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Neurospora wc-1 and wc-2:
Transcription, Photoresponses,
and the Origins of Circadian
Rhythmicity

Susan K. Crosthwaite, Jay C. Dunlap,* Jennifer J. Loros*

Circadian rhythmicity is universally associated with the ability to perceive light, and the
oscillators (“clocks”) giving rise to these rhythms, which are feedback loops based on
transcription and translation, are reset by light. Although such loops must contain
elements of positive and negative regulation, the clock genes analyzed to date—frqg in
Neurospora and per and tim in Drosophila—are associated only with negative feedback
and their biochemical functions are largely inferred. The white collar-1 and white collar-2
genes, both global regulators of photoresponses in Neurospora, encode DNA binding
proteins that contain PAS domains and are believed to act as transcriptional activators.
Data shown here suggest that wc-17 is a clock-associated gene and wc-2 is a clock
component; both play essential roles in the assembly or operation of the Neurospora
circadian oscillator. Thus DNA binding and transcriptional activation can now be asso-
ciated with a clock gene that may provide a positive element in the feedback loop. In
addition, similarities between the PAS-domain regions of molecules involved in light
perception and circadian rhythmicity in several organisms suggest an evolutionary link
between ancient photoreceptor proteins and more modern proteins required for circa-

dian oscillation.

For several billion years, a dependable as-
pect of living on Earth has been the daily
light-dark cycle and its attendant tempera-
ture cycle. The endogenous circadian
thythmicity of organisms may have arisen
directly as a response to these ubiquitous
environmental cycles (1). Indeed, in free
living cells and in tissues of multicellular
organisms—the eyes of marine molluscs
such as Bulla and Aplysia, the avian and
lizard pineal, the vertebrate retina (2, 3)—
there is a correlation between photorespon-
siveness and the presence of circadian
rhythmicity; even highly specialized rhyth-
mic, but nonphotoreceptive, tissues such as
the mammalian suprachiasmatic nucleus
have close connections to photoreceptors
in the eye (4).

In a similar vein, circadian oscillators are
based upon analogous transcription-transla-
tion—based negative feedback loops (5), but
candidates for phylogenetically conserved
genes and proteins associated with clock
function have not been found. For instance,
the circadian oscillator in Neurospora crassa
is built at least in part as a transcription-
translation~based autoregulatory loop in
which the protein products of the frequency
(frq) gene, the various forms of FRQ, feed
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back negatively to regulate the amount of
frq transcript (5-8). A similar feedback loop
has been described in insects based on the
coacting proteins TIM and PER (9), but
neither FRQ), PER, nor TIM share extended
sequence similarities (10). Furthermore, al-
though successful circadian oscillation of
these loops requires aspects of both negative
and positive feedback (11), to date no com-
ponents composing the positive aspect of
the loop have been identified. Nor is the
true biochemical function of any element in
the loop known.

Light resets circadian oscillators by act-
ing rapidly to alter the level of a state
variable of the oscillator (1, 12), which in
Neurospora is the amount of frq transcript
(13). Likely candidates for the regulatory
elements mediating this increase are the
white-collar genes (14). Strains bearing le-
sions in either we-1 or we-2 lack all known
photoresponses, including photoinduction
of carotenogenesis and light-induced genes,
perithecial beak bending, and the induction
of rhythmic clock-controlled conidiation
following a light-to-dark transfer (15, 16).
Because of the apparent “blind” phenotype
of the wc strains, their arthythmicity has
simply been ascribed to an inability to de-
tect or respond to light cues, so that the
oscillators in a culture remain asynchronous
and the cultures appear to be arrhythmic.

