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B I O P H Y S I C S
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Animal-like cryptochromes are photoreceptors that control circadian rhythm and signaling in many eukaryotes. 
Transient photoreduction of the cryptochrome flavin chromophore initiated signaling via a poorly understood 
mechanism. By serial femtosecond crystallography (SFX), we show that the photoreduction mechanism of 
Chlamydomonas reinhardtii cryptochrome involves three loci [carboxyl-terminal region, a transient protonation 
pathway, and flavin adenine dinucleotide (FAD)–binding site] acting in unison to accomplish three effects: radical 
pair stabilization, protonation of FAD radical, and formation of the signaling state. Using 19 time-resolved SFX 
snapshots between 10 nanoseconds and 233 milliseconds, we found that light-driven FAD•–/tyrosyl-373 radical 
pair (RP) formation primes α22 unfolding. Electron transfer–dependent protonation of aspartate-321 by tyrosine-373 
is the epicenter of unfolding by disrupting salt bridges between α22 and the photolyase homology region. Before 
helix unfolding, another pathway opens transiently for FAD•– protonation and RP stabilization. This link between RP 
formation and conformational changes provides a structural basis for signaling by animal-like cryptochromes.

INTRODUCTION
Cryptochromes (CRYs) belong to the photolyase/cryptochrome 
superfamily (PCSf), a group of flavin-dependent photoreceptors, 
which evolved repeatedly from photolyases as animal-like (aCRY), 
plant-like (pCRY, CryP), and DASH-type CRYs (1). Biological 
activity by CRY depends mostly on light-driven electron transfer 
(ET) to their flavin adenine dinucleotide (FAD) chromophore 
(2–4). While photolyases catalyze light-driven DNA repair (5, 6), 

CRYs modulate plant growth, regulate circadian rhythms (3), and 
may even act as magnetoreceptors (7–10). As evolutionary tran-
sitional forms, some CRYs like the aCRY from Chlamydomonas 
reinhardtii (CraCRY) are bifunctional by acting both as photore-
ceptor (11–13) and photolyase (14).

CraCRY uses a tetrad of four aromatic residues (14–16) for FAD 
photoreduction and subsequent formation of the signaling-relevant 
FADH• state (11). Like in other PCSf members of the aCRY/(6–4) 
photolyase branch (17,  18), these residues (CraCRY: W399, W376, 
W322, and Y373) form a 22-Å-long ET pathway from the surface of 
the C-terminal photolyase homology region (PHR) domain toward 
the FAD chromophore. In CraCRY, light-driven ET forms within less 
than a nanosecond, the FAD•–/Y373• radical pair (RP), where final 
ET from Y373 to W322•+ is coupled to proton transfer (PT) from 
Y373 to D321 (Fig. 1A). Subsequently, the FAD•–/Y373• RP is further 
stabilized by protonation of FAD•– to FADH• (15, 16). The molecular 
mechanism of flavin protonation remains unclear. As with other 
aCRYs (19), the very late stages of the CraCRY photocycle involve a 
large-scale C-terminal unfolding event that occurs several seconds 
after illumination (20). The structural determinants leading to this 
order-disorder transition are not well understood. With a sequence 
identity of 61% for the PHR, CraCRY is highly related to CRYs like 
European robin (Erithaculus rubecula) CRY4a. It has been hypothe-
sized that CRY4a may be the bird’s compass for migration because its 
photoinduced RP is affected by relatively weak magnetic fields (2 mT) 
(9). CraCRY is therefore an excellent model system to study aCRY 
behavior as it is a highly representative member of this PCSf subfam-
ily. Technically, in addition to having a well-characterized photocycle 
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and a high quantum yield of ∼60% (21), CraCRY produced very 
robust, strongly diffracting crystals. Both of these features greatly 
facilitated detailed analysis of its structural kinetics via time-resolved 
serial femtosecond crystallography (TR-SFX) (22), an emerging method 
that takes advantage of ultrafast x-ray pulses produced by x-ray Free 
Electron Lasers (XFEL) (23–25) to produce detailed, structural, three-
dimensional (3D) movies of protein function.

In the following, we used our CraCRY model to show the 
mechanisms of (a) initial RP stabilization, (b) protonation of 
the FAD•– radical, and (c) how photoreduction of an aCRY causes 
structural changes in its C-terminal region 22 Å away from its FAD 
chromophore to foster potential down-stream signaling. Light-
triggered strain within the D321/Y373 switch causes disordering 
of helix α22 on a millisecond time scale, which occurs in competi-
tion with a reordering reaction. Meanwhile, fast rotation of N395 
nearby FAD within 10 ns resulted in both stabilization of FAD•–, 
and slower activation of a transient protonation pathway (TPP) 
consisting of E384 and H309 leading up to formation of FADH• in 
~40 ms. In summary, here, we provide a detailed structural-kinetic 
framework for conformational changes in an aCRY, having isolated 
all major structural intermediates between RP formation and sig-
naling state.

RESULTS
Damage-free structures show partial unfolding of CraCRY in 
its FADH• state
Without external reductant, FADox➔FADH• photoreduction of 
CraCRY stalls in the semiquinoid FADH• state (14). One end of the 
ET pathway (Fig. 1A), the deprotonated tyrosyl radical Y373•, re-
quires chemical reduction to act again as electron donor for the sec-
ond, light-driven reduction to the catalytically active FADH− state 
(14). Furthermore, Y373• has rather long lifetimes of 26 ms and 2.6 s 
when derived from the FADox and the FADH• state, respectively 
(15, 16). To resolve redox-dependent changes in CraCRY, we used 
damage-free SFX (26) to derive static structures in all three redox 
states (Fig. 1B and table S1): FADox (dark, Fig. 1C), photoreduced 
FADH• as required for signaling (Fig. 1D and fig. S1A), and the ful-
ly reduced FADH− state, i.e., CraCRY’s catalytically competent form 
as photolyase (fig. S1B).

CraCRY structures in FADox and FADH− states at room temper-
ature are almost identical to those at cryogenic conditions (14), with 
root mean square deviation values of 0.235 and 0.212 Å for 488 Cα 
positions, respectively. Accordingly, they share the highly conserved 
two-domain topology of other PCSf members (14) with the FAD 
chromophore residing in the PHR domain, and Y373, the terminal 

Fig. 1. CraCRY photochemistry and redox-dependent SFX structures. (A) FADox photoreduction generates the FAD•–/Y373• RP by ET from Y373 (dashed boxes) within 
less than 1 ns, whereas PT to FAD•− (top) is pH dependent and proceeds slower in the sub-second time range (21). Further reduction to FADH− allows CraCRY to act as (6-4) 
photolyase (14). (B) Distribution plots of c-axis unit cell length of CraCRY crystals before (black) and after illumination (blue). A change of unit cell parameters accompanies 
light-triggered FAD➔ FADH• transition of CraCRY crystals [inlay, ultraviolet visible (UV/Vis) spectra before and after illumination]. The oxidized and fully reduced CraCRY 
crystals are isomorphous (table S1). (C) Left, CraCRY structure in FADox state with pathways for ET (yellow) and PT (TPP, pink) within the PHR domain (gray). The D321/Y373 
PCET switch is marked in cyan/green, the α22 helix in magenta. Right, α22 helix/PHR domain interface with hydrogen bonding/ionic interactions shown as dashed lines. 
Our CraCRY structures miss the intrinsically disordered C-terminal extension (CTE) common to CRYs. (D) CraCRY structure in FADH• state (orange). Orange spheres mark 
start and end points of disordered regions (gray tubes). Notably, Y373 (green) is ill defined by adopting multiple conformations.
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electron donor, being centrally embedded between the canonical 
PHR domain and the C-terminal helix α22 (Fig. 1C and fig. S1). In 
contrast, the semiquinoid FADH• state of CraCRY shows large, 
light-dependent disordering (Fig. 1D), which is reflected by chang-
ing crystal lattice dimensions due to collapse of the lattice pocket 
that harbored helix α22 in the oxidized state (Fig. 1B, fig. S2, and 
table S1). An increase of disorder is also manifested in solution 
according to H/D exchange and native mass spectrometry (MS) 
data (fig. S3) (20, 27).

