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Integrated structural dynamics uncover a
new B,, photoreceptor activationmode
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Photoreceptor proteins regulate fundamental biological processes such as vision,
photosynthesis and circadian rhythms'. A large photoreceptor subfamily uses vitamin
By, derivatives for light sensing?, contrasting with the well-established mode of action
of these organometallic derivatives in thermally activated enzymatic reactions>.
The exact molecular mechanism of B;, photoreception and how this differs from

the thermal pathways remains unknown. Here we provide a detailed description of
photoactivation in the prototypical B, photoreceptor CarH** from nanoseconds

to seconds, combining time-resolved and temperature-resolved structural and
spectroscopic methods with quantum chemical calculations. Building on the

crystal structures of the initial tetrameric dark and final monomeric light-activated
states’, our structural snapshots of key intermediates in the truncated B,,-binding
domainillustrate how photocleavage of a cobalt-carbon (Co-C) bond within the

B,, chromophore adenosylcobalamin triggers a series of structural changes that
propagate throughout CarH. Breakage of the photolabile Co-C5’ bond leads to

the formation of a previously unknown adduct that links the C4’ position of the
adenosyl moiety to the Coion and can subsequently be cleaved thermally over
longer timescales to allow release of the adenosyl group, ultimately causing tetramer
dissociation*. This adduct, which differentiates CarH from thermally activated

B, enzymes, steers the photoactivation pathway and acts as the molecular bridge
between photochemical and photobiological timescales. The biological relevance of
our study is corroborated by kinetic data on full-length CarH in the presence of DNA.
Our results offer a spatiotemporal understanding of CarH photoactivation and pave
the way for designing B,,-dependent photoreceptors for optogenetic applications.

Photoreceptor proteins absorb light to elicit a biological response,
controlling processes such as vision, circadian rhythms and plant devel-
opment. Several photoreceptor families have been identified, har-
bouringarange of chromophores (for example, retinal, flavin adenine
dinucleotide, bilin, p-coumaric acid and ketocarotenoids)'. How the
initial photochemical events at the chromophore translate into the
desired biological outcome is a current focus of intense research®.

In particular, it is unclear how photoreceptors follow a specific reac-
tion pathway over timescales spanning several orders of magnitude
and prevent premature energy dissipation’. Recently, a new family
of photoreceptors has been discovered that repurposes vitamin B,,,
an organometallic enzyme cofactor known to be involved in crucial
biological processes in humans and other organisms®, for light sens-
ing?. This family is estimated to include several thousand members®*°
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and is sensitive to the green (or blue) light region of the visible spec-
trum. Their photoresponse can be extended to the red region either
naturally in photocobilins, a recently discovered subfamily that uses
red-light-absorbing linear tetrapyrrole biliverdin in close proximity
to the By, cofactor™ or artificially®®. B,,-dependent photoreceptors
have become an exciting target for a number of light-dependent bio-
technological and optogenetic applications, such as in the formation
of light-responsive hydrogels for drug delivery, light-activated tech-
nology devices and the regulation of mammalian gene expression™* ™.
A detailed spatiotemporal description of the photoresponse in B,
photoreceptorsis, therefore, of fundamental and applied interest.

CarH from Thermusthermophilus (TtCarH) isamodel B,, photorecep-
tor, regulating carotenoid gene expression to mitigate photooxidative
stress under light exposure®. Previous structural work on TrCarH has
revealed how the B, derivative adenosylcobalamin (AdoCbl; Extended
Data Fig. 1a) binds at the interface of a Rossmann fold and a four-helix
bundle domain (Extended Data Fig. 1b), together forming the cobala-
min (Cbl)-binding domain (7¢CBD). Chromophore binding forces each
TtCBD into an extended conformation, leading to tetramerization of
the TeCarH’ (Extended DataFig.1c). Crystal structures of the tetrameric
complex boundto DNA obtained under dark conditions show how the
proteininteracts with DNA via flexible N-terminal DNA-binding domains
tosuppress gene transcription®. lllumination with green (or blue) light
cleaves the photolabile Co-C5’ bond connecting the adenosyl (Ado) and
Cblmoieties of AdoCbl and leads to the release of the final photoprod-
uct4’,5-anhydroadenosine? by an, as yet, unknown mechanism?. The
ensuing O,-dependent Co redox state change is accompanied by the
displacement of the Cbl corrin ring that drives a protein ligand switch>?
and culminates in the formation of the light-adapted state, a stable
bis-histidine Cbladduct’ (Extended Data Fig. 1c). Large-scale reorganiza-
tion of the Rossmann-fold and four-helix bundle domainsis required to
achieve this bis-histidine light-adapted state®, which results in tetramer
dissociation and DNA release, thereby enabling transcription®*.

What distinguishes CarH from the thermally activated B,, enzymes,
allowingit to harness the inherent photochemical properties of the B,
chromophore, remains unknown. Itis also unclear what the structural
and chemical changes are that connect the initial dark state with the
final light-adapted state. Here we used an integrated experimental
and computational approach to study these light-induced changes
spanning over nine orders of magnitude in time, from nanoseconds to
seconds. We show that homolytic cleavage of the Co-C5’bond leads to
formation of a previously unknown Co-C4’adduct, followed by down-
stream, slower structural changes that resultin tetramer dissociation.
By revealing the structural changes connecting photochemical and
photobiological events, our results on CarH yield a holistic spatiotem-
poral understanding of B;, photoreceptor activation.

Integrated experimental and computational approach

To identify the structural and chemical changes following photon
absorption and formation of the light-adapted state, we combined
time-resolved and temperature-resolved structural and spectroscopic
methods with quantum chemical calculations. We studied the tetra-
meric TtCBD, whichisa truncated form of TtCarH lacking its N-terminal
DNA-binding domains. Time-resolved UV-Vis absorption spectral
changes, monitored following nanosecond excitation with green light
(530 nm) of TtCBD in solution (Extended Data Fig. 2 and Supplemen-
tary Note 1), revealed similar kinetics to those reported for full-length
TtCarH®, validating the use of TtCBD as our model.

Formation of the light-adapted state occurs via a series of spectro-
scopically distinctintermediates formed with respective time constants
oflessthan10 ns (refs.23,24), approximately 500 ns (ref. 23), 7 ms and
600 ms (Extended DataFig. 2 and Supplementary Note 1). UV-Vis spec-
tral changes on the nanosecond to millisecond timescale of crystalline
samples are not impacted by crystal packing (Supplementary Fig. 1).
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Furthermore, liquid chromatography-mass spectrometry (LC-MS)
and nuclear magnetic resonance (NMR) spectroscopy demonstrate
thatanidenticalfinal 4’,5’-anhydroadenosine photoproductis formed
in crystallo andin solution® uponillumination (Supplementary Fig. 2).

To capture light-induced structural changes, time-resolved serial
femtosecond crystallography (TR-SFX) experiments®? were carried out
onthe nanosecond to millisecond timescale at the SPring-8 Angstrom
compact freeelectronlaser (SACLA)¥ and SwissFEL?® X-ray free electron
lasers (XFELs) using TtCBD microcrystals (Supplementary Fig. 3). Guided
by the spectroscopic kinetics, TR-SFX experiments were carried out
accordingtoan optical-laser pump-X-ray probe scheme at 10 ns,300 ns,
3us,100 psand 3 ms (SACLA) and 3 ps and 10 ms (SwissFEL). The fluence
(30 mJ cm™) of the nanosecond pump laser pulses (530 nm) was chosen
based on crystallographic and spectroscopic power titrations (Extended
Data Figs. 3 and 4 and Supplementary Note 2) so as to maximize the
photo-converted fraction while limiting the risk of non-linear effects?.

