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Cyanobacteriochromes from Gloeobacterales provide new
insight into the diversification of cyanobacterial photoreceptors

Nathan C. Rockwell®, J. Clark Lagarias”
31 Briggs Hall, Department of Molecular and Cell Biology, One Shields Avenue, University of
California at Davis, Davis, CA 95616 USA

Abstract

The phytochrome superfamily comprises three groups of photoreceptors sharing a conserved GAF
(cGMP-specific phosphodiesterases, cyanobacterial adenylate cyclases, and formate hydrogen
lyase transcription activator FhIA) domain that uses a covalently attached linear tetrapyrrole
(bilin) chromophore to sense light. Knotted red/far-red phytochromes are widespread in both
bacteria and eukaryotes, but cyanobacteria also contain knotless red/far-red phytochromes

and cyanobacteriochromes (CBCRs). Unlike typical phytochromes, CBCRs require only the

GAF domain for bilin binding, chromophore ligation, and full, reversible photoconversion.
CBCRs can sense a wide range of wavelengths (ca. 330-750 nm) and can regulate phototaxis,
second messenger metabolism, and optimization of the cyanobacterial light-harvesting apparatus.
However, the origins of CBCRs are not well understood: we do not know when or why CBCRs
evolved, or what selective advantages led to retention of early CBCRs in cyanobacterial genomes.
In the current work, we use the increasing availability of genomes and metagenome-assembled-
genomes from early-branching cyanobacteria to explore the origins of CBCRs. We reaffirm

the earliest branches in CBCR evolution. We also show that early-branching cyanobacteria
contain late-branching CBCRs, implicating early appearance of CBCRs during cyanobacterial
evolution. Moreover, we show that early-branching CBCRs behave as integrators of light and pH,
providing a potential unique function for early CBCRs that led to their retention and subsequent
diversification. Our results thus provide new insight into the origins of these diverse cyanobacterial
photoreceptors.
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INTRODUCTION

Phototrophic organisms face the need to carry out photosynthesis under constantly changing
light conditions in the presence of competition. These challenges are often met through the
use of photoreceptors to evaluate the light environment, generating photochemical signals
that are transduced into a range of biological responses. For example, land plants measure
the ratio of red light to far-red light using phytochromes [1, 2]. If a plant is shaded by
competitors, this ratio will be low due to depletion of photosynthetically active red light
and the plant will trigger a shade avoidance response [3]. Phytochromes use a knotted,
N-terminal PAS-GAF-PHY photosensory core module containing a covalently linked linear
tetrapyrrole (bilin) chromophore [4, 5]. 15,16—photoisomerization of the bilin reversibly
photoconverts plant phytochrome between a red-absorbing 752 dark-adapted state (P,) and a
far-red-absorbing Z5E photoproduct (Py). This initial photoisomerization triggers a cascade
of structural rearrangements starting in the conserved bilin-binding pocket in the GAF
domain that can ultimately regulate the expression of thousands of plant genes controlling
almost every aspect of plant development [6-10].

Phytochromes are also found in some fungi, eukaryotic algae, and bacteria [11].

Such phytochromes can use a range of different bilins with light sensitivities varying
from approximately 600-780 nm [12-14], but all retain the knotted PAS-GAF-PHY
photosensor. Phytochromes are common in cyanobacteria, the oldest known oxygenic
photosynthetic organisms [15, 16]. Uniquely, the phytochrome superfamily of bilin-binding
GAF photoreceptors have diversified in cyanobacteria, giving rise to three distinct
families (Fig. S1a). Conventional knotted phytochromes are present, including red/far-red
examples such as the model phytochrome Cphl and unique cyanobacterial variations
able to sense blue or even near-UV light [17, 18]. However, cyanobacteria also contain
knotless phytochromes lacking the N-terminal PAS domain [19-21]. These GAF-PHY
photoreceptors retain photoconversion between P, and Ps.. However, the more distantly
related cyanobacteriochromes (CBCRs) have a minimal photosensor comprising only the
bilin-binding GAF domain [22-24].

CBCRs do not exhibit the phytochrome red/far-red photocycle. Instead, they exhibit a
diverse range of photocycles between different photostates ranging from 330-750 nm [17,
23, 25, 26]. This photosensory diversity arises from several tuning mechanisms that have
evolved during the diversification of CBCRs. For example, red/green CBCRs such as
AnPixJg2 and NpR6012g4 typically photoconvert between a red-absorbing 757 state similar
to that of phytochromes and a green-absorbing Z5£ photoproduct (Fig. S1b) in which the
bilin is trapped in a twisted configuration [27-31]. In this case, the 752 phycocyanobilin
(PCB) chromophore adduct is equivalent to that of the knotted phytochrome Cph1 and

the knotless phytochrome Cph2, with protons on all four bilin nitrogen atoms and a

cationic 1 system (Fig. Sic; [32, 33]). By contrast, green/red CBCRs such as CcaS and
RcaE, familiar regulators of complementary chromatic acclimation (CA; [34-38]), exhibit a
reversed protochromic photocycle rather than a trapped-twist mechanism. In such proteins,
the 152 chromophore in green/red CBCRs is deprotonated and absorbs green light [37].
Absorption of a green photon triggers photoisomerization and then proton transfer, resulting
in a protonated, red-absorbing Z5£ photoproduct [37, 39]. These photosensors also belong to
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distinct CBCR lineages: red/green CBCRs are part of the extended red/green (XRG) clade,
which evolved late in the diversification of CBCRs [40, 41], whereas green/red CBCRS
belong to the greater green/red (GGR) clade that appeared earlier [40, 42, 43]. However,
full-length photoreceptors can contain one or more photosensory domains of different types
and lineages. Some cases have tandem arrays of two or more CBCR domains [44-46], but
other cases can combine CBCRs with knotless phytochromes [47] or can combine different
CBCR domains from distinct lineages with other domains (Fig. S1d).

The evolutionary history of CBCR photoreceptors is thus a complicated interplay between
the evolution of cyanobacterial signaling proteins and that of the CBCRs themselves.
CBCRs are thought to have arisen from knotless phytochromes via progessive reduction
(Fig. Sla). Knotless phytochromes have an intermediate GAF-PHY photosensory module
simpler than that of knotted phytochromes but more complex than that of CBCRs, they share
a common chromophore precursor with most CBCRs, and they are also exclusively found in
cyanobacteria [11]. However, the initial steps and selective pressures underlying this process
are not well understood. Put simply, we do not know when or why CBCRs evolved from
phytochromes. This transition would have been accompanied by loss of the PHY domain
and by changes in a number of conserved residues in close proximity to the chromophore
[48, 49]. However, loss of chromophorylation during this process could result in loss of

the nascent CBCR rather than its retention in ancient cyanobacterial genomes: although
signaling can proceed in phytochromes in the absence of chromophore in other bacteria [50],
it is also possible that the loss of photosensory function in such a “proto-CBCR” sequence
would result in the loss of any selective advantage.

Studies of CBCR evolution have provided some insight into potential early branches in
CBCR evolution. An early phylogenetic analysis identified GGR CBCRs such as RcakE

as the earliest branch [40]. More recently, an updated phylogenetic analysis was used in
inferring ancestral CBCR sequences, which were shown to exhibit green/red photocycles
similar to those of RcaE or CcaS [43]. This work also placed the GGR clade as the
second branch in CBCR evolution, with an earlier branch considered a possible artifact
due to an anomalously long branch length. Only two sequences belonging to this potential
early branch were available at the time of the previous analysis, apparently resulting in
incorrect placement of those sequences in the earlier phylogeny. This discrepancy thus
highlights a potential pitfall of studying CBCR sequences based on phylogenetic analysis
alone, because the placement of such sequences of possible interest might change as new
genomic and metagenomic data become available for cyanobacteria. The consensus view
that the emergence of DXCF CBCRs [40, 51-53] and subsequent diversification of a range
of lineages including the XRG clade [27, 28, 41, 54] followed the appearance of GGR
CBCRs is well corroborated by the most current data.

Recent advances in understanding cyanobacterial evolution provide an alternative approach
to studying the origins of CBCRs. Until recently, the earliest branch in cyanobacterial
evolution was thought to be solely represented by G/oeobacter spp., which lack the thylakoid
membranes found in all other oxygenic photosynthetic organisms [55]. Gloeobacter
violaceus PCC 7421 has a single CBCR of the DXCF type, which does not seem to be
ancestral [40]. All phytochromes and CBCRs are absent in G. kilaueensis [56], so the CBCR

J Mol Biol. Author manuscript; available in PMC 2024 July 02.
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found in G. violaceus and related isolates [56-59] may have been acquired by horizontal
gene transfer (HGT). This would then indicate that CBCRs arose after the split between
Gloeobacterales and all other cyanobacteria. However, it has recently become clear that
Gloeobacterales is a more species-rich, diverse lineage than previously thought [60-63].
Studies have identified at least two branches within Gloeobacterales [61, 62]: a branch
including several metagenome-assembled genomes (MAGS), with Gloeobacter spp. being
derived organisms within that branch, and a second branch including Aurora vandensis,
Anthocerotibacter panamensis, and the polar species Sivonenia alaskensis (Fig. S2; [63]).
Phylogenetic analysis of 16S rRNA sequences indicates that both branches contain
additional diversity [64]. Interestingly, Gloeobacter spp. have apparently lost the GUN4
protein [64], which is present in A. vandensis and A. panamensis and which is thought

to have been present in the last common cyanobacterial ancestor (LCCA). The dearth

of CBCRs in Gloeobacter spp. could thus reflect a similar loss of ancestral capabilities
during the evolution of these organisms. Conserved CBCRs within Gloeobacterales would
provide reliable insight into the timing of CBCR evolution by virtue of being from the
earliest known branch of cyanobacteria regardless of subsequently appearing genomes. For
example, a CBCR lineage shown to have been ancestrally present in both branches of
Gloeobacterales would have evolved before those branches split 1.5 billion years ago [62].
Analysis of CBCRs from Gloeobacterales thus would focus on CBCRs from organisms of
known interest rather than on CBCR sequences of possible interest.

In the current work, we use the increasing availability of genomic and metagenomic
resources for Gloeobacterales and other early-branching cyanobacterial lineages to
reexamine the question of CBCR evolution and diversification. Phylogenetic analysis of
the CBCR domain confirms the previous identification of the earliest branch in CBCR
evolution [43], which we designate as the “earliest extant branch in CBCR evolution as of
2023” (the ee23 CBCRs). The ee23 lineage is followed by the GGR clade. Characterization
of heterologously expressed CBCR domains demonstrates that both ee23 and GGR CBCRs
can integrate light and pH cues, in contrast to DXCF and XRG CBCRs. Examination of
full-length photoreceptor sequences demonstrates that Gloeobacterales contain characteristic
lineages of DXCF and XRG CBCRs associated with conserved photoreceptors, including a
candidate phototaxis locus. Our results thus provide evidence for early evolution of CBCRs
relative to cyanobacterial diversification and for integration of light with pH as a driving
force for appearance of early CBCR lineages.

RESULTS

Phylogenetic analysis of the CBCR domain identifies early-branching CBCR lineages.

