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Abstract
The ability of some knotless phytochromes to photoconvert without the PHY domain allows evaluation of the distinct effect 
of the PHY domain on their photodynamics. Here, we compare the ms dynamics of the single GAF domain (g1) and the GAF-
PHY (g1g2) construct of the knotless phytochrome All2699 from cyanobacterium Nostoc punctiforme. While the spectral 
signatures and occurrence of the intermediates are mostly unchanged by the domain composition, the presence of the PHY 
domain slows down the early forward and reverse dynamics involving chromophore and protein binding pocket relaxation. 
We assign this effect to a more restricted binding pocket imprinted by the PHY domain. The photoproduct formation is 
also slowed down by the presence of the PHY domain but to a lesser extent than the early dynamics. This indicates a rate 
limiting step within the GAF and not the PHY domain. We further identify a pH dependence of the biphasic photoproduct 
formation hinting towards a pKa dependent tuning mechanism. Our findings add to the understanding of the role of the indi-
vidual domains in the photocycle dynamics and provide a basis for engineering of phytochromes towards biotechnological 
applications.

Graphical abstract
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1  Introduction

The photoreceptor superfamily of phytochromes is involved 
in the regulation of a variety of biologically relevant pro-
cesses like photomorphogenesis, photoprotection and pho-
totaxis in a multitude of different organisms [1, 2]. Their 
regulatory function is based on the photoconversion between 
a dark-adapted and a light-adapted state. Specifically, irra-
diation induces Z ↔ E isomerization of the embedded, 
covalently bound bilin chromophore that in turn triggers 
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formation of further intermediates characterized by reor-
ganization of the protein scaffold.

Phytochromes can be divided into three groups based on 
the domain structure and composition of their photosensory 
core module (PCM). The PCM of Group I phytochromes, 
comprising canonical plant (e.g. OatPhyA), bacterial (e.g. 
Agp1, DrBphP), cyanobacterial (e.g. CphA, SynCph1) 
and fungal phytochromes (e.g. FphA, NcFph1), consists 
of a PAS-GAF-PHY array [3–5]. Group II phytochromes, 
known as knotless phytochromes, lack the PAS domain with 
its domain specific figure-of-eight knot formation with the 
GAF domain [1, 2, 6, 7], while Group III phytochromes, 
called cyanobacteriochromes (CBCRs), consist only of GAF 
domains [8]. So far, the latter two groups are found only in 
cyanobacteria [1]. In contrast to CBCRs, which cover the 
whole near-IR to UV spectral range, Group I and Group II 
phytochromes mainly switch between Pr (red-absorbing) and 
Pfr (far-red-absorbing) states [9–17].

Some knotless phytochromes retain their photoconversion 
abilities even in their isolated GAF domain (after removal of 
the PHY domain), and thus can be utilized as model systems 
to investigate the influence of the PHY domain on the pho-
toconversion process [18, 19]. This is of particular interest 
since the PHY domain interacts directly with the chromo-
phore embedded in the GAF domain via a structural element 
referred to as “tongue” (Fig. 1A). The latter undergoes sec-
ondary structure reorganization during photoconversion [6, 
7]. This reorganization not only affects the slower, protein 
driven dynamics of the later intermediates in the photocycle, 
but also plays a key role in the signal transduction towards 
the output domain [20, 21].

The forward (Pr → Pfr) reaction in the photocycle of 
canonical phytochromes typically involves three intermedi-
ates termed Lumi-R, Meta-Ra and Meta-Rc. The Lumi-R 

intermediate is formed directly after the decay of the excited 
state on the timescale of tens to hundreds of ps [24]. It con-
tains the isomerized chromophore and a reorganized hydro-
gen-bonding network. Some studies distinguish Lumi-RI and 
Lumi-RII intermediates [24–29]. The structural changes in 
Lumi-RI occur on the ps timescale and are limited to the 
ring D vicinity, while the following hydrogen bonding reor-
ganization and structural changes in the wider vicinity of the 
chromophore are attributed to Lumi-RII [24, 28, 29]. On the 
µs timescale, Lumi-R converts into the Meta-Ra intermedi-
ate via relaxation of the strained chromophore [21, 26, 27, 
30–32]. Within a few ms, in plant and some cyanobacterial 
and bacterial phytochromes, the chromophore undergoes 
deprotonation to form the Meta-Rc intermediate [30, 31, 33, 
34], which then forms the final state, Pfr, upon re-protonation 
of the chromophore on the tens to hundreds of ms timescale 
[21, 26, 27, 30–32]. However, the de-/re-protonation steps of 
the chromophore are not observed in all phytochromes, and 
thus the role of this mechanism in the dynamics of Meta-
Rc is still under debate [24]. This formation of Pfr involves 
large-scale protein changes required for the final accommo-
dation of the isomerized chromophore, reorganization of the 
hydrogen-bonding network and refolding of the tongue [20, 
21, 24, 32]. In SynCph1 and OatPhyA, this transition has 
been observed to be biphasic [27, 30].

