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Transient IR spectroscopy identifies key
interactions and unravels new intermediates
in the photocycle of a bacterial phytochrome†

Joachim Kübel, ‡a Manoop Chenchiliyan, ‡a Saik Ann Ooi, a

Emil Gustavsson, a Linnéa Isaksson,a Valentyna Kuznetsova, b

Janne A. Ihalainen, b Sebastian Westenhoff*a and Michał Maj *a

Phytochromes are photosensory proteins in plants, fungi, and bacteria, which detect red- and far-red light.

They undergo a transition between the resting (Pr) and photoactivated (Pfr) states. In bacterial phytochromes,

the Pr-to-Pfr transition is facilitated by two intermediate states, called Lumi-R and Meta-R. The molecular

structures of the protein in these states are not known and the molecular mechanism of photoconversion

is not understood. Here, we apply transient infrared absorption spectroscopy to study the photocycle of

the wild-type and Y263F mutant of the phytochrome from Deinococcus radiodurans (DrBphP) from nano-

to milliseconds. We identify two sequentially forming Lumi-R states which differ in the local structure

surrounding the carbonyl group of the biliverdin D-ring. We also find that the tyrosine at position 263

alters local structure and dynamics around the D-ring and causes an increased rate of Pfr formation. The

results shed new light on the mechanism of light-signalling in phytochrome proteins.

1 Introduction

Phytochromes are photoreceptor proteins that regulate various
physiological processes in plants, bacteria, and fungi.1–5 Their
photosensory module (PSM) comprises a Per/Arnt/Sim (PAS),
a cGMP phosphodiesterase, adenylyl cyclase, FhlA (GAF), and a
phytochrome-specific GAF-related (PHY) domain. Bacterial phyto-
chromes carry a biliverdin chromophore, which contains four
rings (A–D) embedded in the chromophore binding domain
(CBD), formed by the PAS and GAF domains. The connection
between PHY and GAF domains includes a structurally unique
hairpin loop, often referred to as the tongue.6 Phytochromes
typically photoconvert between two stable conformers, termed
as Pr and Pfr based on their respective absorption maxima in the
red and far-red spectral region. Generally, the Pr is the resting
state, and the Pfr is the biologically active state, but in some
bacterial phytochromes, Pfr is the dark-adapted resting state.7,8

The photoconversion is initiated by the light absorption of the
chromophore that induces photoisomerization of the C15QC16
methine double bond between the C and D pyrrole ring, which

triggers the reversible photochromic switch between the Pr and
Pfr states.9,10 Thus, by cycling between Pr and Pfr states, phyto-
chromes act as a light-activated molecular switch that coordinates
key biological processes, essential for the growth and sustainability
of many organisms on Earth.

Upon photoexcitation, the D-ring in the chromophore under-
goes Z to E isomerization that triggers a series of subsequent
changes in the protein structure.11 Previous studies show that, in
bacterial phytochromes, the photocycle involves three intermediate
states named Lumi-R, Meta-Ra and Meta-Rc.12 The first inter-
mediate, Lumi-R, forms from a short-lived excited state within
hundreds of picoseconds.13,14 In tens of microseconds, the
Lumi-R thermally decays to the Meta-Ra state. The subsequent
thermal relaxation to the Meta-Rc, which involves transient
deprotonation of the chromophore, occurs within a few milli-
seconds. Finally, in hundreds of milliseconds, the Pfr photo-
product is formed. A re-protonation of the chromophore occurs
from the external medium in this last step.15

It is known that several amino acid residues surrounding the
chromophore in the binding pocket (Fig. 1) and at the GAF/
PHY-tongue interface are highly conserved in phytochromes.17–19

