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Conserved histidine and tyrosine determine spectral responses
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Abstract

- Sami Kurkinen3°® . Heikki Takala3®

Phytochromes are red light-sensing photoreceptor proteins that bind a bilin chromophore. Here, we investigate the role of a
conserved histidine (H260) and tyrosine (Y263) in the chromophore-binding domain (CBD) of Deinococcus radiodurans
phytochrome (DrBphP). Using crystallography, we show that in the H260A variant, the missing imidazole side chain leads
to increased water content in the binding pocket. On the other hand, Y263F mutation reduces the water occupancy around
the chromophore. Together, these changes in water coordination alter the protonation and spectroscopic properties of the
biliverdin. These results pinpoint the importance of this conserved histidine and tyrosine, and the related water network, for

the function and applications of phytochromes.
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1 Introduction

Phytochromes are red light-sensing photoreceptors origi-
nally discovered in plants [1] but can also be found in bac-
teria and fungi [2]. They bind a linear tetrapyrrole (bilin)
chromophore and cycle between a red light-absorbing Pr
state and a far-red light-absorbing Pfr state in response to
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red/far-red irradiation [3]. Like many other photorecep-
tors, phytochromes consist of a photosensory module and
an effector module. The photosensory module consists of a
PAS (Per-ARNT-Sim), a GAF (¢cGMP phosphodiesterase-
adenylate cyclase FhlA), and a PHY (phytochrome-specific)
domain. In bacteriophytochromes, a biliverdin (BV) chromo-
phore is covalently bound to a conserved cysteine in the PAS
domain but physically embedded within the GAF domain
(Fig. 1A). This PAS-GAF entity is often referred to as a
chromophore-binding domain (CBD) [4]. As demonstrated
first for a model bacteriophytochrome from Deinococcus
radiodurans (DrBphP), red/far-red light induces large struc-
tural changes in the PSM [5]. These changes are then relayed
to the effector module, regulating its activity [6, 7].

The photoreactions of bacteriophytochromes start with
the photon absorption by the BV. Upon light absorption,
phytochrome converts to the Pfr state, which absorbs far-red
light (4 = 750 nm). This Pr-to-Pfr transition requires both
CBD and PHY domain [8], has several intermediate states,
and involves Z-to-E isomerization of the biliverdin D-ring
with concomitant rotation of the C15-C16 methine bridge
between the C- and D-ring [9-11]. The intermediate states
include Lumi- and Meta-states; their kinetic and structural
properties differ slightly between phytochrome species.
The yield of reaching the first intermediate state, Lumi-R,
is relatively low (< 15%) [12-17], and alternative reaction
pathways, such as fluorescence and non-radiative relaxation
(Fig. 1B), are generally competitive.

The intricate network of interactions formed by amino
acid side chains and water molecules in the chromophore-
binding pocket plays an important role in guiding the

Fig. 1 Structure and photocycle of phytochromes. A Chromo-
phore-binding pocket structure in wild-type CBD (CBD-WT) of
DrBphP, PDB code 5K5B [18]. Biliverdin (orange sticks), key res-
idues (blue sticks), and the pyrrole water (W1, red sphere) are indi-
cated. B Three alternative reaction pathways induced by red light.
Bacteriophytochrome can enter the photocycle via Lumi-R state.
Alternatively, its biliverdin can emit a photon (fluorescence) or relax
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photoresponses of the BV (Fig. 1A). For example, resi-
dues D207, H260, Y263, and H290 (numbering according
to DrBphP) have been shown to play a role in the spectral
fine-tuning of the photoresponses. In particular, D207 and
Y263 play a critical role in the normal photocycle [19-21].
The two histidines, H260 and H290, are conserved in
phytochromes and are centrally involved in the Pr-state
structural heterogeneity [10, 22-26]. In addition, H260
is closely associated with the chromophore, placing its
imidazole ring along with the inner pyrrole rings B and C.

The most central water molecule in the pocket, called pyr-
role water (W1 in Fig. 1A), is coordinated between D207,
H260, and the pyrrole nitrogens of the BV. It has been shown
that initial photoreactions include its structural de-localiza-
tion, accompanied by additional structural rearrangements
about the chromophore [27]. Although the positions of sev-
eral other coordinated waters in the chromophore-binding
pocket are highly conserved in phytochromes, their role
remains poorly understood. Lenngren et al. have shown that
replacement of H290 side chain with threonine paves a way
for two additional waters that affect the spectral responses of
the BV [28]. In addition, Kraskov et al. have noticed that the
histidine/threonine-dependent structural differences mainly
refer to hydrogen bonding interactions with the ring D car-
bonyl group and, as a consequence, the torsion of the C-D
methine bridge [26]. The water content in the vicinity of the
chromophore has been traditionally linked to reduced fluo-
rescence as the water network promotes vibrational relaxa-
tion pathways [29-31].

During the last decades, much effort has been made to
modify the fluorescent properties of microbial fluorescent
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to the ground state by other means (e.g., through vibrations or heat).
C Normalized absorption and fluorescence spectra of a wild-type
CBD fragment from D. radiodurans phytochrome. For absorption
spectra, the sample was illuminated either with 785 nm light (“dark™)
or 655 nm light (“red”) and normalized to the maximum of “dark”
data. Emission spectrum was excited at 550 nm and normalized to its
maximum. All spectra were measured at pH 8.0
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protein markers from DrBphP [31-35], and phytochromes
from Rhodopseudomonas palustris [36—39] and cyanobacte-
ria [40—42]. Fluorescent phytochromes are a rapidly increas-
ing area of current bioimaging research and will have an
enormous impact on biological imaging strategies [43]. The
wild-type CBD (CBD-WT) from DrBphP has a low fluores-
cence quantum yield (QY) of (3.5+0.5)% at pH 7.0 [44]. To
improve this, protein modifications have been made to slow
competing processes that occur after excitation, in particu-
lar non-radiative relaxation (Fig. 1B). The challenge in this
kind of development is that improving the fluorescence QY
typically results in emission in the orange part of the spec-
trum (~ 690 nm). Yet in DrBphP, the fluorescence QY of
CBD has been increased up to almost 10% by site-selective
mutations, while still maintaining the emission maximum at
around 720 nm [31, 35].

