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PYP-phytochrome related (Ppr) protein contains the
two light sensor domains, photoactive yellow protein
(PYP) and bacteriophytochrome (Bph), which mainly
absorb blue and red light by the chromophores of p-
coumaric acid (pCA) and biliverdin (BV), respectively.
As a result, Ppr has the ability to photoactivate both
domains together or separately. We investigated the
photoreaction of each photosensor domain under
different light irradiation conditions and clarified the
inter-dependency between these domains. Within the
first 10 s of blue light illumination, Ppr (Holo-Holo-Ppr)
accompanied by both pCA and BV demonstrated
spectrum changes reflecting PYP, accumulation, which
can also be observed in Ppr containing only pCA (Holo-
Apo-Ppr), and a fragment of Ppr lacking the C-terminal
Bph domain. Although Holo-Apo-Ppr showed PYP, as
a major photoproduct under blue light, as seen in the
Bph-truncated Ppr, the equilibrium in the Holo-Holo-
Ppr was shifted from PYP, to PYP,, as the reaction
progresses under blue light. Concomitantly, the
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<« Significance »

This study analyzed the spectroscopic and structural characteristics of the Ppr protein to understand the photoreaction of each photosensor
domain under different light conditions and elucidate the inter-dependency between the two domains. We believe that our study makes a
significant contribution to the literature because no structural information for Ppr has been published to date. Our study is the first to show that
PYP and Bph interact and exert an influence on their photoreactions. This interaction results in control of the tertiary structure of Ppr, and might
also be responsible for downstream signal transduction via the histidine kinase pathway.

spectrum of Bph exhibited subtle but distinguishable
alteration. Together with the fact, it can be proposed
that Bph with BV influences the photoreaction of PYP
in Ppr, and vice versa. SAXS measurements revealed
substantial tertiary structure changes in Holo-Holo-Ppr
under continuous blue light irradiation within the first 5
min time domain. Interestingly, the changes in tertiary
structure were partially suppressed by photoactivation
of the Bph domain. These observations indicate that the
photoreactions of the PYP and Bph domains are
coupled with each other, and that the interplay realizes
the structural switch, which might be involved in
downstream signal transduction.

Key words: bacteriophytochrome, photoactive yellow
protein, photoreactions, small-angle x-ray
scattering

Introduction

Living organisms have long utilized various light-sensing
proteins as a means of survival. Bacteriophytochromes
(Bph) are a family of light-sensing proteins that aid in
locating food sources or avoiding harm [1-3]. Bph
generally contains PAS, GAF, and PHY domains. Biliverdin

© 2020 THE BIOPHYSICAL SOCIETY OF JAPAN @@@@
BY NC SA



104 Biophysics and Physicobiology Vol. 17

(BV) is a chromophore covalently attached through a
cysteine residue in the PHY domain [4]. Typically, Bph
photoconverts between stable red (P,) and metastable far-
red (Py) forms [5,6].

PYP-phytochrome related (Ppr) protein, a member of the
bacteriophytochrome family, was found in Rhodospirillum
centenum (also known as Rhodocista centenaria). In
addition to the PAS-GAF-PHY photosensory core and a
histidine kinase (HK) output domain, Ppr has a photoactive
yellow protein (PYP) domain at its N-terminal end [7].
Setting Ppr apart from other classical Bph, Ppr can absorb
blue and red light with both p-coumaric acid (pCA) and BV
depending on the absorption bands of the chromophores. It
was reported that Ppr is related to expression regulation of
the chalcone synthase gene (chsA) [7] and cyst develop-
ment [8]. Ppr demonstrates higher expression of chsA4 under
infrared light, while the presence of blue light suppresses
chsA expression [7]. The HK domain of Ppr is shown to
bind to the chemotactic protein CheW [9]. Furthermore,
mutagenic studies of R. centenum chemotactic proteins
demonstrate a strong relationship between chemotactic
response and phototactic response [10,11]. These findings
suggest that Ppr plays a role in the phototactic response in
R. centenum.

