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STRUCTURAL BIOLOGY
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Phytochromes constitute a widespread photoreceptor family that typically interconverts between two photostates
called Pr (red light-absorbing) and Pfr (far-red light-absorbing). The lack of full-length structures solved at the
(near-)atomic level in both pure Pr and Pfr states leaves gaps in the structural mechanisms involved in the signal
transmission pathways during the photoconversion. Here, we present the crystallographic structures of three
versions from the plant pathogen Xanthomonas campestris virulence regulator XccBphP bacteriophytochrome,
including two full-length proteins, in the Pr and Pfr states. The structures show a reorganization of the interaction
networks within and around the chromophore-binding pocket, an a-helix/B-sheet tongue transition, and specific
domain reorientations, along with interchanging kinks and breaks at the helical spine as a result of the photoswitching,
which subsequently affect the quaternary assembly. These structural findings, combined with multidisciplinary
studies, allow us to describe the signaling mechanism of a full-length bacterial phytochrome at the atomic level.

INTRODUCTION

Light-sensing mechanisms allow prokaryotes and eukaryotes to gather
information about their ever-changing environments. Phytochromes
are red light-sensing and far-red light-sensing proteins that consti-
tute a widespread biological photoreceptor family found in plants,
algae, fungi, and prokaryotes (1, 2). Bacterial phytochromes [bacterio-
phytochromes (BphPs)] have gained attention since their discovery
(3, 4), with growing numbers of studies addressing their roles in
infective and pathogenic organisms.

The prototypical BphP architecture consists of an N-terminal
photosensory module (PSM), which autocatalytically binds biliverdin
IXa (BV) chromophore to a conserved cysteine residue, and a
C-terminal variable output module (OM), responsible for transduc-
ing the PSM light-driven conformational changes into a specific
physiological signal (5-9). The PSM is typically composed of three
modular domains linearly structured sharing topological elements:
a Per-Arnt-Sim (PAS) domain, followed by cyclic guanosine mono-
phosphate (GMP)-adenylyl cyclase-FhlA (GAF) and phytochrome-
specific (PHY) domains. The OM is often composed of histidine
kinase modules (HK) that are assumed to trigger a two-component
signaling pathway via a phosphotransfer mechanism to regulate
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downstream processes such as gene expression. However, other
frequent OM architectures include (i) HK-response regulator pairs,
(ii) c-di-GMP cyclase/phosphodiesterases, and (iii) PAS domains,
among others, evidencing the wide range of signaling outputs in the
phytochrome family (8). The PSM-containing phytochromes pre-
senting at least one PAS domain within the OM represent ~26% of the
total sequences from the Pfam database (https://pfam.xfam.org/).

BphPs usually show a dimeric quaternary structure, where pro-
tomers are docked to each other in a parallel or antiparallel arrange-
ment (10-16) through long helical bundles across the different
domains called GAF-PHY and PHY-OM helical linkers, which
form the “helical spine” (6, 7). Other outstanding structural features
from these photoreceptors are (i) the presence of a figure-of-eight
knot that crosses over residues between the PAS and GAF domains,
strengthening their association (17), and (ii) a highly conserved
hairpin protrusion from the PHY domain, termed as the “tongue,”
which encloses the chromophore-binding pocket by interacting
electrostatically with the GAF domain (6-9).

The basic principle of BphP photochemistry is their reversible
photoconversion, typically between two photostates that exhibit
different absorption spectra named Pr (red light-absorbing) and
Pfr (far-red light-absorbing) (10, 18). In the dark, canonical-type
BphPs exhibit a Pr thermal ground state, while bathy-type BphPs
show a Pfr thermal ground state (19). Although the full picture on
how the light-induced changes are transduced from the PSM to the
OM is still incomplete, there are a series of well-established revers-
ible structural features during the Pr/Pfr photoconversion (20-30).

Upon red (far-red) light absorption in the Pr (Pfr) state, the ini-
tial step of the intramolecular signaling mechanism, namely, the BV
chromophore photoisomerization, is triggered. This initial step re-
sults in the Lumi-R (Lumi-F) intermediate, which involves a Z/E
(E/Z) conversion of the C15=C16 double bond between the pyrrole
rings C and D along with a series of transient proton translocation
(Meta-R or Meta-F intermediates) events at the ring B and C pyrrole
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nitrogen atoms, as well as protonation dynamic events in the
biliverdin-binding pocket. As a result, a ~180° rotation of ring D is
produced, defining a ZZZssa or ZZEssa BV configuration in the Pr
or Pfr states, respectively. The time scale of the ZZZssa-to-ZZEssa
intermediate formation ranges from ultrafast transitions ranging
in the picosecond range (Lumi intermediates) toward micro-
seconds (Meta species). The distinct intermediate states have been
elucidated in view of their structural and spectroscopic features
(16, 31-33).

As the chromophore interacts with residues located at different
regions of the PSM, the local physicochemical changes upon photo-
isomerization perturb the structure of the PSM. Consequently, the
tongue reversibly interconverts into two structural conformations:
a two-stranded antiparallel B sheet in the Pr state and an o helix in
the Pfr state (21, 24-30). Although it is not currently fully under-
stood how the tongue structural changes develop, it is well agreed
that the B-sheet/a-helix tongue transition generates a push/pull
movement between the GAF and PHY domains, reorienting the
GAF-PHY and PHY-OM helical linkers from the helical spine and
thus modifying the dimer interface (28-30). This large-scale struc-
tural motion is proposed to be critical for modulating the OM
signaling activity. Nevertheless, the structural determinants of this
photoreception mechanism are still poorly understood, as most of
the BphP structures reported to date lack their corresponding OMs
and, additionally, no full-length phytochrome structures have been
solved at the (near-)atomic level in both pure (nonmixed) Pr and
Pfr photostates (9).

Our group studies the BphP from the plant pathogen Xanthomonas
campestris pv. campestris (XccBphP), which functions as a virulence
regulator by modulating key physiological processes including
xanthan production, biofilm formation, and infection capacity
(34). XccBphP has been classified as a bathy-like phytochrome as it
reaches a mixed Pfr:Pr thermal equilibrium in the dark (~6:1) (35).
Moreover, we have solved the crystal structure of the full-length
version bearing its PSM (formed by the domain triad PAS2-GAF-
PHY) and its complete OM of unknown function (a PAS9 domain)
in the Pr state at 3.25-A resolution (35, 36). However, the structure
showed weak electron density at the region corresponding to ring D
of the BV molecule, so neither a ZZZssa nor a ZZEssa chromophore
configuration could be defined based solely on the x-ray crystallo-
graphic data (35). Because of the lack of a XccBphP Pfr structure, we
used the Rhodopseudomonas palustris RpBphP1 Pfr structure (sharing
a similar domain architecture) (12) to propose a rough model for
signal propagation from the PSM to the OM during the XccBphP
light-driven conversion mechanism. However, the use of two dif-
ferent BphPs to build a precise mechanistic intramolecular trans-
ducing model at the atomic scale is far from optimal.

In this study, we present two previously unidentified crystal struc-
tures of XccBphP variants in the Pfr state, including a full-length
version. In addition, we have obtained a wild-type full-length Pr struc-
ture with an enhanced resolution, with the complete chromophore
molecule presenting a ZZZssa configuration. These structures en-
abled us to identify unprecedented structural rearrangements be-
tween both photostates in a complete BphP. Spectroscopic and
mutational analyses along with computational modeling and bio-
physical experiments have allowed us to probe the mechanism at
play. Our results enabled us to build a more complete model on the
light-driven conformational changes transmitted from the PSM to
the OM in the phytochrome photocycle.

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

RESULTS

To gain insights into the signaling mechanisms at the atomic level
during the reversible Pr-Pfr photoswitching in full-length BphPs,
we intended to solve the crystal structures of XccBphP in the Pr and
Pfr photostates. One of our aims was to obtain a better crystal struc-
ture of the previously solved Pr form to define the BV ring D and
unambiguously allocate a ZZZssa chromophore configuration.
Another aim was to obtain a Pfr crystal structure. The wild-type Pfr
crystals failed to grow even under dark conditions, where the highest
Pfr proportion (~85%) is reached at equilibrium (35). Under these
conditions, there is still a considerable Pr population from which
we hypothesize that Pr crystals of XccBphP grow (36). Hence, our
strategy to obtain the Pfr crystal structure was to use two Pfr-favored
variants, for which the dark conversion rate is increased and/or the
equilibrium is shifted. One of these variants is a deletion mutant
lacking the C-terminal PAS9 domain corresponding to the 1-511
residue range, here named APAS9(1-511), which generates a photo-
active bathy-type PSM with a relatively more stable Pfr state (35).
The other variant bears the G454E substitution in the tongue region
of the PHY domain, obtained from a saturated mutagenesis library
screening for Pfr-favored candidates (37).

Before the crystallization assays, we performed a brief character-
ization of protein properties in solution. The XccBphP wild-type
and APAS9(1-511) variants have been previously proven to assem-
ble in the Pr form in approximately 5 min (35). In contrast, G454E
shows a slower dark assembly also in the Pr form (fig. S1A).
APAS9(1-511) and G454E photoconvert upon red and far-red irra-
diation as the wild-type version (fig. S1B) (35). The dark conversion
kinetics of these variants, and others that will be presented during
this work, is analyzed in figs. S2 to S4 and summarized in Fig. 1 and
Table 1. During dark conversion, both APAS9(1-511) and G454E
are enriched in the Pfr form compared to the wild-type version,
reaching proportions more than 96% of Pfr at equilibrium and with
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Fig. 1. Kinetic parameters calculated for dark conversion of XccBphP variants.
The photochemical behaviors of all variants studied in this work are summarized in
this scatterplot, where the x axis corresponds to the half-life values and the y axis
corresponds to the Pfr fractions (%) at equilibrium. These two parameters were
estimated by fitting Eq. 1 (monoexponential) and Eq. 2 (biexponential) to the data
from fig. S2, respectively (see also fig. S3). Each variant is represented by a different
colored dot in the scatterplot. BphP categories were based on Pfr enrichment in
equilibrium: bathy (>90%), bathy-like (50 to 90%), canonical-like (10 to 50%), and
canonical (0 to 10%). WT, wild type.
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Table 1. Kinetic and oligomerization parameters calculated for XccBphP variants. Half-life was calculated using a monoexponential fit (Eq. 1) for Pr-to-Pfr
and Pfr-to-Pr conversions for bathy-like and canonical-like types, respectively. Pr and Pfr relative (%) contributions at equilibrium (Eq.) were estimated using a
double exponential fit (Eq. 2). Pr and Pfr pure extrapolated spectra were used to estimate by Gaussian fitting their peak wavelengths (A max). WT, wild type.

SEC-SLS main peak SLS secondary peak
Variant Location Type Half-life PrEq. PfrEq. Primax Pfrimax - - N N
affected yp (min) (%) (%) (nm) (nm) MW (kDa) Oligomeric Mw Oligomeric
state (kDa) state
WT - Bathy-like 307 15.4 84.6 684 757 139+£3 Dimer - -
D177A GAF Bathy-like 275 15.6 84.4 685 756 - - - -
H194A GAF Bathy-like 470 41.0 59.0 684 757 - - - -
V2665 GAF Canlci’lgca" 1137 799 201 697 753 - - - -
S280V GAF Canonical 160 99.2 0.8 673 758 - - - -
W452A o lile 9 20.1 79.9 688 751 285+63 el - -
tongue (n>2)
PHY/ .
W452A-G454E Bathy 103 7.8 92.2 687 749 13115 Dimer - -
tongue
A453E U Bathy 13 2.8 97.2 688 748 146 Dimer - -
tongue
G454E A Bathy 21 1.9 98.1 688 748 141 +1 Dimer - -
tongue
G454A Y Bathy 14 1 29 688 751 153+£3 Dimer - -
tongue
S474E LY Canonical 60 94.8 5.2 685 739 - - - -
tongue
W478A PHY/  Canonical- 5 895 105 685 747 13942 Dimer - -
tongue like
R501A PHY_OM Bathy-like 87 24.3 75.7 685 757 - - - -
linker
F512A PHY_OM Bathy-like 130 13.2 86.8 685 758 - - - -
linker
F512P P:_llrrl_(SrM Bathy-like 79 11.2 88.8 684 757 152+5 Dimer - -
PHY-OM Monomer
R525E-R527E linker Bathy 42 3.0 97.0 684 757 79+4 (~85%)
PHY-OM Monomer
APAS9(1-511)* linker Bathy 53 3.5 96.5 684 757 58 (100%)
APAS9(1-525) P;':l'(gr'v‘ Bathy 62 7.6 924 684 757 70 B
PHY-OM Monomer
APAS9(1-527) linker Bathy 71 9.4 90.6 685 756 75 (~89%)

*SEC-SLS MW from Otero et al. (35).

rapid kinetics, presenting half-life values of ~15 and 50 min for
G454E and APAS9(1-511), respectively (the wild-type estimated half-
life was ~307 min) (Table 1).