In prototypical bacteriophytochromes, the absorption
spectrum of the resting Pr state has two bands at around
400 nm (Soret band) and 700 nm (Q band) due to the cova-
lently bound bilin chromophore (Fig. 1C). Experimental
and theoretical studies indicate that in most phytochromes,
the bilin chromophore exists in the fully protonated form
at physiological pH. In this form, each of the four pyrrole
nitrogens binds one hydrogen giving the molecule an overall
positive charge [45-49]. The protonation state of bilin has
been shown to influence its spectroscopic properties signifi-
cantly [9, 23, 50-52]. As the pH increases, one hydrogen
is released, most likely from the C-ring, which reduces the
absorbance of the Q band [53]. Light- and X-ray-induced
deprotonation of the C-ring has also been observed [47] rein-
forcing the notion that one of the pyrrole protons is labile.

In this study, we concentrate on the CBD fragment of
DrBphP. We reveal how H260 together with Y263, plays
an important role in the phytochrome photoresponses and
protonation in the CBD. The crystal structures of the H260A
and H260A/Y263F variants reveal that removal of the imida-
zole side chain clears the way for additional water molecules
in the chromophore-binding pocket. The water network plays
an important role in determining the spectral responses and
(de)protonation events of the BV.

2 Results

To study the role of residues H260 and Y263 in the structure
and photoresponses, we generated variants of the CBD frag-
ment of DrBphP by site-directed mutagenesis. For H260,
we chose alanine mutation (H260A), enabling a small non-
polar substitution that is in close proximity to the four pyr-
role nitrogens of the BV and the highly coordinated pyrrole
water. As for Y263, we removed its hydroxyl group with
Y263F mutation [21]. As a result, we ended up having a
set of four CBD variants for our studies: wild-type CBD

(CBD-WT), CBD-Y263F, CBD-H260A, and CBD-H260A/
Y263F.

2.1 H260 imidazole and Y263 hydroxyl affect
the water content of the pocket

To assess the structural features in the chromophore vicin-
ity caused by the mutations, we solved the crystal structures
of CBD-H260A and CBD-H260A/Y273F. For crystallizing
the variants, the same conditions were used as previously
reported for CBD-WT and CBD-Y263F [18, 21]. The use
of identical crystallization conditions enabled a direct com-
parison of all four variant structures. The H260A variants
appeared to have reduced tendency to crystallize, which
may indicate that they are structurally less stable than the
CBD-WT and CBD-Y263F. The CBD-H260A and CBD-
H260A/Y263F variants diffracted up to 1.88 A and 1.48 A,
respectively (Table 3), and the overall structures were highly
similar to the CBD-WT and CBD-Y263F. The rmsd values
relative to CBD-WT were 0.13 A for CBD-Y263F (8/317
residues rejected), 0.15 A for CBD-H260A (14/314), and
0.18 A for CBD-H260A/Y263F (15/315). The BV orienta-
tion was highly similar among the variants, and no differ-
ences were detected within the limits of the resolution (Sup-
plementary Fig. 1). Most significant differences between the
structures resided in the vicinity of the mutated residues at
the chromophore-binding pocket.

Direct comparison of all four crystal structures (CBD-
WT, CBD-Y263F, CBD-H260A, and CBD-H260A/Y263F)
is shown in Fig. 2. All CBD variants contain a pyrrole
water (W1), and a weaker density indicating a second water
between the pyrrole water and the phenyl group of residue
263 (W2). However, in CBD-Y263F, this water density is
weak, concurrent with the closer position of F263 to the pyr-
role water. The chromophore-binding pockets of these CBD
variants, including the coordinated waters, are very simi-
lar to the CBD-PHY fragment, except for the PHY tongue
extension that binds to the pocket vicinity (see Supplemen-
tary Fig. 1C). In the CBD-H260A and CBD-H260A/Y263F,
the removal of the histidine side chain however allowed 2-3
additional water molecules (W3 and W4) to occupy the posi-
tions of imidazole nitrogens (Fig. 2C, D). In addition, the
electron density supports a fifth water molecule near W4
(W5), but its proximity to W4 (2.1 A) and weak density
indicate that this may be either an alternative position for
W4 or a transient water. Waters W4 and W35 were therefore
modeled with partial occupancy.

The lack of the histidine side chain and the involvement
of additional waters also changed the hydrogen bonding net-
work in the H260A variants (Fig. 2E, F). In CBD-WT and
CBD-Y263F, the imidazole hydrogens of H260 interact with
the pyrrole water and C-ring propionate. In H260A variants,
these imidazole interactions are replaced by hydrogen bonds
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H260A/Y263F

Fig.2 Crystal structures and comparison of CBD variants. A-D
Water omit maps at biliverdin surroundings of the four CBD vari-
ants: A CBD-WT [18], B CBD-Y263F [21], C CBD-H260A, and
D CBD-H260A/Y263F. All variants contain a pyrrole water (W1)
and usually a water between it and the residue 263 (W2). The vari-
ants containing the H260A mutation have extra space created by the
missing imidazole side chain, which is occupied by additional water
molecules (W3-WS5). The Fo-Fc omit map (green mesh) is shown

between W3 and A260 main chain hydroxyl, and W4 and
C-ring propionate. Overall, the amount of hydrogen bonds
in H260A variants has increased considerably.

