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ABSTRACT: Phytochromes are red/far-red photoreceptors using
cysteine-linked linear tetrapyrrole (bilin) chromophores to regulate
biological responses to light. Light absorption triggers photo-
isomerization of the bilin between the 15Z and 1SE photostates.
The related cyanobacteriochromes (CBCRs) extend the photosensory
range of the phytochrome superfamily to shorter wavelengths of
visible light. Several subfamilies of CBCRs have been described.
Representatives of one such subfamily, including AnPix] and
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NpR6012g4, exhibit red/green photocycles in which the 15Z

photostate is red-absorbing like that of phytochrome but the 1SE photoproduct is instead green-absorbing. Using recombinant
expression of individual CBCR domains in Escherichia coli, we fully survey the red/green subfamily from the cyanobacterium
Nostoc punctiforme. In addition to 14 new photoswitching CBCRs, one apparently photochemically inactive protein exhibiting
intense red fluorescence was observed. We describe a novel orange/green photocycle in one of these CBCRs, NpF2164g7. Dark
reversion varied in this panel of CBCRs; some examples were stable as the 1SE photoproduct for days, while others reverted to
the 15Z dark state in minutes or even seconds. In the case of NpF2164g7, dark reversion was so rapid that reverse
photoconversion of the green-absorbing photoproduct was not significant in restoring the dark state, resulting in a broadband
response to light. Our results demonstrate that red/green CBCRs can thus act as sensors for the color or intensity of the ambient

light environment.

Nearly all organisms can respond to their light environ-

ment, inducing a broad range of photobiological
responses such as adaptation to the diurnal cycle. Photo-
synthetic organisms are also able to adapt to different colors
and intensities of light to optimize their metabolism for the
ambient light environment.*”” Such photobiological responses
are mediated by photosensory proteins, which typically use a
range of organic molecules as accessory chromophores
depending on the spectral response of the photoreceptor.
Photosensors detecting near-UV to blue light” often use flavins
or p-coumaric acid,” but vitamin B12 and pterins have also been
recently implicated in such responses.'”"!

Sensing longer wavelengths of light can instead use several
linear tetrapyrroles [bilins (Figure S1 of the Supporting
Information)] derived from the oxidative degradation of
heme. Bilins are uniquely well suited to sensing light in the
red and far-red regions of the spectrum, regions that match the
absorption maxima of chlorophyll-based light-harvesting
systems and photosynthetic reaction centers. The first bilin-
based photoreceptors to be discovered were the phytochromes
of higher plants,'"> which have a covalently attached bilin
chromophore bound within a conserved pocket in a GAF
domain."*~" This GAF domain is part of a knotted PAS-GAF-
PHY photosensory core module'®™"® conserved in phyto-
chromes from a wide range of organisms, including desmid
algae, cyanobacteria, nonoxygenic photosynthetic bacteria,
diatoms, nonphotosynthetic bacteria, and fungi."*>® Phyto-
chromes use photoisomerization of the bilin 15,16-double bond
to convert between red-absorbing (15Z P,) and far-red-
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absorbing (1SE Pg) photostates, and the photosensory core
module is sufficient for the native red/far-red® photo-
cycle."'71%2773% 1n most phytochromes, Py is metastable and
can decay thermally to P, in a process known as dark
reversion.””*!

In addition to knotted phytochromes, cyanobacteria also
contain knotless phytochromes containing a GAF-PHY photo-
sensory core module."***?*> Such knotless phytochromes retain
red/far-red photocycles. Cyanobacteria also contain related
sensors termed cyanobacteriochromes (CBCRs), which require
only the GAF domain for autocatalytic attachment of a
conserved Cys residue to the bilin chromophore and for
photoconversion.**** Several subfamilies of CBCRs have been
described, all of which utilize phycocyanobilin [PCB (Figure
S1A of the Supporting Information)] as the chromophore
precursor.”*>*¢ In one CBCR subfamily, characterized by the
presence of a loosely conserved DXCF motif containing a
second Cys residue,”” the covalent adduct formed from PCB
can slowly isomerize to phycoviolobilin [PVB (Figure S1B of
the Supporting Information)],>*® which absorbs at shorter
wavelengths. Representatives of both DXCF and insert-Cys>°
subfamilies use second Cys residues to form covalent linkages
to the C10 atom of the bilin chromophore (Figure S1B of the
Supporting Information). This considerably shortens the
conjugated system, allowing detection of blue, violet, or
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Table 1. Spectral Parameters for Red/Green CBCRs from N. punctiforme®

protein bilin native 15Z

NpAF142g2 PCB 356 (+), 650 (=)
NpR4776g2 PCB 360 (+), 652 (=)
NpR4776g2" POB 366, 666

NpR4776g3 PCB 356 (+), 656 (=)
NpR6012g2°¢ PCB 356, 650

NpR6012g3 PCB 356 (+), 634 ()
NpR6012g4 PCB 356 (+), 652 (-)
NpR6012g4 POB 368 (+), 666 (=)
NpF2164g4 PCB 356 (+), 646 (=)
NpF2164g57 PCB 350 (+), 640 (=)
NpF2164g6 PCB 354 (+), 648 (-)
NpF2164g7° PCB 352 (+), 608 (-)
NpF2854g1 PCB 352 (+), 656 (=)
NpF2854g2 PCB 354 (+), 656 (—)
NpF2854¢3 PCB 356 (+), 656 ()
NpR1597g4 PCB 350 (+), 640 (=)
NpR1597g4 POB 358 (+), 650 ()
NpR5113g2 PCB 354 (+), 650 (=)
NpR3784 PCB 352 (+), 652 (=)