Generally, the reverse photoconversion reaction (Pfr → Pr) 
proceeds via two intermediates – Lumi-F and Meta-F. The 
Lumi-F intermediate contains an isomerized chromophore 
and is directly formed by the ultrafast photoreaction on the 
ps timescale [35–39]. Following ground state chromophore 
relaxation and minor side chain readjustments, a spectrally 
Pr-like intermediate termed Meta-F is formed on the ps-to-ns 
timescale [36, 40, 41]. The Meta-F intermediate undergoes 
rearrangement of the hydrogen-bonding network and the 
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Fig. 1   A Schematic drawing of the structural homology model of the 
Pr state of All2699g1g2. The homology model is based on the crys-
tal structure of the All2699g1 domain (PDB ID 6OZA) [19] and the 
crystal structure of the structurally similar knotless phytochrome 
SynCph2 (PDB ID 4BWI) [22]. The PHY-like GAF2 domain (yel-
low) interacts with the chromophore (orange) embedded in the GAF1 

domain (green) via the tongue-like protrusion displayed in pink. 
Taken from [23]. B Stationary absorption spectra of the Pr and Pfr 
state in All2699g1 (dotted lines) and All2699g1g2 (solid lines). The 
method to obtain the pure spectrum of the Pfr state was described 
elsewhere in detail [18]
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binding pocket, as well as refolding of the tongue to form the 
Pr state [41]. These steps occur on the µs-ms timescale and 
do not involve major spectral changes in the visible spectral 
range [40, 42, 43].

In this work, we expand our ultrafast studies on knotless 
phytochromes [18, 19] to the ms timescale. We compare the 
ms dynamics of the knotless phytochrome All2699g1g2 and 
its isolated GAF domain All2699g1 to reveal the effect of the 
PHY-like g2 domain on the forward (Pr → Pfr) and reverse 
(Pfr → Pr) photoconversion of knotless phytochromes. We 
further compare our results to the previously investigated 
knotless phytochrome SynCph2 and discuss the similarities 
and differences observed for these structurally related knot-
less phytochromes.

2 � Materials and methods

2.1 � Protein preparation

Preparation of All2699g1 and All2699g1g2 was described 
elsewhere in detail [19, 44]. The final buffer conditions for 
the experiments were set to 50 mM TRIS, 200 mM NaCl, 
5% Glycerol, pH 8.0. For the pH dependence measurements 
of All2699g1, the following buffer conditions were used: 
20 mM MES, 150 mM NaCl, 5% Glycerol, pH 6.1; 20 mM 
KPB, 150 mM NaCl, 5% Glycerol, pH 7.2; 20 mM TRIS, 
150 mM NaCl, 5% Glycerol, pH 8.4.

Preparation of SynCph2 was described elsewhere [9]. 
The final buffer conditions for the experiments were set to 
50 mM TRIS, 300 mM NaCl, 5 mM EDTA, pH 8.0.

Samples were measured in a 2 × 10 mm quartz cuvette 
with an optical density between 0.4 and 0.8 on 10 mm.

2.2 � Stationary characterization

Stationary absorption spectra of the investigated samples 
were obtained using a Specord S600 absorption spectrom-
eter (Analytik Jena). Conversion between the Pr and the Pfr 
state was achieved by illumination with appropriate LEDs 
(730 nm and 590 nm respectively, 1 W, Thorlabs).

