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Blue light-induced transcription in Neurospora crassa is regulated by the White Collar-1 (WC-1) photoreceptor. We report
that residue K14 of histone H3 associated with the light-inducible albino-3 (al-3) promoter becomes transiently acetylated
after photoinduction. This acetylation depends on WC-1. The relevance of this chromatin modification was directly
evaluated in vivo by construction of a Neurospora strain with a mutated histone H3 gene (hH3%'#Q). This strain
phenocopies a wc-1 blind mutant and shows a strong reduction of light-induced transcriptional activation of both al-3 and
vivid (vvd), another light-inducible gene. We mutated Neurospora GCN Five (ngf-1), which encodes a homologue of the
yeast HAT Gen5p, to generate a strain impaired in H3 K14 acetylation and found that it was defective in photoinduction.
Together, our findings reveal a direct link between histone modification and light signaling in Neurospora and contribute

to the developing understanding of the molecular mechanisms operating in light-inducible gene activation.

INTRODUCTION

Biochemical signal transduction has been the object of a
multitude of studies, mostly devoted to the identification of
the molecular components of specific pathways, their epi-
static relationships, and their mechanisms of action. Al-
though light signal transduction pathways have been pri-
marily studied in plants (Chen et al., 2004), the filamentous
fungus Neurospora crassa has become a preferred eukaryotic
model to investigate pathways inducible by blue light. Early
biochemical and photobiology studies reported that Neuro-
spora is responsive only to blue light (Sargent and Briggs,
1967; DeFabo et al., 1976). Genes encoding putative red light
photoreceptors have been recently discovered in the Neuro-
spora genome (Galagan et al., 2003; Borkovich et al., 2004), but
deletion of these genes does not affect any known photore-
sponses, leaving their function uncertain (Froehlich et al.,
2005).
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Two proteins are required for blue light perception in N.
crassa, White Collar (WC)-1 and WC-2 (Ballario ef al., 1996;
Linden and Macino, 1997). WC-1 is the photoreceptor (He et
al., 2002), with a sensor domain called LOV (for Light, Ox-
ygen, and Voltage), homologous to that of plant pho-
totropins (Huala et al., 1997). WC-1 is associated with WC-2
in vivo, forming a nuclear heterodimer, the White Collar
complex (WCC; Talora et al., 1999; Schwerdtfeger and Lin-
den, 2001). At various points in the circadian cycle, other
proteins associate with WCC, e.g., the oscillator, Frequency
(FRQ; Dunlap and Loros, 2004), and protein kinase C (Fran-
chi et al., 2005), but the two WC proteins are the defining,
constant components of this light-sensing complex (Cheng et
al., 2002). On blue light irradiation, the conformation of the
WCC is thought to change to activate light-dependent genes
transiently. The early light-inducible genes, such as albino-3
(al-3) and vivid (vvd), reach their peak induction 15-20 min
after a light pulse and are switched off within 1 h (Baima et
al., 1991). Initially, WC-1 becomes increasingly phosphory-
lated and after 1 h the hyperphosphorylated protein begins
to turn over (for models, see Talora et al., 1999 and He et al.,
2005). As part of a feedback loop, the wc-1 gene itself is
subject to light-induced transcription by the WCC (Ballario
et al., 1996; Kaldi et al., 2006).

WC-1 and WC-2 are classified as Per Arnt Sim (PAS)
transcription factors, which are characterized by a zinc fin-
ger-binding domain similar to that of vertebrate GATA fac-
tors (Scazzocchio, 2000; Urnov, 2002). Indeed, the light-re-
sponsive region (LRR) of light-inducible promoters, e.g., of
the al-3 and frq genes, contain GATA or GATA-derived
sequences. These regions are recognized in in vitro binding
assays by recombinant WC-1 and WC-2 zinc finger domains
(Ballario et al., 1996) and by the activated WCC (Froehlich et
al., 2002). An in vivo interaction between LRRs and WCC
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has been recently demonstrated by He and Liu (2005). In
some in vitro assays, however, the zinc finger domains of
WC-1, NIT-2, and CYS-4 did not preferentially bind to their
specific GATA repeats on naked DNA segments consisting
of target promoters (Feng and Marzluf, 1998). This suggests
that other chromatin components (e.g., histones) may play a
role in the regulation of LRR accessibility and may be im-
portant in conferring specificity to the response. Nuclear
receptors for steroid hormones are, like WC-1, PAS-contain-
ing zinc finger proteins with a sensor domain, and they
activate transcription only in the presence of specific coacti-
vators, particularly the histone acetyltransferases (HATSs)
CBP/P300, PCAF, and GCN5 (Hebbar and Archer, 2003).
One current model suggests that posttranslational histone
modifications constitute a “histone code” that is involved in
the control of gene expression and other genetic and epige-
netic processes (Turner, 2000; Jenuwein and Allis, 2001).

