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Bacteriophytochromes (BphPs) are photoreceptors that regulate a wide range of biological mechanisms via red
light-absorbing (Pr)-to-far-red light-absorbing (Pfr) reversible photoconversion. The structural dynamics under-
lying Pfr-to-Pr photoconversion in a liquid solution phase are not well understood. We used time-resolved x-ray
solution scattering (TRXSS) to capture light-induced structural transitions in the bathy BphP photosensory module
of Pseudomonas aeruginosa. Kinetic analysis of the TRXSS data identifies three distinct structural species, which
are attributed to lumi-F, meta-F, and Pr, connected by time constants of 95 pus and 21 ms. Structural analysis based
on molecular dynamics simulations shows that the light activation of PaBphP accompanies quaternary structural
rearrangements from an “lI”-framed close form of the Pfr state to an “O”-framed open form of the Pr state in terms
of the helical backbones. This study provides mechanistic insights into how modular signaling proteins such as
BphPs transmit structural signals over long distances and regulate their downstream biological responses.

INTRODUCTION

Light is one of the most important environmental stimuli in living
organisms. At the molecular level, photoreceptors detect light sig-
nals and convert them into biological signals, allowing organisms to
respond and adapt to changes in their light environment. The
phytochrome superfamily acts as photoreceptors with biliverdin as
their chromophores. In plants, bacteria, and fungi, they mediate a
wide range of light responses, such as seed germination, floral in-
duction, phototaxis, and photo-acclimation (I1-5). Naturally occurring
phytochromes are large, modular, and dimeric signaling proteins.
Classical phytochromes, including bacteriophytochromes (BphPs),
consist of a photosensor module containing Per-Arnt-Sim (PAS),
c¢GMP phosphodiesterase- adenylate cyclase-FhlA (GAF), and
phytochrome-related (PHY) domains, followed by a C-terminal output
moiety (Fig. 1A). Together, the PAS, GAF, and PHY domains form
a fully photoactive photosensory module in which the biliverdin
chromophore is embedded in the GAF domain via a covalent linkage
to a cysteine residue (6-12). Upon photoisomerization of the biliv-
erdin chromophore at the C15=C16 double bond between the C and
D pyrrole rings, phytochromes undergo reversible photoconversion
between the far-red —absorbing (Pfr) and red —absorbing (Pr) states,
which display distinct structural and spectral properties (Fig. 1A)
(4, 13-16). In BphPs, the output histidine kinase (HK) domain, which
is connected to the C terminus of the photosensory module via a
long signaling helix, undergoes light-dependent autophosphorylation.
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Members of the BphP superfamily are categorized as either canonical
or bathy types, based on their photoconversion behavior. Canonical
BphPs adopt the parental Pr state in the dark and convert it into the
Pfr state upon illumination with red light. In contrast, bathy BphPs
adopt the parental Pfr state in the dark and convert it into the Pr
state upon illumination with far-red light (fig. S1) (10, 17, 18).
Extensive studies have been conducted to investigate the photo-
activation mechanisms by which BphPs undergo photoisomerization
and trigger downstream responses. In a general reaction scheme, the
absorption of light triggers photoisomerization that is associated
with the rotation of the C15=C16 double bond at a picosecond time
scale (Fig. 1A) (4, 13). Photoisomerization is followed by slower
steps involving several spectrally distinct intermediate states before
the formation of the final photoproducts, either the Pfr or Pr states,
at a micro- to millisecond time scale. Ultrafast studies also revealed
that relaxation of the chromophore-binding pocket is tightly cou-
pled to chromophore photoisomerization during the formation of
early photoproducts at a time scale ranging from tens to hundreds
of picoseconds (14, 15, 19, 20). Nevertheless, these spectroscopic
studies directly probe the electronic structure of the chromophore
but do not detect global structural changes in the protein moiety.
Thus, it remains unclear how these local, light-induced structural
changes are transmitted beyond the chromophore-binding pocket
to the remote C-terminal HK output domain. Although the crystal
structures of dark-adapted Pfr and Pr states have been determined
for several BphPs (6-9, 21, 22), it has proven difficult to crystallize
BphPs in their light-activated forms. DrBphP, a canonical BphP
from Deinococcus radiodurans, is the only BphP with crystal struc-
tures in both dark-adapted Pr and light-activated Pfr states (8, 23).
Important questions regarding the signaling dynamics of BphPs
remain unanswered. Specifically, we ask the following questions: In
what order and at what time scale do these structural events occur
in the liquid solution phase? When compared with canonical
BphPs, do bathy BphPs undergo similar structural changes during
their transition from dark-adapted Pfr to light-activated Pr states?
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Fig. 1. Protein structure and photocycle of bathy PaBphP and the experimen-
tal scheme for time-resolved x-ray solution scattering. (A) Three-dimensional
structures of the photosensory module of PaBphP and its biliverdin chromophore.
The photosensory module consists of the PAS, GAF, and PHY domains. The inset
shows the molecular structure of the biliverdin chromophore (ball-and-stick),
which is covalently bound to the PAS domain through a cysteine residue (Cys'?).
Upon far-red light activation, the photoreaction is initiated toward the formation
of the Pr state, accompanying the structural changes in the biliverdin chromo-
phore. (B) Conceptual scheme of time-resolved x-ray solution scattering (TRXSS).
Picosecond laser pulses (pump) with the wavelength of 780 nm are used to excite
protein molecules and, subsequently, with a well-defined time delay, x-ray pulses
(probe) with the energy of 12 keV are delivered to observe the laser-induced struc-
tural changes recorded in both small-angle/wide-angle x-ray scattering (SAXS/
WAXS) patterns. The inset shows the temporal sequences of three different beams
including the pump and probe pulses. APS, Advanced Photon Source.