2.3 � Transient flash photolysis experiments

The pump pulses were provided by an optical parametric 
oscillator (OPO) (preciScan, GWU-Lasertechnik) pumped 
by a Nd:YAG laser (SpitLight 600, Innolas Laser). The OPO 
was set to 640 nm for Pr and 702 nm for Pfr measurements 
with an average pulse energy of 2.4–2.6 mJ/cm2. The probe 
light was generated by a spectrally broad continuous wave 
Xenon lamp (Hamamatsu LC-8) and two matched mono-
chromators before and after the sample. The absorbance 
changes were then detected with a photomultiplier tube 

(PMT) and the resulting signal was converted into an electri-
cal signal and recorded using an oscilloscope (DPO5204B-
10RL, Tektronix). Time points were measured every 100 ns, 
except for the g1g2 Pfr measurements where a point was 
measured every 200 ns. For all samples absorbance changes 
were recorded between 500 and 750 nm with at least 30 aver-
aged scans per wavelength. Between each individual scan 
the sample was illuminated for 4 s using an appropriate LED 
(Pr → Pfr, 730 nm; Pfr → Pr, 590 nm) to avoid accumulation 
of photoproducts. For analysis, the single transients were 
reduced by averaging data points in a combined linear and 
logarithmic timescale to obtain feasible data sizes.

For the pH dependence measurements of the ms dynam-
ics of All2699g1, transients at six key wavelengths (510, 
540, 600, 630, 680, and 710 nm) were measured and ana-
lyzed like the complete datasets. To validate the reduction 
to the 6-wavelength datasets, a comparison of the analysis 
to a complete dataset is shown exemplarily in the SI for pH 
7.2 (SI Fig. S1).

2.4 � Data analysis

Data analysis was performed using OPTIMUS (http://​www.​
optim​usfit.​org/) [45]. We performed global target analysis 
(GTA) [45, 46] on all datasets using a sequential model. This 
model is fitted directly to the experimental data and results 
in the lifetimes, the decay-associated spectra (DAS) and the 
so-called evolution-associated difference spectra (EADS) for 
the respective kinetic components. The DAS contain both 
spectral and kinetic information, i.e. the positive amplitudes 
in the DAS account for decay of photoproduct absorption 
(PA) while negative amplitudes account for rise of absorp-
tion or recovery of the ground state bleach. Unlike DAS, 
EADS contain pure spectral information.

3 � Results and discussion

3.1 � Forward (Pr → Pfr) ms dynamics

3.1.1 � Comparison between All2699g1 and All2699g1g2

The flash photolysis data of the Pr state of All2699g1 and 
All2699g1g2 (Fig. 2) appear very similar. Both show a dom-
inant negative difference signal visible throughout the entire 
detected time range, which can be straightforwardly assigned 
to the ground state bleach (GSB) of the Pr state after exci-
tation. Additionally, several distinct positive signals, at 
660–690 nm, 660–700 nm, 500–560 nm and 660–750 nm, 
are present at different delay times in the data. These absorp-
tion changes are associated with the different intermediates 
observed during the photocycle. We performed global target 

http://www.optimusfit.org/
http://www.optimusfit.org/


1630	 Photochemical & Photobiological Sciences (2022) 21:1627–1636

1 3

analysis using a sequential model to reveal the kinetic details 
of the Pr → Pfr conversion.

Five components were required to fit the Pr data of 
All2699g1g2. Based on the resemblance to the primary 
photoproduct formed on the ultrafast timescale [18], we 
assign the S1 evolution-associated difference spectrum 
(EADS, Fig. 2C), peaking at 675 nm, to the Lumi-R inter-
mediate. The positive (575–660 nm) and negative ampli-
tudes (660–730 nm) of the 150 µs decay-associated spectrum 
(DAS, Fig. 2B), indicate the Lumi-R-to-Meta-Ra transition, 
which occurs with a red spectral shift (S1 vs. S2 EADS) 
induced by the bilin chromophore relaxation. In a next step, 
the chromophore undergoes a prominent spectral blue shift 
with a 1.5 ms lifetime to form the Meta-Rc intermediate 
(positive amplitude DAS at 575–750 nm and negative ampli-
tude DAS at 500–575 nm in Fig. 2B, S2 → S3 EADS tran-
sition in Fig. 2C). We attribute this blue spectral shift to a 
chromophore deprotonation step following the assignment 
made previously for other phytochromes [31, 33, 34]. The 
following re-protonation of the chromophore is biphasic (S3 
and S4 EADS). The corresponding DAS show similar spec-
tral features representing the decay of the Meta-Rc absorp-
tion (positive amplitude at about 550 nm in τ3 (26 ms) and 
in τ4 (210 ms)) and the rise of the absorption of the final 
photoproduct Pfr (negative amplitude 650–750 nm). In con-
trast to τ3, the DAS amplitude of τ4 is negative in the range 
of 610–650 nm, potentially indicating some recovery of the 

spectrally coinciding Pr ground state via a shunt pathway as 
reported in some bacteriophytochromes [47, 48].

