4B) previously described
for TePixJ*> and UirS/SIr1212.>"*" NpRS113g3 and
NpR1597gl also possessed the expected blue-absorbing dark
state (Figures 4C,D); however, photoconversion gave rise to a
narrow photoproduct peak at 490—500 nm, in the teal® region
of the visible spectrum. The spectrum of this photoproduct was
similar to those of the a-phycoerythrocyanin (a-PEC)
photoproduct®®” and of phycourobilin.***® The extinction
coefficients of these teal-absorbing photoproducts could also be
much higher than those for other states (Table S2), again
reminiscent of the higher extinction coefficient of phycour-
obilin.>* Denaturation analysis did not show the presence of
phycourobilin in these proteins (Figure 4), although the
possibility of a labile “urobilinoid” adduct cannot be dismissed.
Still other DXCF CBCRs yielded red-shifted photoproducts.
For example, both NpF6001 and NpF4973 exhibited blue-
absorbing dark states, but illumination yielded photoproducts
that absorbed yellow to orange light (Figures 4E,F). Analysis of
the photochemistry of denatured photoproducts revealed a
primary reason for this photoproduct diversity: NpR2903 uses
a mix of PCB and PVB, NpR5113g3 and NpR1597¢g1 use only
PVB, and NpF6001 and NpF4973 use only PCB (Figure 4B
and Table 1). These results thus indicate that the teal-absorbing
photoproduct state of NpR1597g1 and NpR5113g3 is either a
blue-shifted 1SE PVB or a labile species that collapses to 1SE
PVB upon denaturation. The five CBCRs described in this
section all share blue-absorbing dark states yet have distinct
photoproduct states (Figure 4), revealing that the extent to
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Figure 4. PVB formation allows spectral tuning of DXCF CBCRs. (A)
Absorbance spectra are shown for native NpR2903 in the 15Z ground
and ISE photoproduct states (blue and orange, respectively). (B)
Photochemical difference spectra are shown for denatured ISE
NpR2903 (green, PCB/PVB mix), NpF6001 (blue, PCB chromo-
phore), and NpR1597gl (pink, PVB chromophore). (C) Native
absorbance spectra are shown for NpR5113g3, using the color coding
of panel A. (D) Equivalent spectra are shown for native NpR1597g1.
(E) Equivalent spectra are shown for native NpF6001. (F) Equivalent
spectra are shown for native NpF4973. (G) Photochemical difference
spectra are shown for native NpR2903 (green), NpF4973 (blue), and
NpRS113¢3 (pink). (H) Normalized absorbance spectra are shown for
the teal-absorbing ISE photoproduct states of NpRS5113gl (red),
NpR1597g1 (blue), NpRS113g3 (green), and NpF1883g3 (violet).
Difference spectra are reported as (1SZ — 1SE).

which individual CBCRs form PVB or retain PCB is a powerful
mechanism for photoproduct spectral tuning.
Photochemically Separable PCB and PVB Populations
in Native DXCF CBCRs. In addition to NpF1883gl, which
does not bind bilin, the protein encoded by the NpF1883 locus
contains three DXCF CBCRs (Figure 2). All three of these
proteins had blue-absorbing dark states that photoconverted
under violet light (400 + 35 nm) to give teal-absorbing product
states with pronounced long-wavelength shoulders (Figure S).
Such shoulders were not seen in other teal-absorbing cases
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Figure S. Sequential photoconversion of DXCF CBCRs with PCB/
PVB mixes. (A) Absorbance spectra are shown for native NpF1883g3
in the dark-adapted 15Z dark state (black) and after violet illumination
(400 + 3S nm, purple), subsequent orange illumination (600 + 20
nm, orange), and final teal illumination (500 + 20 nm, green). (B)
Native difference spectra are shown for the reverse photoconversion of
the PCB population (400—600 nm, blue) and PVB population (600—
500 nm, pink) of NpF1883g3. (C) Absorbance spectra are shown for
native NpF1883g2 in the same sequence as panel A. (D) Difference
spectra are shown for the native PCB and PVB populations of
NpF1883g2, using the approach and color scheme of panel B. (E)
Absorbance spectra are shown for native NpF1883g4 in the same
sequence as panel A. (F) Difference spectra are shown for the native
PCB and PVB populations of NpF1883g4, using the approach and
color scheme of panel B. (G) Absorbance spectra are shown for
TIr0924 in the 15Z dark state (black), after violet illumination
(purple), red illumination (670 + 20 nm, orange), and final green
illumination (550 + 35 nm, green). (H) Native difference spectra are
shown for the reverse photoconversion of the PCB population (400—
670 nm, blue) and PVB population (670—550 nm, pink) of T1r0924.
Difference spectra are reported as (1SZ — 1SE).

