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Circadian Rhythm

- freerunning, sustainable oscillation
  with an approximately 24 hour period

- entrainment to daily environmental
  changes

- universally associated with light
  and temperature perception

- period length of rhythm is compensated against changes in
  temperature or metabolic state

- clock operates within defined
  physiological limits
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WHITE COLLAR-1 & WC-2 in Neurospora
CLK & CYC in Drosophila

CLOCK & BMAL1 in mammals

Negative elements in circadian loops:

FREQUENCY in Neurospora

PERIOD  and TIMELESS  in Drosophila

PER1, 2, and 3 , CRY1 and CRY2 in mammals

Positive elements in circadian loops:

"Positive Element(s)"

"Negative Element(s)"

output - clock controlled genes

clock gene(s)

rhythmic
biochemistry and
physiology

promoting expression

blocking activity

Common Themes and Elements in 
Eukaryotic Circadian Feedback Loops

WHITE COLLAR-1 & WC-2 in Neurospora
CLK & CYC in Drosophila
CLOCK & BMAL1 in mammals

Negative elements in eukaryotic circadian loops:

FREQUENCYin Neurospora
PERIOD  and TIMELESS  in Drosophila
PER1, PER2, PER3 , CRY2, and CRY2in mammals

Positive elements in eukaryotic circadian loops:

output - clock controlled genes rhythmic
biochemistry,
physiology,
or behavior

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 partners.

clock gene(s)
"Negative Element(s)"

blocking activity
"Positive Element(s)"

promoting expression
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Molecular components of the Neurospora clock
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•WC-1 and WC-2 act positively on 
the production of frq transcript.

•FRQ acts negatively on the 
production of its own transcript. 
(negative feedback loop) 

•FRQ acts positively on the 
production of wc-2 transcript and 
WC-1. (positive feedback loops)

•FRQ becomes phosphorylated 
which leads to its turnover

-

•The frq/FRQ oscillations are essential 
for the generation of all circadian 
rhythms in Neurospora.

•Changes in frq/FRQ levels are 
directly translated into changes in the 
circadian rhythms in Neurospora.
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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

Van D. Gooch
University of Minnesota

A Circadian Rhythm in Development on Racetubes

PRC movie

ENTRAINMENT
Light or temperature treatment results in 
changes in the timing of conidial banding.

Van D. Gooch
University of Minnesota

QuickTime™ and a
Sorenson Video decompressor
are needed to see this picture.
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WC-1 and WC-2 are par t of the
Neurospora clock
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4°dark

loss of function

wc-2

White Collar-1 (WC-1) and White Collar-2 (WC-2)

•WC-1 and WC-2 are required for the light induction of 
frq 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).

WC-2
PAS ZnAD 530 aa

WC-1
LOV PAS PAS ZnAD AD 1167aa
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FRQ promotes the Synthesis of WC-1 
through a Post-transcriptional 

Mechanism
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Digoxygenin staining of SCN +/- light

Shigeyoshi et al,
Cell, 1997

frq

frq

How are light signals perceived and 
transduced to the clock?

•frq transcript is rapidly and highly induced in 
response to light.

nightnightday

?

?

?

+
WC-2WC-1

•WC-1 and WC-2 are required for the 
light induction of frq transcript.

nightnightday
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The frq promoter contains two Light Response Elements (LRE) 
necessary and sufficient for light induction
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The distal and proximal LREs are bound by distinct 
complexes in the light and dark

Lig
ht

Dar
k

Lig
ht
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proximal LRE distal LRE

growth conditions

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

•phosphorylation of WC-1/WC-2

•conformational change of WC-1/WC-2

•binding of additional factor(s)

•combination of the above

•other?

?

P
PP

P
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light treatment

L L

Protein extractions, binding reactions and gel running performed in the dark (red lighting).
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Is the in vitro light-induced change in mobili ty of the 
WCC/LRE complex occurr ing at biologically relevant…

•amounts of light (ill uminance)?

•quali ties of light (wavelength)?
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The in vitro light-induced WCC/LRE mobility change 
occurs at biologically relevant wavelengths.

