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Zusammenfassung	  

Zirkadiane	   Uhren	   steuern	   24	   Stunden	   Rhythmen	   im	   Verhalten,	   im	   Stoffwechsel	   und	   in	   der	  

Physiologie	   fast	   aller	   Spezies.	   PERIOD	   (PER)	   Proteine	   stellen	   eine	   essentielle	   molekulare	  

Komponente	   für	   die	   Funktionalität	   aller	   bisher	   untersuchten	   Säugetieroszillatoren	   dar.	   Sie	  

interagieren	   nicht	   nur	   mit	   Cryptochromen	   (CRY),	   sondern	   dienen	   auch	   als	   Plattform	   für	   die	  

Interaktion	  mit	   zahlreichen	   weiteren	   Uhrenproteinen.	   Dadurch	   unterstützen	   PER1	   und	   PER2	  

Cryptochrome	  (CRY1,	  CRY2)	  bei	  der	  negativen	  Regulierung	  der	  durch	  die	  Transkriptionsfaktoren	  

CLOCK/BMAL1	   gesteuerten	   Transaktivierung	   von	   Uhren-‐	   und	   Uhr	   kontrollierten	   Genen,	  

während	  PER3	  individuelle	  Funktionen	  in	  den	  Ausgangssignalwegen	  und	  den	  peripheren	  Uhren	  

zugeschrieben	  werden.	  

Im	  Rahmen	  dieser	  Arbeit	  wurden	  die	  unterschiedlichen	  molekularen	  Mechanismen	  der	  PAS	  

Domänen	   von	  mPER1	   im	   Vergleich	   zu	   den	   PAS	   Domänen	   von	  mPER2	   und	  mPER3	   sowie	   die	  

molekularen	   Details	   des	   mCRY1/mPER2	   Komplexes	   mittels	   Röntgenstrukturanalyse	   und	  

komplementären,	   biochemischen	   Methoden	   untersucht	   und	   im	   Kontext	   des	   zirkadianen	  

Oszillators	  analysiert.	  

Die	   Kristallstruktur	   der	   PER1	   PAS-‐Domänen	   zeigt,	   wie	   bereits	   im	   Falle	   von	   mPER2	   und	  

mPER3,	   ein	   nicht-‐kristallographisches	   Homodimer,	   welches	   auch	   in	   Lösung	   vorliegt.	   Das	  

Homodimer	   wird	   durch	   Wechselwirkungen	   der	   antiparallelen	   PAS-‐B	   Domänen	   (PAS-‐B	   Trp	  

Interface)	   und,	   anders	   als	   im	  Fall	   von	  mPER2	  und	  mPER3,	   durch	   zusätzlich	   Interaktionen	  der	  

beiden	   PAS-‐A	  Domänen	   stabilisiert	   (αC-‐Interface).	   Dies	   bedingt	   vermutlich	   die	   hohe	  Affinität	  

des	  mPER1	  Homodimers	  und	  unterstützt	  die,	   im	  Vergleich	   zu	  den	  PAS	  Domänen	  von	  mPER2	  

und	  mPER3,	  kompaktere	  und	  starrere	  Faltung	  von	  mPER1.	  Die	  geringe	  Flexibilität	  des	  mPER1	  

Homodimers	  limitiert	  sehr	  wahrscheinlich	  auch	  die	  Wechselwirkungen	  von	  mPER1	  mit	  anderen	  

Proteinen	  und	  Liganden	  und	  beschränkt	  so	  seine	  Funktionen.	  Dies	  zeigt	  sich	  in	  kleineren	  mPER1	  

Komplexen	  im	  Vergleich	  zu	  mPER2	  und	  erklärt	  seine	  Rolle	  beim	  Kernimport	  von	  CRY/PER	  und	  

seine	  im	  Vergleich	  zu	  mPER2	  weniger	  dominante	  Rolle	  als	  Transkriptionskorepressor.	  	  

Die	   PAS-‐Domänen	   von	   PER	   sind	   an	   der	   Bildung	   des	   Repressorkomplexes	   im	   Zellkern	  

beteiligt,	   jedoch	  sind	  sie	  nicht	   in	  die	  Bildung	  des	  dimeren	  CRY/PER	  Kernkomplexes	   involviert.	  

Die	   Kristallstruktur	   von	   mCRY1/mPER2	   zeigt,	   dass	   mPER2	   großflächig	   mit	   seinen	   ≈100	   C-‐

terminalen	   Resten	   mit	   der	   α-‐helikalen	   Domäne	   von	   mCRY1	   interagiert	   und	   dabei	   die	  
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Bindestellen	  der	  E3	   Ligase	  Komponente	  FBXL3	  und	  der	  Transkriptionsfaktoren	  CLOCK/BMAL1	  

nicht	   aber	   die	   Bindetasche	   des	   Kofaktors	   FAD	   abdeckt.	   Auf	   der	   einen	   Seite	   stabilisiert	   PER	  

dadurch	   CRY	   und	   schützt	   es	   vor	   dem	   proteolytischem	  Abbau	   durch	   FBXL3.	   Auf	   der	   anderen	  

Seite	   behindert	   die	   Wechselwirkung	   mit	   PER	   CRY	   bei	   seiner	   Bindung	   an	   den	   aktiven	  

CLOCK/BMAL1	   Transkriptionskomplex.	   Überraschenderweise	   zeigt	   sich	   in	   der	   Kristallstruktur	  

ein	  gemeinsam	  koordiniertes	  Zinkion	  an	  einer	  der	  vier	  Hauptbindestellen	  zwischen	  mCRY1	  und	  

mPER2,	  welches	  den	  Komplex	  stabilisiert.	  Ergebnisse	  aus	   in	  vitro	  und	  Zell-‐Assay	  Experimenten	  

deuten	  auf	  ein	  Zusammenspiel	  dieser	  Zinkbindung	  und	  der	  Bildung	  von	  Disulfidbrücken	  in	  CRY	  

bei	  der	  Regulierung	  des	  mCRY1/mPER2	  Komplexes	  hin.	  Die	  Disulfidbrückenbildung	  von	  mCRY1	  

wird	   in	   vivo	   vermutlich	   durch	   den	   Redoxzustand	   der	   Zelle	   beeinflusst.	   Zusammenfassend	  

gewährt	   die	   Kristallstruktur	   von	   mCRY1/mPER2	   einen	   detaillierten	   Einblick	   in	   die	  

Wechselwirkungen	   von	   CRY	   und	   PER.	   Dadurch	   entstehen	   neue	   Ideen,	   wie	   dieser	   Komplex	  

möglicherweise	  den	  metabolischen	  Zustand	  der	  Zelle	  erkennt	  und	  dementsprechend	  agiert	  und	  

wie	  das	  Zusammenspiel	  von	  CRY/PER	  mit	  anderen	  Uhrenproteinen	  die	  zirkadiane	  Uhr	  antreibt.	  

Auf	   dieser	   Grundlage	   können	   weiterführende	   Experiment	   und	   die	   Entwicklung	   neuer	  

Wirkstoffe,	  die	  auf	  die	  innere	  Uhr	  oder	  den	  Stoffwechsel	  zielen,	  geplant	  werden.	  
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Summary	  

Circadian	  clocks	  account	  for	  rhythmic	  changes	  in	  behavior,	  metabolism	  and	  physiology	  of	  most	  

species	  with	   respect	   to	   time	  of	   day.	   PERIOD	   (PER)	   proteins	   are	   essential	   components	   of	   the	  

molecular	  mammalian	  oscillator.	  They	  do	  not	  only	  form	  complexes	  with	  cryptochromes	  (CRY)	  

but	  also	  serve	  as	  a	  scaffold	   for	   the	   interaction	  of	  multiple	  proteins	   transferring	   timing	   to	   the	  

latter.	   Thereby,	   PER	   is	   important	   for	   CRY	   mediated	   negative	   regulation	   of	   CLOCK/BMAL1-‐

dependent	  transactivation	  of	  clock	  and	  clock-‐controlled	  genes.	  Nevertheless,	  mammalian	  PER	  

proteins	  (PER1-‐3)	  seem	  to	  have	  distinct	  functions	  in	  the	  clock	  and	  related	  output	  pathways.	  

In	   the	   course	   of	   this	   thesis	   the	   different	  molecular	  mechanisms	   of	   the	   PAS	   domains	   of	  

mPER1	   in	   comparison	  with	   the	   PAS	   domains	   of	  mPER2	   and	  mPER3	   as	  well	   as	   the	  molecular	  

details	   of	   the	   mCRY1/mPER2	   complex	   were	   examined	   by	   crystal	   structure	   analysis	   and	  

complementary	  biochemical	  methods.	  The	  results	  were	  further	  analyzed	  in	  the	  context	  of	  the	  

circadian	  oscillator.	  

The	  crystal	   structure	  of	   the	  dual	  PAS	  domains	  of	  mPER1	  shows,	  as	   in	   the	  case	  of	  mPER2	  

and	   mPER3,	   a	   non-‐crystallographic	   PAS	   homodimer,	   which	   is	   present	   in	   solution,	   too.	   The	  

homodimer	   is	   stabilized	  by	   interactions	  of	   the	  antiparallel	  PAS-‐B	  β-‐sheet	   surfaces	   (PAS-‐B	  Trp	  

interface)	  and,	  different	  from	  mPER2	  and	  mPER3,	  by	  additional	  interactions	  between	  its	  PAS-‐A	  

domains	  (αC-‐interface).	  These	  two	  interfaces	  are	  presumably	  responsible	  for	  the	  highly	  affine,	  

more	   compact	   and	   inflexible	   fold	   of	   the	  mPER1	   PAS	   domains	   in	   comparison	   to	  mPER2	   and	  

mPER3.	   Thereby,	   its	  molecular	   interaction	  and	   signaling	   capacity	   is	   limited	  which	   is	  probably	  

reflected	  on	  the	  one	  hand	  in	  lower	  molecular	  weight	  of	  mPER1	  complexes	  compared	  to	  mPER2	  

complexes	  and	  on	  the	  other	  hand	  explains	  its	  less	  dominant	  circadian	  roles	  in	  determination	  of	  

CRY-‐PER	  localization	  and	  as	  transcriptional	  corepressor.	  	  

The	  PAS	  domains	  are	  required	  for	  transcriptional	  repressor	  complex	  formation;	  however,	  

they	   are	   not	   involved	   in	   dimeric	   core	   CRY/PER	   complex	   formation.	   The	   crystal	   structure	   of	  

mCRY1/mPER2	   reveals	   that	   mPER2	   winds	   with	   its	   ≈100	   C-‐terminal	   residues	   around	   the	   α-‐

helical	  domain	  of	  mCRY1.	  Thus,	  it	  covers	  a	  large	  surface	  area	  which	  includes	  the	  binding	  sites	  of	  

the	  E3	   ligase	  complex	  component	  FBXL3	  and	  the	  transcription	  factor	  BMAL1	  but	  not	  the	  FAD	  

cofactor	  binding	  pocket.	  Consequently,	  PER	  stabilizes	  CRY	  and	  shields	  it	  from	  FBXL3	  mediated	  

degradation	  on	  the	  one	  hand,	  and	  probably	  interferes	  with	  its	  binding	  to	  CLOCK/BMAL1	  on	  the	  
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other	   hand.	   Surprisingly,	   one	   of	   the	   four	   complex	   interfaces	   is	   mediated	   by	   a	   jointly	  

coordinated	   zinc	   ion,	   which	   substantially	   stabilizes	   mCRY1-‐mPER2	   interaction.	   Results	   from	  

both	   in	   vitro	   and	   cell-‐based	   assays	   imply	   that	  mCRY1/mPER2	   complex	   formation	   is	   probably	  

regulated	  by	  an	   interplay	  of	  zinc	  binding	  and	  mCRY1	  disulfide	  bond	  formation,	  which	  may	  be	  

influenced	   by	   the	   redox	   state	   of	   the	   cell.	   Overall	   the	   crystal	   structure	   of	  mCRY1/mPER2	   not	  

only	   provides	   a	   detailed	   insight	   into	   CRY-‐PER	   interaction	   but	   also	   new	   ideas	   on	   how	   this	  

complex	   might	   sense	   and	   act	   corresponding	   to	   the	   cellular/metabolic	   state	   and	   how	   the	  

interplay	  with	  other	  clock	  components	  drives	  the	  circadian	  oscillator.	  This	  will	  guide	  the	  design	  

of	  new	  experiments	  and	  the	  development	  of	  novel	  circadian	  and	  metabolic	  modulators	  in	  the	  

future.	  
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1	  Introduction	  

1.1	  Circadian	  Rhythms	  

Circadian	  rhythms	  are	  the	  extrinsic	  manifestations	  of	  an	  endogenous	  timing	  system	  and	  include	  

approximately	   24	  hrs	   (circa	  diem:	   lat.	   approximately	  one	  day)	   rhythms	   in	  many	  physiological	  

and	   behavioral	   processes.	   Developed	   as	   adaptation	   to	   the	   daily	   light/dark	   cycle	   they	  

advantageously	  influence	  the	  activity	  and	  survival	  of	  organisms	  from	  all	  phyla	  and	  link	  regular	  

environmental	  changes	  with	  the	  (temporal)	  molecular	  composition	  of	  organisms.	  	  

Circadian	   rhythms	   are	   associated	  with	   asexual	   development	   in	  Neurospora	   crassa	   (Loros	  

and	  Dunlap,	   2000),	   photosynthesis,	   leaf	   positioning	   and	   growth	   in	   plants	   (Yakir	   et	   al.,	   2006),	  

locomotor	   activity,	   wake	   cycle	   and	   body	   temperature	   in	   animals	   and	   more	   precisely	   blood	  

pressure,	  heart	  rate	  and	  hormone	  circulation	  in	  humans	  (Albrecht	  and	  Eichele,	  2003;	  Hastings	  

et	   al.,	   2007).	   Fundamental	   features	   of	   all	   these	   rhythms	   are	   I)	   persistence	   in	   the	   absence	  of	  

external	   cues,	   i.e.	   they	   are	   free-‐running	   and	   self-‐sustained,	   II)	   entrainment	   to	   cyclic	  

environmental	  stimuli	  like	  light,	  which	  allows	  for	  adaptation	  of	  the	  circadian	  period	  to	  about	  24	  

hrs,	  and	   III)	  compensation	  for	   inappropriate	  signals	   like	  changing	  surrounding	  temperature	  or	  

varying	  nutrition	  (Kramer	  and	  Merrow,	  2013).	  

The	  origin	  of	  rhythmicity	  lies	  in	  so-‐called	  circadian	  clocks	  which	  commonly	  consist	  of	  three	  

major	  components:	  an	  input	  pathway,	  a	  central	  oscillator	  and	  an	  output	  pathway	  (Eskin,	  1979).	  

The	   input	   pathway	   transduces	   “Zeitgeber”	   signals,	   the	   most	   prominent	   of	   which	   are	   light	  

signals,	   to	   the	   oscillator	   which	   generates	   rhythms	   in	   RNA	   and	   protein	   levels	   based	   on	  

autoregulatory	   feedback	   loops.	   The	   output	   pathways	   translate	   these	   rhythms	   into	   periodic	  

biological	  processes	  (Figure	  1).	  In	  mammals	  a	  hierarchal	  network	  of	  numerous	  oscillators	  exists	  

with	  the	  master	  clock	  residing	  in	  the	  suprachiasmatic	  nucleus	  (SCN)	  in	  the	  hypothalamus	  (Bell-‐

Pedersen	  et	  al.,	  2005).	  It	  is	  composed	  of	  coupled,	  synchronized	  neurons	  which	  all	  display	  self-‐

sustained	  oscillations	  (Quintero	  et	  al.,	  2003).	  Indeed	  the	  selective	  destruction	  of	  the	  SCN	  results	  

in	  complete	  loss	  of	  all	  circadian	  rhythms	  (Moore	  and	  Eichler,	  1972;	  Stephan	  and	  Zucker,	  1972),	  

however,	  rhythmicity	  can	  be	  almost	  completely	  restored,	  including	  rhythmic	  locomotor	  activity,	  

through	  grafting	  of	  a	  SCN.	  This	   leads	   to	  adoption	  of	   the	  donator	   rhythm	  (Ralph	  et	  al.,	  1990).	  

Synaptic	  communication	  between	  its	  constitutive	  cells	  and	  integrity	  of	  the	  SCN	  allow	  for	  robust	  
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molecular	  oscillation	  of	  the	  clock	  proteins,	  sustain	  rhythmicity	  even	  in	  absence	  of	  single	  clock	  

genes	  and	  keep	  phase	  against	  environmental	  disturbances	   like	   restricted	   feeding	   (Damiola	  et	  

al.,	  2000;	  Liu	  et	  al.,	  2007b;	  Yamaguchi	  et	  al.,	  2003).	  

The	  master	  pacemaker	   is	   uniquely	   entrained	   through	   light	   signals	   from	   the	  environment	  

received	  via	  the	  retinohypothalamic	  tract	  (RHT)	  (Johnson	  et	  al.,	  1988).	  It	  is	  then	  responsible	  for	  

synchronization	   of	   local	   peripheral	   clocks	   either	   directly	   through	   humoral	   and	   neuronal	  

signaling	  or	  indirectly	  through	  regulation	  of	  sleep,	  body	  temperature	  and	  feeding	  (Balsalobre	  et	  

al.,	  2000;	  1998;	  Brown	  et	  al.,	  2002;	  Green	  et	  al.,	  2008).	  Peripheral	  clocks	  are	  found	  in	  almost	  all	  

cells	  and	  tissues	  including	  the	  liver,	   lung,	  kidneys,	  etc.	  (Yoo	  et	  al.,	  2004).	  They	  are	  responsible	  

for	  tissue	  specific	  rhythmic	  expression	  of	  genes	  (output).	  Some	  rhythmic	  outputs	  such	  as	  NAD+	  

have	  been	   suggested	   to	   feedback	   to	   the	   clock	  and	  act	   as	   adjusting	   signals	   (Eckel-‐Mahan	  and	  

Sassone-‐Corsi,	  2009).	  
	  

	  
Figure	  1:	  Principle	  components	  of	  the	  mammalian	  timing	  system	  (input,	  the	  24	  hrs	  clock,	  output).	  The	  mammalian	  
circadian	  clock	  is	  composed	  of	  a	  multi	  oscillator	  network,	  in	  which	  the	  SCN	  is	  the	  central	  pacemaker.	  This	  master	  
oscillator	   receives	   light	   signals	   (input)	   for	   synchronization	  with	   the	   daily	   24	   hrs	   light/dark	   cycle	   and	   accordingly	  
produces	  endogenous	  circadian	  signals	  which	  serve	  to	  coordinate	  peripheral	  clocks	  (responsible	  for	  local	  outputs).	  
Transcriptional	  autoregulatory	  feedback	   loops	  mediated	  through	  the	   interplay	  of	  positive	  and	  negative	  elements	  
continuously	   drive	   all	   clocks.	   While	   the	   positive	   clock	   elements/proteins	   induce	   the	   expression	   of	   clock	   genes	  
including	  the	  negative	  elements/proteins,	  these	  in	  turn	  “feedback”	  and	  inhibit	  the	  positive	  elements.	  Together	  all	  
body	  oscillators	  generate	  rhythmic	  behavioral	  and	  physiological	  outputs	  (inspired	  from	  (Agostino	  et	  al.,	  2010;	  Liu	  
et	  al.,	  2007a)).	  

	  

The	  core	  clock	  genes	  and	  mechanisms	  are	  very	  similar	  in	  all	  body	  oscillators	  and	  are	  based	  on	  

transcriptional	   autoregulatory	   feedback	   loops	   and	   specified	   to	   keep	   the	   24	   hrs	   time	   frame	  

through	  posttranscriptional	   (Kojima	  et	   al.,	   2012)	   and	  posttranslational	  modifications	   (Gallego	  
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and	   Virshup,	   2007),	   chromatin	   remodeling	   (Grimaldi	   et	   al.,	   2009),	   directed	   subcellular	  

localization	  (Vielhaber	  et	  al.,	  2001)	  as	  well	  as	  timed	  degradation	  of	  clock	  proteins	  (e.g.	  (Sahar	  et	  

al.,	  2010;	  Yoo	  et	  al.,	  2013)).	  However,	  the	  expression	  levels,	  contributions	  and	  functions	  of	  core	  

and	   peripheral	   clock	   and	   clock-‐controlled	   components	   are	   tissue	   specific.	   This	  manifests	   for	  

example	   in	   a	   low	   convergence	   in	   oscillating	   transcripts	   between	   SCN,	   liver	   and	   heart.	   Only	  

transcripts	   of	   integral	   clock	   genes	   that	   assure	   fundamental	   oscillator	   functionality	   are	  

consistent	  (Panda	  et	  al.,	  2002;	  Storch	  et	  al.,	  2002).	  
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1.2	  Molecular	  Components	  and	  Mechanisms	  of	  the	  Mammalian	  Circadian	  Clock	  

The	  mechanistic	  principle	  behind	  circadian	  clocks	  is	  conserved,	  however,	  the	  core	  clock	  genes	  

and	  corresponding	  proteins	  greatly	  vary	  across	  phyla.	  	  

The	   mammalian	   circadian	   clock,	   which	   was	   most	   intensively	   studied	   in	   rodents1,	   is	  

composed	   of	   feedback	   loops	   involving	   transcription	   and	   translation	   of	   specific	   core	   clock	  

proteins	   (Figure	  2).	  A	   circadian	  cycle	   is	   initiated	  by	   the	   transcription	   factors	  CLOCK	   (circadian	  

locomotor	  output	   cycles	   kaput	  protein)	   (Antoch	  et	  al.,	   1997)	   (or	   its	  paralog	  NPAS2	   (neuronal	  

PAS	  domain	  protein	  2)	  (DeBryne,	  et	  al.,	  2007))	  and	  BMAL1	  (brain	  and	  muscle	  Arnt-‐like	  protein-‐

1)	  (Bunger	  et	  al.,	  2000;	  Gekakis	  et	  al.,	  1998)	  (positive	  elements,	  compare	  Figure	  2).	  Both	  contain	  

a	   bHLH	   (basic	   helix-‐loop	   helix)	   motif	   and	   two	   PAS	   (PER-‐ARNT-‐SIM)	   domains.	  While	   the	   PAS	  

domains	   mediate	   their	   heterodimer	   formation	   (section	   1.4.1),	   CLOCK	   and	   BMAL1	   bind	   to	  

E/E’-‐box	  elements	  in	  the	  DNA	  of	  clock	  and	  clock-‐controlled	  genes	  via	  their	  bHLH	  domain	  (Huang	  

et	   al.,	   2012).	   Thereby,	   they	   activate	   transcription	   of	   the	   negative	   clock	   components	   PERIOD	  

(PER,	  paralogs	  1,	  2	  and	  3)	  and	  CRYPTOCHROME	  (CRY,	  paralogs	  1	  and	  2)	  as	  well	  as	  the	  so-‐called	  

clock-‐controlled	   genes	   (ccgs).	   This	   cascade	   contributes	   to	   the	   rhythmic	   output	   of	   circadian	  

proteins	  and	  their	  targets.	  The	  accumulated	  PER	  and	  CRY	  proteins	  form	  degradation	  protected	  

complexes	  in	  the	  cytoplasm.	  These	  complexes	  then	  enter	  the	  nucleus	  where	  they	  interact	  with	  

the	   CLOCK/BMAL1	   complex	   and	   repress	   transcription	   (Lowrey	   and	   Takahashi,	   2004).	   Hence,	  

they	  negatively	   influence	  their	  own	  transcription	  (negative	   feedback).	  At	   the	  end	  of	   the	  cycle	  

PER	  and	  CRY	  are	  degraded	  via	  the	  ubiquitin-‐proteasome	  pathway	  and	  CLOCK/BMAL1	  mediated	  

transcription	  is	  restored.	  	  

Resetting	   and	   synchronization	   of	   the	   circadian	   cycle	   with	   the	   environment	   is	   achieved	  

through	   Ca2+-‐dependent	   protein	   kinase	   signaling	   pathways	   and	   subsequent	   activation	   the	  

cAMP/Ca2+	  response	  element-‐binding	  (CREB)	  protein	  which	  binds	  to	  corresponding	  elements	  in	  

the	  promotors	  of	  for	   instance	  Per1	  and	  2	  and	   induces	  expression	   in	  response	  to	  a	   light	  signal	  

(Golombek	   and	   Rosenstein,	   2010;	   Hastings	   and	   Herzog,	   2004).	   Recruitment	   of	   the	   histone	  

acetytransferases	   CREB-‐binding	   protein	   (CBP)	   and	   its	   homolog	   p300	   (amongst	   others)	   to	   the	  

CLOCK/BMAL1	  complex	  restarts	  a	  new	  transcription	  cycle	  (Koike	  et	  al.,	  2012;	  Lee	  et	  al.,	  2010).	  	  

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	   Next	   to	   the	  Drosophila	   oscillator,	   the	  mammalian	   oscillator	   is	   best	   studied	   today.	   Rodents,	   in	   particular	  mice,	   serve	   as	  model	   organism.	  
Therefore,	  this	  study	  focuses	  on	  mouse	  (mus	  musculus)	  clock	  proteins,	  which	  show	  a	  very	  high	  sequence	  similarity/	  identity	  with	  clock	  proteins	  
from	  humans	  (homo	  sapiens).	  
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To	   ensure	   flexibility	   and	   ≈	   24	   hrs	   coverage	   of	   the	   circadian	   clock,	   the	   above	   described	   core	  

feedback	   loop	   is	   assisted	   by	   numerous	   side	   processes.	   Transcription	   activation	   through	  

CLOCK/BMAL1	  depends	  on	  the	  phosphorylation	  by	  casein	  kinase	   Iε	   (CK1ε),	  glycogen	  synthase	  

kinase	  3β	  (GSK3β)	  and	  mitogen-‐activated	  protein	  kinase	  (MAPK)	  (Eide	  et	  al.,	  2002;	  Sahar	  et	  al.,	  

2010;	   Sanada	   et	   al.,	   2002)	   as	   well	   as	   posttranslational	   histone	   modifications.	   Histone	  

modifications	   are	   achieved	   through	   acetylation	   by	   CLOCK	   itself	   (Doi	   et	   al.,	   2006)	   or	   other	  

Figure	   2:	   Illustration	   of	   the	   molecular	   components	   of	   the	   mammalian	   circadian	   clock.	   The	  
CLOCK/BMAL1	  complex	  (green/red)	  binds	  to	  the	  E/E’-‐boxes	  in	  the	  DNA	  of	  clock	  and	  clock	  controlled	  
genes	  and	  regulates	  their	  transcription.	  Resulting	  CRY	  and	  PER	  proteins	  (cyan/orange)	  dimerize	  and	  
translocate	   to	   the	   nucleus	   where	   they	   inhibit	   CLOCK/BMAL1	   initiated	   transcription	   and	  
consequently	  their	  own	  transcription	  (negative	  feedback).	  A	  delay	  in	  CRY/PER	  mediated	  feedback	  is	  
established	   through	   two	   additional	   accessory	   feedback	   loops	   in	   one	  of	  which	   the	  orphan	  nuclear	  
receptors	  REV-‐ERB	  and	  ROR	  regulate	  BMAL1	  transcription	  amongst	  others	  through	  binding	  to	  RRE	  
sites.	  Transcription	  factors	  DBP	  and	  E4BP4	  further	  regulate	  the	  clock	  on	  the	  transcriptional	  level	  via	  
binding	   to	   D-‐box	   elements	   in	   the	   DNA	   of	   several	   clock	   genes.	   Transcriptional	   repression	   is	  
terminated	  through	  degradation	  of	  CRY	  and	  PER	  via	  the	  ubiquitin	  proteasome	  pathway;	  
PTM:	  posttranslational	  modification	  (modified	  from	  (Kramer	  and	  Merrow,	  2013)).	  
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chromatin	   modifying	   activities	   resulting	   in	   (de)phosphorylation,	   (de)acetylation,	  

(de)methylation,	  etc.	  of	  histones	  (Curtis	  et	  al.,	  2004;	  Etchegaray	  et	  al.,	  2003).	  	  

CLOCK/BMAL1	   activity	   on	   E-‐box	   containing	   genes	   (Per1,	   Dbp,	   REV-‐ERBa)	   is	   further	  

suggested	   to	   be	   delayed	   through	   the	   transcriptional	   corepressor	   DEC1,	   whose	   expression	   is	  

conversely	   controlled	   by	   the	   core	   loop.	   It	   modulates	   BMAL1/CLOCK	   activity	   either	   through	  

binding	   with	   its	   bHLH	   DNA	   binding	   domain	   to	   E-‐box	   elements	   or	   through	   interaction	   with	  

BMAL1	   (Nakashima	   et	   al.,	   2008).	   Furthermore,	   regulation	   of	   CRY/PER	   cellular	   localization	   as	  

well	  as	   timed	  degradation	  of	  CRY	  and	  PER	  via	   the	  ubiquitin	  proteasome	  pathway	  account	   for	  

supplemental	  precision.	  	  

In	   a	   second	   transcriptional	   feedback	   loop	   the	   retinoic	   acid-‐related	   orphan	   nuclear	  

receptors	   ROR	   (paralogs	   α,	   β	   and	   γ)	   and	   REV-‐ERB	   (paralogs	   α	   and	   β),	   whose	   expression	   is	  

reversely	  fine-‐tuned	  by	  the	  CLOCK/BMAL1	  heterodimer	  through	  their	  E-‐box	  elements,	  control	  

circadian	  Bmal1	  expression	  (Clock	  is	  constitutively	  expressed	  in	  the	  SCN	  and	  cycles	  in	  peripheral	  

clocks	   (Lowrey	   and	   Takahashi,	   2004)).	   ROR	   and	   REV-‐ERB	   support	   the	   clock	   through	   their	  

competitive	   binding	   to	   the	   retinoic	   acid-‐related	   orphan	   receptor	   response	   elements	   (RRE),	  

however,	   they	  are	   insignificant	   for	   rhythmicity.	  While	  REV-‐ERB	   represses	  Bmal1	   transcription	  

through	  recruitment	  of	   the	  NCoR/HDAC3	  complex,	  ROR	  activates	  Bmal1	   transcription	   (Akashi	  

and	   Takumi,	   2005;	   Guillaumond	   et	   al.,	   2005;	   Preitner	   et	   al.,	   2002).	   RRE	   elements	   are	   also	  

contained	  in	  the	  DNA	  of	  Clock,	  Npas2,	  Cry1,	  E4bp4	  and	  Ror.	  	  

Lately	  a	  second	  accessory	  feedback	  loop	  was	  suggested	  which	  involves	  the	  antagonistically	  

acting	  bZIP	  transcription	  factors	  DBP	  (D-‐site	  albumin	  promoter	  binding	  protein)	  and	  E4BP4	  (E4	  

promoter	  binding	  protein	  4).	  They	  act	  on	  D-‐box	  elements	  in	  the	  promoter	  of	  their	  target	  genes	  

including	  Per1-‐3,	  Rev-‐Erb,	  Ror	  and	  Cry1	  (Ueda	  et	  al.,	  2005;	  Yamajuku	  et	  al.,	  2011).	  Indeed,	  Ukai-‐

Tadenuma	   et	   al.	   reported	   from	   cell	   culture	   assays	   that	   phase	   delay	   in	   Cry1	   transcription	   is	  

ensured	   through	   the	  combination	  of	  D-‐Box,	  E-‐box	  and	  RRE	  elements	   in	   the	  DNA	  of	  Cry1	  and	  

constitutes	  the	  prerequisite	  for	  an	  efficient	  clock	  (Ukai-‐Tadenuma	  et	  al.,	  2011).	  	  

Nevertheless,	   findings	   from	   Menet	   et	   al.	   recently	   modified	   the	   influence	   of	   de	   novo	  

transcription	  and	  instead	  strengthened	  the	  importance	  of	  posttranscriptional	  modifications	  for	  

the	   circadian	   cycle.	  Using	  a	  genome-‐wide	   sequencing	  approach	  of	  nascent	  RNA	   they	   showed	  

that	  only	  half	   of	   the	   rhythmically	   transcribed	   clock-‐controlled	  genes	   indeed	   show	  a	   rhythmic	  

mRNA	  pattern.	  In	  contrast,	  about	  two-‐thirds	  of	  all	  rhythmic	  mRNAs	  even	  did	  not	  show	  rhythmic	  

transcription	   and	   the	   DNA	   binding	   profile	   of	   CLOCK/BMAL1	   did	   not	   fit	   to	   the	   time	   point	   of	  
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transcription	   of	   their	   target	   genes	   (Menet	   et	   al.,	   2012).	   Few	   examples	   of	   transcription	  

independent	   circadian	   cycles	   are	   described	   in	   literature,	   too,	   including	   the	   autoregulatory	  

phosphorylation	   cycle	  of	   cyanobacterial	  Kai	  proteins.	  Most	   recently,	   circadian	   rhythms	   in	   the	  

cysteine	  redox	  state	  of	  peroxiredoxins,	  rhythmic	  hemoglobin	  dimer	  (oxidized,	  Fe(III))	  -‐	  tetramer	  

(reduced,	  (Fe(II))	  transitions,	  and	  oscillations	  in	  the	  level	  of	  NADH/NADPH	  in	  anucleate	  human	  

red	   blood	   cells	   have	   been	   described	   as	   consistent	   in	   the	   absence	   of	   transcription.	   However,	  

they	   are	   most	   probably	   initiated	   by	   and	   somehow	   interconnected	   with	   the	   transcriptional	  

circadian	  elements	  (O'Neill	  and	  Reddy,	  2011).	  	  
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1.3	  The	  Circadian	  Clock	  and	  Metabolism	  

The	   circadian	   clock	   is	   linked	   to	   metabolic	   homeostasis.	   Indeed,	   among	   the	   rhythmically	  

regulated	   genes	   there	   is	   a	   profound	   number	   of	   rate	   limiting	   genes	   involved	   in	   e.g.	   glucose	  

homeostasis	   as	   well	   as	   lipid	   and	   xenobiotic	   metabolism	   in	   the	   liver	   (Panda	   et	   al.,	   2002).	  

Correspondingly,	  mice	  with	  disrupted	  clock	  genes	  are	  prone	  to	  metabolic	  disorders.	  Shift	  work,	  

which	   distracts	   the	   natural	   circadian	   rhythm,	   is	   associated	   with	   an	   increased	   occurrence	   of	  

metabolic	  syndrome	  in	  humans	  (De	  Bacquer	  et	  al.,	  2009).	  

However,	   there	   is	   emerging	   evidence	   that	   metabolic	   output	   reciprocally	   contributes	   to	  

circadian	   timing,	   too.	   Especially	   peripheral	   oscillators	   are	   affected	   by	   feeding	   and	   hence	  

metabolism.	   Indeed,	   restricted	   feeding	   changes	   the	   phase	   of	   circadian	   gene	   expression	   in	  

peripheral	  organs	  independent	  from	  the	  master	  clock	  in	  the	  SCN	  which	  keeps	  phase	  according	  

to	  daytime	  (Damiola	  et	  al.,	  2000).	  It	  is	  mainly	  unclear	  by	  which	  means	  this	  food	  entrainment	  of	  

peripheral	  clocks	  happens.	  However,	  it	  resembles	  light	  resetting	  of	  the	  central	  pacemaker	  and	  

consequently	  suggests	  a	  reciprocal	  link	  between	  the	  circadian	  clock	  and	  metabolism.	  

Glucose,	   which	   resets	   the	   circadian	   clock	   in	   cell	   assays	   (Hirota	   et	   al.,	   2002),	   or	   food	  

stimulated	   hormones	   such	   as	   Ghrelin	   (LeSauter	   et	   al.,	   2009)	   are	   discussed	   to	   entrain	   the	  

peripheral	   circadian	   clocks	   according	   to	   feeding.	   The	   redox	   and	   metabolic	   state	   of	   the	   cell,	  

which	   is	   for	   example	   represented	   by	   the	   coenzyme	  NAD+/NADH	   ratio,	   impacts	   the	   circadian	  

oscillator	   (Figure	   3).	   Reduced	   NADH	   enhances	   DNA	   binding	   of	   CLOCK/BMAL1	   and	  

NPAS2/BMAL1,	   respectively,	   while	   oxidized	   NAD+	   attenuates	   at	   least	   NPAS2/BMAL1	   DNA	  

binding	  capacity	  in	  vitro	  (Rutter	  et	  al.,	  2001).	  Furthermore,	  circadian	  gene	  expression	  is	  affected	  

in	  different	  ways	  by	  the	  NAD+	  dependant	  (histone)	  deacetylase	  SIRT1:	   It	   interacts	  with	  CLOCK	  

and	   deacetylates	   its	   partner	   BMAL1	   (Nakahata	   et	   al.,	   2007).	   Thereby,	   SIRT1	   attenuates	  

interaction	   BMAL1	  with	   its	   repressor	   CRY1	   (Hirayama	   et	   al.,	   2007).	   Secondly,	   it	   deacetylates	  

PER2,	   the	   second	   key	   component	   of	   the	   transcription	   repressor	   complex,	  which	   supports	   its	  

degradation	   (Asher	   et	   al.,	   2007).	   Consequently,	   SIRT1	   compromises	   CLOCK/BMAL1	  

transcriptional	   activity.	  Moreover,	   it	   deacetylates	   Lys9	   and	   Lys14	   of	   histone	   H3	   and	   thereby	  

counterbalances	  the	  histone	  H3	  acetylation	   function	  of	  CLOCK.	  As	  both	  acetylation	  of	  BMAL1	  

and	  histone	  H3	  are	  associated	  with	  the	  acetylation	  function	  of	  CLOCK	  at	  different	  time	  points,	  

SIRT1	  probably	  acts	  as	  a	   regulator	   for	  CLOCK	   (Nakahata	  et	  al.,	  2007).	  SIRT1	  also	  deacetylates	  
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and	   regulates	   other	   proteins	   like	   PGC1α	   (PPARγ	   coactivator	   α)	   which	   is	   involved	   in	  

gluconeogenesis	  (Rodgers	  et	  al.,	  2005).	  PGC1α	  further	  functions	  as	  a	  transcriptional	  coactivator	  

of	  ROR	  proteins	  which	  positively	  regulate	  Bmal1	  expression	  (Liu	  et	  al.,	  2007c).	  Strikingly,	  SIRT1	  

activity	  is	  inhibited	  by	  the	  reduced	  form	  of	  NAD+	  (NADH)	  as	  well	  as	  by	  the	  NAD+	  consumption	  

and	  deacetylation	  side	  product	  NAM	  (nicotinamide)	  and	  thus	  generates	  a	  feedback	  loop	  on	  its	  

enzymatic	  function.	  SIRT1	  in	  interaction	  with	  CLOCK/BMAL1	  controls	  the	  expression	  of	  NAMPT	  

(nicotinamide	   phosphoribosyltransferase),	   a	   key	   enzyme	   in	   the	   salvage	   pathway	   of	   NAD+	  

biosynthesis,	  and	  thereby	  the	  production	  of	  its	  functionally	  important	  cofactor	  (Nakahata	  et	  al.,	  

2009).	  Consequently	  NAD+	  levels	  and	  SIRT1	  activity	  rhythmically	  fluctuate.	  

	  

	  
	  

Figure	   3:	   Schematic	   illustrating	   the	   interconnections	   of	   the	   circadian	   clock	   and	   metabolism	   (for	   detailed	  
description	   see	   text).	   CRY1	   regulates	   glucose	   homeostasis	   through	   negative	   regulation	   of	   gluconeogenic	   gene	  
expression.	   Conversely,	   CRY1	   is	   targeted	   for	   degradation	   through	   AMP-‐activated	   protein	   kinase	   (AMPK)	   (see	  
section	  1.5).	  PER2	  supposedly	   interacts	  with	  certain	  nuclear	  receptors	  and	  modulates	  their	  (metabolic)	  functions	  
(see	  section	  1.4);	  (modified	  from	  (Zhang	  and	  Kay,	  2010)).	  

	  

As	  NAD+	  levels	  also	  regulate	  SIRT3,	  a	  mitochondrial	  deacetylase	  modulating	  oxidative	  enzymes,	  

the	  circadian	  oscillator	  probably	  reciprocally	   impacts	  mitochondrial	  oxidative	  metabolism,	  too	  

(Peek	  et	  al.,	  2013).	  Moreover,	  PARP-‐1	   (poly	   (ADP-‐ribose)	  polymerase	  1)	   interacts	  with	  CLOCK	  

and	   impairs	   the	   interaction	   of	   CLOCK/BMAL1	   with	   DNA	   through	   poly-‐ADP	   ribosylation.	   Like	  

SIRT1	   it	  depends	  on	  NAD+	   for	  synthesis	  of	  the	  ADP	  ribose	  molecules	  and	  thereby	  functions	   in	  

response	  to	  the	  cellular	  redox	  state	  (Asher	  et	  al.,	  2010).	  Interestingly,	  the	  AMP/ATP	  ratio,	  which	  
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reflects	   the	   cellular	   energy	   state,	   regulates	   activity	   of	   AMPK	   (AMP-‐activated	   protein	   kinase),	  

which	   influences	   the	   circadian	  oscillator	  by	   stimulation	  of	   increasing	   intracellular	  NAD+	   levels	  

and	   consequently	   SIRT1	   activity	   (Cantó	   et	   al.,	   2009).	   Moreover,	   AMPK	   also	   regulates	   CRY	  

stability	  through	  phosphorylation	  (section	  1.5).	  	  

Apart	  from	  ROR	  several	  other	  nuclear	  receptors	  like	  REV-‐ERB	  or	  PPAR,	  which	  traditionally	  

regulate	   genes	   involved	   in	   glucose	   or	   lipid	   metabolism,	   are	   involved	   in	   maintenance	   of	   the	  

circadian	  oscillator.	  They	  sense	  and	  function	  in	  dependence	  of	  a	  ligand,	  which	  is	  often	  a	  small	  

metabolite	   or	   hormone,	   and	   thereby	   translate	   the	  metabolic	   state	   of	   the	   cell	   into	   circadian	  

gene	   expression.	   For	   instance	   REV-‐ERB	   binds	   the	   metabolite	   heme	   which	   can	   sense	   both	  

diatomic	  gases	  and	  the	  cellular	  redox	  state.	  Interestingly,	  it	  was	  shown	  that	  REV-‐ERBα	  reversely	  

modulates	   the	   synthesis	   of	   heme	   in	   a	   negative	   feedback	   loop	   and	   thereby	   also	   impacts	   on	  

cellular	  energy	  metabolism	  (Wu	  et	  al.,	  2009).	  