We began by constructing a sequence alignment which incorporated recently described
CBCR lineages [26, 43, 65, 66], CBCR sequences from Gloeobacterales identified by
BLAST searches [60-62, 67], and a small number of knotless phytochrome GAF domains
to provide an outgroup for phylogenetic analysis. The resulting alignment was used to
infer a maximum-likelihood phylogeny (Figs. 1a and S3-S6) as described in the Methods.
The CBCR domain is small for this purpose, with only 156 amino acids remaining

for phylogenetic inference after removal of gap-enriched columns in our alignment.

J Mol Biol. Author manuscript; available in PMC 2024 July 02.
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Nevertheless, the transition from the phytochrome outgroup to early CBCR branches is well
resolved, with good support for ee23 CBCRs and GGR CBCRs as the first two branches in
CBCR diversification (Figs. 1a & S3). Notably, we identified three early-diverging members
of the ee23 CBCR lineage (Figs. 1b & S3), resulting in a much shorter branch length for this
CBCR clade than in previous work [43]. Two of these sequences were from Gloeobacterales,
with the third (MBD2102707) found in the genome of Leptolyngbya sp. FACHB-261. The
latter genome is associated with a recent large-scale study of cyanobacterial evolution and
diversification [68], but this strain is not described in this work. We therefore constructed

a small catenation of ribosomal proteins and translation elongation factor 4 to provide

a tentative placement of this organism with respect to recent advances in cyanobacterial
branching order [69, 70]. Phylogenetic analysis using the resulting catenation did not

place this organism within Gloeobacterales (Fig. S7). Instead, it was placed as sister to

the filamentous genus Pseudanabaena and related organisms, consistent with the definition
of Leptolyngbya as a filamentous genus. The ee23 CBCRs were associated with similar
domain architectures typically including C-terminal histidine kinase bidomains (Fig. S8),
PAS domains, and GAF domains from outside the phytochrome GAF lineage. One protein
from Gloeobacterales, MBC8123355, instead combines a histidine kinase with a DXCF
CBCR and an ee23 CBCR as a tandem pair. The other exceptional case was MBD2102707,
which is predicted to be a much smaller protein lacking a complete histidine kinase. These
studies thus provide good support for the ee23 lineage as the earliest known CBCR clade
and identify members of this lineage from Gloeobacterales (Figs. 1b & S3).

After the ee23 CBCRs, the next CBCR branch to emerge is the GGR clade (Figs. 1a

& S3). GGR CBCRs were not found in Gloeobacterales or in the Thermostichales, the
earliest unambiguously placed branch of cyanobacteria known to contain thylakoids [64,
69-72]. This is consistent with the behavior of G. violaceus, which regulates phycoerythrin
in response to culture age rather than via CA [73], and with the absence of phycoerythrin
biosynthesis genes in Thermostichales. The Aegeococcales are tentatively placed as sister
to Thermostichales or as a basal branch within this lineage ([64, 70]; Fig. S2), and the

only complete genome for this group, that of Synechococcus sp. PCC 7336, does contain a
GGR CBCR (MBD2102481). This protein is not found in an early branch within the GGR
CBCRs, but is instead related to RcaE (Fig. S3). This result is thus consistent with a later
acquisition of MBD2102481 in Synechococcus sp. PCC 7336 and also with the presence of
type Il CA in this organism [74].

After GGR CBCRs, several lineages of DXCF CBCRs were recovered as the next branches
in CBCR evolution (Figs. 1a & S3-S6). DXCF CBCRs from Gloeobacter spp. (as opposed
to Gloeobacterales in general) were recovered in one of these. Consistent with previous
work [40], these Gloeobacter representatives are not early-branching members of that
early DXCF CBCR lineage (Fig. S3), suggesting their acquisition by more recent HGT.
Subsequent DXCEF lineages have given rise to other CBCR groups (Figs. S4-S5), such as
the DXCIP CBCRs and the NpR3784 group [65, 75]. These observations are consistent
with prior studies recovering the DXCF group as a grade that has repeatedly given rise

to other lineages [40, 41, 43, 46, 76]. Most of these derived groups were largely absent
from Gloeobacterales, excepting a single DXCIP example likely to have been acquired via
HGT (Fig. S5). However, one lineage of DXCF CBCRs was almost entirely comprised of

J Mol Biol. Author manuscript; available in PMC 2024 July 02.
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sequences from Gloeobacterales (Figs. 1a & S6). The only members of this Gloeo-DXCF
CBCR clade not found in Gloeobacterales were found in MAGs from South African
stromatolites [77] that have recently been assigned to an early, mesophilic branch of the
Thermostichales [64]. Finally, we also observed two small clades of XRG CBCRs that
were similarly enriched for Gloeobacterales sequences (Fig. S6). One of these was entirely
comprised of red/green CBCRs from Gloeobacterales. The other clade was characterized by
a large insertion reminiscent of that seen in insert-Cys (ins-Cys) CBCRs, but having more
diversity and only partial conservation of the characteristic Cys residue defining the ins-Cys
CBCRs. These “ins-X” sequences were found in the same organisms as Gloeo-DXCF
CBCRs: Gloeobacterales and early-branching, mesophilic members of the Thermostichales
(Fig. S6). Taken together, our analysis thus identifies multiple clades of CBCRs that are
uniquely found in early cyanobacterial branches.

Spectral diversity of early-branching CBCRs.

We next characterized several ee23 CBCRs to learn more about the behavior of this lineage.
The only characterized member of this group, Oscil6304_4203 from Oscillatoria acuminata
PCC 6304, was previously mis-assigned to a DXCF lineage because only two ee23 CBCR
sequences were known at that time [40]. Not an early-diverging member of the ee23 CBCR
lineage (Fig. 1b), Oscil6304_4203 was shown to have a green/blue photocycle [40]. We
began by examining four of the close relatives of this protein: NIES2119 03185 from
Phormidium ambiguum NIES-2119, WP_083263321 from Desertifilum tharense IPPAS
B-1220, 0SC10802_3032 from Oscillatoria sp. PCC 10802, and MBF2026838 from a

hot springs MAG. NIES2119 03185 exhibited a green-absorbing 757 state with PCB
chromophore (Fig. 2a & Table 1); photoconversion yielded a Z5£ state with blue-absorbing
and orange-absorbing populations, similar to the photocycle of Oscil6304_4203 [40].
WP_083263321 exhibited very similar behavior but with lower yield (Fig. 2b & Table 1). By
contrast, the other two proteins exhibited red-absorbing 752 states that gave rise to similar
photoproducts (Fig. 2c—d). In these cases, the orange-absorbing species did not contribute
significantly to the difference spectrum, resulting in an effective red/blue photocycle. We
also examined the two known ee23 CBCRs from Gloeobacterales. MBC8123355¢2 is

from Gloeobacterales sp. ES-bin-141 (Fig. S2; [61]). This protein exhibited a complex
absorption spectrum in the 757 state, with peaks in the red and yellow regions of the
spectrum (Fig. 2e). However, photoconversion of this apparently mixed state gave rise to

a simpler photoproduct with only a blue-absorbing peak. By contrast, HGZ86378 from
Gloeobacterales sp. SpSt-379 [58, 61] exhibited a red/green photocycle without the blue-
absorbing photoproduct population seen in the other examples (Fig. 2f). The three examples
with green-absorbing 157 states thus have very similar difference spectra, differing in the
amount of the orange-absorbing Z5£ population (Fig. 2g), but the three examples with
red-absorbing 157 states have more variation in photoproduct absorption (Fig. 2h). All six
ee23 CBCRs examined in this study used PCB adducts as chromophore as judged by acid
denaturation (Table 1), consistent with the known properties of Oscil6304_4203 [40]. We
conclude that the ee23 CBCRs are a diverse lineage of functional photoreceptors.

J Mol Biol. Author manuscript; available in PMC 2024 July 02.
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Absorption of blue, violet, or near-UV light by CBCRs proceeds via two-Cys photocycles in
which the chromophore is covalently attached to the protein not only by the usual ligation
of a conserved ‘canonical’ Cys to the C3 side chain (Fig. S1c) but by another thioether
linkage from a second Cys residue to C10 of the chromophore [17, 52, 53, 78-80]. If this
linkage is absent in the 157 state but present in the 15E state, then the green/blue or red/blue
photocycles observed with some ee23 CBCRs would result [53, 78]. The sequences of ee23
CBCRs contain both the canonical Cys and a candidate second Cys residue that aligns

with an Asp residue that is part of a conserved DIP motif in phytochromes (Fig. 3a; [81,
82]). In ee23 CBCRys, this motif retains the Pro residue, with the Ile matching a conserved
hydrophobic residue. The resulting C$P motif (where ¢ = hydrophobic) is clearly distinct
from both the DIP motif and the equivalent EVFP motif of GGR CBCRs (Fig. 3a), and

it is largely conserved in the ee23 CBCRs. Notably, the C¢P motif is also conserved in
HGZ86378 despite the absence of a blue-absorbing species in this protein (Fig. 2f); however,
variant motifs lacking the Cys are present in MBD2102707 and in the late-branching ee23
CBCR MBD2180124 (Figs. 3a & S3).

The evolution of the DIP motif into C¢P would thus seem to be one step that occurred
during the transition from knotless phytochromes to ee23 CBCRs. However, the Asp
residue of the DIP motif is a highly conserved residue in the bilin-binding pockets of

both knotted and knotless phytochromes [4, 5, 8, 48], and substitutions for this residue

in the model phytochrome Cph1 or for an equivalent Asp in the model red/green CBCR
NpR6012g4 can have profound effects on chromophorylation or on the photocycle [83,

84]. We therefore tested the effects of Asp-to-Cys substitutions in GAF-only constructs of
knotless phytochromes, mimicking a possible step in early CBCR evolution. We began with
NpR4776g1 from Nostoc punctiforme PCC 73102 (Fig. 3b), which is a further truncation
relative to the previously characterized GAF-PHY construct exhibiting a normal red/far-red
photocycle [21]. Like the GAF1-only construct of Cph2 from Synechocystis sp. PCC 6803
[19], NpR4776g1 exhibited greatly reduced P formation in the absence of the PHY domain
(Fig. 3c). Unlike the green-absorbing 157 state of NIES2119 03185, however, the DggC
variant of NpR4776g1 exhibited a red-absorbing 157 state (Fig. 3d), despite their shared
PADCIP motifs (Fig. 3a). Photoconversion of the DggC variant resulted in formation of a
bleached 75F photoproduct similar to that of wild-type NpR4776g1, albeit lacking the small
amount of Z5E far-red absorption present in the GAF-only wild-type (Figs. 3d—e).

We also examined the GAF-only construct of another knotless phytochrome, the FaRLiP
regulator RfpA [85]. RfpA has been shown to exhibit efficient Ps formation even in the
absence of the PHY domain [21]. In this case, we constructed a doubly substituted G;gE
DgqC variant protein containing a PAECIP sequence matching that of the red-absorbing
0SC10802_3032 (Fig. 3a). This variant protein again exhibited a red-absorbing 157 state,
but Ps, formation was again ablated (Fig. 3f-g & Table 1). Instead, this doubly substituted
G79E DgoC variant formed an orange-absorbing species similar to one of the two 15£
populations seen with OSC10802_3032 (Fig. 3h). We conclude that loss of the conserved
Asp of the DIP motif need not result in loss of chromophorylation or of photoconversion in
knotless phytochromes, even in the absence of the PHY domain.