Here, we report an alternative interpre-
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tation of the arrhythmicity seen in we-1 and
wc-2: The products of we-1 and wec-2 are
required for normal operation of the circa-
dian clock in this fungus. A functional wc-2
gene is required for the expression of frq in
the dark at levels sufficient for generation of
the circadian oscillation; the wc-1 gene is
required both for normal, robust frq cycling
in the dark and for light activation of the
frq transcript in response to the pulses of
light that can mediate phase resetting of the
biological clock (13). Both white-collar
genes encode DNA binding proteins (17,
18) bearing strong similarity to the GATA
family of transcription factors of fungi and
vertebrates (17-19). Also, each has a PAS
domain (17, 18) similar to that in the clock
gene per (20) and found in photoreceptor
molecules from both prokaryotes and eu-
karyotes (18, 21, 22). WC-1 and WC-2 are
thought to be the transcription factors re-
quired for the induction of all light-regulat-
able promoters in Neurospora (17, 18) but
had not been expected to have roles in the
cell beyond light regulation. We suggest
that WC-1 is a clock-associated protein
which, although required for sustained
thythmicity in the dark, cannot be consid-
ered a component of the feedback loop. In
contrast, WC-2 appears to be a clock com-
ponent required to complete the feedback
loop; it would fulfill the requirement for a
positive element in the circadian oscillatory
loop, and be a clock protein with a known
biochemical function. In addition, these
data provide both a physical and a concep-
tual link between photoreception and cir-
cadian rhythmicity in Neurospora, and a
potential evolutionary link (via the PAS
domain) between photosensing molecules
and molecular components of the clock.
wc-1 but not wc-2 is required for pho-
toinduction of frq mRNA. To begin to
dissect the light signal transduction path-
way from photoreception to frq in the os-
cillator, we asked whether light resetting of
the clock shares the same signal transduc-
tion pathway as the other photobiological
responses of Neurospora, thereby requiring
we-1 and we-2 (Fig. 1, top). Consistent with
previous results, frq transcript (as assayed by
Northern analysis) increases approximately
10-fold within minutes after a saturating
light pulse in the laboratory wild-type strain
bd (frq™) (13). We found frq expression was
not induced by a 2-min pulse of saturating
white light in the wc-17 strain, indicating
that the light signaling pathway for the
clock is not unique to the clock but has at
least one shared component with the sig-
naling pathway for other light-controlled
events. Surprisingly however, the acute re-
sponse of frq transcription to light is quali-
tatively intact in the we-27 strain (Fig. 1);
in both wild-type and wc-27, frq expression
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increases approximately 6- to 10-fold in
response to a 2-min light pulse. This re-
sponse of frq expression to light in the
absence of wc-2 function, and the recently
described twofold light induction of wc-2
itself (18), are the only photoresponses de-
tected in a wc-2 strain and confirm the
presence of a wc-2—independent light trans-
duction pathway (23) here used by the
clock. Additionally, densitometric analysis
of the Northern blot data of these dark-
grown control cultures showed that frq was
expressed at very low levels in both the
we-17 and wc-27 strains; however, upon
light induction in the wc-27 strain frg RNA
reaches a level similar to that seen at the
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Fig. 1. Light-induced accumulation of frq tran-
script is blocked in a wc-7 mutant strain. Northern
analysis of frqg and ribosomal RNA levels in control
and light-pulsed tissue. Cultures of bd, bd,wc-
1-, and wc-2-,bd strains (41) were grown as de-
scribed (8, 13, 42) and were transferred from con-
stant light to darkness. After 12 hours in the dark a
2-min light pulse (21 wmol photons m?/s) was
given to half of the samples; 5, 15, 30, 60, and 120
min after the light pulse, tissue was harvested, and
RNA extracted and analyzed by Northern blotting
(43). (Top) Northern analysis showing frg and ri-
bosomal RNA in control and light-pulsed tissue as
determined by hybridization of the membranes
with frg- and rDNA-specific probes (43). All North-
ern blots that are directly compared were hybrid-
ized together to the same batch of probe, and the
30 min minus light sample from the bd, wc* panel
at the top (bd 30’-L) was included at the far right of
the bd,wc-1~ and wc-2-,bd panels for compari-
son. The Northern blots shown are representative
of four independent experiments. (Bottom) Den-
sitometry showing frg transcript levels in control

and light-pulsed bd and wc-2-,bd strains.
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peak of the daily cycle in a frg+ dark grown
culture (Fig. 1, bottom). Since we know
that FRQ corresponding to this amount of
frqg mRNA is sufficient to bring about re-
duction of frg mRNA levels via negative
feedback and to affect the oscillator in the
wild-type strain in the dark (7), we presume
that this amount of frg mRNA could also be
physiologically significant here in terms of
setting or resetting the oscillator.

To examine the characteristics of phase
resetting by light in these strains we needed
to be able to synchronize their biological
clocks. Although both strains are relatively
insensitive to photic cues, we reasoned that
exposing the clocks to a nonphotic zeitge-
ber should be sufficient to synchronize the
ensemble of oscillators if they are still in-
tact, and thus to allow the expression of a
stable robust overt rhythm. In Neurospora
and other circadian systems, temperature
treatments are strong zeitgebers that are
thought to act directly on the oscillator
itself, independently of photic transduction
pathways (24, 25); pulses of high or low
temperature reset the oscillator to a new
phase that is dependent on the time the
temperature pulse is given, and extended
incubations at low temperature cause the
oscillator to “stop” close to circadian time
(CT) 0 or dawn (25, 26). For instance, N.
crassa riboflavin mutants and the Drosophila
subobscura linne mutant, both unable to re-
spond to light resetting signals, have been
synchronized with temperature steps (27).
Thus, if the effect of the wc-1" or we-2~

mutations are limited to photic input, an
extended temperature treatment should
synchronize the system and allow expres-
sion of the overt thythm. To this end we
assayed the conidiation thythm in a clock
wild-type strain (bd) and in both wc mutant
strains after high and low temperature treat-
ments (Fig. 2). In constant light (LL), all
strains fail to express an overt circadian
thythm, and consistent with expectations
in constant darkness (DD) the bd strain
produces a band of conidiation once every
22 hours. In contrast, however, bd,wc-1~
and wc-27,bd have essentially the same
phenotype in DD as in LL. The temperature
treatments also reset the bd strain appropri-
ately. Specifically, a 35°C step up for 15
hours at CT21 results in a 7-hour phase
shift in the wild-type strain, resetting the
clock to CT3, and a step down from 25°C
to 4°C for 24 hours at CT18 resets the clock
to CTO, subjective dawn, consistent with
previous data (26). Surprisingly however,
neither temperature steps up nor down were
sufficient to induce rhythmicity in bd,wc-
1~ or wc-27,bd. Rhythmic conidiation is
not observable in either bd,wc-1~ or wc-
27 ,bd mutant strains after entrainment by
either light or temperature, both of which
apparently fail to synchronize the oscillator.

