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Abstract

RpBphP2 and RpBphP3, two tandem bacteriophytochromes from the photosynthetic bacterium R.
palustris, share high sequence identity but exhibit distinct photoconversion behavior. Unlike the
canonical RpBphP2, RpBphP3 photoconverts to an unusual nearred-absorbing (Pnr) state; both are
required for synthesis of light harvesting complexes under low-light conditions. Here we report
the crystal structures of the photosensory core modules of RpBphP2 and RpBphP3. Despite
different quaternary structures, RpBphP2 and RpBphP3 adopt nearly identical tertiary structures.
The RpBphP3 structure reveals “tongue-and-groove” interactions at the interface between the
GAF and PHY domains. A single mutation in the PRXSF motif at the GAF-PHY interface
abolishes light-induced formation of the Pnr state in RpBphP3, possibly due to altered structural
rigidity of the chromophore-binding pocket. Structural comparisons suggest that long-range
signaling involves structural rearrangement of the helical spine at the dimer interface. These
structures together with mutational studies provide insights into photoconversion and long-range
signaling mechanism in phytochromes.
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Introduction

Phytochromes are a superfamily of photoreceptors that perceive ambient light signals and
mediate a wide range of important physiological processes in plants, fungi and bacteria
(Rockwell et al., 2006). With the recent discovery of cyanobacteriochromes (CBCRS), this
family of bilin-based photoreceptors confers light sensitivity over the entire UV/visible
range of the solar spectrum (Rockwell et al., 2012). Plant phytochromes and
bacteriophytochromes (BphPs) are highly homologous in their photosensory core modules
(PCM), in which three modular domains - PAS (Per-ARNT-Sim), GAF (cGMP
phosphodiesterase/adenylate cyclase/FhlA transcriptional activator) and PHY
(phytochrome-specific)(Rockwell et al., 2006) - share a common PAS fold. Typically, a
histidine kinase (HK) domain is located at the C-terminus of BphPs that undergoes light-
dependent auto-phosphorylation. BphP often partners with a downstream response regulator
to regulate gene expression in response to light via the two-component signaling pathway. In
plants, the C-terminal region of phytochromes consists of two additional PAS domains
followed by a histidine-kinase related domain (HKRD), and light responses are mediated via
light-dependent interactions with phytochrome-interacting factors (PIFs) and COP1
(constitutively photomorphogenesis 1), a central regulator of light signaling pathways in
plants (Li et al., 2011).

Phytochromes utilize linear tetrapyrroles as chromophores to perceive light signals via
reversible photoconversion between red-absorbing (Pr) and far-red-absorbing (Pfr) states.
The crystal structures of the photosensory core modules (PCMs) determined for several
BphPs reveal extensive structural similarities despite different origins and distinct signaling
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states (Essen et al., 2008; Yang et al., 2008, 2009; Bellini and Papiz, 2012a; Mailliet et al.,
2011; Takala et al., 2014; Burgie et al., 2014). The modular photosensory domains are
linearly arranged in both sequence and space, but they are integrated via a “figure-of-eight”
knot between the PAS and GAF domains and a long, extended arm of the PHY domain.
These two unusual structural features bring together functional regions of the PAS and PHY
domains close to the chromophore embedded in the GAF domain (Essen et al., 2008; Yang
et al., 2008). In particular, the arm of the PHY domain shields the opening of the
chromophore-binding site.

BphPs exhibit diverse photoconversion behaviors. The canonical BphPs adopt the Pr state
(Mmax~700nm) in the dark and photo-convert to the Pfr (Amax~750nm) state. However,
bathy-BphPs such as PaBphP from P. aeruginosa, RpBphP1 and RpBphP5 from R. palustris
adopt the Pfr state in the dark and photo-convert to the Pr state (Tasler et al., 2005; Njimona
and Lamparter, 2011; Bellini and Papiz, 2012a). While the dark-adapted Pr or Pfr structures
have been readily crystallized, the crystal structure of a photoactive BphP in a
homogeneous, light state remains to be a rarity. One exception is DrBphP, for which both
dark Pr and light Pfr structures of different diffraction quality have been reported (Takala et
al., 2014). Extensive spectroscopic data and structural studies establish that Pr/Pfr
photoconversion in both the forward and reverse directions involves isomerization around
the C15=C16 double bond in the bilin chromophore (Rockwell et al., 2006, 2012). Other
major differences between the Pr and Pfr structures reside in the arm region of the PHY
domain, where a structural segment containing the conserved PRxSF sequence motif
appears to undergo transition from a p-strand to an a-helix during Pr/Pfr photoconversion
(Takala et al., 2014; Yang et al., 2009). Two key questions remain. What structural features
within the PCM affect the photoconversion behavior of BphPs? How do structural signals
propagate from the PCM to the HK domain, where they ultimately generate a biological
signal?

Here we present the crystal structures of the PCMs in two highly homologous BphPs from
the photosynthetic bacterium R. palustris - RpBphP2 and RpBphP3. RpBphP2 and
RpBphP3 are encoded by two tandem genes (rpa3015 and rpa3016) in the same operon and
interact with the same downstream response regulator RPA3017 (Giraud et al., 2005).
Although both adopt the Pr state (Amax ~700 nm) in the dark, upon illumination at 700 nm
RpBphP2 exhibits canonical photochemistry and photo-converts to the Pfr state (Amax ~750
nm) while RpBphP3 converts to an unusual Pnr state (Amax ~650 nm). Their contrasting
photochemical properties despite high sequence homology allow us to identify key
interactions that govern photoconversion via comparative structural and mutagenesis
studies.

We also aim to identify structural elements and/or motifs that are important for transmitting
structural signals over long distances. The long linker helices between modular domains
have been denoted signaling helices and implicated in signal propagation from sensory to
effector domains (Anantharaman et al., 2006; Mdglich et al., 2009). Different BphPs seem
to share general signaling principles — irrespective of their dark-adapted state, the Pr state
always displays higher HK activity than the Pfr state (Giraud et al., 2005; Psakis et al., 2011,
Yang et al., 2011). In this work, we compare BphPs in different photochemical states and/or
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with different dimeric scaffolds, to explore possible conformational rearrangements
associated with long-range signaling that enables light-dependent regulation of the spatially
distant HK activity.

