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Interconnected Feedback Loops these clock genes contain PAS domains (7, 
11, 16-18), which are protein-protein inter-. 
action domains that are;nvolved in a variety

in the Neurospora Circadian of biological pathways (19). A I ~ ~ O U ~ ~se-
auence conservation has been noted amone 

System 
" 

the PAS domains of the positively-acting el-
ements WC-I, WC-2, CYC, CLK, BMAL, 
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Kwangwon Lee,' Jennifer J. Loros?* Jay C. Dunlap1* and CLOCK, the expression patterns of these 
clock components have appeared quite diver-

In Neurospora crassa, white collar 1 (WC-I), a transcriptional activator and gent: in mammals, Bnlall is rhythmically 
positive clock element, is rhythmically expressed from a nonrhythmic steady- expressed with a peak at night and CLOCK 
state pool of wc-I transcript, consistent with posttranscriptional regulation of appears constitutive (18, 20), in Drosophila, 
rhythmicity. Mutations in frq influence both the level and periodicity of WC-1 the reverse is true [Clk is rhythmic but with a 
expression, and driven FRQ expression not only depresses its own endogenous dawn peak, whereas cyc, the ortholog of 
levels, but positively regulates WC-1 synthesis with a lag of about 8 hours, a Bn~all ,is constitutive (12, 21)], and in Neu-
delay similar t o  that seen in the wild-type clock. FRQ thus plays dual roles in rosporn, preliminary data suggest that neither 
the Neurospora clock and thereby, with WC-1, forms a second feedback loop wc-I nor WC-2were rhythmically expressed 
that  would promote robustness and stability in this circadian system. The (1, 3). A major step forward in elucidating the 
existence also of interlocked loops in Drosophila melanogaster and mouse logic behind this regulation was made by 
clocks suggests that such interlocked loops may be a conserved aspect of Glossup et al. (22) with the identification of 
circadian timing systems. interlocking feedback loops in the Drosoph-

ila clock, in which the rhythmic activating 
The circadian oscillator in Neurospora regu- BMALl in mammals (13). Like the WC pro- and repressing elements in one loop (CLK 
lates the timing of development, dictating the teins, these pairs act as dimers, and through and PER, respectively) acted in the opposite 
time of day when hyphae growing on the the circadian specific cis-element E-box (13, way in an interconnected feedback loop (re-
surface of a substrate are endowed with the 14), they activate expression of per/ti111 in spectively, to repress and activate). Thus, 
capacity to create aerial hyphae and, eventu- Drosophila and the family of negative ele- clock proteins served dual functions at differ-
ally, asexual spores. This eukaryotic circadi- ment genes in mammals [e.g., (15)l. Many of ent times of day. We report here a similar 
an clock, like others that are known (I-5), 
comprises at least one autoregulatory nega-
tive feedback loop (6) of positive elements 

~ ~ ~ u l e o g r dAfrq+ 4 E 12 16 20 24 28 JP M M u 48 hrlnDD
(heterodimers of PAS domain<ontaining transcriptional mechanism. 17 21 1 (L 10 IS 18 o 4 0 13 1e ~ I r d l a n l l m  

proteins that act as transcription factors) and (A) ~h~amount of wc-7 tran- wc-1 RNA 
negative elements that down-regulate the ac- script does not vary with rRNA 
tivity of the positive elements. In Netirospo- time of day. Total RNA was 
ra, the heterodimeric positive element is harvested every 4 hours from 
composed of proteins encoded by the white cultures grown in constant 

darkness, and 40-kg samplesM~C-Iand wc-2 genes (7); either of two forms were electrophoresed, blot-

-
1 

of the FRQ protein (6, 8) are the negative ted, and probed for the pres- 1 0 2 0 3 0 4 0 5 o 

element. Both mRNA and protein levels of ence of wc-7 transcript (7, 8, hours in DD 
fiq are rhythmic in constant dark (6, 8). Light 70). The blot was then B 

4 E 12 10 20 24 28 32 36 40 44 48 hrlnDD
signals are transferred to the clock through stripped and probed for frq' 77 21 1 6 10 15 1, 0 4 s 13 1, C I ~ ~ I ~ ~ I M  

the WC proteins to reset the clock via rapid a loading A repre- nWC1 -
sentative blot is shown and 

