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Abstract

Cyanobacteriochromes (CBCRs) are photoswitchable linear tetrapyrrole (bilin)-based light
sensors in the phytochrome superfamily with a broad spectral range from the near-ultraviolet
through the far red (330-760 nm). The recent discovery of far-red absorbing CBCRs (frCBCRSs)
has garnered considerable interest from the optogenetic and imaging communities because of
the deep penetrance of far-red light into mammalian tissue and the small size of the CBCR
protein scaffold. The present studies were undertaken to determine the structural basis for far-red
absorption by JSC1_58120g3, a frCBCR from the thermophilic cyanobacterium Leptolyngbya sp.
JSC-1 that is a representative member of a phylogenetically distinct class. Unlike most CBCRs
that bind phycocyanobilin (PCB), a phycobilin naturally occurring in cyanobacteria and only a few
eukaryotic phototrophs, JSC1 58120g3's far-red absorption arises from incorporation of the PCB
biosynthetic intermediate 18*,18°-dihydrobiliverdin (18',18°-DHBV) rather than the more reduced
and more abundant PCB. JSC1 5812093 can also yield a far-red absorbing adduct with the more
widespread linear tetrapyrrole biliverdin IXa (BV), thus circumventing the need to co-produce or
supplement optogenetic cell lines with PCB. Using high resolution x-ray crystal structures of
18',18%-DHBV- and BV-adducts of JSC1 5812093 along with structure-guided mutagenesis, we
have defined residues critical for its verdin binding preference and far-red absorption. Far-red
sensing and verdin incorporation make this frCBCR lineage an attractive template for developing
robust optogenetic and imaging reagents for deep tissue applications.

Significance Statement

Cyanobacteriochrome (CBCR) photoreceptors leverage light-triggered photoisomerization of
bound bilin chromophores to regulate gene expression, directional movement, and cell-cell
communication in cyanobacteria. CBCRs responding to far-red light provide an emerging class of
small reagents for applications in synthetic biology. We have found CBCRs that use 18%18°—
dihydrobiliverdin or biliverdin chromophore precursors to sense far-red light. This lineage is
distinguished from others by exclusion of phycobilins, the normal CBCR chromophores. Owing to
the deep penetrance of far-red light in mammalian tissue and availability of biliverdin therein, this
lineage of CBCRs holds great potential for developing synthetic biology tools of biomedical
interest.

Main Text
Introduction

Nearly all organisms utilize photosensory proteins to detect and respond to the light environment.
In many animals, vision is mediated by type 1l opsin photoreceptors utilizing retinal chromophore
(2). Type | opsins include light-gated proton and ion channels in archaea, bacteria, green algae,
and fungi (2, 3). Entrainment of circadian rhythms to light/dark cycles can involve retinal-based
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opsins (4), flavin-based cryptochromes (5) or light-oxygen-voltage-sensing (LOV) domains (6, 7).
LOV domains are also found in phototropins, the photoreceptors controlling plant phototropism
(8). Linear tetrapyrrole (bilin)-based phytochrome photoreceptors are widespread in plants, algae,
fungi, cyanobacteria, and other bacteria (9, 10). Plant phytochromes use 15,16 double bond—
photoisomerization of their bilin chromophores to photoconvert between a dark-adapted 15Z red-
absorbing photostate (P,;) and a 15E far-red-absorbing (Py) photoproduct, regulating diverse
developmental processes including seed germination, chloroplast development, seedling
establishment, shade avoidance, and flowering (9, 11, 12).

Members of the phytochrome superfamily are attractive targets for development of optogenetic
and imaging tools due to their strong absorption in the near-infrared window that provides optimal
light penetrance and minimal interference from cellular components in mammalian tissue (13).
Reversible red- and far-red-mediated binding of Arabidopsis thaliana phytochrome B to
phytochrome interaction factors (PIFs) has been used to control gene transcription, actin
assembly, and GTP-dependent signaling modules using light (14-16). Photoreversible
transcriptional control was also achieved in bacteria using the light input domain of cyanobacterial
phytochrome 1 (Cph1) from Synechocystis sp. PCC 6803 fused to the receiver output domain of
OmpR (17-19). Extensive engineering of bacterial phytochromes (BphPs) has yielded red-
absorbing and far-red-emitting fluorescent proteins (20-24). BphPs provide a useful template for
such applications because they incorporate more extensively conjugated and longer wavelength-
absorbing biliverdin 1Xa (BV) chromophore instead of the reduced phycobilins phycocyanobilin
(PCB) and phytochromobilin (P®B) used by cyanobacterial, algal, and plant phytochromes (Fig.
S1A). PCB and P®B are restricted to oxygenic photosynthetic taxa, whereas BV is present in a
wider range of organisms including mammals (9, 25).

