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Abstract:

Phytochromes are red-light photoreceptors discovered in plants with homologs in bacteria and
fungi that regulate a variety of physiological responses. They display a reversible photocycle
between two distinct states: a red-light absorbing Pr and a far-red light absorbing Pfr state. The
photoconversion regulates the activity of an enzymatic domain, usually a histidine kinase (HK).
The molecular mechanism that explains how light controls the HK activity is not understood
because structures of unmodified bacterial phytochromes with HK activity are missing. Here, we
report three cryo-EM structures of a wild-type bacterial phytochrome with HK activity determined
as Pr and Pfr homodimers and as a Pr/Pfr heterodimer with individual subunits in distinct states.

We propose that the Pr/Pfr heterodimer is a physiologically relevant signal transduction

intermediate. Our results offer insight into the molecular mechanism that controls the enzymatic
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activity of the HK as part of a bacterial two-component system that perceives and transduces light
signals.

One sentence summary:

Cryo-EM structures of a phytochrome reveal a heterodimer and explain red light-perception in non-

photosynthetic bacteria.

MAIN TEXT
Introduction

The ability to sense and respond to changing environmental conditions is essential to the
survival of living organisms. In bacteria and archaea, environmental signals are typically sensed
through a two-component signaling mechanism composed of a histidine kinase (HK) and a response
regulator (RR) (/). Two-component systems are highly modular and have been adapted into a
variety of cellular signaling circuits. The phytochrome photoreceptors in bacteria are part of such a
signaling mechanism responding to changes in the spectrum, the intensity, and the direction of light
(2). In addition, phytochromes are ubiquitous among plants and widespread in fungi (3, 4). Plant
phytochromes such as PhyA and PhyB that feature a C-terminal histidine kinase like domain
(HKLD) have a different domain composition in comparison to bacterial phytochromes (Fig. 1 A,B)
and rather unusual homodimer structures, recently revealed by cryo-EM (5, 6). Upon light
activation plant Phys migrate to the nucleus where they induce responses such as germination,
greening and shade avoiding (7) in a mechanism distinct from the bacterial two-component system
(8). In photosynthetic bacteria, phytochromes stimulate various responses such as the synthesis of
light-harvesting complexes (3, 9, 10). In non-photosynthetic bacteria their role varies from gene
transfer in Agrobacterium fabrum (tumefaciens) (11) to multicellular fruiting body formation in
myxobacteria (/2-14). Here, we reveal structural details of the phytochrome-mediated two-

component system in the non-photosynthetic myxobacterium Stigmatella aurantiaca (15) by single
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particle cryo-EM. Myxobacteria are distinguished among prokaryotes by a multicellular stage in
their life cycle known as fruiting bodies. In S. aurantiaca, fruiting body formation is controlled by
red and far-red light, implicating bacteriophytochrome (BphP) signaling (/3, 16, 17). Myxobacteria
are also extensively studied for the synthesis of secondary metabolites with potential anticancer and

antimicrobial properties, recently discovered to be modified by light (18, 19).

BphPs consists of a photosensory core module (PCM) and an output effector module (OM)
(Fig. 1A). The PCM is composed of three domains: PAS (Per-Arndt-Sim), GAF (cGMP
phosphodiesterase/adenylyl cyclase/FhIA), and PHY (phytochrome-specific GAF-related). The
central chromophore, biliverdin (BV) (Fig. 1C), is a heme-derived, open-chain tetrapyrrole (pyrrole
rings A—D) that is covalently bound through its 3” position (Fig. 1C) to an N-terminal conserved
cysteine (Cys13). The C-terminal OM differs among species, although a HK domain is the most
common (3, 20, 21). S. aurantica has two BphPs, SaBphP1 (/3) and SaBphP2 (/5) with the same
domain composition including a HK domain (Fig. 1A), although HK activity has not been
experimentally demonstrated. Light-dependent HK activity was found for BphPs such as the
Rhodopseudomonas palustris RpBphP2 and RpBphP3 (22). Other BphPs, for example the IsPadC
of Idiomarina sepc. (23) has a diguanylyl-cyclase OM, and the Deinococcus radiodurans DrBphP

has phosphatase activity (24) (Fig. 1B).

BphPs interconvert between a red-light absorbing Pr state and a far red-light absorbing Pfr
state, through several intermediates (Fig. 1C,D) (/4). Upon illumination with red light (A = 640
nm), the BV isomerizes from an all-Z to a ZZE configuration. During the isomerization, BV ring D
rotates about the Cis= Cis double bond located between the pyrrole rings C and D (Fig. 1C). This
drives the phytochrome into the first half of the photocycle (25-28). The sensory tongue of the PHY
domain (Fig. 1A) shifts between a B-strand conformation in the Pr and an a-helical conformation

in the Pfr state as demonstrated by several structural and spectroscopic studies (24, 25, 27-29).
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In intact BphPs, the signal is transmitted over ~100 A from the BV-bound chromophore
binding pocket to the OM. Specifically, it is unclear how the light-regulated HK activity is
controlled since near atomic resolution structures of wild-type BphPs with HK activity are missing.
A sequence of amino acid residues called the PRXSF motif (30, 37) located in the sensory tongue
as part of the PHY domain plays an important role in the Pr to Pfr transition, and henceforth in the
sensing of light. The Arg of the PRXSF motif forms a key salt bridge with Asp of the PASDIP
motif (32) of the GAF domain (that houses the BV, Fig. 1A) in the dark-adapted Pr state; see
Woitowich et al. (13) for a partial sequence alignment. This Arg-Asp salt bridge is broken upon the
B-strand to a-helix conformational change in the Pfr state (Fig. 1B). In the dark, the PCMs of several
BphPs undergo thermal reversion to the Pr-state at different rates from minutes to hours, making
structural studies that involve the crystallization of the Pfr state challenging (25). A recent cryo-
EM study of the DrBphP-RR chimera demonstrated structural changes of the sensory tongue from

the Pr to Pft state in the phytochrome photoreceptor with OM, albeit the fusion to a RR (24).

