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The methylation of specific lysine residues in histone H3 is integral to transcription regulation; however,
little is known about how combinations of methylated lysine residues act in concert to regulate genome-wide
transcription. We have systematically mutated methylated histone lysine residues in yeast and found that the
triple mutation of H3K4, H3K36, and H3K79 to arginine (H3 K4,36,79R) is lethal. The histone H3 K4,36,79R
mutant causes a mitotic cell cycle delay and a progressive transcription defect that initiates in telomere regions
and then spreads into the chromosome. This effect is mediated by the silent information regulator (SIR)
silencing complex, as we observe increased binding of the SIR complex to genomic regions adjacent to yeast
telomeres in the H3 K4,36,79R mutant and deletion of SIR2, SIR3, or SIR4 rescues the lethal phenotype.
Curiously, a yeast strain in which the histone methyltransferase genes are simultaneously deleted is viable.
Indeed, deletion of the histone methyltransferase genes can suppress the H3 K4,36,79R lethal phenotype. These
and other data suggest that the cause of lethality may in part be due to the association of histone methyl-
transferase enzymes with a histone substrate that cannot be methylated.

Eukaryotic chromosomes are organized into distinct domains
of transcriptionally active euchromatin and repressive hetero-
chromatin. These distinct chromatin domains profoundly influ-
ence the transcription, replication, repair, and segregation of their
concomitant chromosomal sequences. Histone modifications,
particularly histone lysine methylation, have important roles in
initiating and maintaining these distinct chromatin domains. For
example, methylation of histone H3 lysine-4 (H3K4), lysine-36
(H3K36), and lysine-79 (H3K79) directs the formation of euchro-
matin (reviewed in reference 21).

In the yeast Saccharomyces cerevisiae, the euchromatin-specific
lysine residues are methylated by three histone lysine methyl-
transferases: Set1 (H3K4), Set2 (H3K36), and Dot1 (H3K79).
These methyltransferases are recruited by the transcription elon-
gation machinery, and their subsequent methylation of histone
H3 is associated with actively transcribed genes (reviewed in ref-
erences 31 and 33). However, while H3K4, H3K36, and H3K79
methylation is intricately coupled with transcription elongation,
mutations in these residues or their cognate histone methyltrans-
ferases have relatively little effect on cell viability and gene ex-
pression. Deletion of SET1 results in decreased mRNA levels for
a large number of genes (2, 27), in accordance with its proposed
role in transcription elongation and euchromatin formation, but
the magnitude of these transcriptional defects is relatively minor.
In contrast, Set2-catalyzed methylation appears to primarily re-

press transcription by recruiting the Rpd3 histone deacetylase
complex (3, 9, 11).

These studies suggest that histone H3 methylation plays only
a modest role in transcription elongation and euchromatin
formation in S. cerevisiae. We have investigated this possibility
by systematically mutating the methylated lysine residues in
histone H3. Surprisingly, we find that the triple mutation of
H3K4, H3K36, and H3K79 to arginine (H3 K4,36,79R) is le-
thal in S. cerevisiae. Our data indicate that this lethal pheno-
type is not due to a defect in histone H3 stability or its incor-
poration in the nucleosome but is instead due to a progressive
gene expression defect that initiates in telomeric heterochro-
matin and then spreads into the chromosome. We show that
the H3 K4,36,79R mutation elicits the binding of the hetero-
chromatin-associated silent information regulator (SIR) si-
lencing complex (6) into regions of euchromatin adjacent to
yeast telomeres. In addition, mutations in the SIR complex
rescue this lethal phenotype. Curiously, mutations in the his-
tone methyltransferase genes (e.g., SET1) also rescue the le-
thal H3 K4,36,79R mutant. These and other data suggest that
the cause of lethality may in part be due to the association of
histone methyltransferase enzymes with a histone substrate
that cannot be methylated.

MATERIALS AND METHODS

Yeast strains and growth conditions. A complete list of yeast strains used in
this study is listed in Table S1 in the supplemental material (also see Y. Jin, A. M.
Rodriguez, J. D. Stanton, A. A. Kitazono, and J. J. Wyrick, http://wyrick.sbs.wsu
.edu/HistoneMethylation). Details of strain construction are available upon re-
quest. In general, yeast strains were propagated according to standard proce-
dures in either rich medium (YPD) or in the appropriate selective medium (SC).
The experimental procedures for yeast spotting, growth, viability, and cell cycle
analysis are described in the supplemental material.

Plasmid construction and site-directed mutagenesis. Details of plasmid con-
struction are available upon request. Each histone H3 mutant was generated
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from plasmid pJW028 by site-directed mutagenesis (QuikChange kit, Strata-
gene). The set1-N1016Q and set1-C1068A mutants were generated from plasmid
pJW048 (5) by site-directed mutagenesis. All mutants were confirmed by DNA
sequencing. The complete list of mutagenic primer sequences is available at
http://wyrick.sbs.wsu.edu/HistoneMethylation.

Genome-wide expression profiling. Total RNA was isolated from each yeast
culture. Equal amounts of five exogenous poly(A) control RNAs were added to each
total RNA sample (8). The total RNA samples were used to prepare cDNA and
biotin-cRNA, as previously described (20). The cRNA was then hybridized to a
single S98 genome oligonucleotide array and scanned following standard protocols
(Affymetrix). Intensities were captured using GeneChip software (Affymetrix), and
a single raw expression level for each gene was determined. Complete data sets are
available at http://wyrick.sbs.wsu.edu/HistoneMethylation/.

