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White collar-1, a central regulator of blue light
responses in Neurospora, is a zinc finger protein
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The Neurospora crassa blind mutant white collar-1
(we-1) is pleiotropically defective in all blue light-
induced phenomena, establishing a role for the wc-1
gene product in the signal transduction pathway. We
report the cloning of the wc-1 gene isolated by chromo-
some walking and mutant complementation. The
elucidation of the wc-1 gene product provides a key
piece of the blue light signal transduction puzzle. The
wc-1 gene encodes a 125 kDa protein whose encoded
motifs include a single class four, zinc finger DNA
binding domain and a glutamine-rich putative tran-
scription activation domain. We demonstrate that the
we-1 zinc finger domain, expressed in Escherichia coli,
is able to bind specifically to the promoter of a blue
light-regulated gene of Neurospora using an in vitro gel
retardation assay. Furthermore, we show that wc-1 gene
expression is autoregulated and is transcriptionally
induced by blue light irradiation.

Keywords: blue light/Neurospora crassa/photomorpho-
genesis/zinc finger domain

Introduction

Light exerts its influence on living organisms not only
as an energy donor in photosynthesis, but also as a
differentiation signal involved in photomorphogenesis in
plants and microorganisms such as fungi. Responses to
light in these organisms are mediated by two major classes
of receptors which each perceive either red or blue light.
Phytochromes, the red/far-red adsorbing light receptors
encoded by a family of genes, are to date the only class of
photoreceptors characterized biochemically (Quail, 1991).
Blue and UV light receptors, generally known as crypto-
chromes, are still elusive (Short and Briggs, 1994),
although a putative blue light photoreceptor, the product
of the HY4 locus, has been described in Arabidopsis
thaliana (Ahmad and Cashmore, 1993). This putative
receptor is a soluble flavoprotein, with a region of striking
homology to light-activated microbial DNA photolyases
and a C-terminal region with homology to tropomyosin
A. Still unresolved is how the light-induced conformational
changes of these photoreceptors are transduced to signal
transduction pathways. In addition, the cellular com-
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ponents of these light signaling pathways are also
unknown. In attempts to identify these cellular com-
ponents, an effective genetic approach has been to screen
for mutants that exhibit the phenotype of photoreceptor
mutants, despite the fact that they possess normal receptors.
This approach has been applied in plants, where it has
resulted in the isolation of a number of putative steps
involved in light signal transduction and in the definition
of their hierarchical relationships (Chory, 1993). Well-
characterized signaling molecules, such as G-proteins and
calmodulin, have been suggested to be involved in light-
induced cellular signaling (Neuhaus ez al., 1993). However,
in plants, the situation seems to be extremely complex:
families of photoreceptors specific for different photo-
morphogenetic responses control signal transduction path-
ways characterized by common components and specific
branches (Neuhaus et al., 1993; Elich and Chory, 1994).

Neurospora crassa exhibits only blue light-regulated
photomorphogenesis. Under blue light irradiation,
N.crassa responds with the induction of mycelial caroteno-
genesis (Harding and Turner, 1981; Nelson et al., 1989;
Schimdhauser et al., 1990), promotion of conidia (Lauter
and Russo, 1991) and protoperitecia development (Degli
Innocenti and Russo, 1984), phototropism of peritecial
beaks (Harding and Melles, 1984) and inhibition or shifts
in the circadian rhythm of conidiation (Sargent and Briggs,
1967; Arpaia et al.,, 1995). All of these light-induced
phenomena are abolished in two N.crassa mutants that
are ‘blind’ to light: white collar-1 (wc-1) and white collar-2
(wc-2) (Perkins et al., 1982; Nelson et al., 1989). No
epistatic relationships have been described between wc-1
and wc-2. These two genetic loci are indistinguishable by
phenotype and map to chromosome VII and chromosome
I of Neurospora, respectively. The pleiotropic phenotypes
of these white collar mutants have suggested a role for the
white collar gene products in the light signal transduction
pathway. Genes under the control of blue light, such as
al-3, al-1, ccg-1 and eas/ccg-2 have been shown to lose
their light-inducible transcriptional activation in the white
collar mutant backgrounds (Nelson et al, 1989;
Schmidhauser et al., 1990; Arpaia et al., 1993, 1995).
Attempts to identify changes in protein content or phos-
phorylation in irradiated versus dark-grown cultures of
Neurospora have not led to the identification of white
collar gene products (Lauter and Russo, 1990).

Taking advantage of the apparent simplicity of the two-
step light signal transduction system of Neurospora, we
decided to clone and characterize the white collar gene
products using a molecular genetic approach. Here, we
present the isolation and characterization of the white
collar-1 gene. we-1 encodes a 125 kDa protein, whose
encoded motifs include a single class four, zinc finger
DNA binding domain and a putative transcription activa-
tion region. The zinc finger domain of the we-I product
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Fig. 1. Map-based cloning of the wc-/ gene. (A) Genetic map of the right arm of N.crassa chromosome VII close to the centromere. The
percentages of recombination between wc-/ and other genetic loci are indicated. (B) Regional physical map obtained by chromosome walking to
wc-1. For each walking step, only the most extended cosmid is presented and approximate overlap regions with neighboring cosmids is shown. The

restriction map of cos 20G9 cosmid is illustrated in detail. B = BamHI,

E = EcoRI, N = Ndel. ‘cDNA’ indicates the Pvl cDNA clone isolated

from a AZAP Neurospora cDNA library. A and B indicate the two EcoRI fragments able to induce wc-I mutation by ‘RIPing’. (C) Expansion of the

we-1 gene region and restriction mapping. B = BamHI, C = Clal, E =

expressed as a fusion protein in Escherichia coli is able
to bind specifically in vitro to the promoter of al-3, a blue
light-regulated gene of Neurospora. We demonstrate that
we-1 gene expression is transcriptionally induced by blue
light irradiation, that its transcription is autoregulated and
that it is under the control of the wc-2 gene.