The G454E Pfr-favored variant is a functional

photoreceptor in vivo

With the aim of evaluating the functionality of the G454E variant
in vivo, we studied xanthan production as a proxy for light sensing
and signaling. The exopolysaccharide xanthan is a key virulence
factor in several Xanthomonas species, including X. campestris pv.
campestris (Xcc) (38). In previous works, we have demonstrated that
white or far-red light inhibits xanthan production in wild-type Xcc,

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

while in the null knockout mutant (Xccbphp) xanthan production is
increased, regardless of the light conditions. These findings show that
the Pr state is the active species that inhibits xanthan production
(34, 39). The complemented strains either with a wild-type copy of
the Xccbphp gene (pXccBphP) or with the genes coding for the G454E
variant (pG454E) presented a behavior similar to the wild-type Xcc
strain, albeit with a more pronounced response to far-red light (Fig. 2).
These pronounced effects can be explained by the differential protein
expression that the complemented strains exhibit (fig. S5), leading
to a possible amplification of the signaling by the XccBphP pathway
(34, 39). Together, the ultraviolet-visible (UV-Vis) spectroscopy and
in vivo results indicate that the G454E tongue substitution produces
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Fig. 2. The G454E variant restores light-dependent xanthan production pheno-
type in vivo. Wild-type (Xcc), Xccbphp, pXccBphP, and pG454E strains were grown
to stationary phase in 20 ml of PYM media supplemented with 2% glucose under
darkness or far-red (733 nm) light conditions. Xanthan was purified through etha-
nol precipitation of cell-free supernatants. Cell pellets and precipitated extracellular
xanthan were dried and weighed. Data are represented by mean values + SEM
from nine independent experiments (three replicates per experiment). Data were
analyzed using the Kruskal-Wallis test. Different letters indicate significant differ-
ences between groups (P < 0.05).

a functional photoreceptor, capable of sensing light and signaling
downstream, validating its use as a model to study the full-length
Pfr structure of XccBphP.

The XccBphP crystal structures display the classical
phytochrome features of the Pr and Pfr states

The three crystallographic structures were solved by molecular
replacement using the previously reported wild-type Pr structure
[Protein Data Bank (PDB) entry 5AKP] as starting model and re-
fined at 2.68 A (G454E), 2.95 A [APAS9(1-511)], and 2.96 A (wild-
type protein) with favorable stereochemistry and good refinement
statistics (Fig. 3 and table S1). The final refined models show two
chains (A and B) in the asymmetric unit in the wild type and only
one in the G454E and APAS9(1-511) variants (Fig. 3).

The wild-type full-length protein bearing the PSM and the complete
C-terminal OM crystallized in a characteristic Pr state, which is evidenced
by (i) the ZZZssa chromophore configuration, (ii) the side-chain
conformation of the conserved Tyr'®*-Tyr'® pair that surrounds
ring D, and (iii) the two-stranded antiparallel B-sheet tongue con-
formation (Fig. 3). The Pr crystal structure obtained in this work is
essentially equivalent to the former wild-type protein structure (35),
revealing a head-to-head parallel dimer with C, root mean square
deviation (RMSD) values of 0.57 and 0.56 A for chains A (590
aligned residues) and B (599 aligned residues), respectively. Moreover,
no substantial structural differences are perceived in the BV inter-
action pocket. However, the electron density in ring D from the BV
chromophore is clearly defined, allowing an unequivocal determina-
tion of the chromophore in the ZZZssa configuration and therefore
unambiguously validating the Pr state (Fig. 3, inset, and figs. S6 and S7).

The structures of the full-length G454E (PSM and the complete
C-terminal OM) and APAS9(1-511) (only PSM) proteins are congruent

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

with other PSMs from BphPs solved in the Pfr state (12, 16, 18, 28, 30, 40)
revealed by (i) the ZZEssa chromophore configuration, (ii) the side-
chain conformation of the conserved Tyr'**-Tyr'* pair surrounding
ring D, and (iii) the o-helical tongue conformation, among other
Pfr structural hallmark features (Fig. 3 and fig. S8). The OM (PAS9
domain) from G454E is found in a contracted position with respect
to the PSM as a result of a conspicuous break in the PHY-OM helical
linker (Fig. 3). This key structural feature will be developed in fur-
ther sections.

Both proteins show highly similar PAS, GAF, and PHY domain
structures, revealed by a pairwise alignment between their main-chain
C, atoms yielding RMSD values of 0.41 A (113 aligned residues),
0.39 A (166 aligned residues), and 1.08 A (164 aligned residues),
respectively (fig. S9, top). Furthermore, the conserved figure-of-
eight knot that encloses the chromophore pocket remains unaltered
between both structures (fig. S10). However, a global comparison
shows that the most prominent differences between both Pfr struc-
tures lie in the position of their PHY domains, which display a slight
translational displacement of ~3 A between each other, along with a
subtle change on the trajectories of the GAF-PHY and PHY-OM
helical linkers (Fig. 4A). These structural differences, possibly in-
flicted by the presence/absence of the PAS9 domain (Fig. 4A, left
inset), do not alter the tongue conformation between both proteins
(Fig. 4A, right inset). No changes are observed around position 454,
which is located in the tongue loop, demonstrating that the G454E
substitution does not affect the tongue overall structure. Moreover,
both the residue positions and the bilin ligand location on the chro-
mophore-binding pocket are identical in the two structures, showing
the expected interactions for the Pfr state around the BV molecule
(see details in the next section) (Fig. 3, insets, and figs. S6 to S8).

A structural contrast between the Pr and Pfr structures reveals
notable changes in different regions of the protein (Fig. 4B). These
include a reorganization of the interaction networks within and
around the chromophore-binding pocket promoted by the BV photo-
isomerization, an o-helix/p-sheet tongue interconversion, and PHY
domain reorientations, along with notable perturbations at the
helical spine, which define the quaternary assembly in a parallel
(Pr) or antiparallel (Pfr) manner.

The BV photoisomerization promotes the flip-and-rotate
movement of the conserved tyrosine pair next toring D

and the reconfiguration of the H-bond interaction network
in the chromophore-binding pocket

In the Pr and Pfr structures, the BV chromophore is embedded in a
cleft inside the GAF domain and covalently bound by a thioether
linkage between the C3* atom of ring A and a conserved cysteine
residue (CysB) in the N-terminal extension of the PAS2 domain (Fig. 3,
insets, and figs. S7 and S8). The global folding of the PAS2 and GAF
domains, including the figure-of-eight knot, remains unaltered be-
tween both photostates (Fig. 4B and figs. S9, bottom, and S10).

As noted previously, the Pr state presents a ZZZssa chromophore
configuration, whereas the transition to the Pfr state involves an
isomerization of the ligand with a ~180° rotation in ring D, showing
a ZZEssa configuration (Figs. 3, insets, and 4B, inset). In concor-
dance with other reported BphP structures (8), this configurational
motion is accompanied by a synchronized flip-and-rotate move-
ment of two highly conserved aromatic residues, Tyr'®® and Tyr'®>,
located next to ring D, along with a slight rearrangement of the Tyr*>®
side chain (Figs. 4B, inset, and 5A). This local reorganization is
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Fig. 3. Crystal structures of XccBphP variants in the Pr and Pfr states. The domain architecture of the wild-type, G454E, and APAS9(1-511) variants is schematized,
showing the PAS2 (green), GAF (red), PHY (blue), and PAS9 (yellow) domains; the same color code is applied to all figures in this work. The domain composition of the
photosensory module (PSM) and output module (OM) is indicated. A purple triangle indicates the position of the single amino acid change within the G454E variant.
Ribbon representations of the different XccBphP variants: wild type (Pr state), G454E (Pfr state), and APAS9(1-511) (Pfr state) as defined in their respective asymmetric
units. The tongue regions are boxed in dashed rounded rectangles, exposing a two-stranded antiparallel B-sheet conformation in the Pr state and an a-helical conformation
in the Pfr state. The different domains are labeled, and the solvent-accessible surface calculated by PyMOL is shown in the background. Insets: Detailed views of the
chromophore-binding pocket from each structure. The BV chromophore is covalently bound to Cys'® (from the PAS2 domain) and buried into the GAF domain. BV is
shown as spheres with carbon atoms in cyan (wild type), orange (G454E), or gray [APAS9(1-511)], oxygen atoms in red, and nitrogen atoms in blue. The four BV pyrrolic
rings are indicated as A, B, C, and D. The most relevant residues are depicted as sticks. Structural water molecules (including the pyrrole water molecule coordinated by

the NH groups of rings A, B, and C and the Asp'® carbonyl group) are represented a

associated with a series of structural motions outside the chromophore-
binding pocket explained in the next section. Moreover, the hydro-
gen bonds formed among the ring D carbonyl oxygen and the
side chains of Ser”® and His”* in the Pr state are replaced in the Pfr
structures by a hydrogen bond between the NH group from ring
D and the Asp'® carboxylate, which is part of the highly conserved
DIP (Asp-Ile-Pro) motif (residues 199 to 201) (Figs. 3, insets, and
4B, inset, and fig. S7). Accordingly, it has been reported in other
BphPs such as Agpl from Agrobacterium fabrum (also known as
Agrobacterium tumefaciens), DrBphP from Deinococcus radiodurans,
and PaBphP from Pseudomonas aeruginosa that the abolition of the
aspartate residue in this motif typically blocks the protein photo-
cycle in an intermediate state that disrupts the Pr-to-Pfr progres-
sion (24, 41, 42).

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

s black spheres. Important polar interactions are shown as dashed lines.

A network of interactions among the NH groups of rings A, B,
and C; the Asp™” carbonyl group; the conserved pyrrole water mole-
cule; and the N° atom of His*** is observed in both the Pr and Pfr
states (Fig. 3, insets, and fig. S7). However, the positions of BV rings
B and C (but not A) are displaced between both photostates, alter-
ing the hydrogen-bond network of their propionate groups (Fig. 4B,
inset). In the Pr state, the two BV propionates are within hydrogen-
bonding distance from the side chains of Tyr*®, Arg*'*, and Arg™*;
however, the chromophore displacement observed in the Pfr state is
associated with a different interaction network (Figs. 3, insets, and
4B, inset, and fig. S7). In the Pfr state, the propionate group of ring
B is directly stabilized by the side chain of Arg®'* and indirectly by
Tyr*®, Arg”*®, and Ser** via ordered water molecules. Furthermore, the
propionate group of ring C is relocated into a hydrogen-bonding
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Fig. 4. Global comparison of the tertiary structure of XccBphP variants in the Pr and Pfr states. (A) Alignment between Pfr structures: APAS9(1-511) (wheat) and
G454E (domains colored according to Fig. 3). The BVs are represented as gray [APAS9(1-511)] and orange (G454E) spheres. Left inset: Most prominent differences are
shown in two orientations. The displacement between the PHY domains and the GAF-PHY and PHY-OM helical linkers is indicated. The potential clashes between the
GAF-PHY helical linker, as defined in APAS9(1-511), and the PAS9 domain, as defined in G454k, are highlighted by dashed ovals. Right inset: a-Helical tongue conformation
from both proteins rotated 90° with respect to the main panel. Gly*** from APAS9(1-511) and Glu*** from G454E are depicted as a sphere and sticks, respectively. N and
C termini are indicated. (B) Full-length structural alignment between the wild-type Pr (gray) and G454E Pfr. The BVs are represented as cyan (wild type) and orange
(G454E) spheres. Inset: Structural differences on the chromophore-binding pocket from both proteins. The most relevant residues are depicted as sticks; the color code
for G454E is according to Fig. 3; wild-type residues are gray-colored. Polar interactions are shown as dashed lines colored in cyan (wild type) or orange (G454E). BV is
shown as capped sticks with carbon atoms in cyan (wild type) or orange (G454E), oxygen atoms in red, and nitrogen atoms in blue. The four BV pyrrolic rings are indicated.
Two views of the orientation of o-facial (Pr) and B-facial (Pfr) Cys'® binding to BV are enclosed in dashed boxes. (A and B) Structural alignments were performed on the

GAF domain; the tongue is boxed in a dashed rounded rectangle.

environment constituted by the side chains of Tyr'*® (from the

tyrosine flip-and-rotate mechanism), Ser”®’, and His*** (Figs. 3, in-
sets, and 4B, inset, and fig. S7). All these structural changes are ac-
companied by a transition from an a-facial to a B-facial orientation
of the BV-binding Cys'? residue in the Pr and Pfr states, respectively
(Fig. 4B, inset), as previously seen in other BphPs (16).

To assess the contribution of relevant residues for Pr and Pfr
stability, as mentioned above and in the following sections, we de-
signed a set of mutations and evaluated their photochemical behavior,
using the dark conversion rate (half-life) and the Pr:Pfr proportions
at thermal equilibrium as proxies for stability (Fig. 1, Table 1, and
figs. S2 to S4). For the sake of simplicity in the photochemical clas-
sification of the variants, we define the types as “bathy,” “bathy-like,”
“canonical-like,” and “canonical” when they exhibit a Pfr enrich-
ment in thermal equilibrium above 90%, between 50 and 90%, be-
tween 10 and 50%, and below 10%, respectively (Fig. 1).