Canonical phytochromes, which include BphPs and plant/cyanobacterial phytochromes, are
mostly dimeric proteins with a conserved, N-terminal PAS-GAF-PHY tridomain photosensory core
module of ~500 amino acids. Attempts to create smaller, monomeric fluorescent probes based on
BphPs have been successful, but the most robust of these have substantially blue-shifted spectra
(26). The discovery of cyanobacteriochromes (CBCRs), distantly related bilin-binding GAF-only
photoreceptors that sense light ranging from the near ultraviolet to the far-red (27-36), has proven
an exciting opportunity for engineering smaller optogenetic reporters and control elements. Using
structure-guided and random mutagenesis approaches, two groups have developed BV-binding
CBCRs for fluorescent applications in the far-red spectral region (37, 38). Although these
engineered proteins have lower fluorescence quantum yields than engineered BV-binding
phycobiliproteins (39-42), fluorescent CBCRs may yet hold promise as probes for super-
resolution microscopy due to the combination of photo-switchable and long-lasting fluorescence
(43). Current far-red-sensing CBCRs (frCBCRs) perhaps hold greater promise as optogenetic
actuators and photoacoustic contrast agents that photoconvert under far-red light to yield light-
regulated responses. Indeed, CBCR-regulated histidine kinases (cHKs) (18, 19, 44) and CBCR-
regulated photoswitchable adenylyl cyclases (cPACs) (45) have been exploited to control gene
expression in cells using green/red, UV/green, blue/green, and far-red/red photocycles.

Two phylogenetically distinct clusters of naturally occurring frCBCRs were identified recently.
Members of the first cluster of frCBCRs have only been reported from Acaryochloris marina MBIC
11017. These frCBCRs detect far-red light due to their ability to incorporate BV in the absence of
PCB (37, 46-49). This frCBCR clade arose within the eXtended Red/Green (XRG) CBCR lineage,
and representative members typically exhibit far-red/orange (FR/O) photocycles when bound to
BV (15Z Amax ~ 697-702 nm) and red/green photocycles when bound to PCB (47-49). Based on
four conserved residues sufficient to confer BV binding (37), we will refer to this frCBCR family as
the AmBV4 lineage. Interestingly, Acaryochloris marina MBIC 11017 possesses an unusually
complex pathway for PCB biosynthesis. This cyanobacterium has duplicated the ferredoxin-
dependent bilin reductase (FDBR) PcyA, which converts BV into PCB (46, 50, 51). One of these
enzymes rapidly turns over BV into PCB; the other is a slower enzyme that accumulates the
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intermediate 18*,18°-dihydroBV (18',18%-DHBV), which AmBV4 CBCRs are also able to bind
(46). The second cluster of frCBCRs instead arose within the greater green/red (GGR) lineage
that is evolutionarily distant from the XRG lineage (52). We will refer to these frCBCRs as 'Far-
Red of the Greater Green/Red' (FROGGR) CBCRs. FRoGGRs incorporate PCB and exhibit the
most red-shifted known absorption in their dark states with PCB-derived chromophores (Amax 725-
755 nm) but do not bind BV (35).

In this report, we characterize a third group of frCBCRs. Typified by the far-red/red (FR/R) CBCR
JSC1 5812093 from Leptolyngbya sp. strain JSC-1 recently used to engineer a far-red-
responsive cPAC (45), members of this frCBCR lineage exclude phycobilins and incorporate BV
or 18",18%-DHBV to yield sensors with far red absorption maxima (Amax 712-728 nm). This
monophyletic class of CBCRs also arose within the XRG lineage but is phylogenetically distinct
from the AmBV4 class of frCBCRs. High resolution crystal structures of JSC1 5812093 identify a
conserved proline residue near the bilin A-ring that we show to be essential for exclusion of
phycobilins with reduced A-rings. Due to their intrinsic ability to bind BV and their red-shifted
FR/R photocycles relative to AmBV4 proteins, we propose that these frCBCRs will be excellent
candidates for far-red-optogenetic and/or far-red-imaging applications.

Results

Phylogenetic and spectroscopic analyses define a previously uncharacterized frCBCR
lineage. In previous work, we had noted that recombinant JSC1_58120g3 exhibited an unusually
red-shifted far-red/red photocycle (712/654 nm: (45)). This CBCR is one of three arranged in
tandem in a CBCR-regulated methyl-accepting chemotaxis protein (cMCP), an architecture
consistent with known phototaxis sensors (53, 54). Neither of the adjacent domains,
JSC1 5812092 and JSC1_58120g4, exhibited similar behavior. Instead, these CBCRs exhibited
UV/Blue and R/G photocycles with phycoviolobilin (PVB) and PCB chromophores, respectively
(Fig. S1C). BLAST searches (55) using JSC1_58120g3 as query identified a number of CBCR
sequences with characteristic amino acid substitutions relative to canonical red/green CBCRs,
with other residues conserved among the two groups (Fig. S2A). Phylogenetic analysis
established that JSC1_ 5812093 and related proteins comprise a clade that arose within the XRG
lineage. These proteins are distinct from the AmBV4 family (Figs. 1A and S2B). As members of
the XRG lineage, JSC1_58120g3 and other members of this lineage are also not closely related
to the previously identified PCB-binding FROGGR cluster that evolved within the greater G/R
(GGR) lineage of CBCRs (52).