To address these questions, we apply time-resolved x-ray solu-
tion scattering (TRXSS) to capture the photoinduced structural dy-
namics in PaBphP, a bathy BphP from Pseudomonas aeruginosa. The
difference scattering method enabled by TRXSS, also known as time-
resolved x-ray liquidography (24-39), is highly sensitive to global
structural changes in solution arising from an experimental trigger.
Kinetic analysis of light-induced difference scattering profiles from
PaBphP identifies three distinct structural species on the micro- to
millisecond time scale in the photoconversion pathway from the
parental dark-adapted Pfr state to the light-activated Pr state. A
combination of kinetic analysis of the TRXSS data with structural
analysis aided by molecular dynamics (MD) simulations (40, 41)
establishes the reaction mechanism and tracks the protein structural
changes in PaBphP. Our structural analysis shows that PaBphP
undergoes an extensive conformational change from an “II”-framed
structure of the Pfr state to an “O”-framed structure of the Pr state
in terms of its helical backbones. This demonstrates that the struc-
tural changes involved in the photoinduced transition of PaBphP
are distinct from those of canonical BphPs (8, 23, 42).
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Fig. 2. Global kinetic analysis of the TRXSS data. (A) Experimental (black) and
theoretical (red) difference scattering curves. (B) Proposed kinetic model and
species-associated difference scattering curves (SADSs). The top scheme shows the
proposed kinetic model for the far-red-induced transition of PaBphP. The bottom
panel displays the SADSs determined from the PCA analysis. SADS1 (black) and
SADS2 (red) correspond to |; and I, states in the kinetic model, respectively. SADS3
(blue) corresponds to the final photoproduct labeled as P and is compared to the
static difference curve (gray dots), ASatic(q). (C) Time-dependent populations of
the transient species.
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RESULTS

Time-resolved x-ray solution scattering

To probe the dynamics of the Pfr-to-Pr photoconversion pathway,
we collected TRXSS data in two time series, which, when combined,
span four decades from 10 pus to 10 ms (fig. S2A). As the linear ab-
sorption spectra of the Pr and Pfr states overlap substantially in the
red region (fig. S3D), a dynamic equilibrium is reached at room
temperature between these two distinct states: Their composition
ratio depends on the relative amount of red and far-red light in an
ambient light environment. To preferentially excite the Pfr state, a
780-nm laser was used in laser pump-x-ray probe experiments. A
flow cell delivered protein (25 to 30 mg/ml) to the sample capillary
atalinear flow rate of 10 mm/s. The sample reservoir was kept in ice
under constant illumination with red light to minimize the accumu-
lation of Pr in the reference state. To ensure accurate light-induced
difference measurements, a reference scattering pattern was collected
for each decade in time at a negative time delay (=5 or —10 ps) before
excitation at 780 nm (Materials and Methods and Fig. 1B).

In the light-induced difference scattering curves, we observed a
significant decrease in scattering intensity in the small-angle region
(g<0.2 A7) over tens to hundreds of microseconds (Fig. 2). In the
millisecond range, more difference features appear in the small-
angle region and only small differences with marginal significance
in the wide-angle region (0.3 A™ < g < 1.0 A™). To characterize the
kinetic behaviors of the light-induced protein, the merged difference
scattering curves, AS(g, t), over the entire time range were obtained
by scaling data from the two different time series (Materials and
Methods and figs. S2 and S4). Global kinetic analysis using singular
value decomposition (SVD) and principal components analysis
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(PCA) is described in Materials and Methods. Fitting the corre-
sponding right singular vectors (RSVs) with the sum of exponential
functions sharing common time constants yielded two different time
constants, 95 (+ 25) ps and 21 (+ 32) ms (Fig. 2). The uncertainty
associated with the second time constant was large, owing to the
limited time range (up to 10 ms) of the experimental data when
compared with the corresponding time scale (21 ms).

In the subsequent kinetic analysis using PCA, we used a sequen-
tial kinetic model involving three transient species with time con-
stants of 95 pus and 21 ms, which were obtained from the RSVs, and
extracted three species-associated difference scattering curves (SADSs),
which contain direct information on the structural changes associ-
ated with the formation or decay of the transient species (Fig. 2B).
In this kinetic model, the first species, I;, formed within the experi-
mental time resolution, is converted to the second species, I,, with a
time constant of 95 ps. Subsequently, I, is converted to the third
species, P, with a time constant of 21 ms (Fig. 2C). The theoretical
time-resolved difference scattering curve at each time delay is gen-
erated by the sum of the SADSs, obeying the sequential kinetics
shown in Fig. 2B. The final theoretical difference scattering curves
show excellent agreement with the experimental curves, confirming
that the sequential kinetic model satisfactorily describes the experi-
mental data (Fig. 2A). The first SADS (SADS1), which corresponds
to I, has nearly flat features over the entire g range, although some
fine features can be observed when magnified. Such a small differ-
ence signal for I; indicates that the formation of I; does not involve
detectable protein structural changes within the current signal-to-
noise ratio (SNR). In contrast, SADS2, which corresponds to I,
shows relatively small monotonous features in the g region at
<0.2 A™!, suggesting that the second species is structurally distinct
from the parental Pfr and I, state. SADS3, which corresponds to P,
is characterized by a prominent negative peak with a significant am-
plitude at g of approximately 0.09 A™'. The predominant scattering
intensities of SADS2 and SADS3 in the small-angle region (g <
0.3 A™") support that PaBphP undergoes global light-induced struc-
tural arrangements. SADS3 has a significantly larger intensity than
SADS2, indicating that P involves relatively larger structural changes
than I, and major structural changes occur in the I,-to-P transition.
The time-dependent population of SADSs shows that the population
of P increases as that of I, decreases at a time scale of tens of milliseconds
(Fig. 2C).