Despite sharing a similar domain arrangement of PAS-
GAF-PHY with other Bph species, Ppr shows substantially
different spectrum changes under red light illumination.
Red-light illuminated Ppr demonstrates an apparent
decrease in the absorption band around 700 nm instead of
accumulation of the red-shifted species P [12]. Although
studies on other Bph proteins, such as DrBphP, reported
that Bph can toggle tertiary structure changes between Pr
and Pfr states [13,14]; until now, there was no evidence that
Ppr underwent any structural change following stimulation
by light. PYP is a blue light-sensing protein found in
Halorhodospira halophila (Hh-PYP) [15]. Over the years,
the photocycle model of PYP has become increasingly
complex as more studies reveal its underlying mechanisms
[16-18]. However, the photocycle can be summarized as
the conversion of the ground-state PYP and two photo-
intermediates, the red-shifted intermediate PYP, (A, 490
nm) and the blue-shifted intermediate PYPy; (A, 350 nm)
[19]. Currently, the transducer protein for PYP remains
unknown. Studying the multi-domain protein of Ppr
containing the PYP domain provides an opportunity to gain
insight into the possible changes to PYP when interacting
with other proteins.

In order to study the possible interplay between PYP and
Bph within Ppr, an approach to individually photoactivate
the chromophore one domain at a time was devised. We
prepared Ppr proteins in 3 different apo and holo forms: Ppr
containing both pCA and BV; Holo-Holo-Ppr (H-H-Ppr),
Ppr containing only BV; Apo-Holo-Ppr (A-H-Ppr), and Ppr
containing only pCA; Holo-Apo-Ppr (H-A-Ppr). Spectro-
scopic data for the Ppr variants, which were subjected to

different light irradiation conditions using blue and red light
to trigger different Ppr domains, were recorded. To date,
there is no available structural information for Ppr. As
pointed out by Bjorling [20], spectroscopic measurements
have limitations in that they only reveal the chromophore’s
local environment. Coupled with spectroscopic data,
additional structural information on Ppr would provide a
better understanding of the signaling mechanisms of Ppr.
We carried out small-angle X-ray scattering (SAXS)
measurements on Pprs under light irradiation conditions to
probe the tertiary structure change of Ppr against ground
state Ppr. These experiments provide valuable knowledge
on how Ppr undergoes substantial structural changes. While
the other variants showed only PYP, during the
photoreactions, H-H-Ppr accumulated a PYP,,-like photo-
product following PYP,. Ppr containing PYP,, showed
significant structural changes that were suppressed by
activating Bph. These results suggest that PYP and Bph
interact and exert an influence on their photoreactions. The
interplay results in control of the tertiary structure of
Ppr, which might be responsible for downstream signal
transduction.

Materials and Methods

Protein expression and purification

The double plasmid H-A-Ppr expression system was
constructed and transformed into Escherichia coli
BL21(DE3) as previously reported [21]. The Rhodobacter
capsulatus TAL and pCL genes were in the pACYCDuet!
vector (Merck, Germany), and the Ppr gene of R. centenum
was in the pET16b vector. The culture was grown in 800
mL of LB medium containing ampicillin (50 pg/mL) and
chloramphenicol (10 pg/mL). At an ODy, of 0.4-0.7, IPTG
was added to a concentration of 1 mM. Induction was
carried out at 20°C for 16 h. Cell pellets were resuspended
in 50 mM NaH,PO,, 40 mM NaCl, 2% glycerol, and 1 mM
DTT (pH 7.4), and disrupted with a sonicator (40% duty
cycle, 2 min 5 times, VP-30s, TAITEC, Japan) on ice. The
suspension was centrifuged at 30,000xg for 1 h at 4°C
(Avanti® HP-26xp, Beckman Coulter, USA). The
supernatant was subjected to the following purification
steps for H-A-Ppr preparation. To reconstitute H-H-Ppr, an
excess amount of BV was added into the supernatant.
Crude solutions containing Ppr were applied to the Ni
Sepharose™ 6 Fast Flow column (GE Healthcare, USA).
H-H-Ppr and H-A-Ppr were eluted from the column by
adding a buffer containing 500 mM imidazole. The
obtained solution was subjected to size exclusion
chromatography (HiLoad 16/60 Superdex 200 pg) installed
in the AKTA Explorer (GE Healthcare), where a loading
buffer containing 25 mM Tris-HCI, 50 mM NaCl, 2%
glycerol, 5 mM EDTA, and 1 mM DTT (pH 8.2) was used.
The purified histidine-tagged Ppr was treated with Factor
Xa (Novagen) to remove the histidine-tag. Purified H-H-



