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In photoactive proteins, coupling between the chromophore and protein matrix is exquisitely tuned. Proton
transfer reactions can mediate this coupling, as in proton-coupled electron transfer and excited-state proton
transfer. Additional mechanisms involving proton dislocations may exist but remain undiscovered. Here, we pres-
ent a femtosecond crystallographic movie of the phytochrome from Deinococcus radiodurans. The structures re-
veal a space-conserving mechanism for rotation of the D-ring in the excited state. We observe rearrangement of a
conserved hydrogen bond network within 300 fs, which precedes the isomerization reaction of the chromophore.
Aided by molecular modeling and independently confirmed by femtosecond infrared spectroscopy, we attribute
these changes to a protonation shift of the strictly conserved histidine-260. Although this histidine lies close to
the photoexcited wt-orbitals of the chromophore, it is not directly part of them. We propose that this “remote-
controlled” proton transfer relays photoexcitation near-instantaneously to the protein matrix. This mechanism
may be widely used to transduce cofactor signals to their hosting enzymes.

INTRODUCTION

Photoactive proteins are indispensable for supporting life on earth,
both as photosynthetic entities that produce green energy and as
photosensors that enable organisms to respond to light stimuli. For
light activity, these proteins contain chromophore cofactors, which
are coupled to the protein matrix at various levels. The protein bind-
ing pockets have specific electrostatics, polarities, and geometries,
thus tuning the chromophores’ electronic properties for optimal
function (1). Photoexcited chromophores couple with the matrix
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through structural changes (2-6), and, reversely, ultrafast protein
dynamics may influence chromophore photoreactions dynamically
(7, 8). Recent work on rhodopsin points to the fact that protein
changes may precede structural changes in the chromophore, in
particular with focus on changes in the hydrogen bond network
(5, 9-12). The chromophore-protein coupling is also critical for sus-
taining quantum coherences (13, 14). Overall, it remains incom-
pletely explored how chromophores interact with the protein matrix.

Proton transfer reactions play an important role in protein re-
actions, such as photosynthesis and respiration (15), and for fluo-
rescent proteins (16). Typically, proton reactions serve to lower
activation barriers and to impart directionality on enzymatic reac-
tions. In the two established mechanisms, which are proton-coupled
electron transfer and excited-state proton transfer, the initiating
transfer originates on the electronically excited chromophore (17-
19), which may subsequently dislocate protons along transfer chains
that reach several residues away from the chromophores (20, 21).
Distinct from these two mechanisms, it is also plausible that ultra-
fast protonation changes occur close to the site of photoexcitation,
but not directly on it (12). This may result in changes of H-bonding
networks and would present a distinct coupling scheme between the
chromophore and protein matrix.

We focus on phytochrome proteins, which sense red and far-red light
in plants, fungi, and bacteria, providing light input to a variety of func-
tions (22, 23), and which are highly interesting for applications in
optogenetics and agriculture (24). Phytochromes are homodimers,
composed of highly conserved photosensory modules and varying out-
put modules. The photosensory core consists of PAS (Per/Arnt/Sim),
GAF (guanosine 3’,5'-monophosphate phosphodiesterase/adenylyl
cyclase/FhlA), and PHY (phytochrome-specific) domains (Fig. 1A),
which contain a bilin chromophore (Fig. 1B). Phytochromes intercon-
vert between two photochemical states (Pr, Apax = 650 to 700 nm; Pfr,
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Fig. 1. Structure and primary photoreaction of DrBphP. (A) Depicts an Alphafold prediction of the full-length DrBphP structure (cartoon) with the PAS-GAF (pink), PHY
(light blue), dimerization and histidine phosphor-transfer (DHp) and catalytic adenosine 5’-triphosphate binding (CA) domains (turquoise), and with the PHY tongue (dark
blue) and biliverdin (BV, gray) marked. (B) The biliverdin chromophore (gray), selected amino acids (white), and water molecules (light blue spheres) of the refined dark
structure of DrBphPpascar are shown together with the hydrogen bond network, which wraps around the chromophore. V5 and V6 denote dihedral angles. (C) Fluores-
cence decay integrated over the entire spectrum of DrBphPpasgar as microcrystals and in solution. (D) An energy (E) diagram of the ground (So) and electronically excited

Pr states (S4). Deactivation is via a conical intersection (Cl) to the resting (152) and Lumi-R (15E) conformations of the biliverdin (38). arb.u., arbitrary unit.

Amax = 700 to 760 nm), with isomerization of the chromophore
(Pr,15Z; Pfr,15E) and refolding of the so-called PHY tongue as char-
acteristic features of this transition (25-29).

The primary photoreaction from Pr has been studied by ultrafast
spectroscopy (30-39). As a minimal consensus, the electronically
excited Pr state relaxes on the excited state surface by rotation of the
D-ring (35, 40), from where it converts back into the ground state
via a conical intersection, thereby forming either the product state
with isomerized D-ring in a 15E conformation (Lumi-R, yield of 10
to 15% in red/far-red phytochromes) or returning to the Pr ground
state (Fig. 1D). Multiple spectroscopic studies provide evidence that
isomerization of the chromophore in Pr occurs within tens to hun-
dreds of picoseconds (34, 35, 37, 40), even though recent theory has
not been able to reproduce the long isomerization times (41, 42).
Heterogeneity in the chromophore conformation or the protein
environment (37-39) and a picosecond structural response in the
protein environment of yet unknown structural origin has been im-
plicated spectroscopically (36). Despite this body of work, the struc-
tural evolution of the excited states is not clear.

