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Abstract

It has been suggested that chemical reactions proceeding through radical pair intermediates could form the basis of
bird’s ability to sense the geomagnetic field as a source of compass information [Biophys. J. 78 (2000) 707]. We present
calculations of anisotropic reaction product yields for a flavin-tryptophan radical pair subject to a magnetic field of
~50 uT. The anisotropic response of the reaction is found to be dominated by two nitrogen nuclei in the flavin radical
which have near-axial hyperfine interactions with almost collinear principal axes. It is shown that the anisotropy of the
product yields is not strongly dependent on the lifetime of the radical pair in the range 1-5 ps, and that it can be tuned
by small variations in the hyperfine tensors of the nuclear spins in the two radicals.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

The Radical Pair Mechanism (RPM) is the only
well-established mechanism by which magnetic
fields can alter the rates and product yields of
chemical reactions (for reviews see [1-5]. RPM
magnetic field effects have been exploited exten-
sively over the last 30 years to probe the structural,
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dynamic and chemical properties of free radical
reactions in solution [2] and in natural [1,3] and
artificial [6] photosynthetic systems. The RPM has
been discussed as a possible source of adverse
health effects of electromagnetic fields [7] and has
been proposed as the basis of birds’ ability to sense
the geomagnetic field as a means of orientation [8—
10]. This last idea has recently been revived by Ritz
et al. [11] who argue that a RPM magnetoreceptor
is a viable alternative to hypotheses based on fer-
romagnetic material [12,13] as it could explain
many of the properties of the avian compass: that
it detects the inclination rather than the polarity of
the geomagnetic field, that it is dependent on the
wavelength of the ambient light, and that it is
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sensitive to a narrow range of magnetic field
strengths [14,15].

At the heart of the RPM is a pair of transient
radicals created in an electronic singlet (S; anti-
parallel electron spins) or triplet (7; parallel elec-
tron spins) state. For a radical pair to respond to
an applied magnetic field, the S and 7 states must
have different chemical fates — the reactivity of the
pair should be spin-dependent — and there must be
magnetic electron—nuclear hyperfine interactions
in one or both radicals, which drive the coherent
oscillatory interconversion of S and T states on a
nanosecond timescale. The fraction of radical pairs
that recombine from the S state, for example, de-
pends on a competition between the separate re-
actions of the two states, regulated by the § < T
interconversion process. The sensitivity to an ap-
plied magnetic field arises because the efficiency
and frequency of the S < T interconversion is not
only driven by intrinsic magnetic interactions but
is also influenced by the Zeeman interactions of
the electrons. If the correlation between the two
electron spins persists for as long as ~1 s, the
radical pair product yields can be modified by
applied magnetic fields as weak as ~50 pT, the
approximate strength of the Earth’s field [16].
Under appropriate conditions the response of a
radical pair reaction to an external magnetic field
is biphasic, with a so-called Low Field Effect at
field strengths less than or similar to the magnitude
of the hyperfine interactions [7,16-19]. The origin
of the LFE has been shown to lie in the removal of
degeneracies amongst the spin energy levels of the
radical pair by the electron Zeeman interactions
[16].

The Ritz-Schulten proposal is that a radical
pair is created photochemically in the bird’s retina
by a photoinduced electron transfer reaction be-
tween cofactors embedded in an immobilised
protein [11]. The source of the orientation infor-
mation, it is suggested, lies in the anisotropy of the
hyperfine interactions which cause the intercon-
version of S and 7 states and hence the product
yields to depend on the orientation of the radical
pair and therefore of the bird’s head with respect
to the magnetic field direction. This primary re-
ception process might be connected to the nervous
system in one of two ways [11]: either the radical

pair process could affect the sensitivity of light
receptors in the eye (and thus benefit from the
amplification mechanisms involved in vision) or a
decay product of the radical pair could be a neu-
rotransmitter (in which case the amplification
would depend on the number of neuroreceptors).
Ritz et al. [11] propose that an electron transfer
between the flavin cofactor of cryptochromes, a
recently discovered class of vertebrate photore-
ceptors, and an as yet unknown second cofactor
could form the magnetosensitive radical pair.

