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While	
  migratory	
  birds	
  have	
  long	
  been	
  known	
  to	
  use	
  the	
  Earth’s	
  magnetic	
  field	
  for	
  

navigation,	
  the	
  precise	
  biophysical	
  mechanism	
  behind	
  this	
  magnetic	
  sense	
  remains	
  

unconfirmed.	
  	
  A	
  leading	
  theory	
  of	
  magnetoreception	
  suggests	
  a	
  chemical	
  compass	
  model	
  

with	
  a	
  yet	
  undetermined	
  molecular	
  reaction	
  site	
  and	
  unknown	
  magnetically	
  sensitive	
  

reactants.	
  	
  The	
  cryptochrome	
  photoreceptor	
  has	
  emerged	
  as	
  a	
  promising	
  candidate	
  site.	
  

This	
  investigation	
  numerically	
  models	
  the	
  first	
  order	
  kinetics	
  of	
  cryptochrome	
  mediated	
  

photoreception,	
  in	
  order	
  to	
  evaluate	
  its	
  ability	
  to	
  function	
  as	
  a	
  magnetic	
  sensor	
  and	
  

transduce	
  orientation	
  information	
  along	
  a	
  neural	
  pathway.	
  	
  A	
  signal-­‐to-­‐noise	
  ratio	
  is	
  

defined	
  to	
  quantify	
  the	
  threshold	
  for	
  the	
  functioning	
  of	
  a	
  cryptochrome-­‐based	
  chemical	
  

compass.	
  	
  The	
  model	
  suggests	
  that	
  a	
  flavin-­‐superoxide	
  radical	
  pair	
  in	
  cryptochrome	
  

functions	
  as	
  the	
  chemical	
  reactants	
  for	
  magnetoreception.	
  	
  Such	
  a	
  cryptochrome-­‐based	
  

signal	
  transduction	
  model	
  reasonably	
  predicts	
  the	
  general	
  light	
  intensity	
  and	
  wavelength	
  

effects	
  that	
  have	
  been	
  experimentally	
  observed	
  in	
  migratory	
  birds.	
  



1	
  
	
  

INTRODUCTION	
  

	
  

Decades	
  of	
  behavioral	
  experiments	
  confirm	
  that	
  numerous	
  animal	
  species	
  have	
  the	
  ability	
  

to	
  sense	
  the	
  Earth’s	
  magnetic	
  field	
  [21,	
  4].	
  	
  Specifically,	
  migratory	
  birds	
  have	
  been	
  shown	
  to	
  

use	
  the	
  geomagnetic	
  field	
  as	
  a	
  primary	
  source	
  of	
  orientation	
  information	
  as	
  they	
  navigate	
  

thousands	
  of	
  miles	
  along	
  their	
  migratory	
  paths.	
  	
  The	
  geomagnetic	
  field	
  is	
  an	
  ideal	
  source	
  of	
  

orientation	
  information,	
  as	
  it	
  is	
  always	
  present	
  unlike	
  sun	
  or	
  star	
  cues,	
  if	
  the	
  sky	
  is	
  

overcast.	
  	
  The	
  field	
  may	
  also	
  allow	
  identification	
  of	
  a	
  global	
  location	
  with	
  a	
  unique	
  

combination	
  of	
  inclination,	
  polarity,	
  and	
  field	
  strength,	
  which	
  averages	
  50	
  ±	
  10	
  μT.	
  

	
  

However,	
  unlike	
  other	
  sensory	
  systems,	
  the	
  precise	
  biophysical	
  mechanism	
  behind	
  the	
  

magnetic	
  sense	
  remains	
  unconfirmed.	
  	
  Specifically,	
  the	
  organ	
  responsible	
  for	
  the	
  sense	
  has	
  

yet	
  to	
  be	
  conclusively	
  identified.	
  	
  In	
  addition,	
  the	
  relative	
  weakness	
  of	
  the	
  geomagnetic	
  field	
  

makes	
  understanding	
  its	
  detection,	
  with	
  biological	
  materials	
  alone,	
  particularly	
  

challenging.	
  	
  Still,	
  an	
  emerging	
  body	
  of	
  recent	
  evidence	
  is	
  lending	
  strong	
  support	
  for	
  a	
  

model	
  of	
  magnetoreception	
  based	
  on	
  a	
  chemical	
  compass	
  mechanism.	
  



2	
  
	
  

	
  
CHAPTER	
  1:	
  	
  Chemical	
  Compass	
  Mechanism	
  of	
  Magnetoreception	
  

	
  

The	
  chemical	
  compass	
  mechanism	
  of	
  magnetoreception	
  was	
  first	
  introduced	
  by	
  Schulten	
  in	
  

1978	
  and	
  further	
  detailed	
  by	
  Ritz	
  in	
  2000	
  [18,	
  17].	
  	
  In	
  this	
  model	
  (figure	
  1),	
  light	
  that	
  is	
  

detected	
  by	
  specialized	
  photoreceptors	
  fixed	
  in	
  the	
  bird’s	
  eye,	
  induces	
  a	
  chemical	
  reaction	
  

that	
  is	
  sensitive	
  to	
  the	
  receptor’s	
  orientation	
  within	
  the	
  geomagnetic	
  field.	
  	
  Changes	
  in	
  

orientation	
  result	
  in	
  variations	
  to	
  product	
  yields	
  of	
  the	
  reaction.	
  	
  These	
  fluctuating	
  product	
  

concentrations	
  constitute	
  magnetic	
  orientation	
  information	
  that	
  can	
  then	
  be	
  transduced	
  

along	
  a	
  neural	
  pathway	
  to	
  produce	
  patterns	
  of	
  signal	
  modulation	
  for	
  different	
  directions.	
  	
  

In	
  this	
  way,	
  visual	
  patterns	
  could	
  allow	
  the	
  birds	
  to	
  distinguish	
  their	
  migratory	
  direction	
  

from	
  other	
  directions.	
  

	
  

	
  

Figure	
  1.	
  	
  Chemical	
  compass	
  mechanism	
  of	
  magnetoreception.	
  	
  Light,	
  detected	
  by	
  
photoreceptors	
  in	
  the	
  bird’s	
  eye,	
  triggers	
  a	
  chemical	
  reaction	
  whose	
  products	
  are	
  sensitive	
  
to	
  changes	
  in	
  orientation	
  within	
  the	
  magnetic	
  field.	
  	
  Fluctuating	
  product	
  concentrations	
  
that	
  correspond	
  to	
  changes	
  in	
  the	
  receptor’s	
  orientation	
  within	
  the	
  field	
  constitute	
  
magnetic	
  orientation	
  information	
  that	
  is	
  transduced	
  along	
  a	
  neural	
  pathway	
  giving	
  rise	
  to	
  a	
  
visual	
  pattern	
  that	
  allows	
  the	
  birds	
  to	
  distinguish	
  their	
  migratory	
  direction.	
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The	
  body	
  of	
  evidence	
  supporting	
  this	
  chemical	
  compass	
  mechanism	
  of	
  magnetoreception	
  

highlights	
  three	
  key	
  aspects	
  of	
  its	
  functioning.	
  

1. The	
  observation	
  that	
  the	
  magnetic	
  compass	
  is	
  light	
  dependent	
  on	
  both	
  wavelength	
  

and	
  intensity.	
  

2. The	
  identification	
  of	
  a	
  photoreceptor	
  located	
  within	
  the	
  bird’s	
  eye	
  that	
  can	
  be	
  

sensitive	
  to	
  external	
  magnetic	
  fields	
  under	
  the	
  appropriate	
  range	
  of	
  light	
  conditions.	
  

3. The	
  development	
  of	
  a	
  biologically	
  feasible	
  mechanism	
  by	
  which	
  magnetic	
  

orientation	
  information	
  could	
  be	
  transduced	
  along	
  a	
  neural	
  pathway.	
  

The	
  next	
  four	
  chapters	
  will	
  further	
  detail	
  the	
  research	
  supporting	
  these	
  functional	
  aspects	
  

of	
  the	
  chemical	
  compass	
  mechanism.	
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CHAPTER	
  2:	
  	
  Light	
  Dependence	
  of	
  the	
  Magnetic	
  Sense	
  

	
  

During	
  the	
  migratory	
  season,	
  when	
  strongly	
  motivated	
  to	
  travel	
  in	
  their	
  migratory	
  

direction,	
  ,	
  individual	
  birds	
  are	
  placed	
  in	
  a	
  funnel	
  cage	
  and	
  exposed	
  to	
  diffuse	
  light	
  of	
  

various	
  wavelengths.	
  	
  Under	
  UV,	
  blue	
  or	
  green	
  light,	
  the	
  birds	
  orient	
  correctly	
  toward	
  their	
  

migratory	
  direction	
  [21].	
  	
  However,	
  they	
  become	
  disoriented	
  under	
  yellow	
  &	
  red	
  light	
  

(figure	
  2).	
  	
  This	
  behavior	
  suggests	
  a	
  wavelength	
  threshold	
  for	
  orientation	
  at	
  approximately	
  

570	
  nm,	
  above	
  which	
  disorientation	
  occurs.	
  

	
  

	
  

Figure	
  2.	
  	
  Orientation	
  of	
  European	
  robins	
  during	
  spring	
  migration	
  under	
  monochromatic	
  
light	
  of	
  different	
  wavelengths.	
  The	
  light	
  intensity	
  was	
  7–8	
  	
  x	
  1015	
  quanta	
  s-­‐1	
  m-­‐2,	
  except	
  for	
  
UV	
  light,	
  which	
  was	
  only	
  0.8	
  x	
  1015	
  quanta	
  s-­‐1	
  m-­‐2.	
  The	
  triangles	
  at	
  the	
  periphery	
  of	
  the	
  
circle	
  give	
  mean	
  headings	
  of	
  individual	
  birds	
  based	
  on	
  three	
  recordings	
  each;	
  the	
  arrows	
  
represent	
  the	
  grand	
  mean	
  vectors	
  with	
  the	
  length	
  proportional	
  to	
  the	
  radius	
  of	
  the	
  circle.	
  	
  
The	
  two	
  inner	
  circles	
  mark	
  the	
  5%	
  (dotted)	
  and	
  the	
  1%	
  significance	
  border	
  of	
  the	
  Rayleigh	
  
test	
  [2];	
  arrows	
  exceeding	
  these	
  circles	
  indicate	
  significant	
  orientation.	
  (Reprinted	
  from	
  
[21]	
  with	
  permission)	
  
	
  

2.1. Compass orientation under low
monochromatic light of short wavelengths

For tests in the various wavelengths described above,
the light intensity was equivalent to a quantal flux of
6–9 ! 1015 quanta s21 m22, except for UV light,
where it was only one-tenth of this, namely 0.8 ! 1015

quanta s21 m22 (Wiltschko, R. et al. 2007a). A quantal
flux of 8 ! 1015 quanta s21 m22 corresponds to the light
level of a largely clear sky about 45 min before sunrise
or after sunset, or, if only the blue or the green part
of the spectrum is considered, to the light level about
38 or 28 min, respectively, before sunrise or after
sunset. The light level used for the tests under UV
light also corresponds to the respective UV-share of
the spectrum about 38 min after sunset.

The analysis of the orientation behaviour under
short-wavelength monochromatic light at the low inten-
sities described above revealed normal orientation in
migratory direction with the help of the inclination
compass. Under 370 nm UV, 424 nm blue, 502 tur-
quoise and 565 nm green light, robins preferred the
seasonally appropriate southerly directions in autumn
and northerly directions in spring (figure 3). When
the vertical component of the magnetic field was
inverted, they reversed their headings, indicating use
of the normal inclination compass (figure 3; Wiltschko,
W. et al. 2001; Stapput et al. 2005). Data obtained
under green light indicate the existence of a functional
window in robins as well as in chickens (Wiltschko, W.
et al. 2006a, 2007; Wiltschko, R. et al. 2007a,b).

In summary, under low-intensity monochromatic
lights from UV up to 565 nm green, birds seem to
respond as in earlier experiments under ‘white’ light.

This, in turn, means that their inclination compass
was working normally under the respective light
conditions.