These results suggested three possibili-
ties: First, the wc-1 and wc-2 gene products
may be essential for relaying both light and
temperature signals to the oscillator, so that
mutations in these genes result in desyn-
chronization of the oscillator, and thus the
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Fig. 2. High and low temperature treatments are unable to elicit rhythmicity in wc strains. Race tubes
(44) were inoculated with the bd control strain, the bd,wc-1-, or the we-2-,bd strains, held in LL (7 to
15 umol photons m?/s) for 2 days, and then transferred to DD. After 2 days (DD48) tubes were
transferred to 4°C for 24 hours, or after 51 hours of growth to 35°C for 15 hours. At the end of each
temperature treatment, the race tubes were returned to 25°C. (Top) Photographs of representative race
tubes (from three independent experiments) showing growth of the strains under different light and
temperature conditions. Bars above the race tubes indicate light (open) and dark (solid) growth condi-
tions. (Bottom) Densitometric analysis of growth before and after the different temperature treatments.
Vertical black lines, the position of growth fronts marked every 24 hours and at the beginning and end
of temperature treatments. Asterisks, the position of the peaks of conidiation to be compared following

the resetting stimulus.
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overt thythm in development, from envi-
ronmental light and temperature cycles. If
this is the case, overall frq expression levels
would be unaltered, but rhythmicity, both
molecular and overt, would be masked due
to lack of synchronization of the population
of oscillators. Alternatively, mutations in
wc-1 and we-2 may result in defective con-
trol of output from the clock. In this case
the oscillator would only appear to be ar-
thythmic, the underlying rhythmicity being
masked as in the disconnected and lark (28)
mutants of D. melanogaster. In support of
this hypothesis, wc-1 and wc-2 are required
for expression of many light regulatable
genes, some of which are also involved in
development (15, 29). Third, the arrhyth-
micity in the overt rthythm may be accu-
rately reporting arrhythmicity in the oscil-
lator, suggesting that wc-1 and we-2 encode
components required for the assembly or
operation of the oscillator. The results in
Fig. 1 indicating that frq is expressed at very
low levels in both of these strains are con-
sistent with this proposal.

WC-1 and WC-2 are required for the
circadian rhythm in frq expression. In order
to distinguish among these three possibili-
ties, and to ask whether mutation of either

A bd

Time after light to dark
transfer (hours)

WC-1 or WC-2 was affecting cyclic expres-
sion of frg mRNA, we monitored the circa-
dian oscillator directly by measuring frq tran-
script and FRQ) protein levels, since these
oscillations in part comprise the oscillator
(8). If the clock is operational in either of
the wc mutant strains then levels of frq tran-
script and FRQ will cycle, whereas if the
oscillator is disrupted, they will not. We
monitored the oscillator in clock wild-type
(bd), bd,wc-1", and we-27,bd mutant strains
after treatment either with saturating light
(Fig. 3, A and B) or with strong temperature-
resetting stimuli (Fig. 4, A and B).

Light treatments failed to elicit a thythm
(Fig. 3). In the control strain, the light to dark
transfer sets frq RNA and protein to CT12
levels, equivalent to dusk, and the frq tran-
script and protein oscillate in abundance over
the course of the circadian cycle (Fig. 3, A
and B) as expected (5-7). However, in both
the bd,wc-1~ and wec-27,bd mutant strains
after a light to dark transfer, frq RNA is
difficult to detect and FRQ protein is low to
undetectable. No evidence for cycling of ei-
ther frqg RNA or FRQ protein was found after
a light to dark step in either of the wc mutant
strains, despite the fact that light was previ-
ously shown to induce frq mRNA to physio-
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frq expression and lack apparent circadian AB

rhythmicity. Liquid cultures were inoculated
and grown in constant light (42). Transfer from
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LL to DD was staggered so that cultures grown in DD at 25°C from 4 to 48 hours could be harvested
within an 8-hour period to equalize developmental age. (A) Northern blots showing frg, ribosomal RNA,

and ccg-2 transcript levels in the bd control strain,

or the bd,wc-1-, or the we-2-,bd strains at 4-hour

intervals for 44 hours of growth in DD. Although in the we mutants frq is poorly expressed, ccg-2 levels
are approximately normal although lacking in apparent rhythmicity. (B) Western analysis of protein
extracts prepared from the same tissue and probed with an antibody to FRQ (45), and Western blots
stained with Amido Black (AB). Data representative of three independent experiments are shown.
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logically effective levels in we-2~ (Fig. 1). To
confirm that overall transcription is unaffect-
ed in these strains, we verified that overall
amounts of expression of the clock-controlled
output gene ccg-2 (30) were unaffected by
mutation of wc-2 or we-1 (Fig. 3A).