To provide a proof of principle that a radical
pair reaction can act as a geomagnetic compass,
Ritz et al. [11] show, by means of computer sim-
ulations, that a model radical pair in a 50-uT field
can have significantly anisotropic recombination
product yields. They treat a pair of radicals each of
which contains a single spin-1/2 magnetic nucleus:
one of the hyperfine interactions is anisotropic
with axial symmetry and the other is isotropic. In
agreement with previous studies of (isotropic) ef-
fects of weak magnetic fields [16], they find that the
recombination yield is sensitive to the field
strength B, and the value of the recombination
rate constant & relative to the size of the hyperfine
interactions; the longer lived the pair the more
sensitive it is to changes in By. Moreover, signifi-
cant orientation dependence of the product yields
was found for values of By between 0 and 250 uT
using k& = 10° s~!'. Similar anisotropic effects were
subsequently reported by Timmel et al. for one-
nucleus radical pairs with an axial or biaxial hy-
perfine tensor and a variety of rate constants.
Recombination yields for such prototype radical
pairs were predicted to vary by up to 40% as a
function of orientation [20].

Encouraging though these calculations are, they
could be criticised for focussing on radicals con-
taining an unrealistically small number of nuclear
spins. Any radicals generated by photoinduced
electron transport from cofactors in a protein are
likely to have many significant hyperfine interac-
tions, even if those radicals have evolved to be
exquisitely sensitive to the geomagnetic field. To
take an example, the ubisemiquinone radical anion
that forms part of the secondary photoinduced
radical pair in the photosynthetic bacterium Rho-
dobacter sphaeroides has five protons with isotro-
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pic hyperfine couplings larger than 50 uT [21]. The
counter-radical in this pair, a bacteriochlorophyll
dimer cation, has even more [22]. In the absence of
computer simulations, it is difficult to extrapolate
from the model systems hitherto studied to more
realistic multi-nuclear radical pairs. It would be
difficult to argue plausibly, for example, that a
system with many hyperfine interactions, each
with a different axiality and biaxiality and different
principal axes, could be expected to show recom-
bination yield anisotropies as large as the 40%
noted above. One might expect that the effects of
the various hyperfine anisotropies would cancel
one another to some degree leading to a much
more nearly isotropic response to an external
magnetic field.

In this paper we calculate the field-, orientation-
and lifetime-dependence of the recombination
yields of one particular multi-nuclear radical pair.
Although cryptochromes have been proposed as
radical pair magnetoreceptors [11], there is as yet
little or no experimental evidence for the hypoth-
esis. While it is known that cryptochromes contain
the highly redox-active cofactor flavin adenine
dinucleotide, FAD [23], no radical pairs involving
cryptochromes have been found that could pro-
vide suggestions for the identity of the second
cofactor in the radical pair. Faced with this lack of
information, it would be tempting to embark on a
systematic investigation of radical pairs with pro-
gressively increasing numbers of nuclear spins. We
have gone a small distance along this road, by
studying a variety of two-proton radical pairs with
different combinations of isotropic, axial and bi-
axial hyperfine tensors [24]. Brocklehurst has per-
formed similar calculations [25]. The results, even
for such a small number of nuclei, are dauntingly
complex and have proved difficult to generalise.
The prospects for extending this approach to
radical pairs containing three or more nuclei do
not seem very hopeful. An alternative strategy
would be to select an arbitrary pair of radicals to
get a sense of how the properties of a large spin
system might differ from those of the prototype
radical pairs studied hitherto. Rather than gener-
ate hyperfine tensor parameters at random, we
have chosen a system based on a photoinduced
radical pair produced in Escherichia coli DNA

photolyase [26-33], a member of a class of en-
zymes which are highly homologous to crypto-
chromes and contain the same FAD cofactor [34].
Photolyases are photoactive enzymes that re-
pair damaged DNA by splitting cyclobutane py-
rimidine dimers. At least two types of
photoreactions have been observed: (1) photore-
pair of DNA by the catalytically active enzyme
containing the flavin cofactor in its fully reduced
state, FADH™ [27,32,33,35] and (2) photoactiva-
tion of the catalytically inert enzyme when the
flavin is either semi-reduced to FADH' or fully
oxidised to FAD [36-42]. The latter proceeds via
an electron transfer chain involving the photoex-
cited triplet state of the flavin and a series of
electron donors all three of which are tryptophan
residues. The final radical pair so formed is
believed to involve a Trp-306 radical, which is re-
reduced on a millisecond timescale by back elec-
tron transfer from the flavin radical situated 1.4
nm away. Time resolved electron paramagnetic
resonance experiments [38,42] have detected a
photoinduced EPR signal with a ~20 ps lifetime
displaying the antiphase lineshapes that are diag-
nostic of a spin-correlated radical pair [43].
Inspired by these observations, we have
performed extensive calculations of anisotropic
magnetic field effects for a radical pair comprising
non-interacting flavin and tryptophan radicals,
taking hyperfine coupling data for the two radicals
from EPR and ENDOR experiments and density
functional calculations. Our aim has been to ex-
plore the sensitivity of a radical pair of realistic
complexity to the strength and direction of an
Earth-strength magnetic field. It should be em-
phasized at the outset that it has not been our
intention accurately to model the photoactivation
reaction in DNA photolyase, nor to suggest that
cryptochromes can harbour flavin-tryptophan
radical pairs. Indeed, it has recently been shown
that in the related (6-4) photolyases, photoactiva-
tion proceeds via a flavin—tyrosine radical pair
[44], whereas at the present time there is no in-
formation on such processes in cryptochromes.
Nevertheless, given that the first cryptochrome
structure to be elucidated [45] shows strong simi-
larities to the structures of photolyases [36,46,47],
we consider that the results described here make a
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strong case for the idea that a light-induced
“flavin—amino acid” radical pair could be involved
in magnetic field sensing.

