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Abstract
Histone acetylation and methylation are linked to a variety of nuclear activities, most notably
transcriptional regulation. Both synergistic and antagonistic relationships between these two
modifications have been reported in different systems. Here we show that the budding yeast histone
H4 arginine 3 (R3) methyltransferase Hmt1p binds acetylated histones H3 and H4, and importantly,
that acetylated H4 is a significantly better methylation substrate for Hmt1p. Kinetic studies show
that acetylation at any of the four acetylatable lysine residues of histone H4 results in more efficient
methylation. Among the four, K8 acetylation imposes the strongest effect on reducing KM, consistent
with the observed acetylation-stimulated interaction. In vivo, hmt1! cells rescue the transcriptional
defect caused by GCN5 deletion, indicating that one of the functions of Gcn5p is to neutralize the
negative effect of Hmt1p. Mutating either K8 or R3 to alanine causes similar growth defects in
selective histone and gcn5 mutant background, suggesting that these two residues function in the
same pathway for optimal vegetative growth. Together, these results reveal functional connection
between histone acetylation, methylation, and two of the responsible enzymes, Gcn5p and Hmt1p.
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1. INTRODUCTION
Acetylation is one of the best-characterized post-translational modifications of histones. A
variety of nuclear activities including transcriptional regulation, chromatin assembly, DNA
repair, recombination, and mitosis, have been linked to histone acetylation (see [1] and
references therein). Mechanistically, histone acetylation may reduce the affinity of histone-
DNA interactions[2], changes the chromatin structures [3], and recruits or evicts selective
histone- binding proteins [4,5]. Furthermore, methylation, phosphorylation, and ubiquitination
of histones in many cases are functionally tied to histone acetylation [6]. Both synergism and
antagonism have been observed between different histone modifications.
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In the budding yeast Saccharomyces cerevisiae, Gcn5p is a prototypical histone
acetyltransferase (HAT) [7]. Histones H3, H4, and H2B are acetylated by Gcn5p [8–10],
however the substrate specificity (histones and the target lysine residues) may vary depending
on the assay conditions [11]. Gcn5p is the catalytic subunit of several chromatographically
distinct complexes including SAGA [12], SALSA/SLIK [13,14], and ADA [15], that have
been linked to transcriptional regulation in yeast (see [16] for review). Recent works also linked
Gcn5p and its HAT activity to DNA damage repair [17] and chromosome segregation [18]. In
addition to Gcn5p, there are multiple HATs and histone deacetylases (HDACs) that target at
different or overlapping histones and lysine residues for a variety of nuclear activities [19].
How these enzymes and selective acetylated histones appropriately perform their biological
functions is an important yet largely unanswered question.

A prevailing hypothesis explaining the functional diversity of histone acetylation is that
selective proteins are recruited to genomic domains with certain acetylated histones. The notion
of modification-dependent recruitment of specific factors has been well-documented in protein
phosphorylation [20], and there are an increasing number of examples for other modifications,
such as methylation and sumoylation [21]. Similarly, acetylated histones interact with a
conserved protein module, the bromodomain [4,22,23], which is found in many transcriptional
regulators [24]. Recruitment of bromodomain-containing proteins is important for setting the
boundary between euchromatin and heterochromatin [25]. However, the wide spectrum of
nuclear functions linked to histone acetylation appears to exceed the number of proteins
possessing the bromodomain, suggesting that other protein modules may be capable of binding
to the acetylated histones. Using the tethered catalysis/yeast two-hybrid system designed to
identify protein-protein interactions stimulated by post-translational modifications [26],
several acetylated histone binding proteins were found, including Hmt1p (a.k.a. Rmt1p) for
protein and histone H4 methylation [27–29], Cac1 (a.k.a. Rlf2) for chromatin assembly [30],
and Exo84p that has been implicated in mRNA splicing [31,32]. These results are in excellent
agreement with the observations that histone acetylation functions beyond transcriptional
regulation. In the current work, we focused on Hmt1p.

Hmt1p is a type I protein arginine methyltransferase that catalyzes asymmetric dimethylation
[33,34]. Known substrates for Hmt1p include hnRNP components [28,29], several nucleolar
proteins [35], and histone H4 [27]. Arginine 3 (R3) of histone H4 is the methylation target of
Hmt1p [27]. Importantly, the Hmt1p methyltransferase activity is critical for rDNA silencing
mediated by a histone deacetylase Sir2p [36]. Loss of Hmt1p methyltransferase activity results
in hypomethylation of H4 at silent loci, and in impairment of Sir2p recruitment [36]. The
transcriptional repression function of Hmt1p differs significantly from its mammalian
homologue, PRMT1, in that the latter is important for transcriptional activation of multiple
genes [37–39]. PRMT1-mediated histone H4 R3 methylation acts upstream of the p300 histone
acetyltransferase in transcriptional activation [37]. How the yeast Hmt1p performs its
transcriptional regulatory function remains an open question.