Results

Crystal structure of RpBphP2-PCM

Two crystal structures of RpBphP2 were independently determined in the dark-adapted Pr
state using different constructs. Both contain the identical protein sequence spanning
residues 1-505 of RPA3015 from R. palustris CGA009 but carry the 6xHis affinity tag at
different termini, hereafter denoted RpBphP2-Ntag and RpBphP2-Ctag. The crystal
structure of RpBphP2-Ctag was determined in space group P6; by molecular replacement
(PHASER in CCP4) using the chromophore-binding domain of RpBphP3 (PDB ID 200L)
as a search model, and refined at 3.4 A resolution to the final R-factor and free R-factor of
0.236 and 0.292, respectively (PHENIX; Table 1). RpBphP2-Ntag contains 20 additional
residues at the N-terminus including the tag sequence. The initial model of RpBphP2-Ntag
was built based on electron densities via phase combination of single-wavelength anomalous
dispersion (SAD) from selenomethionine-containing crystals and molecular replacement
(Fig. S1a). The final model was refined at 3.25 A resolution to the final R-factor and free R-
factor of 0.25 and 0.31, respectively (Table 1).

Despite differences in crystallization conditions and constructs, both the RpBphP2-Ntag and
RpBphP2-Ctag structures adopt the same space group P6; with nearly identical cell
parameters and molecular packing, in which two monomers form a parallel dimer in the
asymmetric unit. This suggests that the affinity tags do not influence either the mode of
dimerization or the inter-molecular packing. Structural alignment based on one monomer
reveals subtle displacements in the other (Fig. S2a). Both crystals exhibit anisotropic
diffraction with high R-merge factors and/or incompleteness in high-resolution shells (Table
1). The overall quality of electron densities is better in one monomer (chain A) than the
other (chain B), probably due to subtle differences in molecular packing. We hereafter use
RpBphP2-Ctag to describe and discuss the RpBphP2 structure unless mentioned otherwise.

RpBphP2 forms a head-to-head, tail-to-tail parallel dimer and buries a surface area of
1323A2 at the dimer interface (PISA (Krissinel and Henrick, 2007)) (Fig. 1a). The PAS,
GAF and PHY domains from each RpBphP2 monomer are juxtaposed via a helical spine
along the dimer interface. An unusually large gap is present at the dimer interface between
the GAF and PHY domains (Fig. 1a). This sharply contrasts with the crystal structure of
PaBphP in the Pfr state, in which the parallel GAF-PHY linker helices are nearly straight
(Fig. 1c) and form a more extended, tight dimer interface that buries a significantly larger
surface area of 1893A2 (PISA (Krissinel and Henrick, 2007)).

Crystal structure of RpBphP3-PCM

The RpBphP3-PCM construct includes residues 1-521 of RPA3016 from R. palustris
CGAO009 and a 6xHis affinity tag at the C-terminus. RpBphP3-PCM was crystallized in the
dark at 20°C with a final protein concentration of 10 mg/ml and 0.1M magnesium formate.
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The crystal structure was determined in space group P3;21 by molecular replacement
(PHASER(McCaoy et al., 2007)) using the crystal structure of a shorter RpBphP3 construct
lacking the PHY domain as a search model (PDB ID: 200L(Yang et al., 2007)). The initial
model for the PHY domain was manually built based on the density-modified electron
densities derived from a partial MR solution. The N-terminal 24 residues of the PAS domain
and seven residues from the C-terminal His-tag are not visible in the electron density map.
The arm region spanning residues 454-494 shows well-resolved electron density (Fig. S1b).
The final model was refined at 2.85A resolution to the R-factor and free R-factor of 0.185
and 0.26, respectively (Table 2).

In contrast to the parallel dimer of RpBphP2, two RpBphP3 monomers form a head-to-tail,
anti-parallel dimer with a buried surface area of 1993A2 at the dimer interface (Fig. 1b). The
GAF domain of one monomer is packed against the PHY domain of the other via a helical
bundle and the two PAS domains are located at opposite ends of the dimer (Fig. 1b). The
tertiary structures of the monomers of RpBphP2 and RpBphP3 are nearly identical with an
overall r.m.s.d. over the main chain atoms of 461 aligned residues of 1.56A (Fig. 1d). The
arm of the PHY domain resembles the equivalent “tongue” of Cph1 (Essen et al., 2008;
Mailliet et al., 2011), in which two anti-parallel B-strands in an extended conformation adopt
an overall right-handed twist. The biliverdin chromophore adopts the ZZZssa configuration
as expected for the Pr state (Fig. S1c). As in the RpBphP2 structure, the linker helix
spanning the GAF and PHY domains contains two significant kinks at similar locations, one
at Gly326 near the junction between the GAF and PHY domains and the other near Arg335
where the helix is partially unwound (RpBphP3 numbering) (Fig. 1).

Notably, the crystal structures of RpBphP3-PCM and the shorter RpBphP3-CBD construct
(residues 1-337) (Yang et al., 2007) can be well aligned in their common PAS and GAF
domains, despite quite different modes of dimerization. RpBphP3-CBD forms parallel
dimers in the crystal lattice whereas RpBphP3-PCM forms anti-parallel dimers (Fig. 3a).
Not surprisingly, subtle structural differences are present in regions of the GAF domain
(Tyr272, Asp216, Leu207 and Tyr185) that make direct contact with the PHY domain.
Specifically, Tyr272 moves closer to the chromophore in the PCM structure by about 1.3A
and forms a hydrogen bond (2.7 A) with the side chain of Asp216. This interaction is absent
in the CBD structure. Rings A and D are concomitantly displaced in the same direction by
~0.8A (Fig. 3b).