Results

Cloning of the wc-1 gene by chromosome walking
and complementation of the we-1 mutant

Carotenoid biosynthesis in Neurospora is constitutive in
conidia and light-inducible in mycelia. Therefore, the white
collar phenotype is characterized by albino mycelium and
orange conidia. Attempts to clone the wc-1 gene by
direct complementation of the wec-/ mutant with N.crassa
genomic cosmid banks and scoring for full induction of
carotenoids in mycelia were unsuccessful (data not shown).
Therefore, we decided to isolate the wc-1 gene by chromo-
some walking and mutant complementation. The white
collar-1 locus (Perkins et al., 1982) was determined to
map physically to the right arm of chromosome VII
(Figure 1A), 1-4 units proximal to the cystathionine

EcoRl, H = HindIll, N = Ndel, P = Pstl, S = Sall, X = Xhol.

synthase gene (met-7). The met-7 gene (Crawford et al.,
1992) was used to initiate the chromosome walk to wc-1,
using two N.crassa genomic cosmid banks. This walk
resulted in the identification of 10 overlapping cosmids
spanning ~230 kb of genomic DNA. Individual cosmids
isolated were tested for their correct localization on
chromosome VII by restriction fragment length poly-
morphism (RFLP) analysis on multicent strains
(Metzenberg et al., 1984). In addition, these 10 cosmids
were tested for their ability to restore photoinduced
carotenoid biosynthesis to ‘blind’ wc-I mutant strains
following transformation. A single cosmid, cos20G9
(38.5 kb), was able to complement the wc-/ mutation.

Localization of the we-1 coding sequence on
cos20G9 by ‘RIPing’

Next we attempted to identify the location of the wc-1
gene within the cos20G9 cosmid. Restriction fragments
of cos20G9 were subcloned into a Neurospora vector,
used to transform the wc-I mutant, and tested for their
ability to complement the wc-1 mutation. This strategy
was not successful due to the fact that the we-1 gene
turned out to be fairly long and was cleaved by all the
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restriction enzymes used (see next section). We therefore
used an alternative approach to identify a DNA fragment
in c0s20G9 containing the wc-1 gene. We exploited a
genetic phenomenon unique to Neurospora called ‘RIP’
(Repeat-Induced Point mutation), wherein sequence
duplications caused by transformation into wild-type back-
ground with extra copies of a native gene result in the
silencing of both the native and introduced gene, after
passage through meiosis (Selker, 1990). ‘RIPing’ silences
duplicated genes via the induction of extensive GC—AT
mutations in all duplicated sequences. We reasoned that
only DNA subfragments of cos20G9 containing the wc-1
gene could cause inactivation of the native gene and result
in a ‘blind’ white collar-1 phenotype. The white collar-1
phenotype caused by ‘RIPing’ was observed only in the
progeny of transformants containing the central 8 and
4.8 kb EcoRlI fragments of cos20G9 (Figure 1B, fragments
B and A, respectively) and not with the other EcoRI
fragments. Molecular evidence that these ‘RIPed’ strains
were ‘blind’ and lacking in light-induced responses was
obtained by Northern analysis of light-induced genes (data
not shown).

c¢DNA isolation and its use to obtain a white
collar-1 null mutant by ‘RIPing’

Using the ‘RIPing’ method described above, we deter-
mined that fragments A and B of cos20G9 were able to
induce a white collar-1 phenotype in a wild-type Neuro-
spora strain, and therefore each contains at least a portion
of the we-1 gene. Next we used the EcoRI fragments A
and B of c0s20G9 to isolate putative cDNAs for wc-1 by
screening a Neurospora cDNA library. Only the fragment
A probe (4.8 kb) allowed us repeatedly to isolate a cDNA
clone (Figure 1B). The longest cDNA clone obtained
(2.5 kb) was a partial cDNA truncated at the 5’ end. This
clone contained an open reading frame (ORF) of 1509 bp
and a poly(A) tail at the 3’ end. Northern analysis identified
the cognate mRNA of this cDNA to be 5.4 kb (data not
shown). As the cDNA library screened did not contain
large inserts, and the wc-1 mRNA is large, we were unable
to isolate any longer cDNAs using fragment B which
contains the 5’ end of the wc-1 gene. To prove that the
cDNA isolated with fragment A indeed encodes wc-1, we
utilized it in a ‘RIPing’ experiment. We were able to show
that this cDNA is able to induce mutants that exhibit a
‘blind’ white collar-1 phenotype in the progeny (data
not shown).

Nucleotide sequence analysis reveals that we-1
encodes a putative transcription factor

To determine the 5’'-most sequences of the wc-1 gene, we
sequenced the PstI-PsfI genomic fragment of cos20G9
(4481 bp long) (Figure 1C). At the same time, we obtained
the sequence of the entire cognate mRNA by reverse
transcription PCR and used this to generate the protein
sequence of the wc-1 product (Figure 2). The identified
we-1 gene encodes a protein of 1154 amino acids (125
kDa) (Figure 2). The wc-1 genomic clone contains a single
intron in the 3’ coding region (81 bp). The amino acid
sequence encoded by the wc-1 gene was analyzed by
Genetics Computer Group programs. A hydropathy plot
of the wc-1 gene-encoded protein (WC1) indicates that it
is a soluble protein with a putative nuclear targeting

1652

sequence (KKKRK). Amino acid sequence comparison
revealed no overall homologies with other proteins; how-
ever, extremely informative domains were identified. A
single putative class four, zinc finger DNA binding domain
(C-X2-C-X18-C-X2-C) was present in the C-terminal
region of WCI1 (see double-dashed line in Figure 2). This
type of zinc finger domain is characteristic of the vertebrate
GATA factors (Orkin, 1992), and has also been identified
in several fungal nitrogen-regulatory proteins (Crawford
and Arst, 1993) (Figure 3). The wc-1 gene product contains
another feature common to transcriptional regulatory
proteins, a polyglutamine stretch embedded in a glutam-
ine-histidine-rich region at the N-termini. This kind of
region previously observed in transcription factors such
as N.crassa NIT4 (Yuan et al., 1991) and Saccharomyces
cerevisiae DAL81 (Bricmont et al., 1991) has been shown
to be involved in transcription activation. The presence
of distinct domains for DNA binding and transcriptional
activation suggests a transcriptional role for the wc-1 gene
product. WCI1 also contains a conserved domain (spanning
115 amino acids) with 35% similarity to a bacterial
regulatory gene, bat, which controls the light-driven ion
pump of Halobacterium halobium (Leong et al., 1988)
(Figure 2, amino acids 382-507)

The WC1 zinc finger domain specifically binds to
light-regulated promoter sequences of N.crassa