--"*- -
induction 0fji.q (9). Thus, the WC proteins below this is plotted the av-

nFRQ '-' 
0 1 

play a dual role in the organism: In the con- amount (-+SEMI of 
text of light they are essential both for light wc-7 transcript normalized to 4 B 12 16 20 24 28 32 iW 40 U 48 hrlnDD 

7induction of most light-induced genes (lo), rRNA from five replicate ex-
inc1udingji.q and light resetting of the clock ~eriments-Times are Shown frqnwc-i 

(1-3, P), and in the dark they are essential for in  real and in  circadian nFRQ 
time, where the circadian cy-

generation of circadian rhythms (1-3, 7). cle isdividedup into 24 equal
This dual function has suggested a possible with dawn set as circa-
evolutionary relationship between ancestors dian time 0. (B) WC-1 protein 
of the molecules responsible for Iight percep- amounts are regulated in a 
tion and the origins of circadian rhythmicity circadian n~annerwith a peak 

(7). In the subjective night, out of 
phase with FRQ. MyceliaProteins with circadian functions similar were collected every hours O 12 24 30 48 nrlnuu 12 24 i~ U )  

to those of the WC proteins include CLK and in constant darkness for 2 
1 15 4 1e clrclldlmllm 22 e 18 4 

CYC in Drosophila (11, 12) and CLOCK and days from both a clock wild-
type (frq+) and long-period clock mutant (frqq strain, the protein was extracted (29),and 100 kg 
of cell extract from each time point was loaded onto SDS-polyacrylamide gels, electrophoresed,

'Department of Genetics and 'Department of Bio- and transferred to membranes. WC-1 was visualized with a specific antiserum (30). The blots were 
chemistry, Dartmouth Medical Schoolt Hanover, NH then stripped and reprobed for FRQ, and stained with Coomassie blue to measure protein transfer. 
03755-3844, USA. The intensities of bands in the blot were calculated with densitometry, and a representative 
*To whom correspondence should be addressed. E- densitometric plot from one of three replicate experiments for both frq+ and frq7 is shown at the 
rnail:jennifer.loros@dartrnouth.edu(J.J.L);jay.c.dunlap@ bottom; WC-1 (black circles) cycles in both cultures are out of phase with FRQ (gray triangles). 
dartrnouth.edu (J.C.D.). Times are shown in real hours and in circadian time. 
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regulatory arrangement of interdigitating 
feedback loops, albeit with some divergent 
twists, in the Neurosporn circadian system, 
suggesting that this arrangement may consti-
tute a common aspect of functional organiza-
tion underlying the structure of circadian os-
cillators in eukaryotes, one that would pro-
mote robustness and stability of the overt 
rhythms. 

Although rh$hms in transcript levels 
have been reported for B~nal lin mammals 
(20) and for Clk in flies (12, 21), we found no 
rhythms in wc-1 transcript levels when mea-
sured over extended free runs under constant 
conditions (Fig. IA). Surprisingly, however, 
when the amount of WC-1 protein was deter-
mined under identical conditions the steady-
state level was robustly rhythmic (Fig. 1B). 
WC-1 displayed an approximately 5- to 10-
fold oscillation of protein abundance with a 
peak in the late subjective night around cir-
cadian time (CT) 18 to 20. The time of the 
peak thus lags the peak in FRQ by about eight 
circadian hours. The circadian nature of this 
regulation was confirmed by showing that the 
period of the WC-1 oscillation was length-
ened in the long-period mutant fiq7 strain 
(Fig. 1B). The two forms of FRQ could be 
seen along with the characteristic rhythm in 
FRQ phosphorylation (8), but under these 
electrophoresis conditions, only a single 
WC-1 species was detected; under more 
stringent conditions for resolving mobility, 
we can detect phosphorylation of WC-1 [see 
below and (23)], but the phosphorylation 
does not appear to be rhythmic. The size of 
the protein, 127 kD,is consistent with the 
molecular weight predicted from its se-
quence, and the protein was absent in wc-1 
null strains. 

