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ABSTRACT The magnetic compass of birds is embedded in the visual system and it has been hypothesized that the primary
sensory mechanism is based on a radical pair reaction. Previous models of magnetoreception have assumed that the radical
pair-forming molecules are rigidly fixed in space, and this assumption has been a major objection to the suggested hypothesis.
In this article, we investigate theoretically how much disorder is permitted for the radical pair-forming, protein-based magnetic
compass in the eye to remain functional. Our study shows that only one rotational degree of freedom of the radical pair-forming
protein needs to be partially constrained, while the other two rotational degrees of freedom do not impact the magnetoreceptive
properties of the protein. The result implies that any membrane-associated protein is sufficiently restricted in its motion to function
as a radical pair-based magnetoreceptor. We relate our theoretical findings to the cryptochromes, currently considered the

likeliest candidate to furnish radical pair-based magnetoreception.

INTRODUCTION

Millions of birds, each year, heed the call of changing
seasons and migrate thousands of miles from one feeding
ground to another. Scientists have shown that the Earth’s
magnetic field helps guide them (1-3). Even though the
ability of birds to detect magnetic fields and use it for navi-
gation during migration has been clearly established, the way
in which birds and other animals sense the magnetic field has
remained enigmatic. Primary magnetoreceptors have not yet
been identified with certainty in any animal (1-3). The fact
that magnetic fields pass freely through biological tissue
has made locating magnetoreceptors particularly difficult.
Magnetoreceptors need not make contact with the external
environment and might plausibly be located nearly anywhere
within an animal’s body. Magnetoreceptors might also be
tiny and dispersed throughout a large volume of tissue, or
the transduction process might involve a sequence of chem-
ical reactions, so that no obvious organ or structure devoted
to magnetoreception necessarily exists. Moreover, accessory
structures such as lenses, which focus sensory stimuli on
receptors and are often conspicuous, are unlikely to have
evolved for magnetic-field sensing because few biomaterials
affect magnetic field lines (3).

Historically, migratory birds appear to be the most studied
class of animals having an intrinsic magnetic compass. The
typical strength of the geomagnetic field is 0.5 G (50 uT),
putting severe limitations on possible physical mechanisms
of magnetoreception. In the quest for explaining the origin
of this sense, two models have attracted much attention, one
involving iron mineral structures (4-9) in the bird’s beak,
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the other a magnetosensitive radical pair reaction (1,10-26)
in the bird’s eye. The idea behind the latter mechanism,
referred to as the radical pair mechanism (10,15-17,19,21),
is that in the course of a photochemical reaction in the retina,
a pair of reactive radicals is produced, the reaction yield of
which is influenced by the orientation of the bird with respect
to the geomagnetic field, and which in turn modulates visual
perception (12,16,24-27). It is thought that when the bird, by
moving its head, changes the angle between its head and the
Earth’s magnetic field; it then generates a moving visual
impression that reveals the external magnetic field (16).
Consistent with this suggestion, studies have found that at
least some migratory birds use head-scanning behavior to
detect magnetic compass information (28).

There are several pieces of evidence supporting a radical
pair-based visual magnetic compass rather than one based
on iron mineral particles, though likely both types of
magnetic sensing mechanisms are realized side-by-side in
animals. The avian compass is an inclination compass, sensi-
tive only to the inclination of the Earth’s magnetic field lines
and not to their polarity (2,29). The avian compass is known
to be highly sensitive to the strength of the ambient magnetic
field, requiring a period of acclimation before orientation can
occur at intensities differing from that of the natural geomag-
netic field (30). Low-intensity radio frequency radiation
affects bird orientational behavior (20,31) as expected for
radical pair processes (32). The avian compass is light-
dependent, as first suggested by theory (14). It normally
requires light in the blue-green range in order to function
properly (33-36). A protein harboring blue-light-dependent
radical pair formation, cryptochrome, is found localized in
the retinas of migratory birds (12,13,22,37) where its effects
could use the visual neuronal pathway. During magnetic
compass orientation, a visual brain region named Cluster N
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is the most active forebrain region (24,25,27). This activation
region requires light perceived through the eyes for its
neuronal activation (11,27) and differences in activation
between migratory and nonmigratory birds have been docu-
mented (24,27). European robins with bilateral lesions of
Cluster N are unable to show oriented magnetic compass-
guided behavior, whereas their ability to perform sun
compass and star compass orientation behavior is unaffected
by Cluster N lesions (26); in contrast, bilateral section of the
ophthalmic branch of the trigeminal nerve leading to the
putative iron-mineral-based receptors in the upper beak of
European robins did not influence the birds’ ability to use
their magnetic compass for orientation (26).