Data analysis. The data from each chip were normalized using a normalization
factor calculated from the signal intensities of five exogenous poly(A) controls, as
previously described (8). A change in mRNA levels was deemed significant based
on the following criteria: (i) the average change up or down was greater than
twofold, (ii) the change (up or down) in each replicate experiment was greater
than 1.5-fold, and (iii) the absolute intensity change was above background
levels. See the report by Martin et al. (20) for more details.

Telomere-proximal gene analysis and statistics. For the chromosome plots
(see Fig. 3), all yeast genes were ordered according to their distance from a
telomere and divided into consecutive 50-gene bins. The fraction of genes down-
regulated in the mutant strain and the average distance of the genes from the
telomere were plotted for each bin. Only those genes within �210 kb of a
telomere were plotted. Statistical analysis of enrichment for telomere-proximal
genes (0 to 10 kb from a telomere) was calculated using a hypergeometric
probability distribution (20).

Micrococcal nuclease digestion assay. Micrococcal nuclease (MNase) diges-
tion assays were performed as described previously (10). Briefly, yeast cells were
grown and harvested under conditions similar to those used for genome-wide
expression experiments. Cells were spheroplasted with Zymolyase (Zymo Re-
search) and treated with doubling concentrations of MNase as indicated. After
digestion, DNA was purified and resolved on a 1.5% agarose Tris-borate-EDTA
(TBE) gel. The gels were stained with ethidium bromide and photographed.

Chromatin immunoprecipitation assay. Chromatin immunoprecipitation
(ChIP) assays were performed as described previously (17), with slight modifi-
cations. Briefly, yeast cells were grown under conditions similar to those for
genome-wide expression experiments and cross-linked with 1% formaldehyde.
Cells were lysed by glass beads and sonicated to shear the chromatin to fragment
sizes of 150 to 400 bp. Cross-linked chromatin fragments were immunoprecipi-
tated with anti-Myc antibody (catalog number AH00052; Biosource) or anti-Sir2
antibody (catalog number sc-6666; Santa Cruz Biotechnology) bound to mag-
netic beads (Dynal Biotech). After the cross-links were reversed, the DNA
fragments were extracted for PCR. Taq DNA polymerase (New England Bio-
labs) and appropriate primer pairs were used in the PCR amplification reactions.
PCR products were resolved on 2% agarose TBE gels stained with ethidium
bromide and quantified using a GelDoc EQ imager with Quantity One software
(Bio-Rad). The complete list of ChIP primer sequences is available at http:
//wyrick.sbs.wsu.edu/HistoneMethylation/.

Microarray data accession numbers. The data discussed in this report have
been deposited in the NCBI Gene Expression Omnibus (GEO; http://www.ncbi
.nlm.nih.gov/geo/) and are accessible through GEO Series accession numbers
GSE6319, GSE6326, GSE6327, GSE6328, and GSE6331.

RESULTS

Systematic mutagenesis of histone H3 methylated lysine
residues. To investigate whether histone H3 methylated lysine
residues have redundant functions in transcription elongation
and chromatin organization, we systematically mutated H3K4,
H3K36, and H3K79, both individually and in all possible com-
binations. The phenotype of each histone H3 mutant was
tested by transforming a yeast strain (WY121) with a plasmid
bearing the mutant H3 allele and subsequently removing the
endogenous plasmid carrying the sole wild-type H3 allele by
negative selection, using 5-fluoroorotic acid (5-FOA). The re-
sults showed that each of the H3 double-mutant strains
(K4,36R, K4,79R, and K36,79R) was viable, though some mu-
tants exhibited a slow-growth phenotype (Fig. 1A). However,

the triple-mutant strain, in which all three methylated lysine
residues were mutated to arginine (H3 K4,36,79R), was lethal
(Fig. 1A).

This lethal phenotype was observed only when all three

FIG. 1. The histone H3 K4,36,79R mutant strain is inviable.
(A) The growth phenotypes of double and triple mutants in histone H3
methylated lysine residues were examined. Fivefold serial dilutions of
each yeast strain (from about 104 cells) were spotted on SC-ADE
medium or SC-ADE with 5-FOA as indicated. A wild-type (wt) histone
H3 allele was present in each strain on SC-ADE plates but was lost
from SC-ADE plates with 5-FOA. (B) Growth rates of histone mutant
strains. The cell density of strains containing the H3 K4,36,79R, H3
�4-45, H3�, or wild-type alleles of histone H3 was monitored by
measuring the optical density at different time points following the
depletion of wild-type histone H3. (C) The viability for each of the
mutant strains shown in panel B was determined by plating equal
amounts of cells on galactose plates at different time points following
the depletion of wild-type histone H3. The colonies formed on plates
were scored after 72 h of incubation. Relative viability was calculated
as the ratio of the colony number at certain time point to the 0-h time
point. Each error bar represents the standard deviation of three inde-
pendent experiments.
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methylated lysine residues were mutated to arginine. For ex-
ample, the triple glycine mutant (H3 K4,36,79G) was viable
(Fig. 1A). The arginine mutation is thought to mimic the hy-
pomethylated lysine side chain, while the glycine mutation
eliminates the side chain entirely, suggesting that the lethal
phenotype may be due to the replacement of the methylated
lysine residue with a hypomethylated mimic. Similarly, the H3
K9,36,79R mutant, in which two methylated lysine residues
and one acetylated lysine residue (H3K9) were mutated to
arginine, was viable (Fig. 1A). This result suggests that the
lethal phenotype was likely to be specific to methylated H3
lysine residues.