The collective interactions between these conserved residues
as well as water molecules around the chromophore are critical
for the phytochrome photochemistry, photoisomerization, and
photoconversion.14,20–22 Among various conserved residues, the
Y263 resides close to the chromophore at the GAF/PHY-tongue
interface in bacterial phytochromes. Y263 has been proposed to

a Department of Chemistry and Molecular Biology, University of Gothenburg,

Gothenburg 40530, Sweden. E-mail: michal.maj@gu.se, westenho@chem.gu.se
b Nanoscience Center, Department of Biological and Environmental Science,
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play a significant role in Pr to Pfr photointerconversion.23–26 It
is one of the integral residues that form a hydrophobic cavity
around the pyrrole D-ring.25 Through the interaction with the
D207–R466 salt bridge, the Y263 residue stabilizes the inter-
action between the tongue and the GAF domain that facilitates
the phytochrome to maintain its Pr conformation in the dark.16

In a recent study, we replaced the tyrosine at position 263 with
phenylalanine (Y263F) in the phytochrome from the bacterium
Deinococcus radiodurans and solved the crystal structure of the
PSM.27 The overall fold of the phytochrome was retained by
the mutation. However, the mutation resulted in the tongue
adopting an a-helical conformation regardless of the chromo-
phore state, which suggested an uncoupling between the
chromophore conformation and the protein structure. By com-
bining steady-state FTIR and fluorescence spectroscopy with
the X-ray scattering results, we further proposed the possible
existence of an alternative signaling routes to the tongue to
accomplish the photocycle. In another recent report, we docu-
mented the photocycle pathways of the wild type (WT) DrBphP
phytochrome using step-scan FTIR spectroscopy.28

To unravel the exact photocycle routes of the DrBphP and its
Y263F mutant, we employed ns Vis pump – fs mid-IR probe
spectroscopy that follows the structural changes on the nano-
second to millisecond timescales. There are many studies on
phytochromes in which transient IR techniques are applied;
however, to the best of our knowledge, none of these achieved
to follow the complete photocycle routes from Pr to Pfr
states.14,29–32 The majority of the previous spectroscopic studies
on phytochromes were carried out using either femtosecond (fs)

laser spectroscopy,13,14,30,33 (resonance) Raman,10,11,34,35 or step-scan
FTIR methods.28 These techniques each have a different set of
advantages, but the common problem is their rather limited experi-
mental time window. In fs experiments, the delay between the visible
and infra-red pulses is usually controlled by a mechanical translation
stage, which allows reaching the relative delay of several nano-
seconds, at most. Implementations with two synchronized amplifiers
extend the maximum delay by orders of magnitude, but are rather
sophisticated and costly.33 On the other hand, the usual time
window of step-scan FTIR measurements lies between tens of
nanoseconds and several milliseconds, but recording data over
several orders of magnitude is experimentally demanding and
time-consuming.36,37 Consequently, the photochemical events that
occur after tens to hundreds of ns after the excitation are often not
resolved. The experimental setup used in our study allows us to cover
a much broader range of timescales. Furthermore, the present
pump–probe spectra have a spectral resolution of about 5.5 cm�1

which is higher than the spectra reported in the recent step-scan
study. The higher resolution in our study allows us resolve the
spectral features of each intermediate in the photocycle.28 All the
spectra were recorded at room temperature, which is fundamentally
important for understanding the biologically significant dynamics
within the intermediate states of the photocycle.35,38

The experimental data identify a new state, which forms
before the previously identified Lumi-R state in the photocycle.
We name the new state early Lumi-R. The formation of this
intermediate is sequential and, thus, the state must be an
inherent part of the photocycle. From time-resolved infrared
spectra we identify that the biggest structural changes between
the early and late Lumi-R states are located in close proximity to
the chromophore D-ring.

Our spectroscopic investigation of the Y263F mutant shows
that the Y263 modifies the local structure and dynamics around
the D-ring and has influence on the rate of Pfr formation.