J Mol Biol. Author manuscript; available in PMC 2024 July 02.
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Spectral diversity and conserved chromophore configuration in GGR CBCRs.

After ee23 CBCRs, the next branch in our phylogeny is the GGR clade. This group
comprises the green/red CBCRs, RcaE and Ccas, as well as far-red-sensing CBCRs like
Anacy 255193 [26, 35, 37, 42]. Here, we found that M595_1144 from Lyngbya aestuarii
exhibits a green/red photocycle (Fig. 4a) despite its placement as an early-branching
member of the clade including Anacy 2551g3 and other far-red CBCRs (Fig. S3). This

is consistent with an ancestral green/red photocycle within the GGR clade, but we also
found previously unappreciated diversity in this clade. Mic7113_ 177491 from Microcoleus
sp. PCC 7113 exhibited a red-absorbing 157 state along with a Z5E state similar to those

of green/red CBCRs, giving a red/red photocycle (Fig. 4b). Cri933_0815 from Crinalium
epipsammum PCC 9333 had multiple peaks in the 157 state (Fig. 4c), reminiscent of

the ee23 CBCR MBC8123355¢2. However, photoconversion of this species resulted in a
red-absorbing photoproduct and in a photochemical difference spectrum very similar to that
of Mic7113_1774g1 (Fig. 4c—d). These results thus underscore similarities between the ee23
and GGR CBCRs, with both lineages having examples with green- or red-absorbing 152
states using PCB chromophores.

We next sought to examine potential conservation of chromophore configurations during
the early evolution of CBCRs using CD spectroscopy. Bilin chromophores can be CD
active, providing insight into the 3-dimensional disposition of the chromophore about

the approximate plane of the B- and C-rings [86—88]. RfpA-PAECIP exhibited negative

CD on the red to orange (Sg—S;) band in both photostates (Fig. 4e), in contrast to the
inversion of CD upon Pg formation in knotless phytochromes [89] but similar to a range

of CBCRs [17, 28, 37, 78]. The same behavior was also seen in the 757 photostates

of five ee23 CBCRs, regardless of whether they exhibited green, red, or mixed peak
absorption in the dark-adapted 752 state (Figs. 4f-g & S9a—c). The orange- or green-
absorbing photoproduct populations of these proteins also gave clearly negative CD signals,
but signals from the blue-absorbing populations were variable: this population was not
resolved in NIES2119 03185 (Fig. S9a), gave weak negative signals in 0SC10802_3032
and MBF2026838 (Figs. 4f & S9b), and gave a robust negative signal in MBC8123355g2
(Fig. S9c). The GGR CBCRs Mic7113_1174g1 (Fig 4h), Cri9333_0815 (Fig. S9d), and
M595 1144 (Fig. S9e) also exhibited robust negative CD for the long-wavelength bands in
both photostates. Taken together, these experiments demonstrate that knotless phytochromes
and early CBCR branches exhibit a conserved chromophore configuration in the 7527 state
and that the variable spectral tuning mechanisms found in ee23 and GGR CBCRs do not
result from gross changes in that configuration.

Integration of light and pH cues by early-branching CBCRs.

The presence of ee23 and GGR CBCRs with either green or red absorption in the 752
dark-adapted state is reminiscent of the protochromic green/red photocycle of GGR CBCRs
such as RcakE, in which changes in protonation state give rise to the changes in peak
absorption upon photoconversion [37]. We reasoned that changes in protonation might

thus explain the observed variation in dark-adapted states in these CBCR lineages. For
example, the green-absorbing ee23 CBCR NIES2119 03185 might have a deprotonated 152
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chromophore like RcaE, whereas the red-absorbing GGR CBCR Mic7113_1774g1 might
instead have a protonated 752 chromophore despite its closer relationship to RcakE (Fig. S3).

We therefore tested this hypothesis for representative ee23 CBCRs. CBCRs dialyzed against
standard TKKG buffer at pH 7.5 in the 757 photostate were diluted into 10 volumes of

400 mM buffers ranging from pH 5 to pH 10 (see Methods). Were the green-absorbing

state of NIES2119 03185 to be deprotonated, it would be expected to become protonated at
lower pH values and should shift to the red. This was indeed the case, with a red-absorbing
species appearing at pH 6 and becoming the majority species at pH 5 (Fig. 5a). Diluting this
protein into buffer at higher pH did not change the spectral properties of the green-absorbing
state, again consistent with a deprotonated bilin in the green-absorbing state (Fig. 5a). By
contrast, the red-absorbing 752 state of OSC10808 3032 was stable at pH 7; however,

this species titrated to a green-absorbing state at higher pH (Fig. 5b). The red-absorbing
MBF2026838 behaved similarly, with a stable red-absorbing species still observed at pH 6
(Fig. 5¢). Estimated pKj values for these proteins were also consistent with protochromic
spectral tuning in these proteins: Z5ZNIES2119 03185 had an estimated pK, of 5.7, similar
to that of 752 RcaE [37], whereas OSC10802_3032 and MBF2026838 had higher values

of 8.4 and 7.5, respectively (Figs. 5d & S10a—b; Table 2). The two peaks observed in

152 MBC8123355¢2 (Fig. 2d) might thus reflect a mixture of protonated and deprotonated
species. Consistent with this interpretation, this protein exhibited increasing red absorption
at pH 7 and a simple red-absorbing state at pH 6; however, the same material collapsed to a
single green-absorbing state at pH 9 or pH 10 (Fig. 5e). By contrast, HGZ86378 was similar
to MBF2026838 (Fig. 5f). MBC812335592 exhibited an intermediate pK, of 6.9, whereas
HGZ86378 had a higher pK, of 8.1 (Figs. 5g & S10c; Table 2). We favor the simplest
interpretation of these results [37]: bilin protonation is an important tuning mechanism for
ee23 CBCRs in the dark-adapted state.

We next sought to test pH responses in RfpAg1-PAECIP. Unfortunately, this variant knotless
phytochrome was unstable outside the range of pH 7-8, as shown by marked scattering in
the absorption spectra (Fig. 5h). Scattering continued to increase during illumination, also
precluding examination of any pH effects on the Z5£ photostate. By contrast, the atypical
red/red GGR CBCR Mic7113 177491 was more stable and exhibited spectral changes at
different pH values similar to those of the ee23 CBCR OSC10802_3032 (Fig. 5i), consistent
with a protonated 752 bilin. Like MBC812335592, the GGR CBCR Cri9333_0815

behaved as though the 752 absorption at pH 7.5 arose due to a mix of protonated and
deprotonated species (Fig. 5j). However, these two proteins show an important difference

in photoconversion: both the protonated and deprotonated states give rise to the 75£
blue-absorbing state in MBC8123355¢2 (Fig. 2e), whereas the protonated red-absorbing
population seems to photoconvert much more efficiently than the deprotonated species in
Cri9333_0815 (Fig. 4c—d). The estimated pK, value for Mic7113_1774g1 was similar to
that of OSC10802_3032, whereas that for Cri9333_0815 was instead similar to that of
MBC8123355¢2 (Figs. 5k & S10c; Table 2). It is also important to note that such changes in
bilin protonation are not ubiquitous in CBCRs, as shown by the broad stability of the DXCF
CBCR Oscil6304_2705 in the 752 blue-absorbing state ([90]; see Fig. S4 for phylogenetic
placement of this protein). We also tested the model red/green CBCR AnPixJg2 [27, 49, 91,
92] in our current procedure (Fig. 51). Its 757 red-absorbing state was stable over pH 6-9

J Mol Biol. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rockwell and Lagarias Page 10

and remained the majority species even at pH 10, in marked contrast to the red-absorbing
states of ee23 and GGR CBCRs. Hence, ee23 and GGR CBCRs show specific responses to
pH change that are not seen in other CBCRs.

We next examined the effects of pH upon photoconversion of ee23 CBCRs. We measured
photochemical difference spectra after dilution into different buffers and normalized them
using the actual 752 absorbance observed in the same buffer. This procedure should

correct for changes in extinction coefficient that coincide with changes in protonation and
should also correct for possible loss of activity. The results are presented in Fig. 6. The
green-absorbing ee23 CBCR NIES2119 03185 retained activity even at pH 10, but the
blue-absorbing photoproduct did not form at this pH. Instead, higher amounts of the long-
wavelength species were formed. By contrast, the blue-absorbing photoproduct population
was efficiently formed at pH 5.5 (Fig. 6a). 0SC10802_3032 retained a normal red/blue
photocycle at pH 8 and showed depletion of both protonated and deprotonated species

with red light at pH 9, but photoconversion was lost at pH 10 (Fig. 6b). Photoconversion

of MBF2026838 was similar (Fig. 6¢), with reduced formation of the blue-absorbing
photoproduct at pH 6, formation of a photoactive deprotonated 757 species at higher pH,
and then loss of activity at pH 10. MBC812335592 retained a robust red/blue photocycle at
pH 6, but photoconversion became less efficient at higher pH as the deprotonated species
formed (Fig. 6d). Hence, these three ee23 CBCRs exhibit very similar red-absorbing 752
states at pH 6 but give rise to different photoproducts (Fig. 6e), whereas there is more
variation in the 752 state at pH 9 but similar formation of a blue-absorbing Z5E£ population
(Fig. 6f). Despite these differences, all three of these proteins lost activity at higher pH, with
photoconversion essentially lost at pH 10 (Fig. 6b—d). This loss of activity was not observed
in the GGR CBCRs Mic7113 177491 and Cri9333_0815 (Fig. 6g-h), but in these cases the
photoproduct was blue-shifted relative to that observed at pH 7.5 and hence was probably
also deprotonated. RcaE exhibited a similar photoproduct blue shift in this experiment (Fig.
6i), as expected [37], and indeed its photochemical difference spectrum at pH 10 was very
similar to those of Mic7113_1774g1 and Cri9333_0815 under the same conditions (Fig. 6j).
We also examined the ee23 CBCR HGZ86378, which lacks the Z5£ blue-absorbing species
of other members of this lineage. In this protein, the photochemical difference spectrum
still exhibited red/green character at pH 9 (Fig. 6k), even though the 752 chromophore

was substantially deprotonated under this condition (Fig. 5f & Table 2). The deprotonated
species thus seems less photochemically active in this protein, and indeed photoconversion
was reduced at pH 10 (Fig. 6k). Such changes in the photocycle are not ubiquitous in
CBCRs, because the photocycle of AnPixJg2 remained remarkably consistent over pH 6-9
and exhibited only a minor loss of activity at pH 10 (Fig. 61). These results thus establish
both ee23 and GGR CBCRs as exhibiting pH-dependent photocycles.

Late-branching CBCRs from early-branching cyanobacteria.