Ppr was dialyzed in a 500 mM hydroxylamine solution
containing 25 mM Tris-HCI, 50 mM NaCl, 2% glycerol,
and 5 mM EDTA (pH 8.2) to obtain A-H-Ppr. The reaction
was continued until the absorbance at 430 nm did not
change. Judging from the agreement between the difference
spectrum of A-H-Ppr under blue light irradiation condition
and that of H-H-Ppr under red light irradiation condition
(see below), it was confirmed that the prepared A-H-Ppr
did not contain photoactive pCA in PYP. Bleached Ppr was
dialyzed in 25 mM Tris-HCI, 50 mM NaCl, 2% glycerol,
5 mM EDTA, and 1 mM DTT (pH 8.2) to remove
hydroxylamine.

UV-visible spectroscopy

UV-visible spectra were recorded using a multichannel
spectrometer (QE65000, OCEAN Optics, USA) at 20°C.
The buffer conditions used were 25 mM Tris-HCI, 50 mM
NaCl, 2% glycerol, and 5 mM EDTA (pH 7.0). A-H-Ppr
and H-A-Ppr contained 1 mM DTT to stabilize the sample.
Samples were irradiated using a blue LED (A,,,,=470 nm)
and/or a red LED (A,,,,=630 nm). Before the absorption
spectrum measurements were carried out, the Ppr sample
was pre-irradiated with red light for 30 min and allowed to
recover to the dark state for 7 h to ensure that the measured
samples were in the appropriate dark-adapted form.

SAXS measurements

SAXS profiles of the H-H-Ppr protein were collected
using the beamline BL-10C in the Photon Factory. X-ray
diffraction patterns were recorded using a PILATUS3 2M
(Dectris, Switzerland) detector at a wavelength of 1.5 A.
The sample-detector distance was set at 931.2 mm. The cell
temperature was maintained at 19.5°C. The sample buffer
contained 25 mM Tris-HCI, 50 mM NaCl, 2% glycerol, 5
mM DTT, and 5 mM EDTA. The SAXS profiles of H-A-
Ppr and A-H-Ppr were collected using NanoViewer
(RIGAKU, Japan) installed at the X-ray source (ultraX 18,
RIGAKU). The SAXS profiles were recorded using XII-
CCD (HAMAMATSU, Japan) at 20°C. The sample buffer
contained 25 mM Tris-HCI, 50 mM NaCl, 2% glycerol, 1
mM DTT, and 5 mM EDTA for both A-H-Ppr and H-A-
Ppr. The concentrations were 5.6 mg/mL, 3.7 mg/mL and
1.9 mg/mL for A-H-Ppr and 1.3 mg/mL for H-A-Ppr,
respectively.

Results and Discussion

Figure 1 shows the dark state absorption spectra of H-H-
Ppr (line 1), A-H-Ppr (line 2), and H-A-Ppr (line 3). H-H-
Ppr exhibits two broad peaks around 400 nm and 700 nm,
as reported previously [22]. It should be noted that the
spectrum in the blue light region had a broad spectrum
accompanied by a shoulder near 430 nm, reflecting the
superposition of the absorption arising from the PYP and
Bph domains. While H-A-Ppr with pCA alone exhibited a
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Figure 1 Absorption spectra of Holo-Holo-Ppr (line 1), Apo-
Holo-Ppr (line 2,) and Holo-Apo-Ppr (line 3) under dark conditions.
The convoluted absorption spectrum of Apo-Holo-Ppr and Holo-Apo-
Ppr (line 4) is well superposed on line 1.

single peak at A, of 430 nm, A-H-Ppr containing only BV
in Bph showed dual peaks at 390 nm and 700 nm, which
reflect the Soret and Q bands, respectively. The spectrum in
the blue light region of H-H-Ppr (line 1) can be
reconstructed from the linear combination (line 4) of H-A-
Ppr and A-H-Ppr. The good agreement suggests that the
PYP and Bph domains in the dark state do not affect each
other within Ppr.