Moreover,	   many	   nuclear	   receptors	   (e.g.	   TRα,	   PPAR,	   ERR,	   REV-‐ERB,	   ROR,	   etc.)	   are	  

rhythmically	  expressed	  in	  metabolic	  organs	  like	  the	  liver,	  adipose	  tissue	  and	  muscle	  (Yang	  et	  al.,	  

2006),	  and	  in	  this	  way	  reciprocally	  link	  the	  circadian	  clock	  with	  metabolism	  (Figure	  3).	  	  
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1.4	  PERIOD	  (PER)	  Proteins	  –	  Prominent	  Members	  of	   the	  Mammalian	  Circadian	  

Clock	  

The	  Per	  gene	  and	  its	  importance	  for	  the	  circadian	  clock	  was	  first	  described	  in	  Drosophila	  where	  

the	  change	  in	  the	  free-‐running	  circadian	  period	  could	  be	  associated	  with	  mutations	  in	  the	  dPer	  

gene.	  The	  observation	  that	  both	  the	  rhythmic	  cycling	  of	  dPer	  mRNA	  and	  protein	  as	  well	  as	  the	  

regulation	  of	  these	  rhythmic	  accumulations	  by	  PER	  itself	  later	  suggested	  that	  PER	  functions	  in	  a	  

feedback	  loop	  within	  the	  clock	  (Hardin,	  2011).	  In	  mammals,	  three	  homologous	  Per	  genes	  were	  

subsequently	  identified	  and	  named	  Per1,	  2	  and	  3,	  respectively	  (Albrecht	  et	  al.,	  1997;	  Shearman	  

et	  al.,	  1997;	  Sun	  et	  al.,	  1997;	  Tei	  et	  al.,	  1997;	  Zylka	  et	  al.,	  1998b).	  	  

	  

1.4.1	  Mutant	  Phenotypes	  Suggest	  Non-‐Redundant	  Mammalian	  PER	  Protein	  Functions	  

Analysis	   of	   wheel	   locomotion	   activity,	   which	   is	   recorded	   as	   behavioural	   read-‐out	   of	   the	  

oscillator,	  of	  corresponding	  Per	  mutant	  mice	  revealed	  the	   importance	  of	  PER	  proteins	  for	  the	  

mammalian	  circadian	  oscillator.	  	  

In	  constant	  darkness	  (free-‐running	  clock	  condition)	  the	  knockout	  of	  either	  mPer1	  or	  mPer2	  

still	   allows	   the	   clock	   to	   continue	   oscillation	   for	   several	   cycles,	   however,	   with	   a	   changed	  

periodicity	  and,	   in	  most	  cases,	   leads	  to	  arhythmicity	  over	  time.	  Per2	  mutant	  mice	  on	  average	  

show	   a	  more	   severe	   phenotype	   compared	   to	   Per1	   mutant	  mice	   (for	   example	   (Zheng	   et	   al.,	  

1999)	  and	  (Zheng	  et	  al.,	  2001)	  or	  (Bae	  et	  al.,	  2001)	  or	  (Brown	  et	  al.,	  2005a),	  see	  Figure	  4A).	  Mice	  

with	  a	  disruption	  of	  both	  Per1	  and	  Per2	  consistently	  show	  an	  immediate	  arhythmic	  behaviour	  

which	  is	  also	  reflected	  on	  the	  molecular	  level	  (Bae	  et	  al.,	  2001;	  Zheng	  et	  al.,	  2001).	  In	  contrast,	  

PER3	   deficient	  mice	   show	   only	  mild	   alterations	   in	   their	   locomotor	   activity	   (Shearman	   et	   al.,	  

2000a).	  	  

Compared	  to	  wheel	   running	   locomotor	  activity,	   following	  circadian	  rhythms	   in	   tissue	  and	  

individual	   cell	   cultures	   unravels	   differences	   between	   the	   individual	   central	   and	   peripheral	  

oscillators	  and	  visualizes	  the	  influence	  of	  intercellular	  interactions	  on	  rhythmicity.	  Here,	  Per3	  -‐/-‐	  

SCN	  explants	  cycle	  with	  a	  slightly	  shorter	  period	  than	  wild-‐type	  and	  thereby	  mirror	  locomotor	  

activity	  results,	  which	   is	  also	  the	  case	  for	  Per1	   (Liu	  et	  al.,	  2007b)	   (Figure	  4B).	  However,	   tissue	  

explants	  of	  several	  peripheral	  organs	   (e.g.	   liver,	   lung,	  etc.)	   from	  PER3	  deficient	  mice	  show	  an	  

altered	   circadian	   period	   and	   phase	  while	   corresponding	   fibroblasts	   show	   a	   shortened	   period	  
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only	   and,	   for	   instance,	   tissue	   explants	   from	   kidney	   are	   not	   affected	   at	   all	   (Liu	   et	   al.,	   2007b;	  

Pendergast	   et	   al.,	   2012).	   Lung	   explants,	   fibroblasts	   (in	   culture	   or	   individual	   cells)	   and	   single	  

neurons	   from	   Per1	   mutant	   mice	   as	   well	   as	   fibroblasts	   from	   Per2	   mutant	   mice	   become	  

arhythmic	   and/or	   display	   unstable	   rhythms	   of	   low	   amplitude	   followed	   by	   arhythmicity,	  

respectively	  (Liu	  et	  al.,	  2007b).	  On	  the	  whole	  this	  shows	  that	  all	  three	  mammalian	  PER	  proteins	  

have	  a	  unique	  function	  in	  circadian	  timing	  and	  can	  only	  partially	  compensate	  for	  one	  another.	  

Especially	  PER1	  and	  PER2	  impact	  on	  circadian	  rhythmicity	  while	  PER3	  only	  influences	  peripheral	  

clocks.	  	  

	  

	  

Figure	   4:	  Overview	   of	   the	   effects	   of	   PER	   proteins	   on	   the	   circadian	   oscillator.	   A)	  Per	  mutation	   affects	  
wheel	   running	   locomotion	   of	   mice.	   Different	   Per	   mutant	   mice	   and	   corresponding	   locomotion	  
phenotypes	   as	   read-‐out	   of	   the	   free-‐running	   clock	   from	   different	   sources	   are	   listed;	   brdm1:	   in	   frame	  
deletion	   of	   82	   amino	   acids	   in	   PAS-‐B	   of	   mPER2	   and	   deletion	   of	   exons	   4-‐18	   in	  mPer1	   gene	   (protein	  
comprises	   only	   amino	   acids	   1-‐124	   of	   mPER1,	   assumed	   null	   mutations;	   (modified	   from	   (Ko	   and	  
Takahashi,	   2006));	   B)	   Cell	   and	   tissue	   phenotypes	   observed	   in	   a	   reporter	   gene	   assay	   as	   a	   result	   of	  
mutated	  mouse	  Per	  genes;	  pd:	  period;	  (modified	  from	  (Lowrey	  and	  Takahashi,	  2011)).	  
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1.4.2	  Domain	  Architecture/Functional	  Motifs	  of	  Mammalian	  PER	  Proteins	  	  

The	   mammalian	   PER	   proteins	   comprise	   about	   1200	   amino	   acids.	   Comparative	   sequence	  

analysis	  of	  mPER1-‐3	  reveals	  a	  46%	  sequence	   identity	  of	  mPER1	  and	  mPER2	  but	  only	  36%	  and	  

37%	   identity	   with	  mPER3,	   respectively.	   Sequence	   analysis	   also	   reveals	   a	   nuclear	   localization	  

sequence	   (NLS),	   several	   nuclear	   export	   sequences	   (NES)	   as	  well	   as	   a	   cytoplasmic	   localization	  

domain	  (CLD).	  

	  

	  
Figure	   5:	   Domain	   structure	   and	   mapped	   interaction	   sites	   of	   mammalian	   PER	   proteins	   (mouse	   proteins	   are	  
exemplarily	  shown)	  which	  belong	  to	  the	  PAS	  (PER-‐ARNT-‐SIM)	  family	  of	  proteins.	  A	  predicted	  helix-‐loop-‐helix	  (HLH)	  
domain	   is	   located	   N-‐terminal	   of	   PAS-‐A.	   Sequence	   analysis	   further	   depicted	   several	   subcellular	   localization	  
sequences	   (NES,	   NLS,	   CLD)	   as	   well	   as	   potential	   proline-‐rich	   (Pro-‐rich)	   interaction	   motifs	   and	   typical	   nuclear	  
receptor	   coregulator	  binding	  motifs	   (LXXLL	  and	  CoRNR).	   The	  CK1β/ε	   binding	   site	   (orange)	   together	  with	   several	  
phosphorylation	  sites	  was	  mapped	  to	  the	  central	  region	  of	  the	  proteins.	  The	  C-‐terminal	  domain	  of	  PER	  comprises	  
the	  CRY	   interaction	  domain	   (violet)	  which	  was	   specified	   to	   residues	  1132-‐1252	  of	  mPER2	   in	   this	  work	   (adapted	  
from	  (Ripperger	  and	  Albrecht,	  2011)).	  

	  

Regions	  of	  highest	  sequence	  identity	  include	  two	  N-‐terminal	  PAS	  domains	  (section	  1.4.4)	  which	  

mediate	   homo-‐	   and	   heterodimer	   formation	   of	   PER	   proteins	   (Yagita	   et	   al.,	   2000;	   Zylka	   et	   al.,	  

1998a).	  Apart	  from	  the	  PAS	  domains,	  secondary	  structure	  prediction	  suggests	  that	  PER	  proteins	  

are	  intrinsically	  mainly	  unfolded.	  The	  domain	  architecture	  of	  mPER1-‐3	  is	  shown	  in	  Figure	  5.	  So	  

far	   interaction	   sites	   for	   CRY,	   located	   in	   its	   C-‐terminus	   (residues	   917-‐1257	   of	   mPER2),	   and	  

several	  kinases	  were	  mapped	  on	  PER.	  CRY	   importantly	   stabilizes	  PER,	  prevents	  ubiquitination	  

and	  its	  subsequent	  degradation	  (Lee	  et	  al.,	  2001;	  Yagita	  et	  al.,	  2002).	  Moreover,	  the	  interaction	  

of	   PER2	  with	   both	   CLOCK	   and	   BMAL1	   have	   been	   suggested	  without	   precise	  mapping	   of	   the	  
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interaction	  sites	  (Chen	  et	  al.,	  2009;	  Kiyohara	  et	  al.,	  2006;	  Langmesser	  et	  al.,	  2008;	  Sato	  et	  al.,	  

2006).	  	  

Importance	   of	   PAS	   domains	   for	   PER	   functionality	   is	   underlined	   by	   the	   observation	   that	  

mice	   homozygous	   for	   a	   deletion	   of	   82	   amino	   acids	   in	   the	   PAS-‐B	   domain	   of	  mPER2	   display	   a	  

shorter	   free	   running	   circadian	   period	   which	   is	   followed	   by	   a	   complete	   loss	   of	   rhythmicity	  

(Figure	  4A).	  In	  addition,	  these	  mice	  suffer	  from	  impaired	  DNA	  damage	  responses	  and	  increased	  

tumor	  development	  rates	  (Fu	  et	  al.,	  2002).	  

	  

	  
	  

Figure	  6:	  Roles	  of	  mammalian	  PER	  proteins	  outside	  the	  circadian	  oscillator.	  Both	  PER1	  and	  PER2	  are	  described	  to	  
act	   as	   tumor	   suppressors	   while	   polymorphisms	   of	   the	   Per3	   gene	   are	   associated	   with	   sleep	   and	   behavioral	  
disorders;	   black	   arrows:	   suggested	   interactions	   of	   PER	   protein	   with	   nuclear	   receptors	   and	   their	   implications	  
(inspired	  from	  (Ripperger	  and	  Albrecht,	  2011)).	  

	  

PER	  PAS	  domains	  depict	  sequence	  motifs	  which	  are	  usually	   involved	  in	  coregulator	  binding	  to	  

nuclear	  receptors;	  in	  particular	  a	  LxxLL	  co-‐activator	  motif	  and	  two	  CoRNR	  co-‐repressor	  motifs.	  

An	   additional	   LxxLL	   motif	   is	   found	   in	   the	   C-‐terminus	   of	   the	   PER	   proteins	   (as	   1050-‐1054	   of	  

mPER2).	  Interestingly,	  it	  was	  recently	  suggested	  that	  mPER2	  (rather	  than	  mPER1)	  interacts	  via	  

its	  PAS	  LxxLL	  motifs	  with	  REV-‐ERBα	  and	  PPARα	  (replaces	  RORα	  in	  the	  liver	  and	  activates	  BMAL1	  

expression)	  and	  acts	  as	  a	  coregulator	  of	  BMAL1	  transcription	  in	  the	  liver.	  A	  regulation	  of	  PER2	  

on	   BMAL1	   transcription	   was	   already	   suggested	   from	   a	   study	   in	   mutant	   mPER2Brdm1	   mice	   in	  
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which	  Clock	  remains	  unaffected	  but	  Bmal1,	  Cry	  and	  Per	  RNA	  rhythms	  are	  blunted	  (Shearman	  et	  

al.,	  2000b).	  Moreover,	  interaction	  of	  mPER2	  with	  HNF4α,	  TRα,	  PPARy	  and	  to	  some	  extent	  with	  

NURR1	  und	  RORα	  was	  shown	  (Schmutz	  et	  al.,	  2010).	  	  

mPER3	  was	  described	  to	  interact	  via	  its	  PAS	  domains	  with	  the	  nuclear	  receptor	  PPARγ.	  This	  

interaction	   supposedly	   represses	   the	   PPARγ	   activity	   and	   thereby	   inhibits	   adipogenesis.	   Since	  

nuclear	  receptors	  are	  involved	  in	  numerous	  physiological	  processes,	  they	  potentially	  constitute	  

another	  link	  of	  the	  circadian	  oscillator	  and	  metabolism	  through	  interaction	  with	  PER	  (Costa	  et	  

al.,	  2011).	  These	  non-‐core	  clock	  functions	  of	  PER	  and	  others	  are	  summarized	  in	  Figure	  6.	  	  

	  

1.4.3	  Posttranslational	  Modifications	  of	  Mammalian	  PER	  Proteins	  	  

PER	  proteins	  are	  targets	  of	  and	  depending	  on	  casein	  kinase	  1	  δ	  and	  ε	  (CK1δ/ε)	  as	  well	  as	  

glycogen	  synthase	  kinase	  3β	  (GSK3β).	  The	  importance	  of	  phosphorylation	  for	  circadian	  timing	  is	  

implicated	  in	  patients	  suffering	  from	  familial	  advanced	  sleep	  phase	  syndrome	  (FASPS)	  which	  is	  

characterized	   by	   a	   shortened	   circadian	   period,	   early	   sleep	   onset	   and	   early	   awakening.	   The	  

patients	  show	  a	  changed	  PER2	  phosphorylation	  pattern	  either	  due	  to	  a	  mutation	   in	   the	  CK1ε	  

phosphorylation	   target	   Ser662PER2,	   which	   is	   mutated	   to	   glycine,	   or	   due	   to	   a	   T44A	   missense	  

mutation	   in	   the	  gene	  of	   the	  PER2-‐phosphorylating	  CK1∂.	   Both	  mutations	  are	  associated	  with	  

hypophosphorylation	  of	  PER2	  which	  alters	  its	  cellular	  localization	  and	  stability	  (Toh	  et	  al.,	  2001;	  

Vanselow	  et	  al.,	  2006)	  and/or,	  in	  case	  of	  S662G	  mutation,	  reduced	  PER2	  transcription	  (Xu	  et	  al.,	  

2006).	   In	   the	  Syrian	  Tau	  hamster	  a	  T178C	  substitution	   in	  CK1ε	  accelerates	   the	  circadian	  cycle	  

due	   to	  an	  affected	  kinase	  activity	  which	   changes	  PER	  endurance	   (Gallego	  and	  Virshup,	  2007;	  

Meng	  et	  al.,	  2008).	  Furthermore,	  polymorphisms	  of	  the	  Per3	  gene,	  which	  are	  implicated	  in	  the	  

delayed	  sleep	  phase	  syndrome	  (DSPS),	  are	  also	  associated	  with	  a	  changed	  CK1	  phosphorylation	  

pattern	  (Ebisawa	  et	  al.,	  2001).	  	  

Thus	  on	   the	  one	  hand,	  CK1δ/ε	   targets	  PER	   for	  degradation	   through	  phosphorylation	  and	  

subsequent	  ubiquitinylation	  by	  the	  SCFβTrCP	  E3	  ubiquitin	  ligase	  complex	  (Camacho	  et	  al.,	  2001;	  

Eide	  et	  al.,	  2005;	  Shirogane	  et	  al.,	  2005).	  On	  the	  other	  hand,	  phosphorylation	  by	  casein	  kinase	  

1ε	   (Lee	   et	   al.,	   2001;	   Takano	   et	   al.,	   2000;	   2004)	   and	  GSK3β	   (shown	   for	  mPER2,	   (Iitaka	   et	   al.,	  

2005))	   is	   involved	   in	   determination	   of	   cellular	   localization	   of	   PER	   which	   is	   important	   for	  

feedback	  and	  rhythmicity.	  	  
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1.4.4	  PAS	  Domains:	  Signal	  Sensors	  and	  Interaction	  Platforms	  

PAS	  domains	  are	  named	  according	  to	  sequence	  homology	   in	  Drosophila	  proteins	  PERIOD	  and	  

developmental	   regulator	   single-‐minded	   (SIM)	   and	   the	   vertebrate	   aryl	   hydrocarbon	   receptor	  

nuclear	   transporter	   (ARNT)	   and	   comprise	   100-‐130	   amino	   acids	  which,	   despite	   low	   sequence	  

identity	  among	  PAS	  domains,	  adopt	  a	  characteristic	   fold	  (Figure	  7A).	  This	   fold	   is	  composed	  of	  

five	   antiparallel	   β-‐strands	   and	   several	   flanking	   α-‐helices.	   LOV	   (light-‐oxygen-‐voltage,	   “PAS”	  

phototropin-‐like	   photosensor	   domain)	   (Crosson	   et	   al.,	   2003)	   and	   potentially	   Cache	   (mostly	  

extracellular	   domains	   of	   signalling	   proteins)	   (Anantharaman	   and	   Aravind,	   2000)	   domains	  

present	  subsets	  of	  the	  PAS	  fold.	  

PAS	  domains	  are	  found	  in	  both	  prokaryotes	  and	  eukaryotes	  either	  as	  a	  single	  or	  as	  pairwise	  

domains	  (PAS-‐A/	  PAS-‐B)	  and	  are	  often	  N-‐terminal	  components	  of	  signal	  transduction	  proteins.	  

They	   either	   serve	   as	   signal	   sensors	   for	   environmental	   (or	  more	   precisely	   for	   changes	   in	   e.g.	  

oxygen,	  light,	  redox	  potential,	  metabolites)	  or	  structural	  changes	  or	  as	  signal	  transmitters	  and	  

protein	   interaction	   platforms.	   Consequently,	   some	   PAS	   domains	   bind	   cofactors	   in	   their	   core	  

such	  as	  heme,	  FMN,	  FAD,	  small	  metabolites,	  polycyclic	  or	  halogenated	  aromatic	  hydrocarbons	  

(PAH/HAH)	  or	  metal	  ions	  (Henry	  and	  Crosson,	  2011).	  	  

In	   many	   cases	   PAS	   domains	   are	   linked	   to	   signal	   transducing	   effector	   domains	   including	  

histidine	   or	   serine/threonine	   kinases,	   phosphodiesterases,	   ion	   channels	   and	   transcription	  

factors	  (Möglich	  et	  al.,	  2009).	   In	  fact,	  the	  eukaryotic	  bHLH-‐PAS	  transcription	  factors	  belong	  to	  

the	   best	   studied	   PAS	   proteins	   and	   include	  ARNT,	  HIFα	   (hypoxia	   inducible	   factor-‐α),	   AHR	   and	  

SIM,	   which	   are	   involved	   in	   hypoxia	   and	   xenobiotic	   response	   pathways	   and	   neurogenesis,	  

respectively.	  Furthermore,	  this	  group	  of	  transcription	  factors	  involves	  the	  mammalian	  circadian	  

transcription	   factors	   NPAS,	   CLOCK	   and	   BMAL1.	   PERIOD	   proteins,	   however,	   do	   not	   contain	   a	  

traditional	   effector	   domain	   and	   are	  not	   associated	  with	   a	   classical	   signaling	   function	  of	   their	  

PAS	   domains	   at	   least	   according	   to	   current	   knowledge.	   Numerous	   other	   clock	   proteins	   also	  

comprise	   PAS	   domains	   including	   WC1/2	   (WHITE-‐COLLAR	   1/2)	   and	   VVD	   (VIVID)	   from	  

Neurospora,	   CYCLE,	   PER	   and	   CLOCK	   from	  Drosophila	  as	  well	   as	   the	   photoreceptors	   PHOT1/2	  

(phototropin	   1/2)	   and	   ZTL	   (ZEITLUPE)	   from	  Arabidopsis.	   Thereby,	   PAS	   proteins	   accomplish	   a	  

prominent	  role	  in	  biological	  timing.	  	  

Finally,	  PAS	  domains	  mediate	  formation	  of	  both	  homo-‐	  and	  heterodimers	  as	  well	  as	  higher	  

oligomers	  through	  variable	  PAS	  packings	  (Figure	  7B).	  Thereby,	  they	  can	  provide	  more	  surfaces	  
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for	   accessory	   interactors.	   Signal	   transduction	   and	   specificity	   of	   PAS	   interactions	   is	   amongst	  

others	  mediated	  through	  quaternary	  structure	  changes	  (Möglich	  et	  al.,	  2009).	  

	  

	  

	  
	  

Figure	   7:	   The	  well-‐conserved	   PAS	   domain	   fold	   visualized	   by	   a	   subset	   of	   crystal	   structures	   (pdb).	  A)	   Single	   PAS	  
domains;	  from	  left	  to	  right:	  PAS-‐B	  domains	  of	  the	  bHLH	  transcription	  factors	  HIF2α	  and	  ARNT	  (4GHI),	  (middle)	  PAS-‐
A	   (also	   called	   LOV1)	   of	   the	   plant	   blue	   light	   photoreceptor	   PHOT1	   (phototropin	   1	   bound	   to	   FMN)	   (2Z6C),	   PAS	  
domain	  of	  fungal	  blue-‐light	  photoreceptor	  VIVID	  (VVD)	  bound	  to	  FAD	  (2PD7),	  (right)	  PAS	  domain	  of	  oxygen	  sensor	  
histidine	  kinase	  FixL	  (1D06)	  from	  Sinorhizobium	  meliloti	  bound	  to	  heme;	  (modified	  from	  (Bersten	  et	  al.,	  2013)).	  B)	  
Crystal	   structure	   of	   the	   dPER	   (232-‐572)	   (1WA9,	   open	   conformation),	   mPER2	   (170-‐473)	   (3GDI)	   and	  
mCLOCK/mBMAL1	  (4F3L)	  dual	  PAS	  dimers.	  dPER	  dimerization	   is	  mediated	  through	   interactions	  of	  the	  PAS-‐A	  and	  
PAS-‐B	   with	   the	   PAS-‐B	   and	   PAS-‐A	   domain	   of	   the	   dimerising	   molecule	   (PAS-‐A	   -‐	   Trp482	   –	   PAS-‐B	   interface),	  
respectively,	  and	  through	  the	  essential	   interaction	  of	  PAS-‐A	  with	  the	  C-‐terminal	  αF-‐helix	  of	  the	  second	  molecule	  
(Yildiz	  et	  al.,	  2005).	  The	  mPER2	  homodimer	  is	  sufficiently	  stabilized	  through	  an	  antiparallel	  PAS-‐B	  β-‐sheet	  interface	  
comprising	   the	   conserved	   Trp419	   (PAS-‐B	   Trp419	   interface)	   (Hennig	   et	   al.,	   2009).	   The	   mCLOCK/mBMAL1	  
heterodimer	   is	  mediated	   through	   pair	   wise	   interactions	   of	   the	   corresponding	   PAS-‐A,	   PAS-‐B	   and	   bHLH	   domains	  
(Huang	  et	  al.,	  2012).	  
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1.5	  CRYPTOCHROMES	  (CRY)	  –	  Blue	  Light	  Sensors	  and	  Transcription	  Repressors	  

Cryptochromes	  were	  first	  described	  in	  plants	  where	  they	  regulate	  development	  and	  growth	  as	  

blue	   light	   photoreceptors.	   Today	   cryptochromes	   are	   known	   in	   all	   kingdoms	   of	   life	   except	  

archaea	  but	  mainly	   in	  plants	  and	  animals.	  They	  are	  structurally	  closely	  related	  to	  photolyases	  

and	  together	  represent	  the	  photolyase-‐cryptochrome	  protein	  family.	  	  

	  

1.5.1	  Photolyases	  –	  Evolutionary	  Relatives	  of	  Cryptochromes	  

Photolyases	  are	  classified	  either	  as	  CPD-‐photolyases	  or	  6-‐4-‐photolyases.	  They	  catalyse	  in	  a	  light	  

dependant	  reaction	  the	  repair	  of	  cyclobutane	  pyrimidine	  and	  (6-‐4)	  pyrimidine-‐pyrimidone	  DNA	  

dimers,	  respectively.	  	  
	  

	  
	  

Figure	  8:	  The	  cryptochrome/photolyase	  protein	  family	  A)	  Domain	  architecture	  of	  photolyases	  and	  cryptochromes	  
and	  their	  known	  cofactors	  (modified	  from	  (Cashmore	  et	  al.,	  1999));	  B)	  Structural	  conservation	  among	  photolyases	  
and	   the	  PHR	  of	  cryptochromes;	  crystal	   structures	   shown	   (pdb):	  DmPhotolyase	   (3CVY),	  PHR	  AtCRY1	   (1U3C),	   full-‐
length	  DmCRY	  (4JZY),	  PHR	  MmCRY2	  (4I6G),	  all	  FAD	  bound.	  
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Next	   to	   the	   catalytically	   active	   cofactor	   FAD	   they	   contain	   a	   surface	  exposed	   light	   harvesting	  

chromophore;	  either	  MTHF	  (methenyltetrahydrofolate)	  or,	   in	  case	  of	  class-‐I	  CPD-‐photolyases,	  

8-‐HDF	   (8-‐hydroxy-‐7,8-‐didemethyl-‐5-‐deazariboflavin,	   F0),	   FAD	   (Fujihashi	   et	   al.,	   2007)	   or	   FMN	  

(Klar	   et	   al.,	   2006).	   Cryptochromes	   and	   photolyases	   share	   a	   similar	   “photoactive”	   domain	  

(called	  photolyase	  homology	   region	   (PHR)	   in	  CRY,	  ≈	  500	  amino	  acids),	  but	   they	  differ	   in	  a	  C-‐

terminal	  tail,	  which	  is	  unique	  to	  cryptochromes	  (Figure	  8A)	  (Cashmore	  et	  al.,	  1999).	  The	  crystal	  

structures	   of	   several	   CPD-‐	   and	   6-‐4-‐photolyases	   and	   various	   cryptochromes	   impressively	  

visualize	  this	  structural	  relation	  (also	  compare	  Figure	  8B).	  The	  photolyase	  domain	  is	  composed	  

of	  a	  N-‐terminal	  α/β	  domain	  and	  a	  C-‐terminal	  α-‐helical	  domain.	  Accordingly,	  cryptochromes	  are	  

able	  to	  bind	  FAD	  and	  MTHF	  as	  cofactors,	  however,	  most	  have	  lost	  photolyase	  activity	  and	  act	  

as	  signal	  transducers.	  An	  exception	  are	  DASH-‐cryptochromes,	  which	  can	  repair	  single	  stranded	  

DNA.	   Nevertheless,	   hCRY2	   retained	  weak	   DNA	   binding	   capacity	   which	   is	   augmented	   by	   the	  

presence	  of	  a	  6-‐4	  DNA	  photoproduct	  (Ozgur	  and	  Sancar,	  2003).	  	  

	  

1.5.2	  Classification,	  Domain	  Architecture	  and	  Light	  Sensitivity	  of	  Crytochromes	  

Cryptochromes	   are	   classified	   into	   three	   groups:	   I)	   the	   classical	   blue	   light	   sensitive	   plant	  

cryptochromes	   (CYR1	  and	  CRY2),	   II)	  DASH-‐cryptochromes,	  and	   III)	  animal	  cryptochromes.	  The	  

latter	  are	  further	  categorized	  as	  type	  I	  cryptochrome	  photoreceptors	  (e.g.	  dCRY)	  or	  type	  II	  light	  

independent	   cryptochromes	   (mammalian	  CRY1/2	  or	  monarch	  butterfly	  CRY2).	   Strikingly,	   they	  

all	  differ	   in	   the	   length	  of	   their	  predicted	  unordered	  and	  practically	  non-‐conserved	  C-‐terminal	  

tails	   (N-‐terminal	   in	   DASH-‐CRY).	   The	   cryptochrome	   tails	   are	   suggested	   to	   operate	   in	   signal	  

transduction	  and	  effector	  binding	  (e.g.	  AtCRY1/2,	  dCRY).	  To	  fulfil	  their	  signalling	  function	  light	  

sensing	  cryptochromes	  undergo	  photoreduction.	  	  

	   In	   photolyases	   the	   blue	   light	   dependant	   photoreaction	   of	   flavin,	   which	   is	   also	   called	  

photoactivation,	   serves	   to	   accumulate	   the	   FAD	   cofactor	   in	   the	   fully	   reduced	   and	   active	   form	  

FADH-‐.	  Hence,	  light	  activated,	  semireduced	  FADH°	  receives	  electrons	  (with	  few	  exceptions)	  via	  

an	   intramolecular	   electron	   transfer	   chain	   composed	   of	   three	   highly	   conserved	   tryptophans	  

(Figure	   9).	   According	   to	   current	   knowledge	   light	   sensing	   cryptochromes	   bind	   fully	   oxidized	  

FADox	  in	  the	  dark,	  resting	  state.	  Light	  initiates	  reduction	  to	  the	  semireduced	  radical	  anion	  FAD°-‐	  

in	   insect	   CRYs	   and	   to	   the	   semireduced	   neutral	   anion	   FADH°	   in	   plant	   CRYs.	   As	   in	   the	   case	   of	  
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photolyases	   this	  happens	  via	  a	   tryptophan	  triad	  and	  converts	  CRY	   into	   the	  putative	  signalling	  

state	  (Figure	  9)	  (Chaves	  et	  al.,	  2011).	  
	  
	  

	  
	  

Figure	   9:	  Overview	   of	   the	   light	   reactions	   of	   cryptochromes	   (left)	   and	   photolyases	   (right).	   Cryptochromes	   bind	  
oxidized	   FAD	   in	   the	   dark	   state	   which	   is	   reduced	   to	   the	   semireduced	   anion	   radical	   (FAD°-‐)	   in	   insects	   and	  
semireduced	   neutral	   radical	   (FADH°)	   in	   plants	   for	   signal	   transduction	   upon	   light	   sensing	   (photoreduction).	  
Photolyases	  undergo	  photoactivation	  to	  accumulate	  FAD	  in	  its	  fully	  reduced	  state	  (FADH-‐)	  which	  is	  needed	  for	  DNA	  
repair.	   In	   a	   second	   photoreaction	   the	   light	   harvesting	   chromophore	   (e.g.	  MTHF)	   transfers	   excitation	   energy	   to	  
FADH-‐.	   An	   electron	   is	   then	   transferred	   from	   the	   excited,	   high	   energy	   FADH-‐*	   to	   the	   DNA	   lesion	   which	   is	  
subsequently	   resolved;	   hν:	   photon	   absorption;	   ET:	   electron	   transfer;	   EET:	   excitation	   energy	   transfer;	   W:	  
tryptophan	  (modified	  from	  (Chaves	  et	  al.,	  2011)).	  

	  

In	  Drosophila	   cryptochrome	  acts	  as	  blue	   light	  photoreceptor	   that	  synchronizes	   the	  clock	  with	  

the	  daily	  light-‐dark	  cycle.	  In	  the	  current	  model	  photoreduction	  of	  FAD	  induces	  a	  conformational	  

change	  in	  the	  dCRY	  C-‐tail	  which	  consequently	  allows	  for	  dCRY	  interaction	  with	  dTIM	  and	  F-‐box	  

protein	   JET	   (JETLAG),	   which	   is	   part	   of	   the	   SCF	   E3	   ubiquitin	   ligase	   complex.	   This	   induces	  

proteasomal	   degradation	   of	   dTIM	   and	   dCRY	   and	   thereby	   both	   resetting	   and	   light	  

synchronization	  of	  the	  clock	  (Ozturk	  et	  al.,	  2011;	  Peschel	  et	  al.,	  2009).	  	  

While	  FAD	  is	  well	  established	  as	  chromophore	  in	  light	  sensitive	  cryptochromes,	  convincing	  

evidence	  for	  MTHF	  or	  another	  second	  chromophore	  and	  its	  functional	  role	  in	  vivo	  is	  missing	  for	  

most	  cryptochromes.	  At	  least	  in	  the	  case	  of	  plant	  and	  animal	  cryptochrome	  spectroscopic	  data	  

implies	  MTHF,	  and	  excludes	  F0,	  as	  second	  chromophore	   (Berndt	  et	  al.,	  2007;	  Malhotra	  et	  al.,	  

2001;	   Ozgur	   and	   Sancar,	   2003;	   Selby	   and	   Sancar,	   2012).	   However,	   different	   from	   plant	   and	  

animal	   cryptochromes	   the	   crystal	   structure	   of	   recombinantly	   expressed	   DASH	   cryptochrome	  
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from	  Arabidopsis	  thaliana	  clearly	  depicts	  MTHF	  as	  one	  potential	  second	  chromophore	  in	  DASH	  

cryptochromes	  (Huang	  et	  al.,	  2006).	  	  

	  

1.5.3	  Mammalian	  Cryptochromes	  and	  the	  Circadian	  Clock	  

In	   mammals	   two	   Cry	   homologs	   have	   been	   identified,	   Cry1	   and	   Cry2.	   Analysis	   of	   the	  

corresponding	   knockout	  mice	   revealed	   a	   shorter	   and	   longer	   free	   running	   period	   for	  mutant	  

Cry1	  and	  Cry2	  mice,	  respectively	  (Thresher	  et	  al.,	  1998;	  van	  der	  Horst	  et	  al.,	  1999;	  Vitaterna	  et	  

al.,	  1999).	  These	  results	  of	  Cry	  knockout	  mice	  are	  also	  reflected	  on	  the	  single	  cell	  or	  tissue	  level	  

for	  Cry2-‐/-‐.	   However,	   knockout	   of	  Cry1	   causes	   arhythmicity	   at	   the	   single	   cell	   level	   and	   tissue	  

explants	   from	  peripheral	  clocks,	  which	   is	  unexpected	   from	  the	  behavioural	   studies	   (Liu	  et	  al.,	  

2007b;	   Yagita	   et	   al.,	   2001).	   Although	   these	   opposing	   effects	   of	   mutations	   on	   the	   circadian	  

period	   suggest	   opposing	   or	   least	   different	   functions	   of	   CRY1	   and	   CRY2	   in	   the	   circadian	  

oscillator,	   both	   CRY1	   and	   CRY2	   repress	   transcriptional	   activity	   of	   the	   CLOCK/BMAL1	  

heterodimer	  through	  interaction	  in	  cell	  assays	  (Griffin,	  1999;	  Kume	  et	  al.,	  1999).	  	  
	  

	  
	  

Figure	   10:	  Overview	   of	   the	   effects	   of	   CRY	   proteins	   on	   the	   circadian	   oscillator.	   A)	   In	   Cry	   knockout	   mice	   wheel	  
running	  locomotion	  as	  read-‐out	  of	  the	  free-‐running	  circadian	  clock	  (in	  constant	  darkness)	  is	  affected.	  Results	  from	  
different	  studies	  are	  shown;	  (modified	  from	  (Ko	  and	  Takahashi,	  2006));	  B)	  Summary	  of	  cell	  and	  tissue	  phenotypes	  
observed	  form	  deletion	  of	  Cry	  genes	   in	  reporter	  gene	  assays;	  pd:	  period	  (modified	   from	  (Lowrey	  and	  Takahashi,	  
2011)).	  
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However,	  the	  repressor	  strength	  of	  CRY1	  is	  described	  superior	  to	  CRY2	  in	  cellular	  assays.	  This	  is	  

supported	  by	  the	  observation	  that	  Per2brdm1/Cry2-‐/-‐	  mice	  display	  robust	  circadian	  rhythms	  while	  

Per2brdm1/Cry1-‐/-‐	  mice	  are	  arhythmic	  (Anand	  et	  al.,	  2013;	  Oster	  et	  al.,	  2002).	  Like	  single	  knockout	  

mice	  double	  Cry1-‐/-‐/Cry2-‐/-‐	  knockout	  mice	  show	  a	  wild-‐type	  like	  rhythmicity	  under	  regular	  light-‐

dark	  conditions,	  but	  they	  completely	   loose	  behavioural	  and	  molecular	  rhythmicity	   in	  the	  dark	  

indicating	  that	  CRY1	  and	  CRY2	  are	  at	   least	  partially	  redundant	  (Okamura	  et	  al.,	  1999;	  van	  der	  

Horst	  et	  al.,	  1999;	  Vitaterna	  et	  al.,	  1999)	  (Figure	  10).	  

Recently	   it	  has	  been	  suggested	   that	  CRY1	  and	  CRY2	  are	  sequentially	   required	   for	  distinct	  

phases	   in	   repressing	   or	   delaying	   CLOCK/BMAL1	   mediated	   transcription	   (Koike	   et	   al.,	   2012).	  

CRY1	  and	  CRY2	  mainly	  differ	   in	   their	  C-‐terminal	   tails,	  which	  are,	   together	  with	   the	  preceding	  

PHR	   C-‐terminal	   helix	   α22	   (formerly	   predicted	   coiled-‐coil),	   involved	   in	   but	   not	   sufficient	   for	  

transcriptional	   repression	   (Chaves	   et	   al.,	   2006).	   It	   has	   been	   suggested	   that	   the	   differential	  

amino	  acid	  composition	  of	  CRY1	  and	  CRY2	  C-‐tails	  as	  well	  as	  modification	  of	  the	  C-‐terminus	  of	  

BMAL1	   through	   timed	   acetylation	   by	   CLOCK	   (Hirayama	   et	   al.,	   2007)	   regulates	   the	   different	  

interactions	  of	  CRY1	  and	  CRY2	  with	  BMAL1	  and	   their	   inhibitory	  effects	  on	   the	  CLOCK/BMAL1	  

complex	   (Czarna	  et	   al.,	   2011).	   The	  BMAL1	   interaction	   site	  on	  CRY	  probably	  partially	  overlaps	  

with	  the	  PER	  interaction	  site	  on	  CRY,	  which	  was	  mapped	  to	  residues	  in	  helix	  α22	  of	  mCRY2	  and	  

which	  are	  also	  conserved	  in	  mCRY1	  (Ozber	  et	  al.,	  2010)	  (Figure	  11).	  	  

	  

	  
	  

Figure	  11:	  Domain	   structure	  and	  mapped	   interaction	   sites	  of	  mammalian	  CRY	  proteins	   (mouse	  
proteins	   shown	   as	   representative).	   They	   contain	   a	   N-‐terminal,	   highly	   conserved	   photolyase	  
homology	   region,	   which	   is	   completed	   by	   helix	   α22,	   a	   formerly	   predicted	   coiled-‐coil.	   Their	   C-‐
terminus	   contains	   a	   mostly	   non-‐conserved,	   highly	   flexible	   tail,	   which	   supposedly	   regulates	  
interaction	  with	  BMAL1.	  Nuclear	  localization	  of	  CRY	  is	  determined	  by	  its	  NLS	  sequences.	  
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In	   contrast	   to	   Drosophila	   CRY,	   mammalian	   CRY1	   and	   CRY2	   are	   integral,	   light	   independent	  

regulators	  of	   the	  circadian	  clock.	  Nevertheless,	   there	   is	   an	   increasing	  number	  of	   reports	   that	  

does	   not	   exclude	   an	   additional	   FAD/light	   dependant	   function	   of	   mammalian	   cryptochromes	  

anymore.	   For	   instance,	   human	   CRY2	   and	   monarch	   butterfly	   type	   II	   CRY	   can	   rescue	  

magnetosensitivity	   in	   dependence	   of	   blue-‐light	   in	   mutant	   flies	   which	   lack	   functional	   dCRY	  

(Foley	   et	   al.,	   2011;	   Gegear	   et	   al.,	   2010).	   Human	   CRY,	   which	   is	   overexpressed	   in	   insect	   cells,	  

undergoes	   photoreduction	   in	   response	   to	   blue	   light.	   Moreover,	   it	   is	   proteolysed	   in	   a	   light	  

dependant	   manner	   in	   transgenic	   flies	   implying	   that	   mammalian	   cryptochromes	   are	   light	  

responsive	  in	  vivo,	  too	  (Hoang	  et	  al.,	  2008).	  	  

	  

1.5.4	  Posttranslational	  Modifications	  of	  Mammalian	  CRY	  Proteins	  

Mammalian	  cryptochromes	  are	  regulated	  by	  phosphorylation.	  Phosphorylation	  by	  MAPK	  alters	  

CRY	   transcriptional	   repression	   on	   CLOCK/BMAL1	   in	   transfection	   assays	   (Sanada	   et	   al.,	   2002).	  

Subsequent	   phosphorylation	   by	   DYRK1A	   (dual	   specificity	   tyrosine-‐phosphorylated	   and	  

regulated	  kinase	  1A)	  and	  GSK3β	  of	  Ser557	  and	  Ser553	   in	  the	  C-‐tail	   specifically	   targets	  mCRY2	  

(not	   conserved	   in	   mCRY1)	   for	   degradation	   (Harada	   et	   al.,	   2005;	   Kurabayashi	   et	   al.,	   2010)	  

through	   a	   yet	   unknown	   mechanism.	   Contradictory,	   phosphorylation	   of	   Ser588	   in	   the	   C-‐tail	  

apparently	  stabilizes	  mCRY1	  (Gao	  et	  al.,	  2013).	  

