Supporting Information

Radical Pair Reaction Schemes.
A number of variants on the basic reaction scheme in Fig. 1 are possible. A few are

discussed briefly here.

Initial triplet state.

The photoexcited state B* could be a triplet (formed by intersystem crossing from the

photoexcited singlet state) so that the initial radical pair state would be "[A*'B""]

rather than °[A""B*"]. The scheme in Fig. 1 would then become as shown in Fig. SI.
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Fig. S1. A simple reaction scheme that could form the basis of a compass

magnetoreceptor. This version of Fig. 1 is appropriate when the radical pair is initially
formed in a triplet instead of a singlet state. Details are given in the Perspective.

Here, in contrast to the initial singlet case (Fig. 1), if the external magnetic field had
the effect of reducing the efficiency of S <> T interconversion, more C would be
formed because fewer radical pairs would reach the singlet state and there would

consequently be less recombination to A B via step 2.

Sequential electron transfers.

The formation of the radical pair need not be a single-step reaction. It could be a
sequence of fast electron transfers, as occurs in photosynthetic reaction center
proteins. A general reaction scheme for a series of 3 consecutive radical pairs (RP1,

RP> and RP3) is shown in Fig. S2 (1).
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Fig. S2. A simple reaction scheme that could form the basis of a compass
magnetoreceptor. This version of Fig. 1 includes a series of 3 consecutive radical
pairs formed by sequential electron transfers. RPy, RP,, and RP3 are primary,
secondary, and tertiary radical pairs.

In principle, there could be S <» T interconversion in, and hence magnetic field
effects from, all 3 radical pairs. It seems likely that more efficient magnetoreception
would result if only RP3 were magnetically sensitive. This would be the case either if
the first 2 electron transfer steps (RP1 — RP2 and RP, — RP3) are fast compared
with S <> T interconversion or if the exchange and/or dipolar couplings in RP¢ and

RP> are large enough to block S <> T interconversion (2).

The first and second electron transfers need not be reversible. Nor is recombination of
RP; or °RP; to the ground state a requirement. A simplified but still viable version

of the above scheme would therefore be as shown in Fig. S3.
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Fig. S3. A simple reaction scheme that could form the basis of a compass
magnetoreceptor. In this version of Fig. S2, RP, and RP5 are formed irreversibly, and
RP; and RP, do not recombine to the ground state.
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This is essentially identical to Fig. 1, the only difference being the details of the

effectively instantaneous formation of the magnetically sensitive radical pair (RP3).

Signaling state.

It seems likely that [A*"B*"], with a probable lifetime of ~1 s, is too short-lived to
be the signaling state, hence the requirement to form a much longer-lived species C.
Fig. 1 contains no information on the types of reactions that might lead to the
formation of C or its subsequent conversion back to A B. Here, we offer a few

possibilities.

One possibility is that C could be a longer lived radical pair, which need not be
magnetically sensitive, formed, for example, by one or more subsequent electron

transfer steps involving additional donors or acceptors:

D+A"B” —» D"AB” or A"B"+E —» ABE"™

Alternatively, a longer-lived radical pair state could result from (de)protonation or
chemical reaction of one or both of the radicals (3). Note that if such a process
occurred on a time scale that was fast compared with S <> T interconversion, the net
effect would simply be a change in the identity of the magnetically sensitive radical

pair (e.g., RP; —» RP; and RP, — RP; in Fig. S3).

C does not have to be a radical pair. One or both of A*" and B* could be converted

into nonradical species, e.g., via oxidation or reduction steps:

F.,tA"B" > F _+AB" or G +A"B" > G_,+A"B,
where F..q and G, are reducing and oxidising agents, respectively. Some combination
of these processes would also be possible.

None of the above reactions is spin selective and so all would have k! = kf.

Alternatively, C could be formed by a spin-selective reaction, e.g., back electron

transfer from the triplet state of the radical pair to form the excited triplet state of A or
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B (as happens in photosynthetic reaction centers when forward electron transfer is

blocked):
"TA*B"]— 'AB or '[A"B"]—-A'B

In this case k& = 0.

Clearly, the method of conversion of C back to A B is dependent on the identity of C.

If it is a long-lived radical pair, then back electron transfer would serve the purpose. If
itis AB® or A*" B (see above), then a further oxidation or reduction step would be

required. If C is a triplet state, then intersystem crossing would return it to the ground

state.

