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Experimental Details 

Sample preparation. The wild type Xenopus laevis (6-4) photolyase (Xl(6-4)PL) was prepared using a 

procedure reported previously
1
. For the preparation of the W370F mutant of Xl(6-4)PL, a pET28a-based construct 

encoding His-tagged Xl(6-4)PL
2
, which was kindly provided by Dr. Hideki Kandori (Nagoya Institute of Technology, 

Japan), was used as a template, and site-directed mutagenesis was performed with PrimeSTAR® Mutagenesis 

Basal Kit (TaKaRa, Japan). The set of PCR primers used in the mutagenesis was the following: d(GAC CTC TTC 

ATA TCA TGG GAA GAA GGA) and d(TGA TAT GAA GAG GTC CCC TCG GGT GAG). After DNA sequencing of 

the obtained plasmid to confirm the introduction of mutagenesis, the mutated plasmid was transfected into 

OverExpress C41(DE3) competent cells (Lucigen Corporation, US). The transfected cells were cultured in LB 

medium with 100 µg/ml of ampicillin at 25°C for 9 hours, and isopropyl β-D-1-thiogalactopyranoside was then 

added into the medium to a final concentration of 1 mM. The mixture was further shaken at 25°C for 24 hours, and 

the cells were harvested by centrifugation. Lysozyme (50 mg) and glycerol (2 mL) was added to the harvested 

pellets, and the mixture was suspended in a lysis buffer (40 mL) containing 50 mM NaH2PO4, 200 mM NaCl, and 5 

mM imidazole (pH 8). The cells were disrupted by sonication on ice. The cell extract was centrifuged, and the 

obtained supernatant was loaded on a column containing TALON® Superflow Metal Affinity Resin (TaKaRa, 

Japan) in a cold chamber (4°C). The resin was washed with the lysis buffer, and the bound enzyme was eluted with 

an elution buffer containing 50 mM NaH2PO4, 200 mM NaCl, and 500 mM imidazole (pH 8). The obtained yellow 

solution was immediately loaded onto a HiTrap Heparin HP column (GE Healthcare, US), and the elution was 

performed by an ÄKTA purifier (GE Healthcare) with a buffer containing 50 mM Tris-HCl, 100-600 mM NaCl, and 

5% glycerol (pH 8). The fractions containing enzyme were pooled, and the buffer was exchanged into 50 mM 
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Tris-HCl, 50 mM NaCl, and 5% glycerol (pH 8), by repeated dilution-concentration processes. The concentrated 

stock solution was frozen in liquid nitrogen and stored at –80°C. Before use, the samples of both wild-type and 

W370F Xl(6-4)PL were rid of possible free FAD using Micro Bio-Spin (Bio-Gel P-6) size-exclusion chromatography 

columns pre-washed with the same buffer (50 mM Tris-HCl, 50 mM NaCl, and 5% glycerol, pH 8.0 at 20°C). 

Spectroscopic experiments. UV-Vis spectra and transient absorption kinetics were measured as described
3
, 

with the following modifications: 

For kinetic measurements up to 80 µs (with a 20 MHz bandwidth limit), the monitoring light was provided by the 

following continuous wave lasers: 

376 nm – diode laser Toptica iBeam smart 375-S (up to 120 mW), 

408 nm – diode laser Toptica iBeam smart 405-S (up to 120 mW), 

448 nm – laser diode Nichia NDHB510 (50 mW), 

457 nm – diode pumped solid state (DPSS) laser Cobolt Twist
TM 

(50 mW), 

488 nm – diode laser Picarro Cyan-20 from Spectra-Physics (20 mW), 

515 nm – DPSS laser Cobolt Fandango
TM 

(150 mW), 

562 nm – DPSS laser Oxxius 561-25-COL-002 (25 mW), 

594 nm – DPSS laser Cobolt Mambo
TM

 (100 mW), 

638 nm – diode laser Toptica iBeam smart 640-S (up to 150 mW). 

2×2×10 mm cells were used (excitation pulses entered the sample through the 2×10 mm window, monitoring light 

through the 2×2 mm window). The monitoring light beams were attenuated by neutral density filters and 

mechanically chopped to produce light pulses of 140 µs duration and energy in the order of 1 µJ at the entrance of 

the cell.  

For experiments up to 0.4 s (with a 300 Hz bandwidth limit), interference filters with transmission maxima at 383, 

410, 450, 460, 490, 520, 560, 590 or 630 nm and spectral bandwidths of 5 to 10 nm were placed between the 

tungsten-halogen lamp and the sample.  