Evidence for involvement of chromatin modifications in
light-inducible transcriptional activation is starting to accu-
mulate (Crosio et al., 2000; Etchegaray et al., 2003; Naruse et
al., 2004). Rhythmic acetylation of histone H3 at clock-regu-
lated promoters has been correlated with the circadian acti-
vation of clock genes in mammals (Etchegaray et al., 2003;
Hastings and Herzog, 2004). A transient burst of histone H3
phosphorylation on residue S10 (H3 S10) has been observed
in mammalian hypothalamic suprachiasmatic nuclei after a
light pulse (Crosio ef al., 2000). In addition, cycles of acety-
lation and deacetylation of histone H3 and interaction of the
transcription factor Clock with the histone acetyltransferase
have been demonstrated in mouse (Naruse et al., 2004).

Here, we show evidence for light-dependent transient
acetylation of the amino-terminal tail of histone H3 associ-
ated with the LRR of the al-3 promoter. The influence of
acetylation on light dependent gene expression was con-
firmed by genetic analyses, both for al-3 and vud. We also
demonstrate that light-inducible H3 acetylation is catalyzed
by NGF-1, the homologue of the yeast histone acetyltrans-
ferase GenSp.

MATERIALS AND METHODS

N. crassa Strains and Culture Conditions

A his-3 strain (matA his-3; FGSC 462) obtained from the Fungal Genetics Stock
Center (Kansas City, KS) was used as the recipient strain for transformations
to generate strain BG3 (Figure 1). Similarly, a wc-2 strain (allele 234w; FGSC
3817) was used in a control experiment. For chromatin immunoprecipitation
(ChIP) experiments, we used N. crassa wild-type strain 74OR23-1A (FGSC
987; Figure 2) as a control. The we-1 mutant (matA his-3; bd; we-1""; FGSC
3081) was a gift from J. Dunlap (Dartmouth Medical School, Hanover, NH).
Strain N644 (matA; inl am'3?; [(am/hph/am)cc#2PII2[RIP77; Trelan and Selker,
1997) was the transformation host for ectopic insertion of a histone H3 gene
bearing a lysine-to-glutamine substitution at residue 14 (hH3K4Q).

For dark/light ChIP and Northern experiments, conidia were inoculated in
liquid medium and grown in the dark for 1824 h at 28°C. For dark-grown
samples, mycelia were collected by filtration under a red safety lamp and
frozen in liquid nitrogen. For illuminated samples, mycelia were photoin-
duced for 3 min with saturating light (10 W/cm?) and further grown in the
dark for different periods. The time intervals indicated in figures are from the
beginning of the light pulse to when the cultures were harvested.

Construction of the hH3*'42 Mutant

The hH3K4Q substitution (AAG replaced by CAG at position 14) was gener-
ated by QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA) on
pSH12, a plasmid containing the wild-type hH3 gene (Hays and Selker,
unpublished data). N644 was cotransformed with pEB11, carrying the
hH3X14Q allele and pBT6 (Orbach et al., 1986), a plasmid containing a B-tubu-
lin allele that confers resistance to benomyl (Bml). Transformants were grown
en masse in Erlenmeyer flasks on solidified Vogel’s sucrose medium contain-
ing benomyl. Conidia were plated on media containing no drug, benomyl, or
hygromycin (Hyg) to test for reactivation of the hiph gene as described previ-
ously (Tamaru and Selker, 2001). Random Hyg™* Bml* transformants were
grown in liquid medium to isolate DNA. The presence of ectopic 1H3 copies
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was verified by Southern hybridization. One strain, N3095, was used for
further studies.

Repeat-induced Point (RIP) Mutagenesis of ngf-1

We amplified most of the conserved HAT domain of Neurospora GCN Five
(ngf-1) with degenerate primers 499 (5'-CTCCCCAAGATGCCCAARGAR-
TAYAT-3') and 500 (5'-ATRAARTTYTTYGTCCCGAAGTGGTTCCTC-3') or
501 (5'-CGGCACCCACCTCATGAAYMANYT-3") and 502 (5'-GGNCTRA-
TRATRCTGCAG-TAGTCCCTGGGGT-3’) and used this as a hybridization
probe to identify corresponding cosmid clones in the Orbach/Sachs cosmid
library (http://www .fgsc.net/ craslib.html#mocosx). Clone G5:H10 contained
most of the predicted ngf-1 gene (Supplemental Figure 1). To generate mu-
tants in the ngf-1 gene, we inserted the predicted ngf-1 coding region into
pBM60 (Margolin et al., 1997) to yield pBM60-ngf-1. This plasmid was used to
insert a second copy of the ngf-1 gene at the his-3 locus by gene replacement
(Margolin et al., 1997). Transformants were crossed to induce the premeiotic
mutagenic process RIP (Selker, 1990). Progeny were screened for tell-tale
restriction fragment length polymorphisms (RFLPs) and DNA methylation by
Southern analyses (our unpublished data). One mutant (ngf-1R"!; N2842)
exhibited many RFLPs, and the endogenous copy of the ngf-1 gene was
sequenced to identify mutations (Figure 5 and Supplemental Figure 1).

