
current density. Therefore the peak power is primar­
ily insensitive to size effects (when normalized to the 
unit area or volume). 

26. There is no strong theoretical basis for an "exponen­
tial" power increase, in particular because it is based 
on several different effects and is far-field dependent. 
Nevertheless, we chose the term "exponential" in­
crease, because it represents the data qualitatively 
well. 

27. The continuity conditions at the boundary cannot be 
satisfied for real values of the wavevector if there is 
no incident wave, so one looks for solutions with 
complex wavevectors. It can be shown that the real 
part of these solutions gives the wavevector at which 
scattering resonances would occur for a wave inci­
dent from infinity, whereas the imaginary part gives 
the width (Q value) of the resonance. In a scattering 
experiment, the measured intensity in the far-field 
has contributions both from the resonant scattering 
and the incident beam, whereas in lasing emission 
only the resonant emission is present. Hence, it is the 
intrinsic emission pattern of the quasi-bound state 
that is measured in the experiments reported, above 
and it is this quantity that we plot in Fig. 3, B and D. 
See {13), chap. 1, for a detailed discussion. 

L/ircadian clocks are endogenous oscilla­
tors that control daily rhythms in physiol­
ogy and behavior (I). Such clocks are phy-
logenetically widespread (2) and are likely 
to reflect evolutionarily ancient, fundamen­
tal mechanisms of timekeeping important 
for the anticipation of daily variations in 
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environmental conditions (3). In mammals, 
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also have an autonomous circadian clock in 
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family, some members of which are known 
to function as transcription factors. The 
mutant Clock allele acts genetically in a 
dominant-negative fashion (7, 9) and en­
codes a protein with a 51-amino acid dele­
tion in its putative transcriptional regulato­
ry domain (CLOCK-A19). How CLOCK 
controls the periodicity and persistence of 
circadian rhythms is unknown. 

Although not formally demonstrated to 
encode circadian clock components, three 
mammalian orthologs of the Drosophila 
clock gene per, mperl (10), mper2 (11), and 
mper3 (12), have been identified. All three 
are expressed in the SCN and retina, and, 
like Drosophila per, the levels of their tran­
scripts exhibit a circadian oscillation. Fly 
and mammalian circadian clocks are thus 
likely to share a conserved molecular 
mechanism. 

In Drosophila, the clock mechanism is 
constituted in part by a negative feedback 
loop in which the PER protein directly or 
indirectly represses transcription of its own 
gene (13, 14). Constitutive per mRNA ex­
pression has been observed in mutants lack­
ing functional PER protein (14, 15), indi­
cating that there is PER-independent posi­
tive regulation of per transcription. A 69-
base pair (bp) "clock control region" 
located upstream of the per gene confers 
circadian cycling on reporter genes that is 
dependent on a functional PER protein 
(16). The 69-bp clock control region thus 
includes sequences sufficient for both PER-
dependent negative feedback and PER-in­
dependent positive transcriptional regula­
tion. Within this sequence, an E-box ele­
ment (CACGTG), a binding site for cer­
tain transcription factors, is required for the 
positive component of the transcriptional 
regulation (16). 

Precedents for heterodimerization be­
tween bHLH-PAS proteins have suggested 
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that CLOCK could dimerize with a bHLH- 
PAS partner to regulate circadian rhythms. 
Because E-box elements are recognition 
sites for bHLH DNA-binding domains (1 7), 
we hypothesized that CLOCK and its pre- 
dicted partner might drive expression of 
one or more per genes in mammals and that 
homologous proteins might do the same in 
Drosophila. 

Screen for CLOCK-interacting pro- 
teins. To identify CLOCK-interacting pro- 
teins (CIPs), including the predicted 
bHLH-PAS partner of CLOCK, we per- 
formed a yeast two-hybrid screen (18) using 
a LEXA-CLOCK hybrid as bait (1 9). In our 
initial control experiments, CLOCK 
showed clear evidence of interaction with 
ARNT, a bHLH-PAS protein known to 
heterodimerize widely (20), but no evi- 
dence of CLOCK homodimerization was 
detected (Fig. lA), implying that CLOCK 
acts in vivo with a heterodimeric partner. 
We then carried out a two-hybrid screen of 
a cDNA library constructed from hamster 
hypothalamus (19). Of 2 x lo7 yeast trans- 
formants, 154 formed colonies positive for 
both HIS3 and Lac2 reporter genes. After 
accounting for multiple isolations, we ulti- 
mately identified 22 distinct CIPs that gave 
two-hybrid signals specific for CLOCK, and 
two proved to be bHLH-PAS proteins (Fig. 
1B). One, isolated five times and giving an 
interaction signal stronger than the ARNT 
positive control, was BMALI, a protein of 
unknown function expressed in brain and 
muscle (21); the other, isolated once and 
giving a weaker interaction signal, was 
ARNT2 (22), also of unknown function. 