The	  SCFFBXL3	  E3	  ubiquitin	  ligase	  complex	  ubiquitinates	  mammalian	  CRY	  which	  is	  followed	  by	  

proteasomal	   degradation.	   Recently,	   it	   was	   determined	   that	   AMPK	   (AMP-‐activated	   protein	  

kinase)	  promotes	  this	  destabilization	  of	  mCRY1	  (and	  probably	  mCRY2)	  through	  phosphorylation	  

(Lamia	  et	  al.,	  2009).	  Indeed,	  Ser71	  phosphorylation	  enhances	  FBXL3	  binding	  but	  weakens	  PER2	  

binding	   to	   CRY1	   in	   co-‐immunoprecipitation	   assays.	   Thus,	   FBXL3	   and	   PER2	   probably	  

competitively	   determine	  CRY	   stability	   through	  binding	   to	   the	   same	   site	  on	  CRY.	   The	   recently	  

published	   crystal	   structure	   of	   the	   mCRY2/FBXL3/SKP1	   complex	   reveals	   that	   FBXL3	   interacts	  

with	  the	  FAD	  binding	  pocket,	  the	  C-‐terminal	  helix	  α22	  and	  the	  C-‐terminal	  lid	  of	  mCRY2	  (Xing	  et	  

al.,	  2013).	  	  

	  

1.5.5	  Mammalian	  CRY	  and	  its	  Link	  to	  Metabolism	  

As	   a	   target	   of	   AMPK,	  whose	   activity	   adapts	   to	   the	   cellular	   AMP	   to	  ATP	   ratio,	   CRY1	   links	   the	  
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circadian	   clock	   with	   metabolism	   and	   the	   energy	   state	   of	   the	   cell	   (Lamia	   et	   al.,	   2011).	   In	  

agreement	  with	  that,	  glucose	  deprivation	  in	  a	  cell	  assay	  activated	  AMPK,	  destabilized	  CRY	  and	  

altered	  circadian	  rhythmicity.	  In	  contrast,	  CRY1	  influences	  glucose	  homeostasis	  by	  regulation	  of	  

gluconeogenesis	   during	   fasting.	   It	   can	   modulate	   GPCR	   (G	   protein	   coupled	   receptor)	   activity	  

through	  interaction	  with	  the	  Gsα	  subunit	  of	  the	  G-‐protein	  (Zhang	  et	  al.,	  2010).	  This	  supposedly	  

inhibits,	  according	  to	  Zhang	  et	  al.,	  accumulation	  of	  cAMP	  in	  response	  to	  glucagon	  in	  a	  circadian	  

manner	   and	   consequently	   reduces	   the	   phosphorylation	   status	   and	   activity	   of	   CREB	   (cAMP	  

response	  element-‐binding	  protein)	  which	  mediates	  gluconeogenic	  gene	  expression	  of	  e.g.	  G6pc	  

(glucose-‐6-‐phosphatase)	  and	  Pck1	  (phosphoenolpyruvate	  carboxykinase-‐1),	  respectively	  (Zhang	  

et	  al.,	  2010).	  Moreover,	  CRY1	  and	  CRY2	  are	  stimulated	  by	  glucocorticoids	  to	   interact	  with	  the	  

glucocorticoid	  receptor	  (GR).	  Thereby,	  they	  negatively	  regulate	  the	  GR	  induced	  gene	  expression	  

(but	   not	   inflammatory	   genes)	   and	   specifically	   repress	   the	   expression	   of	   the	   gluconeogenetic	  

enzyme	   Pck1	   in	   the	   liver.	   Consequently,	   mice	   which	   lack	   cryptochromes	   are	  more	   prone	   to	  

glucocorticoid-‐induced	  hyperglycaemia	  and	  suffer	  from	  high	  glucose	  doses	  (Lamia	  et	  al.,	  2011).	  

Strikingly,	   in	   insulin	   resistant	  mice	   overexpression	   of	   CRY1	   in	   the	   liver	   leads	   to	   lower	   blood	  

glucose	  concentrations	  and	  enhances	  insulin	  sensitivity	  (Zhang	  et	  al.,	  2010).	  	  
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1.6	  The	  CRY/PER	  Repressor	  Complex	  Drives	  Circadian	  Rhythms	   

The	   principle	   of	   negative	   feedback	   originates	   from	   studies	   of	   the	  Drosophila	   circadian	   clock	  

where	  it	  was	  convincingly	  demonstrated	  that	  dPER/dTIM	  complex	  formation	  is	  both	  important	  

for	   their	  nuclear	   localization	  and	   repression	  of	   its	  own	   transcription	   through	   interaction	  with	  

the	  transcription	  factors	  CLOCK	  and	  CYCLE	  (Dunlap,	  1998).	  

In	  mammals,	  however,	  CRYs	  were	  established	  instead	  of	  TIM	  as	  the	  second	  transcriptional	  

feedback	  repressors	  next	   to	  PERs	  whereby	  the	  mammalian	  oscillator	  mechanistically	  diverges	  

from	   the	  Drosophila	   oscillator.	   As	   for	   PER,	   cryptochrome	   RNA	   and	   protein	   levels	   oscillate	   in	  

various	  tissues	  in	  a	  daily	  manner	  driven	  by	  CLOCK	  and	  BMAL1	  binding	  to	  the	  E-‐box	  elements	  in	  

their	   promoters.	   Results	   from	   co-‐immunoprecipitation,	   yeast	   two	   hybrid	   screens	   and	  

biochemical	  analysis	  imply	  the	  direct	  interaction	  of	  CRY	  and	  PER	  as	  well	  as	  their	  interaction	  with	  

CLOCK	   and	   BMAL1.	   Moreover,	   cellular	   reporter	   gene	   assay	   provide	   clear	   evidence	   for	   the	  

joined	  capacity	  of	  CRY	  and	  PER	   to	   feedback	  and	  negatively	   regulate	  CLOCK/BMAL1	  mediated	  

transcription.	  Finally,	  Sato	  et	  al.	  identified	  CLOCK	  and	  BMAL1	  mutations	  in	  a	  molecular	  genetic	  

screen	   in	   mammalian	   cells	   which	   prohibit	   direct	   interaction	   with	   CRY1.	   As	   a	   consequence,	  

arhythmic	  phenotypes	  are	  observed	  due	   to	  uncoupling	  of	  CLOCK/BMAL1	   from	  CRY	  mediated	  

transcriptional	   repression.	   Thereby,	   it	  was	  proven	   that	   I)	   transcriptional	   feedback	   is	   required	  

for	   a	   functional	  mammalian	   clock	   and	   II)	   cryptochromes	  most	   probably	  mediate	  mammalian	  

negative	  feedback	  in	  collaboration	  with	  PER	  in	  a	  time	  dependent	  manner	  (Gekakis	  et	  al.,	  1998;	  

Griffin,	  1999;	  Jin	  et	  al.,	  1998;	  Kume	  et	  al.,	  1999;	  Reppert	  and	  Weaver,	  2001;	  Sato	  et	  al.,	  2006;	  

Shearman	  et	  al.,	  1997).	  This	  also	  explains	  the	  complete	  behavioral	  and	  molecular	  arhythmicity	  

of	  Per1-‐/-‐/Per2-‐/-‐	  and	  Cry1-‐/-‐/Cry2-‐/-‐	  double	  knockout	  mice	  (compare	  Figure	  4A	  and	  Figure	  10A).	  	  

	  

1.6.1	  Nuclear	  Localization	  of	  CRY	  and	  PER	  	  

To	   allow	   for	   negative	   feedback,	   CRY	   and	   PER	   proteins	   have	   to	   be	   located	   in	   the	   nucleus.	  

Although	   controversial	   results	   have	   been	   reported	   about	   the	   cellular	   localization	   of	   PER	  

proteins	   in	   cell	   systems,	   their	   cellular	   localization	   appears	   to	   be	   decided	   by	   both	   regulated	  

nuclear	   import	  as	  well	  as	  export	  of	  proteins.	  A	  combination	  of	  one	  nuclear	   localization	  signal	  

(NLS)	   and	   several	   nuclear	   export	   signals	   (NES)	   as	   well	   as	   e.g.	   phosphorylation	   dependent	  

masking	  of	  these	  determines	  mPER	  1-‐2	  localization	  (Vielhaber	  et	  al.,	  2001;	  Yagita	  et	  al.,	  2002).	  
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mPER3	   further	   contains	   an	   active	   cytoplasmic	   localization	   domain	   (CLD)	   (Yagita	   et	   al.,	   2000)	  

(Figure	   5).	   Nevertheless,	   cellular	   localization	   of	   PERs	   is	   additionally	   influenced	   by	  

heterodimerization	  of	  PER	  proteins	  with	  each	  other	  which	  not	  only	  enhances	  their	  stability	  but	  

also	   probably	   causes	   the	   structural	   masking	   and	   unmasking	   of	   certain	   localization	   signal	  

sequences	   and	   thereby	   controls	   activation	  of	   transport	   in	  or	  out	  of	   the	  nucleus,	   respectively	  

(Loop	  and	  Pieler,	  2005;	  Yagita	  et	  al.,	  2000).	  Cellular	   localization	  of	  CRY1	  (and	  probably	  CRY2),	  

however,	  was	  found	  to	  be	  determined	  by	  two	  NLS	  sequences	  and	   influenced	  by	   its	  predicted	  

coiled-‐coil	  region	  at	  the	  C-‐terminus	  of	   its	  PHR	  which	  contains	  PER	  interaction	  sites	  (Chaves	  et	  

al.,	  2006).	  In	  fact,	  CRY	  and	  PER	  largely	  depend	  on	  each	  other	  in	  nuclear	  localization	  as	  they	  form	  

heterodimeric	  CRY/PER	  or	  tetrameric	  CRY	  (2)/	  PER	  (2)	  complexes	  (Kume	  et	  al.,	  1999;	  Loop	  et	  al.,	  

2005;	   Shearman	  et	   al.,	   2000b)	  or	   trimeric	   CRY/PER/CK1δ/ε	   complexes	  which	   are	   targeted	  by	  

phosphorylation	  for	  nuclear	  transport	   (Lee	  et	  al.,	  2001).	  PER,	  and	  especially	  PER1,	  abundance	  

seems	   to	  be	   the	   limiting	   factor	   for	  nuclear	   localization	  of	  CRY/PER	   since	  PER1	  deficient	  mice	  

show	   lower	   nuclear	   levels	   of	   PER2	   and	   CRY1	   in	   SCN	   cells	   despite	   unaltered	   circadian	   gene	  

expression	  (Bae	  et	  al.,	  2001).	  It	  is	  likely	  that	  only	  combined	  NLS	  sequences	  from	  both	  CRY	  and	  

PER	   suffice	   to	   counteract	   the	   NES	   sequences	   of	   PER	   and	   thereby	   shift	   CRY/PER	   from	   the	  

cytoplasm	   to	   the	   nucleus	   (Chaves	   et	   al.,	   2006;	  Miyazaki	   et	   al.,	   2001).	   Nuclear	   abundance	   is	  

further	  augmented	  by	  the	  mutual	  stabilization	  of	  PER	  and	  CRY	  through	  interaction	  (Yagita	  et	  al.,	  

2002).	  

	  

1.6.2	  The	  Molecular	  Mechanisms	  of	  Feedback	  Transcriptional	  Repression	  	  

The	   mechanisms	   underlying	   CRY/PER	   mediated	   negative	   transcriptional	   feedback	   repression	  

are	   still	   obscure.	   It	   most	   likely	   bases	   on	   physical	   CRY/PER	   protein-‐protein	   interactions	   with	  

CLOCK/BMAL1	  (Langmesser	  et	  al.,	  2008)	  promoted	  by	  e.g.	  posttranslational	  modifications	   like	  

BMAL1	   acetylation	   by	   CLOCK	   (Hirayama	   et	   al.,	   2007).	   Inhibition	   of	   transcriptional	   activity	   is	  

related	   to	   impaired	   phosphorylation	   patterns	   of	   CLOCK/BMAL1,	   disruption	   of	   the	  

CLOCK/BMAL1/(DNA)	  complex	  and	  modification	  of	  coregulator	  binding	  (Dardente	  et	  al.,	  2007;	  

Sato	  et	  al.,	  2006;	  Ye	  et	  al.,	  2011).	  	  

Likewise,	   an	   ongoing	   discussion	   exists	   about	   the	   individual	   impact	   of	   CRYs	   and	   PERs	   on	  

negative	  transcriptional	  feedback	  repression.	  Early	  studies	  on	  the	  role	  of	  CRY	  in	  the	  mammalian	  

circadian	  clock	  report	  crucial	  effects	  of	  CRY	  in	  transcriptional	  repression	  of	  CLOCK/BMAL1	  and	  
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only	  mild	  effects	  of	  PER	  (Kume	  et	  al.,	  1999).	  More	  recent	  studies	  with	  cell	  transfection	  assays	  

also	  postulate	  the	  potent	  influence	  of	  CRY	  on	  CLOCK/BMAL1	  inhibition	  (Dardente	  et	  al.,	  2007).	  

Similarly	  biochemical	  data	  suggest	  that	  only	  CRY1	  and	  not	  CRY1/PER2	  or	  PER2	  alone	  can	  bind	  to	  

CLOCK/BMAL1	   on	   DNA.	   Complementary	   cell	   assays	   in	   the	   same	   study	   show	   that	   CRY1	  

destabilizes	  the	  CLOCK/BMAL1/DNA	  complex	  and	  represses	  transcription	  independently	  of	  PER	  

(Ye	   et	   al.,	   2011).	   Interestingly,	   results	   from	   Chen	   et	   al.	   instead	   suggest	   that	   rhythmic	   PER2	  

abundance	   is	   not	   only	   the	   limiting	   factor	   for	   active	   repressor	   complex	   formation	   but	   also	  

driving	   cyclic	   CLOCK/BMAL1	   repression.	   Indeed,	   they	   observe	   that	   constitutive	   expression	   of	  

PER2	   disrupts	   the	   rhythmic	   clock	   gene	   and	   endogenous	   PER	   protein	   expression	   in	   cultured	  

fibroblasts	  and	  in	  mouse	  liver	  in	  vivo;	  and	  that	  mice	  lose	  rhythmic	  locomotor	  activity	  upon	  PER2	  

overexpression	  in	  their	  brain.	  Coimmunoprecipitation	  results	  from	  the	  same	  study	  indicate	  that	  

PER2	   serves	   as	   a	   “bridge”	   for	   the	   transcriptional	   repressor	   CRY1	   in	   its	   interaction	   with	  

CLOCK/BMAL1.	   (Chen	  et	  al.,	  2009).	  This,	  however,	  would	  contradict	   the	  observation	  that	  PER	  

interferes	  with	  CRY	  binding	   to	  CLOCK/BMAL1	  on	  DNA	   (Ye	   et	   al.,	   2011)	   and	  biochemical	   data	  

report	  a	  direct	  interaction	  site	  of	  CRY1	  and	  BMAL1	  (Czarna	  et	  al.,	  2011).	  	  

CLOCK/BMAL1	   inhibition	  probably	  needs	  more	  than	  solely	  CRY	  and	  PER	  and	  represents	  a	  

collaborative	  and	  constitutive	  process	  in	  which	  the	  CRY/PER	  core	  complex	  recruits	  enzymes	  and	  

other	  protein	  machineries,	  which	  modify	  CLOCK/BMAL1	  transcriptional	  control.	  PER1	  and	  PER2	  

associated	  complexes,	  which	  were	  harvested	  and	  purified	  from	  mouse	  tissues	  at	  circadian	  time	  

of	   repression,	   are	   huge	   (>	   1	   megadalton)	   (Brown	   et	   al.,	   2005b).	   Analysis	   showed	   that	   they	  

contain,	   next	   to	   common	   circadian	   clock	   proteins	   (CRY1/2,	   PER1-‐3,	   CLOCK,	   BMAL1,	   casein	  

kinase	  1δ/ε)	  (Padmanabhan	  et	  al.,	  2012),	  DNA-‐	  and	  RNA-‐binding	  proteins	  (NONO)	  and	  histone	  

methyltransferases	   (subunit	   WDR5,	   HP1γ-‐Suv39h),	   which	   probably	   support	   CRY/PER	  

transcriptional	  repression	  through	  histone	  methylation	  (Brown	  et	  al.,	  2005b;	  Duong	  and	  Weitz,	  

2014).	  As	  deacetylation	  and	  methylation	  of	  histone	  H3K9	  are	  often	  collaboratively	  associated	  

with	   the	   transcriptionally	   repressed	   chromatin	   state,	   identification	   of	   PSF	   (polypyrimidine	  

tract–binding	  protein–associated	  splicing	  factor)	  in	  PER	  complexes	  makes	  sense;	  it	  recruits	  the	  

SIN3	  histone	  deacetylase	  complex	  to	  the	  site	  of	  CLOCK/BMAL1	  mediated	  transcription	  (Duong	  

et	  al.,	  2011).	   It	  was	  shown	  previously	  that	  rhythmic	  acetylation	  and	  deacetylation	  of	  histones	  

and	   chromatin	   remodeling	   at	   the	   promoters	   of	   clock	   genes	   allows	   for	   cyclic	   CLOCK/BMAL1	  

transcriptional	   activity	   (Etchegaray	   et	   al.,	   2003).	   As	   CLOCK	   contains	   an	   active	   histone	  
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acetyltransferase	  domain	  (Doi	  et	  al.,	  2006)	  itself,	  PSF	  and	  the	  subsequent	  recruitment	  of	  SIN3	  

HDAC	  probably	  reverses	  CLOCK	  histone	  modifications.	  	  

The	   sequential	   identification	   of	   RNA	   helicases	   DDX5	   and	   DHX9,	   RNA	   polymerase	   II,	   pre	  

mRNAs	   and	  other	   factors	   involved	   in	   transcriptional	   elongation	   as	  well	   as	  DNA/RNA	  helicase	  

SETX,	   which	   mediates	   transcriptional	   termination,	   in	   CRY/PER	   complexes	   suggests	   that	   the	  

repressor	   complex	   not	   only	   inhibits	   transcription	   initiation.	   It	   supposedly	   also	   blocks	   SETX	  

action	   at	   the	   Cry	   and	   Per	   transcription	   termination	   sites	   which	   results	   in	   RNA	   polymerase	  

accumulation	  on	  the	  DNA	  and	  reduces	  transcription	  reinitiation	  (Padmanabhan	  et	  al.,	  2012).	  	  

	  

	  
Figure	   12:	   Identified	   components	   of	   nuclear	   PER1/2	   complexes.	   They	   target	  
CLOCK/BMAL1	   mediated	   transactivation,	   chromatin	   state	   and	   transcription	  
termination	  for	  inhibition	  of	  circadian	  transcription.	  

	  

These	   studies	   suggest	   that	   inhibition	   of	   CLOCK/BMAL1	  mediated	   transcription	   is	   a	  multistep	  

mechanism	  involving	  different	  protein	  assemblies.	  PER	  (most	  probably	  PER2	  or	  PER1)	  serves	  as	  

a	  scaffold	  for	  a	  dynamic	  multiprotein	  complex	   including	  CRYs.	  The	  interaction	  capacity	  of	  PER	  

proteins	  probably	  brings	  cryptochrome	  and	  other	  corepressors	  close	  to	  their	  targets	  to	  mediate	  

transcriptional	  feedback	  mechanisms	  which	  render	  the	  CLOCK/BMAL1	  transactivation	  complex	  

temporally	  nonfunctional	  (Figure	  12).	  Whether	  transcriptional	  repression	  attenuates	  affinity	  of	  

CLOCK	  and	  BMAL1	  for	  DNA	  or	  not	  is	  unclear.	  Recent	  studies,	  however,	  imply	  a	  negative	  impact	  

of	  CRY1	  on	  CLOCK/BMAL1	  DNA	  binding	  capacity	  and	  rhythmic	  binding	  of	  CLOCK/BMAL1	  to	  DNA	  

(Koike	   et	   al.,	   2012;	   Ripperger	   and	   Schibler,	   2006;	   Ye	   et	   al.,	   2011).	   Interestingly,	   PER/TIM	  

repressor	   activity	   in	   the	   Drosophila	   circadian	   clock	   presumably	   also	   involves	   dissociation	   of	  

CLOCK/CYCLE	  from	  DNA	  in	  a	  two	  step	  mechanism	  involving	  PER-‐CLOCK	  interactions	  (Menet	  et	  

al.,	  2010).	  	  
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2	  Aims	  of	  the	  Thesis	  

Strikingly,	  many	   aspects	   of	   the	  mechanistic	   details	   behind	   the	   circadian	   clock	   and	   especially	  

behind	   the	   CRY/PER	   complex	   are	   still	   poorly	   understood.	   Our	   knowledge	   bases	   on	  

experimental	   observations	   but	   hardly	   ever	   provides	   precise	   interconnecting	   explanations	   for	  

observed	  phenomena.	  Solely,	  biochemical	  assays	  and	  high	  resolution	  crystal	  structure	  analysis	  

of	  mammalian	  clock	  complexes	  will	  unravel	  step	  by	  step	  the	  direct	  protein-‐protein	  interactions,	  

dynamics	  and	  mechanisms	  that	  account	  for	  driving	  the	  circadian	  oscillator.	  This	  will	  allow	  in	  the	  

future	   to	   selectively	   treat	   clock	   or	   clock-‐related	   disorders	   which	   become	   more	   and	   more	  

prominent	  because	  of	  lifestyle	  based	  irregular	  sleep	  patterns	  and	  the	  predominance	  of	  artificial	  

light.	  	  

This	   study	   specifically	   addresses	   the	  molecular	   biology	   of	   PER	  within	   the	   circadian	   clock	  

using	  a	  structural	  and	  biochemical	  approach.	  More	  precisely,	  the	  following	  questions	  should	  be	  

answered:	  What	  are	  the	  reasons	  for	  the	  distinct	  functions	  of	  mammalian	  PER1-‐3	  and	  how	  do	  

these	  become	  noticeable?	  How	  do	  the	  N-‐terminal	  PAS	  domains	  of	  PER	  contribute	  to	  clock;	  are	  

they	   potential	   chemical	   and/or	   structural	   signal	   sensors	   or	   only	   plain	   protein	   interaction	  

platforms?	   How	   is	   the	   interaction	   between	   mammalian	   CRY1	   and	   PER2	   mediated	   and	  

regulated?	  How	  does	  PER	  contribute	  to	  CRY	  stability	  and	  its	  repressor	  function?	  How	  does	  the	  

CRY/PER	   complex	   account	   for	   negative	   feedback	   in	   the	  mammalian	   circadian	   clock?	   Finally,	  

what	  do	  we	  learn	  from	  structural	  insights	  about	  the	  biology	  of	  the	  mammalian	  circadian	  clock?	  	  

Therefore,	   the	   mammalian	   PER	   proteins	   (or	   fragments)	   alone	   or	   in	   complex	   with	   CRY	  

should	  be	  expressed,	  purified	  and	  crystallized.	  Based	  on	  the	  structural	  information,	  mutational	  

analysis	   and	   complementary	   biochemical	   experiments	   are	   designed	   to	   verify	   the	   complex	  

structure	   in	   solution	   and	   to	   test	   for	   the	   influence	   of	   potential	   ligands.	   Furthermore,	  

complementary	   and	   model	   proofing	   cell	   assays	   and	   in	   vivo	   studies	   are	   performed	   in	  

collaboration.	  
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The three PERIOD homologues mPER1, mPER2, and mPER3 consti-
tute central components of the mammalian circadian clock. They
contain two PAS (PER-ARNT-SIM) domains (PAS-A and PAS-B), which
mediate homo- and heterodimeric mPER-mPER interactions as well
as interactions with transcription factors and kinases. Here we pre-
sent crystal structures of PAS domain fragments of mPER1 and
mPER3 and compare them with the previously reported mPER2
structure. The structures reveal homodimers, which are mediated
by interactions of the PAS-B β-sheet surface including a highly con-
served tryptophan (Trp448mPER1, Trp419mPER2, Trp359mPER3). mPER1
homodimers are additionally stabilized by interactions between
the PAS-A domains and mPER3 homodimers by an N-terminal
region including a predicted helix-loop-helix motive. We have ver-
ified the existence of these homodimer interfaces in solution and
inside cells using analytical gel filtration and luciferase complemen-
tation assays and quantified their contributions to homodimer
stability by analytical ultracentrifugation. We also show by fluor-
escence recovery after photobleaching analyses that destabiliza-
tion of the PAS-B/tryptophan dimer interface leads to a faster
mobility of mPER2 containing complexes in human U2OS cells.
Our study reveals structural and quantitative differences between
the homodimeric interactions of the three mouse PERIOD homolo-
gues, which are likely to contribute to their distinct clock functions.

circadian clock ∣ PAS domains ∣ PERIOD proteins ∣ protein interactions

In mammalians many physiological, behavioral, and biochemical
processes are regulated in a day-time dependent (circadian)

manner. The approximately 24 h period is generated by a circa-
dian clock, which is operated by molecular feedback loops. In the
main feedback loop, the bHLH (basic-helix-loop-helix)-PAS
(PER-ARNT-SIM) transcription factors mBMAL1/2, mCLOCK,
and NPAS2 activate the expression of three PERIOD proteins
(mPER1, mPER2, and mPER3) as well as two cryptochromes,
mCRY1 and mCRY2. The mPER and mCRY proteins inhibit
their own transcription, completing the circle of negative feed-
back. The daily regulated expression of mBMAL1 is ensured by
a stabilizing feedback loop, in which the heme binding nuclear
receptor REV-ERBα/β represses mBMAL1 expression, whereas
ROR-α/β activates it (1, 2). Recently, nontranscriptional circadian
oscillations of peroxiredoxin oxidation-reduction, hemoglobin
dimer-tetramer transitions, and NADH/NADPH oscillations have
been described in human red blood cells, which are interconnected
with the transcriptional feedback loops in nucleated cells (3, 4).

The PERIOD proteins and the transcription factors mBMAL1/
2, mCLOCK, and NPAS2 contain two tandemly organized PAS do-
mains (PAS-A and PAS-B). The PAS domains mediate homo- and
heterodimeric interactions between the mPER homologues (5–8)
as well as interactions of the mPERs with mBMAL1/2, mCLOCK,
and NPAS2 (9–12). These interactions regulate the stability and
cellular localization of the mPERs and modulate the activity of

the mBMAL1/mCLOCK transcription factor complex. Addition-
ally, the PAS domains of NPAS2, mCLOCK, andmPER2 have been
reported to bind heme (13–16). In the circadian clock, mPER1 and
mPER2 proteins are found in large protein complexes, likely estab-
lishing multiple interactions via their PAS domains, the central
CKIε∕δ binding domain and the C-terminal mCRY binding region
(17–19).

Studies with mPER knockout mice showed that mPER1 and
mPER2 are more essential for circadian rhythmicity than mPER3
(20–22). mPER2 appears to positively regulate the expression of
clock genes (mper1, mper2, mcry1, mbmal1) in vivo (20, 21),
possibly by interacting with REV-ERBα and thereby modulating
its effect on mBMAL1 transcription (23). In contrast, mPER1
knockout leads to decreased peak amounts of mPER2 and
mCRY proteins in the nucleus, suggesting that mPER1 regulates
their stability and/or nuclear entry through protein-protein inter-
actions (20). The subtle effect of mPER3 deficiency on circadian
behavior implies that mPER3 is more important for output func-
tions. Indeed, mPER3 interacts with the nuclear receptor PPAR-γ
via an N-terminal region including both PAS domains and a pre-
ceding predicted helix-loop-helix motive (24). This interaction
represses the PPAR-γ activity and thereby inhibits the adipogen-
esis of mesenchymal stem cells. The importance of the per3 gene
is also shown by its implication in the delayed sleep phase
syndrome and the morning or evening sleep timing preferences
observed in human populations (25, 26).

To provide insights into the molecular mechanisms underlying
the distinct functions and molecular interactions of the three
mPER homologues, we have solved crystal structures of the PAS
domain regions of mPER1 and mPER3 and compared them with
our mPER2 structure (27). In addition to a conserved PAS-B/
tryptophan dimer interface, mPER1- and mPER3 homodimers
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are stabilized by interfaces located within the PAS-A domain
(mPER1) or a predicted helix-loop-helix region N-terminal to
the PAS-A domain (mPER3). These additional interfaces lead
to increased affinities compared to the mPER2 PAS domain
homodimers. We also provide evidence that the PAS domains of
mPER1 and mPER3 might be able to bind heme. Furthermore,
we show by luciferase complementation assays that the mPER
homodimers observed in our crystal structures are also formed in
HEK293 cells. Moreover, our fluorescence recovery after photo-
bleaching (FRAP) analyses reveal that destabilization of the PAS-
B/tryptophan dimer interface generates faster moving mPER2
containing complexes in human U2OS cells.

Results
Crystal Structures of Mouse PERIOD1 and Mouse PERIOD3. We have
determined crystal structures of the fragments mPER1[191–502]
and mPER3[108–411], which include the two PAS domains
(PAS-A and PAS-B), the αE helix C-terminal to PAS-B and about
25 residues N-terminal to PAS-A (Fig. 1, Fig. S1, and Table S1).

Both structures revealed noncrystallographic homodimers
(Fig. 1 A and D). Each monomer contains two canonical PAS do-
mains with a five-stranded antiparallel β-sheet (βA-βE) covered on
one face by α-helices (αA, αA*, αB, αC) (Fig. 1 A and D, Fig. S1,

and Table S2). The mPER homodimers are stabilized by interac-
tions between the antiparallel PAS-B β-sheet surfaces. Central to
this interface are the conserved tryptophans Trp448mPER1 and
Trp359mPER3 [corresponding to Trp419mPER2; (27)] as well as
two phenylalanines, Phe444mPER1∕Phe355mPER3 (¼Phe415mPER2)
and Phe454mPER1∕Phe365mPER3ð¼ Phe425mPER2Þ (Fig. 1 A and D,
Figs. S2A and S3C).

The mPER2 homodimer also involved interactions of the PAS-
A domain with helix αE and the PAS-B domain of the dimerizing
molecule (27) (Fig. S2B). These interactions are not observed
in the mPER1 and mPER3 structures because the relative orien-
tation of the monomers is changed in these two homologues
(Fig. S3A; Table S2). Instead, a second homodimer interface is
observed in the PAS-A domains of mPER1 and mPER3, which
is mostly mediated by contacts between their antiparallel αC
helices (Fig. 1 B and E, Fig. S2B). Central to this interface is a
tyrosine residue, Tyr267mPER1 and Tyr179mPER3. In mPER1, the
presence of two glycine residues (Gly264 and Gly268) allows for
a close approach of the two αC helices (Fig. 1B). In mPER3, the
αC helices do not approach each other as closely as in mPER1,
likely due to the exchange of Gly264mPER1 to a bulky arginine
(Arg176mPER3) (Fig. 1E, Fig. S2B).
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Fig. 1. Crystal structures of mPER1[191–502] andmPER3[108–411] (A) Ribbon presentation of the mPER1[191–502] homodimer withmolecule 1 shown in cyan,
molecule 2 in yellow. The conserved Trp448 is shown as atomic stick figure. (B) Close-up view of the mPER1 PAS-A/αC dimer interface formed by antiparallel
packing of the αC helices. The 2Fo-Fc electron density is shown in gray (1σ level). (C) Close-up view of the mPER1 PAS-A/N-terminal cap interface. (D) Ribbon
presentation of themPER3[108–411] homodimer withmolecule 1 shown inmagenta, molecule 2 in green. The conserved Trp359 is shown as atomic stick figure.
(E) Close-up view of the mPER3 PAS-A/αC dimer interface. The composite omit map is shown in blue (2Fo-Fc , σ ¼ 1). (F) Close-up view of the mPER3 PAS-A/
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In all three mPER homologues the region N-terminal to the
PAS-A domain (referred to as N-terminal cap) interacts with the
PAS-A domain surface intramolecularly. Whereas the N-terminal
cap of mPER2 is unstructured, it folds into a long α-helix (αN)
and a β-strand (βN) in mPER1 and a shorter α-helix (αN) in
mPER3 (Fig. 1 A and C, D and F, Fig. S3 A and B). Our mPER
structures revealed a conserved interaction between Tyr200mPER1∕
Tyr171mPER2∕Tyr112mPER3 (N-terminal cap) and the PAS-A resi-
due Trp278mPER1∕Trp249mPER2∕Trp190mPER3 (Fig. 1 C and F,
Fig. S3B, and ref. 27). In mPER1, the PAS-A residue Tyr233 con-
stitutes a central residue of this interface, which contacts Leu202,
Leu205, and Thr209 of the N-terminal cap (Fig. 1C). Additionally,
Leu205 and Ile208 (αN) form van der Waals contacts to Trp278
and Leu338 (PAS-A). Thr209 and Thr213 (αN) hydrogen bond
to Thr219, Ser221, and Gln237 of PAS-A. In mPER3, Tyr233mPER1
is replaced by a histidine (His145mPER3), which does not establish
strong contacts to the N-terminal cap (shortest distance to Thr118:
4.5 Å). Instead, the N-terminal cap of mPER3 contacts the PAS-A
surface via His124, Leu120, and Lys127 as detailed in Fig. 1F.

In the PAS-A βE-strand of mPER2 an LxxLL coactivator
motive (306LCC309LL) has been identified, which plays a role
in the interaction of mPER2 with REV-ERBα and possibly other
nuclear receptors (23). Although the sequences are changed
to 335PCC338LL in mPER1 and 245PCC248LT in mPER3, the
coactivator motive regions (βE strands) of mPER1, 2, and 3
superimpose well (Fig. S3 A and B). However, Leu338mPER1

and Leu248mPER3 are buried in a hydrophobic pocket formed
by Trp278mPER1∕Trp190mPER3 (PAS-A) and Leu205mPER1∕
Leu120mPER3 of the N-terminal cap (Fig. 1 C and F, Fig. S3B).
In mPER2, Leu309mPER2 is less covered and the ßD-ßE loop
preceding the coactivator motive is less ordered than in mPER1
and mPER3 (Fig. S3 A and B).

The αE helix of mPER1, mPER2, and mPER3 contains a func-
tional nuclear export signal (NES; Fig. S1), which corresponds
well to the consensus sequence L-x(2,3)-[LIVFM]-x(2,3)-L-x-
[LI] (28). Whereas Leu489mPER1∕Leu460mPER2∕Leu399mPER3,
Ile493mPER1∕Ile464mPER2∕Ile403mPER3, and Leu496mPER1∕
Leu467mPER2∕Leu406mPER3 pack against the αC’ helix of
PAS-B, the C-terminal residues Leu498mPER1∕Met469mPER2∕
Leu408mPER3 point to the molecule surface (Fig. S4).

Analysis of mPER PAS Domain Interactions in Solution. In order to
prove the existence of the mPER1 and mPER3 homodimers
in solution and to compare their affinities with the mPER2 PAS
domain fragments (27), we have analyzed the fragments mPER1
[197–502] and mPER3[108–411] by analytical gel filtration
and analytical ultracentrifugation (Fig. S5). The dissociation
constant of the mPER3[108–411] homodimer is 1.72 μM, which
is comparable to the equivalent mPER2[170–473] fragment
(KD ¼ 1.34 μM). For the mPER1[197–502] PAS domain frag-
ment, however, we obtained a KD of 0.15 μM corresponding to
a 10 to 15 times higher affinity than mPER2 and mPER3
(Fig. S5G).

We have mutated the PAS-B interface residues Phe444,
Trp448, and Leu456 of mPER1 as well as Trp359, Ile367, and
Pro330 of mPER3 (Fig. S3C) to glutamate. In our gel filtration
experiments, the mutations W359E and I367E totally and P330E
partially disrupted the mPER3[108–411] homodimer (Fig. S5D).
In the mPER1[197–502] fragment only the W448E mutation
completely prevented homodimer formation. The F444E muta-
tion was partially effective (Fig. S5 A and C) and the L456E
mutation (corresponding to I367E in mPER3) totally ineffective.
Analytical ultracentrifugation revealed that the mPER1[197–
502]F444E mutant protein population, which elutes before the
wild-type protein in our gel filtration experiments, corresponds
to a homodimer with an enlarged hydrodynamic radius and
not to a higher oligomeric state. We reasoned that in the dimeric
F444E mutant population the two monomers are loosely held

together by the remaining PAS-A/αC dimer interface. To prove
this hypothesis we generated a F444E/Y267E double mutant in
order to destabilize both, the PAS-B/β-sheet- and the PAS-A/αC
dimer interface. As expected, the double mutant totally disrupted
the homodimer (Fig. S5C). In contrast, the Y267E single muta-
tion left the homodimer intact suggesting the PAS-B interface to
be more important.

Sequence analysis predicts the existence of a helix-loop-helix
motive N-terminal to the PAS-A domain of mPER1, 2, and 3 (5,
29, 30) and secondary structure predictions suggest this N-term-
inal region to be mostly α-helical. To explore its potential contri-
bution to homodimer formation, we have determined the dimer
affinity of the N-terminally extended mPER3 PAS domain frag-
ment mPER3[32–411], which includes the predicted helix-loop-
helix motive (Fig. S1B). Indeed, the KD for the mPER3[32–411]
homodimer was 0.4 μM corresponding to a roughly four times
higher affinity compared to mPER3[108–411] (Fig. S5G). More-
over, none of our PAS-B dimer interface mutants disrupted the
mPER3[32–411] homodimers (Fig. S5E). Furthermore, our CD
spectra revealed an increased α-helical content of mPER3[32–
411] compared to mPER3[108–411] (Fig. S6 B–D). Hence, our
analysis suggests the presence of an additional α-helical homodi-
mer interface between residues 32 and 107 of mPER3, which
likely adopts a helix-loop-helix fold. Since mPER1 and mPER2
have also been predicted to contain a helix-loop-helix motive
N-terminal to their PAS-A domain (Fig. S1B) (5, 29), we tested
the effect of the W419E mutation, which is able to disrupt
mPER2[170–473] and mPER2[128–473] PAS domain homodi-
mers (27), in the N-terminally extended fragment mPER2[59–
473]. Unlike mPER3[32–411], the mPER2[59–473] homodimers
are efficiently disrupted by the W419E mutation (Fig. S5F).

Heme Binding of mPER1 and mPER3. To find out, if mPER1 and
mPER3, like mPER2 (14, 15), are able to bind heme in their PAS
domains, we have incubated our purified mPER3[108–411],
mPER3[32–411], and mPER1[197–502] proteins with heme, se-
parated the heme exposed proteins via gel filtration chromatogra-
phy and assessed heme binding by UV/VIS spectroscopy. For all
three fragments we observed a shift of the absorption maximum
from 390 nm (free heme) to about 420 nm (protein-bound heme,
Fig. S7 A–C), suggesting that heme binds to our mPER1 and
mPER3 PAS domain fragments.

PAS Domain Interactions are Essential for mPER Homodimerization in
Mammalian Cells. To investigate if the mPER crystal dimers are
also present inside cells, we performed luciferase complementa-
tion experiments in HEK293 cells using wild-type and tryptophan
mutant versions of the mPER proteins (Fig. 2). In our previously
reported coimmunoprecipitation (Co-IP) experiments (27),
mutation of the conserved Trp419mPER2 (W419E) efficiently dis-
rupted mPER2[128–473] PAS domain homodimers, but only had
a subtle effect on the formation of full-length mPER2 homodi-
mers in HEK293 cells. We concluded that the full-length mPER2
homodimer is additionally stabilized via non-PAS mPER2 re-
gions, either directly (due to mPER2-mPER2 homodimer inter-
actions) or indirectly by other interacting molecules such as the
cryptochromes. To distinguish between these two possibilities, the
luciferase complementation assay was performed with a C-term-
inally truncated mPER2[1–1127] fragment (mPER2ΔC), which
is unable to interact with mCRY1 (Fig. 2 A and B). Compared
to the wild-type mPER2ΔC fragment, the amount of homodimers
(measured as luciferase activity) was reduced to about 40% when
both monomers contained the W419E mutation and to about
75% when only one monomer was mutated (Fig. 2B). This result
suggests that the PAS-B/tryptophan interface is the predominant
homodimer interface of the full-length mPER2 protein and indir-
ect mCRY-mediated interactions masked the W419E mutant
effect in our Co-IP studies with full-length mPER2.
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In our luciferase complementation assay, homodimers of the
mPER3[108–411] PAS domain fragment were largely disrupted
by the W359E mutation (Fig. 2D), while the corresponding
W448E mutation in mPER1 efficiently weakened dimerization
of the mPER1[197–502] fragment (Fig. 2C). We conclude that
the PAS-B/Trp homodimer interface of mPER1 and mPER3 is
also present inside HEK293 cells. In agreement with our homo-
dimer affinity measurements, about 90% of the mPER3[108–411]
dimers are disrupted when Trp359 is mutated in one or both
monomers (Fig. 2D), whereas the amount of mPER1[197–502]
dimers is reduced to about 45%when both monomers contain the
W448E mutation and to about 65% when only one monomer is
mutated (Fig. 2C). Since we have identified an additional homo-
dimer interface between residues 32 and 107 of mPER3, which
prevents the W359E mutation from disrupting mPER3[32–411]
homodimers in solution (Fig. S5E), the W359E mutation is
unlikely to disrupt homodimers of full-length mPER3 in our
luciferase complementation assay.

Role of Homodimers in the Formation of mPER Containing Complexes.
To analyze the potential role of mPER homodimers in the forma-
tion of mPER containing clock protein complexes, we have mon-
itored their mobility in the cytoplasm of human U2OS cells by
following Venus-fused mPER proteins in FRAP (fluorescence
recovery after photobleaching) experiments (Fig. 3). While the

fluorescence of tetrameric Venus-fused ß-galactosidase (MW ¼
580 kDa) recovered within a half-time (t1∕2) of 0.56 s, mPER1
and mPER2 complexes showed a slower recovery with t1∕2 ¼
0.76 s for mPER1 and t1∕2 ¼ 1.73 s for mPER2. The lower mobi-
lity of the cytoplasmic mPER1 and mPER2 complexes suggests,
that they are larger than tetrameric Venus-fused ß-galactosidase
and possibly retained by interactions with other cytosolic proteins
or structural elements. Mutation of the conserved Trp419mPER2

(W419E) leads to a significantly faster fluorescence recovery of
mPER2 containing complexes (t1∕2 ¼ 1.06 s). The equivalent
W448Emutation in mPER1 did not significantly affect the mobility
of the mPER1 complexes, resulting in a wild-type like recovery rate
with t1∕2 ¼ 1.04.

