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Abstract 38 

Flavin coenzymes are universally found in biological redox reactions. DNA photolyases 39 

with their flavin chromophore (FAD) utilize blue light for DNA repair and 40 

photoreduction. The latter process involves two single-electron transfers to FAD with an 41 

intermittent protonation step to prime the enzyme active for DNA repair.  Here we use 42 

time-resolved serial femtosecond X-ray crystallography to describe how light-driven 43 

electron transfers trigger subsequent nanosecond-to-microsecond entanglement between 44 

FAD and its Asn/Arg-Asp redox sensor triad. We found that this key feature within the 45 

photolyase-cryptochrome family regulates FAD re-hybridization and protonation. After 46 

first electron transfer, the FAD•- isoalloxazine ring twists strongly when the arginine 47 

closes in to stabilize the negative charge. Subsequent breakage of the arginine-aspartate 48 

salt bridge promotes proton transfer from arginine to FAD•-. Our molecular movies 49 

demonstrate how the protein environment of redox cofactors organizes multiple 50 

electron/proton transfer events in an ordered fashion, which could be applicable to other 51 

redox systems such as photosynthesis. 52 

 53 

 54 

 55 



3 

 

All biological systems depend on electron transport chains (ETCs) to fuel their metabolism, 56 

most commonly in the form of photosynthesis and respiration1,2. Although ETC proteins, such 57 

as cytochromes and iron-sulphur proteins3, can only transfer single electrons, ETC catalyzed 58 

reaction cycles always result in the net flow of two electrons from donor to acceptor4. This 59 

apparent paradox is solved by quinoid molecules such as membrane-resident quinones used by 60 

photosynthetic reaction centres and respiratory chains as substrates or enzyme-bound flavin 61 

adenine dinucleotide (FAD) and flavin mononucleotide (FMN) cofactors 5. These molecules 62 

can capture either one or two electrons and exist hence in three possible redox states: oxidized 63 

(quinone), radical semi-reduced (semiquinone) or fully reduced (hydroquinone)6. One 64 

particularly interesting example for multiple electron transfer (ET) reactions on FAD is the 65 

photoreduction of DNA photolyases, a process by which this ubiquitous class of DNA repair 66 

flavoenzymes reduces their FAD coenzyme to the catalytically active FADH- state7. Here, two 67 

light-driven, sub-nanosecond, single ET events transform inactive FADox into the hydroquinoid 68 

FADH- via two long-lived radical semiquinone intermediates, FAD•- and its subsequently 69 

protonated form FADH• (Fig. 1a)8. The ETC fuelling these reactions consists mostly of a 70 

tryptophan triad (Fig 1b)9,10, or less frequently a tetrad11, which ultimately extracts an electron 71 

from the environment12. In the photoactivated state, DNA photolyases finally catalyse blue 72 

light-driven DNA repair of UV photolesions such as cyclobutane pyrimidine dimers (CPD)13 73 

(Fig. 1c) by injecting an electron from excited FADH-* onto the DNA lesion and transient 74 

formation of semi-reduced FADH•14. 75 

Over the last three decades, the flavin redox chemistry of photolyases has been extensively 76 

characterized via spectroscopic and theoretical studies at ps-ns (reduction) and µs-ms (re-77 

oxidation) time-scales10,12,15–19. However, information on the stabilization of the post-electron 78 

transfer flavin species (ns-µs) by their surrounding protein matrix, which has been 79 

hypothesized to enable quinoid chemistry8,20, is lacking. Furthermore, spectroscopic 80 
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characterization was mostly restricted to electronic transitions of the flavin species and the ETC, 81 

providing very little information regarding flavin geometry and thereby induced protein 82 

conformational changes8,10,12,16,21. In addition, flavin radical intermediates are too short-lived 83 

for conventional crystallographic analysis, and the structures of flavoenzymes often suffer from 84 

radiation-damage due to X-ray mediated flavin reduction22–25. Conversely, the recent 85 

development of X-ray free electron laser (XFEL) facilities in combination with serial 86 

femtosecond crystallography (SFX) techniques26 has allowed for damage-free data collection 87 

of biologically relevant macromolecular structures27,28, particularly under time-resolved 88 

conditions (TR-SFX) at ultrashort intervals22,29–36. 89 

In this study, we structurally characterize FAD redox- and post-electron transfer changes 90 

in the nanosecond to millisecond range, and analyze how each intermediate species is stabilized, 91 

as they occur in the Methanosarcina mazei class II DNA photolyase (MmCPDII)23 via TR-92 

SFX. By analyzing a total of 23 structures, we were able to determine the redox- and time-93 

dependent structural changes in the FAD coenzyme elicited by the sub-nanosecond 94 

photoreduction events, elucidate the mechanism of FAD•- protonation, and uncover an FAD 95 

redox sensor triad Asn/Arg-Asp that differentially stabilizes each flavin redox species, thus 96 

providing unprecedented insight into the structural mechanics of quinoid-protein chemistry.  97 

  98 
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Figure. 1. Reactions catalyzed by DNA photolyases. (a) During photoactivation, two photoreduction 

steps (RS1 and RS2, shaded blue) sequentially inject one electron each into FAD, reducing FADox to 

FADH-. (b) Each photoreduction step involves a tryptophan triad (W381-W360-W388 in MmCPDII), 

which acts as an electron transport chain. (c) Light-triggered repair of UV-damaged DNA containing a 

CPD. The time ranges marked in red in (a) were determined in this study, while all other timings are 

adapted from literature. (d) Isoalloxazine ring structure with definition of dihedral angles ρC (orange) 

and ρN (green).  