Crystal structures of the SaBphP1 and SaBphP2 PCMs were determined in the Pr state and
offered the first insight into light-sensing enzymes of myxobacteria (/3, 15). Both proteins
crystallized as homodimers similar to the PCM crystal structures of the DrBphP in the Pr and Pfr
states (235, 27), that of bathy phytochrome PaBphP with Pfr as the dark-adapted state (33) and that
of plant PhyB in the Pr state (34). Notably, one of the crystal structures of the full-length BphP
from Idiomarina spec. with modifications in the linker region connecting the PCM to the diguanylyl
cyclase domain was determined as a Pr/Pfr heterodimer (35). Given the lack of structures of
complete, unmodified photoreceptors in distinct Pr and Pfr states, we focused on using cryo-EM to
determine the corresponding structures of the wild-type SaBphP2, which is a canonical BphP and
more stable than the SaBphP1. The cryo-EM structures of the wild-type SaBphP2 as presented here

offer direct insight into a Pr/Pfr heterodimer as an important intermediate in the photocycle and
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draw conclusions on the red-light signaling mechanism in non-photosynthetic bacteria and in two-

component systems.
Results
1.1 The histidine kinase activity of SaBphP2

We determined the spectra of three distinguishable species for the intact SaBphP2 and the
corresponding PCM (Fig. 2A,B). The spectrum with the absorption maximum at 705 nm represents
the Pr state, that with a strong shoulder at 756 nm corresponds to the Pfr state (see also Fig. 1B).
Absorption spectra with a weaker far-red shoulder than that of the Pfr state (black lines in Fig.
2A,B) are obtained upon exposure of the protein to ambient white light. The Pr state is stable for
an extended period of time, whereas the Pfr state undergoes slow dark reversion (on the order of
hours) to Pr for both intact and truncated (PCM) constructs (Fig. 2A,B). We further establish that
the SaBphP2 has HK activity by means of radioactive labeling with ATP [y-3?P] regardless of the
light conditions used during the autophosphorylation reaction (Fig. 2C). The HK activity of the

enzyme in the pure Pr state is higher than that of the enzyme in the Pfr state (Fig. 2D).

The absorption spectra relate to structures of SaBphP2 with and without the HK domains with
corresponding cryo-EM maps determined at near atomic resolution. Details of single particle cryo-
EM map reconstruction and structure determination are comprehensively listed in the
supplementary material (SM) (figs. S1 — S4). A general flow chart for cryo-EM data processing is
shown in fig. S1. The cryo-EM structures of this canonical wild-type bacterial phytochrome reveal
conformational changes between different signaling states of the reversible Pr/Pfr photocycle and
provide concrete structural evidence for the mechanism of light-induced signal transduction.

1.2 The structure of the homodimer in the Pr state
To capture the structure of wild-type SaBphP2 in the Pr state, we irradiated the protein
solution with 740 nm light before it was applied to the cryo-EM grid (see the SM). The structure of

the homodimer in the Pr state is shown in Fig. 3A together with the corresponding cryo-EM map.
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The PCM portion of the map as well as part of the linker to the HK domain (up to residue 538)
were interpreted with a structural model (green ribbons). The structure of the PCM part is
essentially identical to the published high-resolution crystal structure of the same protein (75),
shown by the orange ribbon overlaid on subunit A (Fig. 3A). The dimer interface of both PCM and

the linker region to the HK domain, is composed of two long a-helices,

The sensory tongue of the PHY domain, in both subunits of the Pr state, is a two stranded f3-
sheet which is also observed in the crystal structure of SaBphP2 PCM and other homologous BphPs
in the Pr state. The length of the sensory tongue, measured by the distance between Glu469 and
Pro456 is ~31 A (Fig. 4D). The BV chromophore is in the all-Z configuration with ring D forming
hydrogen bond with the conserved His275 of the GAF domain (Fig. 4A). The BV is further
stabilized by additional conserved residues also shown in Fig. 4A. The conserved Asp192 and
His245 are forming H-bonds with pyrrole rings A and C, respectively. The propionate of ring B is
connected by hydrogen bonds to the conserved Tyr201 and Arg239, and that of ring C to Arg207,
Ser257 and Ser259. As expected, the salt-bridge between Arg457 of the PRXSF motifin the sensory
tongue and Asp192 of the PASDIP motif in the GAF domain is observed. The conserved pyrrole
water near pyrrole rings A, B and C which has been observed in high-resolution crystal structures

of the PCM of SaBphP2 and related BphPs (75, 36) in the Pr state was not resolved in the map.

A simplified view of the SaBphP2 dimer can be obtained by displaying the dimer interface
helices which are shown in Fig. 5 in dark green (subunit A) and pink (subunit B). The linker helices
to the HK domain are shown by a lighter shade of green and pink, respectively. In the Pr state, both
the dimer helices and the linker helices cross each other within the PHY domain. The top positions
of the dimer interface helices are ~25 A apart (Fig. 5A,G). The PAS and PHY domains are separated
by 39 A and 22 A, respectively (Fig. 5A,D). Fig. 6 provides a different view on the relative

orientation of the SaBphP2 structural domains. When measured with respect to the PAS domain,
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the GAF domain is oriented at an angle of 55°, the PHY domain at 60° and the HK domain at 35°
(Fig. 6A,D) .
1.3 The structure of the homodimer in the Pfr state

We obtained the structure of the full length SaBphP2 homodimer in the Pfr state (Fig. 3C)
after irradiating the protein solution with 660 nm light (Fig. 2A). The B-strands of the sensory
tongue move apart in both subunits (Fig. 4D,E). The strand (containing the PRXSF motif) that
returns from the BV pocket to the PHY domain has changed to an a-helix. The length of the sensory
tongue is now shorter (23 A, Fig. 4D,E). The network of hydrogen bonds formed between the BV
and neighboring conserved amino acids in the GAF domain (Fig. 4B) differs extensively from the
Pr state due to large conformational changes and the reorientation of the BV chromophore (fig. S5).
Ring D no longer forms hydrogen bond with the conserved His275 due to the Z/E isomerization
about the C15=Ci¢ bond and the corresponding ~180° rotation of ring D (compare Fig. 4A and B).
Notably, the salt bridge between the Asp192-Arg457 is broken as a result of the conformational
transition of the sensory tongue to an a-helix. A hydrogen bond between Asp192 and Ser459 of the

PRXSF motif is formed (Fig. 4B).

The helices at the dimer interface helices are parallel to each other (Fig. 5F, Fig. 6I). The PAS
domains are pulled closer by ~7 A and the PHY domains are pushed apart by more than 10 A
compared to the homodimer in the Pr state. The pivot point of the domain displacements between
homodimers in the Pr and Pfr states is located within the GAF domain (Fig. 5G,H,I). The GAF and
PHY domain orientations change by ~30° and the HK by ~65° in relation to the Pr state (compare
Fig. 6D with F). The coiled linkers straighten up. However, the long linker helices display a kink
near Phe485 in both subunits (arrows in Fig. 5F, Fig. 61, fig. S6). These structural disruptions cause
the rotation of the HK. In addition to the strongly rotated conformation, an alternate orientation of
the HK is observed which is placed at an angle similar to that determined in the Pr state (Fig. 6D,F

and fig. S5C).
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14 The structure of the Pr/Pfr heterodimer

