11. A subset of variables is frustrated when it is impos-
sible to assign these variables in such a way that the
constraints are satisfied [see (70)].

12. Y. Fu, P. W. Anderson, J. Phys. A 19, 1605 (1986).

13. O. C. Martin, R. Monasson, R. Zecchina, Theor. Comp.
Sci. 256, 3 (2001).

14. E. Friedgut, /. Am. Math. Soc. 12, 1017 (1999).

15. A. Goerdt, in Proceedings of the 17th International
Symposium on Mathematical Foundations of Com-
puter Science, I. M. Havel, V. Koubek, Eds. (Springer-
Verlag, Heidelberg, 1992), pp. 264-274.

16. V. Chvatal, B. Reed, in Proceedings of the 33rd IEEE
Symposium on Foundations of Computer Science
(IEEE Computer Society Press, Los Alamitos, CA,
1992), p. 620.

17. B. Bollobas, C. Borgs, ). T. Chayes, J. Han Kim, D. B.
Wilson, Rand. Struct. Alg. 18, 301 (2001).

18. ). A. Crawford, L. D. Auton, Artif. Intell. 81, 31 (1996).

19. A. Kaporis, L. Kirousis, E. Lalas, in Proceedings of the
10th European Symposium on Algorithms (ESA 2002)
(Springer-Verlag, Heidelberg, in press).

20. O. Dubois, Y. Boufkhad, J. Mandler, in Proceedings of
the 17th ACM-SIAM Symposium on Discrete Algo-
rithms (San Francisco, January 2000), pp. 124-126.

21. G. Biroli, R. Monasson, M. Weigt, Eur. Phys. J. B 14
551 (2000).

RESEARCH ARTICLES

22. S. Franz, M. Leone, F. Ricci-Tersenghi, R. Zecchina,
Phys. Rev. Lett. 87, 127209 (2001).

23. R. Monasson, R. Zecchina, S. Kirkpatrick, B. Selman, L.
Troyansky, Nature 400, 133 (1999).

24. The energy of a clause can be written explicitly as
ej.(s,.ﬂ‘,), v s,k(a)) =27FII5_,(1 + jgs,.q(a)).

25. In Ksat, it turns out that each state involves an
exponentially large (in N) number of configurations.

26. R. Monasson, Phys. Rev. Lett. 75, 2847 (1995).

27. M. Mézard, G. Parisi, Eur. Phys. /. B 20, 217 (2001).

28. , http://arxiv.org/abs/cond-mat/0207121

(2002).

29. F. R. Kschischang, B.). Frey, H.-A. Loeliger, IEEE Trans.
Inf. Theory 47, 498 (2002).

30. For K = 3 one has aj(h, hy) = |h,| + [hy] —
8(J2h2)8(J3hs) and uyfhs, ..., hy) = —1,8(Jh;)8( J3hs),
with 8(x) = 1ifx > 0and 8(x) = 0ifx < 0.

31. M. Mézard, R. Zecchina, http://arxiv.org/abs/cond-
mat/0207194 (2002).

32. Inthe ZTMA, one starts from a given configuration of
energy E, picks up randomly one variable, and com-
putes the new energy £’ if this variable is flipped. The
move is accepted (i.e., the variable is flipped) when-
ever £’ =< F; otherwise, the move is rejected. The
procedure is then iterated.

White Collar-1, a Circadian Blue
Light Photoreceptor, Binding to
the frequency Promoter

Allan C. Froehlich,” Yi Liu,"* Jennifer ). Loros,2}
Jay C. Dunlapt

In the fungus Neurospora crassa, the blue light photoreceptor(s) and signaling
pathway(s) have not been identified. We examined light signaling by exploiting
the light sensitivity of the Neurospora biological clock, specifically the rapid
induction by light of the clock component frequency (frq). Light induction of frq
is transcriptionally controlled and requires two cis-acting elements (LREs) in the
frq promoter. Both LREs are bound by a White Collar-1 ( WC-1)/White Collar-2
( WC-2)—containing complex ( WCC), and light causes decreased mobility of the
WCC bound to the LREs. The use of in vitro-translated WC-1 and WC-2
confirmed that WC-1, with flavin adenine dinucleotide as a cofactor, is the blue
light photoreceptor that mediates light input to the circadian system through
direct binding (with WC-2) to the frq promoter.