Expression at known circadian clock 
sites. Next we examined arnt, arnt2, and 
bmall transcripts for coexpression with 
Clock and mperl transcripts in the mouse 
brain by in situ hybridization (23). Of the 
three potential CLOCK partners, only 
bmall transcripts showed a clear pattern of 
expression like Clock (7) and mperl tran- 
scripts (10) in coronal brain sections (24), 
including robust expression in the SCN 
(Fig. 2A) and pars tuberalis (25). bmall 
transcripts were coexpressed with both 
Clock and mperl transcripts throughout the 
rostrocaudal extent of the mouse SCN, al- 
though the hybridization signal with the 
bmall riboprobe was somewhat lower than 
that with Clock or mperl (Fig. 2A). 

We also tested for coexpression in reti- 
na, the other known site of an independent 
circadian clock in mammals. Clock, bmall , 
and mperl transcripts showed coexpression 
in the mouse retina in a characteristic pat- 
tern (Fig. 2B), with strong expression in the 
inner nuclear layer (INL), the outer nuclear 
(photoreceptor) layer (ONL), and a dis- 
crete subset of cells in the ganglion cell 
layer (GCL). bmall appeared to show some- 

what higher expression in the ONL relative 
to the INL than did Clock and mperl. Only 
about 1 in 10 cells in the GCL showed a 
hybridization signal for the three riboprobes 
(25), and these hybridizing cells could cor- 
respond to a subset of ganglion cells or they 
could be displaced amacrine cells (26). Tak- 
en together, the coexpression of these tran- 
scripts in the SCN and retina strongly sug- 
gest that CLOCK, BMALl, and mPERl are 
colocalized within circadian clock cells. 

Binding of CLOCK-BMAL1 het- 
erodimer to per gene E-box. On the 
grounds that the circadian mechanism is 
likely to be conserved between Drosophila 

and mammals ( 10-1 2), we tested CLOCK- 
ARNT, CLOCK-ARNT2, and CLOCK- 
BMALl heterodimers for binding to the 
E-box element within the Drosophila per 
clock control region, known to be impor- 
tant for regulation of per gene expression. In 
effect, we asked the Drosophila E-box to 
select the heterodimer likely to be relevant 
to the mammalian circadian mechanism. 

To test DNA binding, we performed 
yeast one-hybrid assays (27), in which the 
binding of test proteins to a given DNA 
fragment is signaled by activation of the 
Lac2 gene, resulting in an increase in P-ga- 
lactosidase (P-Gal) activity. The one-hy- 

Fig. I. Yeast two-hytnid screen for CLOCK-inter- 
acting proteins. Shown are triplicate yeast patch- pt16 
es expressing the indicated LEU protein (rows) 
@nd the indicated W16 protein (oolwnns). Bkre 
pmdpitate indicates cumulative $-Gal actMy, r m  fKKn a3imtion of the LecZ maporter gene by 
protein-protein intemtion. Each triplicate represents three independent tmsfommts. (A) Ccmtrol 
two-hybrid assays showing interaction of LEXA-CLOCK with W 1  6-ARNT but not with WIG-CLOCK. 
Backgrcund is defmed by the signal from LEXA-CLOCK with W16. Yeast expmshg the LEXA- 
CtOCK(1 -580) bait were transfomwd with VP16 (negative cci-itrd), VP164LOCK(1-389), or VP16- 
ARNT(70-474) expression plasmids. The latter two indude a complete bHLH-PAS region; VP16- 
CLOCK(1-389) shows a robust interaction with LEXA-ARNTQO-474) (25). (B) Two-hybrid assays 
showing characteriation of several CLOCK-interacting proteins obtained in the two-hybrid screen. 
Yeast expressing the LEXA-CLOCK(1-580) bait or the LEXA-p65 (synaptotagmin) control bait were 
transformed with the indicated W16 c%pression plmids. VP16 and VP16-ARNT plasmids are the 
negative and positive controls, respectively, for LEXA-CLOCK, as in (A). WIG-ARNT2, VPl6-BMALI, 
and VP16CP8 are library plasmii isdated from yeast denies positive in ths two-hybrid screen. 