In CraCRY’s FADH• state, helix α22 (H475-K494) and two regions 
nearby, N314-D324 in the α13/α14 loop as well as A404-Q410 in the 
α18/α19 loop, are disordered because of lacking electron density (Fig. 
1D). Consequently, the ET pathway along W399-W376-W322-Y373 
to the FAD chromophore (Fig. 1C) is broken. First, the Y373 side chain, 
which packs closely against W322 in FADox and FADH− states (Fig. 
1C), is released from any interactions by becoming completely solvent 
exposed (Fig. 1D). Secondly, W322 is indispensable like Y373 for 
photoreduction (16) but belongs now to the disordered α13/α14 loop. 
Moreover, the FADox➔FADH• transition causes loss of the prominent 
salt bridges between α22 and the PHR domain (Fig. 1C), namely D321-
R485/R492, D323-R485 and D371-H475. Again, aspartates D321 and 
D323 belong to the disordered α13/α14 loop, while Y373 gets mobile 
and adopts two alternative conformations (Fig. 1D and fig. S1C). The 
aromatic residues Y411, F412, and Y415 of the α18/α19 loop, which 
contact helix α22 in the FADox and FADH− states, reorder and form an 
alternate set of interactions (Fig. 1C and fig. S1C). Y411 and F412 pack 
instead with L358 and H361 of the FAD-binding site, respectively, and 
cause conformational changes for these residues contacting the isoal-
loxazine’s methyl groups (fig. S1C). Local effects around the FADH• 
chromophore are otherwise minor, i.e., less pronounced than found for 
photochemical reactions catalyzed by a class II photolyase (26, 28), but 
consistent with TR-SFX studies of the (6-4) photolyase from Drosophila 
melanogaster (29). For example, the isoalloxazine moiety of FADH• 
and FADH− remains planar. Only the Oδ1 atom of N395 approaches 
the N5 nitrogen of FAD’s isoalloxazine moiety (fig. S1) to stabilize the 
protonated FAD chromophore (26, 30, 31).

The order-disorder transition upon FADH• state formation is 
unusual as a surface area of 870 Å2 from 14 α22 residues is occluded 
from solvent access by interacting with the PHR domain (Fig. 1C). 
This resembles the well-known α helix unfolding found for an unre-
lated class of flavin photoreceptors, the Jα helix comprising light 
oxygen voltage (LOV) domains (32). However, the distance between 
the chromophore and helix α22 of CraCRY is 25 Å, almost twice as 
long as for the Jα helix of LOV domains (14 Å).

CraCRY’s FADH• state structure provides numerous additional 
interaction sites for downstream signaling partners like the circa-
dian clock factor ROC15 (33). Our in crystallo observation of a 
partly unfolded FADH• state prompts us to note that refolding to an 
FADox-like conformation, concomitant with restoration of the ET 
pathway from Y373 to the chromophore, is required for further 
FADH•➔FADH− photoreduction. In solution, a transient nature of 
the CraCRY signaling state is corroborated by kinetic native MS 
studies giving upper boundaries of 8.1 and 4.6 s for light-driven 
CraCRY unfolding and refolding, respectively (20).

Tracking the conformational consequences of FADox ➔➔ 
FADH• photoreduction by TR-SFX
Next, we wondered (a) what kind of structural change precedes 
CraCRY’s order-to-disorder transition after RP formation and (b) 

whether a pathway exists for chromophore protonation in the FAD•− 
state. The latter is essential to minimize fast nonproductive recom-
bination of the FAD•−/Y373• RP (21). However, CraCRY structures 
of all redox states lack such a protonation pathway leading from sol-
vent to the FAD chromophore’s N5 nitrogen. This occlusion of FAD’s 
N5 from solvent access is not only found for CraCRY but also a gen-
eral feature of structurally characterized PCSf members. To address 
these issues, we collected TR-SFX data using 3-ns laser pump pulses 
at a wavelength of 450 nm at the Spring-8 Angstrom Compact free 
electron LAser (SACLA). Experimental details, power titrations, etc. 
are described in Materials and Methods, texts S1 to S3, figs. S4 and 
S5, and tables S1 to S4. Given the subnanosecond rates for photo-
chemical and ET reactions (21), our setup focuses on TR-SFX 
snapshots of CraCRY’s conformational changes after accomplished 
FAD•−/Y373• RP formation.

When analyzing snapshots evolving from the RP via difference 
electron density (DED) maps, we observed time-dependent differ-
ences in three major regions (Fig. 1C and fig. S6): the FAD-binding 
site (Fig. 2 and figs. S7 and S8), a patch adjacent to the FAD pocket 
that we assigned as TPP (Fig. 3 and fig. S9), and helix α22 including 
its interface to the PHR domain (Fig. 4 and fig. S10). Next, each of 
these regions will be addressed in detail.

FAD-binding site—The N395/FAD switch
Ultrafast spectroscopic studies on CraCRY showed that photoexcited 
FAD* abstracts within <0.4 ps an electron from its neighbor, W399 
(21). The resulting electron hole at W399•+ hops then via aromatic 
residues of the ET pathway toward Y373, with the slowest step being 
proton-coupled ET (PCET). PCET (τPCET  =  0.8 ns) involves ET 
between W322 and Y373 and concomitant PT within the hydrogen-
bonded D321/Y373 pair (21). Accordingly, peaks around FAD’s iso-
alloxazine moiety appear in early DED maps (10 ns-dark) (Fig. 2A). 
These slight changes within the first 3 μs (figs. S8 and S11) correspond 
to relaxation of the isoalloxazine’s geometry after ET. Before they 
return to the common conformations in the static CraCRY struc-
tures, they are accompanied by slight, compensatory movements of 
the highly conserved R360-D389 salt bridge packing against the FAD•− 
isoalloxazine group (fig. S8).