The magnetically sensitive radical pair could be formed by hydrogen atom transfer
(e.g., AH-B —[A" BH’]) or homolytic bond cleavage (e.g., A-B —[A" B"]), but
such reactions are much less likely than electron transfer to produce radicals with a

suitable separation and appropriate kinetics (see below).

Biological Radical Pair Reactions.
As described in the Perspective, by far the most intensively studied biological radical
pairs occur in the initial steps of photosynthetic energy conversion. Other biological

radical pair processes are less well established and are briefly mentioned here.

Magnetic field effects on enzymatic reactions of ethanolamine ammonia lyase (EAL)
(4-6) and horseradish peroxidase (HRP) (7-10) have been reported and related effects
have been found for the peroxidase-oxidase oscillator (11-14). However, independent
attempts to replicate the original observations from Grissom’s laboratory on both HRP
and EAL have been unsuccessful (15, 16). Other biomolecules in which spin-
correlated radical pairs have been reported include melanin (17), a mutant phototropin
LOV2 domain (18, 19), and several phosphorylating enzymes (20-22). One of the
latter—phosphocreatine kinase—apparently shows a magnetic field response (20).
The occurrence of photoinduced spin-correlated radical pairs in photolyase and

cryptochrome is summarized in the Perspective.
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Radical pairs showing a variety of spin-chemical effects can routinely be generated by
intermolecular reactions of photoexcited dye molecules (e.g., flavins and other aza-
aromatics) with solvent-exposed aromatic amino acid residues in proteins (23-28).
Such freely diffusing radical pairs are less likely to be sensitive to the presence and
direction of a weak applied magnetic field than those formed by intraprotein electron

transfer.

Details of Simulations Presented in Fig. 2.

The radical pair for which the simulations in Fig. 2 were performed contains a single
magnetic nucleus with spin quantum number / = 2 and a 500-uT isotropic hyperfine
coupling and is initially in a pure singlet state at time ¢ = 0. The kinetics are first
order, there are no interradical interactions, and spin relaxation is ignored. The applied
magnetic field strength is zero (Fig. 24) or 50 uT (Fig. 2B). The green traces show the
time dependence of the fraction of radical pairs that exist in the triplet state, p1(¢), in
the absence of chemical reactivity (i.e., ki =kt =k; =0). The red and blue traces
represent, respectively, pr(¢) and the yield of the product (species C in Fig. 1) when
reaction steps are included (k =0; k=k{ =k; =10°s™"). See Fig. 1 for the

definitions of the rate constants.

The time-dependence of pr(¢) and the yield of C are given by (29):

5 1 & 1a°
H=e™|Z — 2= — —=_cosQ¢
Pr®) {8 80’ 8O
e cost(a+w+Q)t — 1 e cosL(a—w—Q)t
8 Q 8 Q

— l{1+Q}cos%(a—a)+9)t — l{1+Q}cos%(a+a)—9)t}
8 Q 8 Q

[C1, = k[ pr(t) df

where a is the isotropic hyperfine coupling constant, @ is the electron Zeeman

interaction, both expressed as angular frequencies, and Q =+a’ + @’ .
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Details of Simulations Presented in Fig. 3.

The simulations shown in Fig. 3 were performed as described in refs. 2 and 30 using
the reaction scheme of Fig. 1 with k{ =0; kY =k; =k =2x10"s"" and a 50-uT

magnetic field. The radical pair is initially in a pure singlet state at time ¢ = 0, the
kinetics are first order, there are no interradical interactions, and spin relaxation is

ignored. The triplet yield is defined as ®..(8,¢) =[C]. where [C]; is the yield of
species C at time 7 (0 <[C], <1), and the polar angles 6 and ¢ define the direction of
the magnetic field with respect to the frame of the radical pair. The polar plots (upper
row) show the anisotropic parts of the triplet yield, @™ =@, —<d)T> , where <d)T> is
the spherical average of ®... See ref. 31 for further examples. The polar plots are
constructed by plotting a point, for each direction of the applied magnetic field, at a
distance from the origin proportional to the absolute value of ®3" . The surface color

is a spectrum in which the maximum (i.e., most positive) ®3™ is red and the

minimum (i.e., most negative) ®™° is blue.

