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Alternative radical pairs for cryptochrome-
based magnetoreception

Alpha A. Lee†, Jason C. S. Lau, Hannah J. Hogben, Till Biskup‡,
Daniel R. Kattnig and P. J. Hore

Department of Chemistry, Physical and Theoretical Chemistry Laboratory, University of Oxford,
Oxford OX1 3QZ, UK

There is growing evidence that the remarkable ability of animals, in particular

birds, to sense the direction of the Earth’s magnetic field relies on magnetically

sensitive photochemical reactions of the protein cryptochrome. It is generally

assumed that the magnetic field acts on the radical pair [FAD†2 TrpH†þ]

formed by the transfer of an electron from a group of three tryptophan residues

to the photo-excited flavin adenine dinucleotide cofactor within the protein.

Here, we examine the suitability of an [FAD†2 Z†] radical pair as a compass

magnetoreceptor, where Z† is a radical in which the electron spin has no

hyperfine interactions with magnetic nuclei, such as hydrogen and nitrogen.

Quantum spin dynamics simulations of the reactivity of [FAD†2 Z†] show

that it is two orders of magnitude more sensitive to the direction of the geomag-

netic field than is [FAD†2 TrpH†þ] under the same conditions (50 mT magnetic

field, 1 ms radical lifetime). The favourable magnetic properties of [FAD†2 Z†]

arise from the asymmetric distribution of hyperfine interactions among the two

radicals and the near-optimal magnetic properties of the flavin radical. We close

by discussing the identity of Z† and possible routes for its formation as part of a

spin-correlated radical pair with an FAD radical in cryptochrome.
1. Introduction
The mechanisms by which animals sense the direction of the Earth’s magnetic field

as an aid to navigation are still largely a mystery [1–4]. In 2000, Ritz and Schulten

proposed the protein cryptochrome as the primary sensor in birds [5]. They

suggested that a radical pair formed photochemically in cryptochrome molecules

located in the retina could be sensitive to the direction of the Earth’s magnetic

field. Composed of radicals derived from the flavin adenine dinucleotide (FAD)

cofactor and a tryptophan (Trp) residue in the protein, this short-lived radical

pair would interconvert coherently between its electronic singlet and triplet

states in such a way that the yields of its reaction products could be influenced

by weak magnetic fields [5,6]. Over the last few years, evidence in support of a

role for cryptochrome in magnetic sensing has been accumulating (reviewed in

[7–12]) although it has not yet been established that this protein is actually the

sensor or that the FAD–Trp radical pair is the crucial chemical entity.

Photo-excitation of cryptochromes containing FAD in its fully oxidized state

leads to the formation of radicals via sequential electron transfers along a chain

of three tryptophan residues, the ‘Trp-triad’ [13–16]. Electron abstraction from

the Trp-triad by photo-excited FAD leads to the flavin radical anion, FAD†2 and

the radical cation of the terminal residue of the Trp-triad, TrpH†þ, approximately

2 nm distant from the flavin. The [FAD†2 TrpH†þ] radical pair has recently been

studied spectroscopically in cryptochrome-1 from the plant Arabidopsis thaliana
and in the closely related DNA photolyase from Escherichia coli [17,18]. In both pro-

teins, the lifetimes and yields of photo-induced radicals were observed to change

when magnetic fields between 1 and 30 mT were applied. Although these findings

suggest that [FAD†2 TrpH†þ] is fit for purpose as a magnetic sensor, they do not

prove that it functions in the same way in vivo. Nor has it yet been demonstrated

that any cryptochrome-based radical reaction responds to an Earth-strength mag-

netic field (approx. 50 mT) or that those effects are anisotropic, as required of a

direction sensor.
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Figure 1. Representations of the seven largest hyperfine tensors in (a) FAD†2 and (b) TrpH†þ superimposed on the structures of the parent molecules. The
orientation of TrpH relative to FAD is that of Trp-342 relative to the FAD cofactor in the cryptochrome from D. melanogaster [28,29]. The hyperfine tensors,
which are listed in the electronic supplementary material, tables S1 and S2, were calculated in Gaussian-03 [30] at the UB3LYP/EPR-III level of theory. The adenine
group of FAD is omitted and the ribityl side chain is truncated after the first carbon. Only the side chain and the b-CH2 group of TrpH are shown.
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Behavioural experiments, however, point towards a

different cryptochrome-derived radical pair. The magnetic

orientation of European robins appears to be disrupted by extra-

ordinarily weak (down to 15 nT) magnetic fields oscillating at a

frequency of approximately 1.3 MHz [19], a remarkable

observation that has yet to be independently replicated.

In order for there to be a resonant response at this frequency,

one of the radicals should be devoid of internal (hyperfine) mag-

netic interactions [19]. As neither FAD†2 nor TrpH†þ satisfies

this condition, it was suggested that FAD†2 in cryptochrome

might be paired with a radical much simpler than TrpH†þ,

one with no magnetic nuclei in the vicinity of the electron spin

[19]. We refer to this radical, which could be positively or nega-

tively charged or neutral, as Z†. It was also noted that an

[FAD†2 Z†] radical pair might offer a higher sensitivity to

weak magnetic fields than would one with hyperfine inter-

actions in both radicals [19–22]. This recipe for efficient

sensing of the direction of an external magnetic field was sub-

sequently developed into a ‘reference-probe’ model in which

one radical (the reference) has large anisotropic hyperfine inter-

actions and determines the anisotropy of the reaction yields

while the other (the probe) has no hyperfine interactions and

is responsible for efficiently coupling the radical pair to the mag-

netic field [11]. Although it has been assumed that FAD†2, or its

protonated form FADH†, would be the reference radical, the

identity of the probe radical, Z†, remains enigmatic [23,24].

The performance of a radical pair compass sensor is

expected to depend on a number of factors—chemical, struc-

tural, kinetic, dynamic and magnetic [8]. Chief among the

magnetic properties of the radicals is their hyperfine inter-

actions. Within each radical, the spin motion of the unpaired

electron is determined principally by its hyperfine coupling to

the nuclear spins of hydrogen and nitrogen atoms. In both

FAD†2 and TrpH†þ, the semi-occupied molecular orbital is

delocalized over the aromatic ring system such that the electron

spin interacts with the ring nitrogens, the hydrogens attached to
the ring carbons and a few other nearby hydrogens. In general,

the hyperfine interaction of each of these nuclei has isotropic

and anisotropic components, determined by the local electron

spin density. These interactions are critical because they con-

dition the response of the radical pair to an external magnetic

field. In particular, the anisotropic components cause the

yields of the reaction products to depend on the orientation of

the radical pair with respect to the external magnetic field

vector. It is generally assumed that this effect forms the basis

of the directional properties of the compass sensor [25–27].

In this report, we use spin dynamics simulations to:

(i) determine the extent to which [FAD†2 Z†] is superior to

[FAD†2 TrpH†þ] as a magnetic compass detector; (ii) assess

the suitability of FAD radicals in cryptochrome as components

of a radical pair compass; and (iii) determine the source of the

favourable properties of FAD radicals in [FAD†2 Z†]-type

radical pairs. We discuss the identity of Z† and the routes by

which it could be formed as part of a magnetically sensitive

cryptochrome-based radical pair.
2. Results
2.1. Flavin – tryptophan radical pair
In figure 1, the seven largest hyperfine interactions in FAD†2

and in TrpH†þare represented as three-dimensional surface

plots each centred on the relevant hydrogen or nitrogen

atom. The distance from the atom to the surface in any direc-

tion is proportional to the strength of the magnetic interaction

of the electron spin and the nuclear spin; nuclei with almost

isotropic hyperfine interactions have near-spherical surfaces.