Integration of light and pH by early CBCRs could provide an advantage relative to
conventional red/far-red phytochromes. However, current data for the ee23 and GGR
lineages do not provide reliable insight into the timing of CBCR evolution. The ee23
CBCRs currently known from Gloeobacterales (see above) are found in only one of the
two branches of these organisms (Figs. 1b & S2-S3), so it is not clear whether these were
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vertically inherited from the last common ancestor of Gloeobacterales (LCAG) or were
instead acquired later in only that branch via HGT. However, the process of constructing

a sequence alignment for phylogenetic analysis did make it clear that the paucity of bilin-
binding photoreceptors in Gloeobacter spp. is not representative of Gloeobacterales as a
whole. As previously reported [25], there is a rough correlation between the number of
phytochromes and CBCR open reading frames (ORFs) encoded in a given cyanobacterial
genome and the size of that genome. This correlation successfully predicts the absence

of such photoreceptors in the reduced genomes of Cyanobium, Prochlorococcus, and
related Synechococcus strains (Fig. 7a). However, Gloeobacter spp. are outliers in this
analysis: they possess fewer photoreceptors than expected based on their genome size.
Plotting the density of phytochrome or CBCR open reading frames per Mb (ORFs/Mb)

for different cyanobacterial lineages shows that Gloeobacter spp. are also not representative
of Gloeobacterales as a whole, with the latter instead being comparable to other early
unicellular branches such as Thermostichales or Gloeomargaritales (Fig. 7b). Given the
frequent occurrence of CBCRs in tandem arrays, as in the NpPtxD phototaxis receptor
from N. punctiforme ([16, 28, 44]; Fig. S1d), we also calculated a tandem index for these
lineages, defined as the average number of predicted bilin-binding GAF domains per open
reading frame for a given genome or MAG. This parameter again underscores the difference
between Gloeobacter spp. and other members of the Gloeobacterales (Fig. 7¢), suggesting
that Gloeobacter does not reflect the ancestral CBCR complement of LCAG.

A CBCR domain vertically inherited from the last common cyanobacterial ancestor (LCCA)
or from LCAG should satisfy multiple criteria in a phylogenetic analysis. First, it should

be found in a discrete clade. Second, such a domain should be present in both lineages of
Gloeobacterales and should mimic the overall pattern of diversification in these organisms
(Fig. S2). It is possible for such a sensor to be transferred from Gloeobacterales to other
cyanobacteria by HGT, so the presence of non-Gloeobacterales members of such a clade is
not disqualifying. Using this reasoning, we identified three CBCR clades that could have
been vertically inherited from LCAG in modern Gloeobacterales genomes and MAGs (Figs.
la & S6). Interestingly, these photosensors do not appear early in CBCR evolution: both
the ins-X CBCRs and a small group of red/green CBCRs from Gloeobacterales belong to
the late-emerging XRG clade, and the Gloeo-DXCF CBCRs are one of the later DXCF
branches to emerge (Fig. S6). Remarkably, these three groups of CBCRs are associated
with only two full-length photoreceptors: a histidine kinase with a tandem Gloeo-DXCF:ins-
X pair found in both Gloeobacterales and Thermostichales, and a candidate phototaxis
receptor specific to Gloeobacterales which had a tandem array of 2-3 Gloeo-DXCF CBCRs
followed by 0-2 red/green domains and then by a C-terminal MCP domain (Fig. S11a).
Both full-length photoreceptors are present in the two known branches of Gloeobacterales
(Fig. S11b), consistent with the presence of both in LCAG. This analysis also identified an
additional MCP protein in Gloeobacterales sp. ES-bin-313 that was apparently split across
two scaffolds and hence is annotated as two different proteins, despite a region of perfect
overlap in the region between the first and second GAF domains (Fig. S11c—d). If one
assumes that this overlap reflects a single, authentic photoreceptor, the result is a CBCR-
MCP protein matching that observed in the closely related Gloeobacterales sp. SpSt-379
(Fig. S11a; [61]), so we propose that this is a single photoreceptor. Extant Gloeo-DXCF
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domains seem to have originated as part of the tandem pair and then were transferred to the
MCP protein, with subsequent duplications of the domain in the MCP proteins (Fig. 7d).
Taken together, these analyses provide evidence for at least two CBCR-based photoreceptors
and three types of CBCR domain in LCAG.

We next characterized the properties of Gloeo-DXCF domains. MP9P1_10_2A is the Gloeo-
DXCF domain found in a tandem pair with an ins-X CBCR (Fig. S11a) on scaffold 10 of
the MAG for A. vandensis MP9P1 [60]. It belongs to the earliest branch of the Gloeo-DXCF
proteins (Fig. 7d). This CBCR exhibited a blue-absorbing 157 state which photoconverted to
a yellow-absorbing Z5E state, using a PCB adduct (Fig. 7e & Table 1). NJL97683g1 is from
a similar photoreceptor but is found in SM2_3 2, a MAG belonging to a mesophilic branch
of the Thermostichales [64]. Its properties were very similar to those of MP9P1_10 2A
(Fig. 7f & Table 1). Lastly, we examined WP_218079506g3, the third in a tandem array

of three Gloeo-DXCF domains in a candidate phototaxis receptor from A. panamensis

([62]; Fig. S11a). This protein again exhibited very similar behavior (Fig. 79 & Table 1).

All three proteins also exhibited very similar behavior in CD spectroscopy (Fig. S9f-h).
These results thus demonstrate that Gloeo-DXCF domains from different organisms and/or
different photoreceptors nevertheless exhibit remarkably similar properties.

In contrast, we found that the photocycles of ins-X CBCRs were more variable. The

ins-X group has large insertions roughly corresponding to those seen in ins-Cys CBCRs,
some of which have candidate second Cys residues matching those of the ins-Cys group
(Fig. 8a). However, the two CBCR lineages are apparently distinct phylogenetically (Fig.
S6). We characterized two ins-X CBCRs, both of which are found in tandem pairs

with characterized Gloeo-DXCF domains (see above). MP9P1 10 2B from A. vandensis
exhibited robust photoconversion between a 752 red-absorbing dark state and a Z5£ blue-
absorbing photoproduct, using a PCB chromophore (Fig. 8b & Table 1). NJL97683g2 from
SM2_3 2, known as a MAG from a South African stromatolite [77], instead exhibited a
violet-absorbing 157 state that gave rise to a broad photoproduct peaking in the green, again
with a PCB chromophore (Fig. 8¢ & Table 1). This variation contrasts not only with the
conserved Gloeo-DXCF photocycles from the same full-length photoreceptors (Fig. 7e—f)
but also with characterized ins-Cys CBCRs, which can have variable tuning in the Z5F state
but which exhibit dark-adapted 757 states ranging from the near-UV to the blue region of
the spectrum [17, 25, 76]. However, we observed similar variation in two hybrid CBCRs that
were recovered as sister to each other in our phylogenetic analysis (Fig. S6). Like ins-X and
ins-Cys CBCRs, hybrid CBCRs belong to the XRG clade [41, 54]. However, they lack the
large insertion of the other two groups, instead having reacquired the DXCF Cys residue
(Fig. 8a). Hybrid CBCRs have evolved repeatedly within the XRG clade [41]. We found
that one such hybrid CBCR domain, WP_027842869 from the euendolithic (rock-boring)
cyanobacterium Mastigocoleus testarum BCOO08, exhibited a photocycle very similar to

that of NJL97683¢2 (Fig. 8d & Table 1). However, its sister CBCR, WP_06508324 from
Xenococcus sp. PCC 7305 (Fig. S6), did not have a similar photocycle. WP_006508324
instead exhibited a red/blue photocycle (Fig. 8e & Table 1), in this case with a small far-red
absorbing population consistent with binding a small amount of a verdin chromophore

[76, 92, 93]. The ins-X CBCRs thus seem to combine the photosensory variation of

hybrid CBCRs with structural adaptations similar to those of the ins-Cys CBCRs. We do
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not currently understand the reasons for such variable photocycles in relatively closely
related proteins, but it is interesting to note that NJL97683g2 and WP_027842869 have
similar violet-absorbing dark-adapted states and are from organisms growing in rocky or
mineralized locations, whereas MP9P1_10 2B and WP_006508324 do not and were not
found in such environments.

The identification of these stable, well-chromophorylated, late-evolving CBCRs from
Gloeobacterales also allowed us to test their ability to integrate light and pH. The 152
blue-absorbing state of MP9P1_10 2A from A. vandensis was quite robust, exhibiting

no significant changes over pH 6-10 (Fig. 9a). Photoconversion revealed changes in the
difference spectrum at pH 9-10 (Fig. 9b) which could reflect either loss of activity or

a change in extinction coefficient. Absorption spectra taken after illumination with blue
light exhibited robust depletion of the 752 photostate (Fig. 9c¢), indicating a change in

15F extinction coefficient at high pH. Plotting absorbance at 568 nm versus pH for this
photostate (Fig. 9d) suggested that this change arose via a simple titration with a single
pKj, value of approximately 8.5, which is notably higher than that observed for a 75£ PCB
adduct under denaturing conditions [37] and is thus likely to reflect a titrating amino acid
moiety such as a Cys side-chain. Similar changes were observed in WP_218079506g3 from
A. panamensis (Fig. 9e—f, Fig. S10d, & Table 2). We also examined pH responses in the
red/blue ins-X CBCR MP9P1_10_2B from A. vandensis. In this case, the red-absorbing
157 state behaved very similarly to that of AnPixJg2, with nearly identical spectra from
pH 6-9 and retention of red absorbance even at pH 10 (Figs. 51 & 9g). Formation of the
blue-absorbing 75F photoproduct of MP9P1_10 2B proceeded readily at pH 6-9 but was
less efficient at pH 10 (Fig. 9h), again resembling the behavior of the XRG CBCR AnPixJg2
(Fig. 6l). Hence, these late-branching DXCF and XRG CBCRs from Gloeobacterales
showed reduced sensitivity at high pH, but they did not change their spectral tuning or
lose photoconversion. This behavior thus contrasts with that seen in the early-branching
ee23 and GGR CBCRs.

Evolution of CBCR signaling systems in Gloeobacterales.

These studies have demonstrated the presence of functional CBCR domains in
Gloeobacterales, with at least two photoreceptors apparently vertically inherited from LCAG
(see above). The signaling “output” domains of these two photoreceptors are a histidine
kinase bidomain and an MCP domain (Fig. S11a), which are also common C-terminal
effector domains for a broad range of other CBCRs [22, 25, 28, 53, 94]. We did not

find evidence for CBCR-GGDEF, CBCR-EAL, or CBCR-adenylate cyclase proteins in
Gloeobacterales, in contrast to crown cyanobacteria [46, 95-97]. We used phylogenetic
analysis to test the interplay between the evolution of these signaling domains and that of
the Gloeobacterales CBCR domains. Phylogenetic analysis of histidine kinase bidomains
(Figs. 10a & S12) demonstrated that the Gloeo-DXCF:ins-X tandem pairs found in
Gloeobacterales were associated with a single clade of His kinases. However, the equivalent
tandem pairs from Thermostichales (e.g., NJL97683g1:NJL97683g2) were associated with
a distinct His kinase. Similarly, ee23 CBCRs from Gloeobacterales and those from more
derived organisms were again associated with distinct His kinase domains (Figs. 10a &
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S12), indicating that domain shuffling events have played a significant role in the evolution
of these photoreceptors.