15Z CD native 1SE denatured
weak 532 (-) 676, 574
medium 538 (—) 671, 577
- 550 678, —
medium 558 (—) 674, 578
- 556 -
strong 536 (—) 678, 578
medium 538 (=) 673, 574
medium 552 (=) 682, 592
medium 530 (—) 676, 577
strong - 662, —
weak 546 (—) 676, 580
strong 542 662, —
weak 544 (=) 676, 580
weak 542 (=) 672, 588
medium 546 (—) 672, 576
strong 550 (566, —) 676, 582
strong 550 (568, —) 686, 598
strong 528 (—) 672, 576
strong 554 (—) 674, 576

“Peak wavelengths are reported in nanometers and were calculated from photochemical difference spectra, with the CD sign in parentheses for the
native transitions. CD peak wavelengths are reported in parentheses for transitions in which the peak wavelength observed by CD is >10 nm
different from that observed by difference spectroscopy. The 10 nm cutoff was derived by analyzing peak wavelengths for recently published
CBCRs.>3%4%% I this set, the mean offset between absorbance and CD peak wavelengths was 0.6 + 8.4 nm (standard deviation; n = 30). The 1SE
Soret transition is not resolved in difference spectra, and its CD band overlaps that of the band at approximately 280 nm; as a result, peak
wavelengths are not reported. However, in all cases, this transition exhibits positive CD. Denatured peak wavelengths are reported for the long-
wavelength transition as 15Z, 15E pairs. The CD intensity for the 15Z photostate was classified as strong, weak, or medium by dividing the peak CD
for the long-wavelength band by that of the Soret band and taking the absolute value of the resulting ratio. Values of <0.4, 0.4—0.6, and >0.6 meant
the CD was considered weak, medium, and strong, respectively. “Photoproduct CD and denatured spectra could not be resolved because of rapid
dark reversion. The denatured value is for the absorbance spectrum. “CD spectroscopy and denaturation analysis were not feasible because of poor
protein stability. #Photoconversion was not detected, so peak wavelengths are reported for absorbance spectra rather than difference spectra.

ultraviolet light by the red-absorbing PCB or green-absorbing
PVB. CBCRs thus have much more diverse ground-state
chemistries and spectral responses than phytochromes,
exhibiting an astonishing variety of photocycles reported to
date. Despite this diversity, all CBCRs thus far reported retain
photoisomerization at the bilin C1S methine bridge (Figure
S1A of the Supporting Information) as the primary photo-
chemical mechanism for photoperception.®>*3%3%4

Other CBCR subfamilies do not have second Cys residues
and typically retain the ability to respond to red light. In the
case of cyanobacterial complementary chromatic adaptation
sensors,”*' the 15Z photostate responds to green light (ISZPg)
and is converted to the red-absorbing “*P, photostate in a
green/red photocycle.**** In AnPix], slr1393, and NpR6012g4,
the 15Z photostate instead absorbs red light (**“P,) and is
converted to 'SEP_ in a reversed red/green photocycle.**”*
Such red/green CBCRs exhibit conserved sequence motifs that
are distinct from those of phytochromes, green/red CBCRs,
and DXCF CBCRs (Figure S2 of the Supporting Information).
The insert-Cys CBCRs are apparently closely related to red/
green CBCRs but contain a large insert containing their second
Cys residue.*® However, at least one member of the red/green
subfamily defined by protein sequence has been reported to
exhibit an anomalous photocycle with a red-shifted photo-
product with very fast dark reversion.*’ This result demon-
strates that greater photochemical diversity exists within the
red/green CBCR subfamily.

Our understanding of the relationship between the CBCR
primary sequence and observed photocycle will be improved by
greatly expanding the number of characterized sequences. In
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this regard, we have characterized all members of the red/green
CBCR subfamily from the filamentous cyanobacterium Nostoc
punctiforme ATCC 29133, consisting of 15 proteins. Most of
these proteins vary only slightly in peak wavelength, yet
variations in chromophore incorporation and photochemical
efficiency were observed. Both '*“P, and 15EPg photostates
exhibit heterogeneity, and the rate of dark reversion varies
greatly among subfamily members. Dark reversion in one of
these CBCRs is so rapid that color preference is lost, resulting
in a protein with the properties of a broadband power sensor.

B MATERIALS AND METHODS

Bioinformatics. BLAST searches used AnPix] and
NpR6012g4 as query sequences to identify putative red/
green CBCRs encoded within the genome of N. puncti-
forme.****7 Multiple-sequence alignments were performed
using MUSCLE™ for an initial alignment. We subsequently
combined that alignment with alignments of other subfami-
lies.>*® Final manual adjustment of the resulting alignment used
conserved residues, highlighted in Figure S2 of the Supporting
Information.

Cloning and Expression of CBCRs. Specific protein
regions cloned for expression are reported in Figure S3A of the
Supporting Information. Appropriate primers were used to
amplify regions of interest from N. punctiforme genomic DNA,
and polymerase chain reaction products were digested with
Neol and Smal to permit cloning into pBAD-Cph1-CBD.*” The
resulting C-terminal intein—CBD fusion proteins were coex-
pressed with pPL-PCB, encoding biosynthetic machinery for
PCB production, in E. coli strain LMG194.%° Coproduction of
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P®B used a published modification of this system.’!
Purification using chitin resin (NEB) followed the manufac-
turer’s directions with previously published modifications, with
final dialysis against TKKG buffer [25 mM TES-KOH (pH
7.8), 100 mM KCl, and 10% (v/v) gly«:ero]].49 Spectroscopic
parameters for purified proteins are listed in Table 1 and Table
S1 of the Supporting Information.