In the FAD-binding site, the strongest DED peaks appearing 
during the entire time course correspond to N395’s rotating carbox-
amide group (Fig. 2, A and B, and fig. S7). DED correlation analysis 
of N395 peaks (Fig. 2C) reveals two distinct patterns with a transi-
tion occurring between the 33- and 66-ms snapshots, which we as-
sign to the interaction between N395 and either FAD•− or FADH• 
radicals. Between 10 ns and 33 ms, a clockwise rotation relative to 
the dark state (Δchi2: −86.4°) positions the N395 side chain within 
hydrogen-bonding distance between its Nδ2 atom and the FAD•− 
N5 nitrogen (Fig. 2A). Between 66 and 233 ms, a counter-clockwise 
rotation almost restores the dark-state conformation (Δchi2: +111°) 
of this N395/FAD switch by forming now a hydrogen bond between 
the protonated N5 nitrogen of FADH⦁ and the N395 Oδ1 atom. As 
suggested by previous reports for the conserved counterparts of 
N395 in other CRYs (26, 30, 31), the conformational flip of this 
asparagine stabilizes the FAD radicals. To confirm radical flavin 
species in crystallo over the entire time course, we performed time-
resolved in crystallo optical spectroscopy, TR-icOS (Fig. 2D and fig. 
S12). TR-icOS shows that illumination of CraCRY crystals at a vari-
ety of power levels results in FAD⦁– protonation ~45 ms after illu-
mination (τFADH•  =  43.9 ms), which correlates closely with the 
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kinetics of N395 conformational changes (Fig. 2, A to C, and figs. S5 
and S12). Furthermore, correlation analysis of TR-icOS data (Fig. 
2D) produces a remarkably similar pattern to N395 DED correla-
tion map (Fig. 2C), strongly supporting that FAD protonation is 
concomitant with N395 reorientation.

Transient protonation pathway
Next to the FAD, DED peaks appear adjacent to the N395/FAD 
switch for a solvent-exposed patch of residues containing H309, 
E384, and Q390 (Fig. 3A and fig. S9). Our set of TR-SFX snapshots 
reveals that the side chain of E384 starts to orient toward N395 1 μs 
after photoreduction (Fig. 3B and fig. S9). This is accompanied by 

H309 side-chain swiveling, which is hydrogen-bonded from the 30-μs 
snapshot onward via its Nε2 nitrogen to Oε2 of E384 (2.4 Å, Fig. 3A 
and figs. S9 and S13), as well as compensatory changes contributed 
by the Q390’s side chain. This conformational transition as triggered 
by N395 places the Oε1 atom of the E384 carboxyl group over the 
plane of the N395 carboxamide with distances of 3.0 Å (Oδ1) and 
3.9 Å (Nδ2), i.e., geometrically improper to form additional H bonds. 
This updated network of interactions leading from the solvent via 
H309 to N395 lasts until ~33 ms and is disrupted again by return to 
a dark state–like conformation in the 66-ms snapshot (Fig. 3B and 
figs. S9 and S13, τH309 = 23 ms, τE384 = 13 ms). To further address 
E384, we performed steady-state photoreduction assays for the E384Q 

Fig. 2. Stabilization of FAD radicals. (A and B) TR-SFX snapshots of the FAD-binding site [(A) 10 ns and (B) 200 ms] showing 3.5σ contoured DED (time-dark) maps 
(positive peaks, cyan; negative, magenta), overlaid on snapshot (orange) and FADox state (dark, gray) structures. (C) Correlation map for N395 DED features. Pair-wise cor-
relation coefficients (CC) between N395 features are color-coded in the heatmap. Two regions of high correlation emerge, one spanning from 10 to 33 ms (blue square), 
the other from 66 to 233 ms (red). Each region marks a different N395 to FAD orientation, i.e., Nδ2 toward N5 (blue) and Oδ1 toward N5 (red). (D) Time-resolved in crys-
tallo UV/Vis spectra of the FAD•−➔FADH⦁ transition. The time trace shows accumulation of FADH⦁ (blue), fitted with a first-order kinetic. The inset panel displays a correla-
tion map of spectra collected up to 166 ms after illumination, divided into two regions. The first one, dominated by FAD•−, spans from 10 μs to 33 ms, while the second, 
enriched with FADH⦁, lasts from 66 to 166 ms. For representative individual spectra, refer to figs. S12 (C and D).

Fig. 3. The transient protonation pathway. (A) Detail of transient protonation pathway (TPP) connecting bulk solvent to FAD via N395. The 30-μs snapshot (orange) with 
its 3.5σ contoured DED map represents TPP changes when compared to the FADox state (dark, gray). (B) E384-to-N395 center of mass distances (black squares) compared 
to time-dependent accumulation of DED around E384 (red dots). DED data were fitted to a two-step kinetic model (continuous red line) for rate constants. The time points 
for TPP onset (1 μs), full activation (30 μs), and ending (33 ms) are indicated by arrows. (C) pH-dependent photoreduction of CraCRY wild type (WT, blue) and E384Q (lime 
green). Photoreductions were performed at different pH values to monitor the sensitivity of photoreduction to proton concentration. (D) The N395-trigger model for the 
TPP. Here, N395 mediates TPP activation after ~1 μs but also PT to FAD•− by amide/imidic acid transition of its carboxamide side chain.
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mutant in solution (Fig. 3C). Unlike wild type, E384Q is inefficient 
to generate the neutral radical FADH• at physiological pH, i.e., be-
tween 6.5 and 8.5, and can be recovered only to ~41% of wild type 
activity at acidic pH 5.5 (Fig. 3C). Accordingly, we suggest that 
E384 acts as shuttle for the essential PT between solvent and the 
FAD•– radical.

Given these transient changes, we propose that the dyad H309/
E384 is part of TPP that causes conversion of FAD•− to FADH• in 
CraCRY. In this scenario (Fig. 3D), clockwise rotation of the N395 
side chain is enforced by anionic FAD•− and activates TPP by H309/
E384 reorientation onset after 1 μs. In the fully active state (>30 μs), a 
continuous protonation pathway forms between solvent and the E384 
carboxyl group. The final hurdle is PT from E384 to the FAD•− N5 
nitrogen via N395. In analogy to the short-lived PCET reactions in 
blue light using FAD (BLUF) photoreceptors with their inbuilt flavin/

glutamine/tyrosine triad (34), we imagine that only a slight rotation 
of N395 is now required to allow O-protonation of the N395 carbox-
amide by E384 with concomitant PT from the carboxamide’s nitrogen 
to N5 (Fig. 3D). However, unlike BLUF photoreceptors, where the 
glutamine’s imidic acid has long enough lifetimes to stabilize a signal-
ing state (35), we predict that an N395 imidic acid tautomer is rather 
transient in CraCRY due to retautomerization upon TPP inactivation 
and N395 rotation. Given that the active TPP state lasts for at least 33 ms 
and final PT along E384-N395- FAD•− is predictably much faster, this 
step may not be kinetically resolvable by TR-SFX.