The signal (or “visual”’) modulation patterns (lower row) were calculated from <I)f}“is°

using a simple model developed by Ritz et al. (32) to illustrate how a field-sensitive
reaction in the visual pathway might allow a bird to perceive the geomagnetic field.
Despite the naiveté of this model, it serves to show how the radical pair mechanism
could in principle deliver intelligible compass information. Furthermore, it gives some
sense of the quality of the information that might arise from a particular choice of

radical pair and other model parameters.
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bird’s eye

retina

Fig. S4. Cross-section through a bird’s eye, modeled as a unit sphere. Following Ritz
et al. (32), this model is used to calculate signal modulation patterns.

Following Ritz et al. (32), we model the bird’s eye as a unit sphere centered at the
origin O, as shown in Fig. S4. Light travels from the scene under observation through
the pupil (modeled as a pinhole at point N) and strikes the retina. One particular ray of
light, drawn for illustration, intersects the retina at point R. We envisage that the light
is perceived by the bird as forming an image in the xy-plane at point I. Hence, a
rectangular object will create a rectangular perceived image in the plane containing I.
Thus, the eye is assumed to function as a pinhole camera. The points N, O, R and I all
lie in the plane of the paper. B may be at any point on the surface of the eyeball, i.e.,

B is not constrained to lie in the plane NOR.

We suppose next that light incident on the retina creates radical pairs in an initial
singlet state which react according to the radical pair mechanism. Only the product
formed from the triplet state of the radical pair (the “triplet product”) goes on
ultimately to trigger an impulse in the optic nerve. In other words, for any point R on

the retina or, equivalently, for any point I in the perceived image

Perceived light intensity = Triplet yield at the retina x True light intensity
The triplet yield depends on the relative orientation of the photoinduced radical pair

and the geomagnetic field, which varies across the curved surface of the retina. Hence,

the geomagnetic field modulates the contrast of the perceived image by different
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amounts at different points in the field of vision. We wish to calculate a picture

showing that modulation throughout the field of vision.

To continue, we make a further assumption concerning the arrangement of radical

pairs with respect to the retina. We assume that every radical pair has a well-defined

orientation with respect to the retinal surface normal vector OR but that they are
otherwise randomly oriented. This seems reasonable given that histological images of
the retina show long, thin light-receptor cells whose axis points towards the center of
the eye but which are not otherwise oriented. Notice that this assumption means that

the signal modulation patterns for Fig. 3 C and D are identical.

The geomagnetic field is directed along the vector OB. The singlet yield for a radical
pair at the point R is a function of the polar angle & between OR and OB which is
well defined, and the azimuthal angle ¢ (defined as a rotation about the vector O—R)

which is randomly distributed between 0 and 27 . To take account of this uniaxial

alignment, we calculate an average axial triplet yield

D, (6>:

1 2
E 0 (I)T (6a¢)d¢

Now, to determine the signal modulation pattern for each point I with Cartesian

coordinates (x,y) in the field of vision, it remains only to relate those coordinates to

the polar angle 8. To do this, we must first determine the position of the point R

using the fact that the line NRI intersects the shaded plane at point I.

The position vector r, satisfies the equation of a plane

) k=-1
where i, j and k are unit vectors along the x-, y- and z-axes. Meanwhile the position
vector r,, of any point on the line NRI satisfies the equation of a line
r, =o(r,—k)+k

in which « is an arbitrary real number.
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Since the point I lies both on the line NRI and in the shaded plane, r, satisfies both

equations and hence

(ar(ry—k)+k).-k=-1

OJ(I'R.k—l)=—2
>0=——
l-r, .k
and thus
2(r, -k
1: (rR )+k
l-r, .k

If we write r, in spherical polar coordinates,

r, =sin @, cos @,i+sin b, sin @, j+cos .k

then

. _ 2sinb, cos g, and
! 1-cos 6, Vi

_ 2sind, sing,
1—-cos 6,

which rearrange to give

x :
tan @, =&:>cos¢R =L and sing, =2
X Ty Ty
and
2
= . 4r
cos @, =5 and sinf, =——
r+4 rr+4

2 _ 2 2
where ;7 =x; +y;.
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Having found the position vector r, of the point R, the angle & is given by the dot

product

cos@=r, .1,

4r, X Vi 7”12_4
=| L || ZLx,+=Ly, |+| L—|(z
[r12+4J[r1 i 7 & r12+4 ( B)

oo (3) 1]/ [(2) 1

for a magnetic field r, = x i+ y,j+z,k .

