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FIG. 5. Localization of HP1-GFP is not affected by dim-2 muta-
tions. Fresh conidia of the following strains were examined: a dim-2"
hpo™ dim-5" strain (N3418; wild type), a dim-5 mutant (N3436), trans-
formants of a dim-2" strain (N3396) with a dim-2"“**1.FL.AG con-
struct (N3417) or a dim-2""44.FLAG construct (N3416), and/or
transformants of an ipo~ strain (N3395) with an hpo?**£-gfp construct
(N3419) or an ipo'**E_gfp construct (N3420). Differential interference
contrast (DIC) and fluorescence (HP1-GFP) images are shown. The
modified forms of dim-2 and hpo were introduced into dim-2 and hpo
null mutant strains, respectively (indicated by +).
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growth defects of HP1 mutants are due to loss of H3K9me3,
we isolated histones from the mutants and analyzed the global
levels of H3K9me3 by Western blotting. As expected from our
previous observations (53), H3K9me3 was significantly de-
creased in a dim-5 strain, but not in a dim-2 strain (Fig. 6).
Interestingly, the strain with HP1Y?**F and an hpo null strain
also exhibited normal levels of H3K9me3 (Fig. 6). This sug-
gests that lack of HP1 or interaction between HP1 and other
unidentified PXVXL motif-containing proteins causes the
growth defect, rather than loss of H3K9me3.

The localization of DIM-2 depends on DIM-5 and HP1. To
further explore the relationship between H3K9 methylation
and DNA methylation, we used ChIP assays to examine the
distribution of H3K9me3, HP1-GFP, and DIM-2-FLAG at
four relics of RIP that are normally methylated (8:A6, 8:G3,
8:F10, and ¥63) (48), in various genetic backgrounds. As ex-
pected from the results of prior work from our laboratory (53),
we found that H3K9me3 was enriched at all four RIPed re-
gions in a wild-type strain but absent in a dim-5 strain (Fig.
7A). The dim-2 mutant showed essentially normal distribution
of H3K9me3, implying that this histone mark does not depend
on feedback from DNA methylation. Similar results were ob-
tained with the Apo mutant but, interestingly, one of the four
regions examined (8:A6) did show reduced H3K9me3 (Fig.
7A), suggesting limited feedback from HP1 on H3K9me3 lo-
calization. The levels of HP1-GFP were reduced substantially
in the dim-5 mutant but only slightly or not at all in the dim-2
mutant (Fig. 7B), which is consistent with the localization of
HP1-GFP observed by fluorescent microscopy (16). We suc-
cessfully detected an enrichment of DIM-2-FLAG at all four
RIPed regions and found that its localization was dependent
on both DIM-5 and HP1 (Fig. 7C).

The DIM-2-HP1 complex does not depend on H3K9me3 in
Neurospora and does not contain detectable DIM-5. The ChIP
results revealed that the association of DIM-2 with the regions
that it methylates depends on the binding of HP1 to chromatin
containing H3K9me3. In principle, binding of DIM-2 to HP1
might only occur on chromatin, i.e., after HP1 binds to H3K9
methylation. Although the yeast two-hybrid experiments pro-
vided evidence that HP1 and DIM-2 can bind in the absence of
chromatin, we wished to test this possibility in Neurospora. To
do so, we carried out Co-IP experiments to determine whether
DIM-2 and HP1 bind equivalently in the presence or absence
of the methylated H3K9 mark created by DIM-5. We con-
firmed that the expression levels of DIM-2-FLAG and HP1-
GFP were not affected by mutation of dim-5 (Fig. 8A, input)
and went on to find that DIM-2 and HP1 can form a stable
complex independent of H3K9me3 (Fig. 8A, middle and
right panels). Interestingly, we could not detect the DIM-5
protein in the samples pulled down with the DIM-2-HP1
complex (Fig. 8), suggesting that the HMTase is not part of
the complex.