All of the domains contained within WC1 suggest that it
is a transcription factor capable of binding to DNA. We
therefore tested the ability of the zinc finger domain of
WC1 to bind to specific DNA sequences contained within
a light-inducible Neurospora promoter in vitro. The target
Neurospora promoter used in these DNA binding experi-
ments was albino-3 (al-3) which we have shown previously
to be under blue light control, at the transcriptional level.
The al-3 promoter is a specific target for testing the
WCI1 protein, as we have shown previously that the
photoinduction of the al-3 gene is abolished in a wc-1
mutant (Carattoli et al., 1994). The region of the al-3
promoter used in our DNA binding experiments (-126
to —87 bp) contains two canonical GATA sequences,
located between the TATAA and CAAT boxes. The posi-
tioning of these GATA sequences in the al-3 promoter is
analogous to the GATA sequences in the promoter regions
of genes regulated by other members of class four zinc
finger proteins in fungi (NIT2, AREA, GLN3 and
DALS0).

It has been demonstrated that GATA represents the core
DNA binding sequence necessary for promoter recognition
in vertebrates (Evans et al., 1988) and in fungal class four
zinc finger proteins (Crawford and Arst, 1993). The
presence of these GATA sequences in the light-regulated
al-3 gene is reminiscent of the involvement of GATA
repeats found in the promoters of plant light-regulated
genes such as Cab-E and other light-regulated plant
promoters (Schindler and Cashmore, 1990). To test the
ability of the zinc finger domain of the WC1 protein to
interact with the GATA sequences of the al-3 promoter,
the region of wc-I encoding the 111 amino acid zinc
finger domain (see arrows in Figure 2), was expressed as
a bacterial fusion protein in E.coli, under the direction of
an inducible fac promoter. We tested the ability of this
WC1 zinc finger fusion protein to bind to the al-3 promoter



1 CCTGCGCTTGCTTCCGTGATCCGGCGGCGTCTGGTCATC TCCGAGTCGTCCCCCATCCAT
61 CGCGTACCTAGAAAGAAGCTGAGGTGATCGATCCCCTGTGTCGCTCAAGCGGGCTTCTTC
121 CATGTTTGGGTCCAAGGCAAGAAGGCTACGGACGAGCGCACTGTACGCGTAACACTCGAT
181 CGCCCGGCTCCGCTCCGTCTACCCAAATCACCACACAACTGCACCGCGTGCCCGCATGCC
241  GGTTTCCTGGACATTCCCAGTCCCCCCCTGCGCTGCTTCGTCCTTGC TTACCTACCCCGA
301 GTCACACTTCACCTTCCCTGCCAAGAAGGCCCTGATTTTCTTTCTCTTTCATACAGCTAA
361 CCGCTGCCTGGTCACCTAGATAACTGGCGCTGCCTTGAATACGCACACGGATACAGATAT
421 ACTTTATTCTTTTTTTCCGACAGCCAAACAAACTTCCAACCCTATGCTTGGGTCCGCCGT
481 CACACTACATCTCCGCACGTTCCGTCCCACCTCCCCTTCCGTCTGCGTCTCCACGTCTGA
541 GCTTCCTTTCCCGTCTGCTTGAGTGACAGCTTCGTACCGACAAGCAGGTACCAGTATCAG
601 ACGGCTTATTGATCGATGCAGCAACGACACCCACGGTCCCTCAATGTGATCACCCGACCC
661 GGCCCTTCCTGGCGCACCACCTTTTAGCACACCTATACTACGACCAAATCCTAAGAGAGA
721 GGAGAGAGAGGAGAGAGAGGAGAGAGAGAGAGAGCTTCTTAGCTAAGAGCTTGTTTCTAT
781 TGTCAACCCATTACGAATCGCTTGGGGCGACCGATGCAGCCACCATGAACAACAACTACT
M N N N Y Y6
841 ACGGTTCCCCGCTGTCTCCTGAGGAGCTTCAGCATCAAATGCACCAGCACCAGCAGCAGC
G s PL S PEETLAGQHAO QMUHEOQHOGQOQOQ Q26
901 AGCAGCAACAACAACAACAACAACAGCAGCAGCAGCAGCAGCAACAACAACAACAGCAAC
Q Q Q0 0 QQ Q0 QQQ Q0 Q0 Q Q@ Q0 Q Q46
961 AACAGCAACAACAGCATCAGCATCAGCAGCAACAAAAAACCAATCAGCATCGCAATGCCG
Q Q QQ HQHQQOQQKTNOQUHR RN A GE6
1021 GCATGATGAATACGCCTCCAACTACAAATCAAGGAAACAGCACGATTCACGCTTCAGATG
M M NT?PPTTNUQGNST I HA S D V86
1081 TAACCATGTCAGGAGGAAGCGACTCTCTTGATGAAATCATCCAGCAGAACCTCGACGAAA
T M S G G S D S L DE I I Q Q N L D E M106
1141 TGCATCGAAGGCGGAGTGTCCCCCAGCCCTATGGGGGCCAGACTAGGAGGTTGTCCATGT
H R RR SV P QP Y GG Q TR R L S M F 126
1201 TTGATTACGCGAACCCCAACGATGGTTTCTCGGACTATCAACTCGATAATATGTCAGGAA
DY ANUPNDGT F S DY QL DNMS G NI146
1261 ATTACGGGGACATGACTGGCGGCATGGGCATGTCAGGGCACTCGAGCCCGTATGCAGGGC
Y G DM TG GMGMS G H S S P Y A G Q 166
1321 AGAACATCATGGCCATGTCGGACCACAGCGGTGGATACTCGCACATGTCGCCCAATGTTA
N I M A M S DUH S G G Y S HM S P N V MI186
1381 TGGGCAACATGATGACTTACCCCAACCTCAACATGTACCACTCTCCCCCGATCGAGAACC
G NMMTY P NULNMYH S P P I E N P 206
1441 CCTATTCTTCGGCCGGACTCGACACTATTCGCACCGATTTTTCCATGGACATGAACATGG
Y S s A GLDTTIU RTUDTFSMDMN M D226
1501  ATAGTGGCTCCGTCAGCGCAGCCAGCGTACATCCCACCCCTGGGCTTAATAAGCAGGACG
S G S VS A A SV HPTUP G L N K Q D D246
1561 ACGAGATGATGACCATGGAGCAGGGCTTTGGTGGAGGTGACGATGCCAACGCCTCTCACC
EMMTMETUGQGT FG G G DD AN A S H Q266
1621 AGGCCCAACAAAACATGGGCGGTTTGACTCCGGCCATGACTCCGGCCATGACCCCTGCAA
A Q Q NM G G L TP AMT P AMT P A M286
1681 TGACCCCGGGTGTCAGCAACTTTGCACAAGGCATGGCTACACCAGTCTCACAGGATGCGG
T P GV S NF A QG MAT P V S Q D A A 306
1741 CAAGCACACCCGCGACAACCTTCCAGTCTCCGTCCTTATCCGCAACAACACAGACAATAC
s T P A TTF Q S P 35 L S A T T Q T I R 326
1801  GAATTGGGCCGCCGCCACCGCCGAGCGTCACCAATGCCCCCACCCCAGCGCCATTTACCT
I G P P P P P S V¥V TN AU PT P A P F T S5 346
1861 CGACGCCGTCAGGTGGAGGAGCGTCCCAGACAAAGAGCATTTACTCCAAAAGCGGTTTCG
T P 5 G G G A & Q T K s I Y S5 K § G F D 368
1921  ACATGCTGAGGGCGTTGTGGTATGTGGCATCGAGGAAGGACCCAAAGCTTAAGCTCGGTS
M L E A L W Y V A& S5 E K D P K L K L G & 386
19381 r‘Cu’1'3(.'st‘A’1‘uT(_‘’I"I\: KTT‘I“-TC‘?"‘CTGT\SATGTAACACTCAACGATTGCCCCATC.R