Purified protein was analyzed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis using standard procedures
and apparatus (Bio-Rad) followed by semidry transfer to PVDF
membranes, staining with amido black for visualizing total
protein, and zinc blotting®® to confirm the presence of
covalently bound bilin (Figure S3B of the Supporting
Information). Some proteins were concentrated using
centrifugal concentrators (10 kDa cutoff, Amicon) prior to
analysis. All constructs were verified by nucleotide sequencing.

Spectroscopic Characterization of CBCRs. Absorbance
spectra were recorded at 25 °C on a Cary 50 spectropho-
tometer modified for illumination from above with a 75 W
xenon source passed through a water filter and then through
bandpass or long-pass filters.*” Bandpass filters used for
triggering photochemistry had center and width ((fwhm))
values of 670 and 40 nm, 650 and 40 nm, 600 and 40 nm, 550
and 70 nm, and 500 and 25 nm, respectively. Long-pass filters
(Schott) were purchased from Edmund Industrial Optics.
RG715, RG695, RG665, RG630, RG610, OG590, OGS70,
0G550, 0OGS30, OGS15, GG49S, GG475, GG455, GG43s,
GG420, GG400, WG320, and WG29S filters were used. CD
spectra were acquired on an Applied Photophysics Chirascan as
described previously.>® Denaturation assays used a 1:6 dilution
with 6 M guanidinium chloride and 100 mM citric acid (pH
2.2).* All photochemical difference spectra are reported as 152
15E. Extinction coefficients were derived from the
absorbance spectra in two steps. The holoprotein concentration
was estimated using the extinction coefficient for PCB (€0 =
35500) under acidic denaturing conditions.>**> The native
absorbance spectra were then corrected for holoprotein
concentration using the Beer—Lambert law to give the native
extinction coefficients reported in Table S1 of the Supporting
Information.

Measurement of Dark Reversion. For NpR4776g2,
NpR4776g3, NpF2164g6, NpF2164g7, and NpR1597g4, dark
reversion was measured at 25 °C by incubating the 1SE
photostate in darkness with acquisition of absorbance at single
wavelengths (NpF2164g7 and the POB adduct of NpR4776g2)
or of absorption spectra (all other proteins). Dark reversion of
other proteins was too slow for this procedure to be practical.
For these proteins, the 1SE photostate was incubated in
darkness at room temperature, and absorption spectra were
taken on aliquots at 25 °C. For all proteins, data at selected
wavelengths were fit to single-exponential models with floating
end points by nonlinear regression.

B RESULTS

Characterization of the Red/Green CBCR Subfamily
from N. punctiforme. Known examples of red/green
CBCRs*"**7% contain several characteristic amino acid
substitutions that distinguish them from phytochromes and
from DXCF CBCRs, including a DX(Y/H)LQ motif aligned
with the DIP motif of phytochromes and with the signature
motif of DXCF CBCRs (Figure S2 of the Supporting
Information). We used BLAST searches with AnPix] and
NpR6012g4, previously characterized red/green CBCRs,*** to
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identify additional candidates within the N. punctiforme
genome. Fourteen such domains were identified in seven
open reading frames (Figure 1), including NpR6012g4 itself.

NpAF142

NpR4776

NpR6012
NpF2164 {ea
NpR5113

NpR1597

NpF2854

c C C
IR )

Figure 1. Domain structures of red/green CBCRs from N. punctiforme.

NpR3784

CBCRs are color-coded by photocycle, including members of the
insert-Cys, DXCF, and red/green subfamilies.***** The polygon
below the GAF domain represents the bilin (blue for PCB and pink for
PVB). GAF domains that fail to bind bilin but that are related to
DXCF CBCRs are colored black, and undescribed GAF domains are
colored gray with a black dashed outline. REC domains, MA-MCP
domains, and His kinase domains (indicated by H-ATP) are involved
in two-component signaling pathways.

We also found a single CBCR with sequence characteristics of
both red/green and DXCF CBCRs, NpR3784 (Figure 1 and
Figure S2 of the Supporting Information). NpR3784 lacks the
DXCF Cys residue required to make a second linkage to the
chromophore in this subfamily.>*”~* As a first step in
understanding the roles of these proteins in the photobiology
of N. punctiforme, we expressed the individual CBCR domains
recombinantly in E. coli engineered to produce PCB as
chromophore precursor. We have used this approach to
characterize the DXCF and insert-Cys CBCRs from N.
punctiforme, along with the red/green CBCR NpR6012g4
from the same organism.>***® Recombinant CBCRs from
cyanobacterial expression systems are similar to those expressed
in E. coli, and truncated CBCRs have photocycles similar to
those of the parent full-length proteins or larger soluble
fragments,>>#3>3742433657 We therefore expect this survey to
provide useful insights into the properties of the individual
CBCR domains, providing a knowledge base for understanding
or designing more complex sensors or for shifting the spectral
responses of existing pathways.

All 14 candidate CBCRs were expressed and purified
individually. Despite good initial yield and robust photo-
conversion (Figure S3C of the Supporting Information),
NpR6012g2° was the only CBCR that proved to be unstable
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Figure 2. Characterization of red/green CBCRs from N. punctiforme. Absorption spectra are shown for NpRS113g2 (A), NpF2164g6 (C),
NpF2854g1 (D), and NpR4776g3 (F) in the 15Z (blue) and 1SE (orange) photostates. Peak wavelengths calculated from photochemical difference
spectra are indicated and are reported in Table 1, and additional proteins are presented in Figure S4 of the Supporting Information. CD spectra are
shown for NpR5113g2 (B) and NpF2854¢1 (E) in the same color scheme to illustrate the variable signal intensity of the '*“P, state. This state gives
rise to a robust CD signal in NpRS113g2 but a weak signal in NpF2854¢1 (arrow).
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Figure 3. Red/green CBCRs with atypical '*“P, photostates. (A) Normalized absorbance (blue), fluorescence excitation (purple), and fluorescence
emission (red) spectra are shown for NpF2164¢S. (B) Plot of integrated fluorescence emission vs peak absorbance for dilution series of NpF2164¢S
(blue) and Y,,¢H mutant Cph1 (red), which has a known fluorescence quantum yield.>' The slopes of these lines are proportional to the quantum
yields for fluorescence,® so the similar slopes of Y;,;H Cphl NpF2164g5 indicate comparable quantum yields of 0.1—0.15. (C) Absorbance spectra
of NpF2164g7 in the 15Z (blue) and 1SE (orange) photostates. The 15Z state is blue-shifted relative to the 'S“P, states of proteins such as
NpR6012g4 (dashed red). Peak wavelengths from the photochemical difference spectrum are listed in Table 1.

