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ABSTRACT
Cryptochrome 4a (Cry4a) has been proposed as the sensor at the heart of the magnetic compass in migratory songbirds. Blue-light excitation
of this protein produces magnetically sensitive flavin–tryptophan radical pairs whose properties suggest that Cry4a could indeed be suitable
as a magnetoreceptor. Here, we use cavity ring-down spectroscopy to measure magnetic field effects on the kinetics of these radical pairs in
modified Cry4a proteins from the migratory European robin and from nonmigratory pigeon and chicken. B1/2, a parameter that characterizes
the magnetic field-dependence of the reactions, was found to be larger than expected on the basis of hyperfine interactions and to increase
with the delay between pump and probe laser pulses. Semiclassical spin dynamics simulations show that this behavior is consistent with a
singlet–triplet dephasing (STD) relaxation mechanism. Analysis of the experimental data gives dephasing rate constants, rSTD, in the range
3–6 × 107 s−1. A simple “toy” model due to Maeda, Miura, and Arai [Mol. Phys. 104, 1779–1788 (2006)] is used to shed light on the origin of
the time-dependence and the nature of the STD mechanism. Under the conditions of the experiments, STD results in an exponential approach
to spin equilibrium at a rate considerably slower than rSTD. We attribute the loss of singlet–triplet coherence to electron hopping between the
second and third tryptophans of the electron transfer chain and comment on whether this process could explain differences in the magnetic
sensitivity of robin, chicken, and pigeon Cry4a’s.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0166675

I. INTRODUCTION

Although it was established more than 50 years ago that migra-
tory songbirds navigate with the help of a magnetic compass,1–3 the
biophysical mechanism of this extraordinary sense is still largely a
mystery.4–14 The leading hypothesis centers on radical pairs formed
photochemically in cryptochrome proteins located in photorecep-
tor cells in the birds’ retinas.15–17 Studies of the purified proteins

strongly suggest that, of the six known avian cryptochromes, Cry4a
is the most likely to have a magnetoreceptive function18–23 and
that the sensor is a flavin–tryptophan radical pair formed by light-
induced electron hopping along a chain of four tryptophan (Trp)
residues stretching ∼20 Å from the flavin adenine dinucleotide
(FAD) chromophore in the interior of the protein out to its surface.22

Weak magnetic fields can affect the kinetics and product yields
of radical pair reactions by altering the extent and timing of the
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coherent interconversion of the joint singlet and triplet electronic
states of the two radicals.17 The time required for this is of the
order of the electron Larmor period, (γeB/2π)−1, which is ∼700 ns
in the Earth’s magnetic field, B ≈ 50 μT (γe is the electron mag-
netogyric ratio). Therefore, to be a geomagnetic sensor, the radical
pair must persist for at least ∼700 ns and so must the spin coher-
ence.17 It is easier to imagine how the former could be achieved in
practice. Processes that limit the lifetime of a radical pair in cryp-
tochrome include electron transfer between the radicals and changes
in their protonation states,17 which depend on factors such as redox
potentials, separations between radicals, and availability of proton
donors/acceptors, all of which could have been tuned by evolution
to achieve the requisite lifetime.

Spin relaxation is potentially more of a problem. It arises from
stochastic molecular motions causing fluctuations in the local mag-
netic fields experienced by the electrons24–26 and leads to the loss
of spin coherence and spin correlation. With the exception of small
organic radicals undergoing rapid (picosecond) rotational diffusion
in nonviscous liquids, electron spin relaxation as slow as ∼700 ns is
uncommon and it is unclear how this could be achieved for radi-
cals generated inside a protein in a cellular setting at physiological
temperatures (∼40 ○C). Relatively little is known about the rates
and mechanisms of spin relaxation of FAD–tryptophan radical pairs
in cryptochromes in magnetic fields as weak as 50 μT. Behavioral
experiments on Eurasian blackcaps subject to broadband radio fre-
quency electromagnetic noise imply spin equilibration on a 2–10 μs
timescale in vivo,27 while all-atom molecular dynamics simulations
of a plant cryptochrome in combination with Redfield relaxation
theory suggest relaxation times of the order of 1 μs.24 Other com-
putational studies of radical pair magnetoreceptors have, explicitly
or implicitly, assumed spin relaxation to be negligible on timescales
of up to a millisecond or longer. In short, there is a great deal of
uncertainty about the potentially calamitous effects spin relaxation
could have on the sensitivity of a cryptochrome-based magnetic
sensor.