D321/Y373 PCET switch triggers α22 helix unfolding
As outlined above, α22 interacts in the FADox state with the PHR via 
hydrophobic contacts and salt bridges, particularly D321-R492 and 
D323-R485. Our earliest time point at 10 ns after PCET demonstrates 

Fig. 4. α22/PHR interface with D321/Y373 PCET switch. (A to C) TR-SFX snapshots of α22/PHR interface (orange) at 10 ns (A), 100 ns (B), and 1 ms (C) with correspond-
ing 3σ contoured DED (time-dark) maps. DED signals concentrate early around D321, while later DED peaks spread around helix α22. The FADox state (dark, gray) is shown 
as reference. (D) Time-dependent conformational changes of the D321/Y373 switch. (E) Time-dependent negative DED evolution around α22 (black dots) fits to a two-
step kinetics model (continuous black line). Reconvoluted DED derived from the two main SVD components (red dots) matches well with experimental data and follows 
the same kinetics (continuous red line). (F and G) Time-invariant SVD components SV0 (F) and SV1 (G) appear as difference maps along CraCRY’s C-terminal region. To 
illustrate protein dynamics, SVD structural models (orange) (70) are shown (files S1 and S2). (H) Time-dependent traces of SV0 (black) and SV1 (red) evolution. SV0 gradually 
increases in the early time points, but decays later. Meanwhile SV1 is initially negative, while changing sign after ~30 μs.
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the unique role of D321 as proton acceptor (21) as the most promi-
nent DED signals belong to this residue (Fig. 4A and fig. S10). PCET 
obviously triggers a flip of the D321 side chain that lasts over the en-
tire time course. This PCET switching in the D321/Y373 couple 
causes release of the protonated D321 side chain from ionic interac-
tion with R492 and hydrogen bonding to R485 (Figs. 1C and 4A). 
Solvent exposure and a lack of interaction partners further increase 
flexibility of the D321 side chain. Concomitantly, negative DED sig-
nals for the R492 side chain accumulate early at 10 ns. As no positive 
DED peaks are associated with R492, our structural snapshots show 
progressively increased flexibility as indicated early by multiple con-
formers for R492 (100 ns, Fig. 4B), which becomes thereafter com-
pletely disordered (Fig. 4C and fig. S10). Water invades a cavity between 
α22 and the PHR domain that is opened by D321-R492 salt bridge 
disruption, as evidenced by a large positive DED peak in the α22/
PHR interface at 100 ns (Fig. 4B). Otherwise, PCET within the D321/
Y373 switch causes only minor effects to Y373 that transiently rotates 
its phenolic group by subtle chi2 angle changes from 69.6° (dark) to 
80° (10 ns) before recovering its dark-state conformation after 7 ms 
(Fig. 4D).

After R492 disordering, negative DED peaks rise (τα22,disorder = 
59 μs) along α22’s C-terminal end (Fig. 4, B, C, and E). These signals 
suggest here an increased disorder and flexibility of α22 end’s resi-
dues over time. Although in our snapshots, α22 residues never re-
turned to their original positions for the entirety of the time course, 
DED signals subside after ~10 ms, which suggest partial reordering 
(τα22,reorder = 15 ms; Fig. 4E).

We used singular value decomposition (SVD) of DED maps 
around α22 to resolve remaining discrepancies between our sets of 
structural snapshots and DED maps (Fig. 4, F to H). As reconvolu-
tion of only the first two SVD principal components is sufficient to 
reproduce the observed integrated DED time trace (Fig. 4E), we pro-
pose that these two explain α22 dynamics during the late stages of 
CraCRY photoreduction: The main component, SV0, corresponds 
to α22 disordering characterized by accumulation of negative DED 
around the α22 end (Fig. 4F). It also comprises disordering of R492 
and conformational change of R485. SV0 dominates the entire time 
course (Fig. 4H), gradually increasing its magnitude until 100 μs, 
and only slowly subsiding from that point on. Meanwhile, under the 
effects of SV1 and beyond 30 μs, α22 adopts an alternative confor-
mation in which the helix shifts away from the PHR domain, and 
both R485 and R492 are well ordered (Fig. 4G). Since SV1 magni-
tudes contribute positively in the later stages of our time course (Fig. 

4H), we believe that it is reasonable to describe it as a long-lived in-
termediate in a competing reordering process, in opposition to fur-
ther disordering promoted by SV0. On the basis of this interpretation, 
we anticipate the yield of disordered α22 to be lower than the effi-
ciency of ET between FAD and Y373, as not every single successful 
ET event triggers α22 unfolding. In other words, the photoreduction 
yield of ~20%, which was estimated from XFEL data extrapolation 
based on DED signals in the neighborhood of D321 (tables S1 and 
S2), is diminished to ~10% for the α22 order-disorder transition.

In summary, SVD analysis reveals that α22 initial disordering is 
slow and without intermediates. Meanwhile, the competing reor-
dering process, which ensues during the later stages of our time 
course, follows more traditional protein-folding kinetics with a 
structural intermediate described by SV1.

DISCUSSION
TPP intermediates and C-terminal strain in CraCRY: 
Implications for the PCSf
Before, we and others produced 3D-molecular movies by TR-SFX 
for photolyases undergoing photoreduction (26,  29) or catalyzing 
DNA repair (28, 36). Our SFX data for an aCRY, CraCRY, show now 
two sites of action triggered by light-driven RP formation. Each of 
them can be a prerequisite for downstream signaling by this and 
other aCRYs (Fig. 5 and movie S1): First, the N395/FAD switch ac-
tivates TPP with concomitant FAD protonation, whereas, secondly, 
structural strain derived from the D321/Y373 PCET switch primes 
slow α22 helix unfolding.

As a key residue, N395 of the N395/FAD switch is highly con-
served in most PCSf subfamilies, i.e., eukaryotic (6-4) and class I 
cyclobutane pyrimidine dimer (CPD) photolyases, DASH CRYs and 
NewPHL, because its position controls and modulates FAD redox 
chemistry (3, 14, 30, 31). This asparagine is only replaced by aspar-
tate in plant-type CRYs (37), water in prokaryotic (6-4) photolyases 
(38), and cysteine in a subbranch of the aCRYs (39). In CraCRY, we 
observe that N395’s clockwise rotation activates a TPP after about 
1 μs. Subsequent FAD•− protonation allows rotation reversal with 
concomitant TPP deactivation (Fig. 3D). What may be the benefit of 
a transient rather than a permanently active protonation pathway 
for PCSf members? First, the occlusion from solvent access of an-
ionic FAD•− and FADH− species—the latter being crucial for pho-
tolyase activity—protects the chromophore against reoxidation by 
rapid oxygen diffusion. Notably, in insect CRYs, the replacement of 

Fig. 5. Schematic overview of CraCRY 3D molecular movie. Three loci (C-terminal region, TPP, and FAD-binding site) act in unison to accomplish three effects, RP stabi-
lization (orange), protonation of FAD radical (blue), and formation of the signaling state (green). In the scheme, color gradients along each locus’ timeline represent the 
extent to which they contribute to each effect at any given time. On the left, a blue jagged line represents the blue light pulse initiating the CraCRY photocycle.
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asparagine by a smaller cysteine goes along with a highly stabilized 
FAD•− signaling state (39). Secondly, one may envision that local 
changes involving the TPP are recognized by interaction partners. 
In this context, light-independent CRYs from mouse demonstrate 
that, when being complexed with the circadian clock factor PER2, 
the region corresponding to the TPP in CraCRY interacts with a 
PER2 helix (40,  41). Furthermore, the C-terminal helix of these 
mammalian CRYs is counterpart of CraCRY’s α22 helix and packs 
not only against the remainder of PER2 but also to the FBXL3 com-
ponent of the SCFFBXL3 ubiquitin ligase (42).