Light-induced structural changes

To investigate the structural changes during the photoinduced tran-
sition of PaBphP, a structural analysis guided by MD simulations
on the observed SADSs was conducted. In principle, each SADS
contains information about the protein structure of the corresponding
intermediate species. As the scattering feature of SADS1 was found
to be insignificant within the experimental resolution, structural
analysis of the TRXSS data was performed on SADS2 and SADS3.
First, nonequilibrium MD (NEMD) simulations were used to gen-
erate candidate structures that account for the scattering patterns
of SADS2 and SADS3. In NEMD, the structure of the Pfr state in
PaBphP was used as a starting point, and then various protein struc-
tures with target shapes were generated from the starting Pfr struc-
ture. The targeted shapes of the protein structures accessed in the
NEMD were established by considering the various conformations
of BphPs reported in the crystallographic studies (7-9, 23). Specifi-
cally, the crystal structures of the Pfr and Pr states in BphPs can be
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categorized into three representative conformational frames in
terms of the geometry of their helical backbones: (i) II-frame, (ii)
O-frame, and (iii) Y-frame (fig. S1C). For instance, the reported
crystal structures of dark-adapted Pfr, dark-adapted Pr, and light-
Pfr represent the II-, O-, and Y-frames, respectively. In the structural
analysis, we first assumed that the Pfr, I,, and P states could adopt
one of the three frames and then performed a structural analysis against
SADS2 and SADS3. As both Pfr and I, (or P) have three possibilities
(II-, O-, and Y-frames), nine combinations are possible (Fig. 3, A and D).
On the basis of these nine different combinations, various candidate
structures were generated from the NEMD simulations using the
pulling approach within a feasible simulation time. For these simu-
lations, two pulling axes between the two helical backbones were
defined as plausible reaction coordinates to generate an O-framed
structure, and one pulling axis between the two helical backbones
was defined as a plausible reaction coordinate to generate a Y-framed
structure. The sampled candidate structures used in the structural
analysis are shown in fig. S5. The theoretical x-ray static scattering
curves corresponding to the individual protein conformations were
calculated from the MD-sampled structures, and the theoretical
“difference” scattering curves were generated by subtracting the
theoretical static scattering curves for Pfr from those of I, (or P).
Then, the theoretical difference curves were fitted to the experimental
curves of SADS2 and SADS3 by minimizing the x* values between
the theoretical and experimental curves, which quantified the dis-
crepancy between the theoretical and experimental data (see Materials
and Methods and Eq. 2 for details).

The residuals between the best-fit curve and SADS2 (SADS3)
with the corresponding Xz values for all nine combinations of I, (P)
and Pfr structures are shown in Fig. 3 (A and D). In the structural
analysis of SADS2, the optimal model with the smallest residual and
xz value was obtained when both Pfr and I, had II-framed structures
(Fig. 3A). In this case, the optimal theoretical curve showed excel-
lent agreement with that of SADS2 (Fig. 3B). From the optimal model,
the representative protein structures for Pfr and I, were extracted, as
depicted in Fig. 3C, and compared with each other for the structural
details about the transition from Pfr to I, (via I;). To describe the
structural motions of the optimal structures in a quantitative man-
ner, we measured the distance between two Arg’*' residues (termed
as Q1) and the distance between two Ala**? residues (termed as Q2)
as major structural coordinates, as the Arg>>' and Ala®** residues are
located near the middle and at the C termini of the helical backbones,
respectively. A comparison of the optimal protein structures shows
that Pfr has QI and Q2 of 1.44 and 1.86 nm, and those distances are
changed to 1.52 and 1.90 nm in I, respectively (Fig. 3C). This mar-
ginal change in the major structural coordinates demonstrates that
the transition from Pfr to I, (via I;) accompanies a slight opening of
the II-framed structure in terms of the helical backbones (Fig. 3C).

In contrast, the structural analysis of SADS3 showed that the op-
timal model with the smallest residual and y? value was obtained
when Pfr had an II-framed structure and P had an O-framed struc-
ture (Fig. 3, D and E). In the O-framed structure, Q1 and Q2 are
5.18 and 3.18 nm, respectively, which are much larger than those in
I, (Fig. 3F). We note that in the transition from I, to P, the change
in QI with 3.66 nm is much larger than that of Q2 with 1.28 nm,
causing the helical backbones of P to bend. Although there are no
physical constraints applied to the structure of the Pfr state in the
structural analysis of SADS2 and SADS3, the Pfr structure obtained
from the analysis of SADS2 shows an almost identical conformation
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Fig. 3. Structural analysis of the TRXSS data. (A) Each panel shows the residual (black lines) and the x? value between SADS2 and the best-fit theoretical scattering curve
determined from the structural analysis, in which the structures of I, and Pfr are assumed to have one of the three different conformations (Il-, O-, and Y-frame). The best
fit with the smallest residual and smallest x? value was obtained when both Pfr and |, have Il-framed structures (indicated by a red box). (B) Comparison of SADS2 (black
dot) and the theoretical scattering curve (red line) that gives the best agreement with SADS2. (C) Representative protein conformations for Pfr (gray ribbon) and I, (green
ribbon) from the optimal structural model. (D) Each panel shows the residual (black lines) and the x2 value between SADS3 and the best-fit theoretical scattering curve
determined from the structural analysis, in which the structures of P and Pfr were assumed to be one of the three different conformations (Il-, O-, and Y-frame). The best
fit with the smallest residual and smallest x? value was obtained when Pfr has ll-framed structure and P has O-framed structure (indicated by a red box). (E) Comparison
of SADS3 (black dot) and the theoretical scattering curve (red line) that gives the best agreement with SADS3. (F) Representative protein conformations for P (gray ribbon)
and Pfr (magenta ribbon) from the optimal structural model. The Pfr structures for SADS2 and SADS3, determined from the structural analysis, show almost identical

protein conformations with a root mean square deviation of 0.081 nm between them. For clarity, in (C) and (F), the helical backbones in I, (or P) and the Pfr are color-coded

by the red and blue ribbons, respectively. The distances between Arg®?'