The tertiary structures of various BphPs are quite similar. The overall r.m.s. deviation
between the main chain atoms of the aligned residues is 3.2 A between RpBphP3 and Cphi,
and ~4.7 A between RpBphP3 and PaBphP, respectively. The differences among the
structures of RpBphP2, RpBphP3, Cphl and PaBphP (Fig. 1d) lie mainly in the arm and the
long helix linking the GAF and PHY domains. As a result, the relative orientation of the
GAF and PHY domains differs in these structures.

The dimer scaffolds

RpBphP2 and RpBphP3 adopt completely different quaternary structures despite their nearly
identical tertiary structures (Fig. 1). Such parallel and antiparallel arrangements have been
observed in various crystal structures of BphPs that lack the C-terminal HK domains.
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Specifically, Cphl, Cph1-T263F, Cph2 and RpBphP1 (Essen et al., 2008; Mailliet et al.,
2011; Anders et al., 2013; Bellini and Papiz, 2012a) adopt anti-parallel scaffolds, while
DrBphP, RpBphP3-CBD, PaBphP (Wagner et al., 2005, 2007; Yang et al., 2007, 2008,
2009) and the recently reported plant AtPhyB (Burgie et al., 2014) form parallel dimers.

We denote the three helices in the GAF domain that are bundled at the dimer interface as
GAF-hA/hB/hE; and the three equivalent helices in the PHY domain as PHY-hA/hB/hE
(Fig. 2a). Each 3-helix bundle is stabilized largely via hydrophobic interactions. The GAF-
hE and PHY-hA helices fuse to form a long, continuous but curved helix which we denote
the GAF-PHY linker helix. This nomenclature emphasizes the topological relationship and
equivalency among interfacial helices from different modular domains. In the parallel
framework of RpBphP2, two 3-helix bundles including two GAF-PHY linker helices further
aggregate to form a 6-helix bundle at the dimer interface in the GAF domain (Fig. 2). The
GAF-PHY linker helices are well separated as they enter the PHY domain, in which direct
contacts between two PHY-hE helices bring together two rather twisted 3-helix bundles
(Fig. 2a). Although equivalent helices at the dimer interface of RpBphP2 and PaBphP
structures are comparable in length, structural alignment according to the 3-helix bundle of
the PHY domain reveals a large rotation of about 30° of the GAF domain (Fig. 2c), which
apparently arises from the striking curve of the GAF-PHY linker helix in RpBphP2.

Our RpBphP2 parallel dimer structure bears a significant resemblance to the cryo-EM
structure of the full-length DrBphP in the Pr state, which also displays a striking hole at the
dimer interface (Li et al., 2010). Li and colleagues reported that the PHY domain must be
rotated by about 30° from its position in the PaBphP structure to account for the cryoEM
densities associated with the PHY domain of DrBphP. This rotation is consistent with
structural differences between RpBphP2 and PaBphP (Fig. 2c). In other words, DrBphP and
RpBphP2 adopt very similar dimeric scaffolds in the Pr state despite differences in
sequence, biological source and the methods by which the scaffolds were determined.

If the parallel dimer structures of RpBphP2 and PaBphP indeed represent the Pr and Pfr
states respectively, the helical bundles at the dimer interface must undergo significant
structural rearrangements during Pr/Pfr photoconversion. Specifically, the three-helix
bundles of the PHY domains in the Pr state would untwist while the GAF-PHY linker
helices straighten, as in the Pfr structure of PaBphP (Fig. 2b). In the full-length context, the
C-terminal helix (PHY-hE) as well as the DHp segment of the HK domain would move
concomitantly. It is noteworthy that the helical hairpin structure of the DHp domain is
expected to promote parallel dimerization (Casino et al., 2009).

We further propose a model for the full-length RpBphP2 based on the parallel scaffold of
the RpBphP2-PCM structure and the crystal structure of a homologous HK domain (PDBID:
3DGE; Casino et al., 2009) (Fig. S2b). In this model, we extend the C-terminal PHY-hE
helix from RpBphP2 and fuse it to the N-terminal helix of the DHp segment of the HK
domain. The relative spatial and angular positioning of the PCM relative to the HK domain
is determined by the length of the PHY-HK linker helix, discussed further below. Surface
representation of this full-length model reveals three main structural features (Fig. S2b).
First, a large gap exists at the dimer interface between the GAF and PHY domains. Second,
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the RpBphP2 monomers wrap around each other in a left-handed manner. Third, the
catalytic domain of HK is distant from the core of the PHY domain. These features agree
well with the parallel model for full length DrBphP derived from cryo-EM images (Li et al.,
2010) with one important discrepancy. Although the 3D reconstructed maps suggest an
overall twist in a left-handed manner, Li et al proposed a right-handed model for DrBphP,
perhaps due to difficulties in resolving topological crossovers with a low-resolution cryoEM
map (Fig. 2 and Fig. 4 of Li et al., 2010). Nevertheless, the models of full-length RpBphP2
and DrBphP derived from quite different experimental approaches share significant
similarities, which suggests that the parallel dimeric scaffold with a gap between the PCMs
represents the biological assembly for BphPs in the Pr state.

The GAF-PHY interface

The presence of the PHY domain is important for Pr/Pfr photoconversion and for formation
of the Pnr state in RpBphP3 (Yang et al., 2007). The crystal structure of RpBphP3 reveals a
well-defined arm of the PHY domain that directly interacts with the GAF domain and
shields the opening of the chromophore-binding pocket (Fig. 4a). The GAF-PHY interface is
extensive and buries a surface area of ~833A2, in which 13 inter-domain distances are less
than 3.2A (Contact in CCP4 (Winn et al., 2011)) (Table S1). We also note that Thr480,
which in RpBphP3 replaces Pro in the PRXSF motif, forms hydrogen bonds with both the
main chain carbonyl oxygen of Thr268 and the main chain nitrogen of Tyr272. A space-
filling representation shows a “tongue-and-groove” interaction, where the side chains of
Thr480 and Phe484 in the PRxSF motif snugly fit into grooves between the large side chains
of Glu271/Tyr272 and Asn275/Met276 in the GAF-hC helix (Fig. 4b). In comparison, only
five GAF-PHY inter-domain distances are less than 3.2A in the WT Cph1 structure (2VEA),
none of which is near the PRxSF motif (Table S1). The Cphl and RpBphP3 structures are
highly comparable in the PRXSF region, except that Pro471 of Cph1l is unable to form any
hydrogen bonds. Furthermore, in the high-resolution crystal structure of Cph1-
Y263F(Mailliet et al., 2011), Phe475 in the PRXSF motif does not interact with the GAF-hC
helix perhaps due to repulsive clashes arising from the Y263F mutation. It is plausible that
intimate interactions between the GAF-hC and the PRxSF region of the PHY domain
contribute to formation of the unusual Pnr state of RpBphP3 in contrast to formation of the
Pfr state of canonical phytochromes such as Cphl and RpBphP2.