2. Methods

Calculations have been performed using the
following model of a protein-bound radical pair,
formed by photoinduced electron transfer in a
static environment devoid of molecular motion. (a)
The radical pair comprises two radicals A and B,
each of which has a single unpaired electron and
several magnetic nuclei which either have spin
quantum number / = 1/2 (‘H) or I = 1 (**N). (b)
The radical pair is in a pure S state at the moment
of its creation at time ¢ = 0 and the radicals are far
enough apart (>~ 3 nm) that spin—spin interac-
tions (exchange and dipolar) between the two
electrons can be neglected. (¢) The radical pair is
able to recombine with first order kinetics from
both its S and T states with a rate constant k. (d)
Coherent S < T interconversion is driven by both
the anisotropic hyperfine couplings within the two
radicals and the Zeeman interactions of the two
electrons with the applied magnetic field By. This
evolution is described by a spin Hamiltonian
H = H, + Hp, where the individual radical Ham-
iltonians, H, and Hp, commute. Any spin evolu-
tion arising from the nuclear Zeeman interactions,
the difference between the two isotropic g-values,
or g-tensor anisotropy is considered negligible at
the weak field strengths (0 < By < 200 pT) con-
sidered. Nuclear quadrupolar interactions, which
are likely to be similar in size to the hyperfine in-
teractions for the '*N nuclei, are also ignored. The
role of quadrupolar interactions in magnetic field
effects is unclear and will be the subject of further
study.

The aim is to calculate the time-dependent
probability ps(¢) that the radical pair is in a sin-
glet state and hence the fraction of pairs that
have recombined via the S state in the limit
t — oo. The reaction considered is shown sche-
matically in Fig. 1. The singlet probability is a
sum of damped oscillations at frequencies char-
acteristic of the magnetic interactions in the
radical pair [16]:

S[Ao Bo] T[A. Bo]

k k

Sp P
Fig. 1. Reaction scheme for a photoinduced radical pair, A'B’,
formed in a singlet (S) state and able to react via the singlet or
triplet (7) states to give chemically distinct products, P and "P,

respectively, and to interconvert under the influence of the spin
Hamiltonian, H.

1 4M  AM o i
= Z Z’ UIP° |1 ’ cosw;te”™, (1)
J=1 =1

where P° is the singlet projection operator and M
is the number of nuclear spin configurations
(M = 273" for a radical pair with »'H and m'*N
nuclei). The indices j and / label the 4 M eigenstates
of H. The S « T interconversion frequencies are
differences between pairs of eigenvalues of H:
Wj = w; — .

The projection operator P° can be written in
terms of the Cartesian components of the spin
angular momentum operators for the two elec-
trons, S‘Ap and S‘Bp (p = x,y,z) and E, the identity
operator:

. 1. P
P = 1E- p;ZSApSBp. (2)
Hence [19]:
ps(t)e + Zzzzgnmgn

x cos (wh, — oP)t, (3)
where

g]/‘ Z Z SC‘I Jk SC]J kj? C=AorB (4)
P=X.Y,Z q=X,y,Z

and the frequencies w? and P are differences

between pairs of eigenvalues of Hy and Hp, re-
spectively: w/, = w/ —of,C=AorB.

The fraction of radical pairs that recombine via
the singlet channel is then calculated as the integral

Ofps(t),
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(DS = k/ ps(t) dt
0

I 1
R DI I
k2

X 5 -
K2+ (o, — oF)

(5)

With the available computational resources this
approach allowed us to include up to eight nuclei
in the radical pair, with up to five in one radical.