We next expressed two additional proteins within this new lineage in E. coli cells engineered for
PCB or POB synthesis. Both Mic7113_1903g4 and AFZ15460g4 yielded photoactive CBCRs with
FR/R photocycles similar to those of JSC1_58120g3 (Fig. 1B-G; Table S1). Dark state spectra for
each CBCR obtained from P®B-producing cell lines were red-shifted by ~10 nm relative to those
obtained from PCB expression lines (Fig. 1 compare panels B-D with E-G). However, this bilin-
dependent shift was considerably less for the photoproduct states. Taken together, these data
indicate that this clade encompasses a previously uncharacterized lineage of FR/R sensors.

Members of the new lineage of frCBCRs possess atypical chromophores. To determine the
molecular basis of spectral tuning in this family, we first measured the absorption spectra of the
three FR/R CBCRs following denaturation in 6M guanidinium-HCI (Fig. S3A). The denatured far-
red-absorbing dark state of JSC1_58120g3 was photochemically inactive, while the denatured
red-absorbing photoproduct was significantly blue shifted and was still photoactive (Fig. S3B).
Based on the known behavior of bilins under denatured conditions (56, 57), these results
establish 157 and 15E configurations for the chromophore in the far-red-absorbing and red-
absorbing states, respectively. Typically, chromophore-binding CBCRs expressed in PCB- or
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P®B-producing cells retain PCB or P®B adducts or carry out isomerization at the C5 methine
bridge (31, 33). Absorption maxima of the three CBCRs in this lineage under denaturing
conditions were red shifted relative to those of red/green CBCRs incorporating PCB or P®B used
as standards (NpR6012g4 and NpR5113g2: Fig. S3B-F). Unexpectedly, denatured spectra for all
three frCBCRs from P®B-producing cells resembled spectra for BV-bound AM1_C0023g2 (47),
while those from PCB-producing cells were intermediate between PCB- and BV-adduct
standards, similar to a recently reported population with bound 18,18°-DHBV (46). Denaturation
disrupts bilin-protein interactions responsible for spectral tuning of the bilin chromophore in the
native protein context (30, 31, 58), so these results indicate that the bilin chromophores of this
new frCBCR lineage differ from those of the PCB- and P®B-adducts of similarly expressed CBCR
standards (32, 59).

Members of the new lineage of frCBCRs bind verdins rather than A-ring reduced
phycobilins. We were fortunate to obtain well diffracting crystals of JSC1_58120g3 in the far-
red-absorbing state isolated from cells engineered to produce either PCB or P®B. For the PCB-
expressed protein, crystals adopted P1 symmetry (a = 32.3 A, b = 35.8 A, ¢ = 74.9 A) with two
monomers per asymmetric unit. The crystal structure was determined at 1.5 A resolution by
molecular replacement using a poly-Alanine model of the red-absorbing dark state of AnPixJg2
(PDB ID 3W2Z7), which refined to R-factor/R-free of 19.4%/23.1% (Table S2). For the P®B-
expressed protein, crystals also adopted P1 symmetry (a = 32.2 A, b = 36.1 A, ¢ = 75.5 A) with
two monomers per asymmetric unit. This structure was determined at 2.3 A resolution by
molecular replacement using the PCB-expressed protein as search model and was refined to R-
factor/R-free of 23.1%/26.4% (Table S2).

As expected, both JSC1_581209g3 structures adopt GAF folds similar to those of other XRG
CBCRs in the 15Z state, such as AnPixJg2 (PDB ID 3W2Z) (60, 61), AnPixJg2_BV4 (5Z0OH) (37),
NpR6012g4 (6BHN) (62) and sIr1393g3 (5DFX) (63). In all of these structures, the bilin
chromophore is sandwiched between the central  sheet (strands B1- 6) and helices a3 and o4,
with the “backside” helices al, a2, and a5 bundled on the opposite side of the central  sheet
(Fig. S4A). JSC1_58120g3 contains a 16-residue insertion between strand 4 and helix a4 that
takes on a random coil structure (brick red arrow, Fig. S4A) and packs against strand 34 and
helix a5, but this loop feature is not conserved in the new frCBCR lineage. JSC1 5812093 also
lacks a small loop immediately preceding strand B3 (teal arrow, Fig. S4A) that is present in other
known XRG CBCR structures.

