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Abstract

Phytochrome proteins regulate many photoresponses of plants and microorganisms. Light
absorption causes isomerization of the biliverdin chromophore, which triggers a series of
structural changes to activate the signaling domains of the protein. However, the structural
changes are elusive and therefore the molecular mechanism of signal transduction remains
poorly understood. Here, we apply two-color step-scan infrared spectroscopy to the
bacteriophytochrome from Deinococcus radiodurans. We show by recordings in H20 and
D20 that the hydrogen bonds to the biliverdin D-ring carbonyl become disordered in the
first intermediate (Lumi-R) forming a dynamic microenvironment, then completely detach
in the second intermediate (Meta-R), and finally reform in the signaling state (Pfr). The
spectra reveal via isotope labeling that the refolding of the conserved 'PHY-tongue' region
occurs with the last transition between Meta-R and Pfr. Additional changes in the protein
backbone are detected already within microseconds in Lumi-R. Aided by molecular
dynamics simulations, we find that a strictly conserved salt bridge between an arginine of
the PHY tongue and an aspartate of the chromophore binding domains is broken in Lumi-R
and the arginine is recruited to the D-ring C=0. This rationalizes how isomerization of the
chromophore is linked to the global structural rearrangement in the sensory receptor. Our
findings advance the structural understanding of phytochrome photoactivation.
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Introduction

Phytochromes are photosensory proteins in plants, fungi, algae and bacteria,!-> regulating
vital light and temperature responses.t-8 They function by converting light cues into a
structural signal, perturbing the protein structure and modulating its biochemical activity.
Phytochromes widely share a conserved photosensory core, consisting of the three domains
Per/ARNT/Sim (PAS), cyclic guanosine monophosphate phosphodiesterase/adenylyl
cyclase/FhlA (GAF), and phytochrome-specific (PHY) (Figure 1a). In bacterial
phytochromes, the output domains are connected to the C-terminus of the PHY domain and
a biliverdin chromophore is bound to the PAS domain (Figure 1b).°

Phytochromes can be photoconverted between two states, which are termed Pr and Pfr.
Most phytochromes thermally relax to Pr in the dark within minutes to days. The
photoconversion from the Pr to Pfr involves at least two intermediate states, called Lumi-R
and Meta-R, and takes 1 to 1000 milliseconds, depending on the species (Figure 1¢).10-15 The
photoinduced Pfr->Pr -reaction proceeds via Lumi-F and Meta-F states. Inferred from
observations on a cyanobacterial and a bacterial phytochrome, the Meta-R state involves
proton exchange between the chromophore, protein, and solvent,1314 but the bilin molecule
is fully protonated in Pr and Pfr.16

Atomic structures of the photosensory core in Pr and Pfr states have been revealed by X-ray
crystallography and NMR spectroscopy.17-2> The structural differences between Pr and Pfr
include different chromophore conformations and associated changes of several residues in
the PAS-GAF domains, for example H290 and Y263 (numbering refers to the phytochrome
from D. radiodurans) (Figure 1b).20.23.2627 [n Pr, a conserved salt bridge between R466 and
D207 forms the most direct connection between the chromophore and the so-called
“tongue” of the PHY domain, but in Pfr the salt bridge is absent. The tongue has different
folds between Pr and Pfr.181921.23 Global structural changes of the entire phytochrome have
been reported,?82° probably mediated by the coiled-coil spline helices.2>

Even though the structures of the Pr and Pfr states are available and the photocycle is
determined, the structural changes associated with the intermediate states remain poorly
understood. It is clear that the Pr=>Pfr and Pfr->Pr reactions follow different molecular
mechanisms.30 [n both cases isomerization around the C15=C16 bond of the chromophore
is the first step of photoconversion. The structures of the chromophore and some nearby
amino acids have been revealed by crystallographic analysis of cryo-trapped intermediates
along the Pfr->Pr reaction.3! Similar, a structural model of the chromophore binding pocket
has been obtained for cryo-trapped Lumi-F and Meta-F intermediates by NMR
spectroscopy.32

The structural details of the intermediates along the Pr—>Pfr transition are largely
unresolved. Time-resolved X-ray solution scattering?128 and transient grating
measurements33 have revealed global changes of the full-length phytochromes, but they lack
spatial resolution for atomic details. Vibrational spectra of cryo-trapped Lumi-R and Meta-
R intermediates have been analyzed.3034-37 Ultrafast infrared spectroscopy at room
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temperature has been used to track the isomerization reaction of the chromophore and to
record a spectrum of the Lumi-R state in D20.2638 Moreover, the vibrational spectrum of the
Meta-Rc state has been reported by means of rapid-scan FTIR spectroscopy.3¢ Nevertheless,
the structural insight has been limited by difficulties to connect spectroscopic signals to
structural changes.