The observation that constant wc-1 tran-
script levels gave rise to rhythmic WC-1 
protein amounts indicated posttranscriptional 
control, and the period changes in the fiq 
mutant suggested a possible involvement of 
FRQ. To evaluate this, WC-1 levels were 
examined infiq-wild-type and mutant strains 
at two times (Fig. 2A). Under 1ight:dark (L: 
D) cycles, WC-1 was detected infiq+ strains 
and the elevated FRQ in thefiq7 strain result-
ed in slightly elevated levels of WC-1, but in 
the absence of FRQ (in the nullfiq10 strain) 
WC-1 levels were extremely low. This sug-
gested either that FRQ was preventing WC-1 
degradation or promoting its synthesis. To 
evaluate the first alternative, we used 50 p.M 
cycloheximide to block de novo protein syn-
thesis in both constant light and in darkness 
and followed the kinetics of FRQ and WC-1 
degradation (Fig. 2B). Although starting lev-
els of FRQ varied as expected in light and 
dark and with time of day and the kinetics of 
the degradation of FRQ proteins were similar 
in all conditions, WC-1 degradation kinetics 
changed with the conditions. In the light, 

Fig. 2. FRQ influences the amount of A 
WC-1 by acting posttranscriptionally to  fq+ frq7 fq" 

promote its synthesis. (A) WC-1 levels m i m e  8 
are greatly reduced in strains lacking ~ W C - 1  --7*-em M, 

-FRQ. Mycelia from f rqi ,  frq7, and frq" i Cactnmsle 
strains were grown and samples har- i Main 

vested after 8 and 12 hours in the dark. 
aFRQ 1 Western Mot

Samples were processed for Western 
blot analysis as in Fig. 1. (B) The level of 

cOom881e
FRQ does not influence the stability of stain 

WC-1. Mycelia from f rq '  strains were L-
grown in the light or for 4 or 12 hours in 
darkness, and at times marked0.50 KM B DD24 
cycloheximide was added to block pro- LL DD4 DD12 -
tein synthesis. Samples were subse- 0 4 8 1 2 0  4 8 1 2 0  4 8 1 2  - + 
quently collected at 4, 8, and 12 hours 
after the drug addition, and the amount 
of FRQ and WC-1 visualized by Western &RQ a 
blot as in Fig. 1. These SDS gels were 1 .. -~-- -. 
electrophoresed longer 
than usual to better re- C h l f l : : c ~ ~ o  fq+ / U * ~ : : P ~ R P  JW' 

solve mobility differ-
- -

OA -+-+ . + - + 
ences due to phospho- aWC-1 ,100 relative 
rylation.A sample from :so amount of 
a culture grown 24 protein 

hours in the dark with- aFRQ 
out cydoheximide treat- L -- -
ment, with (+) and 
without (-) subsequent 
dephosphorylation by T ~ ' O : : ~ F N Q  JW+ 1 0Q A ' v -fq::p.r.RO I.u'----
A-phosphatase (91, is 9 2 3 1 1 3 1 1 3 1 2 3  

+ - + 

shown on the right for 
comparison. (C) FRQ 

EIBr stslnod
levels do not affect membrane ,~, .&d. .~ ,+~,.. . . . 

wc- l transcript levels 
but result in increased -

161 .. 
WC-1 protein produc- D 2 1 

tion. ~ycel iaof'the ge- QA pulse control 
notype noted were 0 4 8 12 16 20 D 4 8 12 16 20 
transferred to the dark, o W C - I ~ _ ---1 .treated for 6 hours in 

WC-1 was phosphorylated and degraded with 
kinetics similar to FRQ whereas, in the dark, 
WC-1 was more stable, its turnover was not 
coincident with increased phosphorylation, 
and the rate of degradation bore no relation-
ship to the amount of FRQ, even though from 
4 to 12 hours in the dark, WC-1 protein levels 
are approximately equal to or higher than 
FRQ (24). These data suggested that amount 
of FRQ is not influencing the speed of deg-
radation of WC-1 protein in darkness. 