Structural changes were visualized in Fourier difference maps calcu-
lated between light and dark (no laser) datasets (Extended DataFig. 5,
Supplementary Figs.4 and 5, Supplementary Video1and Supplemen-
tary Note 3). Intermediate-state structures were determined following
structure factor amplitude extrapolation (Supplementary Video 2 and
Supplementary Note 3) and were used as a basis for quantum mechan-
ics/molecular mechanics (QM/MM) simulations to determine the likely
corresponding chemical species. Density functional theory (DFT)
cluster models were used to explore the chemical transformations
between the Cblspecies along the reaction profile. Cryogenic UV-Vis
absorption measurements in vitrified solution (Extended Data Fig. 6)
guided crystallography experiments on macrocrystals at the European
Synchrotron Radiation Facility (ESRF) that allowed cryo-trapping of
anintermediate-state structurally similar to that captured by TR-SFX
at 3 ps (Supplementary Figs. 6 and 7), and whose Co redox state was
assessed by cryo-trappingelectron paramagnetic resonance (EPR) spec-
troscopy in solution (Supplementary Fig. 8). To corroborate the bio-
logical relevance of theintermediates captured by TR-SFX and inform
onlarge-scale structural changes leading up to tetramer dissociation,
time-resolved X-ray solution scattering (TR-XSS) experiments®’ were
carried out on the microsecond-to-second timescale according to an
optical-laser pump (532 nm)-X-ray probe scheme at the ESRF. TR-XSS
experiments were also performed on full-length CarH and in the pres-
ence of DNA. Our integrated experimental and computational approach
yields aholisticunderstanding of the CarH photoreaction mechanism
across a hierarchy of timescales, revealing how fast photochemical
changesdrive proteinstructural changes viaa unique rearrangement
of the Ado group leading to the biological output (Fig. 1).

Diradical formation after Co-C5’ bond photolysis

Inthe earliest photointermediate captured by TR-SFX (10 ns, Fig. 1,ii),
the Co-C5’bondisbrokenas evidencedina Fourier difference electron
density map (F,10ns-30m/em2 SACLA _ p dark ref SACLA- Eigr D7) calculated at2.3 A
resolutionandinthe 10-nsintermediate-state structure (Fig. 2b, orange
model; Co-C5’ distance of 4.5 + 0.1 A in monomer B). Further struc-
tural changesinthe active site withrespect to the dark-state structure
(Fig. 2b) include a shift in the W131side chain and a tilt in the ribose
moiety of the Ado group withits 03’ atom shifting by 1.7 + 0.1 A. Further
structural changes canbe identified from a distance difference matrix
calculated between the 10-ns intermediate-state model (10ns_30m]J/
cm2_SACLA) and the dark-state structure (dark_ref SACLA; Fig. 2d).
This reveals that part of the four-helix bundle moves away from part of
the Rossmann-fold domainin aclamshell-like motion (Figs.1d and 2d,
inset); astructural change that persists atall TR-SFX time delays up to
3 ms (Extended DataFig. 7). Our TR-SFX dataindicates that the Co-C5’
bondiscleaved onatimescale faster than10 ns, which contradicts the
suggestion by Miller et al.?* that this process occurs on amicrosecond
timescale simultaneously with electronically excited triplet-state decay.
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Fig.1|Spatiotemporal photoactivation mechanism of T¢CarH based on
integrated application of structural, spectroscopic and computational
methods. a-f, Inthe tetrameric dark state of 7tCBD (a), each monomer comprising
aRossmann-fold (light blue) and a four-helix bundle (yellow) domain (c) binds
an AdoCbl chromophore with the Ado moiety linked to the Co atom within

the Cblcorrinring throughits C5’ atom (i; PDB code 9S06). Following green
laser photoexcitation, sequential photointermediates (ii-iv) are transiently
populated toyield the monomeric (b) bis-histidine light-adapted state

(v; PDB code SC8F)°. These include a diradical state witha photocleaved Co-C5’
bondat10 ns (ii; PDB code 9508),a Co-C4’ adduct at 3 ps (iii; PDB code 9SOE)

H177

Weinvestigated the chemical nature of the 10-nsintermediate-state
structure using QM/MM methods, following the same protocol
as described previously®. A model corresponding to a diradical
species with a Co(Il)/C5’- radical pair (Fig. 2c) was more consistent
with the experimental 10-ns intermediate-state structure (Fig. 2b,
orange model) than a photoproduct model (hydridocobalamin and
4’,5-anhydroadenosine; Supplementary Note 6), as judged from key
distances, that is, Co-C5’, Co-C4’ and Co-H177NE2 (Supplemen-
tary Table 1). Therefore, we assigned the experimental 10-ns
intermediate-state structure to a diradical, indicating that Co-C5’
bond photolysis is homolytic in nature, as proposed earlier?>*,

Formation of an unexpected Co-C4’ adduct

Following Co-C5’ bond breakage, the next intermediate in the pho-
toactivation process is formed with a spectroscopic time constant
of approximately 500 ns (Fig. 1,iii and Extended Data Fig. 2a,b). This
intermediate is characterized by further structural changes as evi-
denced by TR-SFX experiments with a 3-ps time delay between pump
and probe pulses (Fig. 1,iii). The Fourier difference electron density
map (F,#s30m/em2 SACLA _ p darkref SACLA. Fig 33 calculated at 2.25 A res-
olution) and the 3-ps intermediate-state structure (Fig. 3b, orange
model) indicate re-binding of the Ado group to the Co, surprisingly
via the C4’ atom (Co-C4’ distance of 2.2 + 0.1 A, monomer B). This
experimentally determined structure was optimized in a QM/MM
approach accordingto different chemical species (Extended DataFig. 8

»
W}N
H177

and mono-histidine state at 10 ms (iv; PDB code 9S0J) in which Co coordination
switched fromH177 to H132. Time constants (0.5 pus, 7 msand 0.6 s) for the
transitions between speciesii-vareindicated. Monomer Bis featured ini-v
(only monomer Bis considered hereafter; see Supplementary Note 3 for other
monomers). Chemical schemes of speciesi-v are displayed in the lowest row,
with Ade being the adenine moiety of Ado. Quaternary (a,b) and tertiary (c-f)
structural changes, emanating from active site changes, feature clamshell-like
opening (d), corrinring shifting (e) and clamshell-like closing (f) associated
with tetramer dissociation (b). Co-coordinationbonds are represented by
dashedlines.

and Supplementary Note 6), among which a covalent Co-C4’ adduct
(Fig. 3d) whose Co-C4’ distance of 2.1 A matches the experimentally
determined value (Supplementary Table 2). Furthermore, in the QM/
MM-optimized adduct (Fig. 3d), there was a 0.6 A elongation of the
Co-H177NE2 distance, which aligns with the 3-ps intermediate-state
structure (2.9 and 2.6 + 0.1 A, respectively, compared with 2.3+ 0.1A
inthe dark-adapted monomer B). The experimental 3-ps intermediate
state is thus likely to represent a covalent Co-C4’ adduct. Before the
TR-SFX experiments, a comparable Co-C4’ adduct was identified in
a TtCBD(H132A) mutant by serial synchrotron crystallography after
laser excitation at the Diamond Light Source (Supplementary Note 4).

A structure similar to the 3-ps intermediate-state structure
was obtained by temperature-controlled synchrotron cryo-
crystallography®* (see quantitative comparison in Supplementary
Note 5). A TtCBD macrocrystal was illuminated at 180 K until no more
spectral changes could be observed by microspectrophotometry®*
(6 min; Supplementary Fig. 6). The crystal was then cooled to 100 Kand
X-ray diffraction data were collected (Fig. 3c). The similarity between
the UV-Vis difference absorption spectrameasured on 7tCBD in solu-
tion 3 ps after pump laser excitation and during steady-state illumi-
nation of a crystal at 180 K (Fig. 3e) suggests that the same reaction
intermediateis formedat3 s and 180 K. Therefore, the redox state of
the Coatom of the 3-pusintermediate-state structure can beinferred by
cryo-trapping EPR measurements. EPR spectra of aflash-cooled TtCBD
solution following illumination at 180 K reveal that no Co(ll) species are
present at this stage of the reaction (Fig. 3f). As the UV-Vis absorbance
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Fig.2|Co-C5’'bond photolysisleads to diradical formation. a, TR-SFX
demonstrates Co-C5 bond photolysis having occurred 10 ns after photon
absorptionasevidencedin aFourier difference electron density map
(F,Jons-30ml/em2 SACLA _ p dark_ref SACLA) of monomer B, computed between data
collected 10 ns after pump laser (530 nm) excitation and without excitation,
respectively, contoured at-3.50 (red) and +3.50 (green) and displayed for

the AdoCbl-binding pocket. The dark-state structure (dark_ref SACLA)is
superimposed inyellow (W131and H132) and blue (AdoCbland H177) sticks.
The map drawn over the entire tetramer isshown in Extended Data Fig.5and
Supplementary Video 1. b, Overlay of the dark-state structure (dark_ref SACLA)
andthe10-nsintermediate-state structure (10ns_30mJ/cm2_SACLA) refined
againstextrapolated structure factor amplitudes (monomer B). The dark-state
structureiscoloured asina, whereas the 10-nsintermediate-state structure is
represented in orange sticks. The Co-C5’ distance increases from 2.0 + 0.1 Ain

features (Fig. 3e, red) do not match those of a Co(l) species?, it is most
likely that theintermediate state presentat 180 K and at 3 ps represents
aCo(lll)-C4’ adduct.