It also is notable that the chromophore moieties in both JSC1_ 5812093 structures exhibit altered
electron density relative to that of AnPixJg2 in a manner consistent with trigonal planar geometry
at C2 and C3 of the A pyrrole ring and the presence of a 2,3—double bond (Fig. 2A&B). This
contrasts with a tetrahedral geometry in the PCB adduct of AnPixJg2 (Fig. 2C&K). Electron
density also shows that the chromophore is attached to Cys636 through a thioether linkage to the
C3* carbon in both structures (Fig. 2A-B&I-J). This is in contrast with the C3? thioether attachment
to BV seen in the AnPixJg2_BV4 structure (Fig. 2D&L) (37) and in most structures of BphPs and
CBCRs with BV chromophores (64-69). Known exceptions include an engineered fluorescent
variant of NpR3784 that exhibits C3" attachment of BV with a C3'-C3? double bond and a similar
variant of Rhodopseudomonas palustris BphP1 that possesses thioether linkages to both C3* and
C3% of BV (24, 38).

The two JSC1 5812093 structures exhibit differences in the geometry of their C18 side chains.
For the PCB-expressed protein, the C19-C18-C18'-C18° dihedral angle is 76.1° (Fig. 2E),
indicating the presence of an ethyl group at the C18 position like that of the AnPixJg2
chromophore (Fig. 2G). The C19-C18-C18'-C18° dihedral angle in the crystal obtained from the
P®B expression system measures just 28.4° (Fig. 2F), consistent with the presence of a vinyl
substituent at the C18 position like that of the AnPixJg2_BV4 chromophore (Fig. 2H). Taken
together with the A-ring geometry, these data support the conclusion that 18',18°-DHBV and BV
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were the precursors of the respective covalent bilin adducts in JSC1 5812093 rather than PCB
and P®B (Fig. 2I-L). This result is surprising, because the more oxidized verdins 18',18°~-DHBV
and BV are expected to be present only in small amounts relative to the phycobilin products PCB
and P®B, because 18',18°-DHBV is a transient intermediate in the conversion of BV to PCB by
PcyA (50, 51), and because BV remains tightly bound to heme oxygenase until it is converted to
P®B by HY2 (Fig. S1A). Thus, JSC1_58120g3 discriminates against PCB and P®B, preferring
their verdin biosynthetic precursors. The similarity between denatured spectra of JSC1_ 5812093,
Mic7113 1903g4, and AFZ1546094 (Fig. S3E-F) demonstrates that this behavior is a conserved
feature of this frCBCR lineage.

Conserved sequence elements directly interact with the chromophore. Conserved residues
known to be important for chromophore positioning in XRG CBCRs, including W588, D590, and
H637 (61), all maintain typical interactions with the chromophore in both JSC1 5812093
structures (Fig S5A&B). The conserved 6 tyrosine of XRG CBCRs is replaced in JSC1_58120g3
by Phe667. The tyrosine phenolic moiety normally interacts with the D-ring carbonyl (37, 61-63),
but instead Ser665 of JSC1 5812093 supplies a similar interaction from the other face of the D-
ring (Fig. 2N). Ser665 and Phe667 are conserved in the JSC1 5812093 cluster (Fig. S2A). Helix
o4 contains the canonical chromophore-binding residue, Cys636. Both this helix and the
covalently attached chromophore are substantially shifted in both JSC1 5812093 structures
relative to AnPixJg2, AnPixJg2_BV4 (Fig. 2M), and slIr1393g3 (Fig S4A-B). This shift causes the
JSC1 5812093 chromophores to sit at an angle in the binding pocket relative to the
chromophores in AnPixJg2 and AnPixJg2 BV4, and to a lesser extent relative to that in
slr1393g3. Relative to AnPixJg2, the chromophore in both JSC1 5812093 structures is shifted
such that the D-ring is closer to the central B-sheet, similar to the chromophores in
AnPixJg2_BV4 and sIr1393g3 (Fig. S4B). Valine (JSC1_58120g3, AnPixJg2_BV4) or threonine
(slr13939g3) residues on B5 appear to accommodate this shift towards the p-sheet (Fig. 20-P,
S5H), compared to a bulkier isoleucine in AnPixJg2 and many other XRG CBCRs. The overall
shift in chromophore and helix a4 appears to correlate to another conserved residue in this
cluster, Pro591. Structural superpositions indicate that Pro591 would clash with the chromophore
A-rings were it present in AnPixJg2 and AnPixJg2_BV4 (Fig. 2M). Similarly, aligning the C3*
linked BV from AnPixJg2_BV4 into JSC1_58120g3 would result in a clash between Pro591 and
the A-ring as well as clashes between 35 and 6 residues and the D-ring (Fig. S4C-F).