Further analyses have addressed the mechanisms of
magnetoreception. Orientation broke down when birds
were exposed to oscillating magnetic fields in the MHz
range, indicating radical-pair processes as the under-
lying receptive mechanism (figure 3, right). The
respective tests were performed under green and
turquoise light (Ritz et al. 2004; Thalau et al. 2005;
Wiltschko, R. et al. 2005); it can be assumed, however,
that tests under UV and blue light would produce the
same results, because the responses under these con-
ditions have the same general characteristics.
Temporarily deactivating the magnetite-based recep-
tors in the upper beak with a local anaesthetic, in
contrast, did not have any effect under green light:
European robins as well as Australian silvereyes contin-
ued to head into their migratory direction as before
(Wiltschko, R. et al. 2007a, 2008; Stapput et al. 2008;
see figure 7 below). The same was true for compass
orientation in chickens (Wiltschko, W. et al. 2007).
Together, these results clearly show that the directional
information for the inclination compass originates in
the radical-pair processes in the right eye, whereas
magnetite-based receptors in the upper beak are not
involved.

2.2. Different responses under monochromatic
lights of higher intensity

When the intensity of monochromatic light is increased,
birds show different types of behaviour. This was first

W W W E
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Y
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S

G R
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S

S S

Figure 2. Orientation of European robins during spring migration under monochromatic light of different wavelengths. The light
intensity was 7–8 ! 1015 quanta s21 m22, except for UV light, which was only 0.8 ! 1015 quanta s21 m22. The triangles at the
periphery of the circle give mean headings of individual birds based on three recordings each; the arrows represent the grand mean
vectors with the length proportional to the radius of the circle. The two inner circles mark the 5% (dotted) and the 1%
significance border of the Rayleigh test (Batschelet 1981); arrows exceeding these circles indicate significant orientation.
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In	
  addition	
  to	
  this	
  wavelength	
  threshold,	
  an	
  intensity	
  cutoff	
  for	
  magnetic	
  orientation	
  also	
  

seems	
  to	
  exist.	
  	
  Crepuscular	
  and	
  nocturnal	
  migrants	
  have	
  been	
  found	
  to	
  orient	
  correctly	
  

under	
  light	
  of	
  similar	
  intensity	
  to	
  that	
  found	
  at	
  twilight	
  (just	
  before	
  sunrise	
  and	
  just	
  after	
  

sunset),	
  when	
  they	
  set	
  off	
  on	
  their	
  migratory	
  path.	
  	
  This	
  falls	
  within	
  an	
  intensity	
  range	
  of	
  

approximately	
  3	
  -­‐	
  22	
  x	
  1011	
  photons	
  s-­‐1	
  cm-­‐2.	
  	
  However,	
  they	
  lose	
  their	
  ability	
  to	
  orient	
  

correctly	
  under	
  stronger	
  light	
  intensities	
  above	
  26	
  x	
  1011	
  photons	
  s-­‐1	
  cm-­‐2,	
  as	
  well	
  as	
  in	
  

complete	
  darkness	
  [6].	
  

	
  

	
  

Figure	
  3.	
  	
  Irradiance	
  spectra	
  of	
  the	
  single-­‐LED	
  conditions	
  under	
  which	
  birds	
  were	
  tested.	
  
Values	
  denote	
  central	
  wavelength;	
  error	
  bars	
  denote	
  the	
  range	
  over	
  which	
  intensity	
  is	
  at	
  
least	
  half	
  of	
  that	
  at	
  the	
  peak.	
  (Reprinted	
  from	
  [6]	
  with	
  permission)	
  
	
  

These	
  patterns	
  of	
  light	
  dependence	
  give	
  rise	
  to	
  specific	
  criteria	
  for	
  evaluating	
  potential	
  

photoreceptors	
  that	
  could	
  serve	
  as	
  the	
  molecular	
  site	
  for	
  the	
  proposed	
  magnetically	
  

sensitive	
  chemical	
  reaction	
  that	
  is	
  fundamental	
  to	
  the	
  chemical	
  compass	
  mechanism	
  of	
  

magnetoreception.	
  

	
  

3175Light-dependent magnetoreception

under conditions generally having a higher LW–MW, but with
a similar total catch. Disoriented behavior occurred under
conditions similar to fixed unimodal, but generally with a higher
total catch, as did fixed axial orientation. The results for E.
rubecula generally overlapped with those of the other two bird
species (Zosterops lateralis and S. borin) in this and all the
following cases. Another common factor to all opponency
mechanisms was that oriented behavior only occurred when
total catch was less than that at sunset.

MW–SW
Because most of the test conditions contained little short-

wavelength light, MW–SW was generally close to 1 (Fig.·5B).
Although the positions of the data points are different, roughly
similar groupings occurred as with LW–MW, with the

following two major exceptions: (1) oriented conditions
occurred in three groups, though with similar total catches, (2)
MW–SW for five disoriented conditions was lower than those
for most of the oriented conditions.

LW–SW
As in MW–SW, LW–SW was generally close to 1 (Fig.·5C).

Oriented behavior was generally found when LW–SW was
either 1 or –1 and total relative catch by the two receptors was
less than 6!1011. Disorientation also occurred when LW–SW
was 1 or –1, but generally at a higher total catch. In four cases,
fixed unimodal orientation occurred at intermediate LW–SW,
but otherwise was found at values close to 1.

LW–(MW+SW)
The results were nearly identical to those for LW–MW, most

likely because the catch in the SW receptor was relatively small
(Fig.·5D).

gwCry1a–semiquinone
All the lighting conditions fell into two well-separated

clusters (Fig.·6). Conditions resulting in oriented behavior were
either tightly clustered around (–0.9, 1011) or loosely clustered
around (0, 1012). Disoriented behavior was generally found at
higher total catches within each cluster. Fixed behavior occurred
under conditions that could not be well separated from the rest.

Discussion
Intensity

Both the irradiance and quantum catch data show that the
brightness of the ambient light correlated strongly with
behavior. Generally, birds were disoriented under higher
intensity lights and oriented in the correct migratory direction
under lights with irradiances below that of sunset. The most
pronounced difference in quantum catches between disoriented
and correctly oriented behavior occur for the semiquinone form
of cryptochrome and for the LW receptor, the two receptors
that absorb most strongly at long wavelengths. The irradiances
used during the most experimental conditions are low,
corresponding to sunset and twilight conditions. Although no
firm data exist, the fact that the experimental conditions were
above the photopic threshold in humans (Wyszecki and Stiles,
1982) suggests that color vision was also still active in the
birds.

The lack of orientation at higher irradiances could reflect a
change in motivation. For example, brighter light could
stimulate a diurnal behavior or inhibit migration. Circadian
behaviors, such as migration, are often influenced by
environmental light levels (reviewed by Johnsen and Lohmann,
2005; Cashmore et al., 1999). Mouritsen identified a forebrain
area, cluster N, that was active during magnetic orientation
experiments with night-migrants in low light intensities, but not
during daylight. He suggested that processing of magnetic
stimuli might occur in this brain area (Mouritsen et al., 2005),
providing an additional reason for a transition in behavior at
higher light intensities. However, neither the quantum catches
of cryptochrome nor of melanopsin are good predictors of
behavior. Nevertheless, the motivation could also be affected by
the summed light absorption of several receptors.
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Fig.·3. Irradiance spectra of the single-LED conditions under which
birds were tested. Values denote central wavelength; error bars denote
the range over which intensity is at least half of that at the peak.
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CHAPTER	
  3:	
  	
  Magnetic	
  Sensitivity	
  of	
  the	
  Cryptochrome	
  Photoreceptor	
  

	
  

The	
  exact	
  molecular	
  site	
  for	
  the	
  magnetically	
  sensitive	
  chemical	
  reaction,	
  at	
  the	
  heart	
  of	
  the	
  

chemical	
  compass	
  mechanism,	
  has	
  yet	
  to	
  be	
  confirmed.	
  	
  Photoreceptors,	
  including	
  

cryptochrome,	
  cone	
  pigments,	
  melanopsin,	
  and	
  rhodpsin,	
  have	
  been	
  considered	
  as	
  

potential	
  sites	
  for	
  magnetoreception.	
  	
  However,	
  numerous	
  in	
  vitro	
  experiments,	
  attempting	
  

to	
  isolate	
  which	
  of	
  these	
  potential	
  receptor	
  systems	
  might	
  be	
  used	
  in	
  magnetoreception,	
  

have	
  yielded	
  inconclusive	
  results	
  [6,	
  14].	
  	
  Still,	
  cryptochrome	
  remains	
  the	
  only	
  candidate,	
  

thus	
  far,	
  that	
  has	
  been	
  shown	
  to	
  meet	
  all	
  of	
  the	
  criteria	
  for	
  a	
  functioning	
  magnetic	
  compass.	
  

	
  

Cryptochrome	
  is	
  a	
  photoreceptor	
  that	
  absorbs	
  light	
  in	
  the	
  blue-­‐green	
  spectrum,	
  which	
  

corresponds	
  to	
  the	
  wavelength	
  sensitivity	
  range	
  for	
  magnetic	
  orientation.	
  	
  In	
  the	
  same	
  

protein	
  family	
  as	
  photolyase,	
  a	
  DNA	
  repair	
  enzyme,	
  cryptochrome’s	
  structure	
  conforms	
  to	
  

that	
  of	
  other	
  signaling	
  proteins	
  in	
  that	
  it	
  contains	
  two	
  domains	
  –	
  one	
  which	
  allows	
  it	
  to	
  

bind	
  to	
  light	
  sensing	
  chromophores	
  (such	
  as	
  flavin),	
  and	
  another	
  that	
  allows	
  it	
  to	
  bind	
  to	
  

signaling	
  partners,	
  giving	
  it	
  a	
  means	
  by	
  which	
  to	
  transduce	
  magnetic	
  orientation	
  

information	
  along	
  a	
  neural	
  pathway.	
  

	
  
Figure	
  4.	
  	
  Protein	
  domain	
  structure	
  of	
  photolyase	
  and	
  cryptochrome.	
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While	
  known	
  for	
  its	
  role	
  in	
  regulating	
  circadian	
  rhythms	
  in	
  various	
  organisms,	
  of	
  specific	
  

interest	
  here	
  is	
  recent	
  evidence	
  characterizing	
  the	
  magnetic	
  sensitivity	
  of	
  this	
  

photoreceptor.	
  	
  The	
  following	
  research	
  suggests	
  that	
  the	
  functioning	
  of	
  cryptochrome	
  in	
  

birds,	
  fruit	
  flies,	
  and	
  plants	
  is	
  sensitive	
  to	
  magnetic	
  fields	
  and	
  light	
  conditions.	
  

	
  

Cryptochrome,	
  specifically	
  with	
  the	
  cry1	
  gene,	
  have	
  been	
  found	
  in	
  ganglion	
  cells	
  located	
  in	
  

the	
  retina	
  of	
  the	
  bird	
  eye	
  [12].	
  	
  A	
  study	
  found	
  that	
  migratory	
  birds	
  exhibited	
  high	
  levels	
  of	
  

cry1	
  gene	
  expression	
  and	
  high	
  neural	
  activity	
  in	
  these	
  cells	
  during	
  magnetic	
  orientation	
  

[13].	
  	
  In	
  contrast,	
  non-­‐migratory	
  birds	
  showed	
  no	
  cry1	
  gene	
  expression	
  and	
  very	
  low	
  levels	
  

of	
  neural	
  activity	
  in	
  the	
  same	
  cells.	
  	
  Thus	
  magnetoreception	
  appears	
  to	
  be	
  correlated	
  with	
  

cryptochrome	
  protein	
  expression.	
  

	
  

In	
  Drosophila	
  fruit	
  flies,	
  cryptochrome	
  has	
  long	
  been	
  known	
  to	
  slow	
  circadian	
  clock	
  

rhythms	
  in	
  response	
  to	
  light.	
  	
  Magnetic	
  field	
  exposure	
  was	
  found	
  to	
  enhance	
  this	
  slowing	
  of	
  

clock	
  rhythm	
  under	
  blue	
  light,	
  while	
  having	
  no	
  effect	
  under	
  red	
  light	
  [23].	
  	
