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ABSTRACT: Many birds are endowed with a visual magnetic
sense that may exploit magnetosensitive radical recombination
processes in the protein cryptochrome. In this widely accepted but
unproven model, geomagnetic sensitivity is suggested to arise from
variations in the recombination rate of a pair of radicals, whose
unpaired electron spins undergo coherent singlet−triplet inter-
conversion in the geomagnetic field by coupling to nuclear spins
via hyperfine interactions. However, simulations of this conven-
tional radical pair mechanism (RPM) predicted only tiny
magnetosensitivities for realistic conditions because the RPM’s
directional sensitivity is strongly suppressed by the intrinsic
electron−electron dipolar (EED) interactions, casting doubt on
its viability as a magnetic sensor. We show how this RPM-
suppression problem is overcome in a three-radical system in which a third “scavenger” radical reacts with one member of the
primary pair. We use this finding to predict substantial magnetic field effects that exceed those of the RPM in the presence of EED
interactions in animal cryptochromes.
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■ INTRODUCTION

Various animals exhibit a light-dependent axial magnetic sense
that is responsive to the inclination (but not the polarity) of
the Earth’s magnetic field. These organisms include different
types of birds, as well as insects and amphibians.1−4 Although
magnetic sensing is widespread throughout the animal
kingdom (where various magnetoreceptive mechanisms are
employed), axial magnetoreception has attracted attention
because it is hypothesized to rely on coherent quantum
dynamics which control a chemical step.2,5−7 The actual sensor
has, however, so far eluded discovery, and so, the reaction
mechanism remains unclear and subject to controversy.4 This
issue is complicated by the challenge of corroborating
physicochemical models with relevant behavioral observations
in vivo.8 This has led to a proliferation of models9−16 inspired
by phenomenological observations.17−23

In the most widely accepted model of the inclination
compass, sensing is actuated by the radical−pair mechanism
(RPM).2,15,16 This long-standing model mechanism is known
to govern various magnetic-field-sensitive kinetic effects in spin
chemistry.24 Conventionally, the model assumes two geminate
molecular radicals, “born together” from closed-shell reactants,
possibly by photoexcitation or a light-independent reaction
cascade.2 This radical pair initially comprises two physically
separated, spin-correlated molecules in a shared “singlet” (i.e.,
zero) spin angular momentum state if born from the

diamagnetic precursor (without intersystem crossing). Starting
out from this pure singlet state, the radical pair can evolve in
time under local magnetic interactions, which modulate its
singlet/triplet character, and thus its likelihood of recombina-
tion. These dynamics are mediated by the Zeeman effect, in
conjunction with the local magnetic field variations resulting
from the nuclear hyperfine interactions. Thus, hyperfine
interactions with local magnetic nuclei are the main driver of
singlet−triplet interconversion in the RPM. The anisotropy of
the hyperfine interactions (i.e., the electron−nuclear dipole
coupling) imprints directionality on the magnetosensitivity of
this process, providing the theoretical basis for the RPM-based
inclination compass.
According to the conventional RPM model of magneto-

reception, chemical sensitivities to the amplitude and direction
of an ambient magnetic field arise in the photoreceptor protein
cryptochrome (Cry, Figure 1).15 In this model, the magnetic-
field dependent, coherent spin dynamics modulate the
proportion of radical pairs that recombine with respect to
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those that “escape” recombination, where those that escape are
assumed to generate a structurally distinct signaling state
(perhaps by adopting a different molecular conformation).25 In
this way, the RPM forms the basis for a sensor that is
insensitive to field polarity, responsive to a narrow (but
adjustable) range of magnetic field intensities, light-dependent
(though the magnetosensitive step may be light-independent,20

cf., below), and disrupted by weak radio frequency (rf)
electromagnetic fields.2,15,26 These properties are thought to
distinguish it from the magnetic particle-mediated sense.27

Specifically, the prediction of rf-interference has been borne
out in many experiments, for example, on birds,19,28−30

crustaceans,31 fruit flies,32 and plants.33

Cryptochrome was suggested as a candidate magnetic
receptor by Ritz et al.,15 because it had been found in
mammalian eyes and was known to undergo the right kind of
light-dependent radical reaction (as a protein in the
cryptochrome/photolyase family34). Cryptochromes have
since been found in birds’ and other species’ eyes.35,36

Interestingly, for some cryptochromes, there is strong evidence

to implicate their role in the regulation of avian seasonal
migration,37,38 a function beyond their activity as the circadian
governor.36 Furthermore, evidence has accumulated to show
that cryptochrome plays a critical role in magnetosensation in
fruit flies, where gene knockout experiments have demon-
strated that cryptochrome-deficient flies lose their magnetic
sense.22 Yet, it remains unclear whether cryptochrome is the
primary magnetoreceptor, or a downstream signal transducer.
In vitro, the cryptochrome-cofactor flavin adenine dinucleo-

tide (FAD), is photoreduced in a reaction involving spin-
conserving sequential electron transfer (ET) processes along a
structurally conserved triad (in plants) or tetrad (in animals) of
tryptophan residues (respectively, labeled WA, WB, WC,
WD)

39−44 as depicted in Figure 1. Thus, cryptochrome-
compass models are often based on a flavin/tryptophan radical
pair [FAD•−/W•+], born out of the photoreduction of the fully
oxidized (quinone) FAD by the surface-exposed tryptophan
WC via the Trp chain (Scheme 1a).2 Indeed, there is growing

in vitro evidence that confirms the presence of mT-scale
magnetic field effects (MFEs) related to this photoreduction
pathway in isolated cryptochromes41−43 and photolyases,45,46

and even μT-scale MFEs have been reported in crypto-
chrome.47 The isolated cryptochrome 4 of the Europen Robin
has recently been found to be more magnetosensitive to mT-
magnetic fields in vitro than comparable cryptochromes of
nonmigratory bird species.44 On the other hand, some studies
have called the [FAD•−/W•+] scheme into question as a
compass mechanism in vivo,17−20,22 hinting at an alternative
explanation of axial magnetosensitivity in vivo, in terms of an
ultimately light-driven process that incorporates a light-
independent magnetosensitive step.
An alternative reaction scheme involves reoxidation of the

fully photoreduced (hydroquinone) FADH− by molecular
oxygen.14,48 This gives rise to a semiquinone flavin/superoxide
radical pair [FADH•/O2

•−] (Scheme 1b).14,49 Based on its
distribution of hyperfine interactions alone, the [FADH•/O2

•−]
pair has been implicated with the potential for large directional
sensitivity, resulting from the complete lack of magnetic nuclei

Figure 1. (a) Structure of Columba livia (pigeon) cryptochrome 4,
ClCry4 (PDB: 6PU0).57 Labels indicate the FAD prosthetic group,
the Trp tetrad, potential Tyr successors, and molecular oxygen in the
position of the hypothetical Zfar radical used in our simulations. The
loop covering the FAD that was not resolved in the crystal structure
has been omitted. (b) Enlarged representation of the pertinent ET
pathway constituted by the tryptophan tetrad and relevant radical
sites. Both photoreduction and reoxidation pathways are shown
simultaneously although they correspond to different stages of the
reaction cycle.