To further investigate this lethal phenotype, we employed a
histone depletion strain (WY151) in which the sole copies of
the histone H3 and H4 genes were regulated by the GAL1-10
promoter (19). Plasmids bearing the histone H3 mutant alleles
(and wild-type histone H4) under the control of their endog-
enous promoters were transformed into the histone depletion
strain, and the resulting growth defects were examined by
shifting the cells to glucose medium. The glucose shutdown
represses transcription of the wild-type histone H3 gene, leav-
ing the H3 mutant gene as the sole source of histone H3 in the
cell.

The growth curve of the histone H3 K4,36,79R mutant is
shown in Fig. 1B. The H3 K4,36,79R mutant displays a growth
defect at 6 h postshift compared to the wild type, and this
growth defect is exacerbated over time, until the cells gradually
cease growing by 25 to 30 h postshift. This phenotype is in
sharp contrast with the rapid growth arrest observed for the H3
�4-45 mutant, which deletes part of the histone H3 core do-
main (19), and for the histone H3 (and H4) depletion strain
(H3�; Fig. 1B). We also measured the loss of viability of the
histone H3 mutants by returning the glucose-treated cells to
the permissive galactose medium at various time points post-
shift. Figure 1C shows that the H3 K4,36,79R mutant shows a
gradual decrease in viability beginning at 6 to 9 h postshift and
is almost completely inviable by 24 h. In contrast, the H3 �4-45
and H3 depletion mutants show a rapid loss of cell viability at
3 h postshift and are almost completely inviable by 6 h post-
shift. Taken together, these results argue that the lethality of
the H3 K4,36,79R mutant is not due to the loss or instability of
histone H3 protein, as is the case with the H3 �4-45 and H3
depletion mutants, as the severity and kinetics of the H3
K4,36,79R mutant growth defect are strikingly different from
these other mutants.

The H3 K4,36,79R mutant is stable and competent for nu-
cleosome assembly. To directly test whether the H3 K4,36,79R
mutant destabilizes the histone H3 protein, we measured H3
protein levels at consecutive time points following glucose
shutdown of wild-type H3 expression. Western blotting analy-
sis of yeast cell extracts indicated that histone H3 protein levels
were relatively constant over the time course in the wild-type
and H3 K4,36,79R mutant strains (Fig. 2A). In contrast, the
H3 �4-45 and H3 depletion mutants showed a rapid loss in
histone H3 protein. These data suggest that the H3 K4,36,79R
mutant protein is stable in vivo; however, an alternative expla-
nation for these data is that the wild-type H3 protein may
continue to be expressed in the H3 K4,36,79R mutant strain,
despite the presence of glucose in the medium.

To rule out this possibility, we measured the levels of H3K4

methylation in this strain over the glucose shutdown time
course. As shown in Fig. 2B, the anti-H3K4 dimethylation
(me2) and trimethylation (me3) antibodies readily detected
methylation of wild-type histone H3, but no signal was de-
tected in the H3 K4R mutant strain, as expected. Both the
wild-type and the K4R mutant histone H3 proteins were de-
tected by the anti-H3 antibody (Fig. 2B). Western blotting
analysis of yeast cell extracts showed that while histone H3 is
present at constant levels in the H3 K4,36,79R mutant over the
glucose shutdown time course, H3K4 monomethylation, dim-
ethylation, and trimethylation were almost completely absent
by the 6-h time point (Fig. 2C and data not shown). We inter-
pret this result to mean that the H3 K4,36,79R mutant protein
had almost completely replaced the wild-type histone H3 by
6 h postshift. While it remains a formal possibility that the H3
wild-type histone is present but unmethylated at K4, this pos-
sibility seems unlikely, particularly since the wild-type H3
strain has normal H3K4 di- and trimethylation levels through-
out the glucose shutdown time course (Fig. 2C).

To test whether the H3 K4,36,79R mutant can be assembled
into the nucleosome, we used an MNase digestion assay to
characterize the nucleosome content in the H3 mutant strain.
MNase digestions were performed with the histone H3
K4,36,79R mutant at 6 h following the shift to glucose medium,
when most of the cellular population of histone H3 is com-
posed of the H3 K4,36,79R mutant protein (Fig. 2C). Com-
parison of the MNase digestion patterns of the H3 K4,36,79R
mutant and the wild-type strains showed no significant alter-
ations in nucleosome content or bulk genomic chromatin struc-
ture (Fig. 2D). In contrast, the H3 �4-45 mutant strain showed
a general loss of nucleosome content (Fig. 2D), presumably
due to a defect in nucleosome assembly. In summary, these
data strongly suggest that the histone H3 K4,36,79R mutant
protein is stable and competent for proper nucleosome assem-
bly. However, these results do not rule out the possibility that
the H3 K4,36,79R mutant may have more subtle effects on
nucleosome positioning and chromatin structure, which would
not be detected by the genomic MNase digestion assay.