This last equation allows us to construct an image, calculating the intensity

modulations at every point from the magnetic field vector r, and the average axial
triplet yield @, (6). Such images are shown in Fig. 3 and in Fig. S6. The field of

view in these images is £31° in the horizontal and vertical directions.
Calculations were performed for the following spin systems:

(A) One radical contains no magnetic nuclei, the second contains 2 /=1 nuclei
representing N5 and N10 in the flavin radical anion FAD™ . The hyperfine
tensors for these nuclei were calculated by Ilya Kuprov for a model compound
using Gaussian03 with a ROB3LYP/6-311++g(2d,2p) level of theory for the
geometry optimisation and UB3LYP/EPR-III for the hyperfine calculation.

They are (in millitesla):

—0.098853  0.003884 0
A4 ,5=| 0.003884 —0.088056 0
0 0 1.7569

~0.018967 —0.004841 0
Ay, =| —0.004841 —0.019578 0
0 0 0.60458

(B) This is the same as case (A), except now the first radical is based on a model of
the tyrosyl radical and contains 5 hydrogen (/ = ’2) nuclei. Calculations were

performed using Gaussian03 with a ROB3LYP/6-31+g(3d,3p) geometry, with
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PCM solvation in water and with UB3LYP/EPR-III theory for the hyperfine

calculation. The hyperfine tensors (in millitesla) for the first radical are:

—-0.831109

A,,=|-0.001023

AHIO_

HI13

Ay =

2.6742
=| —0.094273

0.235725

—-0.836629
—-0.001018
—-0.238049

—-0.002583

0.762199
0.032411
—-0.079955

—-0.001023
—0.693348
0.002233

-0.001018
—-0.697746
—-0.002223

—-0.094273
2.591505
0.003779

0.032411
0.604102
-0.012137

0.235725
0.002233
—0.337353

—-0.238049
—-0.002223
—-0.340778

0.003779
2.476992

—-0.079955
-0.012137
0.664062

|
|

0.666082 0.029032 0.080419
A5 =| 0.029032 0.509596 0.009021
0.080419  0.009021

0.568135

The hyperfine tensors for N5 and N10 in the second radical were as above.

(©)

This spin system is chosen arbitrarily to illustrate the more complicated yield

anisotropy patterns that sometimes arise. One radical contains a single hydrogen

(/ = ') with hyperfine tensor (in millitesla)

0.013125 0.004575 0.017075
A, =|0.004575

0.017075

0.00183
0.007061
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the other has 2 nitrogen (/ = 1) with hyperfine tensors (in millitesla)

—-0.000683 —0.007598 0.004231
A4, =|-0.007598 0.032391 -0.01847
0.004231 -0.01847 0.007541

0.000020 —0.002641 0.001299
-0.002641 0.011213 -0.006219
0.001299 -0.006219 0.002916

A

B2 —

(D) This final calculation was made using the same spin system as in (C) but for
radical pairs that were rotationally disordered around the z-axis. This is

equivalent to averaging the product yield around the z-axis.

Dependence of Reaction Yield on Radical Pair Lifetime.
An estimate of the effect of a weak magnetic field on the yield of a radical pair reaction may
be obtained analytically for a pair containing a single spin-'2 nucleus, assuming the (isotropic)

hyperfine coupling constant ¢ is much larger than both the intensity of the applied magnetic

field (%B,) and the recombination rate constant k£ (Fig. 1 reaction scheme with ksf =0;
ko = ki = k). The fractional change in the product yield relative to zero field is (29):

Dy (B,) - D,(0)|

‘ [0) (0) ‘_[250 + 3,23X108(B0/MTXT/HS)_2:|—1
S

where 7 = 1/k 1s the radical pair lifetime and ®g(B,) is the singlet yield

(D (B,)=1-D (B,) =1-[C]. ) in the presence of a field of intensity Bj.
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Fig. S5. Fractional change in the isotropic reaction yield of a simple radical pair as a
function of the radical pair lifetime tin a magnetic field of 50 uT.

The dependence of the fractional change in the product yield is shown in Fig. S5 for
By =50 uT. Although this calculation has been performed for a very simple radical
pair, without anisotropic hyperfine interactions, it is reasonable to expect something
similar in more realistic cases. The conclusion is that there is little to be gained, in
terms of increased product yield or magnetic sensitivity, by having a lifetime longer

than ~1 us when the external magnetic field is ~50 uT.