Direct measurements of spin coherence lifetimes in radical
pairs are difficult and little progress has been made to date. EPR
(electron paramagnetic resonance) spectroscopy in a magnetic field
of ∼50 μT is technically challenging, especially for short-lived radi-
cals in an environment that resembles the conditions in vivo which
remain largely unknown (but see Refs. 28 and 29). Although mea-
surements on model systems in magnetic fields approaching 50 μT
have been reported,30,31 it has so far proved difficult to achieve suf-
ficient signal-to-noise to detect <1 mT magnetic field effects on
cryptochromes. An indirect source of information on the spin relax-
ation of radical pairs in cryptochromes would therefore be welcome.
In this report, we exploit the effects of magnetic fields much stronger
than 50 μT. Typically, for magnetic fields in the range 1–100 mT,
the quantum yields of the products of radical pair reactions have a
sigmoidal dependence on the intensity of the applied magnetic field
characterized by B1/2, the field strength at which the reaction yield
equals the mean of the yields at zero field and at high field. The
measured value of B1/2 for a particular radical pair contains infor-
mation on its hyperfine interactions, its lifetime, and, importantly in
the present context, its spin relaxation.32–34

In the study reported here, we measured values of B1/2 for Cry4a
proteins from European robin (Erithacus rubecula, Er), pigeon
(Columba livia, Cl), and chicken (Gallus gallus, Gg) with the aim of

learning more about the mechanisms and rates of spin relaxation in
cryptochrome radical pairs. In particular, we wanted to shed light
on the observation that Cry4a from a migratory bird (the robin)
appears to be more magnetically sensitive than the Cry4a’s from two
nonmigratory birds (pigeon and chicken).22,35 As found previously
for ErCry4a,22 the wild type proteins are less magnetically sensitive
in vitro than their W369F mutants in which the terminal trypto-
phan of the Trp-tetrad is replaced by a redox-inactive phenylalanine
(an effect attributed to the larger radical–radical separation and
hence slower radical recombination in the intact proteins). This has
made it difficult to obtain reliable values of B1/2 for the wild type
proteins. For all three species, measurements were therefore made
on the W369F mutants.

II. METHODS
A. Cavity ring-down spectroscopy

The homebuilt cavity ring-down spectrometer employed in
these studies has been described previously.22 Briefly, the sample
was contained within a 160 μL, 1 mm optical path-length quartz
flow cell (Hellma 165-1-40) with high-quality optical windows. The
cell, maintained at 5 ○C by flowing a chilled water–glycerol mix-
ture through its cooling jacket, sat centrally within an optical cavity
formed by two high reflectivity plano-convex mirrors (R > 99.5%
across the wavelength range 400 nm < λ < 800 nm, Layertec). Direct
450 nm photoexcitation was performed using the 300 μJ pulsed out-
put (8 ns pulse length) of a Sirah Nd:YAG-pumped dye laser, aligned
off-axis. The 530 nm probe light was provided by 10 ns, 4.4 ± 0.3 mJ
pulses from an optical parametric oscillator (Opotek) and was intro-
duced into the cavity via the front cavity mirror. Light exiting the
cavity was detected using a photomultiplier tube and recorded with
either a digital storage oscilloscope or a data acquisition card. The
decay of the light oscillating in the cavity was fitted to a single expo-
nential to determine the ring-down time, τ. The per-pass absorbance
A was then determined from τ as A = L/[cτ ln (10)], in which L is
the cavity length, c is the speed of light and the ln(10) factor converts
between common and natural logarithms.36,37 In practice, the abso-
lute extinction is of limited interest as it is determined not only by
the sample but also by losses at the cell windows and mirrors and
by scattering. Instead, we recorded a differential measurement of
absorbance ΔA, which represents the change in absorbance induced
by the pump laser as follows:

ΔA(td) = Ahν − A0 =
1

ln (10)
L
c
(

1
τ
−

1
τ0
), (1)

where Ahv and τ are the per-pass absorbance and ring-down time at
a time td after the pump pulse while A0 and τ0 are the same quanti-
ties recorded without a pump pulse. The pump–probe delay time, td,
was controlled by a digital delay generator controlling the two laser
systems.

The sample cell was surrounded by homebuilt Helmholtz
coils providing 3 ms, 0–30 mT magnetic field pulses. Ring-
down traces, which lasted only a few microseconds, were col-
lected once the magnetic field had stabilized. Magnetic field effects,
ΔΔA(td, B), were recorded by measuring differences in ΔA with
and without an applied magnetic field, B: ΔΔA(td, B) = ΔA(td, B)
− ΔA(td, 0). The studies described here focus on variation in the
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field-dependence of the magnetic field effect as a function of td.
To mitigate long-term cavity drift and/or sample photodegradation,
measurements were performed in randomized order of magnetic
field strengths and/or pump–probe delays. To minimize photo-
bleaching and photoinduced aggregation, the experiments were
typically run at 1 Hz, controlled by laser shutters, with addi-
tional extended delays designed to allow re-oxidation of long-
lived radicals. In order to accumulate sufficient signal-to-noise,
the experiment typically continued until 150 individual measure-
ments had been taken at each field strength or pump–probe delay
time.