To the best of our knowledge, the Co-C4’ adduct has not been
observed previously in B;,-dependent systems. Hence, the ability of
CarHtoformthe Co-C4’ ligated species distinguishes it from thermally
activated B, enzymes and is linked to its unique ability to harness the
inherent photoreactivity of AdoCbl. Our DFT cluster calculations (Sup-
plementary Note 6) suggest that, after photochemical dissociation, for-
mation ofthe Co-C4’adductiskinetically favoured overareturnto the
dark state (the highest barriers are approximately 5and 14 kcal mol?,
respectively; energies and structural parameters are shown in Sup-
plementary Table 3). The DFT calculations show a substantially lower
bond dissociation energy in the Co-C4’ adduct (17 kcal mol™ versus
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the dark-state structure to 4.5+ 0.1 Ainthe 10-nsintermediate-state structure
(errors estimated by the bootstrap technique; Supplementary Methods).

¢, Singletdiradical structure, based on the 10-nsintermediate-state structure
and optimized by QM/MM. d, Distance difference matrix calculated between
the Caatoms of the10-ns intermediate-state and the dark-state structures of
monomer B. Thered and blue pixelsindicate intra-monomer distances becoming
larger and shorterinthe10-nsintermediate-state thanin the dark-statestructure,
respectively. The distance difference matrix information contentis transcribed
structurally in the inset, with the distances between part of the four-helix bundle
(residuesL121to T146 inyellow) and part of the helices in the Rossmann fold
domain (T171toL183inlight blue; P200 to D206 inlight green; A223to D234 in
brown; and Q249 to E262 in light magenta) increasingin the 10-ns intermediate-
state structure, representing a clamshell-like movementillustrated by curved
arrows in Fig.1d. Co-coordinationbonds arerepresented by dashed lines.

35 kcal mol™in the Co—-C5’ adduct), which suggests that Co-C4’bond
breakage may occur thermally (Supplementary Fig.9). Thisis not sur-
prising as breaking the Co-C5’ bond forms a primary radical, whereas
breakingthe Co-C4’bond formsatertiaryradical. Together, these data
illustrate how the formation of the Co-C4’ adduct may protect the sys-
tem fromreturning to the dark state before the Ado group has been able
to escape the binding pocket. This proposed mechanism, along witha
computed potential energy profile, isshownin Supplementary Fig. 9.

Ado exit, corrinring shift and Co ligation switch

The putative Co-C4’ adduct species decays into a new interme-
diate state with a spectroscopic time constant of approximately
7 ms (Extended Data Fig. 2¢,d), in an O,-dependent process®.
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Fig.3|Co-C4’ adductformed transiently.a,b, Structural changesinthe AdoCbl-
binding pocket having occurred 3 ps after photon absorptionas observed by
TR-SFX.a, TheFourier difference electron density map (F,#s-30m/em2.SACLA _
F,darkref SACLA) of monomer B, computed between data collected 3 ps after pump
laser (530 nm) excitation and without excitation, respectively, contoured at -3.50
(red)and +3.50 (green) and displayed for the AdoCbl-binding pocket. The dark-
statestructure (dark_ref SACLA)is superimposed inyellow (W131and H132)
andblue (AdoCbland H177) sticks. The map drawn over the entire tetramer is
shownin Extended DataFig.5.b, Overlay of the dark-state structure (dark_ref_
SACLA) and the 3-pusintermediate-state structure (3pus_30mJ/cm2_SACLA)
refined against extrapolated structure factoramplitudes (monomer B). The
dark-state structureis coloured asin a, whereas the 3-ps intermediate-state
structureis represented in orange sticks. c, Comparison of structural models

Structural changes that accompany the decay of the Co-C4’ adduct
have been observed on the millisecond timescale by TR-SFX at the
SwissFEL (Fig.4). At10 ms, the Fourier difference electron density map

087 —— Co(ll) state anaerobic
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obtained by cryo-trapping TtCBD crystals after illumination at 180 K (green) and
by TR-SFX 3 ps after photon absorption (orange).d, Co-C4’adduct structure,
based onthe3-psintermediate-state structure and optimized by QM/MM.

e, Time-resolved and temperature-resolved difference absorption spectra of
TtCBDinsolution (50 pM). The black lines denotes the spectrum measured 3 ps
after pump laser (530 nm) excitation. The red shows the spectrum measured at
77 K afterillumination (530-nm LED, 15 mins) at 180 K. The inset shows akinetic
transientat 500 nmover 3 psupon excitation withthe pump laser. Data were
fitted to asingle exponential equation (orange line) to obtain time constants.
f,EPRsilent spectrum of TtCBD in solution recorded at 20 K, after steady-state
illumination (530 nm) at180 K (red). As areference, the signal of a Co(ll) state is
showninblack. Co coordination bonds arerepresented by dashed lines.

(F 10ms_30mJ/cm2_SwissFEL _ F dark_ref SwissFEL. Flg 4a calculated at 2 9 A resqu-
o o ’ . y .

tion) points towards extensive changes at both the Ado and the Cbl

groups and at H132. Indeed, the 10-ms intermediate-state structure
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Fig.4|Exit of Ado moiety is followed by corrinring displacement and Co
ligationswitch. a, Fourier difference electron density map (F,'0ms-30my/em2 SwissFEL _
F, darkrefswissFELy of monomer B, computed between data collected at 10 ms after
pump laser (530 nm) excitation and without excitation, respectively, contoured
at-3.50(red) and +3.50 (green) and displayed for the AdoCbl-binding pocket.
Thedark-state structure (dark_ref_SwissFEL) is showninyellow (W131and H132)
and blue (AdoCbland H177) sticks. The map drawn over the entire tetramer is

of monomer B, refined against extrapolated structure factor ampli-
tudes (Fig. 4b, orange model), lacks the Ado group and features a
corrin ring shifted by 4.3 + 0.2 A, with the Co now ligated in the upper
position by H132 rather than the original, lower H177 coordination.
The clamshell-like opening of the AdoCbl-binding pocket, observed
between 10 ns and 3 ms (Fig. 2d), is reversed at 10 ms (Extended Data
Fig.7). The10-msintermediate-state structure is almost identical (root
meansquare deviation (r.m.s.d.) for protein Ca. and Cblatomsin mono-
mer B of 0.6 and 1.1 A, respectively) to the one solved by synchrotron
cryo-crystallography after illuminating a 7tCBD macrocrystal for 5s
at room temperature followed by flash cooling? (Fig. 4c and Supple-
mentary Note 3).

The same spectroscopic species forming with a time constant of
approximately 7 ms has also been identified by cryogenic UV-Vis
absorbance spectra collected on flash-cooled TtCBD solutions illu-
minated at 180 K before progressive warming to higher temperatures
(230-260 K) in the dark (Extended Data Fig. 6a—e). Cryogenic UV-Vis
spectra (Extended Data Fig. 6f) suggest that this intermediate repre-
sentsawater/OH-ligated Co(lll)-H132 species (Supplementary Note 5).
Hence, we conclude that the Co-C4’adduct decays to anew state that
is characterized by a shifted corrin ring structure with a Co(Ill) atom
ligated to a single histidine residue (H132) at the upper position.

Tetramer dissociation and light-adapted state
formation

Structural changes leading to the monomeric light-adapted state
were measured in solution by using TR-XSS experiments covering
the microsecond-to-second timescale (Fig. 5a). Data from the short
time delays (100 ms or less) can be entirely reconstructed as a linear
combination of only two species (Fig. 5a), with atime constant for the
transition between these of 10.0 + 0.4 ms (Fig. 5e), as revealed by a
singular value decomposition (SVD) analysis® (Extended Data Fig. 9).
The experimental 100-ps difference signal (representative of the first
species) is in good agreement up to approximately 0.9 A (see peaks
at0.2,0.3,0.6and 0.8 A™) with the difference signals calculated using
the atomic coordinates of all the TR-SFX intermediate-state structures
up to 3 ms (Fig. 5d). The experimental 100-ms difference signal (rep-
resentative of the second species) is in excellent agreement with the
difference signal (Fig. 5¢) calculated using the atomic coordinates of the
corrin-ring-shifted 7tCBD (Protein Data Bank (PDB) code 8C76; Fig. 4c).
A difference signal calculated based on a modified dark-state TtCBD
(8C73%), generated using the dark-state protein scaffold (PDB code
8C73) but with the Cbl atomic coordinates from the corrin-ring-shifted
TtCBD structure (PDB code 8C76), is also largely compatible with the
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shownin Extended DataFig.5.b, Overlay of the 10-ms intermediate-state
structure (10ms_30m]J/cm2_SwissFEL; monomer B, in orange) with the dark-
state structure.c, Overlay of the10-msintermediate-state structure witha
synchrotroncryo-crystallography structure of 7tCBD (pink) obtained after
illuminating a macrocrystal for 5s at room temperature followed by flash
cooling (PDB code 8C76)*. Co-coordination bonds are represented by
dashedlines.