Shankar et al., Sci. Adv. 11, eady0499 (2025) 17 October 2025

To resolve femtosecond structural dynamics in the chromophore
and protein, we use time-resolved serial crystallography (SX) at an
x-ray free electron laser source (XFEL). This method has provided
unique insight into the structural dynamics of proteins (2-6, 43). Using
time-resolved SX, we have previously reported structural changes at 1
and 10 ps after photoactivation of the PAS-GAF phytochrome frag-
ment from Deinococcus radiodurans (DrBphPpasgar) (6). In the
DrBphPpasgar crystals, formation of the Lumi-R intermediate is muted;
however, the excited state is similar to solution-state proteins (Fig. 1C).
Here, we now report a full, time-resolved trajectory from 0 to 3 ps, iden-
tifying the structural mode of rotation of the D-ring and describing a
previously unknown type of proton-coupled reaction mechanism.

RESULTS

High-quality difference electron density trajectories up to

3 ps were recorded from microcrystals of DrBphPpascar

Prior to the measurements at the XFEL, we characterized solution
and crystal samples using time-resolved fluorescence spectroscopy

20f13

G20z ‘TT JequenoN uo Aysieaiun eesddn e Blo'aousios mmm//:sdny wody papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

(Fig. 1C). We observe a small rise of the signal within the first pico-
second in both samples, which indicates a relaxation process
of or around the chromophore. Moreover, the fluorescence life-
times of about 250 ps indicate that excited state decay occurs on
the same time scale, in agreement with previous spectroscopic
work (34, 35, 37, 40, 44).

We then recorded time-resolved SX data of microcrystals of
DrBphPpascar dispersed in grease at the SPring-8 Angstrom Com-
pact Free Electron Laser (SACLA) BL3 beamline (tables S1 and S2)
spanning delay times between —-100 fs and 3 ps (fig. S1). The images
were indexed, scaled, and averaged into 19 time bins (table S2) to
produce difference structure factors |AFypg| (£) = w (|Fobs, light| (£) —
| Fobs, dark|)> which were weighted with factor w to reduce the effect of
outliers (see Materials and Methods), and Fourier-transformed into

A

observed difference electron density (DED) maps with phases of the
dark model (Fig. 2). Afirming the data integrity, the DED peaks are
located around the chromophore region (fig. S2). The signals at a
delay time of 720 fs (this study) overlap well with those at 1-ps delay
time (previous work) (fig. S3) (6). The DED signals are similar but
not identical between subunits A and B, as previously observed
(6, 45, 46).

As in many time-resolved SX studies, high excitation fluences
were used (3.9 mJ/mm? at an excitation wavelength of 640 nm). This
raises the concern that multiphoton absorption influences struc-
tural dynamics (47). The excitation process in the partially opaque
grease jets is a complex function of crystal position, crystal orienta-
tion, and various other effects, which may reduce the excitation in-
tensity at the sample position (see Discussion). To experimentally

=== H-chain(A) D-ring(A)*2
—0.04k Sy H-chain(B) D-ring(B)*2

1 1 1 1 1 1 1
-100 0 200 400 600 800 3000

Delay time/fs

Fig. 2. DED features around BV (chain A) as a function of delay time and key structural changes of the chromophore and binding pocket from 0 to 3 ps. (A) The
DED maps are shown around BV of the refined dark structure (residues and BV in gray sticks, water molecules as red spheres). The gold and blue DED features represent
the positive and negative densities, respectively, and are contoured at 0.033 e~/A3 for all time points. This corresponds to a root mean square deviation of close to 4o for
the maps. DED features marked are TW (transient water), C1 (close to C-ring), CD (C-D bridge), D1 (close to N atom of the D-ring), X (Asp>”’), PW (pyrrole water),
CP (C-propionate), A1 (A-ring), H1 (His?*®), D2 (ethyl, methyl, and carboxyl group of the D-ring), D3 (close to D-ring), water molecules, and residues as indicated. (B) Inte-
grated negative densities as a function of time around the D-ring of the biliverdin chromophore and around the hydrogen bonding chain region stretching from Asp®’
over PW, His?®°, C-prop, and waters to the D-ring NH. (C) The mask around hydrogen bonding chain for integration of the signal in (B) is shown.
17 October 2025
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verify that the DED maps are not dominated by effects of multipho-
ton excitation, we recorded DED maps at reduced laser fluences of
0.8 mJ/mm? (20% of the highest fluence) and 0.34 m]J/mm? (8.5% of
the highest fluence) around 720 fs (table S1 and fig. S4). The ampli-
tude of signals increases with excitation fluence, with some satura-
tion observable for the highest fluence (fig. S4B). However, visual
comparison of the shape of the DED signals (fig. S4) and high cor-
relation coefficients in important regions of interest reveal that the
shape of the DED signals is qualitatively similar for all three excita-
tion fluences (fig. S5). Moreover, structures refined against the data
from all three excitation fluences yield highly similar light-induced
movement of the pyrrole water (fig. S6). This indicates that the
structural findings described here are not the consequence of ab-
sorption of multiple photons.

Rotation of the D-ring is through a counterclockwise,
space-conserving mechanism in agreement with recent
quantum-chemical predictions

To analyze the complex signal patterns in the time-dependent DED
maps [Fig. 2 and figs. S7 to S9 and S24; for a description of the short-
lived DED feature TW (transient water), see figs. S10 and S11], we
first focus on the DED signals around the D-ring of the biliverdin
chromophore (Fig. 2A). The signals are found next to the D-ring
(feature D1, negative, from 144 fs), at the three side groups of the
ring (D2, negative, 406 fs), close to the NH group and behind the
ring (D3, positive, 720 fs), and close to the bridge between the C-
and D-rings (CD, positive, from 144 fs). These signals arise within
720 fs in both subunits (Fig. 2B). We also observe weaker DED sig-
nals on the A-ring (A1, negative, 406 fs). In line with expectations
(6, 31, 45), these data indicate a notable rotation of the D-ring,
whereas the A-ring undergoes displacement but not a rotation.