B. Protein expression and purification
The W369F mutant of ErCry4a had been expressed pre-

viously.22 The W369F mutants of GgCry4a and ClCry4a were
newly expressed for this study. All three proteins were cloned,
expressed, and purified as described in detail in the work of
Xu et al.22 Briefly, proteins were expressed in BL21(DE3) E. coli
cells in LB media for 22 h and 15 ○C in the dark. The opti-
mal IPTG (isopropyl-D-1-thiogalactopyranoside) concentration for
induction was 5 μM for ErCry4a W369F and 10 μM for GgCry4a
and ClCry4a W369F mutants. Cells were harvested and lysed as
described previously.22 Protein purification of the cleared lysate
was accomplished in two steps: (1) first Ni-NTA chromatogra-
phy, (2) followed by anion exchange chromatography. Purified
proteins were concentrated and snap frozen in liquid nitrogen in
a storage buffer containing 20 mM Tris (pH 8.0), 20% glycerol,
10 mM 2-mercaptoethanol, and 110–250 mM NaCl, depending on
the isoelectric point of the protein. Primers used for the site-specific
mutagenesis of GgCry4a W369F and ClCry4a W369F are listed in
Table S1.

III. RESULTS
A. Radical kinetics and magnetic field effects

We have studied the radical pairs formed by photolysis of
W369F mutants of ErCry4a, GgCry4a, and ClCry4a using a bespoke
cavity ring-down spectroscopic technique described in Sec. II. The
three Cry4a mutants contain a phenylalanine in place of the fourth
tryptophan (W369) of the Trp-tetrad (TrpD, furthest from the FAD).
The effect of the pump pulse is to excite the bound FAD chro-
mophore, triggering three sequential electron transfers along the
chain formed by the remaining three tryptophans (A, B, and C).
The net result is the movement of an electron from the termi-
nal tryptophan (TrpC) to the flavin, creating the [FAD⋅−TrpCH⋅+]
radical pair on a timescale too fast to be observed by the cavity
ring-down spectrometer. Both of these radicals, as well as their
protonated/deprotonated forms, FADH⋅ and Trp⋅C, absorb at the
wavelength of the probe light (530 nm).

Figure 1(a) shows the absorbance changes, ΔA(td, 0), measured
in the absence of an applied magnetic field, for each of the proteins
as a function of the pump–probe delay, td. The initial yield of radical
pairs (highest for ErCry4a and lowest for GgCry4a) decays by ∼50%
in the first 50 μs, leaving a signal with lifetime greater than 100 μs,
attributed to the FAD⋅− Trp⋅C state [Fig. 1(c)] of the proteins. Also
shown in Fig. 1(a) are fits to a biexponential model function,
A0 + A1 exp (−td/t1) + A2 exp (−td/t2), for 0 < td < 100 μs. In all

FIG. 1. Time-dependence of the absorbance changes at 530 nm for the W369F
mutants of robin, chicken, and pigeon Cry4a. 150 measurements were made
at each time-point. (a) ΔA(td, 0) with fits to the biexponential model function,
A0 + A1 exp (−td/t1) + A2 exp (−td/t2). The best-fit parameters are given in
Table S2. The data could not satisfactorily be fitted to a mono-exponential model
(see the supplementary material for details). (b) ΔΔA(td, 30 mT), the change in
absorbance produced by a 30 mT magnetic field. The error bars in (b) represent
the standard error of the mean; those in (a) are too small to see. (c) Simplified
scheme showing the reactions of singlet and triplet states of [FAD⋅−TrpCH⋅+] in
W369F Cry4a. The curved arrows represent the coherent interconversion of the
singlet and triplet radical pairs.

three proteins, the time constants are t1 ≈ 1 μs and t2 = 10–15 μs
(Table S2). We attribute the former to a combination of back
electron transfer in the singlet radical pair, [FAD⋅− TrpCH⋅+],
and deprotonation of TrpCH⋅+ to give FAD⋅− Trp⋅C [Fig. 1(c)].
Competition between these two reactions, mediated by coherent
singlet–triplet interconversion, gives rise to the magnetic field effects
shown in Fig. 1(b). The magnetic field (B = 30 mT) reduces the
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FIG. 2. Magnetic field-dependence of the light-induced changes in the absorbance
of ErCry4a W369F at pump–probe delays of (a) 250 ns, (b) 500 ns, (c) 2 μs,
(d) 5 μs, (e) 10 μs. The green lines are fits to Eq. (2). In each panel, the error bars
represent the standard error of the mean. The dashed red lines mark the values of
B1/2(td) obtained by fitting to Eq. (2). Measurements with 100 μs and 1 ms delays
(not shown) had substantially lower signal-to-noise ratio and did not give reliable
values of B1/2(td).