Similar to the results with light to dark
steps, examination of molecular rhythms of
frq mRNA and protein after strong temper-
ature treatments revealed extremely low
levels of expression with no evidence for
cycling in either of the white-collar mutants
(Fig. 4, A and B). In a wild-type strain
exposed to low temperature (a drop from
25°C to 4°C lasting 24 hours), frg mRNA
increased to levels comparable to those in-
duced by light (31); on return to higher
temperatures FRQQ increases and the molec-
ular transcript cycle begins from this high
level, which corresponds to that seen at
about CTO (subjective dawn) and peaks
again approximately 22 hours later (Fig.
4A). These molecular data confirm the re-
sults of physiological analyses demonstrat-
ing that long-duration, low-temperature
treatments reset the clock to approximately
CTO (26). In contrast to the elevated ex-
pression of frq elicited by the temperature
treatment in the bd strain, frq does not
accumulate during growth at low tempera-
ture in either the bd,wc-1~ or wc-27,bd
mutant strains. Interestingly however, in
the wc-27,bd strain (but not in bd,wc-17), a
single anomalous frq mRNA peak of re-
duced magnitude is consistently observed 6
hours after transfer to higher temperatures,
followed 4 hours later by a single appear-
ance of FRQQ protein. Despite the appear-
ance of this peak, which can correspond
approximately to the amount of frq seen at
the peak of a normal cycle in darkness (Fig.
4A) or to the amount induced by light in
the we-2~ background, no evidence for sus-
tained rhythmicity has been found in a wc-2
mutant background. If the absence of overt
thythmicity in either wc mutant strain was
the result of a lack of synchronized molec-
ular rhythmicity, then both frq mRNA and
FRQ should have been present at average
wild-type levels in the mutant strains, al-
though expression would appear arrhyth-
mic. This is not the case; instead frq and
FRQ were expressed at very low to unde-
tectable levels in these mutants, and in
both strains the oscillator was incapable of
sustained rhythmicity.

Transient oscillation can be induced in
the absence of functional WC-1. These
data demonstrated that a circadian oscilla-
tor cannot be established or sustained in a
wec-2~ background despite the presence of a
wild-type frq locus and induced expression
of frg mRNA and FRQ after light or tem-
perature treatment. However, a caveat to
reaching the same conclusion for wec-1~
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strains is that we had, in all cases, failed to
elicit significant frq expression in the ab-
sence of functional WC-1, so the possibility
existed that a functional frq autoregulatory
circadian oscillator could be run in this
strain if only FRQ was produced once at
levels sufficient to synchronize the oscilla-
tor and initiate the feedback loop. To ex-
amine this possibility we utilized a construc-
tion, qa-2pFRQ, in which expression of just
the frq open reading frame is driven by the
strong, inducible, and highly regulated qa-2
promoter (32). [This construction was pre-
viously used to establish that rhythmic ex-
pression of frq was an essential part of the
clock and that a step change in the amount
of FRQ-encoding mRNA would reset the
clock (8)]. Control experiments (Fig. 5A)
recapitulate the expected result in a clock
wild-type strain, namely that induction of
the ga-2pFRQ) promoter results in abundant
frq expression that disappears upon removal
of the inducer QA and that the phase of the
subsequent circadian oscillation is deter-
mined by the time at which the inducer is
removed and FRQQ expression levels drop:
In these experiments the removal of the
inducer is mimicking the light to dark
transfer, and the oscillation of FRQ in the
cultures transferred from high to low QA

bd

Time after 4°C to 25°C
transfer (hours)
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Fig. 4. Low temperature treatments fail FRQ

to initiate rhythmicity in the wc mutant

strains. Liquid cultures were inoculated

and grown in constant light (42). Transfer AB

of cultures from LL to DD for 12 hours

(Fig. 5A, middle) are approximately 8 hours
out of phase with that seen in the minus-
QA control (Fig. 5A, top). We confirmed
that the inducer was thoroughly washed out
of the culture by verifying that ga-2 mRNA
itself immediately dropped to low levels and
remained there for the duration of the ex-
periment (Fig. 5A, bottom).