In TrpH†þ, six of the hyperfine interactions are significan-

tly anisotropic; the seventh, one of the two b-methylene

hydrogens, is strong and almost isotropic. In FAD†2, by con-

trast, only the two ring nitrogens, N5 and N10, and to a

lesser extent the H6 hydrogen, have marked anisotropy; all
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Figure 2. Singlet yield anisotropy plots for the radical pairs (a) [FAD†2 TrpH†þ],
(b) [Z† TrpH†þ] and (c) [FAD†2 Z†], where Z† is a radical with no hyperfine
interactions. The spherical average of the reaction yield, kF Sl, i.e. the part of
FS that is independent of the magnetic field direction, has been subtracted to
reveal the anisotropic component, which contains the directional information.
The distance in any direction from the centre of the pattern to the surface is pro-
portional to the value of jF S � kF Slj when the magnetic field has that
direction. Red/blue regions correspond to reaction yields larger/smaller than
kF Sl: FAD†2 and TrpH†þ each have the seven hyperfine interactions shown
in figure 1. The values of DFS for the three radical pairs are as shown. The
three anisotropy patterns are not drawn to scale. The coordinate system is
that of FAD†2 (figure 1a). The orientation of TrpH†þ relative to FAD†2

is as shown in figure 1. Details of the simulations are given in the electronic
supplementary material.
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the other hydrogens have hyperfine interactions that are

relatively small and nearly isotropic.

To model the effect of the geomagnetic field on the

[FAD†2 TrpH†þ] radical pair, we follow previous practice

and assume for simplicity that its singlet and triplet states

react spin-selectively at identical rates to form distinct pro-

ducts [5,31–34]. The external magnetic field modulates the

coherent interconversion of the singlet and triplet states and

so changes the proportions of radical pairs that proceed

along the two competing pathways. The intensity of the

Earth’s field and the reaction rate constant were taken as

50 mT and 106 s21, respectively. The latter gives a radical

pair lifetime of 1 ms, which is probably close to the optimum

for a 50 mT magnetic field [8]. Shorter lifetimes would not

allow the geomagnetic field to have its full effect; longer life-

times run the risk that spin relaxation would attenuate the

magnetic sensitivity. The magnetic field effect was calculated

as FS, the fractional yield of the singlet reaction product once

all radical pairs have reacted. FS lies in the range [0,1] and is

related to the triplet product yield by FT ¼ 1 2 FS. To quan-

tify the effectiveness of a radical pair as a magnetic compass,

we define the anisotropy of the reaction yield, DFS, as the

difference between the maximum and minimum values of

FS calculated as a function of the direction of the magnetic

field vector. The only difference between the treatment of

hydrogen and nitrogen nuclei in the modelling lies in their

spin quantum numbers (I ¼ 1/2 and I ¼ 1, respectively).

Details of the calculations can be found in the electronic

supplementary material.

The singlet yield, FS, for [FAD†2 TrpH†þ] was simulated

using the 14 hyperfine interactions depicted in figure 1. The

relative orientation of the two radicals was taken to be that of

the FAD cofactor and Trp-342 (the terminal tryptophan of the

Trp-triad) in the crystal structure of Drosophila melanogaster
cryptochrome (DmCry, PDB entry 4GU5 [28,29]). The result

is shown in figure 2a. As expected, the reaction yield has inver-

sion symmetry, i.e. the effect of the magnetic field is

independent of its polarity in accordance with the properties

of the avian compass determined from behavioural exper-

iments [35]. The magnitude of the anisotropy, DFS, is small:

FS,max ¼ 0.2776 and FS,min ¼ 0.2762, giving DFS ¼ 0.0014.

Despite the complexity of the 16-spin system of

[FAD†2 TrpH†þ] and the multiplicity of dissimilar hyper-

fine tensors in the two radicals, the information encoded in

the reaction yield (figure 2a) has a relatively simple depen-

dence on the orientation of the radical pair, albeit one of

low amplitude. As we shall see next, the form of figure 2a
can be understood qualitatively in terms of the magnetic

properties of the individual radicals.
2.2. Truncated flavin – tryptophan radical pairs
Insight into the size and shape of the singlet yield anisotropy

of [FAD†2 TrpH†þ] can be obtained by the artificial device of

‘switching off’ selected hyperfine interactions. This would

clearly be impossible in an experiment but is trivial in a simu-

lation—one simply omits the relevant nuclear spins. We have

performed such calculations for various truncated versions of

[FAD†2 TrpH†þ] with the aim of understanding the form of

figure 2a and why DFS for this radical pair is so small.

First, we turned off all seven hyperfine interactions in the

FAD†2 radical, leaving TrpH†þ untouched. We refer to this rad-

ical pair as [Z† TrpH†þ], where Z† is a radical whose spin system
consists of an isolated electron spin, free from hyperfine inter-

actions. The calculated singlet yield anisotropy of [Z† TrpH†þ]

(figure 2b) bears some resemblance to that of the intact radical

pair (figure 2a) but is almost 50 times larger: DFS ¼ 0.062.

Next, we restored the hyperfine interactions in FAD†2

and eliminated those in TrpH†þ. The singlet yield anisotropy

of this [FAD†2 Z†] radical pair (DFS ¼ 0.146; figure 2c) is

more than twice that of [Z† TrpH†þ] (figure 2b), a hundred

times larger than that of [FAD†2 TrpH†þ] (figure 2a).

The shapes of the anisotropic responses of [Z† TrpH†þ]

and [FAD†2 Z†] (figure 2b,c) are essentially identical: both

have approximate axial symmetry with an angular depen-

dence of the approximate form (3 cos2c 2 1), where c is the

angle between the magnetic field and the symmetry axis of



Table 1. Singlet yield anisotropies calculated for truncated versions of [FAD†2 Z†]. The nuclei in FAD†2 are introduced one at a time in the following order:
N5, N10, H6, 3�H8, Hb. The hyperfine tensors are given in electronic supplementary material, table S1.

no. FAD†2 nuclei 1 2 3 4 5 6 7

DFS 0.161 0.206 0.185 0.176 0.157 0.160 0.146

Table 2. Singlet yield anisotropies calculated for truncated versions of [FAD†2TrpH†þ]. The FAD†2 radical contains N5 and N10. The nuclei in TrpH†þ are
introduced one at a time in the following order: H1, H4, H7, Hb, N1, H2, H6. The hyperfine tensors are given in electronic supplementary material, table S2.

no. TrpH†þ nuclei 0 1 2 3 4 5 6 7

DFS 0.206 0.0054 0.026 0.0085 0.017 0.011 0.0092 0.0076
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the pattern. In the case of [FAD†2 Z†], the symmetry axis is

the normal to the plane of the FAD ring system (the z-axis

in figure 1a). In the case of [Z† TrpH†þ], the symmetry axis

is the normal to the plane of the indole (the z-axis in figure

1b). The angle between the planes of the FAD and Trp-342

rings in DmCry (approx. 408) [28,29] is also the angle between

the symmetry axes of the anisotropy patterns in figure 2b,c.

Thus, the singlet yield anisotropy patterns of the two trun-

cated radical pairs clearly reflect the relative orientations of

the constituent radicals.

It appears from figure 2 that the singlet yield anisotropy

of the intact radical pair, [FAD†2 TrpH†þ], is an approximate

composite of the patterns for [FAD†2 Z†] and [Z† TrpH†þ].

The different directions of the symmetry axes for the two

truncated pairs mean that the pattern for [FAD†2 TrpH†þ]

(figure 2a) is not itself axially symmetric although the pos-

itions of its positive (red) and negative (blue) regions can

be traced back to the corresponding regions in the [Z†

TrpH†þ] and [FAD†2 Z†] patterns (figure 2b,c).

It may be inferred that the larger values of DFS for

[FAD†2 Z†] and [Z† TrpH†þ] compared to [FAD†2 TrpH†þ]

arise from the presence of hyperfine interactions in both
radicals in the latter. This is confirmed by the data in

tables 1 and 2. Table 1 gives DFS values for truncated ver-

sions of [FAD†2 Z†] containing just N5, or N5 and N10, or

N5 and N10 plus up to five of the hydrogens in FAD†2.

