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Phytochromes are photosensor proteins found in plants, fungi, and bacteria. They photoswitch between red
light absorbing (Pr) and far-red light absorbing (Pfr) states. Thermal reversion in the dark, however, is an
equally important factor in controlling their signaling levels. Phytochromes are generally dimeric proteins,
therefore, mixed PrPfr states are possible. These states have been implicated in dark reversion studies of
plant phytochromes, but not in bacterial phytochromes. Here, we investigate the dark reversion kinetics of
the 'bathy’ phytochrome from P. aeruginosa (PaBphP) using UV-Vis absorption spectroscopy. A single set of
time-resolved spectra does not conclusively reveal the presence of a mixed PrPfr state, as both a direct
Pr — Pfr model or a sequential Pr — PrPfr — Pfr model fit the spectral kinetics. However, a systematic
analysis of dark reversion kinetics with varying Pr/Pfr ratios can only be satisfactorily fit by the sequential
model, which indicates the presence of an intermediate PrPfr state. A newly designed monomeric variant of
PaBphP provides strong support for this interpretation. Temperature-dependent kinetics revealed similarly low
activation energies for the dark reversion processes of both proteins, consistent with a previously proposed
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1 Introduction

Many organisms rely on photoreception to adapt to changing
environmental conditions."” Among various light-sensing sys-
tems, phytochromes are red light-detecting photoreceptors that
regulate physiological responses in plants, fungi, and bacteria.*”
In plants, they control essential processes like seed germination,
chloroplast development, and flowering,® ® while in bacteria, they
regulate pigmentation, motility, and biofilm formation.”™" There-
fore, the phytochrome photocycle is extensively studied for bio-
technological applications, as well as for the engineering of
optogenetic tools and near-infrared fluorescent markers used in
microscopy and cell biology.'*"?

Phytochromes are typically homodimeric proteins with a
modular structure.'* Each monomer consists of an N-terminal
photosensory module (PSM), responsible for light sensing, and a
C-terminal output module (OPM), which mediates signal trans-
duction. In some cases, additional N-terminal extensions may
also contribute to the effector function of the protein. The PSM is
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dark reversion across the dimer, which we propose to be a contributing factor in phytochrome signaling.

composed of three functionally distinct domains: PAS (Per-
ARNT-Sim),"> GAF (cGMP phosphodiesterase/adenylate cyclase/
FhlA),"® and PHY (phytochrome-specific domain), and contains a
bilin cofactor that serves as the chromophore.'”

Phytochromes interconvert between two structurally distinct
states: the red light-absorbing Pr state (Amax & 700 nm, for
bacterial phytochromes) and the far-red-light-absorbing Pfr
state (Amax & 750 nm). These states are associated with distinct
biochemical properties and, consequently, different signaling
activities.'®'® Based on the relative free energies of these states,
phytochromes are classified as either canonical, the most
common type with a thermally stable Pr state, or reverse-
activated (bathy), in which the Pfr state is thermodynamically
favored (Fig. 1(a)).”** In the absence of light, phytochromes
thermally revert to their resting state.

Canonical and bathy phytochromes have been extensively stu-
died using spectroscopy and structural biology methods. Most of
these studies focus on understanding the sequence of events during
photoactivation.”***” They show that upon photoactivation, the
chromophore undergoes isomerization around the C15—C16 bond,
followed by a series of structural changes through intermediate
states (7.e., Lumi-F/R and Meta-F/R).>*>° Crystal, NMR, and cryo-EM
structures of phytochromes in both the Pr and Pfr states have been
solved.’”*1™> Of particular interest are two recent crystal and cryo-
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Fig. 1 The phytochrome photoswitches between Pr and Pfr states, and chromatography confirms the oligomeric states of the two protein samples. (a)
Conformational differences in the biliverdin structure distinguish the Pfr (=750 nm) and Pr (~700 nm) states, which are reflected in their steady-state
absorption spectra. (b) Preparatory SEC analysis of FL-PaBphP-D and PSM-PaBphP-M, revealing their oligomerization state. The shaded region indicates the
fraction collected for FL-PaBphP-D. For PSM-PaBphP-M, the collection zone was around the peak maximum. (c) Analytical SEC of FL-PaBphP-D in Pr and
Pfr state confirms that the protein is predominantly dimeric. The slight shift in the retention time between the states likely reflects conformational changes.