2 Materials and methods
2.1 Expression of the WT and mutant phytochromes

The expression plasmids and the protocols for expression and
purification of CBD-PHY have been published in detail before.23,27 In
brief, the WT and Y263F mutant were expressed in Escherichia coli
strain BL21 (DE3). The biliverdin chromophore was incorporated in
all protein lysates overnight on ice. The uniformly isotope-labeled
protein was expressed in a minimal medium supplemented with
13C-enriched glucose and 15NH4Cl. The proteins were purified using
affinity chromatography (HisTrap HP 5 ml, GE Healthcare), followed
by size exclusion chromotography (Superdex 200, GE Healthcare)
using Äkta pure protein purification system (GE Healthcare). The
purified proteins were eluted in 30 mM Tris–HCl (pH 8), concen-
trated to 10 mg ml�1, and flash frozen. All purifications were
performed in the dark.

2.2 Experimental setup

The steady-state visible absorption spectra were measured
using a commercial UV/Vis spectrometer (Hitachi U-2910).

Fig. 1 The nearest environment of the biliverdin chromophore D-ring
showing positioning and orientation of relevant amino acids involved in
the photoconversion process. Red, cyan and yellow light spots highlight
the D-ring, residue Y263 and the D207–R466 salt bridge, respectively. The
structure is reproduced from PDB ID: 4o0p.16 Hydrogens, protein back-
bone, and water molecules are omitted for clarity.
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The transient IR spectra were measured using a nanosecond
Vis pump – femtosecond mid-IR probe spectroscopy setup. The
samples were excited at 660 nm by a Nd:YAG Q-switched nano-
second laser (Ekspla NT342B, 20 Hz, (3–5) ns). The fs mid-IR
probe laser pulses at 5 kHz were generated using noncollinear
difference frequency generation (NDFG) of the signal and idler
beams produced by a commercial optical parametric amplifier
(Light Conversion TOPAS-Twins, 120 fs) pumped by the output
of a regenerative amplifier (Spitfire Ace, Spectra Physics). The
central wavelength of the mid-IR probe was either 5950 nm, or
6350 nm and the overlapping spectral window were stitched
during the data processing to have complete IR spectra pre-
sented here. The mid-IR probe and a corresponding reference
beam are obtained using a BaF2 wedge. Probe and pump
beams, focused to ca. 120 mm and 250 mm, respectively, are
overlapped at the sample position, with the reference beam
spatially offset. The probe and reference beams, after passing
through the sample, were detected by a commercial spectro-
graph (Horiba i320) equipped with a dual row MCT array with
64 pixels each (Infrared Systems). The pump fluence was set to
4.5 mJ cm�2. In order to recover the protein to the Pr state,
we illuminated an area of approximately 3 � 8 mm around the
pumped spot with a CW solid state laser at 780 nm for ca. 40 ms
prior to each excitation pulse. The fluence was similar or higher
than the one of the pump laser and we verified that the molecules
returned to the Pr state by minimizing the offset at negative times.
To minimize protein degradation the (x, y)-sample stages were
moved synchronized with the acquisition. Due to purely electronic
signal contributions measured on the detector that depend on the
electronic delay (and with intensities similar to those of the light-
induced signal), for each 40 pump shots on the sample with the
shutter open (with pump light going to the sample), 40 pump shots
with the shutter closed (no pump light on the sample) were
recorded on the same sample spot.

The spectral resolution is ca. 5.5 cm�1 when using a grating
with 75 grooves per mm. The samples at (0.5–1) mm in D2O
buffer are placed in a custom sample cell between CaF2 windows
separated by a 25 mm Teflon spacer. The absorption bands of
water vapour were used for spectral calibration. All measure-
ments were performed at ambient temperature, (295 � 2) K.

The electronic delay ti between pump and probe lasers is
controlled between �50 ns and 150 ms. Longer delays are
obtained by calculating signals from the 20 consecutive probe
shots after the ns pump pulse with individual delays of

Dti,n = ti + (n � 1) 200 ms.