(Figure 4H). Denaturation analysis revealed that all three
proteins contained mixed bilin populations (Figure S6A and
Table 1), again in contrast to the other teal cases.

We therefore considered the possibility that the long-
wavelength shoulders in these three domains might represent
the PCB component of the photoproduct population.
Ilumination of the long-wavelength edge of the photoproduct
absorbance in NpF1883g3 with orange light (600 + 20 nm)
resulted in specific depletion of the shoulder and regeneration
of a blue-absorbing state (Figure SA and Figure S6B).
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Photochemical analysis under denaturing conditions after
illumination with 600 nm light revealed that the photoproduct
obtained upon orange illumination no longer contained ISE
PCB and that only ISE PVB remained (Figure S6A). Moreover,
a sequential difference spectrum calculated from aliquots
denatured after 400 nm and then 600 nm illumination proved
equivalent to a denatured photochemical difference spectrum
for PCB (Figure S6C). Subsequent illumination of the 600 nm
photoproduct with teal light (500 + 20 nm) resulted in
depletion of residual photoproduct and regeneration of
additional blue-absorbing dark state (Figure SA). The differ-
ence spectrum calculated from denatured 600 and 500 nm
photoproduct spectra was consistent with photoconversion of
PVB, not PCB (Figure S6C). These studies show that orange
light specifically photoconverted ISE PCB to 15Z PCB in the
native protein with little to no photoconversion of the 1SE PVB
population. Subsequent irradiation with teal light effected
photoconversion of the ISE PVB population to 15Z. This
sequential reverse photoconversion permitted calculation of
difference spectra for both native PCB and PVB populations
(Figure SB), revealing the presence of nearly identical 15Z
blue-absorbing dark states for the two bilin populations.

A similar approach was used for the other two CBCR
domains from the NpF1883 locus. In NpF1883g2, the PCB
population was nearly resolved as a separate peak in the 400 nm
photoproduct spectrum (Figure SC). Sequential conversion
again gave PCB and PVB populations with similar dark-state
absorption (Figure SD). NpF1883g4 was less efficient at
chromophore incorporation (Table 2), but the sequential
conversion assay was still effective (Figure SE). Similar dark-
state absorption spectra were again seen with the two bilins
(Figure SF), albeit with a slight red shift for the PCB
population (Table 1). The PVB photoproducts of all three
proteins were spectrally similar, while the PCB photoproducts
exhibited slight differences in line shape (Figure S).

The ability to resolve native PCB and PVB populations by
sequential conversion prompted us to reexamine TIr0924.”*
Forward photoconversion of TIr0924 showed heterogeneity,
with appearance of a long-wavelength photoproduct at later
times (Figure S6D). Moreover, illumination of the long-
wavelength edge of the photoproduct mixture with red light
(670 + 20 nm) resulted in partial, wavelength-specific
depletion of the photoproduct band (Figure S6E). Sequential
denatured difference spectra confirmed specific photoconver-
sion of 1SE PCB by 670 nm light (Figure S6F), and
photochemical difference spectra obtained with samples
denatured after 400 nm and then 670 nm light confirmed the
depletion of 1SE PCB by red light (Figure S6G). It was thus
possible to utilize the sequential conversion assay on TIr0924
(Figure SG). The blue-absorbing 15Z transitions of both bilin
populations were similar, while the PCB photoproduct
displayed the expected red-shift relative to the PVB population
(Figure SH).

Interestingly, not all DXCF CBCRs with mixed bilin
populations were amenable to sequential conversion. Reverse
photoconversion of NpR2903 with green (550 + 35 nm) or
orange (600 =+ 20 nm) light did not selectively convert the PCB
population (Figure S6H and data not shown). Teal illumination
(500 = 20 nm) gave specific conversion of the PVB population
at short times (Figure S6H), but longer times resulted in loss of
selectivity before completion. Similarly, sequential reverse
photoconversion of TePix] failed: red light (670 = 20 nm)
did not cause photoconversion, while orange light resulted in
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rapid conversion of both the main population and the long-
wavelength shoulder (Figure S6I). We do not currently
understand the protein—chromophore interactions that deter-
mine whether a given DXCF CBCR will allow sequential
conversion or not, but it is known that the 1SE PCB population
of TePix] is less photoactive than the ISE PVB population.®
Proteins could fail to exhibit specific conversion of PCB on a
time scale of minutes in such a case.

