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ABSTRACT	  OF	  THE	  DISSERTATION	  

	  
A	  Photochemical	  Signal	  Transduction	  Model	  
of	  Magnetoreception	  in	  Cryptochrome	  

	  
By	  
	  

Phillise	  Tiffeny	  Todd	  
	  

Doctor	  of	  Philosophy	  in	  Chemical	  and	  Materials	  Physics	  
	  

	  University	  of	  California,	  Irvine,	  2016	  
	  

Professor	  Thorsten	  Ritz,	  Chair	  
	  
	  

	  
For	  decades,	  scientists	  have	  documented	  the	  ability	  of	  numerous	  animal	  species	  to	  sense	  

the	  Earth’s	  magnetic	  field.	  	  Migratory	  birds	  detect	  and	  use	  this	  magnetic	  information	  to	  

navigate	  their	  migratory	  paths.	  	  The	  precise	  mechanism	  underlying	  this	  apparent	  biological	  

compass	  is	  unkown	  and	  remains	  an	  active	  area	  of	  ongoing	  research.	  	  A	  bio-‐compass	  based	  

on	  the	  chemistry	  of	  magnetically	  sensitive	  radical	  pairs	  is	  one	  of	  the	  leading	  theories	  under	  

investigation.	  	  Such	  chemistry	  is	  known	  to	  form	  under	  illumination	  in	  the	  cryptochrome	  

photoreceptor,	  which	  has	  been	  found	  within	  the	  retina	  of	  migratory	  birds.	  This	  work	  seeks	  

to	  create	  a	  model	  that	  details	  how	  a	  cryptochome-‐based	  bio-‐compass	  could	  signal	  magnetic	  

information.	  	  The	  model	  developed	  here	  considers	  the	  physical	  mechanism	  by	  which	  signal	  

transduction	  could	  occur	  given	  the	  unique	  biology	  of	  the	  cryptochrome	  protein	  structure.	  	  

Further,	  a	  quantitative	  description	  of	  cryptochrome	  magnetic	  sensitivity	  and	  signaling	  is	  

devised	  based	  on	  well	  documented,	  as	  well	  as	  approximated,	  aspects	  of	  the	  receptor’s	  

photocycle.	  	  The	  functioning	  threshold	  for	  a	  biologically	  feasible	  chemical	  compass	  is	  thus	  

proposed	  based	  on	  a	  signal-‐to-‐noise	  ratio.	  	  Flavin	  adenine	  dinucleotide	  (FAD),	  the	  light	  
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sensing	  chromophore	  of	  cryptochrome,	  is	  widely	  viewed	  as	  a	  likely	  site	  of	  radical	  pair	  

chemistry.	  	  Using	  the	  Runda-‐Kuta	  method	  to	  solve	  the	  first	  order	  kinetics	  of	  the	  

cryptochrome	  photocycle	  provides	  a	  baseline	  for	  analyzing	  the	  effects	  of	  different	  magnetic	  

field	  orientations	  on	  the	  steady	  state	  concentrations	  of	  flavin	  redox	  states.	  	  These	  

concentration	  fluctuations	  constitute	  magnetic	  information	  that	  can	  be	  signaled	  along	  a	  

neural	  pathway.	  	  Flavin	  has	  been	  found	  to	  form	  radical	  pairs	  with	  tryptophan	  or	  

superoxide,	  both	  potentially	  magnetically	  sensitive.	  	  Modeling	  both	  radical	  pair	  formations	  

suggests	  that	  a	  flavin-‐tryptophan	  radical	  pair	  strongly	  aligns	  with	  light	  effects	  observed	  in	  

behavioral	  experiments,	  while	  a	  flavin-‐	  superoxide	  does	  far	  less	  so.	  	  Still,	  the	  model	  

suggests	  a	  flavin-‐superoxide	  radical	  pair	  may	  have	  a	  role	  in	  explaining	  magnetic	  sensing	  

under	  dark	  conditions.	  	  The	  model	  also	  suggests	  further	  experiments	  that	  may	  elucidate	  

which	  radical-‐pair,	  flavin-‐tryptophan	  or	  flavin-‐superoxide,	  and	  which	  flavin	  signaling	  state,	  

semi-‐reduced	  or	  fully-‐reduced,	  contributes	  most	  strongly	  to	  the	  magnetic	  sensitivity	  of	  the	  

biological	  compass.	  



1	  
	  

INTRODUCTION	  

	  

Behavioral	  experiments	  have	  long	  strongly	  supported	  the	  existence	  of	  a	  magnetic	  sense	  

among	  numerous	  animal	  species1,2.	  	  Much	  of	  this	  attention	  has	  focused	  on	  migratory	  birds,	  

which	  appear	  to	  use	  an	  internal	  biological	  compass	  to	  align	  themselves	  the	  geomagnetic	  

field	  for	  the	  purpose	  of	  navigating	  during	  migration	  periods.	  	  While	  birds	  can	  and	  do	  use	  

other	  cues,	  such	  as	  the	  Sun,	  Moon	  and	  stars,	  these	  markers	  are	  not	  always	  present	  

particularly	  under	  overcast	  conditions.	  	  The	  geomagnetic	  field	  in	  contrast	  is	  ubiquitous	  and	  

possesses	  location	  specific	  information	  in	  a	  unique	  combination	  of	  polarity,	  inclination,	  and	  

field	  strength,	  which	  averages	  50	  ±	  10	  μT.	  

	  

Contrary	  to	  other	  sensory	  systems,	  the	  biophysical	  mechanism	  underlying	  

magnetoreception	  is	  still	  being	  sought	  by	  multiple	  lines	  of	  experimental	  and	  theoretical	  

investigations.	  	  Numerous	  experimental	  observations	  that	  the	  biological	  compass	  is	  

disabled	  under	  certain	  monochromatic	  light	  conditions,	  has	  led	  to	  extensive	  research	  into	  a	  

chemical	  compass	  mechanism.	  	  This	  work	  seeds	  to	  further	  detail	  a	  theoretical	  analysis	  for	  

how	  such	  a	  chemical	  compass	  could	  function	  under	  biologically	  feasible	  conditions.	  	  To	  

understand	  why	  focus	  on	  such	  a	  mechanism	  is	  warranted,	  a	  general	  overview	  of	  magnetic	  

sensing	  provides	  a	  useful	  context.	  
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CHAPTER	  1:	  	  Magnetic	  Sensing	  –	  Evidence	  of	  Quantum	  Biology	  

	  
Though	  once	  criticized	  as	  physically	  impossible,	  numerous	  animal	  species	  are	  now	  known	  

to	  perceive	  the	  Earth’s	  magnetic	  field	  and	  use	  it	  as	  a	  primary	  source	  of	  navigational	  

information.	  	  However,	  despite	  the	  discovery	  of	  magnetic	  orientation	  in	  migratory	  birds	  

over	  40	  years	  ago,	  the	  biophysical	  mechanism	  behind	  the	  magnetic	  sense	  has	  remained	  an	  

open	  question.	  	  Of	  the	  leading	  theories	  proposed,	  those	  based	  purely	  on	  classical	  

electromagnetic	  and	  mechanical	  forces,	  have	  failed	  to	  explain	  key	  aspects	  observed	  in	  avian	  

magnetoreception.	  	  Alternatively,	  new	  evidence	  is	  now	  pointing	  towards	  a	  solution	  found	  

in	  quantum	  biology;	  a	  quantum-‐based	  mechanism	  that	  involves	  radical	  pair	  reactions.	  

	  

Evidence	  for	  Magnetoreception	  

The	  first	  confirmation	  of	  magnetic	  orientation	  was	  found	  in	  night-‐migrating	  European	  

robins3.	  	  Without	  access	  to	  celestial	  cues,	  these	  birds	  appropriately	  adjusted	  their	  

migratory	  orientation	  in	  response	  to	  shifts	  in	  the	  direction	  of	  the	  ambient	  magnetic	  field4.	  	  

Further	  behavioral	  and	  electrophysiological	  studies	  have	  demonstrated	  a	  magnetic	  sense	  

in	  other	  passerine	  migrant	  birds,	  several	  vertebrate	  animals,	  and	  even	  certain	  molluscs,	  

crustaceans	  and	  insects5.	  	  

	  

Electromagnetic	  Induction	  

One	  hypothesis	  for	  how	  magnetoreception	  might	  occur	  in	  elasmobranch	  fish,	  like	  sharks	  

and	  rays,	  is	  through	  a	  process	  known	  as	  electromagnetic	  induction.	  	  	  These	  fish	  have	  

electroreceptors	  called	  ampullae	  of	  Lorenzini,	  which	  as	  they	  swim,	  detect	  voltage	  drops	  
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across	  conductive	  canals	  within	  skin	  pores.	  	  Like	  a	  conducting	  rod	  moving	  non-‐parallel	  to	  a	  

magnetic	  field,	  a	  potential	  difference	  forms	  across	  these	  jelly-‐filled	  canals	  due	  to	  the	  

Lorentz	  force.	  	  The	  surrounding	  sea	  water	  acts	  as	  a	  stationary	  conducting	  medium	  and	  

completes	  a	  circuit	  with	  the	  canals,	  through	  which	  an	  induced	  current	  flows6.	  	  While	  

electromagnetic	  induction	  may	  eventually	  be	  shown	  to	  give	  rise	  to	  magnetoreception	  in	  

these	  fish,	  it	  cannot	  explain	  magnetic	  sensing	  in	  land	  dwelling	  animals	  where	  air	  is	  not	  a	  

conducting	  medium.	  	  Furthermore,	  most	  species	  like	  birds,	  have	  not	  been	  found	  to	  possess	  

sensitive	  electroreceptors	  like	  ampullae	  of	  Lorenzini.	  

	  

Magnetite:	  Magnetotaxis	  vs.	  Magnetoreception	  

A	  second	  theory	  of	  magnetoreception	  suggests	  that	  magnetic	  fields	  exert	  mechanical	  forces	  

on	  magnetic	  crystals	  found	  in	  a	  wide	  number	  of	  magnetically	  sensitive	  animals,	  including	  

birds.	  	  	  One	  confirmed	  example	  of	  this	  is	  seen	  in	  aquatic	  bacteria	  who	  are	  physically	  rotated	  

into	  alignment	  with	  the	  geomagnetic	  field	  by	  magnetite	  (Fe3O4)	  crystals,	  whose	  dipoles	  

align	  in	  the	  field7.	  	  Consequently,	  the	  subsequent	  movements	  of	  these	  bacteria	  are	  

involuntarily	  directed	  downward	  toward	  the	  anaerobic	  environment,	  without	  the	  need	  to	  

process	  or	  evaluate	  magnetic	  information.	  	  	  

	  

For	  more	  complex	  animals	  that	  must	  interpret	  magnetic	  stimuli	  to	  navigate,	  magnetite	  

mechanisms	  have	  been	  proposed	  based	  on	  single-‐domain	  magnetite	  particles8,	  fixed	  super-‐

paramagnetic	  magnetite	  particles9,	  and	  magnetite-‐containing	  liquid	  crystals10.	  	  Both	  single-‐

domain	  and	  super-‐paramagnetic	  magnetite	  crystals	  have	  been	  found	  within	  the	  ethmoid	  

region	  and	  upper	  beak	  of	  migratory	  birds	  and	  homing	  pigeons11,12.	  	  Experiments	  to	  test	  the	  
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magnetite	  hypothesis	  suggest	  that	  while	  the	  beak	  receptor	  does	  process	  certain	  

components	  of	  magnetic	  information,	  it	  falls	  short	  of	  enabling	  complete	  orientation	  

behavior.	  	  