 

  99 
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Results 100 

 101 

Experimental approach and overall nomenclature 102 

In photolyases, and in the absence of an external reducing agent, photoreduction stalls at the 103 

end of photoreduction step 1 (RS1), unable to proceed to photoreduction step 2 (RS2) without 104 

prior protonation of the anionic semiquinone FAD•-  to the neutral semiquinone FADH• 9,10. On 105 

the other hand, the neutral semiquinone FADH• state is meta-stable at room temperature under 106 

aerobic conditions22. Accordingly, static, or steady-state, datasets for the substrates and 107 

products of both electron transfer reactions, i.e. oxidized, neutral semiquinone, and fully 108 

reduced states, could be produced via controlled exposure to light and/or reducing agents 109 

followed by data collection without illumination. Notably the unstable anionic semiquinone 110 

state was an exception, as it could only be obtained via TR-SFX. Meanwhile, the TR-SFX 111 

experiments of the two photoreduction steps could be performed separately, leading to 23 112 

structures (Str1-Str23 in Tables 1 and S1-S3, and Figs. S1 and S2). Each structure is designated 113 

as EX/Y, with subscript X referring to the initial redox status (ox for oxidized, FADox; semi for 114 

semiquinone, FADH•; and red for reduced, FADH-), and subscript Y describing their data 115 

collection mode (“ss” for steady state, “dark” for a non-illuminated TR control structure, and 116 

time for the delay after illumination). Furthermore, difference electron density maps37 were 117 

constructed to highlight structural differences, which are designated as the difference between 118 

two states, EX’/Y’-EX/Y. 119 

To monitor structural changes of the FAD isoalloxazine moiety, we introduce the ρC and 120 

ρN dihedral angles (Fig. 1d). These changes happening upon FAD reduction were so far called 121 

butterfly bending and defined as the angle (α) between the normal vectors of the A and C ring 122 

planes (Fig. 1d)38. Values close to zero degrees were derived for the oxidized flavin state, and 123 

values of 15°-25° for the reduced hydroquinoid state of several flavoproteins39–41. However, α 124 
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cannot discriminate between longitudinal twisting (bending along the long axis crossing the A, 125 

B and C rings) and lateral bending or butterfly-like “buckling” (bending along the short N5-126 

N10 axis)38, whereas ρC and ρN can. When buckling dominates, ρC ≈ ρN ≈ α; conversely, ρC≠ρN 127 

indicates a twist of the isoalloxazine moiety.  128 

  129 
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 130 

Table 1. Primary properties of the MmCPDII TR-SFX structures. 131 

Str. 

no. 
Str. 

name 
redox 

state 
ρC 

angle 

ρN 

angle 

distance 

FADN5-

R378Nε 

(Å)b 

distance 

FADN5-

N403O 

(Å)c 

PDB 

code 
resolu-

tion 

(Å)d 

0a Eox/sync  FADox 7.6° 8.7°   7F8Te 1.50 

1 Eox/ss  FADox 2.0° 2.0° 4.8 3.3 6LT3 2.25 

First time-resolved series (FADox → FAD•-) 

2 Eox/dark FADox 2.0° 2.0° 4.8 3.4 6LM4 2.0 
3 Eox/10ns FAD•- -3.6° 0.8° 4.7 3.6 6LMB 2.55 
4 Eox/50ns FAD•- 3.7° 6.6° 4.6 3.6 6LM5 2.25 
5 Eox/250ns FAD•- 17.1° 11.1° 4.6 3.7 6LM6 2.4 
6 Eox/1s FAD•- 9.5° 13.4° 3.4 4.0 6LM7 2.2 
7 Eox/10s FAD•- 30.9° 14.4° 3.2 3.7 6LM8 2.25 
8 Eox/125s FAD•- 20.3° 18.8° 3.4 4.2 6LMC 3.0 
9 Eox/400s FADox 

/FAD•- 
5.6° 4.8° 4.5 3.4 6LM9 2.4 

10 Eox/1ms FADox 4.4° 3.1° 4.5 3.4 6LME 3.0 
11 Eox/5ms FADox 3.3° 4.5° 4.8 3.4 6LMA 1.9 

Protonation step (FAD•- → FADH•) 

12 Esemi/ss FADH• 4.6° 4.75° 3.9 2.7 6LT1 2.1 

Second time-resolved series (FADH• → FADH-) 

13 Esemi/dark FADH• 5.3° 4.7° 3.9 2.7 7CLW 2.10 
14 Esemi/10ns FADH- 9.7° 8.8° 4 2.5 7C3P 2.15 
15 Esemi/30ns FADH- 11.3° 11.5° 3.6 2.7 7C3R 2.1 
16 Esemi/100ns FADH- 11.3° 9.6° 3.7 2.8 7C3W 2.3 
17 Esemi/300ns FADH- 16.5° 16.8° 3.4 2.7 7C3X 2.5 
18 Esemi/1s FADH- 9.7° 9.7° 3.6 2.6 7CLM 2.1 
19 Esemi/5s FADH- 12.7° 11.5° 3.7 2.8 7CLN 2.1 
20 Esemi/10s FADH- 8.5° 8.5° 3.9 2.6 7CLO 2.1 
21 Esemi/30s FADH• 

