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Introduction

Light- and temperature-dependent dynamics of
chromophore and protein structural changes in
bathy phytochrome Agp27

Galaan Merga,® Maria Fernandez Lopez,” Paul Fischer,® Patrick Piwowarski,’
Zaneta Nogacz,® Anastasia Kraskov,” David Buhrke, (2 £°

Francisco Velazquez Escobar,” Norbert Michael,” Friedrich Siebert,©

Patrick Scheerer, 29 Franz Bartl® and Peter Hildebrandt {2 *°

Bacterial phytochromes are sensoric photoreceptors that transform light absorbed by the photosensor
core module (PCM) to protein structural changes that eventually lead to the activation of the enzymatic
output module. The underlying photoinduced reaction cascade in the PCM starts with the isomerization
of the tetrapyrrole chromophore, followed by conformational relaxations, proton transfer steps, and a
secondary structure transition of a peptide segment (tongue) that is essential for communicating the
signal to the output module. In this work, we employed various static and time-resolved IR and
resonance Raman spectroscopic techniques to study the structural and reaction dynamics of the Meta-F
intermediate of both the PCM and the full-length (PCM and output module) variant of the bathy
phytochrome Agp2 from Agrobacterium fabrum. In both cases, this intermediate represents a branching
point of the phototransformation, since it opens an unproductive reaction channel back to the initial
state and a productive pathway to the final active state, including the functional protein structural
changes. It is shown that the functional quantum yield, i.e. the events of tongue refolding per absorbed
photons, is lower by a factor of ca. two than the quantum yield of the primary photochemical process.
However, the kinetic data derived from the spectroscopic experiments imply an increased formation of
the final active state upon increasing photon flux or elevated temperature under photostationary
conditions. Accordingly, the branching mechanism does not only account for the phytochrome's
function as a light intensity sensor but may also modulate its temperature sensitivity.

These structural changes may either lead to the formation of an
interaction site for a reaction partner as suggested for plant

Phytochromes are ubiquitous photoreceptors for controlling physiologi-
cal processes in plants, bacteria, and fungi." They convert light energy,
absorbed by a tetrapyrrole chromophore, into structural changes
of the protein, which initiate the downstream signaling cascade.
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phytochromes,>* or to the activation of an enzymatic output module,
typically a histidine kinase, in prokaryotic phytochromes.*”
The light-induced reaction sequence starts with the photoisomerisa-
tion of the chromophore to switch between a ZZZssa (Pr state) and
ZZEssa configuration (Pfr state), followed by structural relaxations of
the chromophore and the immediate protein environment up to the
stage of the Meta intermediate states (Fig. 1). The subsequent
protein structural changes that take place during the final step of
the reaction cascade comprise a secondary structure transition of the
tongue segment in the PHY domain between a largely a-helical and a
B-sheet structure.® This transition is then coupled to further
extended secondary and/or tertiary structural changes and, in bac-
terial phytochromes, eventually communicated to the output
module.®®

Detailed information about the molecular processes asso-
ciated with the decay of the Meta states has been accumulated
for the bathy phytochrome Agp2 (Agrobacterium fabrum) in
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Fig. 1 Simplified reaction scheme of the photocycle of bathy phyto-
chrome Agp2. The states in the dotted boxes on the left and right side
include the chromophore in a ZZEssa and ZZZssa configuration, respec-
tively. The states in the red and blue shaded regions possess an a-helical
and B-sheet tongue segment, respectively. Thus, the reactions k; and k>
reflect the a-helix — B-sheet secondary structure transition of the tongue
and the thermal ZZZssa — ZZEssa chromophore isomerization, respec-
tively. The thermal Pr — Pfr reversion ks involves both processes.