In Neurospora, a wide range of processes is
light sensitive, including suppression and
phase shifting of circadian rhythms, photo-
tropism of perithecial beaks (/), and carot-
enoid biosynthesis (initially described in the
first published study of Neurospora in 1843)
(2). The photoreceptor(s) involved in these
blue light-influenced processes has not been
identified, but screens in Neurospora for mu-
tants involved in light perception and signal-
ing have repeatedly turned up two indispens-
able loci, we-1 and we-2 (3). WC-1 and
WC-2 are nuclear transcription factors con-

Departments of 'Genetics and 2Biochemistry, Dart-
mouth Medical School, Hanover, NH 03755, USA.

*Present address: Department of Physiology, Univer-
sity of Texas Southwestern Medical Center, Dallas, TX
75390, USA.

tTo whom correspondence should be addressed. E-
mail:  jenniferloros@dartmouth.edu  (J.J.L) and
jay.c.dunlap@dartmouth.edu ().C.D)

taining trans-activation and zinc-finger (Zn-
finger) DNA binding domains (4, 5). They
form a White Collar Complex (WCC) by
heterodimerizing via PAS (PER ARNT SIM)
domains (6, 7) and act as positive elements in
light signaling, most likely through direct
binding of DNA (4, 5); in true we-1%© and
wc-2%0 strains, all examined light responses
are lost (8, 9). This requirement suggested to
us and others that either WC-1 or WC-2 is the
photoreceptor, or that they both are required
to mediate the response of an unidentified,
perhaps duplicated, receptor (1, 10, 11).

In Neurospora, generation of circadian
rhythms is dependent on WCC-mediated rhyth-
mic production of frg transcript and protein,
both of which are central clock components
(12, 13). Light causes a rapid induction of frg
message, the central means by which light in-
fluences the clock (/4). In the absence of WC-1
or WC-2, light induction of frg is completely

33. This situation is familiar in mean field models of
glasses, where a corresponds to a density of dynam-
ical arrest, and a, is the true transition point. For a
review, see (37).

34. The explicit form is Pi(H) = [T [du,Q,_{u,)]d(H —
3,u,) exp(yZ,u,), where the index a spans all the
function nodes connected to the variable /.

35. B. Selman, H. Kautz, B. Cohen, in Proceedings of the
Second DIMACS Challenge on Cliques, Coloring and
Satisfiability, M. Trick, D. S. Johnson, Eds. (Ameri-
can Mathematical Society, Providence, RI, 1993), p.
661.

36. M. Talagrand, Prob. Theory Related Fields 117, 303
(2000).

37. J. P. Bouchaud, L. Cugliandolo, J. Kurchan, M. Mézard,
in Spin Glasses and Random Fields, A. P. Young, Ed.
(World Scientific, Singapore, 1997), p. 161.

38. We thank B. Selman and J. S. Yedidia for useful
exchanges. Supported in part by the European Sci-
ence Foundation under the SPHINX program.

25 April 2002; accepted 19 June 2002
Published online 27 June 2002;
10.1126/science.1073287

Include this information when citing this paper.

abolished, highlighting the WCs’ central role in
light input to the clock (8, 9, 15).

Effects of light in vivo. To examine the
contribution of transcription to the light-in-
duced accumulation of frg transcript, the frq
promoter was fused to a reporter gene, hph,
and the resulting construct, pYL40B, was
transformed into a frg* strain. Light treat-
ment of transformants resulted in a marked
increase in Aph transcript level, similar to that
of frq (Fig. 1A). Because only frq promoter
sequence was fused to Aph, light induction of
the hph transcript, and consequently of en-
dogenous frq message, is controlled at the
transcriptional level.