	  

Map	  and	  Compass	  

To	  understand	  these	  findings,	  a	  distinction	  must	  be	  made	  between	  two	  types	  of	  

information	  that	  can	  be	  garnered	  from	  the	  Earth’s	  magnetic	  field.	  	  Directional	  information	  

is	  used	  as	  a	  ‘magnetic	  compass,’	  which	  allows	  animals	  to	  maintain	  a	  consistent	  heading,	  like	  

north	  or	  south	  during	  migration.	  	  In	  migrating	  birds	  the	  magnetic	  compass	  is	  sensitive	  to	  

the	  inclination	  or	  axis	  of	  the	  geomagnetic	  field,	  but	  to	  the	  field’s	  polarity13.	  	  A	  change	  in	  

inclination	  through	  inversion	  of	  either	  the	  horizontal	  or	  vertical	  field	  component,	  changes	  

the	  bird’s	  orientation.	  	  On	  the	  other	  hand,	  a	  change	  in	  polarity	  from	  reversing	  both	  

components	  has	  no	  effect	  on	  behavior14.	  	  The	  second	  type	  of	  information	  inherent	  within	  

the	  geomagnetic	  field	  is	  positional,	  which	  allows	  certain	  animals	  to	  determine	  their	  

geographical	  location.	  	  This	  ‘magnetic	  map’	  is	  sensitive	  to	  the	  polarity	  and	  intensity	  of	  the	  

geomagnetic	  field15.	  	  	  

	  

Magnetite	  Receptor	  Provides	  Positional	  (Map)	  Information	  

A	  magnetite-‐based	  receptor	  in	  the	  upper	  beak	  appears	  to	  detect	  magnetic	  intensity	  and	  

polarity,	  and	  thus	  could	  provide	  the	  source	  for	  a	  magnetic	  map.	  	  Electrophysiological	  

recordings	  of	  the	  trigeminal	  nerve,	  which	  connects	  the	  magnetite	  regions	  of	  the	  upper	  beak	  

to	  the	  brain,	  detected	  responses	  to	  fluctuations	  in	  the	  intensity	  of	  the	  ambient	  magnetic	  

field16,17	  ,18.	  	  In	  addition,	  conditioning	  experiments	  showed	  that	  homing	  pigeons	  lost	  their	  
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ability	  to	  detect	  magnetic	  anomalies	  when	  their	  upper	  beaks	  were	  impaired.	  	  Attaching	  

magnets	  to	  the	  cere,	  anesthetizing	  the	  upper	  beak,	  or	  bilateral	  section	  of	  the	  ophthalmic	  

branch	  of	  the	  trigeminal	  nerve,	  all	  resulted	  in	  a	  lost	  ability	  to	  distinguish	  magnetic	  intensity	  

variations19.	  

	  

Magnetite	  Receptor	  Fails	  to	  Provide	  Compass	  Orientation	  

However,	  while	  the	  detection	  of	  magnetic	  field	  intensity	  may	  be	  mediated	  by	  a	  magnetite	  

receptor	  in	  the	  beak,	  this	  mechanism	  does	  not	  appear	  to	  provide	  the	  directional	  

information	  that	  is	  the	  source	  of	  compass	  orientation.	  	  Following	  bilateral	  section	  of	  the	  

ophthalmic	  branch	  of	  the	  trigeminal	  nerve,	  migrating	  birds	  maintained	  their	  ability	  to	  

orient	  using	  their	  magnetic	  compass20.	  	  Other	  studies	  have	  subjected	  migratory	  birds	  to	  a	  

strong	  magnetic	  pulse,	  in	  order	  to	  disrupt	  the	  magnetic	  orientation	  of	  single-‐domain	  

magnetite	  particles	  and	  observe	  the	  subsequent	  affect	  on	  behavior.	  	  Again,	  magnetic	  

compass	  orientation	  was	  unaffected	  by	  the	  pulse	  treatment21	  ,22	  ,23.	  	  	  

	  

Furthermore,	  these	  pulse	  treatments	  were	  only	  found	  to	  cause	  course	  deflections	  in	  

experienced,	  but	  not	  inexperienced	  migrants	  who	  have	  not	  yet	  learned	  the	  magnetic	  map	  of	  

their	  migratory	  path24,25	  ,26	  ,27.	  	  Similarly,	  experienced	  homing	  pigeons	  deviated	  from	  

correct	  headings	  after	  pulse	  treatments	  only	  when	  they	  were	  at	  distant	  sites,	  but	  not	  when	  

they	  were	  close	  to	  home	  where	  intensity	  variations	  may	  not	  be	  as	  significant28.	  	  These	  

findings	  lend	  further	  support	  to	  the	  hypothesis	  that	  magnetite	  receptors	  provide	  intensity	  

and	  positional	  information	  for	  a	  magnetic	  map.	  
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A	  2nd	  System	  Provides	  Compass	  Orientation	  &	  is	  Light	  Dependent	  

Since	  many	  animals,	  such	  as	  migrating	  and	  homing	  birds,	  rely	  on	  both	  magnetic	  map	  and	  

compass	  information	  for	  successful	  navigation,	  a	  second	  magnetoreception	  system	  is	  

thought	  to	  exist.	  	  Some	  researchers	  expect	  to	  find	  that	  this	  second	  compass	  system	  is	  again	  

magnetite-‐based,	  perhaps	  with	  super-‐paramagnetic	  particles.	  	  In	  an	  attempt	  to	  ascertain	  

the	  type	  of	  particles	  involved	  in	  the	  magnetite	  mechanism,	  pulse	  treatment	  experiments	  

applied	  a	  second	  identical	  pulse	  several	  days	  after	  the	  first.	  	  Similar	  behavior	  was	  observed	  

after	  each	  pulse;	  initial	  course	  deflection	  followed	  by	  a	  period	  of	  disorientation	  then	  course	  

correction	  to	  the	  proper	  migratory	  heading.	  	  This	  could	  suggest	  the	  existence	  of	  super-‐

paramagnetic	  particles	  rather	  than	  single-‐domain	  particles,	  which	  would	  not	  have	  

experienced	  further	  magnetization	  following	  the	  first	  pulse23.	  

	  

Alternatively,	  mounting	  evidence	  suggests	  that	  this	  second	  system	  is	  based	  on	  a	  completely	  

different	  mechanism	  from	  magnetite;	  one	  that	  is	  light	  dependent.	  	  In	  an	  analysis	  of	  62	  light-‐

dependent	  magnetoreception	  experiments,	  correct	  migratory	  orientation	  only	  occurred	  

under	  low	  light	  intensities	  close	  to	  those	  found	  at	  twilight	  when	  night	  migrants	  set	  off	  on	  

their	  migratory	  paths.	  	  When	  exposed	  to	  light	  intensities	  higher	  than	  those	  found	  at	  sunset,	  

disorientation	  and	  fixed-‐direction	  responses	  were	  observed29.	  	  Fixed	  responses	  are	  non-‐

seasonal	  orientations	  in	  one	  direction,	  or	  alternatively	  along	  a	  single	  axis,	  i.e.	  with	  some	  

birds	  heading	  north	  and	  the	  others	  south.	  	  	  This	  fixed	  directional	  choice	  does	  not	  change	  

with	  season	  and	  thus	  is	  not	  reflective	  of	  normal	  migratory	  orientation.	  	  Unlike	  normal	  

compass	  orientation,	  which	  is	  an	  inclination	  magnetic	  response,	  fixed	  directions	  were	  

found	  to	  be	  polar	  magnetic	  responses30,31.	  	  This	  could	  indicate	  that	  the	  inclination	  compass	  
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is	  disabled	  under	  high	  intensity	  light,	  in	  which	  case	  the	  birds	  are	  only	  left	  with	  polarity	  

information	  from	  a	  magnetic	  map	  mechanism.	  	  	  

	  

While	  a	  change	  in	  motivation	  towards	  daytime	  activities	  could	  also	  explain	  the	  disruption	  

of	  compass	  orientation	  at	  higher	  light	  intensities,	  it	  would	  not	  explain	  a	  similar	  response	  

observed	  under	  complete	  darkness.	  	  Behavioral	  experiments	  conducted	  in	  total	  darkness	  

also	  showed	  fixed-‐direction	  responses	  that	  were	  independent	  of	  the	  inclination	  compass.	  	  

Furthermore,	  local	  anesthesia	  of	  the	  upper	  beak	  caused	  the	  migratory	  birds	  to	  become	  

completely	  disoriented32.	  	  This	  again	  implies	  that	  the	  fixed-‐directional	  response	  results	  

from	  magnetic	  information	  mediated	  by	  magnetite	  in	  the	  upper	  beak,	  while	  the	  inclination	  

compass	  is	  absent	  in	  the	  absence	  of	  light.	  

	  

Quantum-Based	  Radical	  Pair	  Mechanism	  is	  Light	  Dependent	  

As	  such,	  attention	  has	  shifted	  to,	  a	  quantum-‐based	  radical	  pair	  process,	  which	  has	  been	  

proposed	  to	  be	  the	  light-‐dependent	  mechanism	  behind	  the	  avian	  magnetic	  compass33,34.	  	  In	  

this	  model,	  light	  absorbed	  by	  photoreceptors	  in	  the	  bird’s	  eye,	  induces	  an	  electron	  transfer	  

from	  one	  molecule	  to	  another.	  	  In	  this	  way,	  the	  molecules	  are	  transformed	  into	  radicals	  that	  

each	  have	  an	  unpaired	  electron.	  	  This	  radical	  pair	  can	  exist	  in	  either	  a	  singlet	  or	  triplet	  spin	  

state,	  which	  corresponds	  to	  the	  relative	  orientations	  of	  their	  electron	  spins.	  The	  electron	  

spins	  precess	  around	  the	  net	  magnetic	  field	  established	  by	  the	  Earth	  and	  nuclear	  spin	  

environment.	  	  This	  coupling	  causes	  the	  radical	  pair	  to	  oscillate	  between	  singlet	  and	  triplet	  

quantum	  states.	  	  	  
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It	  is	  likely	  that	  one	  radical	  experiences	  a	  stronger	  coupling	  with	  surrounding	  nuclear	  spins	  

than	  the	  other	  radical	  does.	  	  Thus	  the	  geomagnetic	  field	  exerts	  an	  additional	  perturbation,	  

particularly	  on	  the	  precession	  rate	  of	  the	  electron	  spin	  that	  is	  weakly	  coupled	  to	  its	  nuclear	  

environment.	  	  In	  this	  way,	  the	  orientation	  of	  the	  geomagnetic	  field,	  relative	  to	  fixed	  nuclear	  

spins,	  affects	  the	  interconversion	  dynamics	  between	  quantum	  states.	  	  Being	  highly	  reactive,	  

the	  radical	  pair	  eventually	  recombines	  into	  reaction	  products	  that	  reflect	  the	  final	  spin	  

state	  that	  it	  was	  in.	  	  Consequently,	  by	  altering	  the	  oscillation	  between	  quantum	  spin	  states,	  

the	  orientation	  of	  the	  geomagnetic	  field	  affects	  the	  reaction	  rates	  and	  product	  yields	  of	  

radical	  pairs.	  	  Fluctuations	  in	  product	  yields	  are	  in	  tern	  signaled	  to	  the	  brain	  along	  a	  visual	  

transduction	  pathway.	  	  In	  this	  way,	  the	  bird	  experiences	  different	  visual	  modulation	  

patterns	  as	  it	  looks	  in	  different	  directions	  relative	  to	  the	  ambient	  field.	  	  	  

	  

Evidence	  Supporting	  the	  Radical	  Pair	  Mechanism	  (RPM)	  

Three	  key	  findings	  strongly	  implicate	  the	  radical	  pair	  mechanism	  in	  magnetoreception.	  	  

The	  first	  is	  that	  the	  avian	  magnetic	  compass	  is	  not	  only	  sensitive	  to	  light	  intensity,	  but	  also	  

to	  light	  wavelength.	  	  Migrant	  birds	  are	  able	  to	  orient	  normally	  under	  monochromatic	  blue	  

and	  green	  light,	  but	  experience	  complete	  disorientation	  when	  exposed	  to	  yellow	  or	  red	  

light35,36.	  	  	  

	  

This	  sensitivity	  of	  the	  magnetic	  compass	  to	  blue	  light	  has	  direct	  implications	  for	  the	  second	  

discovery	  of	  blue-‐light	  photoreceptor	  proteins,	  known	  as	  cryptochromes,	  fixed	  within	  the	  

retina	  of	  the	  bird’s	  eye37,38.	  	  	  Cryptochromes,	  which	  have	  flavin	  adenine	  dinucleotide	  (FAD)	  

as	  a	  photoactive	  chromophore,	  are	  the	  only	  molecules	  in	  birds	  known	  to	  form	  radical	  
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pairs39,40.	  	  Furthermore,	  cryptochrome	  in	  plants	  has	  been	  shown	  to	  mediate	  magnetic	  field	  

processes.	  	  These	  plants	  experienced	  retarded	  growth	  in	  fields	  ten	  times	  the	  geomagnetic	  

field	  strength,	  if	  they	  were	  raised	  under	  blue	  light.	  	  This	  effect	  was	  not	  observed,	  in	  red	  

light	  or	  darkness,	  nor	  in	  plants	  that	  did	  not	  possess	  cryptochrome41.	  	  Thus,	  cryptochrome	  is	  

suspected	  to	  be	  the	  molecular	  site	  of	  magnetically	  sensitive	  radical-‐pair	  reactions	  in	  the	  

quantum	  model	  of	  magnetoreception.	  

