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Additional method details
Equilibration of cryptochrome structures
The structure of a protein fluctuates due to the thermal motion of the atoms in the protein
itself and its immediate environment. These fluctuations aﬀect the absorption spectrum,
and, therefore, multiple structures of each cryptochrome type were considered. The molecular structures for various cryptochromes used for the absorption spectra calculations were
obtained from earlier molecular dynamics (MD) simulations (1–5) obtained by us, see Table
1 for a summary. The production simulations for each cryptochrome structure delivered 10
snapshots sampled at 10 ns intervals, which were then used as the structures for spectra
calculations. The sampling interval of 10 ns was used to ensure that the 10 structures were
statistically independent, and a total of 100 ns of the production simulations was, therefore,
used to generate structures for the spectra calculations. As dicussed below, 10 structures
per cryptochrome seemed suﬃcient for the present study.

Molecular dynamics simulations of MmCry
The crystal structure of MmCry (6) does not contain an FAD co-factor, and as such the
co-factor was put there in silico. The backbone of MmCry was aligned with the backbone
of an FAD-containing AtCry1 structure, and the FAD molecule from the AtCry1 structure
was then added into MmCry. Extensive energy minimization and equilibration simulation
was then performed on the FAD-containing MmCry structure, following essentially the same
protocol as ErCry4 (4).

Simulation details
The MD trajectories employed in the present investigation were taken from several previous
studies (1–5), and therefore do not follow exactly the same simulation protocol. The most
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essential details of the simulations are summarized in Table S1 below, and additional information can be found in the original papers (1–5). The simulations used a 2 fs integration
time step with a Langevin thermostat, as well as a Langevin barostat with a pressure control
set to 1 atm for the NPT simulations. All proteins were solvated in a water box with periodic
boundary conditions. The van der Waals interactions had a smooth cutoﬀ distance of 12
Å, and the electrostatic interactions were evaluated using the particle mesh Ewald (PME)
approach in all simulations (7). All simulations except for the one with XlCry were perfomed
using NAMD (8) with CHARMM forcefields including CMAP corrections (2, 9–11), while
the XlCry simulation was carried out using GROMACS (12) with the Amber99SB (13, 14)
force field for the protein and generalized Amber force field (GAFF) for FAD (2, 14). The
ShakeH algorithm (15) was used in NAMD to constrain bond lengths for hydrogen atoms,
while an analogous LINCS algorithm (16) was used in the GROMACS simulation.
Table S1: Summary of the MD simulations protocols. The essentials of the earlier
MD simulations (1–5) of the six cryptochromes. The simulations were carried out completely
independent from each other, and, therefore, follow slightly diﬀerent simulation protocols;
see original papers for more details.
System
Simulation length (ns)
Ensemble
Temperature (K)
Crystal structure ref.
PDB ID
Simulation ref.

DmCry AtCry1 ErCry1
135
107
310
NVT
NVT
NPT
300
300
300
(17, 18)
(19)
4GU5
1U3C
(1)
(2, 3)
(1)

ErCry4
1012
NPT
310
(4)

MmCry XlCry
540
135
NPT
NPT
300
310
(6)
4K0R
this study
(5)

Structure optimization
The structures taken directly from MD simulations typically reproduce bond lengths, valence
angles and dihedral angles in the structure only qualitatively. These parameters, however,
are crucial for determining an absorption spectrum, which calls for geometry optimization
of the core quantum region. In all the studied cryptochromes, the core region was defined
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as the isoalloxazine part of the FAD co-factor, as illustrated in Fig. 1. The QM/MM
geometry optimization was carried out using the QSite module of the Maestro application of
the Schrödinger suite (20), where a hydrogen cap was used to terminate the dangling bonds
on the interface between the quantum region and its environment. All atoms outside the
quantum region were kept frozen during this optimization. The QM part of the optimization
was performed using density functional theory (DFT) with the B3LYP functional (21, 22)
and the lacvp* basis set (which is identical to 6-31G* for all the studied atoms) (23), while
the OPLS 2005 force-field (24) was employed for the MM part.