with that from SADS3 within a root mean square deviation value of
0.081 nm between them. The results of the structural analysis sug-
gest that bathy PaBphP undergoes a large conformational change
from the initial II-framed structure in Pfr to the final O-framed
structure in P via the opened II-framed structure in I,.

DISCUSSION

The combined kinetic and structural analyses of the TRXSS data show
that the following kinetic model is consistent with the light activa-
tion of Pfr to Pr in PaBphP

pfr by, POHS p 21ms p

where Pfr is the initial state, I is the first intermediate, I, is the sec-
ond intermediate, and P is the final photoproduct. During the photo-
induced transition, I, is formed from I; with a time constant of
95 us and converts into P with a time constant of 21 ms. The time

Lee et al., Sci. Adv. 8, eabm6278 (2022) 27 May 2022

residues and between Ala

332 residues are indicated by the black and red arrows, respectively.

constants determined from spectroscopic studies are listed and
compared with those from this work in Table 1. According to a study
using femtosecond-resolved fluorescence and absorption spectros-
copy, the primary event of PaBphP associated with the photo-
isomerization of the biliverdin chromophore occurs in the picosecond
time range, which is shorter than the temporal resolution of this study
and therefore not observable (14). A recent x-ray crystallographic
study of DrBphP reported that the twisting of tetrapyrrole rings
occurs in the early picosecond time range (43). As SADS] has a flat
signal, the conformational changes during the formation of I; can
be solely attributed to local structural changes around the biliverdin
chromophore and its surrounding residues, which were not detect-
able in our experiment. In longer time scales, the TRXSS captured
the time constants of 95 us and 21 ms. According to a previous
study using transient absorption (TA) spectroscopy (44), the time
constants of 230 us and 15.9 ms were identified as lumi-F — meta-F
and meta-F — Pr transitions, respectively. Considering that the time
constants (95 us and 21 ms) observed using TRXSS are comparable
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Table 1. Comparison of time constants determined from previous spectroscopic studies of PaBphP and those from the current work.

Fs-resolved fluorescence and

Laser flash-induced time-resolved

absorption* absorption This work*
Photoisomerization s, 4 ps
Ay o
lumi-F — meta-F 230 us 95 s
e B — i

*Femtosecond (Fs)-resolved fluorescence and absorption method (74).
resolved x-ray solution scattering.

to those (230 pus and 15.9 ms) observed using TA spectroscopy, the
species of I}, I, and P in the kinetic model can be assigned as lumi-F,
meta-F, and Pr states, respectively. We note that the spectral change
with 230 ps from the TA study was rather obscure, whereas the last
process with 15.9 ms showed a clear spectral feature linked to the
formation of the photoproduct Pr state. This is consistent with the
TRXSS data, which show that the scattering signal changes for 95 us
and 21 ms are weak and strong, respectively. We also conducted a
static x-ray scattering experiment for the dark-incubated state,
dominated by the Pfr state, and the illuminated state, dominated by
the Pr state. The difference in the static scattering curves, ASsqeic(Pr —
Pfr), shows good agreement with the scaled SADS3, AS(P — Pfr)
(Fig. 2B, fig. S3, and the Supplementary Materials), further support-
ing that P corresponds to Pr.

The detailed structural dynamics of bathy BphPs, starting from
the parental Pfr state toward the photoproduct Pr state, were not
previously reported: They were instead assumed on the basis of
those of other canonical BphPs such as DrBphPs or cyanobacterial
phytochromes, which have parental Pr states (8, 42, 45, 46). Here,
structural analysis of the TRXSS data has provided comprehensive
information on the conformational changes in the photoinduced
conversion process from Pfr to Pr, as summarized in Fig. 4. The struc-
ture of I;, corresponding to lumi-F, was not determined by structural
analysis. Considering the flat feature of SADS1, we have tentatively
suggested that I, has the same structure as Pfr, so far as TRXSS
might discern different structures within the SNR. Thus, I, is likely
to adopt II-framed geometry, like that of Pfr. According to the
structural analysis, I,, corresponding to meta-F, has a protein con-
formation similar to that in the Pfr state that was previously reported
from crystallographic studies (6, 7, 47), but the distances (Q1 and
Q2) between the two long straight helical backbones juxtaposed at
the dimer interface are slightly increased by 0.08 and 0.04 nm, re-
spectively, relative to those in the Pfr state. The transition from I, to
P (Pr) accompanies the formation of an O-framed geometry in the
helical backbone (Fig. 4). The transition from the II-framed geom-
etry in Pfr to the O-framed geometry in Pr is consistent with the size
exclusion chromatography results, which showed that PaBphP has
a larger effective hydrodynamic radius in the illuminated state when
compared to the dark-incubated state (see the Supplementary
Materials and fig. S3 for details). A crystallographic study reported
that far-red irradiation of bathy Agp2 crystals induced the loss of
the diffraction pattern (22). Considering our observations, it can be
inferred that in bathy Agp2, a large conformational change, similar
to that in PaBphP, can occur in the crystals, and ultimately result in
the loss of a well-ordered crystal structure. Meanwhile, according to
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tLaser flash-induced time-resolved absorption spectroscopy (44).