Closer inspection of Pro591 reveals that it contributes to a reduced binding pocket width
surrounding the A-ring. In JSC1_58120g3 structures, there is a 7.1 or 7.4 A gap, compared to 8.6
A in AnPixJg2 with PCB-adduct or 7.9 A in AnPixJg2_BV4 (Fig. 3 A-D). We reasoned that such a
restricted binding pocket could provide a structural basis for preventing phycobilin chromophore
incorporation due to the bulkier A-rings of PCB and P®B caused by tetrahedral geometry at C2
and C3 (Fig. 2K). To test this, we used site-directed mutagenesis to replace Pro591 with Thr, the
equivalent residue in AnPixJg2. The Pgso;T variant of JSC1 5812093 readily incorporated
chromophore when expressed with PcyA and exhibited a substantially blue-shifted R/O
photocycle compared to wild type (Fig. 3E). Denatured difference spectra for this variant closely
resembled PCB and were distinct from WT JSC1_58120g3 expressed with PcyA (Fig. 3F).
Likewise, Psg; T JSC1_58120g3 expressed with HY2 exhibited a blue-shifted R/O photocycle
relative to wild-type, and denatured spectra resembled P®B (Fig. 3F&G). Both Psg; T preparations
retained FR shoulders in their native spectra (Fig. 3E&G), probably indicating residual verdin
chromophore(s). In Pso: T expressed with HY2, the FR shoulder is substantial enough to extract
separate “P®B” and “BV” populations from the native difference spectra (Fig. 3H). Together,
these results indicate that Pro591 is necessary for phycobilin exclusion in this lineage, but not for
verdin affinity. Based on the Asp-Pro-Tyr-Leu consensus sequence of the motif containing this
proline and the preference of these CBCRs for verdin chromophores with “oxidized A-rings”, we
designate this lineage “DPYLoar”.



Distinct mechanisms for BV binding in AmBV4 and DPYLoar families. Four residues
conserved within the AmBV4 lineage are sufficient to confer BV affinity to multiple XRG CBCRs
(37). The full set of four residues (Tyr293, Thr308, Tyr318, Val336 in AnPixJg2_ BV4, Fig. 20)
was determined to be essential for efficient incorporation of BV into a model red/green CBCR, yet
DPYLoar CBCRs only retain two of these residues (Tyr592 and Val651 in JSC1_58120g3: Fig.
2P). The other residues are equivalent to Phe607 and Leu633. Introduction of Val336 or Val651
relative to canonical red/green CBCRs replaces larger lle/Leu residues, apparently
accommodating the shift of the chromophore towards the 8 sheet in both lineages. However, the
remaining three positions appear to perform divergent roles in DPYLoar and AmBV4 CBCRs.
Tyr293 in AnPixJg2_BV4 forms only hydrophobic interactions with the chromophore B-ring, while
Tyr592 in JSC1_58120g3 forms a water-mediated polar contact with the C-ring propionate.

The C-ring propionate in both JSC1 5812093 structures maintains an orientation orthogonal to
the C-ring plane, as in BV in AnPixJg2_BV4, but the propionate is positioned on the o-face rather
than the B-face of the chromophore. The C-ring propionate positioning in JSC1_ 5812093 is
tethered by direct and water-mediated polar contacts to both sidechain and backbone of Arg600
and also by a water-mediated polar contact to the sidechain of Tyr592 (Fig. 2P); the resulting
conformation removes a potential clash with Phe607 or interaction with Leu633, negating the
apparent roles of Thr308 and Tyr318 in AnPixJg2_BV4 (Fig. 20). Phe607 is shifted towards the
chromophore relative to the position of Phe308 in AnPixJg2 and occupies some of the space
vacated by the C-ring propionate (Fig. S5C-F). This movement may be influenced by a water
molecule that inserts between B5 and the loop preceding p4. The backbone of Ala653, conserved
in DPYLoars and found on B5, coordinates this water and replaces a proline conserved in XRG
CBCRs (Fig. S5C-F). This alters the position of 4, pushing Phe607 closer to the chromophore.
Two nearby Tyr residues on a3 and B5 that are broadly conserved in XRG CBCRs are replaced
in DPYLoar CBCRs with Phe601 and Cys649, perhaps to alleviate clashes with repositioned
Phe607. Notably, the arrangement of the chromophore and some surrounding residues in
JSC1 5812093 structures appears to be most similar to the red-absorbing 15Z state structure of
slr1393g3 (Fig. S4B, S5G-H). Given that slr1393g3 is intermediate between AnPixJg2 and
DPYLoars in the current phylogeny (Fig. S2B), this suggests that some of the observed structural
rearrangements relative to AnPixJg2 were acquired before the transition to phycobilin exclusion.