Scheme 1. (a) Conventional RPM Model of
Magnetoreception Employing [FAD•−/W•+] Produced via
Photoexcitation (Typically Involving Blue Light)a and (b)
Alternative Radical-Pair-Based Scheme of
Magnetoreception Employing [FADH•/Z•−] Produced via
ET from FADH− to Z (Rate kET)

b

aThe radical pair is born as a singlet and undergoes coherent singlet-
triplet interconversion (labeled ω) before recombining (as a singlet at
rate kb) or initiating signalling (independent of the total spin at a rate
kf).

bThe radical pair is assumed to be born in the triplet state (in line
with Z’s putative identity as molecular oxygen), and undergoes
coherent singlet-triplet interconversion before it reacts either to form
a closed-shell oxidation product (e.g., a hydroperoxide of FAD) or to
initiate the resulting signalling cascade.
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in O2
•− (referred to as the reference−probe model).10,50

However, although O2
•− may be optimal in this respect, an

unbound superoxide radical would suffer rapid decoherence
while tumbling in solution, and therefore might not be
practical.13,51 To avoid this issue, it became customary to
assume a hypothetical radical denoted Z•− that is devoid of
hyperfine interactions,10 yet bestowed with the quality of slow
spin relaxation.
In both these RPM models of magnetoreception (Scheme

1), the directional magnetosensitivity arises from the matched
interplay of predominantly hyperfine and Zeeman interactions,
and the difference in the chemical reactivities of the singlet and
triplet states. Theory predicts modest (e.g., Scheme 1a under
realistic conditions)52,53 to considerable (e.g., Scheme 1b
without spin relaxation)10,50 directional MFEs. However,
problems arise when inter-radical couplings, that is, exchange
and EED coupling, modify the spin dynamics. These
interactions limit the low-field magnetosensitivity by lifting
the approximate zero-field degeneracy of the singlet and triplet
states, thereby inhibiting the hyperfine-driven singlet−triplet
interconversion on which the MFEs rely.54,55 As a
consequence, the conventional RPM model loses magneto-
sensitivity if its radical pair is formed too close together. Yet, its
magnetosensitivity is also lost if the pair is formed too far apart,
for lack of appreciable recombination (as kb → 0, precluding
the discrimination of spin states). Note further that while the
EED-coupling is anisotropic, it alone does not induce a
directional MFE in a radical pair.55,56

EED interactions are unavoidably significant for radical pairs
bound to cryptochrome,55 although electronic exchange was
found to be negligible in studies of related compounds.58 For
example, if we assume that the magnetic sensitivity arises
principally from a radical pair containing the third tryptophan
(WC) of the Trp chain (for which the radical pair separation is
about 1.8 nm),43 then the magnitude of the EED coupling is |
D| = 14 MHz. This coupling is at least comparable to the
hyperfine couplings in FAD•− and W•+ and exceeds the
Zeeman interaction with the geomagnetic field (about 50 μT
or 1.4 MHz). Thus, we can anticipate a non-negligible
influence of EED coupling on the spin dynamics, which, as
laid out above, is known to diminish the nuclear hyperfine-
mediated RPM.54,55

This problem has been largely ignored in theoretical works
that focused on the preferable, if unrealistic, scenario of
negligible inter-radical interactions.52,59−61 One study to
address the EED problem predicted that deleterious effects
of the dipolar coupling D and exchange coupling J might be
mitigated by meeting certain equal-but-opposite energy-
matching conditions, which would cause D and J to partially
eliminate each other. This mutual “J/D cancellation” effect
would allow the essential zero-field degeneracies to be partially
restored.62 However, a subsequent analysis predicted that J/D
cancellation is unlikely to enable RPM-mediated MFEs in
cryptochrome or other flavin-based radical-pair systems.55 In
that study, the RPM’s magnetic sensitivity was shown to be
suppressed by inter-radical interactions at the matching
conditions and, for that matter, any other plausible values of
the J coupling. This raises questions about whether it is feasible
for the RPM to rationalize crytochrome-mediated magneto-
reception, and invites the possibility that the RPM models
shown in Scheme 1 may not be sufficient to rationalize such an
exquisitely sensitive compass.

Speaking broadly, hyperfine coupling is not necessary to
mediate the magnetic sensitivity of a radical recombination in a
weak field.56 Rather, the necessary field-dependent singlet−
triplet interconversion may be enabled by a radical pair
coupling to a third radical via the seemingly intrusive EED
interaction itself, as shown in Scheme 2.56 To this effect, we

recently performed a theoretical analysis examining the
influence of a third radical on the cryptochrome magneto-
receptor in the presence of all relevant EED interactions (in
addition to hyperfine interactions).55 That generalized “Radical
Trio Mechanism” (R3M) did indeed predict modest-but-
significant MFEs in a cryptochrome magnetoreceptor in the
presence of a third, catalytic “bystander” radical B•. However,
although the presence of a bystander was found to boost the
MFE anisotropy of a [FAD•−/WD

•+] sensor by as much as
factor of 20, via the EED coupling, the MFE did not exceed 3%
for recombination parameters obtained on experimental
evidence where the bystander radical was assumed unreac-
tive.55

The introduction of a third nearby radical presents another
previously unexplored possibility that remains as a means to
tackle the EED problem: One member of the primary pair
could react with the third radical to form a stable closed-shell
product, rather than recombining with its twin to recover the
ground-state protein configuration (or a new singlet-state
reaction product). Indeed, past studies predicted a strong
enhancement of the anisotropic MFEs by introducing the
“scavenging” of one member of the geminate pair as it reacted
with a “scavenger” radical S•.63,64 Crucially, this scavenging
mechanism lifts the requirement that the primary-pair radicals
be close enough together to enable sufficiently fast
recombination. The problem has been debated in the context
of Scheme 1, where the radical pair is assumed to include the
terminal tryptophan of the tetrad (WD), which is too distant
from the flavin to recombine on the required time scale.63 On
the other hand, a scavenger was predicted to effectively
“immunize” spin dynamics against the destructive effects of fast
relaxation in one of the radicals, lending credibility to models
implicating O2

•−.64 However, both of those studies investigated
only toy-model versions of the RPM in the presence of a
scavenger radical, without including inter-radical interactions
such as the invasive EED coupling.63,64

Here, we assesses the prospect of the scavenging reactions
Scheme 3 to identify a feasible design principle for a biological
magnetoreceptor. We are careful to account for EED
couplings, demonstrating how radical scavenging may sustain
large magnetosensitivity in their (unavoidable) presence. The
following Theory section introduces the spin-physical chem-

Scheme 2. Bystander-Enabled Interconversion Mechanism,
Wherein the Initial Anion−Cation [A•−/C•+] Radical Pair Is
Produced in a Singlet or Triplet State via Photo-excitation
or Some Other Reaction (Not Shown)a

aIn either case, the radical pair undergoes singlet−triplet inter-
conversion, which is catalyzed by the presence of a bystander B•

before the primary radical pair either recombines (kb) or gives way to
the signalling state (kf).

55.
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istry, and its schematic representation. In the Model section,
we introduce radical scavenging into prototypical crypto-
chrome systems to explore prospects for scavenger-mediated
magnetoreception. Among our Results, we demonstrate the
feasibility of a magnetosensitive chemical pathway in
cryptochrome based on three-radical correlations in model
systems, where one member of the primary radical pair reacts
with a scavenger radical, in contrast with the predictions of
comparable RPM or R3M models. We summarize with a
Discussion of our findings, and draw Conclusions in light of
this new prospect for radical magnetosensation.