which Pfr is the resting state (Fig. 1).>°"* Structural, spectro-
scopic, and theoretical studies have identified several molecu-
lar events in the chromophore binding pocket that are linked to
the structural changes of the tongue, including the deprotona-
tion of the ring C propionic side chain (propC) of the biliverdin
(BV) chromophore and the repositioning of key amino acid side
chains including Arg242, Arg211, Tyr205, His278, Tyr165, and
Phe192.">'* Of particular importance is the proton transfer from
propC to His278,'° that is assisted by Arg211 and Tyr165."* This
proton translocation exerts two functions. First, it is essential for the
structural transition of the tongue. Experimental and theoretical
studies on Agp2 variants with site-specific amino acid substitutions
and chemically modified BV chromophores indicate that the
protonation-linked changes of the electrostatics in the chromophore
binding pocket constitute the main determinant for inducing the
protein structural changes.""'* Second, proton transfer from propC
to His278 promotes the thermal back conversion to the Pfr state
(reaction step k; in Fig. 1).

However, for the photosensor core module (PCM) of Agp2 also
an alternative thermal back conversion route has been recently
discovered.” 1t starts with the formation of Meta-F and leads
directly back to Pfr without undergoing the protein structural
changes during the Meta-F to Pr transition (Fig. 1). A similar side
reaction was found for the photoconversion of Pr of the prototypical
phytochrome Agp1 also from A. fabrum suggesting that branching
between a productive and unproductive route is a general phenom-
enon of phytochromes. However, so far, this reaction mechanism

18198 | Phys. Chem. Chem. Phys., 2021, 23,18197-18205

View Article Online

PCCP

has only been detected for the truncated PCM variants while it
remains to be shown for full-length phytochromes, which is the
main objective of the present study. Furthermore, we ask for the
parameters, which control switching between both reaction path-
ways. Employing resonance Raman (RR) and infrared (IR) spectro-
scopic techniques, it is shown that the branching mechanism
substantially reduces the photoreceptor’s yield of functional struc-
tural changes per absorbed photon. The consequences of these
findings for the sensory functions of phytochrome are discussed.

Material and methods

Materials

The full-length Agp2 (Agp2-FL) and the photosensor core module of
Agp2 (Agp2-PCM) were expressed and purified as described
previously.”>'* For spectroscopic experiments, the protein was
dissolved in buffer (50 mM Tris/HCl, 5 mM EDTA, 300 mM NacCl,
pH7.8) and concentrated using a Micropore 30 kD filter to a
concentration of 50-90 mg mL ™.

Spectroscopic measurements

Photoconversion of the sample was achieved by irradiation the
Pfr (Pr) state at 785 nm (660 nm) using a light-emitting diode,
providing a photon flux of ~2 x 10** (3 x 10%°) photons per m>
per s. To establish a pure Pfr state as a starting point for the
experiments, the sample was irradiated with 660 nm for 120 s at
ambient temperature.

For IR measurements the protein samples were placed in sample
holders with a 6 um PTFE-spacer. In cryogenic IR experiments, the
sample was cooled to the desired temperature with an OptistatTN-
cryostat (Oxford Instruments) and the dark spectrum was recorded
using a Bruker IFS66v/s spectrometer (2 cm™ ' and 4 cm ™" spectral
resolution at a time resolution of ca. 120 and 30 ms, respectively)
equipped with a mercury cadmium telluride (MCT) detector (J15D
series, EG&G Judson). The light-induced spectrum was recorded
during irradiation for 0.5 or 120 s. The difference spectra calculated
from the single-channel spectra before and after irradiation were
preprocessed with the OPUS 7.5 software package (Bruker Optics,
Karlsruhe, Germany).

Rapid scan IR measurements were performed with a Vertex
80v FTIR Spectrometer (Bruker Optics, Karlsruhe, Germany)
equipped with a liquid N2 cooled MCT detector (Kolmar
Technologies, Newburyport, MA, USA). Data acquisition rate
and time resolution were 300 kHz and ca. 120 or 30 ms at 263 K.
The single turnover illumination was performed with a 10 Hz
pulsed Nd:YAG Powerlite 9010 LASER as pump source for a
Horizon II optical parametric oscillator (Continuum, San Jose,
CA, USA) set to 760 nm. After each illumination the protein was
allowed to relax thermally to its dark adapted Pfr state. The
presented data consists of an average of 80 single turnover
measurements of the same sample. Difference spectra were
calculated using averaged spectra recorded ca. 35 s before laser
illumination as the reference. The IR data were analyzed via a
SVD and rotation procedure as well as a subsequent global fit
algorithm implemented in Octave 4.2.1."®"” Further global fit
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analyses were performed with Origin 2019 (OriginLab Corpora-
tion, Northampton, MA, USA).