FTime-

I1
(lumi-F, ll-frame)

95 us

(Pr, O-frame)

(meta-F, ll-frame)

Fig. 4. Structural dynamics of the PaBphP photocycle revealed using TRXSS. The
photocycle of PaBphP includes three intermediates (l4, I, and P) and two time con-
stants (95 us and 21 ms), as determined from the kinetic analysis of the scattering
data. The optimal protein conformations of the parent state (Pfr) and the two inter-
mediates (I, and P) were extracted from the structural analysis based on the
NEMD. On the basis of the results from the spectroscopic study (44) and the static
scattering experiment, |, I, and P can be assigned as lumi-F, meta-F, and Pr states,
respectively. The optimal protein structures show that Pfr and |, adopt the ll-framed
geometries in terms of helical backbones. The nearly parallel backbones in I,
become fully open with the O-framed geometry in the photoproduct P state. For
clarity, the helical backbones in the optimal structures are color-coded in red, and
the other structures are color-coded in gray.

studies of canonical DrBphP (8), which is the only case in which the
protein structures of both Pfr and Pr states were reported, the
parental Pr state adopts the O-framed geometry, which is quite similar
to that observed in the P state of PaBphP. In contrast, the photo-
product Pfr state of DrBphP has a Y-framed geometry, which dif-
fers from the nearly parallel II-frame in the Pfr state of PaBphP. It
is noted that in our structural analysis, we also considered the
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possibility that the parental Pfr state of PaBphP adopts the Y-framed
geometry in addition to II-framed geometry. Such a case failed to
reproduce the experimental data in the small-angle x-ray scattering
(SAXS) region of SADS2 and SADS3 (Fig. 3, A and D). These results
indicate that the light-induced structural dynamics in bathy PaBphPs
are significantly different from those in canonical BphPs.

Meanwhile, crystallographic studies of bathy Agp2 and canoni-
cal DrBphP suggested the possibility of a local structural change from
o helices to B sheets in the vicinity of the PHY arms (8, 22, 45).
In the NEMD simulation to sample the candidate structures, the
o helix-to—p sheet transition in the PHY arm was not enforced, and
thus this local structure could not be properly described in the opti-
mal structures of I, and P. To check whether the TRXSS data could
provide any experimental evidence for the local structural transi-
tion around the PHY arm, we performed an additional analysis by
intentionally considering B sheet formation in I, and Pr (see the
Supplementary Materials and fig. S6). The theoretical difference
scattering curves obtained from the structural analysis with the de-
liberate formation of the B sheet around the PHY arm show good
agreement with the experimental data, but the degree of agreement
is comparable to the case of the theoretical curves from the analysis
without considering B sheet formation (fig. S6). These results sug-
gest that these subtle structural changes around the PHY arm are
not detectable within the current SNR of the scattering curve.
Nevertheless, considering the results from bathy Agp2 and canonical
DrBphP, whose protein sequences are analog species of PaBphP, it
is expected that a secondary structural change from o helix to  sheet
around the PHY arm is also involved in the photocycle of PaBphP.
Accordingly, it can be inferred that although the light-induced tran-
sitions of bathy and canonical BphPs involve similar local structural
changes around the chromophore region, their global conformational
changes are quite different.

Most full-length BphPs, as summarized in fig. S1C, adopt dimeric
modular structures consisting of the typical PAS-GAF-PHY-HK
arrangement in which the domains are sequentially linked to their
long central helical backbones (10, 48-50). This structural characteristic
of full-length BphPs regulates the direct interactions between the do-
mains. Nevertheless, it has still been unsolved how the photoinduced
structural change in the photosensory module can propagate over a
long distance to the output HK domain during signal transduction
(48). To obtain structural insights into full-length PaBphPs, we performed
additional homology modeling with the aid of an MD simula-
tion based on energy minimization by following a well-established
approach (6, 42). In this procedure, the HK from Thermotoga maritima,
composed of the dimerization histidine phosphotransfer domain (DHp)
and the catalytic adenosine triphosphate-binding domain (denoted
CA), was used as the homologous HK domain for the full-length
PaBphP (51). This modeled full-length structure of the parental Pfr
state of PaBphP shows that the DHp domains use their helical spines
to form a spatial gap at their dimeric interface. In the photoproduct
Pr state, the helical spines are twisted together, and the degree of the
spatial gap between the DHp domains decreases, resulting in a de-
creased distance between the CA domains when compared to the
Pfr state (Fig. 5). In the crystal structure of the Pr state of bathy-like
full-length BphP from Xanthomonas campestris (XccBphP) (48, 49),
quaternary structural assemblies were stabilized by numerous salt
bridges and nonbonded contacts, forming a tight dimeric associa-
tion in the output HK domain (fig. S7). These intermolecular inter-
actions may be key components that facilitate close contact with the
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Fig. 5. Reconstructed structures of the full-length PaBphP based on the re-
sults from the TRXSS study. (A) Reconstructed protein conformation for the Pfr
state of full-length PaBphP. (B) Reconstructed protein conformation for the Pr state
of full-length PaBphP. For clarity, the structures of the CA domains, DHp domains,
and helical backbones are represented as cartoon models, and the other structures
are represented as translucent surface models. The bottom panels show the bottom
view of the full-length constructs, in which the distances between the CA domains
are represented by black arrows. The Pr state has a shorter distance between the
CA domains than the Pfr state does.

output domain in the Pr state of full-length PaBphP. Therefore, we
propose that the light activation of PaBphP induces a large quater-
nary structural change at the dimeric interface to form the Pr state,
where the structural change in the extended central helical bundles
causes a change in the quaternary assemblies of the output domain
that ultimately regulate biological functions such as phosphorylation.
Further studies using authentic full-length constructs are required
to experimentally verify the feasibility of the modeled structures of
full-length PaBphP reconstructed from protein structures determined
using TRXSS.