■ THEORY
We formulate the model in the context of a generic anion−
cation radical pair [A•−/C•+], complimented by a radical
scavenger S• that reacts with one of the two primary-pair
radicals to yield a distinct diamagnetic product (Scheme 3). In
practice, we consider three-radical systems comprising S• and
one of the two established primary radical pairs, either
[FAD•−/W•+] or [FADH•/Z•−]. The coherent spin dynamics
in this system are governed by the respective Zeeman, EED,
hyperfine, and exchange effects, according to the Hamiltonian
Ĥ = ĤZee + ĤEED+ Ĥhf + Ĥex, as detailed in the Supporting
Information (SI). The EED coupling was modeled based on
the point-dipole model, whereby all pairwise interactions of the
three radicals were considered explicitly. Reaction channels
consist of the forward reaction (rate kf) and scavenging (rate
kX). The term “chemical Zeno Effect” describes the reaction
dynamics enabled by this scheme.65 Specifically, the scavenging
reaction converts triplets to singlet states of the original pair,
even in the absence of coherent interaction terms, and thus
resembles the quantum (anti-)Zeno effect.66 The directionality
of the MFEs, here, results from the combined action of the
anisotropic hyperfine and EED coupling, mediated by the
incoherent recombination dynamics.
To simulate the anisotropic MFEs in the presence of EED

coupling and radical scavenging, we numerically integrated the
Liouville−von Neumann equation describing the spin
dynamics of the three-radical state of the system:

ρ ρ ρ ρ̂ = −
ℏ

[ ̂ ̂ ] − ̂ − { ̂ ̂ }
t

t
i

H t k t
k

P t
d
d

( ) , ( ) ( )
2

, ( )f
X

S
ab

(1)

where ρ̂(t) represents the time-dependent spin-density matrix
of the activated complex, and the Hamiltonian Ĥ comprises all

Zeeman, EED, hyperfine, and exchange effects (see SI). The
operator P̂S

ab projects onto the singlet state of the two radicals
labeled a and b. For the scavenging reaction, that is, according
to the reaction Scheme 3, we have (a,b) = (1,3) or (2,3) where
labels 1 and 2 indicate the primary pair radicals, and where 3
designates the scavenger radical. The brackets [] or {} denote
commutators or anticommutators, respectively.
In the case of the [FAD•−/W•+] primary radical pair, the

geminate pair is assumed to be “born” as a singlet ρ̂(0) ∝ P̂S
12.

Whereas in the case of the [FADH•/Z•−] primary pair, it is

born as a triplet ρ̂(0) ∝ P̂T
12 (where ̂ = ̂ − ̂P PT

ab
S
ab
is the triplet

projector). In either case, the scavenger is initially uncorrelated
with the primary radical pair. We emphasize that we have
purposefully neglected primary-pair recombination from
models of primary-pair scavenging here, to assess the viability
of magnetoreception via radical scavenging on its own.
Previous investigations indicated that primary-pair recombina-
tion has only a minor effect on the MFE when a scavenging
reaction dominates the spin dynamics.63

The formulation of this modeling framework enabled us to
predict the forward reaction yield Φf = kf ∫ 0

∞ Tr[ρ̂(t)] dt, and
the scavenging yield ΦX = kX ∫ 0

∞ Tr[P̂S
a3 ρ̂(t)] dt, for a ∈ {1,2}.

Assuming a magnetic flux density of 50 μT to represent the
geomagnetic field, we simulated the reaction yield for 2562
distinct field orientations (i.e., 1281 axes), to estimate the
maximum Γ (over orientations) of the relative MFE anisotropy
in each scenario

Γ =
ΔΦ

{Φ }
=

{Φ } − {Φ }
{Φ }mean( )

max( ) min( )
mean( )

f

f

f f

f (2)

where the yield maximum (max), minimum (min), and mean
in eq 2 are evaluated over the 1281 magnetic field axes
considered.

■ MODELS
To show how the chemical Zeno effect may generate
magnetosensitive spin dynamics in cryptochrome in the
presence of EED coupling, we modeled systems of three
radicals, based on structural models of cryptochrome
determined for animal species Columba livia (ClCry4, PDB
6PU0) and Drosophila melanogaster (DmCry, PDB 4GU5).57,67

For each protein, we considered the two primary radical pairs
[FAD•−/W•+] and [FADH•/Z•−]. For each pair, we simulated
one of two possible geometric arrangements, one with the
primary-pair radicals spaced relatively close together (i.e.,
[FAD•−/WC

•+] or [FADH•/Znear
• ]), and another with them

spaced far apart (i.e., [FAD•−/WD
•+] or [FADH•/Zfar

• ]). The
more distant spacings were chosen to satisfy the need to
minimize detrimental EED interactions a priori, thus realizing
conditions favorable for the spin dynamics of the RPM.
Respectively, W318 and W369 correspond to WC and WD of
ClCry4. Likewise, W342 and W394 correspond to WC and WD of
DmCry. The Znear

•− and Zfar
•− positions imply a radical that is

either tucked within 5 Å of the FAD cofactor, or placed at a
distance about 18 Å away from the FAD (as in Figure 1; see
also Figure S1 in the SI). These two Z•− locations were
introduced in prior work.55

The relative coordinates of all reaction partners are reported
in the SI, along with the hyperfine parameters used and other
pertinent details. For the Z•−-containing systems, we consider
the neutral flavin semiquinone FADH• in the assumption that
this radical pair is produced from the fully reduced FADH− by

Scheme 3. Three-Radical Mechanism, Wherein Scavenger S•

Reacts with Cation C•+ (Top) or A•− (Bottom) of an
Anion/Cation Radical Pair [A•−/C•+]a

aThe rate constants indicate scavenging (kX) or escape (kf) and paired
arrows indicate coherent interconversion processes. The primary
recombination of the [A•−/C•+] radical pair (feasible from the overall
doublet spin state) has been disregarded, as it has only a minor impact
on the reaction anisotropy if kX is large.
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oxidation; for the W•+-containing radical pairs implicated with
the photoreduction we assume the anion radical, FAD•−, that
is, the direct product of the electron transfer to the FAD
resting state, the protonation of which proceeds on a time scale
slow compared to the magnetic field-dependent spin
dynamics.41 As DmCry does not undergo complete photo-
reduction (but can still be chemically reduced), we will
additionally consider the alternative [FAD•−/Z•−] radical
pair.68 We note that members of the cryptochrome family in
general exhibit homology in their three-dimensional fold and
conservation of critical amino acids. While the crystal structure
of the European Robin cryptochrome 4 (ErCry4), recently
highlighted as a magnetoreceptor in ref 44, has not been
resolved, the homology model from ref 25 shows comparable
spatial orientation of its FAD, WC and WD residues (see Figure
S2). Thus, for the rate constants assumed here (those found in
ref 44 do not support substantial magnetosensitivity in the
geomagnetic field), comparable MFEs are expected for this
arguably more relevant, but structurally less well-defined
protein. We, furthermore, point out that ClCry4 crystal
structure is lacking part of the phosphate-binding loop. Here,
DmCry can serve as a template representing a generic
cryptochrome structure, even if its photocycle might differ.
In the Results section, we will therefore describe auspicious
scavenger locations with respect to the DmCry structure, as
these can easily be remapped onto homologous crypto-
chromes.
We studied numerous three-radical scenarios, using the four

radical pairs described above as starting points. We represent
these simulation scenarios by designating the three radicals and
using parentheses to indicate the reactive pair. For example,
(S•/FAD•−)/W•+ stands for the singlet-born [FAD•−/W•+]
scenario wherein the FAD•− is scavenged by radical S•,
whereas FADH•/(Z•−/S•) designates the triplet-born
[FADH•/Z•−] with Z•− susceptible to scavenging. See Table
1 and Table S1 for a comprehensive list of the systems studied.
Initially aiming to estimate the largest anisotropic MFEs that

might be enabled by a scavenger radical introduced to combine
with one member of a radical pair, we performed an
unconstrained MFE optimization by independently varying
the scavenger location and the scavenging rate for the (S•/
FAD•−)/WD

•+ reaction in DmCry (see SI, Figure S3). Applied
to the other systems under investigation, the fit to this
preliminary optimization generated tremendous predictions of