Fig. 2. Localization by in situ hybridization of 
bmall transcri~ts as com~ared with Clock and 
mperl transcApts at the two known circa- 
dian clock sites in mammals. (A) Coexpression Rostra 
throughout the rostrocaudal extent of the mouse 
SCN. Sets of three neighboring coronal brain sec- 
tions from a single mouse, each set taken from a 
different rostrocaudal level. Within each set, the 
three sections were hybridized to mperl, Clock, 
or bmall antisense riboprobes, respectively, as 
indicated. Rostrocaudal level of each set within 
the SCN is indicated at left. Only faint background 
hybridization was observed with sense control ri- 
boprobes (25). (B) Coexpression in the mouse 
retina. Three neighboring parasaggital eye sec- 
tions hvbridized to moerl, Clock, or bmall anti- 
sense iiboprobes, respectively, as indicated. S, S 
sclera; ONL, outer nuclear layer; INL, inner nuclear OIJ: 
layer; GCL, ganglion cell layer. Only faint back- IWL 

ground hybridization was observed with sense OCL-- A 
control riboprobes, except for the sclera, which showed robust hybridization to all three sense ribo- 
probes (25). 

.sciencemag.org SCIENCE VOL. 280 5 JUNE 1998 



brid strains we constructed are virtually ing from the two-hybrid strain in the short 
identical to the two-hybrid strain used DNA sequences inserted adjacent to the 
above in genotype and reporter gene, differ- LacZ reporter gene (27). 

CLOCK 

CLOCK 

m. 8 Yeast ~ne-hybrid DNA-binding SS~Y 
showing binding of CLOCK-BMAL1 hel 
emdimer to the E-box site from the DmopM 
p g e n e  clock conQrd region. Shawn are trip- 
r~yeast~chesexpressingtheinclicated 
proteins. DNA bhdhg Es indicated by @-Gal 
activity, resulting from activation of the LacZ 

reporter gene (27). Blue prdpitate indicat88 cumulative p-Gal activity, and each tripbate represents 
three 'Wependent l r w e f m .  (A) 69% dock control region. Reporter yeast lrweforrned with 
full-length Ckck cDNA aqmsbn plasmid (+CLOCK) or norrecornbinant Eoqxession phsmid 
(-CL- in corn- with the indicated VP16 plasrnii. (B) MClength CLOCK and VPl6BMAL1 
expressed in fw water &ah. +, repott6i gene hdwjes 21 -bp sequence. - , reporter gene W n g  
21 -bp sequence. wt, 21-bp sequence, induding E-box, from clock control region, mutl and mut2, 
s a m e 2 1 - b p ~ ~ k R w # h E - b o o c s e q u e n o e ~ t w o ~ w c r y s ( 2 7 ) .  

Fig. 4. Analysis of mper 7 gene 5' A 
flanking region. (A) Location of E- 
box sites within 5' flanking region. t n a s c m a c a s @  tawcaCACGTGqgccct caagtc@&GIGcaggga 
Numbered axis represents dis- distal E-box middle Gbox proximal E-box 

1 . I 
tance in base pairs from the puta- 
tive transcription start site, marked 

\. \. ! 
I I - 1 

as +l (281. Filled boxes re~resent -3000 -2000 -I 000 +I 
the loc&ions of the three E'-boxes; 
the seauence of each E-box with 6 mperl 5' flanking region 

bp of flanking sequence (lower- 
case letters) on each side is shown 

B 

at the top. (B to E) Transactivation 
from E-box sites by CLOCK- 
BMALl heterodimer. Transcrip- 
tional activation in mammalian 
cells of luciferase reporter from se- 
quences derived from the 5' flank- .g 
ing region of the mperl gene (8 to 4 3 