A radical pair model in which a light-driven, magnetic
field-dependent chemical reaction in the eye of a bird modu-
lates the visual sense indeed predicts all these properties
(14-16). As cryptochromes are the only known class of
photoreceptor molecules known from vertebrates to form
radical pairs upon photoexcitation (16,22,38—41), they repre-
sent the only currently suggested candidate molecules which
could function as the primary receptor molecules in the
radical pair-based magnetic compass mechanism. In Mourit-
sen et al. (12), it was demonstrated that cryptochrome exists
in noticeable quantities in retinal ganglion cells and in the
photoreceptor cells of the retina.

Cryptochrome is activated via light-induced electron
transfer, which probably involves a chain of three tryptophan
amino acids and a molecule called flavin adenine dinucleo-
tide (FAD) (10,17,21,22,39,41,42). Cryptochrome internally
binds FAD in its oxidized state before light activation. In the
active (signaling) state, FAD is transformed to the FADH
form. The magnetic field could influence the photoactivation
process of cryptochrome acting on the unpaired electron
spins as described in Solov’yov et al. (17) and Solov’yov
and Schulten (21). Cryptochrome’s signaling state has a life-
time of 1-10 ms as the FADH state slowly reverts to the
FAD state (22,39,41). The back-reaction, that may involve
the superoxide radical O,°, could also be modulated by
the Earth’s magnetic field (18,20).

The notion that superoxide might play a role in avian
magnetoreception arises principally from the observation
that European robins display a resonant disorientation
response to weak radiofrequency fields at the electron para-
magnetic resonance frequency (20,31), investigations that
had been inspired by earlier theoretical work (32). In terms
of the radical pair mechanism, the radiation effect can be
readily understood if one of the radicals has no hyperfine
interactions = 0.2 G, a condition that excludes most biolog-
ically plausible paramagnetic molecules. O,"", by contrast,
contains no magnetic nuclei, and is ubiquitous in animal
cells. However, a viable radical pair magnetoreceptor must
satisfy other conditions as well (43). To account for the reso-
nant response to a 1.3-MHz radiofrequency field, the radical
in question must have a reasonably isotropic g-value close to
2 and should not undergo electron spin relaxation faster than
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~1 ws. In addition, the chemistry of the radicals must
generate a spin correlated initial state and to permit appro-
priate spin-selective reactions. As discussed in Hogben
et al. (43), these constraints are quite stringent for O,*~ due
to its orbital angular momentum. In the case of O, it
appears that these requirements can only be satisfied if the
radical is complexed tightly enough to cryptochrome to
quench the majority of its orbital angular momentum and
to prevent rapid reorientation, but in such a way that any
hyperfine interactions with the cryptochrome are <0.2 G.

One essential requirement for cryptochromes to act as
magnetic compass sensors is that they must be orientationally
restricted, which may be a challenging condition, because
intracellular structures, like membranes and cytoskeleton,
are dynamic and wobbly. In this article, we study theoretically
how much disorder is permitted for the cryptochrome-based
magnetic compass in the eye to remain functional. For our
calculations, the radical pairs are assumed to be fixed inside
the protein and their relative orientation change, during one
reaction cycle of the cryptochrome, is considered negligible.
This treatment is justified if the wiggling motion of the
protein, for instance due to motion of the membrane, takes
place on a much slower timescale than the spin-correlated
part of radical pair reactions, which occur on a 1-10 ms time-
scale (22,39,41). Thus, the suggested theory allows us to
account not only for individual cryptochrome misalignments,
but also for membrane deformations, which disturb crypto-
chrome orientation in a similar fashion. We base our analysis
on a quantitative theory of magnetic field effects in crypto-
chrome photochemistry and on recent experimental observa-
tions. We also present arguments on how the vision-based
compass may function and pinpoint; important questions
that remain to be answered. The question of how disorder
inherent in biological cells affects the ability of radical pair
systems to provide directional information has been ad-
dressed independently in two other articles, which appeared
while this article was under review (44,45), albeit from a
different perspective than we have taken here.

Signaling of cryptochromes may work in the eye by inter-
fering with the normal rhodopsin-based visual process or
independently from this process. For the principle results
of the calculations below, the exact signaling mechanism is
irrelevant. All we assume is that the currently unknown
cryptochrome activation cascade involves amplification
steps that result in a similar degree of amplification as known
from the rhodopsin signaling cascade (46) (see Fig. 1).