For both the Pfr=>Pr and Pr->Pfr reactions it is currently unclear how the isomerization of
the chromophore leads to signal transfer in the protein. A focal point ought to be to find out
how the salt bridge R466:D207 is broken, which is a hallmark of all Pr crystal
structures,1821.22.24 hecause this would free the tongue for refolding. It has been suggested
that this occurs by a transient protonation of the D207 side chain,¢ but this hypothesis
remains untested.

&l

S

K ,\“ 7 -
)
¥ Ii
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Figure 1. The photosensory core of phytochromes. (a) The sensory module comprises the PAS-GAF-PHY
domains, as depicted for a monomer of the bacteriophytochrome from D. radiodurans (pdb accession code:

400P)21, The output domain (not depicted) is located C-terminally of the PHY domain, marked C. (b) The
module binds a biliverdin as a chromophore. Key amino acids are included in the representation of the Pr state
(pdb accession code: 4Q0]).2° The water molecule involved in the interaction of the D-ring is indicated as a red
sphere. (c) Upon red light absorption, the phytochrome from D. radiodurans undergoes a photocycle that can
be reverted by far-red light.

To gain insight into the molecular changes on nano- to millisecond timescales, we use step-
scan FTIR spectroscopy.3?40 The data are recorded at room temperature. This is an
advantage over cryo-trapping as biologically relevant dynamics within the intermediate
states are accessible.#! The step-scan technique has been successfully applied to several
other sensory photoreceptors,#2-46 light-driven ion pumps,*748 photosynthetic reaction
centers,*? and a complex of the respiratory chain,>? but, to the best of our knowledge, not to
phytochromes.3¢ Typically, phytochromes complete the photoreaction within about 800 ms
and the thermal back reversion can take up to days.”?1 These rates prevent full recovery of
the resting state within a reasonable time for spectra processing in step-scan spectroscopy.
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Here, we overcome this hurdle by using the Deinococcus radiodurans phytochrome with its
faster (Pr->Pfr) reaction and by driving the protein back to the Pr state using a far-red laser
flash,21.2851 thereby establishing a novel approach of two-color step-scan FTIR spectroscopy.
While such an approach has been applied previously to other time-resolved techniques,
photochromism has, to our knowledge, not been exploited in step-scan FTIR spectroscopy.
The challenge is the inherent sensitivity to smallest variations in sample recovery when
initiating the reaction at different interferometer positions. The approach allowed us to
measure spectra in the micro- to millisecond time range with low noise levels and to reveal
how the carbonyl groups of the bilin molecule, specific elements of secondary structure, and
side chains undergo decisive changes during the multistep photoreaction.

Results and Discussion

The Photocycle as Revealed by Step-Scan FTIR Spectroscopy. We recorded time-
resolved step-scan FTIR spectra of the monomeric®? and dimeric PAS-GAF-PHY
photosensory module of the phytochrome from Deinococcus radiodurans (DrBphPpsm). A 10-
ns laser pulse at 660 nm initiated the photoreaction. After completion of the spectral
evolution, the protein was driven back to the Pr state using a laser flash at 751 nm (40 ms
duration) and full recovery was confirmed (Figure S1). The transient infrared spectra were
fitted globally to a model of sequential reactions to obtain three species-associated
difference spectra (SADS) (Figure 2a) with lifetimes of 77 us, 1.46 ms and >5 ms (Figure 2b).
The SADS are confirmed by extracting spectra from the raw data in characteristic time
windows (Figure S2). The final SADS (> 5 ms) agrees very well with the Pfr minus Pr steady-
state spectrum (Figure 2a), which confirms that the Pfr state is reached within the allotted
time. In particular, the Meta-Ra and Meta-R. substates, detected for the phytochromes from
Agrobacterium fabrum and Synechocystis sp. PCC 6803,1314 were not separated in our time-
resolved infrared spectra.
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Figure 2. Time-resolved infrared spectra of the DrBphPpsu photoreaction. (a) The global analysis of step-scan
FTIR spectroscopic data of DrBphPpsw yields species-associated difference spectra (SADS) for three
components. SADS for monomeric PAS-GAF-PHY domains are shown. The steady-state FTIR difference spectra
of Pfr minus Pr are included at the bottom (green). The positive signals represent the induced absorption in
the intermediate and product states whereas the negative signals correspond to the disappearance of
absorption from the initial, Pr state. Note that the spectral resolution of the steady-state spectra is higher (2
cm1) than those from step-scan (8 cm). (b) The concentration fraction of each species was derived as a
function of time from the global fit of the FTIR data. Comparing the data (dots) to the fit (line) indicates
excellent agreement. (c) Global analysis of flash photolysis data of dimeric PAS-GAF-PHY yields the
concentration fraction evolution of the three species in the visible for comparison. A more throughout analysis
of the flash photolysis data is presented inZ8.