To determine whether FRQ plays an ac-
tive role in promoting WC-1 synthesis, we 
tested whether under noncircadian conditions 
an increase in FRQ would drive an increase 

the dark with (+) or ~ F R Q L ~ ~ "i 

in WC-1. We utilized a strain (25) 
(fiqlO::qa-2pFRQ) in which the endogenous 
fiq gene is replaced by the Iipli gene and 
which carries (at his-3, a neutral ectopic lo-
cation) the FRQ open reading frame under 
the control of inducible qu-2 promoter (6, 9, 
25). When samples offiql'::qa-2pFRQ were 
treated with 0.01M quinic acid (QA) for 6 
hours in constant light or in darkness, there 
was a significant increase in the steady-state 
levels of both FRQ [in darkness, unpaired 
t-value = -3.8, P = 0.019, n = 3; in light 
unpaired I-value = -8.9, P = 0.0009, ti = 61 
and WC-1 [in darkness, t = -4.1, ti = 3; in 
light t = -6.48, P = 0.0001, n = 61 (Fig. 2C). 

z z u ~  8 16 
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without (-) 0.01 M Time (hr) 
quinic acid (QA). (Up-
per) RepresentativeWestem blots are on the left and densitometric analysis representingthe average 
of three to six experiments (see text) are on the right with the maximum for each genotype set to 
100%. (Lower) RNA blots (7, 8, 70) showing replicate experiments on the left are presented densito-
metrically as averages on the right (see text). (D) The QA-induced peak in FRQ precedes the peak in 
WC-1 by 8 hours. The induciblefrqlO:qa-2FRQ strain was cultured in the dark for 28 hours,and a Chour 
pulse of 0.01 M QA was begun at time 0. It was washed out after 4 hours and replaced with fresh 
medium; control cultures received only fresh medium at time 0. Samples were taken every 4 hours 
startingat time 0 and processedfor Western blotting as in Fig. 1. On the left is a representativeWestern 
blot, and on the right is densitometric analysisof three replicate experiments (SEM).Open gray squares, 
FRQ in the uninducedcontrol;open black circles, WC-1 in the uninducedcontrol;solid gray squares, FRQ 
in the induced cultures rapidly risingafter addition of inducer: solid black circles, WC-1 in the induced 
culture rising after a Chour lag to a peak 16 hours after addition of inducer. 



Fig. 3. WC-1 shows ex- 
tended similarity to 
mammalian BMALI (37). 
Full-length human (ac- 
cession no. 000327) and 

the central pozion (ami- --roune t *  . . . a  at* .t t  s . .: . : . .  0.. t t .  :* . I*  1 1 .  I 
a a a 

236 
no acids 274 through ,-b,, 193 
885) of WC-1 (accession wc-1 477 

no. CAA63964) by using 330 
the Blossum62 matrix ,-,,,, 288 
and default ~arameters wc-1 579 

ac.uk/TooW). ihe mouse 
BMALI and WC-1 se- 
quences are shown only 
over the full extent of 
human BMALI and are 
truncated outside this re- 
eion as shown at the  to^: 
Latched regions corresponding to the PAS A [also called LOV (23)], PAS B weak similarities (yellow with "." underneath) as identified by CLUSTALW. 
and C domains as identified by ProFileScan (ISREC Bioinformatics Group) are The sequences shown are 48% identical or similar and yielded similarity 
shown in bold in the alignment below, which notes identities (boxed, with scores from WU-BLAST2 (www.ebi.acuWblast2l) of 3.3 e-06 (WC-1: human 
"*" underneath), strong similarities (blue shading with ":" underneath) and BMALI) and 4.9 e-06 (WC-1: mouse BMALI). 

Fig. 4. Feedback loops 
within the Neurospora 
circadian system. Dual 
functions of FRQ proteins 
allow them to participate 
in multiple clock-related 
feedback loops, shown in 
green, in the Neurospora 
clock. The WC-1 and 
WC-2 proteins form a 
WCC (7 7) that activates 
gene expression in the 
dark from frq and possibly 
from clock-controlled genes 
(ccg's) associated with 
output (7-3) and medi- 
ates light-induced tran- 
scription from frq, ccg's, 
and wc-7 (gold arrows). 
frq mRNA is translated to 
make FRO  rotei ins (81. 

activity b 
LIGHT 

synthesis 

qJ kinase 

which have fho roles:' (i) TURNOVER 4 
FRQ feeds back into the 
nucleus (29) to rapidly block the positive effect of the WCC in driving frq transcription and (ii) FRQ 
acts to promote the synthesis of new WC-1. Phosphorylation of FRQ triggers its turnover and is a 
major determinant of eriod length in the clock (28). Coupled to these loops in the circadian 
system (but not shown! is a FRQ-less oscillator or FLO (3, 32, 33). 