Dependence of Electron Transfer Rates on Donor-Acceptor Separation.

The rate constant, k., , for electron transfer in a protein is related approximately to the

donor-acceptor edge-to-edge separation 7, via Marcus theory (33):
k= 2
log,g (ke /5™ = 15—64/nm—3.1[w}/e\/
For a given r,, the optimum electron transfer rate occurs when the reaction Gibbs

energy matches the reorganization energy, A G° =-4, i.e.,

log,,(ky /') < 15—6r,/nm
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On the basis that the lifetime of the radical pair should be ~1 us (to allow enough time
for S <> T interconversion, but not enough for significant spin relaxation), we have

ke = 10°s™ and hence r, < 1.5 nm for the magnetically sensitive radical pair.

There are other kinetic constraints that probably need to be satisfied for efficient
magnetoreception. It seems likely that the magnetically sensitive radical pair, whether
produced directly from a photoexcited state (as in Fig. 1) or via photoinitiated
sequential electron transfers (1), needs to be formed rapidly in order to compete with
other processes that may deactivate the precursor species (e.g., fluorescence and
internal conversion) and to maximize the spin correlation in the terminal,
magnetosensitive radical pair in an electron transfer chain. To achieve a high radical
pair quantum yield, a plausible lower limit on the forward electron transfer rate would

be ~10° s, implying r, < 1.0 nm for each of the electron donor-acceptor pairs

involved in the formation of the magnetoreceptive radical pair.

Quenching of Magnetic Field Effects by Strong Radical-Radical Interactions.
Experimentally, there is ample evidence that large radical-radical interactions block

S <> T interconversion and so remove the possibility that reaction yields can be
altered by weak applied magnetic fields. For example, some of the smaller molecular
dyads and triads developed as models of photosynthetic electron transport have large
exchange interactions and are insensitive to weak fields (34-36). In addition, several
flavin-based blue-light photoreceptors—phototropin LOV (light, oxygen, and voltage
sensing) domains and BLUF (blue light sensing using FAD) domains—appear to have

radical pair intermediates whose inter-radical separations are too small (7, < 0.5 nm)

to be compatible with significant magnetic sensitivity (37-40). For similar reasons, the

DNA repair activity of photolyase is unlikely to respond to applied magnetic fields
(41).

Finally, hydrogen atom transfer and homolytic bond cleavage reactions are short
range and therefore unlikely to produce radical pairs with sufficiently small exchange

and dipolar interactions.
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Disorder and Motion.
Examples of slowly relaxing spin-correlated radical pairs.

Experimental evidence for slow relaxation of spin-correlated radical pairs in ~50-uT
fields at physiological temperatures is scarce. Most EPR measurements are performed
in magnetic fields of at least 300 mT, often at cryogenic temperatures, and
extrapolation to weaker fields and higher temperatures is not straightforward.
However, examples of spin correlation persisting for more than 1 us at room
temperature do exist, e.g., 3 different radical pairs in plant photosystems (42-44). The
observation of electron spin-polarized EPR signals from photosynthetic radical pairs
at room temperature also shows that molecular tumbling can be slow enough (>1 us)
that anisotropic magnetic interactions as weak as ~50 UT are not rotationally averaged

(42-44).

Constraints on types of radicals that could have sufficiently slow spin relaxation.
Although the need to preserve spin correlation and hyperfine anisotropy imposes
significant restrictions on the dynamics of the radical pair, it does not substantially
narrow the search for the identity of the magnetoreceptor. However, a few
possibilities can, probably, be excluded. Species with significant spin density on
paramagnetic transition metal atoms, often relax very efficiently (45) and are not the
most obvious candidates for a magnetoreceptor. High-symmetry radicals with
orbitally degenerate ground states may also have very short relaxation times. For

example, with 2 possible exceptions (46, 47), no spin chemistry phenomena seem to

have been reported for radical pairs containing hydroxyl OH", superoxide O or

nitric oxide NO®. Electron spin-correlation in radical pairs can also be efficiently
relaxed by nearby paramagnetic centers, as occurs for the high-spin non-heme Fe*" in

bacterial photosynthetic reaction centers (48).

Translational motion in radical pairs.