	  

The	  third	  finding	  reveals	  a	  visual	  transduction	  pathway	  by	  which	  magnetic	  signaling	  effects	  

in	  the	  retina	  may	  be	  transmitted	  to	  the	  brain	  for	  neural	  processing.	  	  The	  ‘cluster	  N’	  brain	  

region	  was	  found	  to	  be	  specifically	  active	  in	  the	  night	  vision	  of	  night-‐migrating	  songbirds,	  

but	  not	  in	  non-‐migrating	  birds.	  	  Located	  in	  the	  hypothalamus	  at	  the	  dorsal	  surface	  of	  the	  

brain,	  cluster	  N	  is	  connected	  to	  the	  bird’s	  eye	  via	  a	  known	  visual	  pathway.	  	  Consequently,	  

neuronal	  activity	  in	  cluster	  N	  ceased	  when	  the	  birds	  had	  both	  eyes	  covered42.	  	  Later	  

experiments	  found	  that	  following	  bilateral	  lesions	  of	  the	  cluster	  N	  region,	  night	  migrants	  

lost	  their	  compass	  orientating	  ability,	  but	  could	  still	  navigate	  using	  star	  and	  sun	  cues43.	  

	  

RF	  Diagnostic	  Tool	  Further	  Supports	  the	  RPM	  

Thus,	  the	  fundamental	  components	  of	  a	  quantum-‐based	  chemical	  compass	  are	  largely	  

supported	  by	  experimental	  observations.	  	  However,	  to	  further	  distinguish	  this	  model	  from	  

a	  magnetite	  system,	  as	  the	  basis	  for	  the	  magnetic	  compass,	  several	  experiments	  have	  

employed	  radio	  frequencies	  as	  an	  indirect	  diagnostic	  tool.	  	  The	  radical	  pair	  model	  predicts	  

that	  the	  avian	  magnetic	  compass	  would	  be	  disabled	  in	  an	  environment	  of	  oscillating	  

magnetic	  fields	  superimposed	  with	  the	  static	  geomagnetic	  field34,44.	  	  At	  the	  low	  radio	  
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frequency	  range,	  an	  oscillating	  field	  in	  resonance	  with	  the	  splitting	  between	  spin	  states	  

would	  drive	  singlet-‐triplet	  interconversions	  and	  disrupt	  a	  radical-‐pair	  mechanism45.	  	  In	  

addition,	  the	  alignment	  of	  the	  oscillating	  field	  with	  respect	  to	  the	  static	  field	  would	  also	  

affect	  the	  frequencies	  at	  which	  the	  radical-‐pair	  reaction	  is	  perturbed46.	  	  Conversely,	  

magnetite	  particles	  should	  not	  experience	  alignment	  disruptions	  in	  such	  weak	  oscillating	  

fields,	  thus	  leaving	  a	  magnetite-‐based	  system	  unaffected47.	  

	  

The	  results	  of	  these	  experiments	  showed	  that	  migratory	  birds	  exhibited	  normal	  orientation	  

in	  oscillating	  fields	  of	  7	  MHz	  and	  1.315	  MHz	  that	  were	  parallel	  to	  the	  geomagnetic	  field.	  	  	  

However,	  as	  predicted	  by	  the	  radical	  pair	  model,	  these	  birds	  were	  disoriented	  when	  these	  

resonant	  oscillating	  fields	  were	  presented	  at	  an	  angle	  of	  24°	  with	  respect	  to	  the	  static	  

field46,48.	  	  The	  strong	  resonance	  at	  the	  Larmor	  frequency	  of	  1.315	  MHz,	  the	  frequency	  at	  

which	  the	  electron	  spin	  precesses,	  suggests	  one	  radical	  experiences	  negligible	  electron-‐

nuclear	  spin	  interactions.	  	  Normal	  orientation	  was	  therefore	  restored	  for	  oscillating	  fields	  

at	  lower,	  non-‐resonant	  frequencies	  of	  0.01	  MHz	  and	  0.03	  MHz,	  presented	  at	  24°	  angles	  to	  

the	  ambient	  field.	  	  Increasing	  to	  0.1	  MHz	  and	  0.5	  MHz,	  a	  weak	  fixed	  axial	  response	  was	  

observed,	  suggesting	  the	  magnetic	  compass	  began	  to	  reach	  the	  limits	  of	  its	  operational	  

range	  as	  resonance	  was	  approached.	  

	  

Also,	  as	  predicted	  by	  the	  radical	  pair	  model,	  doubling	  the	  static	  field	  strength	  resulted	  in	  a	  

shift	  in	  the	  resonance	  frequency	  response	  to	  twice	  its	  original	  value,	  i.e.	  from	  1.315	  MHz	  to	  

2.63	  MHz.	  	  The	  observed	  resonance	  effects	  point	  to	  FAD	  and	  superoxide	  as	  the	  most	  likely	  

radical	  pair	  formed	  in	  cryptochrome,	  since	  superoxide	  experiences	  no	  electron-‐nuclear	  
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spin	  interactions.	  	  The	  strong	  agreement	  between	  these	  experimental	  observations	  and	  the	  

resonance	  effects	  predicted	  by	  the	  radical	  pair	  model	  are	  quite	  compelling.	  	  Radio	  

frequency	  tests	  may	  not	  exclude	  the	  possibility	  of	  a	  super-‐paramagnetic	  system	  that	  re-‐

magnetizes	  quickly.	  	  However,	  taken	  together	  with	  the	  light-‐dependent	  nature	  of	  the	  

magnetic	  compass,	  these	  results	  strongly	  point	  towards	  a	  quantum-‐based	  radical	  pair	  

mechanism	  in	  migrant	  bird	  orientation.	  

	  

It	  is	  clear	  that	  attempts	  to	  explain	  the	  magnetic	  sense	  through	  purely	  classical	  processes	  

have	  fallen	  short	  of	  providing	  a	  comprehensive	  description	  of	  the	  avian	  magnetic	  compass.	  	  

At	  the	  same	  time	  a	  growing	  body	  of	  experimental	  and	  theoretical	  evidence	  suggests	  that	  

investigations	  in	  quantum	  biology	  may	  hold	  answers	  to	  the	  mystery	  of	  magnetoreception.	  	  

If	  proven	  correct,	  the	  quantum-‐based	  radical	  pair	  model	  could	  illuminate	  our	  

understanding	  of	  how	  biological	  systems	  have	  evolved	  to	  optimize	  magnetic	  sensing	  

through	  the	  control	  of	  quantum	  spin	  states.	  	  This	  question	  has	  broad	  implications	  to	  other	  

scientific	  fields	  that	  are	  seeking	  to	  control	  quantum	  coherence	  in	  physical	  and	  

computational	  systems.	  
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CHAPTER	  2:	  	  The	  Chemical	  Compass	  Mechanism	  

	  

The	  proposal	  of	  a	  chemical	  compass	  by	  Schulten	  and	  Ritz49,50	  is	  predicated	  on	  the	  

observation	  that	  certain	  photoreceptors	  undergo	  magnetically	  sensitive	  chemical	  reactions	  

upon	  illumination.	  	  That	  is	  to	  say	  that	  the	  products	  of	  these	  reactions	  fluctuate	  

corresponding	  to	  the	  receptor’s	  alignment	  within	  an	  external	  magnetic	  field.	  	  Neural	  

receptors	  would	  then	  interpret	  these	  fluctuating	  concentrations	  as	  magnetic	  information,	  

which	  could	  then	  be	  transduced	  along	  a	  neural	  pathway	  allowing	  a	  visual	  image	  to	  arise.	  

Three	  important	  experimental	  and	  theoretical	  results	  led	  support	  to	  the	  chemical	  compass	  

model.	  	  The	  finding	  that	  the	  biological	  compass	  in	  migratory	  birds	  is	  disabled	  under	  certain	  

light	  conditions,	  gives	  support	  to	  a	  photo-‐induced	  chemical	  compass	  mechanism.	  	  The	  

discovery	  of	  a	  magnetically	  sensitive	  photoreceptor	  within	  the	  bird’s	  eye	  further	  

strengthens	  this	  support.	  	  And	  finally,	  a	  generalized	  theory	  of	  signal	  transduction	  for	  the	  

chemical	  compass.	  	  The	  following	  sections	  will	  explore	  the	  research	  developments	  in	  each	  

of	  these	  aspects	  of	  the	  chemical	  compass	  theory.	  	  

	  

Biological	  Compass	  Light	  Dependency	  

	  

Numerous	  behavioral	  experiments	  on	  migratory	  birds	  have	  been	  conducted	  under	  various	  

light	  conditions51.	  	  The	  birds	  are	  tested	  individually	  in	  a	  funnel	  cage	  lined	  with	  scratch	  

paper	  during	  the	  migratory	  season,	  when	  they	  are	  strongly	  motivated	  to	  fly	  in	  the	  direction	  
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of	  their	  migratory	  path.	  	  The	  cage	  is	  then	  lit	  under	  varying	  conditions.	  	  Experiments	  under	  

monochromatic	  light	  reveal	  the	  biological	  compass	  is	  disabled	  under	  long	  wavelength	  light.	  	  	  

Specifically,	  the	  birds	  are	  able	  to	  identify	  their	  correct	  migratory	  direction	  under	  UV,	  blue,	  

or	  green	  light,	  showing	  a	  strong	  preference	  for	  flight	  in	  that	  direction.	  	  However,	  under	  

yellow	  or	  red	  light,	  their	  flight	  directions	  are	  random	  and	  directionless,	  suggesting	  a	  loss	  of	  

magnetic	  orientation	  capability.	  	  In	  short,	  birds	  do	  not	  appear	  to	  orient	  at	  wavelengths	  

above	  570	  nm52,53.	  	  Such	  a	  phenomenon,	  could	  be	  explained	  by	  a	  chemical	  compass	  based	  

on	  a	  photoreceptor	  that	  absorbs	  within	  this	  short	  wavelength	  spectrum,	  such	  as	  

cryptochrome.	  

	  

A	  result	  that	  has	  hitherto	  been	  less	  easily	  explained	  is	  that	  migratory	  birds	  also	  become	  

disoriented	  in	  light	  intensities	  much	  stronger	  than	  that	  under	  which	  they	  typically	  orient.	  	  

The	  majority	  of	  behavior	  experiments	  have	  been	  performed	  on	  night	  migrants	  who	  set	  out	  

on	  their	  migratory	  paths	  at	  twilight.	  	  Intensities	  of	  this	  magnitude	  range	  from	  around	  3	  -‐	  22	  

x	  1011	  photons	  s-‐1	  cm-‐2	  as	  seen	  in	  figure	  1.	  	  	  These	  same	  birds	  become	  disoriented	  in	  

somewhat	  brighter	  monochromatic	  light	  of	  26	  x	  1011	  photons	  s-‐1	  cm-‐2	  and	  above.	  
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Figure	  1.	  	  Experimental	  Light	  Effects.	  	  Migratory	  bird	  orientation	  behavior	  under	  
monochromatic	  light	  conditions	  of	  varying	  wavelengths	  and	  intensities.	  	  Solid	  triangles	  
indicate	  proper	  orientation	  under	  the	  specified	  light	  conditions.	  	  Open	  triangles	  and	  circles	  
indicate	  improper	  orientation	  (fixed	  response	  and	  disorientation	  respectively)54.	  
	  