To validate the displacement of the propionate group of ring C
observed between both photostates, we designed two substitutions
that exchange the polarity and hgdrophobicity in two close residues,
Val?% by serine (V266S) and Ser 80 by valine (5280V) (Figs. 3, insets,
and 4B, inset). Both substitutions make a considerable change in the
preferred state in equilibrium, turning the XccBphP into canonical-
like and canonical types, respectively (Fig. 1 and Table 1). As observed
in the structures, the Val**® side chain is near the ring C propionate
in either the Pr or Pfr conformations. However, the extra hydrogen
bond introduced by the serine hydroxyl group in V266S seems to

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

stabilize this propionate group from BV in the ZZZssa configuration.
In contrast, the elimination of the serine hydroxyl group in S280V
may destabilize this group from BV in the ZZEssa configuration,
impairing the Pfr state.

Key residues on a second shell assist the conserved
tryptophan switch, functionally connecting the
reconfiguration of the chromophore-binding pocket

and the o-helix/B-sheet tongue interconversion

In XccBphP, the tongue is constituted by residues 446 to 483, which
are organized in the highly conserved motifs W(G/A)G (452-454),
PRxSF (471-475), and (W/Y/F)x(E/Q) (478-480) (35). In the Pr
state, the tongue adopts a B-hairpin fold, and the Trp** residue is
located in the entrance B strand within the tongue-GAF interface,
while Trp*’® is situated in the exit B strand and exposed to the pro-
tein surface (Fig. 5A, left). Furthermore, Ala*, Gly**, Pro*”!, Arg"’?,
and Phe” are positioned in the B-hairpin loop adjacent to the
chromophore-binding pocket and stabilized mainly bZ hydrogen
bonds among the side chains of Arg*’%, Asp'”, and Tyr* (Fig. 5A,
left). Residues 456 to 470 from the B-hairpin loop were not visible
in the electron density map, indicating a high flexibility for this re-
gion. On the contrary, in the Pfr state, the tongue undergoes a con-
formational change interconverting the entrance and exit 8 strands
in a loop and an o helix, respectively (Figs. 4B and 5A, middle). As
a result, an exchange of the conserved residues Trp***/Trp*’® in the
tongue-GAF interface takes place in concordance with the Trp switch
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Fig. 5. Structural rearrangements around the chromophore-binding pocket, the tongue interconversion, and the helical spine reconfiguration between the
full-length Pr and Pfr structures. (A) Left and middle: Main interactions in wild-type Pr and G454E Pfr. Residues and BV are depicted as sticks and colored following
Fig. 3. Gly*** and Glu*** (highlighted in green) are depicted as a sphere and sticks, respectively. Polar interactions are shown as dashed lines. The disordered region of the
B-hairpin loop in the Pr structure is represented by a curved dashed line. Ring D movements are represented with arrows. The N and C termini are indicated. Right: Struc-
tural contrast between both structures (Pr in gray) displayed in two orientations, emphasizing the interactions by Leu'®® and His'®*. (B) Hydrophobic pocket in the
tongue-GAF interface of the Pfr. Hydrophobic contacts are represented by a cloud of dots. (C) Tongue-fold interconversion and PHY domain repositioning. The Pr (gray)
and Pfr structures (colored according to Fig. 3) are aligned on the GAF domain. The displacement between the GAF and PHY domains and the reorientation of the PHY
domain are indicated. Inset: Changes in the salt-bridge clusters from the interfacing GAF/PHY network. Interactions (dashed lines) are shown in gray (wild type) or blue
(G454E). (D) Changes on the helical spine. “Kink 1”and “Kink 2”and “Hinge” regions are indicated. The residues Arg®'® (GAF domain) and Glu**® (PHY domain) involved in

the Pr dimer interface (see Fig. 7A) are shown as references.

model previously proposed (13, 29). Concordantly, the Trp*® residue
located in the t0n§ue o helix is now placed within the tongue-GAF
interface, and Trp is exposed in the tongue loop facing the solvent
along with Ala*? and the variant residue Glu** (Fig. 5A, middle).
In addition, Pro*”!, Ser*’, and Phe*”, which are settled also in the
o helix of the tongue, close the tongue-chromophore pocket inter-
face more tightly by setting the following interactions: (i) Pro*’* con-
tacts the vinyl side group of BV ring D and Tyr*”, (ii) Ser*’*is located at
van der Waals distance from the Asp'® and Tyr*” side chains (Fig. 5A,
middle), and (iii) Phe*” is associated to a predominantly hydro-
phobic pocket constituted by Leu'** and the tongue residues Ile**’,
e*°, Trp*?, Leu*®, Leu*®’, Pro*”", Trp*’®, and Val*** (Fig. 5B).

As already stated, the structural connection between the bilin
photoisomerization and the tongue interconversion is not completely
understood. The crystal structures reported here indicate that upon
BV photoisomerization (ring D rotation), the phenolic side chains
of the tyrosine triad 168-195-255 in the immediate surroundings of
ring D change their positions. The Tyr'*® residue lies at a f strand
along with its preceding residues Leu'*® and His'*, which partici-
pate in the tongue-GAF interface (Fig. 5A). Because of the alternat-
ing side-chain directions in the B-strand structure, the side chains

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

of Leu'*® and Tyr'® are inside the chromophore-binding pocket,
whereas the side chain of His'** is located outside. This structural
organization places the side chains of Leu'*” and Tyr195 in close dis-
tance. Accordingly, in the Pr state, the OH group of Tyr'*> seems to ex-
clude the Leu'®” aliphatic side chain from the chromophore-binding
domain by steric effects (Flg 5A, left and right), while in the Pfr
state its location allows Leu'" to position its side chain in that area
next to ring D (F1§ 5A, middle and right). As a result, the distance
between the Leu'” side chain and the BV ring D decreases consider-
ably from ~7 A in Pr to ~3 A in Pfr. This movement in the Leu'*
side chain seems to affect the hydrophobic interactions observed in
the tongue-GAF interface of the Pfr state (Fig. 5B). Consequently,
the side chain of His'** flips in the opposite direction (probably by
a subtle main-chain torsion due to the movement of the adjacent
residues Leu'” and Tyr'*®) and pulls the Asp'”” residue by a hydro-
gen bond (Fig. 5A). Notably, the His'** motion is accompanied by
the Trp switch model described above, through a cation-n or n-n
stacking interaction between its imidazole ring and the indole ring
of Trp*? in the Pr state or Trp*’® in the Pfr state. Moreover, the
Tyr*> movement allows or hinders the Phe*” side-chain positioning
near the BV molecule in the Pr and Pfr states, respectively.
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Fig. 6. Large-scale conformational changes in the PHY-OM helical linker and the OMs between the full-length Pr and Pfr structures. (A) Left and middle: Main inter-
actions from wild-type Pr and G454E Pfr, respectively. The PHY domain repositioning is indicated with arrows. Polar interactions are shown (dashed lines). The cation-r inter-
action between Arg** and Phe®'? s represented (purple meshed oval). Middle inset: The 2mF,-DF  electron density map (light blue mesh) contoured at the 1.0 ¢ level defines
the break at the PHY-OM helical linker in the Pfr. Right: Contrast between the Pr (gray) and Pfr (colored) structures, aligned on the PHY domain. The bending (Pr) and the
disruption (Pfr) in the PHY-OM helical linker are denoted as Kink 2 and Break, respectively. (B) Alignment between the Pr crystal structure (gray) and MD averaged models
(colored). Left: MD clusters C#1 and C#2 from a monomer of the Pr structure. Right: MD cluster C#1 from the dimeric Pr crystal structure with chains A and B (prime). The re-
gion around the break in the Pfr structure is enclosed in an oval. (C) Relative RMSF per residue from the Pr monomer and Pr dimer (chain A) derived from the MD clusters
obtained in (B). Inset: Region around the break. (D) Local frustration patterns on the monomeric (left) and dimeric (right) Pr scaffolds using the Frustratometer server (43). The
minimally (green) and highly (red) frustrated interactions are represented. Insets: Expanded view around the break. (E) Difference (A) between monomer and dimer densities
from minimally (green) and highly (red) frustrated contacts per residue expressed in relative terms (specific contacts/total contacts). Inset: Region around the break.

To challenge these observations and to gain insight into their indicating that abolition of the cationic imidazole ring affects the
roles in the Pr-Pfr photocycle, we designed another set of mutations ~ Pfr state stabilization more (Fig. 1 and Table 1). In this line, the
affecting some key residues. The replacement of His'** by Ala (H194A)  contacting residue Asp'”” does not seem to play a major role
presents a ~2.7-fold increase of the Pr proportion at equilibrium, in the His'** flipping, as revealed in the D177A variant, whose
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photochemical behavior is very similar to the wild-type protein. In
addition, W478A markedly shifts the Pr:Pfr ratio at equilibrium to 9:1,
turning it into a canonical-like type. This evidence supports the
notion that there is a functional connection between His'** and
Trp*”® (linking the chromophore-binding pocket and the tongue),
which is crucial for the Pfr state. Similarly, the Ser*”* by Glu substi-
tution (S474E) converts the phytochrome into a canonical type,
driving the dark equilibrium toward an almost full conversion to
the Pr state and with a surprisingly low half-life (60 min; Fig. 1 and
Table 1). In concordance with the Pfr structure, the insertion of a
carboxylate group in this position might provoke a repulsive electro-
static effect with the Asp'” side chain, validating the Ser*’* role in
the tongue-GAF interface in this photostate (Fig. 5A, middle).

The Trp452 by Ala substitution (W452A) exhibits a sli%ht change
in the Pr:Pfr ratio at equilibrium, indicating that Trp"*>* does not
play a critical role in the stabilization of the Pr state. Nevertheless, the
increase of the Pr-to-Pfr dark conversion rate (3.4-fold) relative to the
wild type suggests that it may be participating in the stabilization of
a tongue intermediate state. It is noteworthy that substitutions on
nearby residues (i.e., A453E and G454E) transform the phytochrome
into a typical bathy type, where an almost complete Pr-to-Pfr dark
conversion occurs and at accelerated rates compared to the wild
type with ~24- and ~15-fold increases, respectively (Fig. 1 and
Table 1). These results are in total agreement with the structural
data, where both residues are involved in the GAF-PHY interface in
the Pr state but not in the Pfr (Fig. 5A, left and middle). Therefore,
the incorporation of a negative charge in both positions may dislo-
cate the GAF-PHY interface observed in the Pr state, thus favoring
the Pfr state. Regarding Gly**, it is likely that the high conforma-
tional flexibility of this residue due to its side-chain-less backbone
is necessary for Pr stabilization. This scenario is supported by a re-
cent work from our group in which we showed that substituting
Gly*** by almost any other amino acid resulted in Pfr-favored
variants (37).

The a-helix/B-sheet tongue interconversion promotes
reorientations of the PHY domain and large-scale
conformational changes in the helical spine

As previously reported, the tongue-fold interconversion between
the B-sheet and a-helix conformations implies an elongation or a
shortening of this peptide segment, respectively (28). As a consequence,
in XccBphP, a push (Pr)/pull (Pfr) displacement of around 2 A be-
tween the GAF and PHY domains takes place, along with a promi-
nent reorientation of the PHY domain of ~45°, altering the GAF/
PHY interface between both photostates (Figs. 4B and 5C). In the Pr
state, a network of salt bridges involving residues Glu'’* and Glu'”
(from the GAF domain) and Arg488 (from PHY) is observed, while
in the Pfr state the interfacing GAF/PHY network includes the resi-
dues Glu'”? (from GAF) and Arg*® and Arg*®® (from PHY) (Fig. 5C,
inset). The PHY domain repositioning does not affect the topology
of the secondary structure elements from its globular part, although
local changes can be observed on their three-dimensional arrange-
ment (fig. S9, bottom), as detailed below.

In line with the PHY domain rearrangement, changes on the he-
lical spine are noted. In the full-length Pfr structure, the GAF-PHY
helical linker is fairly straight, while in the Pr structure it is slightly
kinked (kink 1) (Figs. 4B and 5D). Moreover, a pivot point at the
beginning of the PHY-OM helical linker (hinge) is observed, which
affects the helix trajectory (Figs. 4B and 5D). As the Pr head-to-head

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

dimer interface mainly lies on the GAF-PHY and PHY-OM helical
linkers (see the section, “The XccBphP Pr photostate assembles as a
parallel head-to-head dimer,” below), their structural rearrangements
affect the positions of the interfacing residues and, consequently, the
dimeric interactions. Among them, the Glu®**/Arg™"” and Glu**®//
Arg™" salt bridges, which are found anchoring both helical linkers
in the Pr dimer, are worth noting. On this photostate, Arg™" is arranged
in the PHY-OM helical linker where another kink is noted (kink 2;
Figs. 5D and 6A). Conversely, in the Pfr state, Arg™" is settled on a
straight o helix forming a salt bridge with Glu™” from the same protomer.

To probe the relevance of the Glu?**/Arg™" interactions in the
photochemical mechanism, we eliminated the salt bridges by re-
placing Arg™' by Ala (R501A) and evaluated the photochemical
properties of this variant. Although slight changes were observed
regarding the Pr:Pfr relative abundances at dark equilibrium, we
observed a change of 3.5-fold reduction in the Pr-to-Pfr conversion
rate compared to the wild t}'pe (Fig. 1 and Table 1). Hence, the abo-
lition of the Glu***/Arg®" contacts could be leading to a faster
Pr-to-Pfr transition by generating a less stabilized PHY-OM helical
linker kink in the Pr state.