Γ exceeding 100% for distantly removed scavenger radicals,
while implicating inordinately large scavenging rates (relative
to the distances from cryptochrome involved) in all of the
systems under consideration. For example, the (S•/FAD•−)/
WC

•+ model of ClCry4 yielded a relative anisotropy of 158% for
a distance of 100 Å from FAD•− to S• and a scavenging rate kX
= 3 × 107 s−1. For FADH•/(Zfar

•−/S•), we obtained Γ = 147%
for a scavenger at a distance of 45 Å from Zfar

•− and a rate kX = 3
× 107 s−1. These naiv̈e predictions are summarized in Table S2,
and presented in detail in Figures S3−S6. What they share in
common is that they require rate constants that exceed even
the most optimistic predictions of charge-transfer rates
afforded by nonadiabatic ET theory (e.g., activationless ET
along a covalently linked bridge).69 These outlandish estimates
revealed a need to bound our procedure to exclude inordinate
ET rates and unrealistically large MFEs.
To achieve this, we, subsequently, incorporated consid-

erations of long-range ET into our scavenger-based crypto-
chrome compass model. For long-range biological ET,69 the
charge transfer may be modeled using a one-step nonadiabatic
process defined by Marcus theory.70 The Marcus ET rate is
limited by the exponential decay of the coupling matrix
element with the donor−acceptor separation. This allowed us
to constrain our simulation procedure, restricting scavenging
rates to those bound by Marcus’ equation71 by assuming ET to
be activationless and limited by the (first-order) dynamics of
electron tunneling through the biological medium. We
considered the fastest possible ET rates to allow for the
maximum possible reactant distances, because the spin-
chemistry of the RPM model is governed by competition
between the need to reduce EED coupling while sustaining a
large enough charge-combination rate to produce a significant
reaction-yield MFE.55

To this effect, we bounded charge combination rates from
above by assuming scavenging by activationless ET according
to the “Moser−Dutton” (MD) rate equation:72

κ β σ= · − −k R R( ) exp( ( ))X (3)

where R is again the distance from the scavenger (S•) to its
redox target, σ = 3.6 Å is the minimal distance of the redox
partners (i.e., a typical van der Waals distance), and β is the
decay parameter associated with the square of the ET coupling
matrix element. The tunneling parameter β is expected to vary
from 0.9 to 4.0 Å−1, depending on intervening matter,69,73 and

Table 1. Maximum Relative MFEs, Γmax = maxR Γβ(R), with the Corresponding Optimal Scavenger-Target Distances Rmax
a

β = 4.0 Å−1 β = 2.8 Å−1 β = 1.4 Å−1 β = 0.9 Å−1

radical scavenger mechanism Γmax (%) Rmax (Å) Γmax (%) Rmax (Å) Γmax (%) Rmax (Å) Γmax (%) Rmax (Å)

FAD•−/(W318
•+ /S•) 17.3 5.7 14.9 6.8 14.7 10.0 29.3 15.9

FAD•−/(W369
•+ /S•) 27.4 5.7 36.6 6.8 24.1 9.9 44.7 16.2

(S•/FAD•−)/W318
•+ 6.9 5.1 8.3 6.6 7.7 11.2 23.4 16.8

(S•/FAD•−)/W369
•+ 9.7 5.2 7.6 6.0 9.3 11.1 28.7 16.8

FAD•−/(W342
•+ /S•) 17.9 5.7 16.5 6.6 16.8 11.0 32.6 16.1

FAD•−/(W394
•+ /S•) 30.0 5.7 36.5 6.8 24.6 9.9 43.9 16.2

(S•/FAD•−)/W342
•+ 7.3 5.1 8.2 6.4 7.7 11.2 23.5 16.5

(S•/FAD•−)/W394
•+ 10.5 5.2 10.4 6.0 8.0 11.0 29.0 16.8

FADH•/(Znear
•− /S•) 38.5 5.6 29.3 5.6 29.4 10.3 36.3 15.1

FADH•/(Zfar
•−/S•) 4.8 6.0 13.7 7.0 36.8 9.8 53.8 15.0

(S•/FADH•)/Znear
•− 73.9 4.9 68.3 5.3 24.9 8.1 25.4 15.8

(S•/FADH•)/Zfar
•− 30.8 5.7 32.3 6.7 22.9 9.9 30.0 15.7

aRespectively, W318 and W369 correspond to WC and WD of ClCry4. Likewise, W342 and W394 correspond to WC and WD of DmCry. The use of
brackets indicate the radicals involved in the scavenging process (cf., Table S1).
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κ = 1013 s−1 reflects a typical rate for reactants in van der Waals
contact.74

For all our simulations, we assumed the primary pair to
“escape” to the signaling state on the time scale kf

−1 = 3 μs,
consistent with estimates of the primary pair’s lifetime.40,41,75

To choose β, we examined four cases: ET between one
primary radical and the scavenger via a covalent bridge (β = 0.9
Å−1), a typical protein (β = 1.4 Å−1), a weakly coupled medium
(β = 2.8 Å−1), or an extremely weakly coupled (vacuum-like)
system (β = 4.0 Å−1).69,73,76 This range of β-values is
comparable to that used in a previous study on EED effects
on radical pair recombination.54 The strong coupling limit (β =
0.9 Å−1) provides a fixed upper bound on the activationless ET
rate and, thus, provides an appropriate maximum-coupling
limit from which to model biochemical MFEs under
increasingly rate-limited circumstances. For the sake of
simplicity, we have presented all rate limiting effects in the
form of the single parameter model eq 3 based on the effective
decay parameter β. Clearly, the choice of β = 0.9 Å−1, typically
quoted for covalent bridges, reflects a best-case scenario insofar
as it allows placing the radicals maximally apart. While
optimistic in view of the protein environment relevant here,
low beta-values are not uncommon in biological context: β =
1.1 Å−1 has been reported for the distance dependence of
driving-force-optimized ET rate constants of Ru-modified
proteins and the pathway model suggest β = 1.0 Å−1 for
coupling along β-strands.77 Further note that protein ET rate
data always show substantial scatter reflecting the important
features of the protein medium in terms of bond and hydrogen
bond structure, and often realizing significantly stronger
coupling than reflected by the average β.69 In fact, long-
distance interprotein electron transfer reactions (e.g., between
cytochrome c and the mitochondrial complex III) proceeding
through aqueous solution with extraordinary β = 0.15 Å−1 over
distances of up to 10 nm have been described.78 Incoherent
hopping through real redox intermediates at moderate driving
force and dynamically limited adiabatic ET are also associated
with slow distance−decay.77
Likewise, we wish to emphasize that the rates chosen to

reflect the most severely rate-limited ET may effectively (or
even preferably) be viewed as those of protein-coupled ET
across a non-zero-free-energy barrier. In this way, our one-
parameter ET decay model enables sampling of significant
regions of the reaction configuration space by accounting for
distance-dependent coupling, needed to inform inferences into
the nature of scavenging reactions for biochemical magnetic
sensing. While more complete models can and should be
employed in subsequent studies, the large number of
parameters in such models would make a systematic
exploration of multiple reaction parameters in the current
study more computationally costly, without actually affecting
the range of possible scavenging rates under consideration here
(see below). Finally note that large β-rates can also result from
multipathways scenarios because of the destructive interference
intrinsic in competing coupling routes79 and might offer a
better description for radical scavenging reactions associated
with the formation of covalent bonds (e.g., consider the
ascorbyl radical and the flavin semiquinone reacting with
superoxide under formation of hydroperoxides), which are
expected to proceed at contact.