Construction of the Light-responsive al-3-hph Reporter
Gene

The promoter region of the al-3 gene (=332 to —46 from the al-3 translational
start site) was obtained as a BglII-Nrul fragment by polymerase chain reaction
(PCR) from the pAL3-ANrul plasmid (Carattoli ef al., 1991), with primers
5'-GCCCACAGATAGATCTCTTGGCCTTG-3" and 5'-CCGTCGCGATTATT-
GGAAACCCGTCGGTA-3' (the underlined Nrul site was added as a primer
tail). The product was inserted upstream of the Hyg resistance gene (liph) into
BglII + Nrul-digested pCH102 carrying a truncated his-3 gene. This plasmid,
pBG3, was used to transform strain FGSC462 by electroporation (Margolin et
al., 1997). His™ colonies were screened for light-dependent Hyg resistance by
spotting equal numbers of conidia of each transformant on minimal medium
with or without 100 or 300 ug/ml Hyg. Duplicate plates were kept for 2 d at
28°C in the dark or in a rhythmic regime of 10 min of light (saturating light,
10 W/cm?) and 1 h of dark, to avoid light adaptation.

ChIP Assays

ChIP assays were performed according to a yeast protocol (Avendano ef al.,
2005) with some modifications. Conidia (10°) were used as inocula, and
cultures were incubated in liquid medium for 2 d in the dark at 28°C. Dark-
and light-induced mycelia were collected by filtration under a red safety light
and in vivo cross-linked (Avendano et al., 2005). Cross-linked chromatin—
protein complexes were immunoprecipitated with antibodies against unmod-
ified histone H3 (06-755; Upstate Biotechnology, Charlottesville, VA), acety-
lated H3 (06-599; Upstate Biotechnology), or acetylated H3 K14 (07-353,
Upstate Biotechnology). The recovered DNA was subjected to PCR by using
the following primers: 30 (5'-AGATAGATCTCTTGGCCTTG-3') and 31 (5'-
CGATTATTGGAAACCCGTCGGTA-3') for the promoter region of al-3, and
ACT1 (5'-CCTCTCTCAGCCAAAGCATC-3') and ACT2 (5'-GAAAGCTTAC-
CCCATTGTCG-3') as the internal standard. PCR products were amplified for
25 cycles and resolved on 3% agarose gels. To ensure that the amplified PCR
products were in the linear range, the PCR conditions were calibrated with
different amounts of immunoprecipitated samples and input DNA (cross-
linked chromatin without immunoprecipitation). Band intensities were quan-
tified by optical density analysis with OptyQuant Software (PerkinElmer Life
and Analytical Sciences, Boston, MA). As negative controls, mock precipita-
tions were performed in the absence of antibody. PCR products from these
negative control samples were not detectable by ethidium bromide staining.
The histograms in Figures 2, 3, and 6 represent the ratios between the values
for the al-3 and actin PCR products immunoprecipitated, divided by the same
ratio obtained by PCR with input DNA [(al-3/act)p/(al-3/act)inpye]- Three
ChIP replicates were performed on different preparations for each experi-
ment.

Northern Assays

Growth conditions were as described for ChIP experiments. RNA was iso-
lated according to a previously published method (Baima et al., 1991). For
Northern analyses, 20 ug of total RNA was fractionated on 1.2% agarose gels
in 5% formaldehyde-3-(N-morpholino)propanesulfonic acid buffer, trans-
ferred to positively charged nylon membranes (GE Healthcare, Little Chal-
font, Buckinghamshire, United Kingdom) and hybridized according to the
manufacturer’s instructions. The al-3 transcript was detected with a PCR
fragment amplified with primers AL3F (5'-GTCCCTCCAAGGACCTCTTC-3")
and AL3R (5'-CCAGGAGGCTGTGTGTAGCA-3'). The vvd transcript was de-
tected with a PCR fragment amplified with primers VVDF (5'-CCAAAC-
CCCCAAGTAGAACTG-3") and VVDR (5-GTCCAGTTCTCTTTCGGTCT-
3"). For normalization, the membranes were stripped in 0.1% SDS at 95°C
rehybridized with an actin-1 probe obtained by PCR amplification with prim-
ers ACTF (5'-GCCTTCTACGTCTCCACCA-3') and ACTR (5'-GTCG-
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GAGAGACCAGGGTACA-3'). Band intensities were quantified by optical
density analysis with OptyQuant Software. The mRNA expression values
shown in the histograms of Figures 4 and 6 were calculated as ratios between
al-3 or voud to actin signals in three independent experiments.