TABLE I. Values of B1/2(td) (in mT) for Cry4a W369F mutants.a

td (μs) Robin Chicken Pigeon

0.25 3.55± 0.16 3.39± 0.26 5.10± 0.58
0.50 3.64± 0.17 4.50± 0.32 4.35± 0.26
2.0 5.70± 0.48 4.91± 0.44 6.75± 0.56
5.0 6.45± 0.35 5.97± 0.61 7.08± 0.53
10.0 7.05± 0.32 5.40± 0.42 9.33± 0.97
aObtained from the data in Figs. 2 and S1. The error estimates were calculated using
the method of Cramér–Rao lower bounds (supplementary material 38,39). A plot of these
data can be found in Sec. III C.

concentration of radicals by inhibiting singlet–triplet interconver-
sion, thereby boosting recombination of singlet pairs to the ground
state.22 The absolute magnetic field effects are in the order robin >
pigeon > chicken and the peak relative magnetic field effects, defined
as the maximum values of ∣ΔΔA(td, 30 mT)/ΔA(td, 0)∣, are 21% for
robin, 17% for pigeon, and 14% for chicken. The smaller variation in
the relative effects among the three proteins reflects the differences
in their radical yields [Fig. 1(a)].

In a separate series of experiments, we measured the change in
absorbance produced by magnetic fields in the range 0 < B < 30 mT
at five pump–probe delays (0 < td < 10 μs) spanning the decay of the
fast component (t1 ≈ 1 μs) of the kinetics in Fig. 1(a). The results for
the robin protein are shown in Fig. 2. Similar data were measured for
chicken and pigeon Cry4a W369F (Fig. S1). All three proteins dis-
play the sigmoidal magnetic field-dependence characteristic of the
radical pair mechanism.34 Also shown in Fig. 2 are fits of the data to
a Lorentzian model,

f (td) = h(td)

⎡
⎢
⎢
⎢
⎢
⎣

1 −
1

1 + (B/B1/2(td))
2

⎤
⎥
⎥
⎥
⎥
⎦

, (2)

in which h(td) is the limiting value of ΔΔA(td, B) at high field
(in practice, ∼30 mT). The values of B1/2(td) so obtained are given
in Table I. The trend for all three proteins is for B1/2(td) to increase
with increasing pump–probe delay.

The values of B1/2(td) in Table I may be compared with an
approximate expression, proposed by Weller,32 in which B1/2 is
assumed to be determined solely by isotropic hyperfine interactions
as follows:

B1/2 = 2
√

3(
σ2

FAD + σ2
Trp

σFAD + σTrp
). (3)

In Eq. (3), σFAD and σTrp are the effective isotropic hyperfine
interactions in the two radicals, defined as

σJ =

¿
Á
ÁÀ

1
3∑i

a2
Ji IJi(IJi + 1). (4)

Here, aJi and IJi are, respectively, the isotropic hyperfine inter-
action and the spin quantum number (1/2 for 1H, 1 for 14N) of
nuclear spin i in radical J. Using hyperfine data for FAD⋅− and
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TrpH⋅+ calculated using Gaussian03,33,40 we obtain σFAD = 0.70 mT
and σTrp = 0.97 mT, and, hence [Eq. (3)], B1/2 = 3.0 mT. A recent
and much more sophisticated treatment of the spin dynamics of
[FAD⋅− TrpH⋅+] radical pairs gave B1/2 = 2.46 mT.34 All the values of
B1/2(td) in Table I exceed 3.0 mT, suggesting that electron spin relax-
ation influences the spin dynamics of the radical pair33 and hence its
magnetic sensitivity.

B. Spin dynamics simulations
of magnetic field effects

In an attempt to understand the time-dependence of the
magnetic field effects, we have performed spin dynamics simula-
tions using the semiclassical approach proposed by Schulten and
Wolynes.41 Briefly, we consider a radical pair created in a sin-
glet state and able to react from its singlet and triplet states with
equal rate constants, k, to give distinct products (the “exponential
model,”42 see also the supplementary material). The effects of hyper-
fine interactions on the coherent spin dynamics were included by

averaging over isotropic Gaussian distributions of hyperfine fields
(mean zero and standard deviation σFAD or σTrp, using 104 Monte
Carlo samples). Exchange and dipolar interactions between the rad-
icals were ignored. The magnetic field effect was assessed by means
of the quantum yield of the product formed from the triplet state of
the radical pair,

ΦT(td, B) = k
td

∫

0

pT(t, B) e−kt dt. (5)

In Eq. (5), pT(t, B) is the probability that the radical pair is in its
triplet state at time t when subject to a magnetic field B in the
absence of the product-forming reactions. We refer to ΦT(td, B) as
the “triplet yield” and use it here so that the magnetic field effects
have the same sign as in Fig. 2, i.e., ΦT(td, 0) > ΦT(td, B).