2.2 Water coordination in the binding pocket
directs the entrance to reaction pathway

The two mutations, H260A and Y263F, had striking effects
on the water network in the chromophore-binding pocket
(Fig. 2). To study the effects of these mutations on the initial
photoreactions (Fig. 1B), time-resolved absorption and fluo-
rescence measurements were conducted. We concentrated
on the wild-type CBD and its single mutations (H260A and
Y263F) to pinpoint the separate effect of these residues on
the photocycle. The measurements were conducted at pH
8.0, like in other similar experiments [13, 14, 54]. The time-
resolved absorption and fluorescence spectroscopy studies of
CBD-PHY under similar conditions are published elsewhere
[14,21].

We used time-resolved absorption spectroscopy (pump-
probe) from a femtosecond to nanosecond time scale
to monitor the relaxation processes of the photoexcited
samples. Pump-probe measurements for all samples were
done by exciting the BV at 700 nm and monitoring in the
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H260A + H260A/Y263F

at 4.0 rmsd. The maps were calculated by repeating the final step of
each refinement without waters W1-W5. See [18] and [21] for refine-
ment details of CBD-WT and CBD-Y263F, respectively. E-F Interac-
tions of the waters W1-WS5 in the biliverdin-binding pocket. These
selected interactions are shown as black dashed lines. CBD-WT and
CBD-Y263F are overlaid in panel E, whereas CBD-H260A and CBD-
H260A/Y263F are overlaid in panel F

spectral range of 530-770 nm. For the spectra, see Sup-
plementary Fig. 2. At a fast time scale, one can recognize
ground state bleaching of the Q band together with stimu-
lated emission. At a long time scale, an induced absorption
at 730 nm appears, which can be assigned to Lumi-R state
formation [13]. In Fig. 3A, we show trace curves at 730 nm
with their fits for CBD-WT, CBD-H260A and CBD-Y263F.
Typically, multi-exponential data fitting is used to analyze
the time-resolved absorption traces, and this approach was
required for all CBD variants in this study. The parame-
ters are summarized in Table 1. Until 6 ns, the resulting
transient absorption traces of CBD-WT show features that
have been previously reported [14]. Only CBD-WT shows
induced absorption at 730 nm typical of Lumi-R, whereas
CBD-Y263F and CBD-H260A do not display this absorb-
ance (Fig. 3A). This is consistent with our steady-state meas-
urements at pH 8.0 (Supplementary Fig. 3A-C), and our
published results with the Y263F variant [21], where only
minor absorption at around 750 nm appeared in CBD-Y263F
and CBD-H260A after illumination with red light. Despite
this small absorption signal, urea denaturation experiments
indicate, however, that BV isomerization occurs in illumi-
nated CBD-H260A to a similar extent as in wild-type CBD
and CBD-PHY fragments (Supplementary Fig. 3E-I).
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Fig.3 Transient absorption and emission decays of three CBD vari-
ants. A Transient absorption traces of CBD-WT, CBD-H260A and
CBD-Y263F at pH 8.0. Samples were excited at 700 nm and absorp-
tion was monitored at 730 nm. Solid lines show the multi-exponential

fit of the data. B Emission decays of CBD-WT, CBD-H260A and
CBD-Y263F at pH 8.0. Samples were excited at 660 nm and emission
was monitored at 720 nm. IRF is the instrument response function

Table 1 Time-resolved

spectroscopic characteristics of Variant TCSPC 7, (ps) pump-probe T, (ps) pump-probe T, (ps) pump-

S O o b

the CBD-WT, CBD-Y263F, and ?::) °n

CBD-H260A at pH 8.0. TCSPC _

stands for Time-Correlated CBD-WT 430 +30%* 10+5 380+30 >6

Single-Photon Counting CBD-Y263F 670+30* 2710 68030 -
CBD-H260A 420+30% 16+8 370+30 -

*The average decay values of the two exponential decay components are presented for CBD-WT and CBD-
H260A. In the case of CBD-Y263F, one component was applied

Isomerization of illuminated CBD-Y263F was only 23% of
that observed for CBD-WT (Supplementary Fig. 3H).

The time-resolved fluorescence measurements of CBD-
WT, CBD-H260A, and CBD-Y263F (Fig. 3B) demonstrate
that the fluorescence lifetimes correlate well with the second
time constants (t,) of pump-probe measurements (Table 1).
The excitation decay properties of the BV in the binding
pocket can be studied using 660 nm excitation and 720 nm
monitoring wavelengths. Similar to previous time-resolved
studies of phytochrome systems [35], the fluorescence
decays were fitted with multi-exponential functions to obtain
the excited-state lifetimes of the CBD variants. We found
two categories: first category contained CBD-WT and CBD-
H260A, whose decay profile required two exponential com-
ponents. In the second category, a mono-exponential fit was
sufficient to describe the fluorescence decay of CBD-Y263F.
The average decay times were 430 ps (CBD-WT), 670 ps
(CBD-Y263F), and 420 ps (CBD-H260A).

2.3 UV-Vis absorption of pH titrations in the Pr
state show two distinct BV protonation states

The time-resolved measurements indicated that the water
content in CBD variants affect the fluorescence properties
and the production of a Lumi-R-like state (Fig. 3). Previous

studies have shown that H260 and Y263 play a role in the
BV protonation [50, 52]. For example, Y263F mutation in
DrBphP CBD-PHY fragment increases the occurrence of a
pH-dependent BV population that absorbs at 650 nm when
deprotonated [52]. To study whether these results apply for
the CBD fragment, we applied the same four variants for
pH-dependent absorption spectroscopy (Fig. 4).