Photoreaction of the PYP domain in H-A-Ppr was
observed under dark conditions and continuous blue light
illumination (A, =470 nm) (Fig. 2). Blue light irradiation
decreased the absorbance around 430 nm (Fig. 2A). The
difference spectrum between the light and dark states
showed a significant decrease around 430 nm, and a minor
increase in absorption around 350 nm and 470 nm (Fig.
2B). The spectral shape closely resembles that of Ppr-PYP
(truncated Ppr with only PYP domain) under blue light
irradiation [21]. It was reported that Ppr-PYP exhibits
equilibrium between PYP,, and PYP, under continuous
blue light irradiation. The positive peak around 470 nm
suggests that the equilibrium is shifted from PYP,, to PYP,
[21,23]. From these results, it was found that PYP, was
also stabilized in full-length H-A-Ppr under continuous
blue light irradiation.

Figure 3A shows the absorption spectra of A-H-Ppr in
the dark and under red light or blue light irradiation. A
substantial decrease and a slight increase were found
around 700 nm (Q band) and 400 nm (Soret band),
respectively. Although red light illumination results in a
more significant absorbance decrease around 700 nm than
blue light illumination, the scaled difference spectra
showed good coincidence (Fig. 3C, lines | and 2),
indicating that the blue and red lights produced the same
photoproduct. Under continuous red light irradiation, H-H-
Ppr showed a similar spectrum change to A-H-Ppr (Fig.
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Figure 2 (A) Absorption spectra of H-A-Ppr under dark
conditions and blue light irradiation. (B) Blue/dark difference
absorption spectrum of H-A-Ppr.

3B). The difference spectrum of H-H-Ppr shown in Figure
3C (line 3) was in good agreement with A-H-Ppr (lines 1
and 2), suggesting that the photoproducts of A-H-Ppr and
H-H-Ppr under red light irradiation were identical to each
other. From these results, it can be suggested that the dark
state of the PYP domain in both H-H-Ppr and A-H-Ppr do
not affect the chromophore environment of the Bph
domain.

Next, the absorption spectral changes were measured
under conditions in which both PYP and Bph were
activated. The difference spectrum of H-H-Ppr under
simultaneous irradiation of red and blue lights (red+blue) is
shown in Figure 4. Assuming that both photo-activated
PYP and Bph do not interfere with each other, the observed
difference spectrum can be interpreted by the linear
combination of H-A-Ppr under blue light (Fig. 2B) and H-
H-Ppr under red light (Fig. 3C, line 3). However, the
observed difference spectrum of H-H-Ppr could not be
reconstructed (Fig. 4). By comparing the calculated
difference spectrum and the observed difference spectrum
of H-H-Ppr, the spectrum of H-H-Ppr exhibited an
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Figure 3 (A) Absorption spectra of A-H-Ppr under dark
conditions, red light irradiation, and blue light irradiation. (B)
Absorption spectra of H-H-Ppr under the dark and the red light
irradiation. (C) Red/dark (linel, red) and blue/dark (line2, blue)
difference absorption spectrum of A-H-Ppr (line 1), and red/dark
difference absorption spectrum of H-H-Ppr (line 3, black). For the
sake of comparison, the difference spectra are normalized to fit the
absorbance at 700 nm.

additional increase and decrease in both the blue and red
light regions (see the residual plot in Fig. 4). These
differences cannot be interpreted by the difference spectra
of the individual photo-activated PYP and Bph, suggesting



Figure 4 Red-+tblue/dark difference absorption spectrum of H-H-
Ppr are represented by line 1 (black). Calculated difference spectrum
of both blue/dark of H-A-Ppr (Fig. 2B) and red/dark of A-H-Ppr
(Fig. 3C, linel) are represented by line 2 (red). Residual difference
between the two curves are represented by scatter marks above (blue).
The calculated difference spectrum was obtained by the summation of
scaled blue/dark difference spectra of H-A-Ppr and red/dark difference
spectrum of A-H-Ppr. Firstly, the scale factor for the red/dark
difference spectrum of A-H-Ppr was obtained to fit the absorbance at
700 nm of the red+blue/dark difference spectrum of H-H-Ppr. The
scaled red/dark difference of A-H-Ppr was subtracted from the red
+blue/dark difference spectrum of H-H-Ppr, resulting in a double
difference spectrum. Finally, the scale factor for the blue/dark
difference spectrum of H-A-Ppr was given to fit the absorbance at 430
nm of the double-difference spectrum.

that H-H-Ppr in which both chromophores are photo-
activated results in different photoproducts compared to
those in individually photoactivated PYP and Bph.