■ RESULTS

We performed MFE simulations, systematically sampling
scavenger S positions around each primary radical pair (within
3 nm of each radical target, FAD, W, or Z). To constrain the
scavenging ET rate kX (at a given radial distance R from the
scavenger from its target) to reasonable values, we introduced
eq 3 in combination with select ET decay constants β. As our
top “speed limit,” we elected to use a model of activationless
charge transfer via optimal tunneling through the covalent
bonds of an ideal β sheet.73,76 This limit reflects the largest
plausible rate of nonadiabatic ET through an organic bridge,
thus providing an effective bound on the distance from the
scavenger from its target in the rich biological milieu. This is
distinct from the MFE itself, which also depends on the
scavenger position as a consequence of including both the
distance and orientation dependence of the EED coupling
(assuming point dipoles).
To account for less-than-ideal ET, we also considered larger

decay constants β > 0.9 Å−1, including one typical of coupling
in a well-optimized biological environment β = 1.4 Å−1, and
two weaker couplings β = 2.8, 4.0 Å−1 (which could also
designate protein-mediated ET over a modest activation
barrier, considered below). This allowed us to explore realistic
ET rates spanning a wide range of rates. Therefore, we
evaluated a maximum relative MFE anisotropy Γ as a function
Γβ(R) of R for each scavenged primary pair for each decay
parameter β. This afforded us a total of 48 distinct scenarios by
considering each of two model Cry structures (DmCry and
ClCry4), two primary radical-pair types ([FAD•−/W•+] or
[FADH•/Z•−]), two distinct scavenger targets (either FAD or
its primary partner), and four values of the decay constant β
where there is no difference between results obtained from
using different Cry structures for the alternative [FADH•/Z•−]
primary radical pair. These 48 mechanisms are designated in
the 48 distinct Γmax entries listed for the constrained ET in
Table 1.
Table 1 predicts the existence of optimal and robust

scavenger configurations: These are “optimal” insofar as they
predict the largest maxima (given constraints), and “robust” in
that they predict consistently large maxima across the values of
β considered. For both ClCry4 and DmCry structures, the
FAD•−/(WD

•+/S•) models predict large maximum MFE
anisotropies Γmax = maxR Γβ(R) > 20% for all of the decay
parameters explored. Likewise, the FAD•−/(WC

•+/S•) models
consistently predicted MFE anisotropies Γmax ≥ 15%. The bird
cryptochrome did not predict larger MFEs than those of the fly
in the cases studied. The FADH•/(Znear

•− /S•) models predicted
large and robust MFEs, with global maxima near 30% (or even
40%) for all β considered. These provide contrast to the
predictions of the FADH•/(Zfar

•−/S•) model, for which the
MFE maxima were not particularly large nor robust with
respect to variations in β, increasing from the modest Γmax ≈
5% (for β = 4.0 Å−1) to large values Γmax > 35% for
activationless protein-mediated ET between Z•− to a distant
S•. The optimal distance is determined by the value of β and is
only weakly dependent on the identity of the primary radical
pair. For the systems studied in Table 1 and each decay
coefficient β ∈ {4.0, 2.8, 1.4, 0.9} Å−1, we obtained the mean
optimum distances Rmax ∈ {5.5, 6.3, 10.2, 16} Å, respectively,
such that kX ∈ {5.0, 5.2, 1.1, 0.1} ns−1. This indicates that a
shorter distance between the scavenger and its target (due to
faster decay of the coupling matrix element) may be
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compensated by a faster reaction with the scavenger radical.
Regardless of the ET model employed, scavenging mechanism
could enable large Γβ(R) for some plausible choice of (β,R).
This is unlike the RPM, for which EED coupling is not
counteracted by increasing the charge transfer rate.
Figures 2 and 3 show the maximum MFEs predicted at

scavenger distance R from the radical being scavenged for

ClCry4 for each coefficient β ∈ {0.9, 1.4, 2.8, 4.0} Å−1 (see
Figures S10 and S11 for plots of the associated ΔΦf and Figure
S8 for results on DmCry). For covalently bridged ET (β = 0.9
Å−1), the peaks in these curves correspond to fairly broad
maxima (blue curves, Figures 2 and 3), rather than a narrow
optimum indicating a strictly defined preferred location (also
compare Figure 4a, b and c). Simulations of scavenging rates
typical of biological ET (β = 1.4 Å−1) predicted tightly
localized MFE maxima that could indicate preferential
scavenger positions (Figure 4 b). In the scavenged [FADH•/
Z•−] models, the scavenging of FADH• produced particularly
large anisotropies for weak coupling over a short scavenger-
target distance, again implicating sharp maxima. It is
remarkable that such large sensitivity can ensue despite the
small radical distances, as the EED coupling becomes the
dominant interaction in the spin Hamiltonian (with interaction
parameters of the order of hundreds of MHz, which entirely
abolishes MFEs in the RPM).
The (S•/FADH•)/Znear

•− model predicted Γmax ≈ 70% using a
scavenger radical placed about 5 Å away from Znear

• for each of
the vacuum-like decay parameters (i.e., β = 2.8 or 4.0 Å−1).
Those results indicated a substantial prospect for directional
MFEs generated by an FADH•-scavenged reaction in the
presence of a Z•− bystander (initially formed as part of the
original [FADH•/Z•−] pair), regardless of the position of Z•−

in space or the scavenger’s reactivity with FADH•.
Furthermore, both the DmCry and ClCry4 models gave

similar results, with the fly (DmCry) cryptochrome performing
marginally better than the that of the pigeon (despite a larger
primary−pair separation) in this setting.
Overall, we found that all of the scavenger models based on

Scheme 3 predicted greatly improved MFEs, as opposed to the
RPM-based mechanisms shown in Scheme 1, with maximum
anisotropies ranging between 5% and 75% (Table 1). It is
worthwhile to draw attention to the fact that largest MFEs
were predicted by the most weakly coupled models (i.e., with
large β) electron tunneling. This is significant because those
same ET rates could equivalently implicate protein- or solvent-
mediated ET across a small activation barrier. For example, eq
3 gives the ET rate over a distance of 7 Å with β = 2.8 Å−1 to
be kX = 0.7 ns−1, which is identical with the rate of ET over the
same distance through typical protein (β = 1.4 Å−1) with an
activation barrier of 4.8 kBT (viz., Figure 4a). Likewise,
activationless ET over a distance of 6 Å with effective β = 4.0
Å−1 gives rate of kX = 0.7 ns−1, which is the same as that of ET
across the same 6 Å distance through typical protein (β = 1.4
Å−1) when assuming an activation barrier of 6.2 kBT. This
presents the possibility that ET may be optimized with respect

Figure 2.Maximum relative MFE anisotropy Γβ(R) by distance to the
scavenger S•, for models with a FAD•−/W•+ primary pair in ClCry4,
based on activationless ET through four tunneling media: covalently
bound (blue), typical protein (red), “soft” vacuum (yellow), and
“hard” vacuum (purple). Panels a and c show MFEs from simulations
of W•+ scavenged by S•, whereas panels b and d show results for
FAD•− scavenged (see Scheme 3). Tunneling decay parameters are
indicated in the legend of panel a, which applies throughout. Brackets
are used in the panel labels to indicate the radical being scavenged.

Figure 3. Depicts maximum relative MFE Γβ(R) by distance R from
scavenger S• for each FADH•/Z•− model, based on activationless ET
through four tunneling media: covalently coupled (blue), typical
protein (red), “soft” vacuum (yellow), and “hard” vacuum (purple).
Panels a and c show results from simulations of FADH•− scavenged
by S•, whereas panels b and d show MFEs from simulations of Z•−

scavenged by S•; see Scheme 3. Tunneling decay parameters are
shown in the legend of panel a. Brackets are used in the subfigure
labels to indicate which radical is being scavenged (cf., Table S1).