In addition to the two homodimers described above, we determined the structure of a
SaBphP2 heterodimer after the protein was exposed to weak ambient white light (Fig. 2A and Fig.
3B). Within the heterodimer, called the Pr/Pfr heterodimer in the following, one subunit is in the Pr
and the other in the Pfr state. In fact, a large portion (> 90 %) of the protein molecules on the cryo-
EM grid is present in the heterodimeric form and the rest as homodimers in the Pfr state. Within
the PCM region, the cryo-EM map is resolved to ~ 3 A (fig. S1) while the map features within the
HK region are resolved at ~9 A resolution (fig. S1). The map reveals the overall shape of the HK
(Fig. 3) much better than either of the homodimers determined in the Pr and Pfr states, respectively.
The SaBphP2 HK structure is consistent with the previously determined crystal structure of a
truncated, cytoplasmic portion of a sensor HK (37) (fig. S6B). Features in the HK region become
more pronounced after local refinement in cryoSPARC (38) (fig. S1). The backbone structure of the
HK can be modeled and refined in this map (Fig. 3B, fig. S1, fig. S6B). Since the linker helices
cross each other, the HK lobes are located on top of the PCM regions of the opposite subunits (Fig.
3B). The structure of subunit A is similar to that of the Pr state with the BV in the Z-configuration
and the sensory tongue in the B-sheet conformation. Likewise, in subunit B the structures of the BV
and the sensory tongue resemble those observed in the Pfr state. Within the PCM region the overall
domain orientations of the Pr/Pfr heterodimer are equivalent to those of the homodimer in the Pfr
state (Fig. SE,F). The dimer interface helices are parallel and the relative orientations of the PAS,
GAF and PHY domains are essentially the same in the two structures (Fig. 6E,F). The structures of
the coiled coil linker and the HK, however, differ in comparison to the homodimers in both the Pr
and Pfr states. As the linker helices start to unwind upon photoexcitation, the intersection point of
the linker helices shifts by ~50 A towards the HK (Fig. 6H) in the Pr/Pfr heterodimer when
compared to its location in the Pr state homodimer (Fig. 6G). A kink appears in the linker helix

near Phe485 of subunit A only, which notably is in the Pr state (Fig. SE, Fig. 6H, fig. S6C). This
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kink is absent in both subunits of the Pr homodimer. Despite the structural changes of the PCM, the
HK itself does not rotate and its orientation remains close to that of the homodimer in the Pr state
(Fig. 6D.E).
1.5 Structures of the SaBphP2 PCM lacking the HK domain

We obtained two cryo-EM structures of the truncated SaBphP2 PCM lacking the HK
domain after exposure of the protein solution to 660 nm light or to ambient white light. With 660
nm light illumination the PCM formed a homodimer with both subunits in the Pfr state whereas
exposure to ambient white light resulted in a heterodimer composed of individual subunits in
distinct Pr and Pfr conformations. The structures are shown in Fig. 4C and 4F, respectively. The
overall resolution (~4.5 A) is lower than that of the corresponding PCM region (~3 A) in the full-
length SaBphP2 structures (table S1) which can be partially ascribed to the smaller size of the PCM
(~110 kDa versus ~160 kDa of the intact SaBphP2). The structures of the PCM homodimer and
that of the heterodimer are essentially identical to those of the corresponding PCM regions within

the full-length SaBphP2; see Fig. 4C as an example.

Discussion

Our results provide detailed structural insight into the signaling pathway of the non-
photosynthetic myxobacteria mediated by BphP HK activity. Based on the presented cryo-EM
structures of the S. aurantiaca BphP2, we outline a sequence of events that characterize the path of
the light signal from central BV chromophore to the HK domain, more than 100 A in distance (Fig.
3B). Starting from the SaBphP2 homodimer in the Pr state, the absorption of a photon causes the
BV chromophore in one of the subunits (subunit B in Fig. 3B and Fig. 5E) to undergo Z to E
isomerization. The rotation of the BV ring D causes substantial rearrangement of the entire network
of hydrogen bonds between BV and the chromophore binding GAF domain (Fig. 4B), and results

in the transition of one of the f strands to an a-helix in the PHY domain’s sensory tongue (Fig. 3B).
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These structural changes are followed by substantial domain rotations (Fig. 6E) which destabilize
the coiled linker. A kink forms in the linker helix of the opposite subunit (subunit A in Fig. 5E),
which is still in the Pr state. As a result of the kink, the HK tilts (to the left in Fig. 3B) and one HK
lobe might even come close to the top of the PHY domain restricting the movement of the entire
HK domain. We anticipate that the restrained mobility of the HK domain reduces the overall
heterogeneity of the HK domain with the Pr/Pfr heterodimer resulting in a better cryo-EM map than
in either of the homodimers in this region. Once the kink is formed, further relaxations of the PCM
may facilitate the Pr to Pfr transition of subunit A upon absorption of a second photon. This results
in the described structural change of the sensory tongue and other structural changes also in subunit
A (Fig. 3C and Fig. 5C,F,I). These structural changes then cause an additional kink in the linker
helix of subunit B (Fig. 5F). We believe that the two kinks, one in the linker helix of subunit A, the

other in that of subunit B, are structurally important for the rotation of the HK (Fig. 6C).

The HK rotation might open or exclude a binding site for a downstream RR. The X-ray
structure of an unrelated RR/HK complex (PDB code: 3DGE) shows that the RR interacts mainly
with the 4-helix bundle of the HK (39). The analog region in the SaBphP2 HK is shown in Fig. 3B
(dashed box). Any structural change of the 4-helix bundle must have an immediate effect on the
binding properties of the RR. Therefore, the rotation observed in the HK of SaBphP2 (movie S1)
can have a fundamental influence on the binding, phosphorylation and dissociation, and
consequently on the activation, of the RR. We anticipate that a sequence of similar events in the
reverse photoreaction from the Pfr to the Pr state might be necessary to drive the BphP to the Pr

state much faster than the slow dark reversion process shown in Fig. 2A.

Upon absorption of a photon, structural changes do not propagate simultaneously and
symmetrically through both subunits within the protein dimer. One of the linker helices connecting

the PCM to HK develops a kink first, the second kink can only form once a second photon is
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absorbed. The kink forms near Phe485 (fig. S6C and D). Aromatic residues, especially
phenylalanine, are known to have a high propensity for helical disruption (40, 41). Several studies
have also reported asymmetric kink formation in the interface helices in the BphP of the plant
pathogen Xanthomonas campestris (21, 42) (with an effector domain different from a HK) and also
in other, unrelated sensory HKs (43, 44) where the kinks are associated with signal transduction
and modulation (43, 44). In SaBphP2 the change in the hydration environment caused by exposure
of the Phe485 hydrophobic sidechain to the polar solvent (fig. S6C,D) could break the hydrogen
bonds that are stabilizing the linker helix (27). However, the helix could also be destabilized by the
B-sheet to a-helix transition of the sensory tongue in one subunit that causes substantial structural
relaxations along the dimer interface (compare Fig. 5G with 5H), which is also suggested for
homologous BphPs (45, 46). The formation of the second kink after absorption of second photon

might be the decisive structural reason for the subsequent rotation of the HK.