Discussion
To provide mechanistic insights into the nonredundant functions
of the three PERIOD homologues mPER1, 2, and 3, we have
determined crystal structures of homodimeric PAS domain frag-
ments of mPER1 and mPER3 and compared them with the
known crystal structure of mPER2 (27). While the PAS-B/trypto-
phan dimer interface is present in all three mPER homologues,
the PAS-A-PAS-B/αE dimer interface of mPER2 is replaced by a
PAS-A-PAS-A interface in mPER1 and mPER3, which is
mediated by the two antiparallel αC helices (Fig. 1, Figs. S2 and
S3). The different PAS-A dimer interactions result from the chan-
ged relative orientation of the two monomers in mPER1 and
mPER3 (Fig. S3A), which is likely correlated with the nonconser-
vative amino acid exchanges in the PAS-A-PAS-B/αE interface of
mPER2 [(27) and Figs. S1B and S2B).

The center of the PAS-A/αC interface is formed by Tyr267 in
mPER1 and Tyr179 in mPER3 (Fig. 1 B and E). Interestingly, this
tyrosine is replaced by an alanine (Ala287dPER) in the Drosophila
PERIOD (dPER) homologue. This substitution enables the
insertion of Trp482dPER (corresponding to Trp448mPER1∕
Trp419mPER2∕Trp359mPER3) into the PAS-A domain binding
pocket of the dimerizing molecule and hence the formation of
a completely different dPER homodimer (27, 31). Gly264 and
Gly268 of mPER1, which allow for a close approach of the dimer-
izing αC helices and hence the formation of a tighter PAS-A/αC
interface than in mPER3, are conserved in mammalian PER1
homologues but not in other PER proteins or bHLH-PAS tran-
scription factors. We propose, that the tight PAS-A/αC interface
of mPER1 is responsible for the roughly 10 times higher affinity
of mPER1 PAS domain homodimers (KD ¼ 0.15 μM) compared
to mPER2[170–473] (KD ¼ 1.34 μM) and mPER3[108–411]
(KD ¼ 1.72 μM) and accounts at least partly for the lower effi-
ciency of PAS-B/tryptophan interface mutations in disrupting
mPER1 homodimers in solution [Fig. S5 A and C and ref. 27)
and in human HEK293 cells (Fig. 2 C and D; Fig. 3C).

Although mPER proteins do not have known sensory func-
tions, mPER2 has been reported to bind heme as a cofactor in
its PAS domains and in its C-terminal region (13, 14). Our UV/
VIS spectroscopic analyses (Fig. S7 A–C) suggest that the PAS
domains of mPER1 and mPER3 might also be able to bind heme.
Cys215, which has been proposed as an axial ligand for heme
binding to the PAS-A domain of mPER2 (13), is conserved and
ordered in mPER1 (Cys244, αA*) but changed to a serine (Ser156)
in mPER3 (Fig. S7D). Cys270, another potential heme ligand of
mPER2 (13), is conserved in mPER1 and mPER3 (Cys299mPER1,
Cys210mPER3). Our mPER crystal structures will guide the design of
His and Cys mutants to evaluate heme binding in vivo and in vitro.

All our mPER crystal structures contain a conserved func-
tional NES (28) within the αE helix (Fig. S4). Interestingly, mu-
tation of the C-terminal Met469 of mPER2 to lysine significantly
affects the nuclear export activity of the NES toward a heterolo-
gous protein, whereas mutation of the equivalent C-terminal
Leu408 of mPER1 to Lys has no significant effect on the activity
of the mPER1-NES (28). This difference might be related to the

Fig. 2. Tryptophan residues within mPER-mPER interfaces are critical for
mPER homodimerization in mammalian cells. (A) Luciferase complementa-
tion assay—proof-of-concept: mPER2 and mCRY1 were expressed as fusion
proteins with an N-terminal or C-terminal fragment of firefly luciferase in
HEK293 cells. Strong and specific bioluminescence signals were detected
upon mPER2 and mCRY1 fusion protein coexpression, but not if a truncated
version of mPER2 with a deletion of the C-terminal mCRY binding domain—
mPER2ΔC—or an irrelevant protein (βGAL) is coexpressed. Data are normal-
ized to renilla luciferase activity, which was used as a transfection control.
Shown are average values and error bars of two independent transfections.
(B)–(D) mPER fragments were expressed as luciferase fusion proteins in
HEK293 cells. The N-terminal luciferase fragment was fused to the N-terminus
and the C-terminal luciferase fragment to the C-terminus of a corresponding
mPER fragment. Shown are average values of four to five independent
transfections with s.e.m. (*: p < 0.05; **: p < 0.005; ***: p < 0.001; n.s.: not
significant; t-test). Each experiment was performed at least three times with
similar results. (B) mPER2 without mCRY-binding domain (mPER2ΔC ¼
mPER2½1–1127�) was expressed either as wild-type (wt) or as W419E mutant
(mut). Mutation at position 419 in both binding partners (mut/mut) severely,
mutation in one partner (wt/mut) moderately reduces bioluminescence sig-
nals. (C) mPER1[197–502] fragments were expressed either as wild-type (wt)
or as W448E mutant (mut). Mutation at position 448 in both binding partners
(mut/mut) severely, mutation in one partner (wt/mut) moderately reduces
bioluminescence signals. (D) mPER3[108–411] fragments were expressed either
as wild-type (wt) or as W359E mutant (mut). Mutation at position 359 in one
or both of the binding partners (wt/mut and mut/mut) severely reduces bio-
luminescence signals.
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fact that Met469 is involved in mPER2 homodimer interactions,
whereas the equivalent Leu residues of mPER1 and mPER3 are
completely surface exposed due to the changed relative orienta-
tion of the monomers (Fig. S3A and ref. 27). Hence, homo- or
heterodimer interactions of the mPER proteins are likely to mod-
ulate the function of this NES in the mammalian circadian clock.

Our mutant analyses revealed that the predicted helix-loop-he-
lix region N-terminal to the PAS domains significantly stabilizes
homodimers of mPER3 but not mPER2 (Fig. S5 E and F). Due to
the high sequence similarity of the mPER helix-loop-helix regions
(Fig. S1B), this different behavior was somewhat unexpected. We
propose, that the changed monomer orientations revealed by our
crystal structures (Fig. S3A) may affect the ability of the predicted
helix-loop-helix segments of mPER2 and mPER3 to approach
each other for homodimer interactions. Furthermore, crude mod-
eling exercises suggest that formation of the helix-loop-helix
dimer interface requires a reorientation of at least one of the two
N-terminal caps. Notably, all our mPER homodimer structures
are asymmetric in a sense that the N-terminal cap is less ordered
and therefore more flexible in one of the two monomers. Addi-
tionally, the different structures and PAS-A interactions of the N-
terminal caps of mPER1, 2, and 3 (Fig. 1 C and F, Fig. S3B) might
play a role. Since the basic region that is essential for the DNA
binding of basic-HLH transcription factors (32), is missing in all
three mPER homologues (Fig. S1B) and mPERs have not been
reported to directly bind to DNA (5, 29, 30), a regulation of
mPER homo- or heterodimer formation by DNA is not to be ex-
pected. It is however possible, that (instead of homodimer inter-
actions) the predicted helix-loop-helix region of mPER2 engages
in heterodimeric interactions with other helix-loop-helix proteins.
Like the ID (inhibitor of DNA binding) family of helix-loop-helix
proteins, mPERs could thereby potentially compete with the
formation of transcriptionally active and DNA-binding dimeric
basic-HLH transcription factors (33, 34).

Based on the relatively low homodimer affinity of its PAS do-
mains and the higher flexibility of its PAS-A domain and N-terminal
cap, mPER2 seems more predisposed for heterodimeric signaling
interactions than mPER1 and mPER3. Consistently, the PAS do-
mains of mPER2, but not mPER1, have been reported to interact
with the β-subunit of casein kinase 2 (35), glycogen synthase kinase
3β (36), REV-ERB and possibly other nuclear receptors (23, 35–
37). Since the mutation of the mPER1 335PCCLL coactivator mo-
tive to the mPER2 sequence (LCCLL) did not restore mPER1
binding to REV-ERB (23), additional regions ormolecular features
ofmPER2 appear to be required. Due to the higher flexibility of the

N-terminal cap and the ßD-ßE loop (Fig. S3 A and B), the LxxLL
motive of mPER2 is likely to be more accessible for interactions
with nuclear receptors. Furthermore, the two PAS-A coactivator
motives in the mPER homodimers are inappropriately positioned
to jointly bind to an active nuclear receptor homodimer (38).
Hence, the lower homodimer affinity and enhanced flexibility of
the mPER2 PAS domains may facilitate REV-ERB binding in a
nonhomodimeric conformation. Apart form the PAS domains, the
C-terminal mPER2 region, which also contains an LxxLL coactiva-
tor motive (aa 1050–1054), may contribute to nuclear receptor
binding.

In our luciferase complementation assay with the mPER2[1–
1127] protein, we have obtained the strongest luciferase signals
when the N-terminal half of the luciferase enzyme was fused to
the N-terminal end and the C-terminal half to the C-terminal end
of the mPER fragments. This implies that, while full-length
mPER2 homodimers are predominantly stabilized by the PAS-B/
tryptophan interface (Fig. 2B), their N- and C-terminal ends are
near each other in a cellular context. Notably, this configuration
could bring N- and C-terminal LxxLL coactivator motives into a
spatial arrangement that enables binding to REV-ERB homo-
dimers or other dimeric nuclear receptors. Furthermore, the
N-terminal mPER2[1–330] fragment has been shown to interact
with the C-terminal mPER2[1056–1257] fragment and with the
CK2 β-subunit under Co-IP conditions, suggesting that the N-
and C-terminal mPER2 regions communicate with each other
and jointly provide a platform for CK2 interaction (35).

In our FRAP assays (Fig. 3), mPER1 and mPER2 showed a
slower fluorescence recovery (lower mobility) than tetrameric
Venus-fused ß-galactosidase (MW ¼ 580 kDa). Since Venus-
mPER1- and Venus-mPER2 homodimers are only 325 kDa in
size, the mPERs appear to be associated with other proteins in
the cytoplasm. As mCRY1 binds directly to mPER2 in our luci-
ferase complementation studies (Fig. 2A), the mPER complexes
most likely contain mCRYs. Additional components could be the
other mPER homologues and kinases such as CKI ε∕δ, which
were shown to be present in nuclear mPER1 and mPER2 com-
plexes (17, 18). Interestingly, the mutation of Trp419 to glutamate
leads to faster moving mPER2 complexes (Fig. 3). We conclude,
that the PAS-B/Trp interface and hence the intact mPER2 homo-
dimer is essential for the formation of the more slowly moving
and presumably larger mPER2 complexes in mammalian cells.
The fact that wild-type mPER2 complexes move more slowly
and are therefore likely to be larger than wild-type mPER1 com-
plexes, provides another example of the functional differences
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Fig. 3. mPER protein mobility in U2OS cells determined by fluorescence recovery after photobleaching (FRAP). (A) mPER proteins were stably expressed
in U2OS cells as fusion proteins with the fluorescent Venus protein. They are localized in both cytoplasm and nucleus (depicted is mPER2). A representative
bleach area of a FRAP experiment is indicated. The scale bar represents 10 μm. Lower shows a representative bleaching and recovery of fluorescent molecules in
the bleach areas during the first two seconds for mPER2 wild-type (wt) or the mPER2 W419E mutant fusion proteins. (B) FRAP measurements: normalized
average curves of fluorescence recovery in the cytoplasm expressing mPER2 wt (dark blue), mPER2 W419E (light blue), mPER1 wt (dark green), mPER1 W448E
(light green), or βGAL (a similar sized control protein; black). Data from the first two seconds of recovery (boxed area) is enlarged. Red marks show t1∕2 for
mPER2 wt and mPER2 W419E. (C) Comparison of half-time of recovery (t1∕2 � sem; n: number of experiments with at least 10 cells per experiment): mPER2 wt
(t1∕2 ¼ 1.73� 0.13 s; n ¼ 7) is significantly less mobile (p < 0.001, t-test) than the control protein βGAL (t1∕2 ¼ 0.56� 0.02 s; n ¼ 3). mPER2 W419E
(t1∕2 ¼ 1.06� 0.11 s; n ¼ 3) displays a significantly increased mobility (p ¼ 0.016, t-test) compared to mPER2 wt. In contrast, mPER1 mobility
(t1∕2 ¼ 0.76� 0.08 s; n ¼ 4) is not increased upon mutation of W448E (t1∕2 ¼ 1.04� 0.15 s; n ¼ 4). There is a trend (p < 0.08, t-test), however, toward a lower
mobility of mPER1 wt when compared to βGAL.
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between these two mPER homologues and might be correlated
with the more versatile molecular interactions of mPER2 (see
above). Of course we cannot exclude that interactions with other
cellular structures such as cytoskeletal proteins contribute to the
delayed fluorescence recovery of the mPER complexes. Such
contributions become more significant as the size of the com-
plexes increases (39) and are, if at all, more likely to affect the
wild-type mPER2 complexes.

mPER3 shares some properties with mPER2 (PAS domain
homodimer with similar affinity, mostly stabilized by the PAS-
B/Trp interface) and others with mPER1 (homodimer structure
more mPER1-like, PAS-A/αC interface discernable). As mPER1,
mPER3 possesses a second interface that raises its homodimer
affinity to the sub-μM range, but different from mPER1, mPER3
uses the helix-loop-helix motive located N-terminal to the PAS
domains and not the PAS-A/αC interface as additional stabilizing
interface. These unique features of mPER3 are likely to be cri-
tical for its molecular interactions e.g. with other clock proteins
(5, 7, 8) or the nuclear receptor PPAR-γ (24). They are therefore
expected to affect its functions in clock- and sleep regulation and
adipogenesis (25, 26) as well as other as yet not very clearly de-
fined roles of mPER3 in peripheral tissues and within output
pathways of the clock (40).

In light of the emerging picture that nontranscriptional meta-
bolic rhythms reciprocally interact with the transcriptional oscil-

lator (3, 4), the interactions of mPERs with proteins involved
in metabolic and signaling functions as well as with heme might
provide possible interconnections between the cellular metabo-
lism and the clockwork. Our PAS domain crystal structures of
the three mammalian PERIOD homologues and the quantitative
analyses of their homodimer interactions in solution and inside
cells provide plausible explanations for their distinct molecular
interactions and will guide the design of mutations or small mo-
lecule ligands to further dissect their different functions within or
outside the mammalian circadian clock.

Materials and Methods
A detailed description of the materials and methods (cloning, protein
expression and purification, crystallization and X-ray structure determina-
tion, biochemical, spectroscopic and cell biological studies) is provided as
supplemental information.
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SI Materials and Methods. Recombinant expression and purification.
All mouse PERIOD1 (mPER1) and PERIOD3 (mPER3) frag-
ments were expressed as recombinant GST-fusions in the Escher-
ichia coli strains BL21(DE3) using a pGEX-6P1 expression vector
with a PreScission™ protease site for removal of the GST-tag.
Fragments mPER1[197–502] and mPER1[191–502] were sub-
cloned into the pGEX-6P1 vector using the restriction sites
EcoRI and NotI. Tag removal yielded recombinant mPER1 pro-
teins with an eight-residue extension (GPLGSPEF) at the N-ter-
minus corresponding to a molecular weight of, respectively
35,061 Da and 35,706 Da. For subcloning of the mPER3 frag-
ments 108–411 and 32–411 the restriction sites XhoI and NotI
were used, yielding PreScission™ protease cleaved fragments
with a 13-residue N-terminal overhang (GPLGSPEFPGRLE)
and a molecular weight of respectively 35,769 Da and
44,383 Da. mPER2[59–473] was cloned into pGEX-6P2 using re-
striction sites BamHI and EcoRI. Removal of the GST-tag results
in a construct with a five-residue N-terminal overhang (GPLGS)
and a molecular weight of 47,264 Da. The proteins were purified
via GSH affinity and gel filtration columns. In the case of mPER3
[108–411] an anion exchange was performed additionally. The
GST-tag was cleaved and quantitatively removed.

Crystallization. Crystals of mPER3[108–411] diffracting to 2.5 Å
resolution were grown at 4 °C in hanging drop setups using a re-
servoir solution with 100 mMMES pH 5.5, 18% PEG 6000 and a
protein solution with 10 mg∕ml mPER3[108–411] in 50 mM Tris
pH 8.5, 200 mM NaCl, and 2 mM DTE. The mPER3 crystals be-
long to space group P21 with unit cell constants a ¼ 62.7 Å,
b ¼ 78.6 Å, c ¼ 67.2 Å, β ¼ 97.6°, and two molecules per asym-
metric unit (solvent content 46%). For data collection at 100 K,
crystals were transferred into a cryoprotecting solution containing
30% PEG400 (v∕v) and shock frozen in liquid nitrogen.

Crystals of mPER1[191–502] diffracting to 2.75 Å resolution
were grown at 20 °C in hanging drop setups using a reservoir so-
lution with 100 mMTris pH 7.5, 0.15MNH4OAc, 16% PEG 3350
and a protein solution with 3 mg∕mLmPER1[191–502] in 50 mM
Tris pH 8.5, 200 mM NaCl, and 2 mM DTT. The mPER1 crystals
belong to space group P21 with unit cell constants a ¼ 100.3 Å,
b ¼ 56.9 Å, c ¼ 101.1 Å and four molecules per asymmetric unit
(solvent content 39.05%). For data collection at 100 K, crystals
were transferred into a cryoprotecting solution containing 20–
25% Ethylene Glycol (v∕v) and shock frozen in liquid nitrogen.

Data collection, structure determination and refinement.A 2.5 Å da-
taset of a single mPER3[108–411] crystal and a 2.75 Å dataset of
a single mPER1[191–502] crystal were collected at beamline
X10SA (SLS). All datasets were processed with XDS (1). The
structure of mPER3[108–411] was solved by molecular replace-
ment using MOLREP (2) with one monomer of our refined
mPER2[170–473] structure (3) as search model. The structure
of mPER1[191–502] was solved by molecular replacement using
MOLREP with one monomer of the refined mPER3[108–411]
structure as search model. In the search models, variable loop
and linker regions as well as the region N-terminal to the
PAS-A domain were deleted and nonconserved amino acids were
mutated to alanines. The structures were refined with CNS (4)
and PHENIX (5) applying several rounds of simulated annealing,
positional, and B-factor refinement followed by model building
into 2Fo-Fc and Fo-Fc maps using the program Coot (6). Simu-
lated annealing omit maps were regularly calculated in CNS and

used to verify, correct or build the model. The mPER1 model was
also subjected to TLS refinement.

The final mPER3[108–411] model consists of 548 amino acids
and 163 water molecules. The N-terminal amino acids 95–107
correspond to cloning artefacts. Residues 95–103, 193–202 of mo-
lecule 1 and residues 95–118, 155–162, 193–202, 215–219, 240,
390–392 of molecule 2 are not seen in the electron density due
to conformational disorder. Residues 105–107, 109, 142, 176, 186,
191–192, 204, 219–220, 236, 240–242, 385, 287–388, 390–395,
401, and 409–410 of molecule 1 and residues 142, 146, 152,
153, 163–165, 204, 212–214, 221–222, 241–243, 245, 261–262,
266, 282, 321, 325, 344, 384, 394, 398, and 477 of molecule 2 are
modeled as Ala due to conformational disorder of their side
chains. The Ramachandran plot depicts 92.88% (509 residues)
of main chain torsion angles in the most favored and allowed re-
gions. Thirty-nine residues (7.12%) are located in disallowed
regions.

The final mPER1[191–502] model consists of 1,065 amino
acids and 65 water molecules. Residues 191–195, 281–293,
305–311, 328–330, and 475–482 of chain A, residues 191–195,
280–293, 306–309, 329, and 475–483 of chain B, residues 191–
203, 280–294, 307–310, 327–336, and 476–481 of chain C and re-
sidues 191–211, 280–293, 304–311, 323–335, 475–482 of chain D
are not seen in the electron density due to conformational disor-
der. Residues 198, 203, 211, 212, 214, 217, 243, 245, 247, 248, 274,
280, 294, 312, 343, 352, 411, 418, 450, 451, 468, 483, 485, 487, 488,
499, and 502 of chain A, residues 196, 198, 206, 207, 211, 212, 214,
216, 217, 243, 245, 247, 248, 274, 294, 295, 305, 311, 312, 327, 328,
343, 352, 411, 415, 450, 451, 484, 487, 488, and 502 of chain B,
residues 204, 205, 206, 212, 214, 215, 225, 236, 245, 249, 256, 274,
278, 295, 306, 311, 312, 325, 326, 411, 466, 482, 483, and 491 of
chain C and residues 212–216, 227, 228, 230, 231, 234, 236, 243,
245, 247, 249, 250, 256, 274, 294, 295, 312, 322, 336, 337, 342, 395,
411, 458, 462, 466, 483, 487, and 491 of chain D are modeled as
Ala (in total 115 amino acids) due to conformational disorder of
their side chains. The Ramachandran plot depicts 98.1% of main
chain torsion angles in the most favored and allowed regions.
Eighteen residues (1.9%) are located in disallowed regions.
All structures exhibit good stereochemistry (Table 1). Figures
were generated with Pymol v.99 (http://www.pymol.org). Super-
positions were carried out with the SSM Superpose function from
Coot (6).

Site-directed mutagenesis. Mutants were generated using the
Quickchange site-directed mutagenesis kit (Stratagene) and ver-
ified by sequencing. The mutant constructs were expressed and
purified to homogeneity essentially as described for the wild-type
proteins.

Analytical size exclusion chromatography. Analytical size exclusion
chromatography of purified GST-free mPER fragments was car-
ried out at 4 °C on an ÄKTA Basic system using a 10∕30 Superdex
75 or 200 column (Amersham Biosciences) preequilibrated with
running buffers containing 50 mMTris pH 8.5, 200 mMNaCl, and
2 mMDTT. 100 μl protein samples containing 200–400 μg protein
were loaded onto the column. Elution from the column was mon-
itored by measuring absorbance at 280 nm. A calibration curve
was generated by measuring the elution volumes of a series of
standard proteins of known molecular mass. Molecular masses
of mPER proteins were estimated by interpolating their elution
volumes onto the calibration curve and comparing the elution vo-
lumes of the fragments relative to each other.
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Analytical ultracentrifugation and CD spectroscopy. Analytical ultra-
centrifugation and CD spectroscopy experiments have been per-
formed essentially as described previously (3).

UV/VIS spectroscopy.Heme binding was determined by absorption
spectra containing mPER proteins in 50 mMTris pH 8.5, 200 mM
NaCl, and 2 mM DTE and a 1.5—fold molar excess of heme
(2 mM dissolved in 0.1 M NaOH). For comparison absorption
spectra with heme alone were recorded. Therefore the mPER
proteins were incubated with heme for 3 h or overnight at 4 °C
and purified via analytical size exclusion chromatography on an
ÄKTA Basic system using a 10∕30 Superdex 75 column (Amer-
sham Biosciences). Elution from the column was monitored by
measuring absorbance at 280 nm, 385 nm, and 420 nm. The peak
of the heme/mPER protein complex was concentrated and the
absorbance spectra were recorded between 250–700 nm in a Cary
100Bio UV/VIS spectrometer using a Hellma Tray Cell.

Luciferase complementation assay. Vector construction.The split fire-
fly luciferase destination vectors were constructed as follows: cod-
ing sequences for the N-terminal (amino acids 2–416 or 1–416) or
C-terminal (amino acids 398–550) region of firefly luciferase were
inserted into the XbaI site of the pcDNA-DEST40 vector (Invi-
trogen) to create a destination vector for expression of luciferase
fragments as C-terminal fusions to the target protein. To create a
destination vector for fusion proteins with N-terminally attached
luciferase fragments, an AfeI site was introduced seven nucleo-
tides 3′ to the attR1 site of the pEF-DEST51 vector (Invitrogen).
To create reporter vectors, open reading frames encoding clock
proteins or fragments thereof were shuttled into these destination
vectors using the Gateway technology (Invitrogen). Note, due to
the attR-sites, short linker sequences (21 amino acids for N-term-
inally and 17 amino acids for C-terminally fused luciferase frag-
ments) were generated between the firefly fragments and the
clock proteins.

Luciferase complementation assay.HEK293 cells (approximately
175,000 cells per well in a 24-well plate) were transiently trans-
fected with a pair of split firefly luciferase reporter construct
(250 ng each transfection). For normalization, the renilla lucifer-
ase vector pRL-SV40 (1 ng; Promega) was cotransfected. At 44 h
after transfection cells were lysed in 200 μL passive lysis buffer
(Promega) and frozen for 1 h at −80 °C. Lysates were used to de-
tect luciferase activity. The luciferase assay was carried out by
using the Dual-Luciferase Reporter Assay System (Promega)

and a multisample plate-reading luminometer (Orion II, Bert-
hold Detection Systems). To this end, 5 μL of the cell extract
was first mixed with 25 μL of luciferase assay reagent II. After
measurement of firefly luciferase activity 25 μL of the stop & glow
reagent was added and the renilla luciferase activity detected. For
data analysis firefly luciferase activity was normalized to the cor-
responding renilla luciferase activity.

Fluorescence recovery after photobleaching (FRAP). Vector construc-
tion and protein expression in cultured cells. For construction of ex-
pression vectors for Venus tagged fusion proteins the coding
sequence (CDS) of Venus was cloned downstream of the attR2
site into the BstBI site of the pLenti6 Gateway® destination vec-
tor (Invitrogen). Into this vector full length CDS of PER proteins
lacking stop codons were shuttled. Resulting vectors were used
for lentivirus production as described (7). U2OS cells (human,
ATCC # HTB-96) were transduced for exogenous protein ex-
pression with lentiviral supernatant (half final volume) and
8 μg∕mL protamine sulfate (Sigma-Aldrich). Cells were put un-
der blasticidin selection from the second day onward.

Fluorescence recovery after photobleaching (FRAP). Confocal mi-
croscopy of live cells was performed with a FluoView 1000 micro-
scope (Olympus, Tokyo, Japan) with a ×60 (1.35 numerical
aperture) oil immersion objective in a climate chamber at 5%
CO2 and 37 °C. Fluorescence was measured 20 times before
bleaching and then fluorescent molecules were bleached for
FRAP analysis with a strong laser beam at 515 nm within a con-
fined area in the cell (0.1 s; 15 μm2). Exchange of bleached mo-
lecules with surrounding fluorescent molecules was measured at
low laser intensity every 0.12 s for 45 s. Additionally a reference
area in the same compartment of the bleached cell and a back-
ground area outside of the cells were measured.

For normalization background values were subtracted and va-
lues of the reference area were used to compensate for overall
decrease of fluorescence during the measurement. For each in-
dependent experiment, at least 10 cells were measured, initial
fluorescence was normalized to one, total bleached molecules
were set to a hundred percent, and an average recovery curve
of all cells was calculated (8). For comparison of the mobility
of different fusion proteins, the halftime of recovery (t1∕2) was
determined as the time, when fifty percent of the bleached mo-
lecules are exchanged; i.e., normalized fluorescence reaches half
of the initial value. At least three independent experiments have
been conducted for each construct.
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Fig. S1. Domain architecture and sequence alignment mouse PERIOD proteins. (A) Domain architecture of full-length mPER1 and mPER3. The two PAS (PER-
ARNT-SIM) domains (PAS-A and PAS-B), nuclear localization signals (NLS) and nuclear export sequences (NES), and the binding domains of CKIϵ and mCRY1/2
are shown. The mPER fragments used for crystallization and biochemical studies are represented as black bars. (B) Sequence alignment of mouse PERIOD1, 2,
and 3 [mPER 1, 2, 3, Swissprot AccNo. O35973 (1), O54943 (2), O70361 (3)]. Secondary structure elements of mPER1[191–502] (top) and mPER3[108–411] (Bot-
tom) are shown (βN, αN; PAS-A: βA → βE, αA → αC; PAS-B: βA0 → βE0, αA0 → αC0; αE). The alignment was generated in ClustalW (9). Mutated mPER1 residues
(Trp448, Phe444, Tyr267) are highlighted by green and mutated mPER3 residues (Pro330, Trp359, Ile376) by magenta arrows. mPER1 and mPER3 residues
involved in PAS-B dimer interactions are marked with stars (*). Residues in the PAS-A/αC dimer interface of mPER1 and mPER3 are marked with hashes
(#). HLH: helix-loop-helix motive, LxxLL: coactivator motive, NES: nuclear export sequence.
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Fig. S2. Schematic representation of mPER1, mPER2, and mPER3 dimer interface contacts. Hydrophobic interactions are depicted as solid lines, hydrogen
bonds as dashed lines, water molecules as spheres. (A) PAS-B/tryptophan interface (see also Fig. S3C). The conserved tryptophans Trp448mPER1, Trp419mPER2, and
Trp359mPER3 are involved in van der Waals interactions with Leu456mPER1∕Ile427mPER2∕Ile367mPER3, Arg458mPER1∕Arg429mPER2∕Arg369mPER3, and
Pro419mPER1∕Pro390mPER2∕Pro330mPER3 and form a hydrogen bond to Ser440mPER1∕Ser411mPER2∕Ser351mPER3 of the dimerizing molecule (black lines). The pre-
ceding prolines (Pro447mPER1, Pro418mPER2, Pro358mPER3) establish additional dimer contacts (blue lines). The interface also includes two conserved phenyla-
lanines, Phe444mPER1∕Phe415mPER2∕Phe355mPER3 and Phe454mPER1∕Phe425mPER2∕Phe365mPER3. Compared to Phe415 and Phe425 of PER2, the side chains of
Phe444mPER1∕Phe355mPER3 and Phe454mPER1∕Phe365mPER3 are rotated and no longer establish π − π stacking interactions. Instead, Phe444mPER1∕Phe355mPER3

form additional dimer contacts to Leu456mPER1 and Ile367mPER3, respectively (gray lines). The mPER1 homodimer is further stabilized by water mediated hydro-
gen bond interactions between Gln371mPER1ð¼ Gln342mPER2Þ and Arg363mPER1 (violet). (B) PAS-A interactions (see also Fig. 1 C and D). mPER1 (Left): Apart from
hydrophobic side chain interactions of the central Tyr267, the PAS-A/αC dimer interface is stabilized by several hydrogen bonds involving the Thr271 side chain
andmain chain groups of Pro260, Gln261, Gly264, Tyr267, and Gly268. mPER2 (Middle): Interactions of the PAS-A domain with helix αE and the PAS-B domain of
the dimerizing molecule as described in (3). Residues Tyr244 and Lys245 (αC, PAS-A), Glu264 (βC, PAS-A), Glu361 (αB’, PAS-B), His454, and Gln458 (αE) are
nonconservatively exchanged in mPER1 and mPER3 (see Fig. S1B). mPER3 (Right): The Tyr179 side chain hydroxyl groups form an indirect water mediated
contact. The Arg176 side chain of molecule 2 hydrogen bonds to side and main chain groups of Tyr179, Thr182, and Ala183 in the αC helix of molecule 1.
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Fig. S3. Comparative analysis of mPER1, mPER2, and mPER3 crystal structures. (A) Superposition of homodimeric mPER1[191–502] (cyan, Left) and mPER3
[108–411] (magenta, Right) on molecule 1 (chain A) of the mPER2[170–473] homodimer (gray). Movements of the αC and αE helices of molecule 2 are indicated
by black arrows. The conserved Trp448 of mPER1 is shown as atomic stick figure. (B) Superposition of the PAS-A domain and N-terminal cap region highlighting
the LxxLL coactivator motive in the ßE strand. Left: mPER1 (cyan) and mPER2 (gray). Right: mPER3 (magenta) and mPER2 (gray). Residues at the leucine posi-
tions of the LxxLL motive as well as residues corresponding to Trp249, Tyr271, and Val176 of mPER2 are shown as atomic stick figures (mPER1: brown, mPER2:
light-blue, mPER3: violet). (C) Close-up view of the mPER1 PAS-B/Trp448 (Left) and the mPER3 PAS-B/Trp359 (Right) dimer interface formed by antiparallel
packing of the PAS-B β-sheet surfaces (see Fig. S2A for a detailed description). Pro419mPER1 and Pro447mPER1 are omitted for clarity.
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Fig. S4. NES sequence in the αE helix of mPER1, mPER2, and mPER3. Superposition of the αC’ and αE helices of mPER1 (cyan), mPER2 (gray), and mPER3
(magenta). The NES residues in the αE helix of mPER1 (Leu489, Ile493, Leu496, and Leu498; dark blue), mPER2 (Leu460, Ile464, Leu467, and Met469; yellow)
and mPER3 (Leu399, Ile403, Leu406, and Leu408; red) are shown as atomic stick figure.
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Fig. S5. Analytical gel filtration and ultracentrifugation of mPER proteins. (A) Analytical gel filtration of mPER1[197–502]. Wild-type, W448E and F444E mu-
tant versions of mPER1[197–502] were analyzed on a 10∕30 Superdex 75 analytical gel filtration column. (B) A typical sedimentation equilibrium experiment of
mPER1[197–502] wild-type. (C) Analytical gel filtration of mPER1[197–502]. Wild-type, the F444E/Y267E double mutant as well as F444E and Y267E single
mutant versions of mPER1[197–502] were analyzed on a 10∕30 Superdex 200 analytical gel filtration column. The elution volume of the W448E mutant
is indicated by an arrow. (D) Analytical gel filtration of mPER3[108–411]. Wild-type, W359E, P330E, and F444E mutant versions of mPER3[108–411] were ana-
lyzed on a 10∕30 Superdex 75 analytical gel filtration column. (E) Analytical gel filtration of mPER3[32–411]. Wild-type, W359E, and I367E mutant versions of
mPER3[32–411] were analyzed on a 10∕30 Superdex 75 analytical gel filtration column. (F) Analytical gel filtration of mPER2[59–473]. Wild-type and theW419E
mutant version of mPER2[59–473] were analyzed on a 10∕30 Superdex 200 analytical gel filtration column. (G) Summary table of analytical ultracentrifugation
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of mPER proteins. N: local equilibrium coefficients, used to describe species which are not in reversible equilibrium with each other, KD: 1∕KA, rmsd: root mean
square deviations, dof: degrees of freedom, fix: molecular weight fixed to an expected value. 95% confidence intervals are given in brackets.

Fig. S6. Circular dichroism spectra of wild-type andmutant mPER PAS domain fragments. Dimer interface mutations do not affect the overall structure/fold of
the mPER proteins. (A) CD spectra of mPER1[197–502] wild-type, W448E, and F444E. (B) CD spectra of mPER3[108–411] wild-type, P330E, W359E, and I367E. (C)
CD spectra of mPER3[32–411] wild-type, W359E, and I367E. (D) Secondary structure analysis using the CDSSTR algorithm with the reference dataset Set4.
NRMSD ¼ normalized root mean square deviation. Helices include regular and distorted helices. Strands include regular and distorted β-strands (10, 11).
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Fig. S7. Absorbance of mPER proteins in presence of heme. Absorbance spectra of (A) mPER1[197–502], (B) mPER3[108–411] and (C) mPER3[32–411] proteins,
which were incubated with heme for 3 h and separated via gel filtration chromatography, were recorded between 250–700 nm (black spectrum). For compar-
ison the absorbance spectrum of free heme was also recorded (dark gray spectrum). Heme binding did not change the elution volumes on a gel filtration
column, indicating that the mPER1 and mPER3 homodimers are not disrupted. (D) Superposition of the PAS-A domains of mPER1, mPER2, and mPER3. Note,
that the αA* helix of PAS-A is disordered in mPER2 (27), but fully defined in mPER1 and in molecule 1 of mPER3. In mPER2, residues Cys215 and Cys270 have
been suggested as heme ligands (12). Cys215mPER2 is not visible due to the conformational disorder of αA*. The corresponding residues Cys244 and Cys299 of
mPER1 and Ser156 and Cys210 of mPER3 are highlighted as atomic stick figures.

Table S1. X-ray data collection and refinement statistics

Data Collection mPER1[191–502] mPER3[108–411]

Wavelength (Å) 0.9807 1.0000
Resolution range (Å)* 30-2.75 (2.8-2.75) 25-2.5 (2.6-2.5)
Number of reflections
Total 180,279 94,392
Unique 29,771 22,419
Completeness (%)* 99.0 (99.4) 99.6 (99.5)
I∕σ* 13.7 (2.3) 12.2 (2.4)
Rsym (%)* 9.2 (66.7) 8.3 (72.1)
Wilson plot B (Å2) 63.1 55.9
Refinement mPER1[191–502] mPER3[108–411]
Resolution range (Å) 30-2.75 25-2.5
Reflections 29,744 21,297
RCryst (%) 20.9 21.3
RFree (%)† 28.2 28.9
overall average B-factor (Å2) 67.4 47.4
rmsd bond lengths (Å) 0.009 0.016
rmsd bond angles (°) 1.29 1.81

*Values in parenthesis correspond to the highest resolution shell.
†The Free-R factor was calculated with 5% of the data omitted from
structure refinement.
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Table S2. RMSD values for superposition
of mPER structures

Homodimers* rmsd∕Å residues
mP3− > mP1 2.04 495
mP3− > mP2 2.83 384
mP1− > mP2 3.36 392
mP1AC− > mP1BD 0.39 516
Monomers (intra)† rmsd∕Å residues
mP3 (A− > B) 1.24 254
mP2 (A− > B) 0.73 238
mP1 (A− > B) 0.68 243
mP1 (C− > D) 0.69 248
Monomers (inter, A)† rmsd∕Å residues
mP3− > mP1 1.64 256
mP3− > mP2 1.76 260
mP1− > mP2 1.73 244
Monomers (inter, B)† rmsd∕Å residues
mP3− > mP1 1.24 229
mP3− > mP2 1.40 237
mP1− > mP2 1.38 226

*Larger rmsd values of homodimers reflect
monomer rotations of mPER1 and mPER3
with respect to mPER2.

†Except for some loop and linker regions and
the N-terminal extension, the mPER
monomers display no significant structural
differences.
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SUMMARY

Period (PER) proteins are essential components of
the mammalian circadian clock. They form com-
plexes with cryptochromes (CRY), which negatively
regulate CLOCK/BMAL1-dependent transactivation
of clock and clock-controlled genes. To define the
roles of mammalian CRY/PER complexes in the
circadian clock, we have determined the crystal
structure of a complex comprising the photolyase
homology region of mouse CRY1 (mCRY1) and a
C-terminal mouse PER2 (mPER2) fragment. mPER2
winds around the helical mCRY1 domain covering
the binding sites of FBXL3 and CLOCK/BMAL1,
but not the FAD binding pocket. Our structure
revealed an unexpected zinc ion in one interface,
which stabilizes mCRY1-mPER2 interactions in vivo.
We provide evidence that mCRY1/mPER2 complex
formation is modulated by an interplay of zinc
binding and mCRY1 disulfide bond formation, which
may be influenced by the redox state of the cell. Our
studies may allow for the development of circadian
and metabolic modulators.

INTRODUCTION

In mammals, many physiological, metabolic, and behavioral

processes are regulated in a daytime-dependent manner. Circa-

dian (�24 hr) rhythms are generated by endogenous circadian

clocks, which are operated by interconnected transcriptional

and translational feedback loops (Young and Kay, 2001).

Additionally, the cellular redox state plays an essential role in

circadian clock regulation and links the clock to the cell’s

metabolic state (Eckel-Mahan and Sassone-Corsi, 2009). In

anucleate human red blood cells, several circadian oxidation

rhythms have been described, including cysteine oxidation

cycles in the H2O2 scavenging peroxiredoxins, the daily rhythmic

transition between dimeric (mostly oxidized) and tetrameric

(mostly reduced) hemoglobin, and daily nicotinamide adenine

dinucleotide (NADH)/nicotinamide adenine dinucleotide phos-

phate (NADPH) oscillations (O’Neill and Reddy, 2011). Further-

more, circadian cycles of peroxiredoxin oxidation occur in all

kingdoms of life and are interconnected with the circadian

gene-regulatory transcriptional feedback loops in DNA-contain-

ing cells (Edgar et al., 2012; O’Neill and Reddy, 2011; O’Neill

et al., 2011).

In the canonical gene-regulatory feedback loop of the

mammalian circadian clock, the basic helix-loop-helix (bHLH)-

PAS (PER-ARNT-SIM) transcription factors BMAL1 and CLOCK

activate the transcription of three period (Per1, 2, and 3) and two

cryptochrome (Cry1 and 2) clock genes. CRY proteins repress

the transcriptional activity of the CLOCK/BMAL1 complex

toward the Cry and Per genes (Griffin et al., 1999; Kume et al.,

1999; van der Horst et al., 1999), as well as a large number of

clock-controlled genes regulating circadian physiology (Koike

et al., 2012). Additionally, CRYs are involved in the regulation

of glucose homeostasis, insulin secretion, and tissue-specific

insulin sensitivity (Barclay et al., 2013; Lamia et al., 2011; Zhang

et al., 2010).

The CRY repressor activity is determined by posttranslational

modifications, as well as the daily rhythmic synthesis, nuclear

translocation, and degradation of CRYs, which are controlled

by interactions with PER1/2 (Yagita et al., 2002) and with the

E3 ligase components FBXL3 (Gatfield and Schibler, 2007) and

FBXL21 (Hirano et al., 2013; Yoo et al., 2013). The CRY tails

and the most C-terminal helix (a22) of the cryptochrome photo-

lyase homology region (PHR) (Figure 1A) are involved in tran-

scriptional repression of CLOCK/BMAL1 (Chaves et al., 2006)

and BMAL1 binding (Czarna et al., 2011). The PHR interacts

with C-terminal regions of PER1 and PER2 (Eide et al., 2002;

Miyazaki et al., 2001; Ozber et al., 2010; Tomita et al., 2010;

Yagita et al., 2002), with FBXL3 (Lamia et al., 2009; Xing et al.,

2013), FBXL21 (Hirano et al., 2013; Yoo et al., 2013) and with

the PAS domains of CLOCK (Huang et al., 2012).
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Phosphorylation of Ser71 by AMP kinase (AMPK) in response

to the cell’s metabolic state reduces CRY1 stability by enhancing

FBXL3 binding and weakening PER2 binding (Lamia et al., 2009).