In this study, we revealed the photoinduced structural dynamics
of bathy PaBphP during the light-induced signaling transition from
the parental Pfr state to the photoproduct P state, in terms of the
global protein structure. The analysis of the TRXSS data leads us to
conclude that the far-red light activation of bathy PaBphP involves
the structural transitions of the helical backbones from an II-framed
close form of Pfr to an O-framed open form of Pr via structurally
distinct precursor intermediates (Fig. 4). This conformational change
that was observed in bathy PaBphP is significantly different from
that in other canonical BphPs. A recent computational study on the
Pfr-activated reaction mechanism reported structural changes in
the chromophore-binding region (52). Despite this trial, informa-
tion regarding the conformational change and its dynamic behavior
in the Pfr-to-Pr transition remains elusive. Our TRXSS study is the
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first to visualize the signaling mechanism activated by the parental
Pfr state of bathy BphPs in view of the global protein conformation.
Although our experimental approach successfully captured the major
structural changes associated with the formation of the photoproduct
state in PaBphP, further studies with better time resolution and SNR,
such as those using serial crystallography (43, 53, 54), are required
to elucidate the local structural changes around the biliverdin chromo-
phore and the PHY arm region, which are presumed to be key structural
moieties in the light-induced signaling mechanism. The findings of
the current study may contribute to future research to generate more
detailed information about BphP structural dynamics.

MATERIALS AND METHODS

Sample preparation

Purified protein samples were prepared according to a previously
published protocol (6).

Measurement of UV-visible spectra

The ultraviolet (UV)-visible spectra of PaBphP were measured in
solution at room temperature from 230 to 900 nm using a Shimadzu
UV-1650 spectrometer. The absorption spectra of the Pfr and Pr
states were measured in a dark-adapted state and after illumination
with fiber optic light at 750 nm (far-red), respectively.

TRXSS experiment

A schematic representation of the TRXSS experiment is shown in
Fig. 1B. Polychromatic 12-keV x-ray pulses were generated using a
324-bunch mode operation at the Advanced Photon Source. After
irradiation of the protein sample using circularly polarized picosecond
laser pulses (pump) with a fluence of 1 mJ/mm? at 780 nm, poly-
chromatic x-ray pulses (probe) were delivered to observe the laser-
induced structural changes recorded in SAXS/wide-angle x-ray
scattering (WAXS) patterns. For each time delay between the pump
and probe pulses, a pump-probe measurement was performed at a
rate of 10 Hz, with a time spacing of 100 ms between pulses. The
x-ray scattering patterns over the wide time range from 10 us to
10 ms were recorded using a Mar165 charge-coupled device detec-
tor (Rayonix, USA). The scattering pattern at a negative time delay
(=50 pus) was also collected and used as a reference for calculating
the differences in the scattering curves. The scattering pattern at —50-us
time delay contains structural information of the initial state, while
the data at positive time delays contains contributions from a mix-
ture of the initial state, intermediates, and photoproducts. The dif-
ference scattering curves, AS(q, t) = S(q, t) — S(g, =50 us), were
generated by subtracting the scattering curve at =50 ps from the curves
at positive time delays. For each time delay, more than 100 scatter-
ing curves were averaged to achieve a high SNR, and measurements
were performed at 295 K using a cold nitrogen stream (Oxford
Cryostream). A solution of 130 pM (30 mg/ml) photosensory module
of PaBphP dissolved in 50 mM tris buffer (pH 8.0) was used for the
measurements. The sample solution was passed through a capillary
flow cell at a rate of 15 ul/s using a syringe-free pump (Valco Instru-
ments). During the measurement, the sample solution in the reservoir
was photosaturated by continuous illumination with red light, which
made the ratio of Pfr to Pr constant. To provide red light to the sample
reservoir, a wavelength longer than 640 nm was selected by trans-
mitting the lamp light generated from the fiber optic lamp (Fiber-Lite
DC950) into a band-pass filter. To check the effect of the illumination
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on the sample reservoir, we additionally assessed the raw static scat-
tering curves measured at a negative time delay, which were used as
the reference signal to generate the difference scattering curve for
positive time delays. No significant changes were observed in the
shape of the raw static scattering curves with the negative time delay
measured in each cycle during the time-resolved measurements.
From this, it could be conjectured that the population ratio between
the Pfr and Pr states of the sample subjected to the pump and probe
measurements was well maintained during the data collection.