This observation contrasts with evidence of associations be-
tween mammalian HMTases and both HP1 and DMTases (1,
13, 18, 19, 45). To investigate the possibility that a low level of
DIM-5 was in the Neurospora HP1-DIM-2 complex, we re-
versed the Co-IP experiments, i.e., we tested whether the
DIM-2-HP1 complex could be pulled down with DIM-5. To
guard against the possibility that anti-DIM-5 antibodies might
interfere with the association of DIM-5 and potential interact-
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FIG. 6. Global level of H3K9me3 does not change in dim-2 and hpo mutants. Histones were extracted from a dim-2" hpo™ dim-5" strain (N623;
Wild type), a dim-5 mutant (N3436), a dim-2 mutant (N3396), an ipo mutant (N3395), and a transformant of an ipo ™~ strain with an hpo*?**£-gfp
construct at the Ais-3 locus (N3419) and subjected to Western blotting (WB) using antibodies against H3K9me3 and H3K4me2. «, anti.

ing proteins, we replaced the wild-type dim-5 gene with a
modified form encoding DIM-5-HA and used anti-HA anti-
bodies for the pull downs. Although the level of DIM-5-HA
expression was somewhat low compared with that of untagged
DIM-5 (Fig. 8B and C, input), strains expressing DIM-5-HA
proteins showed normal DNA methylation and normal growth
(data not shown). Thus, the HA tag did not interfere with
DIM-5 function and its expression was sufficient for DNA
methylation. Importantly, we found that neither HP1-FLAG
nor DIM-2-FLAG was pulled down with DIM-5-HA (Fig. 8B
and C). We also failed to find any evidence of interaction(s) of
DIM-5 with HP1 and/or DIM-2 in yeast two-hybrid assays
(data not shown). Finally, in separate work we purified an HP1
complex, subjected it to analysis by mass spectrometry, and
found evidence of DIM-2, but not DIM-5 (our unpublished
data). Altogether, our findings suggest that the DIM-2-HP1
complex does not feed back on histone methylation by DIM-5
in Neurospora.

DISCUSSION

Direct interaction between DIM-2 and HP1 is essential for
DNA methylation. DNA methylation, histone H3K9 methyla-
tion, and HP1 binding have all been implicated in heterochro-
matin formation and gene silencing (21, 31). Although associ-
ations between HP1s and DMTases have been reported in a
variety of organisms (1, 13, 18, 19, 45), interesting differences
are becoming evident. In Arabidopsis, one of several DMTases,
CMT3, interacts in vitro with the only known HP1 homolog,
LHP1 (27), but LHP1 does not appear to be involved in DNA
methylation (33, 35) and is apparently directed by H3K27me3
(55, 57). In mammals, the DMTases DNMT1 and DNMT3a/b
have been reported to associate with HP1s in vitro (18, 19, 49)
but there is limited evidence that the DMTases are directed by
H3K9me3 and HP1. Accumulation of HP1 in Oct3/4, a gene
that is subject to de novo DNA methylation, is observed after
the accumulation of G9a-mediated H3K9 methylation (15).
Overexpression of mammalian HP1 fused with the GAL4
DNA binding domain triggers DNA methylation mediated by
DNMT1 and silences a reporter gene in vivo (49). It is not yet
clear, however, whether any of the mammalian HP1 proteins
are normally involved in DNA methylation.

In our study, we used Neurospora to explore potential inter-

actions of the essential components of the DNA methylation
machinery. First, to identify proteins that interact with DIM-2,
we screened a yeast two-hybrid library and identified HP1,
which is predicted to be an adaptor protein between DNA
methylation and H3K9 methylation (16). The results of a de-
letion analysis showed that regions containing the tandem
PXVXL-related motifs of DIM-2 and the CSD of HP1 are
required for the proteins’ interaction. We confirmed that al-
tered PXVXL-related motifs of DIM-2 (DIM-2PSWAAA or
DIM-2'VEAAAY “and the single-amino acid substitution of
HP1Y2*E perturbed both DIM-2-HP1 interaction and DNA
methylation in vivo, showing that direct interaction between
HP1 and DIM-2 is required for DNA methylation. In addition,
we found that this interaction is independent of DIM-5 and
confirmed that the localization of HP1 and DIM-2 to methyl-
ated DNA regions, as well as DNA methylation, depends on
the H3K9me3 mark left by DIM-5. Thus, the HP1-DIM-2
complex serves to directly link H3K9me3 with DNA methyla-
tion.