A break at the PHY-OM helical linker in the Pfr state disrupts
the helical spine from the Pr state

A ~90° break at the central region of the PHY-OM helical linker is
noted in the Pfr state (hereafter referred to as “break”), which places
the PAS9 domain into a contracted position in comparison with the
Pr state but preserving its global folding (Figs. 3, 4B, and 6A). This
unprecedented helical disruption, unambiguously defined in the
electron density map (Fig. 6A and fig. S11), turns the PHY-OM
helical linker and the PAS9 domain closer in space, resembling a
C-shaped protein global folding (Fig. 4B). The electron density for
the PAS9 domain in this position is slightly less defined with rela-
tively higher B-factor values (fig. S12), which denotes higher
conformational flexibility favored by lacking intermolecular con-
tacts within the crystal packing (fig. S13). To assess the stability of
the experimentally determined helical break, we performed molecular
dynamics (MD) simulations (500 ns, four replicas) on the G454E
crystal structure. The analysis revealed four major clusters that en-
compass minor structural changes with respect to the crystallographic
structure (Co,-RMSD values ranging from 1.78 to 2.10 A; fig. S14),
suggesting that the PAS9 domain position defined in the Pfr state is
conserved under no confinement conditions as those present in
the crystal.

A salt bridge between Arg®® and Glu®** is found stabilizing the
contracted PAS9 domain with the PHY-OM helical linker in the
Pfr state. Arg®” is part of the Pr dimer interface by interacting
with Glu®®, the counterpart of Arg™" in Pfr, as described above
(Fig. 7). Therefore, there is a salt-bridge switch between Glu®®
with Arg™" and Arg®” (from the neighboring protomer) in the Pfr
and Pr states, respectively. Consequently, when the Pr dimer is as-
sembled, Arg”®! and Arg™® are trapped in the dimer interface, but
in the Pfr state, both are free to be contacted by Glu®® and Glu®**,
respectively.

The breaking point for the PHY-OM helical linker is located at
the Phe’'” residue (Fig. 6A, middle, and fig. S11, inset). In the Pr
state, the phenyl group of Phe'? is within cation-r interaction dis-
tance with the cationic guanidine moiety of Arg**® from the PHY
domain, which is, in turn, stabilized by a salt-bridge contact with
Glu®® (Fig. 6A, left). Phe’'? is found buried at the dimer interface
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Fig. 7. The XccBphP full-length Pr and Pfr structures reveal different quater-
nary arrangements. (A) Head-to-head dimer assembly of the wild-type Pr crystal
structure as found in its asymmetric unit. (B) Head-to-tail crystallographic dimer
assembly of the G454E Pfr crystal structure constructed by means of the -x, -y, z
symmetry operator of the /4, space group. (A and B) Structures are shown in ribbon
representation and colored following Fig.3 domain color code with the two
protomers depicted in different shades. Insets: Detailed view (rotated 90° with re-
spect to main panels) of the respective dimerization interfaces encompassing the
GAF-PHY and PHY-OM helical linkers from the helical spine in the Pr structure and
the tongue region in the Pfr structure. Interfacing residues are depicted as sticks
and colored according to their corresponding chain. Important polar interactions
are shown as black dashed lines. Two views of the n-r stacking interaction between
Trp®%/Trp*? (from the Trp switch) in the Pfr structure are enclosed in dashed boxes.

close to Phe®'® from the neighboring chain (Fig. 7). Following the
mutational strategy, we aimed to simulate the PHY-OM helical
linker break by introducing a proline residue at position 512 (F512P),
altering the native hydrogen-bond network of the helix. The F512P
variant photochemistry did not show a marked change of the Pr and
Pfr relative stabilities at equilibrium compared to the wild type
(Fig. 1 and Table 1), although the kinetics of its Pr-to-Pfr conver-
sion did show a ~4-fold decrease, which is indicative of an alter-
ation of one or more transition states. In addition, the molecular
weight (MW) determination of the F512P apoprotein by static light

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

scattering coupled to size exclusion chromatography (SLS-SEC) is
consistent with a dimer configuration (Table 1 and fig. S15). There-
fore, a likely helical destabilization at this position still allows for a
photoswitchable XccBphP phytochrome, with an unaltered dimeric
arrangement.

In the Pfr state, the pulled PHY domain moves Arg*® ~18 A
away from Phe’'?, relocating it at salt-bridge distances with the intra-
domain residues Asp®*® and Glu®® (Fig. 6A, middle). Note that in
the Pr state, the Phe®'* carbonyl group interacts with the Phe®'®
(i + 4) amide group in a turn from the PHY-OM helical linker, while
in Pfr this interaction is absent as a result of the breaking (Fig. 6A).
According to the mutational analysis, the abolition of the Phe>"?
phenyl group (F512A) accelerates the Pr-to-Pfr dark conversion
(~2.4-fold) without changing drastically the Pr:Pfr equilibrium (Fig. 1
and Table 1), in a similar fashion to the F512P variant, also suggest-
ing an alteration of one or more transition states. Thus, the cation-n
interaction between Arg*® and Phe®'> might not play a major role
in Pr stability, leaving this role potentially to the nearby salt-bridged
contact Arg™°-Glu>® (Fig. 6A), but it would be involved in the photo-
conversion pathway.

In the same line, MD simulations on the monomeric Pr structure
resulted in two clusters: one major cluster showing a bend in the
PHY-OM helical linker, and another exhibiting a break in a similar
region to that observed in the Pfr full-length structure (Fig. 6B, left,
and fig. S16, top). The same computational studies performed on
the dimeric Pr structure exposed no changes in this region (Fig. 6B,
right, and fig. S16, top). Root mean square fluctuation (RMSF) cal-
culations obtained from the monomer and dimer (chain A) MD
simulations highlight the higher relative stability in the dimeric con-
formation with respect to the monomer around the helical break
(Fig. 6C and fig. S16, bottom), suggesting that dimer dissociation is
needed for the breaking to occur.

In addition, we calculated the local frustration patterns (i.e., total,
minimally, neutrally, and highly frustrated interactions per residue)
on the monomeric and dimeric Pr scaffolds using the Frustratometer
server (43) to analyze how the frustration distribution in this helical
region might be affected by the oligomeric state. The local protein
frustration concept is used to learn about the biological behavior of
proteins by analyzing how energy is distributed within their struc-
tures. Sites of high local frustration often indicate functionally im-
portant regions, such as binding or allosteric sites, while minimally
frustrated bonds create stable protein cores within the molecule.
Moreover, it has been shown that high local frustration often cor-
relates with regions that undergo structural transitions that are prone
to locally unfold or crack (44). In the Pr monomer, the region cor-
responding to the Pfr helical break is consistently (i) enriched in highly
frustrated interactions and (ii) reduced in minimally frustrated inter-
actions, with respect to the Pr dimer (Fig. 6, D and E, and fig. S17).
The different frustration patterns in the network of local inter-
actions in this particular region between both structural scenarios
are consistent with the finding that highly frustrated patches corre-
spond with binding sites. Therefore, the local frustration would be
relieved upon binding, guiding the protein dimerization (45). In
other words, the breaking area would switch from less to more frus-
trated if its enclosed protomer-protomer interactions are abolished.
Together, the computational studies suggest that the PHY-OM
helical linker in this region is flexible, highly frustrated, and prone
to be kinked when it is not part of the helical dimeric interface as in
the Pr state.
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The XccBphP Pr photostate assembles as a parallel
head-to-head dimer

The full-length XccBphP Pr state assembles as a parallel head-to-
head dimer (35). The dimeric interface (3263 A?) involves 89 resi-
dues per protomer (15% of the total residues) mainly settled along
the helical spine that interact by a series of salt bridges, hydrogen bonds,
and nonbonded contacts from side to side at the dimer interface.
Approximately 65% of the interfacing residues are located between
neighboring GAF-PHY linkers, PHY-OM linkers, and PAS9 do-
mains that include 12 potential salt-bridged pair residues (Fig. 7A).

To study this dimer interface, we performed a series of residue
substitutions on XccBphP and evaluated their oligomeric state by
SLS-SEC in the apoprotein. The MW of the holoproteins could not
be calculated because of the interference produced by BV in the
light scattering measurements as it absorbs in the range of the laser
wavelength (685 nm). This clarification is especially important be-
cause of the key role of the BV and the photoconversion in the in-
terchange between the different oligomeric assemblies, as addressed
below. Nevertheless, the study of the role of specific regions and
residues of the apoprotein on the oligomeric state is still informa-
tive and allows us to validate the dimer-dimer interface observed by
x-ray crystallography.

We focused on the Arg”>*/Glu®'", Arg”>'/Glu®", Arg”*/Asp™™™,
and Arg®*”’/Asp>*® salt bridges, which stabilize the neighboring
PHY-OM linkers and PAS9 domains. To assess their relevance in
the Pr dimer formation, we generated a full-length variant replacing
the Arg™> and Arg®” residues by Glu (opposite charge and similar
side-chain size), named R525E-R527E, as well as two truncated ver-
sions lacking the OM, named APAS9(1-525) and APAS9(1-527).
SLS-SEC experiments revealed that the three protein constructs
predominantly exhibit monomeric species in solution with a minor
dimeric population (Table 1 and fig. S15), in line with APAS9(1-511),
which is a monomer exclusively (35). This is indicative that the salt
bridges together with the hydrogen bonds and nonbonded contacts
along with the neighboring PHY-OM linkers and PAS9 domains
are individually necessary but not sufficient to sustain the head-to-
head dimer assembly. Analogously to the SLS-SEC data, APAS9(1-525)
and APAS9(1-527) show lower Pr-to-Pfr dark conversion half-lives
and a higher Pr:Pfr at equilibrium compared to the wild-type ver-
sion, although these changes are slightly less pronounced than in
APAS9(1-511) (Fig. 1 and Table 1). R525E-R527E exhibited a con-
siderably faster Pr-to-Pfr dark conversion rate (7.3-fold) compared
to the wild-type version and an almost complete Pfr enrichment at
dark equilibrium (97%) (Fig. 1 and Table 1). Together, these results
indicate that the Pfr state is favored with respect to the Pr state when
the integrity of the Pr dimeric arrangement is hindered.

The XccBphP Pfr photostate presents an antiparallel
head-to-tail dimeric arrangement

In contrast to the noncrystallographic parallel dimer assembled in
the Pr state, the G454E Pfr structure shows only one polypeptide
chain in the crystal asymmetric unit (Fig. 3). However, the apo-
protein G454E variant undoubtedly behaves as a dimer in solution
according to SLS-SEC experiments (Table 1 and fig. S15). An in-
depth search for symmetry-related crystallographic partners in the
G454E crystal packing revealed an unusual head-to-tail quaternary
assembly where both protomers are aligned nearly antiparallel and
related by a twofold symmetry axis that can be constructed by means
of the -x, -y, z symmetry operator of the I4; space group (Fig. 7B and
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fig. S13). This potential quaternary structure is exceptionally settled
on the PHY domain from both protomers predominantly at the tongue
regions sharing an interface area of 1080 A* (7.0% total residues of each
chain). Outstandingly, the dimer interface displays an antiparallel-
displaced (or offset stacked) 7-w stacking interaction between Trp***/
Trp** (from the Trp switch) along with the salt-bridge contacts
Glu**/Arg"™ and Glu**'/Arg"® and a series of hydrogen bonds
constituted bOy Arg®/Ser®”, Arg®V [Ser™, Asp*'8/GIn*®", and
Asp*'®/GIn**® (Fig. 7B). The substitution W452A generates a for-
mation of higher-order oligomeric arrangements by SLS-SEC mea-
surements (Table 1 and fig. $15), demonstrating that Trp*** plays
an important role in the XccBphP oligomerization. Note that the
W478A substitution affecting the other residue involved in the Trp
switch does not alter the dimeric arrangement of the apoprotein
(Table 1 and fig. S15), in agreement with the observation that this
residue is not involved in the dimer interface in either photostate.

The substituted Glu*** residue is also located at the tongue region
in the dimer interface likely interacting with the protomer partner
Lys*®. However, no clearly defined electron density was observed
around the latter residue side chain to unambiguously determine
this interaction. Moreover, the A453E and G454A variants, which
exhibit a highly similar photochemical behavior to G454E, also show
a dimeric assembly in solution (Table 1 and fig. S15), suggesting
that the glutamate substitution does not drive the crystallographic
head-to-tail dimer but might contribute to its stabilization. Noticeably,
the double substitution W452A-G454E restores the dimeric state
(Table 1 and fig. S15), which indicates that G454E governs the
dimeric arrangement, in agreement with the fact that the G454E
variant favors more the Pfr photostate than the W452A variant
(Fig. 1 and Table 1). Collectively, these findings suggest that the effect
of the G454E substitution is mainly on the photochemical behavior,
which is ultimately driving the dimeric head-to-tail arrangement.

The crystallographic dimer observed in G454E is absent in the
APAS9(1-511) crystal packing (fig. S13), which is in agreement with
the monomeric behavior observed in solution for this construct
(35). As shown before, the PHY domain in G454E is more exposed
than in APAS9(1-511), possibly pushed by the OM (Fig. 4A, left inset).
As the protomer-protomer antiparallel interactions in G454E are be-
tween the neighboring PHY domains, as mentioned above, we hy-
pothesize that the difference in the oligomeric state between both
constructs is a consequence of the PHY domain displacement.