Figure 4. Dependence of the relative anisotropy Γ on the location of
the scavenger radical at a given distance R from its reaction partner is
depicted for three scenarios: (a) FAD•−/WD

•+ radical pair in DmCry
with WD

•+ scavenged by radical S•, β = 2.8 Å−1, and R = 6.8 Å; (b)
FAD•−/WD

•+ radical pair in ClCry4 with WD
•+ scavenged by radical S•,

β = 1.4 Å−1, and R = 9.9 Å; and (c) FAD•−/WC
•+ radical pair in

DmCry with FAD•− scavenged by radical S•, β = 0.9 Å−1, and R = 17
Å.
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to the ET parameters describing the solvent−protein structure.
Importantly, large MFEs such as the 35% MFE shown in
Figure 4a (with an effective decay parameter of β = 2.8 Å−1)
could be achieved for an activated ET processes with actual
decay parameter of β = 1.4 Å−1 typical of protein.
To explore the scavenger’s dependence on β for each

reaction type, we have considered Γβ(R) by calculating the
maximum MFE over all locations on a sphere of radius R.
Figure 2 shows the dependence of Γβ(R) on the distance R
from the scavenger S• to its target, for reaction models
initialized with the conventional [FAD•−/W•+] pair. Figure 3
shows these profiles for scavenger-reaction models derived
from the alternative [FADH•/Z•−] pair. As expected, these
diagrams reflect the trends discussed above. For small β in
particular, the profiles are wider with maxima occurring at large
distances; whereas for large β they are peaked at small
distances. We further used these profiles to systematically
search for optimal scavenger locations by recursively increasing
the number of sampling points at a given R.
Predictions of Γmax ≥ 20% for a scavenger located near Trp

(or Tyr) residues in the cryptochrome structures are
particularly significant here. In DmCry, we found that a WD

•+

scavenger, positioned in the vicinity of the residue Met506,
provided MFEs of about 20%, which were robust with respect
to variations in the tunneling decay parameter between 1.4 Å−1

≤ β ≤ 4.0 Å−1. Likewise, a Znear
•− scavenger, located near Trp420

(i.e., WA) produced significant MFEs of about 10% over the
same tunneling decay range, consistent with the position of a
scavenger implicated near WA in ClCry4. Simulations of
protein-mediated ET (β = 1.4 Å−1) predicted WD-scavenged
Γmax > 20% (or WC-scavenged Γmax > 10%) for scavengers in
close-contact with a Tyr residue near the end of the Trp-tetrad
in ClCry4.
The predictions of the (S•/FADH•)/Znear

•− model corre-
sponded to Γmax > 70% for a scavenger radical placed about 5
Å away from both Znear

• and FADH• for β = 4.0 Å−1, or Γmax >
65% for a pair of maxima within 6 Å of Znear

•− and FADH• for β
= 2.8 Å−1 (but in opposite directions). The FADH•/(Znear

•− /S•)
model predicted Γmax > 37% for a scavenger nestled near the
FAD flavin and Asp387 of ClCry4. The (S•/FADH•)/Zfar

•−

model predicted Γmax ≈ 30% for scavenger radicals nestled
near to the FAD flavin, in close contact with Ile390 for both β

= 2.8 and β = 4.0 Å−1. Finally, the FADH•/(Zfar
•−/S•) model

predicted Γmax ≈ 35% for scavengers with β = 1.4 Å−1, placed
either in contact with the FAD phosphate or near the protein
surface about 5 Å away from both His352 and His354.
As the triplet-born FADH•/Z• implicates a reoxidation

reaction from the fully reduced FADH−, which is not
accessible by photoreduction in DmCry (but could still be
formed by chemical reduction),68 we have furthermore tested
the alternative model of a scavenger FAD•−/Z•− radical pair
born with random spin configuration (i.e., as F-pair). Such a
pair could conceivably result in DmCry after the initial
photoreduction by encounter with a O2

•−. As shown in Figure
S9, the magnetosensnitivity of this model even exceeds that of
the scavenger FADH•/Z•, demonstrating general applicability
of the model even for initial states that are not spin-correlated.
Figure 5 provides an overview of the efficiency of scavengers

placed within the protein. To this end, each protein residue of
DmCry was colored by the maximal relative MFE elicited at
the location of its heavy atoms. DmCry was used here as a
template as its crystal structure is complete in the surroundings
of FAD. In any case, note that for many scenarios the maximal
relative anisotropy is realized outside of the protein envelope.
Note, furthermore, that if β is increased in these plots, the
optimal sites move closer to the reaction partner’s location, as
expected, while the optimal directions are roughly preserved
(cf., Figure 5b and c). A more detailed summary of optimal
scavenger locations is given in the SI.
To provide a direct comparison of the scavenged radical-pair

model to the bystander-enhanced model (R3M) and the
standard RPM under equivalent conditions, we estimated
equivalent recombination-based MFEs using the same ET
decay coefficients (β), relative radical locations, hyperfine, and
dipolar interactions. To do so, we considered an inert
“bystander” radical B• taking the place of S•, re-engaged the
primary radical pair recombination and carried out a further set
of simulations. Using recombination rates derived from eq 3
with the same decay factors β ∈ {0.9, 1.4, 2.8, 4.0 } Å−1. We
systematically explored bystander positions on spheres of radii
R13, centered around the FAD cofactor, thus recovering the
standard RPM scheme in the limit of very large FAD-scavenger
distance R13.

55 These results may be found in Figure S7.

Figure 5. Protein structures of the DmCry color-coded by the maximal relative anisotropy realized by placing the scavenger at the location of
individual protein residues, that is, formally identifying the scavenger with the residue. For all panels, except panel c, β = 1.4 Å−1; for panel c, β = 2.4
Å−1. The scenarios considered are indicated in the panels.
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To wit, the R3M models based on recombination between
FAD•−/W•+ pairs afforded MFEs of at most 1% (for FAD•−/
WC

•+) or 2% (for FAD•−/WD
•+), and only in the activationless

limit of recombination by assuming ET directly across a
covalent bridge linking FAD to TrpH in the presence of a
bystander radical B•. That assumption could be tolerable for
the FAD•−/WC

•+ pair with radical lifetime between 3 and 10
μs,40,75 which are comparable to that of long-range ET over the
same distance with a well-optimized tunneling coefficient (i.e.,
β between 1.2 and 1.3 Å−1). However, the lifetime of the more
distantly separated FAD•−/WD

•+ pair would correspond to a
value of β ≈ 1.4 Å−1, typical of protein-mediated ET (cf.,
Figure S7b). Hence, the direct recombination of WD

•+ with
FAD can scarcely provide a viable mechanism in Cry, either for
the R3M (with a bystander nearby), or for the RPM model
alone (i.e., with bystander removed) where MFEs < 0.1%
because of the suppressive EED interaction. As its lifetime is 3
orders of magnitude longer than that of the WC

•+-based
counterpart, it would furthermore be strongly attenuated by
spin relaxation, an effect which has not been taken into account
here.
Similarly, the R3M-based models of FADH•−/Zfar

•− magneto-
reception predicted MFEs no larger 4%, and then again only in
the scenario with primary pair recombination governed by
covalently bridge ET (β = 0.9 Å−1) and with a catalytic
bystander nearby. The RPM alone, again predicted MFEs of
no more than about 0.1% even assuming fast ET, again because
of the suppressing effect of the EED interaction. On the other
hand, models of recombination in the FADH•−/Znear

•− primary
pair predicted sizable MFEs approaching 8% with a bystander
radical nearby (i.e., within 5 Å of the FAD, assuming vacuum-
mediated back-ET). This reserves the possibility for the R3M-
based [FADH•−/Znear

•− ] sensory system, where the B• sits next
to the flavin cofactor (see SI)contingent on the existence of
a slow-relaxing Z•−.