It is also possible that proteins which fail to exhibit sequential
conversion contain a labile chromophore. If this labile bilin
resolved to PCB upon denaturation but spectrally overlapped
the PVB population in the native protein, then there would be
no selective excitation of one chromophore population and no
sequential conversion. Formation of PVB from PCB has been
proposed to proceed via initial formation of a C10 thiol adduct,
followed by attack at the ethylidene moiety with concerted C10
elimination and C$ saturation.”® By contrast, PVB formation in
TePixJ*>° and TIr0924 (see below) occurs after thioether
formation to both the A-ring ethylidene and the C10 methine
bridge. Therefore, there must be a slightly different mechanism
in the DXCF CBCRs. We propose that this mechanism
involves a 3,4-unsaturated intermediate (isophycoviolobilin or
iPVB: Figure S1B). In DXCF CBCRs, we envisage that both
covalent linkages remain stable during isomerization, with
unidentified amino acids serving as general base catalysts
(Figure S1B). Acid denaturation of iPVB could give rise to
PCB, but iPVB would mimic PVB in the native protein. Thus,
iPVB is a candidate for such a labile chromophore. Never-
theless, it is clear that DXCF CBCRs can contain mixed bilins
and that the mixture of bilins that occurs in some proteins can
be detected without denaturation by the sequential conversion
method. These data thus provide unequivocal evidence for the
presence of photoactive PCB and PVB populations in the
native protein in multiple members of the DXCF CBCR
subfamily.

PVB Formation Is a Reversible Equilibrium Process.
The sequential conversion assay allowed us to validate several
assays for measuring the PVB:PCB ratio in these proteins
(Table S3; additional details are presented in the Materials and
Methods). The extent to which PVB formation occurred varied
among the different proteins with mixed populations (Table 2).
We also examined changes in bilin composition over time for
two examples with good thermal stability, TIr0924 and
NpF1883g3. TIr0924 displayed changes in total bilin
composition when incubated in the dark (Figure 6A).
Moreover, PVB formation proceeded more readily when
TIr0924 was incubated in the ISE state than in the 15Z state
(Figure 6A). The residual 1SE population had even higher PVB
content (Figure S7A), indicating that dark reversion is slower
for 1SE PVB than for 1SE PCB in TIr0924. Interestingly, the
total PVB content of NpF1883g3 did not continue to climb to
higher values over time. Instead, the sample incubated in the
15E photostate rapidly reached a steady-state level, while that
incubated in the 15Z photostate decreased slowly (Figure 6B).
The PCB population again exhibited faster dark reversion
(Figure S7A), but this effect was less pronounced than in
TIr0924. No significant change in chromophore content
occurred during this incubation (Figure S7B). Therefore, the
decrease in PVB:PCB ratio in 15Z NpF1883g3 indicates that
PVB and PCB are in a reversible equilibrium that is only slowly
achieved. For PVB to be in excess in the 15Z incubation, such
that PCB is regenerated, also implies that the equilibrium is
shifted in the two photostates, with the 1SE photostate favoring
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Figure 6. PVB formation is a dynamic equilibrium process. (A)
T1r0924 purified as holoprotein was incubated in darkness in the 15Z
(blue) or 1SE (orange) states for approximately 0, 22, 45, and 70 h
(filled circles), and the ratio of PVB:PCB was measured by fitting the
denatured 15Z spectra as described (assay #4, Table S3). Kinetic data
were fit by linear regression (15Z) or to a single-exponential function
(1SE). (B) NpF1883g3 purified as holoprotein was characterized as in
panel A. Data from both photostates were fit to single exponential
functions. (C) Thermal and photochemical equilibria inferred from
panel B. (D) Full width at half-maximum bandwidth is plotted versus
peak wavelength for DXCF CBCRs in which the long-wavelength
transitions could be cleanly resolved from dark-state populations or
other species. 15Z transitions are in blue, I1SE transitions are in orange,
and ISE PVB populations from the NpF1883 locus are highlighted
with black diamonds.

PVB relative to the 15Z photostate (Figure 6C). In such a case,
incidental formation of the 1SE photostate during expression or
purification would result in formation of more PVB than would
form were the protein maintained in the I5Z photostate.
Photoconversion to 15Z would effectively create an “excess”
PVB population that would equilibrate to PCB, as we have
observed. The CBCR domains from the NpF1883 locus are the
only examples in which a peak absorption in the teal is not
associated with an anomalously narrow line width for the
absorption peak (Figure 6D). We propose that incomplete PVB
formation might serve as a strategy for spectral broadening in
this class of DXCF CBCRs.