Similar to pH titrations of CBD-PHY fragment [52], an
increase in pH led to a decreased absorption of the Q band
centered at 700 nm, which has been attributed to deprotona-
tion of the biliverdin chromophore [50, 55, 56]. The absorp-
tion at 700 nm as a function of pH is shown for each variant
fit to a single pK, model in Fig. 4E. For the CBD-WT and
CBD-Y263F, the midpoint pH of the titration is greater than
10 (Fig. 4E), similar to the CBD-PHY counterparts [52].
Due to the protein instability at high pH values, the endpoint
of the titration could not be measured and therefore accurate
pK, values determined. For CBD-H260A and CBD-H260A/
Y263F, the lack of H260 imidazole decreases the midpoint
of the pH titration by over two pH units. As a result, the
approximate pK, value was 7.6 for both CBD-H260A and
CBD-H260A/Y263F, similar to the pK, values of near 8
determined in their CBD-PHY counterparts [52]. Due to the
above effects, the BV deprotonation starts to become sig-
nificant at and above pH 9 in WT and Y263F. The absence
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Fig.4 Absorption spectra of CBD variants in the Pr state at differ-
ent pH values. A CBD-WT, B CBD-Y263F, C CBD-H260A, and D
CBD-H260A/Y263F. All spectra are color-coded according to the
measured pH. E The absorbance value at 700 nm plotted as a func-
tion of pH for CBD variants. The solid lines represent the fit to a
deprotonation model with one pKa [52]. For WT and Y263F, the end-

of the PHY tongue, an extension of the PHY domain that
shields the chromophore vicinity of CBD, does not notably
affect the pK, of the BV [52].

Previous studies with CBD-PHY fragment indicated a
pH-induced deprotonation of the BV and the Y263 hydroxyl
[52]. In CBD-H260A, the residuals from the fit to a single
pK, indicate some deviation from two-state behavior (see
Supplementary Fig. 4), similar to CBD-PHY H260A variant.
However, this deviation is also observed for CBD-H260A/
Y263F, which does not have the hydroxyl group at posi-
tion 263, thus providing no indication of Y263 deprotona-
tion in CBD-H260A. Using singular value decomposition
(SVD), two deprotonation events are observed for CBD-WT
while only one is indicated for CBD-Y263F (Supplementary
Fig. 5), which suggests Y263 deprotonation in CBD-WT.
SVD also gives some indication for Y263 deprotonation in
CBD-H260A, but not as clear as observed in CBD-PHY.

2.4 Fluorescence properties of the pH-dependent
populations

The existence of the pH-dependent populations in the CBD
variants (Fig. 4) led us to assume that these populations
were also visible in the fluorescence spectra. We therefore
continued to measure the absorption, fluorescence emission,
and fluorescence excitation spectra at various pH values. We
chose three specific pH values to cover different degrees of
protonation of the H260 variants: greater than 99% proto-
nated at pH 5.5, ~30% protonated at pH 8.0, and ~ 3% proto-
nated at pH 9.0 (Fig. 4E). With CBD-WT and CBD-Y263F
this trend is not as prominent, as BV remains at least 99.9%
protonated at pH values 5.5 and 8.0, and approximately 98%
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point absorbance values at high pH were fixed to those obtained for
H260A and H260A/Y263F, respectively, resulting in fitted pK, values
of 10.7 (WT) and 10.6 (Y263F). The fitted pK, value for both H260A
and H260A/Y263F is 7.6. The pH values selected for the following
experiments (5.5, 8.0, and 9.0) are indicated as vertical dashed lines

protonated at pH 9.0. The resulting spectra at three selected
pH values are shown in Fig. 5, and all parameters are sum-
marized in Table 2.

The shapes of the CBD-WT emission spectra (Fig. S5E)
were similar at all pH values, consistent with the absorp-
tion measurements (Fig. 5SA). However, a small blue-shift
of 4 nm could be observed when increasing the pH, con-
comitant with the decrease of the fluorescence QY from
3.0% (pH 5.5) to 1.3% (pH 9.0). Compared to CBD-WT,
the fluorescence emission of CBD-Y263F was less sensitive
to changes in pH (Fig. 5F). The shape and the QY of the
spectra remained almost unchanged between pH 5.5 and 8.0,
and only a small additional emission peak appeared around
650 nm at pH 9.0. In CBD-H260A and CBD-H260/Y263F,
the shape and intensity of the emission spectra however did
not remain as constant at different pH values (Fig. 5G, H).
Both variants had two emission maxima, at 650 nm and
722 nm. The 722 nm emission peak decreased abruptly
with increasing pH. This decrease was accompanied by an
increase of the 650 nm emission peak, which levels off at pH
8.0. These pH-induced changes in spectra are even more sig-
nificant for the double variant, which shows a clear 651 nm
peak already at the lowest pH value (pH 5.5) and a near
disappearance of the 722 nm peak at the highest pH value
(pH 9.0). As the fluorescence spectra of CBD-H260A and
CBD-H260A/Y263F did not show PPIXa-specific emission
peaks at 622 nm and 688 nm [44], we conclude that the
entire emission profile originates from the BV molecules
covalently bound to protein.