Photoreceptors	  do	  not	  generally	  function	  within	  such	  a	  narrow	  intensity	  band.	  	  The	  

prevailing	  logic	  assumed	  stronger	  light	  would	  simply	  yield	  a	  stronger	  signal	  from	  photo-‐

induced	  chemical	  reactions.	  	  This	  work	  elucidates	  a	  possible	  origin	  of	  such	  intensity	  

dependence	  as	  arising	  form	  the	  specific	  photocycle	  and	  signaling	  state	  of	  cryptochrome,	  

thus	  making	  a	  significant	  contribution	  to	  the	  ongoing	  debate	  about	  these	  aspects	  of	  the	  

theory.	  
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With	  the	  goal	  of	  identifying	  the	  biological	  site	  of	  the	  chemical	  compass,	  modeling	  the	  

predicted	  signaling	  of	  candidate	  photoreceptors	  under	  different	  light	  conditions	  and	  

comparing	  those	  results	  to	  light	  effects	  seen	  in	  behavioral	  experiments,	  becomes	  a	  useful	  

tool.	  	  In	  this	  work,	  we	  find	  that	  the	  expected	  signaling	  from	  a	  cryptochrome	  photoreceptor	  

aligns	  well	  with	  experimental	  light	  effects	  only	  under	  certain	  photocycle	  and	  signaling	  state	  

conditions	  that	  are	  currently	  being	  debated.	  

	  

Cryptochrome	  Functioning	  under	  Magnetic	  and	  Light	  Effects	  

	  

As	  researchers	  continue	  their	  search	  for	  the	  biological	  site	  that	  could	  underlie	  the	  chemical	  

compass,	  significant	  attention	  has	  been	  given	  to	  the	  cryptochrome	  photoreceptor	  protein.	  	  

Of	  all	  photoreceptors	  considered,	  including	  rhodpsin,	  melanospsin,	  and	  cone	  pigments55,	  

cryptochrome	  is	  the	  only	  one	  to	  possess	  all	  the	  criteria	  necessary	  for	  a	  functioning	  

biochemical	  compass	  –	  fixed	  orientation,	  blue-‐green	  light	  sensitivity,	  formation	  of	  

magnetically	  sensitive	  radical	  pairs	  under	  illumination,	  ability	  to	  bind	  to	  signaling	  

molecules.	  

	  

The	  cryptochrome	  photoreceptor	  absorbs	  light	  primarily	  within	  the	  blue-‐green	  region	  of	  

the	  electromagnetic	  spectrum,	  as	  is	  seen	  in	  behavioral	  experiments	  as	  the	  wavelengths	  at	  

which	  orientation	  occurs.	  	  Similar	  to	  other	  signaling	  proteins,	  cryptochrome’s	  two	  domain	  

structure	  provides	  one	  site	  for	  binding	  to	  light	  sensing	  chromophores,	  like	  FAD,	  and	  

another	  for	  binding	  to	  signaling	  molecules.	  	  	  
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Cryptochrome	  regulates	  various	  biological	  functions	  in	  numerous	  biological	  species.	  	  

Numerous	  in	  vivo	  experiments	  suggest	  that	  the	  functioning	  of	  cryptochrome	  in	  these	  

organisms	  is	  not	  just	  light	  dependent,	  but	  also	  dependent	  on	  external	  magnetic	  conditions.	  

	  

Identified	  within	  retinal	  ganglion	  cells	  within	  the	  bird	  eye56,	  the	  cry	  1	  gene	  of	  cryptochrome	  

was	  found	  to	  have	  high	  expression	  and	  neural	  activity	  during	  magnetic	  orientation57.	  	  

Cellular	  activity	  in	  non-‐migratory	  birds,	  by	  contrast	  exhibited	  no	  cry	  1	  gene	  expression	  

with	  insignificant	  neural	  activity.	  	  These	  results	  suggest	  a	  correlation	  between	  magnetic	  

sensing	  and	  cryptochrome	  gene	  expression.	  

	  

Cryptochrome	  also	  regulates	  circadian	  clock	  rhythms,	  in	  numerous	  organisms.	  	  In	  daylight,	  

cryptochrome	  slows	  circadian	  clock	  rhythms	  in	  Drosophila	  fruit	  flies.	  	  In	  the	  presence	  of	  an	  

externally	  applied	  magnetic	  field,	  this	  slowing	  was	  intensified	  by	  blue	  light	  exposure,	  but	  

unaffected	  by	  red	  light58.	  	  These	  magnetic	  effects	  were	  stronger	  in	  mutant	  flies	  with	  over	  

expressed	  cryptochrome,	  while	  absent	  in	  cryptochrome	  or	  flavin	  deficient	  flies.	  

	  

Other	  fruit	  fly	  experiments	  observed	  proper	  orientation	  within	  an	  externally	  applied	  

magnetic	  field	  under	  short	  wavelength,	  but	  not	  long	  wavelength	  light59.	  	  	  

Similarly,	  cryptochrome	  deficient	  flies	  were	  disoriented	  under	  all	  light	  conditions	  

suggesting	  cryptochromes	  mediation	  of	  light	  dependent	  magnetic	  sensing.	  

	  

In	  Arabidopsis	  thaliana	  plants,	  the	  cry1	  and	  cry2	  genes	  of	  retards	  hypocotyl	  (seedling	  stem)	  

growth	  and	  intensifies	  anthocyanin	  (pigment)	  accumulation.	  	  Both	  functions	  were	  found	  to	  
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be	  enhanced	  with	  increased	  magnetic	  field	  strength	  under	  blue	  light,	  but	  not	  in	  darkness,	  

red	  light,	  or	  cry	  gene	  deficient	  mutants60.	  	  The	  effect	  was	  not	  seen	  on	  stem	  growth	  in	  

darkness,	  red	  light,	  or	  cryptochrome	  deficient	  plants.	  

	  

These	  in	  vivo	  results	  in	  birds,	  insects,	  and	  plants	  suggests	  the	  light	  induced	  chemistry	  of	  

cryptochrome	  in	  some	  way	  mediates	  magnetic	  sensitivity	  within	  the	  protein.	  	  Further	  

isolation	  of	  these	  effects	  between	  flavin	  abundant	  versus	  deficient	  groups,	  suggests	  the	  

photochemistry	  on	  flavin	  is	  possible	  source	  of	  this	  magnetic	  sensitivity.	  

	  

Magnetic	  Sensitivity	  of	  Flavin	  Adenine	  Dinucleotide	  

	  
Magnetic	  sensitivity	  in	  cryptochrome	  likely	  arises	  from	  the	  flavin	  adenine	  dinucleotide	  

(FAD)	  light	  sensing	  chromophore.	  	  FAD	  has	  been	  observed	  to	  form	  magnetically	  sensitive	  

radical	  pairs.	  	  A	  radical	  is	  a	  molecule	  that	  has	  a	  lone	  unpaired	  electron.	  	  Numerous	  in	  vitro	  

experiments	  have	  documented	  flavin	  radical	  pair	  formation	  with	  a	  tryptophan	  radical.	  	  	  

Magnetic	  sensitivity	  of	  the	  flavin-‐tryptophan	  radical	  pair	  was	  observed	  under	  a	  28	  mT	  

applied	  magnetic	  field,	  which	  resulted	  in	  a	  10-‐20%	  suppression	  of	  reaction	  products61.	  

	  

Other	  investigations	  have	  documented	  flavin	  radical	  pair	  formation	  with	  superoxide62.	  	  

While	  magnetic	  sensitivity	  in	  a	  flavin-‐superoxide	  radical	  pair	  is	  theoretically	  possible,	  such	  

sensitivity	  has	  yet	  to	  be	  observed	  experimentally.	  	  Directional	  magnetic	  sensitivity	  of	  

radical	  pairs	  has	  also	  been	  experimentally	  demonstrated,	  though	  not	  for	  flavin	  pairs63.	  	  And	  

while	  the	  afore	  mentioned	  studies	  observed	  magnetic	  field	  effects	  at	  field	  strengths	  far	  
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greater	  that	  that	  of	  the	  geomagnetic	  field	  (50	  μT),	  one	  recent	  study	  found	  directional	  

magnetic	  sensitivity	  in	  a	  photochemically	  created	  radical	  pair,	  carotenoid-‐porphyrin-‐

fullerene64.	  

	  

The	  fluctuating	  reaction	  products	  of	  radical	  pairs	  sensitive	  to	  magnetic	  field	  orientations,	  

constitute	  magnetic	  information	  that	  can	  be	  communication	  through	  fluctuating	  binding	  

activity	  with	  signaling	  partners	  and	  neural	  receptors.	  	  The	  Weaver	  model,	  subsequently	  

discussed,	  provides	  a	  general	  framework	  for	  how	  such	  signal	  transduction	  processes	  might	  

occur.	  

	  

Biochemical	  Compass	  Signal	  Transduction	  Model	  

	  

Proposed	  in	  2000,	  the	  Weaver	  model	  of	  signal	  transduction	  defines	  signaling	  as	  a	  function	  

of	  the	  chemical	  fluctuations	  that	  result	  for	  magnitude	  changes	  in	  an	  external	  magnetic	  

field65.	  	  While	  his	  treatment	  considers	  magnetic	  field	  affects	  attributable	  to	  changes	  in	  field	  

strength,	  he	  also	  illustrates	  that	  the	  mathematical	  formulism	  is	  transferrable	  to	  directional	  

changes,	  without	  loss	  of	  generality.	  	  The	  model	  aims	  to	  discern	  if	  such	  a	  signal	  can	  

overcome	  molecular	  shot	  noise	  to	  be	  discerned.	  	  In	  this	  model,	  the	  magnetically	  sensitive	  

reaction	  product	  takes	  the	  form	  of	  a	  ligand	  molecule	  L,	  that	  is	  produced	  by	  a	  cell	  which	  

functions	  as	  the	  chemical	  compass.	  	  When	  the	  ligand	  binds	  to	  a	  free	  neural	  receptor,	  Rf	  ,	  the	  

subsequent	  percentage	  of	  bound	  receptors,	  Rb,	  constitutes	  the	  transference	  of	  magnetic	  

information	  along	  a	  neural	  pathway.	  
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A	  dynamic	  equilibrium	  is	  established	  among	  these	  three	  factors,	  	  

	  

governed	  by	  a	  forward,	  kf,	  and	  backward,	  kr,	  reaction	  rate,	  which	  can	  be	  defined	  by	  a	  

dissociation	  constant	  KD	  =	  kr/kf	  that	  determines	  receptor	  binding.	  

	  

Ligand	  production	  is	  magnetically	  sensitive	  with	  a	  production	  rate	  of	  km(B).	  	  Ligands	  are	  

removed	  from	  the	  region	  to	  a	  downstream	  resevoir	  at	  a	  rate	  kp.	  

The	  magnetically	  sensitive	  rate	  of	  ligand	  production	  is	  given	  by	  km(B)	  while	  kp	  is	  the	  rate	  of	  

ligand	  removal	  via	  a	  downstream	  passive	  permeability	  that	  acts	  as	  a	  degradative	  sink.	  	  At	  

any	  given	  time,	  ligand	  concentration	  is	  also	  a	  function	  of	  the	  number	  of	  productive	  cell,	  the	  

substrate	  concentration,	  Cs.	  

	   	   	   	   	   	  

The	  production	  rate	  under	  a	  magnetic	  field	  effect	  ΔB	  <<	  BEarth	  is	  given	  my	  a	  first	  order	  

expansion	  of	  km(B)	  about	  an	  initial	  operating	  point	  field	  strength,	  km,op	  =	  km(BEarth)	  as	  

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	  measures	  the	  chemical	  change	  expected	  from	  a	  given	  field	  strength,	  and	  is	  

maximized	  at	  g1≈	  100T-‐1.	  	  	  

The	  signal	  arising	  from	  a	  chemical	  compass	  is	  then	  a	  function	  of	  the	  number	  of	  neural	  

receptors	  bound	  to	  ligands.	  	  In	  equilibrium	  this	  average	  number	  of	  bound	  receptors	  is	  

given	  by	  a	  binomial	  distribution	  
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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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where	  RT	  is	  the	  total	  number	  of	  free	  and	  bound	  receptors	  occupying	  a	  local	  cellular	  volume,	  

where	  q	  =	  KD/Cs.	  	  The	  variance	  of	  the	  binomial	  distribution	  represents	  the	  molecular	  shot	  

noise	  as	  

.	  

The	  signal	  that	  must	  overcome	  this	  noise	  for	  a	  functioning	  compass,	  is	  simply	  the	  

difference	  between	  the	  number	  of	  bound	  receptors	  at	  the	  operating	  point	  versus	  after	  

some	  perturbative	  magnetic	  field	  effect.	  