Sequence Analysis

Predicted amino acid sequences for NGF-1 and related sequences were com-
pared and aligned with GeneBee Multialignment software (http://www.
genebee.msu.su). Sequences used in the alignment were Saccharomyces cerevi-
sine GenSp (AAT93234), Magnaporthe grisea GCNS5 (XP_361134), and Gibberella
zeae GCN5 (XP_380456). DNA sequences were submitted to the GenBank
database (1gf-1, DQ431713; ngf-1R"1, DQ431714).

RESULTS

The LRR of al-3 Is Sufficient for Light Control of a
Reporter Gene

As a first step to investigate the possible involvement of
chromatin modifications in light-inducible gene expression
in Neurospora, we tested a portion of the al-3 promoter that
was predicted to be directly involved in light-dependent
transcriptional modifications (Carattoli et al., 1994, 1995).
This LRR contains a GATA-X,5-GATA motif comparable to
binding sites recognized by known GATA factors (Scazzoc-
chio, 2000) and was found to bind recombinant WC-1 or
WC-2 zinc-finger domains in an electrophoresis mobility
shift assay (Ballario et al., 1996; Linden and Macino, 1997).

We fused the al-3 LRR to the hph reporter gene, which
encodes hygromycin phosphotransferase and can result in
resistance to Hyg B in Neurospora (Figure 1). Our expression
plasmid, pBG3, carries his-3 as a selectable marker for gene
targeting. The untransformed recipient wild-type strain
grew equally well in the dark and light in the absence of
Hyg, but it failed to grow in the presence of Hyg (Figure 1).
In contrast, the otherwise isogenic al-3-hph transformant BG3
grew equally well with or without Hyg in the light, showing
that the previously defined al-3 LRR is sufficient to confer
light inducibility.

Light-induced Acetylation of Histone H3

Previous studies showed that the al-3 gene responds to a
light pulse with a transient rapid increase in the level of its
mRNA (Baima ef al., 1991). Induction is also transient under
continuous illumination, but expression decreases more
slowly than after a pulse; basal levels are reached after 2 h

BG3 n n - Dark
«w O30 Light
BG3 n n u

- 100 300 Hyg(ng/ml)

Figure 1. The al-3 LRR is sufficient to confer light inducibility on
the hiph reporter gene. Top, schematic representation of the reporter
region of pBG3 plasmid, containing the LRR of the al-3 promoter
fused to hph, a gene that confers resistance to hygromycin B. The
sequence coordinates are relative to the transcription start site.
Bottom, host wild-type strain (WT; FGSC462) and a representative
transformant (BG3) obtained by transformation with plasmid pBG3
were grown on solid medium plus increasing amounts of Hyg in the
dark or light (see Materials and Methods). Only the BG3 strain is able
to grow in the presence of Hyg in the light.
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Figure 2. Light induces a transient increase in acetylation of his-
tone H3. (A) Acetylated histones accumulate 20 min after a light
pulse. Left, representative PCR coamplifications of the al-3 LRR and
the actin promoter (internal control) from chromatin immunopre-
cipitations of Neurospora WT (FGSC987) with antibodies directed
against acH3 IP or H3 IP. INPUT represents the sample before
immunoprecipitation. Right, histograms derived from three inde-
pendent amplifications with two independent immunoprecipita-
tions. (B) H3 K14 is the target for transient acetylation after a light
pulse. Left, representative PCR coamplifications of the al-3 and actin
promoter regions 20 min after a light pulse (see A) after immuno-
precipitation with antibodies directed against acH3 IP or H3 acety-
lated specifically on K14 (acK14H3 IP) Right, histograms derived
from three independent amplifications with two independent im-
munoprecipitations.

(Baima et al., 1991; Liu et al., 2003). In our hands, induction
of al-3 is maximal at 20 min after the light pulse and tran-
scription returns to basal levels at 60 min. To determine
whether a light pulse can influence the degree of acetylation
of histone H3 in nucleosomes associated with the LRR, we
carried out a series of ChIP experiments (Figure 2). Cross-
linked chromatin samples from uninduced (dark; D) and
induced (10, 20, or 40 min in light; see Materials and Methods)
mycelia were sonicated and used directly (INPUT) or im-
munoprecipitated with antibodies against histone H3 (H3
IP) or against its acetylated form (acH3 IP). DNA fragments
associated with either of the two immunoprecipitations
were analyzed by semiquantitative PCR with primers spe-
cific for the al-3 LRR and for the promoter of the actin-1 gene,
which is not regulated by light. We observed increased
acetylated H3 associated with the a/-3 LRR 20 min after a
light pulse. This acetylation was transient and showed ki-
netics comparable to that of the al-3 mRNA after induction
(Baima ef al., 1991). The constant level of histone H3 associ-
ated with the LRR suggests that nucleosomes are not de-
pleted from the LRR upon irradiation. The ChIP experi-
ments described above used antibodies directed against H3
peptides acetylated at positions K9 and K14. Acetylation of
H3 K14 has been correlated with transcriptional activation in
several systems (Carrozza et al., 2003). We therefore consid-
ered the possibility that K14 is the target for increased acet-
ylation in the al-3 LRR upon light induction. We compared
the levels of al-3 LRR associated with nonspecifically acH3
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Figure 3. Light-inducible acetylation of H3 K14 requires the pres-
ence of WC-1, the blue light photoreceptor. Left, representative PCR
coamplifications of al-3 and actin promoter regions (see Figure 2A)
after chromatin immunoprecipitation from a wc-1 mutant strain
(FGSC3081) with antibodies directed against histone H3 K14
(acK14H3 IP). Right, histograms derived from three independent
amplifications with two independent immunoprecipitations.