In this work, we present evidence that Hmt1p is an acetylated histone-binding protein, and that
acetylated H4 is a better substrate for Hmt1p methyltransferase activity. Transcriptional defects
caused by the gcn5 null allele can be suppressed by deleting HMT1. Furthermore, histone H4
K8 acetylation and R3 methylation appear to be part of a pathway that becomes essential for
optimal mitotic growth in a background devoid of Gcn5p HAT activity and the predominant
histone H3 acetylation site. These data reveal novel interactions between histone acetylation
and methylation.
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2. MATERIALS AND METHODS
2.1. Yeast strains and plasmids

All genetic methods were performed according to standard procedures [40]. Yeast
transformation was done using the lithium acetate method [41]. The GST-Hmt1 plasmid was
generously provided by S. Clarke (UCLA) [34]. The dot1! and hmt1! strains were a gift from
J. Côté (Lava University).

To create yeast strains for RNA analyses and 3-AT tolerance tests, BY4742 (MATα his3! 1
leu2! 0 lys2! 0 ura3! 0), yMK1180 (isogenic to BY4742 except MATa dot1!), and yMK118
(isogenic to BY4742 except MATa hmt1!) were first transformed with the 1.75 kb Bam HI/
Bam HI fragment from pJJ217 [42] that contained the entire HIS3 gene, resulting in yMK1185,
yMK1186, and yMK1187, respectively. This procedure was to convert these strains to HIS+
so that the transcriptional status of HIS3 and cellular sensitivity to 3-AT could be tested.
GCN5 was subsequently deleted from these three strains by using a gcn5! :: hisG-URA3-
hisG fragment derived from pMK147 (following Xho I and Xba I digestion and gel-purification
of the 4.6 kb fragment) to create yMK1188 (gcn5!), yMK1189 (dot1! gcn5!), and yMK1190
(hmt1! gcn!5!).

For histone mutants, pQQ18 (ARS1 CEN4 LEU2 HTA1-HTB1-HHT2-HHF2) [43] was
subjected to mutagenesis (see [44] for detailed procedures; oligonucleotide sequences are
available upon request) to replace selective lysine or arginine residues (Figure 4). JHY205
[43] (MATa his3! 1 leu20 ura3 ! 0 hta1-htb1! ::HPH hta2-htb2! ::NAT hht1-hhf1! ::KAN hhf2-
hht2::NAT <pJH33 ARS1 CEN4 URA3 HTA1-HTB1-HHT2-HHF2>) was transformed with
Ngo MIV-digested pMK284 F221A to replace the chromosomal copy of GCN5 with the F221A
allele [44], resulting in yDA12. Desired histone mutant plasmids (pQQ18 derivatives) were
transformed to either GCN5+ or gcn5 F221A strains. Leu+ Ura+ strains were grown overnight
in YPD to saturation before plating to 5-FOA medium to assess viability.

2.2. Protein expression, purification, and biochemical assays
Induction and purification of the recombinant Hmt1p were according to Gary et al [34].
Bacterially expressed yeast histones H3 and H4 were a kind gift of K. Luger (Colorado State
University, Fort Collins). Synthetic histone H4 peptides were purchased from the Upstate
Biotechnology Inc. 3H-S-adensyl-methionine (SAM) was purchased through Amersham (15
Ci/mmol). Purification of core histones from yeast was based on Edmondson et al [5]. Methods
for recombinant Gcn5p production and in vitro histone acetylation were as previously described
[8] except that 1 μg of recombinant histone H3 or H4, or approximately 10 μg of yeast core
histones were first treated with 50 ng of His-tagged Gcn5p in 20 μl reactions containing 50
mM Tris-HCl, pH 8.0, 10% glycerol (v/v), 1 mM EDTA and 1 mM unlabelled acetyl coenzyme
A. For mock acetylation reaction, 1 mM of coenzyme A was substituted for acetyl coA. The
acetylation reactions were conducted at 30°C for 30 minutes, immediately followed by GST
pulldown or in vitro methylation reactions.