The GAF-hC helix is a highly conserved structural element among BphPs. This helix,
positioned roughly parallel to rings A/D, contains two highly conserved residues (His269
and Tyr272 of RpBphP3) whose side chains approach the a-face of the chromophore.
His269 interacts with the chromophore via a pyrrole water that forms hydrogen bonds with
nitrogens in rings A/B/C(Anders et al., 2013; Essen et al., 2008; Wagner et al., 2005; Yang
et al., 2008). Two conserved residues at its N-terminus, Ser266 of the GAF domain and
Glu31 of the PAS domain, form a hydrogen bond that stabilizes the figure-of-eight knot. At
its C-terminus is the ring D cavity, surrounded by residues from both the GAF and PHY
(Phe484) domains (Fig. 4c). Interestingly, F484W in RpBphP3 seems to affect formation of
the dark-adapted Pr state while equivalent mutations do not affect the photoconversion in
RpBphP2 and PaBphP (Fig. S3).
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We propose that replacement of Pro by Thr480 in RpBphP3 at the “tongue-and-groove”
interface contributes to formation of the unusual Pnr state. To test this hypothesis, we made
single mutants at corresponding sites in RpBphP3 (Thr480), RpBphP2 (Pro465) and PaBphP
(Pro456) (Table S2; Fig. S3). T480P in RpBphP3 abolishes formation of the Pnr state and
enables limited formation of the normal Pfr state. P456T in PaBphP destabilizes the dark-
adapted Pfr state. However, P465T in RpBphP2 does not affect Pr/Pfr photoconversion; and
in particular does not favor formation of a Pnr state. This suggests that Thr480 in the PRxSF
motif of RpBphP3 indeed contributes to the Pnr formation. However, the single substitution
Pro->Thr is not sufficient to significantly alter Pr/Pfr photoconversion.

The arm structures of RpBphP2, RpBphP3, Cphl and AtPhyB in the Pr state are very
similar: all form two anti-parallel p-strands in contrast to the 3-turn helix in the Pfr
structures of PaBphP and RpBphP1. In the PaBphP structure, this helix is juxtaposed to the
chromophore in a nearly perpendicular direction (Bellini and Papiz, 2012a; Yang et al.,
2008) (Fig. 4d). The PRxSF motif, which is distant from the GAF-hC helix in the Pfr state,
is part of the 3-turn helix, in which the side chain of Ser459 interacts with that of the highly
conserved Aspl194 at the p-face of the chromophore (Yang et al., 2008) (Fig. 4c, d). It is
noteworthy that the side chain dispositions of the PRxSF motif are markedly different in the
RpBphP3/RpBphP2 (Pr) and PaBphP (Pfr) structures (Fig. 4c, d). Although these
differences are found in BphP structures of different biological origin and sequence, their
relevance to light-induced structural changes during Pr/Pfr photoconversion (Anders et al.,
2013) has been corroborated by recent direct comparison of two DrBphP crystal structures
determined in the dark and illuminated states (Takala et al., 2014).

The PHY-HK linker helix

Secondary structure predictions suggest that the PHY domain is covalently connected to the
HK domain via a long, continuous helix which we denote the PHY-HK helix (Fig. 5b).
Interestingly, the predicted PHY-HK linker helix varies among BphPs in both sequence and
length, where “length” is defined as the number of residues between the highly conserved
Trp483 (numbering in RpBphP2) and the phospho-acceptor histidine (His532) near the C-
terminus of the linker helix (Fig. 5b, Fig. S4). Remarkably, we note that the length
differences are always multiples of one a-helical turn (Fig. 5¢). If we use XaBphP from
Xanthomonas axonopodis as the length reference with a total of 54 amino acids, the PHY -
HK linkers in classical BphPs such as RpBphP2, DrBphP and Cph1 are shorter by four
residues, roughly equivalent to one helical turn. In bathy BphPs such as PaBphP, Agp2 and
RpBphP5, these linkers are shorter by multiples of seven residues, roughly equivalent to two
a-helical turns. That is, the angular orientations of phospho-accepting histidines relative to
the sensor domains are conserved, not the spatial distance between the sensor and effector
domains (Fig. S4). The length variations suggest that direct contacts between the PHY
domain and the catalytic domain of HK are not required for effective signal transmission. In
other words, auto-phosphorylation of HK is directly and structurally coupled to the
photosensory domains via the long PHY-HK linker helix, in which the dimer interface acts
as an angular reference frame to assist precise positioning of the histidine side chain relative
to the active site of ATPase. This closely resembles the situation of blue-light sensor HKs in
which LOV domains are covalently coupled to the C-terminal HK domains (Mdglich et al.,
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2009). We propose that such conservation in relative angular orientation between the sensor
and effector domains is a general feature among sensor histidine kinases no matter whether
the sensor domain is LOV (YF1) or PAS-GAF-PHY (BphPs) or heme-binding PAS (FixL)
(Ayers and Moffat, 2008; Diensthuber et al., 2013; Mdglich et al., 2009; Yang et al., 2008).