/FADH- 
10.9° 10.6° 3.8 2.7 7CLP 2.1 

22 Esemi/100s FADH• 5.3° 5.5° 3.9 2.6 7CLQ 2.15 

Full reduction at steady state 

23 Ered/ss FADH- 14.3° 14.5° 3.3 3.1 6LT2 2.20 

aPreviously reported structure from synchrotron X-ray data23. The dihedral angles were not reported, 132 

and were obtained from refining by our procedures. 133 
bThe FADN5-R378Nε distance is between the FAD isoalloxazine N5 atom and the Arg378 Nε atom. 134 

cThe FADN5-N403O  distance is between the FAD isoalloxazine N5 atom and the Asn403 Oδ1 atom. 135 

dResolution values given here correspond to the extrapolated structure factor dataset. 136 

eThis structure is derived from 2XRY with dihedral angles refined by the approach of this work. 137 

  138 
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The damage-free structure of oxidized MmCPDII  139 

Like the structure of Eox/sync, previously solved by conventional synchrotron X-ray 140 

crystallography10 (Str0 in Table 1), our steady-state oxidized structure Eox/ss (Str1), solved at 141 

room temperature by SFX, consists of a two-domain topology (Fig. 2a), with the isoalloxazine-142 

interacting elements being the hydrophobic side of helix α16 and sidechains of Asn403, Arg378, 143 

and Asp409 (Fig. 2b). However, the isoalloxazine ring of our Eox/ss is only slightly buckled 144 

with ρC, ρN dihedrals of 2.0° and 2.1° (Fig. 2c), substantially smaller than that of 7.6° and 8.7° 145 

for the synchrotron structure Eox/sync as processed by our approach for comparison with TR-146 

SFX structures (Fig. 2d). The difference can be attributed to Eox/ss being the purely oxidized 147 

form as characterized by in crystallo UV-Vis absorption spectra (Fig. S3a), whereas Eox/sync has 148 

been partially reduced by synchrotron X-ray irradiation as supported by in crystallo spectra23. 149 

In addition, as shown in Table 1, the Eox/dark structure (Str2, time zero) is nearly identical to the 150 

steady-state Eox/ss structure, providing validation for the TR-SFX experiments. 151 
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 152 

Figure 2. Structure of oxidized MmCPDII photolyase. (a) Global structure of Eox/ss (Str1, steady state 

oxidized) showing the overall fold with FAD depicted in gold. (b) Isoalloxazine binding pocket with 

interacting residues (grey sticks) and waters (red spheres). None of the waters are within the hydrogen 

bonding distance to N5. (c) Geometry of the Eox/ss FAD isoalloxazine ring showing minor buckling. (d) 

Geometry of the isoalloxazine ring from the synchrotron X-ray structure Eox/sync (Str0)23 after 

reprocessing with our approach, showing increased buckling angles due to radiation-induced 

photoreduction. In c-d, SigmaA-weighted 2mFobs-DFcalc omit maps surrounding the isoalloxazine 

moiety (blue mesh, 1σ contour level) are shown. 

 153 

Changes in active site structures following ET 154 

In both photoreduction steps, structural changes of the isoalloxazine ring and its surrounding 155 

residues occur after ET, from the first time-point at 10 ns up to roughly 1-10 s. Detailed 156 

analyses indicate that these structural changes involve mainly the geometry of the isoalloxazine 157 

ring, the Arg378-Asp409 salt bridge underneath it, and the sidechain of Asn403 close to the 158 
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isoalloxazine N5 atom, which are summarized in Table 1. The time courses of the changes in 159 

structural parameters from Table 1 are plotted in Figure 3a,c (RS1) and b,d (RS2), while 160 

representative structures and difference density maps are shown in Figure 3e,h (RS1), g,j (RS2), 161 

and f,i (the protonation step, PS), which will be addressed in subsequent sections.  162 

On the other hand, the ETC tryptophans (Fig. 1b) are not a subject of this study as there 163 

are no significant structural changes in either of our time-resolved series (Fig. S4a,b), in 164 

agreement with previous spectroscopic studies indicating that, for MmCPDII, the initial light-165 

driven electron transfer completes in less than a nanosecond10. Interestingly, we did observe 166 

conformational changes of a few residues (H343, H356, and N361) surrounding Trp388 around 167 

the first time-point of 10 ns (Fig. S4c,d), supporting that electron transfer and structural changes 168 

in a redox reaction can be dissected by TR-SFX. 169 

 170 

Changes in the isoalloxazine geometry  171 

During RS1, the FADox to FAD•- transition (Fig. 3a), ρC values change from 10 ns, reaching a 172 

maximum at 10 s, whereas ρN values follow the same pattern but with milder changes, 173 

suggesting a twist. On the other hand, from 125 s after photoexcitation, ρC and ρN have both 174 