RR measurements were performed using a Bruker Fourier-
transform Raman spectrometer RFS 100/S with 1064 nm excitation
(Nd-YAG cw laser, line width 1 ecm™"), equipped with a nitrogen-
cooled cryostat from Resultec (Linkam). All spectra were recorded at
90 K with a laser power at the sample of 780 mW. In order to
identify potential laser-induced damage of the phytochrome sam-
ples, spectra before and after a series of measurements were
compared. In no case, changes between these control spectra were
determined. For each spectrum the accumulation time was ca. 1 h.
Photoconversion was achieved by irradiation with 785 nm for 1 min
at the specified temperature. After irradiation and, in the case of
freeze-quench RR experiments, a subsequent delay time in the dark,
the sample was rapidly cooled to 90 K for RR measurements. The
cooling rate was ca. 1 K s™* such that within ca. 10 s the thermal
processes of the protein were slowed down by a factor of 2-3 and
essentially quenched after 30 s. RR spectra of the pure photoconver-
sion products were obtained by subtracting residual contributions
of the non-photolyzed Pfr. The spectra of individual states were
analyzed by a band fitting procedure assuming Lorentzian band
shapes. These Lorentzian functions obtained from the fits were then
combined to yield the component spectrum of the respective state,"”
which were used for a quantitative analysis of the spectra obtained
from samples irradiated at different temperatures and different
subsequent dark periods.

Results

Resonance Raman spectroscopy of cryogenically trapped
photoconversion products

Intermediates of the Pfr photoconversion of Agp2 are obtained
by irradiation of the dark state for 60 s at temperatures
sufficient to block the thermal decay of the target intermediate.
Immediately after irradiation, the sample is rapidly cooled to
90 K for RR measurements (Fig. 2). Mutual spectra subtraction
of the unphotolyzed state and, if required, a global compo-
nent analysis, yield the pure spectra of the respective
intermediates.'”"® The same procedure was employed to obtain
the spectrum of the Pr state whereas in this case the sample was
irradiated at ambient temperature. In this study we are parti-
cularly interested in the Meta-F and Pr states which display very
similar RR spectra.'® They mainly differ with respect to the
position of the N-H in plane bending mode of the rings B and C
which in Meta-F is observed at 1553 cm™* but it is upshifted to
1571 cm™ ' in Pr (Fig. 2). Further differences refer to bands of
the enol tautomer in Pr (Fig. S1, ESIT).'® Irradiation of the
sample at temperatures up to 253 K does not lead to the
formation of Pr during the 60 s irradiation period as indicated
by the lack of the 1571 cm ™" band (Fig. 2). Only at temperatures
of 263 K and higher we note contributions of Pr but at T >
273 K the Pfr contribution prevails. Similar results were
obtained for Agp2-PCM, which displays essentially the
same RR spectra of the intermediates and parent states as
Agp2-FL.">"
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Fig. 2 RR spectra of Agp2-FL measured at 90 K immediately after
irradiation the sample with 785 nm at different temperatures as indicated
in the figure. The blue, green (top), and red traces (bottom) refer to the
pure spectra of Pr, Meta-F, and Pfr, respectively. The same color code
holds for the peak labels that mark the C-D stretching (1622, 1619, and
1600 cm~! in Pr, Meta-F, and Pfr, respectively) and the N-H in-plane
bending of rings B and C (1571, 1553, 1549 cm™ in Pr, Meta-F, and Pfr,

respectively). In addition, for Meta-F the weakly Raman-active B-C

stretching mode is observed at 1585 cm™.