In mathematical terms, the vision-based compass in birds
is characterized through a filter function, which models the
magnetic field-mediated visual signal modulation recorded
on the bird’s retina. We study different factors that can affect
the acuity of the filter function, in particular, the possibility
of repetitive action of cryptochrome, and how day and night
flight regimes may influence the magnetic field-mediated
visual pattern on the bird’s retina and, thereby, its compass
sense.
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THEORY

The key idea of vision-based magnetoreception is the spread
of an orientationally constrained, magnetically responding
molecule, i.e., cryptochrome, over the retina of a bird’s eye
that influences visual perception by forming a filter over
the visual field. At each point 7 on the retina, we define a filter
function (F(7)) where (- --) denotes that the filtering arises
as an average over a local ensemble of magnetically respond-
ing molecules. Although it is interesting and relevant how
many molecules are involved in the average (44) and how
such an average is established, we do not consider this
important issue further. The filtering depends on the direc-
tion of the Earth’ magnetic field B as specified further below.

The magnetic response of cryptochrome involves
a magnetic field dependence of the protein’s signaling yield
and signaling time as described in Solov’yov et al. (17) and
Solov’yov and Schulten (18). This response depends on the
orientation of B relative to cryptochrome. As shown in
Fig. 2, the orientation of cryptochrome is captured through
an x, y, z-coordinate system affixed to the FADH moiety of
the protein, the z axis being oriented perpendicular to the
flavin group of FADH. The overall orientation of the eye
is described by an X, Y, Z-coordinate system.

Key to establishing a magnetic field-dependent visual
impression that can be readily interpreted by the bird’s visual
neural pathways is a systematic orientation of cryptochrome
at positions of the retina, i.e., the orientation of cryptochrome
should be a simple function of 7. For the sake of illustration,
we choose a particular rule for cryptochrome’s orientation at
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FIGURE 1 Schematic illustration of a bird’s eye
and its important components. The retina (a)
converts images from the eye’s optical system
into electrical signals sent along the ganglion cells
forming the optic nerve to the brain. (b) An
enlarged retina segment is shown schematically.
(c) The retina consists of several cell layers. The
primary signals arising in the rod and cone outer
segments are passed to the horizontal, the bipolar,
the amacrine, and the ganglion cells. (d) The
primary phototransduction signal is generated in
the receptor protein rhodopsin shown schematically
at a much reduced density. The rhodopsin contain-
ing membranes form disks with a thickness of
~20 nm (46), being ~15-20 nm apart from each
other (46). The putatively magnetic-field-sensitive
protein cryptochrome may be localized in a specifi-
cally oriented fashion between the disks of the outer
segment of the photoreceptor cell, as schematically
shown in panel d or the cryptochromes (e) may be
attached to the oriented, quasicylindrical membrane
of the inner segment of the photoreceptor cell (f).

/" membrane

any point 7 on the retina. The rule is based on the so-called
spherical coordinates specifying 7, namely (r, 9, ¢) as shown
in Fig. 3 a. To specify the rule we introduce a rotational
transformation T'(7) that specifies the orientation of crypto-
chrome at 7 as follows: T(¥) rotates the eye-fixed coordinate
system X, Y, Z into the coordinate system x, y, z that specifies
the local (at 7) orientation of cryptochrome. We choose,
following mathematical convention,

T(F) = D(a(r), B(F),v(r))- (M

Here «(F),B(7),v(F) are the so-called Euler angles
that specify, mathematically, rotational transformations and
orientations of asymmetric objects like cryptochrome.
D(a, B, v) is specified in the Supporting Material. For the
7-dependence of the Euler angles, we choose

(‘%5;7) = ((p7777070)7 @)

as explained in the Supporting Material.

The key issue of this study is not the role of the specific
choice of «, @, v, but rather in how far this choice has to
be precise, or in other words, how much orientational dis-
order the suggested mechanism can accommodate. To inves-
tigate this systematically, we introduce now the critical
assumption that all cryptochromes experience a local orien-
tational disorder. Such disorder can be introduced mathemat-
ically in an elegant way, namely by postulating that on top of
T(7) the cryptochrome orientation is actually specified by an
additional random rotational transformation 7’ that has the
same characteristics for all retina locations. The random
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characteristics are introduced in the Supporting Material
where T’ is specified through

T = D(alvﬁla'y/)' 3)

The disorder is characterized through an angular mean-
square deviation

1

77 Wiy @
where A = (.17, indicating the relative change of crypto-
chrome’s signaling yield. The transformation (Eq. 3) is
illustrated in Fig. 3 c. The overall orientation of any crypto-
chrome relative to the eye’s X, Y, Z system is then specified
through the transformation D(<, 8, Y)D(«, 8, v) where for
each location 7 the angles o/, 8, v’ are independent random
variables. In the Supporting Material we establish how the
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FIGURE 2 Coordinate frames used in the computations.
The fixed (X, Y, Z) coordinate frame is associated with the
bird’s retina, such that the Z axis is pointing in the direction
of the bird’s sight, the Y axis is pointing down (toward the
ground), and the X axis is perpendicular to the Y and Z axes.
The local coordinate frame, associated with a cryptochrome
is denoted as (x, y, z). At each point of the retina, the z axis
is perpendicular to its surface, and the x, y, z axes form
aright-handed coordinate frame. Cryptochrome’s magnetic
field-sensing anisotropy axis is roughly perpendicular to
the plane of the flavin radical, responsible for crypto-
chrome’s functioning (17,18,21,23). We suggest in this
study that cryptochrome’s magnetic field-sensing anisot-
ropy axis is collinear with the z axis. Cryptochrome’s
magnetic field-sensing anisotropy is dominated by the
anisotropic hyperfine interactions in the two nitrogen
atoms, highlighted here (23).