To further analyze these time-dependent DED changes, we re-
fined structures against extrapolated structure factors. Here, an
important parameter is the photoactivation yield, which is the pro-
portion of atoms/molecules in the crystal that are photoexcited and
undergo a structural change. We estimated the yield to 16.6% by
tracking the appearance of negative densities in the extrapolated
maps (see fig. S12) and assumed it to be the same for all time points.
The agreement between calculated and observed DED maps is ex-
cellent in the entire chromophore binding pocket (fig. S14).

The refined time-resolved structures reveal that the rotation of
the D-ring occurs in two phases (Fig. 3). The first phase culminates
at a peak amplitude of ~25° (22° in subunit B) by 400 fs, and, in the
second phase, the D-ring relaxes back to 10° at 3 ps (Fig. 3, A and
D). The dihedral angles V5 and V6 at the bridge between C- and
D-rings (Fig. 1B for definitions) initially change in opposing di-
rections until they reach the inflection point at 400 fs (Fig. 3C and
fig. S15). From here, both angles rotate inversely, whereby V5
overshoots, leading to a shifted and rotated D-ring configuration
at 720 fs and at 3 ps.

Notably, the first phase of the movements of the D-ring agree
very well with two recent quantum mechanics/molecular mechan-
ics (QM/MM) simulation studies of the excited state dynamics in
DrBphP, which both predicted counterclockwise rotation of the
D-ring in the biliverdin excited state with an initial change of V5
and V6 in opposing directions (41, 42). Figure 3E shows the simu-
lated evolution of the angles, extracted from the part of the QM/
MM trajectories that were in the excited state (see figs. S25 and S26)
by Morozov et al. (42). Agreement with the experiment is observed

Shankar et al., Sci. Adv. 11, eady0499 (2025) 17 October 2025

for time and angular changes prior to reaching the conical intersec-
tion (compare Fig. 3, D and E). Thus, both experiment and theory
show that the biliverdin in bacterial phytochromes approaches the
conical intersection in a space-conserving and counterclockwise ro-
tation of the D-ring.

While productive isomerization should proceed by rotation into
higher V6 angles, our refined structures show that the chromophore
structure relaxes back into a less twisted geometry at 3 ps. Consider-
ing our observation of the long-lived fluorescence in the crystals
(Fig. 1C), we consider that this is the structure of a relaxed excited
state (37).

Concerted changes in the hydrogen bond network around
the chromophore are driven by an ultrafast protonation
change of histidine-260

Next, we turn our attention to DED changes along the conserved
hydrogen bonding network (Figs. 1B and 2). We observe strong
positive and negative DED features at the C-ring propionate (feature
CP in Fig. 2), waters 5 (W5) and 6 (W6) connecting to the D-ring,
around the pyrrole water (feature PW), on Asp207 (feature X), and
close to His?*® (H1). The signal also spreads via waters 27 (W27) and
35 (W35) to the propionate group of the B-ring. These signals build
up within 400 fs and are sustained until the last time point at 3 ps
(Fig. 2), with the signals at 720 fs and 3 ps matching previous obser-
vations at 1 and 10 ps (6). We consider these DED signals to pre-
dominantly arise from structural changes in the first excited state,
because of the high correlation of signals of the DED maps between
high and low excitation fluences (figs. S4 and S5) and because the
D-ring trajectory up to 400 fs agrees well with theory (see above).

From the refined structures, we find that the distance between
PW and its H-bonding partner His*® increases rapidly. Assuming a
cutoff at 3.3 A, the hydrogen bond breaks at ~300 fs (Fig. 4B). This
movement is accompanied by rotation of the His*® side chain by
25° within 400 fs (Fig. 4B). Moreover, the bond distances of the
PW to its remaining H-bonding partners (Asp®®’ and the NH
groups of the A-, B-, and C-rings of BV) also increase (fig. S16).
These movements are intriguing, because the moieties are not part
of the m-conjugated system of the biliverdin, yet they occur within
300 fs before a signal could have been transduced by steric effects.
Thus, an unknown chemical mechanism must be at play, which cou-
ples the electronic excitation of the chromophore to the protein
binding pocket.

As potential mechanisms, we consider photoexcitation of BV,
which leads to charge reorganization in the molecule and could dis-
place the PW by coulomb forces (5, 12), and proton or charge trans-
fer reactions involving the His** side chain. The SX data do not
resolve the electron densities of protons or electrons directly; how-
ever, as the protonation and charge state of His*** and BV are ex-
pected to sensitively control the position of water molecules in the
binding pocket (48), the DED signals of the waters can be used as a
probe. To test these scenarios, we predicted electron density maps of
the waters from heavy atom restrained molecular dynamics (MD)
simulations in several different protonation and photoexcitation
configurations and compared those to the experiment (fig. S17).

We first generated MD trajectories based on structures of the
dark state with His*® in different protonation states. This confirmed
that His*® is protonated at the epsilon nitrogen in the dark (termed
HIE) (49), as only this configuration reproduced the water positions
of the dark crystallographic data satisfactorily (fig. S18). Then, we
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data plotted in the panel are from trajectories in the S; excited state (see fig. S25).

computed trajectories with the biliverdin simulated in the excited
states. To do so, the GAFF force field (50) of biliverdin was refined
against point charges obtained from time-dependent density func-
tional theory (TD-DFT) computations of the excited state, with the
structure of biliverdin (see Materials and Methods). Using the struc-
ture of the protein at 3 ps, we tested protonation at the delta nitrogen
(HID*), the epsilon nitrogen (HIE*), double protonation at both
nitrogen atoms (HIP*), and additional models of HIP + PW as OH™
and a radical His**- + BV™- (His*®- deprotonated and BV~ pro-
tonated at the C-propionate). By subtracting the simulated maps
of HIE (dark) from the various maps of the BV in the excited state
(marked by *), we generated simulated DED maps (Fig. 4C and
figs. S19 to S22).