  Furthermore,	
  

this	
  magnetic	
  field	
  effect	
  was	
  found	
  to	
  be	
  magnified	
  in	
  flies	
  with	
  an	
  over	
  expression	
  of	
  

cryptochrome.	
  	
  In	
  contrast,	
  the	
  effect	
  completely	
  disappeared	
  in	
  cryptochrome	
  deficient	
  

flies,	
  who	
  were	
  either	
  completely	
  devoid	
  of	
  cryptochrome	
  or	
  simply	
  lacked	
  the	
  protein’s	
  

flavin	
  light	
  sensing	
  chromophore.	
  	
  	
  Another	
  study	
  found	
  flies	
  correctly	
  sensed	
  and	
  oriented	
  

towards	
  or	
  away	
  from	
  an	
  applied	
  magnetic	
  field	
  in	
  full	
  spectrum	
  light	
  and	
  a	
  spectra	
  of	
  

wavelengths	
  greater	
  than	
  400nm	
  [5].	
  	
  However,	
  the	
  flies	
  lost	
  their	
  magnetic	
  sense	
  under	
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light	
  spectra	
  limited	
  to	
  long	
  wavelengths	
  of	
  over	
  420nm.	
  	
  Again,	
  cryptochrome	
  deficient	
  

flies	
  showed	
  no	
  magnetic	
  response.	
  

In	
  plants,	
  specifically	
  Arabidopsis	
  thaliana	
  which	
  carries	
  the	
  cry1	
  and	
  cry2	
  genes,	
  

cryptochrome	
  plays	
  a	
  vital	
  role	
  in	
  retarding	
  hypocotyl	
  (seedling	
  stem)	
  growth	
  and	
  in	
  

enhancing	
  anthocyanin	
  (pigment)	
  accumulation.	
  	
  A	
  recent	
  study	
  found	
  that	
  increased	
  

magnetic	
  field	
  strength	
  resulted	
  in	
  an	
  amplification	
  of	
  cryptochrome’s	
  effect	
  in	
  both	
  

hypocotyl	
  growth	
  and	
  anthocyanin	
  accumulation,	
  but	
  only	
  under	
  blue	
  light	
  exposure	
  [1].	
  	
  

The	
  effect	
  was	
  not	
  seen	
  on	
  stem	
  growth	
  in	
  darkness,	
  red	
  light,	
  or	
  cryptochrome	
  deficient	
  

plants.	
  

	
  

All	
  of	
  these	
  studies	
  suggest	
  that	
  cryptochrome’s	
  function	
  in	
  biological	
  systems	
  is	
  not	
  only	
  

light	
  dependent,	
  but	
  also	
  sensitive	
  to	
  changes	
  in	
  the	
  external	
  magnetic	
  field	
  environment.	
  	
  

To	
  understand	
  what	
  gives	
  rise	
  to	
  cryptochrome’s	
  magnetic	
  sensitivity,	
  a	
  closer	
  look	
  must	
  

be	
  taken	
  at	
  the	
  protein’s	
  light	
  sensing	
  chromophore,	
  flavin,	
  and	
  the	
  magnetically	
  sensitive	
  

chemical	
  reaction	
  it	
  undergoes	
  upon	
  irradiation.	
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CHAPTER	
  4:	
  	
  FAD	
  Formation	
  of	
  Magnetically	
  Sensitive	
  Radical	
  Pairs	
  

	
  
Cryptochrome’s	
  magnetic	
  sensitivity	
  is	
  a	
  direct	
  consequence	
  of	
  it’s	
  light	
  sensing	
  

chromophore,	
  flavin	
  adenine	
  dinucleotide	
  (FAD),	
  and	
  its	
  ability	
  to	
  form	
  magnetically	
  

sensitive	
  radical	
  pairs.	
  	
  A	
  radical	
  pair	
  is	
  formed	
  when	
  the	
  flavin	
  donates	
  an	
  electron	
  to	
  

another	
  molecule,	
  resulting	
  in	
  each	
  molecule	
  having	
  an	
  unpaired	
  valence	
  electron.	
  	
  Flavin	
  

has	
  been	
  experimentally	
  shown	
  to	
  form	
  radical	
  pairs	
  with	
  both	
  tryptophan	
  [10]	
  and	
  

superoxide	
  [15].	
  	
  Upon	
  examining	
  both	
  scenarios,	
  the	
  most	
  significant	
  behavior	
  was	
  found	
  

with	
  the	
  flavin-­‐superoxide	
  radical	
  pair,	
  which	
  will	
  be	
  the	
  focus	
  of	
  discussion	
  going	
  forward.	
  

	
  

In	
  vivo	
  experiments	
  have	
  identified	
  the	
  likely	
  photocycle	
  of	
  flavin	
  (figure	
  5,	
  table	
  1),	
  which	
  

exists	
  in	
  three	
  distinct	
  states.	
  	
  Upon	
  irradiation,	
  the	
  ground	
  state,	
  FAD,	
  is	
  excited	
  and	
  semi-­‐

reduced	
  to	
  the	
  semiquinone	
  state,	
  FADH,	
  which	
  is	
  known	
  to	
  be	
  the	
  signaling	
  state.	
  	
  When	
  

the	
  flavin	
  is	
  in	
  this	
  signaling	
  state,	
  cryptochrome	
  can	
  bind	
  to	
  a	
  signaling	
  partner	
  and	
  

thereby	
  transfer	
  magnetic	
  orientation	
  information	
  along	
  a	
  neural	
  pathway.	
  	
  The	
  

semiquinone	
  state	
  is	
  subsequently	
  fully	
  reduced	
  to	
  FADH−,	
  from	
  which	
  a	
  radical	
  pair	
  of	
  

semi-­‐reduced	
  flavin	
  and	
  superoxide	
  is	
  formed.	
  	
  	
  

	
  

Each	
  of	
  the	
  radical	
  pair	
  molecules	
  contains	
  an	
  unpaired	
  electron	
  whose	
  spins	
  together	
  exist	
  

in	
  an	
  initial	
  singlet	
  quantum	
  state.	
  	
  Changes	
  to	
  flavin’s	
  orientation	
  within	
  the	
  magnetic	
  field	
  

causes	
  the	
  radical	
  pair	
  to	
  oscillate	
  between	
  singlet	
  and	
  triplet	
  states.	
  	
  However,	
  

continuation	
  along	
  the	
  photocycle	
  path	
  only	
  occurs	
  from	
  the	
  singlet	
  state,	
  as	
  formation	
  of	
  

the	
  diamagnetic	
  products	
  hydrogen	
  peroxide	
  and	
  fully-­‐oxidized	
  FAD	
  is	
  spin	
  forbidden	
  from	
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the	
  triplet	
  state.	
  	
  Thus,	
  the	
  probability,	
  or	
  time,	
  that	
  any	
  cryptochrome’s	
  flavin	
  is	
  in	
  the	
  

signaling	
  state	
  is	
  altered	
  by	
  changes	
  to	
  its	
  orientation	
  angle	
  within	
  the	
  magnetic	
  field.	
  	
  This	
  

is	
  how	
  changes	
  in	
  magnetic	
  field	
  orientation	
  can	
  alter	
  cryptochrome’s	
  signaling	
  along	
  a	
  

neural	
  pathway.	
  

	
  

	
  

Figure	
  5.	
  	
  Flavin	
  photocycle	
  forming	
  a	
  radical	
  pair	
  (RP)	
  with	
  superoxide.	
  Superscripts	
  
signify	
  a	
  singlet	
  (1)	
  or	
  triplet	
  (3)	
  state.	
  
	
  

Table	
  1.	
  Flavin	
  photocycle	
  reaction	
  rates.	
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In	
  summary,	
  	
  

 a	
  change	
  in	
  direction	
  within	
  the	
  field,	
  Δθ,	
  corresponds	
  to	
  

 a	
  change	
  in	
  singlet	
  yield,	
  ΔΦs,	
  or	
  the	
  amount	
  of	
  products	
  formed	
  along	
  the	
  singlet	
  path,	
  	
  

which	
  in	
  turn	
  

 changes	
  the	
  concentration	
  of	
  the	
  signaling	
  state,	
  [FADH],	
  	
  across	
  all	
  cryptochromes,	
  

thereby	
  

 changing	
  the	
  amount	
  of	
  cryptochrome	
  able	
  to	
  bind	
  to	
  signaling	
  partners,	
  and	
  the	
  

resulting	
  transduction	
  of	
  magnetic	
  orientation	
  information	
  along	
  a	
  neural	
  pathway.	
  

	
  

For	
  an	
  ensemble	
  of	
  radical	
  pairs,	
  the	
  fraction	
  of	
  them	
  that	
  will	
  be	
  in	
  the	
  singlet	
  state	
  at	
  any	
  

one	
  time	
  depends	
  on	
  the	
  orientation	
  angle	
  of	
  the	
  flavin	
  with	
  respect	
  to	
  the	
  geomagnetic	
  

field	
  (figure	
  6).	
  

	
  

	
  

Figure	
  6.	
  	
  Singlet	
  yield	
  over	
  time.	
  	
  The	
  fraction	
  of	
  an	
  ensemble	
  of	
  radical	
  pairs	
  in	
  the	
  singlet	
  
state	
  at	
  time	
  t	
  for	
  a	
  given	
  orientation	
  angle	
  of	
  the	
  flavin	
  with	
  respect	
  to	
  the	
  geomagnetic	
  
field.	
  	
  Corresponding	
  singlet	
  yield.	
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Integrating	
  over	
  the	
  entire	
  lifetime	
  of	
  the	
  radical	
  pair	
  gives	
  the	
  singlet	
  yield,	
  

	
  

which	
  undergoes	
  a	
  maximum	
  change	
  of	
  0.125,	
  as	
  seen	
  in	
  the	
  amplitude	
  of	
  its	
  graph	
  shown	
  

in	
  figure	
  7.	
  

	
  

Figure	
  7.	
  	
  Singlet	
  yield	
  as	
  a	
  function	
  of	
  flavin	
  orientation	
  angle	
  with	
  respect	
  to	
  the	
  
geomagnetic	
  field.	
  
	
  

A	
  detailed	
  description	
  of	
  the	
  quantum	
  spin	
  dynamics	
  that	
  causes	
  the	
  radical	
  pair’s	
  quantum	
  

state	
  to	
  fluctuate	
  with	
  changes	
  to	
  orientation	
  within	
  geomagnetic	
  field	
  can	
  be	
  found	
  in	
  

Appendices	
  A	
  and	
  B.	
  

	
  

Numerous	
  experimental	
  studies	
  have	
  confirmed	
  the	
  aforementioned	
  theory	
  of	
  how	
  radical	
  

pairs	
  and	
  their	
  resulting	
  product	
  yields	
  are	
  directionally	
  sensitive	
  to	
  magnetic	
  fields	
  [19].	
  	
  

Most	
  recently,	
  application	
  of	
  an	
  Earth	
  strength	
  magnetic	
  field	
  was	
  found	
  to	
  alter	
  the	
  

lifetime,	
  chemical	
  reaction	
  rates	
  and	
  product	
  yields	
  of	
  a	
  photochemically	
  formed	
  radical	
  

pair	
  (carotenoid-­‐porphyrin-­‐fullerene)	
  [9].	
  	
  In	
  addition,	
  directional	
  sensitivity	
  of	
  the	
  radical	
  

pair	
  to	
  the	
  magnetic	
  field	
  was	
  also	
  observed.	
  	
  A	
  subsequent	
  study	
  of	
  cryptochrome	
  found	
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flavin-­‐tryptophan	
  radical	
  yields	
  were	
  suppressed	
  by	
  10-­‐20%	
  in	
  the	
  presence	
  of	
  a	
  strong	
  

magnetic	
  field	
  of	
  28mT	
  [10].	
  

	
  

Cryptochrome’s	
  sensitivity	
  to	
  changes	
  in	
  magnetic	
  field	
  strength	
  and	
  orientation	
  results	
  

directly	
  from	
  the	
  quantum	
  spin	
  dynamics	
  of	
  flavin	
  radical	
  pairs.	
  	