Freeze-quench resonance Raman spectroscopy

To probe the thermal decay processes of Meta-F, we have
irradiated the Pfr state of Agp2-FL samples at 243 and 253 K
to start with an essentially pure Meta-F state. In these experi-
ments, the sample was irradiated for 60 s at a given tempera-
ture (irradiation temperature), followed by relaxation times in
the dark from 0 to 11 minutes. Subsequently, the relaxation was
quenched by rapid cooling to 90 K. At this temperature, the RR
spectra were measured (Fig. 3 and Fig. S2, ESIT) to allow the
direct comparison with the spectra of the pure states obtained
at the same temperature (Fig. S1, ESIT). Note that the spectrum
measured after freeze-quenching immediately following irra-
diation actually refers to a relaxation time of 60 s (corres-
ponding to the irradiation period) since relaxation starts with
the onset of the irradiation.

For the series of measurements with irradiation tempera-
tures at 243 and 253 K the contribution of Pfr increases with the
relaxation time as reflected by the growing in of the character-
istic Pfr bands in the region between 1500 and 1700 cm ™'
(Fig. 3 and Fig. S2 ESIt), which is most appropriate for
distinguishing between the various (intermediates) states of
phytochromes. Concomitantly, the bands related to Meta-F
decrease but there is no indication of a (transient) formation

Phys. Chem. Chem. Phys., 2021, 23,18197-18205 | 18199
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Fig. 3 RR spectra of Agp2-FL measured at 90 K after irradiation the sample
with 785 nm at 243 K for 60 s () and keeping the sample in the dark for
different times o, corresponding to total relaxation times of t,, + ¢ (indicated in
the figure). The red, green, and gray traces refer to the component spectra of
Pfr, Meta-F, and the apoprotein, respectively. No contribution of the Pr
spectrum (blue trace, top) was detected at any delay time.

of the Pr state, shown by the lack of RR intensity at 1571 cm ™"

(Fig. 3). In fact, a global analysis of all experimental spectra was
achieved with fidelity, solely on the basis of the component
spectra of Pfr and Meta-F and the contribution of the apopro-
tein (Fig. 3 and Fig. S2, ESIt). The relative spectral contribu-
tions of Pfr and Meta-F (I;.1,;) were then converted to relative
concentrations (cre1;) by determining the relative RR cross
sections (f;;,)."> These quantities were evaluated by relating
the intensity of the strongest chromophore band to that of the
phenylalanine breathing mode of the protein (1005 cm™ ") as an
internal standard in the spectra of the pure states (Fig. S1,
ESIY). Accordingly, the RR cross section of Pfr was found to be
ca. two times higher than that of Meta-F (equal to the keto form
of Pr). Thus, the relative spectral contributions of all n species
involved were normalized to 1.0 according to eqn (1)

Creli *frei ! (1)

Creli =

Z Crel,i 'f;r,iil
1

and plotted as a function of the relaxation time (Fig. 4). The
data were then described by kinetic simulation of the three-step

18200 | Phys. Chem. Chem. Phys., 2021, 23, 18197-18205

View Article Online

PCCP

t/s
0 100 200 300 400 500

600 700

1.0
0.8~
0.6 - ®

04. 243 K

rel. conc.

0.2+

0.0+

1.0
0.8 °
0.6 253 K

0.4~

rel. conc.

0.2+

0.0+

0 200 400 600 800 1000 1200

t/s

Fig. 4 Relative concentrations of Pfr of Agp2-FL as a function of the
relaxation time after irradiation at 243 K (top, red symbols) and 253 K
(bottom, blue symbols). The data were determined from the RR spectra in
Fig. 3 and Fig. S2 (ESIT) as described in the text. The solid line represent
simulations according to a kinetic model discussed in the text.

reaction scheme (Fig. 5) including the decay routes of Meta-F to
Pr (k,) and Pfr (k,) as well as the reaction from Pr back to Pfr (k)
(Table 1).