EM structures, which reveal phytochromes in mixed Pr/Pfr
heterodimers.***” However, it remains unclear how these inter-
mediate states are formed.

The dark reversion has been studied in both plant and
bacterial phytochromes,'®>*?7:28:33:3538748 with  studies on
plant phytochromes providing the most detailed insights,
including differences in activation energy across various tem-
perature ranges,*® the presence of PrPfr hybrid states,*® and
temperature-dependent kinetics that allow phytochromes to
function as temperature sensors.'>*> Plants also have multiple
isoforms of phytochromes, which contribute to varying dark
reversion rates, allowing for more complex adaptation to dif-
ferent environmental conditions.*!

In bacterial phytochromes, the dark reversion process is less
well understood. While dark reversion is commonly used as a
standard assay in structural and biochemical studies of phyto-
chromes, only a few detailed studies have been conducted.***>*%"
However, a hybrid PrPfr state has not been observed as part of the
dark reversion process in bacterial phytochromes yet.

In this study, we systematically investigate the dark rever-
sion kinetics of a bathy phytochrome from Pseudomonas aeru-
ginosa (PaBphP). By comparing the wild-type full-length dimer
(FL-PaBphP-D) with a newly designed monomeric variant (PSM-
PaBphP-M), we provide clear evidence for the presence of PrPfr
states as intermediates in the dark reversion process for the
wild-type protein. This finding suggests a novel allosteric
mechanism between the two protomers.

2 Materials and methods

2.1 Recombinant protein production

The plasmid used for the recombinant expression of the full-
length P. aeruginosa phytochrome contained the PaBphP insert
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(GenBank: AAG07504.1) with a C-terminal Hisestag and a
pET28a(+) backbone (Novagen). The plasmid used for the
recombinant expression of the P. aeruginosa phytochrome
PAS-GAF-PHY mutant fragment contained the PaBphP insert
(GenBank: AAG07504.1) with a C-terminal Hisestag and a
pET24a(+) plasmid backbone (GenScript). To facilitate biliver-
din incorporation during expression, all the phytochrome con-
structs were co-expressed with a heme oxygenase plasmid,
kindly provided by Prof. Janne A. Thalainen. The plasmids were
transformed into BL21(DE3) Escherichia coli strain for
expression.

Cells were grown in LB medium supplemented with 50 pg
mL ™" kanamycin and 34.5 ug mL ' chloramphenicol at 37 °C
until reaching an ODgoo of 0.8. Expression of PaBphP and
heme oxygenase was induced by the addition of 1 mM IPTG and
1 mM 5-aminolevulinic acid. Protein expression was carried out
overnight at 18 °C.

2.2 Protein purification

Cells were re-suspended in 10 mL of lysis buffer per gram of
pellets (50 mM Tris-HC], pH 8.0, 150 mM NacCl, 5% glycerol),
supplemented with one tablet of EDTA-free protease inhibitor
(cOmplete Protease Inhibitor Cocktail, Roche) and 10 U mL ™"
DNase I. Lysis was carried out by sonication on ice at 70%
amplitude for 5 min, with 5 s pulses on and 10 s pulses off. The
supernatant was collected after centrifugation at 20 000g for 35
min (JA 14.50 rotor, Beckman) and was briefly incubated with a
molar excess of biliverdin hydrochloride. The lysate was pur-
ified by Ni-NTA affinity chromatography using a HisTrap HP
5 mL column (Cytiva). The bound protein was washed with
wash buffer I (50 mM Tris, 50 mM NaCl, pH 8.0) and wash
buffer II (50 mM Tris, 1 M NaCl, pH 8.0), and eluted with
elution buffer (50 mM Tris, 50 mM NacCl, 300 mM imidazole,
pH 8.0). This was followed by size-exclusion chromatography

This journal is © the Owner Societies 2025
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using a HiLoad 16/600 Superdex 200 pg column (Cytiva) in wash
buffer I. The purified protein was then flash-frozen for storage.
There was no further buffer exchange when conducting the
spectroscopic measurements. The buffer used for the final
spectroscopic measurements is wash buffer I (50 mM Tris, 50
mM NaCl, pH 8.0).