This analysis revealed that configurations where the delta nitro-
gen of His*® is protonated in the excited state (HID*-HIE and

Shankar et al., Sci. Adv. 11, eady0499 (2025) 17 October 2025

HIP*-HIE) give notably better agreement with experimental DED
[Pearson correlation coeflicient (PCC) > 0.80] compared to the HIE*-
HIE (PCC < 0.58) and the two additional setups (PCC < 0.7) (Fig. 4C
and fig. $22). As internal control, we repeated the simulations three
times. We also verified that the PCCs are similar for all tested configu-
rations in the region around W5 and W6, where we do not expect
strong sensitivity to the protonation state of His**" (fig. $19).

This analysis suggests that the electric dipole changes on the BV
due to photoexcitation alone (represented by the candidate model
HIE*-HIE) is insufficient to displace the PW. This finding is consis-
tent with literature, as QM/MM simulations of the photoactivation
process, which allowed for partial charge transfer in the excited
state, but not proton transfer, did not show notable movement of
PW after photoexcitation (fig. S23) (41, 42). Instead, good agree-
ment with the experiment is only obtained for cases where His*®
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(CBD) and DrBphPpascar labeled with BN (chromophore nonlabeled), averaged over time points 0 and 0.2 ps (marked as 0.1 ps), and over 2.5 and 3.5 ps (marked as 3
ps). The difference between the labeled and nonlabeled signal is the double-difference absorption (AAAbs, gray). The signal at 1683 cm™' (blue) originates from the
photoinduced absorption of the biliverdin carbonyl vibration (57) and was used to scale the intensities of the nonlabeled and labeled DrBphPpascar data. The arrows indi-
cate the spectral positions for kinetic analysis. (E) Kinetic traces of AAAbs at selected wave numbers (top) and of AAbs (bottom) reveal that the changes in the protein
scaffold arises directly after photoexcitation. The dataset shows pronounced perturbed free induction decays prior to 0-time (gray-shaded area), which does not carry
interpretable information (707). The estimated time resolution is 200 fs.

Shankar et al., Sci. Adv. 11, eady0499 (2025) 17 October 2025 60f13

G20z ‘TT JequenoN uo Aysieaiun eesddn e Blo'aousios mmm//:sdny wody papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

changes protonation state after photoexcitation of the biliverdin
(as in HID*-HIE and HIP*-HIE). The protonation delivers a strong
enough disruption to the hydrogen bonding network to explain the
observed changes. The time-resolved crystallographic data indicate
that this change occurs within <300 fs (Fig. 4B).

Femtosecond time-resolved infrared spectroscopy indicates
an ultrafast chemical change in protein matrix, with spectral
positions matching histidine absorptions

To corroborate these findings, we recorded femtosecond infrared
(IR) spectra of DrBphPpasgar in solution. In one of the two samples,
the protein, but not the chromophore, was labeled with *C'°N. This
shifts all protein peaks by tens of wave numbers, and, consequently,
spectral differences between the labeled and unlabeled samples
indicate protein contributions. The double-difference absorption
spectra (AAAbs; Fig. 4D) show distinct differences at 1592 (—)/1572
(+) cm™! and 1548 (=)/1531 (+) cm ™" at 0.1 and 3 ps delay times.
This four-peak pattern is characteristic for an isotope-induced shift
on a difference IR spectrum. The kinetics of the double differences
reveal that the protein-associated signals arise immediately after
photoexcitation, in concert with photoexcitation of the chromo-
phore, which is observable in the single-difference spectra as the
positive biliverdin carbonyl signal at 1683 (+) cm™" (Fig. 4E) (51).
This demonstrates that the protein scaffold undergoes a chemical
change on ultrafast time scales prior to the primary photoreaction of
the biliverdin chromophore. Even though we cannot assign the
peaks definitely to a specific residue based on the present data, we
note that characteristic IR peaks of the histidine tautomers HID and
HIE are expected in the region 1560 to 1610 cm™" (52), matching
the recorded double-difference spectra (Fig. 4D). We remark that
we do not observe any strong chromophore-associated peaks in the
1700 to 1750 cm ™" spectral region, which excludes protonation of
the propionate side chain as the driver for the observed changes.
Thus, the IR spectra are in agreement with ultrafast protonation of
the delta nitrogen of His*®.

DISCUSSION

Here, we report the structural evolution of the photoexcited state of
biliverdin in a phytochrome in the Pr state. Time-resolved SX data
do not directly reveal if the observed changes are in the electroni-
cally excited or ground states. However, the long-lived fluorescence
decay (Fig. 1C) does not decay within the first picoseconds, which

Photoexcitation

Remote proton transfer

indicates that the crystallographic snapshots up to 3 ps are from the
excited state, prior to deactivation of the chromophore to the ground
state. Consequently, isomerization of the chromophore is not ob-
served in the presented SX data. The structural evolution within the
first 400 fs reveals that V5 and V6 counter-rotate so that the D-ring
can twist in a space-conserving way in the excited state, which
agrees with QM/MM predictions (41, 42). In the experiments, max-
imum rotation is reached at ~400 fs (25° in subunit A and 22° in
subunit B), from where the angles relax again, with the D-ring as-
suming a shifted position. We assign this to be the structure of the
fluorescent excited state.

Concerns have been raised regarding the high pump fluence that
is used in time-resolved SX studies (47, 53). In this study, several
considerations support that the conclusions drawn in this paper are
not due to multiphoton absorption. First, our power dependence
analysis demonstrates that the pyrrole water and D-ring signals are
invariant over a large range of pump powers (fig. S4A). Structural
fits indicate that the movement of the pyrrole water is similar be-
tween highest and lowest fluence (fig. S6). Thus, it appears that the
laser intensity absorbed by the chromophore is lower than predict-
ed. This could be explained by scattering of the pump light in the
grease-microcrystal mixtures (6), multiphoton absorption in the
grease matrix (54), and noncollinear alignment of the chromo-
phores with laser polarization (55). Moreover, the DED signal
around the chromophore rises much slower and persists much
longer than the decay time of higher lying states, which would be
excited if multiphoton absorption was active (53). Last, our IR
spectroscopic data (Fig. 4) independently confirm the process with
much lower pump fluences under the multiphoton threshold. These
considerations indicate that the observed structural changes are part
of the linear response of the chromophore to photoexcitation.