When N10 is added to N5, DFS rises from 0.161 to 0.206

but when the hydrogens are added one by one, DFS gradu-

ally falls to 0.146 when all seven nuclei are present. Thus,

two nitrogens are better than one and the hydrogens do

not reduce the anisotropy too much. The value of 0.206 for

the N5 þ N10 case is not far short of the optimum for a

two-nitrogen radical pair under the same conditions

(DFS ¼ 0.219, see below).

However, when truncated versions of [FAD†2 TrpH†þ]

are simulated, a very different picture emerges (table 2). Start-

ing with an FAD†2 radical containing N5 and N10, and

introducing the nuclei in TrpH†þ one at a time, one finds

that DFS drops abruptly from 0.206 to less than 0.01 when

all seven TrpH†þ nuclei are present. Thus, although the

large anisotropy afforded by N5 and N10 in FAD†2 is not

greatly degraded by the other nuclei in FAD†2 (table 1) it

is disastrously attenuated by the nuclear spins in TrpH†þ

(table 2).

To summarize, the shape of the reaction yield anisotropy

of [FAD†2 TrpH†þ] reflects the relative orientations of the

two radicals and its small amplitude arises from the presence

of hyperfine interactions in both radicals.
2.3. One-nucleus flavin – tryptophan radical pairs
The general shapes of the three anisotropy plots (figure 2) can

be understood in more detail by simulations of radical pairs

in which all but one of the 14 hyperfine interactions have

been switched off. When the sole remaining hyperfine inter-

action is in the TrpH†þ radical, we find reaction yield

anisotropy patterns (figure 3) that vary greatly in size and

appearance. However, one of the seven stands out. The plot

for N1, the indole nitrogen, is not only the largest, but it

also looks identical to that of [Z† TrpH†þ] (figure 2b) in

both shape and orientation.

In FAD†2, only three of the nuclei considered (N5, N10

and H6) have anisotropic hyperfine interactions. H6 gives

rise to a relatively small reaction yield anisotropy with a com-

plex shape (figure 3). The two nitrogens (N5 and N10) in the

central ring of the flavin, however, both have similar, strong

anisotropy plots which, to the eye, are identical in shape and

orientation to that of [FAD†2 Z†] (figure 2c).

All three of these one-nitrogen radical pairs have DFS �
0.16, which is close to the optimum value of 1/6 for this

spin system (see below). Moreover, N1 in TrpH†þ and N5

and N10 in FAD†2 are the only nuclei in [FAD†2 TrpH†þ]

that have near-axial hyperfine interactions.

To summarize, the axial magnetic anisotropy patterns of

[FAD†2 Z†] and [Z† TrpH†þ] appear to be dominated by

the axial hyperfine tensors of the nitrogen nuclei: N5 and

N10 in FAD†2 and N1 in TrpH†þ. For both of these radical

pairs, the symmetry axis of the anisotropy pattern is deter-

mined by that of the nitrogen hyperfine tensors. And, as

we saw above, the anisotropy pattern of the intact radical

pair, [FAD†2 TrpH†þ], clearly reflects those for [FAD†2 Z†]

and [Z† TrpH†þ].

2.4. Model radical pairs
The calculations described above suggest that FAD†2, when

paired with a radical containing no magnetic nuclei, could

form the basis of a much more sensitive magnetic compass

than [FAD†2 TrpH†þ] in which both radicals have hyperfine

interactions. The reasons why [FAD†2 Z†] seems to be par-

ticularly suitable for magnetic direction sensing will now be

explored through simulations of simple model radical pairs.

In these calculations, the hyperfine interaction of each nuclear

spin is defined in terms of its three principal values, Axx, Ayy

and Azz, which are related to the isotropic hyperfine coupling

by aiso ¼ 1/3 (Axx þ Ayy þ Azz). Axial hyperfine interactions,

i.e. Axx ¼ Ayy, will be of particular interest, especially those

with Axx ¼ Ayy ¼ 0 (so that Azz ¼ 3aiso).
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We start with a radical pair containing just one nitrogen.

All the simulations here, like those in the other sections, were

done for radical pairs with a lifetime of 1 ms, subjected to a

50 mT magnetic field. We focus on hyperfine interactions

comparable in magnitude to the larger hyperfine interactions

in [FAD†2 TrpH†þ]. There are cases where the simulations

predict sizeable DFS values for unrealistically small hyperfine

couplings (approx. 1 mT) but we do not consider them here.

The maximum singlet yield anisotropy calculated

numerically for a radical pair containing one nitrogen and

no other magnetic nucleus is DFS ¼ 0.164. This comes

about when (i) the hyperfine interaction is axial, (ii) the two

perpendicular components are zero (Axx ¼ Ayy ¼ 0), and

(iii) the isotropic component aiso is larger than approx.

100 mT (electronic supplementary material, figures S2 and

S3). Qualitatively similar results have been found by Cai

et al. [36] for a radical pair with a single hydrogen.

The maximum DFS calculated for a radical pair with two

nitrogens in the same radical is 0.219, about a third larger

than that for the one-nitrogen case. Keeping aiso for the first

nitrogen fixed at 500 mT, this optimum is found when

(a) both nuclei are coupled to the same electron spin, i.e. in

the same radical; (b) both satisfy Axx¼ Ayy¼ 0; (c) the sym-

metry axes of the two hyperfine interactions are parallel; and

(d) the isotropic coupling of the second nitrogen is either in

the range of (100–400 mT) or is larger than 600 mT. As can

be seen in figure 4a, the value of DFS drops if the two nuclei

have isotropic couplings that are too similar. When the two

nitrogens are in different radicals and both nuclei satisfy con-

dition (b), DFS is smaller and falls, as aiso for the second

nitrogen is increased beyond 20 mT (figure 4a). Figure 4b
shows that rotating one hyperfine axis away from the other
steadily reduces DFS, the effect being similar whether the

two nitrogens are in the same or different radicals.

The effect on the two-nitrogen radical pair of adding a hydro-

gen with an isotropic hyperfine interaction is shown in figure 4c.

Choosing the isotropic couplings of the two nitrogens to be 500

and 250 mT and maintaining Axx¼ Ayy ¼ 0 for both, the pres-

ence of the hydrogen reduces DFS, an effect that is much less

pronounced when all three nuclei are in the same radical.

To summarize, DFS can be as large as 0.219 for a radical

pair in which one radical has no hyperfine interactions and

the other has two nitrogens whose hyperfine interactions

satisfy a number of conditions (listed above). This favourable

situation is degraded but not too seriously by the presence of

a hydrogen with an isotropic hyperfine interaction provided

it is in the radical that contains the nitrogens. Inspection of

figure 1 and the hyperfine data in the electronic supplementary

material (table S1) shows that these criteria are almost exactly

satisfied by [FAD†2 Z†]. The two nitrogens, N5 and N10, in

the central ring of the flavin group in FAD†2 have large,

near-axial hyperfine interactions. Their symmetry axes are par-

allel, the principal values of the two hyperfine tensors in the

plane of the ring system are small and the two isotropic coup-

lings (523 and 189 mT) are significantly different. Furthermore,

the other nuclei in FAD†2 have hyperfine interactions that are

either small or isotropic or both. Thus, the properties of

[FAD†2 Z†] fulfil all of the favourable design criteria identified

from simulations of simple model systems.
2.5. Analytical solutions
For almost all of the radical pairs considered here, the spin

dynamics can only be obtained by numerical solution of
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the appropriate quantum mechanical equations of motion.

However, there are a few cases of interest in which analytical

solutions can be found. One such is a radical pair containing

a single nitrogen and no other magnetic nuclei. When the

hyperfine interaction is axial and large compared with the

external magnetic field, and two of the principal components

are zero (Axx ¼ Ayy ¼ 0), and the radical pair lifetime is long,

the singlet yield is given by FS ¼ 5/9 þ 1/18 (3 cos2c21),

where c is the angle between the hyperfine axis and the
magnetic field vector (an outline of the derivation is given

in the electronic supplementary material). For this radical

pair: FS,max ¼ 2/3 (when c ¼ 0), FS,min ¼ 1/2 (when c ¼

908) and DFS ¼ 1/6. This is the maximum possible reaction

yield anisotropy for a one-nitrogen radical pair with at least

one hyperfine component larger than 50 mT, whether the

hyperfine interactions are axial or not.