100-ms TR-XSS data (Fig. 5c). Therefore, most of the TR-XSS difference
signal originates fromthe corrin ring shift (Fig. 4b). Figure 5c-e shows
that: (1) the clamshell-like structural change revealed by SFX (Fig. 2d)
occurs also in solution, without additional structural changes that
would be inhibited in crystals; and (2) the clamshell-like change gives
way to the corrin ring shift with a 10-ms time constant, in agreement
with TR-UV-Vis kinetics (Fig. 5f, green trace).

TR-XSS dataatlonger time delays (more than100 ms) were collected
at a Co:dissolved O, ratio that allows photoreaction completion?*?
(Supplementary Fig.10) and reveal a new species characterized by an
intense peak at approximately 0.11 A™ (Fig. 52). These data are described
by a single basis pattern (Fig. 5a) building up with a time constant of
620 =70 ms (Fig.5e), as determined by SVD analysis. The near-perfect
agreement between the TR-XSS signal at 3 s and the calculated signal
expected for the TtCBD tetramer-to-monomer transition (Fig. 5b)
clearly assigns the signal change proceeding with a 620-ms time con-
stant to the tetramer dissociation. This dissociation seemsto occurin
asingle step (Fig. 5b and Supplementary Fig. 11). To confirm the bio-
logical relevance of the results obtained on 7tCBD, analogous TR-XSS
datawere collected onboth the full-length TtCarH and a TtCarH-DNA
complex. These datasets arein overall agreement with that on 7¢tCBD,
showing comparable, albeit slightly longer, time constants (710 + 50
and 760 + 30 ms, respectively; Fig. 5g). The time constant for tetramer
dissociationin TtCBD (620 ms) is very similar to the TR-UV-Vis spectral
change of 590 + 30 ms associated with formation of the bis-histidine
ligation that characterizes the light-adapted state® (Fig. 5fand Extended
DataFig.2e,f). Together, we therefore assigned the build-up of the final
TtCBD light-adapted state (that is, bis-histidine ligated)® (Fig. 1,v) as
concomitant with tetramer dissociation (Fig.1b).

CarH photoactivation mechanism

Our integrated experimental and computational approach combin-
ing time-resolved and temperature-resolved structural and spec-
troscopic methods with quantum chemical calculations provides a
comprehensive picture of the photoactivated reaction in the T¢tCBD
(Fig. 1, Extended Data Fig. 10 and Supplementary Video 3). Follow-
ing photon absorption by the B,, chromophore, the light-sensitive
bond connecting the Co atom of the Cbl to the C5” atom of the Ado
group breaks homolytically, yielding asinglet diradical Co(ll) species
(Fig. 1,ii), the 3D structure of which was captured at 10 ns (Fig. 1,ii).
The diradical species (Fig. 1,ii) is then converted on the microsecond
timescale to a previously unidentified adduct between Co and the
C4’ atom of the Ado group (Fig. 1,iii). The formation of the adduct
is probably only possible due to the orientation of the H-C4’ bond,
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Fig.5|Photoinduced intermediates of TtCBD in solution eventually lead

to tetramer dissociation. a, TR-XSS difference signals (light-dark; AS) of the
TtCBD truncated constructin solution from30 ps to 3 s (coloured continuous
lines) overlaid on their SVD reconstructions (coloured dashed lines). The
protein concentrationin the 200 ms-to-3 srange was reduced 4x toreach
aCo:dissolved O, ratio thatenabled the photoreaction to be completed
(Supplementary Methods). The signalsin the200 ms-to-3 s range are multiplied
by 0.3.b, Comparison between the 3-s ASsignal (red line) and the calculated AS
signal obtained using the tetrameric dark structure (4-mer; PDB code 8C73)
and amonomer (1-mer; blackline). ¢, Comparison between the 100-ms AS signal
(greenline) and the calculated AS obtained using (1) the cryo-trapped corrin-
ring-shifted structure reported previously** (PDB code 8C76; black continuous
line), or (2) amodified tetrameric dark-state structure (8C73*) obtained using

which positions C4’ to participate in a -H elimination reaction to
form a Co adduct. This orientation seems to be specific to CarH and
is not present in thermally activated B,, enzymes®®. It is brought
about by the positioning of the ribose group of the Ado moiety that
is stabilized by a hydrogen bond between its 02’ atom and the side
chain of E141. Calculated bond dissociation energies indicate that the
Co-C4’bond canbebroken thermally, unlike the initial Co-C5’bond,
whichrequires photon absorption. We speculate that formation of the
Co-C4’ adduct prevents reformation of the Co-C5’ bond that would
return the diradical species to the initial dark state. The elongation
of the Co-H177NE2 bond observed experimentally and computa-
tionally in the Co-C4’ adduct is consistent with a weaker bond to the
upper axial ligand if one assumes that the inverse trans effect™ is at
play. The Co-C4’ adduct then decays on the millisecond timescale
toyield an intermediate in which the Ado group has disappeared
from the binding site, the corrin ring has moved by approximately
5 A, and the Co ligation has switched from H177 to H132 (Fig. 1,iv).
The associated conformational change of H132 has been suggested
to cause larger-scale movements beyond the AdoCbl-binding pocket
that lead to tetramer dissociation®. As the histidine-switched inter-
mediate (Fig. 1,iv) does not present larger-scale movements, they
are likely to occur at a later stage, presumably during reformation

the PDB code 8C73 withthe corrinring coordinates fromthe cryo-trapped
structure PDB code 8C76 (black dashed line). The tetrameric dark structure
PDB code 8C73 was used as areference.d, Comparison between the 100-ps
experimental TR-XSS signal and the calculated differences obtained using
TR-SFXintermediate-state structures between10 ns and 3 ms. The tetrameric
darkstructure determined by SFX (PDB code 9S06) was used as areference.

e, Time course of the SVD right-singular vector (rSV) amplitude from the short
(100 msor less; greenand blue) and the longer time-delay TR-XSS data (more
than100 ms; red). f, Time course of the optical absorbance change at 360 nm
with (inset) the spectral differential signal at 50 ms (green continuousline)
and 5 s (red continuousline). g, Time course of the SVD rSV amplitude from
the millisecond-to-second TR-XSS datasets in T¢tCBD, full-length T¢tCarH

and full-length TtCarH complexed with DNA (TtCarH-DNA).

of the bond between Co and H177. Such larger-scale movements
cannot be captured by time-resolved crystallography as the diffrac-
tion quality degrades at longer timescales, most likely because they
are incompatible with crystal packing. Time-resolved X-ray solu-
tion scattering confirmed the formation of the corrin-ring-shifted
intermediate in solution on the millisecond timescale and estab-
lished that it is followed by tetramer-to-monomer transition occur-
ring in a single process with a time constant of approximately 0.6 s
(Fig.1b), concomitant with formation of the final light-adapted state®
(bis-histidine Cbl adduct; Fig. 1,v). Importantly, for the biological
relevance of the results presented here, similar kinetics of mono-
mer formation was observed in the full-length T¢tCarH, even when
bound to DNA.

Theelucidated photoactivation mechanism of the 7¢tCBD spans nine
orders of magnitude intime, leading from B, photolysis to tetramer dis-
sociation. Few intermediates appear to be involved, which we suggest
confers robustness towards energy dissipation that would otherwise
abort the photoactivation process without biological output. A Co-C4’
adduct, not observed previously in thermally activated B,, enzymes, is
key to photoactivation, maintaining the photoreceptor on path from
nanoseconds to milliseconds, thus bridging the photochemical and
photobiological timescales. Formation of this crucial intermediate
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is facilitated by the specific orientation of the H-C4’ bond of the B,,
cofactor with respect to the Coion in CarH, which allows for H-atom
abstraction and highlights potential routes for harnessing B,, photo-
chemistry for future biotechnological innovations. The discovered
intermediates and their associated reaction pathways advance our
understanding of how light-driven processes in B,,-dependent photo-
receptors differ from thermal pathways and provide crucial insights
for the design and optimization of B,,-dependent proteins in potential
optogenetics and enzyme photocatalysis applications.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-025-10074-2.