We identified cis-acting elements mediat-
ing light induction of frq by transforming frg
promoter deletion constructs into a frg*?
strain and the testing for light induction of frq
message (Fig. 1B). Deletion of two light re-
sponse elements (LREs) in the frg promoter
decreased light induction of frqg message. We
noted an ~50% reduction with the distal LRE
deleted (AF26) and an ~70% reduction with
the proximal LRE deleted (AF33) (Fig. 1C).
Deletion of both LREs (AF36) abolished
light induction of frg transcript (Fig. 1C),
which suggests that light induction of frq is
controlled entirely at the transcriptional level.
Both LREs were also sufficient to confer
light inducibility on an Aph reporter construct
(pAF35), both individually (pAF43 and
pAF44) and together (pAF45) (Fig. 1D).

The effects of the LRE deletions on cir-
cadian clock function were examined using
race tubes to monitor Neurospora’s rhythmic
conidiation (/7). In a wild-type strain, trans-
ferring race tubes from light to dark results in
a decrease in frg transcript that sets the clock
to subjective dusk, after which the clock con-
tinues to run (11, 14). Control ABC1 trans-
formants, containing the entire frg locus, dis-
played a period and phase similar to those of
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the wild type (Fig. 2A) (/6). The proximal
LRE deletion strain (AF33) displayed a wild-
type period, but the phase was dramatically
changed, with the first strong peak in conidia-
tion ~24 hours after transfer to constant
darkness (DD24), ~12 hours later than oc-
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curred in the wild type (Fig. 2A). At the
molecular level, loss of the proximal LRE
resulted in a stark reduction in frg mRNA and
in the protein products of frg (FRQ) in con-
tinuous light (DDO) relative to wild type (Fig.
2, C and D) (8, 14, 17). Upon transfer to DD,

A light = + = +
_ 1 B
; . hph
wt YL40B
PfIMI Miul
B lal scl SnaBI icol | Bglil Mscl | +1
frq promoter deletion constructs light
ABC1 +
AF19 +
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AF17 —_—
J I —— - — —
L T —— —= - —
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Fig. 1. Two cis-acting frg promoter elements are necessary and sufficient for light-induced
transcription of frq transcript. (A) Northern analysis of frqg and hph in control and light-pulsed tissue
from wild type (wt) and strain YL40B. [(B), top] Schematic of frq promoter deletion constructs. The
dashed lines indicate deleted regions. The ability to generate light-induced frg transcript is
indicated by (+). The major start site of transcription is indicated by +1. [(B), middle] Schematic
of frg promoter reporter constructs. The black lines indicate frg promoter regions in the hph
reporter. The ability to generate light-induced hph transcript is indicated by (+). [(B), bottom] frg
promoter sequence used as distal and proximal LRE probes in EMSA experiments. Imperfect repeats
are indicated by boxes. The asterisks indicate bases changed in mutated LRE DNA. (C) Northern blot
analysis of frg RNA in control (black) and light-pulsed (white) tissue from four strains: wt, AF26
(distal LRE deletion), AF33 (proximal LRE deletion), and AF36 (proximal and distal LREs deleted).
(D) Northern blot analysis of hph RNA in control (black) and light-treated (white) tissue from five
strains containing frg promoter/hph reporter constructs: AF43 (proximal LRE), AF44 (distal LRE),
AF45 (distal and proximal LRE), AF54 (40-bp distal LRE), and AF35 (hph reporter construct alone).
(C) and (D) The asterisk indicates P < 0.05, unpaired ¢ test(1-tailed), n = 3 RNA samples * SEM.

the low levels of frqg and FRQ were interpret-
ed as subjective dawn instead of subjective
dusk, thereby causing the ~12-hour phase
difference. The proximal LRE is therefore
necessary for maintaining elevated levels of
frq/FRQ in prolonged light as well as for
eliciting the initial rapid light-induced in-
crease in frg transcript. It is interesting that
such a dramatic change in phase can result
simply from reducing the number of binding
sites (from two LREs to one) in a promoter.
Using temperature instead of light as the
entraining signal (I8, 19), the first peak in
conidiation of both the wild-type and proxi-
mal deletion strains occurred as expected
around DD22 (Fig. 2B), indicating that dele-
tion of the frqg proximal LRE specifically
affects light input to the Neurospora clock.

The distal LRE deletion strain, AF26, was
recently shown to be arrhythmic on race
tubes using either light or temperature as the
entraining signal (20). The arrhythmicity oc-
curs because the distal LRE plays a second
role as the cis-acting element mediating the
WCC-driven rhythmic frq expression that is
essential for overt thythmicity (12).