as assayed by rapid accumulation of scatter in absorbance
spectra. We therefore did not further characterize this red/
green CBCR, choosing to compare the other 13 with the
previously characterized NpR6012g4.**>*%° Most of these new
sensors exhibited red/green photocycles similar to those
previously described (Figure 2 and Figure S4 of the Supporting
Information), with peak wavelengths listed in Table 1 and other
spectral parameters listed in Table S1 of the Supporting
Information. For all CBCRs examined, denaturation analyses
confirmed the presence of PCB and were consistent with
photoisomerization of the C15,16 double bond (Table 1). As in
previously published examples,**~* conversion from the red-
absorbing dark state ('*“P,) to the green-absorbing photo-
product ('**P,) was accompanied by a change in intensity but
no significant change in peak wavelength for the second (Soret)
transition. Therefore, no separate wavelength is reported for
the 1SE Soret transition in Table 1. The red-absorbing dark
state (*%“P,) typically exhibited only subtle differences in peak
wavelength [634—656 nm (Table 1)], with all examples blue-
shifted relative to the knotted cyanobacterial phytochrome
Cph1.2045!

NpAF142g2, NpF2854gl, NpR4776g2, and NpR3784 all
exhibited much lower levels of chromophore incorporation
than other proteins (Figure 2 and Figure S4 and Table S1 of
the Supporting Information). Such a result could indicate that
these proteins are less suited to recombinant expression.
NpAF142g2 exhibited noted heterogeneity in its dark reversion
(Figure SSA of the Supporting Information). A minor
population (approximately 10%) underwent dark reversion
rapidly, with a red-shifted difference spectrum relative to the
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main population. The slower reverting majority population
better matched the photochemical difference spectrum. While
the former population was too small to allow identification by
denaturation analysis, its absorption at longer wavelength is
consistent with a noncovalently bound, photoactive bilin
population. It is known that the bacterial phytochrome Agpl
can photoconvert noncovalently bound bilins.”” Such a
noncovalent population in NpAF142g2 would provide an
explanation for the poor bilin incorporation of such proteins:
they could exhibit intrinsically inefficient covalent attachment.

The intensity of CD signals from the red band of "*“P, was
quite variable (Figure 2 and Table 1). This result may reflect
slight variations in D-ring geometry and/or protein—
chromophore interactions in the different sensors. It could
also arise from a heterogeneous mixture of '*“P, species with
similar absorption spectra but different CD intensities,
consistent with the observed heterogeneity of the
NpR6012g4 forward reaction on an ultrafast time scale.**®
To test this hypothesis, we examined forward photoconversion
of NpR6012g4 and NpR5113g2 using brief pulses of red light
(30 s to 1 min). Difference spectra for the initial part of the
reaction and those obtained at the end were normalized on the
15EPg photoproduct band to allow facile comparison of the 15Z
states (Figure SSB,C of the Supporting Information). In both
proteins, this comparison revealed that more '*“P, was required
at the end of the reaction to generate the same amount of
photoproduct. However, this assay did not reveal such an effect
in NpR4776¢3 (Figure SSD of the Supporting Information).
The subtle change in photoconversion efficiency observed with
NpR6012g4 and NpRS113g2 demonstrates that multiple red/

dx.doi.org/10.1021/bi3013565 | Biochemistry 2012, 51, 9667—9677
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green CBCRs contain subpopulations with very similar peak
wavelengths and line shapes but with differences in extinction
coeflicient, photochemical quantum yield, or both.

CBCRs That Deviate from the Red/Green Photocycle.
We found two examples with atypical 15Z photostates:
NpF2164gS and NpF2164g7. First, NpF2164gS exhibited an
apparently normal '*“P, photostate (Figure 3A), but photo-
conversion could not be detected (Figure S6A of the
Supporting Information). Similar behavior has also been
reported for two CBCR domains in all1069, also encoding
AnPix].* Such behavior could arise via an extremely low
quantum yield for forward photoconversion or via rapid dark
reversion of an extremely unstable photoproduct. In this study,
we were readily able to detect photoconversion in examples
with dark reversion occurring as fast as 0.2 s~ (see below),
implying much more rapid dark reversion in NpF2164gS were
photoconversion to occur at all. However, NpF2164g5
exhibited intense red fluorescence (Figure 3), with a quantum
yield close to that of the well-characterized fluorescent Y,,sH
mutant Cph1.°"®' Second, NpF2164g7 exhibited a blue-shifted
15Z form at 608 nm, falling in the orange region of the visible
spectrum (Figure 3C). Ilumination of the 15Z NpF2164¢7
ground state with orange light (600 + 20 nm) resulted in
incomplete formation of an apparently normal **P, photo-
product. Denaturation confirmed the presence of a PCB
adduct, with no apparent PVB formation, and confirmed the
incomplete nature of photoconversion (Figure S6 of the
Supporting Information). In this case, incomplete conversion
arose because of rapid dark reversion to the 'S“P, dark state
(Table 2 and see below).