1. Kottke, T, Xie, A., Larsen, D. S. & Hoff, W. D. Photoreceptors take charge: emerging principles
for light sensing. Annu. Rev. Biophys. 47, 291-313 (2018).

2. Padmanabhan, S., Pérez-Castafio, R., Osete-Alcaraz, L., Polanco, M. C. & Elias-Arnanz, M.
Vitamin By, photoreceptors. Vitam. Horm. 119, 149-184 (2022).

3. Banerjeg, R. & Ragsdale, S. W. The many faces of vitamin B12: catalysis by cobalamin-
dependent enzymes. Annu. Rev. Biochem. 72, 209-247 (2003).

4. Ortiz-Guerrero, J. M., Polanco, M. C., Murillo, F. J.,, Padmanabhan, S. & Elias-Arnanz, M.
Light-dependent gene regulation by a coenzyme B12-based photoreceptor. Proc. Natl
Acad. Sci. USA 108, 7565-7570 (2011).

5. Jost, M. et al. Structural basis for gene regulation by a B12-dependent photoreceptor.
Nature 526, 536-541(2015).

6. Poddar, H. et al. A guide to time-resolved structural analysis of light-activated proteins.
FEBS J. 289, 576-595 (2022).

7. Miller, R. J. D., Paré-Labrosse, O., Sarracini, A. & Besaw, J. E. Three-dimensional view of
ultrafast dynamics in photoexcited bacteriorhodopsin in the multiphoton regime and
biological relevance. Nat. Commun. 11,1240 (2020).

8. Allen, L. H. Vitamin b-12. Adv. Nutr. 3, 54-55 (2012).

9.  Cheng, Z., Yamamoto, H. & Bauer, C. E. Cobalamin’s (Vitamin B12) surprising function as a
photoreceptor. Trends Biochem. Sci. 41, 647-650 (2016).

10. VYu,Y.etal. SignatureFinder enables sequence mining to identify cobalamin-dependent
photoreceptor proteins. FEBS J. 292, 635-652 (2025).

1. Zhang, S. et al. Photocobilins integrate B12 and bilin photochemistry for enzyme control.
Nat. Commun. 15, 2740 (2024).

12.  Zheng, Y., Chen, F., Frank, S., Quispe Haro, J. J. & Wegner, S. V. Three-color protein
photolithography with green, red, and far-red light. Small 20, 2405687 (2024).

13.  Fok, H. K. F. et al. Red-shifting B12-dependent photoreceptor protein via optical coupling
for inducible living materials. Angew. Chem. Int. Ed. 63, €202411105 (2024).

14. Kainrath, S., Stadler, M., Reichhart, E., Distel, M. & Janovjak, H. Green-light-induced
inactivation of receptor signaling using cobalamin-binding domains. Angew. Chem. Int.
Ed. Engl. 56, 4608-4611(2017).

15. Chatelle, C. et al. A green-light-responsive system for the control of transgene expression
in mammalian and plant cells. ACS Synth. Biol. 7, 1349-1358 (2018).

16.  Mansouri, M. et al. Smart-watch-programmed green-light-operated percutaneous control
of therapeutic transgenes. Nat. Commun. 12, 3388 (2021).

1052 | Nature | Vol 650 | 26 February 2026

17. Wang, R., Yang, Z., Luo, J., Hsing, I. M. & Sun, F. B,,-dependent photoresponsive protein
hydrogels for controlled stem cell/protein release. Proc. Natl Acad. Sci. USA 114, 5912-5917
(2017).

18. Narayan, O.P., Mu, X., Hasturk, O. & Kaplan, D. L. Dynamically tunable light responsive
silk-elastin-like proteins. Acta Biomater. 121, 214-223 (2021).

19.  Xu, D, Ricken, J. & Wegner, S. V. Turning cell adhesions ON or OFF with high spatiotemporal
precision using the green light responsive protein CarH. Chemistry 26, 9859-9863 (2020).

20. Jost, M., Simpson, J. H. & Drennan, C. L. The transcription factor CarH safeguards use of
adenosylcobalamin as a light sensor by altering the photolysis products. Biochemistry
54, 3231-3234 (2015).

21.  Bridwell-Rabb, J. & Drennan, C. L. Vitamin B12 in the spotlight again. Curr. Opin. Chem.
Biol. 37, 63-70 (2017).

22. Poddar, H. et al. Redox driven B,,-ligand switch drives CarH photoresponse. Nat. Commun.
14,5082 (2023).

23. Kutta, R. J. et al. The photochemical mechanism of a B12-dependent photoreceptor protein.
Nat. Commun. 6, 7907 (2015).

24. Miller, N. A. et al. The photoactive excited state of the B12-based photoreceptor CarH.
J. Phys. Chem. B124,10732-10738 (2020).

25. Branden, G. & Neutze, R. Advances and challenges in time-resolved macromolecular
crystallography. Science 373, eaba0954 (2021).

26. Weik, M. & Domratcheva, T. Insight into the structural dynamics of light sensitive proteins
from time-resolved crystallography and quantum chemical calculations. Curr. Opin.
Struct. Biol. 77,102496 (2022).

27. Yabashi, M., Tanaka, H. & Ishikawa, T. Overview of the SACLA facility. J. Synchrotron Radiat.
22, 477-484 (2015).

28. Milne, J. C. et al. SwissFEL: the Swiss X-ray free electron laser. Appl. Sci. 7, 720-777 (2017).

29. Barends, T.R. M. et al. Influence of pump laser fluence on ultrafast myoglobin structural
dynamics. Nature 626, 905-911 (2024).

30. Pounot, K., Schiro, G. & Levantino, M. Tracking the structural dynamics of proteins with
time-resolved X-ray solution scattering. Curr. Opin. Struct. Biol. 82,102661(2023).

31. Toda, M. J., Lodowski, P., Mamun, A. A. & Kozlowski, P. M. Photoproduct formation in
coenzyme B12-dependent CarH via a singlet pathway. J. Photochem. Photobiol. B 232,
112471 (2022).

32. Weik, M. & Colletier, J.-P. Temperature-dependent macromolecular X-ray crystallography.
Acta Crystallogr. D 66, 437-446 (2010).

33. Caramello, N. & Royant, A. From femtoseconds to minutes: time-resolved macromolecular
crystallography at XFELs and synchrotrons. Acta Crystallogr. D 80, 60-79 (2024).

34. von Stetten, D. et al. In crystallo optical spectroscopy (icOS) as a complementary tool on
the macromolecular crystallography beamlines of the ESRF. Acta Crystallogr. D 71, 15-26
(2015).

35. Henry, E. R. & Hofrichter, J. in Methods in Enzymology (eds Brand, L. & Johnson, M. L.)

Vol. 210, 129-192 (Academic Press, 1992).

36. Toda, M. J.,, Mamun, A. A., Lodowski, P. & Kozlowski, P. M. Why is CarH photolytically active
in comparison to other B12-dependent enzymes? J. Photochem. Photobiol. B 209, 111919
(2020).

37. Kuta, J., Wuerges, J., Randaccio, L. & Kozlowski, P. M. Axial bonding in alkylcobalamins:
DFT analysis of the inverse versus normal trans influence. J. Phys. Chem. A113,
11604-11612 (2009).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2026, modified
publication 2026


https://doi.org/10.1038/s41586-025-10074-2

Methods

Protein expression, purification and crystallization

The expressionand purification protocols for full-length T¢CarH, TtCBD
and the variant TtCBD(H132A) were adapted from those previously
published for full-length TtCarH*. Proteins with a C-terminal 6xHis
tag were expressed in Escherichia coli BL21(DE3) cells. The cells were
lysed by sonication, then centrifuged and the supernatant containing
theapo form of the expressed protein (thatis, full-length apo-TtCarH,
apo-TtCBD and the variant apo-TtCBD(H132A)) was retained for puri-
fication. The crude extract was subjected to affinity chromatography
and partially purified protein obtained after this step was incubated
with AdoCbl to generate holo forms of the respective proteins in the
dark. A final size-exclusion chromatography step with 50 mM Tris-HCI
pH7.5and100 mM NaCl as eluent was performed to achieve high purity
and removal of free AdoCbl. Detailed protocols for protein expression
and purification are provided in the Supplementary Methods.