The H3 K4,36,79R mutant causes gene repression, begin-
ning with genes located in telomeric heterochromatin. Previ-
ous studies have shown that the methylation of H3K4, H3K36,
and H3K79 plays an important role in transcriptional regula-
tion (33). To characterize the effects of the H3 K4,36,79R
mutant on genome-wide transcription, we isolated RNA from
parallel cultures of wild-type and H3 K4,36,79R mutant strains
at 0, 6, and 9 h following the shift to glucose medium. The
resulting genome-wide changes in mRNA levels were profiled
using Affymetrix oligonucleotide arrays and are summarized in
Table 1. The data for the 0-h time point indicate that the
expression of many genes was altered prior to the shift to
glucose medium, when both the wild-type and the mutant
histone H3 proteins were expressed. This result suggests that
even the partial replacement of wild-type histone H3 with the
histone H3 K4,36,79R mutant protein can affect gene expres-
sion. Subsequent time points show that a general trend of
progressively greater numbers of genes are down-regulated in
the H3 K4,36,79R mutant, culminating in 361 genes with de-
creased expression levels by the 9-h time point.

Chromosome plots of the genome-wide expression data
showed that at each time point, a large fraction of the genes
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that were down-regulated in the H3 K4,36,79R mutant were
clustered near yeast telomeres (Fig. 3). For example, 32% of
the genes located in telomere-proximal regions (defined as a
location within 10 kb of a telomere) showed decreased mRNA
levels in the H3 K4,36,79R strain at the 9-h time point, com-
pared to a genome-wide average of 6% (P � 9.7 � 10�13).
Significant enrichment of telomere-proximal genes was also
observed for the sets of down-regulated genes at the 0-h (P �
1.4 � 10�7) and 6-h time points (P � 4.2 � 10�16).

These data indicate that the H3 K4,36,79R mutant enhances
telomeric gene silencing. Previous studies have shown that
H3K4 and H3K79 methylation regulates telomeric silencing in
yeast (31, 36), suggesting that the mutation of these residues
alone may be responsible for the telomeric silencing effects
observed for the H3 K4,36,79R mutant. To test this hypothesis,
we used oligonucleotide arrays to profile the gene expression

changes in the H3 K4,79R mutant. Analysis of the triplicate
samples revealed that the mRNA levels of 61 genes were
up-regulated and that the mRNA levels of 26 genes were
down-regulated in the H3 K4,79R mutant, compared to that of
the wild type. Further analysis shows that a significant fraction
of the genes down-regulated in the H3 K4,79R mutant were
also down-regulated in the H3 K4,36,79R mutant at the 6- and
9-h time points (data not shown). Nearly half of the genes
down-regulated in the H3 K4,79R mutant are adjacent to yeast
telomeres, a significant enrichment (P � 7.1 � 10�17). Indeed,
the H3 K4,79R and H3 K4,36,79R mutants show strikingly
similar effects of telomere-proximal gene expression (Fig. 3).
In contrast, the H3 K36R mutant has a modest effect on telo-
mere-proximal gene expression (data not shown). This analysis
indicates that the initial increase in telomere silencing ob-
served for the H3 K4,36,79R mutant time course is likely a
consequence of the mutation of H3K4 and H3K79 to arginine.

At the 0-h and 6-h time points, relatively few genes outside
of the telomere region are down-regulated in the H3
K4,36,79R mutant; however, at the 9-h time point, many genes
in euchromatin regions of the genome are down-regulated
(Fig. 3). We also profiled the gene expression changes at the
12-h and 18-h time points, and found that many more genes in
euchromatin regions of yeast chromosomes were down-regu-
lated at these later time points (data not shown). However, we

FIG. 2. The histone H3 K4,36,79R mutant protein is stable and competent for nucleosome assembly. (A) The protein stability of different
histone mutants was measured by Western blotting analysis. Cell extracts from each of the mutants at four time points following the depletion of
wild-type histone H3 were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and probed with anti-H3 antibody. As an internal
loading control, anti-�-tubulin antibody was used. (B) Antibodies against di- and trimethylated histone H3K4 do not detect the histone H3 K4R
mutant while antibody against histone H3 detects both wild-type histone H3 and the H3 K4R mutant. Cell extracts from wild-type and histone H3
K4R mutant strains were analyzed with antibodies as indicated. The level of the �-tubulin subunit was used as an internal loading control. (C) Loss
of histone H3K4 methylation at different time points following the depletion of wild-type histone H3. Cell extracts from wild-type histone H3 and
the H3 K4,36,79R mutant at different time points following the depletion of wild-type histone H3 were examined by Western blotting analysis with
appropriate antibodies, as described in the panel B legend. (D) Genomic chromatin structure of the different histone mutants and wild-type strains
was examined by MNase digestion assays. MNase digestion profiles for cells harvested at the 6-h time point following the depletion of wild-type
histone H3 are shown as representative patterns. Subsequent lanes had doubling concentration of MNase from 0 to 37.5 units/ml. M, 100-bp DNA
molecular size ladder.

TABLE 1. Genome-wide expression changes in the H3 K4,36,79R
mutant time course

Time point (h) No. of genes
up-regulated

No. of genes
down-regulated

0 13 33
6 5 74
9 30 361
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are hesitant to draw conclusions from these data for two rea-
sons. First, there is a considerable loss in the viability of the H3
K4,36,79R mutant at later time points (Fig. 1C). Hence, the
gene expression changes we observed could have beeen an
indirect consequence of cell death. Second, there is consider-
able variability in the microarray data for these later time
points between replicate experiments.