Comparison with experimental spectra

Figure S1: Experimental absorption spectrum for FAD in AtCry1. The experimentally obtained absorption spectrum has overall similar spectral features as the calculated
spectrum. The electronic transitions are marked with red arrows; those are the transitions
that were calculated and therefore correspond to the peaks in Fig. 2. The experimental data
was adapted from (25).

The experimental spectrum of AtCry1 has a prominent electronic transition at 450 nm,
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see Fig. S1, and the calculated AtCry1 spectrum had a corresponding peak at 390 nm (see
results). The diﬀerence in the peak position of the calculated spectrum relative to experiment
is within the expected error range of a DFT calculation (26). Thus the calculated AtCry1
spectrum is shifted by 60 nm towards longer wavelengths to allow direct comparison of the
calculated and experimental spectra, and since the quantum region is identical for all the
studied cryptochromes, a shift of 60 nm was, therefore, applied to all the obtained spectra.

Supplementary results
Stability of the studied structures
The stability of the equilibrated structures can be verified by considering the root mean
square deviation (RMSD) of the studied structure (or its components). Such an analysis
has been performed for the protein backbone of the six studied cryptochromes and for the
FAD cofactor. The time evolution of the RMSDs in both cases is shown in Figs. S2 and S3,
respectively.
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Figure S2: RMSD of the protein backbone. For each studied cryptochrome, the structure of the protein backbone at every frame of the simulation was aligned with the corresponding initial structure at the beginning of the production simulation. The snapshots
used to calculate the absorption spectra of FAD are taken from the shaded regions of 100 ns
duration; 10 snapshots are taken at a 10 ns interval.
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Figure S3: RMSD of the FAD cofactor. For each studied cryptochrome, the structure
of the protein backbone at every frame of the simulation was aligned with the corresponding
initial structure at the beginning of the production simulation. The snapshots used to
calculate the absorption spectra of FAD are taken from the shaded regions of 100 ns duration;
10 snapshots are taken at a 10 ns interval.
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Full FAD in the quantum (QM) region
For all the spectra calculations only the isoalloxazine moiety (30 atoms of FAD) was treated
quantum mechanically, i.e. as part of the quantum (QM) region, while the rest of FAD
together with the surrounding protein and some water and ions were considered the environment and described in terms of a polarizable embedding potential. This choice of the
QM region is fine insofar as the relevant electronic transitions happen between electronic
states that are completely localized on the isoalloxazine moiety, but the calculated spectra
would be wrong if this assumption does not hold. Thus in order to justify the choice of QM
region, a calculation that includes the entire FAD in the QM region was performed. The
result of this calculation with FAD in the QM region and everything else still represented
by a polarizable embedding potential is shown in Fig. S4; the calculation is based on a
single structure of AtCry1, and the corresponding spectrum with only isoalloxazine in the

Figure S4: Spectra of AtCry1 with diﬀerent QM regions. Blue: Entire FAD is part
of the QM region. Red: Only the 30 atoms of the isoalloxazine moiety is included in the
QM region, while the rest of FAD is included in the polarizable embedding (PE) potential
instead. The protein environment is described by a PE potential in both calculations, which
were performed on a single AtCry1 structure. The wavelengths have not been shifted.
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QM region for the same structure is shown for comparison.
There is a small change in intensity of the primary peak (∼400 nm) in Fig. S4, but the
peak positions remain almost unchanged. Thus including the rest of FAD in the QM region
does not appear to have any significant eﬀect on the calculated absorption spectrum.

Convergence of the absorption spectra
The performed spectra analysis is based on 10 stastistically independent structures sampled
at 10 ns intervals from MD trajectories, see Table. S1. The same procedure was used for all
the six cryptochromes investigated here. In order to show that 10 independent structures are
suﬃcient to obtain a statistically converged spectrum of the isoalloxazine moiety in diﬀerent
cryptochromes, 10 additional spectra calculations for ErCry4 were performed. The results

Figure S5: Convergence of ErCry4 spectra calculations. A: Individual spectra obtained for 10 ErCry4 structures in addition to the original 10 ones, see Fig. 2. B: The
average spectra computed for the original 10 ErCry4 structures (blue), the 10 additional
structures (red) and the average spectrum of all 20 structures (green); inclusion of the 10
additional structures does not change the spectrum significantly. All the spectra have been
shifted by a systematic error correction of 60 nm, as also done in the plots shown in Figs. 2
and 3.
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in Fig. S5 shows that while there is some variance among the individual spectra of the 10
additional structures, the average spectrum of all 20 structures is not changed significantly
by considering the 10 additional structures.