For TR-SFX experiments at the SACLA and SwissFEL, macrocrystals
of TtCBD were produced by the batch method, at room temperature
(20 °C) and under red-light conditions as recently described®. Those
large crystals were used to generate seeds according to a recently
reported protocol®. Microcrystals were grown by the seeded batch
method using 20% PEG 10000 and 0.1 M HEPES pH 7.5. For serial syn-
chrotron crystallography (SSX) experiments at the Diamond Light
Source, TtCBD(H132A) was microcrystallized in batches using a previ-
ously reported® crystallization condition from the LMB screen (Molec-
ular Dimension) containing 0.1 M ammonium sulfate, 0.1 M sodium
citrate pH 5.8,16% (w/v) PEG 4000 and 20% (v/v) glycerol. For macro-
molecular crystallography experiments at the ESRF, macrocrystals of
TtCBD were obtained using a previously reported protocol®. Detailed
crystallization procedures are provided in the Supplementary Methods.

Time-resolved absorption spectroscopy

Time-resolved absorption spectroscopy experiments after laser pho-
toexcitation were carried out on TtCBD samples in solution using an
LP980-KS flash photolysis instrument (Edinburgh Instruments). Photo-
activation wasinitiated by nanosecond laser excitation at 530 nm, using
anoptical parametric oscillator of a Q-switched Nd-YAG laser (NT432,
EKSPLA) in a1-cm pathlength cuvette. Laser pulses were between
6 and 8 ns in duration and varied in energy up to 20 mJ by using an
attenuator. Difference absorbance spectra were recorded between
300and 700 nm at selected time points using animage intensified CCD
camera (Andor Technologies). Single-wavelength kinetic absorption
transients were recorded at a range of wavelengths between 300 and
700 nm with the detection system (comprising probe light, sample,
monochromator and photomultiplier) at right angles to the incident
laser beam. Single-wavelength kinetic absorption transients were also
collected on TtCBD microcrystals embedded in sodium carboxymethyl
cellulose (CMC; Sigma) in a1-mm pathlength cuvette at a 45° angle to
the incident laser beam and the probe beam. An extended version of
time-resolved absorption spectroscopy methods is provided in the
Supplementary Methods.

Temperature-resolved absorption spectroscopy

Static absorbance spectrawere measured using a Cary 50 spectropho-
tometer (Agilent Technologies). For temperature-resolved absorption
spectroscopy measurements, 7tCBD samples were cooled down to
77 Katarate of approximately 10 K per minute in an Optistat DN liquid
nitrogen cryostat (Oxford Instruments) to record spectra. Samples
were thenwarmed to the desired temperature atarate of 10 K per min-
ute to initiate the reaction by illumination (1,000 pmol m2s™?) witha
530-nm LED (Thorlabs) for 15 min, before cooling againto 77 Kto record
spectra. Room temperature absorbance spectra were also collected
on TtCBD microcrystals embeddedin asodium CMC matrixinal-mm
pathlength cuvette. An extended version of temperature-resolved

absorptionspectroscopy methodsin providedinthe Supplementary
Methods.

Photoproduct formationinilluminated 7¢CBD crystals

TtCBD microcrystals to be used for LC-MS and for NMR determina-
tion were either kept in the dark or placed in ambient light for 30 min
and subsequently resuspended in deuterated methanol (Eurisotop).

LC-MSwasundertakenonan Agilent1100 LC-MSD instrument with
anAgilent150 x 3.0 mm Poroshell 120 SB-C18 (2.7-pm pore size) rever-
sed phase column. Anin-line electrospray ionization-time-of-flight
(ESI-TOF) single quadrupole mass spectrometer (Agilent Technolo-
gies) in positive-ion mode was used to determine mass-to-charge
ratios (m/z).

NMRspectrawererecorded onaBruker AVIII500 MHz spectropho-
tometer with'H/*’F/C-®N QCI-F cryoprobe equipped with z-gradients.
Initially, alNMR spectra were recorded using the parameters described
previously™. In brief, 1D 'H NMR spectra were collected at 298 K using
a1D'HNMR method with presaturation water suppression. Extended
descriptions of the LC-MS and NMR methods used are in the Supple-
mentary Methods.

Low-temperature cw-EPR

For EPR spectroscopy, samples containing 200 pl of 250 uM T¢tCBD
were prepared under aerobic and anaerobic conditions. The aerobic
and anaerobic samples were photoactivated with a Thorlabs Mounted
LED (emitting at 530 nm with a nominal output power of 370 mW) at
room temperature and at 180 K, respectively. Samples were meas-
ured on a Bruker EMXplus EPR spectrometer equipped with a Bruker
ER 4112SHQ/X-band resonator at 20 K (measurements at higher tem-
peratures are stated accordingly). Data processing and analysis were
performed using the EasySpin toolbox (v5.2.36) for the MATLAB pro-
gram package*°. Sample preparation and illumination protocols, as
well as EPR data collection and processing details are specified in the
Supplementary Information.

TR-SFX data collection and processing and structure refinement
TR-SFX experiments involving nanosecond pump-laser excitation
were carried out at the SACLA? and SwissFEL? using TtCBD microcrys-
tals whose size (approximately 15 x 5 x 2 um? (Supplementary Fig. 3)
did not exceed in any dimension the 1/e penetration depth at 530 nm
(17 pm) to ensure efficient photoexcitation at low pump-laser fluences.
Spectroscopic and crystallographic pump-laser power titrations were
carried outto choose the appropriate fluence (Supplementary Note 2).
For data collection at the BL2-EH3 experiment station of the SACLA,
TtCBD microcrystals were embedded in CMC (detailed protocol in
Supplementary Methods) and extruded into a helium-filled diverse
application platform for hard X-ray diffraction in SACLA* chamber
by a high-viscosity extrusion*? injector*’. The SFX experiments were
carried outin atime-resolved mode (TR-SFX)* according to an optical
pump-X-ray probe scheme, using XFEL pulses at a repetition rate of
30 Hz (lessthan10 fsinlength, nominal photon energy of 7.996 keV (full
widthat half-maximum (FWHM) of 42 eV), photon flux of approximately
2 x10" photons per pulse and pulse energy of 300 p at the sample posi-
tion) focused to 1.6 pm (h) x 1.4 pm (v; FWHM). The pump laser (EKSPLA
NT230, 530 nm, 5 ns pulse length (FWHM), circularly polarized) was
aligned perpendicular to both the X-ray beam and the high-viscosity
extrusion jet and focused to a Gaussian spot with a size of 105.0
(h) x98.2 um? (v; (FWHM). TR-SFX data were collected at pump-probe
delays of 10 ns, 300 ns, 3 pis, 100 ps and 3 ms and at a 3.5-p laser-pulse
energy (fluence at the Gaussian peak of 30 mJ cm™%; power density at the
Gaussian peak of 6 MW cm™; nominally 2.4 absorbed photons on aver-
age per chromophore). Diffraction data with (light) and without (dark)
pump-laser excitation were collected in an interleaved way.
Fordatacollection at the Cristallina experiment station** of the Swiss-
FEL, TtCBD microcrystals were mounted on microstructured polymer
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fixed targets (MISP chips**, 30 x 30 mm? a detailed protocol isin the
Supplementary Methods). Interleaved light-dark TR-SFX data were
collected using X-ray pulses at a repetition rate of 100 Hz (25-45 fs in
length, mean photon energy of 11 keV, photon flux 0f 1.59 x 10" photons
per pulse and pulse energy of approximately 280 pJ at the sample posi-
tion) focused to 3.7 um (h) x4.2 um (v; FWHM). The pump laser (EKSPLA
NT230, 532 nm and 3.5-ns pulse length (FWHM)) was fibre-coupled
collinear to the X-ray beam and perpendicular to the chip plane. The
1/e2width of the laser spot at the sample position was determined by
abeam profiler (55 pm) and assumed to be the diameter of a top-hat
circular beam. TR-SFX data were collected at pump-probe delays of
3 psand10 msandat 0.75-p) laser-pulse energy (30 mj cm™2,9 MW cm™>;
nominally 2.5 absorbed photons on average per chromophore). Amore
detailed description of TR-SFX data collections at the SACLA and Swiss-
FEL is given in Supplementary Methods.