An analytical solution is also possible for a radical pair

with two nitrogens when they are both in the same radical

and their hyperfine interactions satisfy Axx ¼ Ayy ¼ 0 and

have parallel symmetry axes. When the two interactions are

not too similar in magnitude and are both much larger than

the applied magnetic field, the singlet yield for a long-lived

radical pair is FS ¼ 11/27 þ 2/27 (3 cos2c 2 1), which gives

an anisotropy, DFS ¼ 2/9. This is the optimum anisotropy

for a two-nitrogen radical pair if, once again, one excludes

unrealistically small (less than 50 mT) hyperfine interactions.

The numerical calculations (§2.4) give values of DFS

(0.164 for one nitrogen, 0.219 for two) that are slightly smaller

than the optimum values (1/6 � 0.167 and 2/9 � 0.222,

respectively) because the field strength (50 mT) and lifetime

(1 ms) are not sufficiently small and large, respectively, to

satisfy the conditions used to obtain the analytical solutions.

The same analytical method can be used for a three-

nitrogen spin system in which all three nuclei are in the same

radical and have (i) Axx ¼ Ayy ¼ 0, (ii) parallel symmetry

axes, and (iii) sufficiently different isotropic hyperfine coup-

lings. The result is FS ¼ 29/81 þ 13/162 (3 cos2c 2 1) and

DFS ¼ 13/54 � 0.241, i.e. approximately 8% larger than the

two-nitrogen case above. No doubt one could increase DFS

still further (e.g. by the addition of a fourth nitrogen) but it

seems likely that the improvement would not be dramatic.

Our feeling, based on simulating a large number of model

spin systems, is that the nitrogen hyperfine interactions in

FAD†2, though not the best possible, are very close to optimal.
2.6. [FADH† Z†] radical pair
We have focused on FAD†2 and TrpH†þ rather than their

neutral protonated/deprotonated forms (FADH† and Trp†)

because in vitro [FAD†2 TrpH†þ] is the magnetically sensitive

radical pair in A. thaliana cryptochrome and E. coli photolyase

[18]. However, as discussed below, an [FADH† Z†]-type rad-

ical pair could conceivably be formed in cryptochrome. We

therefore repeated the above calculations (table 1) for trun-

cated versions of [FAD†2 Z†] with FAD†2 replaced by

FADH†. The results are given in table 3. Comparing the

values of DFS in tables 1 and 3, it is clear that the two radical

pairs show similar behaviour. When N10 is added to N5 in

the FADH† radical, DFS for [FADH† Z†] rises and then

falls as the hydrogens are subsequently introduced, one at a

time. Even though the additional hydrogen (H5) attached

to N5 in FADH† has a large anisotropic hyperfine interaction

(electronic supplementary material, table S3), it does not have

a drastic effect on DFS. When the seven largest hyperfine

interactions in FADH† are included, the shape of the singlet

yield anisotropy is identical by eye to figure 2c; the only

notable difference between [FAD†2 Z†] and [FADH† Z†] is

the value of DFS: 0.146 and 0.116, respectively. The greater

sensitivity of the former is also evident when only N5

and N10 are included in the flavin radical: 0.206 and

0.168, respectively (tables 1 and 3). It appears that the small

differences in the nitrogen hyperfine tensors (electronic



Table 3. Singlet yield anisotropies calculated for truncated versions of [FADH†Z†]. The nuclei in FADH† are introduced one at a time in the following order:
N5, N10, H5, 3�H8, Hb. The hyperfine tensors are given in electronic supplementary material, table S3.

no. FADH† nuclei 1 2 3 4 5 6 7

DFS 0.160 0.168 0.136 0.127 0.129 0.122 0.116
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supplementary material, tables S1 and S3) in the two FAD

radicals are responsible.

2.7. Reference-probe model
Finally, we examine how well [FAD†2 Z†] corresponds to the

optimum design of a radical pair compass as envisaged in

the reference-probe model [11]. FAD†2 plays the role of

the ‘reference radical’ that controls the anisotropy and Z† the

‘probe radical’ that couples the system to the magnetic field.

The simulation reported above for [FAD†2 Z†] (figure 2c,

DFS ¼ 0.146) was repeated, switching off the interaction of

the FAD†2 electron spin with the external magnetic field.

This simple device implements the reference-probe assumption

that the spin motion of the reference radical is dominated by its

hyperfine interactions. The result is a reaction yield anisotropy

pattern that looks identical to figure 2c and has almost the

same DFS (0.143). Similar results were found for [Z† TrpH†þ]:

DFS ¼ 0.062 for the exact calculation, DFS ¼ 0.064 for the

reference-probe approach and an anisotropy pattern indistin-

guishable by eye from figure 2b. Thus, the reference-probe

approximation seems to be reasonably accurate for these two

radical pairs under the conditions of our simulations (seven

nuclei in each radical, 50 mT field, 1 ms lifetime). To the best of

our knowledge, this is the first quantitative test of the model.

A distinct advantage of the reference-probe approximation

is that it greatly accelerates the calculation of anisotropic

magnetic field effects. As in the case of the exact simulations

reported above, the spin dynamics of the two radicals can be

computed separately; this is permissible because they are

assumed not to interact [37]. The isolated electron spin of the

probe radical has a very simple time dependence, which can

be obtained analytically; its evaluation is therefore extremely

fast even though it must be done for multiple directions of

the external magnetic field. The calculation for the much

larger spin system of the reference radical must be performed

numerically and is much more time-consuming but it only

has to be done once in the absence of the magnetic field.
3. Discussion
3.1. Simulation methods
Before discussing the above results, we comment briefly on

the methods by which we have obtained them.

The reaction yield anisotropy DFS has been adopted here

and elsewhere [33,34,36] as a figure of merit by which to

judge the fitness of a radical pair magnetoreceptor. However,

it is not the only metric that could be used. Although a strongly

anisotropic response is presumably an advantage in any com-

pass sensor, there may be other properties that are at least as

important. For example, a narrower, more elongated shape

than those in figure 2 could provide a more precise compass

bearing. Alternatively, a more structured three-dimensional
pattern, e.g. with a larger number of positive (red) and negative

(blue) regions than those in figure 2, might convey more

nuanced directional information than merely the magnetic

north–south axis [38]. Nevertheless, given the relatively

simple angular dependence of the singlet yield patterns in

figure 2, DFS would appear to be an acceptable measure of

their suitability as direction sensors under the conditions

of our simulations.

The approximations and assumptions underlying the

simulations also need some comment. Both electron spin-

relaxation and inter-radical (exchange and dipolar) interactions

have been neglected. Neither assumption is strictly valid and

both could affect [FAD†2 TrpH†þ] and [FAD†2 Z†] differ-

ently. For example, the centre-to-centre separation of FAD

and TrpH in cryptochrome (approx. 1.9 nm) corresponds to a

dipolar interaction (approx. 400 mT) that could attenuate the

response of the radical pair to a 50 mT magnetic field [20]. If

the radicals in [FAD†2 Z†] were further than 1.9 nm apart,

the dipolar interaction would be smaller and might therefore

interfere less with the desired spin dynamics. Similarly,

spin relaxation might be slower in [FAD†2 Z†] than in

[FAD†2 TrpH†þ] owing to the absence of hyperfine inter-

actions in Z† and so could tip the balance even further in

favour of [FAD†2 Z†]. Despite such uncertainties, it seems

unlikely that these approximations would overturn the con-

clusion that [FAD†2 Z†] appears to be much better suited

than [FAD†2 TrpH†þ] as a compass sensor.