random orientation can be accounted for through a Boltz-
mann distribution in a potential E,(c/, 8, v') and we
show that only orientational disorder in (' matters, i.e.,
disorder in o, ¥’ has no effect. We therefore assume for
E o the functional form E,,, = V(') where we choose

v(ﬁ’) — eoksT sin® )

where €, is a parameter. The filtering function that is subject
to the random disorder characterized here is denoted as (F)
and described below.

What controls the filtering function at each location is the
relative orientation of the Earth’s field B and the crypto-
chrome FADH moiety. It is straightforward to specify the
orientation of B relative to the eye’s coordinate system
X, Y, Z as shown in Fig. 3 d; Bis specified through its spher-
ical coordinates (B, ®, ®) in the X, Y, Z system. Likewise,

FIGURE 3 Relative orientation of coordinate
frames used in the computations. The fixed (X, Y, Z)
coordinate frame (a) is associated with the bird eye
retina as shown in Fig. 2. The orientation of the
cryptochrome molecules distributed over the retina
are specified through the x, y, z-coordinate systems,
which can be obtained from the initial (X, Y, Z)
coordinate frame though a rotational transformation
defined by the angles «, §, v shown in panel b.
Cryptochrome wiggling in the retina introduces
rotational disorder of the ideally oriented proteins.
(¢) As a result, the ideal x, y, z-coordinate frame
is to be replaced by a randomly oriented X/, ',
Z/-coordinate frame, defined by the three Euler
angles ti’; @', and v'. (d) The external magnetic field
vector B in the (X, Y, Z) coordinate frame is char-
acterized by the polar angle ® and azimuthal angle
®. (e) However, in the X/, y/, z/-coordinate frame, it
can be written in terms of angles ¢’ and ¢'.

Biophysical Journal 99(1) 40-49



44

one can specify B in the ¥, y', Z coordinate system of the
randomly oriented cryptochrome at location F, using for
the purpose the spherical coordinates of B in the ¥, y, 7
system, namely (B, ¢, ¢’) as shown in Fig. 3 e. Here
(¢, ¢") depend on the transformation D(</, 8', Y )D(e, 8, 7v)
and, hence, can be expressed in terms of the angles («, G, 7,
o, 0,7, ®, ®). In the Supporting Material, this relationship
is established. One can calculate then a local filtering func-
tion F(a, 8, v, o, 8, v, ©, ®).

As pointed out above, what is of interest is to determine,
actually, the average (F). This function is defined as

(F(a, 8,0, 0)) =

Josing g [{Texp| — (1= C(0)) /o = eusin®s | dad

Solov’yov et al.

mediated step of the transduction process. The number N,, of
activated molecules defines the efficiency of a crypto-
chrome-containing receptor cell, which shows to which
extent the cell characterized through its retinal position
(o, B) (see Eq. 2) contributes to the retinal image

N,
(o, 8) = Vz = (F(a, 8,0,®))". 12)

Here the efficiency /(«, §) is measured in arbitrary units
varying between O and 1, reflecting the modulation level of
the virtual visual image in a bird’s eye by the magnetic field.

Q)

where

C(0) = cos® 0 )
is a function of («, 3, v, o/, 8, v', ®, ®). We demonstrate in
the Supporting Material the following relationship between

cos #" and the stated angles

cosf = zlx sin ® cos @ + z’Y sin ® sin ® + Z’z cos ®, (8)

where
! . . o, /
Zy = — sin « sin « sin 8
- . . ©)
+ cos a(cosﬁsmﬁ + cos acos smﬁ),
’ U .
zy =cos B sin « sin 8 (10)
+ sin b’/ (cos a'cos B sin @ + cos « sin o/),
Z,z = cos 8 cos ﬁl — cos a'sin B sin 6/. (11

The (F) averages over all random orientations, i.e., over
o, B,y as stated in Eq. 6. As a result, (F) does only depend
on a, 3, ®, ®. Below we utilize (F(«, 8, ®, ®)) to calculate
the effect of cryptochrome orientational disorder on the
visual impression of a navigating bird.