  The	
  resulting	
  changes	
  in	
  

cryptochrome	
  binding	
  to	
  signaling	
  partners	
  directly	
  corresponds	
  to	
  changes	
  within	
  the	
  

geomagnetic	
  field.	
  	
  A	
  biologically	
  feasible	
  mechanism	
  for	
  how	
  this	
  signaling	
  information	
  

could	
  be	
  transduced	
  along	
  a	
  neural	
  pathway	
  is	
  found	
  in	
  the	
  Weaver	
  model.	
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CHAPTER	
  5:	
  	
  Weaver	
  Model	
  of	
  Signal	
  Transduction	
  

	
  

Introduced	
  by	
  Weaver	
  in	
  2000	
  [20],	
  this	
  model	
  compares	
  a	
  signal,	
  arising	
  from	
  chemical	
  

fluctuations	
  due	
  to	
  magnetic	
  field	
  effects,	
  with	
  fundamental	
  stochastic	
  noise	
  and	
  normal	
  

physiological	
  temperature	
  fluctuations.	
  	
  The	
  model	
  assumes	
  that	
  cellular	
  production	
  of	
  a	
  

ligand	
  molecule	
  L,	
  is	
  sensitive	
  to	
  changes	
  in	
  the	
  strength	
  of	
  an	
  external	
  magnetic	
  field.	
  	
  The	
  

ligand	
  subsequently	
  binds	
  to	
  free	
  neural	
  receptors	
  Rf	
  	
  as	
  illustrated	
  in	
  figure	
  8.	
  

	
  
	
   	
   	
   	
   (a)	
   	
   	
  	
  (b)	
  

	
  	
  	
  	
  	
  	
   	
  

Figure	
  8.	
  	
  Weaver	
  model	
  of	
  chemical	
  signal	
  transduction.	
  	
  (a)	
  Enzymes	
  within	
  the	
  cell	
  
catalyze	
  ligand	
  production.	
  	
  (b)	
  neural	
  receptors	
  bind	
  with	
  ligands.	
  (Reprinted	
  from	
  [20]	
  
with	
  permission)	
  
	
  

Thus,	
  a	
  dynamic	
  equilibrium	
  exists	
  between	
  bound	
  neural	
  receptors	
  Rb	
  and	
  the	
  	
  available	
  

ligands	
  and	
  unbound	
  receptors.	
  

	
  

Receptor	
  binding	
  is	
  governed	
  by	
  KD	
  =	
  kr/kf	
  	
  the	
  ratio	
  of	
  dissociation	
  and	
  association	
  rates.	
  	
  

The	
  magnetically	
  sensitive	
  rate	
  of	
  ligand	
  production	
  is	
  given	
  by	
  km(B)	
  while	
  kp	
  is	
  the	
  rate	
  of	
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There is evidence that animals can detect small changes in the
Earth’s magnetic field by two distinct mechanisms, one using the
mineral magnetite as the primary sensor and one using mag-
netically sensitive chemical reactions1–14. Magnetite responds by
physically twisting2,15, or even reorienting the whole organism in
the case of some bacteria16, but the magnetic dipoles of individual
molecules are too small to respond in the same way. Here we assess
whether reactions whose rates are affected by the orientation of
reactants in magnetic fields could form the basis of a biological
compass. We use a general model, incorporating biological com-
ponents and design criteria, to calculate realistic constraints for
such a compass. This model compares a chemical signal produced
owing to magnetic field effects with stochastic noise and with
changes due to physiological temperature variation17. Our analy-
sis shows that a chemically based biological compass is feasible
with its size, for any given detection limit, being dependent on the
magnetic sensitivity of the rate constant of the chemical reaction.

The model (Fig. 1) is based on three biological components: (1) a
magnetically sensitive chemical reaction with a ligand product
molecule L, described by a magnetic field-dependent, first-order
rate constant kM(B); (2) an effective local volume, Vlocal, with an
excess of neural receptors for L; and (3) a passive permeability that
removes L to a downstream, degradative sink. This permeability can

Figure 1 Key features of the model for biological detection of small magnetic field
differences, showing what could be accomplished using biological components. The
model also identifies essential features and constraints for any biological response based
on radical-pair reactions. a, The detector is based on three components: (1) a
magnetically sensitive radical-pair reaction that produces ligand L (filled circles); (2) an
effective local volume with an excess of receptors for L; and (3) a distributed, passive
permeability that removes L (not shown). Cells (large circles) contain enzyme (E) that

catalyses the magnetic field-sensitive radical-pair reaction; the product ligand leaves the
cell and establishes a local equilibrium between free and bound ligand (equation (2)).
b, Diagram showing how the model parameters relate to components of the model. J is
the total biochemical flux through the sensor. All other components are represented by
their respective first-order rate constants: the magnetically sensitive radical pair reaction
(kM), downstream diffusive permeation (kP), forward binding (kf) and reverse binding (kr).

Figure 2 Fractional change in the reaction rate of the radical-pair reaction versus the
magnitude of the magnetic field. a, The dependence for large field changes. b, The
smaller changes expected from weak field anomalies. The dashed line indicates the
‘operating point’, the Earth’s field; the solid line indicates the shift (due to the anomaly)
from the operating point to the actual field. For clarity, the case of DB ¼ 10! 5 T (an
extremely large anomaly, !20% of the Earth’s field) is shown.
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ligand	
  removal	
  via	
  a	
  downstream	
  passive	
  permeability	
  that	
  acts	
  as	
  a	
  degradative	
  sink.	
  	
  The	
  

field-­‐dependent	
  ligand	
  concentration	
  is	
  then	
  given	
  by	
  

	
   	
   	
   	
   	
   	
  

where	
  Cs	
  is	
  the	
  substrate	
  concentration.	
  	
  Expansion	
  of	
  km(B)	
  about	
  the	
  operating	
  point	
  

gives	
  	
  

km(B)	
  ≈	
  km,op(1	
  +	
  g1ΔB)	
  	
  

where	
  km,op	
  =	
  km(BEarth)	
  is	
  the	
  operating	
  point	
  of	
  the	
  chemical	
  compass	
  and	
  ΔB	
  <<	
  BEarth.	
  	
  The	
  

parameter	
  g1≈	
  100T-­‐1	
  maximizes	
  the	
  chemical	
  change	
  resulting	
  from	
  the	
  field.	
  	
  The	
  

equilibrium	
  average	
  number	
  of	
  bound	
  receptors	
  is	
  a	
  binomial	
  distribution	
  

	
  

where	
  RT	
  is	
  the	
  total	
  number	
  of	
  receptors	
  within	
  the	
  local	
  cell	
  volume	
  and	
  q	
  =	
  KD/Cs.	
  	
  

Stochastic	
  noise	
  is	
  defined	
  as	
  the	
  variance	
  of	
  this	
  distribution	
  

	
  

while	
  the	
  signal	
  is	
  the	
  shift	
  in	
  receptor	
  binding	
  from	
  the	
  operating	
  point,	
  due	
  to	
  magnetic	
  

field	
  perturbations.	
  

	
  

The	
  signal-­‐to-­‐noise	
  ratio	
  is	
  then	
  given	
  by	
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where,	
  a	
  signal-­‐to-­‐noise	
  ratio	
  greater	
  than	
  one,	
  characterizes	
  the	
  detection	
  threshold	
  for	
  an	
  

operational	
  chemical	
  compass.	
  	
  Weaver	
  also	
  concludes	
  that	
  the	
  molecular	
  changes	
  

resulting	
  from	
  field	
  effects	
  will	
  exceed	
  those	
  from	
  temperature	
  fluctuations	
  if	
  the	
  sensory	
  

detection	
  system	
  can	
  achieve	
  a	
  small,	
  but	
  biologically	
  feasible	
  temperature	
  coefficient	
  of	
  

αdet	
  ≤	
  5	
  x	
  10-­‐5	
  °C.	
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CHAPTER	
  6:	
  	
  Cryptochrome	
  Model	
  of	
  Signal	
  Transduction	
  

	
  

The	
  aim	
  of	
  this	
  paper	
  is	
  to	
  apply	
  the	
  generalized	
  Weaver	
  model	
  of	
  signal	
  transduction	
  to	
  

the	
  specific	
  case	
  of	
  the	
  cryptochrome	
  photoreceptor.	
  	
  In	
  doing	
  so,	
  a	
  determination	
  can	
  be	
  

reached	
  as	
  to	
  what	
  extent	
  such	
  a	
  model,	
  based	
  solely	
  on	
  cryptochrome	
  and	
  its	
  flavin	
  

photocycle,	
  can	
  actually	
  explain	
  experimentally	
  observed	
  light	
  effects.	
  

	
  

In	
  this	
  new	
  model	
  of	
  signal	
  transduction,	
  cryptochromes	
  and	
  neural	
  receptors	
  are	
  fixed	
  

within	
  the	
  retinal	
  ganglion	
  cell	
  membrane.	
  	
  The	
  flavin	
  and	
  its	
  principle	
  nuclear	
  spin	
  axis	
  are	
  

also	
  fixed	
  within	
  the	
  membrane-­‐bound	
  cryptochrome,	
  providing	
  a	
  reference	
  orientation	
  by	
  

which	
  to	
  measure	
  angular	
  changes	
  with	
  respect	
  to	
  the	
  geomagnetic	
  field.	
  	
  A	
  relatively	
  

constant	
  pool	
  of	
  free	
  ligands	
  within	
  the	
  local	
  volume,	
  transduces	
  magnetic	
  orientation	
  

information	
  between	
  bound	
  cryptochrome	
  and	
  neural	
  receptors.	
  	
  The	
  ligand	
  is	
  assumed	
  to	
  

have	
  two	
  conformations,	
  one	
  with	
  an	
  affinity	
  for	
  binding	
  to	
  cryptochrome	
  and	
  the	
  other	
  for	
  

neural	
  receptor	
  binding.	
  	
  The	
  mechanism	
  for	
  signal	
  transduction	
  would	
  then	
  progress	
  

sequentially	
  as	
  follows,	
  (figure	
  9):	
  

1. A	
  cryptochrome	
  is	
  unable	
  to	
  bind	
  to	
  free	
  floating	
  ligands	
  in	
  the	
  vicinity,	
  if	
  it	
  

has	
  a	
  flavin	
  cofactor	
  that	
  is	
  in	
  a	
  non-­‐signaling	
  state,	
  FAD	
  or	
  FADH-­‐.	
  

2. Upon	
  irradiation,	
  when	
  the	
  flavin	
  enters	
  the	
  signaling	
  state	
  FADH,	
  the	
  

cryptochrome	
  binds	
  with	
  a	
  ligand.	
  

3. The	
  cryptochrome	
  induces	
  a	
  conformational	
  change	
  in	
  the	
  bound	
  ligand	
  that	
  

triggers	
  its	
  release	
  and	
  a	
  change	
  in	
  affinity	
  to	
  neural	
  receptor	
  binding.	
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4. The	
  ligand	
  then	
  binds	
  to	
  a	
  free	
  neural	
  receptor,	
  thereby	
  completing	
  the	
  signal	
  

transduction	
  along	
  the	
  neural	
  pathway.	
  

5. Ligand-­‐neural	
  receptor	
  binding	
  and	
  unbinding	
  is	
  governed	
  by	
  an	
  equilibrium	
  

dissociation	
  constant	
  KD	
  =	
  kr/kf	
  =	
  1	
  x	
  10-­‐8	
  M.	
  	
  This	
  rate	
  allows	
  for	
  a	
  

sufficiently	
  rapid	
  response	
  time	
  for	
  navigational	
  sensing,	
  requiring	
  only	
  3.6	
  

seconds	
  to	
  reach	
  95%	
  equilibrium	
  receptor	
  binding	
  if	
  no	
  bound	
  receptors	
  are	
  

initially	
  present	
  [8].	
  

	
  

	
  

	
  
	
  

FAD
∗

FADH
•

FAD FADH
−

kx
k•ox

ksr

kfrkg

k−ox

Figure 1: Our chosen simplified cryptochrome radical-pair model, centered around its photoreceptive cofactor, flavin

adenine dinucleotide. Each reaction rate is a first order, mass-action reaction. Except between ground and excited

FAD states, reaction steps are irreversible. Abbreviations: FAD: relaxed, oxidized state; FAD
∗: excited oxidized

state; FADH
•: semireduced radical state; FADH

−: fully reduced state.

