How Does a Circadian Clock Work?
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How Does a Circadian Clock Work?

Common Themesand Elementsin
Eukaryotic Circadian Feedback L oops
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Positive elements in circadian loops: Negative elements in circadian loops:
WHITE COLLAR-1 & WC-2 in Neurospora FREQUENCY in Neurospora
CLK & CYC in Drosophila PERIOD and TIMELESS in Drosophila
CLOCK & BMAL1 in mammals PER1, 2, and 3, CRY1 and CRY2 in mammals
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Common themes:
Transcription/translation based feedback loops, with transcription factors as positive elements
and proteins that block the activity of these factors as negative elements, are central.
Rhythmic expression is seen in transcripts and proteins corresponding to the "negative elements."
"Positive elements" are heterodimers comprised of two proteins interacting via PAS domains.
Of proteins comprising the heterodimer, one is constitutive and one is rhythmically expressed.
Extended sequence similarity links some of the positive elements among all of the systems.
At least one of the "negative elements" has a dual role in the cycle, performing both the negative function
in feedback and also a positive function in promoting the expression of one of the heterodimer partng

Positive elements in eukaryotic circadian loops: Negative elements in eukaryotic circadian loops:

WHITE COLLAR-1 & WC-2 in Neurospora FREQUENCYin Neurospora
CLK & CYC in Drosophila PERIOD and TIMELESS in Drosophila
CLOCK & BMAL1 in mammals PER1, PER2, PER3, CRY2, and CRY2in mammals
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How Does a Circadian Clock Work?

Molecular components of the Neurospora clock

*WC-1and WC-2 act positively on
the production of frgtranscript.

*FRQ actsnegatively on the
production of itsown transcript.
(negative feedback loop)

*FRQ actspostively on the
production of we-2 transcript and
WC-1. (positive feedback loops)

*FRQ becomes phosphorylated
which leadstoitsturnover

*Thefrg/FRQ oscillations are essential
for the generation of all circadian
rhythmsin Neurospor a.

eChangesin frg/FRQ levelsare
directly trandated into changesin the
circadian rhythmsin Neurospora.

two eukaryotic circadian oscillators
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» overt rhythms in the organism
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How Does a Circadian Clock Work?

A Circadian Rhythm in Development on Racetubes

DD 25C 1-14-93 OooH
©11:02:17

el i Y el et ] et 1SN I |

i s -t Lot I Y I

Circadian rhythm

Biological rhythm with a period of ~24 hours

*Endogenous and self-sustaining under constant environmental conditions
*Temperature compensated within the physiological range of the organism
*Environmental signals (light and temperature changes) can entrain or reset the rhythm
*Organized at the cellular level

ENTRAINMENT
Light or temperaturetreatment resultsin
changesin thetiming of conidial banding.
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How Does a Circadian Clock Work?

Molecular Components of the
Neurospora Clock
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How Does a Circadian Clock Work?

FRQ is Phosphorylated in a
Time-of-Day-Specific Manner

Extract IP + APPase
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Phosphorylation siteat aa 513 is
iImportant for FRQ degradation
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Relative FRQ levels
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How Does a Circadian Clock Work?

WC-1 and WC-2 are part of the
Neur ospor a clock

-light +light
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*WC-1 and WC-2 are required for the light induction of
frg transcript.

*\WC-1 and WC-2 heterodimerize via their PAS domains.

*WC-1 and WC-2 contain zinc-finger (Zn) DNA binding
domains and activation domains (AD).
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How Does a Circadian Clock Work?

Anti-WC2 co-immunopr ecipitates
FRQ and WC1
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How Does a Circadian Clock Work?

Protein cycling in frg™
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How Does a Circadian Clock Work?

FRQ promotesthe Synthesisof WC-1

through a Post-transcriptional
M echanism
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How Does a Circadian Clock Work?

FRQ Oscillatesaround a Higher Level
at Higher Temperatures
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seconds of light (25 lux )
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How Does a Circadian Clock Work?

mPerl Expression in the SCN is
Regulated by Time-of-Day,
Light, and Location

Shigeyoshi et al,
Cell, 1997

How arelight signals perceived and

@ transduced to the clock?
©)
@

frqtranscript israpidly and highly induced in
responseto light.