Static IR difference spectroscopy

Irradiation-induced IR difference spectra of Agp2 were mea-
sured as a function of the temperature and irradiation time
(Fig. 6). For the full-length protein, the difference spectrum at
248 K, corresponding to the Meta-F/Pfr difference spectrum, is
similar to that at 183 K (Lumi-F/Pfr) inasmuch that no changes
in the amide I band region are detected. The only difference
between Lumi-F and Meta-F is a small 1 cm ™" shift of the C—=0
stretching of the protonated propC. Increasing the temperature
to 283 K leads to a decrease of the latter band concomitant to
the growing in of positive and negative bands in the amide I
band region. The amplitudes of the latter signals only slightly
increase upon raising the temperature to 293 K. However,
increasing the irradiation time from 0.5 to 120 s causes a
substantial increase of the amide I signals such that one can
clearly detect the formation of the B-hairpin and B-sheet
structures (positive signals at 1641 and 1621 cm™ ') in the Pr
state at the expense of the coil and a-helical segments (negative
signals at 1630 and 1656 cm ™ ') of the Pfr state. It is generally
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Fig. 5 Kinetic model for the reactions of Meta-F. The black and red
arrows indicate thermal and photochemical reactions.

accepted that these spectral changes reflect the restructuring
of the tongue segment in the PHY domain."®?® Concomitantly,
the C=O0 stretching at 1756 cm " has disappeared indicating
the deprotonation of the propC.

The PCM variant of Agp2 shows a different behavior com-
pared to the full-length protein (Fig. 6). Short irradiation times
(0.5 s) at 273 and 283 K do not cause appreciable changes in the
amide I band region and also propC remains protonated.
Increasing the irradiation time to 120 s, however, substantially
enhances the difference signals, particularly pronounced in the
region of the C=O stretching of ring D. Furthermore, distinct
signals in the amide I band are now detectable and their
amplitudes increase with increasing temperature to 293 K,
accompanied by the disappearance of the positive propC signal.
Finally, the difference spectra of Agp2-FL and Agp2-PCM at
293 K and 120 s irradiation time become similar albeit not
identical: the band originating from the ao-helical segment is

View Article Online

Paper
Agp2-FL
C=0{1799 prop
6) L 3
=
183K A
vV b A 273K
O o =
248 K\ /oA ]
3 Bx
2 I, N
A A3
y, g A\ 283K
283 K|o—/ » \\ V V\i
o
Jin} \/\ 3
' T O
293K\"\/ ‘!‘ /\/ EL .
z TIRE
/\‘2 k\ /"\V V/\ \ 293 K
293K n\ij w/\/ 5
L~/ L )4 iy g
3 2 8 g 1697 =

1600 1650 1700 1750 1600 1650 1700 1750
viem™ viem™

Fig. 6 IR difference spectra of Agp2-FL (left) and Agp2-PCM (right)
measured during irradiation with 785 nm and at different temperatures,
as indicated in the figure. Gray traces refer to irradiation times of 0.5 s
(both Agp2-FL and Agp2-PCM) whereas blue and red traces represent the
spectra with 120 s irradiation time of Agp2-FL and Agp2-PCM, respectively.
The right panel (bottom) includes a comparison of the Agp2-PCM (red)
and Agp2-FL (blue) both measured during an irradiation time of 120 s at
293 K. The red- and blue-shaded regions highlight the signals referring to
the formation of the B-sheet (positive signals) and the decay of the a-helix
structure (negative signals) of the tongue, respectively. The green-shaded
region marks the C—O0 stretching of the protonated propC.

hardly visible in the Agp2-PCM spectrum which, in addition,
shows a weaker positive C—=0O stretching of ring D, due to the
lower contribution of the keto tautomer at pH 7.8."°

Table 1 Rate-constants determined for the decay of Meta-F and Pr from time-resolved spectroscopic measurements?®

T/K & k, ks Method

Agp2-FL 243 0.005 s * 0.010 s * 0.0009 s~ * FQ-RR
243 <0.01s7* 0.008 s * — IR
253 0.015 s+ 0.020 s7* 0.0018 s+ FQ-RR
253 <0.02 st 0.022 s7* — IR
263 0.15s™" > 0.15s" 0.0027 s " IR
283 115" > 1.0s" 0.015 s~ * IR
293 — — 0.022 571 uv
Activation energy” 8ok M ! 70 kg M * 40Kk M?