In crystal structures of the truncated DrBphP PCM (lacking the OM) which were determined
in the Pfr state, the dimer interface of the PHY domains separate by up to ~30 A (Fig. 7C) upon
photoconversion (25, 27). However, the crystal structure of the bathy photochrome PCM from P.
aeruginosa determined in the thermally stable Pfr state shows a parallel dimer interface (33). This
agrees with the cryo-EM structures shown here of the homodimers in the Pfr state for both the
truncated PCM and the full-length SaBphP2 (Fig. 7D). Notably, the cryo-EM structures of a
DrBphP-RR chimera made by C-terminal fusion of RR to DrBphP did not show PHY domain
separation in the Pfr state (24). This contrasts to the displacement of the PHY domains by ~14 A in
SaBphP2 (Fig. 4A,B) when comparing the Pr and Pfr states of the two homodimers (movie S1).
The fusion of a RR protein to DrBphP may have hindered the necessary large-scale conformational
changes as observed in our cryo-EM structures. On the other hand, the very large separation of the
PHY domains in the crystal structures of the wild-type (27) and mutant (25) DrBphP PCMs may

be induced by crystal contacts. Our cryo-EM structures of SaBphP2 in the Pfr state (in the full
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length and truncated forms) are in agreement with Pr and Pfr structures of the full-length DrBphP
captured by lower-resolution cryo-EM ten years ago (46). Despite ~27 A resolution achieved in the
earlier study, a ~35° rotation and a ~9 A movement of the PHY domains has been determined
(compared to ~30° and ~13 A seen here). The rearrangement and rotation of individual domains
within a single subunit of the SaBphP2 protein dimer are further supported by X-ray solution

scattering studies (47, 48) and NMR investigations (49).

The majority of published phytochrome structures involve homodimers in parallel and
antiparallel configurations, captured in the dark-adapted state (Pr for classical and Pfr for bathy
phytochromes) (15, 25-27). A limited number of light-illuminated structures captured in the Pfr
state show homodimers but involve modified proteins created by the deletion of the entire
enzymatic domain (27), C-terminal fusions to stabilize full-length proteins (24) and/or mutations
to slow down dark-reversion during crystallization (25). The only Pr/Pfr heterodimer structure was
captured in the dark-adapted crystal form of the modified /diomarina IsPadC that has a diguanylyl-
cyclase activity (50) (Fig. 7A,B). Although the wild-type protein crystallized as a homodimer in
the Pr state, the IsPadC crystallized as Pr/Pfr heterodimer under the same conditions when modified
at several positions in the linker region. The two structures of IsPadC differ at the dimer interface.
The overall tilt of the enzymatic domain in IsPadC heterodimer (Fig. 7A,B) further supports the

role of asymmetric signaling in BphPs.

The SaBphP2 heterodimer structure revealed by cryo-EM with each subunit in distinct Pr and
Pfr states shines light on the importance of asymmetric signaling in sensory kinases and that
asymmetry can be induced already on the level of the PCM alone and is not dependent on
modifications of the linker (as it is absent in the PCM). As such, our results point to the Pr/Pfr
heterodimer as an intermediate in the photocycle. The sequence of photon absorptions by the

individual subunits described above establishes an equilibrium between the homodimers in the Pr
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and Pfr states that includes the Pr/Pfr heterodimer. The delicate balance between the three signaling
states of the Pr/Pfr photocycle can sensibly and quickly adapt to changes in light conditions to fine-
tune the HK activity. Specifically, the HK rotation and the adjustment of the HK structure,
subsequent interaction with the RR, its cross-phosphorylation, and its dissociation from the OM

can be adjusted to regulate red and far-red light dependent cellular responses of the myxobacteria.

In plant Phys such as the PhyB, the involvement of spectrally distinct Pr/Pfr heterodimers is
proposed (517) that help to fine-tune the spectral response in plant. Although we do not show a plant
Pr/Pfr heterodimer, we show with a BphP that phytochrome Pr/Pfr heterodimers exist since two
photons (one photon each by the two central chromophores) must be absorbed to transition from Pr
to Pfr or vice versa. In plants, long-range phytochrome signaling is likely to differ from BphPs.
Given multiple phytochrome genes in plants, phytochrome proteins are able to form heterodimers
composed of two different phytochrome proteins (52) which are integral for signaling (53). Since
S. aurantiaca has multiple BphPs (SaBphP1 and SaBphP2), P1/P2 heterodimers might also exist in

addition to Pr/Pfr heterodimers, in analogy to plants.

It would be desirable to determine the structure of the BphP in complex with a RR to gain
more insight in the function of two component systems. This will clarify where and to which of the
distinct signaling states of BphP, the RR binds. The conformational change of the sensory tongue
and the twisting of the PCM dimer interface helices during the Pr to Pfr transition are coupled.
Signal propagation via both the sensory tongue and the dimer interfaces is suggested but the
decisive conclusion is missing. Time-resolved (TR) cryo-EM presents a unique opportunity to study
these large-scale conformational changes. Initial successes with TR cryo-EM are reported (54-56).
The TR cryo-EM experiment will reveal the specific order of conformational changes that
ultimately trigger the enzymatic activity, and how the SaBphP2 dimers interact with the

downstream RR.
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Material and Methods

Experimental Design. The intact SaBphP2 and its PCM were produced by overexpression in E. coli
and purified. The purified phytochrome constructs were used (i) to obtain absorption spectra after
exposure to various light conditions, (ii) to test the HK activity of the intact SaBphP2 using an
autoradiography assay with ATP [y-*?P] and (iii) to prepare sample grids under various light

conditions that were rapidly frozen and imaged by cryo-EM.

Protein purification. The coding region of the wild-type SaBphP2 were PCR-amplified from S.
aurantiaca DW4/3—1 genomic DNA and cut by restriction enzymes Ndel and HindIIl (New
England Biolabs, Beverly, USA), and ligated into the corresponding sites of the expression vector
pET28c(+) (Invitrogen, Carlsbad, CA). The constructed plasmids and the pET11a vector carrying
heme oxygenase were transformed into Escherichia coli BL21 (DE3) for expression. Cells were
grown at 37° C to a ODeoo value of 0.6 followed by induction with 1 mM IPTG and addition of 0.5
mM o6-aminolaevulinic acid (DAC) overnight. Cells were recovered in 150 mM NaCl, 20 mM Tris-
HCI, pH 8.0 and 15% v/v glycerol with protease inhibitor. Lysis was performed with pulse
sonication on ice bath. The insoluble cell debris was removed by highspeed centrifugation, and the
supernatant was incubated with 200 uM BV in Dimethyl sulfoxide (DMSO) in the ratio 1:100 for
30 min at 4°C. The solution was applied to Talon Co*? metal ion affinity chromatography column.
The column was washed with high salt buffer (20 mM Tris-HCI, 1 M NaCl, pH 8.0) followed by
low salt buffer (20 mM Tris-HCI, 50 mM NaCl, pH 8.0) with 20 column volumes each. The protein
was eluted by 300 mM imidazole, 20 mM NaCl, 20 mM Tris-HCI, pH 8.0. After elution the protein
was immediately transferred into stabilizing buffer containing 20 mM NaCl, 20 mM Tris-HCI, pH
8.0. Cells were grown in the dark, and all further steps were performed under dimmed white light.
The purified protein was immediately frozen at -80° C and shipped on dry ice to the Simons
Electron Microscopy Center (SEMC) of the New York Structural Biology Center (NYSBC) for

cryo-EM experiments.
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Absorption Spectra. Absorption spectra were recorded from solutions of ~ 0.4 mg/ml full length
SaBphP2 (Fig. 2A) and the corresponding PCM construct (Fig. 2B). The solution was illuminated
for 5 min with 740 nm light to prepare the Pr state (Fig. 2A,B, red lines) and with 660 nm light to
shift the molecules to the Pfr state (Fig. 2A,B, dark red lines). After illumination with the respective
wavelength, the solution was kept in the dark for 1 h and the spectra were retaken. The Pr spectra
for both the full length SaBphP2 and the PCM did not change. The Pfr spectra slowly changed
(arrows in Fig. 2A,B) towards to Pr spectra. The absorption spectra of the intact SaBphP2 and those
of the PCM in the region between 500 nm and 840 nm are essentially identical and behave in a very
similar way.