Global kinetic analysis for TRXSS data
Before the global kinetic analysis, the datasets for time series 1 (10 us
to 3.16 ms) and time series 2 (100 ps to 10 ms) were merged to pro-
duce the combined experimental data that ranged from 10 pus to 10 ms.
The global kinetic analysis for each dataset confirmed that merging
the two datasets would not cause any data distortion (see the Sup-
plementary Materials and figs. S2 and S4). The curves from time
series 1 were scaled so that the scattering intensities of the curves
from two different time series matched each other at common time
delays from 100 ps to 3.16 ms (fig. S2A). Subsequently, the sets of
curves from time series 1 and 2 were combined by averaging the
curves of the two different time series at each common time delay,
and a set of combined experimental scattering curves with time delays
from 10 ps to 10 ms were obtained. The difference scattering signal
caused by laser-induced solvent heating, which affects the scattering
signals in the wide-angle region (see the Supplementary Materials
for details), was removed using a well-established protocol (55-57).
To determine the kinetics of the structural transitions in PaBphP,
SVD was applied to the set of solvent heating-free experimental
scattering curves (TRXSS data) (55-58). SVD analysis decomposes
the data matrix of time-resolved difference scattering curves, A, into
three matrices U, S, and V satisfying the relationship of A = USV",
where U is a matrix of columns called left singular vectors (LSVs),
composed of time-independent g spectra, V is a matrix of columns
called RSVs, composed of time-dependent amplitude changes to the
LSVs, and S is a matrix whose diagonal elements are the weights of
the singular vectors. LSVs provide a basis of the space spanned by
SADSs, while RSVs represent the population dynamics of these
transient intermediates. Thus, SVD analysis allows us to obtain the
number of structurally distinct species and the dynamics of each
species, regardless of the kinetic model. From the SVD analysis in
the time range from 10 ps to 10 ms, we identified three significant
singular vectors determined on the basis of the singular values and
autocorrelation factors of the corresponding singular vectors (fig.
S2, B and C). We note that the spectral feature of LSV3 (the third
LSV) is marginal when compared with the first two LSV, but the
feature of RSV 3 (the third RSV) seems to be meaningful in terms of
the temporal profile. Therefore, we included the first three singular
vectors to account for the entire kinetics in the measured time se-
ries, as shown in fig. S4. By globally fitting the first three RSVs using
exponentials sharing two common relaxation times, time constants
of 95 (£ 25) us and 21 (+ 32) ms were obtained. Using the kinetic
components for the transitions from first species to third species
obtained from the SVD analysis, we applied PCA to decompose the
experimental scattering curves into three SADSs corresponding to
the three species as follows

3
AStneory(qi, ) = X [ Cr(t;)1ASc(qi)

k=1

)
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where AStheory(gis ) is the theoretical difference scattering curve at
given g and f values, AScx(g;) is the SADS corresponding to the kth
intermediate species at a given g value, and Ci(t)) is the instantaneous
population of the kth intermediate at a given t value and can be
calculated using the time constants obtained from the SVD analysis.
We then applied the Nelder-Mead simplex algorithm to minimize
the discrepancy between the theoretical and experimental curves.

MD simulations to generate candidate structures

for the analysis of TRXSS data

We used structural analysis aided by MD simulations to extract
three-dimensional protein conformations from the two SADSs (SADS2
and SADS3) obtained from the experimental curves. Representative
protein structures were simulated as follows: structures with a (i)
II-framed, (ii) O-framed, and (iii) Y-framed geometry in terms of
their helical backbones.

First, we performed the MD simulation using an x-ray crystallo-
graphic structure with the Protein Data Bank (PDB) entry of 3NHQ
(21) as the starting structure to generate the equilibrium structures
with (i) II-framed geometry in terms of the helical backbones. To do
so, the GROMACS 2019.2 package with the Charmm36 force field
(59) was used, in combination with the SPCE water model. The sys-
tem was equilibrated under NVT conditions for 100 ps with a velocity-
rescale thermostat (tr = 0.1 ps, T = 300 K) and was then subsequently
equilibrated under NPT conditions for 500 ps with a velocity-rescale
thermostat (tr = 0.1 ps, T'= 300 K) and a Parrinello-Rahman barostat
(vr = 0.5 ps, P = 1 bar). A 10-ns-long production simulation was
then conducted using the equilibrated structure. After the simula-
tion, the candidate structures for (i) were sampled at 100-ps intervals
from the MD trajectory. From the structures in the MD trajectory,
the representative structure was also selected by using the clustering
method. Using the representative structure with the II-framed
geometry as a starting structure, we then performed NEMD simu-
lations to generate plausible protein conformations for (ii) an
O-framed geometry and (iii) a Y-framed geometry using the pulling
algorithm in GROMACS.

To generate (ii) structures with an O-framed geometry in terms
of the helical backbones, we set two residues, Arg>>' and Ala**2, on
each helical backbone as positions where the external pulling force
would be applied. In the pulling simulation, the same pulling force
strength of 1000 kJ/mol/nm? was applied at both positions. The
maximum distance between Arg321 residues (Q1) in the pulling simu-
lation was allowed to be much longer than that between the Ala**?
residues (Q2), which facilitated the generation of O-framed geome-
try, as shown in fig. S1C. Considering the conformational diversity
of the structure pool with an O-framed geometry, we repeated six
different pulling simulations with different maximum values of Q2
(fig. S5, A to F). For each simulation, Q1 was allowed to increase to
~7.0 nm, and Q2 was allowed to increase to a value between ~3.0
and ~7.0 nm. All NEMD simulations were performed using the
pulling algorithm along the hypothetical reaction coordinates until
the value of QI reached ~7 nm. In the crystal structure of the Pr
state for DrBphP (8, 23), the distance between the separated linker
helices, corresponding to Q1 in PaBphP, was ~4.07 nm. On the basis
of this distance in DrBphP, among the MD-generated structures, we
sampled the candidate structures with a Q1 ranging from 3 to 5 nm.
A total of 1500 structures with O-framed geometries were selected
from six different NEMD trajectories. To generate (iii) structures
with a Y-framed geometry, we identified the center of mass (COM)
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of the residues from Ser®' to Asp**, on each helical backbone.

During the NEMD simulation using the pulling algorithm, a con-
stant pulling force of 1000 kJ/mol/nm* was applied to the two COMs,
and the distance between them was gradually increased to form a
Y-framed geometry (fig. S5G). The NEMD simulation was imple-
mented until the COM-COM distance reached ~8 nm (fig. S5G). A
total of 200 structures with a Y-framed geometry were evenly sampled
from the NEMD trajectory.