Comparison to previously determined lifetimes in the visible spectral range by flash
photolysis of 59 ps, 1.03 ms and >20 ms reveals excellent agreement (Figure 2c).21.28 From
this comparison we infer that the three SADS from FTIR (Figures 2a and 2b) represent the
Lumi-R, Meta-R and Pfr states.28 The monomeric and dimeric protein variants show very
similar spectral features and kinetics (Figure S3). We will concentrate on the monomeric
DrBphPpsm in this paper, because it provided the most clear and homogenous data.

Assignment of Signals in the Carbonyl Spectral Region Reveals that D207 is not
Transiently Protonated in the Pr->Pfr Reaction. We used uniformly 13C15N-labeled
protein with non-labeled biliverdin (Figure S4) to separate the chromophore and protein
peaks. The labeling downshifts the amide I and Il modes of the protein backbone by about
45 cm and 19 cm, respectively (Figure S6a), concomitant with shifts of the side chain
modes that include C and/or N atoms. The vibrational frequencies of biliverdin remain
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largely unaffected. In the region of carbonyl stretches (Figures 3a and 3b), most peaks are
insensitive to isotope labeling and therefore originate from biliverdin. Following previous
assignments,3* the negative peaks at 1737 cm! and 1714/1712 cm! originate from the
carbonyl vibrations of the A-ring (C1=0) and D-ring (C19=0) in Pr, respectively. Shifts due to
H/D exchange are indicative of the H-bonding strength of the carbonyl group. The two peaks
downshift in D20 by, respectively, 7 cm1 and 12 cm-! (Figure 3d), which indicates a
somewhat tighter hydrogen bonding coordination of the D-ring C=0 compared to that of the
A-ring.

The final (Pfr) spectrum (Figure 3d) reveals positive chromophore peaks at 1726 cm-! and
1685 cm-L. The strongly different band intensities support their assignment to the A- and D-
ring carbonyls, respectively. The D-ring carbonyl stretch in Pfr is downshifted by >10 cm-!
compared to a “bathy” bacteriophytochrome, which has Pfr as the resting state.>3.54 A small
negative indentation in the Pfr spectrum at ~1695 cm-! originates from the protein, because
it shifts with 13C15N labeling out of the displayed spectral window (Figure S5). A downshift
by H/D exchange of ~8 cm! indicates moderate hydrogen bonding to the C=0 groups in Pfr
(Figure 3d).

The Meta-R spectrum has a positive band at 1730 cm-! (Figure 3e). Figure 3c explicitly
demonstrates that the peak rises and decays with the Meta-R state. The absence of a shift by
labeling of the protein with 13C15N confirms that the peak originates from the chromophore.
The propionic acids of the chromophore are excluded as candidates by the low frequency of
the band>3 and by the small shift by 5 cm! upon H/D exchange (Figure 3e). We exclude a
protonated aspartic acid as an origin for the peak as we did not detect any shift >1700 cm-1
in a sample with all aspartic acids labeled with 13C4 compared to the unlabeled sample
(Figure 3e). Thus, we assign the 1730 cm! band to the D-ring (C19=0). This is in agreement
with assignments on plant phytochrome A.3* The observed small H/D shiftis fully accounted
for by H/D exchange at the biliverdin pyrrole N-H, which we calculate to result in a
downshift of the carbonyl band by 5 cm-! (Figure S6b). This means that the carbonyl of the
D-ring has very weak, if any, hydrogen bond in Meta-R. A rate-limiting (de)protonation
event in the formation and decay of Meta-R is unlikely considering the minor changes in
kinetics of the D-ring carbonyl signal in H20 with Tformation = 77 pus and tdecay = 1.46 ms (Figure
3c) as compared to D20 with Tformation = 130 pus and tdecay = 1.67 ms (Figure 3f).55
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Figure 3. Biliverdin-specific changes in carbonyl vibrations compared to Pr in the monomeric DrBphPepsm. (a)
The spectral range of carbonyl vibrations of non-labeled samples is zoomed from Figure 2. (b) Signals from
the protein moiety are shifted by selective 13C15N-labeling, whereas the biliverdin remained at natural
abundance. (c) The kinetic traces of the raw data at 1730 cm! and 1712 cm! visualize strong changes at the
biliverdin carbonyls over the photocycle. The lower panels show the transient difference spectra in D20 for Pfr
(d), Meta-R (e) and Lumi-R (g) states. Both 13C15N-labeled and non-labeled samples were investigated and
scaled at 1700 cm and 1725 cm, respectively. For comparison, spectra in H20 from upper panels were
included as dashed lines. (e) Bands in the Meta-R spectrum have been assigned with the help of a 13Cs-Asp-
labeled dimeric sample. (f) The kinetic traces of the raw data at 1725 cm! and 1700 cm! of a 13C15N-labeled
sample in D20 visualize the absence of a pronounced kinetic isotope effect. (g) The Lumi-R spectrum shows a
difference band highlighted in grey which is lost in D20 and upon 13C?>N-labeling. Deviations from the baseline
at above 1740 cm! are attributed to an increase in noise caused by the band-pass filter. (h) Pump-probe
experiments at 2.6 ns in D20 with higher spectral resolution are included and scaled at 1710 cm-L. In all spectra,
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negative signals originate from the conversion of Pr, the assignment of the positive signals to the respective
intermediates are indicated.