2.3 Design of monomeric variant

The mutant plasmid was designed using only the PSM of the
protein, excluding the histidine kinase module, to promote mono-
merization with minimal mutational changes. Mutation sites were
selected based on amino acid properties and spatial proximity
(within 4 A). 1294E and V298E mutations were introduced into the
wild-type sequence to replace hydrophobic residues with charged
glutamate residues (Fig. 2(a)). The mutant plasmid was generated
using GenScript’s site-directed mutagenesis service.

2.4 UV-Vis absorption spectroscopy

Steady-state UV-Vis absorption measurements were performed
using a Shimadzu UV-1900i spectrophotometer equipped with
LabSolutions UV-Vis software (Version 1.13). For dark reversion
kinetics, 100 sequential UV-Vis spectra scans were recorded at
45-second intervals with a delay of 4 seconds between diode
illumination of the phytochrome samples and the start of each
measurement. We verified that the choice of sampling rate did
not influence the kinetics. For time-dependent diode illumina-
tion experiments, samples were exposed to a 780 nm light-
emitting diode (LED) for durations ranging from 6 to 60 seconds.
Temperature-dependent measurements were conducted by irra-
diating the phytochrome samples with a 780 nm LED for
120 seconds at temperatures ranging from 10 °C to 35 °C.

ILE294

Fig. 2 Design and structural prediction of truncated monomeric mutant
PaBphP construct. (a) Locations of 1294E and V298E mutation sites in the
wild-type, truncated structure, highlighting their spatial proximity. (b)
AlphaFold prediction of the wild-type truncated sequence as a dimer,
showing proper dimerization and a conformation comparable to the
crystal structure. (c) AlphaFold prediction of the [294E/V298E mutant in
its monomeric form, showing proper folding of the monomeric unit.
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2.5 Calculation of Pr/Pfr fraction in diode illuminated
phytochrome

To determine the relative amounts of Pr and Pfr in the
illuminated samples, we first acquired absorption spectra for
the pure Pr and pure Pfr states. The pure Pfr spectrum was
recorded after incubating the sample in the dark for approxi-
mately three hours. The pure Pr spectrum was recorded after
illuminating the sample with a 780 nm LED for 120 seconds.
The concentrations of Pr and Pfr in the illuminated sample
were determined by fitting the initial spectrum obtained after
illumination to the following equation:

I(;“) = X‘IPfr(/l) + (1 - X)’IPr(’l) (1)

Here, I(A), Ips(4), and Ip(A) are the intensity of experimental,
pure Pfr and pure Pr spectra respectively. X and (1 — X)
represent the fractions of Pfr and Pr, respectively. We assume
that no sample degradation happens during the dark reversion
process.

2.6 Global kinetic analysis

The time-resolved absorption data were globally fitted using
two kinetic schemes: a direct model and a sequential model
(further detailed in eqn (3)-(8)). For both models, the analysis
relied on a set of basis spectra representing the pure chemical
species. The basis spectrum for the initial PrPr state was
defined as the first spectrum measured after illumination,
while the basis spectrum for the final PfrPfr state was defined
as the last spectrum of the kinetic series. The spectrum for the
intermediate species, PrPfr, was assumed to be the average of
these initial and final basis spectra (Fig. 3).