An additional set of conserved DPYLoar residues are distal to the chromophore but apparently
form a lineage-specific interaction network. Arg654, Asp566, Tyr567, and Asp570 (on strands p1-
2) and Glu589, Asn594, and GIn602 (preceding and within helix o3) form a network of polar
contacts that link the two regions together in a manner not seen in other CBCR structures (Fig.
S6A&B). These interactions pack around Phe568, another conserved DPYLoar residue that
replaces smaller Ser/Thr residues commonly found in XRG CBCRs. This locks Phe568 in a
strained backbone configuration and orients the sidechain as a prop against the phycobilin-
excluding Pro591 residue. The conserved nature of many of these residues and their positioning
in proximity to Pro591 implicate a potential supporting role in phycobilin exclusion or in
chromophore incorporation generally.

Discussion

We report the discovery of DPYLoar CBCRs, the third known group of frCBCRs and the first such
group exhibiting preferential incorporation of 18',18°-DHBV. Unlike previously described
FRoGGR CBCRs that use phycobilins but not verdins (35) and AmBV4 CBCRs that use either
type of bilin (37, 47, 48), DPYLoar CBCRs generate far-red/red photocycles (Fig. 1B-G) b}/
excluding phycobilin chromophores in favor of more conjugated verdins. Until recently, 18*,18%
DHBYV was thought to be a transient intermediate formed during PCB synthesis by cyanobacterial
PcyA (50, 51) and had only been identified as an authentic chromophore precursor in some
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cryptophyte phycobiliproteins (70, 71). The first report of 18*,18°-DHBV adducts in CBCRs used
AmBV4 CBCRs co-expressed with an atypical PcyA enzyme from A. marina MBIC11017 that
accumulates 18",18°-DHBV at higher levels (46). We here demonstrate 18*,18°~DHBV binding in
DPYLoar CBCRs after co-expression in the standard system used to incorporate PCB into
dozens of phytochromes and CBCRs (32, 52, 59, 72, 73) through a combination of denaturation
analysis (Fig. S3B-F) and a 1.5 A crystal structure of JSC1_58120g3 in which the chromophore is
well-resolved (Fig. 2A&E). DPYLoar CBCRs expressed with P®B-producing HY2 instead attach
BV chromophore, as confirmed by denaturation (Fig. S3B-F) and by a 2.3 A structure of
JSC1 5812093 (Fig. 2B&F). AmBV4 CBCRs are able to bind BV to produce FR/O photocycles
only in the absence of PCB (47-49), making DPYLoar CBCRs the only known lineage that bind
verdin chromophores even when expressed with PcyA or HY2. In JSC1_58120g3, this behavior
requires a conserved proline residue that constrains the A-ring binding pocket (Fig. 3A-D), with a
Psoi T variant of JSC1_58120g3 restoring PCB binding (Fig. 3E-H). It is possible that slight
changes in structural context within the DPYLoar lineage would allow for other residues to
participate in PCB exclusion as well.

DPYLoar CBCRs are unusually far-red- and red-shifted compared to non-FRoGGR CBCRs (Fig.
S6C). Natural and engineered AmBV4 CBCRs with bound BV range from 697-713 nm and 605-
638 nm in the 15Z and 15E photostates, respectively, while DPYLoar CBCRs range from 722-728
nm and 654-662 nm with the same chromophore (Table S1). Pso; T retains a more red-shifted 157
state than most XRG CBCRs, although the native chromophore is not as red-shifted relative to
denatured bilin as are those of wild-type DPYLoar CBCRs (Fig. S6C). This indicates that Pro591
also may contribute to 15Z tuning, perhaps via the substantial chromophore positional shift that it
appears to cause (Figs. 2M, S4B).