Each kinetic trace results from a single-flash excitation (no signal averaging) of a sample containing >95% FADox 

(checked from UV-Vis spectra). The samples were air-saturated and kept at 10°C during experiments and on ice in 

between. The pH of the used Tris-HCl buffer was 8.3 at 10°C (8.0 at 20°C). 
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Signal Analysis. Transient absorption signals were fitted globally with common time constant(s) 1 (and 2) using 

Origin 8.6. While signals of the WT protein both at the ns/µs and ms/s timescales (Figs. S3a and S4a, respectively) 

could be well fitted by monoexponential decay functions 

∆𝐴 = 𝐴1 𝑒
−

1

𝜏1
𝑡

+ 𝑦0      (1), 

bi-exponential decay function had to be used for fitting of the ns/µs signals of the W370F mutant (Fig. S3b):  

∆𝐴 = 𝐴1 𝑒
−

1

𝜏1
𝑡
 + 𝐴2 𝑒

−
1

𝜏2
𝑡
+𝑦0   (2). 

The time constants obtained in the fits are summarized in Table S1. Initial amplitudes for the Figs. 4b, 4c and S4b 

were obtained as follows: ∆A for t → 0 were calculated as A1 (+ A2) + y0. ∆A at t = 3 µs were read directly from the 

curves resulting from the fit. ∆A at the end of the kinetic phases correspond to y0. 

Quantum yield determination. Using the same concentration, the same excitation energy and the same setup 

geometry, we observed transient absorption changes of approximately the same initial amplitudes for both WT and 

W370F mutant proteins (Figs. 3 and S3), indicating similar quantum yields for formation of FAD− Trp4H
+ (in the 

WT) and FAD− Trp3H
+ (in the W370F protein). Since the spectrum of the TrpH+ radical in the WT protein seems to 

slightly deviate from the published spectra of free TrpH+ cation radicals, we have decided to estimate the quantum 

yield of the terminal FAD− TrpH+ pair from the signals of the W370F protein. 

We have used an aqueous solution of 25 µM [Ru(bpy)3]Cl2 (99.95%) as actinometer
4
. Under the same geometry 

and excitation (by laser pulses at 355 nm) as used for the ns/µs data of the Xl(6-4)PL samples, the [Ru(bpy)3]
2+

 

sample showed an initial absorption change of -46.4 mOD at 448 nm over the 1 cm optical path, corresponding to 

4.22 µM of excited Ru complexes (calculated with 448 (
3
MLCT – [Ru(bpy)3]

2+
) = -11 000 M

–1
cm

–1
 and a quantum 

yield of the metal-to-ligand charge transfer triplet (
3
MLCT) of 100%)

4a
. For the 70 µM W370F PL sample, the initial 

absorption change of -22.3 mOD at 457 nm (where FADox bleaching is still pronounced and the signal-to-noise ratio 

was better than at 448 nm) corresponds to 4.63 µM FAD− TrpH+ (calculated with (457 = 457(FAD−) + 

457(TrpH+) - 457(FADox) = (4770 + 350 - 9935) M
–1

cm
–1

 = -4815 M
–1

cm
–1

). Based on their respective optical 

densities at 355 nm of 0.145 and 0.0318 (along the 2 mm excitation path), the Xl(6-4)PL samples absorbed 4.0 

times more of the incident 355 nm photons than the Ru complex. Hence, 4.0 × 4.22 µM = 16.88 µM FADox were 

excited in the Xl(6-4)PL samples. The observed 4.63 µM of the terminal FAD− TrpH+ pair correspond therefore to 

a quantum yield of 27.4%. 

In this estimation, we neglected the possibility of non-productive absorption of a second photon by the same 

molecule, which would diminish the reaction yield per absorbed photon. As the absorption coefficient (and hence 
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the absorption cross section) of FADox at 355 nm is higher than that of the Ru complex (~10 vs. ~6 mM
–1

cm
–1

), it is 

likely that we slightly underestimated the quantum yield in the protein. Further considering pulse-to-pulse 

fluctuations of the excitation laser energy (in the order of 5%) and uncertainties on the exact values of the 

absorption coefficients used, we estimate the quantum yield of formation of the terminal FAD− TrpH+ pair  to be 

30±5%. The ~70% losses (in both WT and W370F proteins) are presumably due to fast (< 1 ns) recombination of 

the FAD− Trp1H
+ or FAD− Trp2H

+ radical pairs that could not be resolved using our setup. 