Furthermore, PER2 is reported to compete for CRY1 binding to

the CLOCK/BMAL1-E-box complex (Ye et al., 2011). These

data suggest that PER2 might have overlapping CRY1-binding

sites with FBXL3 and CLOCK/BMAL1, which play a role in the

regulation of CRY1 stability and transcriptional repression

activity. Indeed, our mouse CRY1 (mCRY1) crystal structure

revealed partly overlapping mCRY1 regions that are involved in

mPER2 and FBXL3 interactions, as well as transcriptional

repression activities of mCRY1 (Czarna et al., 2013). Consistent

with our structure-based mutational analyses (Czarna et al.,

2013), the mCRY2/FBXL3/SKP1 complex structure (Xing et al.,

2013) showed that FBXL3 interacts with the flavin adenine dinu-

cleotide (FAD)-binding pocket, the C-terminal helix a22, and the

C-terminal lid of the mCRY-PHR. Moreover, competition with

mPER2 or FAD disrupts a preformed mCRY2/FBXL3 complex

(Xing et al., 2013), and a period-lengthening small-molecule

compound that competes with FAD binding stabilizes mCRY1

by inhibiting ubiquitination (Hirota et al., 2012).

Here, we have determined the crystal structure of the complex

between the mCRY1-PHR and a C-terminal mPER2 fragment

in order to (1) provide further insights into how alternative binding

of mPER2, FBXL3, mCLOCK/BMAL1, or FAD regulates mCRY1

stability and transcriptional repression activity and (2) to advance

the development of CRY-stabilizing compounds that affect clock

or clock-controlled metabolic functions. mPER2 winds around

mCRY1, covering extensive surface areas that significantly

overlap with the binding sites of FBXL3 and mCLOCK/BMAL1.

Interestingly, our complex structure revealed a jointly co-

ordinated zinc ion that critically stabilizes full-length mCRY1-

mPER2 interactions in mammalian cells. Our mutational

analyses suggest that (1) formation of the Cys412-Cys363 disul-

fide bond, which we observed in the apo-mCRY1 structure

(Czarna et al., 2013), weakens mCRY1-mPER2 interactions,

Figure 1. Domain Architecture and Crystal Structure of mCRY1/mPER2 Heterodimer

(A) Domain architecture of mouse CRY1 and PER2. Two PAS domains (PAS-A and PAS-B) and the CK1ε/d- and CRY-binding regions of mPER2 are shown.

mCRY1 comprises a PHR, including helix a22 and a nonconserved C-terminal tail. Dashed lines indicate crystallized fragments.

(B) Ribbon presentation of mCRY1[1–496] (PHR; cyan) in complex with mPER2[1132–1252] (yellow). Green, linker connecting the a/b- and a-helical domain of the

mCRY1-PHR. Brown, zinc ion at the mCRY1-mPER2 interface. Red line, C-terminal lid of mCRY1.

See also Figures S1 and S2 and Table S1.

1204 Cell 157, 1203–1215, May 22, 2014 ª2014 Elsevier Inc.



and (2) zinc facilitates formation of the reduced state of mCRY1

and stabilizes the mCRY1/mPER2 complex. The regulation of

mCRY1-mPER2 interactions by zinc binding and CRY disulfide

bond formation/reduction may provide a molecular link between

the circadian clock and the cell’s metabolic/oxidative state.

RESULTS

Crystal Structure of the Mouse CRYPTOCHROME1-
PERIOD2 Complex
Using limited proteolysis, we identified a stable mCRY1/mPER2

core complex comprising the mCRY1-PHR (residues 1 to 496)

and mPER2 residues 1132 to 1252 (Figures 1, S1, and S2

available online). We have determined its 2.45 Å crystal structure

using molecular replacement with apo-mCRY1 (PDB ID 4K0R

[Czarna et al., 2013]) as search model in combination with

experimental selenium single-wavelength anomalous dispersion

(Se-SAD) phasing (Table S1).

In our mCRY1/mPER2 complex structure, mCRY1 adopts the

typical cryptochrome/photolyase fold (Müller and Carell, 2009)

with an N-terminal a/b domain, a C-terminal a-helical domain,

and a connecting linker region (Figure 1). Superposition of

apo-mCRY1 and mCRY1/mPER2 reveals several differences

between the two mCRY1 structures, especially in the C-terminal

lid, which significantly alters its conformation (see below), the

antenna recognition loop, the phosphate-binding loop, the linker

region, and the C-terminal helix a22 (Figures S3A–S3D). The

other characteristic loops of the 6-4-photolyase/animal cryp-

tochrome family, i.e., the protrusion loop, the a5-a6 loop, and

the electron-rich sulfur loop (Hitomi et al., 2009) (Figure S2) do

not change significantly upon mPER2 binding.

mPER2 winds around the a-helical domain of mCRY1

(Figure 1B). The crystallized mPER2 fragment comprises five

a helices (a1–a5, Ile1138–Thr1198) and a short N-terminal anti-

parallel b sheet formed by residues 1132–1136 (b1) and part of

the cloning overhang of mPER2 (b0). Residues Gly1199 to

Glu1214 following helix a5 adopt a well-ordered loop structure.

The most C-terminal residues 1215–1252 of the crystallized

mPER2[1132–1252] fragment are not seen in the electron den-

sity due to conformational disorder (Figures 1, S1B, and S1C).

Our CD spectra of the mCRY1[1–496]/mPER2[1132–1252]

complex support the high helical content of mCRY1-bound

mPER2 in solution. CD spectra of apo-mPER2[1132–1252],

however, suggest that unbound mPER2 is significantly less

structured (Table S2).We therefore propose that mCRY1 binding

induces a-helical folding of the C-terminal mPER2 fragment.

The mCRY1/mPER2 Complex Is Stabilized by Four
Interfaces and a Zinc Ion
Several elements of the mCRY1-PHR are involved in mPER2

binding: the C-terminal helix a22 and its preceding connector

loop, the C-terminal lid, the sulfur loop, the loop connecting

helices a5 and a6, helix a12, and helix a15. Overall, the

mCRY1/mPER2 complex buries a 3221 Å2 solvent-accessible

surface area.

Helix a22 constitutes a central component of the mCRY1-

mPER2 interface. It is embedded between mPER2 helix a3

and the loop region C-terminal to mPER2 a5 (‘‘C-terminal helix

interface’’; Figures 2A and S1A). Notably, Arg483 and Lys485

(mCRY1 a22) are involved in mPER2 binding and transcriptional

repression in mammalian cells (Ozber et al., 2010), as well as

in interactions with purified C-terminal mBMAL1 fragments

(Czarna et al., 2011). In apo- and mPER2-bound mCRY1,

Arg483 forms an intramolecular salt bridge with Asp321 (sulfur

loop), which likely contributes to positioning of a22 (Figure S3C).

In the mCRY1/mPER2 complex, Arg483 forms an additional salt

bridge to Asp1167 (mPER2 a3) (Figures 2A, right, and S3C).

Furthermore, Gln486 and Gln490 (a22) hydrogen bond to

Gln1168mPER2, and Gln486 also hydrogen bonds to the back-

bone of Leu1164mPER2 (Figure 2A, left). The sulfur loop further

stabilizes the position of mPER2 a3, mostly via hydrophobic in-

teractions of Pro319mCRY1 (Figures 2A, right, and S1A). On the

other side of mCRY1 a22, Lys485 forms a hydrophilic side-chain

interaction with Asp1206 and a backbone hydrogen bond with

Val1207 in the C-terminal mPER2 loop region (Figure 2A, left).

Notably, Cys1210 and Cys1213 in the C-terminal mPER2

loop region and mCRY1 residues Cys414 (lid) and His473

(a22) tetrahedrally coordinate a zinc ion (‘‘zinc interface’’; Fig-

ures 1B, 2B, S1A, and S4). An anomalous difference map calcu-

lated for positioning of the selenomethionines of mPER2 gave

first evidence for the zinc ion in the crystal (Figures S4A and

S4B). An X-ray fluorescence scan confirmed its presence (Fig-

ure S4C). Atomic absorption spectroscopy confirmed the pres-

ence of zinc in the mCRY1/mPER2 complex in solution, but not

in the single proteins due to their incomplete zinc-binding sites

(Figure S4D).

Another heterodimer interface is formed between mCRY1 a12

and mPER2 helices a1 and a2 (referred to as ‘‘mPER2(a1-2)-

mCRY1(a12) interface’’; Figures 2C and S1A). mPER2 a1

additionally contacts mCRY1 a15, whereas mPER2 a2 also

interfaces with Tyr466 to Met470 in the loop preceding mCRY1

a22. Trp1139 (mPER2 a1) contacts mCRY1 a12 and a15.

Lys329 (mCRY1 a12) hydrogen bonds to backbone oxygens of

Ile1149 to Tyr1153 (mPER2 a2) and Asn323 to the Tyr1153

side chain. The loop connecting mPER2 a1 and a2 winds tightly

around Ala328 of mCRY1 a12.

mPER2 a4, which is part of a 20 amino acid stretch (1179

to 1198) reported to be essential for mCRY1 binding in cell-

based assays (Tomita et al., 2010), packs against the C-terminal

lid (including Phe405) and the a5–a6 connector loop (including

Leu148 and Thr149) of mCRY1 (‘‘mPER2(a4)-cap interface’’;

Figures 2D and S1A). Leu148 makes hydrophobic interactions

with Leu1189 and Phe1181 of mPER2, whereas Thr149

hydrogen bonds to Glu1188 and (water mediated) to Glu1191

of mPER2 a4.

The mCRY C-Terminal Lid Adopts Variable
Conformations and Is Involved in Disulfide Bond
Formation and Zinc Coordination
The major difference between the apo-mCRY1 and mCRY1

complex structure manifests in the conformation of the C-termi-

nal lid. Although the side chains of residues Phe406 to Phe410

are disordered in the apo structure, the loop is well defined

and adopts a deviating orientation in the complex structure (Fig-

ure 3A). This is likely due to its packing against a4, a5, and the

C-terminal loop of mPER2 (Figures 1B, 2D, 3B, and S3D). The
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apo-mCRY1 structure contains a disulfide bridge between

Cys363 and Cys412, which has the potential to be a redox-

dependent link to the FAD-binding pocket (Czarna et al., 2013).

Located in the immediate vicinity of the zinc interface, this disul-

fide bridge is broken in the complex structure (Figures 2B and 3).

Thereby, we hypothesize that the C-terminal lid gains a higher

flexibility for interaction with mPER2.

In apo-mCRY1, Phe405 is embedded in a hydrophobic pocket

of the mCRY1-PHR. In the mCRY1/mPER2 complex, however,

Phe406 occupies the hydrophobic pocket of apo-Phe405,

whereas Phe405 projects to the surface (Figure 3A) and embeds

into a huge hydrophobic pocket lined by PER and CRY residues

(Figures 2D, S1A, and S3D). The mPER2-bound lid conformation

is additionally stabilized by backbone hydrogen bonding of

Phe405 and Gln407 with His1193mPER2 (Figure 2D) and by

Phe410, which inserts into a hydrophobic pocket, including

His359 and Trp399 (Figure 3B).

In apo- and FBXL3-bound mCRY2 (Xing et al., 2013), the lid

adopts yet another position than in apo- and mPER2-bound

mCRY1. Phe424 and Phe423 of mCRY2/FBXL3 (Figure 3C) and

apo-mCRY2 (data not shown) position just as the corresponding

Phe406 and Phe405 in apo-mCRY1. Phe428mCRY2 (correspond-

ing to Phe410mCRY1) is not embedded in the mCRY-PHR but is

turned away from the mCRY2 core and mediates interactions

with FBXL3. Interestingly, in both the apo-mCRY2- and the

mCRY2/FBXL3 complex structure, there is no disulfide bridge

between Cys381 and Cys430 (corresponding to Cys363 and

Cys412 in mCRY1) (Figures 3C, S3E, and S3F). Instead,

Cys430 forms an intermolecular disulfide bridge with Cys340 of

FBXL3 in the mCRY2/FBXL3 complex structure (Figure S3F).

The FAD-Binding Pocket of mCRY1
ThemCRY2/FBXL3/SKP1complex structure (Xinget al., 2013) re-

vealed that theC-terminal tail of FBXL3occupies theFAD-binding

Figure 2. Close-Up View of mCRY1-mPER2 Interfaces

Crucial interface residues are shown as atomic sticks. Mutated residues are highlighted in green (CRY) and orange (PER). Dashed lines indicate salt bridges and

hydrogen bonds. See Results and Figure S1A legend for a detailed description of the interactions.

(A) C-terminal helix (a22) interface, two orientations: mCRY1 a22 is clenched by mPER2 helix a3 and the loop connecting mPER2 a5 with the zinc binding motif.

(B) Zinc (Zn) interface: His473 (a22) and Cys414 (lid) of mCRY1 and Cys1210 and Cys1213 of mPER2 tetrahedrally coordinate a zinc ion. The disulfide bridge

between Cys363 and Cys412 (compare apo-mCRY1; Figures 3A and 3B) is broken. This figure directly connects to Figure 2A (left) (compare Thr1208 [A] and

Cys1210 [B]).

(C) mPER2(a1–2)-mCRY1(a12) interface: mPER2 helices a1 and a2 interact with mCRY1 helices a12 and a15 and with Tyr466-Met470 in the loop preceding a22.

(D) mPER2(a4)-cap interface: mPER2 helix a4 packs against Thr149 and Leu148 in the a5-a6 loop and the C-terminal lid of mCRY1.

See also Figures S1, S2, S3, and S4.
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pocket of mCRY2. In our mCRY1/mPER2 complex structure,

however, the FAD-binding pocket is accessible, unoccupied,

and in a very similar conformation as in apo-mCRY1 (Fig-

ure 3B) and apo-mCRY2. Notably, the side chains of Gln289,

Trp292, and His355 adopt an introversive position, which would

interfere with FAD binding. mPER2 binding does not affect the

conformation of His355 and Gln289, but reorientation of Trp292

is required to allow for the positioning of Gln407 in the mPER2-

bound lid conformation. We therefore suggest that, although

mPER2 binding to mCRY1 may somewhat negatively affect FAD

binding by enforcing an unfavorable side-chain orientation of

Trp292, it neither requires nor fully excludes the presence of FAD.

Structural Basis for Mutually Exclusive Binding of
mPER2 and FBXL3 to mCRY
Our mCRY1/mPER2 crystal structure explains why mPER2-

bound mCRY2 is completely devoid of FBXL3 in HEK293 cells

and a purified C-terminal mPER2 fragment displaces mCRY2

from FBXL3 (Xing et al., 2013) (Figure 4). Whereas mPER2 a3

blocks binding of the leucine-rich repeat (LRR) N domain of

FBXL3 to helix a22 and the sulfur loop of mCRY (Figure 4B,

left), the C-terminal mPER2 loop region, including the zinc

interface, interferes with binding of the LRR C domain of

FBXL3 to mCRY a22 and the lid (Figure 4B, right). Moreover,

mPER2 a4 and a5 completely overlap with the conserved

mCRY2 C-terminal extension sequence (CCS), implying that

the CCS adopts a deviating orientation in the mCRY1/mPER2

complex (Figure 4B, right).

The high sequence identity (86%) and conservation of mCRY

binding residues between FBXL3 and FBXL21 (Hirano et al.,

2013; Yoo et al., 2013) suggest that these two counteracting

E3-ligase subunits bind to the same mCRY surface regions,

and therefore, simultaneous binding of FBXL21 and mPER2 is

unlikely, too.

Analyses of mCRY1-mPER2 Interactions In Vitro
To validate our mCRY1/mPER2 complex structure in solution

and to assess the relative contributions of the different interfaces

in vitro, we have generated mPER2[1119–1252] fragments with

point mutations in the mCRY1/mPER2 interfaces. Effects of

these mutations on the mCRY1-mPER2 interaction were

analyzed in pull-down assays using total lysates and in native

gels using purified proteins (Figures 5A, 5C, and 5D). The single

H1193E mutation in the mPER2(a4)-cap interface, which aims to

Figure 3. C-Terminal Lid and FAD-Binding Pocket of the mCRY1/mPER2 Complex

(A–C) The C-terminal lid adopts varying conformations in apo-CRY1, the mCRY1/mPER2 complex, and mCRY2. See Results for detailed comparison.

(A) Superposed C-terminal lids of mPER2-bound mCRY1 (cyan, mPER2 not shown) and apo-mCRY1 (gray). Apo-mCRY1: Phe406 to Phe410 are built as alanine.

mPER2-bound mCRY1: Phe406 adopts the position of apo-Phe405 whereas Phe405 points away from the mCRY1-PHR. The Cys363-Cys412 disulfide bridge is

broken. The 2Fo-Fc electron density (1s level) of complex mCRY1 is shown in blue.

(B) Superposition of FAD-binding pocket, C-terminal lid, and zinc-interface of the mCRY1/mPER2 complex (cyan/yellow) with apo-mCRY1 (gray) and FAD from

the mCRY2/FAD complex (Xing et al., 2013) (red, taken from PDB ID 4I6G; mCRY2 protein not shown for clarity). Upon mPER2 binding, the C-terminal lid and its

Gln407 side chain reorient. Trp292 rotates such that it would interfere with FAD binding.

(C) Superposition of C-terminal lids of mPER2-bound mCRY1 (cyan, mPER2 not shown) and FBXL3-bound mCRY2 (green, FBXL3 not shown). The disulfide

bridge between Cys381 and Cys430 (corresponding to Cys363-Cys412 of apo-mCRY1) is not observed in mCRY2 (see also Figures S3E and S3F).

See also Figure S3.
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electrostatically interfere with binding to the mCRY1 C-terminal

lid (Figure 2D), showed wild-type (WT)-like behavior in both

assays. However, in combination with the D1167R mutation in

the C-terminal helix interface (Figure 2A, right), the H1193E

mutation further weakens mCRY1 binding. Binding of mCRY1

was even more severely impaired through the additional

F1181R mutation, which also targets the interaction with the

mCRY1 C-terminal lid (Figure 2D). These results suggest that

both interfaces (C-terminal helix interface and mPER2(a4)-cap

interface) are of similar importance for complex formation

in vitro. In addition, our native gel analyses imply that the

mCRY1 tail is not required for mCRY1/mPER2 complex forma-

tion, as comparable results were gained with the mCRY1-PHR

and full-length mCRY1 (Figures 5C and 5D).

Mutation of the zinc-coordinating residues Cys1210 and

Cys1213 to alanine surprisingly did not compromise complex

formation in vitro, neither in the total lysate (natural presence of

zinc) nor in the purified system (supplied with zinc acetate)

(Figures 5A, 5C, and 5D). Furthermore, no difference in complex

formationwas observed forWTproteinswhether zincwas added

to the buffer or not (Figures 5C and 5D), implying that the zinc-

binding interface is of minor importance for complex formation

in vitro. Affinity measurements (isothermal titration calorimetry,

ITC) further support this result because a Kd in the lower nano-

molar range was observed for the mCRY1-mPER2 interaction

even in the absence of zinc ions (Figure 5B). However, zinc bind-

ing clearly stabilizes the purified mCRY1/mPER2 complex as

demonstrated by the higher melting temperature of the WT

complex compared to the zinc-free mCRY1/mPER2(C1210A/

C1213A) mutant complex in our thermofluor experiments

(Figure 6A). Furthermore, ITC experiments revealed that the

WT mCRY1/mPER2 complex binds zinc ions with a nanomolar

affinity (Kd of �8 nM) (Figure 6B).

mCRY1-mPER2Heterodimer Interfaces Are Present in a
Cellular Context
To validate our mCRY1/mPER2 complex structure in a cellular

environment and in the context of full-length mCRY1 and

mPER2 proteins, we have tested mCRY1 interface mutants for

their effect on the stability of the mCRY1/mPER2 complex using

a luciferase complementation assay (Figures 7A and S5A). Full-

length mCRY1 and mPER2 (WT or mutants) were expressed as

fusion proteins with C- and N-terminal firefly luciferase frag-

ments in HEK293 cells (Czarna et al., 2013). mPER2-mCRY1

interactions lead to a functional luciferase whose activity was

measured in cell lysates.

The mCRY1 T149E mutation was designed to sterically and

electrostatically weaken interactions with mPER2 a4 (Figure 2D).

Consistent with our structure and the reported importance of

mPER2 helices a4 and a5 for mCRY-mPER interactions (Tomita

et al., 2010), the T149E mutation drastically reduced mPER2

binding.

Disruption of the interaction of mCRY1 a22 with mPER2 a3

(Q486R) and with the loop connecting mPER2 a5 with the zinc-

binding motif (K485D) (Figure 2A, K485D/Q486R double mutant)

drastically reducedmPER2 binding to below 10%. This confirms

Figure 4. mPER2 and FBXL3 LRR Are Mutually Exclusive in Binding to mCRY1/2

(A) Superposition of mCRY1 (cyan) in complex with mPER2 (yellow) and mCRY2 (green) in complex with FBXL3 LRR (leucine-rich repeat domain, light pink; PDB

ID 4I6J) (rmsd = 2.047 Å for 486 CRY Ca positions).

(B) Close-up view: mPER2[1132–1252] and FBXL3 LRR occupy partly overlapping binding sites on mCRY (CCS, conserved cryptochrome C-terminal extension

sequence).

See also Figure S3.
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the existence and importance of the combined C-terminal helix

interface in a cellular environment. The P319R mutation in the

mCRY1 sulfur loop should also weaken the interaction with

mPER2 a3 (Figure 2A). Whereas the P319Rmutation moderately

reduced binding in our luciferase complementation assay (this

study), the K485D single mutation reduced binding to �20%

(Czarna et al., 2013). This finding suggests that mCRY1 binding

to the mPER2 loop region (targeted by K485D) is more important

than the interaction with the long mPER2 helix a3 (targeted by

Q486R and P319R) in vivo.

A double mutation in the mPER2(a1–2)-mCRY1(a12) interface

(A328R/K329D) (Figure 2C) reduces mPER2 interactions by

about one half. We conclude that mPER2 helices a1 and a2

contribute to mCRY1 binding also in a cellular environment but

are not as important for complex stability as for example helix a4.

Zinc Binding and Adjacent Disulfide Bond Formation Are
Interdependent in a Cellular Context and In Vitro
To define potential roles of the zinc ion and the CRY1 Cys363-

Cys412 disulfide bridge in a cellular environment, we have

mutated the zinc-coordinating residues of mCRY1 (Cys414

and His473) and mPER2 (Cys1210 and Cys1213), as well as

Cys363 and Cys412 to alanine. Themutants were tested for their

effect on the stability of the mCRY1/mPER2 complex using a

Figure 5. Biochemical Analysis of mCRY1/mPER2 Interfaces

(A) Ni2+ pull-down from total cell lysates testing for interactions of N-terminally His-tagged WT and mutant mPER2[1119–1252] proteins with untagged mCRY1

[1–496]. Eluates were analyzed on a Coomassie-stained 18% SDS-PAA gel. Negative controls: lane 1, pull-down of mCRY1 with a noncircadian control protein;

lane 3, pull-down with plain beads.

(B) ITC profile for the interaction of mCRY1[1–496] andmPER2[1119–1252]. The binding event is exothermic. Top: time response of heat change upon addition of

ligand (mPER2). Bottom: best fit obtained with a single site-binding model (best c2 statistic), resulting in a 1:1 stoichiometry (n = 1.02). The approximate Kd for the

mCRY1-mPER2 interaction is 28 nM.

(C and D) Native gels (top) with purified proteins testing interactions of mPER2[1119–1252] (WT and mutants) with (C) mCRY1[1–496] (PHR) and (D) mCRY1

[1–606] (full length). Samples were also analyzed by SDS-PAGE (bottom).

See also Figure S1 and Table S2.
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luciferase complementation assay in HEK293 cells (Figures 7A

and S5A).

The mCRY1 single mutations C414A and H473A significantly

reduced mPER2 binding, with the C414A single mutation being

more effective. Furthermore, very weak interactions were

observed between the mPER2(C1210A/C1213A) double-mutant

protein and wild-type or C414A mutant mCRY1, indicating that

zinc coordination is of vital importance for the formation of a

stable complex between full-length mCRY1 and mPER2 in vivo.

C412A and C363A single mutations, which prevent formation

of the Cys412-Cys363 disulfide bridge, slightly enhanced

mPER2 binding in some of our luciferase complementation

assays yet behaved wild-type like in other experiments. We

propose that disruption of this disulfide bridge enhances

mPER2 binding by facilitating the observed conformational

changes of the mCRY1 lid (discussed above). The mild and

somewhat fluctuating impact of the C412A and C363A single

mutations on mPER2 binding probably depends on the redox

status and hence the extent of Cys412-Cys363 disulfide bridge

formation in the HEK293 cells.

To test whether mCRY1 exists in an oxidized form also in

living cells, we analyzed mCRY1 disulfide bridge formation in

HEK293 cells by N-Ethylmaleimide (NEM) and Maleimide-

PEG (MP) modification (Figure 7B). Indeed, we found increased

molecular weight forms of mCRY1 (CRY1-MP) only in lysates

that were dithiothreitol (DTT) treated before MP modification,

but not when lysates were either left untreated or when poten-

tial disulfide bridges were stabilized with H2O2. This indicates

that full-length mCRY1 also occurs in oxidized forms within

cells.

Quite surprisingly, the mCRY1 C414A/C412A and the C414A/

C363A double mutations only weakened mPER2 binding to

�50% in our luciferase complementation assay (Figure 7A).

Furthermore, mCRY1 single- (C412A) or double (C412A/

C414A)-mutant proteins showed �50% binding activity toward

mPER2 proteins containing the C1210A/C1213A double

mutation. Hence, the C412A and C363A mutations partially

rescue the severe weakening of the mCRY1-mPER2 interaction

by the mCRY1 (C414A) and mPER2 (C1210A/C1213A)

mutations, suggesting that reduction of the Cys412-Cys363

disulfide bridge and the resulting increased flexibility of the

mCRY1 C-terminal lid decrease the severity of disruption of

the zinc-binding site.

To further elucidate whether the mCRY1 Cys412-Cys363

disulfide bridge forms in dependence of zinc in the mCRY1/

mPER2 complex in vitro, we kept purified zinc-containing and

zinc-free mCRY1/mPER2 complexes under reducing or non-

reducing conditions and monitored the mCRY1 oxidation status

by mass spectrometry (MS) (Figure S6). The presence of zinc in

the complexes was analyzed in parallel by atomic absorption

spectroscopy (ICP-OES) (Figure S7). Under nonreducing condi-

tions, only a moderate amount of the putatively oxidized mCRY1

species (with the total mass reduced by �2 Da as expected for

the oxidation of a disulfide bridge) is observed in the zinc-bound

WT mCRY1/mPER2 complex (Figure S6A, middle). However, in

the zinc-free mCRY1/mPER2(C1210A/C1213A) mutant complex

(Figure S6B), as well as when the zinc ion is removed from the

WT complex through EDTA (Figure S6A, right), mCRY1 appears

almost completely oxidized. To test whether the mCRY1 oxida-

tion status is affected by disulfide bond formation between

Cys412 and Cys363, we mutated Cys412 to alanine. Indeed,

the C412A mutation substantially reduced mCRY1 oxidation in

the zinc-free mCRY1(C412A)/mPER2(C1210A/C1213A) mutant

complex (Figure S6C), indicating that Cys412 oxidation

accounts for a significant fraction of the MS peak CRYp1

assigned to oxidized mCRY1 protein. However, we also found

a moderate amount of putatively oxidized mCRY1 after aeration

in the C412A mutant, suggesting additional disulfide bond

formation (Figure S6C). Notably, the behavior of the purified

zinc-free mCRY1(C412A)/mPER2(C1210A/C1213A) complex

mirrors that of theWTmCRY1/mPER2 complex in ourMS exper-

iments (Figure S6D). This observation is consistent with the

partial rescue of zinc-binding deficiency by the C412A and

C363A mutations observed in our luciferase complementation

experiment (Figure 7A).

In conclusion, our mutational analyses confirm the presence

of all heterodimer interfaces revealed by our mCRY1/mPER2

crystal structure and indicate an interdependent role of the

coordinated zinc ion and of the mCRY1 Cys412-Cys363 disul-

fide bridge, among others, in the positive (zinc) and negative

(disulfide bridge) regulation of the mCRY1-mPER2 interaction

in vivo.

Figure 6. High-Affinity Zinc Binding Stabi-

lizes the mCRY1-mPER2 Complex

(A) Melting temperature determination by ther-

mofluor analysis of zinc-stabilized WT mCRY1

[1–496]/mPER2[1119–1252] complex in com-

parison with zinc-free mCRY1/mPER2(C1210A

C1213A) mutant complex.

(B) ITC profile of zinc binding to the mCRY1

[1–496]/mPER2[1119–1252] complex. The binding

event is exothermic. Top: time response of heat

change upon addition of the zinc ligand. Bottom:

best fit obtained with a single site-binding model

(best c2 statistic) results in a stoichiometry of n =

0.67, probably because not all complexes are

active in zinc binding. The approximate Kd for Zn
2+

binding to the mCRY1/mPER2 complex is 8 nM.

See also Figures S4, S6, and S7.
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Zinc Ions Bind to the mCRY1/mPER2 Complex in a
Cellular Context and Enhance the mCRY1-mPER2
Interaction in Living Cells
To test whether zinc can bind to the mCRY1/mPER2 complex

in a cellular environment, we transiently transfected HEK293

cells with full-length mPER2 or full-length mCRY1 either as WT

versions or with mutations in the three zinc-coordinating cyste-

ines (mCRY1: C414A; mPER2: C1210A and C1213A) and the

disulfide bridge forming Cys412 of mCRY1. To ensure that

sufficiently stable mCRY1/mPER2 complexes are formed even

without zinc coordination, we used the mCRY1 (C412A and

C414A) double mutant, which enhanced mCRY1-mPER2 inter-

action compared to the C414A single mutation in our luciferase

complementation assays (Figure 7A). Immunoprecipitated

mPER2 was incubated with mCRY1-containing cell lysate in

the presence of the radioactive zinc isotope 65Zn2+. A 7-fold

increase in 65Zn2+ radioactivity was detected when mPER2-

and mCRY1-containing cell lysates were used. Mutations in

the zinc coordination site led to a substantial and significant

reduction of zinc binding (Figure 7C). In addition, immunoprecip-

itated mPER2 incubated with a control lysate did essentially not

incorporate 65Zn2+ (Figure S5B). Together, these results indicate

A

B C D

Figure 7. mCRY1/mPER2 Complex Formation Is Regulated by Four Interfaces, a Zinc Ion, and Disulfide Bridge Formation in Living Cells

(A) Luciferase complementation assay. All heterodimer interfaces revealed by the crystal structure are present in full-length mCRY1/mPER2 complexes inside

cells. Disruption of the zinc interface is partially rescued by mutation of the disulfide bond forming Cys363 and Cys412. Full-length mCRY1 and mPER2 (WT or

mutants) were expressed as fusion proteins with firefly luciferase fragments in HEK293 cells (Czarna et al., 2013). Approximately equal expression of fusion

proteins was detected in western blot experiments (Figure S5A). Data are normalized to renilla luciferase activity (used as a transfection control) and presented

relative to mCRY1(WT)-mPER2(WT) activity. Shown are mean ± SEM of three (left) or four (right) independent transfections. Three additional experiments gave

similar results.

(B) mCRY1 forms disulfide bridges in living cells: HEK293 cells transiently transfected with mCRY1 were harvested in presence of excess amounts of

N-Ethylmaleimide (NEM) that immediately block all free thiol groups. Subsequently, disulfide bridges were reduced with Dithiothreitol (+DTT), and any thiol group

previously oxidized was now modified with Maleimide-PEG (MP, MW 5 kDa). Increased molecular-weight forms of mCRY1 were detected in cell lysates treated

with DTT, but not when lysates were not reduced (�DTT) or even oxidized with H2O2. This indicates that, within cells, full-length mCRY1 can occur in oxidized

forms with one or more disulfide bridges.

(C) Critical cysteine residues coordinate zinc in the mCRY1/mPER2 complex in a cellular context: HEK293 cells were transiently transfected with full-length

mPER2 or mCRY1 either as WT versions or with alanine mutations in the zinc-coordinating Cys414 (mCRY1), Cys1210, and Cys1213 (mPER2), as well as the

disulfide bond forming Cys412 of mCRY1. Immunoprecipitated mPER2 was incubated with mCRY1-containing cell lysate in the presence of the radioactive zinc

isotope 65Zn2+. In this pull-down assay,WT proteins incorporated significantly (t test) more 65Zn2+ than themutants. Shown aremean ±SEMof three independent

immunoprecipitation experiments. The high expression of proteins was verified in western blot experiments (not shown).

(D) Zinc ions enhance themCRY1-mPER2 interaction in living cells: TwoU2-OS reporter cell lines, which stably expressmCRY1 andmPER2 split luciferase fusion

proteins either as WT or with alanine mutations in the zinc-coordinating cysteins (Cys414 of mCRY1; Cys1210, Cys1213 of mPER2) and Cys412 of mCRY1 (mut:

C412A/C414A/C1210A/C1213A), were cultivated in Zn2+-depleted medium for about a week. Then various concentrations of Zn2+ were added to the medium

while continuously monitoring luciferase activity. Treatment with zinc ions (but not iron ions, not shown) dose-dependently increases luciferase activity in cells

expressing WT mCRY1 and mPER2 (see also Figure S5C), but not or to a much lesser extent in cells expressing mCRY1 and mPER2 with mutations of zinc-

coordinating residues. Zinc has no effect on mRNA expression levels of the reporter constructs (not shown) or on luciferase activity of a control U2-OS cell

expressing mCRY1-LUCIFERASE (not shown). Shown are mean ± SEM of four independent treatments. Several additional experiments gave similar results.

See also Figures S1, S2, and S5.
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that zinc can bind to the full-length mCRY1/mPER2 complex in a

cellular context, and this binding depends on critical zinc-coor-

dinating cysteine residues in both proteins. The residual radioac-

tivity observed for the mutant proteins could be due to 65Zn2+

binding to large endogenous mCRY1/mPER2 complexes re-

cruited via mPER PAS domain homodimer interactions (Kucera

et al., 2012), as well as unspecific zinc binding.

To investigate whether zinc ions also contribute to the stabili-

zation of the mCRY1-mPER2 interaction in living cells, we

created two reporter U2-OS cell lines that stably express

mPER2 and mCRY1 split luciferase fusion proteins either as

WT proteins or with mutations in the zinc-coordinating residues

Cys414 (mCRY1), Cys1210, and Cys1213 (mPER2), as well as

the disulfide bridge forming Cys412 of mCRY1 (mut: C412A/

C414A/C1210A/C1213A). Treatment with zinc (but not iron)

ions dose-dependently enhances the bioluminescence in cells

expressing WT mPER2 and mCRY1, but not or to a much lesser

extent in cells expressing mutant mCRY1 and mPER2 proteins,

indicating that zinc coordination indeed contributes to mCRY1-

mPER2 interaction strength, and this effect depends on the

integrity of the zinc-coordinating residues (Figures 7D and S5C).

DISCUSSION

Our crystal structure of the mCRY1/mPER2 heterodimer shows

an intimate and high-affinity clock protein complex with a zinc

interface that critically stabilizes the mCRY1/mPER2 complex

in mammalian cells. Our cell-based and in vitro (LC-ESI-MS/

ICP-OES) studies suggest that the coordinated zinc ion struc-

turally facilitates the reduction of a nearby located disulfide

bridge of mCRY1 (probably between Cys412 and Cys363,

among others), which likely enhances the flexibility of the

mCRY1 C-terminal lid and thereby mPER2 binding. This func-

tionally important interplay between an intermolecular compos-

ite 3Cys/1His zinc-binding site in a heterodimer interface and

one or more intramolecular disulfide bonds formed by nearby

located cysteine residues has not been observed in other

zinc-binding proteins (e.g., Maret, 2012; Auld, 2001). Notably,

the redox-regulated chaperone Hsp33 and anti-s factor RsrA

use intramolecular cysteine-containing zinc centers as redox

sensors (Ilbert et al., 2006). In both proteins, oxidative or disul-

fide stress leads to oxidation and, hence, disulfide bond forma-

tion of their zinc-coordinating cysteines, as well as zinc release,

which induce conformational changes leading to their func-

tional activation. On the other hand, betaine-homocysteine

methyltransferase is reversibly inactivated through oxidation

of its zinc-coordinating cysteines and zinc release (Evans

et al., 2002).

Our LC-ESI-MS/ICP-OES experiments show that the mCRY1/

mPER2 complex does not release its zinc ion under nonreducing

conditions (Figure S7, number 2). Instead, the experiments

suggest that zinc release supports mCRY1 oxidation (Figures

S6A, top right, and S6B) and that this oxidation also involves

Cys412 (Figure S6C). Using the same basic elements (i.e., a

zinc ion and a nearby located highly reactive cysteine) but in a

different structural arrangement, mode of action, and interplay,

the CRY1/PER2 complex therefore may act as a sensor of the

rhythmically changing redox state of the cell, which was

proposed to be involved in driving circadian rhythms (Edgar

et al., 2012; O’Neill and Reddy, 2011; O’Neill et al., 2011;

Wang et al., 2012).

In general, there are various intracellular zinc pools

described such as zinc in vesicles, zinc tightly bound to mac-

romolecules, zinc bound to metallothioneins (the major cellular

zinc storage proteins), and a pool of ‘‘free’’ zinc (Oteiza, 2012).

Although the total cellular amount of zinc is described to be in

the high micromolar range, the concentration of ‘‘free’’ zinc is

much lower (nano- to picomolar) because most zinc is bound

to proteins with high affinity. However, under certain circum-

stances, e.g., oxidative stress, zinc may be released. Our

measured Kd for zinc binding to the mCRY1/mPER2 complex

in the lower nanomolar range suggests a dynamic, regulatory

zinc-binding site that might be influenced by its environment

within the cell.

Interestingly, the zinc-coordinating residues and most other

residues mediating CRY-PER interactions are conserved in

vertebrate CRY and PER2 proteins, in PER1, and, to a minor

extent, in PER3, which strongly suggests the existence of homo-

logous CRY/PER complexes (Figures S1 and S2).

Lacking the knowledge about the mCRY1-mPER2 zinc inter-

face, Okano et al. (2009) generated a transgenic mouse line

constitutively overexpressing mCRY1 with a C414A mutation.

These mice showed a long 28 hr free-running period of loco-

motor activity rhythms and abnormal entrainment behavior, as

well as symptoms of diabetes, including reduced b cell prolifer-

ation and insulin secretion (hypoinsulinemia) (Okano et al., 2009,

2010, 2013). Most likely, these dominant in vivo effects of the

C414A mutation are due to disruption of the mCRY1-mPER2

zinc interface, demonstrating the importance of zinc-dependent

mCRY1/mPER2 complex formation for circadian dynamics

and metabolic regulation. Notably, mutations in mBMAL1 and

mCLOCK also lead to hypoinsulinemia and defective b cell

function, whereas mCRY1/mCRY2 double-knockout mice

exhibit hyperinsulinemia and tissue-specific insulin resistance

(Barclay et al., 2013; Marcheva et al., 2010). Furthermore, the

mCLOCKD19 mutation leads to extended circadian periods,

whereas mCry1�/� mice exhibit a period shortened by 1 hr

(King et al., 1997; van der Horst et al., 1999). Hence, the circadian

and metabolic phenotypes of the mCRY1 C414A mutation are

more similar to those resulting from mutations in the mCLOCK/

BMAL1 complex than to mCRY knockouts. Our structure sug-

gests that the intimate interaction of mPER2 with mCRY1 a22

interferes with repressive mCRY1 binding to the mCLOCK/

BMAL1-E-box complex. Thus, we speculate that the weakened

mPER2 interaction of the zinc-binding-deficient mCRY1(C414A)

mutant protein (Figure 7A) leads to an enhanced transcriptional

repression activity in vivo. We further propose that, in trans-

genic mice, the overexpressed mCRY1(C414A) mutant protein

represses the mCLOCK/BMAL1 complex more strongly than

endogenous WT mCRY1. This may cause the dominant pheno-

type of the mCRY1(C414A) mutation, which somewhat resem-

bles the phenotypes of transgenic mice expressing weakened

transcriptional activator complexes, including, for example, the

mCLOCKD19 mutant protein.

Our structure also shows that binding of FBXL3 or PER2

to CRY is mutually exclusive and suggests that PER2 stabilizes
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CRY1 by shielding it from FBXL3. Strikingly, neither mPER2

(this study) nor FBXL3 (Xing et al., 2013) binds in close proximity

of the AMPK phosphorylation site Ser71, suggesting that

AMPK regulates PER2 and FBXL3 binding in a more indirect

manner. Notably, Cys412 appears highly reactive in switching

functions because it not only forms the intramolecular disulfide

bond to Cys363 in apo-mCRY1 but also an intermolecular disul-

fide bond with FBXL3 in the CRY2/FBXL3 complex structure.

Taken together, our crystal structure provides a more

complete understanding of how mammalian CRY and PER

proteins interact, how this interaction might be sensing and be

regulated by cellular redox/metabolic states, and how the inter-

play with other clock components drives the circadian clock and

metabolic processes. This will guide the design of new mutants,

experiments, and small-molecule ligands to study or target

macromolecular CRY/PER containing complexes in vivo.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization

mCRY1 and mPER2 proteins were recombinantly expressed as His-fusions

in insect cells and E. coli, respectively. For purification of the mCRY1/

mPER2 complex (native and selenomethionine labeled), lysates were

combined and copurified via Ni2+ affinity, anion exchange, and heparin and

size-exclusion chromatography columns. For biochemical analysis, mCRY1

proteinswere purified via Ni2+ affinity, anion exchange, heparin and size-exclu-

sion columns, mPER2 proteins via Ni2+ affinity followed by tag cleavage, anion

exchange, and size-exclusion chromatography.

Crystals of the mCRY1/mPER2 complex grew at 20�C in 0.2 M MgCl2 and

12%–13% PEG3350. They contain one complex per asymmetric unit (space

group P43212).