Importantly, our assignments explicitly exclude that transient protonation of the D207 side
chain occurs in any of the intermediates of the Pr->Pfr photoreaction. If this were the case,
a prominent peak would have been expected in the spectral range from 1710 cm-1 to 1760
cm! (Figures 3a and 3b). Our specific labeling of all aspartic acids demonstrates that the
only candidate peak, which we observe at 1730cm-! in the Meta-R spectrum, is not due to
an aspartic acid.

The D-Ring Carbonyl has a Dynamic Environment in Lumi-R. The step-scan spectra of
the Lumi-R state (Figure 3g) are intriguing because the positive peak of the D-ring carbonyl
is missing and the negative band at 1714 cm'1 (1712 cm! in the 13C15N-labeled sample) has
a strongly reduced intensity as compared to Meta-R or Pfr (Figure 3a). This spectral
evolution can only be explained by a situation in that a broad photoinduced absorption in
Lumi-R overlaps with the bleach, partially cancelling each other out. Indeed, in the Lumi-R
spectrum in D20, positive wings become visible around the downshifted negative peak of
the D-ring carbonyl at 1699 cm-1. Thus, we conclude that the band of the C=0 vibration of
the D-ring in Lumi-R is broadened. This indicates that the D-ring carbonyl experiences a
dynamic chemical environment in Lumi-R.

To back this assignment up, we recorded a spectrum of Lumi-R at an earlier time point of
2.6 ns using a femtosecond pump-probe setup (Figure 3h). The data were recorded in D20
and thus the negative band locates at 1699 cm1. We achieved a higher spectral resolution
of 2 cm 1 with pump-probe spectroscopy as compared to 8 cm-! in the step-scan spectra. The
spectra agree very well in the range >1690 cm! after accounting for the difference in
resolution (Figure S7). Figure S7 also indicates some spectral differences between Lumi-R
at 2.6 ns (pump-probe) and in the microsecond range (step-scan) at < 1690 cm1. This may
indicate that the Lumi-R state evolves on the nanosecond time scale. At the higher resolution
of pump-probe spectroscopy, the positive sidebands flanking the D-ring C=0 peak become
even more visible at 1710 cm! and 1689 cm-! confirming the existence of a photoinduced,
broadened carbonyl peak in Lumi-R (Figure 3h). The two positive peaks are attributed to
either a single broad positive band, which overlaps with the bleach because of a similar
frequency, or to two positive peaks, which appear on both flanks of the spectral position of
the bleach.