To investigate the mutual relationship between
photoreactions of PYP and Bph, we measured the spectrum
changes of H-H-Ppr from 0 to 90 min under continuous
blue light irradiation (Fig. 5), where both PYP and Bph in
H-H-Ppr can be activated (Figs. 2 and 3). The gradual
increase and decrease in absorbance around 350 nm and
434 nm, respectively (Fig. 5B) reflects photoreaction of
both PYP and Bph. The decrease in absorption at around
700 nm results from the photoreaction of Bph. Upon closer
inspection, the difference in absorbance spectra under blue
light irradiation demonstrated that the absorbance initially
decreased at 434 nm, followed by a slight increase, as
clearly shown in Figure 6A. The time course of the
absorbance changes at 434 nm decreased until 5 min (early
phase) and then increased (late phase). The difference
spectra between 5 min and 0 min (early phase) and between
90 min and 5 min (late phase) are shown in Figure 6B and
C, respectively. The difference spectra in the late phase was
similar to those under red light irradiation (Fig. 3C),
indicating that the major photoproduct comes from Bph in
this time domain. On the other hand, the change in the blue
region was relatively larger than in the red region in the
early phase, reflecting the photoreaction of PYP. From
these results, it can be concluded that PYP and Bph have
different rates of photoreactions under blue light. PYP
reaches a photo-steady state followed by Bph, which is
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Figure 5 (A) Absorption spectra of H-H-Ppr under blue light
irradiation. Each spectrum was irradiated for 0, 10, 20, 40, 60, 100,
200, 300, 800 and 5400 sec from top (deep red) to bottom (light red)
at 700 nm. (B) Blue/dark difference absorption spectra of H-H-Ppr.
The dark state spectrum was subtracted from the spectrum for each
irradiation time in panel A.

partly due to the different absorption coefficiency between
PYP and Bph at the A, of the blue LED (470 nm). It
should be noted that about 50-60 % of PYP remains to be
in the dark state even under the photo-steady state. In
addition, careful comparison led us to notice a difference in
the A, around 700 nm. The negative peak was located at
695 nm in the early phase and moved toward 700 nm in the
late phase, where the latter value was close to A-H-Ppr and
H-H-Ppr, in which only Bph is photo-activated (Fig. 3C).
This suggests that the chromophore environment of the Bph
domain is perturbed within the early phase of blue light
irradiation.

The difference spectra every 5 s from 0 s to 60 s under
blue light illumination are shown in Figure 7A. In this time
domain, major photoproducts arose from PYP as compared
to Bph, although no clear isosbestic point could be found in
the spectra. This indicates that there are multiple PYP
photoproducts. In order to compare the photoproducts over
the reaction time, two difference spectra (10 s—5 s and 30 s—
25 s) around 400 nm are representatively shown in Figure
7B and 7C, respectively. The difference spectrum in the
initial 10 s (Fig. 7B) closely resembles that of H-A-Ppr
under continuous blue light irradiation (Fig. 2B and
Supplementary Fig. S1). The positive peak around 470 nm
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Figure 6 (A) Time-dependent absorbance changes of H-H-Ppr at
434 nm. The reaction curve exhibited different behavior before and
after 5 min. The time axis is represented in the logarithmic scale to
resolve the early and the late phase time domains. Difference
absorption spectra of H-H-Ppr between 5 min and 0 min and between
90 min and 5 min under blue light irradiation are shown in (B) and
(C), respectively.

diminishes after 30 s, and the ratio of the absorbance at 350
nm to 434 nm increased over time (Fig. 7C). These
characteristics can also be seen during the formation of
PYP,, in Hh-PYP [19], indicating that H-H-Ppr induces a
subsequent reaction from PYP, to PYP,, due to holo-Bph,
as it cannot be observed in H-A-Ppr.

