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ABSTRACT: Migrating birds fly thousands of miles or more, often without
visual cues and in treacherous winds, yet keep direction. They employ for this
purpose, apparently as a powerful navigational tool, the photoreceptor protein
cryptochrome to sense the geomagnetic field. The unique biological function
of cryptochrome supposedly arises from a photoactivation reaction involving
radical pair formation through electron transfer. Radical pairs, indeed, can act
as a magnetic compass; however, the cryptochrome photoreaction pathway is
not fully resolved yet. To reveal this pathway and underlying photochemical
mechanisms, we carried out a combination of quantum chemical calculations
and molecular dynamics simulations on plant (Arabidopsis thaliana) cryptochrome. The results demonstrate that after
photoexcitation a radical pair forms, becomes stabilized through proton transfer, and decays back to the protein’s resting state on
time scales allowing the protein, in principle, to act as a radical pair-based magnetic sensor. We briefly relate our findings on A.
thaliana cryptochrome to photoreaction pathways in animal cryptochromes.

■ INTRODUCTION

Cryptochromes are flavoprotein photoreceptors originally
identified in the plant Arabidopsis thaliana,1 where they play a
key role in growth and development.2,3 Subsequently
discovered in prokaryotes, archaea, and eukaryotes,3 crypto-
chromes were shown to be involved in circadian rhythms2,4,5

and are proposed to function as light-dependent magneto-
receptors in insects and migratory birds, apparently leading to
visual perception of the magnetic field.6−15 The unique
biological role of cryptochromes in insect and animal
magnetosensing arises due to photoactivation of a flavin-
pigment bound by the protein: Exposure to blue light results in
a transient one-electron reduction of flavin, which leads to the
formation of a spin-entangled pair of radicals (molecules with a
single unpaired electron), the so-called radical pair. Radical pair
reactions are well-known to exhibit a sensitivity to weak
magnetic fields.16−19

Indeed, evidence has been provided that cryptochrome
enables the fruit fly, Drosophila melanogaster, to sense magnetic
fields.20,21 According to a widely accepted theory, fields as weak
as the geomagnetic field (0.5 G strength) affect the
entanglement of electron spins in a radical pair photoreaction;
the entanglement, in turn, affects the cryptochrome signaling
state lifetime.11−13 The radical pair reaction furnishes a
mechanism by which the geomagnetic field can be sensed by
insects. During the past decade, the hypothesis16,17 that the
radical pair mechanism plays a role in animal navigation has
been further elaborated theoretically11−14,22 and experimen-
tally.18,19,23

Cryprochromes in plants control growth and development of
seedlings3,24 with the signaling state being governed by a
semireduced flavin cofactor. A report on cryptochrome-
mediated magnetic field effects on plant growth24 had been
contested.25 The formation of the signaling state in plant
cryptochromes involves photoinduced electron transfer to
flavin from a tryptophan triad (W400, W377, W234) that
bridges the space between flavin and the protein surface,26−28

as depicted in Figure 1a. The triad is conserved in the primary
sequence of different cryptochromes and is also found, together
with the flavin cofactor, in a related family of light-activated
DNA repair enzymes, the photolyases. The exact steps of the
tryptophan triad → flavin electron transfer are still debated, in
particular, in regard to the interpretation of spectroscopic
observations.22

In recent years, quantum chemistry and molecular dynamics
(MD) studies provided crucial contributions toward identi-
fication of molecular mechanisms underlying flavin-based
photochemistry. MD simulations allow detailed character-
ization of protein dynamics,29 while quantum chemistry
calculations describe chemical transformations in the pro-
tein,30,31 i.e., of the processes experimentally observed through
transient absorption spectroscopy methods.26,32,33

The present theoretical analysis focuses on plant crypto-
chrome-1 from A. thaliana. Plant cryptochrome is particularly
attractive for such analysis since its atomic level structure is
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known34 and since electron-transfer kinetics data derived from
transient absorption spectra are available.28,33,35−37 Using first
principles (so-called ab initio) quantum chemistry as well as
classical all-atom MD simulations we investigate plant
cryptochrome photoactivation, answering how radical pairs
form, become stabilized, and decay. Our approach lays the
foundation for future studies of magnetoreceptive properties of
cryptochrome, as it accounts for the intermediate states in the
protein, the transitions between which, in principle, can be
magnetic field sensitive.