Data Collection, Structure Determination, and Refinement

A 2.45 Å data set of a mCRY1/mPER2 crystal and a 2.8 Å data set of a seleno-

methione-labeled mCRY1/mPER2 crystal were collected at beamline PXII

(SLS). The mCRY1/mPER2 complex structure was solved by molecular

replacement with apo-mCRY1 (PDB ID 4K0R) as search model combined

with selenium single-wavelength anomalous dispersion (SAD) phasing. Data

collection and refinement statistics are summarized in Table S1.

Inductively Coupled Plasma Optical Emission Spectrometry

We performed inductively coupled plasma optical emission spectrometry

(ICP-OES) using a Varian VISTA-RL spectrometer with a MicroMist nebulizer.

Zinc binding was determined by measuring its specific emission at

213.857 nm.

Pull-Down Experiments

Clear lysates of E. coli cells expressing His-tagged mPER2 (WT and mutants)

were incubated with Ni-Sepharose 6 Fast Flow beads in presence of 25 mM

imidazole for 1 hr. After washing and equilibration in lysis buffer with 70 mM

imidazole, mPER2-boundNi-beadswere incubated with clear lysates of insect

cells expressing untagged mCRY1 for 1 hr in order to pull down mCRY1. The

beads were extensively washed before elution of the bound complex with

500 mM imidazole and analysis by SDS-PAGE.

Native PAGE Analysis

Purified proteins were incubated at a 1:1 molar ratio in a BIS-Tris Propane

buffer (pH 7.0) at 4�C for at least 2 hr. Samples were analyzed on a native

4%–20% Novex Tris-Glycine gel and by SDS-PAGE.

Circular Dichroism, Isothermal Titration Calorimetry, and

Thermofluor

Circular dichroism (CD) spectroscopy using a Jasco J-810 spectropolarimeter

and ITC experiments using a VP-ITCMicroCalorimeter were performed essen-

tially as described in Czarna et al. (2011). Thermofluor was performed as

described in Weir et al. (2010).

LC-ESI MS Analysis

PurifiedWT and mutant mCRY1/mPER2 complexes were kept under reducing

(4 mM DTT) or nonreducing (no DTT, aeration) conditions for 2 days. For

removal of bound zinc, the protein complex was treated with 10 mM EDTA,

and zinc-bound EDTA was removed by dialysis. LC-MS analyses were per-

formed on a Bruker micrOTOF connected to an Agilent 1100 HPLC system

equipped with a diode array detector.

Luciferase Complementation Assay

The luciferase complementation assay was performed essentially as

described in Kucera et al. (2012).

Analysis of Disulfide Bridges in mCRY1

mCRY1 disulfide bridges were analyzed essentially using a combined method

fromWu et al. (2000) and Templeton et al. ( 2010). Free thiol groups in lysates of

MYC-tagged mCRY1-expressing HEK293 cells were blocked with 50 mM

NEM, excess NEM was removed by methanol precipitation, and disulfide

bridges were then reducedwith 20mMDTT. After removal of DTT bymethanol

precipitation, arosen free thiol groups were modified by incubation with

300 mM Maleimide-PEG. Samples were then analyzed by western blotting

using an anti-MYC antibody.

Live-Cell Zinc-Binding Assay

Human U2-OS cells stably expressing mCRY1 and mPER2 as split-luciferase

hybrid proteins were kept for at least 1 week in zinc-depleted medium prior to

zinc ion addition. Bioluminescence of reconstituted luciferase was recorded

for several days.

65Zn-Binding Assay

HEK293 cells were cultured for 5 days in zinc-free medium before transfection

with equal amounts of plasmid DNA encoding either WT or mutant epitope-

tagged mCRY1 or mPER2. Lysates with overexpressed V5-tagged mPER2

constructs were incubated with anti-V5 antibody and equivalent amounts of

Protein G PLUS-agarose beads overnight. Beads were washed, mixed with

lysates overexpressing mCRY1 or control lysates, and incubated for 3 hr

with 35 mM 65ZnCl2 radionuclide at room temperature. After washing, 65Zn

binding was determined by scintillation counting in a Wallac 1440 DSA

system.

The Extended Experimental Procedures section, which provides detailed

information about all experimental procedures, including protein purification,

crystallization, structure determination, in vitro interaction studies (ITC, native

gels, and pull-down), circular dichroism, thermofluor, LC-ESI-MS, and atomic

absorption spectroscopy (ICP-OES), as well as cell-based studies (luciferase

complementation assays, zinc-binding assays, and disulfide bond formation),

is included in the Supplemental Information.
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Fielitz, H., Landgraf, D., Naujokat, N., van der Horst, G.T.J., and Oster, H.

(2013). High-fat diet-induced hyperinsulinemia and tissue-specific insulin

resistance in Cry-deficient mice. Am. J. Physiol. Endocrinol. Metab. 304,

E1053–E1063.

Chaves, I., Yagita, K., Barnhoorn, S., Okamura, H., van der Horst, G.T.J., and

Tamanini, F. (2006). Functional evolution of the photolyase/cryptochrome

protein family: importance of the C terminus of mammalian CRY1 for circadian

core oscillator performance. Mol. Cell. Biol. 26, 1743–1753.

Czarna, A., Breitkreuz, H., Mahrenholz, C.C., Arens, J., Strauss, H.M., and

Wolf, E. (2011). Quantitative analyses of cryptochrome-mBMAL1 interactions:

mechanistic insights into the transcriptional regulation of the mammalian

circadian clock. J. Biol. Chem. 286, 22414–22425.

Czarna, A., Berndt, A., Singh, H.R., Grudziecki, A., Ladurner, A.G., Timinszky,

G., Kramer, A., andWolf, E. (2013). Structures of Drosophila cryptochrome and

mouse cryptochrome1 provide insight into circadian function. Cell 153, 1394–

1405.

Eckel-Mahan, K., and Sassone-Corsi, P. (2009). Metabolism control by the

circadian clock and vice versa. Nat. Struct. Mol. Biol. 16, 462–467.

Edgar, R.S., Green, E.W., Zhao, Y., van Ooijen, G., Olmedo, M., Qin, X., Xu, Y.,

Pan, M., Valekunja, U.K., Feeney, K.A., et al. (2012). Peroxiredoxins are

conserved markers of circadian rhythms. Nature 485, 459–464.

Eide, E.J., Vielhaber, E.L., Hinz, W.A., and Virshup, D.M. (2002). The circadian

regulatory proteins BMAL1 and cryptochromes are substrates of casein kinase

Iepsilon. J. Biol. Chem. 277, 17248–17254.

Evans, J.C., Huddler, D.P., Jiracek, J., Castro, C., Millian, N.S., Garrow, T.A.,

and Ludwig, M.L. (2002). Betaine-homocysteine methyltransferase: zinc in a

distorted barrel. Structure 10, 1159–1171.

Gatfield, D., and Schibler, U. (2007). Physiology. Proteasomes keep the circa-

dian clock ticking. Science 316, 1135–1136.

Griffin, E.A., Jr., Staknis, D., and Weitz, C.J. (1999). Light-independent role of

CRY1 and CRY2 in the mammalian circadian clock. Science 286, 768–771.

Hirano, A., Yumimoto, K., Tsunematsu, R., Matsumoto, M., Oyama, M.,

Kozuka-Hata, H., Nakagawa, T., Lanjakornsiripan, D., Nakayama, K.I., and

Fukada, Y. (2013). FBXL21 regulates oscillation of the circadian clock through

ubiquitination and stabilization of cryptochromes. Cell 152, 1106–1118.

Hirota, T., Lee, J.W., St John, P.C., Sawa, M., Iwaisako, K., Noguchi, T., Pong-

sawakul, P.Y., Sonntag, T., Welsh, D.K., Brenner, D.A., et al. (2012). Identifica-

tion of small molecule activators of cryptochrome. Science 337, 1094–1097.

Hitomi, K., DiTacchio, L., Arvai, A.S., Yamamoto, J., Kim, S.-T., Todo, T.,

Tainer, J.A., Iwai, S., Panda, S., and Getzoff, E.D. (2009). Functional motifs

in the (6-4) photolyase crystal structure make a comparative framework for

DNA repair photolyases and clock cryptochromes. Proc. Natl. Acad. Sci.

USA 106, 6962–6967.

Huang, N., Chelliah, Y., Shan, Y., Taylor, C.A., Yoo, S.-H., Partch, C., Green,

C.B., Zhang, H., and Takahashi, J.S. (2012). Crystal structure of the heterodi-

meric CLOCK:BMAL1 transcriptional activator complex. Science 337,

189–194.

Ilbert, M., Graf, P.C., and Jakob, U. (2006). Zinc center as redox switch—new

function for an old motif. Antioxid. Redox Signal. 8, 835–846.

King, D.P., Vitaterna, M.H., Chang, A.M., Dove, W.F., Pinto, L.H., Turek, F.W.,

and Takahashi, J.S. (1997). The mouse Clock mutation behaves as an anti-

morph and maps within the W19H deletion, distal of Kit. Genetics 146,

1049–1060.

Koike, N., Yoo, S.-H., Huang, H.-C., Kumar, V., Lee, C., Kim, T.-K., and Taka-

hashi, J.S. (2012). Transcriptional architecture and chromatin landscape of the

core circadian clock in mammals. Science 338, 349–354.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Recombinant Protein Expression and Purification
Recombinant mCRY1 proteins (full-length and residues 1-496) were obtained as 6xHIS-fusions (11 residue C-terminal overhang

AAALEHHHHHH of 1,296.3 Da) or untagged from High5 (H5) insect cells. Cells were infected at 13 106 cells/ml with a P3 high virus

titer solution at a 1:100 (v/v) dilution and grown at 26�C for 52 hr. Cells were harvested at 2,000 rpm, frozen and lysed in a buffer

containing 50 mM Tris at pH 7.1 (for complex purification and mCRY1[1-496]) or at pH 7.8 (for full-length mCRY1), 300 mM NaCl,

25 mM Imidazole, 5 mM CHAPS, 1 mM EDTA, 1 mM PMSF, cOmplete EDTA-free protease inhibitor cocktail (ROCHE), DNase

and 10% glycerol.

Recombinant mPER2 fragments (residues 1132-1252 and residues 1119-1252) were overexpressed as 6xHIS-fusions in the

E. coli strain BL21(DE3). They contain a 22 residue N-terminal overhang (MKHHHHHHSAGLEVLFQGPDSM, 2532.84 Da) with a

PreScision protease cleavage site leaving a 5 amino acid overhang (GPDSM). Cells were harvested at 6,000 rpm, frozen and

lysed in a buffer containing 50 mM Tris pH 7.5, 300 mM NaCl, 25 mM imidazole, 5 mM CHAPS, 1 mM EDTA, 1 mM PMSF and

10% glycerol.

For purification of the mCRY1/mPER2 complex lysates were combined and co-purified by Ni2+-affinity chromatography followed

by Q Sepharose anion exchange chromatography and Heparin Sepharose chromatography (all GE Healthcare). The final purification

step by size-exclusion chromatography (Superdex 200, GE Healthcare) was carried out in 25 mM HEPES pH 7.0, 100 mM NaCl and

2 mM DTT. For crystallization 5 mM TCEP was added to the concentrated protein.

For biochemical analysis mCRY1 proteins were purified via Ni2+-affinity, anion exchange, heparin and size-exclusion

columns. mPER2 proteins were purified via Ni2+-affinity chromatography followed by PreScision protease tag cleavage overnight,

anion exchange and size-exclusion chromatography. Selenomethionine labeling of mPER2 was carried out according to published

methods (Bergfors, 2009). The selenomethionine substituted protein/complex was purified using the same protocol as for the native

protein.

Crystallization
Native crystals of themCRY1[1-496]/mPER2[1132-1252] complexwere observedwithin 4-5 days at 20�Cusing hanging drop setups.

They were grownmixing the complex at 20 mg/ml concentration with an equal volume of precipitant solution containing 0.2 MMgCl2
and 12%–13% PEG 3350. mCRY1[1-496]/mPER2[1132-1252] crystals belong to space group P43212 with unit cell constants a =

99.736 Å, b = 99.736 Å, c = 178.632 Å, a/b/g = 90� and one molecule per asymmetric unit (solvent content 60%). For data collection

at 100 K, crystals were transferred into a cryoprotecting solution containing 20% glycerol (v/v) and shock frozen in liquid nitrogen.

Crystals containing selenomethionine labeled mPER2 were grown under the same conditions, however, reducing the protein con-

centration to 17.5 mg/ml.

Data Collection, Structure Determination, and Refinement
A 2.45 Å data set of a single mCRY1/mPER2 crystal and a 2.8 Å data set of a single selenomethione labeled mCRY1/ mPER2 crystal

were collected at the PXII (X10SA) beamline of the Swiss Light Source (SLS) (Villigen, Switzerland) and processed using XDS (Kabsch,

1993). Data were evaluated according to I/s(I) in the highest resolution shell. The rather high Rsym value obtained for the SAD data set

is due to the high anomalous signal in this data set that was not corrected for when calculating Rsym as well as the very high redun-

dancy of the data set. The structure of the mCRY1/mPER2 complex was solved by molecular replacement (MR) combined with

selenium single-wavelength anomalous dispersion (SAD) phasing. PHASER (McCoy et al., 2007) was used formolecular replacement

with the apo-mCRY1 structure as search model and PHENIX AutoSol (Terwilliger et al., 2009) for calculation of the initial electron

density map using combined MR and Se-SAD phases. An anomalous difference map (PHENIX Maps) clearly located the selenome-

thionines within the mPER2 structure and allowed us to assign the sequence of mPER2 with certainty. Refinement was carried out

with PHENIX (Adams et al., 2010) applying several rounds of positional and individual B-factor refinement followed bymodel building

using Buccaneer (Cowtan, 2006) and Coot (Emsley and Cowtan, 2004). After initial refinement against the selenomethionine data set,

the structure was refined to 2.45 Å using the native data set with a transferred Rfree test set. The model was also subjected to simu-

lated annealing and TLS refinement. The final model is characterized by an Rfree of 23.31% and an Rcryst of 18.60% and exhibits very

good stereochemistry (Table S1).

The final mCRY1/mPER2model consists of 582 amino acids, 175 water molecules, 1 PEGmolecule, 1 chloride ion and 1 zinc ion in

the mCRY1-mPER2 interface. Furthermore, an X-ray fluorescence scan at the SLS beamline confirmed the presence of zinc in the

crystals. Residues 1-2, 233-240 and the C-terminal overhang of the crystallized mCRY1[1-496] fragment as well as residues 1215-

1252 and the N-terminal His-tag of the crystallized mPER2[1132-1252] fragment are not seen in the electron density due to confor-

mational disorder. Residues EVLFQ in the N-terminal cloning overhang of mPER2[1132-1252] form an extra beta strand, b0, which

packs against b strand 1 (b1) (Figure 1B). 33 mCRY1 residues and 3 mPER2 residues are modeled as alanine due to conformational

disorder of their side chains. The Ramachandran plot depicts 94.3% of main chain torsion angles in the most favored regions, no

outliers are depicted according to MolProbity. Figures were generated with MacPymol (DeLano Scientific LLC, 2006). The buried

surface area was calculated with PISA (Protein interfaces, surfaces and assemblies’ service PISA at the European Bioinformatics

Institute), http://www.ebi.ac.uk/pdbe/prot_int/pistart.html (Krissinel and Henrick, 2007).
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Inductively Coupled Plasma Optical Emission Spectrometry
To analyze the zinc content of individually purified mPER2 and mCRY1 proteins and of the mCRY1/mPER2 complex in solution, we

performed Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) using a Varian VISTA-RL spectrometer with a

MicroMist nebulizer. Zinc binding was determined by measuring its specific emission at 213.857 nm.

Site-Directed Mutagenesis
mPER2 mutants were generated using the QuikChange site-directed mutagenesis kit (Stratagene) and verified by sequencing. The

mutant constructs were expressed and purified to homogeneity essentially as described for the wild-type proteins.

Pull-Down Experiments
His-tagged mPER2 proteins (wild-type and mutants) were expressed in E.coli BL21 (DE3) cells. 30 ml with OD600 = 1 were harvested

and the cell pellets lysed in 1 ml lysis buffer containing 50 mM Tris pH 7.5, 300 mM NaCl, 10% glycerol, 3 mM b-mercaptoethanol,

10 mMzinc acetate and 25mM imidazole. After centrifugation the supernatants were incubatedwith 25 ml pre-equilibrated Ni-Sephar-

ose 6 Fast Flow beads (GE Healthcare) for 1 hr to pull-down His-tagged mPER2. Beads were then extensively washed with lysis

buffer to remove contaminants and finally equilibrated in lysis buffer pH 7.1 containing 70 mM imidazole. To test for pull-down

capacity of mCRY[1-496], the protein was expressed without tag in insect cells. 20 ml of cells were harvested and lysed in 1 ml lysis

buffer containing 50mM Tris pH 7.1, 300mMNaCl, 5% glycerol, 3 mM b-mercaptoethanol, 10 mM zinc acetate and 70mM imidazole

(+ DNase and cOmplete EDTA-free protease inhibitor cocktail [ROCHE]). After centrifugation the supernatants were incubated with

pre-equilibrated mPER2-Ni-beads for 1 hr to pull-downmCRY1. The beads were then extensively washed with lysis buffer to remove

contaminants. Finally the bound protein was eluted from the beads using lysis buffer supplemented with 500mM imidazole. As nega-

tive control the experiment was performed simultaneously in the absence of mPER2 and in the presence of a control protein, which

does not bind mCRY1. The eluted proteins were analyzed using SDS-PAGE.

Native PAGE Analysis
For Native-PAGE analysis purified proteins were incubated at a molar ratio of 1 to 1 in 25 mM BIS-Tris Propane pH 7, 100 mM NaCl,

10 mM TCEP and ± 100 mM zinc acetate at 4�C for at least 2 hr. For sample preparation 2x Tris-Glycine Native Sample Buffer was

added. Samples were loaded on a 4%–20%Novex Tris-Glycine gel and run constantly at 125 V in Tris-Glycine Native running buffer

(pH 8.3). Samples were additionally subjected to SDS-PAGE analysis. In the native and SDS gels, 3 mg total protein (mCRY1/mPER2

complex or individual proteins) were loaded per lane except for lane 2 in the native gel analysis of mCRY1fl (Figure 5D), where the

amount of mPER2 protein present in 3 mg mCRY1/mPER2 complex was loaded. The sharper CRY1/PER2 complex bands suggest

that mPER2 binding stabilizes mCRY1.

Circular Dichroism Spectroscopy
Purified protein samples were diluted to final concentrations between 2.5 and 11 mM in a buffer containing 25mMTris pH 7.3, 100mM

NaCl, 2 mM DTT (racemic). CD spectra were measured by a Jasco J-810 spectropolarimeter using a 0.1 cm path length quartz

cuvette and represent the mean molar ellipticity per amino acid residue after buffer correction. Measurements were performed at

4�C in a wavelength range from 195 nm to 250 nm with 0.1 nm intervals collecting data for 1 s at each point. For each measurement

four spectra were accumulated. Secondary structure analysis was performed using the CONTIN algorithm (Provencher and Glöck-

ner, 1981).

Isothermal Titration Calorimetry
The ITC experiments were performed using a VP-ITC MicroCalorimeter (MicroCal, Northampton, MA). For the interaction of mCRY1

[1-496] and mPER2[1119-1252] all reagents were extensively dialyzed against a buffer containing 25 mM HEPES pH 7.1, 100 mM

NaCl, 2 mM TCEP. The protein in the cell (mCRY1) had a concentration of 10 mM, while the concentration of mPER2 in the syringe

was 10 times higher. The typical titration consisted of 29 injections of 2 to 10 ml aliquots into the cell (1.4426 ml), at time intervals of

360 s at 23 C�.
To study the interaction of themCRY1[1-496]/mPER2[1119-1252] complex (both proteins untagged) with zinc, the zinc-free recon-

stituted protein complex was extensively dialysed against a buffer containing 25 mM Tris pH 7.1, 100 mM NaCl, 2 mM TCEP. The

protein in the cell had a concentration of 10 mM, while the concentration of ZnCl2 in the syringe was 7.5 times higher. The typical titra-

tion consisted of 29 injections of 2 to 7.5 ml aliquots into the cell (1.4426 ml), at time intervals of 280 s at 23 C�.
The enthalpy changes DH upon binding, the association constant (KA) and the binding stoichiometry (N) were obtained directly

whereas the Gibbs energy (DG) - and entropy (DS) changes were calculated according to Equation (1).

DG
�
=DH

�
-TDS

�
= -RT lnKA (1)

The dilution heat of the control titration, consisting of the identical titrant solution but with only buffer in the sample cell, was sub-

tracted from each experimental titration. Enthalpy changes DHs0 at the end of the zinc titration (Figure 6B), which remain despite
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comprehension of all necessary controls, are potentially due to nonspecific interactions of the titrant and the protein in the cell. Data

analysis was performed using the ORIGIN (V7.0) software provided by the manufacturer (Microcal).

Thermofluor
For proteinmelting temperature determination 5 ml of 2mg/ml protein solution (wild-type ormutant) weremixed in a 96-well PCR plate

with 45 ml of 40 mM HEPES pH 7.5, 150 mM NaCl, 4 mM DTT and 35x SYPRO Orange (Invitrogen). The plate was sealed, heated in

increments of 0.5�C in a real-time PCR system (Eppendorf) from 20�C to 80�C and the fluorescence changes were monitored. The

wavelengths for excitation and emission were 470 and 550 nm, respectively. Finally, the data were fitted with a Boltzmann model to

obtain the temperature midpoint of the protein unfolding transition (Tm).

Liquid Chromatography Electrospray Ionization Mass Spectrometry Analysis of Proteins Kept under Reducing and
Nonreducing Conditions
Wild-type and mutant mCRY1/mPER2 complexes were purified as described before and kept under reducing conditions (+ 4 mM

DTT) or non-reducing conditions (no DTT, dialysis against aerated buffer) in 25 mM HEPES pH 7.5, 100 mM NaCl for 2 days. For

removal of bound zinc, the wild-type complex was treated with 10 mM EDTA for several hours in the absence of DTT and zinc bound

EDTA was removed by extensive dialysis. LC-MS analyses were performed on a Bruker micrOTOF connected to an Agilent 1100

HPLC system equipped with a diode array detector. Samples were separated on a Phenomenex Aeris 3.6 mmC4WIDEPORE column

(100 3 2.1 mm) with a gradient of 30% to 80% acetonitrile in H2O with 0.05% TFA over 15 min. The obtained mass spectra were

deconvoluted using Maximum Entropy.

Luciferase Complementation Assays
The luciferase complementation assays were performed essentially as described in Czarna et al. (2013). Briefly, HEK293 cells were

transiently transfected with a pair of split firefly luciferase reporter constructs, i.e., mPER2 (wild-type or mutant versions) C-terminally

fused to amino acids 2-416 of firefly luciferase and mCRY1 (wild-type or mutant versions) C-terminally fused to amino acids 398-550

of firefly luciferase. For normalization, a vector expressing renilla luciferase was co-transfected. After 44 hr luciferase activities were

measured in cell lysates using the Dual-Luciferase Reporter Assay System (Promega). For data analysis firefly luciferase activity was

normalized to the corresponding renilla luciferase activity. Equal expression of the variants of mCRY1 and mPER2 fusion proteins

was analyzed by Western Blot. The primary antibodies were anti-mCRY1 and anti-mPER2 antibodies generated in our laboratory,

the secondary antibody was donkey-anti-rabbit (Santa Cruz Biotechnology). To control equal loading the blot was re-probed with

an anti-a-Tubulin antibody (Sigma Aldrich).

Analysis of Disulfide Bridges in mCRY1
We used a combination of the methods described by Wu et al. (2000) and Templeton et al. (2010). Briefly, HEK293 cells transiently

transfected with wild-type N-terminally MYC-tagged mCRY1 were harvested 48 hr after transfection. To this end, cells were washed

with PBS buffer, scraped and pelleted. The cell pellet was immediately frozen at �80�C until further processing. The cell pellet was

resuspended in MOPS-G-buffer (25 mM MOPS (pH 7.1), 5 mM EDTA, 150 mM NaCl, 0.1% Igepal, 6 M guanidine HCl) containing

50 mM N-Ethylmaleimide (NEM) immediately after removal from the freezer to avoid oxidation by aerial oxygen. The resuspended

cells were sonified and the crude extract was centrifuged to remove cellular debris.

The supernatant was transferred to a new reaction tube and incubated at room temperature for two hours. To remove excess NEM,

the proteins were precipitated by addition of 4 volumes methanol and incubation at �20�C for at least one hour. The precipitate was

washed five times with methanol. The pellets were dried, dissolved in MOPS-G-buffer and distributed to 4 reaction tubes. Two tubes

were left untreated as controls, the others were treated with 20 mM DTT or 5 mM H2O2 and all tubes were incubated at room

temperature for one hour. To remove DTT and H2O2 proteins were precipitated by addition of 4 volumes methanol and incubation

at �20�C for at least one hour. The precipitates were washed three times with methanol. The pellets were dried and subsequently

dissolved in SEENS-buffer (0.1 M sodium phosphate (pH 6.5), 10 mM EDTA, 0.1% Nonidet P40, 3% SDS) containing 300 mM

Mal-PEG (Methoxypolyethylene glycol maleimide, Sigma Aldrich) and incubated at room temperature for one hour. One control

sample was not treated withMal-PEG. The samples were analyzed byWestern blot with a neutral SDS-gel loading buffer andwithout

boiling the samples to avoid unspecific reaction of Mal-PEG with amino-groups. The primary antibody was an anti-MYC-Antibody

(9E10, Santa Cruz Biotechnology), the secondary antibody was goat-anti-rabbit (Santa Cruz Biotechnology). The blot was re-probed

with an anti-Actin antibody (Sigma Aldrich).

Live-Cell Zinc-Binding Assay
Lentiviruses delivering either wild-type mCRY1 and mPER2 or the mutant versions of mCRY1 (C412A/C414A) and mPER2 (C1210A,

C1213A) as split luciferase hybrids in the pLenti6 backbone (Invitrogen) were produced in HEK293T cells as previously described

(Maier et al., 2009). Virus containing supernatants were cleared using Filtropur S micro filters (Sarstedt). Human U2-OS cells were

transduced in the presence of 8 mg/ml protamine sulfate (Sigma Aldrich) followed by positive selection with blasticidine (10 mg/ml)

(Invitrogen). U2-OS cells stably expressing mCRY1 and mPER2 split luciferase fusions (wild-type or mutant versions) were kept
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for at least 1 week in zinc depletedmedium prior to zinc ion addition in the range of 0 to 300 mM. Bioluminescence was recorded using

a TopCount luminometer (PerkinElmer) with a stacker unit with a sampling rate of about 30 min for several days.

65Zn-Binding Assay
HEK293 cells were cultured over 5 days in zinc-free DMEM (Invitrogen) supplemented with 10% of dialyzed fetal bovine serum

(GIBCO, Invitrogen), 100 U/ml penicillin, 100 mg/ml streptomycin and 25 mM HEPES. Cells were transfected with equal amounts

of plasmid DNA encoding either wild-type or mutant epitope-tagged mCRY1 or mPER2 with Lipofectamine 2000 Transfection

Reagent (Invitrogen) according to the manufacture’s protocol. 48 hr after transfection, cells were harvested in 500 ml co-IP buffer

(20 mM Tris-HCl at pH 8.0; 140 mM NaCl; 1.5 mMMgCl2; 1 mM TCEP; 1% Triton X-100; 10% glycerol) containing protease inhibitor

cocktail (Sigma Aldrich). Lysates with overexpressed V5-tagged mPER2 constructs were incubated with anti-V5 antibody (R960-25,

Invitrogen) and equivalent amounts of Protein G PLUS-agarose beads (Santa Cruz Biotechnology) overnight at 4�C under constant

agitation. Beads were washed once in washing buffer (20mMTris-HCl at pH 8.0; 150mMNaCl; 0.5% Igepal CA-630), mixed with the

corresponding mCRY1 overexpressing or control lysates, incubated for 3 hr with 35 mM 65ZnCl2 radionuclide (325 kBq per assay,

PerkinElmer) at room temperature under agitation. As control for background only beads and 65ZnCl2 in lysis buffer were used. Beads

were washed 5 times in washing buffer, 1 ml of ULTIMA Gold (PerkinElmer) was added and scintillation was counted for 1 min in a

Wallac 1400 DSA system.
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Figure S1. mCRY1/mPER2 Interactions and Sequence Alignments of mPER2, Related to Figures 1, 2, 5, and 7

(A) Schematic representation of mCRY1/mPER2 interface contacts. C-terminal helix (a22) interface: Central Interactions of Arg483, Lys485, Gln486, Gln490

(mCRY1 a22) and Asp321 (mCRY1 sulfur loop) are described in the main text. Asp321 also makes hydrophilic interactions to Arg1158 of mPER2. Additional

hydrophobic interactions are established between Tyr488 (mCRY1 a22) and mPER2 residues Trp1195, Pro1202, Ile1205 and between Leu479 (a22) and mPER2

residues Leu1160, Val1163 and Leu1164. Pro319 (mCRY1 sulfur loop) packs into a hydrophobic pocket, which is lined by Ile487 (mCRY1 a22) as well as Lys1170,

Leu1171 and Leu1174 of mPER2 a3. Zinc interface: Interactions are described in the main text.mPER2(a4)-cap interface: Phe405 of the mCRY1 C-terminal lid is

embedded in a hydrophobic pocket composed of Pro1179, Phe1181, Leu1189, Trp1195 of mPER2 and Leu148, Val316, Phe409, Tyr488 and Leu491 of mCRY1.

Additionally, His1193mPER2 hydrogen bonds to the backbone of Phe405 and Gln407. Leu148 (mCRY1 a5-a6 connector loop) makes hydrophobic interactions

with Leu1189 and Phe1181 of mPER2. The side chain of Thr149 forms a direct hydrogen bond to Glu1188 and a water mediated hydrogen bond to Glu1191 of

mPER2 a4. The backbones of Thr149 and Leu148 hydrogen bond to the Glu1188 side chain.mPER2(a1-2)-mCRY1(a12) interface: The backbones of Tyr466 to

Met470 in the loop preceding mCRY1 a22 as well as Lys329 and Asn323 (mCRY1 a12) are critical for positioning of mPER2 a2. Lys329 forms direct or water

mediated hydrogen bonds to backbone oxygens of Ile1149 to Tyr1153 (mPER2 a2), while Asn323 forms a hydrogen bond to the Tyr1153 side chain. Ala328 is

positioned opposite Thr1145 and Ala1143 in the loop connecting mPER2 helices a1 and a2. Trp1139 (mPER2 a1) hydrogen bonds to Glu383 (mCRY1 a15) and

inserts into a hydrophobic cave, which is lined by Leu327, Ala328, Ala331 (a12) and Lys379, Val380 (a15) of mCRY1.

(B) Secondary structure assignment of mouse PER2 (mPER2) and alignment of its orthologs from Homo sapiens, gallus gallus, Xenopus laevis and danio rerio.

Conserved residues are colored in dark yellow. Blue dots indicate mCRY1 interacting residues. Zinc coordinating residues are highlighted with brown boxes.

Residues that weremutated for further analysis of themCRY1/mPER2 interaction are labeledwith black letters (Asp1167, Phe1181, His1193, Cys1210, Cys1213).

(C) Alignment of mPER2 and its homologs mPER1 and mPER3. The zinc coordinating residues Cys1210 and Cys1213 are conserved in mPER1 and mPER3. The

alignments in Figures S1 and S2 were generated in ClustalOmega (Goujon et al., 2010; Sievers et al., 2011) and modified in Jalview (Waterhouse et al., 2009).
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Figure S2. Sequence Alignment and Structural Elements of mCRY1, Related to Figures 1, 2, and 7

Secondary structure assignment of mouse CRY1 (mCRY1) and alignment of its homolog mouse CRY2 (mCRY2) and its orthologs from Homo sapiens, gallus

gallus, Xenopus laevis and danio rerio. Conserved residues are colored in dark cyan. Green dots indicate mPER2 interacting residues. Zinc coordinating residues

are highlighted with brown boxes. Residues that were mutated for further analysis of the mCRY1/mPER2 interaction are labeled with black letters (Thr149,

Pro319, Ala328, Lys329, Cys363, Cys412, Cys414, His473, Lys485, Gln486).

S8 Cell 157, 1203–1215, May 22, 2014 ª2014 Elsevier Inc.



(legend on next page)

Cell 157, 1203–1215, May 22, 2014 ª2014 Elsevier Inc. S9



Figure S3. Comparison of mPER2-Bound mCRY1 Structure with apo-CRY1, mCRY2, and dCRY, Related to Figures 2, 3, and 4

(A) Ribbon presentation of superposed apo-mCRY1-PHR (gray) and mCRY1-PHR (cyan) from the mCRY1/mPER2 complex structure (rmsd = 0.886 Å for 457

CRY Ca positions). The antenna recognition loop (residues 39-46) as well as residues 167-177 in the linker region are unordered in the apo-mCRY1 structure, but

well defined in the mCRY1/mPER2 complex. The C-terminal lid (Cys402 to Pro415) alters its conformation and the phosphate binding loop is less defined in the

mPER2-complex structure. No significant changes are observed in the protrusion loop, the a5-a6 connector loop and the electron-rich sulfur loop.

(B) Superposition of the antenna recognition loop in the mCRY1/mPER2 complex (cyan/yellow) with (left) apo-mCRY1 (gray; pdb 4K0R [Czarna et al., 2013]) and

dCRY (magenta; pdb 4JZY [Czarna et al., 2013]; rmsd = 1.427 Å for 439 CRY Ca positions) and with (right) apo-mCRY2 (green, pdb 4I6E [Xing et al., 2013]). The

ordered antenna recognition loop of the mCRY1/mPER2 complex reaches into the antenna chromophore binding pocket (cbp), but in a different position than

the dCRY antenna recognition loop. mPER2 strands b0 and b1 are located nearby and may therefore influence the conformation of the antenna loop. Potentially,

the coordination of a chloride ion (Cl�) by Ser102, which is located in the vicinity of the antenna chromophore binding pocket and which is a predicted phos-

phorylation site of mCRY1 (Lamia et al., 2009), affects the antenna recognition loop conformation in the mCRY1/mPER2 complex. Furthermore, a PEGmolecule

from the crystallization solution is located in the vicinity of the cbp (not shown). In apo-mCRY2 and FBXL3-bound mCRY2 (only apo-mCRY2 is superimposed for

clarity) the antenna recognition loop forms a surface exposed a-helix that superimposes with b0 and b1 of mPER2 in our mCRY1/mPER2 complex structure

(right).

(C) Superposition of the C-terminal helix a22 of apo-mCRY1 (gray) and themCRY1/mPER2 complex (cyan/yellow). Helix a22 could be built to completeness in the

complex structure. Arg483 forms a salt bridge to Asp321 in the sulfur loop, in the mPER2 complex additionally to Asp1167 (mPER2 helix a3). Pro319 (sulfur loop)

also interacts with mPER2 a3.

(D) mCRY1-mPER2 (cyan/yellow) interface at the C-terminal lid with apo-mCRY1 (gray) superimposed. In the complex, Phe405 points away from the mCRY1-

PHR body and embeds into a huge hydrophobic pocket composed of Pro1179, Phe1181, Leu1189, Trp1195 of mPER2 and Leu148, Val316, Phe409, Tyr488 and

Leu491 of mCRY1 (Leu491 and Tyr488 are not shown for clarity.) In the apo-mCRY1 structure, Phe406 to Phe410 are built as alanine due their unordered side

chains. In the complex, Gln407 and Gln408 are well defined and reorient to allow for backbone hydrogen bonding of His1193mPER2. Phe410 embeds into a

hydrophobic pocket composed of His359, Trp399, Leu400 and Try413 and forms a backbone hydrogen bond with the Arg367 side chain. His411 moves away

from the mCRY1 body and forms a hydrogen bond with the backbone of Ala1204mPER2.

(E) Superposition of apo-mCRY1-PHR (gray) and apo-mCRY2-PHR (green, pdb 4I6E [Xing et al., 2013]) (rmsd = 1.031 Å for 445 CRY Ca positions). In contrast to

the apo-mCRY1 structure, the disulfide bridge between Cys381 and Cys430 (corresponding to Cys363 and Cys412 of mCRY1) is broken in the apo-mCRY2

structure.

(F) Superposition of apo-mCRY1-PHR (gray) and mCRY2/FBXL3 (pdb 4I6J [Xing et al., 2013]; mCRY2 in green, FBXL3 LRR in light pink) (rmsd = 1.434 Å for 459

CRY Ca positions). In the mCRY2/FBXL3 structure, Cys430 is in disulfide bridge distance to Cys340 of FBXL3 LRR.
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Figure S4. mCRY1/mPER2 Heterodimer Binds Zinc in the Crystal and in Solution, Related to Figures 2 and 6

(A) mCRY1/mPER2 complex (cyan/yellow) with selenium anomalous difference map. (Seleno)methionine residues of mPER2 (blue) are shown as atomic sticks.

The selenium anomalous differencemap (red, 4 s level) was calculated at 2.8 Å resolution using anomalous differences of the peak wavelength (lpeak = 0.9763 Å).

The N-terminal methionine as well as a methionine in the cloning overhang of mPER2 are disordered. An unexpected additional peak gave first evidence for the

presence of a zinc ion (Zn, brown, see arrow) at the interface of CRY and PER.

(B) Close-up view of the zinc interface: The Fo-Fc omit map (2.8 s level, green) was calculated omitting the side chains of Cys414 and His473 (mCRY1) and

Cys1210 and Cys1213 (mPER2) as well as the tetrahedrally coordinated zinc ion. The 2.8 Å selenium anomalous difference map (lpeak) showed density for Zn

(4 s level, red).

(C) Identification of zinc in the mCRY1/mPER2 crystal by X-ray fluorescence spectroscopy. Zinc is unambiguously identified by its Ka emission line at 8,630 eV.

(D) Presence of zinc in mPER2, mCRY1 and the mCRY1/mPER2 complex in solution. 1) Control, buffer (25 mM HEPES pH 7.0, 100 mM NaCl, 2 mM DTT), 2)

mPER2[1119-1252] individually purified from E. coli, 3) mCRY[1-496] individually purified from insect cells, 4) mCRY1[1-496]/mPER2[1132-1252] complex,

copurified from mixed lysates. Buffer and proteins were subjected to inductively coupled plasma optical emission spectrometry (ICP-OES) analysis. The signal

intensities at the zinc-specific wavelength of 213.857 nm are shown. Only copurifiedmCRY1[1-496]/mPER2[1132-1252] complex binds zinc (strong signal), while

single mCRY1 and mPER2 proteins are zinc-free in solution (weak signal).
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Figure S5. Zinc-Dependent mCRY1-mPER2 Interaction in Living Cells, Related to Figure 7

(A) Approximately equal expression of mCRY1 and mPER2 fusion protein variants in HEK293 cells demonstrated in western blot experiments.

(B) Incorporation of the radioactive zinc isotope 65Zn2+ is dependent on the presence of both mPER2 andmCRY1. HEK293 cells were transiently transfected with

full-length mPER2 or full-length mCRY1. Immunoprecipitated mPER2 was incubated with mCRY1-containing cell lysate or control cell lysate in the presence of

the radioactive zinc isotope 65Zn2+. mPER2 containing lysate alone incorporated significantly (p < 0.0001; t test) less radioactive 65Zn2+ than when incubated with

mCRY1 containing lysate. Shown aremean ±SEMof four independent immunoprecipitation experiments. The high expression of proteins was verified in western

blot experiments (not shown).

(C) Zinc ions dose-dependently enhance the mCRY1-mPER2 interaction in living cells. An U2-OS reporter cell line stably expressing mCRY1 and mPER2 split

luciferase fusion proteins was cultivated in Zn2+-depleted medium for about a week. Then various concentrations of Zn2+ were added to the medium and

bioluminescence was analyzed after 10 hr. Shown are mean ± SEM (**p < 0.005; ***p < 0.0001; t test; n = 16).

The Zn2+ concentration dependence of the split-luciferase signal with a half-maximal concentration around 150 mM probably reflects the replenishment of total

cellular zinc (100-500 mM) (da Silva and Williams, 2001; Palmiter and Findley, 1995) in our previously zinc depleted cells. In addition, the observed kinetics are

consistent with the observation that the rate of total zinc exchange is very slow (reported for hepatocytes to be �30 hr by Pattison and Cousins [1986]).
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Figure S6. Liquid Chromatography Electrospray-Ionization Mass Spectrometry Analysis of WT and Mutant mCRY1[1–496]/mPER2[1119–

1252] Complexes in Reducing and Nonreducing Conditions, Related to Figure 6

(A) HPLC chromatograms (top) and deconvoluted LC-MS spectra (bottom) for wild-type mCRY1/mPER2 complex. Top: HPLC chromatograms for the wild-type

mCRY1/mPER2 complex. Left: reducing conditions (in presence of 4 mM DTT); middle: after 2 days in non-reducing conditions (no DTT, aerated buffer); right:

after zinc removal by 10mMEDTA treatment followed by 1.5 days in non-reducing conditions. TwomCRY1 species are observed with a retention time of 10.5min

(CRYp1, putatively oxidized) and 11.4 min (CRYp2, putatively reduced), respectively. While only a moderate increase in CRYp1 (p1 = peak 1) is observed after

2 days in non-reducing conditions, removal of zinc by EDTA almost completely shifts mCRY1 to peak 1. The third peak with the retention time of 9.0 min contains

mPER2. (A–C) The ratios between the areas under mCRY1 peak 2 and peak 1 (CRYp2/CRYp1) are presented as a measure for the interconversion of the two

mCRY1 species upon changing redox conditions or zinc removal. The ratios between the peak areas for total mCRY1 (sum of peaks p1 and p2) and total mPER2

(peak at 9.0 min) remain constant within the accuracy of the method. Bottom: Deconvoluted LC-MS spectra of the peaks detected for the wild-type mCRY1/

mPER2 complex with (left) wild-type mPER2 (peak at 9.0 min retention) and (middle, right) wild-type mCRY1. A �2 Da mass difference (as expected for the

oxidation of a disulfide bridge) is determined for the two CRY species corresponding to the peaks with retention times of 10.5 (CRYp1) and 11.4 (CRYp2) minutes.