decreased substantially, and by 400 s have returned to their initial values, correlating well 175 

with the reversion of structural changes in the vicinity Trp388 (Fig. S4c,d). This apparently 176 

reflects FAD•- reoxidation via back electron transfer toward Trp388• (Fig. 1a, b), as under our 177 

experimental conditions the transiently formed tryptophan radical is present due to the lack of 178 

external reductants9,10. As indicated by kinetic data10, the estimated half-life of FAD•- is less 179 

than a millisecond (Fig. S3b).  180 

During RS2 (FADH• to FADH-, Fig. 3b), the ρC and ρN dihedral angles increase together 181 

with time and reach a maximum at 300 ns (16.5° and 16.8°, respectively, Table 1), correlating 182 

fairly well with the values in the fully reduced steady-state Ered/ss (14.3°, 14.5°, respectively). 183 
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However, they are both reverted to ~7° by 100 µs, again indicating the onset of reoxidation of 184 

the isoalloxazine ring. Accordingly, difference maps relative to Ered/ss (Fig. 3g and Fig. S2a) 185 

show a negative density peak below the central ring B of the isoalloxazine, which decreases to 186 

the noise level (3σ) past 300 ns and increases again past 10 s (Fig. 3d, magenta curve). 187 

Importantly, observation of the parameters reaching a peak and relaxing back in Figure 3a-d 188 

provides further support that the observed small changes are significant and mirror reversible 189 

redox-dependent changes. In summary, the time-resolved structural analysis of both 190 

photoreduction steps illustrates how, after initial ET, the isoalloxazine moiety re-hybridizes to 191 

its new redox state and reaches its final structure in about one to ten microseconds. Our results 192 

above expand the description of a redox reaction of FAD to include subsequent structural 193 

changes in addition to the ET steps. 194 
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195 

Figure 3. Structural changes during the photoactivation of MmCPDII. (a,b) Evolution of ρC (blue) 196 

and ρN (red) dihedral angles over time for photoreductions 1 and 2, respectively. (c,d) Evolution over 197 

time of the FADN5-R378Nε (black curve) and FADN5-N403O  distances (orange curve), along with 198 

plots of the σ-levels of the positive difference peak near R378Nε (c, cyan curve) and the negative 199 

difference peak below FADN5 (d, magenta curve). (e-g) Structures of the isoalloxazine ring and the 200 

nearby Arg378-Asp409 salt bridge at the beginning and end of each photoreduction step. For RS1 (e), 201 

Eox/ss (FADox) is superposed with Eox/10µs (FAD•-), for PS (f), Eox/10µs (FAD•-) with Esemi/ss (FADH•), and 202 

for RS2 (g), Esemi/ss (FADH•) with Esemi/300ns (FADH-). Each panel is also superposed with 2σ contoured 203 

2DFo-mFc omit maps corresponding to the beginning (grey) and end (gold) states of each 204 

photoreduction step, as well as difference maps as indicated by the vertical labels left to the structural 205 

moiety. Difference map contour levels: (e) 3σ, (f-g) 3.5σ near the isoalloxazine moiety (above the red 206 

dotted line) and 4.0σ near the salt bridge (below the red dotted line). (h-j) Redox- and time-dependent 207 

FAD N5-Asn403 interaction for the same structures as in e-g, respectively. Omit maps as above, as well 208 
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as difference maps relative to Eox/ss (4σ) are also shown. In all structures, arrows indicate motion, while 209 

dotted lines the FADN5-R378Nε (black) and FADN5-N403O(orange) distances in Å. In all difference 210 

density maps, cyan indicates positive and magenta indicates negative. 211 

 212 

Conformational changes of Arg378 concurrent with bending of FAD isoalloxazine ring  213 

For RS1, a positive peak (from difference maps relative to Eox/ss) appears above Arg378 N 214 

(Fig. 3e and Fig. S1a). When its σ-level is plotted against time (cyan curve in Fig. 3c), it reveals 215 

a progressive change peaking at 250 ns to 10 s, followed by a back relaxation till 1-5 ms, 216 

suggesting a movement of Arg378 Ntoward the N5 atom of FAD concurrent with bending 217 

and subsequent relaxation of the isoalloxazine ring. In agreement, the FADN5-R378N 218 

distance (Table 1) decreases and then reverts back following the same pattern (Fig. 3c, black 219 

curve). Importantly, structural analyses indicate that while Arg378 N moves toward FAD N5, 220 

the bifurcated Arg378-Asp409 salt bridge remains in place (Fig. 3e and Fig. S1a). 221 

The same correlation between the FADN5-R378N distance and isoalloxazine bending 222 

was also observed in RS 2 (FADH• to FADH-). As shown by the black curve in Figure 3d, the 223 

distance becomes progressively shorter, reaching a minimum at 300 ns where isoalloxazine 224 

bending is most pronounced (Fig. 3b), and again relaxes back to the starting point at 100 s. 225 

However, the change in the FADN5-R378N distance in the second set is smaller than that in 226 

the first set (black curves in Fig. 3c,d). Accordingly, the closing between FAD N5 and R378 227 