■ METHODS
Calculations were performed using a variety of theoretical methods,
described in Supporting Information (SI). Quantum chemical
calculations involving cryptochrome active site models were carried
out using the CASSCF and XMCQDPT238 methods available in the
Firefly39 program, which is partially based on the GAMESS (US)40

source code. The MS-CASPT241 method was employed for the QM/
MM calculations with the AMBER94 force field,42 using the
TINKER43 and MOLCAS44 programs. MD simulations were
performed using NAMD 2.845 with the CHARMM22 force
field.46,47 All images and a video were rendered with VMD.48

Electron Transfer from Tryptophan W400. A model of the
cryptochrome active site, shown in Figure S1a, comprising flavin,
D396, W400, and several amino acid residues (R362, D390, and S251)
surrounding the flavin, was used to study flavin photoexcitation and

RP-W400 state formation. For this purpose, energies and optimized
geometries of the model system were calculated in the ground and
excited electronic states using CASSCF and perturbation theory-based
XMCQDPT238 methods (see SI for detail). The total energies of the
model system calculated using the XMCQDPT2 method are
summarized in Table S2, while the energy diagram in Figure 2a
shows the corresponding relative energies; the results of the CASSCF
calculations are summarized in Table S1 and Figure S3.

Electron Transfer from Tryptophan W377. In order to describe
involvement of W377 and formation of the RP-W377 state, a model
system of the cryptochrome active site consisting of flavin, D396,
W377 and W400 was described quantum chemically. Six electronic
states were included in the calculation. The energies of these states
were determined using the XMCQDPT2 method and are summarized
in Table S4, and the results of the CASSCF calculations are
summarized in Table S3 and Figure S5. The active site model
containing W377 does not include side chains of amino acids
surrounding the flavin. Thus, the excitation energies computed for this
model are slightly different from the energies shown in Figure 2a; the
differences are not relevant for the conclusions of the paper.

Stabilization of the W377 Radical. To examine W377−solvent
interaction, the cryptochrome active site model was extended by
adding three water molecules which form hydrogen bonds with each
other and with W377 on the cryptochrome surface, as illustrated in
Figure 4b (see also Figure S1c). The energy of the relevant states,
calculated at the S3(1) minimum, is shown in Figure 4a, labeled 3H2O

Figure 1. Electron-and proton-transfer reactions in cryptochrome. (a) Flavin cofactor, the tryptophan triad W400, W377, W324 and the D396
residue forming the active site of cryptochrome-1 from A. thaliana.34 (b) Schematic representation of the photoactivation reaction. Cryptochrome
photoactivation is triggered by blue-light photoexcitation of the FAD cofactor (blue arrow) initially present in the oxidized state. Excited flavin,
FAD*, receives an electron from one of the nearby tryptophans (red arrows), either W400(H) (RP-W400) or W377(H) (RP-W377). Electron
transfer from tryptophan leads to formation of an ionic FAD•− + W(H)•+ radical pair, which is then transformed into a stable neutral FADH• + W•

radical pair state through proton exchange with the nearby D396 (two green arrows). RP-W400 and RP-W377 interconvert through a W400(H) ↔
W377(H) electron-transfer process (red arrows). In contrast to RP-W377, the neutral radical pair RP-W400 recombines back to the initial state
through coupled electron−proton transfer (solid purple arrow). The RP-W377 state is stabilized through W377(H)•+ deprotonation into solution
and, therefore, returns to the initial state only on a very long time scale (dashed purple arrow). The reaction cycle B1 and the reaction B2 are primary
candidates for establishing magnetoreception;12,13 the state labeled S is a primary candidate for being the signaling state (for details see text).
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and is listed in Table S3 (CASSCF calculation) and Table S4
(XMCQDPT2 calculation), respectively.
Protein Environment and Flavin Optical Spectrum. A QM/

MM calculation was employed to study the effect of the protein
environment on the electronic excitation energies of cryptochrome.
The QM system included the lumiflavin moiety of the FAD
chromophore as well as the side chains of residues W377, D396,
and W400 (see Figure S2); the remaining atoms of the moieties were
included in the MM region. The absolute energies obtained in the
QM/MM calculation using the CASPT2 method are summarized in
Table S5.