The major difference between the Pr flash photolysis data 
of All2699g1g2 (Fig. 2A) and All2699g1 (Fig. 2D) is that 
for g1 the kinetics is accelerated and can be described with 
only four components (Fig. 2E-F). Following the assign-
ment above, those four components correspond to Meta-Ra 
(660–700 nm), Meta-Rc (500–560 nm), Pfr (660–740 nm) 
and the Pr GSB. The Lumi-R-to-Meta-Ra transition occurs 
on a timescale shorter than what is detected in our experi-
ment (i.e. < 20 µs). Thus, the 150 µs component represents 
instead the Meta-Ra-to-Meta-Rc transition as indicated 
by the negative amplitude between 500 and 550 nm in 
the corresponding DAS (Fig. 2E). The Meta-Rc decay in 
All2699g1, albeit accelerated, is also biphasic (11 ms and 
91 ms lifetimes, see below for more detailed discussion).

3.1.2 � Effect of the PHY domain on the forward dynamics

The Lumi-R-to-Meta-Ra and Meta-Ra-to-Meta-Rc transi-
tions are significantly slower (~ 10-fold) in All2699g1g2 as 
compared to All2699g1, which indicates that the presence 
of the PHY domain imposes a higher energetic barrier for 
the associated chromophore relaxation and proximal protein 
structural rearrangements. This conclusion is in line with 
previous NMR [23, 49] and RR [28] studies, where it was 
proposed that the interaction with the PHY tongue makes 
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Fig. 2   Pr → Pfr ms dynamics of All2699g1g2 (A–C) and All2699g1 
(D–F) at pH 8. A, D Flash photolysis data of the Pr → Pfr ms dynam-
ics after excitation at 640  nm. B, E Corresponding decay-associ-
ated spectra (DAS) and C, F evolution-associated spectra (EADS) 
obtained after global target analysis of (A,D). G Schematic repre-

sentation of the proposed photocycle for the Pr → Pfr ms dynamics of 
All2699g1g2 and All2699g1 at pH 8. The dashed line indicates the 
thermal reversion from Pfr to Pr, while the dotted line represents the 
initial photoreaction
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the chromophore-binding pocket more rigid. In contrast, 
the final chromophore transition (Meta-Rc-to-Pfr), typically 
associated with major structural changes (tongue refolding 
[20, 21, 24, 32]) in the protein environment distal to the 
chromophore, is affected to a smaller extent (twofold) by the 
lacking PHY domain in All2699g1. Furthermore, the pre-
served biphasic character of the Meta-Rc-to-Pfr transition in 
All2699g1 suggests that the chromophore transitions associ-
ated with this step are predominantly determined by factors 
within the binding pocket of the GAF domain. Previously, a 
similar conclusion was derived based on time-resolved X-ray 
and UV/Vis studies on DrBphP [21].

3.1.3 � Origin of the biphasic meta‑Rc to Pfr transition

To further investigate the origin of the biphasic Meta-Rc-to-
Pfr kinetics in All2699g1 and All2699g1g2, we performed 
flash photolysis measurements at selected detection wave-
lengths (510, 540, 600, 630, 680, and 710 nm) and at three 
different pH values (6.1, 7.2, and 8.4). A direct comparison 
of the transients at 710 nm reveals that the Pfr formation is 
significantly accelerated at high pH values (Fig. 3A). This 
clear pH dependence is further corroborated by the DAS of 
the three datasets (Fig. 3B).