Table 2. Dark Reversion Rates for Red/Green CBCRs from
N. punctiforme

protein bilin tia kpr (s71) error (%)
NpAF142g2 PCB 11 h 1.7 x 107 25
NpR4776g2 PCB 25 s 0.028 7
NpR4776g2 POB 39s 0.18 6
NpR4776g3 PCB 7.7 min 15 x 1073 13
NpR6012g4 PCB 33h 58 %107 33
NpR6012g4 P®B 64 h 3.0 x 107° 25
NpF2164g4 PCB 44 h 44 x 1078 11
NpF2164g6 PCB 1.2 min 0.01 20
NpF2164g7 PCB 41s 0.17 12
NpF2854gl1 PCB 1Sh 13 x107° 43
NpF2854g3 PCB 15 h 13 x107° 28
NpR1597g4 PCB 39h 5.0 x 107° 12
NpR1597g4 P®B 1.5 h 13 x 107* 40
NpRS113g2 PCB 39h 50 % 107° 27
NpR3784 PCB 14h 14 x 107* 26

In most red/green CBCRs in this study, the '5*P ¢ photostate
exhibited only slight differences in peak wavelength (Table 1).
Two examples with longer peak wavelengths, NpR4776g3 and
NpR3784, also exhibited a less symmetric 15EP peak than did
proteins such as NpR6012g4 or NpF2164g6 (Flgure 2 and
Figure S4 of the Supporting Information). Such differences in
line shape could again reflect the underlying heterogeneity of
the 1SEPg photostate, which was observed in the NpR6012g4
reverse reaction using interleaved pump—probe spectroscopy.
We also found two examples with possibly anomalous
photoproducts: NpR4776g2 and NpR1597g4.
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NpR4776g2 exhibited poor chromophore incorporation and
also possessed a photochemically inert long-wavelength-
absorbing population (Figure 4A), possibly indicating the
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Figure 4. Red/green CBCRs with atypical 15EP photostates.
Absorbance (top) and CD (bottom) spectra are presented for
NpR4776¢2 (A) and NpR1597g4 (B) in the 15Z (blue) and 1SE
(orange) photostates. NpR4776g2 exhibited multiple possible photo-
product peaks via absorption spectroscopy, but the CD spectrum
exhibited only one product at approximately 540 nm. By contrast, CD
spectroscopy confirmed a red-shifted photoproduct in NpR1597g4.

presence of noncovalent bilin (see above). NpR4776g2 was
poorly photoactive, yielding an apparent green-absorbing
photoproduct and a possible second photoproduct absorbing
in the vicinity of the isosbestic point (Figure 4A). However,
both difference spectroscopy (Table 1) and CD spectroscopy
(Figure 4A, bottom panel) provided support for a single
photoproduct at approximately 540 nm. Incorporation of P®B
as a chromophore precursor resulted in red shifts nearly
identical to those seen in NpR6012g4 (Figure S7 of the
Supporting Information and Table 1), further supporting the
idea that this protein has low photochemical efficiency but
normal "“P, and 'SP, photostates.

NpR1597g4 exhibited an anomalous red-shifted photo-
product and potentially incomplete photoconversion (Figure
4B). The latter was confirmed by denaturation (Figure S6D of
the Supporting Information). The 15EPg peak wavelength
measured by difference spectroscopy was apparently normal
(Table 1), but the red-shifted 1SE photoproduct overlapped
with the 15Z dark state. This overlap potentially confounds the
use of difference spectroscopy for NpR1597g4. CD spectros-
copy confirmed the presence of a red-shifted photoproduct
peak at approximately 566 nm (Figure 4B, bottom panel).
NpR1597g4 therefore possesses a photoproduct absorbing in
the yellow region of the spectrum. A red-shifted photoproduct
has also been reported for the CBCR domain of All2699,"

dx.doi.org/10.1021/bi3013565 | Biochemistry 2012, 51, 9667—9677
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although in this case, a combination of rapid dark reversion and
spectral overlap confounded analysis of the photoproduct band.
Incorporation of P®B as a chromophore precursor in
NpR1597g4 did not result in a large red shift of the 1SE
photoproduct as measured by CD spectroscopy (Table 1), but
we confirmed the presence of POB by denaturation and by a
clear red shift of the 1SE Soret band (Figure S7 of the
Supporting Information). These data indicate that the red/
green CBCR subfamily of N. punctiforme exhibits unexpected
diversity, with a novel orange/green cycle found in NpF2164g7.
However, there is less diversity in red/green CBCRs than in the
members of the DXCF subfamily from the same organism,’
with most proteins predicted to be red/green CBCRs by
sequence alignment exhibiting the expected red/green photo-
cycle.