N in the second set is likely caused mainly by the out-of-plane movement of FAD N5In 228 

support, the Arg378 sidechain remained unmoved during RS2 as explained below. Meanwhile, 229 

the structural changes and the two different mechanisms described above for the two TR-SFX 230 

series and additional results below can be visualized in Videos S1 and S2. 231 

 232 

Protonation of FAD•- and weakening of the Arg378-Asp409 salt bridge 233 
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Protonation of FAD•- at the N5 position is essential for the photoactivation, as only the neutral 234 

semiquinone FADH• can be further reduced to the active FADH- state (Fig. 1a). However, the 235 

proton donor and molecular mechanism remain elusive42. Our structural data points toward a 236 

close involvement of the Arg378-Asp409 salt bridge in this step, as its geometry is strongly 237 

affected by the FAD•- protonation. As shown in Figure 3f, the Arg378 guanidinium moiety 238 

moves away from the isoalloxazine ring after the FAD•- to FADH• conversion, reverting to a 239 

similar position to the oxidized state. However, the geometry of the bifurcated salt bridge is 240 

altered by this FAD•- to FADH• conversion, causing Arg378 sidechain to break its salt bridge 241 

with Asp409 with a swivelling motion (Fig. 3f). In support, difference maps from the second 242 

series, relative to Eox/ss, reveal a very clear negative signal above the Arg378 sidechain (Fig. 3g 243 

and Fig. S2b), in contrast to the positive difference peaks in the first photoreduction step (Fig. 244 

3e and Fig. S1a). Meanwhile, no significant peaks were observed relative to the fully reduced 245 

state Ered/ss (Fig. S2a). Furthermore, the intensity of the above mentioned negative difference 246 

map peak remained approximately constant (Fig. S2b), and additional difference map peaks 247 

surrounding guanidinium-carboxylate appeared (Fig. 3f-g).  248 

These results, along with absence of other efficient proton donors or water molecules 249 

within hydrogen bonding distance to the isoalloxazine N5 nitrogen (Fig. 2b), suggest that 250 

Arg378 is likely the proton donor for the protonation of FAD•- to FADH•. In support, the 251 

Arg378-Asp409 ionic pair is highly conserved, as database analysis of all known photolyase-252 

cryptochrome family (PCF) sequences (19524) showed that only three class II photolyases and 253 

six cryptochromes lack this Arg-Asp salt-bridge. Our attempt to construct these unusual natural 254 

mutants resulted in either protein aggregation or loss of FAD binding (Tables S4-S5). Only the 255 

conservative R378K mutation yielded a well-behaved, monodisperse protein capable of FAD 256 

uptake, but at only ~20% stoichiometry (Fig. S5a) and with non-specific binding (Fig. S5b). 257 
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These results explain why a key function for this highly conserved pair 43–45 has never been 258 

reported before for any member of the PCF. 259 

 260 

Facilitation of protonation and stabilization of the protonated state by Asn403 261 

The N5 nitrogen of free FADH• has been shown to be a weak acid (pKa 8.5)42, which is 262 

insufficient for its conjugate base FAD•- to drive proton transfer from Arg378 (pKa ~12.5). 263 

However, a previous report showed that the pKa of the N5 nitrogen of flavodoxin’s 264 

semiquinone FMNH• coenzyme is raised to >13 due to an H-bond with a backbone carbonyl 265 

oxygen45. A similar interaction between isoalloxazine N5 of FADH• and the equivalent of 266 

MmCPDII Asn403 Oδ1 atom has been reported by FT-IR studies of other photolyases43,44, a 267 

behavior we can now explain with our structures: In FADox, Asn403 Oδ1 is closer to FADox 268 

N5, while Nδ2 mainly interacts with the carbonylic FADox C4=O. During RS1, photoreduction 269 

to FAD•- causes the Asn403 amide sidechain to rotate, with Oδ1 moving away from N5, while 270 

Nδ2 approaching it (Fig. 3h). Upon protonation to FADH• (Fig. 3i), the Asn403 sidechain 271 

swivels, bringing the Asn403 Oδ1 atom in close proximity to the N5-H, whereas Nδ2 moves 272 

to a distal position, which nevertheless allows it to continue interacting with C4=O (Fig. S2c). 273 

In accordance with FT-IR data, the FADH- state structure (Fig. 3j) is somewhat in-between, as 274 

the Asn403 swivel is partially maintained. Although previous mutagenesis studies of Asn403 275 

in MmCPDII suggested an important role in photoreduction23, our results provide structural 276 

evidence for stabilization of the protonated state by H-bonding between isoalloxazine N5 and 277 

Asn403 Oδ1, and support an unusually high pKa for the FADH• N5 position in photolyase. 278 

Furthermore, the comparison between the FAD isoalloxazine N5 to Asn403 Oδ1 distance 279 

(FADN5-N403Odistance, orange curves in Fig. 3c-d) and the FADN5-R378Nε distance 280 

(black curves in Fig. 3c-d) shows an inverse relationship in both TR sets. Together, the results 281 

suggest that, during RS1, Arg378 approaches the FAD•- isoalloxazine N5 but Asn403 Oδ1 282 
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recedes away. During PS, Arg378 moves away whereas Asn403 Oδ1 moves in to form an H-283 

bond with the isoalloxazine N5-H. Then, upon RS2, isoalloxazine N5 moves again toward 284 