■ RESULTS

Electron and Proton Transfers in Cryptochrome. The
active site of plant cryptochrome containing the flavin moiety
of the flavin adenine dinucleotide (FAD) chromophore, the
tryptophan triad (W400, W377, W324), and an aspartic acid in
close proximity to the flavin is shown in Figure 1a. The
tryptophan triad is a conduit for electron transfer, triggered by
flavin photoexcitation, permitting the three electron-transfer
steps W400 → FAD*, W377 → W400, and W324 → W377.3

W377 and W324, being both surface exposed, can stabilize their

oxidized state through proton release into solvent. For the sake
of simplicity, the present study considers only W377 in this role
and describes only the two tryptophans, W400 and W377, as
being engaged jointly with flavin and D396 in electron and
proton transfer.
Figure 1b illustrates schematically the photoactivation

reaction studied, which consists of a series of electron and
proton transfers. After photon absorption, the excited FAD*
receives an electron from the nearby W400, leading to
formation of the FAD•− + W400(H)•+ radical pair (RP-
W400 state). Alternatively, W377 donates an electron to the
excited flavin, leading to formation of the FAD•− + W377(H)•+

radical pair (RP-W377 state). The interconversion of RP-W400
into RP-W377 has been widely discussed in previous
studies.3,26,27

In plant cryptochrome, a protonated aspartic acid D396(H)
is neighboring the flavin moiety of FAD and acts as a proton
donor to the flavin FAD•− radical.33,37 Subsequently, the
formed D396− anion attracts a proton from the cation
W400(H)•+ radical, leading to formation of a neutral FADH•

+ W400• radical pair. This step is specific for RP-W400 and is

Figure 2. Characterization of the cryptochrome photoreaction involving flavin, W400, and D396. (a) Calculated potential energy profiles of the key
electronic states describing cryptochrome photoactivation. The energy of oxidized flavin is shown in red, excited flavin in blue, and the radical pair
state RP-W400 in green. Solid circles represent computed energies, while lines show schematic potential energy surfaces. The colored background
distinguishes electron-transfer (light green), proton-transfer (light blue), and coupled electron−proton transfer (pink) steps. Reaction steps (i−vi)
refer to explanations in the text. (b) Change of electron density due to flavin photoexcitation (S0→ S1), photoinduced radical pair formation (S1→
S2(0)), and recombination (S2 → S0). The initial distribution of electron density is shown in blue, while the final distribution is shown in orange. (c)
Rearrangement of the COOH− group of the D396(H) residue catalyzing the protonation of flavin by the W400(H)•+ radical through formation of a
D396− intermediate (minimum S2(1) in (a)).
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not possible for the RP-W377 state since D396(H) is not in
contact with W377. The RP-W377 state, however, is stabilized
through tryptophan deprotonation into the solvent. Radical
recombination, i.e., electron back-transfer flavin → W400,
should occur readily for the RP-W400 state but not for the
neutral RP-W377 state, where release and diffusion of a proton
into the bulk solvent makes the recombination reaction
unfavorable.13

The reaction cycle denoted B1 in Figure 1b, involving the
steps FAD + W400(H) → FAD* + W400(H) → FAD•− +
W400(H)•+ → FADH• + W400• → FAD + W400(H), is a
primary candidate for establishing magnetoreception, control-
ling the population of the signaling state represented by the
FADH• + W377• denoted as state S in Figure 1b.12 An
alternative, or additional, magnetosensitive reaction could
control the decay of the signaling state FADH• + W377•

back to FAD + W377(H) through FADH• + W377• → FAD +
W377(H), denoted as cycle B2 in Figure 1b, the so-called dark
reaction.13

Electron Transfer from Tryptophan W400. The
electronic states of the active site with the lowest energies are
shown in Figure 2a. Flavin photoexcitation (step (i) in Figure
2a) is a single-electron transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) with a calculated vertical energy
of 3.05 eV, which is in a good agreement with the measured
FAD → FAD* excitation energy of 2.8 eV.2,28,33 The change of
the total electron density due to flavin excitation is shown in
the left panel of Figure 2b. For the initial (S0) structure of the
cryptochrome active site, the energy of the radical pair RP-
W400 state is higher than the energy of the flavin photo-
excitation. Here the radical pair is described by a single-electron
transition from the HOMO of W400 to the LUMO of flavin.
Relaxation of the active site after flavin photoexcitation

results in a structural rearrangement, leading to the energy
minimum S1 on the potential energy surface of the flavin
excited state. From this minimum the FAD•− + W400(H)•+