	  

A	  signal-‐to-‐noise	  ratio	  can	  be	  simplified	  to	  be	  expressed	  as	  

	  

where,	  a	  value	  of	  one	  represents	  the	  threshold	  for	  a	  functioning	  chemical	  compass.	  	  Light	  

conditions	  and	  magnetic	  field	  effects	  that	  produce	  a	  signal-‐to-‐noise	  ratio	  greater	  than	  one	  

represent	  parameters	  under	  which	  proper	  orientation	  by	  the	  chemical	  compass	  would	  

occur.	  

L = kmHBL
kp

Cs, 
production rate
removal rate

(substrate concentration)

km,op = km(Bearth) ,   B = Bearth + DB

Expansion about the operating point Bearth:

km(B) º km,op(1 + g1DB),   g1º 100 T-1

Rb = RT
1+q

,  q ª KD
CL

S ª Rb - Rb,op º g1DB 
qop

I1+qopM
2 RT

N ª dRb,opº 
qop

I1+qopM
2 RT

S
N

 = g1DB 
qop

I1+qopM
2 RT

Printed by Mathematica for Students

L = kmHBL
kp

Cs, 
production rate
removal rate

(substrate concentration)

km,op = km(Bearth) ,   B = Bearth + DB

Expansion about the operating point Bearth:

km(B) º km,op(1 + g1DB),   g1º 100 T-1

Rb = RT
1+q

,  q ª KD
CL

S ª Rb - Rb,op º g1DB 
qop

I1+qopM
2 RT

N ª dRb,opº 
qop

I1+qopM
2 RT

S
N

 = g1DB 
qop

I1+qopM
2 RT

Printed by Mathematica for Students

L = kmHBL
kp

Cs, 
production rate
removal rate

(substrate concentration)

km,op = km(Bearth) ,   B = Bearth + DB

Expansion about the operating point Bearth:

km(B) º km,op(1 + g1DB),   g1º 100 T-1

Rb = RT
1+q

,  q ª KD
CL

S ª Rb - Rb,op º g1DB 
qop

I1+qopM
2 RT

N ª dRb,opº 
qop

I1+qopM
2 RT

S
N

 = g1DB 
qop

I1+qopM
2 RT

Printed by Mathematica for Students

L = kmHBL
kp

Cs, 
production rate
removal rate

(substrate concentration)

km,op = km(Bearth) ,   B = Bearth + DB

Expansion about the operating point Bearth:

km(B) º km,op(1 + g1DB),   g1º 100 T-1

Rb = RT
1+q

,  q ª KD
CL

S ª Rb - Rb,op º g1DB 
qop

I1+qopM
2 RT

N ª dRb,opº 
qop

I1+qopM
2 RT

S
N

 = g1DB 
qop

I1+qopM
2 RT

Printed by Mathematica for Students



21	  
	  

CHAPTER	  6:	  	  Model	  of	  a	  Cryptochrome-Based	  Compass	  

	  

The	  goal	  of	  the	  work	  presented	  in	  this	  dissertation	  has	  been	  three-‐fold:	  

1. Quanlify	  a	  biologically	  feasible	  mechanism	  by	  which	  cryptochrome	  could	  signal	  

magnetic	  information	  along	  a	  neural	  pathway.	  

2. Quantify	  the	  threshold	  for	  the	  functioning	  of	  a	  cryptochrome-‐based	  chemical	  

compass	  under	  reasonable	  physiological	  conditions.	  

3. Elucidate	  which	  magnetically	  sensitive	  reactions	  and	  signaling	  state	  might	  most	  

contribute	  to	  observed	  light	  effects?	  	  

	  

The	  signal	  transduction	  model	  developed	  here,	  is	  an	  application	  of	  the	  generalized	  Weaver	  

model	  adapted	  to	  the	  specific	  biology	  of	  the	  cryptochrome.	  	  In	  agreement	  with	  the	  Weaver	  

model,	  it	  is	  assumed	  that	  the	  orientation	  of	  a	  cryptochrome-‐based	  biochemical	  compass	  

should	  be	  fixed	  within	  a	  cellular	  membrane,	  in	  order	  to	  provide	  a	  reference	  direction	  with	  

respect	  to	  the	  geomagnetic	  field.	  	  Indeed,	  fixed	  cryptochrome	  proteins	  have	  been	  found	  to	  

permeate	  the	  membranes	  of	  cone	  cells	  within	  the	  retina	  of	  the	  bird	  eye66,67.	  

	  

As	  depicted	  in	  figure	  2,	  Cryptochrome	  has	  a	  two	  domain	  structure.	  	  The	  N-‐terminal	  domain	  

binds	  to	  light	  sensing	  chromophores,	  such	  as	  flavin	  adenine	  dinucleotide	  (FAD),	  which	  

absorbs	  blue-‐green	  light.	  	  The	  C-‐terminal	  domain	  binds	  to	  signaling	  partners.	  	  The	  

photochemistry	  of	  flavin	  has	  been	  well	  documented	  and	  is	  known	  to	  primarily	  exist	  in	  one	  

of	  three	  redox	  states:	  	  fully	  oxidized,	  FAD,	  one-‐electron	  semireduced	  semiquinone,	  FADH,	  

and	  two-‐electron	  fully	  reduced	  hydroquinone,	  FADH-‐.	  	  The	  flavin	  rests	  in	  the	  FAD	  state	  
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under	  darkness,	  but	  then	  transitions	  to	  the	  other	  states	  upon	  illumination.	  	  The	  FADH	  state	  

induces	  a	  conformational	  change	  in	  the	  C-‐terminal	  of	  cryptochrome,	  which	  allows	  binding	  

with	  a	  signaling	  partner68,69.	  	  In	  accordance	  with	  the	  Weaver	  model,	  this	  binding	  is	  

assumed	  to	  be	  with	  a	  yet	  unknown	  ligand.	  	  Binding	  is	  assumed	  to	  activate	  the	  ligand,	  

inducing	  a	  conformational	  change	  or	  electro-‐chemical	  change,	  which	  gives	  it	  an	  affinity	  for	  

binding	  with	  a	  neural	  receptor.	  	  The	  ligand	  activation	  rate	  replaces	  the	  production	  rate	  in	  

the	  Weaver	  treatment.	  	  This	  activation	  rate	  is	  given	  a	  1-‐to-‐1	  correspondence	  with	  the	  

number	  of	  cryptochromes	  in	  the	  semi-‐reduced	  flavin	  signaling	  state.	  

	  

Figure	  2.	  	  Cryptochrome	  Model	  of	  Signal	  Transduction.	  	  Cylindrical	  cone	  cells	  line	  the	  retina	  
of	  the	  bird	  eye.	  	  Cryptochromes	  are	  fixed	  within	  the	  cell	  membrane	  depicted	  as	  black	  dots.	  	  
In	  the	  dark,	  cryptochrome	  flavin	  exists	  in	  the	  FAD	  redox	  state,	  but	  upon	  illumination	  can	  
transitions	  to	  FADH	  and	  FADH-‐	  redox	  states.	  	  Only	  the	  signaling	  state,	  FADH,	  creates	  a	  
conformational	  change	  in	  the	  cryptochrome	  C-‐terminal	  that	  allows	  it	  to	  bind	  and	  activate	  a	  
ligand.	  	  Subsequently	  binding	  with	  a	  neural	  receptor	  completes	  the	  signal	  transduction	  
process	  whereby	  the	  number	  of	  bound	  receptors	  corresponds	  to	  the	  signaling	  state	  
concentration,	  which	  is	  sensitive	  to	  magnetic	  effects.	  
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The	  flavin	  ground	  state	  FAD	  absorbs	  primarily	  in	  the	  blue	  region	  of	  the	  electromagnetic	  

spectrum	  (figure	  3).	  	  Upon	  illumination	  flavin	  is	  reduced	  to	  FADH,	  which	  itself	  also	  absorbs	  

strongly	  in	  the	  green	  region	  of	  the	  electromagnetic	  spectrum70,.	  	  Thus	  the	  wavelength	  and	  

intensity	  of	  light	  determines	  the	  rates	  at	  which	  FAD	  is	  converted	  to	  the	  other	  states.	  	  	  

	  

Figure	  3.	  	  Two	  State	  Absorption	  Spectra.	  	  Fully	  oxidized	  flavin	  FAD	  (blue)	  and	  semi-‐reduced	  
flavin	  FADH	  in	  neutral	  form(green)70,71.	  
	  

Estimation	  of	  Light	  Dependent	  Kinetic	  Rates	  

In	  the	  model	  described	  here	  the	  rates	  at	  which	  fully	  oxidized	  flavin	  is	  semi-‐	  and	  then	  fully-‐

reduced	  are	  estimated	  as	  follows,	  

	   	   	  

where	  AFADox	  and	  AFADsq	  are	  the	  absorption	  spectra	  of	  the	  semi-‐	  and	  fully-‐reduced	  states	  

respectively.	  	  This	  treatment	  is	  only	  an	  approximation	  of	  the	  rates	  using	  available	  data.	  	  

More	  accurate	  rates	  are	  calculated	  as	  k(λ)	  =	  I’	  σ(λ),	  the	  light	  intensity	  multiplied	  by	  the	  
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photoconversion	  cross-‐section	  σ(λ)	  =	  2.3	  ε(λ)	  ϕ(λ).	  	  The	  extinction	  coefficient,	  ε(λ),	  is	  given	  

by	  the	  Beer-‐Lambert	  Law	  of	  absorption	  A(λ)	  =	  d	  ε(λ)	  c,	  where	  c	  is	  the	  concentration	  of	  

cryptochrome	  and	  d	  the	  path	  length	  light	  travels	  through	  the	  cell.	  	  The	  quantum	  yield,	  ϕ(λ),	  

is	  the	  ratio	  of	  the	  number	  of	  cryptochrome	  undergoing	  redox	  state	  conversion	  to	  the	  

number	  of	  photons	  absorbed	  by	  the	  photoreactive	  substance.	  	  	  

	  

Only	  recently	  have	  in	  vitro	  and	  in	  vivo	  measurements	  of	  flavin	  state	  quantum	  yields	  been	  

obtained	  for	  λ=450	  blue	  and	  λ=560	  green	  light72.	  	  However,	  the	  estimates	  vary	  widely	  

between	  three	  orders	  of	  magnitude	  from	  2.13	  x	  101	  to	  1.4	  x	  10-‐2	  for	  φ(λ=450).	  	  We	  assume	  

a	  quantum	  yield	  of	  1.2	  x	  10-‐3	  molFAD/molphotons	  at	  450	  nm	  wavelength.	  To	  align	  our	  

approximated	  rates	  to	  the	  intensities	  observed	  in	  behavioral	  experiments	  the	  following	  

conversion	  was	  utilized:	  I	  A(λ)	  =	  I’	  σ(λ)	  =	  I’	  (2.3	  ε	  φ);	  I	  =	  2.3φ/[C]d,	  where	  [C]	  =	  2.6	  x	  10-‐5	  

(mol/m3)	  is	  the	  cryptochrome	  concentration	  and	  d	  =	  4	  x	  10-‐6	  the	  cell	  diameter.	  

	  

Estimation	  of	  Magnetically	  Dependent	  Kinetic	  Rates	  

While	  the	  forward	  reduction	  rates	  are	  dependent	  on	  light	  conditions,	  two	  backward	  re-‐

oxidation	  rates	  are	  potentially	  magnetically	  sensitive	  (figure	  4).	  	  This	  magnetic	  sensitivity	  

arises	  from	  flavin’s	  ability	  to	  form	  radical	  pairs	  whose	  quantum	  spin	  dynamics	  are	  

dependent	  upon	  orientation	  angle	  within	  an	  external	  field.	  	  	  
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Figure	  4.	  	  Three	  State	  Photocycle	  of	  Flavin	  Adenine	  Dinucleotide.	  	  	  From	  the	  FAD	  ground	  
states,	  forward	  reduction	  rates	  are	  light	  dependent,	  while	  backward	  re-‐oxidation	  rates	  are	  
potentially	  magnetic	  field	  dependent.	  
	  