All laser shots are recorded and afterwards processed using
home-written Matlab scripts. During data processing the noise
reduction algorithm introduced by Ge is applied.39,40

3 Results
3.1 Steady-state UV/Vis absorption of WT CBD-PHY and its
Y263F mutant

The visible absorption spectra of the DrBphP WT–PSM and Y263F–
PSM phytochromes are presented in Fig. 2. The absorption

maximum of the WT protein in the Pr form lays at 700 nm, and
becomes red-shifted to 750 nm upon photoconversion. The
absorption spectra of the Y263F–PSM mutant are similar to
those of the WT protein. The dark-adapted Pr state of the
Y263F mutant becomes red-shifted by about 2 nm, whereas
the light-induced Pfr spectrum is blue-shifted by B10 nm with
respect to the WT spectrum.

3.2 The photocycle routes in WT and Y263F CBD-PHY
revealed by ns Vis pump – fs mid-IR probe spectroscopy

To probe the photocycle pathways of the WT and Y263F mutant
proteins, transient infrared absorption spectra (Fig. 3) were
measured on nano- to millisecond timescales, which covers the
complete photocycle from Pr to Pfr. To ensure that the Pfr state
is reached within the experimental time window, we directly
compare our transient IR data with the Pfr–Pr difference
FTIR spectra (Fig. S3, ESI†). The spectra were recorded in the
[1470–1740] cm�1 range, which allowed us to simultaneously
follow the chromophore-specific structural changes with the
conformational transitions in the protein backbone.

Transient spectra recorded at early delay times, contain
mainly contributions from the excited-state of the photoexcited
biliverdin chromophore and are fairly similar in shape and
intensity for both WT and Y263F mutant. With the decay of the
excited state, the signal intensity drops considerably for the
wild-type protein; the drop is even more severe in the case of
the mutant.

The data were fitted globally using a five-component and
four-component sequential scheme for the WT and Y263F
mutant, respectively. The resulting species associated differential
spectra (SADS) from the fit of the WT–PSM are presented in Fig. 4,
and compared with the SADS of the Y263–PSM in Fig. 5. The initial
components decaying within the time-resolution of our experi-
ment, that correspond to the excited state, are not shown. The
characteristic lifetimes are listed in Table 1. The five component
approximation applied for the WT data assumes the existence of
four states in the photocycle (excluding the excited state), contrary

Fig. 2 Normalized absorption spectra of WT–PSM (A) and Y263F–PSM (B).
The dark-adapted Pr and the light induced Pfr spectra are respectively
represented by solid and dotted lines.
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to the three states reported in the previous studies. The quality
of the fit is significantly improved using the four state model (see
Fig. S2, ESI†). A new short lived state (of ca. 0.4 ms, black curve in
Fig. 4A) is obtained from our analysis, which was not resolved in
former studies on DrBphP. The lifetimes of the remaining SADS
components, corresponding to the subsequent states in the photo-
cycle, are in good agreement with the earlier reports.6,16,28 We
confirm that these three SADS represent the transitions between
Lumi-R, Meta-R and Pfr states, respectively.

The newly resolved extra state has spectral features similar
to those of the Lumi-R state except the characteristic chromo-
phore absorption above 1700 cm�1. In view of the similarity
between the additional state and the Lumi-R state (red curve),
we infer that this extra state is a Lumi-R sub state, and hereafter
we name these two state as early (black curve) and late (red
curve) Lumi-R states. The presence of the early Lumi-R state in
a phytochrome photocycle will be further addressed in the
discussion section. The existence of the early and late Lumi-R
state is fully reproducible across the data sets and is also
confirmed by the studies on the isotope-labeled protein (see
Fig. S1, ESI†). The population changes as a function of time are
provided in Fig. 4B. No Meta-R sub-states, such as Meta-Ra and

Meta-Rc observed in other species of phytochromes, were
discerned in the transient IR spectra presented in this report.