The structure-based kinetics of CraCRY protonation by TPP 
reveals how conformational changes in bird CRYs may depend on 
magnetoreception despite notable structural and mechanistic differ-
ences. The proposed mechanism for avian CRY magnetoreception 
involves preequilibrium kinetics of the photoinduced RP as depict-
ed in fig. S14 (7, 8, 10, 43). Upon illumination, the RP is initially spin 
correlated (fig. S14) because, before reaching equilibrium, it exhibits 
a bias toward either the singlet or triplet states. Concurrently with 
singlet/triplet equilibration over time, only singlet RPs can recom-
bine by back ET to the dark-adapted state, while both singlet and 
triplet can evolve further via some reaction, such as protonation, 
into the signaling state (fig. S14). As singlet/triplet equilibration is 
affected by the RP’s orientation relative to magnetic fields, the pro-
portion of CRY reaching the signaling state is controlled by the 
magnetic field as well (7, 8, 43). Simulations suggest that geomag-
netic field sensitivity requires RP spin correlation to persist for ~1 μs 
(8), with much longer RP lifetimes after loss of spin correlation 
causing a loss of magnetic field sensitivity. We note that the N395/
FAD switch aligns with these kinetic requirements by displacing the 
E384 side chain from its dark state conformation after 1 μs, thereby 
triggering TPP activation. Activated TPP drives PT to FAD•−, form-
ing FADH•, and may also serve as a potential site for light-dependent 
CRY-effector interactions. Thus, the TPP couples FAD protonation 
to the RP dynamics and signaling within the proposed magnetosen-
sory timescale of avian CRYs.

Notably, the evolution of FAD•− toward FADH• commits the C-
terminal region to α22 helix unfolding. Consequently, the N395/
FAD switch provides a mechanism by which spin-correlated RP, 
active on the microsecond timescale, could influence the likelihood 
of slower, large-scale conformational change (movie S1 and Fig. 5). 
Nevertheless, the order-disorder transition of α22 is initiated by a 
different site, the D321/Y373 PCET switch. First, this switch expels 
D321 from its interaction network within the α22/PHR interface; 
secondly, sets on disordering; and, finally, unfolding of helix α22. 
Unlike TPP activation, order-disorder transition of α22, due to elec-
trostatic strain within the D321/Y373 switch, is partly reversible as 
we observe some recovering of the initial state within the time range 
of FAD chromophore protonation. Recent time-resolved ion mobil-
ity MS experiments on full-length CraCRY revealed that unfolding 
involving the α22 helix occurs on a timescale of seconds (20). This 
positions even our latest time-resolved snapshots (233 ms) within 
the early stages of the order-disorder transition. The kinetic revers-
ibility during these early stages accounts for the disparity between 
our later time-resolved snapshots (Fig. 4C) and the fully disordered 
C terminus of the static FADH• state structure (Fig. 1D). Under 
time-resolved conditions, the kinetics of the competing unfolding 
and reordering result in mixed populations. In contrast, continuous 
illumination used to obtain the static FADH• state structure drives 
the reaction completely toward the signaling state. We propose that 

observing completely the structural dynamics of α22 unfolding 
would require longer delays on the order of hundreds of millisec-
onds to seconds.

Unlike ultrafast, subpicosecond transitions along protein back-
bones (44, 45), which originate directly from the chromophore as 
epicenter, the D321/Y373 PCET switch is 22 Å distant from FAD 
and causes much slower disordering of the α22 backbone in the 
microsecond-millisecond range. Such a delayed order-disorder 
transition may hence be relevant not only to this photoreceptor but 
also in proteins depending on PT steps or other sudden electro-
static changes for their function.

MATERIALS AND METHODS
Experimental design
To produce structural snapshots of a CRY photocycle, we recombi-
nantly produced large quantities of CraCRYΔCTE (UniProt entry 
A8J8W0), which we then crystallized by adapting previously estab-
lished conditions (fig. S15) (14). Direct exposure of crystalline 
material to the XFEL at the BL2 SACLA beamline (46) produced the 
oxidized ground state CraCRY static structure (FADox; table S1). 
Treatment with blue light and reducing agents before data collection 
resulted in structures of the two stable reduced states (FADH•, 
FADH−; table S1), which were confirmed via icOS (Fig. 1B). Time-
resolved structural snapshots were produced by activating crystals 
with a 450-nm optical parametric oscillator (OPO) pump laser, 
followed after a defined delay by the XFEL probe (fig. S4).

After data processing to produce complete, high-resolution data-
sets (tables S1 and S2), DED maps (47) were generated to highlight 
structural changes (figs. S6 to S10), and activated fractions were 
deconvoluted via structure factor extrapolation (fig. S16) (28, 48). 
Refinement against extrapolated structure factors and DED maps 
resulted in structural coordinates (tables S1 and S2 and fig. S17) 
whose quality was then evaluated by generating calculated DED 
maps (figs. S18 to S21). Structural changes were also correlated with 
transient absorption ultraviolet visible (UV/Vis) spectroscopic data, 
which were produced via time-resolved icOS (Fig. 2D and figs. S5 
and S12) and with in-solution proton-deuterium exchange MS data 
(fig. S3). Last, all time-resolved structural snapshots were assembled 
into a 3D molecular movie (movie S1).

Protein production and purification of oxidized CraCRY and 
its E384Q mutant
Protein expression and purification were carried out according to 
published methods (14). In brief, an Escherichia coli BL21(DE3) cul-
ture bearing a pET28a-based construct that codes for CraCRYΔCTE 
with its C-terminal extension (CTE, E496-E595) replaced by a histi-
dine tag was grown in 2YT medium at 37°C until it reached an opti-
cal density of 0.4 to 0.6 at 600 nm. The temperature was then lowered 
to 18°C, and isopropyl-β-d-thiogalactopyranoside was added to a final 
concentration of 10 μM. After cell harvesting via centrifugation, cell 
pellets were lysed via an emulsiflex-C5 homogenizer (Avestin) in 
lysis buffer [50 mM sodium phosphate (pH 7.8), 100 mM NaCl, 20% 
glycerol, a tip of a spatula of lyophilized deoxyribonuclease I and 
lysozyme]. CraCRYΔCTE was then purified via Ni–nitrilotriacetic 
acid chromatography (Roche), followed by heparin affinity chroma-
tography (HiTrap 5-ml Heparin HP, GE Healthcare), with the pro-
tein eluted in 50 mM sodium phosphate (pH 7.8), 250 mM NaCl, 
and 20% glycerol. A final size exclusion chromatography (Superdex 
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200, GE Healthcare) as polishing step ensured sample monodisper-
sity and buffer exchange to protein buffer [20 mM tris (pH 8.5) and 
200 mM NaCl].

Site-directed mutagenesis generated the CraCRY E384Q mutant by 
using the previous construct as a template and a forward primer with 
the sequence 5′-GTTTTTCAGGAACATCTGATTGATCAGGAC-
CACTATCTG-3′ along with its reverse primer. Expression and purifi-
cation of the E384Q mutant followed the procedure described above.

SFX-adapted CraCRY crystallization
Crystallization of CraCRYΔCTE was adapted and upscaled for SFX 
data collection from the previously established condition (14). A 
sterile-filtered CraCRY solution (3 mg/ml, 25-ml total volume) was 
mixed in a 1:1 ratio with crystallization buffer [0.1 M 2-(N-morpholino)
ethanesulfonic acid (pH 5.6), 35% (w/v) PEG 4000]. To increase crys-
tallization yield, the mix was supplemented with a micro-seed aliquot 
in a 1:100 ratio. Micro-seeds were prepared with the PTFE Seed Bead 
Kit (Hampton Research) according to the standard protocol provided 
with the kit. The crystallization batch was then aliquoted and stored 
in 15-ml conical tubes (Falcon) overnight, at 4°C, and in the dark.