A	  radical	  is	  a	  molecule	  that	  has	  one	  lone,	  unpaired	  electron.	  	  This	  electron	  will	  precess	  

about	  a	  magnetic	  field	  vector	  that	  is	  the	  resultant	  of	  the	  geomagnetic	  field	  vector	  and	  the	  

internal	  field	  of	  nuclear	  spins	  (except	  for	  superoxide	  which	  has	  no	  nuclear	  spin	  

environment).	  	  When	  a	  radical	  pair	  is	  formed,	  the	  electron	  spins	  of	  each	  radical	  are	  created	  

in	  a	  spin-‐correlated	  quantum	  state	  of	  either	  singlet	  or	  triplet.	  	  In	  the	  singlet	  state,	  the	  

electron	  spin	  of	  one	  radical	  precesses	  180°	  out	  of	  phase	  with	  the	  other	  radical.	  	  When	  a	  

radical	  pair	  is	  formed	  in	  a	  triplet	  state,	  the	  two	  electron	  spins	  are	  in	  phase.	  	  However,	  since	  

each	  radical	  precesses	  about	  a	  different	  resultant	  magnetic	  field,	  due	  to	  differing	  nuclear	  

spin	  environments,	  they	  quickly	  lose	  their	  initial	  quantum	  state	  and	  oscillate	  between	  

states	  that	  are	  singlet,	  triplet,	  and	  linear	  combinations	  of	  the	  two	  according	  to	  the	  

Hamiltonian73	  
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H	  =	  Σj	  A1j	  ·	  I1j	  ·	  S1	  +	  ω(cosθ	  S1z	  +	  sinθ	  S1x	  )	  +	  Σj	  A2j	  ·	  I2j	  ·	  S2	  +	  ω(cosθ	  S2z	  +	  sinθ	  S2x	  )	  

where	  A	  represents	  the	  strength	  of	  the	  hyperfine	  interactions	  between	  nuclear	  spins,	  I,	  and	  

electron	  spins,	  S	  for	  radical	  1	  and	  2.	  	  The	  Larmor	  frequency	  ω	  =	  ge	  µB	  and	  BEarth	  ~	  50μT	  <<	  

HFI	  =	  1-‐10mT.	  The	  Liouville-‐von	  Neumann	  equation	  	  

	  

has	  the	  following	  density	  operator	  solution	  	  

	  

which	  characterizes	  the	  radical	  pair’s	  time	  evolution.	  	  From	  the	  total	  vector	  space	  of	  

quantum	  states,	  the	  singlet	  character	  is	  isolates	  via	  the	  singlet	  projection	  operator, .	  	  This	  

operator	  has	  an	  expectation	  value	  	  

	  

that	  gives	  the	  probability	  of	  a	  radical	  pair	  to	  be	  in	  the	  singlet	  state	  at	  any	  given	  time,	  or	  

alternatively	  the	  percentage	  of	  radical	  pairs	  in	  an	  ensemble	  that	  are	  in	  the	  singlet	  state	  at	  

any	  given	  time.	  	  Integration	  over	  the	  radical	  pair	  lifetime	  (1/k)	  gives	  the	  singlet	  yield,	  

	  

where ,	  such	  that	  ωmn	  =	  ωm	  -‐	  ωn	  are	  the	  eigenvalues	  of	  the	  Hamiltonian.	  

	  

Flavin	  has	  been	  experimentally	  found	  to	  form	  radical	  pairs	  with	  tryptophan	  and	  

superoxide.	  	  With	  tryptophan,	  flavin	  forms	  a	  radical	  pair	  with	  electron	  spins	  in	  a	  singlet	  

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL , wm = Zm H
`
m^ , wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

Printed by Mathematica for Students

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL , wm = Zm H
`
m^ , wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

Printed by Mathematica for Students

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL , wm = Zm H
`
m^ , wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

Printed by Mathematica for Students

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL

wm = Zm H
`
m^ wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

Printed by Mathematica for Students

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL , wm = Zm H
`
m^ , wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

Printed by Mathematica for Students

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL

wm = Zm H
`
m^ wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

Printed by Mathematica for Students



27	  
	  

state74.	  	  With	  superoxide,	  flavin	  forms	  a	  radical	  pair	  with	  electron	  spins	  in	  a	  triplet	  state75.	  	  

However,	  for	  both	  radical	  pair	  formations,	  re-‐oxidation	  back	  to	  ground	  state	  FAD	  only	  

occurs	  for	  radical	  pairs	  that	  are	  in	  the	  singlet	  state	  at	  the	  end	  of	  the	  radical	  pair	  lifetime.	  	  

Modeling	  the	  quantum	  spin	  dynamics	  of	  both	  radical	  pairs	  using	  principle	  hyperfine	  axes76,	  

an	  angular	  change	  from	  0-‐90	  results	  in	  an	  approximately	  3%	  change	  in	  singlet	  yield	  for	  a	  

flavin-‐tryptophan	  radical	  pair	  and	  an	  approximately	  20%	  change	  in	  yield	  for	  a	  flavin-‐

superoxide	  radical	  pair	  (figure	  5).	  	  The	  orientation	  dependent	  rates	  in	  the	  flavin	  

photocycle,	  k(θ,ϕ),	  are	  assumed	  in	  our	  model	  to	  change	  by	  the	  same	  percentage	  as	  the	  

yields.	  

	  	  

	  

Figure	  5.	  	  Singlet	  Fraction	  and	  Yields.	  	  Singlet	  fraction	  over	  time	  and	  subsequent	  yields	  of	  a	  
flavin-‐superoxide	  radical	  pair	  at	  0	  and	  90	  degrees.	  	  The	  angle	  represents	  that	  between	  
flavin	  net	  nuclear	  spin	  and	  external	  geomagnetic	  field	  vectors.	  
	  

! !!!!!
! !!!!!
! !!!!!
! !!!!!
! !!!!!
! !!!!!
!!!!!!

! !
!!
!!

! !
!!
!!

! !
!!
!!

! !
!!
!!

! !
!!
!!

! !
!!
!!

!!
!!
!!

!"

B

Printed by Mathematica for Students

!"#$#%&'#

!(#$#&'#
B

Printed by Mathematica for Students

!"

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL , wm = Zm H
`
m^ , wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

Printed by Mathematica for Students

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

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL

wm = Zm H
`
m^ wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

FS HqL >
5 + Cos H2 qL

16

Printed by Mathematica for Students

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL , wm = Zm H
`
m^ , wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

Printed by Mathematica for Students

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

! r
`

! t
=

-Â

—
BH
`
, s` F

s
`
HtL = ‰-ÂH

`
t s
`
Ht0L ‰ÂH

`
t , s

`
H0L =

1

M
P
` S

XP
` S
\ = TrBP

` S
s
`
HtLF =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2 cos Hwmn tL

wm = Zm H
`
m^ wmn = wm - wn

FS = k‡
0

¶

XP
` S
\ ‰-kt „ t =

1

M
‚
m=1

4M

‚
n=1

4M

PmnS 2
k2

k2 + wmn2

FS HqL >
5 + Cos H2 qL

16

Printed by Mathematica for Students

.#)/0*#

.#)/0*#



28	  
	  

Calculation	  of	  Signal-to-Noise	  

The	  model	  developed	  here	  considers	  a	  photocycle	  in	  which	  flavin	  forms	  radical	  pairs	  with	  

both	  tryptophan	  and	  superoxide	  (figure	  6).	  	  The	  contribution	  of	  each	  radical	  pair	  to	  

magnetic	  sensitivity	  of	  the	  cryptochrome	  compass	  is	  evaluated	  seperately.	  	  	  

	  

Figure	  6.	  	  Cryptochrome	  Photocycle	  with	  Kinetic	  Rates.	  	  Radical	  pairs	  (RP)	  undergoing	  
electron	  spin	  singlet-‐triplet	  interconversions	  are	  indicated	  by	  circular	  arrows,	  the	  quantum	  
state	  indicated	  by	  a	  superscript.	  	  	  
	  

Fixed	  rates	  (kR2	  =	  kO1	  =	  1×105	  s-‐1)77,78	  and	  (kO2	  =	  4.6×10-‐3	  s-‐1,	  kO3	  =	  1.1×10-‐2	  s-‐1)79	  have	  been	  

measured	  experimentally.	  	  	  	  Solving	  the	  first	  order	  reaction	  kinetics	  in	  MatLab	  using	  the	  

Runge-‐Kutta	  method,	  the	  relative	  steady	  state	  concentrations	  of	  each	  redox	  state	  are	  found	  

for	  a	  given	  light	  condition	  and	  magnetic	  field	  orientation	  using	  the	  following	  equations:	  
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The	  system	  is	  first	  solved	  to	  steady	  state	  at	  the	  fixed	  operating	  rates,	  with	  the	  exception	  of	  

the	  light	  dependent	  rates	  that	  are	  calculated	  for	  each	  light	  intensity	  and	  wavelength	  (with	  a	  

60	  nm	  half	  width	  Gaussian	  spread	  about	  the	  peak	  wavelength).	  	  This	  solution	  gives	  a	  

baseline	  concentration	  of	  the	  signaling	  state,	  [FADH]SS.	  	  A	  second	  solution	  allows	  the	  

photocycle	  to	  evolve	  over	  5	  seconds	  with	  a	  5%	  and	  20%	  change	  in	  either	  kO1	  or	  kO4	  

respectively	  depending	  on	  which	  radical	  pair	  a	  magnetic	  field	  effect	  is	  being	  investigated.	  	  

This	  secondary	  solution	  gives	  [FADH]SS,m,	  the	  signaling	  state	  concentration	  after	  a	  change	  

in	  orientation	  within	  the	  external	  magnetic	  field.	  	  In	  this	  way	  the	  signal-‐to-‐noise	  ratio	  is	  

calculated	  in	  a	  similar	  way	  to	  the	  Weaver	  treatment	  as	  	  

	   	  

	  	   	  

with	  KD	  =	  kr/kf	  =	  1	  x	  10-‐8	  M	  over	  the	  cone	  cell	  volume	  of	  6.3	  x	  10-‐13	  L.	  	  This	  magnitude	  of	  KD	  

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	  

present80.	  	  	  The	  number	  of	  neural	  receptor	  is	  calculated	  from	  the	  neural	  density81	  	  ρR	  ~	  104	  
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μm-‐2	  giving	  an	  area	  occupied	  per	  receptor	  of	  	  AR	  ~	  10-‐16	  m2,	  which	  applied	  to	  a	  cellular	  

surface	  area	  with	  radius	  2	  x	  10-‐6	  m	  and	  length	  5	  x	  10-‐5	  m,	  gives	  RT	  ~	  1	  x	  107.	  

	  

	  

CHAPTER	  6:	  	  Signal-to-Noise	  Predictions	  

	  

Flavin-Tryptophan	  Radical	  Pair	  Magnetic	  Sensitivity	  

	  

The	  model	  of	  cryptochrome	  signaling	  with	  a	  magnetic	  field	  effect	  only	  on	  the	  flavin-‐

tryptophan	  radical	  pair	  shows	  strong	  correlation	  with	  the	  general	  behavior	  seen	  in	  

behavioral	  experiments.	  	  Generally,	  the	  model	  predicts	  a	  signal	  above	  noise	  under	  low	  

frequency	  light	  conditions	  and	  within	  a	  narrow	  intensity	  range	  (figure	  7).	  

	  

Figure	  7.	  	  Signal-‐to-‐Noise	  of	  Flavin-‐Tryptophan	  Radical	  Pair.	  	  Shows	  (a)	  a	  rising	  signal	  for	  
increasing	  intensities	  followed	  by	  (b)	  a	  falling	  signal	  for	  further	  increases	  in	  intensity.	  
Parameters	  include	  a	  -‐5%	  change	  in	  spin	  selective	  rate	  kO1,	  10	  thousand	  ligands	  and	  
cryptochromes	  with	  13	  million	  receptors.	  
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More	  specifically,	  the	  light	  intensity	  range	  in	  which	  orientation	  is	  predicted	  to	  occur	  by	  the	  

model	  closely	  matches	  that	  observed	  in	  behavioral	  experiments.	  	  Hitherto,	  no	  quantitative	  

explanation	  has	  been	  offered	  for	  this	  behavior.	  	  However,	  analysis	  of	  steady	  state	  

concentrations	  at	  different	  wavelengths	  reveals	  a	  region	  of	  intensities	  at	  which	  the	  

signaling	  state	  concentration	  is	  maximized.	  	  It	  is	  within	  this	  window	  of	  intensities	  that	  

orientation	  occurs,	  presumably	  because	  the	  signal	  is	  a	  function	  of	  a	  change	  in	  this	  state’s	  

concentration.	  	  At	  lower	  intensities	  the	  kinetics	  are	  not	  driven	  significantly	  and	  most	  of	  the	  

cryptochrome	  concentration	  remains	  in	  the	  ground	  state,	  FAD.	  	  At	  high	  intensities,	  the	  

kinetics	  drive	  most	  of	  the	  concentration	  to	  full	  reduction	  in	  the	  FADH-‐	  state.	  	  The	  semi-‐

reduced	  state	  peaks	  at	  intermediate	  intensities	  (figure	  8).	  