The Pr head-to-head dimeric arrangement is not possible in the
Pfr tertiary structure reported here because of steric clashes be-
tween the PAS9 domains in the contracted position and the changes
in the helical spine trajectory (GAF-PHY and PHY-OM helical linkers).
Nevertheless, to evaluate the feasibility of the crystallographic tongue-
settled antiparallel assembly, Gaussian accelerated MD (GaMD) cal-
culations combined with adaptive Poisson-Boltzmann solver (APBS)
electrostatic calculations were performed and compared to a pro-
jected parallel head-to-head model without the PHY-OM helical
linker break (see fig. S18 and details in Materials and Methods). The
results show that the configurational and binding energies are similar
both in quaternary arrangements and within the range of a stable
dimer (table S2). Hence, we cannot completely discard the existence
of Pfr parallel dimer arrangements, taking into account the calculated
stability of the one projected here.

To probe the existence of different dimeric arrangements in
solution for the Pr and Pfr states, we performed SEC experiments
with wild-type, G454E, and G454A holoproteins under far-red light
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or dark conditions, maximizing the relative abundance of these
photostates, respectively. All variants showed a single and symmetric
peak and present almost identical elution fractions that vary with
the light conditions. The three samples illuminated with far-red
light (before and during the SEC run) showed a clear shift toward
lower elution fractions compared to the dark-adapted samples
(Fig. 8A). In addition, the peak of the control variant D199A, which
does not photoconvert and is locked in a Pr-like state (39), overlaps
with the peaks of the far-red-irradiated bathy samples, regardless of
the light treatment (Fig. 8A). Together, these results are in agree-
ment with XccBphP transitioning between two dimeric assemblies
in response to light.

Last, with the aim of validating that the antiparallel quaternary
arrangement observed in the G454E crystal exists in solution (dis-
carding a crystallographic artifact) and whether it is also detected in
the wild-type protein, we designed a cross-linking strategy based on
the differential disposition of the residues at the protomer-protomer
interface between the two dimer configurations (Fig. 8B). We used
dithiobis(succinimidyl propionate) (DSP), a cross-linker that mainly
reacts with primary amines (i.e., side chains of Lys residues and N
termini). Taking into account that in the crystallographic quaternary
assembly of the full-length Pfr structure only two pairs of primary
amines are within the cross-linking distance range between sub-
units, namely, Lys*"/Lys*®’, Lys**""/Lys*®, Lys*'/Lys*", and Lys*®"/
Lys*" (Fig. 8B, top, and fig. S19, bottom), and that in the Pr crys-
tallographic structure all primary amines between subunits are dis-
tant from each other (fig. S19, top), the presence of a cross-linked
dimer would be indicative of the existence of the antiparallel Pfr
dimer (fig. S19, bottom). Wild-type dark-adapted or far-red-irradiated
holoprotein samples were incubated in the presence of DSP, and
then the samples were resolved in a denaturing nonreducing SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), breaking non-
covalently linked dimers. A band corresponding to the cross-linked
dimer was observed predominantly in the dark-adapted samples,
enriched in the Pfr form, whereas the samples irradiated with far-red
light, enriched in the Pr form, showed a clear curtail in the dimeric
population (Fig. 8B, middle left). As expected, when the cross-
linked samples incubated in the dark were treated with dithiothreitol
(DTT), the dimeric band was abolished as a result of the reduction
of the DSP disulfide bond (Fig. 8B, middle right, and fig. S20A).

To corroborate that the cross-linked sites in the Pfr state are among
the Lys residues mentioned above, we conducted a mass spectrometry
(MS) determination of the band corresponding to the dark-adapted
DSP-treated dimer (Fig. 8B, middle left). The SDS-PAGE band was
subjected to in-gel trypsin digestion, followed by MS/MS analysis of
the peptides and cross-linked site identification (fig. S20A). The un-
biased search using a specialized software for all possible cross-linked
peptides revealed that the region from Arg**’/Arg*** to Arg*®® (con-
taining Lys*' and Lys*®) is a cross-linking “hotspot” between subunits.
In particular, the top-scoring cross-links Lys*'-Lys*'” and Lys*'-
Lys*®" (or Lys*"-Lys"®) are the most prominent, supported by a
large number of experimental observations (Fig. 8C). Note that in a
homodimer, the cross-links between peptides that overlap in sequence
cannot be from the same molecule, and thus, they must originate
from different subunits (intersubunit interaction sites) exclusively.
When data from the monomer fraction were subjected to the same
analysis, none of these intersubunit cross-links could be found (fig.
S20B). The cross-linking site 451-460, within a single tryptic pep-
tide (loop-link), was found only in the monomeric band (fig. S20B).
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Then, we sought to determine whether the cross-linking be-
tween protomers affects the dimer photochemistry. To that aim, we
performed three sequential UV-Vis measurements of (i) dark-adapted
samples incubated with DSP, (ii) after far-red irradiation, and (iii)
after red light treatment, in the presence or absence of DTT (reduc-
ing agent) (Fig. 8B, bottom). All the dark-adapted samples show
typical Pfr UV-Vis spectra with a peak at ~752 nm. In the control
samples without DSP, the 752-nm peak completely disappears after
far-red light treatment, indicating a full transition to Pr. In contrast,
the DSP-treated XccBphP sample that was irradiated with far-red
light presented an incomplete Pr photoconversion, presumably cor-
responding to the cross-linked fraction of the XccBphP sample
(Fig. 8B, bottom right). The remaining 752-nm peak disappears
with the addition of DTT by reduction of the cross-linker arm. On
the other hand, upon red light irradiation, the DSP- or DSP/DTT-
treated XccBphP samples did not differ from the control (~DSP),
which presents both bands at ~685 and ~752 nm (Fig. 8B, bottom),
suggesting that the Pr form was not cross-linked. Overall, the re-
sults of the cross-link XccBphP UV-Vis spectroscopic analysis indi-
cate that the cross-linked head-to-tail dimer corresponds to the Pfr
form. In addition, this experiment also supports that the quaternary
arrangement governs the photochemical behavior of this phytochrome
(that is, blocking the XccBphP head-to-tail configuration also blocks
the Pfr-to-Pr photoconversion), an aspect of the allostery that may
have important functional implications. In conclusion, the cross-
linking/MS data, together with the spectroscopic and SEC experiments,
validate the head-to-tail arrangement of the Pfr G454E crystal struc-
ture in the wild-type version, as well as the light-gated transition
between the two dimeric assemblies.

DISCUSSION

Despite the vast structural information reported on photoreceptors,
their dynamic protein structures pose a challenging matter in struc-
tural photobiology. To date, some valuable studies have reported
structural data of a full-length phytochrome in both its Pr and Pfr
photostates. From those, Vierstra’s and Westenhoff’s groups have
revealed models (at >10-A resolution) of the two forms of DrBphP
by electron microscopy (25, 46) and small-angle x-ray scattering
(47), respectively, but with different proposed mechanisms for the
OM activation (“opening model” and “rotational model,” respec-
tively). On the other hand, Winkler’s group has recently solved the
crystal structures of the Idiomarina sp. A28L IsPadC in both photo-
states, from which another mechanism for the OM activation has
been proposed (“register model”); however, although the Pr state
was crystallized as a homodimer (48), the Pfr state was defined in a
heterodimeric assembly (one protomer in Pfr and the other one in
Pr) derived from a constitutively active mutant variant (40).

The lack of full-length structures solved at the (near-)atomic res-
olution in both pure (nonmixed) Pr and Pfr states leaves gaps in the
structural mechanisms involved in the signal transmission path-
ways during phytochrome photoconversion. The XccBphP crystal
structures reported here in both photostates, combined with exper-
imental and computational studies, allowed us to describe a more
complete and precise landscape on the light-driven conformational
changes from the chromophore to the OM during the reversible
photoswitching in a full-length phytochrome.

The structural changes in the chromophore-binding pocket and
the tongue region upon the BV isomerization from the Pr ZZZssa to
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Fig. 8. Experiments in solution validate the head-to-tail arrangement in the wild-type full-length XccBphP. (A) SEC of dark-adapted (solid lines) or far-red-irradiated
(FR; dashed lines) of wild-type XccBphP, G454E, G454A, and D199A holoprotein variants. Inset: Peak region detailed. (B) Top: Representation of the potential interactions
(red dashed lines) between the only pair of primary amines (here Lys residues) located at cross-linking distance in the dimeric interface of the Pfr G454E crystal structure
colored following Fig. 7B (inset). Middle: Dimer cross-linking of wild-type XccBphP. The dark-adapted or far-red-illuminated holoproteins were incubated with the cross-
linker DSP in the absence or presence of DTT and subjected to SDS-PAGE (M, markers; C, control of dark-adapted wild-type protein without DSP). Bottom: UV-Vis spectra
of XccBphP samples previously incubated with DSP and/or DTT were sequentially recorded in the dark, after far-red light and red light treatments. (C) MS/MS spectra
corresponding to the top-scoring cross-links of the dimeric band [indicated in (B) with red dashed box] after in-gel trypsin digestion. Left: Spectrum of a 6H* ion (precursor
mass, 4189.1840) matched to peptide 444-460 linked to the same peptide in the other subunit, with a DSP cross-link between Lys*'-Lys*"" (top), with a SIM-XL score of
7.59. Right: Spectrum of a 4H" ion (precursor mass, 4090.0669) matched to peptide 444-460 in one subunit linked to peptide 452-468 in the other subunit, with a DSP
cross-link between Lys451»Lys46°’ (top), with a SIM-XL score of 4.53. In the spectra, ions are colored red or blue according to their peptide of origin (o or B). Peaks in yellow
correspond to the precursor ion. AU, arbitrary units; LC-MS/MS, liquid chromatography-MS/MS.

the Pfr ZZEssa configuration agreed well with those reported in other
BphP structures solved in each photostate (8, 9). From those, defi-
nitely the most notable ones are the orientation of the chromophore-
binding cysteine residue (Cys'” in XccBphP) from o-facial to §-facial,
the flip-and-rotate movements of two highly conserved tyrosine
residues surrounding the chromophore ring D (Tyr'® and Tyr'”” in
XccBphP), and the tongue adopting an antiparallel B-sheet to an
o-helix conformation. This tongue-fold interconversion, elegantly
confirmed in the same BphP using dark and illuminated crystal
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structures of the PSM from DrBphP (28), is a hallmark contrasting
both structural photostates.

The extended protein elements associating the photo-induced
changes in the chromophore-binding pocket with the tongue con-
formation have not been fully characterized yet. Despite this, a se-
ries of structural rearrangements that associate both regions in the
different photostates have been exposed in most of the BphP struc-
tures solved to date (8, 9). Our structures are in complete concor-
dance with these structural features, confirming that the contrasts
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between the Pr and Pfr structures previously reported are preserved
in a full-length BphP. Among these, the most relevant ones involve
the aspartate residue from the DIP motif (Asp'®® in XccBphP) located
in the chromophore-binding pocket, which is found to be interacting
with the arginine and serine residue from the highly conserved
PRxSF motif at the PHY tongue (Arg472 and Ser’”* in XccBphP), in
the Pr and Pfr states, respectively. This interdomain contact swap-
ping is accompanied by an interchange in the position of two con-
served tryptophan residues from the motifs W-G/A-G (Trp**? in
XcecBphP) and WxQ (Trp478 in XccBphP) from the Trp switch (13).

According to our results, the residues Leu'”* and His'**, which
dwell outside the chromophore-binding pocket but close to Tyr'*>
(from the tyrosine flip-and-rotate mechanism), are also associative
structural elements between these regions. The Leu'*® side-chain
movement, driven by the flipping of Tyr'*>, seems to affect the hy-
drophobic pocket settled in the tongue-GAF interface observed in
the Pfr state. We postulate that this pocket, not previously described
for other BphPs, is interconnected with the hydrophobic area fash-
ioned around ring D by the conserved tyrosine pair. XccBphP polar
variants at position 193 (i.e., L193H, L193T, L193R, L193E, and
L193C) produced Pr-favored proteins, while hydrophobic substitu-
tions (i.e., L193F and L193M) generated Pfr-favored variants (37).
This supports the observation that the substitution of this residue
by polar ones may cause a destabilization of the interdomain hydro-
phobic pocket, arranged in the Pfr state. Leucine is the most fre-
quent residue present at the homologous position from Leu'*” in
other phytochromes (fig. S21), indicating that the above mechanism
might be shared among them. This position has been previously
described to be key in the Pr-to-Pfr photoconversion by other groups.
Yang et al. (18, 24) have shown in the bathy-tglpe PaBphP that a
substitution in the homologous position (GIn'*) by a leucine resi-
due affected its photocycle, producing a mixed Pr-Pfr state. In the
same line, Burgie et al. (30) have confirmed that substitutions of the
homologous residue in DrBphP (His**') markedly compromise its
full Pr-to-Pfr photoconversion. More recently, a study on the PSM
from Agp2-PAiRFP2, a fluorescence-optimized BphP derived from
A. fabrum Agp2, has revealed that Phe'”* flipping (Tyr'” in XccBphP)
upon BV isomerization produces a positional shift of GIn'*" (Leu'*?
in XccBphP), which would induce a tongue refolding to the Pr state
by steric hindrance with Trp440 (Leu®™® in XccBphP) (16). This
mechanism might share some analogous features to the one pro-
posed here for XccBphP, because Leu*”® is structured inside in the
hydrophobic pocket in the Pfr state and disordered in the Pr state
(Fig. 5B).