The initial conditions for the kinetic models were set
according to the type of experiment. For temperature-
dependent dark reversion measurements, we used maximal
illumination times (120 seconds) and therefore the system
was assumed to start in a pure PrPr state, with initial fractional
populations of PrPr, PrPfr, and PfrPfr set to 1, 0, and 0,
respectively. For illumination-dependent measurements, the
initial spectrum of each kinetic trace was first fitted as a linear
combination of pure Pr and Pfr spectra. The resulting ¢
(eqn (9)) were then used to calculate the starting fractions of
PrPr, PrPfr, and PfrPfr (eqn (10)-(12), see Fig. 5(c)), which
served as the initial conditions for the subsequent global fit.
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Fig. 3 Basis spectra used for the global fitting of FL-PaBphP-D using
sequential model.
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To ensure a realistic assessment of parameter uncertainty,
we employed the profile-likelihood method to calculate con-
fidence intervals, as it systematically maps the true error land-
scape and is robust to parameter correlations. The boundary of
the confidence interval is defined by a threshold value for the
residual sum of squares (RSS), determined by varying one
parameter while optimizing all others. Any set of parameters
having an RSS value above this threshold is considered statis-
tically inconsistent with the data. The threshold is calculated
using the following formula:

RSScutofr = RSSpest <l + ]\fpr&}?ﬁ (pproﬁley N - pfu11)>7 (2)

— DPrull

where RSSpes is the minimum residual sum of squares
obtained from the best fit of all parameters, pg, is the total
number of fitted parameters (2 in our investigation), pprofite iS
the number of parameters being profiled (i.e. 1, as each para-
meter is profiled individually), and N is the effective number of
data points. We estimated this to 6Niimes, Where Nimes are the
number of time delays and the factor 6 was estimated based on
that the spectra have approximately 6 different observable
features. F,(pprofile,N — Prun) is the inverse of the F cumulative
distribution function for a significance level o (e.g., o = 0.05 for
a 95% confidence interval) and evaluated to 3.857 for our
chosen parameters.

3 Results

3.1 Design of monomeric variant

To study the dark reversion kinetics as a function of the
oligomeric state of PaBphP, we prepared a truncated, mono-
meric variant of the protein. Mutations 1294E and V298E were

View Article Online
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introduced into the PSM to disrupt dimer formation by weak-
ening hydrophobic interactions and introducing electrostatic
repulsion (Fig. 2(a)). This mutational strategy was motivated by
previous studies on the canonical phytochrome from Deinococ-
cus radiodurans, which showed that glutamate substitutions at
L311 and L314 and a cysteine mutation at F145 positions in
DrBphP effectively disrupted dimerization and produced stable
monomers.*>>> Our AlphaFold predictions supported that
these mutations would disrupt the dimer interface while main-
taining proper monomer folding. Structural models of both the
wild-type and mutant truncated proteins were generated using
the GenBank sequence AAG07504.1, in both dimeric and
monomeric forms. While the wild-type sequence was reliably
predicted to form a stable dimer (Fig. 2(b)), AlphaFold did not
predict a stable dimeric structure for the mutant variant.
However, it successfully predicted a stable monomeric fold
for the mutant (Fig. 2(c)), indicating that the introduced muta-
tions disrupted dimerization without compromising the native
folding.

3.2 Size-exclusion chromatography

To confirm the oligomeric states of the full-length protein (FL-
PaBphP-D) and the truncated mutant (PSM-PaBphP-M), we
performed size-exclusion chromatography (SEC). Preparative
SEC (Fig. 1(b)) showed that FL-PaBphP-D (blue trace) predomi-
nantly forms dimers, indicated by a major peak at lower elution
volumes (68-72 mL). A minor peak at 7-8 mL suggests a small
monomeric population. The shaded region marks the fraction
collected for further analysis. In contrast, PSM-PaBphP-M (red
trace) showed a single peak around 88 mlL, consistent with
monomeric species. Analytical SEC of the FL-PaBphP-D frac-
tion, performed both in the dark and under continuous 780 nm
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Fig. 4 Both, the sequential and direct model fit the dark reversion kinetics of FL-PaBphP-D and PSM-PaBphP-M reasonably well. UV-Vis spectra
recorded over time during dark reversion for (a) FL-PaBphP-D, and (d) PSM-PaBphP-M. Kinetic traces at 700 and 750 nm with global fitting by direct and
sequential model for (b) FL-PaBphP-D and (e) PSM-PaBphP-M. Dashed lines represent the global fit with a direct model, while solid lines show the fit
using a sequential model. Residual of global fitting at 700 and 750 nm with both direct and sequential model for (c) FL-PaBphP-D and (f) PSM-PaBphP-M.