For a radical pair that starts in a triplet (rather
than a singlet) state, the probability of recombin-
ing from the singlet state is 1 (1 — @s) with @ gi-
ven by Eq. (5). Note that Ritz et al. [11] calculated
the recombination probability from the triplet
state, @7, which is simply 1 — &s.

The spin Hamiltonians for the two radicals
have the form:

He = o (sin 6 cos ¢S’Cx + sin 0sin (j)S‘Cy + cos GS'CZ)
+) Sc-A-I, C=AorB, (6)

where @, is the Larmor frequency of an electron
with the free electron g-value, g., subject to the

applied field, wy = geppBo/hi. A; and I, are, re-
spectively, the hyperfine tensor and spin angular
momentum operator for nucleus i. SA and SB are
the spin angular momentum operators for the two
electrons. The direction of the applied magnetic
field with respect to a radical pair-fixed axis system
is defined in terms of the polar angles 0 and ¢. &g
was calculated for 64 equally spaced values of 0
and of ¢ in the ranges {0,n} and {0,2n}, respec-
tively.

Fig. 2 shows the structures of the two radicals
and their relative orientations. The isotropic hy-
perfine coupling constants and the principal values
and axes of the anisotropic hyperfine tensors used
in the calculations are given in Table 1. The data
for the neutral flavin radical (FH") were obtained
by Weber et al. [48,49] using EPR, ENDOR and
density functional theory with the B3LYP func-
tional as implemented in Gaussian 98 [50]. The
calculations used heavy atom coordinates for
FADH" from the crystal structure of E. coli DNA
photolyase (Protein Data Bank entry 1DNP) [36].
Protons were then added and the geometry of the
whole molecule optimized in vacuo. The FH" hy-
perfine tensor axes are quoted in the co-ordinate

Fig. 2. Structures and numbering scheme for the neutral flavin radical FH" and the neutral tryptophan radical W*. The ball and stick
structures shows the relative orientation of the two radicals and the coordinate system used in the calculations of anisotropic magnetic

field effects.
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Table 1

Isotropic hyperfine coupling constants (ais,), principal values of the anisotropic part of the hyperfine tensors (7, i =1 to 3) and

principal hyperfine axes for nuclei in the neutral flavin (FH") and tryptophan (W*) radicals

Radical Nucleus Qiso T Principal hyperfine axes
FH N5 0.393 —-0.498 0.4380 0.8655 —-0.2432
—-0.492 0.8981 —-0.4097 0.1595
0.989 —-0.0384 0.2883 0.9568
N10 0.212 —-0.242 0.9703 -0.2207 0.0992
-0.234 0.2383 0.9426 -0.2340
0.476 -0.0419 0.2506 0.9672
Hl'r 0.390 -0.062 -0.1902 0.3965 0.8981
-0.033 0.9156 0.4017 0.0165
0.095 —-0.3542 0.8255 -0.4395
H6 —-0.158 —0.060 —-0.0362 0.2937 0.9552
—-0.044 0.7948 0.5879 —-0.1507
0.104 -0.6059 0.7537 —-0.2546
H5 -0.769 -0.616 0.9819 0.1883 —-0.0203
—-0.168 —-0.0348 0.2850 0.9579
0.784 —-0.1861 0.9398 -0.2864
\\A N1 0.40 -0.33 1.000 0.000 0.000
-0.33 0.000 1.000 0.000
0.66 0.000 0.000 1.000
Hp1 1.36 0.00 1.000 0.000 0.000
0.00 0.000 1.000 0.000
0.00 0.000 0.000 1.000
Hp2 2.83 0.00 1.000 0.000 0.000
0.00 0.000 1.000 0.000
0.00 0.000 0.000 1.000
H5 -0.40 -0.23 -0.984 0.180 0.000
0.35 0.180 0.984 0.000
-0.12 0.000 0.000 1.000
H7 -0.36 0.30 0.888 0.460 0.000
-0.20 —-0.460 0.888 0.000
-0.10 0.000 0.000 1.000

All hyperfine coupling parameters are in mT.

system indicated in Fig. 2 (which is that of the
geometry-optimised structure). The data for the
oxidized neutral tryptophan radical (W) were ta-
ken from EPR and ENDOR measurements by
Lendzian et al. [51] for Trp-111 in the E. coli ri-
bonuclease reductase mutant R2 Y122F. The W~
hyperfine tensor axes are quoted in molecule-based
coordinates in which the z-axis is normal to the
indole plane and the y-axis is parallel to the C5-C8
direction. The relative orientations of FH' and W~
are those of FADH and Trp-306 in E. coli DNA
photolyase [36] (see Fig. 2). In the following, nuclei
are identified using a notation in which F(N5) is
the nitrogen at position 5 in the flavin radical and
W(H7) is the proton at position 7 in the trypto-
phan radical, etc.