While the lifetime components do not vary significantly, 
their corresponding amplitudes and especially the amplitude 
ratio between the shorter and the longer component (corre-
spondingly marked blue and green in Fig. 3B) change with 
the pH. At pH 6.1, the amplitude of the longer component 
is higher than that of the shorter one resulting in the slowest 
overall Meta-Rc-to-Pfr transition (Fig. 3A). At pH 8.4 the 
ratio is reversed, the shorter component clearly dominates, 
thus making the overall Meta-Rc decay fastest. At pH 7.2 
the two components have nearly identical amplitude. Conse-
quently, the process occurring with the shorter lifetime com-
ponent is favored at high pH, while the process described by 
the longer lifetime component is favored at low pH. Further-
more, the monoexponential formation of the Meta-Rc and 
the lack of spectral differences in the two DAS describing 

its decay imply that there is a single chromophore population 
in Meta-Rc and that the following re-protonation reaction 
is dependent on the pKa value of the proton donor residue 
and the state of the hydrogen-bonding network linking it 
to the solvent. Thereby, the faster component represents a 
chromophore re-protonation reaction occurring from a pro-
tonated residue, while for the slower component the residue 
is deprotonated, and thus the re-protonation requires proton 
uptake from the environment. Such a proton uptake step has 
been reported for Cph1 [30]. In effect, the role of the slower 
component is prominent at low pH, while at higher (H+ defi-
cient) pH, its contribution is diminished.

While we cannot directly identify the relevant residue, 
based on the nearly identical amplitudes of the DAS of the 
two Meta-Rc decay components, we can deduce that its 
pKa value is close to 7.2. Mutational studies on other phy-
tochromes (SynCph1, DrBphP, Agp1) identified histidine 
residues that are part of the extended hydrogen-bonding 
network of the chromophore and affect its protonation state 
[33, 50–53]. The respective residues in All2699g1, His139 
and His169, are therefore potential candidates for the origin 
of the observed pH dependence. His139 is in direct contact 
with the pyrrole nitrogens of the bilin chromophore and was 
reported to be directly involved in the proton uptake lead-
ing to the formation of the Pfr state as some mutants of this 
residue do not progress past Meta-Rc in their photocycle 
[33, 52]. In addition, the His139-homologous residue H260 
exhibits a pKa value of 7.4 in the Pr state of SynCph1, strik-
ingly similar to the value we derive here for the biphasic 
transition to Pfr [51]. His169 is part of the extended hydro-
gen-bonding network, and thus it is in an indirect contact 
with His139. It is also in contact with the chromophore in 
both Pr and Pfr interacting with the D-ring carbonyl or the 
C-ring propionate, respectively [54]. As such, its protona-
tion state could influence the hydrogen-bonding network 
potentially contributing to the biphasic kinetics. However, 
we consider His139 a more likely candidate since mutants 
of His169 exhibit only minor impact on the chromophore 
and/or hydrogen-bonding network pKa [50]. The highly 
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conserved Asp87 may also be considered as a candidate 
involved in the protonation steps. This residue interacts 
with the chromophore through the pyrrole water and simi-
lar to His139 is involved in tuning the chromophore pKa 
and its hydrogen-bonding network [33, 52]. However, it is 
reported that this Asp87 retains its protonation state during 
the photocycle rendering a direct involvement in the repro-
tonation unlikely [24]. Indirectly, an increase in the protein 
mobility, such as that observed in SynCph1 [34], may also 
be contributing to the overall acceleration of Pfr formation 
at higher pH.

3.1.4 � Comparison of the Pr dynamics to other 
phytochromes

The lifetimes of the intermediates observed in the knot-
less phytochrome All2699g1g2 match well with previ-
ously reported lifetimes for SynCph1 [30], SynCph2 [32], 
and Agp1 [31] indicating high similarities between the 
dynamics of knotless and knotted phytochromes on the ms 
timescale. In the only investigated knotless phytochrome 
SynCph2, the lifetimes for the Lumi-R-to-Meta-Ra and Meta-
Ra-to-Meta-Rc transition (170 µs and 1.6 ms, SI Fig. S2) 
are nearly identical to those found here for All2699g1g2 
(150 µs and 1.5 ms, Fig. 2B). However, the Meta-Rc-to-Pfr 
transition is significantly faster in SynCph2 and proceeds 
monoexponentially with a lifetime of 17 ms. In contrast, the 

Meta-Rc-to-Pfr transition in SynCph1 is similarly biphasic 
with lifetimes close to those we find in All2699g1g2. A com-
parison between SynCph2 and All2699g1 shows a different 
involvement of water molecules and propionic side chains 
in the extended hydrogen-bonding network, which can result 
in different pKa values and explain the occurrence or lack of 
biphasic Meta-Rc decay in different phytochromes.