IP to those precipitated with antibodies directed against H3
acetylated at K14 (acK14H3 IP) in the dark or 20 min after
the light pulse (Figure 2B), which corresponds to the time of
maximal H3 acetylation found at the al-3 LRR in the first
experiment (Figure 2A). We found that the change in H3
acetylation at K14 in the light mirrored that found with
K9/K14 acetylated H3. Although we were not able to test K9
separately, our results suggest that H3 K14 is the main, and
perhaps exclusive, target of light-inducible histone H3.
These findings represent the first evidence that Neurospora
light signal transduction involves chromatin modifications.

WC-1, the Blue Light Photoreceptor of Neurospora, Is
Required for Light-inducible Acetylation of H3 K14

To determine whether the increase in acetylation at H3 K14
depends on the blue light photoreceptor WC-1, we repeated
our ChIP experiments with chromatin isolated from a wc-1
null mutant (Figure 3). In stark contrast to our findings with
wild type (Figure 2B, right), we detected no changes in the
levels of H3 K14 acetylation at the al-3 LRR in this mutant
(Figure 3, right). The same result was obtained with a wc-2
mutant allele (our unpublished data), as expected because
an intact WCC is known to be required for appropriate light
response in N. crassa (Harding and Turner, 1981). WC-2 was
not further investigated in this work, because it does not
directly respond to light. This result demonstrates that the
H3 K14 modification requires the photoreceptor and estab-
lishes an epistatic relationship between WC-1 and the un-
identified H3 K14 histone acetyltransferase.

An hH3%"4Q Mutant Has wc-like Phenotypes and Exhibits
a Loss of Photoinducibility

Our ChIP experiments revealed that a transient light-induc-
ible increase of acetylation at K14 of histone H3 occurs in
chromatin associated with the al-3 promoter and that this
acetylation depends on the presence of WC-1. The relevance
of this chromatin modification was directly evaluated in
vivo by construction of a Neurospora strain that carries an
ectopic mutant copy of the histone H3 gene (1H3%'#?Q) engi-
neered to give a lysine to glutamine substitution at residue
14. The lysine was replaced with glutamine because this
amino acid is nonacetylable but resembles lysine in size.
Additional work with this mutant showed that the mutant
histone gene is dominant in another assay (Berge and Selker,
unpublished data), and we reasoned that if acetylation of
K14 is important for induction by light, this strain might
show impaired induction because of having a mixture of
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Figure 4. A histone H3 K14Q mutation reduces the light response.
(A) Phenotypes of Neurospora strains with wild-type histone H3 (WT;
N644) and a dominant histone H3 K14Q substitution (#H35'42; N3095).
The hH3K“Q mutant phenocopied we-1 (FGSC3081) and ngf-1RIP!
(N2842). Strains were grown on minimal medium for 1 wk in the dark,
induced under saturating light, and the production of carotenoids was
observed after 6 h at 4°C. (B) Northern analysis of al-3, vvd, and actin
(control) revealed light-induced expression in WT. This regulation was
abolished in we-1 and reduced in hH3¥4Q mutants. Densitometric
analysis for al-3 (left) and vvd (right) revealed a five- or sevenfold
reduction, respectively, in the hH35!#Q strain compared with wild type
(below).

wild-type and mutant histone H3, rendering fewer H3 tails
available for light-dependent acetylation. Indeed, compared
with the isogenic wild type, light-induced carotenogenesis was
strongly impaired in the HH35!4Q strain (Figure 4A). This light-
induced phenotype resembles that of the wc-1 mutant.

To investigate the possibility that the morphological phe-
notype was related to transcriptional activation of caroteno-
genesis genes, we measured al-3 transcript levels in wild-
type, we-1, and the hH3X4Q strains (Figure 4). Induction of
al-3 was normal in the strain with the wild-type H3 gene but
was absent in the wc-1 mutant, as expected from a previous
study (Baima et al., 1992). The hH3%#Q strain showed a
fivefold reduction of light inducible al-3 mRNA compared
with its parental strain (Figure 4B). Light induction in the
hH3%14Q mutant was reduced sevenfold for a second light-
inducible gene, vvd (Figure 4B). These results support the
suggestion that acetylation of K14 is a requirement for the
transcriptional response to light.