A further assumption made here, and in most other com-

parable treatments [5,31–34], is that singlet and triplet radical

pairs react spin-selectively along separate, parallel pathways

to give chemically distinct (singlet and triplet) products. Fur-

thermore, in common with others, we have assumed for

simplicity that the rates of the singlet and triplet decay chan-

nels are identical. The latter is clearly an approximation but

not one that would seriously affect the conclusions reached

here unless, in reality, the spin-selective rate constants

differed by more than about an order of magnitude. The

use of spin-selective reaction channels for both singlet and

triplet radical pairs is also questionable. The triplet state of

[FAD†2 TrpH†þ] cannot undergo reverse electron transfer

because the triplet states of both FAD and tryptophan have

energies well above that of the radical pair. An experimental

study of magnetic field effects on [FAD†2 TrpH†þ] in crypto-

chrome and photolyase has shown that only one of the two

competing radical pair reactions is spin-selective [18]. Singlet

radical pairs undergo reverse electron transfer to regenerate

the ground state of the protein, while both singlet and triplet

states react at the same rate to produce a longer lived radical

pair in which either FAD†2 is protonated or TrpH†þ depro-

tonated. However, such details, although important for

quantitative interpretation of experimental data [18], are

not critical here. The fundamental conclusions still hold: the

spin dynamics of [FAD†2 Z†] are much more strongly

anisotropic than those of [FAD†2 TrpH†þ].
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3.2. [FAD†2 TrpH†þ] versus [FAD†2 Z†]
The FAD†2 radical in cryptochrome appears to have magne-

tic properties, identified above, which make it a particularly

favourable choice as a constituent of a compass sensor. How-

ever, those properties manifest fully only when its partner in

the radical pair—the radical we refer to as Z†—has no signifi-

cant hyperfine interactions. When FAD†2 is paired instead

with TrpH†þ, the sensitivity of the compass drops by two

orders of magnitude under the conditions of the simulations.

We now summarize the evidence and arguments for and against

the two radical pairs, [FAD†2 TrpH†þ] and [FAD†2 Z†], and

review various possible identities for Z†.

As mentioned in §1, [FAD†2 TrpH†þ] was first proposed

by Ritz et al. [5] and has been widely assumed to be the

magnetic sensor in any cryptochrome-dependent magnetore-

ception system. Biophysical studies have confirmed the

magnetic sensitivity of this species in vitro [17,18]. A

[FAD†2 Z†] or [FADH† Z†] radical pair derived from crypto-

chrome has been proposed to explain what appears to be a

resonant effect of radiofrequency fields on the magnetic com-

pass orientation of European robins [19]. Simulations show

that any hyperfine interaction in Z† larger than approxi-

mately 20 mT would banish the apparent resonance [23].

Even if one accepts the existence of an [FAD†2 Z†] sensor,

there remain serious problems in understanding how a radio-

frequency field as weak as 15 nT could disrupt the directional

response to a static field (50 mT) some 3000 times stronger

[39]. Hyperfine interactions in Z† somewhat larger than

20 mT can be tolerated if the radiofrequency results are set

aside. As indicated by figure 4c, the compass sensitivity,

DFS, is only halved by introducing a single isotropic hyper-

fine interaction in Z† even when it is much larger than

50 mT. Such a radical pair would still be much more sensitive

than [FAD†2 TrpH†þ].

3.3. Possible identity of Z†

If an [FAD†2 Z†] or [FADH† Z†] species is involved, what might

Z† be and how could it be formed as part of a spin-correlated

radical pair with FAD†2 or FADH†? So as not to compromise

the favourable magnetic properties of the FAD radical, Z†

should (a) have few and small hyperfine interactions; (b) not

undergo fast (less than 1 ms) electron spin relaxation; and in

addition (c) be chemically and biologically plausible.

The only specific candidates suggested so far are super-

oxide, O†�
2 , and dioxygen, O2 [23,24]. Although the ground

state of the latter is a triplet (two unpaired electrons), it could

in principle play the role of Z† [23]. Both O†�
2 and O2 ostensibly

satisfy condition (a) (16O, the only abundant isotope of oxygen,

has no nuclear spin) and probably (c): both are potent oxidants

of singly (FAD†2 and FADH†) and doubly (FADH2) reduced

flavins. Moreover, O2 is biologically ubiquitous and an FAD-

superoxide radical pair could arise during the dark oxidation

of fully reduced FAD: FADH2 þ O2! [FADH† O†�
2 ] �H

þ

����!
FAD þ H2O2 [40]. However, the strong spin–orbit coupling

in O†�
2 [41], and the zero-field splitting in O2 [42], almost cer-

tainly lead to extremely fast (less than 1 ns) electron spin

relaxation [23,43,44] which would preclude any significant

response to a 50 mT magnetic field. The only way in which

O†�
2 might relax sufficiently slowly would be if it were strongly

and asymmetrically bound to cryptochrome so that its orbital

angular momentum was quenched [23]. However, there is no

known or obvious O2-binding site in cryptochrome and such
interactions would probably introduce hyperfine interactions

with nuclei in the protein [23]. Similar arguments apply

to the hydroperoxy radical, HO†
2 (the protonated form of

superoxide), which has a large (approx. 1 mT) anisotropic

hyperfine interaction [45] and probably relaxes very rapidly.

Another conceivable identity for Z† would be a metal ion

that had appropriate redox chemistry, slow electron spin

relaxation, a reasonably abundant non- or weakly magnetic

isotope and small hyperfine couplings to ligand nuclei. No

obvious candidates suggest themselves.

Alternatively, one could envisage cases in which the

effects of hyperfine interactions partially cancel. For example,

a radical containing two magnetically equivalent hydrogens

has a 25% statistical chance of being in a nuclear singlet

state, which would have no hyperfine interaction. However,

this requires the two hydrogens to have identical hyperfine

tensors, which would exclude, for example, a X�CH†
2 radical

in which the two methylene hydrogens necessarily have non-

parallel hyperfine axes. We have been unable to propose a

plausible radical that meets this condition.

Finally, there is the possibility that Z† might be free from

hyperfine interactions as a result of electron hopping between

molecules, as can be observed for radicals in solution [46].

However, it is difficult to imagine how this could happen

in cryptochrome. For example, fast electron hopping among

the tryptophans of the Trp-triad would reduce the isotropic

hyperfine couplings in TrpH†þ by at most a factor of three

(in the case when the electron spin spent one-third of the

time on each Trp [47]).
3.4. Origin of [FAD†2 Z†]
The other problematic aspect of a cryptochrome-based

[FAD†2 Z†] magnetoreceptor is to envisage how the unknown

Z† radical might be formed as part of a spin-correlated radical

pair with FAD†2 or FADH†. One possibility, mentioned

above, is electron transfer from FADH2 to dioxygen. The

fully reduced form of the cofactor required for this reaction

could arise via a two-stage photoreduction process: FAD�hn��!
FAD†2 or FADH†�hn��! FADH2 involving electron transfer

along the Trp-triad [40,48,49]. But the electron acceptor that

oxidizes FADH† does not have to be O2: as suggested by the

DNA-repair reaction of photolyase [50], an oxidant molecule

bound to cryptochrome in what would be the DNA-binding

site in a photolyase could undergo a reaction of the type,

FADH2 þ A! [FADH† A†2].

Alternatively, a Z†-type radical pair could be formed

directly from the fully oxidized form of the FAD. Reduction

of photo-excited FAD by an electron donor situated in

the equivalent of the DNA-binding site might be fast

enough to compete with reduction via the Trp-triad and so

produce an alternative magnetically sensitive radical pair:

FAD þ D! [FAD†2 D†þ].

Finally, an [FAD†2 Z†] radical pair could be formed

by electron transfer to the TrpH†þ radical in [FAD†2 TrpH†þ].

This appears to happen in A. thaliana cryptochrome in which a

tyrosine residue in the protein acts as the reducing agent [14].