Table 2 shows the dimensionless axiality and
biaxiality parameters for each hyperfine tensor,
defined as

Table 2
Axiality () and biaxiality (/) parameters for nuclei in the flavin
(FH’) and tryptophan (W*) radicals

Radical Nucleus o p

FH N5 1.26 0.006
N10 1.12 0.017
Hl'r 0.12 0.30
H6 0.33 0.15
H5 0.51 0.57

w N1 0.83 0.00
H5 0.44 0.31
H7 0.42 0.33
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T33 Tn — 1T
ﬁ:i

” 2‘aiso| ’ T33 ’ (7)
where Ty;, T», and T3; represent the three principal
components of the anisotropic part of the tensor
(Table 1) and a;, is the isotropic component of the
tensor. Calculations were performed for three fla-
vin—tryptophan radical pairs (1, 2 and 3) with
different selections of eight nuclear spins from the
total of 10 (Table 3). The six nuclei with the largest
isotropic hyperfine couplings and/or the largest
anisotropy are included in all three radical pairs.

3. Background theory

Before presenting the results of the FH'W:
simulations, we first summarize the predicted an-
isotropic magnetic field effects for a radical pair
containing a single magnetic nucleus with spin
quantum number / = 1/2 [20]. For an axial hy-
perfine tensor, and a rate constant sufficiently
small to allow extensive S < T interconversion, a
Low Field Effect is predicted. As the strength of
the applied magnetic field is increased from zero,
the singlet recombination probability @y falls
sharply, reaches a minimum and then increases
more gradually, rising above its zero field value.
The position of the minimum in @ is determined
principally by k: the longer lived the radical pair,
the more abrupt the initial drop in &g and
the lower the value of By at the minimum. In the
presence of significant biaxiality, however, the
LFE and the associated minimum are abolished,
and @y rises as By is increased from zero. In ad-
dition, various resonances in ®g are seen at By-
values that lead to energy level crossings in the
radical pair [20].

Table 3
Nuclei included in calculations for the three radical pairs dis-
cussed in the text

Radical FH' w
pair
1 NS5, N10, H1'r, HS N1, H5, H7, HB2

2 N5, N10, Hl'r, H6
3 N5, N10, H1'r, H5, H6

N1, HS, H7, HB2
N1, HS5, H7

The anisotropic response to an applied mag-
netic field may be described more quantitatively in
the limit of a very long lived one-proton radical
pair subject to a magnetic field By that is either
zero or very much weaker than all the energy level
separations produced by the anisotropic hyperfine
interaction. For an axial hyperfine tensor [20]:

)

@im(By = 0) =

— 00| W

' 1 (8)
D" (By #0) = 273 cos’

where / is the angle between the direction of the
magnetic field and the axis of the hyperfine inter-
action. The difference between o™ (By = 0) and
@im(By #0) is the limiting depth of the low-field
minimum in  ®;. The spherical average of
@™ (B, # 0) is 7/24, the limiting LFE is

@ (By = 0) — O (B, £ 0)

®§"(By = 0)
and the limiting anisotropy is

D" (By # 0) — (D" (By #0))
(B"™(Bo # 0))

:%(300521#—1). (10)

Flim _

= % sin”y (9)

th —_

The difference between the maximum and
minimum values of ®§™(By # 0) divided by the
spherical average is 3/7 or 43%. The results cor-
responding to Egs. (8)—(10) for a radical pair ini-
tially in a triplet state are given in Appendix A.

The corresponding expressions are much sim-
pler in the case of a biaxial tensor, for which there
is no LFE
BBy = 0) = B (By £ 0) = 5. (1)

The difference between the two cases stems from
the nature of the electron—nuclear energy levels of
the radical pair. The biaxial part of the hyperfine
interaction removes the energy-level degeneracies
produced by the axial component and so prevents
a very weak applied magnetic field from inducing
additional S < T interconversion pathways [20].
Similar behaviour can be anticipated if the nucleus
has spin quantum number / =1 instead of 1/2.
More complex orientation- and field-dependence
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F(N5) < F(N10) Z

F(H5) W(N1)

Fig. 3. The anisotropy of the calculated singlet recombination probability @5 for eight radical pairs each containing a single magnetic
nucleus, as indicated. By = 50 uT and k =2 x 10° s~
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has been found for radical pairs containing two
nuclear spins [24].