The time-resolved structures of the phytochrome reveal that
photoexcitation of the chromophore leads to an ultrafast proton-
ation event, which occurs remotely from the chromophore (Fig. 5)
(12). We term this change as remote, because it does not occur di-
rectly on the photoexcited, m-conjugated orbitals of the chromo-
phore. As such, the mechanism is distinguished from proton-coupled
electron transfer or excited state proton transfer (17-19), where the
photoexcited portion of the chromophore would be directly in-
volved in the transfer event.

The proposed change in protonation requires a residue with a
pK, near physiological pH, such as histidine, whose protonation
state can be influenced by its environment. Transient alteration of

> 750 fs

Relaxed excited state

Fig. 5. Scheme of remote-controlled proton transfer and rotation of D-ring. Photoexcitation of the biliverdin chromophore (in sticks) leads to an ultrafast change of
protonation at His? (left side: with epsilon hydrogen bond; middle and right side: with both epsilon and delta position with hydrogen atoms), which is not part of the
photoexcited n-system. This change in configuration is the driving force behind the movement of the key pyrrole water molecule in the binding pocket and occurs
within 300 fs, while the rotation of the D-ring takes 400 fs. The right side shows the relaxed excited state structure, which is observed after 750 fs.
17 October 2025
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the pK, of histidine by the photoexcitation of the chromophore is
conceivable, potentially caused by redistribution of charge density
(Fig. 5), similar to the “coulomb hammer” mechanism (56). Similar
couplings have been inferred spectroscopically on ultrafast time
scales in proteins (9, 57), have been shown to have conformational
effects in model systems (58), and have been proposed to play a role
in phytochromes (19, 32, 59).

It is interesting to consider the source of the proton. Realistic
candidates are abstraction from the pyrrole water, donation by the
chromophore, a rotational motion of the side chain of His**’, and a
tautomerization reaction of His**’. Given the lack of agreement be-
tween our simulation of HIP + PW (OH™) with the experiment
(fig. S22), and because of the observed peak shift in the IR spectra
that matches corresponding histidine absorptions (Fig. 4D), we do
not think that abstraction from pyrrole water is likely. A 180° rota-
tion of the His*® side chain is a possible explanation. Such rotation
would not imply proton transfer per se, but effectively result in very
similar consequence for the H-bonding network. However, since we
do not observe such a motion in the time-resolved DED maps, we
tentatively rule this mechanism out. A third possibility is that the
chromophore itself acts as a proton donor. Excited state proton
transfer has been implicated for bilins in phytochromes (19, 44) and
in solution (60), but the mechanism remains controversial. Last, a
tautomerization reaction of the histidine side chain, possibly linked
to the hydrogen bonding chain surrounding the chromophore,
could lead to fast protonation changes. This is our preferred possi-
bility and could act together with other sources, i.e., chromophore
deprotonation. We note that further research is required to conclu-
sively distinguish between these possibilities.

We conclude that His*® of DrBphPpascar plays a key role in the
photoexcitation dynamics of phytochromes. His*® is strictly con-
served in the phytochrome superfamily, buffers the biliverdin in the
ground state (61), and is heterogeneously protonated in a cyanobac-
teriochrome (48). His**® mutants lose their ability to photoconvert
to Pfr, with the exception of mutation into dibasic glutamine, which
may retain some ability for the proton transfer reaction (62, 63).
These previous findings are consistent with the proposed ultrafast
reaction of His*®.

The ultrafast nature and directionality of rearrangement of the
hydrogen bonding network is intriguing. The reaction (<300 fs) oc-
curs in concert with the twisting motion of the D-ring and before the
ring reaches the most twisted conformation (~400 fs; Fig. 5). Since
the efficiency of isomerization is thought to depend on the connect-
ed hydrogen bond environment of the D-ring (41, 44), it is conceiv-
able that the observed changes dynamically control the activation
energy leading to isomerization (Fig. 1D). This could effectively pro-
mote unidirectionality of the photoreaction. Moreover, on the oppos-
ing end of the hydrogen bonding chain, the functionally important
Asp™”, which connects to the PHY tongue, is notably moved already
at 200 fs (Fig. 2A and fig. S7). Even though the tongue region is trun-
cated in our construct, it is reasonable to assume that these ultrafast
changes modulate the stability of tongue region.

Last, we speculate that the observed changes may constitute a
low-energy vibrational mode of the protein, which is activated by
photoexcitation of the chromophore (14, 64). These modes have
only subtle effects on the electronic states and are mainly considered
isotropic heat sinks. The remote proton response on the pyrrole wa-
ter may challenge this view as the process appears highly directed.
While our data are not conclusive as to how the process couples to
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the excited state, the fact that water movements occur on the same
time scales as the D-ring rotation supports this possibility.

Here, we find remote-controlled protonation changes of His
as a mean for anisotropic and ultrafast transduction of a photo-
activation signal into the protein matrix of a phytochrome. The
mechanism serves the general requirement of signaling proteins
to develop long-range structural signals from light cues. We pro-
pose that it may be a widely used mechanism in natural systems
and that it could be exploited in novel bioinspired, supramolecular
chemistry applications.