Figure 2: In the physiological equivalant of our model, the active state of FAD (FADH•), has increased affinity for

a given ligand. Once activated, the ligand can bind to a neural receptor. We assume the ligand binding has an

equillibrium constant with a response time of a few seconds.

Parameter Values

kx (light-dependent)

kg 1.94× 10
6 1
ms

ksr 6× 10
4 1
ms

kfr (light-dependent)

k•ox 1× 10
−4 1

ms

k−ox 1× 10
−4 1

ms

Table 1: Parameters used in the model and defined in figure 1 and the text.
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Following	
  the	
  Weaver	
  model,	
  the	
  signal	
  from	
  a	
  cryptochrome	
  sensor	
  continues	
  to	
  be	
  

defined	
  as	
  the	
  shift	
  in	
  receptor	
  binding	
  from	
  the	
  operating	
  point,	
  due	
  to	
  magnetic	
  field	
  

perturbations.	
  	
  Here,	
  however,	
  the	
  operating	
  point	
  is	
  defined	
  as	
  an	
  initial	
  reference	
  

orientation	
  within	
  the	
  magnetic	
  field.	
  	
  The	
  perturbation	
  would	
  then	
  be	
  a	
  change	
  to	
  this	
  

orientation,	
  Δθ.	
  	
  Such	
  a	
  perturbation	
  correlates	
  directly	
  with,	
  and	
  can	
  be	
  defined	
  as,	
  a	
  

change	
  in	
  singlet	
  yield,	
  ΔΦs(θ).	
  	
  Thus	
  the	
  signal	
  from	
  a	
  cryptochrome	
  compass	
  is	
  the	
  shift	
  in	
  

receptor	
  binding	
  due	
  to	
  a	
  magnetic	
  field	
  effect,	
  characterized	
  by	
  a	
  change	
  in	
  singlet	
  yield	
  

.	
  

Stochastic	
  noise	
  continues	
  to	
  be	
  defined	
  as	
  the	
  distribution	
  variance	
  of	
  the	
  equilibrium	
  

average	
  number	
  of	
  bound	
  receptors,	
  given	
  by	
  

.	
  

However,	
  now	
  the	
  bound	
  receptor	
  average	
  is	
  also	
  a	
  function	
  of	
  the	
  number	
  of	
  

cryptochrome	
  in	
  the	
  signaling	
  state,	
  in	
  addition	
  to	
  ligand	
  count,	
  receptor	
  count,	
  and	
  the	
  

equilibrium	
  dissociation	
  constant	
  for	
  ligand-­‐receptor	
  binding.	
  

	
  

Numerical	
  modeling	
  of	
  the	
  aggregate	
  signal	
  from	
  a	
  single	
  cell,	
  assumes	
  all	
  cryptochromes	
  

begin	
  in	
  the	
  FAD	
  ground	
  state,	
  to	
  which	
  all	
  final	
  steady	
  states	
  are	
  then	
  normalized,	
  so	
  that	
  

[FADH]ss	
  is	
  the	
  percentage	
  of	
  cryptochrome	
  in	
  the	
  signaling	
  state,	
  able	
  to	
  bind	
  to	
  a	
  ligand	
  

signaling	
  partner.	
  

The	
  signal-­‐to-­‐noise	
  threshold	
  is	
  then	
  given	
  by	
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where,	
  the	
  change	
  in	
  the	
  concentration	
  of	
  flavin	
  in	
  the	
  signaling	
  state,	
  	
  

	
  

is	
  a	
  magnetic	
  field	
  perturbation	
  defined	
  as	
  the	
  percentage	
  change	
  in	
  FADH	
  from	
  its	
  

reference	
  value,	
  under	
  rate	
  kox2,	
  to	
  its	
  value	
  under	
  a	
  magnetically	
  perturbed	
  rate,	
  

	
  

which	
  is	
  a	
  function	
  of	
  the	
  change	
  in	
  singlet	
  yield	
  due	
  to	
  a	
  change	
  in	
  the	
  flavin’s	
  orientation	
  

angle	
  θ	
  with	
  respect	
  to	
  the	
  magnetic	
  field.	
  

	
  

Steady	
  state	
  concentrations	
  of	
  all	
  flavin	
  states,	
  including	
  [FADH]ss,	
  are	
  obtained	
  as	
  the	
  

solutions	
  to	
  a	
  system	
  of	
  ordinary	
  differential	
  equations.	
  

	
  

The	
  system	
  is	
  first	
  solved	
  for	
  ΔΦs(θ)	
  =	
  0,	
  such	
  that	
  km	
  =	
  kox2,	
  to	
  obtain	
  [FADH
]ss.	
  	
  A	
  second	
  

solution	
  for	
  the	
  system	
  gives	
  the	
  signaling	
  state	
  concentration	
  under	
  magnetic	
  field	
  

perturbation	
  [FADH]ss,m,	
  whereby	
  0	
  <	
  ΔΦs(θ)	
  ≤	
  0.125.	
  	
  All	
  reaction	
  rates	
  have	
  been	
  

determined	
  experimentally	
  (Table	
  1).	
  	
  Two	
  rates	
  	
  

and	
  

,	
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are	
  dependent	
  on	
  light	
  intensity	
  and	
  wavelength,	
  being	
  functions	
  of	
  the	
  absorption	
  spectra	
  

for	
  the	
  oxidized	
  and	
  semi-­‐reduced	
  states	
  respectively.	
  	
  For	
  better	
  comparison	
  with	
  

experimentally	
  observed	
  light	
  effects,	
  these	
  light	
  rates	
  were	
  calculated	
  with	
  a	
  60	
  nm	
  half-­‐

width	
  Gaussian	
  distribution	
  around	
  each	
  wavelength.	
  	
  Both	
  absorption	
  spectra	
  having	
  been	
  

experimentally	
  measured	
  (figure	
  10).	
  

	
  

	
  

Figure	
  10.	
  	
  Absorption	
  spectra	
  of	
  fully	
  oxidized	
  flavin	
  FADox	
  (blue)	
  and	
  semi-­‐reduced	
  flavin	
  

FADH	
  in	
  neutral	
  (red)	
  and	
  anionic	
  (green)	
  semiquinone	
  form	
  [11].	
  

For !> 560, Asq_anionic set to 0.02.
A lower absorption gives a spike in S/N>1 for long wavelengths.
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While	
  it	
  is	
  unclear	
  if	
  the	
  flavin	
  signaling	
  state	
  FADH	
  exists	
  in	
  the	
  anionic	
  or	
  neutral	
  

semiquinone	
  form	
  in	
  birds,	
  no	
  significant	
  computational	
  differences	
  were	
  observed	
  

between	
  them,	
  so	
  only	
  the	
  neutral	
  form	
  is	
  considered.	
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CHAPTER	
  7:	
  	
  Light	
  Effects	
  of	
  the	
  Cryptochrome	
  Signaling	
  Model	
  

	
  

The	
  two	
  principle	
  light	
  effects	
  observed	
  in	
  bird	
  behavioral	
  experiments	
  are	
  a	
  wavelength	
  

and	
  an	
  intensity	
  cutoff	
  beyond	
  which	
  orientation	
  no	
  longer	
  occurs.	
  	
  For	
  given	
  parameters,	
  

the	
  cryptochrome	
  signaling	
  model	
  predicts	
  this	
  general	
  light	
  behavior	
  extremely	
  well.	
  	
  The	
  

cryptochrome	
  model	
  registers	
  a	
  discernable	
  signal	
  above	
  noise	
  for	
  short	
  wavelengths,	
  but	
  

not	
  long	
  wavelengths	
  (figure	
  11).	
  

	
  

	
  

Figure	
  11.	
  	
  Signal-­‐to-­‐noise	
  versus	
  wavelength	
  for	
  a	
  light	
  intensity	
  of	
  1	
  x	
  10-­‐3	
  photons/ms.	
  
	
  

The	
  wavelength	
  cutoff	
  for	
  orientation	
  occurs	
  at	
  520nm,	
  which	
  is	
  a	
  direct	
  consequence	
  of	
  a	
  

loss	
  of	
  absorbance	
  in	
  the	
  absorption	
  spectra	
  of	
  oxidized	
  flavin	
  at	
  this	
  wavelength	
  (figure	
  

10).	
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Similarly,	
  the	
  loss	
  of	
  orientation	
  at	
  higher	
  light	
  intensities	
  is	
  also	
  well	
  predicted	
  by	
  the	
  

model,	
  as	
  the	
  signal	
  approaches	
  the	
  level	
  of	
  noise	
  at	
  1	
  x	
  10-­‐1	
  photons/ms	
  and	
  higher	
  (figure	
  

12).	
  

	
  

	
  

Figure	
  12.	
  	
  Signal-­‐to-­‐noise	
  versus	
  light	
  intensity	
  for	
  a	
  wavelength	
  of	
  445	
  nm.	
  
	
  

	
  

The	
  given	
  parameters	
  for	
  ligand,	
  cryptochrome	
  and	
  receptor	
  counts	
  are	
  physiologically	
  

reasonable	
  and	
  result	
  in	
  a	
  model	
  able	
  to	
  detect	
  changes	
  in	
  singlet	
  yield	
  of	
  0.0625	
  or	
  half	
  the	
  

maximum	
  potential	
  value.	
  	
  This	
  sensitivity	
  corresponds	
  to	
  angular	
  changes	
  of	
  30°	
  (from	
  θ1	
  

=	
  0°,	
  45°,	
  90°	
  )	
  and	
  45°	
  (from	
  θ1	
  =	
  30°,	
  60°),	
  which	
  are	
  in	
  line	
  with	
  observed	
  head	
  scanning	
  

motions	
  of	
  birds	
  as	
  they	
  perform	
  magnetic	
  orientation.	
  	
  Parameter	
  adjustments,	
  

particularly	
  of	
  the	
  ligand	
  count,	
  provides	
  a	
  model	
  with	
  more	
  or	
  less	
  sensitivity	
  to	
  changes	
  

in	
  singlet	
  yield	
  (figure	
  13).	
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Figure	
  13.	
  	
  Signal-­‐to-­‐noise	
  values	
  as	
  a	
  function	
  of	
  ligand	
  count	
  and	
  change	
  in	
  singlet	
  yield	
  
for	
  a	
  light	
  intensity	
  of	
  1	
  x	
  10-­‐1	
  photons/ms.	
  	
  The	
  cryptochrome	
  signaling	
  model	
  functions	
  in	
  
agreement	
  with	
  experimental	
  light	
  observations	
  for	
  S/N	
  =	
  1	
  at	
  an	
  intensity	
  of	
  1	
  x	
  10-­‐1	
  
photons/ms,	
  permitting	
  all	
  combinations	
  of	
  ligand	
  and	
  singlet	
  yield	
  change	
  along	
  this	
  
curve.	
  	
  To	
  detect	
  singlet	
  yield	
  changes	
  of	
  0.0625,	
  a	
  ligand	
  count	
  of	
  approximately	
  16,000	
  is	
  
required.	
  	
  To	
  detect	
  maximum	
  singlet	
  yield	
  changes	
  of	
  0.125,	
  	
  the	
  required	
  ligand	
  count	
  is	
  
approximately	
  43,000.	
  	
  Similar	
  adjustments	
  to	
  cryptochrome	
  and/or	
  receptor	
  counts	
  can	
  
also	
  tune	
  the	
  detector	
  sensitivity,	
  though	
  ligands	
  are	
  the	
  only	
  parameter	
  that	
  a	
  biological	
  
system	
  can	
  adjust	
  on	
  a	
  time	
  scale	
  of	
  minutes.	
  
	
  

Comparison	
  with	
  experimental	
  data	
  reveals	
  that	
  the	
  wavelength	
  threshold	
  predicted	
  from	
  

the	
  cryptochrome	
  signaling	
  model	
  is	
  slightly	
  lower	
  than	
  the	
  570	
  nm	
  cutoff	
  experimentally	
  

observed.	
  	