Arg378 due to enhanced buckling, leading to slight lengthening of the H-bond with Asn403 285 

Oδ1. As shown in Table 1 and Figure S2b, the Esemi/300ns structure is strikingly similar to the 286 

steady-state reduced structure Ered/ss. These results indicate intricate coordination between 287 

Arg378 and Asn403 to mediate the two photoreduction and protonation steps and stabilize the 288 

intermediate species in the process.  289 

 290 

The FAD redox sensor triad and the overall mechanism of photoactivation  291 

Our data shows how Asn403, Arg378 and Asp409 function closely as an “FAD redox sensor 292 

triad” to mediate structural changes of the FAD isoalloxazine, from ns to s after the initial 293 

electron transfer in both photoreduction steps and the in-between protonation step. The 294 

structural changes are small (Fig. 4a), but they have been exquisitely dissected by a large 295 

number of TR-SFX structures with continuous changes and intricate coordination involving an 296 

extensive H-bonding network (Fig. 4b). While Figure 3a-d show complete forward reaction 297 

and back relaxation for each photoreduction step separately, here we merge the two forward 298 

reactions and address the overall mechanism in four ways: H-bond analysis to show the 299 

variation of each H-bond in each intermediate structure (Fig. 4c), structural schematics based 300 

on the results of individual steps (Fig. 4d), merging of dihedral angles and interatomic distances 301 

from Figure 3 (Fig. 4e), and visual illustration (Video S3). These analyses together are 302 

explained below. 303 

In RS1, i.e. the transition from FADox to FAD•-, a negative charge builds up at FAD N5, 304 

electrostatically repulsing the Asn403 Oatom and attracting both Asn403 Nand, more 305 

importantly, the positive Arg378 sidechain in preparation for protonation. The result is a 306 

transient H-bond between the proximal Arg378 Nη and FAD N5 (Figs. 3e, 4c-d). Accordingly, 307 
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between 1 s and 125 s (FAD•-), the FADN5-R378N distance is the shortest (i.e. the most 308 

stabilized isoalloxazine moiety), whereas the FADN5-N403O distance is the longest (i.e. the 309 

least degree of destabilization) (Figs. 3c, 4e).  310 

When the sidechain of Arg378 is close enough to FAD N5, proton transfer occurs. FADH• 311 

and Arg378, now both neutral, interact only weakly with each other, with Arg378 receding 312 

from the isoalloxazine moiety and the Asp409 sidechain (Fig. 3f). Instead of behaving as an 313 

ionic pair, the Arg378 and Asp409 are now connected by a single H-bond (Fig. 4c-d). A driving 314 

force for the FAD N5 protonation is its interaction with Asn403 O which moves in to form 315 

an H-bond, becoming the main stabilizing element for the neutral semiquinone state (Fig. 3i, 316 

Esemi/ss, FADN5-N403Odistance 2.7 Å). 317 

Then, in RS2, the same trends are observed, with Asn403 O moving slightly away but 318 

still maintaining the hydrogen bond, while isoalloxazine buckling closes the gap to Arg378 N, 319 

reaching maximal changes at 300 ns to 1 µs (Figs. 3d, 3g, 4c-e) and resulting in a very close 320 

approximation of the steady-state Ered/ss, which represents the fully reduced FADH- state, and 321 

where both FADN5-N403O and FADN5-R378N H-bonds contribute to the stabilization of 322 

FADH-.  323 

 324 
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 325 

Figure 4. Mechanistic view of MmCPDII photoactivation. (a) Superposed active site structures of 326 

MmCPDII in the oxidized (purple) and reduced (green) states. The pink ball-and-stick model designates 327 

the proposed Arg378 proton to be transferred to FAD N5, the orange after transfer. Distances of interest 328 

are color coded as dashed lines, with the black one corresponding to the FADN5-R378Nε distance, 329 

while the orange one the FADN5-N403Oδ distance. (b) Schematic representation of key elements in 330 

the Asn403-isoalloxazine-Arg378-Asp409 H-bonding network. Bonds of interest are labeled by a 331 

number and a color. (c) Plots summarizing the dynamic behavior of the H-bonding network. Line colors 332 
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on the graph follow those in (b). H-bond scores are based on a previous PDB-wide analysis  and 333 

described in Methods. Briefly, a score of 1 indicates three necessary conditions have been met, while 334 

2, 3 indicate additional favorable conditions. The top axis indicates structure numbers from Table 1. (d) 335 

Structural schematics of the redox and protonation reactions. Only the relevant hydrogen bonds for each 336 

state are shown, color coded as in b and c. (e) Merging of the dihedral angles and distance plots from 337 

Figure 3a-d, showing continuous changes in the entire photoactivation process (i.e., by excluding the 338 

back relaxation time points). In both c and e, a grey background indicates reaction steps whose timing 339 

is not well defined by our experiments.  340 

 341 

Discussion 342 

Overall, this work describes the first structural description of the microscopic processes of the 343 

photoreduction of a DNA photolyase, highlighting geometric changes of the isoalloxazine 344 

moiety in the re-hybridization process, how they are mediated by Asn403/Arg378-Asp409, 345 

which we name a redox sensor triad, and enable a typical quinone chemistry, namely sequential 346 

pumping of two electrons separated by a protonation step. The X-ray damage-free structure of 347 