When the same experiment was then
carried out in a we-1" strain (Fig. 5B), an
unexpected result was obtained. The data in
Figs. 1 through 4 suggested that frq expres-
sion would be initially high in an induced
wc-17 strain carrying qa-2pFRQ and that,
upon removal of the inducer, frq transcript
and FRQ levels would decay and remain
low thereafter. Indeed, upon removal of the
inducer, frq mRNA and FRQ levels did
drop with normal kinetics. However, in-
stead of remaining low, frg mRNA and FRQ
levels rose again and then fell, completing a
second full circadian cycle (Fig. 5B) in the
absence of QA-induced frq expression and
in the wc-1~ background. The initial bolus
of elevated qa-2pFRQQ-driven expression
seemed sufficient to “jump-start” the oscil-
lator but not to keep it running. wec-1 is
essential for sustained overt rhythmicity in
the dark so that wc-1 loss-of-function mu-
tants would appear, albeit incorrectly, to be
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and from DD to 4°C for 24 hours was staggered so that at the end of the low temperature treatment,
samples incubated from 2 to 58 hours in DD after the low temperature treatment were all approximately
the same developmental age (8-hour range). (A) Northern analysis showing levels of frq and ribosomal
RNA after a low temperature treatment. A reproducible single peak of frgqmRNA is seen in we-2-,bd at
6 hours after the 4°C to 25°C shift. (B) Western analysis of protein extracts prepared from the same
tissue and probed with an antibody to FRQ (45) and stained with Amido Black (AB). Data representative

of three independent experiments are shown.
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identifying components of the oscillator;
instead WC-1 does not appear to be a re-
quired component of the loop. These data
are consistent with a model in which the
products of wc-1 are required to drive ex-
pression of genuine clock components at
levels sufficient to complete the feedback
loop. In their absence the clock may be able
to run for one or a few cycles but this would
gradually give way to arrhythmicity. This is
in some respects reminiscent of a phenotype
observed in strains of mice homozygous for
a mutation in the clock gene (33).

Requirement of two DNA binding pro-
teins involved in light signaling for circa-
dian clock function. Our data demonstrate
that WC-2 is required for normal operation
of a functional circadian clock in addition
to its requirement for general light signal
transduction, separate from the clock, that
served as the basis for its original genetic
isolation and more recent cloning (18). The
failure of light and temperature treatments
to induce either sustained overt or molecu-
lar rhythmicity, while either treatment
alone is capable of inducing transient ex-
pression of frq products and entraining nor-
mal clocks, combined with the extremely
low expression levels of frq mRNA and
FRQ in constant conditions, are consistent
with a role for WC-2 in promoting the
expression of frq. As such it would be an
essential element in the oscillator and
would play the role of a positive element in
the feedback cycle comprising the circadian
oscillator that has been predicted on theo-
retical grounds (11).

Similar to the findings with WC-2, in
the absence of functional WC-1 frq expres-
sion is low to undetectable, cycling is ab-
sent, and the clock fails to run. WC-1 clear-
ly does not act simply on the input pathway
since its function is still required for sus-
tained rhythmicity even in the absence of
light information to transduce. But in
marked contrast to the results with the wc-2
mutant strains (where transient increases in
frqa mRNA, as in Fig. 1, fail to initiate a
cycle in frq expression), the data of Fig. 5
demonstrate that WC-1 cannot be consid-
ered a part of the oscillatory loop compris-
ing the clock since a full FRQ cycle can be
generated in the absence of WC-1 by a
single temporary introduction of FRQQ driv-
en from a heterologous promoter. Thus wc-
1, also originally genetically identified
based on its global involvement in light
signaling (14, 34), is a clock-associated el-
ement in the circadian system in Neurospo-
ra. WC-1 is absolutely required for the in-
duction of frq gene expression by light, thus
linking photoreception to the oscillator,
and light can induce frq at any time of day
(13). This suggests that WC-1 activity is
always present at some level in the cell,
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although the fact that Macino and col-
leagues have shown the wc-1 gene to be a
strong positive autoregulator (17, 18) sug-
gests that even a low (and not necessarily
constant) level of WC-1 would be sufficient
to mediate the activation of its own gene
and of frq. It is therefore too soon to decide
whether WC-1 could be classified as a pa-
rameter of the oscillator, since nothing
about our data precludes the possibility that
it is rhythmically regulated around a finite
average level of activity and in this way
could be formally connected to the driving
oscillator. In summary, WC-1 may be the
transcriptional activator most responsible
for the photoinducible expression of frq that
drives phase resetting of the Neurospora os-
cillator, and it appears likely that WC-1 is
required to sustain but not to generate
thythmicity in the dark.

WC-2 and WC-1 are both transcription
factors of the GATA factor family (17, 18).
Like similar fungal proteins, including
NIT-2 from Neurospora and AREA from
Aspergillus, they contain zinc fingers, bind
to DNA in the promoters of induced genes,
and show distinct similarity in structure and
action with vertebrate transcriptional acti-
vators of the GATA factor family (19, 35).
Both frame shift mutations in wc-2, which
result in premature termination and mis-
sense mutations in the zinc finger (36),
result in a failure to induce light-responsive
genes (15, 18) and in a failure to express frq
at normal levels in the dark. These data
bolster the idea that in the dark WC-2 is
part of a transcriptional activatiori complex
required either directly or indirectly to
stimulate expression of frg. Our data are
consistent with the model of Macino and
colleagues (17, 18, 37) in which WC-2
normally acts in conjunction with WC-1,
perhaps as a heterodimer in a two-compo-
nent transcriptional activation complex for
blue-light regulated gene expression in
Neurospora.