To demonstrate the fluorescence properties at 650 nm and
750 nm further, we measured the excitation spectra of the
CBD variants detected at these two different wavelengths
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Fig.5 Steady-state absorption, emission, and excitation spec-
tra of the CBD variants at three different pH values: 5.5 (red), 8.0
(green) and 9.0 (blue). A-D Absorption spectra of WT (A), Y263F
(B), H260A (C), and H260A/Y263F (D). The spectra were normal-
ized at the Soret band (around 400 nm). E-H Emission spectra of
WT (E), Y263F (F), H260A (G), and H260A/Y263F (H) excited
at 550 nm. The fluorescence intensities were corrected for the num-

X 10°
4t WT Y263F]
E oH
— 55
8.0
2 —9.0
E]
o,
20 - : : = : :
2 [G H260A | H H260A/Y263F
9
=
1 L
0

650 700 750 800 650 700 750 800
Wavelength [nm]

3 M ' ' ' WT N ' Y263F
pH

2 B e 55
8.0

1F A * 9.0

i
\

fﬁf:\.,xfm@?%%% _d

o) H260A| P

400 500 600 700 400 500 600 700
Wavelength [nm]

H260A/Y263F

N

Normalized Intensity [a.u.]
o

N
T

ber of absorbed photons. I-L. Excitation spectra of WT (I), Y263F
J), H260A (K), and H260A/Y263F (L) at 750 nm emission. M—P
Excitation spectra of WT (M), Y263F (N), H260A (O), and H260A/
Y263F (P) at 650 nm emission. All excitation spectra are normalized
at the Soret band (around 400 nm) and therefore the intensities are not
directly comparable between the variants

Table 2 Steady-state spectroscopic characteristics of the CBD variants at three different pH values

Variant pH  Abs.max (nm) Q/Soretratio Exc.max (nm)at Exc. max (nm)at Q/Soretratioat Em.max (nm) @& (%)°
650 nm emis. 750 nm emis. 750 nm emis.

WT 5.5 700 2.8 - 700 2.0 723 4.2
8.0 696 2.7 - 696 2.3 719 2.6
9.0 696 2.4 - 696 2.8 719 1.7

Y263F 5.5 701 2.5 - 700 1.6 723 4.5
8.0 701% 2.5 - 700 1.6 723% 4.2%
9.0 701 2.4 600 700 1.7 653 and 723 33

H260A 5.5 700 1.9 600 700 2.1 722 4.5
8.0 697 1.0 600 700 2.1 653 and 722 1.1
9.0 625 and 688 0.4 600 622 and 698 1.3 653 and 722 1.0

H260A/Y263F 5.5 698 2.1 600 700 1.8 651 and 722 4.1
8.0 616 and 698 1.1 600 700 1.6 651 and 722 1.6
9.0 606 and 696 0.4 600 612 and 700 0.9 651 1.4

# Absorbance and emission maxima and fluorescence quantum yield as reported in [33]

The fluorescence quantum yields were determined at 550 nm
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(Fig. 51-P). The excitation spectra at 750 nm emission
(Fig. 5I-L) showed that all variants have a component that
absorbs at the Q band. The excitation spectra at 650 nm
emission for CBD-WT and CBD-Y263F (Fig. 5M, N) had
very similar shapes at almost every pH value, but the excita-
tion spectrum for CBD-Y263F at pH 9.0 had a small broad
peak at around 600 nm. This peak indicates a second fluo-
rescent component with low 600 nm absorption. The excita-
tion spectra of CBD-H260A and CBD-H260/Y263F confirm
the existence of at least two fluorescing components. Their
excitation spectra at 750 nm emission (Fig. 5K, L) show
that the second component is present mainly at the highest
pH values, and the excitation spectra at 650 nm emission
(Fig. 50, P) show that the second component absorbs widely
at around 600 nm.

To aid comparison, the excitation and absorption spec-
tra (Fig. 5A-D) are normalized to the maximum of the
Soret band at approximately 400 nm. The overall simi-
larity between the excitation spectra at 750 nm emission
(Fig. 5I-L) and absorption spectra (Fig. SA-D) for all vari-
ants, suggests that this part of the emission is due to nor-
mally oriented BV [22]. However, a closer inspection indi-
cates that the ratios between the Q and Soret band intensities
are different in absorption spectra and excitation spectra
(Fig. 5 and Table 2). This is most clearly observed in CBD-
Y263F and CBD-WT. The Q/Soret ratio for CBD-Y263F
was lower in the excitation spectra than in the absorption
spectra at all pH values. For CBD-WT, however, the ratio in
the excitation spectra changes more significantly as a func-
tion of pH, being lower than in the absorption at pH 5.5 but
higher at pH 9.0. This suggests that the excited-state energy
surfaces, responsible for Q and Soret absorption, are simi-
larly affected at pH 5.5 but differ as the pH increases. Since
the pH titration in Fig. 4 indicates no significant deprotona-
tion of BV, a logical candidate for these effects is deprotona-
tion of the Y263 hydroxyl.

The H260A and H260A/Y263F variants can also be used
to distinguish the effects of pH with and without the Y263
hydroxyl, although the interpretation is complicated by sig-
nificant deprotonation of the BV. The Q/Soret ratio for CBD-
H260/Y263F was lower in excitation spectra than absorption

spectra at pH 5.5 and higher at pH 8.0 and 9.0, whereas the
ratio for CBD-H260A in excitation spectra was higher than
absorption spectra at all pH values. Given that the pK, values
of these variants are similar, it suggests that Y263 hydroxyl
is deprotonating. Y263 was also observed to deprotonate
around pH 8.0 in pH titration experiments of CBD-PHY-
WT and CBD-PHY-H260A [52]. In this study, SVD analysis
indicates Y263 hydroxyl deprotonation for CBD-WT. How-
ever, the evidence is not as clear for deprotonation of this
tyrosine in CBD-H260A (Supplementary Fig. 5). Possibly
the non-two-state behavior observed in both CBD-H260A
and CBD-H260A/Y263F (Supplementary Fig. 4) makes the
detection of Y263 deprotonation difficult, as several pH-
dependent processes seem to occur concurrently between
pH 6 and 9.