3.2 � Reverse (Pfr → Pr) ms dynamics

3.2.1 � Comparison of All2699g1 and All2699g1g2

To provide a complete picture of the influence of the PHY 
domain on the dynamics of knotless phytochromes, we 
investigated the ms reverse reaction (Pfr → Pr) in All2699g1 
and All2699g1g2. The GSB (negative absorption differ-
ence) signal in the Pfr flash photolysis data of both samples 
is located above 650 nm (Fig. 4). However, reflecting the 
difference in the Pfr absorption spectra (Fig. 1), the GSB 
of All2699g1g2 is red shifted. In addition to the GSB sig-
nal, we observe a spectral evolution of the positive absorp-
tion difference signal associated with the transitions of the 
intermediate states towards the final photoproduct Pr (i.e. 
from ~ 550–650 nm through ~ 575–660 nm to ~ 500–630 nm, 
Fig. 1). This evolution is better discerned for All2699g1g2.

The global target analysis with a sequential scheme yields 
four lifetime components for both samples. In All2699g1g2, 

0.1 1 10 100
500

550

600

650

700

750

]
mn[

htgneleva
W

Time [ms]

-40 -20 0 20

mOD

500 550 600 650 700 750

-4

-2

0

2

4

         [ms]
2.0
58
220
Inf

D
AS

 [a
.u

.]

Wavelength [nm]

Pr

F2/Meta-Fc

Lumi-F

Pfr

μs

ms

Meta-F

ps

ps

(g1)

500 550 600 650 700 750

-4

-2

0

2

4

EAD
S [a.u.]

Wavelength [nm]

S1
S2
S3
S4

0.1 1 10 100 1000
500

550

600

650

700

750

]
mn[

htgneleva
W

Time [ms]

-20 0 20 40 60

mOD
A

D

B

E

C

F

500 550 600 650 700 750
-6
-4
-2
0
2
4
6
8

         [ms]
0.59
58
860
Inf

D
AS

 [a
.u

.]

Wavelength [nm]
500 550 600 650 700 750

-6
-4
-2
0
2
4
6
8

EAD
S [a.u.]

Wavelength [nm]

S1
S2
S3
S4

G

∆

∆

Fig. 4   Pfr → Pr ms dynamics of All2699g1g2 (A–C) and All2699g1 
(D–F) at pH 8. A, D Flash photolysis data of the Pfr → Pr ms dynam-
ics after excitation at 702  nm. (B,E) Corresponding decay-associ-
ated spectra (DAS) and C, F evolution-associated spectra (EADS) 
obtained after global target analysis of A, D. G Schematic represen-

tation of the proposed photocycle for the Pfr → Pr ms dynamics of 
All2699g1g2 and All2699g1 at pH 8. The vertical black dashed line 
indicates the thermal reversion from Pfr to Pr, while the dotted line 
represents the initial photoreaction. The short dashed purple line rep-
resents the shunt pathway present in All2699g1
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the S1 EADS (Fig. 4C) resembles the spectrum of the spe-
cies present at the end of the ultrafast Pfr dynamics in Syn-
Cph2 [37] or SynCph1 [36], and thus can be assigned to 
the Meta-F intermediate. Meta-F decays with a lifetime of 
590 µs to form a blue-shifted intermediate (S2 EADS) as 
described by the positive–negative amplitudes of the cor-
responding DAS (Fig. 4B). A similar blue-shifted species 
has also been observed in SynCph2 and termed F2 [32]. The 
F2 intermediate then decays to form the final Pr state with 
two lifetimes where the amplitude of the 860 ms component 
is significantly higher than that of the 58 ms component 
(Fig. 4B).