Histidine Kinase Test. To determine kinase activity, the three different species were prepared by
keeping the SaBphP2 solution either at ambient white light or the solutions were illuminated for 5
min with 740 nm light or with 660 nm light to obtain pure Pr and Pfr species, respectively.
Phosphorylation of SaBphP2 was conducted by mixing the SaBphP2 solutions with kinase buffer
(20 mM Tris-HCl, pH 8.0, 50 mM KCI, 25 mM MgCl, and 1 uM PMSF) with 5 uCi of ATP [y-
32P]. The mixtures of the pure species were illuminated for an additional 5 minutes with either 740
nm or 660 nm light to avoid backreactions and kept in the dark thereafter. All mixtures were
incubated for 20 min after which the kinase reaction was terminated by adding 2 x sodium dodecyl
sulfate (SDS) sample buffer. The samples were subject to SDS—polyacrylamide gel electrophoresis
(PAGE) and stained with Coomassie blue. After the gel has been dehydrated, it was
autoradiographed using a Typhoon Phosphorimager (GE Healthcare). Strong radioactivity appears
at a position that overlays exactly with the Coomassie stained band in the gel (Fig. 2C). The
SaBphP2 is a HK. To examine whether there is a difference between the HK activity of the Pr and
Pfr form, we added 10 uM of cold ATP to the kinase buffer in addition to the ATP [y-*?P]. 8 ul of
a SaBphP2 solution was illuminated for 5 min with either 740 nm or 660 nm light to prepare the Pr

and Pfr conformations, respectively, before the ATP containing kinase buffer was added.
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Phosphorylation of SaBphP2 was conducted in the same way as described, except that the
incubation time was much shorter between 1 and 8 minutes. Results shown in Fig. 2D demonstrate
that the SaBphP2 is more active in the Pr state compared to the Pfr state.

Grid preparation for cryo-EM. UltrAuFoil holey grids (300 mesh R1.2/1.3, Quantifoil) were
plasma-cleaned for 7 s using oxygen and argon gases with a Solarus II Gatan Plasma System. The
grids were vitrified by plunging into liquid ethane on an FEI Vitrobot automatic plunge freezer with
a blotting time of 1 seconds and incubation time of 10 seconds. To obtain the full-length SaBphP2
Pr/Pfr heterodimer, the protein was frozen at a concentration of 0.3 mg/mL in purification buffer
(50 mM NaCl, 20 mM Tris-HCI, pH 8.0) with a blotting time of 1.5 seconds under standard
laboratory fluorescent light conditions. No extra care was taken to prevent the photo reaction of the
protein under ambient white light. To obtain SaBphP2 in the pure Pr and pure Pfr homodimeric
states, sample grids were prepared under green safety light, at a concentration of 0.4 mg/mL. The
pure Pr state was produced by pre-illumination with 740 nm light, while the pure Pfr state was
obtained by pre-illumination with 660 nm light. Grids with the shorter PCM construct were also
prepared at ambient white light. In addition, preparations of the PCM were pre-illuminated with
640 nm light to obtain a homogenous Pfr state. The concentration of the PCM was adjusted to 0.7
mg/ml. For all samples that required controlled irradiation, the illumination time was set to 5
minutes. The grids were immediately frozen to prevent any further reactions. All frozen grids were
clipped in AutoGrid cartridges (Thermo Fisher Scientific) and stored in liquid nitrogen until data

acquisition.

Data Acquisition. All grids were imaged on a Thermo Fisher Scientific Titan Krios microscope
equipped with a Gatan BioQuantum K3 energy filter direct electron detector camera. Movies with
SaBphP2 in the pure Pr state were collected in counting mode with a 2000 ms exposure time, 50
frames, 40 ms per frame and a total dose of 56.39 e-/A2. A total of 15,533 movies were collected

at a pixel size of 0.844 A/px. Movies of SaBphP2 in the pure Pfr state were collected in counting
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mode with a 2000 ms exposure time, 50 frames, 40 ms per frame and a total dose of 59.31 e-/A2.
A total of 19,607 movies were collected at a pixel size of 0.844 A/px. Movies of the SaBphP2 Pr/Pfr
heterodimer were collected in counting mode with a 2000 ms exposure time, 50 frames, 40 ms per
frame and a total dose of 67.02 e-/A2. A total of 17,880 movies were collected at a pixel size of
0.844 A/px. Movies on the (shorter) PCM in the all-Pfr state were collected in counting mode with
a 2000 ms exposure time, 50 frames, 40 ms per frame and a total dose of 49.78 e-/A2. A total of
19,607 movies were collected at a pixel size of 0.844 A/px. Movies on the PCM in the heterodimeric
state were collected with a 2000 ms exposure time, 50 frames, 40ms per frame and a total dose of
49.78 e-/A2. A total of 17,707 movies were collected with a super-resolution pixel size of 0.422
A/px. All data acquisition was done using Leginon (57). Details for data analysis and structure

determination are provided in the supplementary material.
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Figure Captions:

Figure 1. S. aurantiaca BphP2 domain composition and Pr/Pfr photocycle. (A) Domain
architecture of the wildtype SaBphP2. Amino acid sequence numbers are marked for each domain.
The BV chromophore is bound to a conserved cysteine (Cys13). The BV binding pocket is located
within the GAF domain. The sensory tongue as an extension of the PHY domain (purple) is
highlighted. (B) Domain compositions of the A. thaliana plant PhyB and the D. radiodurans BphP-
RR chimera. The AtPhyB features additional PAS domains and a histidine kinase like domain
(HKLD). The DrBphP’s effector domain has phosphatase (Pase) activity. (C) The Pr/Pfr reversible
photocycle of SaBphP2. The structure of BV is shown with the 4 pyrrole rings (A — D). The rotation
of pyrrole ring D about the Ci5=Cis double bond changes its configuration from Z to E (the
isomerization is shown by a blue arrow). (D) Absorption spectra of the SaBphP2-PCM with red
(705 nm) and far-red (756 nm) absorbing Pr (highlighted in red) and Pfr (highlighted in dark red)

states, respectively.