WC-1 and WC-2 also contain PAS do-
mains (18), which are thought to mediate
protein-protein interaction (20); for in-
stance, the PAS domain in the Drosophila
clock protein PER is important for PER-
TIM dimerization, which controls the sta-
bility of PER and the entry of the PER-TIM
complex into the nucleus (38). Generally,
PAS domains are paired as repeats, al-
though both WC-1 and WC-2 have single
PAS regions that share about 40% similar-
ity with the PAS B domain of PER and
other vertebrate and insect PAS domains
(18). Our inference that WC-2 is a clock
protein and contains a PAS domain sup-
ports a distinct molecular and evolutionary
connection among circadian clock mole-
cules. Equally important, the identification
of a PAS domain in WC-1, which we have
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shown is not absolutely required to com-
plete the oscillatory feedback loop, shows
that not all clock-associated proteins con-
taining PAS domains can be assumed to be
clock components. Finally, the WC-2 PAS
domain is 45% similar to a domain compris-
ing half (60 out of 125 amino acids) of
photoactive yellow protein (PYP), a pro-
karyotic photoreceptor protein, and is also
similar to an internally repeated domain of
about 60 amino acids found in higher and
lower plant phytochromes (39). Figure 6
shows the PAS domains of a series of pro-
teins associated with light reception, signal
transduction, and light regulation in bacte-
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ria, plants, and fungi (18, 22) aligned with
the PAS domains common to proteins as-
sociated with circadian rhythmicity in fungi
and insects. These two separate lines of
phylogenetic and physiological relatedness
meet uniquely in the two wc genes of Neu-
rospora. Since PAS domains are fairly rare
in proteins but are not restricted phyloge-
netically (having been found in vertebrates,
insects, algae, and fungi, and in the eu-
karyotes and prokaryotes), our data suggest
an evolutionary link among some modern
clock molecules and between clock mole-
cules and more ancient proteins that de-
tected or transduced environmental signals.
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Fig. 5. Expression of FRQ from a heterologous promoter induc-
es the expression of FRQ from the endogenous frq locus in the
mutant strain. FRQ protein was monitored in bd and

bd,wc-1- strains containing a copy of the FRQ ORF fused to the

. ga-2 RNA

inducible ga-2 promoter, and QA treatments are described in
(46). (A, top and middle) Western analysis showing FRQ levels

in control and QA-treated samples in the clock wild-type strain

bd(ga-2pFRQ). Western blots stained with Amido Black (AB) are shown below. (A, bottom) Northern
analysis showing level of the ga-2 transcript in the presence of inducer and at times after the inducer was
removed. (B) FRQ levels in control and QA-treated samples in the bd,wc-1- (ga-2pFRQ) strain. Three
lanes at the right showing the amount of FRQ in the bd control from (A), and in the fully QA-induced bd
[ga-2pFRQ] or bd,wc-1- [ga-2pFRQ)] strains (marked bd+QA and +QA respectively) are included for
comparison. Data representative of three independent experiments are shown.
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clock

Fig. 6. The PAS domain is a shared motif among polypeptides involved in light signaling and circadian
rhythmicity. A multiple alignment of the PAS region from WC-2 (N. crassa Gb:Y09119) with PYP (E.
halophila Sw:P16113), MESPHY1b (phytochrome from M. caldariorum Gb:U31284), PHYA (phyto-
chrome from A thaliana SW:P14712); WC-1 (N. crassa Gb:X94300) and the PAS A and PAS B repeats
from PER (period clock protein from D. melanogaster Gb:PO7663). The internal repeat regions from the
two phytochromes are here called PAS A and PAS B for consistency. Amino acid residue numbers are
shown in parenthesis before and after each sequence. Boxed residues indicate identical sites in more
than 50% of the sequences shown. Shaded areas indicate a greater than 50% conservative similarity
between residues at a particular site. Shown above the sequence alignment are regions of secondary
structure for the PYP, as determined by x-ray crystallography (39).
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PAS-containing proteins comprise an
interesting and diverse class of molecules.
The PYPs are small (about 14 kD), highly
conserved, water-soluble proteins associated
with blue-light photoreception, light har-
vesting, and signal transduction that have
been identified in three different families of
bacteria. These proteins capture light ener-
gy via a chromophore, directing the cap-
tured energy into a photocycle, and the
protein structure then undergoes a confor-
mational or chemical change that leads to
signal transduction. The PYP structure
[known at 1.4 A resolution (39)] includes
an unusual «/B fold with remarkable struc-
tural similarity to eukaryotic profilin and
the SH2 domain involved in signal trans-
duction (39). The PYPs are structurally re-
lated via the PAS domain to a number of
bacterial two-component regulatory pro-
teins and also to plant phytochromes (21,
22), a family of photoreceptors that sense
the light environment, transduce light in-
formation to yield changes in gene expres-
sion, and thereby effect the developmental
and physiological changes induced by light.
Phytochromes allow organisms to appropri-
ately adapt to prevailing environmental
conditions, a use similar to that imagined
for internal clock regulation. Phylogeneti-
cally widespread among photosynthetic or-
ganisms, phytochromes have been proposed
(based in part on the above-mentioned sim-
ilarities) to function as light-activated pro-
tein kinases similar to the two-component
systems found in bacteria (21). Genetic
analysis of the regulatory and signal trans-
duction (as distinct from photoreception)
aspects of phytochrome action have identi-
fied clusters of mutations in a small,
COQOH-terminal region similar to PAS do-
mains (40). The light-association, signal
transduction, and transcriptional activities
associated with phytochrome action are
similar to the activities associated with the
we gene products, and they share sequence