Agp2-PCM 243 <0.005 5" 0.0058 s~ * — IR
253 <0.015 s " 0.013 57" — IR
263 0.13 57! > 0.15s " 0.0036 s+ IR
283 0.87s ! > 095! 0.021 s * IR
293 9.0s* 9.0s* 025" TR-RR
293 - - 0.12 st uv
Activation energy” 85 kg M ™! 90 kg M 80 Ky M™!

¢ IR, rapid-scan IR; FQ-RR; freeze-quench RR; UV, transient UV-vis absorption, data taken from ref. 14; TR-RR, pump-probe time-resolved RR, data
taken from ref. 15. The average error associated with the rate constant determination was estimated to be ca. 10%. ° Estimated from Arrhenius
plots (Fig. S10, ESI). The average error of the activation energies was estimated to be between 15 and 30%, depending on the number of data points.
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Rapid scan IR difference spectroscopy

To determine the dynamics of the protein structural changes, a
set of time-resolved IR difference spectra of Agp2-FL were
recorded at temperatures between 243 and 283 K and analyzed
by SVD and subsequent global fitting. At 243 K (Fig. 7A) and
253 K (Fig. S4, ESIf) the two main component spectra are
essentially identical and agree very well with the Meta-F/Pfr
difference spectrum (¢f. Fig. 6), characterized by the lack of
signals in the amide I region and the shift of the propC signal
from 1750 (in Pfr) to 1757 cm ™" (in Meta-F). In this sense, the
distinction of two quasi-identical components has no physical
meaning. This is also true for the time traces (Fig. 7B and
Fig. $4, ESIt) which for each component can be described by a bi-
exponential function with the same time constants but different
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Fig. 7 Single value decomposition (SVD) and global fit analysis of the data
sets of rapid scan IR difference spectra of Agp2-FL measured at 243 (A and
B) and 283 K (C and D). The component spectra are shown in the left panel
whereas the right panel presents the global fits to the temporal evolution
of the first (red) and second component (blue). The red- and blue-shaded
regions in the component spectra highlight the signals referring to the
formation of the B-sheet (positive signals) and the decay of the a-helix
structure (negative signals) of the tongue, respectively. The green-shaded
region marks the C—0 stretching of the protonated propC.
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amplitudes. Accordingly, the kinetic data of the rapid scan IR
measurements exclusively refer to the decay of Meta-F directly back
to Pfr. The respective rate constant k, (Fig. 5) was determined by the
amplitude-weighted kinetic traces of the two components (Table 1).

The rapid scan IR experiments at 263 and 283 K reveal a different
behavior (Fig. 7C, D and Fig. S5, ESIt). Here, the SVD analysis yields
two different component spectra corresponding to the Meta-F/Pfr
(red) and the Pr/Pfr (blue) difference spectra. In principle, the decay
of the Meta-F/Pfr component should reflect the transitions both
from Meta-F to Pfr (k,) and to Pr (k;). The latter rate constant also
determines the rise time of the Pr/Pfr difference spectrum. However,
for both 263 and 283 K, the decay time of the Meta-F/Pfr and the rise
time of the Pr/Pfr components were the same within the experi-
mental and fitting accuracy. This implies that at these temperatures
the direct decay from Meta-F to Pfr cannot be resolved in the present
IR measurements and must be faster than the transition to Pr,
consistent with the results obtained at lower temperatures (Table 1).

Similar results were obtained from rapid-scan IR experi-
ments of Agp2-PCM as shown in Fig. S6-S9 (ESIt). We also
re-analysed the previously published pump-probe time-
resolved RR data in terms of the three reaction steps &, &,
and k; (Fig. S4, ESIf)."> These data as well as the kinetic
data from time-resolved UV-vis absorption spectroscopy for
the Pr — Pfr back reaction (k3) are listed in Table 1.

Discussion

Vibrational spectroscopies have been widely used to study the
structural and reaction dynamics of proteins, covering a wide range
from femtoseconds to seconds.>** However, application of time-
resolved IR and RR spectroscopy to phytochromes is still not routine
work but represents a considerable challenge,””**>* since the
specific kinetic and spectral properties of the photoreceptor imposes
severe constraints on the experiments.