Figure 2. Absorption spectra and HK activity of SaBphP2. Spectra of the full length (A) and
the PCM (B) from 500 nm to 850 nm, obtained after exposure to ambient white light (black),
illumination by 660 nm light (red) and 740 nm light (dark-red). Spectra obtained after 1 hr in the
dark following 660 nm illumination are shown in purple (arrows denote the directions of the spectral
changes), those following after 740 nm illumination are shown in orange (spectra shown by red and
orange lines are identical). Absorption maxima are indicated in (A) and are essentially identical in
(B). Autophosphorylation of SaBphP2 with ATP [y-**P] (C) under ambient white light (amb), 740
nm (Pr state) and 660 nm (Pfr state) illumination and incubation for 20 min; the Coomassie stained
(prot) gel is shown below. (D) 740 nm (Pr state) and 660 nm (Pfr state) illumination and incubation

for 1 min to 8 min.
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Figure 3. The cryo-EM-structures of full-length SaBphP2 dimer. The protein structures are
shown by green ribbons with corresponding maps displayed in light blue. (A) In the homodimer of
the Pr state, the sensory tongue of the PHY domain in each subunit is in the B-sheet conformation.
One of the subunits in the crystal structure of the SaBphP2 PCM (PDB code: 6PTQ), determined
in the Pr state, is overlaid (orange ribbons) on subunit A. (B) In the Pr/Pfr heterodimer, the
configuration of the sensory tongue is an a-helix in one subunit and a B-strand in the other. The
linker crosses subunit boundaries so that the lobe of the HK in subunit A is placed on the side of
subunit B and vice-versa. The HK lobes are marked as HKg and HK . The 4-helix bundle is marked
by a dashed box, the locations of the BV chromophores by dashed circles. The distance between
the BV chromophore and the center of the corresponding HK lobe is marked. (C) In the subunits
of the Pfr state, both sensory tongues are in the a-helix conformation. The approximate domain

locations within the full-length protein are marked on the right.

Figure 4. Pr/Pfr photoconversion in SaBphP2. (A) BV binding pocket in the Pr state. The BV
(orange) ring D is in the Z-configuration. Amino acid side chains located in the GAF domain are
marked in yellow and those in the PRXSF motif are shown in pink. Hydrogen bonds are marked by
red dotted lines. (B) BV binding pocket in SaBphP2 in the Pfr state. The BV (orange) ring D is in
the E-configuration. Nearby amino acid residues are marked. Hydrogen bonds are shown by red
dotted lines. (C) The Pr/Pfr heterodimer of the PCM (gold color) is overlayed with the
corresponding structure of the full-length SaBphP2 Pr/Pfr heterodimer (green). The two PCM
structures are essentially identical. The regions within the dashed boxes are enlarged in (D) and
(E). (D) The sensory tongue forms two B-strands in the Pr state. (E) In the Pfr state, the strand
containing the PRXSF motif changes to an a-helix with Pro456 at the beginning. The changes in
the length of the sensory tongues (in A) are depicted in (D) and (E). (F) The homodimer of the
SaBphP2 PCM in the Pfr state. The structure is shown in gold color. Cryo-EM maps are shown in

light blue in all panels.
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Figure 5. The dimer interface of the intact SaBphP2. Top (A, B, C), front (D, E, F) and side (G,
H, I) views for the 3 cryo-EM structures. The helices at the dimer interface are colored in green
(subunit A) and pink (subunit B) to differentiate individual subunits as marked in (A) and (D) with
the ribbon diagram of the PCM shown in gray. The two linker helices are shown in light green
(subunit A) and light pink (subunit B). Arrows indicate the distances between PAS domains (black,
between corresponding Pro89 cq-atoms), the PHY domains (red, between corresponding Gly358
cq-atoms) and those of the dimer interface helices near the top of the PCM (blue). Distances are
measured in A. The pivot point about which the two subunits rotate is shown in (G) as a dotted
circle. The kink in the coiled coil linker connecting the PCM and the HK in subunit A of the Pr/Pfr
heterodimer (with subunit A in the Pr and subunit B in the Pfr state) is marked in (E). Both kinks

that are apparent in the homodimer in the Pfr state are marked in (F).

Figure 6. Domain rearrangements within the SaBphP2. Top view of the cryo-EM maps of the
HK domain in the Pr homodimer (A), Pr/Pfr heterodimer (B) and Pfr homodimer (C). In (A) the
arrows indicate the orientations of the PHY (purple) and HK (blue) domains. In (C), the solid arrow
represents the orientation of the HK and the dashed arrow represents an alternate orientation of the
HK. Schematic representation of the domain orientations for the Pr homodimer (D), the Pr/Pfr
heterodimer (E) and the Pfr homodimer (F). The white median represents the dimer interface which
separates the two subunits. Clockwise rotation angles are displayed for each domain. The alternate
orientation of the HK in the Pfr conformation is shown by an additional light blue panel in (F). The
structures of the linkers that connect the PHY and the HK domains are shown in bright yellow for
the Pr homodimer (G), the Pr/Pfr heterodimer (H) and the Pfr homodimer (I). The black arrows
trace the axes of the linker helices. The displacement of the linker helix intersection is marked in

(G) and (H). Kinks in the linker helix are marked for subunit A in the Pr/Pfr heterodimer (H) and
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for both subunits in the homodimer of the Pfr state (I). (I) The linker helices in the homodimer of

the Pr state are parallel to each other (black arrows).

Figure 7. Structural comparison of SaBphP2 with other BphPs. (A, B) Overlay of the Pr/Pfr
heterodimers of SaBphP2 (blue ribbon) and the IsPadC (PDB code: 6ET7, yellow ribbon). (A)
Equivalent subunits in Pr and Pfr state of each protein were compared, respectively. The overlay is
marked Pr-Pr/Pfr-Pfr. The IsPadC heterodimer features a bent coiled coil linker (without a kink),
that shifts the OM in the opposite direction compared to the SaBphP2. (B) The SaBphP2 subunit in
the Pr state is overlayed with the IsPadC subunit in the Pfr state resulting in a better alignment of
the linker region. The overlay is marked Pr-Pfr/Pfr-Pr. (C) The crystal structure of the DrBphP
PCM in the Pfr state (PDB code: 4001) shows a large opening of the PHY domains. (D) The cryo-
EM SaBphP2 (orange) structure of the homodimer in the Pfr state is compared to the crystal
structure of the PaBphP bathy phytochrome (PDB code: 3G60O, gray ribbon) in the dark-adapted

Pfr state.
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Supplementary Methods and Results

Cryo-EM Data analysis

A flow chart for single particle cryo-EM data analysis with cryoSPARC is shown in fig. S1. Starting
from movies recorded by the electron microscope camera, the processing steps are described until
the final structure is determined. Individual steps, results and details for the various SaBphP2
species are reported in the following. Processing and refinement statistics are shown for all species
in table S1.