Factors bound to frg LRE. Electro-
phoretic mobility shift assays (EMSAs) were
used to identify the trans-acting factors that
specifically interact with the frg LREs. Tests
for LRE binding using nuclear protein ex-
tracts and radiolabeled LRE oligo probes
(Fig. 1B, bottom) revealed the formation of
two distinct complexes for each LRE—a fast-
er migrating complex seen using extracts
from dark grown cultures (Fig. 3A, lanes 2
and 7) and a slower migrating complex seen
using extracts from light-treated cultures
(Fig. 3A, lanes 3 and 8). Specificity of the
complexes was demonstrated by competition
using unlabeled LRE DNA (Fig. 3B, lanes 3
to 5), and by noncompetition for binding by
unrelated or mutated DNA sequences (Fig. 3
B, lanes 6 to 11).

The addition of either WC-1- or WC-2—
specific antiserum to a binding reaction re-
sulted in a supershift of the complex consis-
tent with the presence of both WC-1 and
WC-2 in the complex (Fig. 3B, lanes 12 and
13). This supershift was seen for both the
dark- and light-induced complexes using ei-
ther the distal or proximal LRE; preimmune
sera had no effect. The presence of WC-1 and
WC-2 in the LRE-bound complexes was con-
firmed by the absence of complexes in bind-
ing reactions performed using nuclear protein
extracts from we-12R*° (loss-of-function) or
we-2%9 strains (8) (Fig. 3B, lanes 15 and 16).
The presence of both WC-1 and WC-2 in the
complexes correlates well with previous stud-
ies that revealed WC-1 and WC-2 het-
erodimeric complex in vitro (6) and in vivo
(7). Because WC-1 and WC-2 are known to
complex with FRQ (7, 21, 22), we also as-
sayed for the presence of FRQ in the com-
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plexes bound to the LREs using FRQ antiser-
um and extracts from a frg%© strain. FRQ was
not in the dark- or light-induced complexes
bound to the LREs, nor was FRQ necessary
for the formation of the complexes (Fig. 3B,
lanes 14 and 17).

Alignment of each half of the imperfect
repeats found in the distal and proximal LREs
with the LRE from another Neurospora light-
induced gene, al-3, (23), highlights the con-
sensus sequence CGATN-CCGCT (Fig. 3C),
with the GATN sequence having been shown
for all three LREs to be necessary for binding
of WC-1/WC-2 (Fig. 3B, lanes 9 to 11) (4, 5).
The presence of the two GATN sequence
repeats in the LREs is consistent with the
WCs binding as a heterodimer with the Zn
finger of each WC interacting with one
GATN. Although these Zn-finger DNA bind-
ing proteins are often referred to as GATA
factors, the GATA sequence is altered within
this consensus. '

Effects of light in vitro. Extracts from
dark grown cultures retained light sensitivity in
vitro, forming the slower migrating “light”” com-
plex even when exposed to light hours after
extraction in the dark (Fig. 3A, lanes 4 and 9).
This experiment was possible because the ex-
traction process, binding reactions, and gel run-
ning were performed under red lights, whose
wavelengths (>550 nm) are not detectable by
Neurospora and by extension did not affect
extracts in vitro. In vitro light sensitivity of the
extracts suggested that all factors required for
light perception and signal transduction to the
DNA-bound WCC were soluble nuclear factors.
Establishing the in vitro light effect as biologi-
cally relevant would support using this assay to
identify and study components involved in light
perception and signaling in Neurospora. To this
end, we determined in vitro the dose of light and
effective wavelengths needed to obtain a re-
sponse in extracts.

A dose-response curve was generated by
exposing aliquots of identical dark-grown ex-
tracts to white light ranging from 0 to 18,000
pmol photons/m? before executing the binding
reactions (Fig. 4A). As the amount of light
increased, a gradual shift was seen from the
faster migrating complex initially present in
dark extracts to the slower migrating light-in-
duced complex. A significant change (P < 0.05,
unpaired ¢ test) in the dark and light complexes
occurs at 20 and 60 wmol photons/m?, respec-
tively, in close agreement with previously pub-
lished in vivo data (reflecting activity of both
LREs) showing a threshhold for circadian clock
responses at ~8 to 24 pmol photons/m? (/4,
24). Extracts given identical light treatments
more than 30 min apart generated the same
amount of light-shifted complex (17), suggest-
ing that the light complex, once formed in vitro,
is stable.