Environment of the isoalloxazine moiety of FAD
The diﬀerence between the calculated absorption spectra of the six diﬀerent cryptochromes
is caused by the diﬀerence in the electrostatic potentials produced by the protein matrices.
Figure S6 visualizes this diﬀerence, and features the electrostatic potentials of the protein
matrices projected onto a solid-surface representation of the isoalloxazine moiety of FAD.
The electrostatic potential was calculated using the PMEPot plugin in VMD (27), where
the potential was averaged over the 10 structures per cryptochrome, used in the spectra
calculations. Thus the classic force fields used in the MD simulations were used to calculate
the electrostatic potentials.
In order to understand the diﬀerences in electrostatic potentials between the cryptochromes,
one should look at the amino acid residues near the isoalloxazine moiety. Figure S7 shows
the sidechains of all the amino acids that have at least a single atom within a distance of 5 Å
away from the isoalloxazine moiety, for each of the six diﬀerent cryptochromes. The residues
have been color coded, such that blue indicates positively charged, red indicates negatively
charged, green indicates neutral but polar, and white indicates neutral and unpolar residues.
The only exception is D396(H) in AtCry which is drawn in red despite being protonated
and, therefore, eﬀectively neutral.
FAD in ErCry4 and XlCry, and to a less extend DmCry, appears to feel a negative electrostatic potential from the protein matrix as evidenced in Fig. S6, whereas the other three
cryptochromes feels a more positive electrostatic environment around FAD. Interestingly, as
follows from Fig. S7, there does not appear to be a significantly diﬀerent number of charged
amino acids in the six studied cryptochrome structures, however, the structures showing a
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Figure S6: Local electrostatic environment of the isoalloxazine moiety of FAD.
Electrostatic potential of the protein matrix averaged over the 10 structures used for the
spectrum calculations. The electrostatic potential is projected onto a surface containing the
isoalloxazine moiety of FAD, and the potential is shown from both of its sides. The small
atomistic representations of the FAD isoalloxazine moiety shows how the moiety is oriented
inside the surface. The potential is calculated from the forcefield parameters used in the MD
simulations. Note that no part of FAD itself contributes to the calculated potentials.
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Figure S7: Amino acid residues located within 5 Å of the isoalloxazine moiety
of FAD. Molecular rendering of the FAD binding pocket in the six studied cryptochrome
structures, corresponding to the equilibrated configurations of the protein, see Fig. S2 and
S3. Only the sidechains of the residues are shown, and are colored by type: charged positive
(blue), charged negative (red), neutral polar (green) and neutral non-polar (white).
negative electrostatic potential around the FAD binding cavity appear to have a larger number of uncharged polar amino acids located near the isoalloxazine moiety. The diﬀerences in
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the nearby residues are too complex to provide a simple explanation for the diﬀerences in
electrostatic potential among the six cryptochromes; the only consistent feature is a positive
potential near the carbon atom that connects the isoalloxazine moiety with the remainder of
FAD, which seems to be caused by a nearby arginine that is present in all six cryptochromes,
i.e. R358 in ErCry1a and MmCry, R381 in DmCry, etc.

Spectrum of FADH
A spectrum of FADH embedded in AtCry1 in Fig. 4 of the main paper was calculated
following the same protocol as the spectra of FAD, except that only a single structure was
used; the calculated FADH spectra was not averaged over 10 structures as it is only meant as
a reference calculation. The studied structure was taken from an equilibrated MD trajectory
of AtCry1 with FADH (28). Also note that the quantum region for the FADH spectrum
calculation was diﬀerent as it had an additional proton attached to the N5 nitrogen atom,
see Fig. 1, and the systematic error in the DFT calculated was, therefore, also diﬀerent,
leading to a shift of 9.5 nm rather than 60 nm towards higher wavelengths.
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