In summary, the genome-wide expression data show the
following trend: at the initial time points, the H3 K4,36,79R
mutant represses the transcription of genes near telomere re-
gions, while at later time points, the H3 K4,36,79R mutant-
mediated gene repression begins to spread in the euchromatin
regions of the chromosome. In contrast, the H3 K4,79R mu-

tant represses gene transcription predominately at telomere
proximal regions and shows little effect on the expression of
genes located elsewhere.

The H3 K4,36,79R mutant leads to aberrant cell cycle pro-
gression. Cell cycle display of the H3 K4,36,79R mutant time
course expression data revealed that a significant fraction of the
genes down-regulated by the H3 K4,36,79R mutant are normally
expressed during the G1 phase of the cell cycle (Fig. 4A). This
result suggested the possibility that the H3 K4,36,79R mutant may
have a cell cycle defect resulting in fewer cells cycling into G1

phase. We tested this hypothesis by performing fluorescence-
activated cell sorter (FACS) analysis with propidium iodide-
stained H3 K4,36,79R mutant cells at consecutive time points
following the shift to glucose medium. The results indicated that
there is a slight (�10%) but reproducible decrease in the number
of unbudded (G1-phase) cells in the H3 K4,36,79R mutant com-
pared to that of the wild type (Fig. 4B), in accordance with the
expression data. We also observed a broadening in the second
(2N) peak for the H3 K4,36,79R mutant, which suggests slow
progression through mitosis or cytokinesis in the mutant cells.
The H3 �4-45 mutant, in contrast, shows an immediate G2/M
arrest phenotype (Fig. 4B), which is indicative of nucleosome
depletion (12). Similar results were obtained from FACS analysis
of Sytox Green-stained cells (data not shown).

At later time points (10 to 14 h postshift), there appeared to
be significantly elevated numbers of rebudding cells in the H3
K4,36,79R mutant; we observed 11 to 16% multibudded cells
in the H3 K4,36,79R mutant versus �2% multibudded cells in
the wild type (see Fig. S1 in the supplemental material). We
also observed more cells in anaphase in the H3 K4,36,79R
mutant (see Fig. S1 in the supplemental material). These data
suggest that the H3 K4,36,79R mutation causes mitotic defects,
especially anaphase delay, in a small but significant subpopu-
lation of the H3 K4,36,79R mutants.

The H3 K4,36,79R mutant enhances SIR complex binding to
genomic regions adjacent to yeast telomeres. To gain insight
into the mechanism underlying the H3 K4,36,79R lethality, we
performed a genetic screen to identify extragenic mutations that
suppressed the lethal phenotype. We isolated and cloned one of
the suppressors, which partially rescued the lethal phenotype, and
found that the suppressing mutation resided in the SIR3 gene.
The suppressor mutant was a frameshift mutation caused by a
single adenosine insertion into a stretch of 9 adenosines (nucle-
otides 1414 to 1422), resulting in the introduction of a premature
stop codon in the Sir3 coding sequence following amino acid 485
(see Fig. S2 in the supplemental material). The addition of a
wild-type allele of the SIR3 gene abolished suppression, demon-
strating that the isolated sir3 suppressor mutant has a recessive,
loss-of-function mutation (data not shown). The Sir3 protein is a
component of the SIR complex, which silences gene expression at
yeast telomeres and at the silent mating loci. We systematically
deleted each subunit of the SIR complex (SIR2, SIR3, and SIR4)
in the H3 K4,36,79R mutant strain and found that each of the
deletions partially suppressed the H3 K4,36,79R lethal phenotype
(Fig. 5A). In contrast, deletion of RPD3, which encodes a histone
deacetylase whose association with chromatin is regulated by
H3K36 methylation (3, 9, 11), did not suppress the H3 K4,36,79R
lethal phenotype. In summary, these results indicate that the SIR
complex is required for the lethality of the H3 K4,36,79R mutant.

This finding suggests that the transcriptional repression ob-

FIG. 3. Effects of the histone H3 K4,36,79R mutant on genome-
wide expression levels. Chromosome plots of the microarray data from
the H3 K4,36,79R mutant at different time points following the deple-
tion of wild-type histone H3. For each time point, a histogram of the
fraction of genes whose mRNA levels are down-regulated in H3 mu-
tants is plotted as a function of their distance from a chromosome end.
The microarray data for the H3 K4,79R mutant are also shown for
comparison.
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served for the H3 K4,36,79R mutant may have been due, in
part, to increased binding of the SIR silencing complex to
genomic regions adjacent to telomeres. To test this possibility,
we performed ChIP assays to measure the association of the
Sir2 and Sir4 proteins with a series of DNA regions from 372
bp to 20,281 bp from telomere V-L (Fig. 5B) (16). For the Sir4
experiments, Sir4 was tagged with a 9-myc epitope, and anti-
myc antibody was used for the ChIP assays (13); the Sir2 ChIP
assays were performed using an anti-Sir2 antibody. ChIP assays
were performed with the wild-type and the H3 K4,36,79R
mutant strains at 0, 9, and 12 h following the shift to glucose
medium. The results for the Sir4 ChIP experiments are shown
in Fig. 5C. In the strain containing wild-type histone H3, strong
Sir4 binding was detected at the most telomere-proximal DNA
region (primer pair 1), but little if any binding was detected at
DNA regions farther from the telomere (primer pairs 2 to 5).
In contrast, in the H3 K4,36,79R mutant strain, considerable
Sir4 binding is observed at more distant DNA regions (primer
pairs 2 to 4). We observed substantial Sir4 binding even at the
0-h time point. This result is in accordance with the genome-
wide expression data, which showed that a significant number
of telomere-proximal genes are repressed in the H3 K4,36,79R
mutant at the 0-h time point. The strength of the Sir4 interac-
tion with these DNA regions increased at later time points. In
addition, significant Sir4 binding was observed at the most
distant DNA region assayed (primer pair 5) at the 9- and 12-h
time points but not at the 0-h time point. Similar results were
obtained with the Sir2 ChIP experiments (see Fig. S3 in the
supplemental material). The increases in Sir2 and Sir4 occu-
pancy at these distant DNA regions were not due to an in-
crease in SIR protein, as Western blotting analysis indicates
that Sir2 and Sir4 protein levels are constant throughout the
time course (see Fig. S3C in the supplemental material).