Although our assignments for the Pr, Pfr, and Meta-R states are in good agreement with
assignments for cryo-trapped spectra of a plant phytochrome from Avena sativa,3%34 the
Lumi-R state is an exception. In the cryo-trapped Lumi-R spectrum, a sharp positive peak
was observed and assigned to the D-ring C=0 group. Our spectra at room temperature reveal
a broad feature (Figures 3g and h). This observation is in agreement with a Lumi-R spectrum
recorded at around 1 ns of a cyanobacterial phytochrome, which shows a similar broad
pattern but with about 20 cm-1 upshifted C=0 vibrational frequencies.38 This comparison
indicates that dynamics present at biologically relevant temperatures are ‘frozen out’ in the
cryo-experiment.
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In addition, the step-scan Lumi-R spectrum reveals a peak pair at 1689(-) / 1678(+) cm-!
(Figure 3g, highlighted in grey). The pair originates from the protein, because it shifts out of
the presented spectral window upon labeling with 13C13N. Moreover, the peaks are also
shifted out of this spectral window by H/D exchange (Figures 3g and 3h), which excludes
backbone contributions (amide I) as an origin. The most likely candidate for this spectral
signature is the C-N vibrations of an Arg guanidinium group. This signal would downshift by
~30 cm! upon 13C15N-labeling (Figure S6c) and by 60-80 cm! in D20.5¢ The shifted peaks
stay, however, unidentified from the labeled step-scan data or from pump-probe spectra,
because they overlap with contributions from H20 and amide I' signals, respectively. A
similar peak pair (1689(-) / 1678(+) cm) is detected in the Meta-R spectrum (Figure 3e),
whereas the Pfr spectrum reveals only a negative contribution at ~1686 cm-! (Figure S5b).
[t should be noted that a Gln or Asn side chain cannot be fully excluded as candidates for this
signal.>”

Structural Model of the Lumi-R State. To place the spectroscopic findings in a structural
perspective, we generated molecular dynamics (MD) trajectories starting from the crystal
structures of the Pr (trajectory length 500 ns) and Pfr (500 ns) states,2223 and from
simulated structures of the Lumi-R state (multiple simulations totaling 3500 ns). The Lumi-
R structures were obtained by rotating the biliverdin D-ring of the Pr structure clockwise
around the dihedral C4C-CHD-C1D-ND (Figure S8) during 100 ps of force probe
simulations.>8 The resulting dihedral angles between -159 degrees and -167 degrees are in
agreement with the -172 degrees, which were determined using polarization-resolved
infrared spectroscopy for the chromophore in Lumi-R state in the phytochrome from
Synechocystis sp. PCC 6803.26 The dihedral angle is also consistent with the Pfr crystal
structures of the D. radiodurans phytochrome (Figure S8). We found that this conformation
is reached by most simulations only when using clockwise rotation, not anti-clockwise
rotation, in agreement with CD measurements of Rockwell et al.5° All other residues relaxed
freely in response to the new chromophore conformation.

——Mon A Run 1
——Mon B Run 1]
Mon A Run 2
——Mon B Run 2
——Mon A Run 3}
Mon B Run 3|
[——Mon A Run 4|
——Mon B Run 4]
|—— Average

A

0.3 0.4
Distance (nm)

0.2 0.5 0.6

Figure 4. The structure of the chromophore binding pocket as revealed by molecular dynamics simulations of
DrBphPpsm. The electron density (mesh) averaged over the trajectory (see main text) is shown together with a
structure fitted to the density with real-space refinement for Pr (a), Pfr (b), and Lumi-R (c) states. The red
mesh represents electron density of the biliverdin and amino acids and the blue mesh indicates water
molecules. (d) The distance distribution between the D-ring C=0 and the closest water molecule for the Lumi-
R trajectory is bimodal indicating a dynamic structure.
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Figure 4a-4c shows electron densities, which were obtained by averaging the electron
densities of all frames after aligning on the biliverdin rings A-C. In this representation, the
intensity of the resulting densities reflect the occupancy and disorder of the atoms. The
average simulated structure for Pr shows that the D-ring C=0 forms H-bonds with H290 (3.2
A) and a water molecule (Figure 4a),5° in agreement with the crystal structure.21.22 The
hydrogen bond pattern is also in qualitative agreement with the infrared spectra (Figure
3d), which indicate considerable hydrogen bonding strength in Pr. The strong electron
density of the water molecules (blue in Figure 4) indicates that they are stationary in the Pr
trajectory. In agreement with the crystal structures,2122 D207 forms a stable salt bridge to
R466.

In Pfr, the D-ring C=0 has a stable H-bond to H201 (3.2 A, Figure 4b), as also observed in the
crystal structure.??3 Moreover, a H-bond between S468 of the PHY tongue and D-ring C=0 is
also observed. This bonding pattern is in agreement with the infrared spectra (Figure 3d),
where we concluded on moderate hydrogen bonding. D207 forms a stable H-bond to the N-
H of the D-ring. Overall, the Pr and Pfr states agree with the crystal structures and are rather
stable in the simulations. This is in line with the narrow peaks detected in the infrared
spectra of the states (Figure 3).