DXCF CBCRs with Green-Absorbing Dark States. Two
CBCRs from N. punctiforme did not exhibit the expected dark-
state absorption in the blue to violet region of the spectrum:
NpRS5113gl and NpRS5313g2. NpRS113gl exhibited a green/
teal photocycle surprisingly similar to that of @-PEC (Figure
7A). The teal-absorbing photoproduct state of this protein was
very similar to those of the blue/teal sensors NpR1597gl and
NpRS113g3 (Figure 4H). NpR1597gl also displayed an
additional smaller peak in the blue to violet region, implicating
the presence of a stable I1SE bilin population with an intact
second linkage (Figure 1), as has been proposed for TIr0924.>*
Denaturation analysis confirmed the presence of PVB in
NpRS113g1 (Figure 7B), consistent with its similarity to a-
PEC.5657

NpR5313g2 also exhibited a green-absorbing dark state
(Figure 7C) with notable similarity to the green/red CBCR
CcaS>** Like CcaS, NpR5313g2 contains PCB rather than
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Figure 7. DXCF CBCRs with atypical dark states. (A) Absorbance
spectra are shown for native NpRS113gl in the ground (blue) and
photoproduct (orange) states. (B) Photochemical difference spectra
are shown for denatured NpR5313g2 (blue) and NpRS113g1 (pink).
(C) Absorbance spectra are shown for native NpR5313g2, using the
color scheme of panel A. (D) Photochemical difference spectra are
shown for native NpRS313g2 (blue) and NpRS113gl (pink), using
the color scheme of panel B. Difference spectra are reported as (15Z —
1SE).

PVB (Figure 7B). However, photoconversion of this state did
not yield the red-absorbing photoproduct seen in CcaS, but a
blue-absorbing photoproduct. The native photochemical differ-
ence spectrum failed to show any 1SE product in the region
between 630 and 700 nm (Figure 7D), confirming that
NpRS5313g2 exhibits a novel green/blue photocycle. Thus,
spectral tuning occurs for both 15Z and 1SE states of DXCF
CBCRs, which helps this family span a broad range between the
near-UV and red regions of the visible spectrum.
Photochemical Activity Precedes PVB Formation. In
TePix], it is known that a photoactive blue-absorbing dark state
appears before any detectable PVB formation occurs.*®
Similarly, we found that T1r0924 forms a covalently attached
blue-absorbing state rapidly upon in vitro assembly with PCB
(Figures 8A and Figure S3A). This state could reversibly
photoconvert to an orange-absorbing photoproduct, and
denaturation analysis detected no PVB (Figure 8B). Incubation
in darkness in the ISE state resulted in substantial PVB
formation (Figure 8C), which was confirmed by sequential
conversion (Figure 8D). PVB formation was much slower in
the 15Z state (Figure S7C). The native difference spectrum for
the PCB population did not change over time and was almost
identical to that for the PCB population in coexpressed T1r0924
(Figure 8E). Similarly, difference spectra for the PVB
populations formed during coexpression and after in vitro
assembly showed no significant differences (Figure 8F). The
PCB population has a secondary 15Z peak at ~320 nm evident
in the native PCB difference spectra but absent in the PVB
difference spectra (Figures 8E,F). In the presence of the second
linkage to C10 (Figure 1), the conjugated 7 system of the bilin
is split in two. The 7 system associated with the A- and B-rings
would be substantially blue-shifted upon PVB formation,
consistent with assignment of this 320 nm band as the first
electronic transition of the AB chromophore system in the PCB
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Figure 8. Photoconversion precedes PVB formation in TIr0924. (A)
Absorbance spectra are shown for TIr0924 after in vitro assembly (2
min) in the 1SZ dark state (blue) and the ISE photoproduct state
(orange). (B) The denatured photochemical difference spectrum is
shown for the photoproduct in panel A. (C) Sequential conversion of
TIr0924 after in vitro assembly with PCB, photoconversion to the I1SE
state, and 72 h incubation in the dark. Spectra are shown for sequential
violet, red, and green illumination (400 + 35, 670 = 20, and 550 + 35
nm, respectively). (D) Native difference spectra are shown for the
PCB and PVB populations from panel C. (E) Normalized native
difference spectra are shown for the PCB population of TIr0924 after
coexpression with PCB biosynthetic machinery in E. coli (green), 2
min in vitro assembly (blue circles, no significant difference), and 72 h
in vitro assembly (red circles, no significant difference). (F)
Normalized native difference spectra are shown for the PVB
population of TIr0924 after coexpression (green) and 72 h in vitro
assembly (red circles, no significant difference).