Meanwhile, during the NEMD simulations, helical distortions
were observed in the vicinity of Arg®*' residues. To investigate the
effects of helical distortions on the structural analysis, we chose
MD-generated structures with and without helical distortions. From
these structures, the theoretical difference curves were calculated
using the same Pfr structure as a reference structure, and each curve
was compared with the experimental curve. The details of the helical
distortion effects in the theoretical scattering curves are described
in the Supplementary Materials and fig. S8.

Refinement of MD-generated structures to obtain

optimal structures

Using the MD-generated structures, the protein conformations that
well describe the SADSs were obtained by comparing the experi-
mental scattering curves and theoretical scattering curves from the
simulated structures. The theoretical scattering curves for the MD-
generated structures were calculated using the CRYSOL program
(60), and the theoretical “difference scattering curves” were generated
by subtracting the theoretical static scattering curves for Pfr from
those for I, (or P). Details of the calculations performed by CRYSOL
are described in the Supplementary Materials and fig. S9. We also
convoluted the energy spectrum of the x-ray pulse with the theoretical
scattering signal to consider the effect of the polychromatic x-ray
beam by following well-established protocols (57). After generating
the pools of the theoretical difference scattering curves, the theoretical
difference x-ray scattering curves were compared with two SADSs
to find the optimal structures of I, and P. In this procedure, we cal-
culated the reduced xfe 4 value, which is an indicator of the discrep-
ancy between the theoretical difference scattering curve and the
experimental data as follows

2 1 N M- Astheory(qi)_ASEXp(qi) 2
Ked = N-T14 o(gi)

2)

where ASiheory(q) is the theoretical difference in the x-ray scattering
curve, ASq,y(q) is the experimental TRXSS data, u is the scaling fac-
tor between AStheory(q) and ASeyp(q), N is the number of experimen-
tal g points, and o(g) is the experimental SD. The scaling factor (p)
consists of two parameters: (i) the relative ratio between the experi-
mental and theoretical scattering curves and (ii) the effective photo-
reaction yield of PaBphP. Details regarding the effective photoreaction
yield are provided in the Supplementary Materials. In principle, a
xfe 4 Value close to 1 represents the most optimal solution within the
experimental error. As the scattering feature of SADS1 is insignifi-
cant within the experimental resolution, we performed structural re-
finement of SADS2 and SADS3. In the structural analysis, we assumed
that the Pfr, I, and P states could adopt one of the three frames
(II-frame, O-frame, and Y-frame) in terms of helical backbones.
Considering the assumption that both Pfr and I, (or P) have three
possibilities (II-frame, O-frame, and Y-frame), nine combinations
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are possible, as summarized in Fig. 3. On the basis of all possible com-
binations, the theoretical difference curves with the lowest 2, ; values
for SADS2 and SADS3 were selected as the optimal solutions, and
the optimal protein structures of I, and P were obtained from the
MD-generated structures used to generate these theoretical differ-
ence curves.

After the structural analysis, we analyzed the static scattering curve
for the dark-adapted PaBphP using the structures of dimers and
monomers for the Pfr and Pr states obtained from the structural
analysis (Fig. 3, C and F). The structures of the monomers were re-
constructed from half that of the dimers. The theoretical scattering
curves were calculated from the dimer and reconstructed monomer
structures and were used to describe the experimental curve. The relative
fractions of monomers, dimer Pfr, and dimer Pr were fitted until the
theoretical scattering curve showed good agreement with the exper-
imental curve. The details and further discussion of this analysis are
provided in the Supplementary Materials and fig. S10 (A and B).

In addition, to investigate the effects of the monomer-related transi-
tions on the difference scattering curve, we performed an additional
structural analysis on the basis of the modeled structures of the di-
meric and monomeric forms. The theoretical difference scattering
curves corresponding to the monomer-related transitions were com-
pared with the experimental data (SADS2 and SADS3). The differ-
ence scattering curves for the dimer-to-dimer transition are in
good agreement with the experimental data, whereas those for the
monomer-related transitions fail to describe the experimental data
(fig. S10, C and D). The details and further discussion of this analysis
are provided in the Supplementary Materials and fig. S10 (C and D).

Modeling the full-length PaBphP construct

Full-length PaBphP constructs of Pfr and Pr were modeled by com-
bining the structures of the photosensory modules of PaBPhP
determined in this study, based on the TRXSS data and homology
information of the output domain. The Pfr and Pr structures from
the structural analysis of the TRXSS data were used as the photo-
sensory modules, and the output domain was adopted from the HK
moiety of T. maritima, as reported in a crystallographic study (PDB
ID: 2C2A) (10, 48-50). To model the full-length Pfr construct, the
HK domain moiety was connected to the C terminus of the Pfr struc-
ture of the photosensory modules. Using this structure as a starting
point, MD simulations were conducted to obtain the equilibrated
conformation in the solution phase. The full-length construct was
solvated in a periodic cubic box with explicit water molecules, which
was neutralized by sodium ions. The system was equilibrated under
NVT conditions for 100 ps with a velocity-rescale thermostat (tp = 0.1 ps,
T'=300 K) and subsequently equilibrated under NPT conditions for
500 ps with a velocity-rescale thermostat (tr = 0.1 ps, T'= 300 K) and
a Parrinello-Rahman barostat (tp = 0.5 ps, P = 1 bar). After equili-
bration, production simulation was conducted using the equili-
brated structure for 100 ns. To model the full-length construct of Pr,
the HK domain moiety was connected to the C terminus of the Pr
structure of the photosensory modules, and the same procedure
used in the modeling of the full-length construct for Pfr was applied
to this structure.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm6278

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