We also compared the levels of binding of the SIR complex
in the H3 K4,79R and H3K4,36,79R mutants. As shown in Fig.
5D, the binding of Sir4 to DNA regions was considerably
stronger in the H3 K4,36,79R mutant than in the H3 K4,79R
mutant strain. This was particularly apparent at the more dis-
tant DNA regions (primer pairs 3 to 5). These data indicated
that mutating all three methylated lysine residues in histone

H3 causes considerably greater binding of the SIR complex to
adjacent genomic regions than that observed when only K4 and
K79 are mutated.

Deletion of the histone methyltransferase genes suppresses
the H3 K4,36,79R lethal phenotype. Because the arginine mu-
tations are thought to mimic an unmethylated lysine side chain,
we hypothesized that the H3 K4,36,79R mutant was lethal
because it abolished histone H3 methylation. To test this hy-
pothesis, we systematically deleted all three histone H3 lysine
methyltransferases and characterized the phenotypes of the
resulting set1� set2� dot1� mutant strain. Surprisingly, unlike
the H3 K4,36,79R mutant, the triple methyltransferase mutant
was viable (Fig. 6A). Phenotypic analysis of the set1� set2�
dot1� mutant strain indicated that it grew normally under most
growth conditions, though it showed caffeine sensitivity (see
Fig. S4 in the supplemental material). This result calls into
question whether the lethality of the H3 K4,36,79R mutant was
due to the loss of lysine methylation.

To test this finding further, we constructed yeast strains
containing combinations of methyltransferase deletions and
histone H3 mutations. For example, deletion of SET1, which is
required for H3K4 methylation, was not lethal in an H3
K36,79R mutant strain (Fig. 6B), as would be expected if the
loss of H3 methylation were the cause of lethality in the H3
K4,36,79R mutant. Similar mutation combinations were con-
structed for the SET2 and DOT1 deletion strains, but none
recapitulated the lethal phenotype of the H3 K4,36,79R mu-
tant (data not shown).

In addition to the set1 deletion, we tested two different muta-
tions in the Set1 active site (set1-N1016Q and set1-C1068A), which
have been previously shown to render Set1 catalytically inactive
(26, 28). Surprisingly, we found that both the set1-N1016Q and
set1-C1068A mutations were lethal in combination with the H3
K36,79R mutation (Fig. 6B). The lethal phenotype of these set1
point mutants was specific to the H3 K36,79R mutant; the set1
point mutations were not lethal in combination with the H3
K4,79R or H3 K4,36R mutation or with the H3 K4,36,79G mu-
tation (data not shown). We also tested the viability of strains
containing the set1-RRM� mutant allele, in which the RNA rec-
ognition motif domain of Set1 (amino acids 230 to 335) had been

FIG. 4. Cell cycle defects in the H3 K4,36,79R mutant strain. (A) Cell cycle display (32) of the genes down-regulated during the H3 K4,36,79R
mutant time course. The circles represent the cell cycle expression patterns of 800 cell cycle-regulated genes (34). The intensity of red color
indicates the number of genes that are normally expressed at that phase of the cell cycle which are down-regulated in the H3 K4,36,79R mutant
strain. The total numbers of cell cycle genes that are down-regulated for each time point are listed in parentheses. (B) FACS analysis was used
to measure the cell cycle profile of the H3 K4,36,79R mutant strain following depletion of wild-type (wt) histone H3.
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deleted. Unlike the set1-N1016Q and set1-C1068A mutants, which
eliminated all methylation of H3K4 (see Fig. S5A in the supple-
mental material), the set1-RRM� mutation only abolished H3K4
trimethylation and reduced H3K4 dimethylation, leaving H3K4

monomethylation intact (see Fig. S5B in the supplemental mate-
rial), in accordance with previous studies (5, 29). The H3 K36,79R
set1-RRM� mutant strain was also inviable (Fig. 6B). Again, the
set1-RRM� mutation was not lethal in combination with the H3
K4,79R or H3 K4,36R mutation or with the H3 K4,36,79G mu-
tation (data not shown).