(B) HPLC chromatograms and deconvoluted LC-MS spectra for the zinc-free mCRY1/mPER2(C1210A/C1213A) complex. HPLC chromatogram for the mCRY1/

PER2(C1210A/C1213A) complex under reducing conditions (left) and after 2 days in non-reducing conditions (2nd from left). After 2 days in non-reducing

conditions, wild-type mCRY1 completely shifts to peak 1 (CRYp1, putatively oxidized).

Three right panels: Deconvoluted LC-MS spectra for the mPER2(C1210A/C1213A) mutant protein (PERCACA, peak at 9.0 min retention time) and for the two wild-

type mCRY1 species in peak 1 (CRYp1) and peak 2 (CRYp2).

(C) HPLC chromatograms and deconvoluted LC-MS spectra for the zinc-free mCRY1/mPER2 complex with alanine mutations in the zinc binding Cys1210 and

Cys1213 of mPER2 and in the disulfide bond forming Cys412 of mCRY1. HPLC chromatogram for mCRY1(C412A)/PER2(C1210A/C1213A) complex under

reducing conditions (left) and after 2 days in non-reducing conditions (2nd from left). The mCRY1(C412A) mutant protein only shows a moderate increase of CRY

peak 1 (CRYC412A,p1) after 2 days in non-reducing conditions. Two right panels: Deconvoluted LC-MS spectra for the twomCRY1(C412A) mutant species in peak

1 (CRYC412A,p1) and peak 2 (CRYC412A,p2). We postulate that the CRYC412A,p1 peak observed under non-reducing conditions in the mCRY1(C412A) mutant protein

is due to the presence of an additional disulfide bridge.

(D) Histogram displaying the ratios between the areas under peak 2 (CRYp2, assigned to reduced mCRY1) and peak1 (CRYp1, assigned to oxidized mCRY1)

obtained for wild-type and mutant mCRY1[1-496]/mPER2[1119-1252] complexes under different conditions (Figure S6 A-C). The redox state of mCRY1 is

influenced by the presence of zinc in the complex. The behavior of the zinc-free mCRY1(C412A)/mPER2(C1210A/C1213A) complex mirrors that of the wild-type

mCRY1/mPER2 complex, suggesting that Cys412 is involved in zinc-dependent redox changes in mCRY1.
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Figure S7. Zinc Content of the mCRY1/mPER2 Complex in Solution, Related to Figure 6
(1) Wild-type mCRY1[1-496]/mPER2[1119-1252] complex (8.8 mM), copurified from mixed lysates and kept under reducing conditions (4 mM DTT), 2) mCRY1

[1-496]/mPER2[1119-1252] complex (9.5 mM), copurified from mixed lysates and kept under non-reducing conditions for 2 days (no DTT, aerated buffer), 3)

mCRY1[1-496]/mPER2[1119-1252] complex (7.65 mM), copurified from mixed lysates, treated with 10 mM EDTA for several hours and kept under non-reducing

conditions for additional 1.5 days (no DTT, aerated buffer), 4) mCRY1[1-496]/mPER2[1119-1252] complex with alanine mutations in mPER2 Cys1210 and

Cys1213 (8.8 mM) copurified frommixed lysates and kept under reducing conditions (4mMDTT), 5) Control, dialysis buffer (25mMHEPES pH 7.5, 100mMNaCl).

Buffers and proteins were subjected to inductively coupled plasma optical emission spectrometry (ICP-OES) analysis. The signal intensities at the zinc-specific

wavelength of 213.857 nm are shown. Copurified wild-type mCRY1[1-496]/mPER2[1119-1252] complex contains zinc in a �1:1 molar ratio. After extensive

dialysis in aerated buffer over 2 days, zinc is still bound to the wild-type complex. 10 mM EDTA treatment followed by extensive dialysis almost completely

deplenished the wild-type complex from zinc. mCRY1/mPER2 complex with alanine mutations in mPER2 Cys1210 and Cys1213 does not bind zinc. Zinc

concentrations were calculated based on a calibration curve (6).
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Table S1. X-Ray Data Collection and Refinement Statistics,  

Related to Figure 1 

 
* selenomethionine labelled 
a Values in parenthesis correspond to the highest resolution shell. 
b The Free-R factor was calculated with 5 % of the data omitted from structure  
refinement. 

Data collection Native SAD 

 
mCRY1 [1-496]/ 

mPER2 [1132-1252] 

mCRY1 [1-496]/ 

mPER2* [1132-1252] 

Beamline SLS PXII SLS PXII 

 

Space group 

Cell dimensions 

a, b, c (Å) 

α, β, γ (°) 

Wavelength (Å) 

Resolution range (Å)a 

Number of reflections 

Total 

Unique 

Completeness (%)a    22419 

I/σa 

Rsym (%)a 

Wilson plot B (Å2) 

P43 21 2 

 

99.74, 99.74, 178.63 

90, 90, 90 

0.9716 

45.50 – 2.45 (2.55 – 2.45) 

 

853563 

33988 

100 (100) 

35.0 (3.6) 

5.7 (105.3) 

68.4 

P43 21 2 

 

99.53, 99.53, 178.66 

90, 90, 90 

0.9763 

30.00 – 2.80 (2.85 - 2.80) 

 

2375575 

42277 

100 (100) 

25.9 (2.2) 

20.9 (242.1) 

66.7 

Refinement   

 

Resolution range (Å) 

Reflections 

Rcryst (%) 

Rfree (%)b 

Ramachandran values 

Favored region (%) 

Allowed region (%) 

Overall average B factor (Å2) 

R.m.s.d bond lengths (Å) 

R.m.s.d. bond angles (°) 

45.50 – 2.45 

33913 

18.60 

23.31 

 

94.3 

100 

69.8 

0.009 

1.125 

 



	  

Table S2. CD Spectra Suggest That the Unbound C-Terminal mPER2 Region Is Mainly 
 Unstructured; upon Binding to mCRY1-PHR, It Adopts a Helical Fold, 
Related to Figure 5 
 

Fractions 
 
 

Protein 

H 
 

(dis-
torted) 

S 
 

(dis-
torted) 

Turn Unordered RMSD NRMSD 

mPER2 [1132-1252] 0.15 
(0.12) 

0.21 
(0.11) 0.25 0.38 0.10 0.032 

mCRY1 [1-496]/ 
mPER2 [1132-1252] 

0.50 
(0.22) 

0.05 
(0.04) 0.20 0.25 0.13 0.036 

mCRY1 [1-500]* 0.31 0.17 0.22 0.30 0.06 0.025 

	  
(N)RMSD  = (normalized) root mean square deviation 
H  = helices, include regular and distorted α-helices 
S  = strands, include regular and distorted β-strands 
*   = values were determined by Czarna et al., 2013 
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4	  Extended	  Discussion	  

Crystal	   structure	  analysis	   in	   combination	  with	   single	  particle	  electron	  microscopy	   (EM),	   small	  

angle	   X-‐ray	   scattering	   (SAXS)	   and	   complementary	   biochemical	   methods	   unraveled	   the	   clock	  

mechanism	  in	  cyanobacteria,	  which	  is	  governed	  by	  the	  Kai	  proteins,	  KaiA,	  KaiB	  and	  KaiC.	  Crystal	  

structures	  visualized	  not	  only	  the	  single	  Kai	  proteins	  but	  also	  their	  interaction	  in	  subcomplexes	  

as	  well	  as	  regulatory	  phosphorylation	  sites.	  EM	  and	  SAXS	  allowed	  the	  real-‐time	  quantification	  

of	   evolving	   Kai	   subcomplexes	   in	   the	   course	   of	   a	   circadian	   cycle.	   The	   combined	   model	   now	  

shows	  that	  the	  circadian	  cycle	  is	  driven	  by	  conformational	  changes	  in	  KaiC	  through	  sequential	  

interaction	   with	   KaiA	   and	   KaiB	   as	   well	   as	   ATP	   dependent	   auto-‐phosphorylation	   and	  

dephosphorylation	   of	   KaiC,	   respectively	   (Egli	   and	   Johnson,	   2013;	   Johnson	   et	   al.,	   2011).	  

Although	   the	   power	   of	   structural	   analysis	   to	   provide	   explanations	   for	   biological	  mechanisms	  

was	  also	  proven	  for	  many	  other	  processes	  before,	  structural	  analysis	  of	  circadian	  clocks	  is	  only	  

slowly	  evolving	  and	  still	  particularly	  missing	  multicomponent	  complex	  structures.	  In	  the	  case	  of	  

mammalian	   clock	  proteins,	   the	   crystal	   structure	  of	   the	  CLOCK/BMAL1	  heterodimer	   visualizes	  

the	   stable	   and	   active	   interaction	   of	   the	   two	   transcription	   factors	   mediating	   rhythmic	  

transcription	   of	   clock-‐and	   clock	   controlled	   genes	   (Huang	   et	   al.,	   2012).	   Apart	   from	   that,	   the	  

recently	   solved	   mCRY2-‐FBXL3-‐SKP1	   complex	   structure	   shows	   how	   FBXL3	   targets	   mCRY2	   for	  

degradation	   (Xing	  et	  al.,	  2013).	  The	  crystal	  structure	  of	   the	  mPER2	  PAS	  domains	  did	  not	  only	  

visualize	  and	  explain	  important	  mPER2	  residues	  reported	  in	  literature	  but	  also	  shed	  light	  on	  the	  

mPER2	  dimerization	  surface	  and	  its	  impact	  on	  a	  functional	  clock	  (Hennig	  et	  al.,	  2009).	  Recently,	  

the	  apo-‐mCRY1	  structure	  allowed	  for	   first	   insight	   into	  the	  FBXL3/CLOCK-‐BMAL1/PER2	  binding	  

to	  CRY1	  through	  structure-‐based	  mutagenesis	  (Czarna	  et	  al.,	  2013).	  

The	   crystal	   structures	   of	   the	  mouse	   PER1	   PAS	   domains	   and	   the	   core	  mouse	   CRY1/PER2	  

complex,	  which	  where	   solved	   in	   the	   course	  of	   this	   study,	  will	   further	   advance	   the	   structural	  

reconstruction	  of	  the	  mammalian	  clock	  and	  will	  allow	  to	  design	  future	  experiments.	  For	  now,	  

they	  allow	  a	  complete	  and	  detailed	  structural	  description	  of	  two	  essential	   interaction	  sites	  of	  

mammalian	   PERIOD	   proteins;	   the	   homo-‐	   and	   heterodimerising	   PAS	   domains	   and	   the	   CRY	  

interaction	   domain.	   Results	   from	   complementary	   biochemical,	   biophysical	   and	   cell	   based	  

assays	  as	  well	  as	  the	  analysis	  of	  already	  known	  PER	  structures	  and	  literature	  helps	  I)	  to	  identify	  

and	  understand	  the	  differences	  between	  the	  three	  mammalian	  PER	  proteins	  PER1,	  2	  and	  3,	  II)	  
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to	   illustrate	   potential	   mechanisms	   for	   CRY/PER	   complex	   formation	   and	   regulation	   for	   clock	  

transcriptional	   feedback	   repression	  and	   III)	   to	   speculate	  on	  mechanisms	  driving	   the	  circadian	  

cycle.	   The	   following	   sections	   discuss	   novel	   observations	   and	   results	   in	   the	   context	   of	   the	  

circadian	   clock	   and	   speculate	   on	   their	   significance	   for	   the	   mammalian	   oscillator.	   The	   final	  

section	  names	  open	  questions	  and	  gives	  an	  outlook	  on	  questions	  to	  be	  addressed	  in	  the	  future	  

(section	  5).	  
	  

4.1	  In	  Vitro	  Characterization	  of	  Mammalian	  PERIOD	  Proteins	  	  

Stable	   full-‐length	   mouse	   PERIOD	   protein	   expression	   and	   purification	   for	   crystallization	   is	  

currently	  neither	  possible	   in	  E.	  coli	  nor	   in	   insect	  cell	  culture	  most	   likely	  because	  they	  contain	  

long,	  unfolded	  regions	  which	  do	  not	  adopt	  a	  stable	  tertiary	  structure.	  However,	  rational	  design	  

of	   protein	   fragments	   based	   on	   sequence	   alignment	   and	   secondary	   structure	   prediction	  

permitted	   the	   expression	   and	   purification	   of	   the	   N-‐terminal	   PAS	   domains	   of	   mPER1	   (and	  

nearby	   residues)	   as	  well	   as	   the	  ≈	  500	  C-‐terminal	   residues	  of	  mPER2	  which	  were,	   in	   complex	  

with	   full-‐length	   mCRY1,	   further	   processed	   by	   limited	   proteolysis	   for	   definition	   of	   the	  

mCRY1/mPER2	   core	   complex.	   The	   PAS	   domains	   of	  mPER2	  were	   described	   elsewhere	   before	  

(Hennig	   et	   al.,	   2009).	   The	   PAS	   domains	   of	   mPER3	   were	   examined	   in	   a	   parallel	   study	   (see	  

(Kucera	   et	   al.,	   2012)).	   In	   solution	   both	   the	   mPER1	   PAS	   domains	   and	  mCRY1-‐mPER2	   form	   a	  

stable	  homo-‐	  and	  heterodimer,	  respectively.	  	  
	  

4.2	  A	  Conserved	  Tryptophan	  as	  Mediator	  of	  Clock	  PAS	  Interactions	  	  

The	  crystal	  structure	  of	  the	  PAS	  domains	  of	  mPER1	  reveals	  that	  the	  PAS-‐B	  domains	  are	  aligned	  

in	  an	  antiparallel	  manner	  in	  the	  mPER1	  homodimer.	  Mutational	  analysis	  confirms	  that	  mPER1	  

homodimer	  is	  essentially	  stabilized	  by	  symmetric	  interactions	  of	  the	  antiparallel	  PAS-‐B	  β-‐sheet	  

surfaces	  and	  the	  connecting	  loops,	  one	  of	  which	  includes	  Trp448mPER1	  (PAS-‐B	  Trp	  (tryptophan)	  

interface),	   which	   is	   highly	   conserved	   among	   PER	   proteins.	   Trp448mPER1	   stabilizes	   the	  

homodimer	   mainly	   through	   hydrophobic	   interactions.	   A	   similar	   interface	   is	   present	   in	   the	  

mPER2	  and	  mPER3	  PAS	  homodimer.	  This	   is	  not	  surprising	  as	  not	  only	   the	  central	   tryptophan	  

(Trp419mPER2,	  Trp359mPER3)	  is	  conserved	  among	  PER1-‐3	  but	  most	  PER	  residues	  in	  PAS-‐B	  (Figure	  

3.1_S1/S3).	  	  
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Luciferase	  complementation	  assays	  in	  HEK293	  cells	  (performed	  in	  collaboration	  with	  the	  group	  

of	  Prof.	  Dr.	  Achim	  Kramer,	  Charité,	  Berlin)	  support	  the	  importance	  of	  this	  PAS-‐B	  Trp	  interface	  

for	   the	   homodimerization	   of	   mPER1,	   2	   and	   3	   (Figure	   3.1_2)	   in	   mammalian	   cells.	   Our	  

preliminary	   in	   vitro	   data	   (not	   shown)	   imply	   that	   the	   PAS-‐B	   Trp	   interface	   is	   probably	   also	  

important	  for	  PER	  heterodimer	  formation.	  PER	  dimerization	  and	  the	  CRY-‐PER	  interaction	  have	  

been	   described	   to	   be	   decisive	   for	   the	   determination	   of	   the	   subcellular	   localization	   of	   the	  

repressor	  complex.	  Therefore,	  it	  would	  be	  interesting	  to	  examine	  the	  effects	  of	  the	  W448E	  (or	  

corresponding	   mutations	   in	   mPER2/3)	   mutation	   on	   subcellular	   localization	   of	   mPER1	  

(mPER2/3,	   respectively)	   and	  consequently	  CRY.	   Similarly,	  we	   speculate	   that	   the	  PAS-‐A	   -‐	  PAS-‐

B/αE	   interface	   in	   mPER2,	   which	   is	   absent	   from	   mPER1,	   modulates	   an	   active	   NES,	   which	   is	  

conserved	   in	   all	   PER	   paralogs	   in	   the	   αE	   helix	   (Figure	   3.1_S1).	   This	   would	   explain	   why	   the	  

mutation	  of	  the	  interaction	  stabilizing	  methionine	  to	  lysine	  within	  the	  NES	  of	  mPER2	  alters	  its	  

nuclear	  export	  activity	  in	  fusion	  with	  a	  non-‐related	  protein,	  whereas	  mutation	  of	  the	  equivalent	  

solvent	   exposed	   leucine	   to	   lysine	   in	  mPER1	  has	   no	   significant	   effect	   (Vielhaber	   et	   al.,	   2001).	  

Accordingly,	   heterodimerization	   of	   mPER3	   has	   been	   implicated	   with	   nuclear	   localization	   of	  

PERs	   by	  masking	   the	   active	   CLD	   (cytoplasmic	   localization	   domain)	   of	   mPER3.	   As	   the	   CLD	   of	  

mPER3	   comprises	   the	  PAS-‐B	   Trp	   interface,	   heterodimerisation	  with	  mPER1	   and	  PER2	   via	   the	  

PAS-‐B	  Trp	  interface	  would	  explain	  this	  masking	  effect.	  	  

Interestingly,	  the	  structure	  based	  analysis	  of	  the	  mCLOCK/mBMAL1	  heterodimer	  by	  Huang	  

et	   al.	   confirms	   not	   only	   that	   Trp448mPER1	   is	   conserved	   in	   the	   PAS	   domains	   of	   BMAL1	  

(Trp427BMAL1),	   but	   also	   reveals	   an	   apparently	   conserved,	   hydrophobic	   interaction	   mediating	  

role	   of	   Trp427BMAL1	   (corresponds	   to	   Trp448PER1)	   as	   it	   binds	   to	   CLOCK	   (Huang	   et	   al.,	   2012).	  

However,	   Trp427BMAL1	   in	   the	   PAS-‐B	   domain	   of	   BMAL1	   mediates	   a	   compositionally	   different	  

interface	  with	  PAS-‐B	  of	  CLOCK	  as	  the	  PAS	  domains	  of	  CLOCK	  and	  BMAL1	  encompass	  a	  parallel	  

structural	   arrangement	   of	   their	   PAS-‐B	   domains.	   The	   corresponding	   tryptophan	   in	   CLOCK	  

(Trp362CLOCK)	   was	   implied	   to	   be	   involved	   in	   the	   interaction	  with	   cryptochromes	   (Sato	   et	   al.,	  

2006);	  NPAS2,	  the	  mammalian	  CLOCK	  homolog,	  also	  contains	  the	  conserved	  Trp.	  Moreover,	  a	  

tryptophan	   is	   conserved	   at	   the	   same	   position	   in	   dPER	   (Trp482dPER)	   and	   in	   dCYCLE,	   the	  

functional	   homolog	   of	   BMAL1,	   but	   not	   in	   dCLOCK.	   In	   the	   crystal	   structure	   of	   the	   dPER	   PAS	  

domains	   (Yildiz	   et	   al.,	   2005),	   Trp482dPER	   is	   involved	   in	   a	   PAS-‐A	   –	   PAS-‐B	   homodimer	   interface	  

residing	   in	   a	   hydrophobic	  pocket	   (compare	   Figure	  7).	  As	   the	  PAS-‐B	  β-‐sheet	   surface,	  which	   is	  

part	  of	  the	  PAS-‐B	  Trp	  interface	  in	  mPER	  and	  which	  supposedly	  mediates	  dPER-‐dTIM	  interaction	  
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in	   Drosophila	   (Hennig	   et	   al.,	   2009),	   is	   in	   close	   proximity	   to	   Trp482dPER,	   it	   is	   possible	   that	  

Trp482dPER	   switches	   to	   regulate	   homo-‐	   and	   heterodimerization	   of	   dPER.	   Likewise,	  

heterodimerisation	   of	   dTIM	  with	   dPER	   probably	   covers	   the	   CLD	   in	   PAS-‐B	  β-‐sheet	   surface	   of	  

dPER	   (Saez	   and	   Young,	   1996)	   and	   promotes	   nuclear	   import	   of	   the	   complex	   (functional	  

homologue	  of	  mammalian	  CRY/PER	  complex).	  	  

	  

	  

Figure	   13:	   The	   PAS	   domains	   of	   PER1	   and	   its	   potential	   protein	  
interactors	   and	   ligands.	   The	   conserved	   Trp448	   might	   allow	   for	  
interaction	   with	   other	   clock	   (PAS)	   proteins.	   Whether	   PER1	  
coordinates	  heme	  in	  its	  PAS	  domains	  in	  vivo	  is	  not	  clear,	  yet.	  

	  

This	  shows	  that	  Trp448mPER1	  is	  conserved	  among	  the	  core	  mammalian	  PAS	  clock	  proteins	  and	  to	  

most	  extent	  among	  the	  PAS	  clock	  proteins	   in	   the	  related	  Drosophila	  oscillator.	  However,	   it	   is	  

not	   generally	   conserved	   among	   (HLH-‐)	   PAS	   proteins.	   It	   mediates	   PAS-‐PAS	   and	   maybe	   PAS-‐

protein	  interactions	  in	  different	  conformations	  and	  interfaces.	  In	  the	  case	  of	  dPER	  this	  results	  

in	   an	   obviously	   different	   open	   ring	   like	   homodimer	   PAS	   conformation	   compared	   to	   the	  

perpendicularly	  stacked	  domains	  in	  the	  mPER	  homodimer.	  Thus,	  the	  conserved	  tryptophan	  of	  
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mammalian	  clock	  PAS	  proteins	  could	  be	  a	  common	  interaction	  mediator	  of	  clock	  PAS	  proteins.	  

More	   importantly,	   as	   mPER2	   supposedly	   interacts	   with	   the	   PAS	   domains	   of	   BMAL1,	   the	  

conserved	  tryptophan	  is	  a	  good	  candidate	   interaction	  site.	  The	  similar	  spatial	  arrangement	  of	  

the	   single	  PAS-‐AB	  domains	  of	  BMAL1	   compared	   to	   those	  of	  mPER	   further	   supports	   this	   idea	  

(first	  noticed	  by	  (Huang	  et	  al.,	  2012))	  (summarized	  in	  Figure	  13).	  
	  

4.3	  Mammalian	  PER	  -‐	  a	  Heme	  Bound	  Signal	  Sensor	  or	  not?	  

The	   activity	   of	   the	   clock	   protein	   NPAS2	   (and	   REV-‐ERBα/β,	   section	   1.3)	   was	   shown	   to	   be	  

regulated	   through	   binding	   of	   a	   heme	   cofactor	   in	   its	   PAS	   domains.	   In	   NPAS2,	   heme	   senses	  

carbon	  monoxide,	  a	  degradation	  product	  of	  heme,	  and	  supposedly	  induces	  the	  dissociation	  of	  

the	   NPAS2/BMAL1	   transcription	   factor	   complex	   from	   DNA	   and	   consequently	   repression	   of	  

protein	   expression	   (Dioum	   et	   al.,	   2002).	   Like	   REV-‐ERB,	   NPAS2	   has	   been	   implanted	   with	   the	  

regulation	  of	  Alas-‐1	  expression,	  the	  key	  enzyme	  of	  heme	  biosynthesis,	  i.e.	  NPAS	  regulates	  the	  

expression	  of	   its	  own	   ligand	   in	  a	  negative	   feedback	   loop	  and	  modifies	   the	  clock	  according	   to	  

heme	   metabolism.	   Recently,	   it	   was	   demonstrated	   that	   both	   PAS	   domains	   of	   PER2	   bind	   to	  

heme,	  too.	  Heme	  is	  suggested	  to	  modulate	  the	  effect	  of	  mPER2	  (and	  to	  lesser	  extent	  of	  mPER1)	  

on	  NPAS2	   transcriptional	   regulation	   (Kaasik	   and	   Lee,	   2004)	   possibly	   through	  heme	  exchange	  

between	  NPAS2	  and	  mPER2	  (Kitanishi	  et	  al.,	  2008).	  The	  structure	  of	  the	  mPER1	  PAS	  domains	  

also	   allows	   to	   assess	   the	   chances	   of	   heme	   binding	   to	   mPER1.	   In	   mPER2	   PAS-‐A	   Cys215	   and	  

Cys270	  have	  been	   identified	  as	   two	  potential	   heme	  coordinating	   residues.	  Both	   residues	  are	  

present	  and	  conserved	  in	  mPER1	  (Cys244,	  Cys299).	   In	  mPER3	  Cys215,	  however,	   is	  changed	  to	  

serine	   (Ser156).	   Structure	   overlay	   of	   mPER1	   (and	  mPER2)	   with	   FixL	   and	   EcDOS,	   two	   known	  

heme	   binding	   PAS	   proteins,	   suggest	   that	   heme	   binding	   to	   PER	   PAS	   domains	   is	   generally	  

possible	   but	   needs	   rearrangement	   of	   the	  αC	   helix,	   the	   βC	   sheet	   and	   their	   interjacent	   loop	  

(Figure	   3.1_S1)	   though	   co-‐coordination	   of	   heme	   by	   Cy244	   and	   Cys299	   seems	   structurally	  

unlikely.	  For	  the	  PAS-‐B	  domain	  of	  mPER2	  a	  methionine/histidine	  or	  bis-‐histidine	  coordination	  

of	   heme	   was	   suggested,	   which	   is	   not	   investigated	   in	   detail	   and	   thus	   cannot	   be	   related	   to	  

mPER1	  (Yang	  et	  al.,	  2008).	  As	  the	  mPER2	  PAS	  fold	  is	  more	  flexible,	  heme	  binding	  is	  most	  likely	  

occurring	   in	   and	   stabilizing	   the	   PER2	   PAS	   domains.	   Nevertheless,	   our	   UV/VIS	   spectroscopic	  

analysis	  suggests	  heme	  binding	  for	  mPER1	  PAS	  and	  mPER3	  PAS	  as	  well	  (Figure	  3.1_S7).	  	  

In	  contrast,	  Airola	  et	  al.	  question	  specific	  heme	  binding	   to	   the	  core	  of	   the	  PER	  PAS	  domains.	  
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Most	   of	   the	   evidence	   for	   PER	   PAS	   heme	   binding	   provided	   in	   literature	   is	   based	   on	   in	   vitro	  

experiments.	  Their	  experimental	  comparison	  of	  known	  heme	  binding	  proteins	  with	  non-‐heme	  

binding	  proteins	  for	  their	  heme	  binding	  capacity	  as	  well	  as	  a	  mutational	  analysis	  convincingly	  

indicates	  that	  common	  in	  vitro	  assays	  like	  UV/Vis	  spectral	  analysis	  do	  not	  allow	  to	  differentiate	  

between	  specific	  and	  non-‐specific	  binding.	  Moreover,	   in	  contrast	  to	  mammalian	  PERs,	  NPAS2	  

and	  REV-‐ERB	  copurify	  with	  their	  heme	  ligand	  from	  the	  E.	  coli	  expression	  system	  (Airola	  et	  al.,	  

2010).	  No	   in	  vivo	  data	  underlining	  heme	  binding	  to	  and	  importance	  for	  PER	  was	  published	  so	  

far.	  

Apart	   from	   heme	   binding	   to	   the	   PER2	   PAS	   domains,	   at	   least	   one	   HRM	   (heme	   regulatory	  

motif)	  was	  suggested	  in	  the	  C-‐terminal	  domain	  of	  hPER2	  (conserved	  in	  mPER2)	  which	  contains	  

the	   cryptochrome	   binding	   side	   (Figure	   5).	   HRMs	   are	   thought	   to	   regulate	   the	   activity	   of	  

proximate	   domains	   in	   dependence	   of	   heme	   binding.	   For	   instance,	   Bach-‐1,	   which	   is	   the	  

transcriptional	  repressor	  of	  heme	  oxygenase-‐1,	  is	  modulated	  according	  to	  heme	  binding	  to	  its	  

HRMs	   (Suzuki	   et	   al.,	   2004)	   or	   the	   heme-‐regulated	   eIF2	   kinase	  which	   regulates	   translation	   to	  

balance	  synthesis	  of	  heme	  and	  globulins	  during	  erythroid	  differentiation	   (Chen,	  2007).	  HRMs	  

usually	   consist	   of	   a	   Cys-‐Pro	   dipeptide	   at	   position	   two	   and	   three,	   in	   which	   the	   cysteine	  

essentially	   ligates	  heme,	  and	  a	  preferred	  hydrophobic	   residue	  at	  position	  4.	  Two	  HRMs	  have	  

been	  identified	  in	  hPER2	  which	  are	  mainly	  conserved	  in	  mPER2	  but	  not	  in	  mPER1	  and	  mPER3	  

(SC841PA	   (hPER2)	   =	   SC830PS	   (mPER2)	   and	   AC962PA	   (hPER2)	   =	   AC956PV	   (mPER2)),	   while	   only	  

SC841PA	  (hPER2),	  which	  is	   located	  in	  a	  conserved	  patch	  of	  hPER2,	  was	  described	  to	  effectively	  

influence	  hPER2	  function.	  Binding	  of	  heme	  to	  Cys841	  (hPER2)	  supposedly	  inhibits	  cryptochrome	  

binding	  and	  stabilization	  of	  hPER2.	  Consequently,	  hPER2	  is	  ubiquinated	  and	  degraded.	  Thereby,	  

heme	  binding	   to	   the	  HRM	  of	  hPER2	  was	   implied	   to	   influence	  circadian	  gene	  expression,	   too.	  

Different	   form	   the	   PAS	   domains,	   the	   HRMs	   of	   hPER2	   exclusively	   bind	   ferric	   heme	   and	   thus	  

potentially	   act	   as	   a	   redox	   sensor	   (Yang	   et	   al.,	   2008).	   Strikingly,	   our	   structural	   analysis	   of	  

mCRY1/mPER2	   revealed	   that	   amino	   acids	   1132-‐1214	   of	   mPER2	   mediate	   interaction	   with	  

mCRY12	  (section	  3.2).	  The	  stable	  expression	  of	  a	  protein	  fragment	  comprising	  the	  SC830PS	  HRM	  

of	  mPER2	  failed,	  however,	  affinity	  measurements	  and	  limited	  proteolysis	  of	  a	  mPER2	  fragment	  

comprising	   residues	  849-‐end	  with	   full-‐length	  mCRY1	  suggest	   that,	   if	  at	  all,	   residues	  849-‐1132	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  As	  sequence	  analysis	  of	  hPER2	  and	  mPER2	  depicts	  a	  total	  sequence	  identity	  of	  80	  %	  which	  strongly	  suggests	  the	  existence	  of	  homologous	  
CRY1/PER2	   complexes	   in	   human	   and	   mouse,	   the	   mouse	   CRY1/PER2	   structure	   can	   be	   applied	   for	   evaluation	   of	   data	   from	   human	   protein	  
analysis.	  
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are,	  like	  residues	  1215-‐1257,	  only	  weakly	  in	  contact	  with	  mCRY1	  (data	  not	  shown).	  That	  means	  

that	  the	  HRM	  of	  mPER2	  probably	  regulates	  mPER2	  binding	  to	  mCRY1	  in	  an	  indirect	  manner	  but	  

not	   through	   a	   heme	   associated	   changed	   conformational	   state	   of	   mPER2	   which	   was	   already	  

excluded	  by	  CD	  (circular	  dichroism)	  analysis	  earlier	  (Yang	  et	  al.,	  2008).	  

Moreover,	  Yang	  et	  al.	  found	  evidence	  for	  a	  third	  binding	  heme	  binding	  site	  located	  between	  

residues	  1121-‐1255	  (1123-‐1257	  mPER2)	  of	  hPER2	  which	  comprise	  the	  core	  CRY1	  binding	  site	  of	  

PER2.	   Interestingly,	   the	   only	   cysteine	   residues	   within	   this	   amino	   acids	   stretch	   are	   those	  

cysteines,	   that	   are	   involved	   in	   zinc	   coordination	   in	   the	   CRY1/PER2	   complex	   (Cys1210	   and	  

Cys1213	   (section	   3.2	   and	   4.4)).	   Strikingly,	   Cys414,	   which	   is	   one	   of	   the	   two	   opposite	   zinc	  

coordinating	  residues	  of	  mCRY1,	   is	  residing	   in	  the	  amino	  acid	  stretch	  HCYC414PVG,	  which	  also	  

contains	   the	   typical	  heme	  coordinating	   cysteine-‐proline	  motif	   (first	  notified	  by	   (Okano	  et	   al.,	  

2009)).	  As	   the	  zinc	   interface	  critically	   stabilizes	  CRY1-‐PER2	   interaction,	   it	   is	  well	  possible	   that	  

binding	   of	   heme	   to	   the	   zinc	   coordinating	   residues	   interferes	   with	   PER2	   binding	   to	   CRY1.	  

However,	   it	   remains	   to	   be	   answered	   whether	   heme	   binding	   to	   the	   C-‐terminus	   of	   PER2	   is	  

specific	  or	  not	  like	  in	  case	  of	  the	  PER	  PAS	  domains.	  Since	  the	  HRMs	  are	  not	  conserved	  in	  mPER1	  

and	   mPER3	   and	   heme	   binding	   to	   the	   PER	   PAS	   domain	   most	   likely	   occurs	   in	   mPER2,	   heme	  

binding	  would	  distinguish	  mPER2	   from	  mPER1	  and	  mPER3	  within	   the	  circadian	  oscillator	  and	  

establish	  it	  as	  a	  cellular	  redox	  sensor.	  	  
	  

4.4	   Zinc	   Binding	   and	   Disulfide	   Bond	   Formation	   Regulates	   the	   mCRY1/mPER2	  

Core	  Complex	  

The	   PER	   PAS	   domains	   are	   most	   probably	   not	   directly	   involved	   in	   CRY/PER	   core	   complex	  

formation,	  although	  there	  is	  a	  hint	  that	  the	  N-‐	  and	  C-‐terminus	  of	  PER2	  approach	  each	  other	  in	  a	  

cellular	  context	   (section	  3.1)	   (Tsuchiya	  et	  al.,	  2009).	  PER2	  binds	   to	  CRY	  via	   its	  C-‐terminal	  100	  

amino	  acids.	  Limited	  proteolysis	  readily	  allowed	  to	  crystalize	  the	  photolyase	  homology	  region	  

of	  mCRY1	  (mCRY1[1-‐496])	  (PHR)	  in	  complex	  with	  mPER2[1132-‐1252]	  and	  to	  solve	  the	  structure	  

at	  2.45	  Å	  resolution.	  The	  mCRY1/mPER2	  crystal	  structure	  (Figure	  3.2_1)	  shows	  an	  intimate	  and	  

high	   affinity	   protein	   complex,	   in	  which	   the	  C-‐terminal	   residues	   1132-‐1214	  of	  mPER2	   literally	  

wind	   around	   the	  α-‐helical	   domain	   of	   mCRY1	   adopting	   a	   stable,	   mainly	   helical	   fold.	   mCRY1	  

sustains	  its	  typical	  photolyase	  homology	  fold	  which	  was	  already	  described	  for	  the	  apo-‐protein	  

(Czarna	  et	  al.,	  2013).	  However,	  mPER2	  binding	  substantially	  stabilizes	  its	  fold	  as	  depicted	  e.g.	  in	  
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the	  C-‐terminal	  helix	  α22	  and	  the	  lid	  as	  well	  as	  in	  the	  antenna	  recognition	  loop,	  the	  phosphate-‐

binding	  loop	  and	  the	  linker	  region	  of	  mCRY1	  (Figure	  3.2_S3A).	  The	  C-‐terminal,	  non-‐conserved	  

tail	  of	  CRY	  is	  not	  involved	  in	  interaction	  with	  mPER2	  (Figure	  3.2_5).	  Interaction	  of	  mCRY1	  and	  

mPER2	   is	   established	   by	   four	   main	   interfaces	   (C-‐terminal	   helix	   interface,	   mPER2(α4)-‐cap	  

interface,	   mPER2(α1-‐2)-‐mCRY1(α12)	   interface,	   zinc	   interface,	   Figure	   3.2_2).	   These	   include	  

amino	   acids	   of	   1179–1198	   in	  mPER2	  helix	   α4	   as	  well	   as	  mCRY1	  helix	  α22,	  which	   have	   been	  

reported	  to	  be	  essential	  for	  interaction	  in	  cell-‐based	  assays	  before	  (Ozber	  et	  al.,	  2010;	  Tomita	  

et	  al.,	  2010).	  

Strikingly,	  structural	  analysis	  revealed	  a	  novel	  zinc	  interface	  in	  which	  residues	  Cys414	  and	  

His473	  of	  mCRY1	  and	  residues	  Cys1210	  and	  Cys1213	  of	  mPER2	  co-‐coordinate	  a	  zinc	  ion	  which,	  

according	   to	   our	   biochemical	   and	   structural	   analysis,	   probably	   structurally	   facilitates	   the	  

reduction	   of	   a	   nearby	   located	   disulfide	   bond	   and	   thereby	   essentially	   stabilizes	   the	  

mCRY1/mPER2	   complex.	   Indeed,	   our	   results	   suggest	   that	   zinc	   release	   favors	   disulfide	   bond	  

formation	   in	   CRY	  which	   probably	  weakens	   the	  mCRY1/mPER2	   complexes	   (Figure	   3.2_S6/S7).	  

Despite	   several	   potential	   proximate	   cysteines,	   the	   disulfide	   bond	   that	   is	   most	   likely	   to	   be	  

formed	   is	   the	   disulfide	   bond	   between	   Cys363	   and	   Cys412	   of	   mCRY1,	   which	   was	   already	  

observed	  in	  the	  crystal	  structure	  of	  apo-‐mCRY1	  (Czarna	  et	  al.,	  2013).	  Both	  the	  coordination	  of	  a	  

zinc	  ion	  between	  two	  different	  proteins	  as	  well	  as	  the	  stabilizing	  effect	  of	  zinc	  coordination	  on	  

the	  reduced	  state	  of	  nearby	  cysteines	  are	  unusual.	  Although	  speculative,	  the	  zinc	  coordination	  

site	  and	  the	  nearby	  located	  disulfide	  bond	  possibly	  act	  as	  a	  redox	  sensitive	  switch	  for	  regulation	  

of	  the	  mCRY1/mPER2	  complex	  in	  a	  mode	  different	  and	  yet	  unclear	  from	  traditional	  protein	  zinc	  

redox	  switches.	  	  

Usually	   oxidative	   or	   disulfide	   stress	   leads	   to	   disulfide	   bond	   formation	   of	   the	   zinc	  

coordinating	  cysteine	  residues	  in	  intramolecular	  zinc	  binding	  and	  redox	  sensing	  proteins.	  This	  is	  

followed	   by	   zinc	   release	   and	   reversible	   activation	   or	   inactivation	   of	   the	   proteins	   (redox	   zinc	  

switch)	   (Maret,	   2006).	   For	   instance,	   the	   C-‐terminal	   zinc	   coordinating	   domain	   of	   chaperone	  

Hsp33	   unfolds	   as	   a	   result	   of	   cysteine	   oxidation.	   This	   probably	   uncovers	   a	   homodimerisation	  

interface	   and	   its	   substrate	   binding	   site.	   Hsp33	   dimers	   are	   active	   and	   hold	   proteins	   off	   from	  

oxidative	   stress	   induced	   inactivation	   or	   aggregation	   (Ilbert	   et	   al.,	   2006).	   Opposite	   to	   that,	  

betaine-‐homocysteine	  methyltransferase,	  which	  catalyzes	  the	  conversion	  of	  homocysteine	  into	  

methionine	   during	   methionine	   biosynthesis,	   is	   inactivated	   upon	   ROS	   mediated	   zinc	   release	  
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(Evans	   et	   al.,	   2002).	   By	   trapping	   cysteines	   with	   high	   molecular	   weight	   reagents	   we	   could	  

demonstrate	   that	   CRY1	   indeed	   can	   contain	   one	   or	   more	   disulfide	   bonds	   in	   a	   cellular	  

environment	  (Figure	  3.2_7,	  NEM/Mal-‐PEG	  experiment).	  This	  finding	  is	  insofar	  vexing	  in	  the	  first	  

place	   as	   CRYs	   and	   PERs	   are	   located	   either	   in	   the	   cytoplasm	   or	   in	   the	   nucleus,	   two	   cellular	  

compartments	   which	   have	   a	   highly	   reducing	   environment	   which	   disfavors	   disulfide	   bond	  

formation.	  	  

	   Reactive	   oxygen	   species	   (e.g.	   superoxide	   anions,	   hydroxyl	   radicals,	   hydrogen	   peroxide)	  

usually	  are	   signs	   for	  an	  abnormal	   cellular	   redox	   state	  and	  harmful	  oxidative	   stress,	  however,	  

there	  is	  evidence	  that	  ROS	  specifically	  modulate	  protein	  activities	  and	  signaling	  cascades,	  e.g.	  

with	  regard	  to	  prevention	  of	  oxidative	  damage,	  in	  cell	  cycle	  progression	  (Iiyama	  et	  al.,	  2006)	  or	  

in	  growth	  factor	  response,	  too.	  In	  the	  latter	  case	  it	  was	  suggested	  that	  the	  activity	  of	  tyrosine	  

phosphatases	   can	   be	   negatively	   regulated	   through	   modification	   of	   a	   cysteine,	   the	   common	  

target	  of	  ROS,	  in	  their	  reactive	  center	  by	  hydrogen	  peroxide	  (Salmeen	  et	  al.,	  2003).	  ROS	  can	  be	  

derived	   from	   numerous	   exogenous	   or	   endogenous	   sources.	   Mitochondria	   during	   aerobic	  

respiration	  or	  generally	  NADPH	  oxidases,	  cytochrome	  P450	  enzymes	  or	  other	  enzymes	  produce	  

reactive	   oxygen	   species	   within	   the	   cell	   (Finkel,	   2011).	   These	   specifically	   target	   and	  

posttranslationally	   modify	   cysteines	   of	   redox	   sensitive	   proteins	   by	   formation	   of	   intra-‐	   or	  

intermolecular	   disulfide	   bonds,	   sulfenic/sulfinic/sulfonic	   acid	   formation	   or	   glutathionylation	  

amongst	   others	   (Wang	   et	   al.,	   2012b).	   For	   instance,	   the	   ataxia-‐telangiectasia	  mutated	   (ATM)	  

protein	  kinase	  is	  activated	  in	  response	  to	  DNA	  double	  strand	  breaks	  and	  other	  stresses	  through	  

formation	  of	  its	  disulfide	  linked	  homodimer	  which	  can	  be	  catalysed	  by	  H2O2	  (Guo	  et	  al.,	  2010).	  	  