Functional CBCR-based phototaxis receptors typically combine one or more CBCR
domains with a C-terminal MCP domain [44, 45, 98], as is the case for those found in
Gloeobacterales (Fig. S11a). However, such proteins are also typically found in the context
of larger, stereotyped loci that also include several other proteins similar to those found in
other bacterial taxis loci [44, 98, 99]. Functional analysis of the Pix locus in Synechocystis
sp. 6803, the Ptx locus in N. punctiforme PCC 73102, and the PixJse photoreceptor in
Synechococcus elongatus UTEX 3055 has demonstrated that the SyPixJ, NpPtxD/NpF2164,
and PixJse proteins are functional photoreceptors /n vivo[44, 45, 98, 100], and biochemical
characterization has established their spectroscopic properties [17, 28, 45, 101, 102].
However, a second taxis locus is required for general motility in Synechocystisand N,
punctiforme [44, 99, 100]. This Hmp locus again has an MCP protein and homologs

for PatA, CheY, CheW, and CheA proteins, but the MCP protein does not have CBCR
domains. Moatility in cyanobacteria requires type 1V pili, so a large “parts list” of proteins
for biogenesis of these pili is required for motility in addition to the taxis loci [99, 103,
104]. Several of these proteins have recently been shown to be vertically inherited from
LCCA [64]. BLAST searches of Gloeobacterales genomes and MAGs detected apparent
orthologs for each of these proteins, the proteins of the Hmp locus, and the proteins of the
Pix/Ptx locus in at least three organisms spanning both branches of Gloeobacterales (Figs.
S2 & S13). The absence of some required proteins in MAGs is not conclusive, but complete
genomes of Gloeobacter spp. are missing both the Hmp locus and the phototaxis locus (Fig.
S13). The absence of these loci is consistent with the absence of motility in G. violaceus
[55] and raises the possibility that motility may have been present in LCAG but lost in
Gloeobacter spp. at a later date.

For phylogenetic analysis of the MCP proteins, we used a catenation of PtxB/HmpB/
CheY, PtxC/HmpC/CheW, the MCP domain, and PtxE/HmpE/CheA proteins. Unlike other
components of the Hmp locus, the A#mpA gene (PatA homolog) is not required for motility
in Synechocystis and N. punctiforme [99, 103, 104], so this protein and its paralogs from
other loci were omitted. Phylogenetic analysis of the resulting catenation (Figs. 10b &
S14) clearly resolved a Hmp clade whose branching pattern closely matches that seen

for catenated cyanobacterial translation proteins (Fig. S7), supporting vertical inheritance
of the Hmp locus from LCCA. Other taxis loci were recovered in several clades. The
candidate phototaxis loci from Gloeobacterales were recovered as part of a derived clade
also including the known phototaxis loci from Synechocystis and N. punctiforme, with
that from S. elongatus being only distantly related (Fig. 10b). Taken together, this analysis
supports motility as a vertically inherited, ancestral characteristic of cyanobacteria but favors
a more complex scenario for evolution of phototaxis.

DISCUSSION

In the current work, we have leveraged the increasing availability of genomic and
metagenomic resources for early-branching cyanobacteria to examine the evolution of
CBCRs. We confirm the identity of the earliest CBCR branches and identify conserved
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CBCR photoreceptors in Gloeobacterales. We also characterize both early-branching
CBCRs and CBCRs from early-branching cyanobacteria. Our results provide new insight
into the timing of CBCR evolution and into potential factors underlying the successful
diversification of CBCRs.

CBCRs evolved early in cyanobacterial evolution.

We identified three clades of CBCRs that were apparently present in the last common
ancestor of Gloeobacterales (LCAG). These CBCR clades are not early-branching
photoreceptors. Indeed, two of them arose within the XRG CBCRs, which are well-
established as a derived branch that arose late in CBCR evolution [17, 40, 41, 94].
However, these CBCR groups were present in Gloeobacterales before the divergence of
the two branches within this cyanobacterial clade (Fig. S2), which has been estimated to
have occurred 1.5 billion years ago [62]. Therefore, the XRG CBCRs must have arisen
and diversified into different clades before this time, requiring the initial emergence of
CBCRs to be earlier still. The presence of Gloeo-DXCF:ins-X tandem pairs in both
Gloeobacterales and Thermostichales can be explained multiple ways based on the current
data. This photosensory pair could have been acquired by Thermostichales via HGT from
Gloeobacterales, or it could have been present in the last common ancestor of these two
taxa. However, Gloeobacterales are the earliest branch in cyanobacterial evolution, so the
last common ancestor of Gloeobacterales and Thermostichales is also LCCA. Hence, it is
possible that Gloeo-DXCF:ins-X tandem pairs were present in LCCA, which would imply
that the initial evolution of CBCRs and much of their subsequent diversification took place
very early in cyanobacterial evolution, at least 2 billion years ago [62].

Our examination of taxis loci is also consistent with this conjecture. The Hmp locus is
recovered as a single, vertically inherited clade (Figs. 10B & S14), implying motility in
LCCA. However, functional phototaxis loci with CBCR-MCP proteins do not form a single
clade, much less a vertically inherited one. The observed pattern is instead consistent with
repeated duplications of taxis loci and with the appearance of CBCR-MCP proteins in
those loci multiple times via some type of domain shuffling. The Gloeo-DXCF domain
provides an example of this process: it first appeared as a tandem pair with ins-X CBCRs
and C-terminal His kinases, and then was transferred to CBCR-MCP proteins (Figs. 7d &
S1la-b). It then duplicated in those MCP proteins to form tandem arrays, as is also the case
for PixJse [45]. Were the taxis loci to have undergone repeated duplications and shuffling
prior to the split between Gloeobacterales and other cyanobacteria, then such loci could
have been present in LCCA and the current situation would represent billions of years of
duplication and deletion as well as vertical inheritance. Such a scenario would also explain
the absence of GGR CBCRs and other lineages in Gloeobacterales: they have simply been
lost. Taken together, our work provides new information on the timing of CBCR evolution
but not complete understanding of this process, and we expect new insights to emerge as
additional genomes and MAGs become available.

Spectral tuning and the transition from phytochromes to early CBCRs.

Our work also provides new insight into the behavior of the earliest known CBCR branches,
the ee23 and GGR clades. Both clades exhibit considerable diversity in spectral tuning, so
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we cannot identify an ancestral CBCR photocycle with confidence based on our own work.
The green/red photocycles observed in inferred ancestral sequences [43] are not found in
ee23 CBCRs characterized to date, but we cannot rule out that such CBCRs will be found
in the future. The hypothetical ancestral sequences inferred in such analysis could also be
changed by inclusion of the ee23 CBCRs from Gloeobacterales. However, it is clear that
chromophore protonation plays a key role in the photocycles of both the ee23 and GGR
CBCRs. Deprotonated bilins give rise to green-absorbing 252 photostates in both lineages,
as typified by NIES2119 03185 (Fig. 2a) and RcaE [37]. However, we have now shown
that both lineages also contain examples of red-absorbing 757 states with protonated bilins,
such as Mic7113 1774g1 and OSC10802_3032 (Figs. 2b & 4b), along with the mixed cases
MBCB8123355g2 and Cri9333_0815 (Figs. 2e & 4c).

The photoproducts of ee23 CBCRs also show considerable variation at a “standard” pH of
7.5. Several such proteins give rise to a mix of blue- and orange-absorbing species, but this
is not universal (Fig. 2). MBC8123355g2 from Gloeobacterales sp. ES-bin-141 forms the
blue-absorbing species much more efficiently, whereas HGZ86378 from Gloeobacterales sp.
SpSt-379 does not form this species at all and instead exhibits a red/green photocycle.
Interestingly, formation of the blue-absorbing photoproduct is sensitive to pH in ee23
CBCRs, but not in a conserved pattern (Fig. 6): NIES2119 03185 fails to form this species
at high pH, whereas OSC10802_3032 and MBF2026838 instead fail to form this species

at low pH. In phytochromes and CBCRs, such blue-absorbing species have been shown to
arise from nucleophilic addition of a second Cys residue to C10 of the bilin chromophore
[17,52, 66, 78-80, 105], and the C$P motif of ee23 CBCRs contains a candidate Cys
residue (Fig. 3a). Variation in the photoproduct tuning of ee23 CBCRs could thus be
interpreted in the context of such a reaction. The loss of the blue-absorbing species at

low pH in OSC10802_3032 and MBF2026838 would arise due to protonation of the Cys
residue, making it less nucleophilic. The loss of this species at high pH in NIES2119 03185
would instead arise to deprotonation of the Z5E bilin, making it less electrophilic. The
absence of this species in HGZ86378 could arise because its green-absorbing photoproduct
is trapped in a conformation that is not well positioned relative to the nucleophile, resulting
in the observed red/green photocycle. Future studies are thus likely to elucidate the protein-
chromophore interactions determining this variation and permit its engineering, as has
proven the case for different properties other CBCR lineages [17, 37, 41, 51-53, 65, 84,
87,91, 92, 105-110].

Our work also demonstrates that the initial transition from knotless phytochromes to CBCRs
may not have involved a loss of photosensory function. Knotless phytochromes are able

to bind chromophore and carry out photoisomerization as isolated GAF domains, like
CBCRs (Fig. 3 & Table 1). In the current work, we show that one of the key amino

acid substitutions required to evolve from a knotless phytochrome into an ee23 CBCR

does not prevent either process but does ablate P formation. Moreover, such variant
phytochromes exhibit CD signatures similar to those of CBCRs rather than those of the
parent phytochromes able to make P, (Fig. 4e—h & Fig. S9a—e). Thus, it is possible that
ancestrally red-absorbing knotless phytochromes gave rise to ancestral CBCRs retaining red
absorbance in the 757 state, as observed in ee23 proteins from Gloeobacterales and in the
GGR CBCR Mic7113_1774g1. Retention of photosensory function could have provided a
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selective advantage during this process and hence could have provided a selective pressure to
retain such transitional photoreceptors in ancient cyanobacterial genomes.

What advantages did early CBCRs offer to cyanobacteria?

CBCRs from the ee23 and GGR lineages show major changes in spectral tuning and/or
photoconversion at high pH (Figs. 5-6). Other CBCRs from Gloeobacterales show much
more minor effects (Fig. 8), as do the model red/green CBCR AnPixJg2 (Figs. 5-6), the
DXCF CBCR Oscil6304_2705 [90], and the model cyanobacterial phytochrome Cphl [111].
Therefore, the pH responses of ee23 and GGR CBCRs do not arise from some fundamental
limitation of bilin-based photoreceptors. We propose that this behavior instead reflects

an ancient function as integrative sensory proteins that detect both the pH and the light
environment.