But tyrosyl radicals have hyperfine interactions just as strong

as TrpH†þ [51], so this would not generate a Z†-type radical.

However, it is conceivable that in vivo there is an external elec-

tron donor. An advantage of such an arrangement is that the

radical–radical separation in [FAD†2 Z†] could be larger than

that for [FAD†2 TrpH†þ], meaning less attenuation of the
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Figure 5. Ascorbyl radical. The isotropic 1H hyperfine interactions are as indi-
cated [52]. (Online version in colour.)
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magnetic field effect by the dipolar interaction [20]. A disadvan-

tage is that spin-selective recombination of the radicals would

probably be slower allowing more time for spin relaxation to

dilute the magnetic response.

3.5. A suggestion
We end with a very tentative and speculative suggestion for the

identity of the putative Z† radical. Ascorbic acid (figure 5),

a common biological reductant, can reduce photo-excited fla-

vins [53] and Trp radicals [54] by hydrogen atom or electron

transfer to form a radical in which there is one small (approx.

200 mT) and several very small (10220 mT) hyperfine inter-

actions [52,55]. The ascorbyl radical paired with FAD†2 or

FADH† would not be compatible with the radiofrequency dis-

orientation data [19] and has an expected compass sensitivity

about half that of [FAD†2 Z†] (figure 4c), but it would still be

approximately 50 times more sensitive than [FAD†2 TrpH†þ]

under the same conditions. If the radiofrequency experiments

cannot be independently replicated, [FAD†2ascorbyl†2] or

[FADH† ascorbyl†2] could come to be seen as a good compro-

mise between compass sensitivity and biological feasibility.

Although one could speculate further on the involvement of

ascorbic acid, we just make two observations here. First, for

the operation of the compass it is only essential that one of
the two radicals is immobilized [8]. If the cryptochrome

molecules, and therefore the FAD radicals produced photoche-

mically within them, are prevented from rotating, then there is

no reason why the other radical could not be mobile. It would

therefore not be necessary for ascorbate to bind to crypto-

chrome. Second, an FAD/ascorbyl radical pair would not be

compatible with the recent proposal that the magnetically sen-

sitive species in cryptochrome is a radical pair formed by

oxidation of the fully reduced form of FAD [40].
4. Conclusion
We have shown that, other things being equal, a radical pair

in which a cryptochrome-bound FAD radical is partnered by

a radical (Z†) with no or a few, weak hyperfine interactions

can be two orders of magnitude more sensitive to the direc-

tion of the geomagnetic field than the FAD–tryptophan

radical pair that is generally assumed to be the magnetically

sensitive entity in cryptochrome. The favourable magnetic

properties of [FAD†2 Z†] arise from the highly asymmetric

distribution of hyperfine interactions among the two radicals

and the near-optimum character of the two nitrogens in the

central ring of the flavin radical. The spin motion of

[FAD†2 Z†] is accurately described by the ‘reference-probe’

concept previously suggested as an optimal magnetoreceptor

design. The identity and origin of Z† are obscure; we have

tentatively suggested ascorbic acid as the source of a radical

that, when paired with an FAD radical in cryptochrome,

could be almost as sensitive a compass sensor as [FAD†2 Z†].
Acknowledgements. We are grateful to Ilya Kuprov for calculating
hyperfine tensors.

Funding statement. We thank EPSRC, DARPA (QuBE: N66001-10-1-
4061), ERC and the EMF Biological Research Trust for financial sup-
port, and the Nuffield Foundation for an Undergraduate Research
Bursary (for A.L.). T.B. thanks the Deutsche Forschungsgemeinschaft
(DFG) for financial support (grant nos. BI 1249/1-1 and BI 1249/1-2).
References
1. Mouritsen H, Hore PJ. 2012 The magnetic retina:
light-dependent and trigeminal magnetoreception
in migratory birds. Curr. Opin. Neurobiol. 22,
343 – 352. (doi:10.1016/j.conb.2012.01.005)

2. Lohmann KJ. 2010 Q&A animal behaviour:
magnetic-field perception. Nature 464, 1140 – 1142.
(doi:10.1038/4641140a)

3. Wiltschko R, Stapput K, Thalau P, Wiltschko W. 2010
Directional orientation of birds by the magnetic field
under different light conditions. J. R. Soc. Interface 7,
S163 – S177. (doi:10.1098/rsif.2009.0367.focus)

4. Kirschvink JL, Winklhofer M, Walker MM. 2010
Biophysics of magnetic orientation: strengthening
the interface between theory and experimental
design. J. R. Soc. Interface 7, S179 – S191. (doi:10.
1098/rsif.2009.0491.focus)

5. Ritz T, Adem S, Schulten K. 2000 A model for
photoreceptor-based magnetoreception in birds.
Biophys. J. 78, 707 – 718. (doi:10.1016/S0006-
3495(00)76629-X)
6. Solov’yov IA, Chandler DE, Schulten K. 2007
Magnetic field effects in Arabidopsis thaliana
cryptochrome-1. Biophys. J. 92, 2711 – 2726.
(doi:10.1529/biophysj.106.097139)

7. Dodson CA, Hore PJ, Wallace MI. 2013 A radical
sense of direction: signalling and mechanism in
cryptochrome magnetoreception. Trends Biochem.
Sci. 38, 435 – 446. (doi:10.1016/j.tibs.2013.07.002)

8. Rodgers CT, Hore PJ. 2009 Chemical
magnetoreception in birds: a radical pair
mechanism. Proc. Natl Acad. Sci. USA 106,
353 – 360. (doi:10.1073/pnas.0711968106)

9. Ritz T. 2011 Quantum effects in biology: bird
navigation. Proc. Chem. 3, 262 – 275. (doi:10.1016/j.
proche.2011.08.034)

10. Phillips JB, Jorge PE, Muheim R. 2010 Light-
dependent magnetic compass orientation in
amphibians and insects: candidate receptors and
candidate molecular mechanisms. J. R. Soc. Interface
7, S241 – S256. (doi:10.1098/rsif.2009.0459.focus)
11. Ritz T, Ahmad M, Mouritsen H, Wiltschko R,
Wiltschko W. 2010 Photoreceptor-based
magnetoreception: optimal design of receptor
molecules, cells, and neuronal processing. J. R. Soc.
Interface 7, S135 – S146. (doi:10.1098/rsif.2009.
0456.focus)

12. Liedvogel M, Mouritsen H. 2010 Cryptochromes:
a potential magnetoreceptor: what do we know
and what do we want to know? J. R. Soc.
Interface 7, S147 – S162. (doi:10.1098/rsif.2009.
0411.focus)

13. Gindt YM, Vollenbroek E, Westphal K, Sackett H,
Sancar A, Babcock GT. 1999 Origin of the transient
electron paramagnetic resonance signals in DNA
photolyase. Biochemistry 38, 3857 – 3866. (doi:10.
1021/bi981191+)

14. Giovani B, Byrdin M, Ahmad M, Brettel K. 2003
Light-induced electron transfer in a cryptochrome
blue-light photoreceptor. Nat. Struct. Biol. 10,
489 – 490. (doi:10.1038/nsb933)

http://dx.doi.org/10.1016/j.conb.2012.01.005
http://dx.doi.org/10.1038/4641140a
http://dx.doi.org/10.1098/rsif.2009.0367.focus
http://dx.doi.org/10.1098/rsif.2009.0491.focus
http://dx.doi.org/10.1098/rsif.2009.0491.focus
http://dx.doi.org/10.1016/S0006-3495(00)76629-X
http://dx.doi.org/10.1016/S0006-3495(00)76629-X
http://dx.doi.org/10.1529/biophysj.106.097139
http://dx.doi.org/10.1016/j.tibs.2013.07.002
http://dx.doi.org/10.1073/pnas.0711968106
http://dx.doi.org/10.1016/j.proche.2011.08.034
http://dx.doi.org/10.1016/j.proche.2011.08.034
http://dx.doi.org/10.1098/rsif.2009.0459.focus
http://dx.doi.org/10.1098/rsif.2009.0456.focus
http://dx.doi.org/10.1098/rsif.2009.0456.focus
http://dx.doi.org/10.1098/rsif.2009.0411.focus
http://dx.doi.org/10.1098/rsif.2009.0411.focus
http://dx.doi.org/10.1021/bi981191+
http://dx.doi.org/10.1021/bi981191+
http://dx.doi.org/10.1038/nsb933


rsif.royalsocietypublishing.org
J.R.Soc.Interface

11:20131063

10
15. Zeugner A, Byrdin M, Bouly J-P, Bakrim N, Giovani
B, Brettel K, Ahmad M. 2005 Light-induced electron
transfer in Arabidopsis cryptochrome-1 correlates
with in vivo function. J. Biol. Chem. 280, 19 437 –
19 440. (doi:10.1074/jbc.C500077200)