	  

	  

Figure	  8.	  	  Steady	  State	  Concentrations.	  	  Depicted	  over	  increasing	  intensities	  (from	  a	  to	  d)	  in	  
photons	  s-‐1	  cm2.	  
	  

The	  wavelength	  cutoff	  correlation	  between	  the	  model	  and	  experiments	  is	  less	  precise.	  	  

While	  behavioral	  experiments	  observe	  orientation	  up	  to	  560	  nm,	  within	  the	  region	  of	  green	  

light,	  the	  model	  falls	  short	  of	  this,	  predicting	  a	  wavelength	  cutoff	  at	  around	  530	  nm	  (figure	  

9).	  	  	  
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92.2% 7.6% 0.2% 59.5% 31.9% 8.6% 18.6% 21.9% 59.5% 2.6% 3.5% 94.0%
92.1% 7.7% 0.2% 59.1% 32.4% 8.5% 18.4% 22.4% 59.2% 2.6% 3.6% 93.9%
92.1% 7.8% 0.2% 58.9% 32.6% 8.5% 18.3% 22.7% 59.1% 2.5% 3.6% 93.9%
92.1% 7.7% 0.2% 58.9% 32.6% 8.5% 18.3% 22.7% 59.0% 2.5% 3.6% 93.8%
92.2% 7.7% 0.2% 59.3% 32.3% 8.5% 18.5% 22.6% 59.0% 2.6% 3.6% 93.8%
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./012& ./013$2& ./013!2&

97.1% 2.9% 0.1% 80.5% 15.2% 4.3% 39.0% 15.9% 45.1% 6.9% 3.2% 90.0%
96.5% 3.4% 0.1% 78.1% 16.5% 5.4% 35.4% 15.1% 49.6% 5.9% 2.8% 91.4%
96.0% 3.9% 0.1% 75.8% 17.6% 6.6% 32.3% 14.3% 53.4% 5.1% 2.5% 92.4%
95.5% 4.3% 0.2% 73.7% 18.6% 7.7% 29.7% 13.7% 56.6% 4.5% 2.3% 93.3%
95.0% 4.8% 0.2% 71.9% 19.4% 8.7% 27.6% 13.2% 59.2% 4.0% 2.1% 93.9%
94.6% 5.2% 0.3% 70.2% 20.2% 9.7% 25.9% 12.8% 61.3% 3.7% 2.0% 94.3%
94.2% 5.6% 0.3% 68.8% 20.8% 10.4% 24.5% 12.5% 62.9% 3.4% 1.9% 94.7%
93.8% 5.9% 0.3% 67.6% 21.4% 11.1% 23.4% 12.4% 64.2% 3.2% 1.8% 94.9%
93.5% 6.1% 0.3% 66.6% 21.9% 11.5% 22.6% 12.4% 65.0% 3.1% 1.8% 95.1%
93.3% 6.4% 0.3% 65.8% 22.4% 11.8% 22.0% 12.4% 65.6% 3.0% 1.8% 95.2%
93.2% 6.5% 0.3% 65.2% 22.8% 12.0% 21.6% 12.5% 65.9% 2.9% 1.8% 95.3%
93.1% 6.6% 0.3% 64.8% 23.2% 12.0% 21.3% 12.8% 65.9% 2.9% 1.9% 95.3%
93.0% 6.7% 0.3% 64.5% 23.6% 11.9% 21.1% 13.1% 65.8% 2.9% 1.9% 95.3%
93.0% 6.7% 0.3% 64.3% 24.1% 11.6% 21.1% 13.5% 65.4% 2.8% 2.0% 95.2%
93.0% 6.7% 0.3% 64.1% 24.6% 11.3% 21.0% 14.1% 64.9% 2.8% 2.1% 95.1%
93.0% 6.8% 0.3% 63.9% 25.2% 11.0% 20.9% 14.7% 64.4% 2.9% 2.2% 95.0%
92.9% 6.8% 0.3% 63.6% 25.8% 10.6% 20.8% 15.5% 63.7% 2.8% 2.3% 94.9%
92.9% 6.9% 0.3% 63.2% 26.6% 10.3% 20.7% 16.3% 63.0% 2.8% 2.5% 94.7%
92.8% 6.9% 0.3% 62.7% 27.4% 9.9% 20.4% 17.3% 62.3% 2.8% 2.6% 94.6%
92.7% 7.0% 0.2% 62.1% 28.4% 9.5% 20.1% 18.3% 61.6% 2.8% 2.8% 94.4%
92.6% 7.2% 0.2% 61.4% 29.3% 9.2% 19.7% 19.4% 60.9% 2.7% 3.0% 94.3%
92.5% 7.3% 0.2% 60.7% 30.3% 9.0% 19.3% 20.3% 60.3% 2.7% 3.2% 94.2%
92.3% 7.5% 0.2% 60.1% 31.1% 8.8% 18.9% 21.2% 59.8% 2.6% 3.3% 94.0%
92.2% 7.6% 0.2% 59.5% 31.9% 8.6% 18.6% 21.9% 59.5% 2.6% 3.5% 94.0%
92.1% 7.7% 0.2% 59.1% 32.4% 8.5% 18.4% 22.4% 59.2% 2.6% 3.6% 93.9%
92.1% 7.8% 0.2% 58.9% 32.6% 8.5% 18.3% 22.7% 59.1% 2.5% 3.6% 93.9%
92.1% 7.7% 0.2% 58.9% 32.6% 8.5% 18.3% 22.7% 59.0% 2.5% 3.6% 93.8%
92.2% 7.7% 0.2% 59.3% 32.3% 8.5% 18.5% 22.6% 59.0% 2.6% 3.6% 93.8%
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97.1% 2.9% 0.1% 80.5% 15.2% 4.3% 39.0% 15.9% 45.1% 6.9% 3.2% 90.0%
96.5% 3.4% 0.1% 78.1% 16.5% 5.4% 35.4% 15.1% 49.6% 5.9% 2.8% 91.4%
96.0% 3.9% 0.1% 75.8% 17.6% 6.6% 32.3% 14.3% 53.4% 5.1% 2.5% 92.4%
95.5% 4.3% 0.2% 73.7% 18.6% 7.7% 29.7% 13.7% 56.6% 4.5% 2.3% 93.3%
95.0% 4.8% 0.2% 71.9% 19.4% 8.7% 27.6% 13.2% 59.2% 4.0% 2.1% 93.9%
94.6% 5.2% 0.3% 70.2% 20.2% 9.7% 25.9% 12.8% 61.3% 3.7% 2.0% 94.3%
94.2% 5.6% 0.3% 68.8% 20.8% 10.4% 24.5% 12.5% 62.9% 3.4% 1.9% 94.7%
93.8% 5.9% 0.3% 67.6% 21.4% 11.1% 23.4% 12.4% 64.2% 3.2% 1.8% 94.9%
93.5% 6.1% 0.3% 66.6% 21.9% 11.5% 22.6% 12.4% 65.0% 3.1% 1.8% 95.1%
93.3% 6.4% 0.3% 65.8% 22.4% 11.8% 22.0% 12.4% 65.6% 3.0% 1.8% 95.2%
93.2% 6.5% 0.3% 65.2% 22.8% 12.0% 21.6% 12.5% 65.9% 2.9% 1.8% 95.3%
93.1% 6.6% 0.3% 64.8% 23.2% 12.0% 21.3% 12.8% 65.9% 2.9% 1.9% 95.3%
93.0% 6.7% 0.3% 64.5% 23.6% 11.9% 21.1% 13.1% 65.8% 2.9% 1.9% 95.3%
93.0% 6.7% 0.3% 64.3% 24.1% 11.6% 21.1% 13.5% 65.4% 2.8% 2.0% 95.2%
93.0% 6.7% 0.3% 64.1% 24.6% 11.3% 21.0% 14.1% 64.9% 2.8% 2.1% 95.1%
93.0% 6.8% 0.3% 63.9% 25.2% 11.0% 20.9% 14.7% 64.4% 2.9% 2.2% 95.0%
92.9% 6.8% 0.3% 63.6% 25.8% 10.6% 20.8% 15.5% 63.7% 2.8% 2.3% 94.9%
92.9% 6.9% 0.3% 63.2% 26.6% 10.3% 20.7% 16.3% 63.0% 2.8% 2.5% 94.7%
92.8% 6.9% 0.3% 62.7% 27.4% 9.9% 20.4% 17.3% 62.3% 2.8% 2.6% 94.6%
92.7% 7.0% 0.2% 62.1% 28.4% 9.5% 20.1% 18.3% 61.6% 2.8% 2.8% 94.4%
92.6% 7.2% 0.2% 61.4% 29.3% 9.2% 19.7% 19.4% 60.9% 2.7% 3.0% 94.3%
92.5% 7.3% 0.2% 60.7% 30.3% 9.0% 19.3% 20.3% 60.3% 2.7% 3.2% 94.2%
92.3% 7.5% 0.2% 60.1% 31.1% 8.8% 18.9% 21.2% 59.8% 2.6% 3.3% 94.0%
92.2% 7.6% 0.2% 59.5% 31.9% 8.6% 18.6% 21.9% 59.5% 2.6% 3.5% 94.0%
92.1% 7.7% 0.2% 59.1% 32.4% 8.5% 18.4% 22.4% 59.2% 2.6% 3.6% 93.9%
92.1% 7.8% 0.2% 58.9% 32.6% 8.5% 18.3% 22.7% 59.1% 2.5% 3.6% 93.9%
92.1% 7.7% 0.2% 58.9% 32.6% 8.5% 18.3% 22.7% 59.0% 2.5% 3.6% 93.8%
92.2% 7.7% 0.2% 59.3% 32.3% 8.5% 18.5% 22.6% 59.0% 2.6% 3.6% 93.8%
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97.1% 2.9% 0.1% 80.5% 15.2% 4.3% 39.0% 15.9% 45.1% 6.9% 3.2% 90.0%
96.5% 3.4% 0.1% 78.1% 16.5% 5.4% 35.4% 15.1% 49.6% 5.9% 2.8% 91.4%
96.0% 3.9% 0.1% 75.8% 17.6% 6.6% 32.3% 14.3% 53.4% 5.1% 2.5% 92.4%
95.5% 4.3% 0.2% 73.7% 18.6% 7.7% 29.7% 13.7% 56.6% 4.5% 2.3% 93.3%
95.0% 4.8% 0.2% 71.9% 19.4% 8.7% 27.6% 13.2% 59.2% 4.0% 2.1% 93.9%
94.6% 5.2% 0.3% 70.2% 20.2% 9.7% 25.9% 12.8% 61.3% 3.7% 2.0% 94.3%
94.2% 5.6% 0.3% 68.8% 20.8% 10.4% 24.5% 12.5% 62.9% 3.4% 1.9% 94.7%
93.8% 5.9% 0.3% 67.6% 21.4% 11.1% 23.4% 12.4% 64.2% 3.2% 1.8% 94.9%
93.5% 6.1% 0.3% 66.6% 21.9% 11.5% 22.6% 12.4% 65.0% 3.1% 1.8% 95.1%
93.3% 6.4% 0.3% 65.8% 22.4% 11.8% 22.0% 12.4% 65.6% 3.0% 1.8% 95.2%
93.2% 6.5% 0.3% 65.2% 22.8% 12.0% 21.6% 12.5% 65.9% 2.9% 1.8% 95.3%
93.1% 6.6% 0.3% 64.8% 23.2% 12.0% 21.3% 12.8% 65.9% 2.9% 1.9% 95.3%
93.0% 6.7% 0.3% 64.5% 23.6% 11.9% 21.1% 13.1% 65.8% 2.9% 1.9% 95.3%
93.0% 6.7% 0.3% 64.3% 24.1% 11.6% 21.1% 13.5% 65.4% 2.8% 2.0% 95.2%
93.0% 6.7% 0.3% 64.1% 24.6% 11.3% 21.0% 14.1% 64.9% 2.8% 2.1% 95.1%
93.0% 6.8% 0.3% 63.9% 25.2% 11.0% 20.9% 14.7% 64.4% 2.9% 2.2% 95.0%
92.9% 6.8% 0.3% 63.6% 25.8% 10.6% 20.8% 15.5% 63.7% 2.8% 2.3% 94.9%
92.9% 6.9% 0.3% 63.2% 26.6% 10.3% 20.7% 16.3% 63.0% 2.8% 2.5% 94.7%
92.8% 6.9% 0.3% 62.7% 27.4% 9.9% 20.4% 17.3% 62.3% 2.8% 2.6% 94.6%
92.7% 7.0% 0.2% 62.1% 28.4% 9.5% 20.1% 18.3% 61.6% 2.8% 2.8% 94.4%
92.6% 7.2% 0.2% 61.4% 29.3% 9.2% 19.7% 19.4% 60.9% 2.7% 3.0% 94.3%
92.5% 7.3% 0.2% 60.7% 30.3% 9.0% 19.3% 20.3% 60.3% 2.7% 3.2% 94.2%
92.3% 7.5% 0.2% 60.1% 31.1% 8.8% 18.9% 21.2% 59.8% 2.6% 3.3% 94.0%
92.2% 7.6% 0.2% 59.5% 31.9% 8.6% 18.6% 21.9% 59.5% 2.6% 3.5% 94.0%
92.1% 7.7% 0.2% 59.1% 32.4% 8.5% 18.4% 22.4% 59.2% 2.6% 3.6% 93.9%
92.1% 7.8% 0.2% 58.9% 32.6% 8.5% 18.3% 22.7% 59.1% 2.5% 3.6% 93.9%
92.1% 7.7% 0.2% 58.9% 32.6% 8.5% 18.3% 22.7% 59.0% 2.5% 3.6% 93.8%
92.2% 7.7% 0.2% 59.3% 32.3% 8.5% 18.5% 22.6% 59.0% 2.6% 3.6% 93.8%