Differing from the Pr and Pfr conformations, the Lumi-R trajectories indicate highly dynamic
H-bonding patterns for the D-ring C=0. The functional group is bound to one or two of the
NH-groups of R466 (Figures 4c and S11) and to a water molecule, which is present in 60 %
of the simulated frames (Figure 4d). The water is also in hydrogen bonding distance to the
conserved Y263. The hydrogen bond between the D-ring C=0 and R466 was observed in all
four long simulations (of length 1000 ns, 1000 ns, 500 ns, and 500 ns, Figure S13) and the
dynamic water was also present in all trajectories, albeit the occupancies varied (Figure 4d).
The water is recurring several times in the course of a simulation, much faster than the
lifetime of the Lumi-R state (Figure S9, Movie S1). From the MD trajectories, we also
estimated the electric field®! acting on the D-ring C=0 group and found that the distribution
is significantly broader in Lumi-R compared to Pr and Pfr (Figure S12). All of these findings
are in excellent agreement with the detected broad or distributed shape of the D-ring
carbonyl peak in the IR spectra of the Lumi-R state (Figures 3g and h).

Further support for the model is provided by the peak pair at 1689(-) / 1678(+) cm-],
observed in the Lumi-R spectrum (Figure 3g). The peaks indicate a change in the chemical
environment of an arginine side chain. Indeed, the model shows that R466 changes from
being part of the salt bridge to D207 in Pr (Figure 4a) to forming a cyclic cluster involving
D207 and the NH and C=0 groups of the biliverdin D-ring in Lumi-R (Figure 4c). The
lowering in frequency in the experiment is in agreement with a change from the salt bridge
to weaker interactions.>¢ Since the peak pair is also seen in the Meta-R spectrum (Figure 3e),
we conclude that the change around the arginine residue persists in Meta-R. In Pfr, we only
observed the negative part of the peak pair (Figure S5b), which is in agreement with the
crystal structures in Pfr, where R466 points towards the solvent resulting in a broadened
and shifted signal. Moreover, we tentatively assign signals at 1468(-) / 1484(+) cm-1 to the
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corresponding upshift of the asymmetric COO- stretch of D207 (Figure 5a and Sé6c). The peak
pair is downshifted by -17 cm! in the 13C1>N-labeled sample (Figure 5a).

The Lumi-R simulation also reveals that biliverdin isomerization causes rotation of Y176
together with movement of F203, freeing space for H201 to move towards the chromophore
(Figures S11 and S15). This is consistent with the expected position of the residues in Pfr
(Figure S11c),23 providing support to the reliability of the structural model and showing that
the Y176 position directly correlates with the position of the D-ring. We observed that Y176
is connected to the D207-R466/D-ring network via a stable water molecule (Figure S11b).

Taken together, our FTIR data exclude that D207 is transiently protonated. Instead, the MD
model based on the FTIR data indicates that R466 and D207 are recruited to the D-ring
following isomerization. This leads to breakage up of the D207:R466 salt bridge which
transduces the signal to the tongue region.

Conformational Changes of the Protein Backbone Detected Already in Lumi-R. In the
following section, we will analyze the amide I and Il regions of the spectra as reporters of
secondary structure (Figure 5). In structural studies of DrBphPpsy, a refolding of a -sheet
into an a-helix was observed in the tongue region.2 The amide II spectral region is a
particularly sensitive reporter of secondary structure as it is uninfluenced by H20
absorption changes.®? It reveals prominent contributions at around 1564(-) cm'! and
1508(+) cm! in the spectra of Lumi-R and Pfr but much weaker signals in Meta-R (Figures
2a and 5a). 13C15N labeling downshifts the signals in Lumi-R by 18 cm and 23 cm,
respectively (Figure 5a), in accordance with theory for amide II (Figure S6a). The kinetics of
the raw data confirms that conformational changes of protein backbone are detected very
early in Lumi-R and later in Pfr, but not in Meta-R (Figure 5b). The observed changes in the
amide regions of the Lumi-R state may not represent typical secondary structural changes.
Rather, our MD simulations suggest that the backbone changes in the Lumi-R state are small
but located overall in the protein regions (Figure S15).

To identify more details about the nature of the structural changes, we inspect the amide I
spectral region (1695-1615 cm-1). Signals at 1630(-) / 1653(+) cm™! in Pfr minus Pr FTIR
spectra have been assigned to the refolding of the tongue region for the phytochrome from
Rhodopseudomonas palustris (RpBph).63 In DrBphPpsm side chain absorptions of the PAS-
GAF domain conceal these peaks.® Here we show that labeling DrBphPpsmv with13C15N
downshifts the amide I peaks and they become visible at 1597(-) cm'! and 1612(+) cm in
the SADS of Pfr (Figure 5c) and the Pfr minus Pr steady-state spectrum (Figure S14b). The
isotope-induced downshift by 39 cm-! is consistent with the assignment to the 3-sheet / a-
helix transition.