L M 5 C F ¢ p Vv T L N D C B 408
2041  TTTATG qTC"\;r\TA‘RC‘T TCCAAAACCTCACGGGT TATAGTC(.,"C ACGAGATTGT <
i vV &5 DN E ¢ N L G Y R H E I ¥ G R 415

2101 GGAACTGCCGCTTCTTGCAGGCCCCCGACGGTAATGTGGAGGCTGGCACCAAGCGCGAAT
N ¢ R F L O APDGNUVEAGT K R E E 446

2161 TTGTCGAAAACAACGCCGTATATACGCTCAAGAAGACCATCGCGGAGGGCCAGGAGATTC
V ENNAV Y T L KK TIAZETGQ E I Q466

2221 AGCAGAGTCTGATCAATTATCGGAAGGGCGGCAAGCCTTTCCTGAATTTGTTGACCATGA
Q s L I N Y R K G g K P E L N L L T M I 486

2281 TTCCCATTCCCTGGGATACCGAAGAAATCCGTTATTTCATTGGATTTCAGATCGATCTCG
P I P WDTETETIURYTF I G F O I DL V506

2341 TGGAATGCCCTGATGCCATAATCGGCCAGGAAGGAAATGGGCCCATGCAGGTCAACTATA
E cPDAI I G Q E G NG P MOQV N Y TS526

2401 CCCACAGCGATATCGGGCAGTACATCTGGACGCCACCTACCCAGAAGCAACTGGAGCCTG
H S DI G QY I WTUPUPTOQ K QL E P AS46

2461 CCGACGGCCAGACTTTGGGCGTTGATGATGTTTCGACACTTTTGCAGCAATGTAATTCGA
DG TLG VDDV S TULTULZGQZQCN S KS66

2521 AGGGTGTTGCATCCGACTGGCACAAACAATCCTGGGATAAGATGCTTTTGGAGAACGCAG
G V A S D W H K Q S WD KMLL E N A DS586

2581 AC GA’I‘GTTGTC CATGTGTTGTCGCTCAAGGGTCTCTTCTTATACCTATCTCCGGCCTGTA
VvV HV L S L KGULF L Y L S P A C KB&606

2641 AGAAAG'IG'Z"I\’JGAGTACGATCCCAGCGACCTCG’I‘K;GGACCTCGCTCTC CTCGATTTGCC
K VvV L EY DASDTULUV G T S L S S I C HEé62

2701 ACCCGTCCGACATCGTGCCGGTGACGAGGGAGTTGAAAGAGGCCCAGCAACACACTCCAG
P s DI VPV TRETLIEKEAUOQOQHT P V646

2761 TCAATATAGTCTTCAGAATTCGGAGAAAGAACAGTGGTTATACCTGGTTTGAAAGCCACG
N I Vv F R I RRIEKNZSGYTWTFE S H G666

2821 GAACATTGTTCAACGAACAGGGTAAGGGTCGCAAGTGTATCATTCTTGTGGGGAGAAAAC
T L FNE QG K GRKCTI I L V G R K RE86

2881 GCCCCGTTTTTGCTCTACACAGAAAGGACCTCGAACTCAACGGCGGTATTGGTGACAGCG
P Y F AL HRIEKDTULETLNGGTIG D S ET706

2541 AAATTTGGACCAAGGTCTCGACATCAGGCATGTTCTTGTTCGTTTCGTCGAATGTCCGGT
1 # T K V S TS GMF L F V S S N V R S726

3001  CGCTCCTGGATTTGCTCCCGGAGAACCTCCAAGGTACCAGCATGCAAGATCTCATGCGCA
L L DL L PENULUOQGTSMOQDIL MR K746

region in vitro, using an electrophoretic mobility shift assay
(EMSA) (Figure 4A). For these gel-shift experiments, we
incubated lysates from E.coli cells which express the
WCIl-glutathione transferase (WC1-GST) fusion protein
with the double-stranded oligonucleotide (41mer) and
observed distinct gel-shifts using EMSA (Figure 4A, lane
1). To demonstrate that this gel-shift resulted specifically
from association with the WC1 fusion protein, we showed
that no shift was obtained using extracts from uninduced
cells (Figure 4A, lane 2). To demonstrate that the binding
of the WC1 fusion protein to the al-3 promoter sequence is
sequence-specific, we performed competition experiments
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3061  AGGAATCCAGAGCCGAGTTTGGGAGGACGATAGAGAAAGCTAGAAAGGGCAAGATCGTCG