Offline data processing was performed using CrystFEL* (v0.10.1 for
SACLA and v0.10.2 for SwissFEL). For the dark_ref SACLA structure
refinement, the previously reported T7tCBD tetramer structure (PDB
code 8C73)*was used as asearch model for molecular replacement with
PHASER*. Iterative cycles of reciprocal space refinement performed
using REFMAC5* from the CCP4 software suite*® were interspersed
with local real-space refinements and model building using COOT*.
Thedark_ref SwissFEL structure refinement was carried out similarly,
withtherefined dark_ref SACLA model as asearch model for molecular
replacement. Q-weighted Fourier difference electron density maps
(F,lient — F k)50 were computed, and scalar structure factor extrapola-
tion*'was carried out with Xtrapol8 (ref. 52) to determine the structures
of intermediate states at all time delays from experiments at both the
SACLA and the SwissFEL. Models of all intermediate-state structures
were refined against g-weighted extrapolated structure factor ampli-
tudes using REFMACS and phenix.refine®®. Coordinate errors were
estimated using the bootstrapping approach®. Detailed descriptions
of data processing, refinementand error estimation are availablein the
Supplementary Methods. Data collection and refinement statistics are
presented in Supplementary Tables 4-6.

SSX data collection and processing and structure refinement
SSX after laser excitation was performed on the TtCBD(H132A) mutant
at beamline 124 of the Diamond Light Source®. Microcrystals of the
TtCBD(H132A) mutant (approximately 15 x 8 x 5 um®) were mounted on
aglow-discharged silicon chip (Southampton Nanofabrication Centre,
University of Southampton) with aperture size of 10-12 um (Supple-
mentary Methods). Two datasets were collected at room temperature:
(1) without optical pump (dark_DLS), and (2) according to an optical
pump-X-ray probe scheme (illuminated_DLS). Using an X-ray beam
of 12.4 keV focused to 8 um (h) x 8 um (v; FWHM), each crystal was
exposed for 10 ms with a photon flux of 1.6 x 10" photons per second
anddiffraction datawererecorded. For the SSX data collectioninvolv-
ingillumination, a portable pulsed laser system from Light Conversion
(PORTO) was used to photoactivate the TtCBD(H132A) microcrystals.
Mirrors and an achromatic focusing lens were used to focus the laser
beam at the sample position, in such a geometry that the laser beam
was approximately 15° off-axis from the X-ray beam with a laser beam
size of 50 um (FWHM) in horizontal and vertical directions. The laser
was operated at awavelength of 515 nm and arepetition rate of 50 kHz,
providingindividual pulses of 300 fs. The laser intensity at the sample
position was attenuated using a neutral density filter, yielding alaser
power of 0.8 mW; that is, 0.016 p per 300-fs pulse. With this setup,
pump-laser excitation was performed during 10 ms (that is, 500 pulses),
corresponding to a pump-laser energy of 8 pJ, a fluence of 320 mj cm™
and tonominally 12 absorbed photons per chromophore assumingan
average crystal size of 8 um. Diffractionimages were collected during
10 ms immediately after laser exposure. This dataset was collected
with the pump laser on for all apertures of the chip, that is, no dark
interleaved was collected.

Forthe dark_DLS structure refinement, molecular replacement was
performed with PHASER*¢ using as a search model the structure of
the dark-adapted TtCBD(H132A) mutant (PDB code 8C35), followed
by arefinement procedure similar to the one described above for the
dark_ref SACLA structure refinement. Refinement of an illuminated_
DLS model against extrapolated structure factor amplitudes was not
possible, as Fourier difference maps were uninterpretable due to an
unexpectedly high R, value (19.3%). Instead, composite-model refine-
ment was performed as described in the Supplementary Methods.
Datacollection and refinement statistics are in Supplementary Table 7.

Macromolecular crystallography and in crystallo spectroscopy
Cryo-temperature dependent macromolecular crystallography
in combination with in crystallo UV-Vis absorption microspectro-
photometry** on the BMO7-FIP2 beamline of the ESRF** was used
to characterize structural and spectroscopic changes in crystalline
TtCBD after light illumination at 180 K. Details on the illumination
and temperature-cycling protocols, as well as on X-ray data collection
and processing and structure refinement are givenin Supplementary
Methods. Data collection and refinement statistics are reported in
Supplementary Table 8.

TR-XSS data collection and reduction
TR-XSS data were collected at the IDO9 beamline of the ESRF**%, The
protein solutions (TtCBD, TtCarH and a TeCarH-DNA complex) were
photoexcited with a 5-ns pulsed laser (EKSPLA NT342B) at 532 nm.
The laser was focused with cylindrical lenses to an elliptical spot
approximately 2.0 (h) x 0.2 mm? (v; FWHM) corresponding to a flu-
ence of 50 mJ cm2and 2.5 absorbed photons per chromophore. X-rays
(14.7 keV) probed the sample at 90° with respect to the laser incoming
direction. Scattering patterns were recorded on a Rayonix MX170-HS
and azimuthally integrated to obtain 1D scattering signals S(g). TR-XSS
difference signals AS(g) were obtained as the difference between the
signals measured after photoexcitation minus the signal measured
before photoexcitation. Data reduction was performed using the txs
Python package developed atID09 (https://gitlab.esrf.fr/levantin/txs).
Two different TR-XSS datasets were collected on T¢tCBD: the first
dataset (30 ps to100 ms) was obtained by flowing a high-concentration
sample through a quartz capillary in a closed loop with a peristaltic
pump (Minipuls, Gilson); and the second dataset (100 ms to 3 s) was
obtained by flowing a low-concentration sample through a quartz
capillary with a syringe pump (Fusion 4000X, Chemyx). The lower
concentration in the second dataset ensured a protein chromophore
concentration approximately half of the oxygen concentration in
solution, with fully aerobic conditions allowing completion of the
photoreaction up to tetramer dissociation®>?2, A protocol analogous
to that used for the second dataset was also used to collect data on
TtCarH and a TtCarH-DNA complex in the time interval of 100 ms to
3 s. An extended description of the TR-XSS methods is given in the
Supplementary Methods.

Cluster model calculations

We used DFT cluster models to examine the mechanism for the forma-
tion of a Co—C4’ adduct and explore the inherent differences in the
chemistry of the Co-C5’and Co-C4’ adducts. These calculations were
performed in Gaussianlé6 rev. D% using the BP86 functional®, which
hasbeen shown to perform well for B;, systems®"2, with the Def2-TZVP
basis set oncobalt and the 6-31 G(d,p) basis sets on the remaining atoms,
animplicit solvation model (CPCM) with dielectric constant of 5.0 and
empirical dispersion (GD3BJ)®*¢*. The cluster model was constructed
from the dark_DLS model of the TtCBD(H132A) mutant (monomer A)
and consisted of a truncated Cbl, Ado and binding-site residues W131
and H177 truncated as -CH; at the Cf and V138, E141 and H142 truncated
as CHO and NH, C and N termini, respectively (Supplementary Fig.12)
foratotal of 211 atoms, with anet charge of 0. Six atoms were kept fixed


https://doi.org/10.2210/pdb8C73/pdb
https://doi.org/10.2210/pdb8C35/pdb
https://gitlab.esrf.fr/levantin/txs

during the calculations: the C of W131and H177, the Ca of V138, E141
and H142 and the Co. Comparison with the T¢CBD crystal structure
(dark_ref SACLA) revealed that the fixed atoms could be overlayed
with ar.m.s.d. of 0.1A. The potential energy profile for the intercon-
version between Co-C4’ adduct, photoproduct and Co-C5" adduct
(Supplementary Fig. 9) was calculated using relaxed potential energy
scans, and all transition states were fully optimized, and frequency
calculations confirmed the presence of a single imaginary frequency.
All calculations were performed with singlet multiplicity, as the short
timescales of Co-C5’ cleavage rule out a triplet mechanism and we
have not observed any triplet species by EPR. Results of cluster model
calculations are presented in Supplementary Note 6.