260

MATERIALS AND METHODS

Protein purification and crystallization

The PAS-GAF fragment (amino acids 1 to 321) from D. radiodurans
(DrBphPpasgar) in vector pET21b (+) (63) was expressed and puri-
fied as previously described (29). Briefly, the recombinant protein
was expressed in Escherichia coli strain BL21 (DE3) with Ho1 yield-
ing holoprotein. Full biliverdin incorporation was achieved by add-
ing 8 mg of biliverdin hydrochloride (Frontier Scientific) per liter of
cell culture to the cell lysate and incubated overnight at 10°C. The
protein was purified with HisTrap HP column (GE Healthcare) in
30 mM tris (pH 8), 50 mM NaCl, and 5 to 500 mM imidazole and
followed by a HiLoad 26/600 Superdex 200 pg column (GE Health-
care) in buffer of 30 mM tris (pH 8). For the production of 13C15N
isotopically labeled samples, a protocol described in was followed.
(65) The proteins were concentrated to ~25 mg/ml and flash-frozen
in liquid nitrogen.

Microcrystal preparation

All crystals were set up under green safe light and grown in the dark.
Batch crystallization was performed as described (6). To summa-
rize, 50 pl of concentrated protein (25 to 30 mg/ml) was added to
450 pl of reservoir solution (60 mM sodium acetate, pH 4.95; 3.3%
polyethylene glycol, molecular weight 400; 1 mM dithiothreitol; and
30% 2-methyl-2,4-pentanediol) and immediately mixed. The batch
microcrystal tubes were left on a tipping table at 4°C for 48 hours.
The microcrystals were pelleted, and 400 pl of supernatant was re-
moved. An additional 200 pl of protein (14 mg/ml) was added to the
microcrystals along with 200 pl of fresh reservoir solution. The mi-
crocrystal tubes were left on the tipping table at room temperature
for another 48 hours.

SX data collection
Serial femtosecond crystallography data were collected at the SACLA
beamline BL3 in June 2021. The microcrystals were embedded into
grease and delivered to the setup through a 100-pm nozzle (4.24 pl
min~"). The sample was illuminated at 15 Hz with optical laser puls-
es. These had a center wavelength of 644 nm and were focused into
a spot of 163 um by 173 um (1/e*). With a pulse energy of 10 pJ,
21 pJ, and 112 pJ, this yields a laser fluence of 0.34 mJ/mm?, 0.8 mJ/
mm?, and 3.9 mJ/mm?, respectively. As discussed previously, scat-
tering of the jet surface and air bubbles in the grease lead to reduc-
tion of the effective photon flux by about an order of magnitude (6).
For most of the time-resolved experiments, we used the highest
laser fluence and probed with the x-ray pulses delivered by SACLA
(7 keV, 10 fs, 30 Hz), which were controlled to arrive at defined de-
lays from —0.1 to 3 ps after the optical laser pulse. The timing tool
was used to increase timing accuracy. The nominal time-resolution
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of the setup at SACLA was 50 fs. We have considered the possibility
that multiple scattering events of the optical laser could, in principle,
reduce the time resolution of the experiment. For example, using a
diffusion coefficient of D = 0.07 cm*/ns (7.0 X 10~° m*/ns), repre-
sentative of very strongly scattering media, and using the diffusion
equation At = L? /6D, we estimate a theoretical pulse broadening of
~60 fs at the center of the jet (L = 50 pm). The true broadening will
be lower, because the direct beam will also hit the crystals and will
be higher in intensity. We conclude that this level of broadening is
unlikely to notably degrade the time resolution of the experiment.
Due to this effect and velocity mismatch, we conservatively estimate
an upper limit for the timing accuracy to be 150 fs. We observe a
TW signal that arises and decays within 200 fs (fig. S11E), so the
true time resolution is likely lower than this. Diffraction patterns
were recorded using the phase 3 multi-port charge-coupled device
detector (MPCCD) detector with eight modules (66). We verified
that there was no residual photoexcitation from previous laser shots
in the “dark” x-ray diffraction. In addition, a dark run with the opti-
cal laser blocked was recorded for calculating the dark structure
without any chance of light contamination.

Processing of diffraction images

Diffraction images with Bragg spots from microcrystal diffraction
were identified using peakfinder8 in Cheetah (67, 68). These images
were input to CrystFEL (version 0.9.1) (69) for indexing, using
xgandalf with the settings: min-snr = 4.5, threshold = 100, mini-
mum pixel counts = 2. The resulting indexed patterns were scaled
and merged using the program partialator (-model = xsphere) in
CrystFEL to yield the structure factor amplitudes (|Fops|). The data
quality statistics were calculated using the comparehkl and checkhkl
programs available in CrystFEL (see tables S1 and S2).

Nominal delay times were corrected for jitter between x-ray and
laser using the Arrival Timing Monitor at SACLA (70). The indexed
patterns are binned according to their corrected delay time. Figure S1
shows the distribution of delay times for the recorded images.

Calculation of DED maps

The DED maps (Ap) are the Fourier transform of the observed differ-
ence structure factor amplitude (|AFgps| = W (|Fobs, light|] — |Fobs, dark])s
with phase from the refined model in dark. w is a weighting factor cal-
culated for each reflection (h, k, I) to reduce the effect of the outliers (71)

-1
(AFo)2 (GAFa ) ’

" 1+<(AF0)2>+<(0AF0)2>

with o as the standard deviation of the reflection. The Fourier trans-
form was carried out using the program fft in the CCP4 suite (72).
Before subtraction, |Fobs, dark| and |Fops, tight| were scaled using Scaleit,
which is also available in the CCP4 package. In a first scaling step,
| Fobs, dark| Was scaled to |Feac, dark|, where Feyc values are the calcu-
lated structure factor amplitudes from the refined dark structure
model, and then, |Fops, ligh| is scaled to |Fops, dark|- This ensures that
the DED maps are on an absolute unit of [e7/A%].