4. Results

Fig. 3 shows the calculated ®g-anisotropy for
the eight individual nuclei in Table 1 that have
anisotropic hyperfine interactions, i.e., for eight
radical pairs each containing a single magnetic
nucleus. The magnetic field is 50 pT (approxi-
mately the strength of the geomagnetic field) and
the lifetime of the radical pair is 5 ps (k = 2 x 10°
s7!). The coordinate system here and in Figs. 4-6 is
as indicated in Fig. 2. With the exception of F(HS),
which has the smallest @g-anisotropy (and the
largest f, Table 2), the axes all span the range
{-=0.2,0.2} in all three dimensions. Red and blue
represent values of &g that are, respectively, larger
than and smaller than the spherical average. The
distance of the red or blue surface from the origin
in any direction represents the deviation of @g
from its spherical average, scaled by the spherical
average, when B, lies along that direction. There
are three points to note. (a) The nuclei with hy-
perfine interactions that are closest to being axial
(e.g., F(NS), F(N10) and W(N1)) show a ®s-an-
isotropy approximating to 3cos’>y — 1 where, as
above,  is the angle between the direction of the
applied magnetic field and the principal axis of the
hyperfine tensor. This corresponds closely to the
limiting behaviour in Eq. (10). Note that F(NS)
and F(N10) have principal hyperfine axes in the
flavin radical that are nearly collinear. (b) The
deviations from 3cos’y — 1 orientation-depen-
dence are most prominent for the nuclei with ap-
preciable biaxiality (e.g., W(HS) and W(H7)). (¢)
The magnitude of the anisotropy for the axial and
near-axial nuclei approaches that in Eq. (10),
which predicts Q'™ = +2/7 for B, parallel to the
hyperfine axis and —1/7 for the perpendicular ar-
rangement. The correspondence is not exact be-
cause neither k£ nor B, are small enough for Eq.
(10) to be strictly applicable (and because it applies
only to spin-1/2 nuclei).

Extending the calculations to radical pair 1
(Table 3), with eight nuclear spins, one sees a more

RP 1 z

RP 2 =

Fig. 5. The anisotropy of the calculated singlet recombination
probability &g for radical pairs 1, 2 and 3. By = 50 uT and
k=2x10°s71



F. Cintolesi et al. | Chemical Physics xxx (2003) xxx—xxx 11

Fig. 6. The anisotropy of the calculated singlet recombination
probability @ for radical pair 1 with (A) k =2 x 10° s~!, (B)
k=5x10°s""and (C) k=1 x 10°s~!. By = 50 uT.

complex anisotropy. Fig. 4 shows the orientation
dependence of @ for By = 50 puT and k = 2 x 103
s~!, both as a three-dimensional representation
and as a contour plot. Although the variation in
&g is not large — the maximum and minimum
values are approximately 0.272 and 0.262 — the
dependence on 6 and ¢ is more intricate and far
from monotonic. The surface representing @y is
cut by two relatively deep sinuous intersecting
valleys, most clearly seen in the contour plot. A
measure of the anisotropy in @ is provided by the
ratio of the difference between the maximum and
minimum values of @ divided by the spherical
average: in this case it is ~4%. The anisotropic
part of &g is shown in Fig. 5(A). The apparently
large extent and jagged appearance of the negative
(blue) feature derive from the ravine-like nature of
the valleys (Fig. 4). Fig. 5 also shows the results of
corresponding calculations for radical pairs 2 (B)
and 3 (C). 1, 2 and 3 differ in which two of the
three nuclei F(HS5), F(H6) and W(Hp2) are in-
cluded (Table 3). Although the exact choice of
nuclei has a noticeable effect on &g, the general
shape of the anisotropy is not greatly changed.
Note that the axes in Fig. 5 all span the range
{-=0.03,0.03} in all three dimensions. The aniso-
tropies are 3.8%, 3.0% and 5.3% for A, B and C,
respectively, i.e., less than an order of magnitude
smaller than observed for the one-nucleus radical
pairs in Fig. 3.