We note that there are subtle differences between the red-absorbing states observed in

some ee23 and GGR CBCRs (Figs. 2 & 4; Table 1). We speculate that those differences
may be related to the spectral properties of cyanobacterial light-harvesting pigments,
allowing optimization of light-harvesting strategies in the presence of competing anoxygenic
photosynthetic organisms. Cyanobacterial cells exhibit absorption peaks at ca. 680 and 440
nm due to chlorophyll a (Chl &) and ca. 620 nm due to phycocyanin (PC), as shown in

Fig. 11a for Synechocystis cells [112]. Both phycobiliproteins and PCB biosynthesis were
present in LCCA [88], so its spectral features are likely to have been broadly similar.
Cyanobacteria also contain a smaller peak at ca. 650-660 nm due to allophycocyanin
(APC; Fig. 11b). Some cyanobacteria also harvest green light via phycoerythrin (PE)

or phycoerythrocyanin (PEC; [113]), resulting in a peak at 550-570 nm (Fig. 11a;

[36]). Before oxygenation of the atmosphere, cyanobacteria would have competed for

light energy with anoxygenic photosynthetic bacteria and with each other. Anoxygenic
photosynthesis relies on bacteriochlorophyll (Bchl). The simplest competing case could
perhaps be viewed as the ancient homodimeric reaction center of heliobacteria such as
Heliobacterium modesticaldum, which contains Bchl g and 81-OH-Chl ar [114] and which
is not associated with a peripheral light-harvesting complex [115]. The more complex green
and purple photosynthetic bacteria employ distinct light-harvesting strategies relying on
Bchl aor Behl ¢, respectively [116], resulting in different spectral properties for such cells
[117, 118]. Comparison of these competitor spectra with that of the modern cyanobacteria
Synechocystis sp. PCC 6803 and N. punctiforme (Fig. 11a; [112]) shows that there are
overlaps, such as the peaks at 550-600 nm in H. modesticaldum and R palustris that
overlap with PE and the minor peak in H. modesticaldum at 670 nm that overlaps with

Chl a. However, there is also a window from 600-650 nm (red and orange light) in which
cyanobacteria enjoy little competition from such competitors. CBCR-based optimization

of light harvesting pigments via CA is well established for PE and PEC in modern
cyanobacteria [34, 38], allowing efficient usage of green light that is not utilized by modern
competitors such as land plants. It thus does not seem implausible that early cyanobacteria
could have used similar processes to optimize usage of red and orange light that is not
utilized by anoxygenic photosynthetic bacteria.
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In contrast, cyanobacterial phytochromes are not well suited for the regulation of light
harvesting in under-utilized regions of the EM spectrum prior to the genesis of oxygenic
photosynthesis. Cyanobacterial phytochromes can use either biliverdin IXa (BV) or

PCB as the physiological chromophore precursor [119, 120]. Those using BV are quite
similar to bacteriophytochromes from anoxygenic photosynthetic organisms [119-121]

and overlap with some Bchl absorption bands, whereas those using PCB have P, states
approximately matching APC and Py, states that also overlap Bchl bands (Fig. 11a & c).
Such phytochromes can provide a means for modern cyanobacteria to detect far-red light for
use in the FaRLiP response [21], but they could also provide a means to detect anoxygenic
competitors that would specifically deplete far-red light. However, they are not well suited to
measure the red and orange region matching PC.

By contrast, the photocycles of some ee23 and GGR CBCRs are very well suited to this
task (Table 1). The red/blue difference spectra of OSC10802_3032 and MBF2026838 are
excellent matches for APC and for the high-energy Soret peak of Chl a (Figs. 2b—c, 11a-b,
& 11d). Blue light can be an important energy source in diverse light environments [122,
123], but cyanobacteria are intrinsically inefficient at using blue light for photosynthesis
[112, 124] and would face competition in this spectral window (Fig. 11a). The ability to
detect the presence of an alternative energy source could thus have been advantageous for
ancient cyanobacteria. Similarly, the red/red difference spectra of Mic7113_1774g1 and
Cri9333_0815 (Fig. 3d) are excellent matches for PC and for the low-energy Chl a peak
(Fig. 11b & d). The photocycles of these early-branching CBCRs thus provide a means

for optimizing the ratios of these three pigments at pH 7.5 to pH 8, matching the normal
physiological range for cyanobacterial cytosol during active photosynthesis [125-127]. This
is also consistent with the known benefits of and photobiological responses to orange light in
modern cyanobacteria [124, 128, 129].

However, at higher pH these photoreceptors all shift to the green region of the spectrum,
with some of them also losing photoconversion (Figs. 5-6). This behavior could provide a
self-regulating mechanism for cells that have abnormally high intracellular pH, which might
have been particularly advantageous for ancient cyanobacteria having more rudimentary
mechanisms for pH homeostasis. Indeed, transient changes in pH accompanying changes

in light fluence are thought to be an important physiological cue for regulation of
photosynthesis in the modern chloroplast [130]. In this regard, it is interesting to note

that an ee23 CBCR from Gloeobacterales also exhibits a red/blue photocycle at lower pH
(Figs. 2d & 5d), which may reflect the reduced capacity of such organisms to regulate
intracellular pH in the absence of thylakoids [125]. Although we cannot hope to observe

the function of ancestral CBCRs in ancient cyanobacteria, it seems possible that such
photoreceptors could have provided such organisms with a competitive advantage relative to
anoxygenic photosynthetic organisms and to other cyanobacteria lacking such mechanisms.
This selective advantage could have led to the retention of CBCRs in ancient genomes,
permitting their subsequent diversification into the sweeping palette of photosensors seen
today.
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MATERIALS AND METHODS

Bioinformatics.

Multiple sequence alignments were constructed in MAFFT v7.450 [131] using the
command-line settings --genafpair --maxiterate 16 --clustalout —reorder. For maximum-
likelihood phylogenetic analysis, the resulting alignment was processed with an in-house
script to remove positions having =5% gaps. Phylogenies were inferred with PhyML-3.1
[132] with 100 bootstraps, using the command-line settings -m WAG -d aa -s SPR -a e

-c 4 -v e -0 tIr -b 100. Statistical robustness was assessed using the transfer bootstrap
expectation (TBE) as implemented in booster [133]. Completeness of sequences after gap
removal was assessed using the —length option of alnfilter, a utility available as part of
the homolmapper distribution [134]. The final sequence alignment used for phylogenetic
analysis of CBCRs had 302 sequences and 156 characters, with root placement between
the knotless phytochrome outgroup and all CBCRs. The final alignment used for histidine
kinase bidomains had 96 sequences and 216 characters, with arbitrary root placement. In
this case, two sequences were less than 90% complete by length in the final tree input files
and are indicated as such in Fig. S12. The catenation for translation proteins (elongation
factor 4 plus ribosomal proteins) had 96 sequences and 1282 characters; that for taxis
proteins (HmpBCDE/PtxBCDE) had 125 sequences and 1346 characters. Root placement
for both was between the outgroup of non-cyanaobacterial sequences and all cyanobacterial
sequences. The presence or absence of Pix/Ptx and Hmp loci was assessed using the protein
sequences encoded by the characterized loci from N. punctiforme [44, 99] as queries in
BLAST searches. The presence or absence of PilM, PilN, and the two PilT isoforms PilT1
and PilT2 in Gloeobacterales and Thermostichales has recently been evaluated [64].

Protein expression and characterization.

Expression and purification of AnPixJg2, RcaE, and RfpAg1 followed published procedures
for these constructs [21, 37, 87]. Expression and purification of NpR4776g1 followed
procedures previously published for the GAF-PHY construct [21]. Other CBCRs were
obtained via commercial gene synthesis as His-tagged expression clones in pET28a
(Genscript; Piscataway, New Jersey). Expression and purification of these CBCRs followed
our recently published procedure [87] and used pKT271 [135] to supply PCB biosynthesis
enzymes, with the variation that final dialysis was into TKKG buffer (25 mM TES-KOH,
100 mM KClI, 10% (v/v) glycerol) at pH 7.5 rather than pH 7.8. This buffer was also used
to dilute samples for spectroscopic characterization as needed. For pH responses, 0.1 ml of
CBCR solution in TKKG buffer was added to 1 ml of 0.4 M buffer (pH 5, sodium acetate;
pH 6, MES; pH 6.5, PIPES; pH 7-8, TES; pH 8.5, Tricine; pH 9-10, CHES). Other pH
values were generated by combining 0.5 ml each of two of these buffers (pH 5.5, pH 5 +
pH 6; pH 7.75, pH 7 + pH 8.5). For denaturation analysis, 0.1 ml of CBCR solution in
TKKG buffer was added to 1 ml of 6M guanidinium chloride/1% HCI (v/v). Denaturation
analysis was used to assign Z5Z7and 15F configurations [26, 52], and all difference spectra
are reported as (152- 15E). Both experiments included buffer blanks at each condition.

All absorption spectra were acquired using Cary50 or Cary60 spectrophotometers at 25°C
(250-900 nm, sampled every 2 nm for 0.125 s). CD spectra were acquired using an Applied
Photophysics Chirascan at 25°C (250-850 nm).
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Analysis of spectroscopic data.

Estimation of pK, values used a modification of the fitting procedure previously used for
RcaE [37] under the assumption that the observed changes arose due to a single titrating
group. Spectra at each pH value (including the buffer blank) were rezeroed using the mean
observed absorbance at 850-900 nm, and the buffer was then subtracted. Each spectrum
was then normalized using the peak absorbance on the aromatic amino acid band (250—
300 nm) to correct for possible differences in dilution factor, and normalized absorbance
values were used for nonlinear regression analysis to estimate pK, values. Photochemical
difference spectra at different pH conditions were divided by the peak bilin absorbance on
the long-wavelength (Sg—S1) band at that pH (AAbs/Abs). This normalization condition will
detect changes in extinction coefficient or loss of activity. Other difference spectra were
divided by the maximum value of the difference spectrum itself to facilitate comparison of
lineshapes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AADbs change in absorbance
APC allophycocyanin
Bcehl bacteriochlorophyll
BV biliverdin 1Xa
CBCR cyanobacteriochrome N-cyclohexyl-2-aminoethanesulfonic
acid
Chla chlorophyll a
DXCF Asp-Xaa-Cys-Phe motif defining a CBCR lineage
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DXCI
ee23
DXCIP

EAL

GAF

GGDEF

GGR

Gloeo-DXCF

HGT
ins-Cys
ins-X
LCAG
LCCA
MAG
ORF
PC

PE

PEC

Pfr
MCP
MES
PAS

PHY

PCB

Page 21

Asp-Xaa-Cys-lle motif defining other CBCR lineages
earliest extant as of 2023 (defining a CBCR clade)
Asp-Xaa-Cys-lle-Pro motif defining a CBCR lineage

cyclic-di-GMP phosphodiesterase named after a sequence
motif

domain acronym derived from vertebrate cGMP-specific
phosphodiesterases, cyanobacterial adenylate cyclases, and
formate hydrogen lyase transcription activator FhlA

cyclic-di-GMP synthase domain named after a sequence
motif

greater green/red (designating a CBCR clade)

a lineage of DXCF CBCRs almost exclusively found in
Gloeobacterales

horizontal gene transfer

insert-Cys (defining a CBCR lineage)

a distinct CBCR lineage with a similar insertion
last common ancestor of Gloeobacterales

last common cyanobacterial ancestor
metagenome-assembled genome

open reading frame

phycocyanin

phycoerythrin

phycoerythrocyanin

red-absorbing state of phytochrome
far-red-absorbing state of phytochrome
methyl-accepting chemotaxis protein
2-(N-morpholino)-ethanesulfonic acid

domain acronym derived from Per, ARNT, Sim

domain specific to red/far-red phytochromes, C-terminal to
the GAF domain

phycocyanobilin
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SAR specific absorbance ratio (peak absorption of the long-
wavelength chromophore band divided by that of the
aromatic amino acid at ~ 280 nm)