*WC-1and WC-2 arerequired for the
light induction of frg transcript.
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How Does a Circadian Clock Work?

Thefrg promoter containstwo Light Response Elements (L RE)
necessary and sufficient for light induction

Clal Mscl SnaBl Bglll Mscl +1
~1200 bp ~200 bp
distal proximal

LRE LRE
frg RNA
—k
T
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e [J=1ight
- = dark
wt Adistal A prox Adistal
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The LREsare bound by a WC-1/WC-2 containing complex

o

o
self non-self, mutself =
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a FRQ
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How Does a Circadian Clock Work?

Thedistal and proximal LREs are bound by distinct
complexesin thelight and dark

. Q
growth conditions Q'b

proximal LRE distal LRE

What causes the change in mobility of the
WCC/LRE complex in thelight?

P

«phosphorylation of WC-1/WC-2 -{a)-
sconformational change of WC-1/WC-2 “i
binding of additional factor(s) Q
scombination of the above

eother?

Dr. Jay Dunlap, Dartmouth (KITP Bio Networks 3/24/03)
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Real and Potential Neur ospora Photor eceptors
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Nuclear Protein Extracts are Photor eactive

Protein extractions, binding reactions and gel running performed in the dark (red lighting).

growth conditons D L D L

in vitro
light treatment
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How Does a Circadian Clock Work?

Is thein vitro light-induced change in mobility of the
WCC/LRE complex occurr ing a biologically relevant...

eamounts of light (illuminance)?

equalities of light (wavelength)?

Thein vitro light-induced WCC/L RE mobility change
occurs at biologically relevant light intensities.

In vivo light responses

2 -4 Ph
=10 4 ase
g 0 Advance
< 084

i fr _ hrs
€ 06 MRNA &

m

© 041 - ¢

= 1

2 1

% 0.2 0 8 16 24 48 %

o in vivo threshhold

Light (umol photons/m?)
Crosthwaite @ al, Cell, 1995

o
o

=4

o 999 o0 9299 9 &8
- N ™ o O o
Te3®s s °x

1800
2700
3600
9000
18000

Lig

(umol photons/m?)

- MMM

TR

Dr. Jay Dunlap, Dartmouth (KITP Bio Networks 3/24/03)

18



How Does a Circadian Clock Work?

Thein vitro light-induced WCC/L RE mobility change
occursat biologically relevant wavelengths.
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WC-1 and WC-2 generated in vitro can bind tothe LREs as
both the faster and dower migrating complexes

Slower

Complex -
-
> H i

Faster
Complex

dark light
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How Does a Circadian Clock Work?

FAD impartslight regulation to the WC-1/WC-2 complex

D L WC-1
D L WC-1+FAD
DLDL WC-2

Slower
Complex |__| |__|
I O N
Edl 111
Faster
Complex

dark light dark light _—
- FAD +FAD

How arelight signals perceived and transduced to the clock?
e frg transcript israpidly and highly induced in responseto light.
« Thefrq promoter containstwo cis-acting Light Response Element (L RES).
e The LREsare bound by a WC-1/WC-2 heter odimeric complex in the dark.

 Absorption of light by a FAD chromophore bound by WC-1 triggersthe

multimerization of the WCs presumptively allowing the multiple WC
activation domainsto act.

frg promoter distal proximal
LRE LRE

Dr. Jay Dunlap, Dartmouth (K1 TP Bio Networks 3/24/03)

20



How Does a Circadian Clock Work?

nucleus

w -
kinases:

CK-1d, Ck-1B,
CAMK-1, CKII

......

*WC-1and WC-2 act positively on

OGS "Cﬁ | the production of frqtranscript in
. :/_ 67 the dark.
_\md_l—>

Thedistal LRE isnecessary for overt and molecular rhythmicity
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How Does a Circadian Clock Work?

Thedistal LRE isalso a circadian element.

6 12 18 24 hoursin dark
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Thedistal LRE isrhythmically bound by the WCC
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How Does a Circadian Clock Work?

Does FRQ regulate WCC binding to the distal LRE?

*FRQ negatively regulatesits own transcript.
*FRQ physically interacts with WC-1 and WC-2.

*Oscillationsin FRQ levels are phased appropriately and
suggest an attractive means of generating oscillationsin
WCC binding.