QM/MM setup and simulation

Computational models of dark and intermediate state structures were
created based on amonomer of the corresponding crystal structures
(dark_ref SACLA, 10ns_30mJ/cm? SACLA and 3pus_30mJ/cm? SACLA)
and minimized using the ff14sb AMBER force field®. Hydrogens were
added with Amber16 (ref. 66). The AMBER parameters for AdoCbl were
obtained from Marques et al.?”. In preparation for QM/MM simulations,
themodels were divided into a higher (QM) and alower (MM) layer (Sup-
plementary Fig.13). The QM layer contained 170 atoms and comprised
the Ado group of the chromophore, corrin ring (including cobaltion
and corrin side chains) and the imidazole portion of H177. The MM
layer comprised the nucleotide loop of the chromophore (including
the dimethylbenzimidazole), the H177 backbone atoms and all atoms
ofresidues otherthan H177. The QM region was treated with DFT using
the BP86 functional along with the TZVP basis set for Hand the TZVPP
basis set for Co, C, Nand 072, Any residue that had at least one atom
within10 A of the cobalt was kept unfrozen, meaning it was allowed to
freely move throughout the course of the optimizations. The QM/MM
models were optimized using Gaussian097°,

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Crystalstructures have been deposited at the PDB under the accession
codes:9S0A, 9S0B, 9S0C, 9S0D, 9SOE, 9SOF, 9S0G, 9SOH, 9501, 9S0J,
9S06,9507,9S08 and 9S09. Allindexed raw images, as well as CrystFEL
stream files and merged mtz files for each SFX dataset of this study
have been depositedin the Coherent X-ray Imaging Data Bank (CXIDB)
with accession ID 237. For all time-resolved datasets, the Fourier dif-
ference maps computed with their respective reference datasets have
also been deposited (https://doi.org/10.11577/2999572). The CXIDB
nomenclature for the different datasets corresponds to the nomen-
clature used in Supplementary Tables 4-6. The TR-XSS data (https://
doi.org/10.15151/ESRF-ES-704502367 and https://doi.org/10.15151/
ESRF-ES-1437867878) and the cryo-macromolecular crystallography
data (https://doi.org/10.15151/ESRF-DC-2303883862) are available as
raw acquisition data from the ESRF (https://www.esrf.fr).
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Extended DataFig.1|Crystal structures of full-length T¢CarH before and
after illumination®. (a) Chemical structure of adenosylcobalamin (AdoCbl).
The cobaltatomisshownasapinksphere and the photolabile Co-C5’bond
depictedinbold. (b) The monomer of full length TtCarH is composed of two
domains:aDNA binding domain (DBD) and the cobalamin binding domain
(CBD). The CBD consists of two motifs, a four-helix bundle and aRossmann
fold domain. (c) Structural changes after photoactivation of TtCarH. In the
upper row, models of fulllength TtCarHinits dark state (tetrameric form) are
shownin cartooninabsence of (left, PDB entry code 5C8D) and complexed

(middle, PDBentry code SC8E) to DNA. Theinset (lower left) represents the
AdoCblinthe dark state as well as key residues (H132, W131and H177) in sticks.
Inthe dark state, the cobalt atomis covalently bound (Co-C5’) to the adenosyl
moiety and also coordinated to H177. Upon photoactivation, the Co-C5' bond
breaks. Thus, the adenosyl group leaves the chromophore binding pocket and
structural reorganisationsyield to tetramer dissociation and formation of
monomers (middle row, right) bis-histidine light-adapted state (lower right,
PDBentry code SC8F).
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Extended DataFig.2|Formation ofintermediate statesinthe photochemical
reaction pathway of TtCBD in solution monitored by TR-absorption
spectroscopy after excitation at 530 nm. Time-dependent difference
absorbance spectra of samples containing 50 pM TtCBD are shown10 ns, 3 s
(a), 50 ms (c) and 5 s (e) after excitation with anslaser pulse at 530 nm. The
wavelengths of the main spectral changes are labelled accordingly. (b) Kinetic
transientsat 500 nmon the ps timescale of samples containing 50 uM T¢tCBD.
(d) Kinetic transients at 360 nm on the ms timescale of samples containing

50 pM TtCBD. (f) Kinetic transients at 360 nm on the ms-s timescale of samples
containing 50 uM TtCBD. Data were fitted to amono-exponential (b,d) or
abi-exponential (f) function (red lines) to obtain time constants. All transients
were measured at room temperature and datashown are the average of at

least five traces. (g) The time-resolved absorption spectroscopy datayield the
reactionscheme shown here, indicating the time constants for the formation
of eachoftheintermediate states. The i, ii, iii, ivand v1abelsillustrate how these
speciesrelate to those depictedin Fig.1of the main text.
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Extended DataFig. 3 |Spectroscopic pump-laser power titration of The fully converted light-adapted state was measured by illuminating a TtCBD
photoconversionin TtCBD microcrystals and in solution. (a) Absorbance microcrystallinesample for 2 minwitha 530 nm LED. (c) The measured time
difference spectraof TtCBD microcrystalsin CMCbefore and after excitation constant for the formation of intermediate 2 (species iii in Fig. 1), as determined
withasinglenslaser pulse of varyinglaser fluence at 530 nm from 6 to 60 mj/cm®. by monitoring the absorbance change at 334 nm upon excitation with alaser
The non-illuminated sample was used as blank. (b) The amount of light state pulseat 530 nm, of TtCBD in solution as a function of laser fluence. The values
formedin TtCBD microcrystalsin CMC as afunction of laser fluence (converted  correspond to the average of five different measurements. Error bars correspond
to the corresponding number of absorbed photons per chromophore). The tothe standard deviation. (d) The amplitude of the absorbance change at 334 nm
amount of light-adapted state was determined by measuring the absorbance uponexcitationwith alaser pulse at 530 nm of TtCBD in solution as a function

at359 nm, whichis characteristic of the bis-histidine light-adapted state. oflaser fluence.
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Extended DataFig. 4 |Crystallographic pump-laser power titration using
thelight-induced difference signal at 3 pus time delay. Absolute sum of
positive (>30, green) and negative (<-30, red) integrated peaks in the Fourier
difference maps calculated between light and dark data sets (F3+s-fluence SACLA .

F darkrelSACLA flyence: 12,30, 60and 120 mJ/cm?) and located within 2 A from the
AdoCblchromophore was computed and plotted as afunction of pump-laser
fluence. Data pointsare the average obtained from 100 Fourier difference maps
generated using the bootstrapping method (see Supplementary Methods).
Errorbars correspond to the standard deviation.
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Extended dataFig. 6| Cryotrapping ofintermediatestatesinthe photochemical
reaction of T¢CBD in solution as monitored by temperature-resolved
absorptionspectroscopy measurements. (a) 77 Kabsorbance spectraof 7tCBD
insolution (50 pM) after illumination (530 nm) for 15 min at different temperatures
ranging from77 Kto190 K (77 Kill, 100 Kill, etc) or after illumination at 190 K
for15minandincubationinthedarkfor15minatincreasing temperatures

(200 K dark, 210 K dark, etc). (b) Difference spectra after successive 15 min
illumination atincreasing temperatures from77to190 K. The non-illuminated
sample wasused as abaseline. (c) Difference spectraafter illumination at 190 K
for15minandincubationinthe dark for 15 min ateither 260 or 298 K. (d) 77K
absorbancespectraofthe dark, light (298 K dark) and intermediate states

(190 Kand 260 K) identified by cryogenic absorbance measurements at 77 K.
Thewavelengths of the main spectral changes arelabelled accordingly in panelsb
and c. (e) The temperature-resolved absorption spectroscopy datayield the
reactionscheme shown here, indicating the temperatures at which each of the
intermediate states is formed. Thei, iii,ivand vlabelsillustrate how these species
relate to those depicted in Fig.1of the main text. (f) Spectroscopicintermediate
measured at 77 K after illumination (530 nm) at 190 K for 15 min and incubation
inthe dark for15minat260 K (red curve) and spectrum of the 7tCBD-H132A
mutantlight state measured at room temperature after illumination (530 nm)
until complete photoconversion (black curve).
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Extended DataFig.7|Intrachain distance difference matrices (DDM) of monomer Bat10 ns, 300 ns, 3 ps, 100 ps, 3 ms, and 10 ms. DDMs were calculated
using dark_ref_SACLAmodel as the reference model from10 nsto 3 msand dark_ref_SwissFEL model for 10 ms.



Extended DataFig.8|QM/MM optimised models of 3us_30mj/cm’ SACLA. specieswhere the Co(ll)/C5% radical pair (RP) is formed, (c) atertiary diradical
QM/MM models generated from the 3 ps crystal structure where four possible specieswhere the Co(ll)/C4’»RPis formed, and (d) astable Co-C4’ adduct.
scenarios are optimised including (a) the photoproducts, (b) a primary diradical
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Extended DataFig.9|SVD analysis of TR-XSS datain the30 ps-100 ms time
range. (a) First three SVD basis patterns (left singular vectors) (rank O - blue,
rankl1-orange,rank2-green). (b) Thesingular valuesare plotted with blue dots
asafunctionoftherank. Theinset shows the autocorrelation of the basis patterns
asafunctionoftherank.Agrey dotted lineindicates anautocorrelation of 0.8.
SVD analysis shows that only two basis patterns containasignal out of noise.
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Extended DataFig.10|Proposed CarH photoactivation mechanismbased
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