The protein-chromophore interactions responsible for spectral tuning of the 15E photostate are
not well established in the absence of a photoproduct structure, but comparison to other XRG
CBCRs offers some insight. Mutational studies have identified residues involved in photoproduct
tuning (59, 74), and structures of green-absorbing 15E PCB chromophores of both NpR6012g4
and slr1393g3 (Fig. S6E) reveal strongly out-of-plane A- and D-rings relative to the B- and C-
rings (62, 63). Native “twisted” and denatured CBCRs fall on separate trendlines when 15Z to
15E blue shift is plotted against 15Z peak wavelength for different chromophores (Fig. S6D).
Variants with reduced ability to blue shift the 15E chromophore cluster towards the denatured
trendline (35, 59, 74), possibly indicating a less twisted chromophore in such variants. DPYLoar
CBCRs consistently cluster along the denatured/relaxed trendline regardless of chromophore
adduct. By contrast, natural and engineered AmBV4 CBCRs appear to possess more twisted
PCB-adducts than their corresponding BV-adducts. Indeed, known verdin-bound CBCRs
predominantly fall along the relaxed trendline; that is, verdin adducts may be intrinsically less
twisted in their 15E photostate. The improved A-ring conjugation of verdins may disfavor the
twisted A-ring geometry observed in green-absorbing 15E states of the corresponding PCB
adducts (Fig. S6F), resulting in a more “relaxed” geometry. However, both PCB and P®B adducts
of Pse; T JSC1_58120g3 remain on the relaxed trendline, indicating that some additional structural
mechanism in DPYLoar CBCRs may reduce or prevent twisting. It is possible that conserved
residues Phe571 and Phe644, equivalent to conserved residues involved in 15E blue-shift in
typical XRG CBCRs (62, 74), are unable to perform their usual roles due to the altered
chromophore positioning in DPYLoars. Alternatively, the network of polar contacts and Phe568
linking B1-B2 with a3 (Fig. S6A) could serve to rigidify a region that undergoes substantial
conformational change upon photoconversion in typical XRGs (62, 63): Fig. S6G&H). Preventing
this rearrangement may interfere with the nearby A-ring twist, resulting in a reduced blue shift.
Further mutagenesis experiments and a photoproduct structure will help elucidate this issue.

Although both AmBV4 and DPYLoar classes of frCBCRs arose within the XRG lineage, they are
phylogenetically distinct and thus represent independent evolution of efficient BV incorporation
(Fig. 1A, S2B). DPYLoar CBCRs have only two of the four amino acids that confer BV affinity on

8



the AmBV4 lineage (Fig. 20&P). It is not immediately clear if additional conserved DPYLoar
residues play a role in BV affinity, and additional mutagenesis experiments will be required.
Furthermore, DPYLoar CBCRs have the unique ability to exclude phycobilin chromophores via a
conserved proline that restricts binding pocket width at the A-ring (Fig. 3A-G). This conserved
proline may also provide the basis for the unusual C3" attachment to verdins by altering
chromophore position such that C3* attachment is sterically unfavorable (Fig. S4C-F). However,
this is difficult to confirm without a P591T-verdin structure or NMR data, because we currently
lack spectral signatures for attachment at C3" vs. C3% Regardless, DPYLoar CBCRs are clearly a
phylogenetically and functionally distinct third class of frCBCRs.

The high BV affinity and red-shifted photocycles of DPYLoars relative to AmBV4 CBCRs make
them of great interest for optogenetic and imaging applications in mammalian tissue. In this
regard, a functional FR/R light actuated adenylyl cyclase has already been developed by
replacing the blue/green CBCR GAF domain of the cPAC Mic7113_2205 with JSC1_58120g3,
normally part of a cMCP. (45). In the same study, the green/red CBCR GAF domain of the RcaE
cHK also successfully replaced the blue/green Mic7113 2205 CBCR (45), indicating that CBCRs
can be made to regulate diverse output domains with the proper fusion. Notably, individual CBCR
domains tend to be monomeric in solution (60, 75-77); even a CBCR-regulated diguanylyl cyclase
exhibits only transient dimerization even though its catalytic activity requires dimerization (78).
The lack of stable dimer formation in CBCRs may limit optogenetic applications involving photo-
inducible dimerization, but a forthcoming study reports engineering of photo-specific binding
proteins for the red- and green-absorbing photostates of PCB-bound AM1_C0023g2, an AmBV4
CBCR (79). Further engineering and exploration of the DPYLoar family may yield higher BV
affinity, improved signal actuators, further red-shifted sensitivity, far-red fluorescence, or perhaps
even photoinducible dimerization for applications in deep-tissue optogenetics and imaging via
fluorescent or photoacoustic probes.

All DPYLoar CBCRs identified thus far exist in tandem arrays with one or several other CBCRs N-
terminal to a signal output domain (Fig. S1B). Most members of the DPYLoar lineage are found in
cMCP putative phototaxis sensors, although some are found in cHKs. Such cMCP signaling
molecules are often associated with phototaxis (53, 54, 80, 81), eliciting movement either toward
or away from perceived light. Although it has not been experimentally determined, it is possible
that the directionality of phototaxis induced by DPYLoar cMCPs may depend on the ability of the
host cyanobacterium to harvest far-red light for photosynthesis. For example, JSC1_ 58120 may
induce positive far-red phototaxis in Leptolyngbya JSC-1, which can harvest far-red light under
the FaRLiP response (82-85). There may also be interplay between phototaxis and light-
harvesting strategy, such as positive far-red phototaxis when FaRLiP is activated but negative
phototaxis otherwise.