Slower 
Complex

dark light

Faster 
Complex

D L

WC-1 and WC-2 generated in vitro can bind to the LREs as 
both the faster and slower migrating complexes
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Slower 
Complex

dark dark lightlight

- FAD +FAD

Faster 
Complex

WC-1 +FAD
WC-1 

WC-2 

D L

D L
D L
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FAD imparts light regulation to the WC-1/WC-2 complex

FAD

How are light signals perceived and transduced to the clock?

• frq transcript is rapidly and highly induced in response to light. 

• The frq promoter contains two cis-acting Light Response Element (LREs).

• The LREs are bound by a WC-1/WC-2 heterodimeric complex in the dark.

• Absorption of  light by  a FAD chromophore bound by WC-1 triggers the 
multimerization of the WCs presumptively allowing the multiple WC 
activation domains to act.

proximal
LRE

distal
LRE

+1

frq promoter

FAD FAD

Therefore, WC-1 is a 
circadian blue light 
photoreceptor.
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The distal LRE is sufficient to drive rhythmic transcriptionThe distal LRE is also a circadian element.
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•FRQ negatively regulates its own transcript.

•FRQ physically interacts with WC-1 and WC-2.

•Oscillations in FRQ levels are phased appropriately and 
suggest an attractive means of generating oscillations in 
WCC binding.

Does FRQ regulate WCC binding to the distal LRE?
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Dawn ~CT0/24
•FRQ increasing
•WCC binding decreasing
•frq transcription high

Midnight ~CT18-22
•FRQ precipitously turns over and is low
•WCC binding increasing or maximal
•frq low, but increasing

Midday ~CT6-10
•FRQ increasing to maximum
•WCC binding decreasing to minimum
•frq decreasing

Dusk ~CT12
•FRQ decreasing, becoming phosphorylated
•WCC binding low
•frq low

FRQfrq

nightday

binding

Model of the Neurospora Clock 
(in constant darkness)
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Dawn
•FRQ increasing
•WCC binding high
•frq transcription high

Midnight
•FRQ decreasing
•WCC binding increasing
•frq low, but increasing

Midday
•FRQ high
•WCC binding high
•frq transcription high

Dusk
•FRQ high, but decreasing
•WCC binding decreasing
•frq decreasing

FRQ
frq

nightday

binding

Model of the Neurospora Clock 
(under light/ dark cycles)

Deletion of the proximal LRE results in a 
light-specific phase delay

wt

4 25oC

�  prox

wt

Light Dark

�  prox

~12 hr delay

�  prox

wt
hours in dark

frq RNA

0 12 24 36

FRQ protein

0 12 24 36
hours in dark
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WC-2
WC-1

Consensus sequence for WC-1/WC-2 binding

distal LRE

CGTCCTGATGCCGCTGCAAGACCGATGACGCTGCAAAATTGAGATCTA**** ****

CGCAGAGGACCCTGAACTTTTCGATCCGCTCGATCCCCTGGAA

proximal LRE

**** ****

proximal

distal

CGATC
CGATC
TGATG
CGATG
CGATAC
CGATAATACGCTal-3

CGCT

CCGCT
ACGCT
CCGCA

CCCT

CGAT_____CGCTconsensus

The WC-1 LOV domain shares homology with LOV 
domains found in blue light photoreceptors

LOV WC-1PAS PAS ZnAD AD

chromophore

Crosson and Moffat, 2001
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= flavin

Flavin adenine dinucleotide
FAD

Flavin mononucleotide
FMN

1 4 532 6 7 8 10 119 12 13 14 1615 17 18 19 2021

WC-1 +FAD
WC-1 

WC-2 
WC-2 +FAD

D L
D L

D L
D L

D L

D L

D L

D L
D L
D L

D L

D L

D L

L D

L

D

WC-1, bound to FAD, is the Neurospora circadian 
photoreceptor and does not require WC-2 for photoreception

FAD

FAD is required -
compare 11 thru 16

WC-1 is the receptor -
compare 20 vs 19

Both WC-1 and WC-2 
are needed - lanes 1-10
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How are light signals perceived and transduced to the clock?

•frq transcript is rapidly and highly induced in response to light. 

•The frq promoter contains two cis-acting Light Response Element (LREs).

• The LREs are bound by a WC-1/WC-2 (WCC) containing complex.

• Light causes decreased mobility of the WCC/LRE.

proximal
LRE

distal
LRE

+1

frq promoter

? ?