3 Discussion

The available space, amount of water molecules, and the
flexibility of the chromophore-binding pocket have been pro-
posed as the main factors to explain the spectral behavior of
phytochromes [31, 54, 57]. In this study, we have studied
H260 and Y263 in the function of the CBD fragment of D.
radiodurans phytochrome. Namely, we showed that these
residues have an important role in the Pr state and water
content of the chromophore-binding pocket. Through these
waters, the residues influence the photoreaction pathway
taken, by selectively favoring either Lumi-R state, fluores-
cence, or non-radiative relaxation pathway. We also showed
that these residues protect BV against changes in solvent pH
by excluding water molecules from the BV-binding pocket.
The main conclusions are summarized in Fig. 6.

The initial steps in the photocycle of phytochromes, i.e.,
from the Pr state to the Lumi-R state, have been extensively
studied by time-resolved absorption spectroscopy [13-15,
24, 54, 58-60]. The kinetics of the various BV-binding phy-
tochrome photoreactions do not differ significantly. Muta-
tional studies have identified highly conserved key amino
acids, like Y263, D207, H260, and H290, in the immediate
vicinity of the D-ring, which directly affect the excited-state

A B Tyr263 His260 Water Pocket
hydroxyl imidazole content rigidity
Tyr263\ / Reaction pathway Lumi-R t t + +
Water Fluorescence ' t v t
e content AN Relaxation D v D '
His260 Protonation state Protonation (pKa) - 4 ' -

Fig.6 Summary of the results obtained in the study. A Simplified
scheme of the events related to the coordinated water content in the
chromophore-binding pocket. H260 and Y263 affect the water net-
work, which then affects the chosen reaction pathway (Lumi-R, fluo-
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rescence, or non-radiative relaxation) and the protonation state of the
biliverdin. Only relations through the coordinated waters within the
pocket are shown. B The effects of H260, Y263, and pocket param-
eters on the photoreaction pathway taken and on the pK,
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lifetime and the isomerization quantum yield, as now
observed for H260 and Y263 (Fig. 3).

One surprising finding with the H260A variant is that
it does not seem to reach the Lumi-R state spectrally
(Fig. 3A) even though its BV isomerizes (Supplementary
Fig. 3I). There was also no rise of 730 nm absorbance typical
of the Lumi or Meta state formation in this variant (Sup-
plementary Fig. 3C), which indicates that light-induced
BV isomerization does not lead to the typical structural
changes in the chromophore-binding pocket. The crystal
structure of CBD-H260A shows that the removal of the
H260 side chain increases the water content of the chromo-
phore pocket (Fig. 2C). These additional waters extend the
hydrogen bonding network, therefore reducing the rigidity
of the chromophore surroundings and potentially absorbing
light-induced structural changes. Studies with serial femto-
second crystallography (SFX) indicate a pyrrole water re-
localization (photo-ejection) within first picoseconds after
photoexcitation [27, 61]. This initial water movement may
be affected by the modified bonding network caused by the
H260A mutation. The changes may increase the probability
for non-radiative relaxation at the expense of other pathways
(Fig. 6B). Indeed, one could also envision that removal of
the H260 imidazole would hamper the structural framework
of the ‘normal’ Lumi-R state with defined BV interactions
[62]. In addition, the bathochromic shift in the Pr-to-Pfr
photoconversion is proposed to be due to changes in the
chromophore interactions with the surrounding pocket rather
than isomerization [9-11]. This may also apply to the transi-
tion from the Pr state to the Lumi-R state.

The fluorescence of a molecule is extremely sensitive
to local environmental changes. Although mutating H260
and Y263 had practically no effect on the orientation of BV
(Supplementary Fig. 1), it had a large impact on the fluo-
rescence properties of the CBD. Interestingly, the quantum
yield of fluorescence is decreased in CBD-H260A when
compared to CBD-WT, but the fluorescence lifetime is
almost the same at pH 8.0 (Tables 1 and 2). We can therefore
conclude that the increased hydrogen bonding in the H260A
pocket appears as static fluorescence quenching [63]. In the
case of Y263, both its interactions with the BV as well as
its participation in the hydrogen bonding network have been
proposed to be essential for efficient photochemistry [21].
For example, Toh and coworkers have demonstrated that
increased H-bond strength to ring D increases excited-state
lifetime and reduces the quantum yield of Lumi-R formation
in Rps. palustris RpBphP3 and RpBphP2 [13]. Conversion
of tyrosine to phenylalanine alters the interaction of the resi-
due with water molecules since the polar phenol group is
replaced with a benzyl group that interacts mainly through
its w-electron system [21]. The benzyl group in Y263F inter-
acts more closely with the D-ring, leading to decreased W2
occupancy (Fig. 2B). This reduced water content then may

play a role in increased fluorescence of the Y263F variant
(Fig. 3B).

The additional waters in the H260A variants facilitate
the proton exchange between the BV and the surrounding
solution. Indeed, these waters form a channel in the chromo-
phore-binding pocket, which is guarded by Y263 side chain
(Fig. 2C, D). Both H260 and Y263 seem to play a role in
BV (de)protonation through water content of the chromo-
phore-binding pocket (Fig. 6A). Feliks et al. have studied
D. radiodurans CBD and its IFP-derivatives at different pH
values. They have shown in their molecular dynamics simu-
lations that altering the protonation states of H260 leads to
different patterns of interaction between water molecules
and the chromophore-binding pocket [48], which further
affects their spectroscopic properties. According to Rum-
feldt et al. the pK, value of the Y263 phenol in the canonical
bacteriophytochromes is uncommonly low and this feature
of Y263 directly influences protonation of the chromophore
[52]. In addition, Sineshchekov et al. have hypothesized that
this distinct property of Y263 contributes to the appearance
of the two Cphl species, probably differing by the degree
of their protonation [64]. Comparison of the Q/Soret ratio
in excitation vs. absorption spectra in CBD-WT and CBD-
Y263F (Fig. 5) supports the results of SVD (Supplementary
Fig. 5) that Y263 hydroxyl also deprotonates in CBD.