Red/Green CBCRs Function as Color or Intensity
Sensors via Variation in Dark Reversion. Previous reports
of dark reversion in red/green CBCRs have implicated a broad
range of rates.’” We therefore examined dark reversion for
the proteins in this study, except for NpF2164¢S (photo-
chemically inactive), NpR6012g2 (unstable), and two other
CBCRs, NpR6012g3 and NpF2854g2, that also proved to be
unstable during long incubations. First-order rate constants for
the other 12 proteins as PCB adducts were determined (Table
2). We observed great variation in dark reversion, which ranged
from seconds to days depending on the protein (Figure ).
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Figure S. Dark reversion of red/green CBCRs. (A) NpF2164g4 was
photoconverted from the S“P, state (———) to the P, state (0 h,
blue). Protein was then incubated at room temperature (~21 °C) in
darkness for several days. At the indicated times, aliquots were
removed and absorption spectra were acquired. (B) NpF2164g6 was
photoconverted to the S P, state (time O min, blue). It was then
incubated at 25 °C for several minutes, and absorption spectra were
acquired at the indicated times. (C) Absorbance at the peak
wavelength for the 15Z photostate plotted for NpF2164g6 (dark
red) from the data shown in panel B. Equivalent data are also shown
for a similar experiment performed with NpF2164g7 (orange), except
that dark reversion was too rapid to permit acquisition of complete
spectra. Instead, the absorbance was monitored at 600 nm. Both
progress curves were described well by a single-exponential model,
with rate constants and half-times listed in Table 2.
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Substitution of P®B for PCB (Figure S1A of the Supporting
Information) produced a modest but significant increase in the
dark reversion rate in all three tested examples (Figure S7D—F
of the Supporting Information), which span a broad range of
dark reversion rates (Table 2). This consistent effect of P®B
may indicate that the C18 side chain is normally twisted out of
the D-ring plane in the ISEPg photostate, as would be expected
for an ethyl moiety. Introduction of the vinyl moiety of POB
would favor planarity of the C18 side chain to permit
conjugation with the D-ring, possibly shifting the D-ring
conformation and destabilizing the 1SE photostate.
NpR1597g4 exhibits a red-shifted 1SE PCB photoproduct
that is not further red-shifted by incorporation of P®B (Table
1). The structural distortions that result in the red-shifted PCB
photoproduct may therefore be absent or offset in the P®B
photoproduct. Offsetting movements of the D-ring and C18
side chain would reduce the red shift associated with P®B at
the cost of destabilizing the 1SE photostate by forcing a high-
energy conformation with the 18-vinyl out of conjugation. Such
destabilization could again result in faster dark reversion, as in
cases with normal ISEPg photoproducts.

With a dark reversion halflife of 4 s (Table 2), it is
questionable whether NpF2164g7 would function as a color
sensor. Such rapid dark reversion would reduce the importance
of reverse photoconversion in determining the photostate.
However, we reasoned that sufficiently rapid dark reversion
could allow proteins to function as sensors of light intensity
rather than of light quality (color). We therefore examined
photoconversion as a function of power for NpF2164g6 and
NpF2164g7 under red (650 + 20 nm) and orange (600 = 20
nm) light, respectively. Both proteins exhibited sufficiently
rapid dark reversion to preclude complete photoconversion.
Formation of 15EPg also was linear with power for both proteins,
consistent with a function as intensity sensors (Figure S8A—C
of the Supporting Information). Nevertheless, the use of
specific wavelengths of light in this experiment does not
demonstrate a loss of color specificity.

We therefore designed a new experiment to test whether the
linear response to intensity was accompanied by a loss of color
response in these two proteins (Figure 6). Light from a xenon
lamp was used to trigger photoconversion with a series of long-
pass filters with different cutoft lengths. A 715 nm cutoft yielded
effectively no photoconversion for either protein. As the cutoff
wavelength was shortened, forward photoconversion was
observed as the incident light became resonant with the 15Z
dark states (Figure 6). For NpF2164g6, a continued increase in
the bandwidth resulted in a substantial reduction in the level of
photoconversion, with <50% of maximal conversion observed
with a 455 nm cutoff. This indicated that reverse photo-
conversion, and hence photochromism, remained significant
factors in determining the photoequilibrium attained by
NpF2164g6. By contrast, increasing the illumination bandwidth
to the same point resulted in little loss of photoconversion for
NpF2164¢7 (Figure 6). Indeed, white light (320 or 285 nm
cutoff wavelength) resulted in >95% of the maximal photo-
conversion observed with specific orange light. A cutoft of 610
nm was sufficient to allow approximately 50% of maximal
photoconversion, indicating a broadband light response in
NpF2164g7. We therefore conclude that dark reversion of
NpF2164¢7 [kpg = 0.17 s7' (Table 2)] is sufficiently rapid as to
render reverse photoconversion insignificant in attaining
photoequilibrium. This protein thus is no longer a sensor for
color (orange and green photostates) but rather functions as a

dx.doi.org/10.1021/bi3013565 | Biochemistry 2012, 51, 9667—9677



Biochemistry

illuminating band

320

300 400 500 600 700
)‘cutoff (nm)

NpF2164g6

Norm. AADbS max

500 600 700
}‘cutoff (nm)

300 400

Figure 6. NpF2164g7 is a broadband photosensor. To assess
photoconversion under broadband illumination (top), we used a
series of long-pass filters with different cutoff wavelengths to filter the
output of a xenon source, triggering photoconversion of NpF2164g6
and NpF2164g7 with the resulting light. Representative illumination
bands generated by the apparatus in the top panel are shown in the
middle panel. Photoconversion was measured as the maximal value of
the photochemical difference spectrum obtained with each long-pass
filter normalized to the maximum value obtained for each protein
(bottom). Data thus vary from zero to one and can be compared for
the two proteins. The level of photoconversion of NpF2164g6 (dark
red) is reduced by addition of green light to the illuminating band,
while that of NpF2164g7 (orange) is not.

broadband sensor of light intensity for incident wavelengths of
<610 nm. These data thus demonstrate that CBCRs of the
red/green subfamily can act as either color sensors or power
Sensors.