The amide I spectrum of the early changes in Lumi-R and Meta-R deviate from the changes
in Pfr (Figure 5c). In Lumi-R, a small negative peak at 1587 cm! and a large positive peak at
1616 cm! are observed. This confirms that backbone structural changes occur already in
Lumi-R, however that they are of different nature. The bleach at 1597(-) cm! in Pfr is
indicative of the disappearance of the 3-sheet in the tongue. Since this signal is absent in
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Lumi-R and Meta-R we conclude that the 3-sheet in the tongue, albeit with possible small
changes, still exists until the Meta-R state and that the new fold of the tongue develops in
the latest step of the photocycle from Meta-R to Pfr.

That the B-sheet of the tongue first disappears in the transition from Meta-R to Pfr is
consistent with infrared spectroscopic analyses of Meta-R/Meta-F states, trapped by
mutagenesis or at low temperature.>363 The associated millisecond time constant is three
orders of magnitude longer than the intrinsic formation times of secondary structural
elements,®>%6 implying that the inherent unfolding and refolding of the B-sheet and the a-
helix, respectively, are not the rate-determining steps. Instead, additional protein structural
changes, likely those that affect the interface between GAF and PHY domains,21.232467 may
be rate-limiting. Notable is that structural changes in the histidine kinase output domains
occur on the same time scale.?8 Thus the secondary structure of the tongue is a complex
function of the structure of the biliverdin binding pocket and the quaternary state of the
protein, highlighting the tight coupling between refolding of the PHY-tongue, absorption
changes of the biliverdin, and modulation of the output module.

T T T T T L T : T ¥ T
a 0.00005 b +1508 cm™! R c
' S 14 Fit
<
<
8 o
& : 2
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8 T T T ‘6
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Figure 5. Protein backbone signals in the monomeric DrBphPpsum including the p-sheet to a-helix transition.
(a) The amide II signals in Lumi-R, Meta-R, and Pfr states are depicted together with those of the Lumi-R of the
13C15N-labeled sample (purple) scaled at 1714 cml. The characteristic shift upon labeling is indicated by
arrows. Additional signals as indicated for the Lumi-R spectra are found below 1500 cm! at 1468(-) / 1484(+)
cm! and tentatively assigned to an aspartate side chain (b) Kinetics of amide II signals at 1508(+) and 1564 (-
) cm! of Lumi-R show a strong decrease of secondary structural changes towards Meta-R followed by an
increase. The negative difference absorbance at 1564 cm-! has been inverted for clarity. (c) The amide [ region
of the SADS of Lumi-R, Meta-R, and Pfr states of the 13C15N-labeled sample. Signals at 1597 (-) / 1612 (+) in Pfr
are indicative of a B-sheet to a-helical transition in the tongue region. Note that the signals are downshifted by
39 cm ! compared to the non-labeled sample (Figure S14b).

Conclusions

The spectra in the carbonyl region (Figure 3) highlight that the biliverdin D-ring carbonyl
experiences vastly different chemical environments during the photocycle of the D.
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radiodurans phytochrome. From Pr to Lumi-R, the H-bonds of the D-ring become
disordered. In Meta-R, the H-bonds of the D-ring are very weak or lost. Finally, in Pfr, the H-
bond environment is reformed. The spectral signatures of the A-ring carbonyl are much
muter. This highlights that the D-ring is the center of action for molecular
rearrangements,21,2331 but that the A, B, and C rings also adapt to the changes between Pr
and Pfr.2331

In absence of structural data for the intermediate states of the Pr=> Pfr photoreaction, our
model of the Lumi-R state (Figure 4) provides an explanation on how isomerization of the
D-ring couples to the tongue region. We suggest that the D207:R466 salt bridge is replaced
by a hydrogen-bonded cluster consisting of the D-ring C=0 and NH groups, D207, and R466
(Figure 4c). This event may lead to signal transduction between the chromophore and the
C-terminal output domain. Support for the model is provided by the infrared spectra, in
particular by the attenuation of the bleach signal of the D-ring carbonyl in Lumi-R (Figure
3a), the broad positive peak associated with the group (Figures 3g and h), and the detected
peak pair at 1689(-) / 1678(+) cm-1 tentatively assigned to arginine (Figure 3g).2!