population (Figure 1). Such an assignment would also indicate
that native TIr0924 contains PCB and not a labile 4,5-saturated
species that resolves to PCB upon denaturation. These results
demonstrate that TIr0924 exhibits a robust blue-orange
photocycle before any PVB is formed and implicate a
photoactive PCB population retaining the 4,5-double bond.
We next used a similar approach to study PVB formation in
NpRS5113gl1, which lacks the blue-absorbing state and instead
exhibits a green/teal photocycle (see above). In vitro assembly
of apo-NpR5113g1 with PCB resulted in rapid formation of a
red-absorbing state that converted to the green-absorbing dark
state over several days without accumulation of a blue-
absorbing population (Figure 9A, red trace). Denaturation of
aliquots taken over the course of this reaction confirmed the
formation of PVB (Figure 9B). Red illumination (650 + 20
nm) of the initial PCB adduct S min after addition of PCB to
NpRS5113g1 apoprotein resulted in photoconversion to a green-
absorbing photoproduct that was red-shifted relative to the teal-
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Figure 9. PVB formation requires the DXCF Cys. (A) NpRS5113gl
apoprotein was assembled with PCB in vitro followed by incubation in
the dark. Absorbance spectra show progressive conversion of PCB to
PVB (time 0, red; approximately 3, 12, 24, 48, 72 h orange, yellow,
light green, light blue, and dark blue, respectively). Dashed black, free
PCB in the same buffer at the same concentration. (B) Absorbance
spectra are shown for aliquots removed from a replicate in vitro
assembly and denatured at the indicated times, confirming formation
of 15Z PVB. (C) Photochemical difference spectra are shown for
native NpRS113g1 containing PCB (blue, S min. in vitro assembly) or
PVB (pink, the same sample after overnight incubation). (D) The
absorbance spectrum is shown for native CogA NpRS113gl. (E) The
photochemical difference spectrum is shown for native CggA
NpRS113g1 after illumination with red light. (F) Absorbance spectra
are shown for CgA NpRS113gl immediately after denaturation
(orange: predominantly 1SE PCB) and after subsequent illumination
with white light (blue: 15Z PCB). Little to no PVB could be detected.

absorbing PVB photoproduct observed after overnight
incubation of the same sample (Figure 9C) and also observed
in preparations purified as holoprotein (see above). These
results demonstrate that DXCF CBCRs rapidly form photo-
active PCB adducts prior to the appearance of PVB.

PVB Formation Requires the DXCF Cys Residue. In
both TIr0924 and TePix], mutagenesis of the DXCF Cys
residue ablates formation of the blue-absorbing dark state and
isomerization to PVB.***® It was thus not possible to assess the
role of the DXCF Cys residue in PVB formation in these
proteins, as it occurs after formation of the blue-absorbing dark
state. We therefore used the green/teal CBCR NpR5113¢g1 to
address this question. CggA mutant NpRS113gl exhibited a
broad, complex absorption in the red to green region of the
spectrum (Figure 9D). Illumination of this species with red
(650 + 20 nm) or green (550 + 35 nm) light resulted in only
slight absorbance changes (Figure 9E and data not shown), but
the difference spectra resembled those seen with the PCB
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population of wild-type NpRS113gl (compare Figures 9C,E).
Denaturation revealed the presence of substantial amounts of
ISE PCB within the mixed population (Figure 9F), with
formation of little to no PVB (compare Figures 9B,F).
Accumulation of 1SE PCB could either arise due to purification
under green light or could indicate thermal formation of 1SE
bilin, as can occur in bacteriophytochromes.59 These data thus
demonstrate that the DXCF Cys residue is required for efficient
PVB formation even in the absence of a blue-absorbing dark
state.