An equal-intensity action spectrum was
generated by exposing aliquots of identical

RESEARCH ARTICLES

dark-grown extracts to the same fluence of
light at wavelengths varying from 410 to 540
nm before executing a series of binding reac-
tions (Fig. 4B). The in vitro action spectrum
revealed a peak in sensitivity around 455 to
470 nm and no response to wavelengths
above 520 nm (Fig. 4B). This in vitro action
spectrum is in close agreement with previous-
ly published in vivo data for circadian clock
responses that identified a photoreceptor with
a peak at ~465 nm, no response to wave-
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lengths above 520 nm, and sensitivity extend-
ing into the ultraviolet range (Fig. 4B) (24,
25). The close agreement among in vivo light
studies, the in vitro action spectrum, and the
in vivo and in vitro dose-response curves
suggests that the in vitro light shift is a true
reflection of the in vivo light responsiveness
of Neurospora, that of a blue-light photore-
ceptor, potentially flavin-based, with peak
activity at ~465 nm and no response above
520 nm.
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Fig. 2. Proximal LRE deletion results in a light-specific phase change of the clock. (A and B) Race
tube analysis of wt (bd, frg*), ABC1 [bd, frg*° (pABC1)], and AF33 [bd, frg*® (pAF33)]. Construct
pABC1 contains the entire frq locus, pAF33, the frq locus minus the 45-bp proximal LRE (Fig. 1B).
Single representative race tubes are shown with densitometric analysis of six plotted below; the
bold line represents the average, and the thin lines indicate + SD. The period and phase = SEM are
shown to the right of each race tube. (A) Race tubes entrained with light (LL) to dark (DD) transfer.
(B) Race tubes entrained with temperature step. (C and D) Molecular rhythmicity in wt and AF33
strains. Liquid cultures were grown in DD for the number of hours indicated. Densitometry and
Northern blot analysis of frq transcript (C). Densitometry and Western blot analysis of FRQ (D).
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WC-1 contains a LOV domain, a sub-  clude light, oxygen, and voltage (10). Recent-  receptor PHY3 revealed 11 residues that in-
group of the PAS domain family associated ly, the crystal structure of a light-sensing teract with the chromophore, flavin mononu-
with environmental sensing of cues that in- LOV domain from the chimeric femn photo-  cleotide (FMN) (26). These 11 residues are

conserved in the WC-1 LOV domain, and the
A B high degree of overall sequence conservation

distal proximal o ¥, (26) suggests that the WC-1 LOV domain

invivo DLDL DLDL R —— ] g "'5 % g may exhibit the same overall secondary struc-
in vitro LL LL el el el 3 5 2 2 2 & ture as the PHY3 LOV domain, ultimately
P aeT oYW ; ® sharing a common mechanism for flavin
binding and possibly even light sensing. Sup-

porting the light-sensing role of the WC-1

M oM< LOV domain are four “blind” alleles of WC-

¥ t ~ 1, each with a single point mutation in one of

“ ‘ <+ ' ‘ ' the putative 11 FMN-binding residues (6, 9),

1 ~ ""!H ! Ve e finding that bacterially expressed

! o ] WC-1 sometimes copurifies with a yellow

t o 4 pigment suggestive of a flavin (27). Addi-

d ‘# d lt; tionally, flavin-deficient mutants of Neuros-
12345 678910 12345678 91011121314151617 pora, rib-1, and rib-2, have greatly reduced

photosensitivity for phase shifting and caro-
Fig. 3. Distal and proximal LREs are bound by distinct ¢ tenogenesis (28, 29).
dark- and light-induced WC-1/WC-2 containing com- AAAT COCAT To directly test the light sensitivity of WC-1

plexes. (A} EMSA of distal LRE probe or proximal LRE and any potential role for flavin cofactors, WC-1
probe in binding reactions with Neurospora extracts from and WC-2 proteins were produced in vitro using

tissue grown with (in vivo L, lanes 3 and 8} or without (in e . .
8 ( ) ( a coupled transcription/translation reticulocyte

vivo D, lanes 2 and 7) receiving light treatment. In vitro S .
light treatment of the same extracts (in vitro L, lanes 4, lysate system and then used in binding reactions.
WC-1 and WC-2 together were able to bind to