MmCPDII shows that the catalytically active FADH- chromophore adopts a bending angle of 348 

about 14°, and that bending of the FADH- isoalloxazine delicately controls the ET potential by 349 

affecting forward as well as backward electron transfers. Although the observed bending in the 350 

photolyase is well below the degree of bending of FADH- in free solution (24°-33°)46, it is 351 

significant for the DNA repair mechanism of photolyases as most previous theoretical 352 

calculations on ET reactions between the isoalloxazine and the CPD and (6-4) DNA lesions 353 

predicted planarity of the isoalloxazine due to a lack of interaction with the protein matrix in 354 

QM models47. Planarity was also postulated from the photochemistry of catalytically 355 

competent photolyases in the FADH- state8, because flexible butterfly motions across conical 356 

sections would cause rapid deactivation of excited FADH-* states rather than electron transfer 357 

to the bound DNA lesion. Our structures of the FADH- state show that these flexible motions 358 

can be avoided by increased interaction with the arginine and asparagine of the redox triad, 359 
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thus leading to a higher rigidity of the flavin binding site and explaining the bathochromically 360 

shifted and lifetime-elongated fluorescence emission spectra of FADH- in photolyases when 361 

compared to free solution8. 362 

In terms of the photoreduction to FADH-, four features of its molecular mechanism are 363 

fundamental for not only photolyases, but also other flavoenzymes. First, electron uptake in 364 

small molecules in solution and in photolyases by FAD takes place at similar time-scales9,48 365 

with subsequent geometric changes requiring only picoseconds in the former48. However, we 366 

found that the equivalent response of the protein-embedded isoalloxazine moiety is delayed by 367 

nanoseconds to microseconds. This can now be explained by the role of the protein matrix for 368 

stabilizing otherwise highly unstable intermediates such as FAD•- by allowing them to probe a 369 

wide region of the conformational space via twisting and buckling. These transient structural 370 

changes increase the probability of ulterior reactions, first triggering of proton transfer (PT) to 371 

form FADH• and then further photoreduction to FADH-. This conclusion extends previous 372 

theoretical studies, which proposed that buckling and twisting motions in the isoalloxazine ring 373 

just serve for controlling the redox chemistry of flavins38. We found that they can also actively 374 

participate in PT pathways with the embedding protein matrix, thus highlighting the role of the 375 

protein in controlling quinone chemistry. 376 

Secondly, our data uncovered a redox sensor triad Asn/Arg-Asp. A structure-based PDB 377 

wide survey in which we searched for flavoproteins presenting an Arg-Asp(Glu) pair nearby 378 

their isoalloxazine moieties returned only PCF members, supporting the unique functional roles 379 

of this conserved motif. Interestingly, within PCF, the third residue, asparagine, is conserved 380 

in enzymatically active photolyases, but not in solely photosensory cryptochromes, where this 381 

residue can be replaced by aspartate like in plant cryptochromes or cysteine in insect 382 

cryptochromes49. In those with alternative redox triads (Asp/Arg-Asp and Cys/Arg-Asp), the 383 

quinone chemistry is significantly affected, with photoreduction leading to single electron 384 
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uptake and protonation to FADH• in the former50, while the latter arrests photoreduction in the 385 

FAD•- 51. 386 

Thirdly, despite its high sidechain pKa, the function of arginine as a proton donor has been 387 

suggested for several enzymes 52–56. Our results provide structural intermediates before and 388 

after protonation of isoalloxazine N5 by Arg378 in the MmCPDII photolyase. Furthermore, 389 

widening the above-mentioned PDB search for non-protein acidic ligands nearby an arginine 390 

and a flavin revealed six flavin-dependent oxidoreductase families (Table S6) with specific 391 

examples from each family shown in Figure S6, including the fumarate reductase mentioned 392 

above52 and suggesting a potentially wide catalytic role for such an arrangement. 393 

Finally, intramolecular ET reactions in photolyases were often understood as simplest 394 

biological model systems for comparable processes during the light-driven charge separation 395 

in photosynthetic reaction centres. The uptake of electrons and protons by quinone substrates 396 

in the QB binding site is known to follow an ordered ET-PT-ET-PT scheme5, thus being 397 

comparable to the ET-PT-ET scheme of photolyases, and is accompanied by a redox-dependent 398 

move of QB from a distal to a proximal binding site. Notably, protonation of QB
•- as formed 399 

after first ET is supposed to occur via a serine, Ser-L223 in bacterial reaction centres57. Given 400 

our unexpected finding that an arginine conserved in the PCF serves as proton donor to the 401 

flavin cofactor, but not the other candidate asparagine of the redox triad, we expect that similar 402 

time-resolved structural studies will be necessary in future to nail down PT events in other 403 

complex biological redox systems, e.g. the photosynthetic reaction centres. 404 

  405 
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Methods 406 

Protein production, crystallization and preparation for XFEL 407 

Protein was produced, and crystals were obtained, by upscaling previously published 408 

conditions23. Concentrated crystal slurries were produced by centrifugation of crystallization 409 

batches. For obtaining a fully oxidized dataset, the crystal slurry was then embedded in a 410 

hydrophobic grease matrix in a 1:9 crystal:matrix ratio, as described elsewhere58. After this 411 

point, the sample was maintained under far red light (650 nm) at all times to avoid in-situ 412 

photoreduction. 413 

For obtaining the semiquinone crystalline material used to acquire the Esemi/ss, Esemi/dark 414 

and all Esemi/t structures (Table 1), the crystal slurry was first supplemented with 50 mM DTT. 415 