The Histone Acetyltransferase NGF-1 Controls
Light-induced Acetylation of H3 K14

We wanted to identify the HAT, or HATSs, responsible for
acetylation of K14 of histone H3 in N. crassa. In the yeast S.
cerevisiae, histone H3 is preferentially acetylated by the co-
activator Gen5p (Georgakopoulos and Thireos, 1992). We

4579



B. Grimaldi ef al.

NCNGF1 (1) MPLDRSSPPPPPPPPIIATHI
ScGenS 1) -=======---mmme MVTKHQIEEDHLDGATTD PEVKRVKLENNV--EEIQIEQAE|
MgGCNS5 { 1) MprarrraaanVWLPLARAGWKRSLDDSCQSWYSEESMCLVLVGCLEWMRLVIZSTEDRRS
GzGCNS ( 1) =-=======-=-] MMLHPIISNFSLNNIKSQQPGLSPHQSC-------~ QTRVS)| AQAT

NCNGF1 { 24) T--LF-AMS TEEPTSPSSAKIIKHSD SNEENSD TKKPK - IPAT -~ PFPE
ScGen$ ( 43) Q------ EGRDKENRGKFE - - - -KETEWI GGSEVVTDVIZKGIVKFEFDGVeyTFKIARP:
MGCNS { 61) PHPLS--TGUNGKRIATED PASPVSAKSPKH-ESPDS PAK-KKPNE IAR -~ PFPIKP
GzGCNS5 { 42) RVKLLEYGOQDG! EEPSSPTPSKIKQDDSAE P PiJK - ~KPD - IKRT -~ PFPIKP,
+ + + 4
NcNGF1 ( 78) RIY r
ScGenb ( 93)
MgGCNS5 (118)
GzGCNS { 97)

NCNGF1 (138) 838
ScGenS (153) 193
MgGCNS (175) 138
GzGCNS (157) 143

NCNGF1 (198) HHiH
ScGenb (213) B
MgGCNS5 (235) R
GzGCNS (217) EWuiyy

NcNGF1 (258)
ScGen$ (273)
MgGCN5 (295)
GzGCNS5 (277)

NCNGF1 (316)
ScGen5 (333)
MgGCNS5 (353)
GzGCNS (335)

NcNGF1 (376)

TIXDAK LY PRN(
ScGenb (393) I‘ DARL o
MgGCN5 (413) MR IMZLE
GzGCNS5 (395)

Figure 5. NGF-1 is the Neurospora homologue of the GCN5 histone
acetyltransferase. Alignment of Neurospora NGF-1 (NcNGF1) with
homologues from S. cerevisiae (ScGen5), M. grisea (MgGCN5), and G.
zeae (GzGCNG5). Bold letters indicate identity among proteins. Mu-
tations resulting in substitutions between wild-type NGF-1 and the
predicted amino acid sequence of the mutant allele, ngf-1%/"1, are
indicated (+). Predicted nonsense codons are also shown (7). Solid
and dashed underlines indicate the catalytic HAT domain and
bromodomain, respectively.

amplified portions of the Neurospora GCN5 homologue by
PCR with degenerate primers based on the conserved HAT
domain, screened a Neurospora cosmid library, and se-
quenced the identified gene, which we called ngf-1. After the
N. crassa genome became available, we found this sequence
with the program tblastn and S. cerevisine Genbp as bait
(Borkovich et al., 2004); its locus number in the most recent
genome annotation is NCU10847.2. Overall, the predicted
NGEF-1 sequence aligns well with known and predicted
GCN5 homologues from other fungi (Figure 5). In particular,
the catalytic HAT domain (residues 107-219; 78% identity)
and the bromodomain (residues 316-401; 63% identity) are
conserved between S. cerevisite GenSp and Neurospora
NGEF-1. Long stretches of C nucleotides are found in the 5’
portion of ngf-1, and this region is not conserved among
filamentous fungi (Figure 5), suggesting the existence of an
intron. We have attempted, but failed, to isolate complete
c¢DNA. Thus, although most of the gene structure is defined,
the DNA sequence upstream of the conserved HAT domain
remains uncertain, precluding attempts to generate recom-
binant NGF-1 protein.

We took advantage of Neurospora’s premeiotic mutagenic
genome defense system RIP (for review, see Galagan and
Selker, 2004) to generate ngf-I mutants. One mutant, ngf-1~"?,
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Figure 6. The ngf-1%"? mutant is defective in light inducibility. (A)
Loss of light-inducible H3 K14 acetylation in the ngf-1*" mutant.
Left, representative PCR coamplifications of al-3 and actin promoter
regions after immunoprecipitation of chromatin from the ngf-1%"
mutant with antibodies directed against histone H3 K14 (acK14H3
IP). Right, histograms derived from three independent amplifica-
tions with two independent immunoprecipitations. (B) Loss of
mRNA light inducibility in the ngf-1%"? mutant. Northern analyses
(blots shown on top; densitometric results on bottom) revealed loss
of response to light in the ngf-1*"! mutant for al-3 and vvd; vod
expression was absent, whereas al-3 mRNA was constitutively ex-
pressed in both dark and light conditions.

showed numerous predicted amino acid substitutions and
nonsense mutations (Figure 5 and Supplemental Figure 1). The
first predicted stop codon (residue 141) should interrupt the
catalytic HAT domain. The ngfIRP? mutant grows very
poorly, produces few conidia, exhibits colonial growth on su-
crose plates, and produces only pale pink mycelia after light
induction, all defects that involve the Neurospora light-depen-
dent response. The last phenotype is strikingly similar to that of
we-1 and hH3K4Q mutants (Figure 4A).