At the beginning of the experimental beamtime, crystals were 
preconcentrated 10-fold via centrifugation (Eppendorf, Minispin) 
and partial decanting of crystal-free supernatant. The resulting crys-
tal slurry was then passed through a 50-μm sorting filter (pluriSelect), 
which was washed with supernatant. Filtered, diluted crystals were 
concentrated again via centrifugation, and stored as a 10X precon-
centrate to be used during data collection.

Injector preparation of CraCRY in its different redox states
Injector preparation was started by crushing 500 μl of crystal pre-
concentrate with a microtube homogenizer (Fisherbrand Pellet pestle 
cordless motor, Thermo Fisher Scientific). Here, two crushing runs 
of 40 s (totally 80 s) were separated by a 40-s incubation period 
on ice. Then, crushed crystals were checked for their sizes under a 
microscope (fig. S15).

The crushed crystal suspension was further concentrated by cen-
trifugation until the crystals had been compacted completely into 
semisolid pellets. The supernatant was discarded and the remaining 
crystal slurry was mixed in a 1:9 ratio with a hydrophobic grease 
matrix as described before (49). The embedded material was trans-
ferred into a φ4-mm injector cartridge, which was loaded into a 
SACLA high-viscosity injector (50) and capped with a 75-μm noz-
zle. All sample preparation operations were performed under red 
light to prevent light contamination, and injectors were transported 
inside opaque containers to the SACLA experimental hutch for mount-
ing and subsequent data acquisition.

To obtain CraCRY crystals in its semiquinoid FADH• state, ho-
mogenized, preconcentrated crystals were illuminated for 30  min 
under aerobic conditions with white light (Leica KD300). The injec-
tor was prepared as described above, maintaining white light illumi-
nation at all times. To obtain fully reduced crystals, we followed a 
previously described protocol producing fully reduced class II CPD 
photolyase crystals by a combination of exposure to a reducing 
agent [dithiothreitol (DTT) 50 mM] and white light under anaero-
bic conditions (26).

We validated CraCRY’s redox states via in crystallo spectroscopy 
(Fig. 1B). UV/Vis in crystallo spectra of CraCRY were recorded before 
illumination and after illumination either with or without treatment 
with DTT at the icOS laboratory (51). To demonstrate the effects of 

illumination and redox state change on the crystal lattice, pre- and 
post-illumination c-axis histograms were produced from CraCRY dif-
fraction patterns during XFEL data collection. For that, an injector was 
filled with oxidized CraCRY crystals, and ~10,000 images were col-
lected. Then, the injector was opened and sample was illuminated for 
10 min with a white light, followed by data collection (Fig. 1B).

Data acquisition for short delay times (10 ns to 7 ms)
Experiments were carried out at the SACLA BL2 beamline inside 
the DAPHNIS chamber (52) following previously established proce-
dures (26, 28). Detection took place within a helium chamber via a 
short-working distance multi-port CCD detector (46, 53) with a 
50-mm nominal sample-to-detector distance. Before the experiment 
started and to prevent both background noise on the detector and 
premature reoxidation of radical species, special attention was paid 
to reach at least 98% levels of helium within the chamber (gas flow 
of 1.7  liter/min). Once microaerobic conditions were reached, the 
sample was extruded at a flow rate of 2.8 μl/min (for TR-SFX ex-
periments) or 1 μl/min (for SFX experiment). Images were obtained 
using a 10-keV x-ray beam with 30-Hz pulse frequency, a pulse du-
ration of <10 fs and beam diameter of 1.5 μm. The x-ray beam was 
focused on the extruded filament at between 200 and 350 μm below 
the injector nozzle. Initial spot finding and image sorting was auto-
matically performed via the cheetah pipeline (54), followed by on-
site semiautomatic data processing with CrystFEL (55,  56). Initial 
datasets were calculated from there, with on-site structure solution 
and DED construction being used for informing experimental deci-
sions during data collection.

To trigger light-induced conformational changes, crystals were 
excited by a 10 or 15 Hz, 50 μJ, 450 nm, OPO pump laser in top-hat 
configuration with a focal spot diameter of 100 μm and 3-ns pulse 
duration (0.21 GW/cm2 nominal power; see text S1 for further de-
tails). The pump laser was centered on the same position as the 
XFEL. Here, once light contamination was ruled out by an initial 
run of ~7500 light-triggered indexed images acquired at 10 Hz (fig. 
S4, A and C), the pump laser frequency was switched to 15 Hz to 
maximize data collection of the light-triggered states (fig. S4A).

Data acquisition for long delay times (33 to 233 ms)
Sample and injector preparation and XFEL parameters were identi-
cal between the short and long delay setups. However, to observe 
conformational changes beyond the ~7-ms limit imposed by the 
short delay parameters (fig. S4A), we lowered the sample flow speed 
to 0.76 μl/min and slightly modified the pump laser setup as follows. 
The pump laser top hat focal spot was enlarged to a 150-μm diame-
ter and offset from the XFEL focal spot by 70 μm, as well as switched 
to a 3-Hz pump laser frequency while maintaining the XFEL 30-Hz 
repetition rate (fig. S4B). To compensate for the larger focal spot, a 
pulse energy of 111 μJ was chosen, yielding a constant nominal 
power density of 0.21 GW/cm2. The resulting geometry ensured that 
four XFEL pulses would fall within the sample region illuminated by 
the pump laser, corresponding to one concurrent with pumping, 
and 33, 66, and 100 ms after pumping (fig. S4B). By further offset-
ting the pump laser from the XFEL by 263 μm, we were able to pro-
duce further delays between 133 and 233 ms (figs. S6 to S10).

Off-site processing of SFX data
Initial indexing and processing parameters, including detector ge-
ometry and distance, were further optimized in CrystFEL (56) to 
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maximize the number of indexed images. The resulting intensities 
were merged via process_hkl and finally converted to structure fac-
tors by TRUNCATE from the CCP4 suite (57). Light-triggered im-
ages were separately treated according to their delay times, while a 
large dark dataset was constructed from all nontriggered images 
which, after DED analysis (fig. S4C), lacked any light contamination. 
Last, to ensure good agreement between all datasets, all light-triggered 
datasets were scaled to the large dark dataset by SCALEIT from the 
CCP4 suite (57). Data processing statistics can be consulted in tables 
S1 to S3 including the analogous analysis of static datasets.

Solution and refinement of static CraCRY structures in its 
three redox states
The dark, i.e., FADox state, and FADH• state datasets were solved via 
molecular replacement using the CraCRYΔCTE structure (6FN3) 
as search model for Phaser software (58). Automated restrained re-
finement with phenix.refine (59–61) as well as manual model build-
ing with Coot (62) followed. The FADH− state dataset was solved by 
molecular substitution using 20 cycles of rigid body refinement in 
Refmac5 (63), using the refined FADox state coordinates as initial 
model. Refinement statistics are shown in tables S1 to S2.