  However,	
  the	
  general	
  behavior	
  of	
  disorientation	
  under	
  long	
  wavelength	
  light	
  is	
  

well	
  preserved.	
  	
  In	
  the	
  future,	
  more	
  accurate	
  measurements	
  of	
  the	
  flavin	
  absorption	
  

spectra	
  may	
  bring	
  these	
  values	
  closer	
  in	
  line.	
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The	
  intensity	
  ranges	
  for	
  orientation	
  and	
  disorientation	
  are	
  well	
  correlated	
  between	
  the	
  

model	
  predictions	
  and	
  experimentally	
  observed	
  values.	
  	
  Adjusting	
  for	
  units	
  and	
  the	
  area	
  of	
  

the	
  cell	
  membrane,	
  the	
  model	
  for	
  low	
  intensity	
  orientation	
  (1	
  x	
  10-­‐3	
  photons/ms),	
  high	
  

intensity	
  orientation	
  (1	
  x	
  10-­‐2	
  photons/ms),	
  and	
  high	
  intensity	
  disorientation	
  (1	
  x	
  10-­‐1	
  

photons/ms)	
  correspond	
  to	
  the	
  experimental	
  reported	
  boundaries	
  of	
  3	
  x	
  1011	
  photons	
  s-­‐1	
  

cm2,	
  22	
  x	
  1011	
  photons	
  s-­‐1	
  cm2,	
  and	
  26	
  x	
  1011	
  photons	
  s-­‐1	
  cm2	
  respectively	
  (figure	
  14).	
  

	
  

	
  

Figure	
  14.	
  	
  	
  Signal-­‐to-­‐noise	
  versus	
  wavelength	
  for	
  three	
  experimentally	
  observed	
  intensity	
  
values:	
  	
  low	
  intensity	
  orientation	
  (3	
  x	
  1011	
  photons	
  s-­‐1	
  cm2),	
  high	
  intensity	
  orientation	
  (22	
  x	
  
1011	
  photons	
  s-­‐1	
  cm2),	
  and	
  high	
  intensity	
  disorientation	
  (26	
  x	
  1011	
  photons	
  s-­‐1	
  cm2).	
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While	
  the	
  preceding	
  results	
  are	
  for	
  a	
  cryptochrome	
  signaling	
  model	
  based	
  on	
  a	
  flavin-­‐

superoxide	
  radical	
  pair,	
  flavin	
  has	
  also	
  been	
  found	
  to	
  form	
  radical	
  pairs	
  with	
  tryptophan.	
  	
  A	
  

model	
  based	
  on	
  a	
  flavin-­‐tryptophan	
  radical	
  pair	
  achieves	
  the	
  same	
  wavelength	
  cutoff	
  for	
  

orientation.	
  	
  However,	
  it	
  fails	
  to	
  agree	
  with	
  the	
  experimentally	
  observed	
  intensity	
  cutoff,	
  

simply	
  giving	
  a	
  larger	
  and	
  larger	
  signal	
  for	
  higher	
  and	
  higher	
  intensities.	
  	
  The	
  expected	
  

intensity	
  behavior	
  is	
  recovered	
  for	
  a	
  combined	
  photocycle	
  that	
  includes	
  flavin	
  formation	
  of	
  

magnetically	
  sensitive	
  radical	
  pairs	
  with	
  both	
  tryptophan	
  and	
  superoxide.	
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CONCLUSION	
  

	
  

Given	
  the	
  range	
  of	
  experimentally	
  observed	
  light	
  effects	
  seen	
  in	
  the	
  magnetic	
  orientation	
  of	
  

migratory	
  birds,	
  a	
  signal	
  transduction	
  mechanism	
  based	
  solely	
  on	
  cryptochrome	
  and	
  its	
  

flavin	
  photocycle	
  appears	
  to	
  closely	
  model	
  such	
  effects.	
  	
  Still,	
  additional	
  questions	
  and	
  

potential	
  applications	
  remain	
  to	
  be	
  explored.	
  	
  Thus	
  far,	
  the	
  model	
  has	
  only	
  been	
  used	
  to	
  

examine	
  monochromatic	
  light	
  effects,	
  while	
  dichromatic	
  light	
  effects	
  remain	
  to	
  be	
  

investigated.	
  	
  For	
  instance,	
  while	
  birds	
  orient	
  well	
  under	
  blue	
  light,	
  they	
  have	
  been	
  

observed	
  to	
  experience	
  disorientation	
  under	
  a	
  mixture	
  of	
  red	
  and	
  blue	
  or	
  yellow	
  and	
  blue	
  

light	
  [21].	
  

	
  

In	
  addition,	
  growing	
  interest	
  in	
  cryptochrome	
  mutant	
  organisms	
  provides	
  a	
  potential	
  

application	
  of	
  the	
  model.	
  	
  In	
  this	
  respect,	
  the	
  model	
  could	
  be	
  used	
  to	
  predict	
  light	
  effects	
  for	
  

any	
  bioengineered	
  changes	
  to	
  the	
  flavin	
  and	
  its	
  absorption	
  spectra.	
  	
  Ultimately,	
  the	
  

cryptochrome	
  model	
  of	
  signal	
  transduction	
  serves	
  to	
  further	
  elucidate	
  the	
  likely	
  role	
  of	
  

cryptochrome	
  and	
  the	
  flavin-­‐superoxide	
  radical	
  pair	
  as	
  the	
  essential	
  elements	
  in	
  magnetic	
  

sensing.	
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APPENDIX	
  A:	
  	
  Radical	
  Pair	
  Quantum	
  Spin	
  Dynamics	
  

	
  

The	
  following	
  pictorial	
  treatment	
  of	
  quantum	
  spin	
  dynamics	
  is	
  adapted	
  from	
  Brocklehurst	
  

[3]	
  for	
  the	
  specific	
  case	
  of	
  the	
  flavin-­‐superoxide	
  radical	
  pair.	
  	
  The	
  flavin-­‐superoxide	
  radical	
  

pair	
  is	
  formed	
  when	
  the	
  flavin	
  molecule	
  in	
  the	
  fully-­‐reduced	
  state,	
  FADH-­‐,	
  donates	
  an	
  

electron	
  to	
  the	
  oxygen	
  molecule	
  O2,	
  thereby	
  forming	
  the	
  superoxide	
  O2-­‐,	
  and	
  semi-­‐reduced	
  

flavin	
  FADH,	
  radical	
  pair.	
  	
  The	
  lone	
  electron	
  of	
  each	
  radical	
  has	
  a	
  spin,	
  which	
  together	
  are	
  

correlated	
  with	
  one	
  another	
  in	
  a	
  quantum	
  singlet	
  state	
  (figure	
  A.1a).	
  	
  If	
  these	
  spins	
  were	
  

exposed	
  to	
  the	
  same	
  magnetic	
  field,	
  they	
  would	
  precess	
  about	
  the	
  field	
  vector	
  at	
  the	
  same	
  

rate,	
  maintaining	
  their	
  relative	
  antiparallel	
  orientation	
  to	
  one	
  another	
  that	
  is	
  180°	
  out	
  of	
  

phase,	
  thereby	
  preserving	
  their	
  singlet	
  state.	
  

	
  

	
  
(a)	
  	
   (b)	
   	
   	
   	
  	
  	
  	
  (c)	
  

Figure	
  A.1	
  Model	
  of	
  quantum	
  spin	
  dynamics	
  of	
  the	
  flavin-­‐superoxide	
  radical	
  pair.	
  (a)	
  The	
  
lone	
  electron	
  spins	
  of	
  each	
  radical	
  together	
  are	
  created	
  in	
  a	
  singlet	
  quantum	
  state,	
  i.e.	
  their	
  
relative	
  orientation	
  is	
  antiparallel	
  and	
  180°	
  out	
  of	
  phase.	
  (b)	
  Spin	
  rephasing	
  results	
  in	
  
mixing	
  between	
  singlet	
  S	
  and	
  T0	
  triplet	
  states,	
  which	
  occurs	
  when	
  the	
  spins	
  are	
  exposed	
  to	
  
parallel	
  or	
  antiparallel	
  magnetic	
  field	
  vectors	
  of	
  differing	
  strengths.	
  	
  (c)	
  Spin	
  rephasing	
  
results	
  in	
  mixing	
  between	
  singlet	
  or	
  T0	
  triplet	
  states	
  and	
  T-­‐	
  or	
  T+	
  triplet	
  states,	
  which	
  occurs	
  
when	
  the	
  spins	
  are	
  exposed	
  to	
  a	
  non-­‐parallel	
  magnetic	
  field	
  vector.	
  
	
  

Singlet triplet Interconversion 

 Singlet Triplet     
Interconversion 

External field   
+ Internal fields 

Spin 
Rephase 

Singlet triplet Interconversion 

 Singlet Triplet     
Interconversion 

External field   
+ Internal fields 

!"#

"#

Spin 
Flip 

!"#$%&'"(()*+%$,-&.%*/"0-'"(12"-3,4*+15*!-6-$#*!78*

$%&'()*# +,%-()*#

$.!/01#

$234#
5"#

5678#

• #59*:#;-%&;#-,)<);;#=>9?*#5@=,*:#=*#*:)#A=,B9,#C,)D?)&<E#F##

"))B=&#%&*),=<G9&;#>)*H))&#)()<*,9&#;-%&;#I$%J#K#5)=,*:#

0L))B=&#M#F#N#I$.!/01#O#$234#J7##F#M#')#µ5#5)=,*:##

• #5@=,*:#P#QRS+#TT#0.U#M#V4VRB+7#####W#M#=&'()#>)*H))&#!"#K##5@=,*:##

WMR1#

WMXR1#

6

(a)Ĥ at 0◦ (b)Ĥth at 0◦

FIG. 3: Reference-probe model. Energy levels diagram in zero field ω = 0 and in the approximation of weak Zeeman interaction

with respect to the hyperfine interaction i.e ω � |Ax|, |Ax+Az
2 |, |Ax−Az

2 |. The radical pair and the geomagnetic field are

collinear, θ = 0
◦
. (a) Energy levels diagram for the ”reference-probe” described by the spin Hamiltonian Ĥ, Equation 3. (b)

Energy levels diagram for the ”thought experiment” described by Ĥ
th
, Equation 4. The numbers label the energy levels.

• ω �= 0 and θ = 0◦,

when the geomagnetic field and the radical pair are collinear, for both the ”reference-probe” (Equation 3) and ”thought
experiment” Equation 4 (see Part III, Expressions 23 and 24 for the complete expression of the singlet yields and
coherences).
In the approximation of electron Larmor frequency ω much smaller than all zero-field quantum oscillation frequencies,
i.e,

ω � |Ax|, |Ax +Az

2
|, |Ax −Az

2
| (18)

we find that either the singlet yield for the ”reference-probe” φS(0)H and the ”thought experiment” φS(0)thH equal
the singlet yield in zero-field φS(0)H = φS(0)thH = φS(ω = 0):

φS(0)H � 3

8
+

1

8
f(Ax)

[13,24] +
1

4
f

�
Az −Ax

2

�[36,47]

+
1

4
f

�
Az +Ax

2

�[27,16]

(19)

φS(0)
th

H
� 3

8
+

1

8
f(Ax)

[13,24] +
1

4
f

�
Az −Ax

2

�[36,47]

+
1

4
f

�
Az +Ax

2

�[27,16]

(20)

The superscript numbers in Equations 19, 20 correspond to the coherences that link states whose energies are
shown in Figure 3 (a) for Ĥ and in Figure 3 (b) for Ĥth. The singlet yields φS(0)H = φS(0)thH equal the singlet yield
in zero-field φS(ω = 0) because in both cases the coherences link states that in the zero field are not degenerate,
and therefore contribute to singlet-triplet mixing through the hyperfine interaction. When the radical pair and
geomagnetic field are parallel, the spin motion of the ”reference” electron spin is essentially unaffected by the external
magnetic field, precluding development of the LFEs.

3

not affect its spin motion, then switching off its Zeeman

interaction should not change the reaction yield of the

”reference-probe” radical pair.