The application of QA to the noninducible 
(fig+) control strain had no effect on the levels 
of FRQ [in darkness, t = 0.70, P = 0.52; in 
light, t = 1.13, P = 0.321 or WC-1 [in darkness, 
t = 0.79, P = 0.47; in light t = 53, P = 0.621 
(Fig. 2C). Furthermore, the steady-state levels 
of wc-1 transcripts were not changed by QA 
application [one factor ANOVA, in darkness, 
F = 1.04, P = 0.43; in light F = 0.34, P = 
0.801 (Fig. 2C), and no difference was noted 
between theJiq1O::qa-2pFRQ and wild type in 
steady-state wc-1 transcript levels. These data 
establish that FRQ up-regulates WC-1 through 
a posttranscriptional mechanism. 

It was consistently observed that the peak 

of WC-1 lags the peak of FRQ in rhythmic 
oscillations in both wild-type andfrq7 strains 
in darkness. To determine the extent to which 
this phase lag was the result of the promotion 
of WC-1 synthesis by FRQ, we followed the 
increase of both FRQ and WC-1 after induc- 
tion of FRQ by a 4-hour pulse of QA (Fig. 
2D). Addition of QA resulted in rapid strong 
induction of FRQ as has been seen before (6) 
with a sharp increase by 4 hours and a peak 4 
to 8 hours after QA addition. Consistent with 
expectation, WC-1 synthesis also increased, 
lagging the increase in FRQ by about 8 hours 
and showing a peak in WC-1 about 16 hours 
after QA addition in a pattern that recapitu- 

lated the normal circadian oscillation in the 
two proteins. These data are consistent with 
FRQ playing a dual role in the clock, acting 
to depress its own synthesis and also to acti- 
vate the synthesis of WC-1, the transcription- 
al co-activator of thefiq gene. 

The roles for WC-1 and its partner WC-2 
in the Neurospora clock are reminiscent of 
those of CYCJCLK in Drosophila and 
BMALlJCLOCK in mammals, and in all cas- 
es one of those partners is rhythmically ex- 
pressed [WC-1, CLK (12, 24 ,  and BMAL 
(20)], with peaks occurring in the opposite 
phase of the cycle from their targets. Given 
this similarity and the overall similarity in the 
appearance of the circadian feedback loops, 
we used BLAST2 to reanalyze a corrected 
WC-1 sequence (26) and search for similar- 
ities beyond simply the PAS domains previ- 
ously reported (8, 11, 17). In addition to 
glutamine-rich activation domains, WC-1 has 
three PAS domains (Fig. 3) (23), and the 
sequence shows extended similarity to mam- 
malian BMALl (48% of residues are identi- 
cal or similar; smallest sum probability val- 
ues of about that is not limited only to 
the PAS domains but extends over the full 
extent of all the mammalian BMALl se- 
quences (Fig. 3). No other vertebrate proteins 
show comparable similarities; two insect (pu- 
tative) potassium channels are as similar [re- 
flecting the LOV domain in WC-1 (23)], but 
there is no functional connection to circadian 
rhythmicity as there is between WC-1 and 
BMAL, which play similar roles in circadian 
feedback loops. The similarities in time of 
expression, sequence, and activation function 
within the circadian feedback loop between 
WC-1 and BMALl suggests tha; the two 
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proteins may share other aspects of regulation 
also, and that the presence of interconnected 
loops found here for .Veurosporcz. and prexl- 
ously in Drosoplzilu and recently in mouse 
( 2 7). may be a general property of circadian 
clocks. 