For full reduction, the crystal slurry was then exposed to bright white light (Leica KD300) for 416 

5 minutes, and then for partial oxidation to air for another 20 minutes, followed by embedding 417 

in grease matrix. The production and handling of fully photoactivated MmCPDII crystals (Ered/ss) 418 

was analogous to semiquinone, but to avoid oxidation, the entire procedure was performed 419 

under anaerobic conditions.  420 

 421 

Data collection. 422 

All 23 structures (Str1-Str23 in Tables 1 and S1-S3 and Figs. S1 and S2) were obtained at the 423 

SPring-8 Angstrom Compact free electron LAser (SACLA)59, with crystals being excited via 424 

a nanosecond pulse from a 408 nm OPO laser running at 15 Hz, while data collection from 425 

XFEL pulses at 30Hz.  426 

 427 

Data processing and structural solution 428 

All collected images were initially sorted on-site with cheetah60, and then processed off-site 429 

with CrystFEL 0.6.261. Processed datasets were then scaled via SCALEIT, a piece of software 430 

within the CCP4i crystallographic suite62. Molecular replacement structural solution was 431 

performed for Eox/ss via Phaser, also part of CCP4i, using the original Eox/sync
23 (PDB code 432 

2XRY) as the search model. Further datasets were then solved based on Eox/ss, or its derived 433 

structures.  434 

 435 

Overall refinement and structural data visualization 436 

Structure factor extrapolation31,36,63 was used to refine the subtle time- and redox-dependent 437 

structural changes (Fig. S1 and S2 for the two time-resolved series). Furthermore, difference 438 
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electron density maps37 were constructed to highlight these structural differences, which are 439 

designated as the difference between two states, EX’/Y’-EX/Y. Quantitative analysis of difference 440 

map peaks was normalized to σ levels, i.e. the factor by which a peak’s magnitude exceeds the 441 

background electron density. Our results showed that significant difference maps were only 442 

observed in the active site region as shown by examples in Figures S7 and S8. Meanwhile for 443 

RS1, ultrafast conformational changes around 10 ns also occurred in the vicinity of Trp388, 444 

the final electron donor in the electron transfer chain, in the absence of an external reducing 445 

agent (Fig. S4c,d). Since RS2 was performed in the presence of reducing agent DTT, W388• 446 

can be regenerated to W388 and the ultrafast conformational change could not be observed. 447 

 448 

Refinement of the FAD isoalloxazine moiety and its conformational changes 449 

To follow the bending of FAD in our structures, and avoid model bias, the dihedral angles for 450 

all structures, as listed in Table 1, were calculated by adapting previous real space correlation 451 

methods established for the analysis of TR-SFX data as it applies to subtle changes in 452 

photoreceptor chromophores36,64,65. Briefly, an equilibrium ensemble for the FAD redox 453 

dependent conformational space was computationally generated based on the Eox/ss, Esemi/ss and 454 

Ered/ss datasets, from which minimum and maximum ρC and ρN values (Fig. 1d) could be 455 

determined. Then, ρC and ρN restraints within those limits were applied stepwise to each dataset 456 

via three cycles of Phenix refinement66 using the corresponding resting structure as the initial 457 

model (Fig. S9). The software sfall was then employed to produce calculated structure factors 458 

from both the initial (Fci) and refined (Fcref) models, and Fcref-Fci maps within 2.5 Å of the 459 

isoalloxazine moiety were calculated using the initial model phases, analogously to the 460 

experimental maps presented in e.g. Figure 3. Finally, in order to assess the quality of the 461 

resulting isoalloxazine geometry, the real space correlation coefficient (CC) between the Fcref-462 

Fci and the corresponding FX’/Y’-FX/Y maps was calculated. Accordingly, we could produce 463 

heat maps where ρC and ρN values were correlated to the CC, to the degree they were able to 464 

reproduce the observed difference density features. A final set of restraints for each individual 465 

structure was then generated as the average and standard deviation of the ρC and ρN with the 466 

top CC score, and all those with at least 95% of that score (Fig. S9). A detailed description of 467 

these and other analysis procedures can be found in Supplementary Methods. 468 

 469 

In crystallo UV/Vis absorption spectroscopy 470 
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In crystallo UV/Vis absorption spectroscopy was performed at the ID29S-Cryobench 471 

Laboratory, ESRF, Grenoble, France67. Here, crystals were treated as for the steady-state XFEL 472 

experiments (see above) to photoreduce them into the different redox states. Samples were then 473 

directly mounted on the Cryobench goniometer at 100 K under constant nitrogen gas flow. All 474 

data was acquired with a 25 µm focal point for the probing white light beam, while the detector 475 

optics was connected to the outgoing objective via a 200 µm-diameter optical fiber. Individual 476 

acquisition times were 200 ms, with ten acquisitions being averaged per spectrum. 477 

 478 

 479 
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