Perhaps the simplest interpretation of these results is that
the histone methyltransferase proteins (e.g., Set1) must be
present in the cell for the loss of histone methylation to be
lethal. If this hypothesis was correct, then we would expect that
deleting the genes encoding the histone methyltransferase en-
zymes would rescue the H3 K4,36,79R lethal phenotype. To
test this possibility, we measured the viability of the H3
K4,36,79R yeast strain in which the SET1 gene was deleted. As
shown in Fig. 6C, deletion of SET1 rescued the lethal pheno-
type of the H3 K4,36,79R mutant, but this lethality was re-

FIG. 5. The SIR silencing complex is required for the lethal pheno-
type of the histone H3 K4,36,79R mutant. (A) The growth of histone H3
K4,36,79R mutant strains lacking SIR2, SIR3, SIR4, or RPD3 was tested
on SC-ADE plates with or without 5-FOA, as shown in Fig. 1A. (B) A
schematic representation of the chromosome V-L telomere (TEL V-L)
region. The location of the Y	 element, coding sequences, and ChIP
primer pairs are depicted. (C and D) Increased binding by the SIR
silencing complex near the chromosome V-L telomere region. The abun-
dances of Sir4 at the TEL V-L region in wild-type strains and H3 mutants
(and an untagged strain as control) were determined by ChIP analysis.
The Sir4 binding ratio is shown as the ratio of each primer pair to the
ACT1 primer pair. Each error bar represents the standard deviation of
three independent experiments. Similar results were obtained with ChIP
analysis of Sir2 (see Fig. S3 in the supplemental material).

FIG. 6. Deletion of the histone methyltransferase genes suppresses
the H3 K4,36,79R lethal phenotype. (A) Growth ability of the set1�
set2� dot1� mutant strain. (B and C) Histone H3 mutant strains
lacking Set1 methyltransferase were transformed with the wild-type
SET1 or different set1 mutant alleles and then tested for viability, as
shown in Fig. 1A.
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stored if a wild-type copy of the SET1 gene was added. Intrigu-
ingly, addition of any of the set1 mutants that abolished or
disabled its methyltransferase activity (i.e., the set1-N1016Q,
set1-C1068A, or set1-RRM� mutant) also restored lethality
(Fig. 6C). This result indicates that the Set1 protein, but not its
enzymatic activity, was required for the H3 K4,36,79R lethal-
ity. Deletion of the SET2 or DOT1 gene also rescued the lethal
phenotype of the H3 K4,36,79R mutant, though the H3
K4,36,79R dot1� mutant strain was very slow growing (data
not shown).

DISCUSSION

Understanding how methylated histone lysine residues act in
concert to regulate gene expression requires the systematic
genetic analysis of each lysine mutant combination. Here, we
demonstrate that while single or double lysine-to-arginine mu-
tations in H3K4, H3K36, and H3K79 have relatively modest
effects on yeast cell viability, the H3 K4,36,76R triple mutant is
inviable. This lethal phenotype does not appear to be the
consequence of a structural defect in the histone H3 protein, as
the H3 K4,36,79R mutant protein is stable and appears to be
incorporated into nucleosomes at normal levels. Instead, we
find that the H3 K4,36,79R mutant triggers a progressive gene
transcription defect, which originates in yeast telomeric het-
erochromatin and then spreads into the euchromatin regions
of the genome. The H3 K4,36,79R mutant also causes cell cycle
delays that are characteristic of defects in mitosis and cytoki-
nesis. We show that the lethal phenotype requires a functional
SIR silencing complex and that the SIR complex displays in-
creased binding to genomic regions adjacent to yeast telomeres
in the H3 K4,36,79R mutant strain. Intriguingly, we also show
that the presence of intact histone methyltransferase proteins
is required for lethality of the H3 K4,36,79R mutant.

The phenotype of the histone H3 K4,36,79R mutant. Ge-
nome-wide expression profiling of the H3 K4,36,79R mutant
strain following depletion of wild-type histone H3 revealed an
initial decline in the transcription of genes proximal to telo-
mere regions. At later time points, even genes located in eu-
chromatin regions of yeast chromosomes suffered a decline in
transcription. These data support a model in which the de-
crease in the transcription of essential genes in the H3
K4,36,79R mutant strain causes cell lethality. The genome-
wide expression data alone do not distinguish whether the
decline in transcriptional activity is due to a defect in transcrip-
tional activation or elongation or to an enhancement in tran-
scriptional repression. The isolation of loss-of-function sup-
pressor mutations in the SIR transcriptional silencing complex
and our observation that the SIR complex binds to adjacent
euchromatin regions in the mutant strain, however, indicate
that the transcriptional defect is due at least in part to SIR-
mediated transcriptional repression.

The H3 K4,36,79R mutant strain also displays defects in cell
cycle progression, particularly in mitosis. While a fairly small
subset of mutant cells (11 to 16%) show cell cycle irregularities
during the time course, the observed defects are significantly
enriched in the mutant strain compared to that of the wild type
and could be a contributing factor to the H3 K4,36,79R lethal
phenotype. Previous studies have shown that the Set1 methylation
of Dam1 plays an important role in regulating chromosome seg-

regation during mitosis (38). Our data indicate that Set1-cata-
lyzed methylation of histone H3, in parallel with Set2- and Dot1-
catalyzed methylation, is also vital for proper mitotic progression.

It is important to note that previous studies have linked the
spread of the SIR complex with yeast growth and cell cycle de-
fects. Deletion of the GCN5 and ELP3 histone acetyltransferase
genes, which caused the spread of the SIR complex into subtelo-
meric heterochromatin, resulted in a yeast strain with multiple
growth defects (14). A second study showed that overexpression
of the SIR complex led to cell cycle defects in mitosis and a
decrease in chromosome stability (7). Hence, it is possible that the
cell cycle defects observed for the H3 K4,36,79R mutant may be
a consequence of the aberrant spread of SIR-mediated hetero-
chromatin.