TES N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic
acid
TKKG buffer 25 mM TES-KOH pH 7.8, 100 mM KCl, 10% (v/v)
glycerol
XRG extended red/green (designating a CBCR clade)
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HIGHLIGHTS
Cyanobacteriochromes (CBCRS) are photoreceptors related to phytochromes

CBCRs from early-branching cyanobacteria identify early-branching CBCR
lineages

Early-branching CBCRs integrate light and pH sensing
Early-branching cyanobacteria harbor late-evolving CBCRs

CBCR signaling systems appeared early in cyanobacterial evolution
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Figure 1. Phylogenetic analysis of the CBCR domain.
(@) A maximum-likelihood phylogenetic tree is shown as a collapsed view for the CBCR

domain, with a small group of GAF domains from knotless phytochromes as an outgroup.
Root placement is between the outgroup and all CBCRs. This analysis provides good
support for the ee23 clade (“earliest extant as of 2023”) as the earliest known branch in
CBCR evolution, followed by the GGR clade. The tree was inferred as described in the
Methods, using an alignment of 302 sequences and 156 characters. The complete tree

is presented in Figs. S3-S6. Bold italic, lineages from which CBCRs were chosen for
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characterization in this study. (b) A detailed view is shown for the ee23 lineage. The
complete ee23 and GGR clades are presented in context in Fig. S3. Bold, characterized
CBCRs. £, CBCRs characterized in this study.
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Figure 2. Characterization of the early-branching ee23 CBCR lineage.
(a) Absorption and difference spectra are presented for NIES2119 03185. The dashed

line indicates zero absorbance. Blue, 752 state; orange, Z5E state; green, (152— 15E)
photochemical difference spectrum. (b) Absorption and difference spectra are presented for
WP_083263321, using the conventions of panel (a). (c) Absorption and difference spectra
are presented for OSC10802_3032, using the conventions of panel (a). (d) Absorption and
difference spectra are presented for MBF2026838, using the conventions of panel (a). (€)
Absorption and difference spectra are presented for MBC8123355¢2, using the conventions
of panel (a). (f) Absorption and difference spectra are presented for HGZ86378, using the
conventions of panel (a). (g) Normalized photochemical difference spectra are shown for
NIES2119 03185 (dark blue), WP_083263321 (rose), and Oscil6304_4203 (grey; [40]). (h)
Normalized photochemical difference spectra are shown for OSC10802_3032 (forest green),
MBF2026838 (bronze), and HGZ86378 (aquamarine). Panels (g) and (h) were normalized
by dividing AAbsorbance by the maximum observed value. All data taken at pH 7.5.
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Figure 3. Characterization of knotless phytochromes mimicking ee23 CBCRs.
(a) The conserved phytochrome DIP motif [81, 82] is compared to the equivalent C¢P (Cys-

hydrophobic-Pro) motif of the ee23 CBCRs and the EVFP motif of selected GGR CBCRs.
The region around this motif and that around the canonical Cys are shown. A selection

of knotless phytochromes are shown, including sequences used in the outgroup (Fig. S3)
and characterized examples [19-21]. bold, residues modified by site-directed mutagenesis.
Light orange, conserved residues of knotless phytochromes; slate blue, conserved residues
of ee23 CBCRs; light green, conserved residues of GGR CBCRs. (b) The domain structure
of NpR4776 (Npun_R4776), a complex photoreceptor also containing red/green CBCR
domains [28], is shown. Truncations expressing individual photosensory modules are
indicated; NpR4776-GAF-PHY has been previously described [21]. (c) Absorption and
difference spectra are presented for NpR4776g1, using the conventions of Fig. 2a. (d)
Absorption and difference spectra are presented for the DggC variant of NpR4776g1
(NpR4776g1-PADCIP), using the conventions of Fig. 2a. (¢) Normalized photochemical
difference spectra are shown for wild-type NpR4776g1 (aquamarine), NpR4776g1-PADCIP
(brick red), and the NpR4776-GAF-PHY bidomain [21]. (f) Absorption and difference
spectra are presented for the isolated GAF domain of knotless phytochrome RfpA,
RfpAgl, with G7gE DgqC substitutions (RfpAg1l-PAECIP). Spectra are presented using
the conventions of Fig. 2a. (g) Normalized photochemical difference spectra are shown for
wild-type RfpAgl (aquamarine; [21]), and RfpAg1-PAECIP (brick red). (h) Normalized
absorption spectra are shown for wild-type OSC10802_3032 (coral) and RfpAg1-PAECIP
(brick red) in the light-activated 15 state. Panels (e), (g), and (h) were normalized by
dividing Absorbance or AAbsorbance by the maximum observed value.
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Figure 4. Characterization of additional diversity in the GGR CBCR lineage.
(a) Absorption and difference spectra are presented for M595_1144, using the conventions

of Fig. 2a. (b) Absorption and difference spectra are presented for Mic7113 177491,

using the conventions of Fig. 2a. (c) Absorption and difference spectra are presented for
Cri9333_0815, using the conventions of Fig. 2a. (d) Normalized photochemical difference
spectra are shown for Mic7113 177491 (dark blue) and Cri9333_0815 (rose). Difference
spectra were normalized by dividing by the maximum observed value. (e) Circular
dichroism (CD) spectra are shown for RfpAg1-PAECIP, using the conventions of Fig. 2a. (f)
CD spectra are shown for OSC10802_3032, using the conventions of Fig. 2a. (g) CD spectra
are shown for HGZ86378, using the conventions of Fig. 2a. (h) CD spectra are shown for
Mic7113 177491, using the conventions of Fig. 2a. All data taken at pH 7.5.
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Figure 5. Titration of early-branching CBCRs in the 15Z dark-adapted state.
(a) Absorption spectra are shown for NIES2119 03185 after 10-fold dilution into buffers

at pH 5 (red), pH 6 (orange), and pH 9 (aquamarine). (b) Absorption spectra are shown

for 0SC10802_3032 after 10-fold dilution into buffers at pH 7 (khaki), pH 8 (teal), pH 9
(aquamarine), and pH 10 (dark blue). (c) Absorption spectra are shown for MBF2026838
after 10-fold dilution into buffers at pH 6 (orange), pH 9 (aquamarine), and pH 10 (dark
blue). (d) For estimation of pK, values, spectra were normalized on the aromatic amino
acid band at ca. 280 nm, and chromophore absorbance was then plotted for different pH
values (olive open circles, NIES2119 03185; brick red filled squares, 0SC10802_3032).
Data were fit under the assumption of a single titratable group using the procedure applied
to RcaE [37]. Additional data are in Fig. S10, and pKj values are in Table 2. () Absorption
spectra are shown for MBC8123355¢g2 after 10-fold dilution into buffers at pH 6 (orange),
pH 7 (khaki), pH 9 (aquamarine), and pH 10 (dark blue). (f) Absorption spectra are shown
for HGZ86378 after 10-fold dilution into buffers at pH 6 (orange), pH 9 (aquamarine),

and pH 10 (dark blue). (g) Normalized absorption of MBC8123355g2 (mahogany open
circles) and HGZ86378 (purple filled squares) was analyzed as in panel (d). (h) Absorption
spectra are shown for RfpAg1-PAECIP after 10-fold dilution into buffers at pH 5 (red), pH
6 (orange), pH 9 (agquamarine), and pH 10 (dark blue). (i) Absorption spectra are shown
for Mic7113_177491 after 10-fold dilution into buffers at pH 7 (khaki), pH 8 (teal), pH 9
(aquamarine), and pH 10 (dark blue). (j) Absorption spectra are shown for Cri9333_0815
after 10-fold dilution into buffers at pH 7 (khaki) and pH 10 (dark blue), with concentration-
corrected data from pH 7.5 shown for comparison (dashed grey). (k) Normalized absorption
of Mic7113 177491 (mauve filled circles) and Cri9333_0815 (forest green open squares)
was analyzed as in panel (d). (I) Absorption spectra are shown for the red/green CBCR
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AnPixJg2 [27] after 10-fold dilution into buffers at pH 6 (orange), pH 7 (khaki), pH 8 (teal),
pH 9 (aquamarine), and pH 10 (dark blue).
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Figure 6. Integration of light and pH sensing in early-branching CBCRs.
(a) Normalized photochemical difference spectra are shown for NIES2119 03185 at pH

5.5 (red), pH 7.5 (dashed grey; see Fig. 2a) and pH 10 (dark blue). (b) Normalized
photochemical difference spectra are shown for OSC10802_3032 at pH 8 (teal), pH 9
(aquamarine), and pH 10 (dark blue). (c) Normalized photochemical difference spectra

are shown for MBF2026838 at pH 6 (orange), pH 7.75 (moss green), pH 8.5 (blue-

green), and pH 10 (dark blue). (d) Normalized photochemical difference spectra are

shown for MBC8123355¢2 at pH 6 (orange), pH 7.75 (moss green), pH 9 (aquamarine),
and pH 10 (dark blue). () Normalized photochemical difference spectra are shown for
MBC8123355¢g2 (mauve), OSC10802_3032 (forest green), and MBF2026838 (bronze) at
pH 6. (f) Normalized photochemical difference spectra are shown for the same proteins

at pH 9. (g) Normalized photochemical difference spectra are shown for Mic7113_1774g1
at pH 8 (teal) and pH 10 (dark blue). (h) Normalized photochemical difference spectra

are shown for Cri9333_0815 at pH 7 (khaki), pH 8 (teal), and pH 10 (dark blue). (i)
Normalized photochemical difference spectra are shown for Rcak at pH 7 (khaki), pH

9 (aquamarine), and pH 10 (dark blue). (j) Normalized photochemical difference spectra
are shown for Mic7113_1774g1 (dark blue), Cri9333_0815 (rose), and RcaE (khaki) at

pH 10. (k) Normalized photochemical difference spectra are shown for HGZ86378 at pH
6.5 (brown), pH 9 (aquamarine), and pH 10 (dark blue). (I) Normalized photochemical
difference spectra are shown for AnPixJg2 at pH 6 (orange), pH 9 (aquamarine), and pH
10 (dark blue). For panels (a)-(d), (9)-(i), and (k)-(I), difference spectra were normalized by
dividing the difference spectrum by the peak absorbance measured for the long-wavelength
chromophore band at that pH (Fig. 4), yielding the AAbsorbance as a fraction of the total to
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visualize efficiency of photoconversion. For panels (e), (f), and (j), difference spectra were
instead divided by the maximum observed value to facilitate comparison of lineshapes.
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Figure 7. A conserved lineage of DXCF CBCRs in Gloeobacterales.
(@) The number of full-length proteins containing one or more phytochrome and/or CBCR

photoreceptor is plotted against assembly size in Mb for diverse cyanobacterial genomes
and MAG:s (filled blue diamonds) and for those from Prochlorococcaceae ([70]; open

red circles) and Gloeobacterspp. (Fig. S7; open violet squares). (b) The photoreceptor
density (calculated as phytochrome and/or CBCR open reading frames per Mb, or
ORFs/Mb) was calculated for genomes and MAGs from panel (a) and is plotted by
lineage. Open blue circles, Gloeobacter spp. (defined as in Fig. S7); filled violet circles, all
other Gloeobacterales; open aquamarine triangles, Thermostichales; open green rectangles,
Pseudanabaenales; filled dark blue diamonds, Gloeomargaritales; filled brick red squares,
more derived cyanobacteria. Prochlorococcaceae lack phytochromes and CBCRs entirely
and are omitted. (c) The tandem index (calculated as the average number of phytochrome
or CBCR photosensors in a single open reading frame) is plotted as in panel (b). (d)