On the other hand, during the Trp switch, His'** is found to be
interacting with Trp*? in Pr or Trp*’® in Pfr. This interaction seems
to be more crucial in the Pfr state, as revealed by the photochemical
behavior of the H194A variant (Fig. 1 and Table 1). Because His'*
can act as a cation or as a n-system depending on its protonation
state, the nature of its interaction cannot be assigned solely on the
basis of the structural data. Nevertheless, positive residues or resi-
dues carrying a partial positive charge are mostly found at the homo-
logous position of His'** in phytochromes (fig. S21). Thus, it is
reasonable to propose that the contact between this position and the
aromatic residues from the tongue motifs W(G/A)G and (W/Y/F)
x(E/Q) may be a conserved cation-w interaction. However, further
research is needed to evaluate the nature of this GAF-tongue con-
tact and its influence on downstream signal transduction. Together,
our structures suggest that residues —2 and —1 from the second

Otero etal., Sci. Adv. 7, eabh1097 (2021) 24 November 2021

(from N to C terminus) flipping tyrosine position may be important
linkers between the tongue and the chromophore-binding pocket
during the Pr-to-Pfr photoconversion.

Undoubtedly, one of the most relevant concerns is how the long-
range structural changes are propagated from the PSM to the OM
during the Pr-Pfr photoconversion. There is a broad consensus that
the tongue-fold interconversion and the associated structural mo-
tions affect the PHY domain position by push/pull movements and
thus the main helical spine trajectory (9, 28). This large-scale struc-
tural rearrangement in the PSM, also termed “toggle model” (7, 29),
is proposed to be essential for modulating the OM position and its
activation/deactivation after the photoactivation cascade. However,
this notion mostly arises from structures derived from truncated
BphP versions (without a complete OM). A recent characterization
of the PSM from DrBphP by nuclear magnetic resonance experi-
ments in solution proposed a pathway for the signal transduction
from the chromophore-binding pocket to the helical spine via the
figure-of-eight knot along with the PAS and GAF domains (49).
These regions remain invariable in the Pr and Pfr structures reported
here. Thus, this mechanism is absent or is consigned to intermediate
states during the XccBphP photoconversion.

Our structures reveal a prominent reorientation in the PHY
position with alterations in the GAF-PHY and PHY-OM helical
linkers along with a likely inversion of the quaternary assembly when
contrasting both states. Helical deviations have been frequently re-
ported in sensory histidine kinases, comprising photoreceptors,
which are crucial for protein signaling (50, 51), and helical hinges
are common in transmembrane proteins, being associated with their
functional dynamics (52).

The GAF-PHY helical linker has been proposed to be correlated
with the photostate, being straight in Pfr and curved in Pr (9, 15).
We observed the same structural behavior in both full-length pho-
tostates, where the Pr structure shows a helix bending (kink 1). The
comparison between the Pfr structures from G454E and APAS9
(1-511) also displays a torsion (albeit less pronounced), which indi-
cates that this region has a particular flexibility and may be affected
by the OM omission. Thus, changes in the GAF-PHY helical linker
from PSM fragments should be cautiously analyzed when compar-
ing different photostates.

The PHY-OM helical linker connects the PSM with the OM, and
thus, it is a key structural element for coupling the light perception
and the allosteric response. In this region, we noted three variations
between both photostates: a change in the trajectory (hinge), a heli-
cal bending in Pr (kink 2), and an unprecedented helical disruption
in Pfr (break). The analysis of the XccBphP structures revealed that
the PHY-OM helical linker trajectory is altered by the push/pull effect
on the PHY domain generated by the tongue interconversion, vali-
dating the toggle model in a full-length BphP (please refer to Fig. 5D
for the structures aligned at the GAF domains and to Fig. 6A, right,
for the structures aligned at the PHY domains).

As the Pr dimer interface is largely arranged on the helical spine,
these helical rearrangements on the GAF-PHY and PHY-OM heli-
cal linkers should partially or completely destabilize the head-to-head
dimeric assembly and, consequently, open it. Strong and crucial Pr
dimer interactions such as Glu”**/Arg™"" and Glu””/Arg™” stabilizing
the GAF-PHY/PHY-OM and PHY-OM/PHY-OM helical linkers,
respectively, are switched by intramolecular interactions in the Pfr
state. This scenario is also supported by the Pfr structures of the PSM
from DrBphP and the (near) full-length RpBphP1, which showed
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an open dimer conformation (12, 28). Moreover, previous works on
DrBphP revealed that some of the dimers were opened at the histi-
dine kinase region (25) and that the dimerization interface between
the OMs could be broken by light absorption (53). Therefore, the
dissociation of the dimer interface is a possible way of action during
photoconversion. In this regard, the contribution of the OM:s to the
dimer interface in the Pr head-to-head quaternary assembly would
respond to why the constructs APAS9(1-511), APAS9(1-525), and
APAS9(1-527) mainly behave as monomers with preference to the
Pfr. In addition, the two point substitutions in the R525E-R527E
variant, which were designed to disturb the Pr dimer interface in-
volving the OMs, generated a monomeric full-length Pfr-favored
protein. These results indicate that the Pfr state is favored with re-
spect to the Pr state when the dimeric interface interactions from
the OMs are absent, which is in total agreement with the crystallo-
graphic structures. Accordingly, our computational analysis showed
lower stability on the PHY-OM helical linker in a hypothetical mo-
nomeric scenario, compared to the dimer, which would facilitate
the unprecedented disruption (break) in the helical spine and sub-
sequently generate an abrupt change in the OM position.

The breaking point of the PHY-OM helical linker is located at
Phe®'% This residue has been previously identified by our group as
a potential key structural element in the light-driven conformational
changes of XccBphP (35). Aromatic residues have high propensity
to be on helix kinks, and the (F/Y/W)xxx(F/Y/W) motif (51,FQQDFs
in XccBphP) has been frequently observed in kinked or broken he-
lices (54). Moreover, the probability of helical disruption for phenyl-
alanine is larger than for other aromatic residues (55). It is unclear
how the helical breaking is established. A possible scenario is that
the abolition of the Arg™®-Phe”'? cation-7 interaction, triggered by
the PHY domain relocation in the Pfr state, provokes an exposition
of the Phe’'? hydrophobic side chain to the solvent. This change in the
hydration environment may generate a conformational rearrange-
ment in Phe®'? that breaks the hydrogen bond between its carbonyl
group and the Phe®'® (i + 4) amide group of the helical turn and
thus introducing a destabilizing kink in the o helix.

The combined structural motions described here might be followed
by a dimer arrangement switch from head to head settled on the
helical spine in Pr to head to tail settled on the tongue in Pfr. The
functional dimerization assembly in this kind of photoreceptors is

Pr-to-Pfr

Y-shaped dimer

Red ligh

g o

Elongated monomer

Pfr-to-Pr

C-shaped monomer

Far-red light

Head-to-tail Pfr dimer

Elongated monomer

C-shaped monomer

Fig. 9. Proposed XccBphP photoconversion model. The Pr and Pfr structures are schematically represented on the left and right rounded panels, and the hypothetical
steps involved in the photoconversion are depicted in between. Domains are colored according to Fig. 3. The main series of events comprises (i) BV ring D isomerization,
(ii) reorganization of the networks within and around the chromophore-binding pocket, (iii) B-sheet/a-helix tongue transition, (iv) PHY reorientation, with the concomi-
tant changes in the GAF-PHY and PHY-OM helical linkers, (v) dimer dissociation, (vi) PHY-OM helical linker rectification/break with the reorientation of the PAS9 domain,
and (vii) parallel/antiparallel dimer inversion assembly. In the Pr-to-Pfr photoconversion, ring D isomerizes to the ZZEssa configuration followed by an a-helix conforma-
tional transition of the tongue. As a result, a pull movement of the PHY domain along with a straightening of the GAF-PHY and PHY-OM helical linkers triggers the detach-
ment of the intertwined OMs (PAS9), generating a Y-shaped dimer. The loss of dimeric interactions dissociates the dimer, and the PHY-OM helical linker suffers a break,
generating C-shaped monomers. These interact through a dimerization surface generated mainly by the tongue in the a-helix conformation, forming an antiparallel
dimer. The Pfr-to-Pr photoconversion starts by ring D isomerization to the ZZZssa configuration, followed by a B-sheet transition of the tongue, disrupting the dimeric
interface and pushing the PHY domain. As a result, a bending of the helical linkers occurs (Kinks 1 and 2) and the PHY-OM helical linker suffers a rectification, reconstitut-
ing the helical spine dimeric interface and the Pr dimer.
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still controversial but could be crucial in the regulation of the OM
activation. Although parallel assemblies are the most observed in
BphPs, antiparallel arrangements have also been reported (10-16).
However, in both cases, the dimer interface is typically arranged on
the helical spine from both protomers. The parallel/antiparallel
quaternary remodeling between the Pr and Pfr states reported here
and supported by spectroscopic, biophysical, biochemical, and com-
putational approaches associates three major structural players of
BphP upon photoconversion: the tongue, the helical spine, and the
OMs. In addition, the remodeling is in line with a proposed signal
output (de-)activation in which both OMs might be needed to work
in concert or separated in the different photostates (7). The in vivo
experiments from this and previous studies demonstrating that the
Pr state acts as a negative regulator of virulence-associated mecha-
nisms (34, 39), combined with the structural information about the
Pr and Pfr states, indicate that the PAS9 domains from the OM are
active in the parallel configuration within the XccBphP dimer. The
antiparallel Pfr configuration dissociates the PAS9 domains, which
would disrupt their inhibitory activity.

PAS domains play different roles in bacterial proteins, such as
signal sensors, modulators and transducers, dimerization motifs, pro-
tein interaction motifs, and cellular localization determinants (56).
However, its function as OM in XccBphP still remains to be eluci-
dated. Taking into account that XccBphP PAS9 domain does not
present a recognizable biochemical activity, it may interact via
protein-protein interactions with downstream signaling partners. It
has been reported that c-di-GMP intracellular levels in Xcc regulate
processes including xanthan production and biofilm formation (57, 58),
which are involved in the light-gated signaling pathway through
XccBphP (34, 39). Therefore, we hypothesize that the XccBphP partner
may bear phosphodiesterase or diguanylate cyclase activities. The
identification of the XccBphP partner system will not only shed light
on the signaling pathway but also help to understand the functional
implications of the photoconversion model proposed here.

Recently, Takala and colleagues (9) summarized the three prob-
able structural mechanisms for OM activation: (i) opening model
(25, 46), where a partial opening of the dimeric arrangement might
take place; (ii) rotation model (47), which may involve a rotation of
the dimer around the helical spine; and (iii) register model (40, 48),
which might affect the helical spine register. According to our re-
sults, the XccBphP photoactivation may contain elements of the
opening model in the aperture of the Pr dimer (“Y-shaped dimer”),
followed by a previously unknown defined “joint-inversion model”
to explain the events involved in the PHY-OM helical linker and the
quaternary reassembly. As a whole, we propose a general mechanis-
tic model for the photoconversion in XccBphP, starting in the
photoreaction center and culminating with the long-range allosteric
reorientation of the OM (Fig. 9). The main series of events comprises
(i) the ring D isomerization of the BV molecule upon the absorption
of a photon or dark conversion, (ii) the reorganization of the net-
works within and around the chromophore-binding pocket, (iii) the
B-sheet/a-helix tongue transition, (iv) the PHY reorientation, with
the concomitant GAF-PHY and PHY-OM helical linker changes,
(v) the dimer dissociation, (vi) the PHY-OM helical linker rectify/
breaking with the reorientation of the PAS9 domain, and (vii) the
parallel/antiparallel dimer inversion assembly.

As the PSM overall architecture and the helical spine are conserved
in several phytochromes, the mechanistic features exposed in this
work can help to elucidate the downstream elements triggered by
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light in other members of this photoreceptor family, which are re-
quired to transduce the signal from photoreception to the biological
response. However, as the nature of the OM:s is variable and, conse-
quently, their extended dimerization interfaces might have strong
regulatory differences for the long-range signal transduction, diverse
OM photoactivation mechanisms can occur depending on their
specific function, thus preventing a universal common principle.