The temperature for these experiments is maintained at 20 °C.
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illumination, confirmed the dimeric state in both Pr and Pfr
forms, with elution volumes of 1.24-1.26 mL. A small shoulder
at 1.5 mL may correspond to a minor monomeric fraction
(Fig. 1(c)). A slight shift in the dimer peak between states likely
reflects conformational differences between Pr and Pfr that
influence the protein’s shape. We conclude that PSM-PaBphP-M is
monomeric, whereas the wild-type FL-PaBphP-D is predominantly
dimeric (>90%).

3.3 Dark reversion

To measure dark reversion kinetics, all phytochrome samples
were illuminated for 120 seconds with LED light at 780 nm to
populate the Pr state. Fig. 4(a) and (d) show the time-dependent
spectral evolution from the initially photoconverted Pr state
back to the Pfr state. Under these conditions, FL-PaBphP-D and
PSM-PaBphP-M display qualitatively similar spectral features
over time.

The dark reversion kinetics of the protein is analyzed using
two kinetic models to elucidate the underlying mechanism: a
direct transition and a sequential model involving an inter-
mediate state. We first describe the direct transition model:

PrPr U PfrPfr (3)

Here, k; is the transition rate constant from PrPr to PfrPfr. The
analytic solution for fitting the kinetic data is

il 0) = & ()-exp(—ky) ()

where c{)(1) and c,(2, t) are the initial and time-dependent
concentrations of the PrPr state, respectively. The sequential
model incorporates the presence of an intermediate state
(PrPfr) between the initial and final species of the dark rever-
sion process. This model is more plausible than the direct
model for the dimeric system, provided that the intermediate is
sufficiently long-lived to be experimentally detectable. The
model is described by:

PrPr L PrPfr 2. PRrPfr (5)

Here k; and k, are the dark reversion rate constant from PrPr to
PrPfr, and from PrPfr to PfrPfr respectively. The solutions of the
sequential model used for the global fitting are

Cl(/l’ t) = Cg)l)(i)'exp(*kl't), (6)
(4,1 = cf)”(),) : (k;i kl) -exp(—ky - 1)
+ (cé”w () (kzk_l,ﬂ)) exp(—ka 1),
7)
and
63(/11 t) =1- Cl(/’{; t) - CZ()H t)’ (8)

where c{V(1), ¢?(%) are the initial concentration of PrPr and
PrPfr species. ci(4, t), cx(4, t), and c5(4, t) represent the time-
dependent concentration of the PrPr, PrPfr and PfrPfr forms,
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respectively. We perform global fitting of the time-dependent
dark reversion spectra using this kinetic model.

In the first experiment, dark reversion kinetics are measured
starting from a state with a maximal Pr population. Global
fitting of kinetic data for FL-PaBphP-D and PSM-PaBphP-M is
performed using direct (eqn (3)) and sequential (eqn (5))
models. The resulting kinetic fits at 700 and 750 nm are shown
in Fig. 4(b) and (e). The sequential model yields a better fit than
the direct model for FL-PaBphP-D as judged from the residual
plot (Fig. 4(c)), whereas for PSM-PaBphP-M the trends in the
residuals (Fig. 4(f)) are indistinguishable However, the effect is
small and we do not consider this difference as sufficient
evidence to favor one model over the other.