16. Biskup T, Schleicher E, Okafuji A, Link G, Hitomi K,
Getzoff ED, Weber S. 2009 Direct observation of a
photoinduced radical pair a cryptochrome blue-light
photoreceptor. Angew. Chem. Int. Ed. 48, 404 – 407.
(doi:10.1002/anie.200803102)

17. Henbest KB, Maeda K, Hore PJ, Joshi M, Bacher A,
Bittl R, Weber S, Timmel CR, Schleicher E. 2008
Magnetic-field effect on the photoactivation
reaction of Escherichia coli DNA photolyase. Proc.
Natl Acad. Sci. USA 105, 14 395 – 14 399. (doi:10.
1073/pnas.0803620105)

18. Maeda K et al. 2012 Magnetically sensitive light-
induced reactions in cryptochrome are consistent
with its proposed role as a magnetoreceptor. Proc.
Natl Acad. Sci. USA 109, 4774 – 4779. (doi:10.1073/
pnas.1118959109)

19. Ritz T, Wiltschko R, Hore PJ, Rodgers CT, Stapput K,
Thalau P, Timmel CR, Wiltschko W. 2009 Magnetic
compass of birds is based on a molecule with
optimal directional sensitivity. Biophys. J. 96,
3451 – 3457. (doi:10.1016/j.bpj.2008.11.072)

20. Efimova O, Hore PJ. 2008 Role of exchange and
dipolar interactions in the radical pair model of the
avian magnetic compass. Biophys. J. 94,
1565 – 1574. (doi:10.1529/biophysj.107.119362)

21. Rodgers CT, Norman SA, Henbest KB, Timmel CR,
Hore PJ. 2007 Determination of radical re-encounter
probability distributions from magnetic field effects
on reaction yields. J. Am. Chem. Soc. 129, 6746 –
6755. (doi:10.1021/ja068209l)

22. Maeda K, Henbest KB, Cintolesi F, Kuprov I, Rodgers
CT, Liddell PA, Gust D, Timmel CR, Hore PJ. 2008
Chemical compass model of avian
magnetoreception. Nature 453, 387 – 390. (doi:10.
1038/nature06834)

23. Hogben HJ, Efimova O, Wagner-Rundell N, CR T,
Hore PJ. 2009 Possible involvement of superoxide
and dioxygen with cryptochrome in avian
magnetoreception: origin of Zeeman resonances
observed by in vivo EPR spectroscopy. Chem. Phys.
Lett. 480 118 – 122. (doi:10.1016/j.cplett.2009.
08.051)

24. Solov’yov IA, Schulten K. 2009 Magnetoreception
through cryptochrome may involve superoxide.
Biophys. J. 96, 4804 – 4813. (doi:10.1016/j.bpj.2009.
03.048)

25. Schulten K, Swenberg CE, Weller A. 1978 A
biomagnetic sensory mechanism based on magnetic
field modulated coherent electron spin motion.
Z. Phys. Chem. NF 111, 1 – 5. (doi:10.1524/zpch.
1978.111.1.001)

26. Schulten K. 1982 Magnetic field effects in chemistry
and biology. In Festkörperprobleme (ed. J Treusch),
pp. 61 – 83. Braunschweig, Germany: Vieweg.

27. Schulten K, Windemuth A. 1986 Model for a
physiological magnetic compass. In Biophysical
effects of steady magnetic fields, pp. 99 – 106.
Berlin, Germany: Springer.
28. Zoltowski BD, Vaidya AT, Top D, Widom J, Young
MW, Crane BR. 2011 Structure of full-length
Drosophila cryptochrome. Nature 480, 396 – 399.
(doi:10.1038/nature10618)

29. Levy C et al. 2013 Updated structure of Drosophila
cryptochrome. Nature 495, E3 – E4. (doi:10.1038/
nature11995)

30. Frisch MJ et al. 2004 Gaussian 03. Revision C.02 ed.
Wallingford, CT: Gaussian, Inc.

31. Cintolesi F, Ritz T, Kay CWM, Timmel CR, Hore PJ.
2003 Anisotropic recombination of an immobilized
photoinduced radical pair in a 50-mT magnetic
field: a model avian photomagnetoreceptor. Chem.
Phys. 294, 385 – 399. (doi:10.1016/S0301-
0104(03)00320-3)

32. Cai J, Guerreschi GG, Briegel HJ. 2010 Quantum
control and entanglement in a chemical compass.
Phys. Rev. Lett. 104, 220502. (doi:10.1103/
PhysRevLett.104.220502)

33. Lambert N, De Liberato S, Emary C, Nori F. 2013
Radical-pair model of magnetoreception with
spin – orbit coupling. New J. Phys. 15, 083024.
(doi:10.1088/1367-2630/15/8/083024)

34. Gauger EM, Rieper E, Morton JJL, Benjamin SC,
Vedral V. 2011 Sustained quantum coherence and
entanglement in the avian compass. Phys. Rev. Lett.
106, 040503. (doi:10.1103/PhysRevLett.106.040503)

35. Wiltschko W, Wiltschko R. 1972 Magnetic compass
of European robins. Science 176, 62 – 64. (doi:10.
1126/science.176.4030.62)

36. Cai JM, Caruso F, Plenio MB. 2012 Quantum limits
for the magnetic sensitivity of a chemical compass.
Phys. Rev. A 85, 040304. (doi:10.1103/PhysRevA.
85.040304)

37. Till U, Timmel CR, Brocklehurst B, Hore PJ. 1998 The
influence of very small magnetic fields on radical
recombination reactions in the limit of slow
recombination. Chem. Phys. Lett. 298, 7 – 14.
(doi:10.1016/S0009-2614(98)01158-0)

38. Phillips JB, Muheim R, Jorge PE. 2010 A behavioral
perspective on the biophysics of the light-
dependent magnetic compass: a link between
directional and spatial perception? J. Exp. Biol. 213,
3247 – 3255. (doi:10.1242/jeb.020792)

39. Kavokin KV. 2009 The puzzle of magnetic resonance
effect on the magnetic compass of migratory birds.
Bioelectromagnetics 30, 402 – 410. (doi:10.1002/
bem.20485)

40. Niessner C, Denzau S, Stapput K, Ahmad M, Peichl
L, Wiltschko W, Wiltschko R. 2013
Magnetoreception: activated cryptochrome 1a
concurs with magnetic orientation in birds. J. R. Soc.
Interface 10, 20130638. (doi:10.1098/rsif.2013.0638)

41. Huber KP, Herzberg G. 1979 Constants of diatomic
molecules. In Molecular spectra and molecular structure,
chapter 2. New York, NY: Van Nostrand Reinhold.