Z O k b + + + + -  5 4 b p + + + + + - -  D) or from the Drosophila pergene 8 '$ CLOCK - + - + + ,,b,, mut - - - - - + + 
(E). (6) 2.0-kb fragment including a BMALI - - + + + CLOCK - + - + - - + 
all three E-boxes. (C) 54-bp frag- a 2 BMAL~ - - + + + - + 

$3 ment . consisting of the three CLOCK419 - - - - + - - 
E-boxes and their immediate 2 - D 
flanking sequences linked togeth- -' 

er (A). 54-bp mut, 54-bp fragment 
in which all three E-boxes were 
scrambled (30). (D) Each individual 
E-box with immediate flanking se- 
quences, labeled as in (A). dist., 
distal; mid., middle; prox., proxi- 
mal. (E) 69-bp Drosophila per 

,ist E.box + + - - - - 
clock control region. (B and E) + or mid. E-box - - + + - - 69 bp + + + + + - - 
-, presence or absence, respec- prox. E-box - - - - + + CLOCK - + - + - - + 
tively, of indicated insert in lucif- CLOCK - + - + - + BMAL~ - - + + + - + 
erase reporter plasmid. (C and D) BMAL1 - + - + - + CLOCK-A19 - - - - + - - 
+ or -, presence or absence, respectively, of indicated luciferase reporter plasrnid in cell transfec- 
tion. (B to E) Expression plasmid with (+) or without (-) the indicated CLOCK, BMAL1, and 
CLOCK-A1 9 full-length cDNA inserts. Shown are the mean are SEM of 26 independent experiments 
(C and E) or of 23 independent experiments (B and D). Some of the standard error bars are too small 
to be seen at this scale. 
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CLOCK and BMALl together exhibited 
robust DNA binding to fragments contain- 
ing the E-box but not to identical fragments 
with mutated E-box sequences (Fig. 3, A 
and B). In contrast, CLOCK, ARNT, 
ARNT2, or BMALl alone did not detect- 
ably bind to the per clock control region, 
nor did CLOCK and ARNT together or 
CLOCK and ARNT2 together (Fig. 3A). 
Failure to detect a signal in the one-hybrid 
assay could reflect poor binding of the 
bHLH-PAS dimers to the DNA sequence, 
poor dimerization (only the dimers bind 
DNA), or both. Detection of CLOCK- 
ARNT and CLOCK-ARNT2 heterodimer- 
ization in two-hybrid assays with the same 
reporter gene and the identical expression 
plasmids (Fig. 1) argues that poor binding of 
the heterodimers to this particular E-box is 
the most likely explanation. 

Of the candidates tested, only CLOCK 
and BMALl formed heterodimers that ro- 
bustly bound to the E-box sequence known 
to mediate positive regulation of the D o -  
sophila per gene. In conjunction with the 
coexpression of bmall, Clock, and mperl 
transcripts in the SCN and retina (Fig. 2), 
these results implicate CLOCK-BMALl 
heterodimers in circadian clock func- 
tion and suggest that CLOCK-BMAL1 het- 
erodimers drive mammalian per gene 
expression. 

Cloning and analysis of mperl5' flank- 
ing region. To test the hypothesis that 
CLOCK-BMALl heterodimers drive ex- 
pression of one or more mammalian per 
genes, we isolated overlapping genomic 
clones encompassing -35 kilobases (kb) 
from mperl and its 5' flanking region (28) 
on the hypothesis that one or more E-box 
elements identical to that of the Dosophila 
per clock control region would be found 
near the transcription start site. Restriction 
mapping and sequencing indicated that one 
clone included the 5' untranslated region, a 
putative transcription start site, and 3.2 kb 
of predicted 5' flanking sequence (28). The 
complete double-stranded sequence of this 
3.2-kb region revealed three E-box sites 
within 1.2 kb of the putative transcription 
start site, all identical to that from the 
Drosophila per clock control region (Fig. 
4A). 

Transactivation by CLOCK-BMAL1 
heterodimers from mperl E-boxes. Our 
hypothesis that CLOCK-BMALl hetero- 
dimers drive p e ~  gene expression requires 
that they function to activate rather than 
suppress transcription, suppressor activity 
having been documented in the bHLH- 
PAS family (29). To test this prediction, we 
cloned a 2.0-kb fragment of the mperl 5' 
flanking region that includes all three E- 
boxes (30) for use in luciferase reporter 
gene assays in mammalian cells (31 ). 