The Gloeo-DXCF CBCR lineage is shown in detail (see Fig. 1a and Fig. S6). Bold,
CBCRs characterized in this study. £, CBCRs from Thermaostichales. (¢) Absorption and
difference spectra are presented for MP9P1_ 10 2A, using the conventions of Fig. 2a. (f)
Absorption and difference spectra are presented for NJL97683g1, using the conventions of
Fig. 2a. (g) Absorption and difference spectra are presented for WP_21807950693, using the
conventions of Fig. 2a.
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Figure 8. Conserved XRG CBCRs in Gloeobacterales.
(a) A subset of the sequence alignment used to infer the CBCR phylogeny is shown. Second

Cys residues of DXCF [25, 51, 53, 94, 136], hybrid [41], ins-Cys [17], and ins-X CBCRs
are shown, as is the canonical Cys typically used for chromophore attachment [16, 22].
Sequences are shown for selected red/green, hybrid, ins-Cys, and ins-X CBCRs (see Fig.
S6 for phylogenetic placement). (b) Absorption and difference spectra are presented for
MP9P1 10 2B, using the conventions of Fig. 2a. (c) Absorption and difference spectra are
presented for NJL97683g2, using the conventions of Fig. 2a. (d) Absorption and difference
spectra are presented for WP_027842869, using the conventions of Fig. 2a. (¢) Absorption
and difference spectra are presented for WP_06508324, using the conventions of Fig. 2a.
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Figure 9. Characterization of pH responses in CBCR lineages from Gloeobacterales.
(a) Absorption spectra are shown for MPOP1 10 2A in the 157 state after 10-fold dilution

into buffers at pH 6 (orange), pH 7 (khaki), pH 8 (teal), pH 9 (aquamarine), and pH 10 (dark
blue). (b) Normalized photochemical difference spectra are shown for MP9P1_10 2A after
10-fold dilution into buffers at pH 6 (orange), pH 7 (khaki), pH 8 (teal), pH 9 (aguamarine),
and pH 10 (dark blue). (c) Absorption spectra are shown for MP9P1_10 2A in the 15F
state after 10-fold dilution into buffers at pH 6 (orange), pH 7 (khaki), pH 8 (teal), pH

9 (aquamarine), and pH 10 (dark blue). (d) Absorbance at 568 nm for MP9P1_10 2A in

the 15E state (panel (c)) was normalized by peak absorption on the UV band and plotted

as a function of pH. Values were fit to a model describing a single titrating group [37] as
described in the Methods, yielding an estimated pK, of 8.5 £ 0.2 (Table 2). (e) Absorption
spectra are shown for WP_21807950693 in the 157 state after 10-fold dilution into buffers
at pH 6 (orange), pH 7 (khaki), pH 8 (teal), pH 9 (aquamarine), and pH 10 (dark blue).

(f) Normalized photochemical difference spectra are shown for MP9P1_10_2A after 10-fold
dilution into buffers at pH 6 (orange), pH 7 (khaki), pH 8 (teal), pH 9 (aquamarine), and pH
10 (dark blue). (g) Absorption spectra are shown for MPOP1_10_2B in the 157 state after
10-fold dilution into buffers at pH 6 (orange), pH 7 (khaki), pH 8 (teal), pH 9 (aguamarine),
and pH 10 (dark blue). (h) Normalized photochemical difference spectra are shown for
MP9P1 10 2A after 10-fold dilution into buffers at pH 6 (orange), pH 7 (khaki), pH 8
(teal), pH 9 (agquamarine), and pH 10 (dark blue). All difference spectra were normalized as

in Fig. 5.

wavelength (nm)

wavelength (nm)

J Mol Biol. Author manuscript; available in PMC 2024 July 02.

wavelength (nm)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rockwell and Lagarias Page 43

(a) PtxBCDE catenation
@ TBE=0.9

12 Q09>TBE207 Gloeobacterales (n = 5)
n =
@ TBE<0.7
0.3 Thermostichales (n = 5)
(b) PCC7336_Hmp t
Pseudanabaenales (n = 5)
FACHB-261_Hm
n=17 —Hmp
| Gloeomargaritales (n = 4)
Acaryochloridales (n = 5)
Nodosilineales (n = 7)
SB_MAG34 1 I
n=18 3
Oculatellales (n = 4) ©
—9 o
Leptolyngbyales (n = 4) 8
POCE30Z BAZF;\gsTSBX t »
HGT17467
MBCS123§55 PCF>((:27(31711205; Tosase 3§
HGZ86378 i
NpR1759 ; PCC8927 Hmp t
WP_218079312 § Apl_CT_Hmp +
MBD2180124 1 — L_aestu_Hmp 1
WP_082218260
WP 162548836
WP-083263321 —@
Chroococcales (n = 11)
—0
n=8
Moorea3L_split
PCC742075F§)M 1
CC6605 T
PR T
— L
® n=7 CENAS95 1
CCALA 695_Hmp
PCC7203_HAmp
MBD2102707 + PCC7428 split t
NES642265T
Rule7ess + Nostocales (n = 6)
is Ki i i NJK62251
His I_(lnase bidomain — 2},1%%%5(2%27% t
(arbitrary root) “%Cg% 15011
§ Gloeobacterales NJLS4909J T a n =17 (including PiXJSe)
t other MBC7883007 § S
XXX-ee23-XXX-His kinase n=4 o
Gloeo-DXCF:ins-X-His kinase ABDOSS 1 g) n=10
S W lag O
PCC6802_Pix 1
Q09>TBE207 ﬁngzﬁo@[ 2 PCC7429_nonPix t
@ TBE<0.7 A et 4§ IAM_M-220_other +
MBC7880244 §
0.4 MBC7879922 § n =5 (including SyPixJ)
JAAXLT010000157 §
WP_21807950X § Gloeobacterales
s CBCR-MCP loci

n =7 (including NpPtxD)

Figure 10. Phylogenetic analysis of signaling domains from Gloeobacterales CBCRs.
(@) A maximum-likelihood phylogenetic tree is shown as a collapsed view for selected His

kinase bidomains. Root placement is arbitrary, and His kinases associated with ee23 CBCRs
(blue) or with Gloeo-DXCF:ins-X tandem CBCR pairs (purple) are shown in detail. (b)

A maximum-likelihood phylogenetic tree is shown as a collapsed view for a catenation

of candidate HmpBCDE/PtxBCDE sequences, using only the MCP region of HmpD/PtxD
proteins. PtxBCDE candidates associated with Gloeo-DXCF CBCRs are highlighted in
purple, and the clade of candidate Hmp loci is indicated. Sequences from Gloeobacterales
(8) and all other cyanobacteria (1) are indicated.
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Figure 11. Early-branching CBCR lineages and cyanobacterial light-harvesting pigments.
(a) Approximate absorption spectra are shown for cells of Synechocystis sp. PCC 6803

([112]; solid cyan), Nostoc punctiforme grown under green light ([36]; solid brown),

and Chlorobium tepidum ([118]; dashed dark green), for intracytoplasmic membranes of
Rhodopseudomonas palustris ([117]; dashed purple), and for the anoxygenic, homodimeric
reaction center of Heliobacterium modesticaldum ([114]; dashed grey), with wavelength
ranges and perceived colors indicated underneath. (b) Approximate peak wavelengths

are shown for major cyanobacterial light-harvesting pigments [112, 113]: chlorophyll a
(Chl &; 440 and 680 nm), allophycocyanin (APC; 650 nm), phycocyanin (PC; 620 nm);
phycoerythrin (PE; 564 nm), and phycoerythrocyanin (PEC; 568 nm). (c) Cartoon red/far-
red photocycles are shown for representative cyanobacterial phytochromes using PCB (Fig.
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S1c) or biliverdin IXa (BV). (d) Cartoon photocycles are shown for selected CBCRs from
the ee23 and GGR lineages.
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Table 1:

Spectroscopic parameters for proteins in this study

Protein Variant SARgenat | 15Z Agenat | 15E Agenat | 15Z Anative | 15E Anative
AnPixJg22 wild-type 0.4 674 580 648 540
Cri9333_0815 wild-type 0.2 674 580 626 672
HGZ86378 wild-type 0.2 672 574 642 522
M595_1144 wild-type 03 674 578 532 668
MBC8123355g2 wild-type 0.3 676 576 638, 586 450
MBF2026838 wild-type 0.6 674 580 652 446
Mic7113_1774g1 wild-type 0.1 674 578 620 678
MP9P1_10 2A wild-type 0.6 674 578 424 568
MP9P1_10_2B wild-type 0.3 674 578 644 426
NIES2119_03185 wild-type 05 672 578 544 424,616
NJL97683g1 wild-type 0.4 678 580 440 576
NJL97683g2 wild-type 01 674 584 408 564
NpR4776 GAF-PHY3 | wild-type n/r n/r n/r 644 712
NpR4776g1 wild-type 0.05 678 580 644 694
NpR4776g1-PADCIP | DgC 0.3 676 586 646 534
0SC10802_3032 wild-type 0.4 674 578 650 442
RfpAg1? wild-type n/r n/r n/r 645 695
RfpAg1l-PAECIP GroE DgoC 06 672 578 646 536
WP_006508324 wild-type 01 678 582 656, 692 428, 434
WP_027842869 wild-type 01 674 576 418 568
WP_083263321 wild-type 0.4 674 588 554 424
WP_218079506g3 wild-type 0.7 676 578 428 580

Page 46

1 " . . -

Reported parameters are SARdenat (specific absorbance ratio under acid denatured conditions), Adenat for both 25Zand Z5E photostates (peak
wavelengths from the photochemical difference spectrum of the denatured sample), and Anative (peak wavelengths for the native sample at pH 7.5,
again from the photochemical difference spectrum). SAR and difference spectra were calculated as described in the Methods. All wavelengths are

in nm. n/r not reported.

2 . .
Preparation reported in [87].

3Wave|engths and preparation reported in [21].
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Table 2:

Estimated pKj, values for CBCRs

Protein photostate pK,
NIES2119_03185 157 5.7+0.2
0SC10802_3032 157 8.4+0.1

MBF2026838 157 7.5+0.3
MBC8123355g2 157 6.9+0.1
HGZ86378 157 8.1+0.2
Mic7113_1774g1 157 8.6+0.4
Cri9333_0815 157 7.3+0.2
MP9P1_10_2A 15 8.6+0.3
WP_21807950693 15E 8.4+0.2
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