In this work we have employed different RR and IR spectroscopic
techniques to analyse the decay processes of Meta-F for Agp2-PCM
and Agp2-FL. Each technique has its specific advantages and draw-
backs. Rapid scan IR spectroscopy is not able to distinguish between
the reaction steps k; and k, which are both associated with the
decay of the same component spectrum. Freeze-quench RR spectro-
scopy can overcome this obstacle but the time-resolution is too poor
to extend the approach to temperatures higher than 260 K. Pump-
probe time-resolved RR spectroscopic experiments require large
amounts of sample such that they were restricted to Agp2-PCM at
ambient temperature.' Finally, transient UV-vis absorption spectro-
scopy has a sufficient time-resolution and low sample demands but
suffers from the lack of spectral resolution, ie. it is no able to
distinguish between Meta-F and Pr. Thus, we have taken the results
obtained by various techniques to compile a limited data set which,
however, allows for an approximate quantitative kinetic analysis on
the basis of the simplest reaction scheme shown in Fig. 5.

Branching mechanism in Agp2-FL and Agp2-PCM

The IR and RR spectroscopic analysis of full-length Agp2
revealed a direct transition of the Meta-F state to Pfr. Thus,
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as in Agp2-PCM," the decay of Meta-F proceeds via two routes
in Agp2-FL, i.e., a decay directly to Pfr prior to the o-helix/B-
sheet conversion of the tongue (k,) and a reaction via Pr that
involves this secondary structure change in the first step (Meta-
F — Pr; ky) and its reversal in the second step (Pr — Pfr; k3)
(Fig. 5). The respective rate constants are comparable for Agp2-
PCM and Agp2-FL. Only the Pr — Pfr back reaction (k3) is faster
in Agp2-PCM, particularly at higher temperatures. This is also
reflected by the activation energies E, which are - within the
accuracy of the limited number of data - in general similar for
Agp2-FL and Agp2-PCM except for the distinctly lower value for
k3 in Agp2-FL (Table 1 and Fig. S10, ESIt). Taking into account
that all three processes represent complex reaction sequences,
in a first approximation the activation energies estimated in
this work may be associated with the respective rate-limiting
steps. Accordingly, the data for k; and k, point to similar
activation energies for the secondary structure transition and
chromophore isomerization (90-70 k] mol ™). Indeed, values of
this magnitude have been reported for peptide unfolding.**-3*
For the thermal double bond isomerization of tetrapyrroles no
reference data are available such that we compare the present
results with calculations for retinal chromophores.***” In these
computational studies, the authors underline the importance
of protein-chromophore interactions to lower the energy bar-
rier for double bond isomerization which otherwise are clearly
overestimated. This argument most likely also holds for the
protein-bound tetrapyrroles in phytochromes where thermal
isomerization is accelerated due to the involvement of a keto-
enol tautomerisation as discussed previously.'® In view of these
considerations it is quite surprising that the rate constants and
activation energies for the Pr — Pfr conversion (k;), including
chromophore isomerization and tongue refolding, differ sub-
stantially between Agp2-FL and Agp2-PCM. It might be that the
presence of the output module does not only affect the keto-
enol equilibrium of the tetrapyrrole'® but also the isomerisa-
tion kinetics.

Molecular events controlling of the branching reaction

The Meta-F state is the starting point for two competitive reactions.
In this state, the chromophore adopts a relaxed ZZZssa geometry
and is protonated at both the ring B and C pyrrole nitrogens and
also propC carries a proton. It has been shown that deprotonation
of propC is a prerequisite for the gross structural transition of the
tongue that takes place during the decay from Meta-F to Pr (k),
presumably due to the substantial change of the local electric
field."* Furthermore, the proton transfer from propC to His278
transiently stabilizes a reactive enol tautomer that thus can initiate
thermal isomerization of the C-D methine bridge to yield a ZZEssa
chromophore.'°