Lastly, we also consider the case that cryptochromes act
repeatedly in establishing the filtering. Suppose that crypto-
chrome, like many other sensory proteins, affects a signaling
cascade, which results in the activation of specific molecules,
that in turn perform a further biological function such as
opening or closing an ion-channel. Let Ny be the number
of activated molecules generated in this step in the absence
of the external magnetic field. The external magnetic field
alters the number of activated molecules, described by the
filter function (F), defined in Eq. 6. In general, cryptochrome
activation may occur 7 times, thereby significantly changing
the number of the activated molecules in the magnetic field-
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From Egs. 6 and 12, it follows that at a fixed orientation of
the magnetic field the varying efficiency of the cells in the
retina leads to a formation of a disk-shaped virtual visual
pattern in the bird’s field of view. The size and the intensity
of this pattern are related to the acuity of the vision-based
magnetic compass. Let I, and I,;, be the maximal and the
minimal values of I(a,8), respectively. Then the maximal
intensity of the magnetic field-mediated pattern, A, is defined as

A= Imax *Imin- (13)

The modulation level of the visual signal through the
magnetic field, defined in Eq. 12, defines the total intensity
of the magnetic field-mediated pattern S as

/2 27
S = / sin ;8d,8/ (I(e, B) — Inin)dox. (14)
0 0

Here we integrate over the surface of the semi-spherical
retina, and therefore the integration over ( is limited by /2.
According to the definition, it holds that 0 < § < 2. The
integration over « and 3, according to Eq. 2, corresponds to
an integration over retinal positions 6, ¢. Another important
characteristic of the magnetic filter function is the size of
the magnetic field-mediated disk-shaped pattern at half inten-
sity, AQ, which can be calculated numerically as the solution
of the equation

5 = I(Qmax - AQ/Z) - Imin; (15)

where Q. .« = (&, f)max denotes « and ( at which I(«, ()
reaches its maximal value and A is the maximal intensity
of the magnetic field-mediated pattern defined in Eq. 13.
The quantities A, S, and AQ in Egs. 13—15 define the acuity
of the visual-based compass. A is the measure of the maximal
intensity of the magnetic field-mediated pattern (increasing
A leads to an increase of the magnetic field-mediated signal
in the retina), S indicates to which extent the retina is influ-
enced by the magnetic field, and AQ defines the size of
the magnetic field-mediated pattern. A small value of AQ
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corresponds to a small magnetic field-mediated spot on the
retina, thus allowing the bird to resolve the magnetic field
more readily.

RESULTS

In the following, the effect of cryptochrome orientational
disorder on the magnetic filter function is studied. The
magnetic filter function renders a disk-shaped pattern in
the bird’s field of view, described by Eqgs. 6 and 12. The posi-
tion of this pattern in the retina of a bird depends on the
heading of the animal relative to the geomagnetic field;
size and intensity of the magnetic field-mediated pattern
defines the sensitivity of the magnetic compass.

Cryptochrome orientational disorder

In order to understand how the orientational disorder affects
the filter function, we consider first a single cryptochrome
characterized by specific retinal coordinates at which o =
B8 = 0, namely according to Eq. 2, retinal position (8, ¢) =
(m, 0). We study the filter function, defined in Eq. 6, as a func-
tion of ® with ® = 7/2 fixed. Fig. 4 shows the ®-depen-
dence of the signaling yield of cryptochrome averaged
over possible orientations of the protein, normalized to the
yield at ® = 0.

The results in Fig. 4 were calculated using ¢ defined in
Eq. 4, assuming A = 0.17 in accordance with prior studies
(17,18). An increased orientational disorder (decrease of &)
alters the filter function: (F)/(F)mnax is 0.17, 0.14, 0.08, and
0.03 for ¢g = 100, 10, 3, and 1, respectively.

The parameter ¢, determines the wiggling range of crypto-
chrome, AB, which can be calculated according to statistical
mechanics (45,47,48):

N "26'exp(— eosinzﬁ’)sinﬂ’dﬁ’.
[7exp( — eosin’g)sing'df’

Thus, for ¢y = 100, 10, 3, and 1 the corresponding values
of A are A = =*5°, =£17°, £37°, and +=50°. Fig. 4
shows that a very weak cryptochrome restriction is sufficient
to produce a detectable magnetic field-mediated signal. Even
for AB = =*50° the signal from cryptochrome is still
changing by ~3% in the geomagnetic field.