B DISCUSSION

In this work, we have characterized 14 new members of the
red/green CBCR subfamily found in the genome of N.
punctiforme, completing the description of this subfamily in
this cyanobacterium. We have found 11 additional robust red/
green photocycles; taken together with the previously described
NpR6012g4,46 the genome of N. punctiforme contains eight
open reading frames encoding 12 domains with such
photocycles (Figure 1). As in the all1069 gene product,** we
found an example of a bilin-binding, red-absorbing domain that
was photochemically inert on a time scale of seconds
(NpF2164g5). NpF2164gS exhibits intense red fluorescence
comparable to that of photochemically compromised alleles of
phytochromes and CBCRs.>”" In the NpF2164 gene product,
this domain lies between the photochemically active
NpF2164g4 and NpF2164g6 CBCRs, raising the possibility
that NpF2164gS can transfer energy to the adjacent domains to
potentiate photoconversion. Although the interdomain dis-
tances for tandem CBCRs are not yet known, this hypothesis is
consistent with the blue-shifted peak absorption of NpF2164g5
(Table 1). This slight blue shift allows fluorescence emission of
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NpF2164gS to retain considerable overlap with the absorption
bands of the adjacent domains (Figure S8F of the Supporting
Information). It will be interesting to use multidomain
constructs to test this hypothesis in the future.

Previous work identified a red/orange photocycle within this
subfamily.>' We describe a similar red-shifted photoproduct in
NpR1597g4. We have also characterized a member of this
subfamily in which the 15Z dark state is blue-shifted
(NpF2164g7), resulting in a previously undescribed orange/
green photocycle. The mechanisms resulting in this blue-shifted
dark state are not yet clear, and it will be interesting to examine
this protein in more detail. These anomalous photocycles did
not correlate with changes in the CD associated with the two
photostates (Table 1), in contrast to the differences in
photoproduct CD observed for CBCRs in the insert-Cys
subfamily.*® Instead, all proteins in this study exhibited negative
CD at long wavelengths and positive CD in the Soret region
(Table 1), consistent with NpR6012g4 and indicative of a
predominant a-facial disposition for the chromophore D-ring in
both photostates.*”*5*°

The similarity between the P, states of red/green CBCRs
and those of cyanobacterial phytochromes is well estab-
lished.****  Although this implies a similar chromophore
geometry and protonation state, the mechanism underlying
the green absorption of the 15E-PCB photoproduct is not yet
clear. In the case of AnPix], three factors were proposed as
possible explanations: twisting of the D-ring such that it is no
longer in conjugation, analogous deformation of the A-ring, and
deprotonation.”™ The mechanism of twisting the bilin rings out
of conjugation has been repeatedly proposed to explain the
spectral shifts seen in phytochromes and CBCRs.*>"%* To date,
robust evidence for such twisting has been found only in the
photocycles of photoactive phycobiliproteins and a subset of
DXCF CBCRs.****%7%7 Both cases exhibit characteristic teal-
absorbing photoproducts at 490—500 nm that are generated
through deconjugation of the D-ring in a PVB chromo-
phore. »394065—68

For one such CBCR, NpRS5113gl, the PCB photocycle has
also been described.’ In this case, the PCB photoproduct
absorbs at 516 nm, blue-shifted relative to the photoproduct of
red/green CBCRs (Table 1) and implying the existence of at
least weak D-ring conjugation in red/green CBCRs. Moreover,
incorporation of P®B into both NpR6012g4 and NpR4776g2
results in a significant red shift of the green-absorbing
photoproduct (Table 1), indicating that the C18 side chain
can participate in the ISEPg conjugated system and contrasting
with the teal-absorbing 1SE states of DXCF CBCRs.** Hence,
deconjugation of the D-ring is not consistent with the known
properties of the 15EPg photoproduct of red/green CBCRs.

Alternatively, deconjugation of the A-ring in red/green
CBCRs would be expected to result in a 15E photoproduct
having properties of a PVB adduct. Green-absorbing 15E-PVB
photostates are known in some DXCF CBCRs, and their green
absorption bands superficially resemble those of the red/green
CBCRs.>***~% However, the second (Soret) transitions of
the 1SE-PVB photostates are at shorter wavelengths (335—340
nm) than those of the 1SE-PCB photoproducts in the same
proteins (350—360 nm).*** The Soret transitions of both
photostates in red/green CBCRs [~358 nm (Figure 2)] are in
good agreement with those of the 15E-PCB populations of
DXCF CBCRs containing both bilins, not those of the 1SE-
PVB populations.>*® Thus, the absorption spectra of red/green
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CBCRs are not consistent with deconjugation of the A-ring in
the 15EPg photostate.

A change in protonation state seems to be most consistent
with the available data, both in this work and in work on
AnPix].*7*  Acid-denatured red/ green CBCRs in the 1SE
photostate exhibit peak absorbance in the orange region of the
spectrum (Figure S6 of the Supporting Information), in
agreement with those of 3phy‘cochromes and of other CBCRs
containing PCB adducts.>****3%*” A photoproduct with similar
absorption in the orange r%gion is also seen in the native
photocycle of NpF2164g3,’ consistent with assignment of
these photostates as arising from protonated 15E-PCB. It is
known that deprotonated dihydrobilindiones in solution can
absorb at wavelengths as short as 520 nm,”® and bilin
absorption maxima are blue-shifted under neutral denaturing
conditions relative to the acidic conditions employed in this
work.>® Moreover, the pK, of the bilin ring system can be below
6,>> so a deprotonated native species at pH 7.5 is plausible.
However, this working hypothesis remains far from proven.
The known heterogeneity of the 15E photostate®” makes the
application of NMR or vibrational spectroscopy to this problem
challenging, because the presence of multiple tautomers of
deprotonated PCB could give rise to N—H signals from all four
bilin nitrogens. Time-resolved vibrational techniques’"’* may
allow resolution of this question if the tautomeric subpopula-
tions have sufficiently distinct kinetics.