Accordingly, we now ask if deprotonation of propC precedes
the Meta-F to Pr decay (k; - tongue refolding) or also the Meta-F
to Pfr back reaction (k, - chromophore isomerisation). The
present kinetic data do not provide an unambiguous answer
but in this context it is interesting to refer to previous results on
Agp2-PCM variants which do not form the Pr state.'* In these
variants, the only route for Pfr recovery goes via the direct

This journal is © the Owner Societies 2021

View Article Online

Paper

reaction Meta-F to Pfr (k,) which is ca. 200-3000 times slower
for the truncated Agp2-PCM variants Y165F, Y165F/F192Y, and
Agp2-PAIRFP2 (which form a final photoproduct that is not Pr)
than for wild-type Agp2-PCM. The Agp2-PCM variant R211A,
however, shows only a slightly slower Pfr recovery (3 times).
These differences can be related to specific structural proper-
ties. Whereas in the Meta-F state of R211A, propC is only partly
deprotonated (pK, ~ 7.5) and the chromophore shows a small
enol population, the propC pK, of the other three variants is
distinctly higher than 9 and no enol contribution can be
detected at pH 7.8. These observations imply that the fast
Meta-F to Pfr reaction is linked to the transient proton-
coupled enol formation of the chromophore that is facilitated
compared to the other variants with much slower Meta-F to Pfr
reactions. Thus we conclude that deprotonation of propC is in
general a prerequisite for the thermal isomerization of the
chromophore in Meta-F of Agp2 and hence is the molecular
event that precedes the branching point.

Photostationary conditions

Due to the interference with the branching reaction, static IR
light-induced difference spectroscopy critically depends not
only on the temperature but also on the irradiation time. For
strictly sequential reaction cascades, variation of the irradiation
time can solely affect the extent of product formation and thus
the amplitude of the difference signals. In contrast, for the
branched reaction mechanism in Agp2 with its rapid short-cut
back reaction to the dark state (Fig. 5), variation of the irradia-
tion time may cause changes of the photoproduct distribution
as shown in Fig. 6 by the appearance of new difference signals
and altered relative signal amplitudes comparing spectra with
120 s and 0.5 s irradiation time. These changes reflect the time-
dependent development of the photostationary equilibrium.
In fact, one can easily show that with increasing irradiation time the
stationary concentration of Pr increases (Fig. S11, ESIt). In the same
way, one can rationalize the deviations between the Pr/Pfr difference
spectra of Agp2-FL and Agp2-PCM under identical irradiation
conditions since then the stationary Pr concentrations depends
on the thermal rate constants k&, k,, and k;, which differ between
the full-length and the truncated PCM variant.

More importantly, the branching mechanism has significant
consequences for the function of phytochromes since it substan-
tially reduces the efficiency by which light absorption leads to a
physiological response. Assuming a photochemical quantum yield
of the Pfr — Lumi-F conversion in Agp2 that is similar to Agp1,*
only 8% of the photoexcited Agp2 reaches the Meta-F state. With a
ky/k, ratio >1 for the rate constants of Agp2-FL at ambient
temperature (¢f Table 1), it follows that only a fraction of less than
4% of the originally photoexcited molecules decays to Pr under
secondary structure refolding of the tongue, a prerequisite for
communicating the light signal to the output module and inducing
a physiological response in bacterial phytochromes. Accordingly,
one may readily understand the low yield of Pr formation (ca. 6%) in
the bathy phytochrome PaBphP1 from Pseudomonas aeruginosa.>®
Thus, the branching mechanism supports and modulates phyto-
chrome’s function as a light intensity sensor,” implying that the
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probability for initiating the downstream physiological processes
increases with the photon flux. This is illustrated by a simulation of
the Pr formation for the limiting case of photostationary conditions
in Fig. S11 (ESIY).

In addition, phytochromes have also suggested to serve as
temperature sensors.*™** The underlying molecular mecha-
nism is not known. Early proposals claim temperature-
dependent structural changes,*' but also the interplay between
photoconversions and thermal reversions may provide a possi-
ble explanation.*® This is specifically true if the light-dependent
distribution between the active and inactive parent states (Pr,
Pfr) is modulated two temperature-dependent transitions as
discovered in this work (Fig. S12, ESIf).
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