The CBD-PHY fragment of the DrBphP can enter the full
photocycle [8] and has a PHY tongue extension that inter-
acts with the GAF domain close to the chromophore-binding
pocket. These features could affect the reaction pathways
taken by the BV (Fig. 6). The PHY tongue may hinder the
exchange of the water molecules with the BV-binding pocket
but does not necessarily affect the content of its coordinated
waters and thus fluorescence properties. Indeed, according
to crystal structures of CBD and CBD-PHY (Supplementary
Fig. 1C), the main difference in the water content lies out-
side the chromophore-binding pocket where the PHY tongue
residues are replaced by solvent waters in CBD [5, 18, 20].
The pKa of the biliverdin remains unchanged in CBD and
CBD-PHY fragment titrations (Fig. 4 and [52]), which sup-
ports the notion that the imminent BV surroundings do not
seem to be affected by the PHY tongue.

Our absorption and fluorescence measurements of
CBD show that the mutations of H260 and Y263 have an
increased population of species that absorb at 615 nm and
emit at 653 nm (Fig. 5). The one that absorbs at 615 nm
is clearly the deprotonated population and the one that
absorbs closer to 700 nm is the protonated population simi-
lar to CBD-PHY fragment [52]. Indeed, the pH titrations
of phytochromes combined with absorption spectroscopy
have demonstrated, that at higher pH, the intensity of the Q
band decreases, and the observed decrease was assigned to
chromophore deprotonation [23, 50, 51]. In numerous spec-
troscopic studies, the blue-shifted shoulder of the Q band
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(Fig. 1A) has been linked to the heterogeneity of the ground
state in phytochromes [64—66], which is also supported
by NMR and Resonance Raman spectroscopy [10, 67]. In
some cases, phytochrome heterogeneity may be related to
the different protonation states of the chromophore or of
the highly conserved histidine (H260 in DrBphP) [10]. Our
results show that the deprotonation of the BV leads to a
broad peak at a maximum of 600 nm that differs from the Q
band shoulder. Although having several protonation states
may explain some of the heterogeneity, there are also other
sources for this phenomenon. As the protonation state of
each phytochrome sample depends on the prevalent pH value
(Fig. 4), one should take the pH into careful consideration
while studying phytochromes.

4 Experimental procedures
4.1 Cloning, protein expression and purification

The CBD fragment (amino acids 1-321) of D. radiodurans
phytochrome and its CBD-Y263F variant are described else-
where [4, 19, 21]. The H260A and H260A/Y263F mutations
were introduced with QuikChange Lightning Multi Site-
Directed Mutagenesis Kit (Agilent Technologies) as in [52].
The proteins were expressed and purified as described previ-
ously [21, 52]. After the final size-exclusion chromatography
step, the purified protein samples in (30 mM Tris/HCI, pH
8.0) were concentrated to 25-30 mg/ml, flash-frozen with
liquid nitrogen, and stored at — 80 °C.

4.2 Protein crystallography

The CBD-H260A and CBD-H260A/Y263F crystals were
grown with similar conditions as in [18]. The hanging-
drop vapor diffusion method was applied, in which 15 mg/
ml protein was mixed at a 1:1 ratio with reservoir solution
(67 mM sodium acetate, pH 4.95, 3.3% PEG 400, 10-25%
2-methyl-2,4-pentanediol, 1| mM DTT). The crystals were
grown in the dark, in a cold room, and flash-frozen with-
out additional cryo-protectants under green safe light. The
diffraction data were collected with 0.968 A wavelength in
beamline ID30A-3 of the European Synchrotron Radiation
Facility (ESRF). The data were processed with the XDS pro-
gram package version June 1, 2017 [68]. The CBD-H260A
data were cut at 1.88 A resolution and the CBD-H260A/
Y263F data at 1.48 10%, which corresponds to a correlation
coefficient (CC,,) value of 0.33 and 0.38, respectively [69].

The crystal belonged to the C121 space group with cell
parameters highly similar to wild-type CBD [18] and CBD-
Y263F [21]. Both crystal structures were solved by molecu-
lar replacement with Phaser version 2.5.7 [70] and 209C
[19] as a search model. The structures were further refined
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with REFMACS version 5.8.0267 [71], with final refinement
steps using 0.03 matrix weight and isotropic temperature
factors for CBD-H260A and 0.1 matrix weight and aniso-
tropic temperature factors for CBD-H260A/Y263F. The
model building and real space refinement was conducted
with Coot 0.9.6. The final structures had Rwork/Rfree val-
ues of 0.187/0.225 (CBD-H260A) and 0.128/0.169 (CBD-
H260A/Y263F). The crystal data collection and processing
statistics are summarized in Table 3.

The maps were calculated by repeating the final step of
each refinement without waters W1-W5 (Fig. 5), and the
structure figures were created with the PyMOL Molecular
Graphics System version 2.5.2 (Schrodinger, LLC). The
RMSD between CBD variants were calculated with PyMOL
after outlier rejection.

4.3 Spectroscopic measurement

All measurements were carried out at room temperature in
darkness. For measurement of samples in the Pr state, CBD
variants were illuminated for 1 min with a 785 nm minia-
ture diode laser (far-red, 250 mW output power). CBD vari-
ants were converted to the Pfr state by illuminating with a
655 nm (red, 7-milliwatt output power) light-emitting diode
light until photoequilibrium was reached.