These obser\ations require a rexision of 
the xvay xve view the 1Vettr.osporu circadian 
system (Fig. 4). WC-1 and WC-2 are made in 
the night and form a bvhite collar complex 
( W C C )  (10, 23) through PAS-domain medi- 
ated interactions. Late in the night the WCC 
actixates transcription of,j?q, and at daxvn the 
WCC mediates light signaling, which results 
in a rapid massive induction of frq transcript 
(,7. Y) that sets the clock: meanwhile, WC-1 
levels are declining. Beginning late at night 
and continuing in the morning. two forms of 
FRQ are translated from alternatixe ATG 
start codons (8) .  Their phosphorylation be- 
gins immediately ((?, 28) and they also rapid- 
ly enter into the nucleus (29) bvhere they act 
to block the activity of the WCC (now at 
close to its lobvest level) thereby turning 
dobvn the expression of their own gene. In the 
cytoplasm. FRQ translation continues from 
available but declining fi.q mRNA contribut- 
ing to a lag betiveen fi-q RNA and FRQ 
protein peaks. Also acting either directly or 
indirectly. FRQ promotes the synthesis of 
WC- I from existing message so that lex els of 
WC-1 begin to rise even as phosphorylation- 
promoted tumoxer of FRQ (28) begins. Thus, 
at close to the same time, FRQ is blocking 
actnation by the WCC while promoting 
WC-1 synthesis to increase the level of the 
WCC. Finally phosphorylation of FRQ trig- 
gers its precipitous turnover (8. 28). FRQ 
promoted synthesis of WC-1 is balanced by 
WC-l degradation. and WC-1 levels peak in 
the night near to when FRQ lexels drop to 
their low point: the bolus of WC-1 created by 
the juxtaposition of FRQ promoted WC-1 
synthesis and the blockage of WCC activa-
tion creates a sharp transition with high WCC 
activity to initiate the next cycle. 

The unexpected identification of a post- 
transcriptional rhythm for WC-1 synthesis, 
dual roles for the FRQ proteins in depressing 
the lexel of their own transcript and promot- 
ing the synthesis of their transcriptional co- 
activator WC-1. and the resulting identifica- 
tion of an interconnected feedback loop with- 
in the .Veltr.o.sporu clock, show that there is 
much left to be learned about the circadian 
system of even a relatixely simple model 
organism. The strong sequence similarities 
between WC-1 and BMALI suggest that the 
regulatory themes uncovered may have broad 
applicability. The interlocking connections 
among circadian feedback loops. connections 
that arise when clock molecules assume op- 
posite roles in different phases of the clock 
cycle, should promote both robustness to the 
oscillation and stability to the output 
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An Empirical Assessment of 

Taxic Paleobiology 
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The analysis of major changes in  faunal diversity through t ime is a central theme 
of analytical paleobiology. The most important sources of data are literature- 
based compilations of stratigraphic ranges of fossil taxa. The levels of error in 
these compilations and the possible effects of such error have often been 
discussed but never directly assessed. We compared our comprehensive da- 
tabase of trilobites t o  the equivalent portion of J. J. Sepkoski Jr.'s widely used 
global genus database. More than 70% of entries in the global database are 
inaccurate; however, as predicted, the error is randomly distributed and does 
not introduce bias. 

The publication of J. J. Sepkoski Jr . 's  (1) 
factor-analytical description of the marine 
fossil record was an epochal exent in mod- 
ern ex olutionary paleobiology. The compi- 
lation of marine families on which it was 
based (2. 3) has served as the raw material 
for many influential papers, including stud- 
ies of extinction (4-7). the periodicity of 
mass extinction (8-lo), and evolutionary 
rates (11-15). Recognizing the need for a 
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more detailed level of analysis. Sepkoski 
(16) began a more ambitious compilation 
of fossil genera ( 1  7 ) . which now serves as 
the foundation for the majority of current 
work in the field. 

There are critics of taxic paleobiology 
(18). Some have pointed out that taxa of a 
particular Linnean rank have no natural 
equixalence (19). and others (20, 21) that 
traditional taxonomy contains a large num- 
ber of polyphyletic or paraphyletic groups, 
which hamper the estimation of large-scale 
pattern (22). The most widespread com-
plaint (23. 24). however, has been that the 
basic accuracy of global databases is sus- 
pect because they are compiled by workers 
who are not systematic specialists. Because 
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