radical pair is formed readily and corresponds to the energy
minimum S2(0) in Figure 2a. Our calculation yields a very small
energy of 0.03 eV for the S1→ S2(0) transition barrier such that
the FAD•− + W400(H)•+ radical pair should be formed on an
extremely fast time scale (step (ii) in Figure 2a), in agreement
with experimental observations35 that do not discern any
significant fluorescence after cryptochrome excitation. The
change of the total electron density due to the photoinduced
electron transfer process is shown in the middle panel of Figure
2b, which presents the formation of the charge-separated state
in the cryptochrome active site.
Structural Rearrangement in Cryptochrome. Structural

rearrangement subsequent to FAD•− + W400(H)•+ radical pair
formation was described through MD simulations. The
formation of this radical pair was seen to trigger within
cryptochrome a slight but crucial reorientation of the D396(H)
residue as illustrated in Figures 2c and 3. Prior to radical pair
formation, the COOH− group of D396(H) forms a hydrogen
bond with the neutral W400(H) residue with a bond length,
d(HW400−OD396), fluctuating around 3 Å as seen in Figure 3a;
the O−HD396 group of D396(H) forms a hydrogen bond with
the backbone oxygen atom of the M381 residue (data not
shown) as also observed in the cryptochrome crystal
structure.34 We note that a hydrogen bond between the
hydrogen atom of the COOH− group and the N5 atom of the
flavin group is not possible as is evident from the d(HD396−

N5flavin) distance fluctuating around 6 Å, as shown in the
bottom plot of Figure 3a, due to steric constraints in the
cryptochrome active site.
Once flavin gains a negative charge and W400 becomes

positively charged, i.e., once the FAD•− + W400(H)•+ radical
pair is formed, D396(H) is seen in a second MD simulation to
become involved in a remarkable structural transformation.
Figure 3b shows that in the radical-pair state, two stable
hydrogen bonds connecting flavin FAD•−, D396(H) and
W400(H)•+, exist, resulting within a nanosecond in the
d(HW400−OD396) and d(HD396−N5flavin) distances assuming
average values of 2.0 and 2.7 Å, respectively. This rearrange-
ment of D396(H) permits FAD•− protonation and W400(H)•+

deprotonation. A similar rearrangement of D396(H) is seen in
a MD simulation for negatively charged FAD•− and neutral
W400(H) as shown in Figure S4.

Proton Transfer and Stabilization of the Radical Pair.
The D396 rotation, shown in Figure 2c, initiates W400(H)•+ →
FAD•− proton transfer between aspartic acid and flavin.
Alternatively, proton transfer could be initiated by W400(H)•+,
leading to a D396(H2)

+ intermediate. However, as Figure 2a
shows, the transition energy barrier (dashed green line) would
be 0.9 eV in this case, suggesting a fairly long-lived FAD•− +
W400(H)•+ radical-pair state in cryptochrome.
The proton transfer initiated by D396(H) involves

spontaneous rearrangement of the COOH− group identified
in the MD simulation that first increases the energy of the S2(0)

minimum by 0.14 eV (step (iii) in Figure 2a), but then through
protonation of FAD•− decreases the energy, leading to the S2(1)

minimum (step (iv)). This state, involving the neutral FADH•

Figure 3. Rearrangement of D396(H) in the cryptochrome active site.
(top) Relative orientations of flavin, D396(H), and W400(H) residues
obtained through all-atom MD simulations of A. thaliana crypto-
chrome in water for (a) cryptochrome with oxidized flavin, i.e., FAD +
W400(H), and (b) cryptochrome in the radical pair state FAD•− +
W400(H)•+. (middle, bottom) Time dependence of the hydrogen-
bond lengths d(HW400−OD396), labeled dH−O at top, and d(HD396−
N5flavin), labeled dH−N at top, calculated for the two different redox
states shown at top.
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radical and the D396− anion, lowers its energy further through
W400(H)•+ → D396− proton transfer (step (v)) leading to
formation of the minimum S2 and involving radicals FADH•

and W400• together with D396(H). The corresponding active
site configuration is shown in the right panel of Figure 2c. The
two protonation steps (iv) and (v), involved in the process
FAD•− + W400(H)•+ → FADH• + W400•, have energy
barriers of about 0.1 eV, which are overcome readily.
A key result of our study is that the S2(1) and S2 minima are

found on the ground potential energy surface of the system.
Thus, upon flavin protonation, the ground state changes its
electronic character from oxidized flavin to FADH•. Return to
the FAD state in a S2 → S0 back-reaction is possible through
proton-coupled electron transfer transforming FADH• +
W400• to the initial FAD + W400(H) state. The S2 minimum
lies energetically about 1.5 eV above the S0 minimum; the two
minima are separated by a 0.72 eV energy barrier as shown in
Figure 2a (step (vi)). We emphasize that the back-reaction (vi)
is an important aspect of cryptochrome’s photoactivation
process, as it actually prevents the protein from signaling, i.e.,
reduces the signaling level.
A movie in SI illustrates the formation of the neutral RP-

