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Photolyase is an enzyme that repairs DNA 
lesions caused by ultraviolet (UV) exposure, such as 
cyclobutane pyrimidine dimers (CPDs), in which the 
C5 and C6 carbons of one pyrimidine base covalently 
bond with the C5' and C6' carbons of an adjacent 
base [1] (Fig. 1). The catalytic process of CPD 
photolyases involves multiple redox reactions. The 
enzyme is first activated through the photoreduction of 
its coenzyme, flavin adenine dinucleotide (FAD), from 
its oxidized form (FADox) to its reduced form (FADH–) 
[2]. This photoreduction process requires two single-
electron transfer steps, mediated by an electron 
transfer chain that includes three tryptophan residues.

We employed time-resolved serial femtosecond 
crystallography (TR-SFX) to elucidate the structural 
mechanism underlying the photoreduction processes 
in the Methanosarcina mazei class II CPD photolyase 
(MmCPDII) [3]. Our analysis revealed an Asn/Arg-Asp 
redox sensor triad that regulates FAD rehybridization 
and protonation. Additionally, we observed buckling 
and twisting of the isoalloxazine ring of the coenzyme 
FAD, occurring within the submicrosecond regime 
following the light-triggered electron transfer step 
[3]. This TR-SFX investigation of the photoreduction 
process provided a foundation for studying the main 
function of the MmCPDII photolyase—the repair 
of CPD lesions. We further elucidated the dynamic 
structural mechanisms of DNA repair through time-
resolved crystallographic analyses conducted at the 
X-ray free electron laser (XFEL) facilities, SACLA BL2 
and SwissFEL Alvra. 

Crystals of enzyme-DNA complexes in the pre-
reaction state were grown under dark and anaerobic 
condit ions by mixing reduced photolyase with 
damaged DNA [4,5]. Blue light, which triggers the 
reaction, was applied to the crystals, followed by XFEL 
irradiation at time intervals ranging from picoseconds 
to sub-milliseconds, to capture diffraction patterns [5]. 

By analyzing tens of thousands of diffraction images, 
we reconstructed the three-dimensional structures of 
the enzyme and DNA during the repair process as a 
series of snapshots.

Two series of TR-SFX experiments were conducted: 
one from picoseconds (ps) to nanoseconds (ns), and 
the other from nanoseconds to microseconds (ms) 
[5]. The CPD repair begins at 100 ps, with Arg256 
(R256) becoming dynamic and moving to stabilize 
the CPD. This suggests the initiation of the forward 
electron transfer from the FADH– to the CPD (Figs. 2 
and 3). By 650 picoseconds (ps), the C5–C5' bond of 
the CPD is predominantly split, and by 1 ns, the C6–
C6' bond is also split (Fig. 3). During the following 
500 ns, R256, a five-water cluster (5WC), and the 
FADH− coenzyme gradually return to their respective 
resting-state conformations. The repaired thymine 
bases remain within the active site during this time and 
begin to reanneal with the dsDNA in the microsecond 
range. The structures captured at 200 ms show the 
coexistence of a back-flipping intermediate and the 
reannealed product, prior to their final release from the 
enzyme (Fig. 3).

Overall, our results reveal the atomic mechanism 
by which DNA photolyases repair DNA in real time. 
The time-resolved intermediate structures illustrate 
a sequential process involving the ordered cleavage 
of covalent bonds, the opening of the cyclobutane 
ring, and the release of repaired pyrimidine bases 
from the enzyme, ultimately restoring the DNA 
double helix. DNA damage disrupts replication and 
transcription, leading to cellular consequences such 
as cell death, mutations, and carcinogenesis. This 
study enhances our understanding of DNA repair 
processes that mitigate damage linked to diseases, 
and is expected to accelerate the rational design 
of artificial enzymes and drugs using sequential 
structural information.

Time-resolved crystallography of ultrafast light driven
DNA repair by photolyases

Fig. 1.  Light-driven enzymatic catalysis of DNA repair by DNA photolyase. The FAD 
cofactor, located within the conserved folded structure of photolyase, should be fully 
reduced through photoreduction by the same blue light, prior to the DNA repair reaction.
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Fig. 3.  Intermediates in photolyase-mediated DNA repair. The reaction is initiated by an electron transfer from 
the FAD cofactor embedded within the enzyme to the CPD. DNA repair by photolyase begins 100 ps after 
blue light irradiation. The C5–C5' bond is cleaved 650 ps after the reaction starts, followed by the cleavage 
of the C6–C6' bond 1 ns later. The repaired pyrimidine bases then rotate sequentially and exit the enzymeʼs 
active site, ultimately restoring the DNA double-helix structure. This last process takes approximately 200 ms, 
a relatively long time, and represents the rate-limiting step in the sequential enzymatic reaction. [5]

Fig. 2.  MmCPDII structure complexed with damaged DNA. The left panel shows the global 
structure, highlighting the overall fold, with the bound DNA backbone in orange. The right panel 
focuses on the 5WC/R256 locus in the active site at 100 ps. Interactions between the CPD; FAD and 
active-site residues R256, W305, and W421; and the 5WC that exclusively appears in the dark state 
(gray) are also depicted. In the presence of the 5WC, R256 undergoes a conformational change, 
with its guanidinium moiety forming the final vertex of the bipyramidal 5WC. Selected interatomic 
distances are indicated by dashed lines, with corresponding values in angstroms labeled nearby. [5]
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