Because a smaller amount of the photoproduct from Bph
accumulated within 30 s in the early phase, the absorption
changes can be interpreted as the photoproducts from PYP.
However, even in the early phase of the reaction in the
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Figure 7 (A) Time-resolved difference spectra of H-H-Ppr at a
difference interval of every 5 s under blue-light irradiation (5 s, deep
red — 60 s, light red). Difference absorption spectra of PYP between 5
s and 10 s (B) and between 25 s and 30 s (C) are representatively
shown.

30 s-300 s time domain, the absorption changes reflecting
the photoreaction of Bph cannot be neglected, as predicted
from the more substantial decrease in absorbance around
700 nm (Fig. 6B). In order to remove the contribution of
the Soret band of Bph, the difference spectrum of H-H-Ppr
under continuous red-light illumination (Fig. 3C, line 3)
was subtracted from those in Figure 5B by multiplying a
factor to fit the absorbance at 700 nm, as is explained in
Supplementary Figure S2. The relative amplitudes of the
absorbance changes at 700 nm in Figure 5B are
summarized in Figure 8B, and reflect the increase of the
photoproduct of Bph in H-H-Ppr under blue light
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Figure 8 (A) Double difference absorption spectra of H-H-Ppr
under blue light irradiation sampled at different times. The black
arrows indicate 350 nm and 710 nm. (B) The double difference
absorbance at 350 nm and 710 nm in Figure 8A, and the difference
absorbance at 700 nm in Figure 5B are shown, and the plots are scaled
to fit the values at 300 s.

illumination. The resultant double-difference spectra are
shown in Figure 8A. We noticed a residual difference
absorption around 700 nm, indicating that the chromophore
environment in Bph under blue light differs from that under
red light. The double difference spectra in the blue light
region agreed with that observed between 30 s and 25 s
(Fig. 7C), suggesting that the major photoproduct of PYP
after 30 s can be considered as the PYP,,-like state, and the
amount of the PYP,-like state increases with reaction time.
Figure 8B shows that the absorbance changes at 350 nm
and 710 nm in the double difference are well superposed to
each other, but not to that at 700 nm in the difference
spectra (Fig. 5B). This indicates that the spectrum change
of Bph is coupled with the photoreaction of PYP, but not
the reaction of Bph. Based on the facts that the absorption
at 350 nm reflects the formation of the PYP,-like state and
the absorption at 710 nm to environmental changes around
the Bph chromophore, it can be suggested that the
formation of the PYP,-like state is related to the
environmental change in Bph rather than the photoreaction
of Bph.

The UV-Vis spectroscopic measurements revealed that
PYP in H-H-Ppr showed PYP,-like photoproducts, but not
in H-A-Ppr and the PYP domain alone. Additionally, the
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Figure 9 (A) Kratky plots of H-H-Ppr under dark conditions (line
1) and red light irradiation (line 2). (B) Kratky plots of H-H-Ppr under
dark conditions (line 1) and 90 s blue light irradiation (line 3). (C)
Time course of the dark/blue integrated intensity of the Kratky plots
from Q=0.025 to 0.07.

formation of PYPy-like photoproducts influenced the
chromophore environment of Bph. From these results, it
can be proposed that H-H-Ppr mediates the mutual
relationship between the PYP and Bph domains during the
photoreaction, which would be mediated by tertiary
structural changes. To investigate changes in the tertiary
structure of Ppr during the photoreaction, we carried out
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Figure 10 Schematic reactions of H-A-Ppr, A-H-Ppr, and H-H-Ppr, reveled by the current studies. (ND: not detected)

SAXS measurements. The dark state and red light-
irradiated H-H-Ppr profiles were almost identical (Fig. 9A),

although a slight decrease was found at the peak of 0.04 A",

The red light triggered the photoreaction in Bph only,
indicating that the photoproduct of Bph alone cannot
undergo significant tertiary structural changes. The SAXS
profiles of A-H-Ppr under red and blue illumination also
showed little structural change (Supplementary Fig. S3A).