CLOCK and BMALl together, but not ei- 
ther alone, produced a substantial increase 
in transcriptional activity (9.3-fold; P < 
0.005) (Fig. 4B), indicating that recogni- 
tion sites for the CLOCK-BMAL1 het- 
erodimer are contained within the mperl 5' 
flanking region. We conclude that CLOCK 
acts as a transcriptional activator. 

T o  determine if one or more of the 
mperl E-boxes were sites of action of 
CLOCK-BMALI heterodimers, we exam- 
ined CLOCK and BMALl transcriptional 
activity from a 54-mer in which the three 
mperl E-boxes and their immediate flank- 
ing sequences (Fig. 4A) were linked togeth- 
er (30). CLOCK alone produced a small 
increase in transcriptional activity (-two- 
fold), BMALl alone produced only a neg- 
lible increase in activity, but CLOCK and 
BMALl together produced a substantial 
transcriptional activation (14.1-fold, P < 
0.0005) (Fig. 4C). No transcriptional activ- 
ity of CLOCK and BMALl together was 
detected with a 54-mer in which the three 
E-box sequences were mutated (30) (Fig. 
4C), indicating that transcriptional activa- 
tion by CLOCK-BMAL1 heterodimers re- 
quires at least one of the E-box sites. 

We next tested each of the three mperl 
E-box sites independently (30). CLOCK 
and BMALl together produced a small in- 
crease in transcriptional activity from the 
distal E-box (2.1-fold), a moderate increase 
from the middle E-box (3.6-fold), and a 
substantial increase from the proximal E- 
box (8.5-fold) (Fig. 4D). Thus, all three 
E-boxes are potential sites of regulation of 
mperl by CLOCK-BMAL1 heterodimers. 
Together with the coexpression of Clock, 
brnall, and mperl transcripts in the SCN 
and retina, these results strongly suggest 
that CLOCK-BMALl heterodimers drive 
mperl gene expression. 

A similar set of results for CLOCK and 
BMALl was obtained with the 69-bp Dro- 
sophila per clock control region as the DNA 
target site (Fig. 4E). Thus, per gene regula- 
tory mechanisms have been conserved be- 
tween Drosophila and mammals, and a ho- 
mologous heterodimer is likely to exist in 
Drosophila. We have identified a Drosophila 
homolog of BMALl (dBMALl), and exper- 
iments addressing its function in conjunc- 
tion with a Drosophila CLOCK homolog 
(dCLOCK) are reported separately (32). 

CLOCK-A19 and BMALl together 
showed no transactivation activity from 
mperl E-boxes (Fig. 4C), the amount of 
activity being significantly below that of 
BMALl alone (P < 0.0005). A similar 
result was observed with CLOCK-A19 and 
BMALl together from the Drosophila per 
E-box (Fig. 4E). We conclude that 
CLOCK-A19 is defective in transcriptional 

Mechanism of the Clock dominant-neg- 
ative mutation. The Clock mutant allele 
acts as a dominant negative in mice (7, 9), 
and CLOCK-A19 and BMALl together 
showed no transcriptional activation from 
mperl E-box elements (Fig. 4C). To deter- 
mine the mechanism of the dominant-neg- 
ative Clock mutation, we fuaher character- 
ized CLOCK-A19 with regard to het- 
erodimerization and DNA binding. In two- 
hybrid assays, CLOCK-A19 showed 
interactions with ARNT, ARNTZ, and 
BMALl that were similar in signal strength 
and identical in rank order to those shown 
by wild-type CLOCK (Fig. 5A; compare 
with Fig. 1B). Thus, CLOCK-A19 het- 
erodimerizes, apparently normally, with 
BMALl and other bHLH-PAS proteins. 
CLOCK-A19 is not, however, equivalent to 
the wild type in regard to all protein-pro- 
tein interactions, because several CIPs we 
isolated apparently interacted only with 
wild-.type CLOCK (for example, CIP8 in 
Fig. 5A; compare with Fig. 1B). 