■ DISCUSSION
The absence of a robust candidate model has left a gap
between conflicting claims in the chemical magnetoreception
literature.20,23,30,51 A proof-of-principle of a RPM-based
compass was engineered and synthesized using a covalently
bridged radical-pair system in a laboratory,80 but the
compelling demonstration of a biological radical-pair reaction,
sensitive to the direction of an Earth-strength (50 μT) field,
remains to be shown beyond circumstantial evidence. The
demonstration of a practical cryptochrome geocompass would
provide strong support for the magnetoreceptor hypothesis,
but its absence raises the question: Does the RPM provide an
appropriate model of cryptochrome-mediated magnetorecep-
tion?
The radical-scavenging mechanism proposed in this work as

a model chemical compass stands apart from the traditional
RPM-based schemes, by allowing one member of the radical
pair to be either taken up by a dedicated scavenger (to a
nonsignaling product) or to escape to the signaling state. To
illustrate the distinction between this scavenger-based model
and recombination-based ones (such as the RPM or R3M),
here, we have assumed that the primary radical pair does not
recombine. Therefore, radical pair recombination is not a
prerequisite for chemical magnetoreception, although it is
equally not excluded (i.e., robust scavenger-based MFEs in the
presence of primary-pair recombination are still expected).63

Whereas the extension of the RPM by a third bystander radical

(i.e., the R3M) can mitigate the reduction in magnetic
sensitivity because of the presence of unavoidable EED
coupling,55 the scavenging mechanisms circumvents certain
otherwise-insurmountable problems. In particular, we have
shown that the scavenger-based mechanism predicts large
directional magnetosensitivity in the presence of EED coupling
(needed for chemical magnetoreception), even when the ET
coupling to the scavenger radical is weak or limited by an
activation free energy barrier.
The requirement of an anisotropic MFE sensitive to

fractional variations in an Earth-strength (50 μT) magnetic
field suggests the need for substantial chemical amplification of
the ambient magnetic field. A radical bystander-based
enhancement of the RPM might mitigate the problem of
marginal anisotropic sensitivity,55 but it does not solve it.
Rather, bystander-enhanced schemes remain tied to the
essential recombination-based design of the RPM which
employs the difference between separation and recombination
reaction yields. Furthermore, although the introduction of a
catalytic bystander radical might induce a larger MFE than the
RPM alone, it does not rationalize the effects of weak magnetic
fields on the biological production of reactive oxygen
species.18,81−86 The accumulation of nuclear spin polarization
realized via three-spin mixing, has also been suggested to
deliver large MFEs in the presence of EED coupling.87

However, the necessity to retain nonequilibrium nuclear spin
populations between subsequent photoexcitations questions
the relevance of this proposal in vivo.87 A scavenger
mechanism overcomes these issues, so a larger magneto-
sensitivity prevails as the primary-pair EED interaction may be
compensated by that of a suitably placed scavenger radical.
Scavenging also accommodates larger radical−radical distances
(separating the primary pair) by obviating the need for
significant recombination. From the RPM the mechanism
inherits a comparable sensitivity to RF electromagnetic fields,
as we demonstrated for a chosen system in the SI (Figure S12).
These advantages may be offset by the extra reaction
complexity introduced by radical scavenging, but the additional
flexibility of this scenario nonetheless may generate sufficiently
large MFEs to foster magnetoreception in vivo (in terms of ET
rate constants and radical placements).
Although the additional complexity of a scavenger-mediated

theory of magnetoreception could be considered detrimental,
it is conceivable that natural selection may have provided the
necessary structural and physiological optimizations to allow
such a complex-but-efficient mechanism to emerge from
existing design principles found in, for example, less-sensitive,
RPM-based reactions evidenced in studies of the magneto-
sensitivity of cryptochromes in vitro. Our model predicts much
larger MFEs than those of the RPM for immobilized radicals
like cryptochrome’s. Significant scavenger-mediated MFEs of Γ
≫ 5% may arise naturally in cryptochrome in the geomagnetic
fieldwhile accounting for EED interactions even with the
scavenger. Such a radical could be produced by reactions of
reactive oxygen species (ROS) which are a well-known
byproduct of cryptochrome reoxidation, or produced directly
via photoreduction. Given that radical production has been
linked to cryptochrome’s reactivity, it is plausible that
evolutionary pressures have harnessed these secondary radical
processes, exploiting scavenger-based MFEs for sensing and
ultimately even navigation.
Here, we have predicted large maximum MFEs in a WD

•+-
scavenged model of ClCry4, for which the Trp-tetrad was
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proposed to be extended by an additional tyrosine (Tyr)
residue implicated during photoreduction.57 In a recent
experiment, it was found that site-directed mutagenesis of
Tyr319 (YE) to Asp319 resulted in a significant decrease in the
of FAD-photoreduction quantum yield, attributed to the
elimination of FAD-Tyr radical-pair formation, suggesting its
relevance as extended electron transfer pathway. Conspicu-
ously, we, here, identify an adjacent Tyr site (Tyr407, labeled
YF in Figure 1) that may be well-suited to enable scavenger-
based magnetosensitivity in ClCry4 by reducing WD

•+. Such a
process could, for example, be enabled by a coordinated, long-
lived ascorbyl radical, previously generated in the photo-
reduction by via YE. That this pathway of scavenger generation
is in principle viable is also demonstrated in the work of
Giovani et al. demonstrating long-lived tyrosine radicals
(exceeding 100 ms in the absence of reductants) and their
efficient reduction by external reductants on the time scale of
milliseconds.88 Alternatively, the direct scavenging of the FAD-
radical from these remote tyrosine sites could sustain sizable
MFEs in the [FADH•/Z•−] models, as previously suggested,
provided that the electronic coupling was very efficient, that is,
β small.64 In view of the reductive cellular environment, this
would require shielding of the tyrosine radicals from premature
reduction, possibly through conformational changes or
protein−protein interactions and association with appropriate
signaling partners.
Although we shall not speculate further as to the radical

scavenger and site identities, the prospect of a scavenger
located somewhere near the terminus of the Trp-tetrad is
particularly promising, as it could be generated in well-
controlled manner, that is, the photoreduction process, and
could furthermore return the spare electron via a long-distance
ET-process, again possibly involving the Trp-tetrad. It is
tempting to speculate that [FAD•−/W•+] and [FADH•/Z•−]
model mechanisms could designate distinct steps in the same
overall process. The oxidation products generated in the light-
driven reduction process could then be used to generate stable
radical scavengers poised to interact with a radical pair
generated in the reoxidation process of FADH− by molecular
oxygen (forming FADH• and superoxide). However, given that
many chemical details are as yet unknownnot to mention
the question of the structure of the protein when interacting
with binding partners in vivothe crucial issue at hand is not
the actual site, but the principles needed to realize such
exquisite sensitivities to weak magnetic fields in the presence of
EED interactions. To this end, we emphasize that the radical
pairs and scavenger molecules considered here are meant to
inform and suggest future lines of inquiry while proposing
likely candidate models for more detailed investigations, and
these results should not yet be considered conclusive.
The tremendous MFEs > 70% predicted for the FAD-

scavenged system support an idea that superoxide (e.g., formed
in the oxidation cycle of FAD after photoreduction) could play
a role in a chemical magnetoreceptive system. This highlights
the question of the identity of the scavenger itself. We note
that the scavenging reaction is known to be robust against Z•−-
decoherence in the primary pair,63 thus providing a plausible
basis for discussing the role of superoxide in the avian chemical
compass despite its fast spin relaxation. Recognition that the
rapid decoherence of a nearby Znear