B DISCUSSION

In this work, we have surveyed the complete DXCF subfamily
of CBCR photosensors in N. punctiforme. Out of 18 total
targets, only one failed to express upon recombinant expression
in E. coli with coexpression of PCB biosynthetic machinery.
Fourteen of the 17 expressed proteins contained the two
conserved Cys residues of the DXCF subfamily and bound
PCB, including 13 stable photoproteins. These 14 photoactive
domains are derived from 11 open reading frames. Seven of the
11 putative photoreceptor genes are known to be devel-
opmentally regulated under lab conditions,**~®> and an eighth
was detected in the soluble proteome of vegetative N.
punctiforme cells.® It thus seems likely that these CBCRs are
part of a complex cohort of photoreceptors in this organism,
implying that phenotypic analysis of photoreceptor mutants
may prove complicated. Subcellular localization of these
proteins will also be necessary to understand their roles in
photobiology. A polar localization has been reported for at least
one putative cyanobacterial photosensor.** Were this pattern to
prove general, it would allow such proteins to carry out their
photosensory functions without interference from light-harvest-
ing pigments.

Our results confirm that the GAF domain alone is sufficient
for a functional CBCR photocycle and document the versatility
of this dual-Cys CBCR subfamily in spanning the visible
spectrum. None of these proteins were found to contain
biliverdin, which is produced as an intermediate in the
biosynthesis of PCB from heme,** and we have shown that
multiple CBCRs bind PEB only poorly. As the N. punctiforme
genome encodes the enzymes necessary for production of
biliverdin, PCB, and PEB, it is likely that PCB is the authentic
chromophore precursor for these proteins and probably for the
majority of CBCRs in general.

Previous examination of DXCF CBCRs has only revealed
dark states ranging from the near-UV to the blue region of the
electromagnetic spectrum and photoproducts in the green to
yellow.?*#727223L41 Oy studies demonstrate that DXCF
CBCRs exhibit astonishing diversity. We have found examples
of photoproduct absorbance in the teal to orange region, green-
absorbing dark states, and even a “reverse” green/blue
photocycle. Our studies reveal that the ability of DXCF
CBCRs to form PVB or retain PCB is a powerful means for
tuning the photoproduct absorption without shifting the dark-
state absorption (Figure 4G). While quite broad, the spectral
coverage of DXCF CBCRs in N. punctiforme has a gap at ~450
nm. This spectral gap is well complemented by insert-Cys
CBCRs with photoproducts that absorb maximally in this
region.”> Dual-Cys photosensors of the phytochrome super-
family thus provide complete coverage of the visible and near-
UV spectrum (Figure S8). DXCF and insert-Cys CBCRs use
different strategies for spectral tuning, as insert-Cys CBCRs
vary the stability of the second linkage rather than using PVB

1459

formation.”® It is thus conceivable that various physiological
signals could differentially influence the light sensing ability of
one subfamily of dual-Cys CBCRs, allowing integration of the
light environment with metabolic cues such as pH, redox
potential, or free thiol concentration at the level of the
photosensor itself.

We have characterized multiple examples of apparently
inefficient photosensors with little to no apparent photoproduct
formation in native samples (Figure 3). Such photocycles
exhibit obvious similarity to that of SyCikA.*’ Indeed, the
closest relative of SyCikA in N. punctiforme is NpF1000 (Figure
S$2). In this protein, we have demonstrated the presence of a
blue-absorbing photoproduct population that strongly overlaps
the dark-state absorption (Figure 3). It seems plausible that
other such proteins with overlapped dark-state and photo-
product populations could have evolved via stabilization of the
second linkage in the ISE state (Figure 1). Such a model could
also explain the surprising reverse photoconversion of
NpR1060 with green light despite the apparent lack of a
green-absorbing photoproduct (Figure 3): were a green-
absorbing population to be in equilibrium with such a cryptic
photoproduct, green light would slowly deplete that photo-
product and provide efficient, specific reverse photoconversion.
Forward photoconversion in such cases must reflect formation
of a photoequilibrium between the 15Z and 1SE blue-absorbing
photostates that favors the ISE state. Efficient forward
photoconversion in NpF1000 and NpAF142¢3 (Figure S4)
therefore must result from poor reverse photochemistry. Such
overlapped cases can still undergo PVB formation, because
NpAF142¢3 contains a mix of PCB and PVB adducts (Figure
S4).

Conversion of PCB into PVB requires saturation of the 4,5-
double bond of PCB and desaturation of the 2,3-single bond
(Figure S1A). As such, it is properly viewed as an isomerization
reaction, perhaps proceeding via an iPVB intermediate (Figure
S1B). PVB formation in TePix] and UirS/PixA is complete
upon expression in S%/nechocystis but incomplete upon
expression in E. coli>>* Our work shows that this isomer-
ization is a spontaneous process that can still be incomplete
after purification. We also show that this isomerization
equilibrium can differ between 1SZ and ISE states (Figure
6). Hence, the extent of PVB formation in a given protein
preparation reflects both light exposure during purification and
the elapsed time between induction of expression and
completed purification. These results imply that cyanobacterial
expression systems are much more likely to exhibit complete
isomerization due to their longer growth periods in the
presence of light. They further imply prep-to-prep variation for
a given protein. Specific protein—chromophore interactions of
individual CBCRs can also have a profound effect on the rate of
PVB formation. Blue/teal cases are able to complete the
reaction during expression in E. coli. Blue/yellow and blue/
orange cases, which do not form PVB at all on the same time
scale, seem likely not to do so in cyanobacteria either.