Fig. 7. Amodel of a rhythmic, light responsive cell.
The frg gene participates in an autoregulatory
feedback oscillator. Activation of frg mRNA re-
quires the putative transcription factor WC-2. frg
mRNA then encodes two forms of the FRQ pro-
tein (7) that subsequently feed back, either directly
or indirectly, to downregulate the amount of frq
mRNA, resulting in a daily oscillation. WC-1 is
necessary for the sustained cycling of frg mRNA
and FRQ, although a single FRQ cycle can be
completed in the absence of this putative tran-
scriptional activator. An additional activity of the
frg gene is to confer rhythmicity on transcription
rate and accumulation of output clock-controlled
genes, the ccg’s, probably by indirect regulation
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similarity via the PAS domain (17, 18)
(Fig. 6). Moreover, the similarity between
the putative clock components WC-2 and
PER is noteworthy; both the Neurospora
and Drosophila oscillators are transcription-
translation—based negative feedback loops
(3, 5-9), but these similarities are the first
to be confirmed among actual components
of the two loops. The similarities in primary
sequence in the PAS region between these
two phylogenetically distinct clock mole-
cules suggest that the association between
clock molecules and PAS domains may ex-
tend well beyond the fungi and inverte-
brates. Finally, the widespread occurrence
of PAS domains in light- and clock-associ-
ated proteins, combined with the predicted
ancient origins of circadian rhythmicity (1),
suggest that circadian clocks may have aris-
en from the cellular processes associated
with the perception of the daily light-dark
cycle and the transduction of this informa-
tion within the cell to regulate metabolism
in response to light.

Although components of circadian os-
cillators have been described in Neurospora
and Drosophila, until now the only known
functions of these molecules have been spe-
cifically associated with time-keeping.
WC-2 represents a departure from this prec-
edent, in that it plays a clear and distinct
role in many photoresponses in the orga-
nism, and yet is additionally required for the
operation of the circadian clock in constant
darkness. Figure 7 provides a simple heuris-
tic picture of its actions. A dual function for
WC-2 can explain the pleiotropic effects of
mutations in this gene, including the loss of
photoresponses and of rhythmicity and the
effect on sexual development (15, 16). It is
easy to predict that a mutation in a compo-
nent of the light signal transduction path-
way to the oscillator would result in ar-
thythmic behavior. That the same compo-
nent would also be necessary for operation
of the circadian oscillator in the dark was

LIGHT
Cell / / "\
/’ W2/ e
Products
— of
clock
genes Nucleus
FRQ J},«ﬁ'f_%_\ ccg's (-~
protein+ ECRE j
Clock-controlied
processes ~¢“"/
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of CCRE's, the circadian clock responsive elements of these genes. Many of these ccg’s are indepen-
dently light responsive, requiring both WC-1 and WC-2 proteins for light response. Gene expression of
frq is also induced by light (73), and this induction can take place in the absence of functional WC-2 but

requires the WC-1 protein.
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unexpected. Whether this is a general fea-
ture of circadian oscillators is not yet
known, but the general coincidence of pho-
toresponsive organisms or cells with circa-
dian rhythmicity, and the anatomical coin-
cidence of photoresponsive tissues and os-
cillator functions within vertebrates and in-
vertebrates is striking (-3, 5). Our results
with we-2 represent a sound molecular cor-
ollary to these anatomical, physiological,
and potential evolutionary connections. An
organism’s ability to respond to light and its
ability to keep time are inextricably linked.
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White collar-1 (FGSC# 4397, allele ER53) and white
collar-2 (FGSC# 4408, allele ER33) were obtained
from the Fungal Genetics Stock Center. These
strains were crossed to a strain carrying the band
(bd) mutation (Oakridge), and one of double mutant
progeny from each cross were back crossed to the
wild-type 740R23. In strains his-3,bd(his-3* ga-
2pFRQ) and 161-8 his-3bd,wc-1,(his-3+ qa-2pFRQ)
ga-2pFRQ (8) has been inserted at the his-3 locus,
and the ga-2 promoter drives expression of the frg
ORF. In the frg null strain, bd;frq’° [B. Aronson et al.,
Proc. Natl. Acad. Sci. U.S.A. 91, 7683 (1994)], 5.3
kb of the frq locus has been deleted.