5, 9, and 10). The closed arrow highlights the complex

predominant in the dark, and the open arrow highlights the LREs as not just one but two distinct com-

the complex induced by light, both in vivo and in vitro. plexes with mobilities similar to those seen us-

Lanes 1 and 6 had no extract. The unbound probe has run ing nuclear extracts (Fig, SA, lane 13), suggest-
ing that the light and dark complexes consist

off the bottom of the gel and wells are visible at the top. ‘

(B) EMSA of proximal LRE probe in binding reactions with dark grown Neurospora extracts and with 3

antisera to identify proteins in complex. The arrow indicates the specific complex containing WC-1  exclusively of WC-1 and WC-2. These com-

and WC-2 bound to proximal LRE probe. Lane 1, no extract. Lanes 2 to 14, wt extract. Lane 15,  plexes were not seen when either protein was

tv;:?ﬁ:xtract. Lane 16, Lzl1c62K° _Iegzz)ract.1Loa|(;1§ 1)7, {'rq"0 e:;‘cract.8 Lanes ? todS, un:allgelleg %':Iﬂmal used alone (Fig. 5A, lanes 3 to 10) or when
as competitor (10X, X, X). Lanes 6 to 8, unrelated, unlabele as gramm i

competitor (10X, 100X, 1000X). Lanes 9 to 11, unlabeled mutated proximal LRE DNA (Fig. 1B) as 12mp§0 ed (Lysnattedav::sﬁulrsﬂel:rﬂ:&g. gr?e,dlﬁz

competitor (10X, 100X, 1000 ). Lanes 12, 13, and 14, antisera specific to WC-1 (39), WC-2 (7),  2)- Sucrose gradie ppc¢

and FRQ (73). Identical results seen using distal LRE probe with dark grown extracts and using either ~ notion that the dark complex contains only

distal or proximal LRE probes with light-treated extracts (77, 18). (C) The alignment of each half =~ WC-1 and WC-2, because the WCs from dark

proximal

distal

of the imperfect repeats found in the frq proximat and distal LREs and the al-3 LRE (23). nuclear extracts comigrated on gradients at the
Fig. 4. The in vitro light- A B

induced shift of the

WCC ocaurs at biologi- 2 1.0 4 >

cally relevant fluence ‘@ =

and wavelengths. (A) S os £ 10 0 ©
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squares) to slower migrating complex (open squares). Bands corre-  (left axis, open squares, and dashed line) shows a peak in sensitivity at
sponding to shifted complexes from three independent experiments =~ ~455 to 470 nm and no response to wavelengths above 500 nm.

were analyzed, and the average is reported *+ SEM. A representative Bands corresponding to shifted complexes from three independent
gel is shown. (B) Equal-intensity action spectrum generated for in vitro  experiments were analyzed, and the average is reported = SEM. A
light shift. Aliquots of dark-grown extracts were exposed to the same  representative gel is shown. The original in vivo action spectrum for
fluence of light at wavelengths varying from 410 to 540 nm and then inhibition of circadian banding by continuous light, to which in vitro
were used in a series of binding reactions with the distal LRE probe.  response is quite similar, replotted (right axis, log scale, and grey line)
Densitometric analysis of the slower migrating/light-induced complex  from (25).
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Fig. 5. In vitro—expressed WC-1 in the presence of FAD is light sensitive. (A) WC-1 and WC-2 were
separately produced using an in vitro transcription/translation reticulocyte lysate system with FAD
added to some reactions, as indicated, and then used in a series of binding reactions with distal LRE
probe. Addition of WC-1 or WC-2 to a reaction is indicated above lane; “D” indicates protein added
not exposed to white light, and “L" indicates protein added exposed to white light. The arrows
highlight WC-1/WC-2 complexes bound to the distal LRE probe. Lane 1, no protein or lysate. Lane
2, unprogrammed lysate. Lanes 3 to 10, WC-1 or WC-2. Lanes 11 to 18, WC-1 and WC-2 incubated
together before indicated light treatment and before addition to binding reactions. Lanes 19 to 21,
WC-1 and WC-2 given light treatments individually, as indicated, and then incubated together in
the dark before being added to binding reaction. (B) The reactions in the lanes indicated by the line
at the bottom of the gel in (A) (lanes 13 to 16) were repeated in triplicate (fig. S1), and WC-1/WC-2
complexes were densitometrically quantified. The white bars are upper/slower migrating complex,
and the black bars are lower/faster migrating complex. Error bars are = SEM.