E S P A EF GRTTIEZKARIKGIE K I V V766
3121 TAGCTGCAAGCATGAGGTGCAAAACAAGCGTGGCCAGGTGCTCCAGGCCTATACAACATT

A A S MR CIKT SV ARC SR P I Q H S 786
3181 CTACCCCGGAGATGGTGGTGAGGGTCAAAGGCCAAACGTTTTTGTTGGCGCAAACAAAGC

T P EMV VRV K G OQTF L L A Q T K L 806
3241 TGTTGAAGGCGTCATCAAGGACACTACGTCCCGCGACCGTAACGGTCAAGAATATGTCTC

L K A S SR TULURU®PATV TV KNM S P 826
3301 CGGGCGGTGTTCCTTTGTCGCCAATGAAAGGGATCCAGACCGACAGTGATAGCAACACTC

G 6 vV P L S PMIKGTI QTUD S D S N T L 845
3361 TCATGGGCGGGATGTCGAAGTCGGGAAGCAGCGATAGTACGGGGGCCATGGTCTCAGCTC

M G G M S K S G S S D S TG A MV S A RB66
3421 GTAGCAGTGCAGGACCCGGCCAGGATGCGGCTTTGGACGCCGATAACATATTTGACGAAC

S S A G P G Q DA AL DADNTIF D E L 886
3481 TCA}\G;\CAACGC_G_’I;TGCACCAGC'I‘GGCAGTACGAGCTGAGGCAAATGGAGAAGGTGAATC

¥ T TR C T S W QY E L R Q M E K V N RICE

1541  GCATGTTSGCCGAAGAGCTGGCGCCAGTTTTGTCTAACAAGAAAAAACGGAAACGAAGAA

M L A E E L A P Vv L S N K _K_K R _K R R KB926
3501 AGGGAGGAGGTAACATGGTGAGGGATTGTGCAAATTGCCATACGAGGAACACGCCCGAAT

G G G N MV R D C A N CH TR N T P E w946

CCAAGCGGGAATCGAGATC TATGCAACAGTTGTGGGTTGAGATGGGCAA
F FE G P S G N R DL C N & C G L R W A K 985

3721 AGCAggraag-tatcaatttcocttotttggatttocttottrggattrgtttgeccccca
o az
JJaaaaatggat aGACTGGGCGCGTATCGCCGCGCACCTCATCCCGAG
T S R V 3 P R T S S R G 2978

3841 GTGGGAATGGTGATTCGATGAGCAAGAAGAGCAATTCACCTAGTCACTCGTCGCCCCTTC

G N G D S M S K K S N S P S H S s P L HDS999
3901 A'IS_AGMG’ICGGCMCGATTCACCGTCTACTACCACCGCTACC AAGAACTCACCCTCTC

R EV GND S P S TTTATIEKNS P S L1019
3961 TTCGAGGAAGTAGCACCACTGCACCCGGTACGATCACAACGGACAGCGGACCAGCAGTCG

R G S S TT APGTTITTUD S G P A V A1l039
4021 CATCGAGCGCTAGTGGAACCGGTAGTACGACTATAGCTACTTCAGCCAATTCTGCTGCAT

S S ASGTGSTTTIATSANS A A S 1058
4081 CAACCGTCAGCCCGGCCCTCCTGCGACAGGTCCCAGTGGCGGCTCACCGGCTCAACATCT

T VS P ALLIRIQV PV A AHURTILNTI FI107%
4141 TCCGCCTCATCTCCAGGGAACACACCTTAACGCCCAGGCCATGCAGCGTGTACACCAGCA

R L I S REHTULTU®PURU®PCS VY T S I 1099
4201 TAAGCAGCATCAGCAGCATCAACAGCAGCATCAACAGCAGCATCAACAGCAGCATCAACA

S $ I §$ s I NS S I NS s I N s s I N s111¢
4261 GCAGCACCAACAGCTTCAGCAGCATCAGTTCAACCCTCCACAAAGCCAGCCACTCCTGGA

S TN S F S S I s S T VL H K A S H S W K1139
4321 AGGCGCGGAAGCGGTTTCCGTGGAAGCGGAATGGAGATGACCTCAATTAGGGAAGAGATG

A R KRF PWKRNGUDDTL N 1154
4381 GGCGAACATCAACAGGGCTTAAGTGTATAGGAACCACTCGGCCCATTGACTACATCGTCG
4441 ACCTCTTATGACTCATCGGTCTCAAACCTGTCGTTGCCTGCAGTGGAAGTCGGTGACCAT
4501 ACTGACCCCCAGCAACAACTACAAGATCAAGGCCCGCTGTCAGACTCATAGGCTGGGACA
4561 ACAACAACAAAAACAACAACAACAACAAGAAGGAGAACAACAACAACACAAAGAACATAG
4621 TAGTACGAGTCTACCGTCCCAGAGGCAACGGTTACACAAGGAGCTTTGTGAGTTCCATGA
4681 GTTGCATGATTCGCGGGAATGGCAGCAACAACACCAACAGCAGCATCTTTATGCCTCACA
4741 GCAACGACAACATCATGTAGAACTGCAAAAGAGGTTGCAACAGCGGCAGCAAATGCAAAT
4801 ACCGCAGCCGCAGCAGGAGCAGCTGTAAGAGTAACTACGCCCATCATCACCGACCGAAGG
4861 ACCGAAAGACGATATTGAGTACACCAATAACCTCGGCGGCCCATCTCATGGCCACTGTCT
4921 CTACTCGCAGCTACTATACGTTACCTGGGCTTCATACAATAGAGAGGGTGTGTAGATATG
4981 AGGGGAAGACGGGCAACCAACATTCCCGGACGGACGATGGGAAAACGCTTGAGGAGGCCC
5041 ATGCGGATGCTGTCGGAGAGAAAAAGGAGGCAATCTTACTAGAGATTTGCAAACTTGCGA
5101 TCATACCAGACCTATATACATACATGCACACATACTCGTATACGTATA