General conditions for growth and manipulation of
Neurospora have been described by R. L. Davis and
D. deSerres [Methods Enzymol. 27A, 79 (1970)].
Culture conditions used for the liquid culture experi-
ments are as described (8, 13), except that Vogel's
salts not Fries salts were used. A light to dark transfer
synchronizes the cultures by setting the oscillator to
CT12. Circadian time is a formalism whereby clocks
from different organisms having different endoge-
nous periodicities can be compared. The circadian
day (about 22 hours in length in Neurospora) is di-
vided in 24 equal parts, circadian hours. By conven-
tion CTO corresponds to subjective dawn and CT12
to subjective dusk. Light and dark treatments were
carried out in controlled environment chambers (Per-
cival) containing fluorescent lamps (Phillips F20T12
CW 20W). Light intensity was measured with a Li-
COR LI-189 quantum sensor.

frq-specific riboprobes were made with a plasmid
pKAJ106 containing a 1.806-kb fragment of the frg
ORF (coordinates 1389-3195) (8). Probes were la-
beled with NEN [a-22P]dUTP (6000 Ci/mmol) to a
specific activity of at least 10° cpm/pug. Hybridization
was carried out at 65°C, and blots were washed at
high stringency (68°C, 0.1x SSC, 0.1% SDS). To
detect the ga-2 transcript, riboprobes were made
with a plasmid containing 86 bp of the ga-2 5'-UTR
(7). Blots were hybridized with probe at 58°C and
washed at 68°C and 76°C. ccg-2-specific ribo-
probes were made with the plasmid pLW1 (30) and
hybridization and washing was carried out at 50°C.
To control for RNA loading, Northern blots were also
probed with randomly primed ribosomal DNA
(rDNA); frg mRNA signals were normalized to 26S
rRNA as described (13). Hybridization of blots with
rDNA was carried out at 42°C. Blots were washed at
42°C with 0.5 SSC, 0.1% SDS. All Northern blots
were exposed to Dupont x-ray film. All Northern blots
that were directly compared to establish relative lev-
els of frg expression were hybridized together to the
same preparation of probe and placed on film at the
same time.

Bd (clock wild-type), bd, we-1-, and we-2,bd were
grown on race tubes in constant light. After 2 days of
growth the tubes were transferred into constant
darkness. After 51 hours in constant darkness, a
fraction of the tubes were transferred to a growth
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chamber at 35°C for 15 hours and then returned to
constant darkness at 25°C. Another fraction of tubes
were transferred to 4°C for 24 hours at DD48 and
then returned to 25°C. Temperature treatments
were carried out in the same chambers (35°C) orina
cold room 4°C = 1°C, Densitometric analysis of race
tubes to determine growth patterns and to look for
low amplitude rhythms was carried out with NIH Im-
age 1.59.

For Western blot analysis, tissue was ground in liquid
nitrogen with a mortar and pestle and suspended in
ice-cold extraction buffer (50 mM Hepes, pH 7.4,
137 mM KClI, 10% glycerol containing 10 mM di-
isopropyl-fluorophosphate, 1 mM EDTA, 1 pg/ml
pepstatin A, and 1 pg/ml leupeptin) at a ratio of 1 ml
of buffer per 0.2 g of tissue (wet mass). Equal
amounts of protein (150 wg) per lane were subjected
t0 7.5% SDS-PAGE, transferred to PVDF membrane
(Immobilon-P, Millipore) in 384 mM glycine, 50 mM
Tris (pH 8.4), 20% methanol at 400 mA for 2.5 hours
and the membrane was then blocked with phos-
phate-buffered saline (PBS), 5% milk, 0.3% Tween
20. Next, the membrane was probed sequentially
with 1:3000 dilutions of antibody to FRQ1-989 and
goat antibody to rabbit IgG—horseradish peroxidsae
diluted in PBS, 5% milk, 0.3% Tween 20, and the
blot was developed by chemiluminescence (ECL,
Amersham). X-ray films were scanned with a Silver
Scanner lll equipped for transparency scanning, and
densitometry was performed with NIH Image 1.59.
FRQ was normalized against total protein by densi-
tometry of Amido Black stained Western blots.

5 X 10% conidia per milliliter were inoculated into
petri dishes containing 30 ml of media (Vogel’s salts,
0.1% glucose, 0.17% arginine, and biotin) and left to
form mycelial mats at 25°C in LL. Nine-milimeter
disks were transferred into 100 ml of fresh media in
125-ml Erlenmeyer flasks and shaken at 150 rpm in
LL at 21°C. Addition of the inducer quinic acid (QA)
(pH 5.8) and transfer of cultures from LL to DD was
staggered so that control and QA-treated samples
(from which the inducer had been absent for be-
tween 4 and 48 hours) could be harvested within an
8-hour period. QA was added to a final concentra-
tion of 1072 M 2 hours before the light to dark trans-
fer; 12 hours after addition of QA, the inducer was
washed out by blotting excess media off each disk,
transferring each disk to 100 ml fresh media lacking
QA and shaking for 15 min. Excess media was again
blotted off before placing each disk into 100 ml of
fresh media without inducer. Samples were harvest-
ed at 4-hour intervals.
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