For H-H-Ppr, the Kratky plots in Figure 9B indicates
apparent changes around Q=0.05 A" upon blue light
irradiation, as cannot be seen in H-A-Ppr (Supplementary
Fig. S3B). Figure 9C shows the time dependence of the
integrated intensity between 0.025 A" and 0.07 A"'. The
intensity increased up to 5 min and then decreased,
indicating that most structural changes occurred in 5 min.
Remembering the photoreaction of H-H-Ppr under blue
light illumination (Fig. 6), the absorbance change also
showed a similar behavior. This suggests that the structural
change is related to the formation of the PYP,-like
photoproduct accumulated during the early phase of the
photoreaction. Furthermore, the integrated intensity
gradually decreased in the late phase of the photoreaction.
Only Bph undergoes photoreaction in this time domain,
while PYP has already reached its photo-steady state, as
seen in Figure 6C. This suggests that the formation of the
PYP,-like photoproduct promotes the tertiary structural
change, while the photoactivation of Bph suppresses the
tertiary structure change triggered by the PYP)-like
photoproduct.

We successfully discovered the condition in which Ppr
undergoes a tertiary structure change during photoreaction.
It was found that the tertiary structural change of Ppr is
responsible for photoreaction of PYP in H-H-Ppr. The
photoproducts and their structural states are summarized in
Figure 10. The difference spectra of H-H-Ppr and A-H-Ppr
upon red light illumination are very close to each other,
indicating that the same photoproduct of Bph (Bph*) is
accumulated in these Pprs regardless of pCA in PYP [H-H-
Ppr (red) and A-H-Ppr (red/blue) in Fig. 10]. On the other

hand, the photoproduct PYP is highly influenced by the
presence of BV in Bph. While H-A-Ppr mainly gave the
PYP, -like photoproduct under blue light illumination [A-
H-Ppr (blue) in Fig. 10], H-H-Ppr containing both the
chromophores of pCA and BV clearly showed the
subsequent equilibrium shift from PYP, to PYP,, [H-H-Ppr
(blue) in Fig. 10]. This suggests that Bph accompanied by
BV influences the chromophore environment of PYP
during photoreaction. This was also confirmed by the slight
shift of the Q band of Bph in H-H-Ppr during PYP,-like
photoproduct formation [H-H-Ppr (blue) in Fig. 10].
Concerning the structural aspects, there are few structural
changes in both H-H-Ppr and A-H-Ppr under red light
illumination, triggering the photoreaction of Bph. Although
H-A-Ppr did not show tertiary structural changes, the
SAXS measurements of H-H-Ppr under blue light
illumination revealed noticeable structural changes. As
mentioned above, H-A-Ppr and H-H-Ppr result in different
major photoproducts under blue light illumination, which
are PYP, and PYP,,, respectively.

Conclusions

From these results, we propose that PYP,, of H-H-Ppr is
an active photoproduct responsible for tertiary structural
changes which can interact with holo-Bph to stabilize
PYP, (Fig. 10). Previous studies on Hh-PYP revealed that
PYP,, is a putative active intermediate that takes a partially
unfolded structure in the N-terminal region [24]. Assuming
PYP,, of H-H-Ppr also undergoes similar structural
changes, it can be expected that the structural change can
affect interaction with the neighboring Bph domain. The
slight shift of the UV-Vis spectrum of Bph depending on
PYP,, accumulation would reflect alteration of the inter-
domain interaction triggered by the structural change in
PYP. For the late phase of the reaction initiated by blue
light irradiation, the UV-Vis measurements indicate that the
photoreaction involves only the formation of the Bph
photoproduct. Within this time domain, the SAXS



measurements revealed that the structural difference
between the light state and the dark state was reduced. We
speculate that the tertiary structure change induced by
PYP,, would partially or fully recover to that of the original
dark state due to photoactivation of Bph. If the tertiary
structure is closely related to histidine kinase activity, the
histidine kinase activity changes triggered by PYP,, would
be retrieved when the photoproduct of Bph is accumulated
by intense blue or red light illumination. In conclusion, Ppr
can modulate histidine kinase activity, which is increased
(or decreased) by blue light and decreased (or increased) by
red light. Further studies on the relationship between
structural changes and histidine kinase activity will provide
clues to understanding the photoregulation of Ppr
responsible for downstream signaling.
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