Trp483 is both strictly conserved among all BphPs and strategically located at the junction
between the arm of the PHY domain and the PHY-HK linker helix. Other structural features
in the vicinity of Trp483 are also conserved among the Pr and Pfr structures. In particular, a
salt bridge is formed between two conserved residues: Arg439 from the central p—strand of
the PHY domain preceding the arm and Glu487 located in the first, N-terminal turn of the
PHY-HK linker helix (Fig. 5a; Table S2). In RpBphP2, both Arg439 and Glu487 adopt
extended side chain conformations such that electron densities of their side chains lie
parallel to the structural segment in which Trp483 is located. This salt bridge in effect
shortcuts the entire arm structure (Fig. 6). It is noteworthy that Asp replaces Glu in bathy
BphPs such as PaBphP, RpBphl, RpBphP5 and Agp2; and hence yields a shorter Arg-Asp
salt bridge in the PaBphP and RpBphP1 structures (Table S2). This conserved salt bridge
and Trp483 are located at the junction between two important “action centers” of the BphP
structure, namely the chromophore binding pocket and the active site of HK. At one end, the
arm of the PHY domain directly interacts with the chromophore embedded in the GAF
domain via the PRxSF motif (Yang 2008, Essen, 2008, Yang 2012). At the other end, the
PHY-HK linker helix dictates the angular orientation of the phospho-accepting histidine. We
denote the feature consisting of the conserved Trp483 and the Arg439-Glu487 salt bridge as
the R-W-E/D motif. We speculate that the local structure of this R-W-E/D motif does not
change significantly upon photoconversion; rather, it acts as a critical pivot that transmits
light-induced structural signals from the chromophore to the active site of the spatially
remote HK domain (Fig. 6).

Discussion

Parallel and anti-parallel dimers of BphPs

Both parallel and anti-parallel dimers of BphPs are formed under a wide range of
crystallization conditions. Examples of parallel dimers are RpBphP2, AtPhyB and DrBphP
in the Pr state, wild type PaBphP in the Pfr state and the PaBphP-Q188L mutant in a mixed
Pr/Pfr state (Bellini and Papiz, 2012b; Burgie et al., 2014; Takala et al., 2014; Yang et al.,
2008, 2009). All CBD constructs with wild type sequences forms parallel dimers (Wagner et
al., 2005; Yang et al., 2007). Examples of anti-parallel arrangements are RpBphP3 and Cph1l
in the Pr state, and RpBphP1 in the Pfr state (Bellini and Papiz, 2012a; Essen et al., 2008;
Mailliet et al., 2011). No obvious correlation exists between crystallization conditions and
quaternary structures in the crystal lattices. These results suggest a few general conclusions.
First, parallel and anti-parallel dimerization are both mediated by helices at the dimer
interface. Second, aggregation of helical bundles at the dimer interface is not sequence-
specific, nor does it discriminate between GAF and PHY domains. Such pairing can occur
between the same domains (either GAF or PHY) in parallel dimers, or between the GAF and
PHY domains in anti-parallel dimers. In the RpBphP1 structure, only the C-terminal PAS
domain is involved in dimerization (Bellini and Papiz, 2012a). Since the GAF and PHY
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domains adopt similar tertiary fold with 3-helix bundles, the parallel dimers of BphP-PCMs
evidently do not have any significant thermodynamic advantages over the anti-parallel
dimers in the absence of the HK domain. Monomers of isolated PAS domains have been
shown to form quite different dimer interfaces (Ayers and Moffat, 2008).

It is plausible that the parallel dimer represents the biological assembly in a full-length
BphP. First, similar parallel scaffolds have been captured by different experimental
approaches, as evident in the RpBphP2, AtPhyB, DrBphP and PaBphP structures by
crystallography (Bellini and Papiz, 2012b; Burgie et al., 2014; Takala et al., 2014; Yang et
al., 2008, 2009) and the full-length DrBphP model by cryo-EM(Li et al., 2010). Second,
most crystal structures containing the HK domain adopt parallel scaffold via coiled-coil
helical bundles in the DHp domain (Casino et al., 2009; Diensthuber et al., 2013). Third, the
parallel dimer of full length BphP is expected to bury significantly larger surface areas than
its anti-parallel counterparts, in which only the helical bundles in the GAF and PHY
domains could contribute to dimerization.

Given their high sequence homology and nearly identical monomeric structures, the parallel
or anti-parallel dimer scaffolds are also compatible with heterodimers of RpBphP2 and
RpBphP3, if indeed such heterodimers exist. Giraud et al showed that RpBphP2 and
RpBphP3 are products of two tandem genes in the same operon and both interact with the
same response regulator RPA3017 (Giraud et al., 2005). They further demonstrated that both
genes are required for regulating the LH4 synthesis under various light conditions in R.
palustris. Although many signaling proteins are chemically homodimers, they display
conformational heterodimers in various states (Diensthuber et al., 2013; Neiditch et al.,
2006; Yang et al., 2008). Naturally occurring chemical heterodimers are also widespread
among regulatory proteins such as the DNA-binding protein Fos/Jun (Rauscher et al., 1988)
and the mammalian circadian clock protein CLOCK:BMAL1 (Huang et al., 2012). Although
the structures of RpBphP2 and RpBphP3 are largely similar in the dark Pr state, the putative
chemical heterodimer of RpBphP2 and RpBphP3 would offer the unique, light state of Pfr|
Pnr, differing from the Pfr|Pfr and Pnr|Pnr illuminated states in the RpBphP2 and RpBphP3
homodimers. Experimental data are needed to demonstrate the existence of such
heterodimers and if found, to characterize their roles in in vivo functions.

Structural basis for the Pnr state in RpBphP3

What is the structural basis of the unusual Pnr state of RpBphP3? RpBphP3 and RpBphP2
show very similar features in their dark-minus-light difference FTIR spectra (Giraud et al.,
2005). Mutations in the 15Za pocket suggest that the chromophore undergoes a similar
overall “flip-and-rotate” motion in forming the Pnr state in RpBphP3 and the Pfr state in
RpBphP2 (Yang et al., 2009). This suggests that the Pnr and Pfr states have similar
chromophore-protein interactions around rings A/B/C, and differ only in ring D disposition
(Fig. S5).