To differentiate between the models, we investigated the
dependence of the refined rate constants on the initial photo-
stationary state. To achieve varying initial photostationary
states, we altered the duration of the illumination at 780 nm
from 6 to 60 seconds. This variation in illumination time
modified the initial fraction of the Pr state at the onset of the
dark reversion measurement (Fig. 5(a) and (b)). The resulting
photostationary states are defined as the fraction of Pr relative
to the total phytochrome population, as given by:*°

Pr
¢ = -
P total

©)

¢ was determined by fitting the spectra with the pure spectra
for Pr and Pfr. In terms of the sequential model, the initial
relative concentrations of PrPr, PrPfr, and PfrPfr species
depend on ¢ and can be calculated assuming a stochastic
occupancy of the hybrid state as®

PrPr = ¢° (10)
PrPfr = 2(1 — )9, (11)
PfrPfr = (1 — ). (12)

The relative concentrations of PrPr, PrPfr, and PfrPfr, needed
for the global fit, are calculated using eqn (10)-(12) and shown
in Fig. 5(c).

After global fitting of all data sets, we now analyze the rate-
refined constants as a function of the initial photostationary
states. Using the direct model (eqn (3) and (4)), we observed
that the rate constants (k;) remain independent of the initial
photostationary states for PSM-PaBphP-M, as shown in
Fig. 5(d). This is expected as the rate constant of dark reversion
should not change with the population of the initial state. In
contrast, for the FL-PaBphP-D, the refined rates vary signifi-
cantly with ¢ (Fig. 5(d)). This dependence indicates that the
direct transition model does not adequately describe the reac-
tion, as true rate constants should be independent of initial
concentrations.

When examining the rates of the sequential model as a
function of ¢, we find that k; and &, remain constant for ¢ >
0.5 (Fig. 5(e) and Table 1). At the lowest excitation fraction (¢ =
0.3), k; appears as an outlier. This is likely due to the low
abundance of PrPr under this illumination condition, which
limits the reliable determination of k;. The analysis strongly
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Fig. 5 Preparation of different initial concentrations of Pr and Pfr and their global kinetic fits at 20 °C. Spectra at various photostationary states for (a)
PSM-PaBphP-M and (b) FL-PaBphP-D, generated by variation of the diode illumination time as indicated in the panels. (c) Refined starting fractions of
PrPr, PrPfr, and PfrPfr states using eqn (9)—-(12) for FL-PaBphP-D. (d) Variation of dark reversion rate constants with ¢, obtained from global fitting with the
direct step model for FL-PaBphP-D and PSM-PaBphP-M. (e) Variation of fast (k1) and slow (k) dark reversion rate constants with ¢ from the fits of the
sequential model for FL-PaBphP-D. (f) Resulting simulated relative concentration of PrPr, PrPfr, and PfrPfr over time during temperature-dependent dark

reversion at ¢ = 1.

supports the applicability of the sequential model to the dark
reversion of the dimeric protein, since only for this model the
rate constants are independent of the initial population
distribution.

We note here that although the change in k; rate constants
from the direct and sequential models for the dimeric variant
fall within a similar numerical range, they exhibit distinctly
different trends. The rate constant from the direct model shows
a systematic 61.3% increase across the ¢ values (Fig. 5d),
whereas the value from the sequential model remains stable,
fluctuating slightly around its mean (Fig. 5¢). The monomeric
variant further confirms this notion because the same
dependence determined for the monomeric variant does not
show an increase with ¢, but fluctuations around a mean value
(Fig. 5d).

Having established the presence of a PrPfr intermediate
state in the dark reversion of the dimeric variant, we extended
our investigation by probing the temperature dependence of

Table 1 Photostationary-state-dependent dark reversion kinetic rate
constants for FL-PaBphP-D construct

FL-PaBphP-D

) (s kr (571
0.30 0.012 0.0011
0.55 0.0051 0.0012
0.64 0.0054 0.0012
0.70 0.0059 0.0012
0.80 0.0055 0.0013
0.85 0.0056 0.0013
0.92 0.0057 0.0013
0.98 0.0057 0.0013
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dark reversion kinetics. Spectra for both proteins were recorded
across a temperature range of 10 °C to 35 °C. Each measure-
ment was initiated from the pure Pr (PrPr) state at maximum
photoexcitation. The initial spectra recorded immediately
after illumination are consistent across all temperatures, con-
firming a uniform starting population of the Pr state. To
extract the temperature-dependent rate constants, we globally
fit the kinetic data using the sequential model (eqn (5)) for FL-
PaBphP-D and the direct model (eqn (3)) for PSM-PaBphP-M.