378l cgttactaa

Fig. 2. Nucleotide and derived amino acid sequence of white collar-1.
Nucleotides 1-5148 are derived from the genomic sequence of we-1.
Nucleotides denoted in lower case correspond to the 81 bp intron
sequence. The partial wc-1 cDNA clone isolated from the AZAP
library starts at nucleotide 2776 (EcoRI site). The deduced amino acid
sequence of we-/ was analyzed by the Genetics Computer Group
programs (FASTA and PROSITE). Several structural motifs identified
are indicated as follows. The glutamine-rich region is indicated in bold
letters. The amino acids identical to residues 160-274 of the bacterial
bat gene product are underlined. The double underline indicates the
zinc finger motif. The two arrows indicate the zinc finger-containing
region which was cloned and expressed as a fusion protein in E.coli.
The bold underlined sequence identifies a putative nuclear targeting
sequence. Several putative phosphorylation sites have been identified,
but are not indicated in the figure for the sake of clarity. These
putative phosphorylation sites include: (i) four putative sites for
cAMP- and cGMP-dependent protein kinase (R,K)2x(S.T), (ii) 22
putative sites for protein kinase C (S.T)x(R.K) and (iii) 16 putative
sites for casein kinase II (S,T)x2(D.E).

and showed that the binding was competed specifically
by increasing amounts of an unlabeled 41mer (Figure 4B,
lanes 3-6), but not by increasing amounts of an unrelated
41mer double-stranded oligo (Figure 4C, lanes 3-6). To
test whether divalent cations such as zinc are required for
specific binding of the WCI fusion protein to the labeled
41mer, we carried out the experiments in the presence of
EDTA. The marked reduction of band shift observed
(Figure 4C, lane 7) indicates that the interaction of the
WCI1 fusion protein with the al-3 promoter region is
dependent on the presence of divalent cations. To explore
the involvement of the GATA motif in the binding of the
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wcl A CHTRNE‘EWRRGPSENRDLCEISCGL
SRD1 SKCKDTW[; owR[SlcP[DONRELCEPICGL
NTL1 THCQVTK’TPQWREGPLEF‘KTLCNACGE
NIT2 klr[Nc|FToTir PlLlwR RNP[DlGl - PLCN|alcG L
AREA [clrivc|F T o Tir PILWR R|N|P|E|GIO - PIL CN|alcG L
GLN3 [c|F|n |k T F K|T P|L|WwR R|S|P|E|lGIN - T|L cN|a|c G L
pAL8O clolN clF T vKIT PILIWRR|IDEH|GIT - VL cNfalc G L
GATAlC|TINC|Qo T T TITL LIWR RN A S|G]D - PVICN[A|CG L
GATA2C[V|INC|GATAIT PILWRR|DG T|GH - YILCNJA|CcGL
GATA3 WNCGATSTPLWRRDG'I‘SH—YLCNA GL

*
Fig. 3. Sequence identities between a region of WCI and the zinc
finger domains of other regulatory proteins. The residues between
amino acids 935 and 962 of WC1 are shown. Identities between WCl
and other zinc finger regulatory proteins are boxed. The asterisk
indicates a leucine residue that is conserved in all the class four zinc
finger proteins with a 17 residue loop, but is absent in all three
proteins containing an 18 residue loop. All the proteins shown in the
comparison are cited in the text except human GATA-1, GATA-2 and
GATA-3 whose accession numbers in the Swiss protein bank are
P15976, P23769 and P23771, respectively.

zinc finger region of the WCI protein to al-3 DNA,
we performed a binding competition experiment using
increasing amounts of a mutated 41mer oligonucleotide,
in which both the GATA sequences of al-3 have been
mutagenized (for sequence, see legend to Figure 4). Using
the mutated 41mer double-stranded oligo, we observed no
competition with wild-type al-3 at low concentrations (1-
to 50-fold excess of competitor) (Figure 4B, lanes 7-9).
At 100-fold excess of mutant competitor, we observe some
competition with the al-3 wild-type GATA, indicating a
reduced affinity of the WC1 protein for the GATA mutant
probe (Figure 4B, lane 10). These results clearly point to
an involvement of the promoter GATA motif in the WCl1
protein binding. The low level but evident displacement
of the wild-type sequence by a high molar excess of the
mutated oligonucleotide suggests that the target region of
the zinc finger domain may also involve other bases.

The we-1 gene is autoregulated at the
transcriptional level

Next we examined the levels of wc-I mRNA in dark-
grown or light-induced mycelia, and observed that steady-
state levels of wc-I mRNA increased upon blue light
irradiation (Figure 5, compare lanes 1 and 2). In addition,
we have shown that the light activation of we-1 is under
the genetic control of wc-1 and wce-2 genes, as no light
regulation is observed in the wc-I and we-2 mutant
backgrounds (Figure 5, lanes 3—6). We and others have
shown previously that light regulation of other target genes
is also abolished in the white collar mutant backgrounds
(Sommer et al., 1989; Carattoli et al., 1994). This result
clearly indicates that wc-I is autoregulated, either by a
light-induced increase in the rate of transcription or by
stabilization of the transcript. Furthermore, the lack of
light regulation of we-1 mRNA in a we-2 mutant suggests
that the wc-2 gene is epistatic to wc-1.