MATERIALS AND METHODS
Generation of the bacterial strains and culture conditions
The X. campestris pv. campestris 8004 (Xcc), Xccbphp knockout
mutant, and Xccbphp complemented strains derive from a previous
work (34). Briefly, the Xccbphp gene (XC_4241) was partially deleted
and replaced by a 2-kb Smr/Spcr cassette (€2) using two fragments
from the flanking regions of Xccbphp. Complementation of Xccbphp
was achieved by cloning a 2.7-kb fragment containing the complete
XC_4242-XC_4241 operon and its regulatory sequences into the
pBBRIMCS?2 vector (yielding the pBBR-XccBphP vector), which was
used to transform Xccbphp to generate the pXccBphP strain. The
site-directed mutant G454E complemented strain was generated first
by constructing the mutant vector pBBR-XccBphP-G454E (pG454E)
by whole-plasmid amplification using Q5 High-Fidelity DNA Poly-
merase (New England Biolabs, Ipswich, MA, USA), the correspond-
ing set specific primers (table S3), and the pBBR-XccBphP vector as
template. Last, the template was digested from the reaction mix
with the Dpn I restriction enzyme (New England Biolabs). Clones
were isolated, and mutations were corroborated by Sanger sequenc-
ing. The resulting mutant vector was used to transform Xccbphp.
The Xcc and Xcc-derived strains were cultured in peptone-yeast
extract-malt extract (PYM) medium (59) at 28°C with agitation
(250 rpm). When required, antibiotics were used [rifampicin
(50 pg/ml), kanamycin (50 pg/ml), and spectinomycin (100 pg/ml)].
Bacteria were grown under far-red (733 nm) continuous light at ap-
proximately 0.2 and 0.6 umol m™* 5™, respectively, from light-emitting
diode (LED) sources or in darkness by covering the plates or flasks
with double aluminum foil. All strains presented similar growth
curves under the different light treatments (fig. $22).

Xanthan production

Xanthan quantification in liquid culture was performed as previously
described (34). Briefly, bacterial strains were cultured in the dark or
under red or far-red illumination for 48 hours at 28°C in 15 ml of
PYM liquid medium with the addition of 2% glucose in 50-ml flasks,
using an orbital shaker rotating at 130 rpm. After recording their
optical density at 600 nm (ODygg) values, cultures were centrifuged
at 25,000g for 40 min and KCI was added to the supernatants to a
final concentration of 1%. The crude xanthan was precipitated by
adding 30 ml of 96% ethanol. All crude xanthan extracts and their
corresponding cell pellets were collected, dried, and weighed. Results
are expressed as milligrams of xanthan per milligram of cell pellet.

Western blot

Bacterial extracts from pG454E, pXccBphP, Xccbphp, and wild-type
(Xcc) strains normalized by ODggo were loaded and separated by
SDS-PAGE (12.5% gel). Proteins were transferred to Immobilon-P
polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA).
Membranes were blocked with nonfat milk in tris-buffered saline and
0.05% Tween 20 and incubated with an anti-XccBphP polyclonal
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antibody (1:500) and then with anti-mouse immunoglobulin G (Fc
specific)-peroxidase antibody produced in goat (1:5000) (Sigma-
Aldrich). Detection was achieved using the SuperSignal West Pico
chemiluminescent substrate (Life Technologies Corporation, Carlsbad,
CA, USA) on a Syngene G:BOX Chemi XRQ apparatus (Syngene,
Cambridge, UK) (fig. S5).

Generation and purification of recombinant
XccBphP variants
The pET24a-XccBphP expression vector coding for the wild-type
version of the XccBphP protein [open reading frame (ORF) XC_4241]
from X. campestris pv. campestris 8004 is from a previous work (36).
The cloned ORF includes an N-terminal methionine and His-tag
followed by the complete coding sequence (with the exception of its
starting residue: 2 to 634), totaling 640 residues. Some mutant con-
structs were generated using pET24a-6xHis-XccBphP (36) as a tem-
plate, through a Gibson assembly approach (namely, D177A, H194A,
S280V, W452A, W452A-G454E, A453E, W478A, R501A, F512A,
and F512P). Briefly, two independent amplicons, with 3’ and 5’
complementary regions, were generated from the template using
specific primers (one set of primers bearing the specific mutation,
while the other corresponds to the kanamycin cassette on the vector
backbone; table S3). Then, both polymerase chain reaction (PCR)
fragments were assembled following the Gibson assembly protocol,
where only whole reconstituted vectors were able to transform
bacteria. The R525E-R527E mutant plasmid was generated using
pET-24a-XccBphP as a template for mutagenesis using whole-plasmid
amplification followed by Dpn I template digestion (New England
Biolabs). This was achieved using Q5 High-Fidelity DNA Poly-
merase (New England Biolabs), the corresponding set of specific
primers (table S3), and digestion of the template from the reaction
mix with Dpn I (New England Biolabs), following the manufacturer’s
instructions. The mix was later used to transform bacteria. Last, the
vectors coding for the truncated versions APAS9(1-525) and
APAS9(1-527) were generated first by amplifying the pET-24a-
XccBphP template by PCR using specific primers (table S3). The
resulting amplicons were digested with Nde I and Bam HI and ligated
with T4 ligase (New England Biolabs) into a pET-24a empty vector
digested with the same restriction enzymes. The ligation was used
for bacterial transformation. All cloning was performed in Escherichia
coli DHI0B, and the resulting mutations were confirmed by Sanger’s
DNA sequencing. The constructs corresponding to pET-24a-XccBphP
D199A, V266S, G454E, G454A, S474E, and APAS9(1-511) were
obtained in previous works (35, 37). All resulting vectors were used to
transform E. coli BL21(DE3)pLysE for recombinant protein production.
Bacterial strains harboring each expression vector were cultured
at 37°C in LB medium. When required, the antibiotics kanamycin
(Km) and chloramphenicol (Cm) were added in final concentra-
tions of 35 and 25 ug ml ™", respectively, and induced with a final
concentration of 0.5 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) overnight at 20°C with agitation (250 rpm). Cells were har-
vested and ruptured by sonication, and apoproteins and holoproteins
were purified by means of nickel-NTA affinity and SEC steps as de-
scribed previously (36). For the case of holoproteins, a 1-hour incu-
bation with BV at room temperature in the dark (Sigma-Aldrich)
was performed before SEC. Protein concentration was estimated using
the calculated molar extinction coefficients at 280 nm provided by
the ExPASy ProtParam tool (https://web.expasy.org/protparam/) based
on the polypeptide sequences. In the UV-Vis spectroscopy experiments,
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the protein buffer composition was 50 mM tris-HCI and 250 mM
NaCl (pH 7.5). For crystallization, the final protein buffer composi-
tion was 10 mM tris-HCl and 25 mM NacCl (pH 7.6).

UV-Vis spectroscopy and data analyses

Dark assembly of wild-type XccBphP and G454E was performed by
incubating the apoproteins with BV in a 2:1 molar ratio inside
quartz cuvettes, in 50 mM tris-HCI and 250 mM NaCl (pH 7.5) at
25°C. UV-Vis spectra were recorded in the dark since the addition
of BV, and the spectra were collected every 12 s for 0 to 15 min,
every 30 s for 15 to 30 min, every 1 min for 30 to 45 min, every
2.5 min for 45 to 60 min, and every 10 min for 60 to 180 min. All
UV-Vis measurements in this work were performed in a spectro-
photometer (model Cary 60, Agilent Technologies) with an installed
temperature control Peltier module (fig. S1).

Dark conversion experiments were initiated in quartz cuvettes
containing holoprotein solutions of XccBphP or its variants at
~1 mg ml™ in 50 mM tris-HCl and 250 mM NaCl (pH 7.5) at
25°C. Samples were irradiated for 20 min with red LED light (630 nm;
fluence, 0.2 pmol m~2s7') or for 7 min with far-red LED light
(733 nm; fluence, 0.6 umol m ™% s™*). Sequential absorption spectra
were recorded in the dark (fig. S2).

The pure-Pr and pure-Pfr spectra were calculated using data de-
rived from the dark conversion datasets initially illuminated with
far-red light and/or red light. The spectra most enriched in Pr
(highest Abseganm:Abs7sanm ratio) or Pfr (lowest Abseganm:Abs7s4nm
ratio) in the variant datasets were selected (Pr-enriched and Pfr-
enriched, respectively). The pure Pfr was calculated similarly as pre-
viously described by Assafa et al. (60). Briefly, a series of spectra was
generated by subtracting the Pfr-enriched spectrum with increment
fractions (0 to 1 with increment steps of 0.001) of the Pr-enriched
spectrum. The derivative spectra of the subtraction series were sub-
sequently calculated, and the minima and maxima around the
wavelength corresponding to the Pfr maximum were determined.
Last, the pure Pfr was estimated as the subtraction that minimized
the difference of the derivatives corresponding to the abovementioned
minima and maxima wavelengths (fig. S3A).

The pure Pr was estimated, first, by calculating a series of spectra
subtracting the Pr-enriched spectrum with increment fractions (0 to 1
with increment steps of 0.001) of the pure-Pfr spectrum. Then, the
derivative spectra of the subtractions were subsequently calculated,
and for each one of them, a mean and SD were calculated in the
range between the wavelength corresponding to the Pfr maxima and
the highest wavelength in the dataset (820 nm). Last, the pure-Pr
spectrum was calculated by the subtraction of the pure-Pfr fraction
corresponding to the local maxima produced by the multiplication
of the mean and SD values of the derivative spectra in the selected
range (fig. S3B).

Then, for each spectrum, assuming to be composed of two pure
components, we calculated the linear combinations of their pure-Pfr
and pure-Pfr spectra to best fit the dataset using data corresponding
to wavelengths above 510 nm. This allowed us to obtain the individual
Pr and Pfr spectra at each time point that, added together, reconsti-
tuted the experimental dataset (fig. S4). The Pr and Pfr abundances
(%) at each time were estimated as the relative spectral area corre-
sponding to the pure Pr and the pure Pfr with respect to the sum of
the areas (using the data corresponding to wavelengths above 510 nm).

The kinetic analysis was carried out by optimizing the parameters
of a double exponential model (Eq. 1) and a monoexponential model
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(Eq. 2) to fit the Pr/Pfr abundance data. The Pr or Pfr equilibrium
values were derived from parameter A from the double exponential
fitting, while the monoexponential model was used to estimate half-
life values using parameter H (Table 1)

f(t)=A+B-ec+D-e? (1)

f(t)=F+G-en )

As an example, the processed datasets for the wild-type version
are available in GIF format as Supplementary Materials (GIFs S1
and S2), overlaying individual pure-Pr and Pfr spectral components,
and their relative abundances at each time point. All steps of the
analysis were performed using custom-made scripts developed in
MATLARB software (version 2015b).

SLS-SEC measurements

The average MWs of XccBphP and its variants were determined
using a PD2010 90° light scattering instrument (Precision
Detectors) connected in tandem to a high-performance liquid
chromatography system and an LKB 2142 differential refractometer
detector (Pharmacia). Only MWs for apoproteins could be calculated
due to the interference produced by BV in the 90° light scattering
measurements because of its absorption in the laser wavelength
(685 nm, AlGalInP). A Superdex 200 HR-10/30 column (24 ml; GE
Healthcare Life Sciences) was used with isocratic elution in 50 mM
tris-HCl and 250 mM NaCl (pH 7.7) at a flow rate of 0.4 ml min™!
at 20°C, with 0.08 to 0.22 mg of injected protein sample. The MW
was calculated relating its 90° to the infrared signals using the soft-
ware Discovery32 supplied by Precision Detectors. Bovine serum
albumin (MW, 66.5 kDa) was used as a standard. The MW values
were averaged as follows: (i) If the peak was clean (no major over-
lapping peak present), all the values corresponding to the upper half
of the peak were included; (ii) if the peak was partially overlapped
with another one, the MW values corresponding to the overlapping
peak projection were discarded. For the sake of homogeneity,
we chose the range of MW values for which the slope is null or
almost null and the dispersion is minimal, in an MW versus elution
fraction plot.

SEC elution fraction determination

Holoprotein samples of wild-type XccBphP and its variants G545E,
G454A, and D199A were incubated for 24 hours in the dark and
then either kept in the dark or irradiated for 7 min with a far-red
LED source (733 nm; fluence, 0.6 pmol m™2 s™!) before the ex-
periment. The dark-adapted samples were subjected to fast protein
liquid chromatography (FPLC)-SEC at room temperature in a
Superdex 200 HR-10/30 column. The total amount of the protein
samples injected in the column was 0.1 mg. The column was
covered in aluminum foil for the dark experiments, while the irra-
diated samples were kept under far-red light during the SEC. The
SEC buffer was 50 mM tris-HCI and 250 mM NaCl (pH 7.5) at a
flow rate of 0.6 ml min ™", and the recorded signal was absorbance at
280 nm. Data were normalized and plotted using GraphPad Prism
software. The manipulation of the dark samples was performed
under dim green-filtered light using a green acetate band-pass filter
(LEE Lighting, catalog no. 090) with a transmission maximum at
525 nm. Figure 8A shows a representative experiment of three inde-
pendent replicates.
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Dimer cross-linking, electrophoresis, and

UV-Vis spectroscopy

Dark-adapted or far-red-irradiated (pre-irradiation for 7 min and
irradiation during the experiment with a far-red LED source of 733 nm;
fluence, 0.6 umol m > s™') XccBphP wild-type samples at 1 mg ml™
(14 uM) were incubated with 5- to 25-fold molar excess of DSP
(Thermo Fisher Scientific) for 10 to 60 min at 22°C in a buffer con-
taining 50 mM phosphate and 250 mM NaCl (pH 7.5) and in the
absence or presence of 100 mM DTT. The cross-linking reactions
were quenched with 100 mM tris-HCI (pH 7.5) (final concentration).
Then, the loading buffer was added to the samples and resolved by
SDS-PAGE (11% gel). The manipulation of the dark samples was
performed under dim green-filtered light using a green acetate band-
pass filter (LEE Lighting, catalog no. 090) with a measured maximum
at 525 nm. The DSP cross-linking arm length is approximately 12 A
according to the manufacturer.