Our data show that refolding of the tongue occurs concomitant to the conversion from Meta-
R to Pfr. We also find that prominent changes in the amide I and amide II spectral regions
occur much earlier in the photocycle, indicating backbone changes in Lumi-R (Figures 5a
and S14d). Although our MD trajectory of Lumi-R revealed some changes in backbone atoms
(Figure S15), a definite assignment requires further experiments. It is intriguing that
backbone changes occur in Lumi-R and in Pfr, but that the changes are rather muted in Meta-
R (Figure 5b).

It is interesting to discuss the structural indicators for the Meta-R state provided by our
interpretation of the infrared spectra. The peak pair at 1689(-) / 1678(+) cm-! persist in
Meta-R, indicating that the arginine side chain interacts with some binding partner. The
binding partner in Meta-R cannot be the D-ring C=0 as it is in Lumi-R, because our H/D
exchange infrared spectra indicate no hydrogen bonding for the D-ring C=0. We also learned
that the tongue remains in its B-sheet form in Meta-R, but it must now be disconnected from
the biliverdin. The detected backbone changes in Lumi-R may be preparing the detachment
process. It has also been found that the chromophore slides in its binding pocket between
Pr and Pfr,2331 and it may be that this sliding movement is responsible for the separation of
the D-ring C=0 from R466 in Meta-R.

We find that the Lumi-R state is highly dynamic in structure, at least at around the D-ring
carbonyl. The dynamics of Lumi-R might be instrumental for the further evolution of the
reaction towards Meta-R by sampling multiple pathways. Such finding was only accessible
by a time-resolved experiment at room temperature, because cryo-trapping procedures
would freeze out specific sub-states. More generally, we note that aiding the interpretation
of time-resolved infrared spectroscopy with MD simulations®1.68 may be a fruitful approach,
which is not yet fully explored. The approach adds molecular detail to the interpretation of
infrared spectra and can therefore be useful for the investigation of structural changes in
enzymes.
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Photosensory proteins are molecular machines that translate light signals into biochemical
signals. Here we reveal for bacteriophytochromes, how light-induced photoisomerization of
the chromophore modifies the D207:R466 salt bridge, which connects the PAS/GAF
domains and the PHY tongue region, and how these changes are linked to the quaternary
changes of the protein. The involved arginine and aspartate residues are strictly conserved
and we therefore suggest that this mechanism may apply widely in the phytochrome
superfamily. The observed structural change is a starting point for more extensive
rearrangements such as tongue refolding1819.21 and changes in the output domains.2> It will
be interesting to see the complete molecular mechanism emerge in the future.

Materials and Methods

Details are described in SI Materials and Methods. This section includes information on
expression and purification of PAS-GAF-PHY with isotopic labeling procedures, mass
spectrometry, sample preparation for FTIR spectroscopy, time-resolved two-color step-
scan and steady-state FTIR experiments, flash photolysis, data analysis, femtosecond pump-
probe spectroscopy and MD simulations.

Supporting Information

Comparison of the hydrogen bond strength from experiments and simulations, full recovery
of the Pr state, raw data from time-resolved FTIR spectroscopy, time-resolved FTIR and
visible spectroscopy on dimeric DrBphPpsv, mass spectrometry data of the DrBphPpsm,
difference spectra of Pfr minus Pr from steady-state FTIR spectroscopy, quantum chemical
calculations on the downshift of the amide modes by 13C15N labeling, of the carbonyl mode
of ring D by deuteration, and of the arginine and aspartate modes by 13C15N labeling,
comparison between the Lumi-R spectrum in D20 recorded by step-scan and by pump-
probe infrared spectroscopy and Gaussian fit of the carbonyl region, biliverdin structure and
distribution of torsion angles from the 100 ps force probe simulations, inter-atomic
distances and distributions in monomer A and monomer B during four MD simulations of
Lumi-R, root mean square deviation of the backbone atoms in Pr, Pfr, and Lumi-R
simulations, details on the Lumi-R structure from MD simulations, movie on the dynamics
of the biliverdin, R466, F469 and F198 from the B monomer of the Lumi-R phytochrome
during 1000 nanoseconds of MD simulations, electric field acting on the C=0 (D-ring),
distributions of minimum distances from MD simulations of the Lumi-R state, FTIR signals
of the backbone changes along the photocycle of DrBphPpsym, the conformational changes in
the Lumi-R state, atomic charges and atom types of Pr and Pfr states of the biliverdin
chromophore, atomic charges and atom types of Pr and Pfr states of the Cys24 bound to
biliverdin.
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