Fig. 5 compares the SADS obtained for the Y263F–PSM with
the WT counterpart and the characteristic lifetimes of the states
from the Y263F mutant are listed in Table 1. The SADS
corresponding to the Pfr state (Fig. 5A) matches closely with
the steady-state FTIR difference spectrum (Pfr minus Pr,28 and
Fig. S3, ESI†), which indicates that the complete photocycle has
been resolved in the time window of the experiment. The major
vibrational bands in the Pfr state are indicated in Fig. 5A. The
spectral bands around 1518 cm�1 (+) and 1543 cm�1 (�) arise
due to the amide II vibrations. The bands at 1573 cm�1 (+) and
1590 cm�1 (�) result from the chromophore B–C methine
stretches. The peaks at 1680 cm�1 (+)/1699 cm�1(�) and
1718 cm�1 (+)/1729 cm�1 (�) originate from the carbonyl
vibrations of the chromophore D and A ring, respectively.

The SADS obtained from the Y263F–PSM mutant exhibit similar
spectral features as the WT–PSM in each intermediate state. How-
ever, in contrast to the WT protein, we detect only one Lumi-R state.

In the Pfr state, shown in Fig. 5A, four spectral regions, with
the most substantial mismatch between the WT and mutant
samples are highlighted. A negative signal at 1543 cm�1 is
weaker in Y263F–PSM and may correspond to changes of the
Amide II.

Fig. 3 Transient infrared absorption spectra for WT–PSM (A) and Y263F–PSM
(B) at selected delay times. The spectra are shifted by offsets of 3 � 10�4 and
9 � 10�5, in panels A and B, respectively. The gray curves in panel B are raw
data, while the colored curves are smoothed using a Savitzky–Golay filter
(2-order, eight points).

Fig. 4 Time-resolved infrared absorption spectra on DrBphP WT–PSM.
The transient spectra were analyzed globally and the resulting SADS are
presented in A along with their characteristic time constants in microseconds.
The SADS in black, red, green and blue respectively correspond to the early
Lumi-R, late Lumi-R, Meta-R, and Pfr photo-conversion states. The inset shows
the evolution of the transient spectra between 1695 cm�1 and 1725 cm�1 to
emphasize the distinction of early and late Lumi-R state. The evolution of the
normalized populations of each species in the sequential reaction scheme
employed in the global analysis is presented in B.
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The peak at 1622 cm�1, which presumably comes from the
Amide I vibration of b-sheets, and negative peaks at (1630 and
1650) cm�1, are considerably weaker in Y263F–PSM. The positive
peak associated with the chromophore D-ring carbonyl vibrations at
1679 cm�1 in WT–PSM is red-shifted by 6 cm�1 in Y263F–PSM. We
also observe some minor differences in the spectra corresponding to
the chromophore A ring carbonyl vibrations (Z1700 cm�1).

The spectra of the Meta-R states of WT and Y263F mutant largely
agree (Fig. 5B). The features in the range of (1600–1650) cm�1 likely
correspond to structural changes in the protein backbone and are
not significantly influenced by the mutation. A deviation is the lack
of the positive band at 1620 cm�1. The characteristic signal of
the D-ring carbonyl in Meta-R at 1730 cm�1 for the WT is not
found for the mutant. Instead, a broad positive band is found
just below 1680 cm�1. This could indicate that the D-ring
carbonyl remains H-bonded in the meta-R state in the Y263F
mutant.

A comparison of the spectra between the wild type and
Y263F mutant in the first photocycle intermediate, Lumi-R, is
presented in Fig. 5C. To simplify the figure, the subtle distinc-
tion between the early and late Lumi-R states in WT–PSM is
excluded. The amplitude of the spectral band corresponding to
the Amide I vibrations of b-sheets, around (1610–1630) cm�1, is
considerably weaker in Y263F–PSM compared to the WT–PSM.