In principle, a compass magnetoreceptor could be constructed around a radical pair in
which one radical is able to move, provided the other is fixed and ordered and had
suitably anisotropic hyperfine interactions. Allowing one radical freedom to separate
from its partner might circumvent the problems associated with excessive interradical

spin-spin interactions provided the mobile radical had a high probability of
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re-encountering its partner on an appropriate timescale. Possible means of restricting
the diffusive separation of the radicals include viscous solvents, spatially constrained
diffusion (e.g., inside a micelle or, conceivably, a membrane), strong attractive
Coulomb forces between charged radicals, or, possibly, linking the radical centers by
a flexible molecular chain (as in a biradical) (29, 49). However, the mobile radical
would need to undergo very fast rotational motion in order to relax sufficiently
slowly, a condition that may not be compatible with the need to restrict the
translational motion. It therefore seems improbable but not impossible that a radical

pair magnetoreceptor could have significant internal translational mobility.

Functional Windows.

As mentioned in the Perspective, birds have a “functional window” such that a 20-
30% change in the intensity of the ambient magnetic field leads to disorientation (50).
Fig. S6 illustrates, for a very simple radical pair, how under the right conditions the
anisotropic reaction yield of a radical pair reaction can have a strong dependence on
the applied magnetic field. The calculations were performed as described in (30) for a
radical pair with a single spin-’2 nucleus, with an isotropic hyperfine interaction of 1
mT and a very small axial hyperfine anisotropy (20 pT). Fig. S6 Top: triplet yield
anisotropy plots (the heights of the vertical scale bars correspond to triplet yields of
2%). Fig. S6 Middle: The corresponding signal modulation patterns with a field of
view of £31° in the horizontal and vertical directions. Fig. S6 Botfom: A measure of

the anisotropy of the reaction yield plotted against the field strength.
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Fig. S6. Reaction yield anisotropies and signal modulation patterns for a simple
radical pair subject to applied magnetic fields of various intensities. These
calculations indicate a possible origin of the functional window of the avian magnetic

compass.

These calculations were performed in a 1-proton radical pair model system with rate

constants ki =0; k{ =k =k =2x10’s"" and a hyperfine tensor (in millitesla) of

098 0 0
A= 0 098 O
0 0 1.04

Triplet yield anisotropy calculations and signal modulation plots were made for 200
magnetic field strengths, spread logarithmically between 1 uT and 1 mT. Five

illustrative examples of these are shown in the top part of Fig. S6.
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In order to quantify the triplet yield anisotropy, we follow the procedure developed in

(30, 51) expanding the triplet yield as a sum of spherical harmonics

D, (9=¢> = Zal,mYl,m (97¢)

I,m

The lower part of Fig. S6 shows a plot against magnetic field strength of

()= a,,[ 1+1)

This quantity, which is equivalent to the “angular momentum” of a triplet yield
anisotropy pattern, is invariant under rotations and quantifies the degree of anisotropy
present. It is clear that peaks in this lower graph correspond to different classes of
behavior in the triplet yield anisotropy and signal modulation plots shown in the upper

parts of the figure. Such analysis is developed in detail in ref. 30.
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Flavin Oxidation States.

The structures of the 5 common redox states of the isoalloxazine moiety of flavins:

fully oxidized (F), 1-electron reduced (FH® and F*") and fully (2-electron) reduced

(FH, and FH") are given in Fig. S7. The positions of N5 and N10 are shown,

following the conventional numbering scheme for flavins (52, 53). The hyperfine

tensors of N5 and N10 are large, axial and collinear and may dominate the anisotropy

of the response of flavin containing radical pairs to weak magnetic fields (31).

|
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Fig. S7. Structures of the 5 common redox and ionization states of the flavin

isoalloxazine moiety.
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Cryptochrome Trp-Triad.

The distances between the components of the Trp-triad electron transfer chain in
AtCry1 (in nanometers), calculated from the X-ray crystal structure of Cryl from
Arabidopsis thaliana (54), are shown in Fig. S8. The center of each group (the
tricyclic isoalloxazine of the FAD or the indole part of the tryptophan) was
determined as the mean of the crystallographic coordinates of all the ring carbon and
nitrogen atoms (i.e., 14 atoms for the flavin and 9 for a tryptophan). In each case the

edge-to-edge distance is the smallest separation between C or N ring atoms.