The resulting temperature dependence of the rate constants
is shown in Fig. 6a and b and tabulated in Table 2. For both
proteins, the kinetic rate constants increase significantly with
temperature, indicating that thermal energy facilitates dark
reversion. To quantify this effect, the activation energy (E,) for
each kinetic step was determined using the Arrhenius equation.
For FL-PaBphP-D, the activation energies for k; and k, are
3.18 +1.92 and 6.16 =+ 2.94 k] mol *, respectively. These values
lead to the unexpected conclusion that the photochemical state
of the sister protomer in the dimer influences the activation
energy of the reaction. In contrast, PSM-PaBphP-M shows a
significantly higher activation energy of 15.24 + 0.83 k] mol "
for k;, suggesting that even the quaternary structure of the
protein impacts the activation energy.

Our kinetic analysis shows that the transition rate (k;) from
PrPr to PrPfr is about 2-3 times faster than the transition rate
(k) from PrPfr to PfrPfr. This suggests that a significant portion
of the PrPfr intermediate state is formed during the intermedi-
ate phase of dark reversion in FL-PaBphP-D (Fig. 5(f)). More
importantly, this shows that substantial allosteric interactions
may occur between the two protomers in the dimer, as the dark
reversion time differs depending on whether both monomers
are in the Pr state or if one is in the Pfr state. This points to an

This journal is © the Owner Societies 2025
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Fig. 6 Arrhenius analysis shows notably low activation energies for the dark reversion of PaBphP. Logarithmic variation of (a) fast (k1) and slow (kz) dark
reversion rate constants with the inverse of temperature for FL-PaBphP-D and (b) logarithmic variation of fast (k;) dark reversion rate constants with the

Eq
inverse of temperature for PSM-PaBphP-M. Activation energy is calculated using Arrhenius equation (k = Ae’ﬁ).

Table 2 Temperature dependence of rate constants for FL-PaBphP-D
and PSM-PaBphP-M

FL-PaBphP-D PSM-PaBphP-M

Temperature (°C) k(s k(s k(s
10 — — 0.0009
15 — — 0.0011
16 0.0055 0.0011 —

20 0.0057 0.0013 0.0013
25 0.0059 0.0012 0.0014
27 0.0058 0.0012 —

30 0.0063 0.0012 0.0015
34 0.0063 0.0014 —

35 0.0057 0.0013 0.0017

as-yet undescribed interaction between the two protomers in
the dimer.

4 Discussion

Our kinetic analysis of PaBphP provides the first direct demon-
stration of a PrPfr heterodimer intermediate during the ther-
mal reversion of bacterial phytochromes. By analyzing kinetic
models in a series of experiments with varying initial concen-
trations of Pr and Pfr, we show that a two-step mechanism
accurately describes the dark reversion pathway. Only this
model yields rate constants that are independent of the initial
Pr: Pfr ratio.

This finding mirrors observations made for plant phyto-
chromes, where dark reversion proceeds via a PrPfr heterodi-
mer before returning to the Pr state.***® PaBphP being a bathy
phytochrome exhibits a similar sequential interconversion
pathway, but in the reverse direction, from Pr to Pfr.

To our knowledge and somewhat surprisingly, earlier stu-
dies on bacterial phytochromes have not considered the possi-
bility of a PrPfr intermediate state.**>*3*>%* This may be due
to the fact that, in canonical phytochromes, the initial state is
typically a mixture of Pr and Pfr, making it difficult to assign a
specific dark recovery pathway. In contrast, bathy phyto-
chromes allow for the generation of nearly pure Pr states
through far-red illumination, enabling the identification of a
PrPfr intermediate state.