 

 

 

 

 

Supplemental Structure and Sequence Analysis 

 

Figure S1. Homology model of the Xl(6-4)PL structure. Xl(6-4)PL was aligned to the known structure of Drosophila (6-4) PL (structure 3CVU in 
RCSB PDB)

5
 using the SWISS-MODEL platform

6
. (a) FAD is shown in yellow, the tetrad of Trps involved in ET to photoexcited FAD in green. 

Asparagine N392 (grey) faces the N5 atom of the FAD isoalloxazine (which becomes protonated in the case of FAD− conversion to FADH).  
(b) Detailed picture of the immediate surroundings of the 4

th
 Trp (W370) in Xl(6-4)PL. All shown amino acids except D318 are highly conserved 

among animal Crys and animal (6-4) PLs (see Figure S2). 
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Figure S2. Sequence alignments of Cry/PL proteins. Ends of the Photolyase Homology Region (PHR) of several representatives of various 
Cry/PL protein classes are shown, highlighting the tryptophan triad (red on grey background) conserved in all proteins and the fourth tryptophan 
(white on red background) occurring only in animal Crys, animal (6-4) photolyases and also in the dual protein PtCPF1 from Phaeodactylum 
tricornutum. Proteins containing the 4

th
 tryptophan have also relatively well conserved amino acids in its nearest vicinity (see Figure S1): 

methionine (pink background, at the position of M483 in Xl(6-4)PL), arginine/lysine (dark green background, at the position of R482 in 
Xl(6-4)PL), asparagine (blue background, at the position of N479 in Xl(6-4)PL), and aspartate/glutamate (orange background, at the position of 
D320 in Xl(6-4)PL). The second aspartate close to the 4

th
 tryptophan in Xl(6-4)PL (D318) is conserved only in a few (6-4) PLs and lower 

vertebrate cryptochromes, other species contain mostly proline at this position. The asparagine facing the N5 atom of the FAD isoalloxazine in 
most Cry/PL proteins is shown with light green background; insect type I Crys (DmCRY1) contain cysteine at this position and plant Crys have 
an aspartic acid there. 

Abbreviations: 

Ec = Escherichia coli
  

Tt = Thermus 
thermophilus 

An = Anacystis nidulans Ds = Dunaliella salina At = Arabidopsis thaliana 

Dm = Drosophila 
melanogaster 

Dr = Danio rerio Xl = Xenopus laevis Ot = Ostreococcus tauri Pt = Phaeodactylum 
tricornutum 

Er = Erithacus rubecula Gg = Gallus gallus Mm = Mus musculus Hs = Homo sapiens  

CPD = Cyclobutane Pyrimidine Dimer photolyase 64 = (6-4) photolyase 

CRY = Cryptochrome CRYD = “DASH” cryptochrome 

CPF = Cryptochrome Photolyase Family  
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Supplemental Transient Absorption Data 

 

Figure S3. Nano- and microsecond transient absorption kinetics. Flash-induced absorption changes were recorded for (a) WT Xl(6-4)PL and (b) 

its W370F mutant at the indicated wavelengths. FADox was excited by a laser pulse at t = 0 (355 nm, 100 ps pulse duration, E 4.0 mJ.cm
–2

. The 

samples were kept at 10°C. They contained 70 µM protein in 50 mM Tris-HCl buffer of pH 8.3 (at 10°C), 50 mM NaCl and 5% glycerol. 

 

Protein 

Timescale 

(Fitted data) 

 1  2 

WT 

ns/s  

(Figure S3a) 

(2.556 ± 0.009) × 10–6 s - 

WT 

ms/s  

(Figure S4a) 

(3.423 ± 0.005) × 10–2 s - 

W370F 

ns/s 

(Figure S3b) 

(1.886 ± 0.015) × 10–7 s (1.052 ± 0.003) × 10–5 s 

Table S1. Fit results. Time constants 1 and 2 were obtained by global fitting of data in Figs. S3 and S4 by mono- (WT protein) and 

bi-exponential (W370F mutant) decay functions: equations (1) and (2) on page S3. 
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Figure S4. Millisecond transient absorption kinetics. (a) Flash-induced absorption changes in WT Xl(6-4)PL (20 µM protein in 50 mM Tris-HCl 

buffer at pH 8.3 [at 10°C], 50 mM NaCl and 5% glycerol) were recorded at the indicated wavelengths. FADox was excited by a laser pulse at t = 0 

(355 nm, 100 ps duration, E 4.0 mJ.cm
-2
). Global fit of the decay curves yields a time constant  35 ms (see Table S1). Inset: Expansion of 

the 590 nm trace showing an absorption increase with  35 ms attributed to formation of the neutral FADH radical. (b) Amplitudes of the kinetic 

traces shown in a), extrapolated to t → 0 according to the global fit (black squares) and amplitudes at t = 0.4 s (red circles, multiplied by a factor 

of 6 for a better qualitative comparison with the points at t → 0).  