Discussion

Herein, we report the isolation of the wc-1 gene, the
characterization of its product, the definition of its role in
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light signal transduction and its light-dependent transcrip-
tional regulation. The deduced amino acid sequence of
WCI1 suggests a role for this protein as a transcription
factor involved in light regulation. Structural character-
istics of WC1 include the presence of a zinc finger domain
similar to that previously described for vertebrate GATA
factors and also for general regulators of nitrogen metabol-
ism in fungi like the Aspergillus nidulans areA gene, the
N.crassa nit-2 gene and the S.cerevisiae GLN3 and DAL80
genes (Cunningham and Cooper, 1991; Crawford and
Arst, 1993). The vertebrate GATA factors have two zinc
fingers, while the single zinc finger present in the fungal
proteins is similar to the carboxy-proximal zinc finger of
vertebrates. A comparison of the zinc finger domain of
WC1 with those of other members of the class four zinc
fingers is shown in Figure 3. All proteins with this class
four zinc finger motif (17 aa finger loop), have been
demonstrated to be transcriptional regulators capable of
binding to promoter GATA sequences. Among the class
four zinc finger proteins, WC1 has the unusual character-
istic of possessing an 18 aa loop in the zinc finger and
lacks a leucine residue in the loop that is normally
conserved (indicated by the asterisk in Figure 3). These
unusual features of WC1 are shared with other recently
isolated putative transcription factors such as the tobacco
putative nitrogen-regulatory protein NTL1 (Vedele and
Caboche, 1993) and with the S.cerevisiae protein SRD1
(Hesse et al., 1994). The leucine residue conserved in the
majority of class four zinc finger proteins has been shown
to be involved in the binding of the chicken GATA-1]
protein to the GATA site of its cognate promoter (Omichin-
ski et al., 1993) and has also been proposed to be
responsible for GATA binding in the AREA protein (Kudla
et al., 1990). The N-terminal region of WC1 contains a
stretch of 28 glutamine residues, embedded in a region
rich in glutamine and histidine residues (Figure 2, see
underlined residues). Similar glutamine-rich regions are
present in many other transcription factors and are required
for their regulatory function in vivo, as demonstrated for
regulatory factors such as N.crassa NIT4 (Yuan et al.,
1991) and S.cerevisiae DAL81 (Bricmont et al., 1991).
The importance of these domains is verified by the fact
that deletions in these glutamine-rich regions in NIT4 or
DALS8I result in loss of transcriptional activity. The region
between amino acids 382 and 507 shows a 35% of
similarity with the bar gene product, the putative activator
of the bacterio-opsin gene bop. Interestingly, bat is itself
regulated by a light-induced gene brp (bacterio-opsin-
related protein) which is thought to be a membrane-bound
light sensor or transmitter (Shand and Betlanch, 1991).
The idea that WCl is a transcription factor is reinforced
by the band-shift experiments which demonstrated that
WCI is able to bind to a specific Neurospora promoter
sequence. The al-3 promoter had been characterized by
deletion and site-directed mutagenesis (Carattoli et al.,
1994). These results indicate that the al-3 promoter region
between positions —226 and -55 nt contains all the
necessary information for blue light photoinduction. In
this region, it is possible to identify two direct repeated
GATA sequences separated by 17 nt. A 41mer oligonucleo-
tide containing the al-3 GATA sequence region has been
shown to be retarded in EMSA experiments. In order to
investigate the importance of the GATA sequences for
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Fig. 4. The zinc finger domain of WCI binds to the light-regulated al-3 promoter. EMSA performed with the WC1-GST fusion protein and a 41mer
double-stranded oligonucleotide (GCGGTATTATCGTCATAGCGTGCGGGTATCGAATATTGCC) derived from the al-3 promoter region. The GATA
motifs in the al-3 promoter sequence are underlined. (A) One ng of terminally labeled oligonucleotide with 5 pg of WC1-GST-induced protein
extract, lane 1; or 5 ug of WCI-GST uninduced extract, lane 2. (B) One ng of terminally labeled oligonucleotide incubated with: lane 1, no extract;
lane 2, with 5 pg of WC1-GST-induced-extract; lanes 3—6, same as lane 2, but with the al-3 41mer oligonucleotide as unlabeled competitor (1, 10,
50 and 100 ng); lanes 7-10, as lane 2, but with a unlabeled al-3 mutated oligonucleotide (GCGGTATGAGAGTCATAGCGTGCGGGAGGAG-
AATATTGCCC) as competitor (1, 10, 50 and 100 ng). The mutated GATA motifs are underlined. (C) Lanes 1 and 2, same as lanes 1 and 2 in (B);
lanes 3-6, same as lane 2, but with an unlabeled unrelated 41mer oligonucleotide as competitor (1, 10, 50 and 100 ng); lane 7, same as lane 2, but

in the presence of 50 mM EDTA.

specific binding of WCI, we performed competition
experiments with unlabeled GATA mutated oligonucleo-
tides. As expected, the mutated oligonucleotides do not
displace the binding at low and high molar ratios. However,
at very high molar ratios the mutant GATA begins to
compete, suggesting the existence of other bases involved
in the WC1 DNA binding. This effect has not been
described for the other one-finger regulatory proteins
(NIT2, AREA and GLN?3); however, WC1 has unusual
structural characteristics such as the 18 amino acid loop
and the absence of the otherwise conserved leucine that
could justify this difference. Further experiments on WCl
DNA binding ability and the characterization of the
binding properties of the other 18 amino acid loop proteins
will demonstrate whether these proteins belong to a new
class of GATA-like proteins.

Northern analyses of wc-1 mRNA levels reveals that
we-1 is itself a light-regulated gene. The steady-state level
of we-1 mRNA present in dark-grown cultures increases
about five times following 20 min of light induction. This
enhancement is abolished in a wc-/ mutant, indicating
that the wc-1 product is required for the light induction
of its cognate gene. We observed no light induction of
we-1 transcription in a wc-2 genetic background, sug-
gesting that the wc-2 product is necessary for white
collar-1 light induction. This result may mean that wc-/
and wc-2 work together at the transcriptional level or that
we-2 is epistatic to we-1.

Collectively, the data presented indicate that the wc-1
gene encodes an autoregulated transcription factor, able
to bind to a light-inducible target promoter such as al-3.
Even though we-1 gene expression is itself activated by
light, there are two pieces of data which suggest that the

gy -

Fig. 5. Northern analysis of wc-/ mRNA. Lanes 1 and 2, Neurospora
wild-type strain (74A); lanes 3 and 4, wc-1 mutant strain; lanes 5 and
6, we-2 mutant strain. Neurospora were grown either in the dark
(lanes 1, 3 and 5) or exposed to blue light irradiation for 20 min
(lanes 2, 4 and 6). Upper panel is probed with wc-1 cDNA, the PV1
insert (upper panel). To normalize the amount of RNA in each lane,
we used as the probe the light-independent gene IF2 (lower panel).
The we-1 mRNA detected is ~5.4 kb long, as estimated from
molecular size standards.