Our work also underscores the importance of in-depth characterization of even well-established
CBCR subfamilies. Despite broad interest in biologically encoded far-red sensors, the DPYLoar
CBCRs had hidden in plain sight as an apparently unremarkable branch of the XRG lineage that
now can be recognized as having the notable ability to exclude phycobilins. Given that PcyA is
ubiquitous in cyanobacteria and may be essential (86), the physiological chromophore precursor
for DPYLoar proteins is almost certainly 18',18°-DHBV, itself generally viewed as a transient
intermediate with little physiological relevance. The ability of CBCRs to bind 18",18°-DHBV even
in the presence of a fully functional PcyA is cause to re-evaluate chromophore assignments in a
subset of red/green CBCRs that exhibit far-red shoulders (32, 59). Previous reports have
proposed that such populations are likely representative of non-covalently attached PCB based
on denatured spectra that were intermediate between PCB- and BV-adducts. However, we have
here shown that such spectra may also be consistent with 18*,18°-DHBV adducts. Should such
CBCRs in fact exhibit substantial affinity for 18",18°-DHBV, it is possible that the presence of
such a far-red shoulder when expressed with PcyA could provide a rapid means to identify cryptic
affinity for BV.



Materials and Methods

Detailed materials and methods are provided in the Supplementary Information. This includes
information on phylogenetic analysis, expression and purification of DPYLoar CBCRs,
spectroscopic techniques, crystallization, and structure determination. PDB accession codes for
this work are 6XHH (18*,18%-DHBV-adduct) and 6XHG (BV-adduct)
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Figure Legends

Figure 1. A newly identified lineage of far-red photosensors. (A) A partially collapsed
phylogenetic tree is shown for the DPYLoar lineage described in this study. Parentheses next to
collapsed branches indicate the number of CBCRs found on that branch, as well as a
characterized CBCR from the branch, if available. Full tree available in Figure S2B. (B-D) Dark-
adapted (blue, 15Z) and photoproduct (orange, 15E) absorption spectra are shown for
JSC1 5812093 (B), Mic7113_1903g4 (C), and AFZ15460g4 (D) expressed with PCB biosynthetic
enzymes. (E-G) Spectra are shown as in B-D for proteins expressed with P®B biosynthetic
enzymes.

Figure 2. JSC1 5812093 crystal structures. (A-D) Chromophore A-ring models and electron
densities for JSC1_58120g3 coexpressed with PcyA (A) or with HY2 (B), PCB-adduct of
AnPixJg2 (C), and BV-adduct of AnPixJg2_BV4 (D). (E-H) Chromophore D-ring models and
electron densities are shown as in A-D. Insets display C19-C18-C18'-C18 dihedral angles. (I-L)
Chemical representations of chromophore adducts as determined from A-H. (M) Alignments
depicting helix a4 and chromophore position shift. Protein mainchain is depicted in ribbon view,
with Pro591 and Thr292 sidechains shown as space-filling spheres. JSC1_58120g3-DHBYV is
colored brick red, AnPixJg2 teal, JSC1_58120g3-BV magenta, AnPixJg2_BV4 charcoal.
DPYLoar-conserved residues are colored by atom with carbon in salmon. XRG-conserved
residues are colored by atom with carbon in light grey. (N) Orientation of BV chromophore D-ring
with XRG-conserved 36 residues (left panel) or DPYLoar-conserved 6 residues (right panel). (O)
Chromophore arrangement and protein contacts in AnPixJg2_BV4. Colored as in M, and AmBV4-
conserved residues colored by atom with carbon in violet. Water molecules depicted as red
spheres. (P) Chromophore arrangement and equivalent protein contacts in JSC1_58120g3-
DHBV.

Figure 3. Phycobilin exclusion by Pro591. (A-D) View of the A-ring binding pocket and nearby
residues with opening width labeled for JSC1_58120g3-DHBV (A), JSC1_58120g3-BV (B),
AnPixJg2 (C), and AnPixJg2_BV4 (D). Mainchain is depicted in ribbon view, with Pro591/Thr292,
chromophore, and primary cysteine represented as space-filling spheres. Coloring as in Fig. 2.
(E) Dark-adapted 157 (blue) and photoproduct 15E (orange) absorbance spectra are shown for
P591T JSC1 5812093 expressed with PcyA. Black wedge denotes FR shoulder. (F) Stacked
15Z-15E difference spectra for denatured proteins compare P591T and WT JSC1 5812093 to
standards for PCB-adduct (NpR6012g4) and P®B-adduct (NpR5113g2). (G) Spectra are shown
for P591T JSC1 5812093 expressed with HY2 as in E. (H) Native 15Z-15E difference spectra for
P591T-PCB (violet) and estimated P591T-P®B (bronze) and P591T-BV (pink) populations.
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