The UV-Vis experiments were performed in a way similar to the
one described above (in the “UV-Vis spectroscopy and data anal-
yses” section) and consisted of single scans. Samples of wild-type
XccBphP (1 mg ml™) in a buffer containing 50 mM tris-HCI and
250 mM NaCl (pH 7.5) at 25°C were first measured in the dark, then
irradiated with far-red LED light (733 nm; fluence, 0.6 pumol m?2s)
for 7 min, and finally irradiated with red LED light (630 nm; fluence,
0.2 umol m ™ s™") for 20 min. Dark-adapted samples were previously
incubated at 22°C with 30-fold molar excess DSP and/or 10 mM DTT
for 3 hours in the dark.

Cross-linking mass spectrometry

Bands corresponding to the dimer and monomer fractions of
dark-adapted DSP-treated wild-type XccBphP were excised from
SDS-PAGE gels. Gel slices were destained with a 100 mM ammoni-
um bicarbonate/acetonitrile (1:1, v/v) solution and incubated with
MS-grade trypsin for 16 hours at 37°C with an enzyme/protein ratio
of 1:20 (w/w). Peptides were extracted, evaporated to near dryness by
vacuum centrifugation, and resuspended in water containing 1% (v/v)
formic acid. Samples were desalted using C18 ZipTips following the
recommendations of the manufacturer (Merck Millipore). The elution
volume was 15 pl.

Peptides were separated on reversed-phase C18 columns (pre-
column: Acclaim PepMap 100, 300 um by 5 mm, 5 um particle size;
separation column: 50 cm by 75 um internal diameter, PepMap RSLC
C18, 2 um particle size). Peptides were washed, eluted, and separated
using the following program: 15 min 4% B [solvent A: 0.1% (v/v)
formic acid in water; solvent B: 0.1% (v/v) formic acid in acetoni-
trile], 4 to 35% B linearly in 90 min, 35 to 90% B linearly in 20 min,
5 min 90% B, and 90 to 4% B in 5 min. All steps were carried out at
a constant flow of 300 nl min™". Peptides were analyzed in a Q-Exactive
HF mass spectrometer (Thermo Fisher Scientific) equipped with an
EASY-Spray source and coupled to an UltiMate 3000 RSLCnano system
(Dionex). The mass spectrometer was operated in data-dependent
MS/MS mode. Full MS1 scans were acquired at a 120,000 resolution
at 200 mass/charge ratio (/z) with a mass range of 375 to 2000 m/z
and automatic gain control set to 3 x 10°. Full MS1 scans were fol-
lowed by MS2 scans of the 15 most intense precursor spectra. MS2
scans were recorded at a 30,000 resolution with automatic gain con-
trol setat 1 x 10° and an isolation window of 1.4 Th. Fragmentation was
achieved using stepped higher-energy collision-induced dissociation
and normalized collision energies of 27 and 30%. Precursor ions with
charges of +1 and >8+ were excluded. Dynamic exclusion was setto 15 s.
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Data were analyzed using SIM-XL (version 1.5.5), a software
specialized in cross-linking analysis (61). The program was set as
follows: Three trypsin missed cleavages were allowed, linear peptide
minimum length was five, methionine oxidation was set as a vari-
able modification, cross-linker was DSP (monoisotopic mass of
modification 173.98092 Da and specificity of lysine residues and
N terminus), and MS1 and MS2 mass accuracies were set to 5 and
20 parts per million, respectively. The database consisted of the pro-
tein sequence of XccBphP and 10 other nonrelated proteins. SIM-XL
uses a scoring scheme to rank cross-linked peptides: Scores above 3
for interpeptide links and 2 for intrapeptide links suggest high-quality
identifications. Results from SIM-XL were further analyzed with
RawVegetable (62) using its in-built XL-Artifact analysis module to
exclude that the identified interpeptide links were not the result of
nonspecific interactions (63). A score of 0 indicates that the alleged
cross-linked peptide is not an artifact, which was the case for all
candidates identified in this work.

Crystallization

XccBphP was crystallized as reported previously (36). However, a
slower adaptation of the crystals to the cryoprotectant before the
flash-cooling into liquid nitrogen was crucial to reach a better reso-
lution of the diffraction data in comparison with the existing struc-
ture (PDB entry 5AKP). For the APAS9(1-511) construct and the
G454E mutant, initial crystallization conditions were screened on
sitting-drop Greiner 609120 96-well plates using a Honeybee963 robot
(Digilab) and commercial kits from Jena Bioscience (Jena) and
Hampton Research (Aliso Viejo) at 20 and 13 mg ml ™", respectively.
In both cases, thin green bars appeared after a few weeks of equili-
bration at 21°C in several solutions of the kits. Some of these initial
conditions were then optimized in 24-well hanging-drop Hampton
Research VDX plates. In this sense, diffraction-quality APAS9(1-511)
crystals were grown with a precipitation solution consisting of 6% (w/v)
polyethylene glycol (PEG) 4000, 0.1 M Hepes, and 10% (v/v) iso-
propanol (pH 6.7), whereas G454E crystals appeared with 30% (w/v)
pentaerythritol propoxylate (5/4 PO/OH) and 0.1 M MES (pH 6.8).
Samples were cryoprotected in their respective mother liquors added
with 29% (w/v) PEG 400 for APAS9(1-511) and 5% (w/v) PEG 400
for G454E and then flash-cooled in liquid nitrogen using synthetic
mounted cryoloops (Hampton Research). In all cases, crystallization
trials were performed in the dark, while crystal handling and vitri-
fying procedures were carried out under dim green-filtered light using
a green acetate band-pass filter (LEE Lighting, catalog no. 090) with
a measured maximum at 525 nm. Crystals were observed under the
microscope using a 3-W power, 520-nm green LED light filtered
with the same green acetate band-pass filter.

Data collection, structure resolution, and refinement

X-ray diffraction datasets were collected at the PROXIMA-1 and
PROXIMA-2A beamlines at Synchrotron SOLEIL (France) on sev-
eral crystals with the help of the MXCuBE application (64) using the
classical and helical modes. Datasets were indexed, integrated, and
scaled with XDS (65) and AIMLESS (66), leaving 5% of the reflec-
tions apart for cross-validation purposes. All structures were solved
by the molecular replacement method with PHASER (67) using the
coordinates of the wild-type protein as a search model (PDB entry
5AKP) (35) and checked for proper packing. Refinement and manual
model building were then performed with BUSTER (68) and COOT
(69), respectively. The 2mF,-DF. electron density maps allowed for
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a fairly complete trace of the protein backbones with the exception
for the initial 8 to 10 N-terminal residues and the regions compris-
ing the residues 457 to 469 for the wild-type protein; 393 to 398, 527 to
528, 601 to 606, and 616 to 623 for G454E; and 333 to 340 and 389 to
401 for APAS9(1-511), which correspond to exposed loops. Two
alternative chromophore structures were tested: (i) phytochromo-
bilin-like configuration (i.e., tetrahedral C2 carbon at ring A and an
exocyclic C3=C3' double bond) and (ii) BV-like configuration (i.e.,
endocyclic C2=C3 double bond at ring A and an exocyclic C3—C3'
single bond). As the chromophore fitting in the electron density
maps was better with the BV-like configuration, all the structures
were refined with the BLA ligand (www.rcsb.org/ligand/BLA). The
final models were validated with MolProbity (70). Table S1 shows
the most relevant statistics on the data collection and processing
steps, as well as the PDB deposition information.

MD simulations and electrostatic energy calculations
For the classical all-atom MD simulations, starting structures (wild-
type Pr state, PDB entry 6PL0, and G454E Pfr state, PDB entry 7L59)
were completed for missing loops (124 to 126 and 457 to 469 for
6PL0; 384 to 391, 519 to 520, 593 to 598, and 608 to 615 for 7L59)
with the ab initio loop modeling tool of MODELLER (71). Both
structures were initially simulated in monomeric states. All structures
were solvated with a 10-A octahedral TIP3P water box. Standard
protonation states were assigned to titratable residues (Asp and Glu
negatively charged, Lys and Arg positively charged). Histidine proton-
ation was assigned to favor hydrogen-bond formation in the crystal
structure. The protein system was modeled using Amber ff14SB as
a force field (72), while for the parametrization of the BV chromo-
phore, the electrostatic potential for the ligand was computed using
Hartree-Fock and 6-31G* basis set as implemented in Gaussian 09
(73). Antechamber (74) with a RESP scheme was used to compute
partial charges for the molecule. All systems were subjected to a mild
minimization protocol of 1000 steps to remove bad contacts be-
tween atoms. The systems were slowly heated up from 10 to 300 K
in 100 ps with a linear ramp in an NVT ensemble. Afterward, density
equilibration was performed for 1 ns in an NPT ensemble. Simulations
were run with Langevin thermostat with a collision frequency of 5 ps ™,
while the pressure was kept constant with the Monte Carlo barostat.
During both the heating and the equilibration process, a harmonic
restraint (1 kcal mol™* A7) on all C,, atoms was placed. All simulations
were performed with Particle Mesh Ewald to treat long-range elec-
trostatic interactions with a cutoff of 9 A. All MD runs were performed
with a 2-fs time step using the SHAKE algorithm to keep heavy atom-
hydrogen bonds at equilibrium distances. The graphics processing
unit (GPU)-accelerated version of pmemd (v18) was used to run the
simulations (75). For each system, four independent 500-ns simulations
were performed. To analyze these MD runs, dihedral angle compu-
tations and clustering were performed with CPPTRAJ (76), while sta-
tistical analysis and plotting were performed with R and ggplot2. For
clustering, the dbscan algorithm was used with an epsilon of 0.9 A.
To assess the dimer stability of the Pfr state, we additionally per-
formed GaMD (77) simulations on the head-to-tail structural model
and a projected head-to-head in silico model. While the head-to-tail
dimer model was constructed using the G454E full-length crystal-
lographic structure, the head-to-head model was designed via
homology modeling, taking as a template the full-length dimeric
assembly in the Pr state. Here, the PSM tertiary fold corresponds to
that reported for the G454E monomer, and PAS9 was rearranged in
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the same conformation as found in the Pr state (without the PHY-
OM helical linker break), thereby obtaining a full-length Pfr head-
to-head dimer similar to the Pr assembly. The trajectories resulting
from these simulations were further used for estimating average con-
formational energies and interaction energies between monomers
(listed in table S2).

Simulations of XccBphP in aqueous solution were performed
with Amber ff14SB, including BV parameters, as derived in a previous
work (78). Minimization, heating, and thermal equilibration were
performed following the same protocols described above for the
XccBphP monomer models. These conventional MD simulations were
extended by 500 ns of unconstrained GaMD simulations, with ac-
celeration threshold o = 5 (77), thereby enhancing conformational
sampling. Electrostatic energy calculations on the two dimers were
performed with APBS (79), with 545 grid points in the x, y, and z
dimensions and a resolution of 0.3 A on 500 snapshot structures
derived from a 500-ns GaMD simulation.

GAF sequence analysis

To generate the GAF domain sequence logo (fig. S21), the Seq2Logo
web server (www.cbs.dtu.dk/biotools/Seq2Logo/) was used with
default parameters (Kullback-Leibler logo, 0.63 for Hobohm1 cluster-
ing, and 200 for weight on prior/pseudo counts) (80). The input was
a multiple sequence alignment (MSA) of a diverse and nonredundant
dataset of GAF domain sequences from phytochromes, derived from
a previous work (37). Briefly, an initial phytochrome dataset was
constructed with all sequences extracted from the UniProtKB and
mapped UniRef50 database (for avoiding redundancy) and including
the XccBphP sequence. Only sequences bearing a PAS2-GAF-PHY
domain triad were selected. Subsequently, their corresponding GAF
sequences were identified locally using HAMMER 3.2 software
(http://hmmer.org/) and extracted using custom MATLAB scripts.
This last dataset of 751 entries was used to construct the MSA using
the Clustal-O program in the EBI server (www.ebi.ac.uk/Tools/msa/
clustalo/) with default parameters. In addition, absolute and relative
frequency counts were performed on the MSA for positions corre-
sponding to Leu'*” and His'** of XccBphP.

Structure representation

Molecular structures and their electron densities were represented
using PyMOL Molecular Graphics System 1.8 (Schrodinger, USA).
The electron density maps were generated in PHENIX (81).

Accession numbers

Coordinates and structure factors have been deposited in the PDB
(http://wwpdb.org/) with accession numbers 6PL0O (wild-type
XccBphP, Pr state), 7159 (G454E, Pfr state), and 7L5A [APAS9(1-511),
Pfr state]. The MS data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository (www.ebi.ac.uk/pride/)
with the dataset identifier PXD026829.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh1097

View/request a protocol for this paper from Bio-protocol.
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