	   Controversially,	   classical	   cellular	   antioxidants	   like	   thioredoxins	   are	   also	   suggested	   to	  

specifically	   bind	   to	   target	   proteins	   and	   trigger	   protein	   signaling	   cascades	   depending	   on	   the	  

cellular	   redox	   state.	   For	   example,	   thioredoxin	   1	   reduces	   HDAC1,	   which	   contains	   a	   disulfide	  

bond	   in	   response	   to	   ROS	   resulting	   from	   hypertrophic	   stimuli,	   and	   thereby	   influences	   its	  

subcellular	  localization	  and	  consequently	  its	  preventive	  function	  in	  cardiac	  hypertrophy	  (Ago	  et	  

al.,	   2008).	   Notably,	   oxidation	   and	   reduction	   of	   antioxidant	   peroxiredoxins	   oscillates	   in	   a	  

circadian	  manner	   independently	   of	   transcription	   in	   anucleate	   erythrocytes.	   The	   redox	   cycles	  

show	   typical	   characteristics	   of	   circadian	   rhythms	   including	   temperature	   compensation	   and	  

entrainment.	   This	   shows	   on	   the	   one	   hand	   that	   oxidants	   are	   interconnected	   with	   cellular	  

regulation	   and	   on	   the	   other	   hand	   that	   they	   are	   able	   to	   drive	   circadian	   rhythms	   (O'Neill	   and	  

Reddy,	  2011).	  
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It	  is	  well	  possible	  that	  ROS	  trigger	  oxidation	  of	  mCRY1	  and	  thereby	  weakens	  its	  interaction	  with	  

mPER2	   and	   probably	   impact	   both	   CRY-‐PER	   nuclear	   co-‐localization	   as	   well	   as	   transcriptional	  

repression.	   It	   is	   further	   conceivable	   that	   mCRY1	   oxidation	   and	   weakened	   mPER2	   binding	  

destabilizes	  CRY	  and	  targets	  it	  for	  degradation	  via	  the	  FBXL3	  ubiquitin	  pathway,	  however,	  there	  

is	  no	  experimental	  evidence	  for	  this.	  Alternatively,	  increasing	  oxidative	  pressure	  could	  result	  in	  

oxidation	  of	  zinc	  coordinating	  cysteines	  within	  existing	  CRY/PER	  complexes,	  zinc	  release	  (like	  in	  

classical	   zinc	   redox	   switches)	  and	  oxidation	  of	   intramolecular	  CRY	  cysteines.	  This	   study	  could	  

not	  reveal	  evidence	  for	  this	  scenario	  as	  non-‐reducing/(mild)	  oxidative	  conditions	  did	  not	  result	  

in	  zinc	  release	  (Figure	  3.2_S7).	  Thereby,	  ROS	  are	  a	  potential	  source	  for	  CRY/PER	  to	  sense	  the	  

current	  metabolic	  state	  of	  the	  cell	  (negative	  regulation),	  either	  via	  disulfide	  bond	  formation	  or	  

as	   earlier	   speculated	   via	   the	   redox	   state	   of	   heme	   (section	   4.3),	   and	   maybe	   to	   adopt	   the	  

circadian	   clock.	   Similarly,	   Nemoto	   et	   al.	   describe	   an	   acute	   negative	   feedback	   regulation	   on	  

glycogen	   synthase	   kinase	  3ჼ
	   and	  glycogen	   synthase	   through	  ROS	  after	   excessive	  metabolism	  

(Nemoto	   et	   al.,	   2000).	   Opposite	   to	   that	   zinc	   binding	   stabilizes	   the	   CRY/PER	   complex	   and	  

thereby	  positively	  regulates	  it.	  

Nevertheless,	  it	  remains	  to	  be	  elucidated	  whether	  and	  how	  the	  observed	  interconnection	  

of	   a	   zinc	   interface	   and	  a	  nearby	   located	  disulfide	  bond	   in	  detail	   influence	  negative	   feedback	  

repression	   in	   the	   dependence	   of	   metabolism.	   What	   triggers	   the	   potential	   redox	   change	   of	  

CRY/PER	  and	  is	  it	  a	  universal	  mechanism	  of	  circadian	  CRY/PER	  regulation	  or	  rather	  a	  specificity	  

of	  e.g.	  metabolic	  organs	  like	  the	  liver	  or	  subcellular	  compartments	  (e.g.	  redox	  state	  of	  CRY/PER	  

influence	  their	  nuclear	   localization)?	  Interestingly,	  NAD+	  in	  the	  mouse	  liver	  (Peek	  et	  al.,	  2013)	  

and	  NADH/NADPH	   in	   red	  blood	   cells	   (O'Neill	   and	  Reddy,	   2011)	   show	  a	   rhythmic	   abundance.	  

Moreover,	   Wang	   et	   al.	   determined	   oscillations	   in	   the	   redox	   state	   of	   FAD	   and	   NADPH	   in	  

organotypic	   slices	  of	   the	   rat	   SCN	   (Wang	  et	   al.,	   2012a).	  As	   redox	   cofactors	   they	  might	   just	   as	  

well	  as	  ROS	  be	  the	  basis	  for	  a	  redox	  change	  in	  CRY/PER.	  	  

	   Usually	   zinc	   is	   bound	   to	   proteins	   with	   a	   high	   affinity	   (picomolar	   range	   (Maret,	   2009)).	  

Therefore,	  the	  concentration	  of	  free,	  exchangeable	  zinc	   in	  the	  cell	   is	   low	  (nano-‐	  or	  picomolar	  

concentration)	  while	  the	  total	  amount	  of	  cellular	  zinc	  is	  in	  the	  micromolar	  range.	  Cellular	  zinc	  

sources	  include,	  free	  zinc,	  zinc	  bound	  to	  metallothioneins	  or	  macromolecules	  as	  well	  as	  zinc	  in	  

vesicles	   (Oteiza,	   2012).	   Generally,	   zinc	   can	   be	   either	   structurally,	   catalytically	   or	   regulatory	  

important	   for	   proteins.	   Thereby,	   zinc	   impacts	  many	   physiological	   aspects	   amongst	   others	   as	  

regulator	  of	  cellular	  “redox	  balance”	   (Oteiza,	  2012).	  As	  already	  mentioned	  above	  zinc	  can	  be	  
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released	  under	  certain	  circumstances	  like	  oxidative	  stress.	  

	  

	  
Figure	  14:	  Regulation	  of	  the	  mCRY1/mPER2	  complex.	  mCRY1	  and	  mPER2	  co-‐coordinate	  
a	   zinc	   ion	   in	  one	  of	   their	   interfaces.	  Analysis	   suggests	   that	   zinc	  binding	   stabilizes	   the	  
active,	  reduced	  state	  of	  CRY	  as	  well	  as	  CRY-‐PER	   interaction.	  Disulfide	  bond	  formation	  
within	  CRY	  potentially	  allows	  the	  CRY/PER	  complex	  to	  sense	  the	  metabolic/	  redox	  state	  
of	  the	  cell	  which	  thereby	  impacts	  the	  circadian	  clock;	  (modified	  graphical	  abstract	  from	  
(Schmalen	  et	  al.,	  2014)).	  

	  

This	  study	  suggests	  a	  zinc	  binding	  affinity	  of	  mCRY1/mPER2	  in	  the	  low	  nanomolar	  range	  (Figure	  

3.2_6B).	  This	  speaks	  for	  an	  exchangeable	  zinc	  ion	  and	  would	  fit	  a	  presumably	  dynamic	  CRY-‐PER	  

interaction	   which	   underlies	   multiple	   regulatory	   inputs	   and	   structural	   rearrangement	   during	  

negative	   feedback	   repression.	   Moreover,	   the	   CRY-‐PER	   interaction	   is	   probably	   further	  

modulated	   by	   additional	   protein	   interactors	   which	   could	   influence	   the	   zinc	   interface,	   too.	  

Examples	  of	   zinc	   stabilized	  homo-‐	  and	  heterodimers,	   in	  which	   two	   coordinating	   residues	  are	  

provided	   from	   each	   protomer,	   have	   been	   described	   like	   the	   tyrosine	   kinase	   Lck	   and	   T-‐cell	  

coreceptor	  CD4/CD8	  heterodimer	  (Kim	  et	  al.,	  2003).	  It,	  however,	  remains	  unclear,	  also	  for	  the	  

CRY/PER	  complex,	  how	  the	  zinc	   ion	   is	   recruited	  during	  dimerisation	  and	   released	  at	   complex	  
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disassembly.	  Fluctuations	   in	  cellular	  zinc	   levels	  as	  well	  as	   local	  high	  zinc	  concentrations	  could	  

be	   involved,	  however	  there	   is	  the	  risk	  of	  non-‐specific	   interactions	  (e.g.	  with	  free	  histidines	  or	  

cysteines)	   and	   cytotoxic	   effects.	   Additionally,	   certain	   proteins	   could	   provide	   specific	   zinc	  

delivery.	  Likewise,	  metal	  ion	  binding	  metallochaperones	  are	  involved	  in	  the	  delivery	  of	  Ni2+	  and	  

Cu2+	   to	   their	   targets	   and	   e.g.	   the	   enzyme	   ferrochelatase	   delivers	   Fe2+	   for	   insertion	   into	  

porphyrin	  during	  heme	  synthesis	  (Kuchar	  and	  Hausinger,	  2004).	  Metallothioneins,	  which	  keep	  

zinc	  homeostasis	   in	  the	  cell,	  are	  able	  to	  readily	  exchange	  zinc	   ions	  with	  other	  proteins	  which	  

would	  avoid	  free	  zinc	  and	  its	  adverse	  effects	  (Auld,	  2001;	  Maret,	  2012;	  Maret	  and	  Li,	  2009).	  

Interestingly	   Okano	   et	   al.	   generated	   a	   transgenic	   mouse	   constitutively	   overexpressing	  

CRY1	   with	   a	   cysteine-‐alanine	   mutation	   in	   the	   zinc	   coordinating	   residue	   Cys414.	   While	  

overexpressing	  of	  wild-‐type	  mCRY1	  did	  not	  visibly	  impact	  the	  animals	  behavior	  and	  physiology,	  

mutant	   mice	   show	   an	   abnormal	   entrainment	   behavior,	   a	   prolonged	   28	   hrs	   free	   running	  

locomotor	   activity	  period	  as	  well	   as	   symptoms	  of	  diabetes	   like	  a	   reduced	  β-‐cell	   proliferation	  

and	   hypoinsulimia	   (Okano	   et	   al.,	   2009;	   2010).	   The	   results	   of	   this	   study	   suggest	   that	   the	  

observed	   mouse	   phenotypes	   are	   a	   result	   of	   disruption	   of	   the	   zinc	   interface	   within	   the	  

mCRY1/mPER2	   complex	   underlying	   its	   importance	   for	   circadian	   regulation.	   Interestingly,	  

mBmal1-‐/-‐	   and	  mClockΔ19/Δ19	  mutant	  mice	   are	   arrhythmic	   and	   show	  a	  prolonged	   free-‐running	  

period,	  respectively	  (Bunger	  et	  al.,	  2000;	  Vitaterna	  et	  al.,	  1994).	  Additionally	  these	  mice	  suffer	  

from	   hypoinsulinemia	   and	   defective	   ß-‐cell	   function,	   whereas	   the	   mCry1-‐/-‐/mCry2-‐/-‐	   double	  

knockout	  results	  in	  hyperinsulinemia	  and	  tissue-‐specific	  insulin	  resistance	  (Barclay	  et	  al.,	  2013;	  

Marcheva	   et	   al.,	   2010).	   Furthermore,	  mCry1-‐/-‐	   and	  mPer2	  mutant	  mice	   show	   a	   shorter	   free-‐

running	   period	   (section	   1.4	   and	   1.5).	   Thus,	   the	  metabolic	   and	   behavioral	   phenotypes	   of	   the	  

mCRY1	   C414A	   mutation	   rather	   resemble	   those	   phenotypes	   from	   mutations	   in	   the	  

CLOCK/BMAL1	   complex	   (weakened	   transcription	   activator	   complex)	   than	   those	   from	  

mCry1/Per2	   knockouts	   (weakened	   transcription	   repressor	   complex).	   It	   is	   possible	   that	  

attenuated	  mPER2	  binding	  to	  mCRY1,	  due	  to	  disruption	  of	  the	  zinc	  interface,	  favors	  binding	  of	  

mCRY1	   to	   the	  mCLOCK/BMAL1	   complex	   and	   consequently	   enhanced	   transcription	   inhibition,	  

especially	   since	   mPER2	   and	   mBMAL1	   probably	   occupy	   interfering	   binding	   sites	   on	   mCRY1	  

(section	  1.5).	  This	  would	  underline	  the	  dominant	  role	  of	  CRY1	  as	  transcriptional	  repressor	  and	  

explains	  why	  transgenic	  mice	  which	  express	  weakened	  transcriptional	  CLOCK/BMAL1	  activator	  

complexes	  show	  similar	  phenotypes.	  
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4.5	  Helix	  α22	  Determines	  CRY	  Stability	  and	  Function	  	  

Essential	  for	  mCRY1-‐mPER2	  interaction	  is	  the	  C-‐terminal	  helix	  α22	  of	  mCRY1	  (Figure	  3.2_1/2),	  

which	   is	   covered	   from	   both	   sites	   by	   mPER2	   during	   interaction	   as	   revealed	   by	   the	  

mCRY1/mPER2	   crystal	   structure.	   Mutation	   of	   helix	   α22	   residues	   Lys485	   and	   Gln486	   almost	  

completely	  abolished	  interaction	  with	  mPER2	  in	  our	  luciferase	  complementation	  assay	  (Figure	  

3.2_7A).	  For	  inhibition	  of	  the	  CLOCK/BMAL1	  complex	  CRY	  was	  described	  to	  interact	  with	  the	  C-‐

terminus	  of	  BMAL1	  not	  only	  via	  its	  C-‐terminal	  tail	  but	  also	  with	  helix	  α22	  (Chaves	  et	  al.,	  2006;	  

Czarna	  et	  al.,	  2011).	  Thereby,	  the	  BMAL1	  interaction	  with	  CRY	  would	  crucially	  overlap	  with	  the	  

interaction	  site	  of	  mPER2.	  This	  would	  support	  a	  competition	  of	  mPER2	   for	  mCRY1	  binding	   to	  

the	  CLOCK/BMAL1/DNA	  complex	   (Ye	  et	  al.,	  2011).	   In	  vivo	  PER	  could	  shuffle	  CRY	  towards	  and	  

regulate	   its	   interaction	  with	  CLOCK/BMAL1	  through	  this	  competitive	  binding	  site.	  However,	   it	  

remains	  unclear	  how	  PER	  is	  released	  and	  BMAL1	  attached	  to	  CRY	  especially	  since	  mCRY1	  binds	  

the	  C-‐terminus	  of	  mPER2	  with	  a	  nanomolar	  affinity	  while	  for	  the	  C-‐tail	  CRY-‐BMAL1	  interaction	  

an	   affinity	   in	   the	   lower	  micromolar	   range	   is	   reported	   (Czarna	   et	   al.,	   2013).	   Either	   there	   is	   a	  

second	   interaction	   site	   between	   CRY	   and	   BMAL1	   and/or	   posttranslational	  modifications	   like	  

phosphorylation	  or	  acetylation	  for	  instance	  of	  CRY	  or	  BMAL1,	  as	  already	  suggested,	  modulate	  

the	  interaction	  (Hirayama	  et	  al.,	  2007;	  Sanada	  et	  al.,	  2002).	  Alternatively,	  CLOCK	  could	  have	  a	  

direct	   (through	   interaction	  with	  CRY	   (Huang	  et	  al.,	   2012))	  or	   indirect	   (through	  modulation	  of	  

BMAL1	  (Kiyohara	  et	  al.,	  2006))	  stabilizing	  effect	  on	  the	  CRY-‐BMAL1	  interaction. Nevertheless,	  

without	  the	  crystal	  structure	  of	  CRY/BMAL1	  it	   is	  not	  yet	  for	  sure	  that	  CRY	  and	  BMAL1	  form	  a	  

subcomplex.	   Interestingly,	   Chen	   et	   al.	   report	   that	   mPER2	   and	   not	   mCRY1	   directly	   binds	   to	  

CLOCK/BMAL1.	  The	  presence	  of	  mPER2	  enhances	  mCRY1	  binding	  to	  CLOCK/BMAL1	  in	  their	  co-‐

immunoprecipitation	  assays,	  while	  simultaneous	  overexpression	  of	  the	  CRY	  binding	  domain	  of	  

mPER2	  reduces	  the	  amount	  of	  CRY	  pulled	  by	  CLOCK/BMAL1	  and	  disrupts	  circadian	  rhythms	  in	  

cell	  assays	  (Chen	  et	  al.,	  2009).	  mPER2	  supposedly	  interacts	  with	  BMAL1	  (and	  maybe	  CLOCK)	  via	  

its	   PAS	   domains.	   A	   simultaneous	   binding	   of	   PER	   and	   CRY	   with	   CLOCK/BMAL1	   cannot	   be	  

excluded	  at	  that	  time,	  too.	  

Apart	  from	  BMAL1,	  comparison	  of	  the	  crystal	  structure	  of	  mCRY1/mPER2	  with	  the	  recently	  

published	  structure	  of	  the	  mCRY2/FBXL3/SKP1	  complex	  further	  confirms	  that	  mPER2	  and	  the	  F-‐

box-‐type	   E3	   ubiquitin	   ligase	   FBXL3	   are	   mutually	   exclusive	   in	   their	   binding	   to	   CRY.	   FBXL3	  
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interacts	  with	  the	  FAD	  binding	  pocket,	  the	  C-‐terminal	  helix	  α22	  and	  the	  C-‐terminal	   lid	  of	  CRY	  

(Xing	  et	  al.,	  2013).	  It	  clashes	  not	  only	  with	  mPER2	  binding	  to	  helix	  α22	  and	  the	  cryptochrome	  lid	  

but	   also	   with	   formation	   of	   the	   zinc	   interface.	   Hence,	   mPER2	   is	   able	   to	   clear	   mCRY2	   (and	  

mCRY13)	  from	  FBXL3	  as	  observed	  in	  pull-‐downs	  from	  HEK	  cells	  and	  with	  purified	  proteins	  (Xing	  

et	   al.,	   2013).	   Interaction	   with	   PER	   stabilizes	   CRY	   in	   vitro,	   as	   observed	   in	   biochemical	   assays	  

(data	   not	   shown),	   and	   in	   vivo	   (Chen	   et	   al.,	   2009;	   Yagita	   et	   al.,	   2002)	   probably	   both	   through	  

reinforcing	  the	  photolyase	  fold	  and	  shielding	  of	  CRY	  from	  FBXL3.	  Opposite	  to	  that	  FBXL3	  assigns	  

CRY	  for	  proteasomal	  degradation	  in	  the	  nucleus,	  i.e.	  FBXL3	  destabilizes	  CRY.	  	  
	  

 
Figure	  15:	  Overview	  of	  the	  mutually	  exclusive	   interaction	  partners	  of	  CRY	  which	  competitively	  bind	  to	  helix	  α22	  
amongst	   others.	   Thereby,	   FBXL3/21,	   PER	   and	   BMAL1	   determine	   CRY	   stability	   and	   allow	   for	   its	   transcriptional	  
repression	  function;	  (modified	  graphical	  abstract	  from	  (Schmalen	  et	  al.,	  2014)).	  	  

	  

Interestingly,	   FBXL21	   which	   has	   86%	   sequence	   identity	   with	   FBXL3	   was	   described	   to	  

competitively	   counteract	   FBXL3	  activity	  by	   stabilizing	  CRY	   in	   the	  nucleus	  but	   slowly	   targeting	  

CRY	  for	  degradation	  in	  the	  cytoplasm	  (Hirano	  et	  al.,	  2013;	  Yoo	  et	  al.,	  2013).	  It	  is	  very	  likely	  that	  

FBXL21	  forms	  a	  similar	  complex	  with	  CRY	  like	  FBXL3	  and	  thereby	  would	  also	  have	  overlapping	  

binding	  sites	  with	  PER	  on	  CRY. Phosphorylation	  of	  Ser71	  by	  AMPK	  was	  suggested	  to	  regulate	  

binding	  of	  either	  mPER2	  or	  FBXL3	  to	  mCRY1.	  However,	  neither	  mPER2	  nor	  FBXL3	  bind	  close	  to	  

the	  AMPK	  phosphorylation	  site	  which	   implies	  that	  AMPK	  regulates	  mPER2	  and	  FBXL3	  binding	  

to	  CRY	  in	  an	  indirect	  manner.	  Phosphorylation	  of	  Ser557	  and	  Ser553	  in	  the	  c-‐tail	  of	  mCRY2	  by	  

GSK3β	   was	   also	   reported	   to	   negatively	   regulate	   mCRY2	   stability.	   However,	   it	   could	   not	   be	  

shown	  that	  it	   impacts	  on	  the	  stabilizing	  binding	  of	  FBXL21	  to	  mCRY2	  (Hirano	  et	  al.,	  2013)	  and	  

probably	  also	  does	  not	  directly	  impact	  on	  mPER2	  binding	  as	  the	  C-‐tail	  of	  CRY	  is	  not	  involved	  in	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  mCRY1	  and	  mCRY2	  show	  a	  very	  high	  sequence	  identity	  and	  mainly	  differ	  in	  their	  tails;	  a	  sequence	  alignment	  is	  shown	  in	  Figure	  3.2_S2	  .	  
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CRY-‐PER	   interaction	   (Figure	   3.2_5C/D).	   Thus,	   it	   remains	   unclear	   how	   FBXL3	   targets	   CRY	   for	  

degradation	  especially	  since	  both	  FBXL21	  and	  mPER2	  reportedly	  have	  a	  higher	  affinity	  for	  CRY	  

than	  FBXL3	   (Xing	  et	   al.,	   2013;	   Yoo	  et	   al.,	   2013)	   (Figure	  3.2_5B).	  C-‐terminal	  helix	  α22	  of	  CRY,	  

however,	   operates	   in	   several	   important	   interactions	   of	   CRY	   in	   dependence	   of	   yet	   unknown	  

regulatory	  influences	  (Figure	  15).	  
	  

4.6	  FAD	  and	  the	  mCRY1/mPER2	  Complex	  

In	   insect	   type	   I	  animal	  cryptochromes	  (e.g.	  Drosophila	  CRY)	  FAD	   is	  by	  now	  established	  as	   the	  

photoreactive	   cofactor	   which	   is	   important	   for	   CRYs’	   functionality.	   An	   increasing	   number	   of	  

reports	   suggest	   that	   mammalian	   type	   II	   cryptochrome	   (e.g.	   mouse	   CRY)	   also	   binds	   to	   FAD,	  

undergoes	  photoreduction	  and	   light	   favoured	  degradation	   in	   cell	   culture	  and	   transgenic	   flies	  

(Hoang	  et	  al.,	  2008).	  The	  structural	  elements	  for	  FAD	  binding,	  the	  FAD	  binding	  pocket	  and	  its	  

FAD	   coordinating	   residues,	   are	   conserved	   among	   insect	   and	   mammalian	   cryptochromes,	  

however,	   the	   mammalian	   FAD	   binding	   pocket	   is	   more	   open.	   In	   contrast	   to	   plant	   or	   insect	  

cryptochromes,	  mammalian	  CRY	  does	  not	  copurify	  with	  FAD	  in	  vitro	  from	  insect	  cell	  expression	  

systems.	   Nevertheless,	   Xing	   et	   al.	   were	   recently	   able	   to	   solve	   the	   FAD	   bound	   structure	   of	  

mCRY2	  through	  FAD	  crystal	  soaking	  of	  apo-‐mCRY2.	  In	  addition,	  they	  showed	  that	  FAD	  displaces	  

the	  E3	  ubiquitin	  ligase	  FBXL3	  from	  a	  preformed	  complex	  with	  mCRY2	  in	  an	  in	  vitro	  competition	  

assay	  (Xing	  et	  al.,	  2013).	  On	  the	  one	  hand	  this	  makes	  sense	  since	  FBXL3	  penetrates	  with	  its	  C-‐

terminal	   tail	   into	   the	   FAD	   binding	   pocket	   of	   mCRY2	   to	   establish	   essential	   interactions	   as	  

revealed	  by	  analysis	  of	   the	  mCRY2/FBXL3	  crystal	   structure.	  On	  the	  other	  hand,	  however,	   this	  

finding	  is	  unexpected	  since	  mCRY2	  reportedly	  binds	  FADox	  with	  a	  dissociation	  constant	  of	  only	  

40	  µM	  and	  FADred	  with	  even	  less	  affinity.	  We	  see	  similar	  FAD	  binding	  affinities	   in	  our	  studies,	  

too	  (data	  not	  shown).	  Although	  experimental	  evidence	  still	  has	  to	  be	  provided	  I	  here	  speculate	  

on	  FAD	  as	  a	  regulator	  of	  CRY	  in	  its	  subsequent	  interactions	  with	  PER,	  BMAL1	  and	  FBXL3	  in	  vivo.	  

While	   the	   study	   of	   Xing	   et	   al.	   confirms	   that	   FBXL3	   and	   FAD	   are	   mutually	   exclusive	   in	   their	  

binding	   to	  CRY,	   the	  structure	  based	  analysis	  of	   the	  FAD	  binding	  pocket	   in	   the	  mCRY1/mPER2	  

complex	   structure	   neither	   excludes	   nor	   supports	   the	   simultaneous	   binding	   of	   both	   FAD	   and	  

mPER2	  to	  mCRY1	  (Figure	  3.2_4).	  Strikingly,	  the	  FAD	  binding	  pocket	  is	  in	  direct	  proximity	  to	  the	  

potential	   disulfide	   bond	   between	   Cys363	   and	   Cys412	   of	   mCRY1.	   Thereby,	   the	   FAD	   binding	  

pocket	   and	   the	   zinc	   interface	   could	   be	   linked	   in	   a	   redox	   dependent	  manner.	   FAD	   could	   for	  
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instance	  impact	  on	  the	  mCRY1/mPER2	  interaction	  through	  modulation	  of	  the	  flexibility	  of	  the	  

C-‐terminal	   lid	   of	   CRY,	   which	   is	   involved	   in	   mCRY1-‐mPER2	   interaction	   and	   includes	   disulfide	  

bond	   forming	   (Cys412)	   and	   zinc	   binding	   (Cys414)	   cysteines,	   or	   through	   induction	   of	   a	   redox	  

change	   in	   the	  zinc	   interface	  or	   the	  disulfide	  bond.	  As	  known	  so	   far,	  FAD	   is	  only	  suggested	  to	  

undergo	  a	   light-‐mediated	  reduction	   in	  cryptochromes.	   In	  oxidoreductases,	  which	  usually	  bind	  

FAD	  as	  catalytically	  active	  cofactor,	  or	  other	  proteins	  which	  depend	  on	  a	   flavin	  redox	  switch,	  

FAD	   can	   undergo	   redox	   changes	   upon	   electron	   transfer	   in	   dependence	   of	   an	   electron	  

acceptor/donator	   and	   its	   environment	   (Becker	   et	   al.,	   2011).	   Thereby,	   FAD	   either	   mediates	  

different	  redox	  reactions	  and/or	  protein	  conformational	  changes,	  respectively.	  It	  is	  not	  known	  

whether	  FAD	  bound	  cryptochromes	  are	  able	  to	  undergo	  a	  redox	  change	  by	  sensing	  the	  redox	  

state	  of	  the	  cell	  as	  well	  and	  how	  such	  a	  reaction	  could	  be	  triggered	  or	  mediated.	  Mammalian	  

cryptochromes	  are	  found	  in	  many	  places	  of	  the	  body.	  Light	  activation	  of	  FAD	  could	  happen	  for	  

instance	   in	   the	   eye	   or	   other	   surface	   close	   tissues	   and	   thereby	   present	   a	   tissue	   specific	  

regulation	  of	  CRY.	  Alternatively,	  FAD	  could	  regulate	  CRY	  functions	  as	  already	  suggested	  by	  the	  

FAD-‐FBXL3	   interplay	   for	  CRY	  binding,	   in	   a	   light-‐	   and	   redox	   independent	  but	   rather	   structural	  

manner	   by	   on-‐	   and	   off-‐binding.	   At	   least	   the	   FAD	   binding	   pocket	   is	   of	   importance	   for	   CRY.	  

KL001,	  an	  artificial	  carbazol	  compound	  which	  binds	  to	  the	  FAD	  binding	  pocket,	  stabilizes	  CRY	  by	  

inhibiting	  its	  FBXL3-‐	  and	  ubiquitin-‐dependent	  degradation.	  Interestingly,	  KL001	  binding	  to	  CRY	  

also	  appears	  to	  weaken	  CRY-‐PER	   interaction	  (Hirota	  et	  al.,	  2012).	  Mutation	  of	  conserved	  FAD	  

coordinating	   residues	   in	   the	   FAD	  binding	   pocket	   attenuate	   CLOCK/BMAL1	   inhibition	   of	   CRY1	  

(Hitomi	  et	  al.,	  2009).	  
	  

4.7	  Composition	  and	  Dynamics	  of	  the	  CRY/PER	  Repressor	  Complex	  

Negative	   transcriptional	   feedback	   repression	   is	   essential	   for	   the	   generation	   of	   circadian	  

rhythms.	  The	  interaction	  of	  CRY	  and	  PER	  is	  presumably	  required	  for	  nuclear	  localization	  of	  both	  

proteins	   in	   the	   first	   place	   and	   more	   important	   for	   the	   formation	   of	   a	   functionally	   active	  

repressor	  complex	  in	  the	  second	  place.	  The	  C-‐terminal	  region	  of	  mPER2	  interacts	  with	  mCRY1	  

(Figure	   3.2_1).	   The	   C-‐tail	   of	   mCRY1	   does	   not	   appear	   to	   be	   involved	   this	   interaction	   (Figure	  

3.2_5C/D).	  mCRY1	   and	  mCRY2	   essentially	   differ	   in	   their	   C-‐terminal	   tail	   (Figure	   11	  &	   3.2_S2),	  

thus	  mPER2	   probably	   forms	   a	   very	   similar	   complex	  with	   the	  mCRY2-‐PHR.	   Sequence	   analysis	  

further	   shows	   that	   the	   mPER2	   residues,	   which	   are	   crucial	   for	   the	   interaction	   with	   mCRY1	  
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including	   the	   zinc	   interface	   forming	   cysteines,	   are	   conserved	   in	  mPER1	   and	   to	   less	   extent	   in	  

mPER3.	   This	   suggests	   that	  homologous	  CRY/PER	   complexes	   can	  also	  be	   formed.	  As	   target	  of	  

posttranslational	  modifications,	   the	  CRY	  C-‐tail	  could	  be	   involved	   in	  mCRY1-‐mPER2	   interaction	  

regulation.	  

In	   the	  nucleus	  PER	  proteins	  supposedly	   recruit,	  next	   to	  CRY,	  numerous	  other	  proteins	   to	  

the	  site	  of	  CLOCK/BMAL1	  mediated	  transcription	  for	  feedback	  repression.	  The	  PAS	  domains	  of	  

PER	  are	  assumed	  to	  not	  only	  mediate	  interactions	  with	  the	  transcription	  factors	  but	  also	  homo-‐	  

and	   heterodimeric	   PER-‐PER	   and	   other	   PER-‐protein	   interactions.	   Thereby,	   they	   might	   be	  

important	  for	  formation	  of	  the	  repressor	  complex.	  Probably,	  it	  is	  both	  the	  interaction	  site	  with	  

CRY	  as	  well	  as	  the	  PAS	  domains	  and	  other	  interaction	  sites	  on	  PER	  that	  shape	  PER	  complexes.	  

Likewise,	   on	   the	   one	   hand	   our	   luciferase	   complementation	   assays	   show	   that	   mPER2	  

homodimers	   are	   formed	   through	   PAS-‐PAS	   interactions	   and	   influenced	   by	   the	   PAS-‐B	   Trp	  

interface,	  however,	  on	   the	  other	  hand	  these	   results	  also	  suggest	   that	  at	   least	   full-‐length	  PER	  

homodimers	   are	   indirectly	   but	   essentially	   stabilized	   by	   CRY	   mediated	   interactions	   (Figure	  

3.1_2).	  	  

Although	   mammalian	   PERs	   and	   CRYs	   likely	   form	   CRY-‐PER	   complexes	   in	   all	   possible	  

combinations,	   it	   cannot	   not	   excluded	   that	   one	   combination	   e.g.	   the	   PER2/CRY1	   complex	   is	  

preferentially	   formed	   or	   underlies	   different	   regulations.	   Similarly,	   the	   homodimers	   of	   the	  

mPER1,	   mPER2	   and	   mPER3	   PAS	   domains	   show	   unique	   features	   next	   to	   their	   generally	  

conserved	   fold	   and	   their	   common	   PAS-‐B	   Trp	   interface.	   For	   instance,	   mPER1	   is	   additionally	  

stabilized	   by	   a	  αC-‐interface	   formed	   by	   the	   two	   PAS-‐A	   domains	   in	   the	   homodimer.	   The	  αC-‐

interface	  probably	   accounts	   for	   the	  higher	   affinity	   of	   the	  mPER1	  PAS	  dimer	   and	   supports	   its	  

generally	   less	   flexible	   fold.	   This	   probably	   explains	  why	  mPER1	   has	   fewer	   known	   interactors.	  

Nevertheless,	  the	  here	  described	  crystal	  structures	  of	  PER	  only	  envision	  small	  parts	  of	  the	  PER	  

proteins.	  Especially	  central	  parts	  of	  the	  mammalian	  PER	  proteins	  are	  not	  well	  conserved	  both	  

among	  species	  and	  among	  the	   three	  mammalian	  PER	  paralogs	  and	  might	  well	   impact	  on	   the	  

PAS	  and	  C-‐terminal	  domain	  of	  PER.	  

Strikingly,	   PER2	   associates	   with	   association	   DNA	   regulatory	   elements	   with	   a	   delay	   of	  

several	   hours	   compared	   to	   PER1	   (Duong	   and	  Weitz,	   2014).	   Similarly	   CRY1	   lags	   behind	   PER1,	  

PER2	   and	   CRY2,	   respectively,	   according	   to	   ChIP-‐seq	   data	   (Koike	   et	   al.,	   2012).	   Thereby,	   the	  

transcription	   low	   phase	   was	   suggested	   to	   be	   split	   into	   a	   transcription	   “repressed	   phase”	  

mediated	  by	  PER1/PER2	  and	  CRY2	   in	  which	  CLOCK/BMAL1	  are	   released	   from	   the	  DNA	  and	  a	  
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follow-‐up	  “poised	  phase”	  in	  which	  CRY1	  binds	  to	  CLOCK/BMAL1/DNA	  and	  puts	  transcription	  on	  

“hold”	  before	  a	  new	  circadian	  cycle	  starts	  (Koike	  et	  al.,	  2012).	  Accordingly,	  Duong	  et	  al.	  observe	  

a	  temporally	  different	  and	  sequential	  recruitment	  of	  the	  histone	  modifiers	  HDAC1	  and	  Suv39h1	  

to	  the	  sites	  of	  transcriptional	  repression	  (Duong	  and	  Weitz,	  2014).	  Our	  FRAP	  motility	  assay	   in	  

U2O2	   cells	   shows	   that	   mPER2	   and	   mPER1	   complexes	   move	   with	   different	   speed	   and	  

consequently	  potentially	  have	  different	  sizes	  within	  the	  cell	  (Figure	  3.1_3).	  Still	  this	  might	  not	  

be	   due	   to	   distinct	   mPER1	   and	   mPER2	   complexes	   since	   the	   overall	   composition	   of	   isolated	  

mPER1	   and	  mPER2	   complexes	   at	   circadian	   time	   of	   transcriptional	   repression	   appears	   to	   be	  

identical	  and	  including	  the	  respectively	  other	  PER	  (Padmanabhan	  et	  al.,	  2012).	  However,	  Duong	  

and	  Weitz	  speculate	  that	  the	  precise	  stoichiometry	  and	  dynamics	  of	  PER1/PER2	  complexes	  as	  

well	   as	   their	   interaction	  with	  CLOCK/BMAL1	   is	   temporally	   varying	   from	   the	  beginning	   to	   the	  

end	   of	   transcriptional	   feedback	   repression	   and	   probably	   depending	   on	   posttranslational	  

modifications.	  This	  would	  allow	  for	  the	  sequential	  recruitment	  of	  the	  different	  co-‐repressors	  of	  

CLOCK/BMAL1	   transcriptional	   activity.	   I	   here	   speculate	   that	   the	   difference	   among	   the	  

mammalian	   PER	   and	   their	   combinations	   not	   only	   shape	   the	   repressor	   complex	   but	   also	   add	  

another	  level	  of	  complexity	  and	  specificity	  to	  the	  recruitment	  of	  CRY1	  and	  CRY2	  and	  other	  co-‐

repressors.	  This	  is	  potentiated	  through	  the	  timed	  degradation	  of	  PER	  and	  CRY	  and	  the	  impact	  

of	  the	  cellular	  redox	  state.	  The	  latter	  might	  critically	  influence	  both	  the	  CRY-‐PER	  interaction	  and	  

the	   activity	   of	   the	   NAD+	   dependent	   deacetylase	   SIRT1,	   which	   modulates	   PER2	   stability	   and	  

BMAL1	   interaction	  with	  CRY	   (section	  1.2).	  Together	   this	  accounts	   for	  negative	   transcriptional	  

feedback	  repression	  and	  consequently	  circadian	  rhythms.	  
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5	  Outlook	  

The	   crystal	   structures	   of	   the	   mPER1	   PAS	   domains	   and	   especially	   the	   mCRY1/mPER2	   core	  

complex	  are	  an	  important	  step	  towards	  the	  structural	  reconstitution	  of	  the	  mammalian	  clock.	  

We	   gained	   a	   more	   complete	   understanding	   of	   the	   mechanisms	   underlying	   the	   different	  

functions	  of	  the	  PER	  proteins	  and	  their	  interactors	  and	  how	  the	  PER	  complexes	  might	  sense	  the	  

metabolic	  state	  of	  their	  environment.	  	  

Future	   directions	   now	   include	   the	   definition	   and	   comparative	   analysis	   of	   homologous	  

CRY/PER	   and	   heterodimeric	   PER/PER	   complexes.	   Interaction	   studies	   will	   show	   whether	   and	  

how	  these	  complexes	  are	  formed	  and	  regulated.	  Moreover,	  the	  role	  of	  FAD	  or	  other	  cofactors	  

in	   regulation	   of	   mammalian	   CRY	   interactions,	   for	   instance	   with	   PER,	   and	   functions	   will	   be	  

defined.	   Especially	   spectroscopic	   methods	   will	   support	   the	   decoding	   of	   the	   underlying	  

(photo)chemistry.	  

Although	   we	   found	   evidence	   for	   the	   formation	   of	   disulfide	   bounds	   in	   mCRY1,	   this	  

observation	  has	  to	  be	  further	  examined	  since	  CRY	  is	  located	  in	  a	  reducing	  environment	  in	  the	  

cell.	  Our	  results	  suggest	  that	  disulfide	  bond	  formation	  involves	  Cys363	  and	  Cys412	  of	  mCRY1.	  

Additional	  disulfide	  bonds	  in	  mCRY1,	  that	  might	  play	  a	  role	  in	  redox	  sensing	  or	  redox	  regulation	  

of	  the	  circadian	  clock,	  will	  be	  identified	  and	  carefully	  examined	  concerning	  their	  appearance	  in	  

vivo.	  

We	   will	   unravel	   whether	   oxidative	   or	   metabolic	   stress	   indeed	   impacts	   on	   the	   CRY/PER	  

complex	   composition,	   localization	   and	   functionality	   in	   a	   cellular	   context.	   Moreover,	   the	  

interplay	   between	  mCRY1	   disulfide	   bonds	   and	   zinc	   binding	   within	   the	   CRY/PER	   complex	   for	  

clock	  regulation	  should	  be	  analyzed	  in	  more	  detail.	  Although	  our	  crystallized	  CRY/PER	  interface	  

does	   not	   cover	   any	   known	   posttranslational	   modification	   sites	   a	   future	   task	   also	   includes	  

shedding	  more	  light	  on	  the	  influence	  and	  mechanism	  underlying	  nearby	  modification	  sites	  e.g.	  

phosphorylation	  of	  mCRY1	   Ser71	  by	  AMPK	  which	   supposedly	   targets	  mCRY1	   for	  degradation	  

(see	  section	  1.5),	  on	  CRY/PER	  complex	  regulation.	  

Identification	  of	  yet	  unknown	  components	  of	  the	  multi-‐protein	  PER	  repressor	  complex	   in	  

the	  nucleus	  and	  precise	  mapping	  of	  their	  interaction	  sites,	  for	  instance	  on	  PER	  or	  among	  each	  

other,	  will	   support	   the	   complete	   structural	   analysis	  of	  PER	  and	  PER	   repressor	   subcomplexes.	  

This	  also	  includes	  the	  structural	  characterization	  of	  CRY	  or	  PER	  subcomplexes	  with	  CLOCK	  and	  
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BMAL1	   which	   will	   allow	   to	   understand	   how	   CRY	   and/or	   PER	   directly	   interfere	   with	   the	  

CLOCK/BMAL1	   transcription	   activator	   complex.	   In	   the	   long	   term	   this	   will	   not	   only	   help	   to	  

understand	   transcriptional	   feedback	   repression	   but	   might	   also	   help	   to	   identify	   a	   potential	  

metabolic	  modulator	  function	  of	  the	  CRY/PER	  complex.	  This	  might	  finally	  result	  in	  a	  mechanism	  

for	  CRY	   sensing	   the	  metabolic	   state	  of	   the	   cell.	  However,	   in	  a	   long	   term	  only	  mouse	  models	  

targeting	  the	  potential	  disulfide	  bonds	  of	  CRY	  and	  the	  zinc	   interface	  of	   the	  CRY/PER	  complex	  

will	  show	  whether	  the	  interplay	  of	  disulfide	  bond	  formation	  and	  the	  zinc	  interface	  is	  important	  

for	  the	  mammalian	  circadian	  clock	  in	  vivo.	  
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