SaBphP2 cryo-EM maps and structures, overview

The structure of the full length SaBphP2 homodimer in the Pr state has been determined at an
overall resolution of 4.13A. The structure of the homodimer in the Pfr state has been determined at
3.75A resolution. The cryo-EM map of the Pr/Pfr heterodimer is reconstructed at 3.75A overall
resolution. The local resolution in the PCM region of all three full-length SaBphP2 structures is
around 3A (fig. S1 — S3). The cryo-EM maps for a truncated SaBphP2 containing the PCM only
were obtained at a resolution of ~4.5 A. Data collection statistics for all species is shown in table
S1. Fig. S5A compares chromophore structures observed in the cryo-EM maps of the Pr and Pfr
species, and fig. SSB compares the analogous structures observed in crystals. Fig. S5C provides a
view of the cryo-EM map looking down towards the HK effector domain. The map cannot be
explained by a single HK structure. As a guide to the eye, two structures of HK domains (as
determined from the Pr/Pfr heterodimer) were oriented into the map. The mutual orientation is
shown by the arrows in analogy to the main text Fig. 6C. In fig. S6 details on the HK and the linker
regions are reported. The HK is oriented differently from the Alphafold prediction (Figs. S6 a and
S6 b). In fig. S6C the structure of the kink in the linker helix of subunit A is shown. Subunit A
remains in the Pr conformation whereas subunit B is in the Pfr conformation. In fig. S6D both

subunits are in the Pfr state and kinks are found in both subunits.
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The cryo-EM structure of the full-length SaBphP2 Pr/Pfr heterodimer

The analysis of the cryo-EM data originating from the Pr/Pfr heterodimer is shown in the exemplary
flowchart presented by fig. S1. The 17,880 raw movies were pre-processed with patch motion
correction and patch CTF estimation jobs. The resulting micrographs were subjected to exposure
curation from which 13,321 exposures were selected. The rest with poor CTF fits and large full-
frame motions were eliminated. Blob picking was used to pick the initial lot of particles. Using
68,220 particles identified as full length phytochrome in 2D classification job, a low-resolution map
at ~10 A was generated with ab-initio reconstruction. The resulting map was used for template-
based particle picking. This yielded approximately 270 particles per micrograph. Following an
inspection of the particle picks, a total of 1,520,224 particles (box size 360 x 360 pixels) were
extracted and averaged using the 2D classification utility. High resolution classes were selected and
subjected to further rounds of 2D classification. Several rounds of particle curation resulted in a
dataset with 865,248 particles. These particles were used by an ab-initio reconstruction job to
generate five 3D maps without any reference (fig. S1). The five ab-initio classes were refined and
the particles were classified amongst them with heterogenous refinement. The individual maps were
refined to high-resolution and validated using the gold standard FSC with nonuniform refinement.
Note: refinement in cryo-EM is distinct from crystallographic refinement. It means that individual
images are re-oriented or re-examined using the initial, ab-initio 3D reconstruction as a template.

A final map with best FSC resolution of 3.75 A (fig. S1) was obtained with 215,374 particles.

The final cryo-EM map was interpreted with a structural model. The crystal structure of the PCM
in the Pr state (/5) fits reasonably well within subunit A of the cryo-EM map (Fig. 3A). The
structure could be refined with minor adjustments. Subunit B, however, is in the Pfr state and the
crystal structure do not fit. The Pfr structure determined here is quite different from the structures
of other BphPs in the Pfr state. Several sections were identified in the Pr state where the secondary

structures were conserved in the Pfr state as well. These sections were isolated from the crystal
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structure and positioned individually in the the corresponding cryo-EM map sections. The
remaining residues were manually built with Coot (58) and ChimeraX (59) as the side chains were
clearly visible in the sharpened map produced by the nonuniform refinement job in cryoSPARC.
The linker region was also modeled this way. Once an approximate model was obtained, real-space
refinement in Phenix (60) was used to refine the model against the unsharpened map. To model the
HK at a resolution of ~9 A, its structure was predicted by Alphafold (61). The orientations of the
HK lobes in the Alphafold prediction do not agree with those observed in isolated HK crystal
structures (43). In the crystal structures the lobes are rotated by ~90° relative to the Alphafold
prediction. The HK is connected to the dimer helices with a single stranded loop. Accordingly, each
HK lobe in the AlphaFold prediction was rotated by 90°. The two possible orientations can be
distinguished by the correlation factor between the structure and the cryo-EM map that becomes
available after structural refinement. The correlation factor is 53 % for the A/phaFold solution and
65 % for the lobe orientations observed in the crystal structures (fig. S6A,B). The latter orientations

were retained for a final structural refinement.

The cryo-EM structure of the full-length SaBphP2 homodimer in the Pr state

Processing steps are similar to those used to analyze the Pr/Pfr heterodimer dataset except that the
heterodimer cryo-EM map was already available which was used immediately as a template for
particle picking. Results are shown in fig. S2. A total of 1,112,759 particles were picked with the
extraction box size of 400 x 400 pixels. These particles were filtered through multiple runs of 2D
classification. A set of 726,193 particles were used to reconstruct five ab initio maps. The best three
maps were used as initial maps for heterogenous refinement. The map with best resolved features
were used for further homogenous and non-uniform refinement. The final map with GSFSC
resolution of 4.13 A was obtained from 377,549 particles (fig. S2). The PCM region of subunit A
of the hybrid structure was used to model the PCM region in both subunits. The coiled-coil linker

was manually modeled in Coot. The overall structure was refined in Phenix.

Science Advances Manuscript Template Page 37 of 46



865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

The cryo-EM structure of the full-length SaBphP2 homodimer in the Pfr state

The dataset processing pipeline followed the same procedure as above. Starting with 2,217,983
particles picked (box size: 400 x 400 pixels) with template, a final map with GSFSC resolution of
3.75 A (fig. S3) was obtained from 155,342 particles. The PCM region of subunit B in the
heterodimer was used to model the PCM in both subunits of the Pfr homodimer. The coiled coil

linker was manually modeled in Coof and refined in Phenix.

The cryo-EM structure of the truncated SaBphP2 PCM Pr/Pfr heterodimer

Since the dataset for the PCM Pr/Pfr heterodimer was collected in super resolution mode, an output
F-crop factor of 1/2 was applied during the Patch motion correction job in cryoSPARC. For particle
picking, a template was created using the PCM portion of the map obtained from the full-length
heterodimer. A total of 2,903,962 particles were extracted using a smaller box size (compared to
full-length dataset) of 256 x 256 pixels. The particles were filtered through multiple rounds of 2D
classification. The final map with GSFSC resolution of 4.5 A was obtained from 301,363 particles.
The PCM structure extracted from the full-length heterodimer was used as an initial model for
refinement in Phenix. The chromophore was omitted from the model prior to refinement. Results

are shown in fig. S4A,B.