!"#$#%&

#$#%&

"#$#%&

'#$#%&

(#$#%&

)#$#%&

*##$#%&

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

+#
*"
,$
-
)*

'

.$/#0#*1"2'3*45'

6,78'39:';'<=>?5'

./012& ./013$2& ./013!2&

#$#%&

"#$#%&

'#$#%&

(#$#%&

)#$#%&

*##$#%&

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

+#
*"
,$
-
)*

'

.$/#0#*1"2'3*45'

6,78'39:';'<=>@5'

./012& ./013$2& ./013!2&

#$#%&

"#$#%&

'#$#%&

(#$#%&

)#$#%&

*##$#%&

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

+#
*"
,$
-
)*

'

.$/#0#*1"2'3*45'

6,78'39:';'<=>85'

./012& ./013$2& ./013!2&

#$#%&

"#$#%&

'#$#%&

(#$#%&

)#$#%&

*##$#%&

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

+#
*"
,$
-
)*

'

.$/#0#*1"2'3*45'

6,78'39:';'<=>A5'

./012& ./013$2& ./013!2&

97.1% 2.9% 0.1% 80.5% 15.2% 4.3% 39.0% 15.9% 45.1% 6.9% 3.2% 90.0%
96.5% 3.4% 0.1% 78.1% 16.5% 5.4% 35.4% 15.1% 49.6% 5.9% 2.8% 91.4%
96.0% 3.9% 0.1% 75.8% 17.6% 6.6% 32.3% 14.3% 53.4% 5.1% 2.5% 92.4%
95.5% 4.3% 0.2% 73.7% 18.6% 7.7% 29.7% 13.7% 56.6% 4.5% 2.3% 93.3%
95.0% 4.8% 0.2% 71.9% 19.4% 8.7% 27.6% 13.2% 59.2% 4.0% 2.1% 93.9%
94.6% 5.2% 0.3% 70.2% 20.2% 9.7% 25.9% 12.8% 61.3% 3.7% 2.0% 94.3%
94.2% 5.6% 0.3% 68.8% 20.8% 10.4% 24.5% 12.5% 62.9% 3.4% 1.9% 94.7%
93.8% 5.9% 0.3% 67.6% 21.4% 11.1% 23.4% 12.4% 64.2% 3.2% 1.8% 94.9%
93.5% 6.1% 0.3% 66.6% 21.9% 11.5% 22.6% 12.4% 65.0% 3.1% 1.8% 95.1%
93.3% 6.4% 0.3% 65.8% 22.4% 11.8% 22.0% 12.4% 65.6% 3.0% 1.8% 95.2%
93.2% 6.5% 0.3% 65.2% 22.8% 12.0% 21.6% 12.5% 65.9% 2.9% 1.8% 95.3%
93.1% 6.6% 0.3% 64.8% 23.2% 12.0% 21.3% 12.8% 65.9% 2.9% 1.9% 95.3%
93.0% 6.7% 0.3% 64.5% 23.6% 11.9% 21.1% 13.1% 65.8% 2.9% 1.9% 95.3%
93.0% 6.7% 0.3% 64.3% 24.1% 11.6% 21.1% 13.5% 65.4% 2.8% 2.0% 95.2%
93.0% 6.7% 0.3% 64.1% 24.6% 11.3% 21.0% 14.1% 64.9% 2.8% 2.1% 95.1%
93.0% 6.8% 0.3% 63.9% 25.2% 11.0% 20.9% 14.7% 64.4% 2.9% 2.2% 95.0%
92.9% 6.8% 0.3% 63.6% 25.8% 10.6% 20.8% 15.5% 63.7% 2.8% 2.3% 94.9%
92.9% 6.9% 0.3% 63.2% 26.6% 10.3% 20.7% 16.3% 63.0% 2.8% 2.5% 94.7%
92.8% 6.9% 0.3% 62.7% 27.4% 9.9% 20.4% 17.3% 62.3% 2.8% 2.6% 94.6%
92.7% 7.0% 0.2% 62.1% 28.4% 9.5% 20.1% 18.3% 61.6% 2.8% 2.8% 94.4%
92.6% 7.2% 0.2% 61.4% 29.3% 9.2% 19.7% 19.4% 60.9% 2.7% 3.0% 94.3%
92.5% 7.3% 0.2% 60.7% 30.3% 9.0% 19.3% 20.3% 60.3% 2.7% 3.2% 94.2%
92.3% 7.5% 0.2% 60.1% 31.1% 8.8% 18.9% 21.2% 59.8% 2.6% 3.3% 94.0%
92.2% 7.6% 0.2% 59.5% 31.9% 8.6% 18.6% 21.9% 59.5% 2.6% 3.5% 94.0%
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Figure	  9.	  	  Signal-‐to-‐Noise	  vs.	  Experimental	  Light	  Effects.	  	  Migratory	  bird	  orientation	  
behavior	  under	  monochromatic	  light	  conditions	  of	  varying	  wavelengths	  and	  intensities.	  	  
Solid	  triangles	  indicate	  proper	  orientation	  under	  the	  specified	  light	  conditions.	  	  Open	  
triangles	  and	  circles	  indicate	  improper	  orientation	  (fixed	  response	  and	  disorientation	  
respectively)82.	  	  The	  shaded	  region	  represents	  light	  conditions	  under	  which	  a	  signal	  to	  
noise	  greater	  than	  one	  is	  predicted	  by	  the	  cryptochrome	  signal	  transduction	  model.	  
	  

The	  model	  wavelength	  cutoff	  is	  a	  direct	  consequence	  of	  the	  FAD	  absorption	  spectrum.	  	  If	  

the	  actual	  in	  vivo	  absorption	  spectra	  in	  birds	  ended	  at	  560	  nm	  instead	  of	  520	  nm,	  then	  the	  

model	  would	  correlate	  with	  behavioral	  experiment	  observations.	  	  Another	  possible	  
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explanation	  is	  that	  only	  absorption	  of	  the	  neutral	  semiquinone	  FADH	  has	  been	  modeled.	  	  If	  

absorption	  of	  the	  anionic	  semiquinone	  state	  FAD-‐	  is	  also	  at	  work,	  then	  more	  green	  light	  

absorption	  may	  increase	  signaling	  in	  that	  region	  of	  the	  spectrum	  (figure	  10).	  

	  

	  

Figure	  10.	  	  	  Three	  State	  Absorption	  Spectra.	  	  Fully	  oxidized	  flavin	  FAD	  (blue)	  and	  semi-‐
reduced	  flavin	  FADH	  in	  neutral	  form(green)	  and	  FAD-‐	  anionic	  form	  (red)83.	  
	  

	  

Flavin-Superoxide	  Radical	  Pair	  Magnetic	  Sensitivity	  

	  

Modeling	  the	  signal-‐to-‐noise	  with	  only	  the	  flavin-‐superoxide	  radical	  pair	  exhibiting	  

magnetic	  sensitivity	  appears	  to	  correlate	  less	  with	  behavioral	  experiment	  observations	  

(figure	  11).	  	  This	  is	  particularly	  true	  in	  the	  ultraviolet	  region	  of	  the	  spectrum	  where	  

orientation	  only	  occurs	  at	  light	  intensities	  less	  than	  what	  is	  seen	  under	  blue	  light.	  
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Figure	  11.	  	  Signal-‐to-‐Noise	  of	  Flavin-‐Superoxide	  Radical	  Pair.	  	  Shows	  (a)	  a	  rising	  signal	  for	  
increasing	  intensities	  followed	  by	  (b)	  a	  falling	  signal	  for	  further	  increases	  in	  intensity.	  	  
Parameters	  include	  a	  +20%	  change	  in	  spin	  selective	  rate	  kO4,	  10	  thousand	  ligands	  and	  
cryptochromes	  with	  10	  million	  receptors.
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CONCLUSION	  
	  

In	  an	  attempt	  to	  explain	  experimentally	  observed	  light	  effects	  of	  the	  biological	  compass	  of	  	  

migratory	  birds,	  the	  cryptochrome	  model	  of	  signal	  transduction	  offers	  the	  first	  quantitative	  

descriptions	  of	  how	  such	  affects	  may	  simply	  be	  attributable	  to	  photocycle	  kinetics.	  	  The	  

simplest	  signal	  transduction	  model	  conceivable,	  based	  solely	  on	  cryptochrome’s	  

photochemistry,	  can	  reasonable	  explain	  short	  wavelength	  (UV/Blue)	  orientation	  selectivity	  

of	  the	  biological	  compass.	  	  While	  this	  had	  always	  been	  qualitatively	  understood	  given	  the	  

absorption	  spectrum	  of	  cryptochrome,	  the	  close	  agreement	  in	  the	  UV	  and	  blue	  region	  is	  

telling.	  	  Particularly	  the	  prediction	  that	  UV	  light	  orientation	  requires	  light	  intensities	  less	  

intense	  than	  those	  at	  which	  blue	  light	  orientation	  occurs,	  a	  recently	  observed	  light	  effect	  in	  

behavioral	  experiments.	  

	  

The	  origins	  of	  disorientation	  at	  high	  light	  intensities	  is	  elucidated	  by	  the	  model	  as	  arising	  

from	  a	  concentration	  rising	  and	  falling	  of	  the	  flavin	  signaling	  state,	  between	  which	  

maximum	  concentration	  occurs	  and	  maximum	  signaling	  occurs.	  

As	  researchers	  continue	  to	  isolate	  the	  radical	  pair	  at	  the	  heart	  of	  a	  cryptochrome	  compass,	  

the	  model	  developed	  here	  gleans	  important	  insights.	  	  Particularly	  that	  a	  flavin-‐tryptophan	  

radical	  pair	  most	  closely	  resembles	  intensity	  ranges	  and	  short	  wavelength	  	  orientation	  

observed	  experimentally.	  	  However,	  a	  flavin-‐superoxide	  radical	  pair	  would	  also	  give	  

orientation	  with	  a	  reasonably	  similar	  set	  of	  light	  conditions.	  	  Thus,	  continued	  investigations	  

into	  both	  radical	  pair	  formations	  is	  warranted.	  	  
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