Fig. 6 shows the dependence of the recombi-
nation yield anisotropy on the recombination rate
constant &, for radical pair 1. As the lifetime of the
radical pair is reduced from 5 to 2 us to 1 us
(k=2x10°, 5x10°, 1x10° s7"), the anisotropy
of &g contracts by less than a factor of 2 and be-
comes smoother, without substantially changing in
shape. This may also be seen in Fig. 7 where the
field dependence of &g is shown for the same three
rate constants. Here, &g is plotted for the two di-
rections of the magnetic field that give maximum
and minimum recombination yield in a 50-uT
magnetic field. As the lifetime is reduced, ®s in-
creases because there is less time for conversion of
the initially formed singlet radical pair into the
triplet state; the anisotropy shrinks for similar
reasons. The “bumps” around 120 and 150 pT,
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0.270

0.260

0 50 100 150 200
magnetic field /uT

Fig. 7. Calculated singlet recombination probability for
k=2x10"s"", 5%x10° s " and 1 x 10° s~! as a function of the
strength of the applied magnetic field B, for radical pair 1. For
each value of k, the values of @ are shown for the magnetic
field directed along the lines of maximum and minimum @g at
By =50 uT.

which are most noticeable for the more slowly
decaying radical pairs presumably arise from en-
ergy level-crossings [20].

5. Discussion

The product yields for the one-nucleus radical
pairs depicted in Fig. 3 show a variety of aniso-
tropies governed by the isotropic hyperfine cou-
pling constant, the axiality and biaxiality of the
hyperfine tensor and the directions of the tensor
axes. In most cases, the extent of the anisotropy,
judged as the difference between the maximum and
minimum values of &g divided by the spherical
average, is about half the theoretical maximum of
43%. This figure is reduced by less than an order of
magnitude when the radical pair contains eight

nuclear spins instead of just one (Figs. 4 and 5).
Given the variety of shapes displayed in Fig. 3 for
the individual nuclei, it is perhaps surprising that
the reduction in anisotropy is as small as this.
Apparently, the anisotropies of the eight hyperfine
tensors do not cancel one another as much as
might have been expected.

It is clear from Fig. 5 that a radical pair com-
pass is not sensitive to the polarity of the magnetic
field, as previously noted by Ritz et al. [11]. If the
direction of the field is reversed, the product yields
are unchanged, i.e. @5(0,d) = P5(0 + =, P).

Fig. 5 also indicates that the magnitude of the
anisotropy, but not its general shape, is sensitive to
the exact combination of nuclear spins included in
the calculation. The three radical pairs have six
nuclei in common, with the addition of two of the
three protons F(HS), F(H6) and W(HB2). The
differences in anisotropic response for the three
cases suggest that the magnetic properties of a
radical pair compass could quite easily be tuned by
variation of the tensors of a few of the nuclei, even
those with relatively small hyperfine interactions.

The anisotropy in &g for radical pair 1 is not
found to be strongly dependent on the rate of
radical pair decay (Figs. 6 and 7). Reducing the
lifetime from 5 to 2 ps to 1 ps changes the an-
isotropy from 3.7% to 3.0% to 2.2%. Smaller an-
isotropies can be expected for shorter lifetimes or
if the electron spin correlation persists for less than
a microsecond by virtue of rapid spin relaxation.
At this point one might ask whether microsecond
lifetimes are plausible for photoinduced radical
pairs in proteins at room temperature. The evi-
dence is limited, and lifetimes must clearly depend
strongly on the nature of the radicals, the structure
and dynamics of the protein and the proximity of
any paramagnetic metal ions. However, long-lived
radical pairs are known: the flavin-tryptophan
radical pair in DNA photolyase, on which the
present calculations are based, displays antiphase
electron spin polarization for up to 20 us at 278 K,
implying that both the radical pair and the corre-
lation between the two electron spins persist for
considerably longer than the 5 ps used in the
present calculations [42].

Fig. 7 also shows that there is no Low Field
Effect for the FH"W" pair. The singlet recombina-
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tion yield, &g, rises as By is increased from zero,
rather than first decreasing as expected for aniso-
tropic one-nucleus pairs and for multinuclear pairs
in solution where the hyperfine anisotropy is av-
eraged to zero by rapid rotational tumbling
[16,20]. This is no doubt a consequence of the in-
creased complexity of the spin Hamiltonian and
the presence of significant biaxiality. Nevertheless,
&g does show significant magnetic field depen-
dence. For example, the variation of &g in the
range 50+ 25 pT is comparable to its dependence
on 0 and ¢. This correspondence suggests that a
flavin—tryptophan radical pair compass might only
operate in a small range of magnetic field strengths
around 50 pT before it needs to be readjusted.
Wiltschko and Wiltschko [52] have shown that the
magnetic compass of European Robins that have
been kept at 46 uT is operative at 43 and 54 uT,
but that the birds are unable to orient at 34 and 60
uT without adaptation. It is intriguing to note that
a similar operative range is suggested by the &s-
dependence of the flavin—tryptophan radical pair.