Generating difference density maps
To visualize structural differences between dark data, i.e., the FADox 
state, and either time-resolved snapshots or the fully reduced FADH− 
state, isomorphous DED maps were generated with the correspond-
ing phenix tool of the same name (47, 61). Here, scaled datasets were 
used to generate difference amplitudes, with phase information ex-
tracted from dark coordinates. For data quality, only amplitudes with 
a signal/noise ratio of >3 were used. The high-resolution limit was 
set to the lowest one between two datasets being compared, while a 
low-resolution limit of 10 Å was used to prevent high-intensity, low-
resolution reflections to dominate the overall DED maps (48). Nota-
bly, illumination of FADox state crystals to produce the FADH• state 
resulted in changes of the crystal lattice (Fig. 1D), which excluded 
calculation of isomorphous DED maps.

Density integration from DED maps
To trace the time evolution of positive and negative DED signals in 
the time-resolved snapshots, density integration of DED map peaks 
was conducted as follows: First, DED maps containing only peaks 
above a 3σ level were produced with MAPMASK (57). The same 
program was then used to extract DED values around a specific 
structural feature by providing a coordinate file mask containing the 
atoms of interest. Last, all positive or negative DED values within 
the target region were summed up to produce integrated density.

Structure factor extrapolation and structural refinement of 
partially occupied structures
Excitation by the pump laser in TR-SFX does not result in 100% 
occupancy of reaction intermediates or products (26, 28, 64). Decon-
volution of illuminated, experimental datasets (Fo,l) via structure factor 
extrapolation is hence necessary to produce extrapolated structure 
factors (Fext) against which accurate atomic models can be refined (48).

Dataset extrapolation occurred in two rounds by established pro-
cedures (26, 28, 48). During the first round, Bayesian-weighted Fext 
and their corresponding σ values were calculated at different N values 
(N = 2 per occupancy) following a scalar approach. Next, integrated 
residual negative densities (Δρres) at each calculated occupancy 

were extracted from the extrapolated density map around D321, 
where significant DED signals (above 3σ) had been detected for all 
time points (fig. S10). Last, Δρres was plotted against N values (fig. 
S16). Since at low N values, the contribution of |Fc,dark| dominates 
Δρres, while at high N values, Bayesian weighted different ampli-
tudes, Nw(|Fo,l|-|Fo,dark|), prevail; the N parameter, which accurately 
describes the occupancy of the excited species, can be estimated as 
the inflection point between these two behaviors (26, 48).

At this point, and starting from dark coordinates, initial refine-
ment of the time-resolved structure was performed by both real- 
and reciprocal-space refinement using Coot (62) and phenix.
refine (59, 60). Rfree ≤ 0.5 at the highest-resolution shell was used 
as resolution cutoff criterium. In parallel, the difference structure factor 
correlation coefficient refinement (dFoCC) technique (see section 
“dFoCC and refinement reaction coordinates” and table S4) was 
used for accurate refinement of the H309, D321, E384, N395, and 
the FAD isoalloxazine moiety atomic positions (table S4 and figs. S6 
to S10). The initial light dataset was then used for vectorial dataset 
extrapolation, as described elsewhere (26, 48), followed by one cycle 
of coot-based model building and one cycle of automated refine-
ment via phenix.refine.

dFoCC and refinement of reaction coordinates
As previously discussed (26, 29, 48, 64, 65), time-resolved structural 
features may not be accurately described by monomer libraries avail-
able in standard refinement suites. While libraries were defined for 
molecules in their resting state, time-resolved snapshots may repre-
sent high-energy states. Accordingly, standard monomer descriptions 
may bias the refined coordinates toward inaccurate representations of 
their geometry (26). Previously, we showed that difference map real 
space correlation coefficient refinement (dFoCC) produced reason-
able models of the light-activated state based on the observed differ-
ence structure factors, and the refined resting state coordinates (28). 
Briefly, for dFoCC, the dark coordinates were used to calculate (a) 
calculated dark structure factors (Fc,dark), (b) dark phases (αdark), and 
(c) a large library of possible light state coordinates, from which pos-
sible calculated light structure factors were generated (Fc,l). For each 
possible light state, a calculated |Fc,l|-|Fc,dark| DED map (DEDc) was 
generated and compared to the experimental |Fo,l|-|Fo,dark| DED map 
(DEDo) via correlation analysis. The best set of coordinates, i.e., the 
one producing the highest correlation coefficient between DEDc and 
DEDo, was then used to produce an updated library of possible coor-
dinates, which were again evaluated via DEDc versus DEDo correla-
tion analysis. This iterative process continued until the correlation 
coefficient converged, or the conformational space became unreason-
ably small for the resolution of the experimental data, i.e., 0.1 Å for 
interatomic distances and 0.1° for bond angles.

Clearly, dFoCC refinement depends on a reliable set of reaction 
coordinates that describes the conformational space of the target 
moiety to be refined well. For the FAD isoalloxazine moiety, we chose 
the same reaction coordinates that previously produced consistent 
results for transient oxidation of FADH− during light-induced pho-
tolyase DNA repair (figs. S11 and S22) (28).

In addition, we subjected several key residues, H309, D321, E384, 
and N395, to dFoCC refinement. Here, we chose reaction coordi-
nates as rotational axes along all side-chain single bonds (fig. S23). 
As the observed D321 DEDo features extended into its main-chain 
volume, we also considered rotational axes that slightly changed the 
D321 main chain, as well as those of neighboring residues (fig. S23).
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To produce the light state model, and after dFoCC converged, the 
initial coordinates of the target moieties in dark were manually 
replaced by refined coordinates. From this point on, dFoCC-refined 
coordinates were fixed, while the rest of the modified dark structure 
was further subjected to real and reciprocal space refinement via 
phenix.refine (60) and manual model building with COOT (62). As 
an illustration of the results from dFoCC refinement, figs. S6 to S10 
show DEDo maps while figs. S18 to S21 the equivalent DEDc maps. 
Further details on the reliability of the dFoCC method can be con-
sulted in text S3.

In crystallo optical spectroscopy
Static and transient in crystallo UV/Vis absorption spectra were 
recorded at the icOS laboratory of the ESRF (51). For pump-probe 
data collection at room temperature, crystals with dimensions of (20 
to 40) μm by (100 to 200) μm by (10 to 20) μm were mounted under 
red-light conditions and probed at various delays (10 μs to 5 s) be-
tween the pulse of a nanosecond laser tuned at 450 nm and a 2-μs 
xenon flash lamp pulse using the TR-icOS instrument (66). Laser 
pulse energy was adjusted to three different light fluences at the sam-
ple position (0.0316, 0.0984, and 0.161 GW/cm2) to validate whether 
multiphoton absorption contributed to artefacts. Since the FADH• 
state persists for hours after crystal illumination, only one measure-
ment per crystal could be performed. Consequently, using a differ-
ent crystal for each pair of dark-adapted and time-resolved spectra 
resulted in varying optical path lengths, precluding quantitative anal-
ysis through direct comparison of the time-resolved spectra.

For each crystal the dark UV/Vis spectrum was subtracted from 
the transient spectrum. Subsequently, for each of the three power levels, 
a matrix of pairwise Pearson correlation coefficients was computed 
between all resulting difference spectra and visualized as correlation 
maps (Fig. 2D for the 0.161 GW/cm2 power; fig. S5D for 0.0316, 
0.0984, and 0.161 GW/cm2). To smooth the difference spectra be-
fore calculating pairwise correlation coefficients, a Savitzky-Golay 
filter (21-point window length, third-degree polynomial) was ap-
plied, minimizing the contribution of random measurement fluc-
tuations. To ensure consistency across the correlation maps for all 
three power levels, each position in the map was assigned a uniform 
size corresponding to a unique time point. When multiple spectra 
were collected for the same time point, they were allocated equal 
portions of the designated space.