(16)

Magnetic field-mediated pattern in the visual field
of a bird

The position of the magnetic field-mediated pattern in the
retina (9, ¢) is determined by the angle 6’ defined in Eq. 8
(see Fig. 3), which in turn is «- and $-dependent (and there-
fore 9- and ¢-dependent as well; see Eq. 2) as follows from
Eqs. 8-11. The value ¢ also depends on the angles ® and ®,
which change upon rotation of the animal in the horizontal
plane, causing a displacement of the magnetic field-mediated
pattern in the retina. The magnetic field-mediated pattern can

45
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0.80 ' ' :
0 45 90 135 180
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FIGURE 4 Averaged signaling yield of cryptochrome normalized on
its maximal value (F)y.. The signaling yield is calculated using Eq. 6
as a function of protein orientation with respect to the external magnetic
field, characterized by the angle ® (see Fig. 3 d), for different values of
the parameter ¢y, that label the yield curves.

be conveniently mapped to the plane of the visual field by
the so-called Miller cylindrical projection, as described in
the Supporting Material, and as illustrated in Fig. 5 for
&y = 100 (equivalent to a wiggling range of +5°). The
magnetic field-mediated pattern shown in Fig. 5, for the
sake of illustration, is in grayscale. How a bird’s magnetic
field-mediated visual impression exactly manifests itself is
presently completely unknown.

Fig. S3 in the Supporting Material shows the pattern in
the visual impression of a bird modulated through the geomag-
netic field for the animal flying at daytime, allowing for
different cryptochrome wiggling regimes. From the compar-
ison in Fig. S3, it follows that the intensity of the magnetic
field-mediated pattern decreases with the increase of crypto-
chrome orientational disorder; the magnetic field-mediated
pattern in the visual field is hardly discernable for ey = 1.

As follows from Eq. 5, the parameter ¢, characterizes the
degree of wiggling, i.e., the wiggling range of cryptochrome,
AB, as discussed above. Using Eq. 16, we estimate the
wiggling range of cryptochrome corresponding to Fig. S3 b,
Fig. S3 ¢, and Fig. S3 d to be +=17°, £37°, and *50°,
respectively, while in Fig. S3 a it is +5°.

Repeated activation of cryptochrome

From Eq. 12, it follows that the repeated activation of cryp-
tochrome leads to a sharpening of the magnetic filter func-
tion. Fig. S4 shows the modulation patterns in the visual field
through the geomagnetic field, calculated for ¢y = 3,
assuming cryptochromes in the retina to undergo one, two,
three, and five activation cycles. The patterns in Fig. S4
were calculated in analogy to Fig. 5.

The intensity of the magnetic field-mediated pattern
increases with the number of cryptochrome activation cycles,

Biophysical Journal 99(1) 40-49



] [ | ] |
E SE S sw w

FIGURE 5 Panoramic view at Frankfurt am Main, Germany. The image
shows the landscape perspective recorded from a bird flight altitude of
200 m above the ground with the cardinal directions indicated (images of
Frankfurt provided by Vita Solovyeva). The visual field of a bird is modified
through the magnetic filter function according to Eq. 12 with n = 1 and
&y = 100. For the sake of illustration we show the magnetic field-mediated
pattern in grayscale alone (which would reflect the perceived pattern if the
magnetic visual pathway is completely separated from the normal visual
pathway) and added onto the normal visual image the bird would see, if
magnetic and normal vision uses the same neuronal pathway in the retina.
The patterns are shown for a bird looking at eight cardinal directions
(N, NE, E, SE, S, SW, W, and NW). The geomagnetic field inclination angle
is 66°, being a characteristic value for the region.

enhancing the acuity of the cryptochrome-based compass.
The magnetic field-mediated pattern in Fig. S4 was calcu-
lated for ey = 3. For other values of ¢, the repetitive activa-
tion of cryptochrome is expected to enhance the magnetic
field-mediated pattern in the visual field in a similar fashion
to Fig. S4; for example, for ¢y = 1 and n = 5 the pattern is
visible, while for ¢ = 1 and n = 1 it is not.

According to Eq. 12, the magnetic field-mediated pattern
in the retina has a disklike shape. For a quantitative charac-
terization of the angular acuity of the magnetic compass in
the eye of a bird, Fig. 6 shows the total intensity of the
disk-shaped pattern S, its size at half-intensity, AQ, and the
maximal intensity, A, plotted as a function of the parameter
&g for different numbers 7 of repetitive cryptochrome activa-
tion cycles. A, S, and AQ were calculated from Eqs. 13—15.
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Fig. 6 shows that a single activation of cryptochrome
(n = 1) allows a moderate orientational disorder of crypto-
chrome, at which a detectable magnetic field-mediated signal
in the retina is still produced. For example, as follows from
Fig. 6 d, the maximal intensity of the magnetic field-medi-
ated pattern decreases twofold at &y = 4. Increasing the
number of cryptochrome’s activation cycles leads to an
enhancement of the magnetic field-mediated pattern. Thus,
S =9° 16° 21°, 27°, AQ = 89°, 88°, 87°, 85°, and A =
0.08, 0.13, 0.18, 0.24 are expected for n = 1, 2, 3, 5, respec-
tively, at &g = 3 (wiggling range =+ 37°).