The Pfr flash photolysis data of All2699g1 exhibit similar 
signals (Fig. 4D). However, the S1 EADS is broadened on 
the blue spectral side, which indicates that the F2 intermedi-
ate is already present at the beginning of the measurement 
in equilibrium with Meta-F (Fig. 4F). Thus, in analogy to 
Meta-Ra from the forward dynamics of All2699g1, in the 
reverse direction we cannot clearly detect the rise of F2 in 
the single domain sample. Instead, the first lifetime compo-
nent (2 ms) in All2699g1 indicates a shunt pathway to the Pfr 
ground state from a leftover Meta-F population. Such a path-
way is not present in the reverse dynamics of All2699g1g2 
and is not observed in SynCph2, but has been observed in 
bacteriophytochromes [47, 48]. The following transition 
from F2 to the Pr state is described again by two lifetimes. 
However, in contrast to All2699g1g2, the difference in the 
amplitude of the two components is much smaller. In addi-
tion, the second lifetime component is significantly shorter in 
All2699g1 (i.e. 220 ms). As a result, the overall Pr formation 
is accelerated in All2699g1. Interestingly, in both samples, 
there appears to be an equilibrium between the Meta-F and 
F2 intermediates. This equilibrium is shifted towards Meta-
F in All2699g1, while in All2699g1g2 the F2 and Meta-F 
intermediates have similar amplitudes. The S3 EADS of 
All2699g1g2 (Fig. 4C) suggests that at longer timescales 
the equilibrium shifts towards high F2 populations.

3.2.2 � Effect of the PHY domain on the reverse dynamics

In both the forward and the reverse dynamics, the photoreac-
tion is accelerated in absence of the PHY domain, i.e. the 
Meta-Ra in the forward and F2 in the reverse dynamics are 
formed in All2699g1 earlier than in All2699g1g2. We attrib-
ute this to fewer restrictions in the binding pocket in absence 
of the PHY domain as revealed by previous NMR and cryo-
trapping experiments [23, 28, 49]. The photoreaction then 
follows similar steps where an intermediate spectrally close 
to the final photoproduct (Meta-Ra and Meta-F) converts into 
a blue-shifted one (Meta-Rc and F2). The final photoproduct 
(Pfr or Pr) is formed with a biphasic kinetics, as indicated 
by a corresponding red shift on the ms timescale. Similar 
to the spectral shift of Meta-Rc in the forward direction, we 

observe a spectral shift of F2 in the reverse direction. This 
resemblance suggests that the formation and the decay of F2 
may also occur via deprotonation and re-protonation steps. 
For consistency, we propose that F2 is termed Meta-Fc by 
analogy to Meta-Rc.

3.2.3 � Comparison of the Pfr dynamics to other 
phytochromes

It is particularly remarkable that the Meta-F-to-Meta-Fc 
transition in All2699g1g2 is on a timescale (hundreds of 
µs) similar to that found in SynCph2 and PhyA while the Pr 
formation step is two orders of magnitude slower [32, 40]. 
Even in comparison to other phytochromes like CphA [40] 
or PstBphP1 and PaBphP1 [43] that exhibit slightly different 
reverse kinetics, the formation of the photoproduct is still 
exceptionally slow in both All2699g1g2 and All2699g1. The 
unknown origin of the striking temporal difference for the 
final photoproduct formation step between the two structur-
ally very similar knotless phytochromes (All2699g1g2 and 
SynCph2) should be addressed in future studies.

4 � Conclusion

Our work provides a dynamic picture of the effect of the 
PHY domain on the ms dynamics of knotless phytochromes. 
We show that the occurrence and spectral signature of the 
involved intermediates are not significantly affected by the 
presence of the PHY domain. However, the µs dynamics 
involving relaxation of the chromophore are slowed down 
for both the forward and the reverse direction. We attribute 
this effect to a more confined chromophore binding pocket in 
presence of the PHY domain. Quite remarkably, the lifetimes 
describing the transition to the final photoproduct are much 
less affected by the presence/absence of the PHY domain. 
This supports previous findings that the rate limiting step of 
the photoproduct formation observed by UV/vis spectros-
copy is imposed by internal factors of the GAF (PAS-GAF) 
domain and are not directly related to tongue refolding.

Interestingly, we find that the Meta-Rc-to-Pfr transition 
is biphasic in both All2699g1 and All2699g1g2, but not in 
SynCph2. Based on the pH dependence of the transition in 
All2699g1, we associate this behavior to the pKa value of 
the proton donor residue in the Meta-Rc intermediate. The 
lack of biphasic behavior in some phytochromes suggests 
that the rate of photoproduct formation can be tweaked 
through fine tuning of the pKa value of the hydrogen-bond-
ing network.
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