 

Supplemental Discussion 

Particularities of the absorption spectra of Trp4 radicals and the deprotonation kinetics of Trp4H
+. 

According to the published spectra of (free) TrpH+ and Trp, deprotonation of TrpH+ should lead to a slight 

increase of absorbance around 450 nm but we have observed the opposite trend in the WT protein (slight 

absorption decrease – Figures 3a and S3a). Furthermore, in contrast to the W370F mutant protein, in the WT 

protein, there is a slight positive deviation around 450 nm between the observed and the expected difference 

spectra for formation of the FAD– 
TrpH+ and the FAD– 

Trp pair (Figure 4). These observations indicate that the 

environment of the 4
th
 tryptophan (W370) has a substantial impact on the spectra of the tryptophanyl radicals. 

There are several charged, polar or polarizable functional groups in the immediate vicinity of W370 (see Figure 

S1b), which might affect the electronic states of its radicals: COO
–
 groups of D318 and D320, C(NH2)=NH2

+
 group 

of R482, the electronegative oxygen of the N479 amide, or the polarizable sulphur atom of M483. E.g., one could 

imagine that charge transfer (CT) transitions due to the interactions with M483 enhance the absorbances of TrpH+ 

and Trp around 450 nm (cf., methionine to Cu
2+

 CT transitions in plastocyanin and azurin)
7
. 

The overall negatively charged, polar and polarizable environment of W370 is further expected to stabilize the 

positively charged Trp4H
+ relative to neutral Trp4H and Trp4

. This would correspond to an unusually low reduction 

potential of Trp4H
+/Trp4H (that would favour ET from Trp4H to Trp3H

+) and to an unusually high pKa value of 

Trp4H
+ that might explain the rather slow deprotonation of Trp4H

+ in the WT protein (2.5 µs vs. 200 – 400 ns for 
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Trp3H
+ in the W370F mutant protein (see main text), in E.coli PL

8
 and in AtCry1

3a
). A similarly slow TrpH+ 

deprotonation (2.56 µs) has been reported very recently for Drosophila melanogaster cryptochrome.
9
 Interestingly, 

DmCry also possesses the 4
th
 Trp (W394 in DmCry; see Figures 2 and S2). We consider it very likely that W394 

(and not the 3
rd

 Trp W342 as assumed in Ref. 
9
) functions as the terminal member of the Trp chain in DmCry. In 

line with our model, the FAD– 
Trp radical pair observed after deprotonation of TrpH+ recombined rather slowly in 

DmCRY (6.8 ms at pH 7.0).
9
 In bird (garden warbler) CRY1, the FAD– 

Trp pair was reported to recombine in 

14 ms (at pH 7.4).
10

 The deviations from 40 ms observed by us in Xl(6-4)PL at pH 8.3 are likely due to the different 

pH values, as low pH accelerates such recombinations.
8, 11

 These observations support our initial assumption that 

the specific features of the flavin – tryptophan radical pairs observed in our study on Xl(6-4)PL can be generalized 

to all proteins with the Trp tetrad including animal cryptochromes. 

Competition between recombination of FAD – Trp and FAD – protonation. The signals on the 0.4 s 

timescale (Figure S4a) are dominated by decay consistent with recombination of an FAD– Trp radical pair but they 

do not decay completely. The very small absorption changes remaining after the 35 ms kinetic phase show a 

difference spectrum with a relatively pronounced absorption increase between 520 and 630 nm and an only very 

weak absorption increase at 383 nm (compared to the bleaching at 450 nm), as expected for an FADH Trp pair. 

The FADH absorption at 590 nm (inset in Figure S4a) built up with the same kinetics as the decay of FAD– Trp. 

Within a simplified parallel reaction scheme, the initial to final amplitude ratio of 6 to 1 at 450 nm (note that FAD– 

and FADH absorb about equally at 450 nm (see Figure 4a) yields intrinsic time constants of ~40 ms for 

recombination of FAD– Trp and ~200 ms for protonation of FAD–. Noteworthy, protonation of FAD– is about 5 

orders of magnitude faster in plant Crys that contain an aspartic acid (D396 in AtCry1) at the position of asparagine 

N392 (facing the N5 atom of the FAD cofactor) in Xl(6-4)PL (see Figure S1). This very strong kinetic difference 

supports previous suggestions that the aspartic acid facing the N5 atom of the FAD is the direct proton donor to 

FAD– in plant Crys.
3a, 12
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