The photoinduced positive peak of the WT–PSM chromo-
phore D-ring carbonyl vibrations is broad and at the same
position as the bleach of the D-ring carbonyl.28 It can be seen as
two peaks at 1690 cm�1 and 1710 cm�1, which mark the wings
of the peak. While the D-ring carbonyl bleach signature is
clearly visible in the Lumi-R spectrum of the mutant, the broad
peaks around that band suggest a likewise dynamic H-bond
environment in the Lumi-R state as was suggested for the WT.28

In contrast to the generally matching spectra of the states
involved in the photocycle, the dynamics of WT–PSM and
Y263F–PSM are characterized by different Meta-R - Pfr rates.
The time-dependent concentration changes of each species in
the WT and mutant protein are presented in Fig. 5D. The total
population of the species at all time points are normalized to
unity. In the Y263F mutant, the Meta-R is depopulated two to
three times faster than in the WT–PSM.

4 Discussion
4.1 The revisited photocycle of the wild-type CBD-PHY

The photocycle of the DrBphP has long been assumed to involve
three intermediate states, i.e. the Lumi-R, Meta-Ra, and Meta-
Rc. However, it is also known that the photocycle exhibits quite
substantial variations across species. For instance, the meta-Ra
and Meta-Rc states, which are distinguishable in cyanobacterial
(Cph) phytochrome, are yet to be discovered in DrBphP.

The presence of two Lumi-R states is not entirely unexpected
as the inherently difficult timescale of tens to hundreds of ns is
often not accessible in common experimental setups especially for
time-resolved infrared spectroscopy. Our setup uses electronic
synchronization of fs and ns lasers of very different repetition
rates, enabling us to determine the dynamics of the early and late
Lumi-R states and beyond in a single experiment. Furthermore,
we have shown that the spectral differences between early and late
Lumi-R states are rather small and mostly involve the nearest
environment surrounding the D-ring carbonyl stretch vibration of
the chromophore. We also observe an additional minor disparity
between the early and late Lumi-R around 1625 cm�1, which

Fig. 5 Comparison of the SADS between WT–PSM (dotted curves) and
Y263F–PSM (solid curves). The spectra from WT protein that correspond
to different photo-conversion states are similarly colored as in Fig. 4. The
SADS components presented in panel A and B correspond to the Pfr,
Meta-R states. The lone Lumi-R state of the Y263–PSM is compared with
the early (black dotted curve) and the late (red dotted curve) Lumi-R states
of the WT–PSM in panel C. The major vibrational bands are indicated in A
according to the previous assignments.27,28,41–43 The Y263F mutant has
similar spectral features in every state as the WT sample except at the
spectral regions highlighted by arrows. The mutant signal is scaled a factor
of 2.5. Panel D shows the evolution of the normalized populations of each
SADS species in the sequential reaction scheme employed in the global
analysis for WT–PSM (dotted lines) and Y263F–PSM (solid lines).

Table 1 Decay times of the phytochrome photocycle intermediates
(Lumi-R and Meta-R) and the photoproduct, Pfr, in microseconds

Samples Lumi-R Meta-R Pfr

WT–PSM 0.37, 88a 2135 c3000
Y263F–PSM 72 666 c3000

a Decay times of early and late Lumi-R states.
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could indicate a possible rearrangement of a secondary structural
element in the protein (Fig. 4A). The shifts cannot be assigned to
the excited state, because they occur on the hundreds of nano-
second time scale and the excited state has a lifetime of several
hundred picoseconds.14 For SaBphP1 (from organism Stigmatella
aurantiaca) a 100 ns-process was assigned as deactivation pathway.33

In contrast, the similarity of early and late Lumi-R spectra
observed here suggests a successive occurrence of the two states.

Based on our experimental findings, we propose a refined
model of the DrBphP photocycle. The schematic of the photo-
chemical transitions in the photocycle is depicted in Fig. 6a.
The red light illumination at 660 nm initiates the photocycle.
Within hundreds of ps after the excitation, the first Lumi-R
intermediate is formed. The early Lumi-R state then thermally
relaxes to the late Lumi-R state with a lifetime of about 0.4 ms.
Within 88 ms the late Lumi-R thermally relaxes to the Meta-R
state, consistent with earlier data.28 We do not show distinct
sub-Meta-R states as they have not been detected in our
experiment. Eventually, with a time constant of ca. 2 ms, the
Pfr state is reached,13,44 with the nearest environment around
the chromophore adapted to the new protein conformation.
The Pfr state converts back to the Pr state either in the dark or
after illumination with 780 nm. The reverse photocycle is not

presented, but it has been shown that it proceeds through
Lumi-F and Meta-F intermediates.45 It is yet to be determined if
distinct Lumi states form in the reverse photocycle.