Night vision

Many migratory birds fly during nighttime (2,3,10). It is
interesting to investigate how the filter function would alter
the field of view of a bird flying at nighttime. For the sake
of illustration, Fig. S5 shows the night-time panoramic
view at Frankfurt am Main, Germany, modified through
the filter function defined in Eq. 6 with ¢y = 100.

The irradiance level of the environment should exceed
a certain threshold value to activate the cryptochrome-based
compass. Below this threshold, there are insufficient photons
to maintain the magnetic compass function. The number of
photons hitting the retina per unit time can be estimated
from the known values of light intensity at different day
times. Fig. S5 shows that at nighttime there is enough illumi-
nation to activate the cryptochrome blue-light receptors. The
typical light irradiance level on a sunny day, at sunrise/
sunset, on a full moon night and on a moonless starry night
(dark night) is 10,000 lux, 10 lux, 0.01 lux, and 0.001 lux,
respectively (49). For the irradiance level of 1 lux at 380—
720 nm the photon density (photon irradiance) can be esti-
mated to be 1.2 x 10'° quanta/s-m2 (50). Thus, the photon
density at daytime is typically 1.2 x 10%° quanta/s-m? and
at nighttime 1.2 x 10" quanta/s-m?, while at dark night
and sunset it can be estimated as 1.2 x 10" and 1.2 x
10" quanta/s-m?, respectively. Assuming the diameter
of a retina equal to 1 cm one estimates that ~3.7 x 10’
photons hit the retina per millisecond at night. This number
is highly likely to excite sufficiently many cryptochromes in
the retina to act as a magnetic compass, as photoreceptor
cells found in birds can be activated by just a few photons
(46). Free-flying Catharus-thrushes (night migrating song-
birds) used the magnetic field for orientation also on very
dark natural nights, when the illuminance was as low as
0.0003 lux (51).

Nevertheless, it is still unclear why the magnetic compass
in some species seems to be more functional at night (24,27):
the neuronal activity in Cluster N (the brain area required for
magnetic compass orientation in European robins) is high at
weak moonlight conditions (0.04 lux), but its neuronal
activity drops dramatically both toward room-light condi-
tions (~275 lux) and total darkness (24,27,52). A possible
explanation is that the visual image of the night landscape
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FIGURE 6 Angular acuity of the magnetic
compass in the eye. The acuity of the magnetic
compass is measured by the size and intensity of

retina %

the disk-shaped magnetic field-mediated pattern in
the visual field of a bird (a). The total intensity of the
pattern S (b), its size at half-intensity AQ (c), and
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the maximal intensity of the pattern A (d) are
plotted as a function of the parameter &, defining
the wiggling amplitude of cryptochrome for
different numbers 7 of cryptochrome activation
cycles. The labels in the figures indicate the corre-
sponding n-values.
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has a more uniform background color and exhibits sharper
contrast between light and dark areas; therefore, the
magnetic field-mediated transformation of the visual impres-
sion may be easier to resolve at night than during the day
(53). The signal/noise ratio of the magnetoreceptor may
pull in the opposite direction, as one expects the noise to
decrease with the square root of the number of activated
magnetic field receptors participating in signaling events.
Thus, at low light conditions, when fewer receptors are acti-
vated, one expects high noise.

The presented data show that a cryptochrome-based
compass can be functional at night. However, from the
performed analysis, it is not possible to conclude whether
constraints on the radical pair mechanism may help to explain
why some bird species prefer night navigation over day
navigation. This uncertainty should be investigated soon.

DISCUSSION

Earlier investigations (16-18,21) demonstrated how a bio-
chemical magnetic compass in birds can be realized through
light-induced electron transfer reactions in the protein cryp-
tochrome. An essential requirement for cryptochromes to act
as magnetic compass sensors is that they must be systemat-
ically oriented across the retina and exhibit a limited degree
of orientational disorder. In this article, we assumed a simple
ordering scheme and investigated for this scheme how much
disorder is permitted for the cryptochrome-based magnetic
compass in the eye to remain functional. Our study showed
that rotational degrees of freedom of cryptochrome do not
need to be rigidly fixed for cryptochrome to act as a magnetic
compass. In particular, we demonstrated that only one of
three rotational degrees of freedom of cryptochrome needs

20 30 40
€0

to be partially constrained, while the other two do not impact
the magnetoreceptive properties of the protein. This finding
is in agreement with earlier results (17,18) and with the
conclusion reached by Lau et al. (45), who performed
computer simulations on a collection of radical pairs under-
going restricted rigid-body rotation, coherent anisotropic
spin evolution, electron spin relaxation, and spin-selective
recombination reactions.