Role of the SIR complex in the H3 K4,36,79R lethal pheno-
type. We have isolated two distinct classes of mutants that sup-
press the H3 K4,36,79R lethal phenotype. These classes of
suppressor mutants provide insight into the mechanism underly-
ing the H3 K4,36,79R lethal phenotype. The first class of sup-
pressor mutants occurs in components of the SIR silencing
complex.

Previous studies have shown that the association of the SIR
silencing complex with chromatin is regulated by the methylation
of H3K4 and H3K79. Trimethylation of H3K4 and H3K79 blocks
SIR association (22, 26), while hypomethylated H3K4 and H3K79
favor SIR association (22, 26). This model fits our data, as the
lysine-to-arginine mutations in the H3 K4,36,79R mutant, which
elicit SIR binding (Fig. 5), are thought to mimic hypomethylated
lysine residues. In contrast, the lysine-to-glycine mutations in the
H3 K4,36,79G mutant would be expected to disrupt SIR binding
because they eliminate the hypomethylated lysine side chain. This
would explain why the H3 K4,36,79G mutant is viable and why
the H3 K4,36,79G mutant disrupts telomeric gene silencing in-
stead of enhancing it (see Fig. S6 in the supplemental material).
It is also possible, however, that the arginine mutants bind more
strongly to the SIR complex than would hypomethylated lysine
residues and thus cause an artificially high degree of SIR binding.

We find that the H3 K4,79R mutation alone causes only a
modest increase in gene silencing, primarily confined to genes
located within 10 kb of a telomere. Only when H3K36 is also
mutated to arginine is the silencing of euchromatin genes ob-
served. This conclusion is supported by the SIR binding data,
which clearly demonstrate more extensive binding of the SIR
complex farther into the chromosome in the H3 K4,36,79R
mutant than in the H3 K4,79R mutant. These data suggest that
H3K36 plays an important role in regulating telomeric silenc-
ing. Previous studies have shown that mutants in the Paf1
complex, which regulates H3K4 and H3K36 methylation, have
silencing phenotypes (15, 23, 24). This finding is also in accor-
dance with a recent study which showed that Set2 regulated
SIR complex spreading (35). Our microarray data indicate that
the H3 K36R mutation has a significant but modest effect on
telomeric gene expression (data not shown).

Role of histone methyltransferase proteins in the H3
K4,36,79R lethal phenotype. The second class of suppressor
mutants we have identified are in the histone lysine methyl-
transferase genes themselves. Deletion of either SET1, SET2,
or DOT1 rescued the H3 K4,36,79R lethal phenotype (though
the dot1 suppressor mutant was very slow growing). In light of
this finding, it is not surprising that the set1� set2� dot1� triple
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deletion also yields a viable yeast strain. However, Set1 muta-
tions that eliminate or disable its methylation activity are lethal
in combination with either the H3 K4,36,79R or the H3
K36,79R histone mutant. It is important to note that while the
set1-N1016Q and set1-C1068A mutations disrupt Set1 catalytic
activity, they do not affect the stability of the Set1 protein or
the integrity of the Set1-associated COMPASS complex (28),
unlike the SET1 deletion mutant (25).

We have yet to test the phenotypes of catalytically inactive
mutations in Set2 and Dot1, as inactivating mutations in these
methyltransferases have not been as well as studied as those in
Set1. However, we have found that the deletion of CTK1,
which is required for Set2-catalyzed methylation of H3K36
(37), is lethal in combination with the H3 K4,79R mutation
(data not shown). The CTK1 deletion disrupts Set2 methyl-
transferase activity but not the integrity of the Set2 protein;
hence, this result mirrors the effects seen for the Set1 catalyt-
ically inactive mutants.

In summary, we have shown that the histone methyltrans-
ferases are required for the lethality of the H3 K4,36,79R
mutant. Perhaps the simplest explanation for this observation
is what we call the “stymied methyltransferase” model. This
model asserts that the lethal phenotype arises, in part, due to
the association of histone methyltransferase enzymes with a
histone substrate that cannot be methylated. Thus, this model
would predict that the histone H3 lysine-to-arginine mutants
and the catalytically inactive methyltransferase mutants are
lethal because they prevent lysine methylation without disrupt-
ing the association of the methyltransferase with its substrate.
On the other hand, mutations that disrupted this association
(e.g., methyltransferase deletion or histone lysine-to-glycine
mutations) would not be expected to be lethal, in accordance
with our results. While it is not clear why a “stymied methyl-
transferase” would necessarily be lethal, it is intriguing to spec-
ulate that the Set1 protein may have a direct inhibitory func-
tion, as is the case for the yeast Kss1 mitogen-activated protein
kinase (1, 4, 18, 30). For example, Set1 binding to histone
substrates in the absence of histone methylation could inhibit
gene transcription. Alternatively, Set1 could exert its inhibitory
effect through its interaction with other substrates, such as
Dam1 (38).

A second possible explanation for these genetic data is that
proteins associated with the histone methyltransferases may
have additional functions that are required for lethality. Dele-
tion of the histone methyltransferase would disrupt these func-
tions and suppress the lethal phenotype. For example, it is
possible that other components of the COMPASS complex
have additional functions, which may be compromised by the
deletion of SET1. In any case, future studies are needed to test
these hypotheses.
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