Refinement of the dark structure
The dark structure was solved using the DrBphPpssgar crystal
structure available in Protein Data Bank (PDB) with identification
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number 6T3L (6). The refined dark structure has an Rwork/Rfree of
0.023/0.019 and no Ramachandran outliers (tables S1 and S2).
Molecular replacement and refinement were done using Phenix
(73). Model building with step-to-step validation was performed us-
ing Coot 0.8.2 (74).

Extrapolated map calculation

To refine structures against the time-dependent structure factors,
we used extrapolated structure factors (|Fe|), which were calculated
as described previously (6, 75). |Fe| is calculated as |Fe| = |Fark, | +
N |AFups|- |Faark, | denotes the calculated structure factors of the re-
fined dark structure and N is the extrapolation factor, which is re-
lated to the photoexcitation yield o = (2/N). The factor 2 originates
from the difference Fourier approximation (76). For computation of
maps, the phases of the dark structure were used. N and correspond-
ingly o were estimated using two methods: first, by analysis of the
negative intensity in extrapolated maps computed as a function
of N, and, second, by inspecting the agreement of computed and
experimental DED features in the chromophore binding pocket
(figs. S12 and S13).

Light activated structure refinement

The light structures were refined using Phenix (73) against the ex-
trapolated structure factors |F,| and using dark phases. We used a
fully automated refinement script CBD_refine.sh, which is available
in the Supplementary Materials, and the same refinement parame-
ters for all time points. The refinement was in reciprocal space and
restricted to 10 A (30 A for 3 ps) around the PW of each subunit and
using the dark structure as a starting model. Furthermore, the PCC
(6, 45) was used to validate the calculated DED maps from the re-
fined light structure against the experimental DED map around the
forementioned radius region. The agreement with the observed
DEDs is excellent (fig. S12, D to F).

MD simulations: Structure preparation

The refined structure of DrBphPpyscar in the dark and the light state
(3 ps) were used as initial atomic coordinates. MODELLER (77) was
used to add the missing residues in the refined crystal structures
(chain A: residues 130 to 136, chain B: residues 4 to 6 and 132 to
136). The H++ program (78) was used to determine the protonation
state at pH 5.0 with further manual inspection afterward (table S3).
The protonation state of His**® was not determined via H++, but
was found to be protonated at the epsilon position (HIE) in the dark
state by comparison of the dark state MD simulations (see below) to
the experimental polder omit map of the dark state (fig. S18). The
Pearson correlation between the crystallographic maps and simu-
lations was computed using the masks depicted in fig. S21. The light
state structures were protonated in four different ways: either at the
epsilon position (HIE*), the delta position (HID*), both positions
(HIP*), or not at all with a neutral charge (radical), which has been
proposed before, forming a stable radical complex with the biliver-
din (79). The AMBER {f14SB force field (80) was used for the pro-
tein, while the GAFF force field (50) was used for the biliverdin and
for the bonding interactions between biliverdin and the covalently
bonded Cys*.

The biliverdin with an overall charge of —1 was protonated at all
nitrogen atoms, and both propionate groups were deprotonated
(81). The parameters for the biliverdin in the ground state were pro-
vided by Macaluso et al. (82). The biliverdin in the excited state was
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parameterized by first optimizing the 3 ps BV structure in Gaussian
16 using TD-DFT, while the dihedrals between the A-, B-, C-, and
D-ring together with the dihedrals of the B- and C-propionate were
restrained. The optimization was done with the CAM-B3LYP/6-
314G (d,p) functional (83) in implicit water (84). The partial charg-
es of the excited biliverdin were then calculated using the restrained
electrostatic potential (RESP) protocol (85) in combination with an
electrostatic potential calculation performed with TD-DFT and the
CAM-B3LYP/6-31+G (d,p) functional in implicit water.

The calculation of the radical parameters is described below.
Afterwards, tleap, implemented in AmberTools23 (86), was used to
solvate the truncated dimers in a box of TIP3P (87) water molecules
with a minimum wall distance of 10 A to the protein. A uniform
background plasma was used to neutralize the charges (85). The
solvated structures were then restrained with a restraint weight of
1000 kcal mol™" A™2, and only the water molecules were minimized
and equilibrated using a multistep equilibration protocol (88, 89).

MD simulations: Parameterization of the pyrrole water
hydroxide and the radical pair His?**:BV~

The parameters for the pyrrole water hydroxide with a charge of
-1 were calculated using a standard RESP protocol (90) in combina-
tion with an electrostatic potential calculation performed with the
HF/6-31G (d) method. The parameters for His?*° and biliverdin in a
radical state have been calculated separately, using the same proto-
col proposed by Macaluso et al. (82). First, the GAFF atom types
(for biliverdin) and AMBER atom types (for His*°) were initially
determined in antechamber (50) and then adjusted to accurately
represent the conjugation pattern. His*®® was deprotonated but re-
mained neutral, while biliverdin was protonated at the C-propionate,
still maintaining an overall charge of —1. Before calculating the par-
tial charges, histidine was optimized using the B3LYP/6-31G* meth-
od with a multiplicity of 2 and biliverdin was optimized with
TD-DFT and the CAM-B3LYP/6-31+G (d,p) functional in implicit
water with a multiplicity of 2. The partial charges of the biliverdin
and histidine were calculated separately using the RESP protocol
(90) in combination with an electrostatic potential calculation per-
formed with the HF/6-31G (d) method for the His*®, while TD-
DFT and the CAM-B3LYP/6-31+G (d,p) functional in implicit
water were used for the biliverdin.

MD simulations: Heavy atom restrained simulations

To elucidate the water rearrangement upon light activation around
the biliverdin, heavy atom restrained MD simulations were per-
formed in an NpT ensemble using the pmemd.cuda module of
AMBER?23 (91). A time step of 2 fs was used, and the lengths of all
bonds involving hydrogen atoms were constrained using the SHAKE
algorithm. The temperature was maintained constant at 300 K using
the Langevin thermostat (92). For the pressure adjustment at 1 bar,
the Berendsen barostat was used (93). To deal with long-range cou-
lombic interactions, the particle mesh Ewald (94) was used with a
real space cutoff of 8 A. The structures were simulated for 3 x 100 ns
using a restraint weight of 1000 kcal mol™" A™* on all protein
heavy atoms.