W400 state. The process consists of the five steps as indicated
in Figure 2a: (i) flavin photoexcitation; (ii) electron transfer
from W400(H) to FAD*; (iii) rearrangement of the D396(H)
side chain; and two consecutive proton transfers (iv) from
D396(H) to FAD•− and (v) from W400(H)•+ to D396−.
Electron Transfer from Tryptophan W377. The S2 →

S0 back reaction prevents cryptochrome from reaching the

millisecond-lived putative signaling state28,35 and denoted S in
Figure 1b. However, cryptochrome signaling can take place if
the distance separation between the two radicals increases,
namely through W377 → W400 electron transfer; indeed, this
transfer has often be postulated.3

Figure 4 shows the four electronic states that are relevant for
the formation of the FADH• + W377• radical pair, namely
oxidized flavin, flavin electronic excitation, RP-W400, and RP-
W377. The RP-W377 state corresponds to a single-electron
promotion from the HOMO of W377 to the LUMO of flavin.
The change in electron density accompanying this promotion is
shown in the middle panel of Figure 4c. The S3(0) minimum in
Figure 4a corresponds to the FAD•− + W377(H)•+ radical pair,
whereas the S3(1) minimum is associated with the neutral
FADH• radical and anionic D396−. Thus, the S3(0) and S3(1)

minima are analogous to the S2(0) and S2(1) minima for RP-
W400 discussed above. The higher energy of the RP-W377
state, as compared to the RP-W400 state, is due to the wider
separation of W377 and flavin.49 For W377 → W400 electron
transfer to appear feasible, factors not yet included in the
present model need to be taken into account, in particular
interactions with solvent near the protein surface. W377 →
W400 electron transfer is feasible as long as the potential
energy surfaces of the RP-W400 and RP-W377 states cross and
the energy minimum of RP-W377 becomes the electronic
ground state. The condition can be met since the W377 radical
is solvent exposed and, therefore, can transfer a proton to the
solvent.

Figure 4. Electron transfer through tryptophan diad. (a) Calculated potential energy profiles for the flavin-oxidized (red) and flavin-excited (blue)
states and radical pair states RP-W400 (green) and RP-W377 (purple). Solid circles represent the computed energies, while lines show a schematic
profile of the potential energy surfaces. The colored background highlights the results of QM/MM calculations (light blue) and the calculations that
account for the presence of three water molecules around W377 (pink). (b) Active site model containing three water molecules in the W377 vicinity.
(c) Change of electron density due to electron transfer from W400(H) to flavin (S0 → S2(0)), from W377(H) to flavin (S0 → S3(0)), and from
W377(H) to W400(H)•+ (S2(0)→S3(0)). The initial distribution of electron density is shown in blue, and the final electron density is shown in
orange.
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Stabilization of the W377 Radical. To investigate the
role of solvent in stabilizing the RP-W377 state, we added three
water molecules to our description as specified in the Methods
section. The added water stabilized the RP-W377 state by 0.67
eV, as shown in Figure 4a. Adding more water would likely
lower the energy further, but an energy decrease far enough to
render RP-W377 the new ground state would rather require
deprotonation of W377(H)•+ into the solvent. We investigated,
therefore, in the respective optimized geometry a deprotonated
W377• radical and a protonated water trimer (H3O

+ + 2 ×
H2O). Figure 4a (right most part) shows that in this case, the
energy minimum S3 of RP-W377, indeed, becomes the ground
state of the system but only at a significantly higher energy than
the analogous S2 minimum in Figure 2a. Our results suggest
that RP-W377 forms through electron transfer to a protonated
W377 radical state coupled to deprotonation. An important
difference in the active site geometry, characterized either
through S2 or S3 minima, is the D396 residue, which is neutral
for the S2 configuration, while it is anionic in the S3 case. The
D396 residue becomes D396− for the S3 minimum, because
the W377→W400 electron transfer is coupled to D396(H) →
W400 proton transfer. Thus, the S3 minimum corresponds to
the configuration in which W400− has become protonated
through D396(H) and W377(H)•+ has released a proton.
Protein Environment and Flavin Optical Spectrum.