Anticipating that electron spin relaxation could be the source
of the time-dependence of B1/2(td), the simulations included either
singlet–triplet dephasing (STD25,43,44) or, for comparison, random

FIG. 3. Calculated effects of the spin relaxation mechanisms, RFR [(a) and (b)] and STD [(c) and (d)], on ΦT(td, B) at td →∞ [(a) and (c)], and on B1/2(td) [(b) and (d)],
with k = 106 s−1. The numbers on the right-hand side of (b) and (d) are values of the relevant relaxation rate constant in s−1. “High field” in (a) and (c) denotes the limiting
behavior in a magnetic field much stronger than the effective hyperfine interactions. The smooth lines in (d) are fits of the simulated B1/2(td) values to Eqs. (6) and (7). The
noise on the B1/2 values plotted in (b) and (d) arises from the Monte Carlo sampling.
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fields relaxation (RFR25). STD can arise from fluctuations in the elec-
tron exchange interaction brought about by stochastic modulation
of the inter-radical separation or by reversible electron hopping
between sites with different radical-radical separations. STD has
been invoked previously as an explanation for the unexpectedly
large B1/2 values observed for Cry1 from the plant Arabidopsis
thaliana and for DNA photolyase from E. coli.33 RFR is a generic
mechanism in which the two electron spins are relaxed isotropi-
cally with equal rate constants. Although its quantitative applica-
bility is certainly questionable, RFR has been used in the past to
model the effects of stochastic modulation of hyperfine interactions
caused by fluctuations in dihedral angles and librational motions
of the radicals within the protein.35 The superoperators used to
model the effects of RFR and STD are given in the supplementary
material.

The results of these simulations are presented in two forms.
Figures 3(a) and 3(c) show the final triplet yield (td →∞) at zero
field, ΦT(∞, 0), at high field, ΦT(∞,∞), and their difference, plot-
ted as a function of the relaxation rate constant (rRFR or rSTD).
Figures 3(b) and 3(d) show B1/2(td), plotted as a function of the
pump–probe delay scaled by the recombination rate constant for
a selection of values of rRFR or rSTD. In all four panels of Fig. 3,
the value of k (106 s−1) was chosen to match the reciprocal of
the ∼1 μs time constant measured for the three proteins (Fig. 1 and
Table S2).

The RFR mechanism attenuates the magnetic field effect,
ΦT(0) −ΦT(∞) [Fig. 3(a)], and produces no significant change
in B1/2 or dependence on td [Fig. 3(b)]. By relaxing all three
Cartesian spin components of the two electrons, this mechanism
equilibrates all electron spin degrees of freedom and strongly atten-
uates the magnetic field effect as soon as the spin relaxation rate
constant, rRFR, approaches and exceeds the recombination rate
constant, k. An alternative model of low-field spin relaxation of
cryptochrome-based radical pairs is discussed in the supplementary
material.

FIG. 4. Dependence of calculated B1/2(∞) on rSTD/k for three values of k (in
s−1), as indicated. The purple line is Eq. (7).

By contrast, the STD mechanism preserves the magnetic field
effect [Fig. 3(c)], and even increases it slightly, and gives a pro-
nounced dependence of B1/2(td) on both ktd and rSTD [Fig. 3(d)].
Compared to RFR, the STD effects are much less sensitive to the
relaxation rate: rRFR = 5 × 106 s−1 almost destroys the magnetic field-
dependence [Fig. 3(a)] while the same value of rSTD has very little
effect [Fig. 3(c)]. These effects stem from the selective relaxation of
a portion of the electron spin space (singlet–triplet coherences) as
discussed in more detail below.

The growth of B1/2(td) as a function of td [Fig. 3(d)] was found
to follow the empirical equations given by

B1/2(td) ≈ [2.5 − B1/2(∞)] exp (−ktd) + B1/2(∞), (6)

B1/2(∞) ≈ 2.5 + 0.37(
rSTD

k
)

0.66
, (7)

in which the values of B1/2(td) and B1/2(∞) are in millitesla. The
dependence of B1/2(∞) on rSTD/k [Eq. (7)], for three values of k,
can be seen in Fig. 4. The value of B1/2 in the absence of STD
(∼2.5 mT) is ∼0.5 mT smaller than predicted by Weller’s formula,
Eq. (3).34

FIG. 5. B1/2(td) data (Table I) as a function of td together with fits to Eqs. (6) and
(7) with k−1

= 1.0 μs. See Table II for fit parameters. A discussion of the reliability
of these fits can be found in the supplementary material.