Steady-state absorption measurements: stock solutions of
the phytochromes in the Pr state were diluted into solutions
buffered between pH 5.0 and 11.0: Citrate buffer was used
for pH 5.0 and 5.5, MES buffer was used for pH 6.0-7.1,
Tris for pH 7.2-9.2, and glycine for pH 9.3-11.0. The final
concentration of the buffer was 30 mM with constant ionic
strength maintained at all pH values using NaCl. The final
concentrations of CBD constructs were ~4 uM giving a
700 nm absorbance of about 0.25 at pH 7.0.

Proteins in the Pr state or after illumination to
photoequilibrium with 655 nm light were measured by
absorption spectroscopy or were diluted into 10 M urea pH
3 for final urea concentration of 8.0 M. The CBD variants in
urea were then measured by absorption spectroscopy within
1-2 min of urea denaturation.

Steady-state fluorescence measurements: steady-state flu-
orescence measurements were performed in three different
pHs (5.5, 8.0 and 9.0). Each sample solution was prepared
by dilution from a stock solution using citrate buffer for pH
5.5, Tris buffer for pH 8.0 and glycine buffer for pH 9.0. For
fluorescence quantum yield measurements, samples were
diluted into the appropriate buffer and filtered: one half of
the sample was taken for fluorescence measurement and the
other half for absorption. Steady-state absorption spectrum
of the samples was measured to determine the concentra-
tion of the analyzed solutions. The samples used to record
fluorescence were diluted to sufficiently low absorption val-
ues (between 2 and 10 pM to give OD,,, of 0.1) to prevent
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Table 3 Crystal data collection
and processing statistics

Parameters CBD-H260A CBD-H260A/Y263F
Data Collection
Space group C121 Cl121
Cell dimensions
a b, c(A) 93.93, 54.39, 70.47 93.76, 54.33,70.37
o, B,y (°) 90.00, 92.39, 90.00 90.00, 92.16, 90.00

Resolution (1&)

Rmerge

CCp

I/lo(D)

Completeness (%)

Redundancy

Wilson B factor
Refinement

Resolution (A)

No. of reflections

19.91-1.88 (1.93-1.88)*
0.145 (1.683)

0.996 (0.324)

7.38 (0.67)

98.9 (97.1)

4.87 (4.64)

34.48

19.91-1.88 (1.93-1.88)*
27,327 (1,936)*

19.84-1.48 (1.52-1.48)*
0.041 (1.450)

0.999 (0.383)

16.43 (1.05)

97.1(95.9)

4.21 (4.33)

31.12

19.84-1.48 (1.52-1.48)*
54,489 (3,911)*

Rwork/ Rfree
Overall B factor
No. of atoms
Protein
Heterogen®
Water
Geometry
RMSD
Bond lengths (A)
Bond angles (°)
Ramachandran
Favored (%)
Allowed (%)
Outliers (%)
PDB Code

0.187/0.225° (0.423/0.416) 0.128/0.169° (0.466/0.510)

36.50 30.70
2,352 2,351
63 71
265 373
0.005 0.007
1.343 1.448
98 99

2 0

0 0
729D TZ9E

#Outer shell values are in parentheses

PTest set for Ry, calculation constitutes 5% of total reflections that were randomly chosen

“This includes atoms from biliverdin, acetate and (45)-2-methyl-2,4-pentanediol

an inner filter effect. Fluorescence spectra were measured
with the Horiba Aqualog fluorometer. Emission spectrum of
each sample was measured with two emission wavelengths
550 nm and 630 nm (1 s accumulation, 20 repeats, 2 pixels).
The fluorescence quantum yield was determined from the
steady-state absorption and emission spectra [31]. In addi-
tion, fluorescence excitation—emission matrix data were
measured (0.2 s accumulation, 3 repeats, 2 pixels). 5 nm
emission and excitation slits were used in all measurements.

Time-resolved absorption and fluorescence: to avoid
excessive sample degradation, the sample solution (volume
400 pL) was cycled using a peristaltic pump (Ismatec, Reglo
Digital) at a flow rate of 0.1 ml min~' through a glass res-
ervoir, the capillary, and connecting Teflon tubing (1 mm
inner diameter). A far-red laser diode (750 +5 nm, 3 mW,
Leading-Tech Laser Co.) was used to transform the sample

to the Pr state by constantly illuminating the sample through
the Teflon tubing.

The femtosecond pump—probe technique was used to
measure transient absorption spectra with time resolu-
tion down to 0.15 ps. Ti:sapphire laser (Libra-F, Coher-
ent Inc.) and optical parametric amplifier (Topas-C, Light
Conversion Ltd.) were used to produce pump and probe
pulses in the ExciPro (CDP) measurement system as previ-
ously described [72]. The OD;, of the samples was about
0.45. The 700+ 10 nm pump pulse with energy density of
0.026 mJ/cm? was used to excite the CBD-WT, CBD-Y263F
and CBD-H260A samples. The transition absorption was
measured in the spectral range 530—770 nm.

Fluorescence decays of the samples in the sub-nano-
second and nanosecond time scales were measured using
a time-correlated single photon counting (TCSPC) system
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consisting of a HydraHarp 400 controller and a PDL 800-B
driver (PicoQuant GmBH). The excitation wavelength was
660 nm from a pulsed diode laser head LDH-P-C-660. The
repetition rate of the excitation pulses was set to 40 MHz in
all measurements, and the output power of the laser was 0.98
mW for 660 nm excitation. The Jobin Yvon mono-chromator
was used to detect the emission at 720 nm with a single
photon avalanche photodiode (SPAD, MPD-1CTC). The
time resolution was approximately 70 ps (full width at half-
maximum of the instrument response function, IRF). The
data were fitted with multi-exponential functions to obtain
fluorescence lifetimes [44]. In addition to the fluorescence
decay components, a fast rise component of about 20 ps was
needed to obtain satisfactory fits at early time points.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-022-00272-6.
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