42. Tinkham M, Strandberg MWP. 1955 Theory of the
fine structure of the molecular oxygen ground
state. Phys. Rev. 97, 937 – 951. (doi:10.1103/
PhysRev.97.937)

43. Karogodina TY, Dranov IG, Sergeeva SV, Stass DV,
Steiner UE. 2011 Kinetic magnetic-field effect
involving the small biologically relevant inorganic
radicals nitric oxide and superoxide. Chem. Phys.
Chem. 12, 1714 – 1728. (doi:10.1002/cphc.
201100178)

44. Karogodina TY, Sergeeva SV, Stass DV. 2009
Magnetic field effect in the reaction of
recombination of nitric oxide and superoxide anion.
Appl. Magn. Reson. 36, 195 – 208. (doi:10.1007/
s00723-009-0018-2)

45. Bednarek J, Plonka A, Hallbrucker A, Mayer E,
Symons MCR. 1996 Hydroperoxyl radical generation
by gamma-irradiation of glassy water at 77 K.
J. Am. Chem. Soc. 118, 9387 – 9390. (doi:10.1021/
ja960518w)

46. Ward RL, Weissman SI. 1957 Electron spin
resonance study of the electron exchange between
naphthalene negative ion and naphthalene. J. Am.
Chem. Soc. 79, 2086 – 2090. (doi:10.1021/
ja01566a017)

47. Feher G, Hoff AJ, Isaacson RA, Ackerson LC. 1975
ENDOR experiments on chlorophyll and
bacteriochlorophyll in vitro and in the
photosynthetic unit. Ann. N.Y. Acad. Sci. 244,
239 – 259. (doi:10.1111/j.1749-6632.1975.
tb41534.x)

48. Bouly JP et al. 2007 Cryptochrome blue light
photoreceptors are activated through
interconversion of flavin redox states. J. Biol. Chem.
282, 9383 – 9391. (doi:10.1074/jbc.M609842200)

49. Hoang N et al. 2008 Human and Drosophila
cryptochromes are light activated by flavin
photoreduction in living cells. PLoS Biol. 6, e160.
(doi:10.1371/journal.pbio.0060160)

50. Weber S. 2005 Light-driven enzymatic catalysis of
DNA repair: a review of recent biophysical studies
on photolyase. Biochim. Biophys. Acta 1707, 1 – 23.
(doi:10.1016/j.bbabio.2004.02.010)

51. Tomkiewicz M, McAlpine RD, Cocivera M. 1972
Photooxidation and decarboxylation of tyrosine
studied by EPR and CIDNP techniques. Can. J. Chem
50, 3849 – 3856. (doi:10.1139/v72-606)

52. Laroff GP, Fessenden RW, Schuler RH. 1972 Electron-
spin resonance spectra of radical intermediates in
oxidation of ascorbic-acid and related substances.
J. Am. Chem. Soc. 94, 9062 – 9073. (doi:10.1021/
ja00781a013)

53. Kim H, Kirschenbaum LJ, Rosenthal I, Riesz P. 1993
Photosensitized formation of ascorbate radicals by
riboflavin: an ESR study. Photochem. Photobiol. 57,
777 – 784. (doi:10.1111/j.1751-1097.1993.
tb09210.x)

54. Gebicki JM, Nauser T, Domazou A, Steinmann D,
Bounds PL, Koppenol WH. 2010 Reduction of
protein radicals by GSH and ascorbate: potential
biological significance. Amino Acids 39, 1131 –
1137. (doi:10.1007/s00726-010-0610-7)

55. Ohara K, Watanabe R, Mizuta Y, Nagaoka S, Mukai K.
2003 Time-resolved electron paramagnetic resonance
investigation of photoinitiated antioxidant reaction of
vitamin C (ascorbic acid) with xanthone in aqueous
sodium lauryl sulfate, hexadecyltrimethylammonium
chloride, and Triton X-100 micelle solutions. J. Phys.
Chem. B 107, 11 527 – 11 533. (doi:10.1021/
jp0353486)

http://dx.doi.org/10.1074/jbc.C500077200
http://dx.doi.org/10.1002/anie.200803102
http://dx.doi.org/10.1073/pnas.0803620105
http://dx.doi.org/10.1073/pnas.0803620105
http://dx.doi.org/10.1073/pnas.1118959109
http://dx.doi.org/10.1073/pnas.1118959109
http://dx.doi.org/10.1016/j.bpj.2008.11.072
http://dx.doi.org/10.1529/biophysj.107.119362
http://dx.doi.org/10.1021/ja068209l
http://dx.doi.org/10.1038/nature06834
http://dx.doi.org/10.1038/nature06834
http://dx.doi.org/10.1016/j.cplett.2009.08.051
http://dx.doi.org/10.1016/j.cplett.2009.08.051
http://dx.doi.org/10.1016/j.bpj.2009.03.048
http://dx.doi.org/10.1016/j.bpj.2009.03.048
http://dx.doi.org/10.1524/zpch.1978.111.1.001
http://dx.doi.org/10.1524/zpch.1978.111.1.001
http://dx.doi.org/10.1038/nature10618
http://dx.doi.org/10.1038/nature11995
http://dx.doi.org/10.1038/nature11995
http://dx.doi.org/10.1016/S0301-0104(03)00320-3
http://dx.doi.org/10.1016/S0301-0104(03)00320-3
http://dx.doi.org/10.1103/PhysRevLett.104.220502
http://dx.doi.org/10.1103/PhysRevLett.104.220502
http://dx.doi.org/10.1088/1367-2630/15/8/083024
http://dx.doi.org/10.1103/PhysRevLett.106.040503
http://dx.doi.org/10.1126/science.176.4030.62
http://dx.doi.org/10.1126/science.176.4030.62
http://dx.doi.org/10.1103/PhysRevA.85.040304
http://dx.doi.org/10.1103/PhysRevA.85.040304
http://dx.doi.org/10.1016/S0009-2614(98)01158-0
http://dx.doi.org/10.1242/jeb.020792
http://dx.doi.org/10.1002/bem.20485
http://dx.doi.org/10.1002/bem.20485
http://dx.doi.org/10.1098/rsif.2013.0638
http://dx.doi.org/10.1103/PhysRev.97.937
http://dx.doi.org/10.1103/PhysRev.97.937
http://dx.doi.org/10.1002/cphc.201100178
http://dx.doi.org/10.1002/cphc.201100178
http://dx.doi.org/10.1007/s00723-009-0018-2
http://dx.doi.org/10.1007/s00723-009-0018-2
http://dx.doi.org/10.1021/ja960518w
http://dx.doi.org/10.1021/ja960518w
http://dx.doi.org/10.1021/ja01566a017
http://dx.doi.org/10.1021/ja01566a017
http://dx.doi.org/10.1111/j.1749-6632.1975.tb41534.x
http://dx.doi.org/10.1111/j.1749-6632.1975.tb41534.x
http://dx.doi.org/10.1074/jbc.M609842200
http://dx.doi.org/10.1371/journal.pbio.0060160
http://dx.doi.org/10.1016/j.bbabio.2004.02.010
http://dx.doi.org/10.1139/v72-606
http://dx.doi.org/10.1021/ja00781a013
http://dx.doi.org/10.1021/ja00781a013
http://dx.doi.org/10.1111/j.1751-1097.1993.tb09210.x
http://dx.doi.org/10.1111/j.1751-1097.1993.tb09210.x
http://dx.doi.org/10.1007/s00726-010-0610-7
http://dx.doi.org/10.1021/jp0353486
http://dx.doi.org/10.1021/jp0353486

	Alternative radical pairs for cryptochrome-based magnetoreception
	Introduction
	Results
	Flavin-tryptophan radical pair
	Truncated flavin-tryptophan radical pairs
	One-nucleus flavin-tryptophan radical pairs
	Model radical pairs
	Analytical solutions
	[FADH&bull;&thinsp;Z&bull;] radical pair
	Reference-probe model

	Discussion
	Simulation methods
	[FAD&bull;&minus;&thinsp;TrpH&bull;&plus;] versus [FAD&bull;&minus;&thinsp;Z&bull;]
	Possible identity of Z&bull;
	Origin of [FAD&bull;&minus;&thinsp;Z&bull;]
	A suggestion

	Conclusion
	Acknowledgements
	Funding statement
	References