Increasesin FRQ cause a decreasein WCC binding

A FR wt  strain
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0 1 2 4 0 4 Induction 24

7
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““ FRQ o ° 16
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5 8
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0 0
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How Does a Circadian Clock Work?

Model of the Neurospora Clock
(in constant darkness)

Midday -cre-10

*FRQ increasing to maximum Mldnlght ~CT18-22
*WCC binding decreasing to minimum *FRQ precipitously turns over and is low
«frq decreasing -¥VCF blnbdlng increasing or maximal
«frq low, but increasin
Dusk ~criz ™™ g

*FRQ decreasing, becoming phosphorylated
*WCC binding low
frq low

Dawn ~cTo/24

*FRQ increasing

*WCC binding decreasing
«frq transcription high

day | night
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How Does a Circadian Clock Work?

Light-Induced Shift of WC-1/WC-2 into a Higher
Molecular Weight Complex

Fraction #
TL 222120191817161514131211109 8 7 6 5 4 3 2 1

prgearsTT
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Model of theN
(under light/

Midday

*FRQ high

*WCC binding high
«frq transcription high
Dawn

*FRQ increasing
*WCC binding high
«frg transcription high

F R T

binding -

et
------
-----
----
----
g wet
----------

day

Deletion of the proximal LRE resultsin a
light-specific phase delay
Light=Dark
] =

~12 hr delay

frg RNA

FRQ protein

X@[L@< XJ@
0 12 24 36 0 12 24 36

hours in dark

hours in dark
Q@ colEecsih YL @™ aam==e
s e walde -

-=e-
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How Does a Circadian Clock Work?

Consensus sequence for WC-1/WC-2 binding

consensus CGAT CGCT
proximal
) T Cl
distal Al
ccC A
al-3 ATA
*kkk K kkk
CGCAGAGGACCCTGAACTTTIICGATCCGCITICGATCCCCTEGAA
proximal LRE

*kkk *kkk
CGTCCTGATGCCGCTGCAAGACCGATGACGCTGCAAAATTGAGATCTA
distal LRE

The WC-1LOV domain shares homology with LOV
domainsfound in bluelight photor eceptors

LoV pASHE PAs N7 -0 1R"Y/e3)

Ac_PHY3_LOV2
At_NPH1_LOV2
As_NPH1_LOV2
Ac_PHY3_LOV1
At_NPH1_LOV1
As_NPH1_LOV1

Nc_WC-1_LOV

oC
Ac_PHY3_LOV2 974 oL Kﬁ -
At_NPH1_LOV2 520 EELTTHKI IDN@T-
As_NPHI_LOV2 461 IDN@T-
Ac_PHY3_LOV1 720 ENPADVASIREALAQGTGTFCGRL

At_NPH1_LOV1 242 EDADELAKERETLAAGN-NYCGRI
As_NPH1_LOV1 184 [EDPAETAKEIRQALADGS-NYCGR

Nc WC-1 LOV 448 VENNARYTLKKTIAEGQ-EIQQSLIN¥RKGEKPELNLLIMIPIPWDTEEIRYEEGFEIDL 506
Crosson and Moffat, 2001

Dr. Jay Dunlap, Dartmouth (K1 TP Bio Networks 3/24/03)
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Flavin mononucleotide
FMN

=flavin

Flavin adenine dinucleotide

FAD

WC-1, bound to FAD, isthe Neurospora circadian
photoreceptor and does not require WC-2 for photor eception

WC-1

D L DL DL L

WC-1 +FAD

D L DL DLDL

WC-2

D L D LD L

WC-2 +FAD

DL DL DLL DD

Both WC-1 and WC-2
are needed - lanes 1-10

FAD isrequired -
compare 11 thru 16

WC-1listhereceptor -
compare 20 vs 19

1234567 8 910111213141516 171819 2021

!
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How Does a Circadian Clock Work?

How arelight signals perceived and transduced to the clock?

frqtranscript israpidly and highly induced in responseto light.
*Thefrg promoter containstwo cis-acting Light Response Element (L RES).
e The LREsare bound by a WC-1/WC-2 (WCC) containing complex.

« Light causes decreased mobility of the WCC/L RE.

» L |
¢ e

frq promoter distal
LRE LRE

proximal
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