The cryo-EM structure of the truncated SaBphP2 PCM homodimer in the Pfr state

The dataset of the truncated SaBphP2 PCM was processed in the same way as the dataset of the
respective full-length construct, since in both cases the movies were collected without the super
resolution mode. The only difference was the particle extraction size which was set to 256 x 256
pixels. Starting with 3,616,004 particles, a final map was reconstructed from 276,639 particles at a
GSFSC resolution of 4.61 A. The PCM part of the full-length SaBphP2 Pfr homodimer was used
as an initial model for refinement in Phenix. The BV chromophore was omitted from the model

prior to refinement. Results are shown in fig. S4C,D.
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Figure S1. General flowchart and structure determination of the Pr/Pfr heterodimer. Cryo-
EM structure determination with c7yoSPARC is demonstrated using the full length SaBphP2 Pr/Pfr
heterodimer as an example. From 17,880 camera movies 13,321 micrographs are extracted
following motion correction and contrast transfer function (CTF) estimation. From these
micrographs, particles were picked and a total of 1,520,224 curated particles were used for 2D
classification jobs. Several iteration of 2D classification and particle sorting resulted in 865,248
particles that were used for map reconstruction. Five ab initio models were generated out of which
the best representative model with 215,374 particles was selected for refinement. The map was
updated by the non-uniform refinement utility without any symmetry applied. The refinement job
informed the shape of the protein and the overall resolution of the reconstructed map. Local
refinement was performed on the HK region of the map. The local resolution was estimated to
determine the variability in the resolution across the map. A sharpened map was produced to model
the atomic structure. The high resolution made it possible to model individual amino acids with

their side chains in the PCM region.
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906  Figure S2. Cryo-EM map reconstruction of the full-length SaBphP2 homodimer in the Pr
907  state. (A) Examples of 2D class averages of the particles, (B) a real space slice through the mask
908  used for map refinement, (C) the gold standard Fourier shell correlation (GSFSC) resolution of the
909  reconstructed EM map as reported by cryoSPARC, (D) resolution map of the reconstruction, (E)
910  structural model of the SaBphP2 PCM including amino acid side chains as determined from the

911  cryo-EM map. The cryo-EM densities of the BV chromophores in subunits A and B are enlarged.
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Figure S3. Cryo-EM map reconstruction of the full-length SaBphP2 homodimer in the Pfr
state. (A) Examples of 2D class averages of the particles, (B) a real space slice through the mask
used for map refinement, (C) the gold standard Fourier shell correlation (GSFSC) resolution of
the reconstructed EM map as reported by cryoSPARC, (D) resolution map of the reconstruction,
(E) structural model of the SaBphP2 PCM including amino acid side chains as determined from
the cryo-EM map. The cryo-EM densities of the BV chromophores in subunits A and B are

enlarged.
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Figure S4. Cryo-EM structures of the short (truncated) SaBphP2 PCM construct. (A) Class
averages of the the Pr/Pfr heterodimer, (B) resolution map of the reconstructed cryo-EM density,

the low resolution backbone structure is shown in green. (C) Class averages of the homodimer in

the Pfr state, (D) resolution map of the reconstructed cryo-EM density, the low resolution backbone

structure is shown in green.
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Figure S5. Comparison of BV structures in the Pr and Pfr conformations. (A) BV structures
as determined by cryo-EM (this study). The BV ring D in the Z-configuration (blue) as found in
the SaBphP2 PCM in the Pr state is overlayed on BV ring D in the E-configuration (salmon) found
in the DrBphP PCM in the Pfr state. (B) Structures as determined from crystallography. Colors as
in (A). Structures and structural changes are essentially the same between (A) and (B). Minor
differences might arise due to relaxation restriction caused by crystal lattice constraints and/or
caused by the lower resolution of the cyro-EM maps. (C) Low resolution cryo-EM map of the Pfr
homodimer in the HK region (seen from the top). The map cannot be interpreted with a single
structure. Magenta and yellow structures: HK structures as determined for the Pr/Pfr heterodimer
were placed in two different orientations (magenta and orange) as a guide to the eye. The arrows

(pale green and green) indicate the relative rotation of the two structures as also shown in Fig. 6C.
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Figure S6. Structure determination of the HK domain in the Pr/Pfr heterodimer and kink
formation. (A) The AlphaFold model (red ribbon) of the full length SaBphP2 (including the HK)
is overlayed onto the cryo-EM map (blue) of the Pr/Pfr heterodimer. (B) The refined structural
model of the full-length SaBphP2 (green ribbon) with the HK lobes rotated 90° relative to the
AlphaFold model is overlayed on the structure of an isolated and unrelated HK (yellow, pdb-entry
2C2A). The cryo-EM map (blue) is shown in addition. The re-orientated HK lobes fit much better
to the cryo-EM map and agree with those of the isolated HK lobes. (C) and (D): The kink regions
in the linker in the Pr/Pfr heterodimer (C), and the homodimer in the Pfr state (D). (C) The helix
around Phe485 (pink) melts and results in a kink of the helix in subunit A as a result of the Pr to
Pfr transition in subunit B. The equivalent helical region in B is marked by a dashed box and shown
in pink. (D) In the Pfr homodimer both helical regions around Phe485 unwind.
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Supplementary Table

Tab. S1. Data collection and structural refinement statistics.

Pr Pr/Pfr Pfr PCM Pr/Pfr PCM Pfr
homodimer heterodimer homodimer heterodimer homodimer
Collection statistics
Magnification 105,000x
Voltage (kV) 300
Electron exposure (e— 56.39 59.31 67.02 49.78 59.31
/A?)
Pixel size (A) 0.844 0.422 0.844
Initial particle images 1,112,759 1,520,224 2,217,983 2,903,962 3,616,004
(no.)
Final particle images 377,549 215,374 155,342 301,361 276,639
(no.)
Symmetry imposed None
Map resolution (A) 4.13 3.75 3.75 4.5 4.61
FSC threshold 0.143
Refinement statistics
Refinement resolution 4.13 3.75 3.75 4.5 4.61
&)
Model Composition
Atoms 8250 10075 7759 7318 7318
Residues 1070 1478 1006 962 962
Ligands 2 2 2 0 0
B factors (A?)
Protein 146.42 201.78 119.42 299.16 216.51
Ligand 179.65 129.74 154.74 n.a. n.a.
RMS deviations
Bond lengths (A) 0.003 0.002 0.003 0.03 0.03
Bond angles (°)
0.76 0.547 0.898 0.837 0.865
Validation
MolProbity score 1.76 1.75 2.03 2.35 2.24
Clash score
12.88 9.30 14.70 24.19 20.86
Ramachandran plot
Favored (%) 97.27 96.19 94.88 92.38 93.42
Allowed (%) 2.45 3.74 4.82 7.62 6.47
Outliers (%) 0.28 0.07 0.30 0 0.1
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Movies

Movie S1. The movie consists of three parts. In part (i) the structural changes near the chromophore
regions are shown for the transition from the Pr to the Pfr state. The BV chromophore and the
sensory tongue are marked. Part (ii) of the movie describes the overall structural changes observed
during the Pr to Pfr transition. It also includes the structure of the Pr/Pfr heterodimer. In part (iii),
cryo-EM map density changes in the HK region are shown. The cryo-EM map of the Pr/Pfr
heterodimer is shown in addition to those of the homodimers in the Pr and Pfr states. The movie
has been assembled by interpolation (morphing) between the different states. The perceived

dynamics, therefore, should be regarded with caution as a guide to the eye.
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