Interaction between the HP1 CSD and the tandem PXVXL-
like motif of DIM-2. The results of our deletion and mutagen-
esis studies revealed that the CSD of HP1 binds directly to the
PXVXL-like motifs in the N-terminal region of DIM-2. The
CSD is less conserved than the chromo domain (16), but based
on a structural analysis of the CSD in mouse HP1 (54), we
predict that Neurospora HP1 forms a dimer and this creates a
binding pocket for the PXVXL-like sequences. The Y244E
change in HP1 was expected to disrupt both dimerization and
binding to DIM-2. Indeed, we observed both reduced binding
to DIM-2 and reduced localization at heterochromatin even
though its methylated H3K9 binding domain, the chromo do-
main, was intact. These findings are similar to observations for
mice except that the corresponding mutation in mouse cells
showed complete disruption of HP1 binding and localization
(54). This distinction may arise from sequence differences sur-
rounding the critical Tyr of the Neurospora and mouse CSDs
(Fig. 1D). Similarly, our observation that another HP1 CSD
mutation (I250E) did not cause noticeable defects in hetero-
chromatin formation or DNA methylation presumably reflects
the lack of conservation of Ile-250 and its neighboring residues
in Neurospora and other species (Fig. 1D). The results of a
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FIG. 7. Methylation of H3K9 depends on DIM-5, but neither HP1 nor DIM-2, and binding of HP1 depends on DIM-5, but not DIM-2, while
binding of DIM-2 depends on both DIM-5 and HP1. Possible interdependency was investigated by ChIP assays using antibodies recognizing
H3K9me3 (A), HP1-GFP (GFP) (B), and DIM-2-FLAG (FLAG) (C). The following strains were tested by ChIP assays: N3395, N3396, N3415,
and N3436. Total inputs or DNA isolated from strains without tagged protein (untag) were used for controls. Samples were subjected to PCR to
amplify a gene lacking DNA methylation (hH4-1; see Tamaru et al. [53]) and four methylated DNA regions (8:A6, blue; 8:G3, brown; 8:F10, green;
and W63, purple), two at a time. The ratios of intensities of the methylated regions to #H4-1 between the ChIP samples from the tagged strains
and the samples from the untagged strains or total inputs were used to calculate the relative enrichment, shown below the lanes. Results from
duplicate ChIP experiments (one set shown) were averaged and are presented graphically (right). Error bars indicate ranges. —, absent; WT, wild

type.

structural study of a cocrystal of the human HP18 CSD and the
EMSY protein revealed that the CSD binds to a PXVXL-
related motif plus residues neighboring EMSY (26). This is
one indication that the interaction of the CSDs with the PX-
VXL-like region(s) may be more complex than that predicted
based on the results of the structural study of mouse HP1 (54).
Similarly, the binding of the Drosophila HP1 CSD to Hip
(HP1-interacting protein) was reported to differ from that of
the mouse consensus PXVXL motif (47). Structural studies of
HP1s in other organisms might reveal interesting differences in
the binding mechanics of HP1s from various organisms.

Other HP1 interactions. It is noteworthy that a Neurospora
DIM-2 mutant that abolishes the interaction of DIM-2 with
HP1 does not influence HP1-GFP localization or show a
growth defect comparable to that observed in Neurospora
strains with spo mutations. This suggests that other, yet-uni-
dentified proteins interact with Neurospora HP1, presumably
through a domain with a PXVXL-like sequence(s). It is pro-
posed that HP1 serves as an adaptor to connect between meth-
ylated H3K9 and a variety of effecter proteins for transcrip-
tional silencing, chromosomal segregation, and high-order
chromatin architecture, etc. (23). Using a biochemical ap-
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FIG. 8. DIM-2 and HP1 form a stable complex independent of H3K9me3 and are not associated with DIM-5. (A) The following strains were
used for Co-IP assays: N623, N3415, and N3436. Extracts from dim-5" or dim-5" strains with (+) or without (—) a FLAG-tagged dim-2 gene and
a GFP-tagged hpo gene were immunoprecipitated with antibodies against FLAG or GFP as indicated at the top, fractionated for Western blotting,
and probed with antibodies indicated on the right. (B) The following strains were used for Co-IP assays: N623, N3315, N3320, and N3452. Extracts
from strains with (+) or without (—) an HA-tagged dim-5 gene and/or a FLAG-tagged hpo gene were immunoprecipitated with anti-HA
antibodies, processed for Western blotting, and probed with antibodies against DIM-5 or FLAG, as indicated. (C) The following strains were used
for Co-IP assays: N623, N3315, N3323, and N3451. Extracts from strains with (+) or without (—) an HA-tagged dim-5 gene and/or a FLAG-tagged
dim-2 gene were immunoprecipitated with anti-HA antibodies and analyzed in the same way. Bands in the bottom right quadrants of panels A and
B are immunoglobulins (IgG) from the primary antibodies. WB, Western blot; «, anti.