This journal is © the Owner Societies 2025

It is established that the Pfr form of PaBphP represents the
biochemical “off” state.>>** Huber et al. qualitatively correlated
biochemical kinase activity, measured via radionucleotide
assays, with the decaying Pr/Pfr ratio during dark reversion.**
However, their study did not consider the potential presence of a
mixed PrPfr heterodimer. This raises the question of whether the
PrPfr state is also biochemically active and whether it might even
substitute for PrPr as the functional state. Notably, in plant
phytochromes, the hybrid PrPfr state is known to play a distinct
functional role compared to the pure PrPr or PfrPfr states.>** A
definitive assignment of the PrPfr state’s function would require
a quantitative analysis of the radionucleotide assays, a challen-
ging task, as acknowledged by Huber et al. Nonetheless, their
assays show high biochemical activity after prolonged far-red
illumination, a condition in which the PrPr population is
significantly higher than that of PrPfr (see Fig. 5(c) at ¢ = 1).
We believe that PrPr is indeed kinase-active. However, this line of
reasoning does not rule out the possibility that the PrPfr state
also exhibits biochemical activity.

The unusually low activation barriers observed for the
PaBphP protein are difficult to explain solely by a steric model
of C15—C16 double bond isomerization. An alternative
chemical mechanism may be involved. In fact, keto—enol tau-
tomerization of the D-ring in its Z-isomerized (Pr) state has
been proposed to precede isomerization of the C15-C16
bond.** The enol form lowers the bond order of the C15-C16
bond, which would significantly reduce the energy of the
transition state and could account for the unusually low
activation energy observed in our measurements.

Interestingly, we observe distinct rates and activation ener-
gies for the two steps of dark reversion (Fig. 6), suggesting that
the state of the sister protomer within the dimer influences the
chromophore’s reversion reaction. This strongly indicates an
allosteric interaction. Supporting this, the monomeric variant,
which lacks a dimer interface, exhibits an even higher activa-
tion energy for dark reversion (Fig. 6(b)). A similar observation
has been made for plant phytochromes, suggesting that the
two-step mechanism is tightly regulated by the protein and
likely optimized through evolution.*® The observed differences
in thermal reversion kinetics likely arise from these protomer-
protomer interactions altering the chromophore pocket. We
propose that these structural modulations influence the
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transient keto-enol tautomerization of the chromophore—the
presumed rate-limiting step—thus accounting for the different
measured activation energies.

So far, allostery in bacterial phytochromes has primarily
been discussed in the context of linking chromophore photo-
activation to the regulation of biochemical output. However,
the allosteric interaction observed here happens between the
sister protomers within the dimer, suggesting the existence of a
previously unidentified signaling pathway between the two
protein subunits. Recent NMR investigations of the D. radio-
durans phytochrome support this idea, revealing chemical shift
changes that propagate from the chromophore to the dimer
interface within the PAS/GAF domains.>® Further structural
studies are needed to uncover the molecular basis of this
signaling route.

5 Conclusion

In this study, we have successfully demonstrated the transient
accumulation of a mixed PrPfr hybrid state in the bacterial
phytochrome PaBphP during the dark reversion process. Our
kinetic analysis indicates that both subunits within the dimeric
phytochrome can exist in different photoisomeric states
simultaneously during dark reversion, and that the hybrid state
is transiently populated at high concentration. We also observe
that a monomeric variant of PaBphP follows a direct Pr-to-Pfr
reaction scheme, which further supports the assignment of the
PrPfr intermediate as a feature arising from the dimeric nature
of the wild-type protein. Furthermore, the temperature-
dependent kinetics reveal low activation energies for the dark
reversion processes in both the dimeric and monomeric
PaBphP, consistent with a previously proposed keto-enol tau-
tomerization as a crucial step preceding dark reversion. The
distinct kinetic behavior observed in the dimeric PaBphP,
specifically, the transient accumulation of the PrPfr hybrid
state and the difference in activation energy, suggests the
presence of allosteric regulation between the two subunits.
We propose that this plays an important role in controlling
the signaling output of bacterial phytochromes.
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