These studies implicate functions other than color sensing
for this subfamily. Four of the newly characterized proteins are
notably inefficient at binding of, or covalent linkage to, the bilin
chromophore. This survey was performed with recombinant
expression in E. coli, so we cannot rule out the possibility that
cyanobacterial proteins or other physiological factors such as
redox potential normally drive chromophorylation more
efficiently for these CBCRs. However, the apparently poor
covalent assembly of NpAF142g2 suggests that this reaction,
and not bilin binding, may underlie the poor chromophor-
ylation of such proteins. Covalent attachment at C3' is an
intrinsic reaction of the CBCR,>**3>* 5o domains with slower
covalent attachment could be bilin-regulated sensory domains
rather than bona fide photosensors. Alternately, such domains
may be cryptic photosensors unless changing physiological
conditions result in elevated bilin levels. For example, turnover
of phycobiliproteins occurs during differentiation of vegetative
N. punctiforme filaments into motile hormogonia, and the
NpAF142 and NpF2854 genes harboring two of these domains
are induced during differentiation into hormogonia.”*”*
Phycobiliprotein turnover upon differentiation could well result
in transient increases in the level of free bilin, allowing the
individual domains NpAF142g2, NpR4776g2, and NpF2854g1
to acquire chromophore and photosensory function. These
domains would then presumably play a role in activating their
respective kinase output domains, as reported for a red/far-red
knotless phytochrome in tandem with a red/green CBCR.>'
Increased bilin levels might even confer a photosensory
function on NpR3784, which has no other known photo-
sensory domains (Figure 1). Further studies of the interplay
among these putative photosensory and bilin-binding inputs
will be facilitated by our description of the individual CBCR
domains.

Little is currently known about the biological functions of
CBCRs in N. punctiforme. All of the open reading frames
encoding the CBCRs characterized in this study were
upregulated upon differentiation of hormogonia except for
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the poorly expressed NpR3784 and NpR4776 loci”*”* This
suggests that most red/green sensors participate in adaptation
to an unfavorable light environment. Weak constitutive
expression and a lack of developmental induction were also
not observed for NpCcaS (NpF3797), which is nevertheless
essential for regulation of phycoerythrin accumulation in
complementary chromatic acclimation.*® It is thus possible
that NpR3784 and NpR4776 may be induced under conditions
that have not yet been examined. Given the phototactic
properties of hormogonia and the requirement for multiple
CBCRs in Synechocystis phototaxis,*>*%”>7 it seems likely that
some or all of the induced genes will be important for
modulating phototaxis in response to different colors or
intensities of light. NpR6012 and NpF2164 are clustered with
other open reading frames exhibiting homology to bacterial
chemotaxis proteins such as CheA, so either or both are likely
to function as phototaxis sensors in N. punctiforme hormogonia.

We also demonstrate that dark reversion of the 1SE
photostate can be so rapid in red/green CBCRs as to permit
their use as broadband sensors of light intensity rather than as
color sensors. NpF2164g7 has a linear power response to
orange light (Figure S8 of the Supporting Information) and
almost no loss of photoconversion under white light compared
to orange light (Figure 6). It is thus well suited to function as a
power meter in light environments that contain significant
fluence at wavelengths of <610 nm. The signaling state of this
domain could then be combined with those of color sensors in
the same protein, such as NpF2164g3 (violet/ orange)36 and
NpF2164g4, to allow a single protein to integrate a wide range
of information about the ambient light environment. The
variable photobiological and chemical functions of red/green
CBCRs make them potentially useful proteins for a wide range
of emerging applications in optogenetics and synthetic biology.
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B ABBREVIATIONS

Aabsorbance, change in absorbance (in difference spectra,
which are reported as 15Z - 1SE); CBCR, cyanobacterio-
chrome; CD, circular dichroism; DXCF, Asp-Xaa-Cys-Phe
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motif defining a subfamily of dual-Cys CBCRs; GAF, domain
acronym derived from vertebrate cGMP-specific phosphodies-
terases, cyanobacterial adenylate cyclases, and formate hydro-
gen lyase transcription activator FhlA; PCB, phycocyanobilin;
PVB, phycoviolobilin; P®B, phytochromobilin; SAR, specific
absorbance ratio; TES, N-[tris(hydroxymethyl)methyl]-2-ami-
noethanesulfonic acid; X, any amino acid (in the DXCF motif).

B ADDITIONAL NOTES

“Color definitions in this study are 300—395 nm for near UV,
395—410 nm for violet, 410—480 nm for blue, 480—520 nm for
teal, 520—570 nm for green, 570—580 nm for yellow, 580—615
nm for orange, 615—685 nm for red, and 685—750 nm for far
red.

bThroughout, we describe photocycles using a convention
whereby the 15Z photostate is listed first;' thus, a red/green
photocycle indicates that the 15Z photostate is red-absorbing
and the 15E photostate is green-absorbing. This is in keeping
with biosynthesis of the 15Z isomer as the precursor initially
bound to the phytochrome or CBCR, even in cases in which
the 15E isomer is thermally favored.”

“We designate the new proteins in this study using the
systematic nomenclature previously used for other CBCRs
from N. punctiforme.’ Derived from the GenBank locus tag, this
nomenclature provides a unique designation for each open
reading frame in N. punctiforme. To designate the individual
CBCRs, we simplify the locus tag to Np(F/R)XXXX (e.g,
locus Npun_F2164 is simplified to NpF2164). GAF domains
that contain recognizable sequence elements of the phyto-
chrome lineage are then numbered from the N-terminus. Thus,
for the NpF2854 locus, there are four GAF domains that show
homology to phytochromes, with NpF2854g1 being the most
N-terminal of these domains. For cases in which there is a
single phytochrome-type GAF domain, no domain number is
assigned (e.g, NpR3784). GAF domains that are only distantly
related to phytochromes are explicitly excluded to minimize
confusion in the four cases in which a single CBCR is found as
part of a larger protein also including nonphytochrome GAF
domains (NpR3784, NpR2903, NpF6362, and NpR3691).
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