proach, we have purified a Neurospora HP1 complex and iden-
tified several putative effector proteins that contain
PXVXL-like sequences (our unpublished data). It will be in-
teresting to learn whether fundamental chromosome processes
that involve HP1 are also involved in DNA methylation.
Predominantly unidirectional pathway of DNA methylation
in Neurospora. The requirement of H3K9me3 for DNA meth-

ylation is well established in Neurospora, but the various effects
of DNA methylation, DIM-2, and HP1 on H3K9 methylation
are not well understood. In mammals, DNMT1 directly binds
the HMTase G9a and the interaction stimulates both enzy-
matic activities (13). The methyl-CpG binding protein MBD1
directly recruits the H3K9 HMTase SETDBI to facilitate the
methylation of H3K9 during DNA replication (46). In Dro-
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FIG. 9. Basic model for control of DNA methylation in Neuros-
pora. The HMTase DIM-5, recruited to chromatin regions, such as
those including AT-rich DNA (red lines) resulting from the genome
defense system RIP, trimethylates H3K9 (red spheres). HP1 recruits
DIM-2 and binds H3K9me3, resulting in DNA methylation at sites
associated with heterochromatin.

sophila, HP1 interacts with the H3K9 HMTase SU(VAR)3-9
in vitro and the interaction facilitates HP1 binding to methyl-
ated H3K9 in a reconstituted chromatin system (12). In con-
trast, we could not detect associations between DIM-5 and
HP1 or DIM-2 in vivo or in the yeast two-hybrid assay, sug-
gesting that the limited effect of HP1 or DIM-2 on DIM-5
action is indirect.

We found that a dim-2 mutant showed a wild-type distribu-
tion of H3K9me3 at the four regions tested that are normally
subject to DNA methylation. Tamaru and colleagues noted
loss of this histone mark at the methylated am™"% allele in a
dim-2 mutant, although the total level of H3K9me3 in the
genome appeared normal (53). It may be relevant that this
allele, generated by RIP, is transcribed in dim-2, but not dim ™",
strains (44). This limited feedback of DNA methylation on
H3K9 methylation may involve an unidentified methyl-DNA
binding protein. We found that loss of HP1 led to a reduced
level of H3K9me3 at one of the four regions (the RIP relic
8:A6). It is noteworthy that Western blots show no significant
global change in the level of H3K9me3 in an Apo mutant. We
confirmed that the localization of HP1 depends entirely on
DIM-5. We conclude that Neurospora HP1 feeds back on H3K9
methylation in a minority of genomic regions and that the histone/
DNA methylation pathway is predominantly unidirectional in
Neurospora.

Recruitment of DIM-5 to methylated regions. Most methyl-
ated regions in Neurospora are relics of transposons with nu-
merous G:C to A:T mutations generated by the genomic de-
fense system, RIP (48). Our observations that the global level
of H3K9me3 is not grossly affected by mutation of either ipo
or dim-2 indicate that the recruitment of DIM-5 is largely
independent of the DIM-2-HP1 complex. The observations
that many A:T-rich sequences trigger DNA methylation and
that the AT hook analogue dystamycin inhibits DNA methyl-
ation (52) suggest that an unidentified A:T-rich binding pro-
tein (or proteins), perhaps containing one or more AT-hook
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motifs, can read the DNA level signals for de novo DNA
methylation and, directly or indirectly, recruits DIM-5 (Fig. 9).
The results of the work described here indicate that a stable
DIM-2-HP1 complex then binds to the H3K9me3 mark made
by DIM-5. Finally, DIM-2 methylates DNA on the nucleo-
somes bearing methylated H3K9 (Fig. 9). A full understanding
of the control of DNA methylation in Neurospora will require
the identification of proteins operating upstream of DIM-5.
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