The crystal structure of RpBphP3 reveals an unusual “tongue-and-groove” interface between
the GAF-hC helix and the PRxSF motif in the PHY domain. Two single mutations in the
vicinity of this interface, L207Y and T480P, separately abolish the Pnr state and enable
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formation of the Pfr state (YYang et al., 2007) (Fig. 4c, Fig. S3), again indicating that this
“tongue-and-groove” interface is associated with the unusual Pr/Pnr photoconversion.

We therefore advance a hypothesis to explain how the unusual Pnr state is formed. Upon
157a/15Ea isomerization, the chromophore undergoes “flip-and-rotate” motions (Yang et
al., 2009). The ring C propionate group acquires new protein anchors in the 15Za pocket. As
the initially strained chromophore relaxes further, residues surrounding ring D must
rearrange to accommodate its 15Ea configuration. These rearrangements involve motion in
the arm of the PHY domain and/or in nearby bulky residues such as Phe212 and Tyr185.
When Pr/Pfr photoconversion occurs, the fully relaxed chromophore adopts the ZZEssa
configuration and protein interactions around ring D similar to those observed in
PaBphP(Yang et al., 2008) (Fig. S5). However in RpBphP3, the PHY arm interacts more
strongly with the GAF domain and hinders rearrangement of the ring D pocket. Further
chromophore relaxation is hindered by a cavity that is still optimized for the Pr state. As a
result, ring D disengages at least partly from the extended conjugation system of rings
A/BIC. The shorter conjugated system leads to blue-shifted absorption in the Pnr state (Fig.
S5). If the “tongue-and-groove” interface is disrupted in the single mutants such as T480P
and L207Y, the arm is dislodged from the GAF-hC helix, allowing formation of the Pfr state
to occur. Clearly, further investigation is needed to confirm many details of this hypothetical
model.

Long-range signaling mechanism

Signaling proteins often consist of multiple modular domains linearly connected via long,
signaling helices in a “mix-and-match” manner (Anantharaman et al., 2006). In BphPs, the
PAS, GAF and PHY domains and the C-terminal HK domain are attached to a central
helical bundle like “beans on a stalk”, where direct interactions between the core domains
are limited. The helical stalks evidently mediate such long-range signaling. But how do
light-induced molecular events at the chromophore in the core of the GAF domain affect
phosphorylation of a histidine residue located in the spatially remote HK domain,
approximately ~90A distant along the same “stalk”?

The helical “stalks” display distinct arrangements at the dimer interface in the Pr and Pfr
states, exemplified by the RpBphP2 and PaBphP structures (Fig. 2). First, the GAF-PHY
linker helix is rather curved in the Pr state of RpBphP2 but is nearly straight in the Pfr state
of PaBphP. Concomitantly, the PHY-HK helices are positioned differently at the dimer
interface (Fig. 2). The phospho-accepting histidine is located near the C-terminal end of the
same PHY-HK linker helix. It is plausible that changes in the relative positions of these
helices at the dimer interface would affect the HK activity, in which the level of auto-
phosphorylation is usually higher in the Pr state than in the Pfr state (Giraud et al., 2005;
Psakis et al., 2011; Yang et al., 2011). Another major difference between the Pr and Pfr
states lies in the arm structure, where the PRXSF motif adopts different conformations (Fig.
4c, d). The R-W-E/D structure motif that connects the PRxSF motif and the PHY-HK helix
may serve as a pivot or signaling route that channels light-induced structural changes from
the chromophore to the HK domain (Fig. 6).
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Long-range signaling mechanism in BphPs is likely to involve tertiary structural changes
following photoconversion in the chromophore region, such as the “strand-to-helix”
transformation in the arm structure and rearrangements in the helical spine. The rigid R-W-
E/D structure may serve as a pivot to transduce structural changes from the GAF domain to
the PHY domain, which affects the PHY-HK helix. Our preliminary data showed that the
RpBphP3-PCM crystals did not exhibit any photo-activity, that is, no formation of the Pnr
state was detected judged by micro-spectroscopy on crystals. This suggests that formation of
the Pnr state is coupled with structural change(s) in the protein region that are prohibited by
the crystal lattice. It is yet to be determined whether these structural changes are associated
with the strand-to-helix conversion in the arm.

Signal transduction via long linker helices seems to be a general strategy for long-range
signaling. The GAF-PHY and PHY-HK linker helices in BphPs are topologically equivalent
to the Ja helix of the LOV domains originally found in phototropin (Harper et al., 2003) and
correspond to the putative signaling helix widely found in the sequences of modular
signaling proteins (Anantharaman et al., 2006). For YF1, a chimeric photoreceptor, torque
motions in linker helices in the dimer interface have been suggested to be responsible for
light-dependence of the effector HK activity (Mdglich et al., 2009). We also note that Asp or
Glu in the DIT motif identified at the N-terminus of the Ja helix in LOV domains is also
found to form salt bridge(s) with Arg or Lys near a conserved Trp in LOV and other PAS
domains such as EcDos (Tuckerman et al., 2009). Given that similar modular architectures
are widespread among signaling proteins in all kingdoms of life, our findings in BphPs may
shed light on general principles for long-range signal transduction.

Experimental Procedures

Cloning, mutagenesis and purification

Both RpBphP2-Ctag (residues 1-506) and RpBphP3 (residues 1-521) were PCR-amplified
from R. palustris strain CGA009 genomic DNA (ATCC) and then cloned into pET24
vectors (Novagen) between restriction sites Ndel/Hindl1l and Ndel/Xhol, respectively. Both
constructs carry a 6xhistine affinity tag at their C-termini. The RpBphP2-Ntag construct was
cloned into pET28c between restriction sites Ndel and Hindlll, and includes 20 additional
residues at its N-terminus (Yang et al., 2007). The Seleno-Met RpBphP2-Ntag was produced
according to the published protocol (Doublié, 1997). Site-directed mutagenesis was carried
out using the QuikChange Site-directed Lightening mutagenesis kit (Strategene). All BphP
proteins including wild types and mutants were co-expressed with heme oxygenase and
purified as described (Yang et al., 2007).