048 S \wW377
0.73

W400

W324

Fig. S8. Distances between the components of the Trp-triad electron transfer chain
in Arabidopsis thaliana Cryl (in nanometers). Red, edge-to-edge distances; black,
center-to-center distances.

The scheme in Fig. S9 shows a possible cryptochrome photocycle based on Fig. S3.
Once again, the amino acid sequence numbers for A#Cry1 are used. The protonation of
the excited state FAD* (55) is not shown explicitly, and the deprotonation and
subsequent reduction of the cation radical of the terminal tryptophan (W324"") (56) is
omitted. The formation of the [FADH" W400" ] and [FADH" W377 "] states need not
be irreversible. Also, both these radical pairs may undergo back electron transfer to

form the ground state, FAD.
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*TFADH" w324 | 4% T[FADH" W324"
J

/

*[FADH" W37 ]

f

*[FADH" W400" | FADH

Fig. S9. A possible cryptochrome photocycle, based on Fig. S3.

Alternative Radical Pairs in Cryptochromes.

Flavin-tryptophan (or flavin-tyrosine) radical pairs are not the only potentially
magnetically sensitive species that could arise in cryptochromes. Both the semi-and
fully reduced forms of flavins are efficiently oxidized by molecular oxygen (57, 58)
via reactions that may involve spin-correlated radical pairs or radical-triplet pairs. It is
possible to imagine, therefore, that magnetic field-sensitivity comes from the
reoxidation of photochemically reduced states of cryptochromes. Although it is far
from clear whether either oxygen (a molecular triplet state) or its reduced form (the

superoxide radical, O] ) would satisfy the requirement for slow spin relaxation, such

“dark” reactions could conceivably form the basis of a magnetoreceptor. A
hypothetical reaction scheme involving a FADH"-superoxide radical triplet pair is
shown in Fig. S10. It is assumed that the FADH radical is formed photochemically by
electron transfer via the Trp-triad and that molecular oxygen is responsible for

regeneration of the fully oxidized state of the protein via the dark reactions shown.

The radical triplet pair [FADH' O;‘] can be formed in both doublet and quartet states

but can only react via the doublet state.
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‘[FADH" 30,]

/
FADH® + 30, = CD
\ 2[FADH® 30,]

FAD

020— + H+

Fig. S10. Hypothetical reaction scheme, involving a FADH -superoxide radical triplet

pair, that could account for magnetic sensitivity in cryptochrome.

An attractive aspect of this idea is that neither O, nor O has hyperfine interactions,

at least when they are not hydrogen bonded. Simulations suggest that radical pairs in
which the magnetic nuclei are highly asymmetrically distributed between the 2
radicals tend to exhibit stronger magnetic field effects than those which have the
hyperfine interactions more uniformly spread and that such radical pairs may be
especially sensitive to radio frequency fields at the EPR frequency (1.4 MHz in a 50-
uT field) (2, 30, 59). As mentioned in the Perspective, a radical pair in which one
radical has no hyperfine interactions is suggested by behavioral experiments on birds

exposed to radio frequency fields (60, 61).

A Comment on the Radical Pair Mechanism as a Source of Biological Magnetic
Field Effects.

A common objection to any proposal that weak (<100 uT) magnetic fields may affect
biological systems is that the required interactions are dwarfed by intrinsic, naturally
occurring “background” magnetic fields. In the radical pair context it is indeed true
that the local magnetic fields produced by the nuclear spins of such ubiquitous
isotopes as 'H, "N and *'P are frequently much larger than 100 pT. But far from
dominating the effect of a weak applied field, isotropic hyperfine interactions fields

are, paradoxically, crucial to its existence, as discussed in the Perspective.
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Another, closely related, source of local magnetic fields that are also essential for
compass action are the anisotropic parts of the hyperfine interactions which become
time-dependent through their modulation by molecular motions. The result of this
“magnetic noise” is spin relaxation, which as argued in the Perspective can be slow
enough that it should not interfere too much with the spin dynamics. Other possible
sources of magnetic interference are paramagnetic molecules (other than the radical
pair itself) and magnetic particles, e.g., magnetite (62). The fields produced by the
former, though potentially much stronger than hyperfine interactions, are short range
and, like anisotropic hyperfine couplings, likely to produce at most small
contributions to spin relaxation rates. Magnetite and other magnetic particles are not
sufficiently widespread in biological tissue that they need be considered in this

context.
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