•− can sometimes enhance
MFEs lends credence to the notion that a fast-relaxing radical
(such as O2

•−) may be integrated in the reaction scheme
consistently via a scavenging-mediated MFE.64 While large

effects appear feasible, this also implicates the need for a novel
three-radical reoxidation process, as a topic for future work.
In vivo, the indiscriminate production of free radicals as

“signalling” (escape) products could influence homeostasis
both via signaling molecules and through oxidative stress,
indicating that radicals produced by a chemical compass
mechanism need to be controlled, preferably traveling along
designated ET pathways to be taken up by dedicated redox
partners. Likewise, the magneto-sensor could be charged (by
generating the fully reduced FADH− and the scavenger
radical) over time, poising it for discharge when triggered
later. Such a scheme could address problems that are inherent
to a stochastic quantum read-out, needed to infer the compass
orientation, by allowing the swift accumulation of a large
number of reaction events depending only on the MFE size. In
contrast, the absence of electronic preloading could preclude
use of a conventional RPM-based sensor during the night or
other low-lighting conditions, discussed elsewhere.89 We
overcome the faint-signal problem by introducing much
larger-scale MFEs to allow for an accurate, low-latency
sensorpoised for rapid chemical magnetoreception. In any
case, it is critical that the outcome of the magnetosensitive
chemical step should trigger the molecule for signaling.
Therefore, establishing details of the sensor’s resting and
activated states could be helpful to infer the characteristics of
any subsequent chemical steps or structural rearrangements
that are involved in sensing.
In summary, we have used extensive numerical simulations

to illustrate the plausibility of a magnetochemical radical-
scavenging mechanism under realistic physical conditions. This
constitutes a fundamental step toward the resolution the
previously unresolved question of how to sustain magnetic
sensitivity in the presence of EED interactions that suppress
MFEs in recombination-based sensors. Our predictions reveal
that EED interactions need not be critically detrimental to
MFEs in cryptochrome, and that the prospects for this radical
biomagnetic sensor are not yet ruled out. To the contrary, we
anticipate that our findings may inspire new efforts to uncover
the true nature of the “cryptic” sensor underlying magneto-
chemical effects in biology by providing a previously
unexplored line of investigation.
We suggest that tractable experiments could be built around

the cyclic photoreduction and dark reoxidation of a
cryptochrome in vitro. Weak magnetic fields could be applied
selectively during the photoreduction or the dark reoxidation.
The fluorescence during the photoreduction cycle could be
used to readout the oxidation yield,42 or cavity-enhanced
absorption44 could be used to detect the radical states. If three-
radical processes are pertinent, as predicted, the MFEs will
depend on the frequency of the photoreduction and
reoxidation cycles, as any transient radicals will have finite
lifetimes. This experiment could be carried out in the presence
of radical scavengers, such as ascorbic acid, to periodically
generate observable MFEs and their associated radical
transients. Alternatively, the effects of stable free radicals on
the MFEs could be probed. Experiments investigating this kind
spin chemistry are being increasingly pursued.90,91 It will be
necessary to ensure three-radical correlation rather than plainly
exposing radical pairs to (multiple) scavenger radicals, which
would abolish the MFEs.92 Thus, a certain degree of
compartmentalization (e.g., in micelles), association (e.g.,
scavenger radical binding), or reduction of translational
mobility will be required. These experiments would need to
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be accompanied by theoretical predictions of the general form
realized here, being specifically adapted to the exact radical
species under experimental consideration in cryptochrome or
other biological macromolecules of interest for the practical
application of chemical magnetoreception.

■ CONCLUSIONS
Analysis of EED coupling in physically realistic RPM models
revealed a “Catch-22” scenario: MFEs are suppressed by the
intrusion of EED interactions if the primary radical pair is close
enough together to allow adequate recombination, but become
negligible if the primary pair is separated far enough apart to
sufficiently reduce EED coupling (via the inverse-cube
separation law of the EED interaction energy) due to the
reduced recombination likelihood. An RPM mechanism might
still provide a plausible scheme for low-field MFEs in the
biological context (e.g., the isotropic MFEs of freely diffusing
systems). However, its lack of resilience to EED interactions
facing the inefficiency of J/D cancellation schemescasts
doubt on its significance as the chemical basis for precise
magnetic navigation in vivo.
Here, we have revisited predictions of anisotropic bio-

chemical MFEs in the Earth’s magentic field, based on the
RPM and its variants (such as the recently developed R3M55).
These mechanisms seem unlikely to produce MFEs of more
than a few percent, even under the best imaginable
biochemical conditions, when physically realistic models that
include EED interactions are considered. Although we have
focused on the protein cryptochrome in our study, prototype
radical reactions of the form considered herein may be
encountered throughout a wide range of biological processes,
which typically incorporate numerous hyperfine interactions,
dipolar couplings between electrons, and potentially fast spin
relaxation. Reactive oxygen species, frequently implicated in
reactions of this kind, are particularly prone to rapid spin
relaxation. Consequently, these characteristics cannot be
summarily neglected, and must be considered (if not explicitly
included) in studies of spin-biochemical reactions.
Although large magnetoreceptive effects in the protein

cryptochrome are hypothesized to enable an exquisitely
responsive geomagnetic compass sense in birds and other
animals, we have demonstrated how it may not be practical to
produce large, anisotropic MFEs in purely RPM-based
mechanisms. On the other hand, radical models which include
a third, reactive radical “scavenger” may in principle generate
large MFEs, presenting the hope that they may be suitable for
use in prototype chemical compass mechanismseven in the
presence of strong EED interactions, variable ET rates, and the
prospect of substantial decoherence. Scavenger radicals could
be independent molecules, cofactors bound to the crypto-
chrome substrate or other electroactive residues in crypto-
chrome, such as long-lived tyrosine radicals.
We have provided the first numerical evidence that the

mechanism is robust in the presence of EED interactions,
although favorable features of scavenged radical-pair systems
were examined previously.55,63,64 Magnetic interactions
between immobilized radicals are intrinsic to the electrons’
magnetic moments, and so cannot be readily omitted by
design. Yet, these interactions have been neglected from a
majority of studies so far, typically on account of the fair
argument that such demanding calculations are not tractable
for large radical spin systems. However, this simplification may
have given too optimistic an assessment of the extent to which

typical radical pair recombination reactions are sensitive to
variations in the weak magnetic fields relevant to navigation
and orientation by various organisms. We propose that these
limitations may be overcome by a three-radical scavenging
mechanism.
The model we propose is new insofar as we are unaware of

any previous experimental evidence directly showing the
magnetic influence of a radical scavenger on a biochemical
MFE. In this context, these predictions warrant the further
exploration of radical scavenger-based MFEs in biological,
bioinspired, and synthetic molecules. Simulations indicate
potential roles for sulfur-containing or aromatic residues
located nearby the proposed primary radical pairs (and
which not need exclude each other). In particular, we suggest
a novel role for radical scavenger-enabled magnetic sensing,
and suggest a possible scavenger site near the Cry C-terminal
tail. We recommend the inclusion of all relevant physics, with
explicit treatments of EED interactions and ET beyond the
primary pair to investigate the possible involvement of a third
radical. Future work may be aimed at developing exper-
imentally testable predictions of conformational protein
signaling states and identifying ET pathways most critical to
cryptochrome signaling. Thus, scavenger-mediated models of
cryptochrome-based magnetoreceptors are currently the only
ones that are able to predict the substantial MFEs anticipated
to enable the precision of the avian inclination compass.
Models neglecting EED interactions may not be considered
predictive of radical MFE-based sensors in vivo.
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