TABLE II. Values of rSTD and B1/2(∞).a

Robin Chicken Pigeon

rSTD/107 s−1b 3.8± 0.2 2.6± 0.3 6.1± 0.6
B1/2(∞)/mTc 6.6± 0.2 5.7± 0.2 8.1± 0.3
aObtained from fitting the data in Table I (displayed in Fig. 5) to Eqs. (6) and (7), using
k−1
= 1.0 μs.

bThe error estimates were obtained using the method of Cramér–Rao lower bounds
(supplementary material 38,39).
cThe values of B1/2(∞) were obtained from the corresponding values of rSTD using
Eq. (7).
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C. Analysis of time-dependent magnetic field effects
Noting that the RFR mechanism has no effect on B1/2 within

the Schulten–Wolynes model [Fig. 3(b)], we henceforth ignore
it and focus on STD as the likely source of the td-dependence.
The experimental values of B1/2(td) (Table I) were therefore fit-
ted to Eqs. (6) and (7) by varying rSTD, with k−1

= t1 = 1.0 μs.
Values of B1/2(∞) were then obtained using Eq. (7). The results
are shown in Fig. 5 and Table II. (A more sophisticated analy-
sis, outlined in the supplementary material, gives similar values for
rSTD.) The values of rSTD for the three proteins are in the range
3–6 × 107 s−1.

D. Origin of time-dependent
magnetic field effects

In Sec. III A, we saw that magnetic field effects as large as
15%–20% can persist in the presence of singlet–triplet dephasing
that is 30–60 times faster than radical recombination. In this section,
we review the origins of this effect and of the time-dependence of
B1/2(td) by means of a “toy” model due to Maeda and Miura44,45 in
which the four electron spin states (S, T+1, T0, T−1) are reduced to
a two-level system, { S, T}, where T represents either T+1 or T−1.
We consider first the random fields mechanism and then move on
to the more interesting effects of singlet–triplet dephasing. Details
are given in the supplementary material.

Following Maeda and Miura,44,45 we consider a spin Hamilto-
nian,

Ĥ = ω∣T⟩⟨T∣ +
1
2

q∣ S⟩⟨T∣ +
1
2

q∣T⟩⟨ S∣, (8)

in which ω and q parametrize, respectively, the interaction of the
electron spins with an external magnetic field and with the magnetic
field resulting from the hyperfine interactions with nuclear spins.
The former removes the degeneracy of the S and T states; the latter
results in coherent S↔ T interconversion. Ignoring chemical reac-
tions and spin relaxation, the time-dependent triplet fraction, for a

radical pair formed in the S state, is given exactly by (supplementary
material)

pT(t) =
1
2
−

1
2

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ω2
+ q2 cos(

√

ω2
+ q2 t)

ω2
+ q2

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (9)

When the Zeeman interaction greatly exceeds the hyperfine interac-
tions (ω≫ q), S↔ T mixing is inefficient and the triplet probability
remains close to zero and has an oscillatory component of low
amplitude, q2

/(ω2
+ q2
), and frequency, (ω2

+ q2
)

1/2
≈ ω.

The effect of the RFR mechanism is to relax the diagonal ele-
ments of the density operator, ρ̂, toward 1

2 and the off-diagonal
elements toward zero,

d(ρSS − ρTT)

dt
= −2rRFR(ρSS − ρTT);

dρST

dt
= −rRFRρST;

dρTS

dt
= −rRFRρTS,

(10)

where ρ jk = ⟨j∣ρ̂∣k⟩. Treating the hyperfine field, q, as a perturbation,
i.e., Ω2

= q2
/(r2
+ ω2
) ≪ 1, the triplet fraction, to second order in

q (supplementary material), is given by

pT(t) ≈
1
2
−

1
2
[

exp (−2rRFRt) +Ω2 cos (ω t) exp (−rRFRt)
1 +Ω2 ]. (11)

For the STD mechanism, only the singlet–triplet coherences are
relaxed,

dρST

dt
= −rSTDρST;

dρTS

dt
= −rSTDρTS, (12)

and the triplet probability (supplementary material) becomes

pT(t) ≈
1
2
−

1
2
[

exp (−rSTDΩ2t) +Ω2 cos (ωt) exp (−rSTDt)
1 +Ω2 ].

(13)

FIG. 6. (a) Time-dependence of the triplet fraction calculated using the toy model described in the text. Blue, green, and red traces correspond to Eqs. (9), (11), and (13),
respectively. Calculated with q = 2 mT, ω = 10 mT, rSTD = rRFR = 5 × 107 s−1. Radical reactions are not included. (b) Expanded version of (a) showing the time-dependence
in the first 30 ns.
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Comparing Eqs. (11) and (13), it is clear that both relaxation
mechanisms result in damped low-amplitude oscillations (frequency
ω, amplitude ∼Ω2

≪ 1, and damping rate constant rRFR or rSTD)
together with an exponential rise of the triplet probability toward
0.5. The latter may be seen more clearly by simplifying Eqs. (11) and
(13), using Ω2

≪ 1, to obtain

pT(t) ≈
1
2
[1 − exp (−2rRFRt)] (14)

for RFR and

pT(t) ≈
1
2
[1 − exp (−rSTDΩ2t)] (15)

for STD.44 As Ω2
≪ 1, the approach of the triplet fraction to equilib-

rium should be much faster for RFR than for STD for similar values
of rRFR and rSTD.