We have demonstrated that at least one DXCF CBCR,
NpF1883g3, maintains a mixture of PVB and PCB in dynamic
equilibrium over time (Figure 6B). As an intrinsic thermody-
namic property of the protein, this is likely to hold true within
the cyanobacterial cell as well, unless there are specific factors in
the cyanobacterial cell that alter this equilibrium. While lyases
perform such a function in assembly of phycobiliproteins, this is
a different situation: phycobiliproteins are not able to
incorporate bilin without lyases, and the lyase determines the
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final identity of the bilin incorporated into the phycobilipro-
tein.’*%” Phytochromes and CBCRs do not need such
accessory proteins because they are able to self-assemble with
bilin chromophores. The selective advantage conferred by
maintaining a stable mixture of chromophores in a CBCR over
several days is not currently clear. However, it is interesting to
note that NpF1883g3 and its closest relatives have a unique
combination of teal peak absorbance and broad peak width
(Figures 4F and 6D). It thus is possible that maintaining a
mixture of PCB and PVB populations allows a photosensor
with both high sensitivity in the teal region of the spectrum and
sensitivity to green or orange light. Combining such a sensor
with narrower or partially overlapping responses from other
CBCRs could potentially allow very fine distinctions to be
made in color sensing in the green region of the spectrum, an
important band for light harvesting and complementary
chromatic acclimation in cyanobacteria.®®

Our studies also provide new insights into the photocycles of
DXCF CBCRs. We have confirmed that formation of the blue-
absorbing dark state precedes PVB formation and have
established the presence of PCB and PVB mixtures in native
samples. Neither of these observations is consistent with a
stable second linkage at CS, as has been proposed for TePix].*
In DXCF CBCRs with photoactive PVB, photochemistry
cannot occur at CS. Denaturation analysis clearly demonstrates
that the primary photochemistry in such proteins is equivalent
to that in a-PEC, which is photoisomerization of the 15,16-
double bond (this work and refs 27, 35, 56, 57, and 69).
Equivalent blue-absorbing dark states are seen with the PCB
and PVB populations of the same protein (Figure S and Table
1), demonstrating that the CS methine bridge is not part of the
conjugated system in the blue-absorbing 15Z state. By contrast,
ISE PCB populations are consistently red-shifted relative to
ISE PVB populations in mixed cases amenable to sequential
conversion (Figure S and Table 1). This result indicates that
the CS methine bridge is part of the conjugated system in the
ISE photostate. These data clearly demonstrate that there is a
change in the conjugation of the methine bridges upon
photoconversion. This change in conjugation cannot occur at
C15 (the site of primary photochemistry) or CS (the site of
PVB formation), so it must occur at C10. This implicates
cleavage of a C10 adduct in the photoproduct state to yield
blue/teal, blue/green, and blue/orange photocycles, as shown
in Figure 1. In cases with mixed bilins, the PCB and PVB
populations are capable of following parallel cycles (Figure S9),
but the key point of the photocycle remains the same: light-
regulated second linkage formation at CI10.

This model cannot explain the anomalous green/teal and
green/blue photocycles that this study has revealed (Figure 7).
In NpR5113gl, the chromophore is PVB and the green/teal
photocycle closely resembles that of a-PEC.>**” NpR5113gl is
thus likely to have a photocycle similar to that of @-PEC, with a
protonated 15Z PVB dark state and a twisted photoproduct
that collapses to the ISE state upon denaturation (Figure
S10A). Such a twisted photoproduct has been confirmed
crystallographically in @-PEC.%” Despite the absence of a blue-
absorbing dark state in this CBCR, the DXCF Cys is
nevertheless critical for PVB formation (Figure 9). Although
a blue-absorbing species does not accumulate during PVB
formation in NpR5113gl, we cannot rule out the transient
formation of such a species. Such a transient second linkage at
C10 could facilitate isomerization to PVB (Figure S10B) in a
situation analogous to that described for the reaction of PCB
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with thiols in solution.* Alternately, the DXCF Cys could serve
as a general base catalyst for PVB formation. While these
models remain speculative, either would explain the require-
ment for the DXCF Cys in PVB formation.