This is a biologically important finding, as proteins
embedded in membranes typically are free to rotate around
their own axes and membrane proteins are known to diffuse
quite a lot within the plane of the membrane. Thus, if
rotational disorder would not be allowed, it would be chal-
lenging to understand how any membrane-associated protein
could function as a radical pair-based magnetic compass
detector. While membranes are not completely rigid in the
third dimension (i.e., along the axis perpendicular to the
membrane plane), their wiggling movement is restricted.
Our theoretical calculations demonstrate that even very
moderate (within a cone of ~90°) orientational alignment
of a primary magnetic compass sensing protein is sufficient
for a compass function in bird’s eyes to be robust enough
to potentially detect the reference direction provided by the
geomagnetic field.

Having these theoretical results in mind, can we estimate
what degree of disorder of the primary sensory protein is
actually expected to occur in the retina of a bird? The answer
to this question is strongly dependent on

1. The identity of the primary sensory molecule;

2. In what specific part of the primary sensory cell the
primary sensory molecule is located; and

3. What cell type in the retina harbors the primary sensory
molecule.

Biophysical Journal 99(1) 40-49
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If the primary magnetic compass sensor molecule in birds
is cryptochrome, a number of predictions can be made. The
most likely structures within a cell, which could reduce
orientational disorder to a degree where cryptochrome may
become a magnetic compass sensor, are membrane and/or
cytoskeleton elements. However, cryptochromes almost
certainly are not directly embedded into any membrane.

Antibody staining against cryptochromes in migratory
garden warblers suggests that cryptochrome 1 is mainly
located in the cytosol and possibly in cell membranes,
whereas garden warbler cryptochrome 1 seems to be absent
in the cell nucleus. If the cryptochromes are floating freely in
the cytosol, they cannot function as magnetic compass
sensors. Consequently, if they do work as magnetic compass
detectors, they must be tied to cytoskeleton proteins or more
likely to one or more membrane proteins (see Fig. 1, c—f).
The putative interaction partners of cryptochromes are not
currently known.

Assuming for the moment that cryptochromes are actually
associated with membranes, what cell types in the retina and
what specific membranes would be the most suitable candi-
dates? The retina consists of six major cell types: photore-
ceptors (rods and cones), horizontal cells, bipolar cells,
amacrine cells, ganglion cells, and Miiller cells. Antibody
staining against cryptochromes in migratory garden warblers
suggests that at least some types of cryptochrome are mainly
located in ganglion cells and in photoreceptor cells (12). As
many ganglion cells in garden warblers are not perfectly
spherical (12) and as the cryptochromes could be concen-
trated on specific membrane portions, the ganglion cells, in
principle, could harbor the primary magnetic compass-
sensing proteins in their membranes. However, the photore-
ceptor cells are the much more likely candidate cell type for
harboring magneto-sensory cryptochromes, as the outer
segments of the photoreceptor cells (see Fig. 1 ¢) contain
stacks of highly ordered disk-shaped membranes with a
thickness of ~20 nm, being ~15-20 nm apart from each
other, and are all oriented parallel to the retina surface/
eyeball (46). One highly efficient way to achieve orienta-
tional constraint would be if cryptochromes were located
in the inter-disk space, as schematically shown in Fig. 1 d.
Another, slightly less efficient, but still good, way to achieve
orientational constraint of cryptochrome would be crypto-
chromes bound to membrane proteins populating the inner
segments of the photoreceptor’s membranes, because the
inner segment photoreceptor membranes provide an array
of quasicylindrical tubes oriented perpendicular to retina
surface/eyeball, as schematically shown in Fig. 1, e—f.

The results of our calculations show that rotation and
wiggling of up to *=50° is allowed without cryptochrome
losing its potential to work as a magnetic compass detector.
Therefore, both of the above-mentioned putative crypto-
chrome locations will almost certainly fulfill the required
motion restriction, and the additional effects of the many cryp-
tochromes that could be embedded with very similar orienta-
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tions in the two suggested types of photoreceptor membranes
are likely to help enhance the signal and to reduce noise.
Further reduction of noise could come from repetitive activa-
tion of cryptochrome, which can lead to an enhancement of
acuity of the magnetic compass even if the degree of crypto-
chrome motion or disorder in the retina is relatively high.

In a recent study, Hill and Ritz (44) investigated the
minimum number of receptors necessary for detection of
the change in chemical signal owing to changes in magnetic
field direction, quantifying the required increase in the
number of receptors to compensate for the signal attenuation
through increased disorder. The authors concluded that
radical pair-based compass systems are relatively robust
against disorder, in agreement with our findings.

To test whether the ideas presented here are relevant for
bird navigation, more information on cryptochromes, their
interaction partners, and on the neuronal mechanisms under-
lying bird navigation is needed.
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