The difference between the two relaxation mechanisms may be
seen in Fig. 6, which shows pT(t) calculated with RFR, STD, and no
relaxation. The values chosen for q, ω, and rRFR = rSTD correspond
to Ω2

= 0.04. When there is no spin relaxation, the triplet proba-
bility remains close to zero because the strong Zeeman interaction
(ω ≫ q) inhibits coherent singlet–triplet interconversion. The RFR
mechanism relaxes pT(t) rapidly toward 0.5 with rate constant
2rRFR = 108 s−1 [Eq. (14)]. STD by contrast damps the S↔ T oscil-
lations rapidly but causes pT(t) to grow much more slowly. For the
parameters chosen for Fig. 6, this process occurs with a rate constant
rSTDΩ2

= 2 × 106 s−1, 50 times slower than 2rRFR. The result of STD
under these conditions is an exponential approach to equilibrium
with a rate constant (rSTDΩ2) that depends on the applied magnetic
field and the hyperfine interactions via Ω2

= q2
/(r2

STD + ω2
).

Finally, Eq. (15) sheds light on the magnetic field effects in the
presence of STD. Using the exponential model again (spin-selective
S and T pairs recombine with rate constant, k), the ultimate triplet
yield is

ΦT(ω) = k
∞

∫

0

pT(t′) exp (−kt′)dt′ =
rSTDΩ2

2(k + rSTDΩ2
)

. (16)

Equation (16) predicts the expected sigmoidal dependence on the
magnetic field intensity, ω, with a B1/2-like parameter, defined
by ΦS(ω1/2) = 1

2 [ΦS(0) +ΦS(∞)], of ω1/2 ≈ q(rSTD/k)0.5 when
q2
≫ k rSTD. Remembering that this expression comes from a highly

approximate model of the spin dynamics, it is notable that the
dependence of ω1/2 on (rSTD/k)0.5 is so similar to the empirical
dependence of B1/2(∞) on (rSTD/k)0.66 in Eq. (7).

IV. DISCUSSION
A. Comparison of RFR and STD relaxation
mechanisms

The pronounced difference between the effects of the RFR and
STD relaxation mechanisms stems from the selective nature of the
latter. RFR indiscriminately drives both the populations of the sin-
glet and triplet states (ρSS and ρTT) and the singlet–triplet coherences
(ρST and ρTS) toward equilibrium, all at the same rate [Eq. (10)].
STD, by contrast, directly relaxes the coherences [Eq. (12)] but only

has an indirect effect on the populations. In the absence of spin relax-
ation, the hyperfine interactions convert ρSS into ρTT via ρST and ρTS,
a process that may be represented by

ρSS → i(ρST − ρTS) → ρTT, (17)

where i(ρST − ρTS) is the imaginary part of the coherence
(supplementary material). If STD is efficient, the intermediate
coherence dephases rapidly before much of it can be converted into
ρTT. The result is that STD reduces the rate at which singlet is con-
verted to triplet (as shown in Fig. 6). Although the dephasing itself
may be fast (∼5 × 107 s−1, Table II), its effect on the populations
can be much slower (∼1 × 106 s−1 here). This outcome is reminis-
cent of a model in which the spin–lattice relaxation time (T1) greatly
exceeds the spin–spin relaxation time (T2): see the supplementary
material.

B. Origin of singlet–triplet dephasing in Cry4a
The time-dependent magnetic field effects reported above

appear to be consistent with singlet–triplet dephasing.25,43,44 There
seems to be no other physically plausible relaxation mechanism that
would cause B1/2 to increase with the pump–probe delay. However,
what is its origin?

Singlet–triplet coherences decay as a result of stochastic vari-
ations in the singlet–triplet energy gap, which in turn arise from
fluctuations in the exchange interaction of the two unpaired elec-
trons.25 One way in which this could occur is from variations in the
separation of the radicals, R, within the protein as a result of thermal
motion. Even though it is a steep function of the radical–radical dis-
tance, and therefore sensitive to small changes in R, the exchange
interaction is so small for the flavin–tryptophan radical pairs in
Cry4a (<10 μT22) that it is very unlikely to be an important source of
dephasing.