The other green-absorbing dark state found here is that of
NpRS5313g2, which uses PCB rather than PVB for its green/
blue photocycle. In this case, we propose that the dark state is a
deprotonated 15Z chromophore, making it less electrophilic
and explaining its blue-shift (Figure S7C). Photoconversion
would generate a deprotonated ISE primary photoproduct;
were that species to become protonated, it would be more
susceptible to nucleophilic attack at C10. The variant DXCF
motif of this protein (Figure S2) could well shift its position
slightly, favoring attachment to the ISE photostate and
resulting in the observed blue-absorbing photoproduct. Reverse
photoconversion would result in a 1SZ photoproduct also
absorbing in the blue. This primary photoproduct would
regenerate the green-absorbing state via elimination of the
DXCE Cys thiol group attached to the C10 position, followed
by proton transfer.

In summary, we have found striking diversity in the
wavelength sensing range of DXCF CBCRs encoded within a
single organism. This diversity may explain the broad
distribution of the DXCF subfamily because it provides great
light-sensing versatility. Our studies also show that the
particular DXCF photocycle cannot currently be predicted
from primary amino acid sequence. It remains of special
interest to see whether other organisms have evolutionarily
selected novel dual-Cys CBCRs extending further into the near-
UV or red. The discovery of the dual-Cys phytochrome TP1
demonstrates that such violet/red photocycles are possible with
PCB chromophores.*® Thioether linkage to the bilin C10 atom
is clearly a powerful means of using a red-absorbing
chromophore to span the entire spectrum and to combine
both blue or violet and red photoperception in a single
chromophore.
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B ABBREVIATIONS

Aabsorbance, change in absorbance (in difference spectra,
which are reported as 1SZ — ISE); a-PEC, a-phycoerythro-
cyanin; CBCR, cyanobacteriochrome; CBD, chitin-binding
domain; DXCF, Asp-Xaa-Cys-Phe motif defining a subfamily
of dual-Cys CBCRs; Et, ethyl; GAF, domain acronym derived
from vertebrate cGMP-specific phosphodiesterases, cyanobac-
terial adenylate cyclases, and formate hydrogen lyase tran-
scription activator FhlA; HPLC, high-performance liquid
chromatography; iPVB, isophycoviolobilin, having saturated
C2 and CS$ carbons and a 3,4-double bond (Figure S1B); P,
propionate; P,, red-absorbing state of phytochrome; Pg, far-red-
absorbing state of phytochrome; PHY, domain specific to red/
far-red phytochromes, C-terminal to the GAF domain; PCB,
phycocyanobilin; PCR, polymerase chain reaction; PEB,
phycoerythrobilin; P®B, phytochromobilin; PVB, phycoviolo-
bilin; PVDF, poly(vinylidene difluoride); SDS-PAGE, denatur-
ing polyacrylamide gel electrophoresis with sodium dodecyl
sulfate; TES, N-[tris(hydroxymethyl)methyl]-2-aminoethane-
sulfonic acid; TKKG buffer, 25 mM TES-KOH pH 7.8, 100
mM KCl, 10% (v/v) glycerol; Vn, vinyl.

B ADDITIONAL NOTES

“Throughout, we designate photocycles by the 15Z dark state
followed by the 1SE lit state. Thus, we designate DXCF CBCRs
such as TePix] or TIr0924 as blue/green: a blue-absorbing 152
dark state photoconverting to and from a green-absorbing I1SE
photoproduct. Color definitions used in this study are near-UV,
300—395 nm; violet, 395—410 nm; blue, 410—480 nm; teal,
480—520 nm; green, 520—570 nm; yellow, 570—580 nm;
orange, 580—615 nm; red, 615—685 nm; far-red, 685—750 nm.
Given that all CBCRs are cyanobacterial proteins, we adopt the
‘teal’ state rather than ‘cyan’ state to avoid confusion.

PWe designate the new proteins in this study by reference to
the GenBank locus tag (e.g, NpF1883), which is a unique
designation for the open reading frame. GAF domains which
contain recognizable sequence elements of the phytochrome
lineage are numbered from the N-terminus. Thus, for the
NpR1597 locus, there are four GAF domains, all of which show
homology to phytochromes. NpR1597gl is the most N-
terminal of these domains. For cases in which there is a single
phytochrome-type GAF domain, no number is assigned (e.g,
NpF4973).
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