We next addressed whether NGF-1 is involved in light-
inducible acetylation of H3 K14 (Figure 6A). In contrast to
the situation in wild-type strains, no increase of H3 K14
acetylation was observed in the ngf-1*™! mutant after light
induction (compare Figure 6A with 2). We conclude that
NGF-1 is responsible for acetylation of K14 in histone H3 in
response to light.

As a separate measure of the involvement of NGF-1 in
light regulation, we measured al-3 and vvd transcript levels
in the ngf-1R""1 mutant (Figure 6B). Light inducible expres-
sion was lost for both al-3 and vvd, confirming the role of
NGF-1 as a coactivator. Unexpectedly, al-3 expression was
found to be constitutive in the ngf~1R"! strain and its tran-
script was detected both in the dark and the light, in contrast
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to the situation in wild type or the semidominant hH354<Q
mutant (compare Figure 6B with 4B). This suggests that the
normal light-induced expression of al-3 requires both acti-
vation and release of repression.

DISCUSSION

The eukaryotic genome is organized on nucleosomes, the
basic units of chromatin. The simple, widely accepted idea
that the chromatin constitutes a barrier to the expression of
the genes has been refined in the last decade. We now know
that nucleosomes can be moved by ATP-dependent remod-
eling complexes and that histones are substrates for enzy-
matic modifications (acetylation, methylation, phosphoryla-
tion, ubiquitination, ADP-ribosylation, and sumoylation) that
can influence gene expression and are in many cases reversible.
Histone modifications have been proposed to form an epige-
netic code (Strahl and Allis, 2000; Turner, 2000). Modification of
histone tails by acetylation of specific lysine residues is re-
garded as one important mechanism for the regulation of chro-
matin accessibility to transcription factors and ancillary pro-
teins responsible for global gene expression (Cheung et al.,
2000). Here, we report the first evidence for the importance of
chromatin acetylation in the well-studied light transduction
pathway of Neurospora, a classical organism for photobiology
studies. Our findings complement evidence for a relationship
between H3 acetylation and rhythmic transcription in a mam-
malian circadian system (Etchegaray et al., 2003; Curtis et al.,
2004). Although a transient burst of histone H3 S10 phosphor-
ylation has been reported in the mammalian hypothalamic
suprachiasmatic nuclei after a light pulse (Crosio et al., 2000),
we have not observed a statistically significant change in H3
S10 phosphorylation after a light pulse in our system (our
unpublished data).

Light-induced Acetylation of K14 of Histone H3

To focus our studies on the critical regions of a light-induc-
ible gene, we first determined that a short region within the
photoinducible al-3 promoter, the LRR, is sufficient for light-
inducible regulation in vivo (Figure 1). We then discovered
that histone H3 associated with this region becomes tran-
siently acetylated after photoinduction (Figure 2A), with
kinetics similar to that described for al-3 mRNA induction
(Baima et al., 1991). A similar coupling of histone acetyla-
tion/transcription induction timing has been also observed
for the rhythmic expression of circadian genes (Etchegaray et
al., 2003). Lysine 14 of the H3 N-terminal tail is the specific
target of the light-dependent modification (Figure 2B), and,
as with all other described Neurospora light responses, this
modification depends strictly on the presence of the photo-
receptor WC-1 (Figure 3). We demonstrated the relevance of
the acetylatable H3 K14 residue by genetic manipulation. A
strain with a K14Q substitution in histone H3 (hH3K4Q)
exhibited a pale pink phenotype strongly resembling that of
a we-1 null mutant (Figure 4A). The hH3%4Q mutant showed
a fivefold reduction of induced al-3 mRNA compared with
an otherwise isogenic strain bearing only the wild-type hH3
gene (Figure 4B). This marked molecular phenotype was
observed in a strain containing both a wild-type and a
mutated copy of hH3 gene, indicating that the H3 K14Q
mutation is semidominant under these conditions. This re-
sult indicates the importance of H3 K14 acetylation in al-3
photoinduction. The requirement of an acetylatable K14 was
also demonstrated for another photoinducible gene, vvd
(Figure 3B). These findings indicate that chromatin acetyla-
tion is a general regulatory step operating in the Neurospora
transcriptional photoresponse.
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The Neurospora GCN5 homologue NGF-1 Is Responsible
for Acetylation of K14 in Response to Light

We wanted to identify the HAT responsible for acetylation
of K14 in response to light. Seven putative histone acetyl-
transferases have been computationally identified in the
Neurospora genome (Galagan et al., 2003). Because yeast
Genbp is known to directly acetylate H3 K14 (Kuo et al.,
1996), we tested the possibility that a Neurospora homolo-
goue of this HAT could be responsible for the observed
chromatin modification. We isolated the Neurospora GCN5
homologue ngf-1 by homology-based PCR amplification
with degenerate primers, sequenced most of the gene, and
later also found it in the Neurospora genome sequence, at the
terminus of what is now contig 7.2 (http:/ /www.broad.mit.
edu/annotation/fungi/neurospora_crassa_7/index.html;
Borkovich et al., 2004).