For quantitative analysis, the area between 580 and 640 nm in 
the difference spectrum that corresponded to the center of the 
FADH• species-specific absorption band was integrated. To account 
for the difference in optical path length between measurements, 
this integrated absorbance value was normalized by the integrated 
absorption from 456 to 490 nm in the dark-adapted spectrum, 
which corresponds to the red side of the absorption band of the 
oxidized flavin (fig. S12A). The red side of the oxidized flavin ab-
sorption band was chosen to minimize the effect of Rayleigh scat-
tering, which contributes considerably to measured absorbance at 
that wavelength (67). The remaining scattering contribution was 
subtracted from the dark-adapted spectrum before integration us-
ing a software developed for in crystallo absorption spectroscopy 
data correction (https://github.com/ncara/icos). To mitigate the 
strong noise floor of the in crystallo spectra (fig. S12), we chose to 
integrate characteristic spectral bands (68) (456 to 490 nm for 
FADox and 580 to 640 nm for FADH•) instead of tracking changes 
at single wavelengths.

For the purpose of comparing different power levels, integrated 
absorption values were then standardized for a maximum amplitude 
of 1. A first-order kinetic equation was then fitted to the standard-
ized integrated FADH• absorption values, with repeated measure-
ments averaged when possible. This fit, as well as the corresponding 
data points and the resulting time constants are represented in Fig. 
2D for the 0.161 GW/cm2 power and fig. S5 for 0.0316, 0.0984, and 
0.161 GW/cm2.

Estimation of FADH• accumulation upon photoreduction in 
solution at various pH values
Seventy microliters of dark-adapted protein diluted to 20 μM was 
applied to a Micro Bio-Spin 6 column (Bio-Rad) and equilibrated 
with reaction buffer (20 mM phosphate, 500 mM NaCl, and 10% 
glycerol, at pH 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, or 8.5). Sixty microliters of 
the eluate was further diluted by adding 180-μl of the reaction buffer, 
and the mixture was transferred into a 10 mm–by–2 mm–by–8 mm 
(length by width by height) inner volume quartz cuvette (Starna, 
16.160-F/4/Q/10 GL 14/2/Z15). Before and after illuminating the 
sample with white light (430 to 800 nm) from a MAX-150 xenon 
lamp (Asahi Spectra) through the 10 mm–by–8 mm window on ice, 
absorption spectra were recorded along the 10 mm path by a UV/
Vis V-730 spectrometer (JASCO). Because we performed the ex-
periment under aerobic conditions without any external reducing 
agents, no FADH− was accumulated during the measurement. On 
the basis of absorption changes at 450 (mostly FADox) and 630 nm 
(FADH•), the concentration of FAD in each state was calculated by 
Lambert-Beer law using reported molar extinction coefficients for 
FADox (450 nm: 11204 M−1 cm−1, 635 nm: 0 M−1 cm−1) and FADH• 
(450 nm: 3833 M−1 cm−1, 635 nm: 4958 M−1 cm−1) (68).

SVD analysis
For the analysis of the C-terminal dynamics by SVD, each of the 
19 DED maps was masked by the atoms of all residues encompassing 
the C-terminal helix. Briefly, the series of restricted isomorphous 
DED maps is decomposed into three objects. The first is a set of 
time-invariant structural elements (or left singular vectors, lSV) in 
the form of a set of DED maps. The second object contains a set of 
magnitudes over time (or right singular vectors, rSV) for each time-
invariant lSV. The last object contains a set of weights (or singular 
values, SV) for each time-invariant lSV, indicating how meaningful 
it is in the overall description of the events happening over the orig-
inal series of restricted DED maps. For each time point, the original 
DED map can be recomposed by a linear combination of the time-
invariant lSV, scaled by their magnitude (from the rSV) for that par-
ticular time point, and their overall weight (their SV). The analysis 
was performed using in-house python scripts available at https://
github.com/ncara/SVD, as described in detail in Maestre-Reyna et al. 
(28) and originally developed by Schmidt et al. (69).

Structural visualization of SVD data
To better visualize the time-independent lSVs, they were treated as 
DED maps, converted to difference structure factors via CCP4 (57) 
and extrapolated as described under section “Structure factor ex-
trapolation and structural refinement of partially occupied struc-
tures,” according to previously published procedures (70). Structural 
models were prepared by one cycle of phenix.refine (60) automated 
refinement and COOT model building (62) against the lSV extrapo-
lated structure factors (Fig. 4, F and G). Although the degree to 

https://github.com/ncara/icos
https://github.com/ncara/SVD
https://github.com/ncara/SVD
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which such structural models are bias free is debatable, they are well 
suited as visualization tools to simplify the complex interpretation 
of lSV maps. Accordingly, instead of uploading the coordinates to 
the Protein Data Bank, the lSV0 and lSV1 models are provided with 
the current manuscript as files S1 and S2, respectively.

HDX-MS experiments
The hydrogen-deuterium exchange MS (HDX-MS) experiments 
were performed to corroborate the light-dependent conformational 
changes observed via TR-SFX. CraCRY samples were subjected to 
HDX-MS experiments either in the dark or after 15-min illumination 
with a 455 nm, 5.9 mW cm−2 (224 μmol m−2 s−1) LED. CraCRY 
protein solutions were diluted 10-fold with D2O-containing buffer 
[50 mM NaH2PO4/Na2HPO4 and 100 mM NaCl (pH 7.8)] and incu-
bated for 10, 100, or 1000 s at 25°C. The HDX reaction was stopped 
by addition cold quench buffer [400 mM KH2PO4/H3PO4 and 2 M 
guanidine-HCl (pH 2.2), 1°C] in a 1:1 ratio. Samples were then 
immediately injected into an ACQUITY UPLC M-class system with 
HDX technology (Waters) (71). After digestion with immobilized 
porcine pepsin at 12°C in water +0.1% (v/v) formic acid, the resulting 
CraCRY peptides were trapped on a C18 column. Peptides were then 
separated via a gradient of water +0.1% (v/v) formic acid (eluent A) 
and acetonitrile +0.1% (v/v) formic acid (eluent B). Mass spectra 
were recorded on a G2-Si HDMS mass spectrometer (Waters) in 
high-definition MS (HDMS) positive ion mode. [Glu1]-fibrinopeptide B 
(Waters) was used for lock mass correction. Undeuterated samples of 
CraCRY were prepared similarly using undeuterated buffer [50 mM 
NaH2PO4/Na2HPO4 and 100 mM NaCl (pH 7.8)], and mass spectra 
acquired in Enhanced HDMS positive ion mode (72, 73). All mea-
surements were performed in triplicate. CraCRY peptide identifica-
tion and assignment of deuterium incorporation were conducted 
with the PLGS and DynamX 3.0 software (Waters), respectively, as 
described elsewhere (74).

Data visualization
All structural figures in the current work were prepared with 
PyMOL (75), while graphs with Graphpad Prism and the matplotlib 
python package.
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