As observed by us previously,28 the positive band corres-
ponding to the D-ring CQO group, which is observed either in
the early or late Lumi-R spectra, appears to be significantly
broader compare to the cryo-trapped Lumi-R spectrum.41,46 The
broad peak indicates that the carbonyl vibrations of the D ring
experiences a dynamic chemical environment in both Lumi-R
substates:28 molecular modelling was used to show that a
highly dynamic H-bonding patterns exists around the D-ring
CQO, which is bound to one or two NH groups of R466 and to a
single water molecule. The water molecule was also in a close
proximity to the conserved Y263 residue. Based on the new
Lumi-R state found in the present paper, we suggest that the
structural redistribution around the D-ring carbonyl occurs
sequentially and is an intrinsic part of the photocycle.

Although it is the first time to resolve two distinct Lumi-R
states in a bacterial phytochrome, more complex photocycles
have been reported for plant phytochromes. Most importantly,
the existence of two sequential Lumi-R states has been pre-
viously proposed by Zhang and co-workers for the oat
phytochrome.47 The dynamics of those two Lumi-R states was
elucidated by laser photolysis spectroscopy and the lifetimes
measured at 283 K were found to be 7.4 ms and 89.5 ms for the
early and late Lumi-R states, respectively. Despite the fact that
the two Lumi-R states could not be resolved at room tempera-
ture in their study, the lifetime of the late Lumi-R at 283 K is in
reasonable agreement with our experiments. We are currently
investigating if the early structural changes found in the oat
phytochrome correspond to the same mechanism as in the case
of DrBphP studied here.

4.2 Alternative photocycle routes in Y263F–PSM

The conserved residues around the chromophore in phyto-
chromes have long been regarded as essential residues for the
photoconversion and the stability of the resting and biologically
active states. The functional importance of many of these residues
has been investigated using site-specific mutations.25,48–50 The
Y263 is one of the hydrophobic residues, along with Y176 and
F203, in DrBphP that provides an adjustable hydrophobic
surrounding to assist the amphipathic chromophore D-ring in
both Pr and Pfr states.25 In a recent report on Y263F, the possibility
of an alternative signaling route in this mutant has been
suggested; however, the complete photocycle has not been
experimentally assessed.27

Analysis of the transient infrared absorption spectra of the
Y263F mutant suggests faster dynamics for the Pr - Pfr
transition. This may be rationalized based on earlier reports
(such as ref. 27) showing the decoupling of the tongue structure
from the chromophore in the Y263F mutant. The presence of
Pfr-like secondary structure in the Pr state of the mutant
reduces the degree of structural reorganization needed for the
photoconversion. As suggested for the Y263F mutant of
DrBphP,27 and previously for the Y263F mutant of Cph1,51 we
observe a reduced quantum yield for the Lumi-R formation.

Fig. 6 Comparison of the photocycle pathways between WT–PSM
(A) and Y263F–PSM (B). The states involved in the reverse photocycle
from Pfr to Pr are not studied in this report.
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Noteworthy, the scaling factor of 2.5, which was applied to the
mutant spectra shown in Fig. 5, is consistent with the relative
quantum yield determined in the case of the related Cph1
mutant.51

Nonetheless, our data show that similar dynamics occur up
to the meta-R state. This can be interpreted in terms of
redundant signalling components in DrBphP: despite the
decoupling of a specific signaling route, such as tongue refolding,
the protein remains photo-switchable. We find that the consecutive
nature of protein dynamics initiated by light excitation persists in
the Y263F mutant. The photocycle pathway of the Y263F mutant is
illustrated in Fig. 6b.