we-1 gene product, present at low levels in dark-grown
mycelia, can induce transcription of target genes in
response to light. First, the light induction of the al-3
transcript and other light-induced transcripts of Neuro-
spora is rapid, and induction is detectable after only a
few minutes of light induction (Sommer et al., 1989;
Baima et al., 1991). Secondly, the light induction of al-3
is not impaired by cycloheximide pre-treatment (Baima
et al., 1991). Therefore, the light-induced transcriptional
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activation of the al-3 gene and other genes probably results
from a light-triggered post-translational modification of
a protein. We have shown herein, both genetically and
biochemically, that WC1 is a transcription factor that
binds to and affects light regulation of the al-3 gene. What
is the mechanism by which light activates the rapid
responses via WC17? It has been described previously that
light induces dephosphorylation of several proteins of
unknown function in Neurospora wild-type strains (Lauter
and Russo, 1990), leading to the hypothesis that protein
(de)phosphorylation is a step in phototransduction. WC1
described herein is characterized by several putative
phosphorylation sites that are non-uniformly distributed
within the polypeptide. This pattern is reminiscent of the
organization of putative phosphorylation sites in other
transcription factors (Crawford and Arst, 1993). The
presence of potential post-translational modification sites
in WC1 suggests the possibility that WC1, always present
in the cells, becomes activated by specific light-induced
phosphorylation or dephosphorylation. Finally, in Neuro-
spora there are only two genetic loci known to be involved
in blue light signal transduction: wc-1 and wc-2. This is
curious as all signal transduction pathways investigated
so far include several molecular steps. We present data
indicating that wc-1 encodes a light-induced transcriptional
activator. We also expect to have in this signal transduction
pathway, at least, additional components including a blue
light photoreceptor and a phosphorylation—dephosphoryla-
tion system. This expectation means that either additional
white collar mutants will be isolated in the future or that
the we-2 product is a photoreceptor with a kinase domain.
The isolation of the wc-1 gene, one of the key pieces of
the blue light puzzle, will allow us to design new experi-
ments to unravel the blue light signal transduction pathway.
These experiments in a model genetic system, such as
Neurospora, are likely to uncover the blue light signal
transduction components which may be shared in less
genetically tractable systems such as higher plants.

Materials and methods

Neurospora crassa strains and transformation

The strain wc-1, ga-2, aro-9 was obtained by crossing strain FGSC 4398
(wc-1a) obtained from the Fungal Genetic Stock Center to strain
FGSC 3957 (qa-2, aro-9A). This strain was used as the recipient in
transformation experiments (carried out as described in Nelson et al.,
1989) involving CBM libraries, and the transformants were selected for
growth in Vogel’s minimal medium (Davis and de Serres, 1970). The
strain FGSC 4403 (wc-1) was used for pMOcosx library transformation
and these transformants were selected on minimal medium in the
presence of hygromycin. Transformants were transferred routinely to
slants in order to observe the mycelium carotenogenetic response to
light irradiation. The strains 74A (wild-type), FGCS 4397 (wc-1) and
FGCS 4408 (wc-2) were used for RNA preparations.

Neurospora crassa libraries and plasmids

Three N.crassa genomic libraries were used: (i) library CBM1, an ordered
cosmid library containing 6048 clones (nomenclature: number:letter—
number; Cabibbo et al., 1991); (ii) library CBM2, a cosmid library
randomly plated containing 15 000 individual clones (nomenclature:
number-letter) and (iii) library pMOcosx, an ordered library represented
by 4800 individual clones (nomenclature: letter-number:letter-number).
The N.crassa cDNA library used was cloned in AZAP and was obtained
from the Fungal Genetic Stock Center (Orbach et al., 1990). Plasmid
SKqa, an SK-plasmid (Stratagene) containing the Neurospora qa-2 gene
inserted between Sall and Pstl sites, was used for subcloning and
‘RIPing’ experiments. Plasmid and cosmid DNA was isolated according
to Birboim and Doly (1979).
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Chromosome walking

Chromosome walking to the wc-/ locus began with clone p550 which
is an oriented clone containing part of met-7 and met-9 genes and was
carried out with the three different N.crassa cosmid libraries described
above. Each walking step was conducted using the two ordered libraries
and, in some cases, also on library CBM2. For each step, we isolated
one (20G9) to nine cosmids (S4E-6 region). The terminal region of the
most advanced cosmid of each step was nick-translated (sp. act. 108
c.p.m./ug DNA) and used in colony hybridization experiments on
Hybond N+ filters.

RFLP analysis

The multicent strains, comprising 38 individual strains from the Fungal
Genetic Stock Center (FGSC 4450-FGSC 4488) were used for the RFLP
analysis. Neurospora crassa DNA was prepared as described by Morelli
et al. (1993). Restriction polymorphisms were searched for using either
full cosmid inserts or single restriction fragments from the walking
cosmids, and the results were compared with the annually published
updates of RFLP of Neurospora in Fungal Genetics Newsletter.

‘RIPing’

EcoRI subfragments of cos20G9 cloned in SKqa were used to transform
Neurospora spheroplasts (ga-2, aro-9). For each DNA subfragment of
c0s20G9, two independent transformants were isolated and independently
crossed to wild-type Neurospora (strain 74a). For each cross, we
examined ~250 individual ascospores.

Nucleotide sequence analysis

The nucleotide sequence of wc-/ was determined for both strands by
the dideoxy method (Sequenase system USB) on the wc-1 cDNA, PV1,
and on the PstI-Pstl genomic region of wc-/ contained in cos20G9
(4481 bp long). The DNA sequence of the entire mRNA was obtained
by reverse transcription PCR (Kawasaki, 1990). The most upstream
primer for the RT-PCR starts at 385 nt of the sequence. The entire
nucleotide sequence has been sent to the EMBL data bank (accession
No. X94300). The derived amino acid sequence of WC1 was analyzed
by Genetics Computer Group programs.

WC1 fusion protein preparation and EMSA

To construct the WC1-GST fusion protein, a PCR amplification product
from the WCl zinc finger region (Figure 2) was cloned in-frame into
the EcoRI restriction site of the E.coli expression vector pGEX-2T
(Smith and Johnson, 1988). The protein extracts were prepared essentially
as previously described (Sessa et al., 1993). All DNA binding assays
were carried out by incubating probe plus extract at 4°C for 30 min in
the presence of 1 pg poly(dI-dC) in a final volume of 20 pl. Electro-
phoresis was performed on 6% polyacrylamide gels in 0.5X TBE, run
for 3 h at 4°C, then dried and exposed to X-ray film at —80°C for
autoradiography. The specific radioactivity of the labeled oligonucleotide
was ~10 000 c.p.m./ng.

Northern blot analysis

Total RNA was prepared from Neurospora mycelia grown in liquid as
described (Baima et al., 1991). For light induction studies, liquid cultures
grown for 18 h at 25°C were irradiated with saturating light for 20 min,
then immediately filtered and frozen. RNA was electrophoresed under
denaturing conditions, transferred to Hybond-N and hybridized in the
presence of formamide with radioactive probes (sp. act. 108 c.p.m./ug).
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