To assess DNA-binding activity, we per- 
formed one-hybrid assays using a yeast re- 
porter strain carrying the per clock control 
region. When CLOCK or CLOCK-A19 was 
paired with BMALl, robust DNA-binding 
activity was detected, but it was not detect- 
ed when either was paired with negative 
cantrols (Fig. 5B). Thus, the E-box-bind- 
ing activity of the CLOCK-A19-BMALl 
heterodimer is intact. Together these stud- 
ies indicate that CLOCK-A19 acts geneti- 
cally in a dominant-negative fashion be- 
cause it forms a DNA-binding heterodimer, 
its partner thereby sequestered in a protein- 
DNA complex deficient in transactivation 
activity. We conclude that the abnormal 
circadian rhythms of Clock mutant mice are 
caused by this defect, which we predict 
would lead to decreased transcription of 
mperl and possibly other circadian clock 

genes. Strong support for this conclusion 
comes from the observation that in Clock 
mutant mice the peak levels of mperl tran- 
script in the SCN are significantly reduced, 
compared with those of wild-type mice 
(33). 

Role of CLOCK and BMALl in circa- 
dian clock mechanism. We propose that 
CLOCK-BMALl heterodimers directly ac- 
tivate transcription of mperl and possibly 
other circadian clock genes. As in Drosoph- 
ila, it is likely that the mammalian clock 
mechanism is constituted in part by the 
direct or indirect repression of per genes by 
PER proteins. Central to the mechanism of 
circadian oscillations would therefore be 
the establishment of an alternating regime 
of per gene activation by CLOCK-BMALI 
heterodimers and PER-dependent inhibi- 
tion of this activation, responsible in turn 
for the rising and falling phases of the cir- 
cadian oscillation in the levels of per tran- 
scripts. In the fungus Neurospora, a similar 
positive role in a circadian transcriptional 
feedback loop has been proposed for the 
WC-1 and WC-2 proteins, which are re- 
quired for normal expression of the circadi- 
an clock gene frequency (ji.4) and conse- 
quently for the circadian oscillation of frq 
expression (34). Although shown genetical- 
ly to be required for this regulation, it is not 
yet known if WC-1 and WC-2 act directly 
as transactivators of frq expression. 

How might PER-dependent negative 
feedback inhibit or override per gene tran- 
scriptional activation by the CLOCK- 
BMALl heterodimer? One possibility would 
be PERdependent sequestration of CLOCK, 
BMALl, or both, leading to a loss of 
CLOCK-BMAL1 DNA-binding activity, 
similar to the mechanism by which the Id 
protein inhibits myogenic differentiation 
(35). Other possibilities would include a 
PER-dependent repressor that binds either 

Fig. 5. Properties of CLOCK-AlQ. (A) T ~ 0 - w  assay 
showing interaction of CLOCK-A1 9 with bHLH-PAS proteins 
but not with CIP8. Arranged as in Fig. 1. (B) One-hybrid assay 
showing binding of CLOCK-AlS-BMALl heterodimer to E- 
box site. Ananged as in Fig. 3A. The three proteins ind i ted 
at I& were LEXA hybrids (18) in this experiment, but the 
LMA domain is not relevant to the resub in the one-hybrid 

activation activity. function of CLOCK in this assay. 
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to the E-box or to a nearby site within the 
per gene upstream region. It is not known if 
PER (including any other associated pro­
teins) acts directly to achieve negative feed­
back, but the observation that coexpression 
of Drosophila PER and its partner TIM is 
sufficient to inhibit dCLOCK-dependent 
per gene activation in cultured cells suggests 
a direct mechanism {32). 

We have identified BMAL1 as a proba­
ble component of the circadian clock, de­
fined a biochemical function for CLOCK, 
and implicated a mammalian per homolog 
as a target gene regulated by CLOCK-
BMAL1 heterodimers. These findings place 
CLOCK in a specific role within the circa­
dian oscillator,, and they mechanistically tie 
together CLOCK, a genetically demonstrat­
ed component of the circadian clock, and a 
mammalian per homolog, likely to be a 
component of the clock. How the circadian 
transcriptional feedback loop is generated 
and regulated will provide the basis for un­
derstanding how biological clocks evolved, 
how they operate, and how they control 
behavioral and physiological programs. 

Note added in proof: CLOCK-BMAL1 
(MOP3) heterodimerization and transacti-
vation from an E-box site have been report­
ed independently (36). 
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