Crystallization and data collection

RpBphP2-Ctag was crystallized in the dark at 20°C in hanging drops containing 10mg/ml
protein, 12% polyacrylic acid, 0.1M MgCI2 and 0.1M Hepes (pH7.0). The crystals were
cryo-protected under double-filtered blue/green light in mother liquor containing 20-30%
glycerol. Diffraction data were collected at LS-CAT 21-IDG beamline station of the
Advanced Photon Source (APS). The RpBphP2-Ntag crystals grew in the dark at 16°C
under a crystallization condition containing 10mg/ml protein, 1.4 M sodium acetate, 0.1M
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sodium cacodylate, pH 6.5. Diffraction data at 100 K were collected at SBC 19-1D and
BioCARS 14-1DB beamlines of APS. The SeMet diffraction data at the wavelength of
0.978A was collected at the cryogenic temperature of 100 K.

RpBphP3-PCM crystals were obtained at 20°C in the dark using the hanging drop vapor
diffusion method under the condition of 10mg/ml protein and 0.1M magnesium formate.
The crystals were cryo-protected under blue/green safe light in 20-30% glycerol mixed with
mother liquor. Diffraction data at 100 K were collected at the LS-CAT 21-IDG. All images
were indexed, integrated, and scaled using HKL2000 (Otwinowski and Minor, 1997).

Structure determination and refinement

The crystal structure of RpBphP3-PCM was determined in space group P3121 by molecular
replacement (PHASER in CCP4 (Winn et al., 2011)) using the RpBphP3-CBD structure
(PDB ID 200L) as the search model. The initial model for the PHY domain was built based
on a non-crystallographic symmetry (NCS) averaged electron density map following density
modification (Resolve in PHENIX(Adams et al., 2010)) and guided by the structure of the
PHY domain of Cphl (PDB ID 2VEA). The final model at 2.85A resolution was refined to a
R-factor of 0.185 and a free R-factor of 0.259 (PHENIX(Adams et al., 2010)).

The crystal structure of RpBphP2-Ctag was determined by molecular replacement
(PHASER in CCP4 (McCoy et al., 2007)) using the chromophore-binding domain of
RpBphP3 (PDB ID 200L) as the search model. The initial model for the PHY domain was
built (Coot (Emsley and Cowtan, 2004)) based on electron density derived from several
rounds of density modification including NCS averaging (DM in CCP4 and Resolve in
Phenix) guided by both Cphl and PaBphP structures (PDB ID: 2VEA and 3C2W). The final
model of RpBphP2-Ctag was refined (PHENIX) to 3.4A resolution, which includes two
molecules and two BV chromophores in the asymmetric unit. The RpBphP3-PCM structure
was also used to validate the details of the RpBphP2-Ctag structure given its limited
resolution.

Initial phases for the RpBphP2-Ntag structures were obtained using molecular replacement
(PHASER in CCP4) using RpBphP3-CBD as a search model. This partial MR solution was
used to identify the SeMet sites in the single-wavelength anomalous dispersion (SAD) data
(PHENIX). The initial model was built based on the figure-of-merit-weighted Fo map
derived from phase combination of MR and SAD solutions (CCP4). Initial structure
refinement was carried out using Refmac5 (CCP4). The final model of the RpBphP2-Ntag
structure was rebuilt (Coot) using the refined RpBphP2-Ctag structure as a reference and
refined to 3.25A resolution. All structures are illustrated using PyMol (http:/pymol.org).

The final coordinates of the crystal structures of RpBphP2-Ctag, RpBphP3-PCM and
RpBphP2-Ntag have been deposited to Protein Data Bank under accession numbers 4R6L,
4R70 and 4S21, respectively.

UV-visible absorption spectroscopy

UV-visible spectra from 900 to 230nm of the wild type and mutant proteins were recorded
in solution at room temperature with a Shimazu UV-1650 PC spectrophotometer.

Structure. Author manuscript; available in PMC 2016 July 07.


http://pymol.org

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 14

Illumination for measuring photoactivities of these samples was provided by filtered fiber
optic light.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Crystal structures of RpBphP2 and RpBphP3
a) Ribbon diagram of the parallel dimer of RpBphP2-Ctag in the Pr state. The PAS (yellow),

GAF (green) and PHY (blue) domains are juxtaposed along the dimer interface, where a
large void is found. The BV chromophores are shown in cyan spheres. b) Ribbon diagram of
the anti-parallel dimer of RpBphP3 in the Pr state. ¢) Parallel dimer structure of PaBphP in
the Pfr state exhibits a tighter dimer interface (PDB ID: 3NHQ). d) Pairwise comparison of
the tertiary structures of BphP monomers: RpBphP3 (green; as reference); RpBphP2
(yellow), Cph1 (magenta) and PaBphP (blue). The red arrows mark the locations of kink at
the GAF-PHY linker helix (RpBphP3 numbering). Related to Figure S1 and Figure S2a.
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Fig. 2. Helices at the dimer interface
Interfacial helices in the parallel dimer structures of RpBphP2 (a) and PaBphP (b) are shown

in rainbow colors from blue to red corresponding to the residue order from the N- to C-
termini. Equivalent helices A, B and E in the GAF and PHY domains are labeled. Lower
panels represent the bottom views of the PCM dimer, as seen from the HK domain. c)
Structural alignment of interfacial helices in RpBphP2 (yellow) and PaBphP (blue)
according to the 3-helix bundle of the PHY domain. The lower panel represents the top view
of the superposition.
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Figure 3. Structural comparisons between the CBD and PCM constructs of RpBphP3
a) Superposition of the RpBphP3-PCM (blue) and RpBphP3-CBD (green/cyan) monomers

shows nearly identical tertiary structures in the PAS and GAF domains; b) Structural
differences in the chromophore-binding pocket between PCM (cyan and green) and CBD
(blue) of RpBphP3. Dashed green lines represent hydrogen bonds. Water molecules are
marked in red spheres. Related to Figure Sic.
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RpBphP3 (Pr)