The spin Hamiltonian describing the ”thought experi-

ment” is:

Ĥ
th
(θ) = ŜA ·A · Î + ω(cos θŜBz + sinϑŜBx) (4)

Analytical results

We calculate the analytical expression of the singlet

yield as a function of θ for Ĥ, ΦS(θ), and Ĥ
th
, Φth

S (θ)
in the approximation of very weak external field with re-

spect to the hyperfine interaction, i.e. an electron Larmor

frequency much smaller than all zero-field quantum oscil-

lation frequencies (ω � |Ax|, |Ax+Az|/2, |Ax−Az|/2),
and when the rate constant k is slow enough to allow all

zero-field quantum coherences to evolve, which we sum-

marize, simply as (see Supporting material, Part I)

k � a and ω � a with α �= 0,−2, 1 (5)

and we obtain the same singlet yield for the total Hamil-

tonian and the ”thought experiment”:

ΦS(θ) = Φth
S (ϑ) � 3

8
−

�
1

16
− 1

16
f(ω)

�
(1− cos 2ϑ)(6)

where ω is the electron Larmor frequency at the position

of the ”probe”, which is the only spin interacting with

the external magnetic field.

Expression 6 tells us that at θ = 0
◦
the singlet yield

reaches a maximum that is independent of the external

magnetic field and equals the singlet probability in zero-

field (no LFEs):

ΦS(0) = Φth
S (0) � ΦS(ω = 0) � 3

8
(7)

which is in agreement with the results presented in [12].

As long as the the angle between the applied magnetic

field and hyperfine interaction is θ �= 0, the singlet yield

starts to decrease reaching the minimum value for θ = 90:

ΦS(90) = Φth
S (90) � 1

4
+

1

8
f(ω) (8)

and the minimum value is sensitive to the ratio k/ω.
The angular sensitivity in this case is ∆ΦS = ΦS(0) −
ΦS(90) and gives:

∆ΦS = ∆Φth
S � 1

8
− 1

8
f (ω) (9)

and for each k and ω it represents a plateaux region, so

a robust angular sensitivity whose value is independent

on the variation of the hyperfine parameters as long as

the condition 5 is satisfied.

FIG. 2: A: energy levels diagram for the zero-field Hamilto-

nian ω = 0 (Equation 16). B: pictorial representation of the

”thought experiment” when the hyperfine interaction and the

external field are parallel (θ = 0) and perpendicular θ = 90.

Next, we consider the ratio k/ω and find that when the

external field also has time to mix the states, i.e.:

k � ω � a with α �= 0,−2, 1 (10)

the singlet yield reduces to a pure angular dependency

in agreement with the results in [12],

ΦS(θ) = Φth
S (θ) � 1

16
(5 + cos 2θ) (11)

which corresponds to LFEs regime. Then, the angular

sensitivity is maximized at ∆ΦS = ∆Φth
S � 1/8, because

ΦS(90) = Φth
S (90) = 1/4, as the mixing reaches a satura-

tion. If the external field does not have time to mix the

states (ω � k � a) the angular sensitivity is destroyed

∆ΦS = ∆Φth
S � 0.

These results show that in the LFEs regime, the ”probe”

tracks the external magnetic field, becoming a transducer

of directional information.

We ask why at θ = 0 LFEs do not occur, while as long

as θ �= 0 the external field starts to affect the singlet

yield with maximum effects for θ = 90 ?
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In	
  actuality,	
  the	
  flavin	
  experiences	
  a	
  local	
  magnetic	
  field	
  produced	
  by	
  its	
  nuclear	
  spin	
  

environment,	
  while	
  superoxide	
  does	
  not.	
  	
  Thus	
  the	
  flavin	
  experiences	
  a	
  hyperfine	
  

interaction,	
  where	
  the	
  flavin	
  electron	
  spin	
  precesses	
  about	
  the	
  resultant	
  nuclear	
  spin,	
  

thereby	
  changing	
  its	
  original	
  orientation	
  with	
  respect	
  to	
  the	
  superoxide	
  electron	
  spin.	
  	
  This	
  

spin	
  rephasing	
  causes	
  the	
  radical	
  pair	
  to	
  periodically	
  lose	
  its	
  original	
  singlet	
  state	
  and	
  pass	
  

through	
  a	
  triple	
  quantum	
  state	
  where	
  the	
  spins	
  are	
  in	
  phase	
  and	
  antiparallel	
  (figure	
  A.1b).	
  	
  

This	
  oscillation	
  between	
  quantum	
  states	
  is	
  referred	
  to	
  as	
  singlet-­‐triplet	
  (S-­‐T)	
  mixing.	
  

	
  

In	
  addition,	
  both	
  spins	
  experience	
  Zeeman	
  interactions	
  whereby	
  they	
  each	
  precess	
  about	
  

the	
  external	
  geomagnetic	
  field	
  at	
  the	
  Larmor	
  frequency,	
  ω.	
  	
  Zeeman	
  interactions	
  split	
  

otherwise	
  degenerate	
  quantum	
  energy	
  levels,	
  thereby	
  opening	
  new	
  channels	
  of	
  oscillation,	
  

which	
  enhances	
  S-­‐T	
  mixing	
  (figure	
  A.2).	
  

	
  

	
   	
   	
  

(a)	
   	
   	
   	
   	
   (b)	
  

	
  

Figure	
  A.2.	
  	
  Energy	
  levels	
  of	
  the	
  Hamiltonian	
  describing	
  the	
  radical	
  pair.	
  Degenerate	
  energy	
  
levels	
  under	
  hyperfine	
  interactions	
  alone	
  (ω	
  =	
  0),	
  are	
  split	
  by	
  the	
  addition	
  of	
  Zeeman	
  
interactions	
  (ω	
  ≠	
  0),	
  for	
  relative	
  orientation	
  angle	
  between	
  the	
  nuclear	
  spin	
  vector	
  and	
  the	
  
geomagnetic	
  field	
  vector	
  of	
  (a)	
  θ	
  =	
  0°	
  and	
  (b)	
  θ	
  =	
  90°.	
  	
  
	
  

During	
  magnetic	
  orientation,	
  movements	
  inevitably	
  change	
  the	
  orientation	
  angle	
  θ	
  of	
  the	
  

geomagnetic	
  field	
  with	
  respect	
  to	
  the	
  flavin	
  nuclear	
  spin.	
  	
  This	
  is	
  because	
  the	
  flavin	
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(a)Ĥ at 0◦ (b)Ĥth at 0◦

FIG. 3: Reference-probe model. Energy levels diagram in zero field ω = 0 and in the approximation of weak Zeeman interaction

with respect to the hyperfine interaction i.e ω � |Ax|, |Ax+Az
2 |, |Ax−Az

2 |. The radical pair and the geomagnetic field are

collinear, θ = 0
◦
. (a) Energy levels diagram for the ”reference-probe” described by the spin Hamiltonian Ĥ, Equation 3. (b)

Energy levels diagram for the ”thought experiment” described by Ĥ
th
, Equation 4. The numbers label the energy levels.

• ω �= 0 and θ = 0◦,

when the geomagnetic field and the radical pair are collinear, for both the ”reference-probe” (Equation 3) and ”thought
experiment” Equation 4 (see Part III, Expressions 23 and 24 for the complete expression of the singlet yields and
coherences).
In the approximation of electron Larmor frequency ω much smaller than all zero-field quantum oscillation frequencies,
i.e,

ω � |Ax|, |Ax +Az

2
|, |Ax −Az

2
| (18)

we find that either the singlet yield for the ”reference-probe” φS(0)H and the ”thought experiment” φS(0)thH equal
the singlet yield in zero-field φS(0)H = φS(0)thH = φS(ω = 0):

φS(0)H � 3

8
+

1

8
f(Ax)

[13,24] +
1

4
f

�
Az −Ax

2

�[36,47]

+
1

4
f

�
Az +Ax

2

�[27,16]

(19)

φS(0)
th

H
� 3

8
+

1

8
f(Ax)

[13,24] +
1

4
f

�
Az −Ax

2

�[36,47]

+
1

4
f

�
Az +Ax

2

�[27,16]

(20)

The superscript numbers in Equations 19, 20 correspond to the coherences that link states whose energies are
shown in Figure 3 (a) for Ĥ and in Figure 3 (b) for Ĥth. The singlet yields φS(0)H = φS(0)thH equal the singlet yield
in zero-field φS(ω = 0) because in both cases the coherences link states that in the zero field are not degenerate,
and therefore contribute to singlet-triplet mixing through the hyperfine interaction. When the radical pair and
geomagnetic field are parallel, the spin motion of the ”reference” electron spin is essentially unaffected by the external
magnetic field, precluding development of the LFEs.

3

not affect its spin motion, then switching off its Zeeman

interaction should not change the reaction yield of the

”reference-probe” radical pair.

The spin Hamiltonian describing the ”thought experi-

ment” is:

Ĥ
th
(θ) = ŜA ·A · Î + ω(cos θŜBz + sinϑŜBx) (4)

Analytical results

We calculate the analytical expression of the singlet

yield as a function of θ for Ĥ, ΦS(θ), and Ĥ
th
, Φth

S (θ)
in the approximation of very weak external field with re-

spect to the hyperfine interaction, i.e. an electron Larmor

frequency much smaller than all zero-field quantum oscil-

lation frequencies (ω � |Ax|, |Ax+Az|/2, |Ax−Az|/2),
and when the rate constant k is slow enough to allow all

zero-field quantum coherences to evolve, which we sum-

marize, simply as (see Supporting material, Part I)

k � a and ω � a with α �= 0,−2, 1 (5)

and we obtain the same singlet yield for the total Hamil-

tonian and the ”thought experiment”:

ΦS(θ) = Φth
S (ϑ) � 3

8
−

�
1

16
− 1

16
f(ω)

�
(1− cos 2ϑ)(6)

where ω is the electron Larmor frequency at the position

of the ”probe”, which is the only spin interacting with

the external magnetic field.

Expression 6 tells us that at θ = 0
◦
the singlet yield

reaches a maximum that is independent of the external

magnetic field and equals the singlet probability in zero-

field (no LFEs):

ΦS(0) = Φth
S (0) � ΦS(ω = 0) � 3

8
(7)

which is in agreement with the results presented in [12].

As long as the the angle between the applied magnetic

field and hyperfine interaction is θ �= 0, the singlet yield

starts to decrease reaching the minimum value for θ = 90:

ΦS(90) = Φth
S (90) � 1

4
+

1

8
f(ω) (8)

and the minimum value is sensitive to the ratio k/ω.
The angular sensitivity in this case is ∆ΦS = ΦS(0) −
ΦS(90) and gives:

∆ΦS = ∆Φth
S � 1

8
− 1

8
f (ω) (9)

and for each k and ω it represents a plateaux region, so

a robust angular sensitivity whose value is independent

on the variation of the hyperfine parameters as long as

the condition 5 is satisfied.

FIG. 2: A: energy levels diagram for the zero-field Hamilto-

nian ω = 0 (Equation 16). B: pictorial representation of the

”thought experiment” when the hyperfine interaction and the

external field are parallel (θ = 0) and perpendicular θ = 90.

Next, we consider the ratio k/ω and find that when the

external field also has time to mix the states, i.e.:

k � ω � a with α �= 0,−2, 1 (10)

the singlet yield reduces to a pure angular dependency

in agreement with the results in [12],

ΦS(θ) = Φth
S (θ) � 1

16
(5 + cos 2θ) (11)

which corresponds to LFEs regime. Then, the angular

sensitivity is maximized at ∆ΦS = ∆Φth
S � 1/8, because

ΦS(90) = Φth
S (90) = 1/4, as the mixing reaches a satura-

tion. If the external field does not have time to mix the

states (ω � k � a) the angular sensitivity is destroyed

∆ΦS = ∆Φth
S � 0.

These results show that in the LFEs regime, the ”probe”

tracks the external magnetic field, becoming a transducer

of directional information.