Based on our sequence information, we amplified a large
fragment of the ngf-1 gene and used it to generate mutants
by RIP (Selker, 1990). Tellingly, the morphological pheno-
type of the ngf~1%"! mutant is similar to the wc phenotype,
white mycelium and pale pink conidia (Figure 4A). More-
over, the ngf-IRP1 showed additional defects, many of
which are related to light induction and/or circadian
rhythms (e.g., slow growth, reduced number of conidia, and
colonial growth) and that may be explained by the general
importance of GCN5-type HATs in gene activation (Dyda et
al., 2000).

We suggest that NGF-1 is required for light-induced H3
K14 acetylation on the al-3 promoter (Figure 6A). NGF-1
activity depends on the presence of WC-1, because both wc-1
and ngf-1R*"! mutants are impaired in H3 K14 acetylation
(Figures 3 and 6A). Northern analysis of al-3 and vvd mRNA
in the ngf-1”™! mutant showed loss of photoinduction (Fig-
ure 6A), consistent with a role of NGF-1 as coactivator in
light-inducible transcription. As expected, we did not ob-
serve vod transcripts either in the dark or upon a light pulse
but constitutive al-3 expression occurred in the ngf-1R/"?
mutant. This finding suggests that a NGF-1-mediated re-
pression mechanism may operate on al-3 transcriptional reg-
ulation. Together, our results identify NGF-1 as a new ele-
ment of the Neurospora light transduction system.

Previous studies on transcriptional activation by coac-
tivators such as CBP/p300 have revealed that locus- and
time-specific histone modifications are achieved by direct
interaction between histone-modifying enzymes and tran-
scriptional regulators (Roth et al., 2001). For example, CBP/
p300 interacts with activated nuclear receptors, and this
interaction targets HAT activity to specific promoter regions
(Tsai and Fondell, 2004). Anafi and colleagues used yeast
genetics and in vitro heterologous protein interaction to
demonstrate that yeast Gen5p can regulate a human nuclear
receptor (Anafi et al., 2000). In preliminary work to investi-
gate the possibility of direct interactions between WC-1 and
a HAT, we carried out a pull-down assay with WC-1 and
labeled yeast Genbp, reasoning that its high conservation
might allow it to mimic its Neurospora homologue that we
were unable to express. We found that WC-1 is able to
interact in vitro with Gen5p and that the interaction depends
on the region of WC-1 between amino acids 838-1000 (our
unpublished data). This region contains a DNA-binding zinc
finger domain that has been suggested to be involved in
protein—protein interactions (Scazzocchio, 2000). Notably,
the WC-1 region required for Gen5p interaction also con-
tains an AF2 LXXLL motif, which has been shown to be
important for the interaction of steroid hormone nuclear
receptors with HAT-containing coactivator complexes
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(Anafi et al., 2000; Savkur and Burris, 2004). The LXXLL
motif is also present in a PAS-containing protein that con-
trols the mammalian circadian clock, NPAS2, and its dele-
tion prevents HAT-mediated transcription of clock-regu-
lated genes (Curtis et al., 2004). Our observations are further
supported by recent findings from a related system, the
time-keeping transcription factor CLOCK is itself a HAT and
controls mammalian circadian rhythm by alternative inter-
actions with corepressors and coactivators (Doi et al., 2006).

WCC transiently binds to the promoters of al-3 and other
light-inducible genes after illumination (He and Liu, 2005).
Notably, this binding follows kinetics similar to what we
observed for WC-1-dependent acetylation of H3 at the al-3
promoter. It has also been reported that the form of WCC
present in the light (L-WCC) is larger than that observed in
the dark (D-WCC) (Froehlich ef al., 2002; He and Liu, 2005).
L-WCC is thought to owe its increased size to multimeriza-
tion of WC proteins and/or the presence of unidentified
additional factors. In light of our results, we propose that
NGF-1 may be recruited in the light by the WCC to form an
L-WCC that acts to target the histone acetyltransferase ac-
tivity on light regulated genes. This could lead to an “open”
chromatin structure. Together, our findings reveal a direct
link between histone modifications and light transcriptional
control and contribute to the developing understanding of
the molecular mechanisms operating in light-inducible gene
activation.
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