It is evident from the shape and orientation of
the plots in Figs. 5 and 6 that the anisotropy in ®g
is dominated by the two nitrogens in the flavin,
F(NS) and F(N10). These two are amongst the
three nuclei (W(N1) is the other) that have, si-
multaneously, the largest axiality and the smallest
biaxiality; F(NS) and F(N10) also happen to have
hyperfine axes that are nearly collinear. Although
it is, of course, difficult to generalise on the basis of
a single instance, it is tempting to conclude that a
condition for a significant anisotropic response
from a multinuclear radical pair magnetoreceptor
is that there should be a small number of strongly
axial hyperfine interactions, with nearly collinear
principal axes. Indeed, one may speculate that the
dg-anisotropy of the radical pair studied here
might be increased if the tryptophan radical were
oriented relative to the flavin such that the hy-
perfine axis of W(N1), the third nucleus with large
o and small 5, was aligned with those of F(N5) and
F(N10). Thus, it may be that the cancellation effect
referred to above for multinuclear systems can be
offset by the reinforcement of the anisotropies of a
few suitably oriented near-axial hyperfine tensors.
These possibilities will be the focus of further
work.

Further potential for evolutionary optimisation
of a radical pair compass is provided by variations
in the individual rate constants for recombination
of singlet and triplet states, which are unlikely to
be equal, and by the presence of weak spin—spin
interactions between the radicals [16]. The in-
volvement of electron—¢lectron dipolar couplings
in this context was proposed as long ago as 1986
by Arnold Hoff [53]. All these quantities are sen-
sitive to the separation of the two radicals which
could be used to tune the response of the magne-
toreceptor to the geomagnetic field.

A further issue raised by Hoff is whether the
anisotropic response of a radical pair-based com-
pass would be of sufficient magnitude to make it a
realistic proposition [53]. Clearly it is impossible to
answer this question definitively, just as it was in
1986, without much more information than is
currently available on the identity and location of
the putative radical pair and on the signal trans-
duction mechanism. However, one can ask whe-
ther a magnetic field-induced chemical change will
stand out against stochastic fluctuations and so
derive constraints for feasible models. Weaver et
al. [54] recently applied such a signal-to-noise
analysis to a general ligand-receptor model. They
estimated that the number of neural receptors, Ry,
required to overcome stochastic fluctuations is
R =~ 4()vBAB)72, where g is a parameter charac-
terizing the response of the sensory system to a
small intensity change AB around its operating
point,

1 d@g)
pg=—-——— | —= . 12
® 7 @5(By = 50 uT) (dBO By=50 uT 12)

Weaver et al. judged that a g of 100 T~! or
larger is sufficient to design a chemically based
sensor that can overcome stochastic noise. The
FH'W-" pair has 1z approximately three times lar-
ger than this (for £k =2 x 10° s7!) and could thus
work as a magnetic sensor for small changes in By.
For a FH'W* sensor, the number of receptors re-
quired to detect a magnetic field anomaly of
AB=10"7Tis ~1 x 10°.

For a magnetic compass that detects small
changes in orientation, the above expression for Ry
needs to be modified by replacing AzAB by AyA0
and By by 0 in Eq. (12) to obtain Jy. Since 44 is



14 F. Cintolesi et al. | Chemical Physics xxx (2003) xxx—xxx

~4 % 107* degree”! for FH'W", one finds that
~1 x 107 receptors would be required to detect a 1°
change in orientation, and only ~1 x 10° for a 10°
change. The FH"W" chemical magnetic sensor re-
quires fewer receptors to detect small changes in
orientation than to detect small magnetic field in-
tensity changes and can be realized in a relatively
small detector volume.
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Appendix A

The photoreaction in DNA photolyase on
which the calculations presented in this paper are
based proceeds via radical pairs formed in a triplet
state. The limiting recombination yields for a one-
proton pair in an initial triplet state may easily be
derived from those presented in Section 3 for an
initial singlet state and are given below:

5

¢lim — -
N (BO 0) 247

. 1 1
lim _ - 2
D (BO;AO)—4 24 <08 v,
- 17
lim o
(@5 (By # 0)) = 5.

- 1
rim — -3 sin® y,

Qim — —%7(300521//— 1),

max [®5"(By # 0)] — min [ (B, # 0)] 3

(D™ (By #0)) 17
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