The protein environment may influence the electronic
excitation energies of cryptochrome. Therefore, a study of the
environmental effect on cryptochrome photoactivation was
performed using a QM/MM model in which flavin, D396,
W400, and W377 side chains were treated quantum
mechanically, and the rest of the protein and the surrounding
water were described with the AMBER94 force field (see Figure
S2). Figure 4a (left) presents the calculated excitation energies
(denoted as QM/MM) obtained for the optimized geometry of
cryptochrome. The result shows only insignificant influence of
the protein environment on the excitation energies, validating
the results of the QM calculations of cryptochrome active site
models described above.

■ CONCLUSION
The present study provides a detailed view of A. thaliana
cryptochrome photoactivation through quantum chemistry
calculations and MD simulations. The results are clearly
indicative of an ultrafast photoinduced radical pair formation.
Remarkably, plant and animal cryptochromes differ greatly in
regard to their activation from other flavin-containing photo-
receptors, e.g., BLUF and LOV.30,50−52 Apparently, ultrafast
formation of a long-lived radical pair is unique to the
cryptochromes and should contribute critically to the proteins’
biological function. Magnetoreception, perhaps, is the most
prominent function for which radical pair formation in
cryptochrome plays a key role.11,12,15,26

Our study explains the observed35 ultrafast quenching of
flavin fluorescence by photoinduced electron transfer from the
neighboring W400(H) side group. Unexpected is the finding of
a concomitant proton transfer reaction leading to formation of
a neutral FADH• + W400• radical pair and involving the D396
residue that initiates the transfer through a two step process.
This transfer exhibits a low activation barrier such that the
anionic FAD•− state should be short-lived. In contrast, the
neutral radical FADH• is fairly stable, as the calculations show
that the back-reaction exhibits a large energy barrier (0.7 eV)
seen in Figure 2a. The S2 → S0 back-reaction (vi), which

would actually preclude cryptochrome activation, can be readily
prevented by W377 → W400 electron transfer. Our
calculations suggest a scenario in which this electron transfer
ultimately leads to proton transfer from W377 into the protein
environment, trapping the FADH• state, namely, the putative
signaling state of cryptochrome. Possibly, W377 deprotonation
requires an external proton acceptor; W377 → W400 electron
transfer may be stabilized energetically also by an external redox
agent or by amino acid side groups.
The suggested mechanism provides a basis for an

interpretation of spectroscopic data recorded for plant
cryptochromes. Recently the time constant for the initial
photoinduced electron transfer from tryptophan to flavin had
been reported to be less than 100 ns.33 A subsequent spectral
change described by a 1.7 μs time constant was assigned to
protonation of flavin by D396(H).33 Such slow protonation is
surprising considering the close proximity of D396(H) to the
anionic flavin. Our calculations suggest, instead, that flavin
becomes protonated on the nanosecond time scale, shortly after
radical pair formation, with a subsequent W377 → W400
electron transfer, expected to be slow, occurring on the μs time
scale. Thus, the experimentally observed 1.7 μs process may be
attributed to deprotonation of D396(H) and protonation of
W400•.
The signaling state of plant cryptochrome is associated with

the FADH• state of the flavin cofactor. Time-resolved
spectroscopy studies observed decay of this state over a
millisecond.28,35 Calculations suggest that further chemical
transformations involving the cryptochrome active site are
needed and possible to stabilize FADH• for a millisecond. The
key role is played, likely, by coupled W377 → W400 electron
transfer and D396 deprotonation.
Cryptochrome provides the pathway for radical pair

formation and also the molecular environment shielding the
radical pair that may act as a magnetoreceptor; the radical pair
must retain to a significant degree spin entanglement, i.e.,
partners cannot be exchanged, and the radical pair reaction
must proceed within about a microsecond, a time too short to
involve other molecular partners, except ones that may form a
tight complex with cryptochrome, but there is no evidence for
such complex.
In animal cryptochromes, the aspartic acid D396 is replaced

by a cysteine. This replacement changes the entire electron-
transfer mechanism, because in the absence of a proton donor a
stable FADH• + W400• radical pair cannot be formed and
anionic FAD•− should be formed instead. FAD•− may serve the
same signaling purpose as FADH• + D396− does in plant
cryptochrome, i.e., may trigger a similar structural rearrange-
ment once cryptochrome is activated. However, differing
electron-transfer dynamics in plant and animal cryptochromes
can impact the magnetoreceptive responsiveness and sensitivity
of cryptochromes.
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