It has been reported that the protein backbone experiences
conformational changes in the Lumi-R and Pfr but not in Meta-
R state.28 This indicates that the backbone structure adapted
during the Lumi-R state carries on to the Meta-R state, although
with minor changes. The simulated Lumi-R structure of the WT
DrBphP shows that the Y263 residue is within a hydrogen
bonding distance to a water molecule.28 According to the crystal
structure of the Y263F mutant, such hydrogen bond can no
longer form.27 As a consequence, the local environment around
the chromophore D-ring may be significantly altered. The
discrepancies noticed in the Lumi-R and Pfr spectra of the
WT protein and the mutant support this hypothesis. Most
notably, the changes at (1580–1630) cm�1 between WT an
Y263F mutant are consistent with different structure of the
protein backbone in the Lumi-R state of the Y263F mutant.
Actual structural information of sub-states during photoconversion
is sparse; notably, for a bathy phytochrome (an Agp2 variant from
Agrobacterium fabrum) the crystal structure of the meta-F state
(considering the Pfr–Pr transition) could be solved.34

It has been suggested earlier that the dynamic chemical
environment present in the WT Lumi-R is critical for the
further evolution toward the Meta-R by sampling multiple
pathways.28

Earlier reports suggest that weaker interactions with the
Y263 residue destabilize the tongue region and, thus, the
phytochrome is more likely to adopt a Pfr-like structure.27,52

This could also have implications for the reduced light respon-
siveness of the Y263F mutant, which is characterized by a lower
yield of formation of the Lumi-R state.27

The spectrum of the Pfr state of Y263F indicates that
structural changes also occur around the chromophore in the
final photoproduct. The solved Pfr crystal structures of the WT
DrBphP show that the CQO group of the D-ring has a stable
hydrogen bond to H201. Moreover, the carboxylate group of
D207 forms a hydrogen bond with S468, which is located in the
tongue region, as well as with the Y263 in the GAF domain. The
Y263 moves closer to the tongue as the D-ring flips and slides in
the Pfr state.48 The stable hydrogen bond between the chromo-
phore D-ring CQO and H201 in the Pfr state features a narrow
IR peak pair at 1679 cm�1 (+)/1699 cm�1 (�) in the WT
protein.28 However, this band pair becomes broader in Y263F
and the position of the positive band is red-shifted by 6 cm�1,
indicating a modified local environment for the chromophore
D-ring in the Pfr state of Y263F. This is well in line with a

computational evidence of OH–p interactions between Y263 and
the chromophore D-ring.53 Furthermore, the observed spectral
mismatch between WT and Y263F above 1700 cm�1 possibly
suggest that the structural arrangement around the chromo-
phore A-ring in the Pfr state is also affected by the mutation.
Despite the mentioned differences in the IR spectra, the struc-
ture of the Pfr state most likely closely resembles that of the WT
protein, as evidenced by the recent crystallographic data.

5 Conclusions

In this report, we employed transient absorption spectroscopy
in the IR to study the complete photocycle pathways of CBD-PHY
from DrBphP and its Y263F mutant. The broad experimental
time window combined with high spectral and temporal resolu-
tion of the applied technique allowed us to deliver new structural
insights about the light-induced photoswitching process in
bacterial phytochromes. For the first time, we have provided
the experimental evidence for the existence of two sequentially
forming Lumi-R states, which differ by the local environment
around the carbonyl group of the chromophore D-ring. The early
Lumi-R state, which forms directly from the excited state, decays
with a lifetime of ca. 400 ns, whereas the late Lumi-R state is
characterized by a much longer lifetime of 88 ms.

The experiments on the Y263F mutant confirmed that Y263
is a key residue that controls the structural evolution around
the D-ring carbonyl throughout the photocycle.

The mutation does not completely inhibit the phytochrome
from reaching the biologically active state, although the struc-
tural evolution is altered. This observation points to the earlier
suggestion of the redundancy of components involved in the
signaling pathway.
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