approximate size of a WC-1/WC-2 dimer (17).

No difference in binding appeared between
WC proteins (translated under dim red lights)
treated with or without light [(Fig. 5A), com-
pare lanes 13 and14] (Fig. 5B), suggesting that
the expressed proteins were potentially missing
a necessary cofactor. However, our own and
other data noted above suggested the need for a
flavin cofactor for the absorption of light. We
repeated the in vitro translation experiments
and subsequent binding reactions, this time
adding FMN or flavin adenine dinucleotide
(FAD) to the WC-1 translation reaction. [FAD
is the flavin cofactor for both the blue light—
sensing cryptochromes (30) and the Euglena
photoactivated adenyl cyclase (37) and most
recently was shown to copurify with Neurospo-
ra WC-1/WC-2 complex (32).]

We found no light regulation of binding
when FMN was added (/7). However, addition
of FAD conferred light sensitivity to the in
vitro-translated proteins, indicating that all
components necessary and sufficient for a light
response were there. When FAD was present
with WC-1 and WC-2, light caused a marked
increase in the amount of slower migrating com-
plex (Fig. 5A, lanes 12 and 16) relative to the
reactions not treated with light (Fig. 5A, lanes
11 and 15), as well as causing a marked increase
in the slower migrating complex, as compared
to reactions lacking FAD treated with or without
light (Fig. 5A, lanes 13 and 14, and Fig. 5B).
Additionally, FAD resulted in more of the faster
migrating complex in the dark- relative to the
light-treated/FAD reactions or the reactions mi-
nus FAD, with or without light (Fig. SA, lanes
11 to 16, and Fig. 5B). Taken together, these

results suggest that, in the absence of FAD, the
WCC can form both the faster/dark complex
and the slower/light complex, but that light has
no effect on the amount of either complex
formed. The addition of FAD confers light re-
sponsiveness to the WCC, similar to that seen
with the nuclear extracts; in the dark, a faster
migrating WC-1/WC-2 dimeric complex domi-
nates, yielding in the presence of light to a
larger/slower migrating WC-1/WC-2 multimer-
ic complex. In Fig, 5A, lanes 19 to 21 show that
WC-1 with FAD, exposed to light in the ab-
sence of WC-2, can initiate the mobility shift
when subsequently combined in the dark with
WC-2. [WC-1 can be reconstituted with free
FAD after in vitro translation (Fig. SA, compare
lanes 11 and 12)]. Thus, it is WC-1 that is the
initial active protein partner in mediating this
photoresponse.

Discussion. Light provides essential phase
information for all circadian systems, and it has
been asserted that rhythms evolved from PAS/
LOV domain-mediated light responses (15). A
bacteriophytochrome mediates light input in
cyanobacteia (33), while phytochromes and
cryptochromes play this role in plants (34).
Insect clocks use cryptochrome with additional
input from opsin-based pigments in the com-
pound eye (34); in mammals, cryptochromes
may sense light (35) but recent work has fo-
cused on melanopsin as the mammalian circa-
dian photoreceptor (36-38). WC-1 can now be
confirmed within this list of circadian photore-
ceptors. Located directly on DNA in the dark in
a dimeric complex with WC-2, it is poised to
absorb blue light using its bound FAD chro-
mophore, an action that may trigger multimer-

ization of WCC perhaps aiding its role in tran-
scriptional activation.
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