Figure 4. The GAF-PHY interface
a) In the Pr structure of RpBphP3-PCM, a long extended arm spanning residues 454-494 (in

ribbon representation) protruding from the core of the PHY domain (blue) shields a large
surface area of the GAF domain (green) near the chromophore (in cyan). b) “Tongue-and-
groove” contacts between the side chains of the GAF-hC helix (green) and the PRXSF motif
(blue) in two orthogonal views as indicated by the arrow. c) In RpBphP3-PCM in the Pr
state, the PRXSF motif adopts an extended conformation, in which Thr480 in place of Pro
makes direct interactions with the GAF-hC helix (hydrogen bonds are marked in red dashed
lines). Residues Tyr272, Asp216 and Leu207 in the GAF domain are shown in spheres. d) In
PaBphP in the Pfr state, the PRXSF motif is part of a 3-turn helix, in which side chains adopt
very different orientations relative to the GAF-hC helix than in RpBphP3-PCM. Related to
Figure S3 and Figure S5.
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Fig. 5. The PHY-HK linker helix
a) Superposition of five crystal structures in the junction region between the arm of the PHY

domain and the HK domain. RpBphP2 (PDB 4R6L; green), RpBphP3 (PDB 4R70; yellow),
Cphl (2VEA; magenta), PaBphP (3C2W; blue) and RpBphP1 (4EHO; orange). The side
chain of the conserved Trp residue (Trp483 of RpBphP2) is shown in orange, and the side
chains of Arg439 and Glu487 are in grey with stick. Green dashed lines mark the salt
bridges. b) Sequence alignment between the PRxSF motif and the phospho-accepting
histidine in 10 representative BphPs. The red square marks the position of the conserved
Trp483 in RpBphP2 (in gray box and sequence is highlighted red dashed). Gaps are filled by
short dashes. A long tube represents the continuous PHY-HK linker helix according to the
secondary structure prediction. The length of the short tube measures one a-helical turn. ¢)
Length differences in the PHY-HK linker helices are represented by gaps in the sequence
alignment as measured by the number of helical turns. Related to Figure S4.
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Pfr

Fig. 6. Long-range signaling mechanism in BphPs
Schematic illustration of the BphP parallel dimer structures in the Pr (left) and Pfr (right)

states. Important structural elements involved in long-range signaling are highlighted: the
BV chromophore embedded in the GAF domain (cyan spike), the arm (blue line with the
tube representing a helix) of the PHY domain, the R-W-E/D motif, and the phospho-
accepting histidine residue (red), and the long linker helices (in teal tubes). Interfacial
helices in one monomer are labeled according to the crystal structures of RpBphP2-PCM
(Pr) and PaBphP-PCM (Pfr). The core of each modular domain is colored as the following:
PAS (yellow), GAF (green), PHY (blue) and HK (magenta). Straightening of the linker
helices in the helical spine affects relative positioning of the catalytic ATPase (magenta
oval) and His. Specifically, activation of HK auto-phosphorylation is marked by a red star
when ATPase is sufficiently close to His. Deactivation of HK is indicated with a red double-
arrow as His separates from the active site of ATPase.
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Table 1

Data collection and structure refinement statistics of RpBphP2-PCM crystals.

Crystal

RpBphP2-Ctag

RpBphP2-Ntag (native)

RpBphP2-Ntag (SeMet)

Resolution (A)

50-3.4 (3.49-3.40)/50-4.4"

50-3.25 (3.3-3.25)

50-3.5 (3.56-3.5)

Completeness (%) 66 (11.5)/97.7° 99.5(99.8) 94 (60)
Rmerge 0.041(0.21)/0.035" 0.030 (0.39) 0.07 (0.34)
Redundancy 45 (1.2)/5,5* 10.0(9.3) 9.5(5.5)
/ol 14.8 (1.9)/21.9° 25.5(1.6) 25.7 (2.75)
Space group P6; P6; P6;
Cell parameters (A) a=b=176.79; c=95.91 a:cb=:9157§.215 a:Cl)::91E3?z71.262
beamline APS 21-IDG APS 14-BMC APS 19-1D
Refinement
R-factor 0.236 (0.32) 0.25 (0.34)
Free R-factor 0.292 (0.37) 0.31(0.38)

Resolution (A)

20-3.4 (3.66-3.40)

20-3.25 (3.37-3.25)

Geometry
r.m.s.d bond length(A) 0.012 0.017
r.m.s.d. bond angle(°) 2.36 2.32
Structure
Protein Chain A, B Chain A, B

Ligand/water

2 BV/18 waters

2 BV/0 waters

Ramachandran stats

Favored 93% 90.7%
Allowed/Disallowed 6.6%/0.4% 8.5%/0.8%
PDB ID 4R6L 4321

*
Data collection statistics are reported in two different resolution ranges to reflect the anisotropic nature of the dataset.
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Table 2

Data collection and refinement statistics of the crystal structures of RpBphP3-PCM and RpBphP3-CBD.
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Crystal

RpBphP3-PCM

RpBphP3-CBD

Resolution (A)

50-2.85 (2.95-2.85)

50-2.1 (2.2-2.1)

Completeness (%) 98.2 (84.4) 97.0(80.2)
Rmerge 0.053 (0.63) 0.045 (0.49)
Redundancy 19.1(6.4) 5.8(2.5)
1ol 52.7(1.05) 25.7(1.0)
Space group P3;21 P321
Cell parameters (A) azgi;g:’;fl 6201357]:55.%518
Beamline APS 21-IDG APS 21-IDG
Refinement
R-factor 0.185 (0.361) 0.174 (0.281)

Free R-factor

0.259 (0.436)

0.217 (0.354)

Resolution(A)

20-2.85 (2.93-2.85)

20-2.1 (2.2-2.1)

Geometry
r.m.s.d bond length(A) 0.024 0.012
r.m.s.d bond angle(°) 2.468 1.588
Structure
Protein 2 molecules 2 molecules
Ligand 2 biliverdin (BV) 2 biliverdin (BV)
Water 23 252
Ramachandran plot
Favored 94.2% 97.5%
Allowed 5.1% 2.5%
Disallowed 0.7% 0%
PDB ID 4R70 200L (updated)*
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