We ask why at θ = 0 LFEs do not occur, while as long

as θ �= 0 the external field starts to affect the singlet

yield with maximum effects for θ = 90 ?
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(a)Ĥ at 0◦ (b)Ĥth at 0◦

FIG. 3: Reference-probe model. Energy levels diagram in zero field ω = 0 and in the approximation of weak Zeeman interaction

with respect to the hyperfine interaction i.e ω � |Ax|, |Ax+Az
2 |, |Ax−Az

2 |. The radical pair and the geomagnetic field are

collinear, θ = 0
◦
. (a) Energy levels diagram for the ”reference-probe” described by the spin Hamiltonian Ĥ, Equation 3. (b)

Energy levels diagram for the ”thought experiment” described by Ĥ
th
, Equation 4. The numbers label the energy levels.

• ω �= 0 and θ = 0◦,

when the geomagnetic field and the radical pair are collinear, for both the ”reference-probe” (Equation 3) and ”thought
experiment” Equation 4 (see Part III, Expressions 23 and 24 for the complete expression of the singlet yields and
coherences).
In the approximation of electron Larmor frequency ω much smaller than all zero-field quantum oscillation frequencies,
i.e,

ω � |Ax|, |Ax +Az

2
|, |Ax −Az

2
| (18)

we find that either the singlet yield for the ”reference-probe” φS(0)H and the ”thought experiment” φS(0)thH equal
the singlet yield in zero-field φS(0)H = φS(0)thH = φS(ω = 0):

φS(0)H � 3

8
+

1

8
f(Ax)

[13,24] +
1

4
f

�
Az −Ax

2

�[36,47]

+
1

4
f

�
Az +Ax

2

�[27,16]

(19)

φS(0)
th

H
� 3

8
+

1

8
f(Ax)

[13,24] +
1

4
f

�
Az −Ax

2

�[36,47]

+
1

4
f

�
Az +Ax

2

�[27,16]

(20)

The superscript numbers in Equations 19, 20 correspond to the coherences that link states whose energies are
shown in Figure 3 (a) for Ĥ and in Figure 3 (b) for Ĥth. The singlet yields φS(0)H = φS(0)thH equal the singlet yield
in zero-field φS(ω = 0) because in both cases the coherences link states that in the zero field are not degenerate,
and therefore contribute to singlet-triplet mixing through the hyperfine interaction. When the radical pair and
geomagnetic field are parallel, the spin motion of the ”reference” electron spin is essentially unaffected by the external
magnetic field, precluding development of the LFEs.

3

not affect its spin motion, then switching off its Zeeman

interaction should not change the reaction yield of the

”reference-probe” radical pair.

The spin Hamiltonian describing the ”thought experi-

ment” is:

Ĥ
th
(θ) = ŜA ·A · Î + ω(cos θŜBz + sinϑŜBx) (4)

Analytical results

We calculate the analytical expression of the singlet

yield as a function of θ for Ĥ, ΦS(θ), and Ĥ
th
, Φth

S (θ)
in the approximation of very weak external field with re-

spect to the hyperfine interaction, i.e. an electron Larmor

frequency much smaller than all zero-field quantum oscil-

lation frequencies (ω � |Ax|, |Ax+Az|/2, |Ax−Az|/2),
and when the rate constant k is slow enough to allow all

zero-field quantum coherences to evolve, which we sum-

marize, simply as (see Supporting material, Part I)

k � a and ω � a with α �= 0,−2, 1 (5)

and we obtain the same singlet yield for the total Hamil-

tonian and the ”thought experiment”:

ΦS(θ) = Φth
S (ϑ) � 3

8
−

�
1

16
− 1

16
f(ω)

�
(1− cos 2ϑ)(6)

where ω is the electron Larmor frequency at the position

of the ”probe”, which is the only spin interacting with

the external magnetic field.

Expression 6 tells us that at θ = 0
◦
the singlet yield

reaches a maximum that is independent of the external

magnetic field and equals the singlet probability in zero-

field (no LFEs):

ΦS(0) = Φth
S (0) � ΦS(ω = 0) � 3

8
(7)

which is in agreement with the results presented in [12].

As long as the the angle between the applied magnetic

field and hyperfine interaction is θ �= 0, the singlet yield

starts to decrease reaching the minimum value for θ = 90:

ΦS(90) = Φth
S (90) � 1

4
+

1

8
f(ω) (8)

and the minimum value is sensitive to the ratio k/ω.
The angular sensitivity in this case is ∆ΦS = ΦS(0) −
ΦS(90) and gives:

∆ΦS = ∆Φth
S � 1

8
− 1

8
f (ω) (9)

and for each k and ω it represents a plateaux region, so

a robust angular sensitivity whose value is independent

on the variation of the hyperfine parameters as long as

the condition 5 is satisfied.

!
!
"

!

FIG. 2: A: energy levels diagram for the zero-field Hamilto-

nian ω = 0 (Equation 16). B: pictorial representation of the

”thought experiment” when the hyperfine interaction and the

external field are parallel (θ = 0) and perpendicular θ = 90.

Next, we consider the ratio k/ω and find that when the

external field also has time to mix the states, i.e.:

k � ω � a with α �= 0,−2, 1 (10)

the singlet yield reduces to a pure angular dependency

in agreement with the results in [12],

ΦS(θ) = Φth
S (θ) � 1

16
(5 + cos 2θ) (11)

which corresponds to LFEs regime. Then, the angular

sensitivity is maximized at ∆ΦS = ∆Φth
S � 1/8, because

ΦS(90) = Φth
S (90) = 1/4, as the mixing reaches a satura-

tion. If the external field does not have time to mix the

states (ω � k � a) the angular sensitivity is destroyed

∆ΦS = ∆Φth
S � 0.

These results show that in the LFEs regime, the ”probe”

tracks the external magnetic field, becoming a transducer

of directional information.

We ask why at θ = 0 LFEs do not occur, while as long

as θ �= 0 the external field starts to affect the singlet

yield with maximum effects for θ = 90 ?
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orientation	
  is	
  fixed	
  within	
  cryptochrome	
  that	
  is	
  itself	
  bound	
  to	
  the	
  cell	
  membrane	
  within	
  

the	
  retina.	
  	
  When	
  the	
  nuclear	
  spin	
  and	
  geomagnetic	
  field	
  vectors	
  are	
  out	
  of	
  alignment	
  with	
  

each	
  other,	
  spin	
  flipping	
  results	
  (figure	
  A.1c).	
  	
  This	
  flipping	
  causes	
  the	
  radical	
  pair	
  to	
  pass	
  

through	
  additional	
  triplet	
  states,	
  T-­‐	
  and	
  T+,	
  which	
  further	
  enhances	
  S-­‐T	
  mixing	
  and	
  further	
  

decreasing	
  the	
  fraction	
  of	
  time	
  the	
  pair	
  spends	
  in	
  the	
  singlet	
  state.	
  



35	
  
	
  

APPENDIX	
  B:	
  	
  Mathematical	
  Treatment	
  of	
  Quantum	
  Spin	
  Dynamics	
  

	
  

The	
  following	
  mathematical	
  treatment	
  of	
  quantum	
  spin	
  dynamics	
  is	
  adapted	
  from	
  Timmel	
  

[18]	
  for	
  the	
  specific	
  case	
  of	
  the	
  flavin-­‐superoxide	
  radical	
  pair.	
  	
  	
  

	
  

The	
  Hamiltonian	
  characterizing	
  hyperfine	
  interactions	
  is	
  given	
  by	
  

HHFI	
  =	
  Σj	
  Aj	
  ·	
  Ij	
  ·	
  SFADH°	
  	
  

where	
  SFADH°	
  denotes	
  the	
  electron	
  spin	
  of	
  FADH,	
  Ij	
  is	
  the	
  jth	
  nuclear	
  spin	
  and	
  Aj	
  is	
  the	
  

hyperfine	
  coupling	
  tensor	
  characterizing	
  the	
  strength	
  and	
  axiality	
  of	
  the	
  interaction	
  

between	
  the	
  electron	
  spin	
  and	
  the	
  jth	
  nuclear	
  spin.	
  	
  The	
  flavin	
  nuclear	
  spin	
  environment	
  has	
  

an	
  approximate	
  axial	
  symmetry	
  characterized	
  by	
  Az	
  =	
  a	
  +	
  2aα,	
  and	
  Ax	
  =	
  Ay	
  =	
  a	
  –	
  aα,	
  where	
  

“a”	
  is	
  the	
  overall	
  strength	
  of	
  hyperfine	
  interaction,	
  and	
  “α”	
  describes	
  the	
  degree	
  of	
  axiality.	
  	
  	
  

	
  

The	
  Hamiltonian	
  describing	
  Zeeman	
  interactions	
  is	
  given	
  by	
  

HZeeman	
  =	
  ω	
  ·	
  (SFADH°	
  +	
  SO2-­‐	
  )	
  

where	
  SO2-­‐	
  denotes	
  the	
  electron	
  spin	
  of	
  superoxide,	
  with	
  the	
  Larmor	
  frequency	
  ω	
  =	
  ge	
  µB	
  

BEarth	
  and	
  BEarth	
  ~	
  50μT	
  <<	
  HFI	
  =	
  1-­‐10mT.	
  	
  Thus,	
  the	
  quantum	
  spin	
  dynamics	
  of	
  a	
  radical	
  

pair	
  under	
  local	
  and	
  external	
  magnetic	
  fields	
  is	
  summarized	
  by	
  the	
  total	
  Hamiltonian,	
  

H	
  =	
  Σj	
  Aj	
  ·	
  Ij	
  ·	
  S1	
  +	
  ω(cosθ	
  S1z	
  +	
  sinθ	
  S1x	
  )	
  +	
  ω(cosθ	
  S2z	
  +	
  sinθ	
  S2x	
  )	
  

which	
  includes	
  both	
  hyperfine	
  and	
  Zeeman	
  interactions,	
  and	
  is	
  dependent	
  upon	
  the	
  relative	
  

orientation	
  angle	
  θ	
  of	
  the	
  geomagnetic	
  field	
  with	
  respect	
  to	
  a	
  fixed	
  flavin	
  nuclear	
  spin	
  

reference	
  AZ.	
  	
  Here,	
  S1	
  is	
  the	
  flavin	
  electron	
  spin	
  vector	
  and	
  S2	
  is	
  the	
  superoxide	
  electron	
  

spin	
  vector.	
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The	
  Liouville-­‐von	
  Neumann	
  equation	
  	
  

	
  

and	
  its	
  density	
  operator	
  solution	
  	
  

	
  

describe	
  the	
  time	
  evolution	
  of	
  the	
  radical	
  pair.	
  	
  The	
  singlet	
  projection	
  operator, acts	
  to	
  

isolate	
  the	
  singlet	
  state	
  from	
  the	
  total	
  vector	
  space	
  of	
  possible	
  quantum	
  states	
  (singlet,	
  

triplet,	
  and	
  linear	
  combinations	
  of	
  the	
  two).	
  

The	
  expectation	
  value	
  of	
  the	
  singlet	
  projection	
  operator	
  	
  

	
  

gives	
  the	
  singlet	
  fraction	
  –	
  the	
  fraction	
  of	
  an	
  ensemble	
  of	
  radical	
  pairs	
  in	
  the	
  singlet	
  state	
  at	
  

time	
  t,	
  or	
  alternatively	
  the	
  probability	
  of	
  a	
  radical	
  pair	
  to	
  be	
  in	
  the	
  singlet	
  state	
  at	
  time	
  t.	
  	
  

The	
  eigenvalues	
  of	
  the	
  Hamiltonian	
  are	
  given	
  by	
   ,	
  such	
  that	
  ωmn	
  =	
  ωm	
  -­‐	
  ωn.	
  

Integrating	
  over	
  the	
  lifetime	
  of	
  the	
  radical	
  pair	
  (1/k)	
  gives	
  the	
  singlet	
  yield,	
  

	
  

whose	
  theta	
  dependence	
  can	
  be	
  approximated	
  in	
  the	
  limit	
  of	
  a	
  radical	
  pair	
  lifetime	
  long	
  

enough	
  to	
  allow	
  significant	
  S-­‐T	
  mixing,	
  i.e.	
  k	
  <<	
  ω	
  <<	
  a	
  with	
  α	
  ≠	
  0,	
  -­‐2,	
  1,	
  as	
  

.	
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