MD simulations: Computation of DED maps

The obtained trajectories were aligned on the initial crystal struc-
tures, and each frame was converted into a water density map in the
sfall program implemented in CCP4 using only water molecules
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around the chromophore region. The water density maps were cal-
culated of each trajectory using P1 space-group, grid sampling along
the x, y, and z axis was set to 120, 250, and 250, and the cell dimen-
sions were the same as the refined crystal structures. The calculated
water density maps were then averaged for each trajectory, and the
averaged dark state water density map was subtracted from each
light state trajectory. The resulting computed water difference maps
were then used to directly compare them visually and quantitatively
to the experimental DED maps (see Fig. 4C and figs. S19, S20, and
§22). The PCC was calculated using an in-house tool written in
Python. The PCCs were calculated in two different regions (pyrrole
water and around C-propionate), as shown in fig. S21.

Time-resolved fluorescence experiments

Time-resolved fluorescence experiments were performed using a
broadband fluorescence up-conversion instrument described in de-
tail in (95). The setup uses a standard 1-kHz Ti:Sapphire amplified
system (Coherent Astrella) producing 90-fs pulses at 800 nm as the
main laser source. Excitation at 620 nm was achieved using an output
from an in-house assembled two-stage noncollinear optical para-
metric amplifier pumped with the amplified laser system and subse-
quently compressed using a prism compressor. Polarization and
intensity of the excitation pulses were controlled using a combination
of a wire-grid polarizer and a half-waveplate. All measurements were
performed at magic angle (54.7°) polarization with an excitation
power of ~0.2 mW (200 nJ/pulse). The excitation pulses were focused
down to a 100-pm spot at the sample resulting in an excitation inten-
sity of ~0.025 mJ/mm®. The gate pulses at 1345 nm were produced by
an in-house assembled optical parametric amplifier and subsequently
compressed using a prism compressor. Time resolution of the setup
was estimated from the cross-correlation signal between the pump
and gate pulses and was determined to be around 100 fs (full-width at
half-maximum). The measurements were performed using a flow cell
with an optical path length of about 400 pm. The sample was circu-
lated through the cell with the use of a peristaltic pump. Before reen-
tering the cell, the solution was illuminated with a 780-nm continuous
wave laser to revert any possibly formed Pfr state back to the initial Pr
state. The concentration of the samples was adjusted to have an
absorption of about 0.2 to 0.4 at the excitation wavelength of
620 nm. The data were analyzed using a global lifetime analysis
assuming a multiexponential decay kinetics.

Time-resolved IR spectroscopy

All transient IR spectra were measured in buffered D,0. Concen-
trated HCl in H,O was used to adjust the pH of 30 mM tris in D,0
to pH ~8 (measured with a standard glass electrode), and this cor-
responds to a pD of about 8.4 (96). The buffer was exchanged
through repeated dilution and concentration with Amicon Ultra
10K MWCO centrifugal filters (Merck). The protein was switched
between Pr and Pfr in ~5-min intervals for 1 hour, to enhance H/D
exchange in both states and in intermediates. Laser diodes at
~655 and ~780 nm were used for illumination. Pump-probe IR
measurements were performed as previously described (65).

All samples were measured at a room temperature of 21°C. The
sample concentration was ~0.4 to 0.9 mM, and a closed-cycle flow-
cell with CaF, windows, separated with a Teflon spacer at a path
length of 50 pm, was used to circulate the sample (97). A flow rate
of ~1.5 ml/min was enough to ensure complete sample exchange
at ~1-kHz repetition rate. To keep the protein in the Pr state, the
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sample was continuously illuminated with a light-emitting diode at
~780 nm (~10 mW) at a sample reservoir. In addition, the flow cell
system was covered, and only dim light was used in the laboratory.

The pump-probe setup, which has been described earlier (98, 99),
was based on a 1-kHz Ti:Sapphire laser (Quantronix). The chromo-
phore was excited with visible pump pulses (A = 692 nm, duration =
150 fs, energy = 500 nJ, diameter = 300 pm). These visible pulses
were generated by a TOPAS (traveling-wave optical parametric am-
plifier of superfluorescence; LIGHT CONVERSION, Inc.). Probe
pulses in the mid-IR region (150 fs, 150-pm diameter) were obtained
through an optical parametric amplifier (100). Both beams were fo-
cused on the same spot at the sample. In addition, a reference probe
beam without visible excitation as well as an ~500-kHz chopper in the
pump beam were used to obtain the transient IR spectra. The probe
beams were dispersed in a spectrograph and detected with a 2 X 64 chan-
nel double-array HgCdTe detector (Infrared Systems Development).
This setup has been described in more detail in (98). Several overlap-
ping spectral windows (of ~100 cm™") between 1450 and 1750 cm™"
were recorded. The spectral positions were calibrated using water-
lines, and the spectral resolution was about 4 cm™ based on the
width of the waterlines. The data were merged by scaling the different
windows to the same intensity and averaging the data.

Data availability

The Coherent X-ray Imaging Data Bank ID 220 has all the relevant
SX data related to this manuscript. The structural models will be
made available through the PDB with accession codes 8C3I, 7GQV,
7GQW, 7GQX, 7GQY, 7GQZ, 7GR0, 7GR1, 7GR2, 7GR3, 7GR4,
7GR5, 7GR6, 7GR7, 7GR8, 7GR9, 7GRA, 7GRB, 7GRC, and 7GRD.

Supplementary Materials
The PDF file includes:

Tables S1to S3

Figs.S1to S26

Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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