A more credible mechanism is electron hopping. This possibil-
ity was previously suggested to account for the larger-than-expected
B1/2 values measured for A. thaliana Cry1 and E. coli photolyase.33

Specifically, an electron was considered to jump rapidly from TrpB,
the second component of the Trp-triad, onto TrpCH⋅+ and back
again,

FAD⋅− Tr pB H TrpCH⋅+ ⇄ FAD⋅− Tr pBH⋅+ Tr pC H. (18)

This would result in a strong modulation of the exchange interaction
experienced by the FAD⋅− radical, which is ∼4.6 Å closer to TrpBH⋅+

than to TrpCH⋅+.19,22 We refer to the states on the left- and right-
hand sides of Eq. (18) as RPC and RPB, respectively. The exchange
interaction in RPB has been estimated to be as large as ∼1.0 T.46

The effect of this reversible electron hopping process on the
spin dynamics may be seen as follows:43 Let kBC and kCB be the rate
constants for RPB → RPC and RPC → RPB, respectively, and sup-
pose that kBC ≫ kCB such that RPB is short-lived and has a much
lower equilibrium concentration than RPC. This limit is consistent
with EPR measurements of the distance between the flavin and tryp-
tophan radicals in robin Cry4a, which show that any equilibrium
between RPB and RPC strongly favors RPC.22 Under these condi-
tions, and assuming that the spin interactions in RPB are dominated
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by its large exchange interaction (JB), the net effect of the elec-
tron hopping (according to Shushin43) is to introduce singlet–triplet
dephasing with rate constant (supplementary material)

rSTD =
4J2

B kCB

4J2
B + k2

BC
(19)

and an additional exchange interaction in RPC with strength

JSTD =
JB kBC kCB

4J2
B + k2

BC
. (20)

Similar expressions have been obtained by Haberkorn.47,48 Reliable
experimental measurements of kBC, kCB, and JB are not available. If
JB ≫ kBC, then Eq. (19) gives rSTD ≈ kCB, suggesting that the rate
constant for RPC → RPB is in the range 3–6 × 107 s−1 (Table II). In
the same limit, Eq. (20) gives JSTD ≪ kCB, implying a negligible effect
on the spin dynamics.

The assumption that kBC ≫ kCB and the resulting value of kCB
(3–6 × 107 s−1) are only partially supported by estimates based on
molecular dynamics simulations of ErCry4a. In the work of Xu et al.,
kBC/kCB ≈ 6 × 104 and kCB ≈ 9 × 105 s−1 were obtained.22 Given the
approximate nature of these calculations, it cannot be excluded that
kCB could be as large as 3–6 × 107 s−1.

C. Relevance to wild type proteins
The experiments reported here were performed exclusively

on mutants of Cry4a in which electron transfer beyond TrpCH
was blocked by replacement of TrpDH by phenylalanine such that
[FAD⋅− TrpCH⋅+] (RPC) produces the magnetic field effects. In the
wild type (WT) proteins, by contrast, all four components of the
Trp-tetrad are active in electron transfer and the dominant charge-
separated state is [FAD⋅− TrpDH⋅+] (RPD). As shown previously for
ErCry4a,22 RPD shows smaller magnetic field effects in vitro than
RPC, an effect attributed to its larger radical–radical separation and
hence slower recombination.22 This made it difficult for us to obtain
reliable values of B1/2 for the WT proteins and impossible to deter-
mine whether there is any dependence of B1/2 on the pump–probe
delay.

At first sight, one would not expect RPB ⇄ RPC electron hop-
ping to have much of an effect in the WT proteins because of the
low population of the RPC state. If interconversion of RPB and RPC
is indeed the origin of STD in the mutants, it would therefore not
appear to be important for the WT proteins. However, the possibility
(discussed in Ref. 35) that RPC⇄ RPD electron hopping is significant
in vivo could conceivably allow all three radical pairs to interconvert,
i.e., RPB⇄ RPC⇄ RPD, and hence give rise to STD effects. This pos-
sibility must remain speculative pending further measurements on
the WT proteins.

Finally, the differences in magnetic field effects seen for robin,
chicken, and pigeon Cry4a’s22 presumably arise from the amino
acid sequence differences among the three proteins in the neighbor-
hood of the FAD and the Trp-tetrad and could therefore be linked
to differences in spin relaxation rates. However, the rather similar
STD rate constants found here for the three W369F mutants sug-
gest that one may need to look elsewhere for an explanation of this
difference in magnetic sensitivity. What can be said is that strong

magnetic field effects in cryptochromes are not incompatible with
fast singlet–triplet dephasing.

SUPPLEMENTARY MATERIAL

The supplementary material includes data for chicken and
pigeon Cry4a corresponding to Fig. 2, the parameter values obtained
from fitting the data in Fig. 1(a), and information on the primers
used for site-specific mutagenesis; analysis of the data in Figs. 1(a)
and 5; the Cramér–Rao lower bounds method; our analysis of time-
dependent magnetic field effects; spin relaxation mechanisms and
superoperators; the Maeda–Miura model; and the origin of Eqs. (19)
and (20).
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