For GST pulldown assays, approximately 1 μg of GST-Hmt1p was added to acetylation or
mock-acetylation reactions that had been brought to 200 μl with the acetylation buffer without
the cofactor. The reactions were gently rocked at 4°C for overnight, followed by addition of 5
μl of reduced glutathione beads (1:1 slurry). The binding reaction was continued at 4°C for an
additional hour. The matrix was pelleted (14,000 rpm for 15 seconds at room temperature),
and washed twice with 500 μl of acetylation buffer. 20 μl of 1X SDS-PAGE loading dye was
added to the beads, which were then boiled for 5 minutes. The supernatant was loaded to 15%
SDS-PAGE for resolution and Coomassie Blue staining.
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A typical methylation reaction (20 μl) (for non-kinetic studies) contained approximately 3
μM histone or H4 peptide substrates, 3.3 μM of 3H-SAM, and about 50 ng of recombinant
GST- Hmt1p in 50 mM Tris-HCl, pH 8.0, 10% glycerol (v/v), and 0.1 mM EDTA. Reactions
were carried out at 30°C for 30 minutes before P-81 filter assays to assess the incorporation
(see below). Alternatively, 15% SDS-PAGE was used to resolve histones for fluorography.
Acetylation and methylation reactions were done in the same buffer. Thus, methylation of
Gcn5p-acetylated histones was conducted by directly adding radioactive SAM and GST-
Hmt1p to the (mock) acetylation reactions after the 30-minute acetylation reaction had been
completed. Methylation was extended for 30 minutes before SDS-PAGE loading dye was
added to stop the reaction.

Kinetic studies of H4 peptide methylation was conducted in the following way. Each 10-μl
reaction contained 50 mM Tris-HCl, pH 8.0, 10% glycerol, 0.1 mM EDTA, app. 25 ng of GST-
Hmt1p, varying concentrations of peptide (ranging from 0.01 to 10 μM), and 3.3 μM 3H-SAM.
All ingredients except 3H-SAM were mixed and made into 9-μl aliquots. The mixture was
capped and pre-warmed at 30°C for 30 seconds. 1 μl of 33 μM 3H-SAM was then added to
each tube to start the reaction. Reactions were carried out for exactly 3 minutes. Four 2-μl
aliquots from each reaction were then spotted to Whatman P-81 paper discs [45]. After all
sample discs were air- dried, they were washed for 10 minutes in generous amount of 20 mM
NaHCO3, pH9.2 under gentle shaking. The wash was repeated twice, followed by brief 95%
ethanol wash and air dry. Each disc was then submerged in 2 ml of scintillation fluid and shook
gently overnight at room temperature before scintillation counting. The initial rate of
methylation from each concentration of the peptide was calculated, and KM and Vmax were
derived from the Hanes/Wolffe [S]/v vs. [S] plot {[S]/v = (1/Vmax)·[S] + (KM/Vmax)}.
Average numbers of KM and Vmax are presented in Figure 2C.

2.3. RNA preparation and RT-PCR
Yeast cells were grown in appropriate selective media till culture density reached 0.5 OD600/
ml. Cells were then collected by centrifugation (5,000 × g, 5 min, 4°C) and transferred to
synthetic minimal medium supplemented with required nutrients and 40 mM 3-AT for HIS3
induction. Cell cultures were further incubated at 37°C for 2 to 3 h before harvesting for RNA
preparation. Procedures for RNA preparation were described previously [44]. 10 μg of total
RNA was treated with 10 units of DNaseI (Roche) in 100 μl (50mM Tris-HCl, pH7.5, 5mM
MgCl2), and incubated at 37°C for 1 hour. cDNA was synthesized following the instruction of
ImpronII reverse transcriptase kit (GE Life Sciences) using 30 ng of poly (dT) primer. Semi-
quantitative PCR reactions were conducted in 50 mM KCl, 10 mM Tris-HCl (pH 9.0, 25°C),
1% Triton X-100, 2 mM MgCl2, 0.1 mM each dNTP, 0.5 μM each primer, and 1.25 U Taq
DNA polymerase (Promega), and appropriately diluted DNA templates. PCR parameters were
(94°C, 4 min; 50°C, 4 min; 72°C, 30 sec) for 2 cycles; (94°C, 45 sec; 50°C, 45 sec; 72°C, 30
sec) for 24 cycles; and 72°C, 3 min. PCR products were resolved in polyacrylamide gels
followed by ethidium bromide staining.

3. RESULTS
3.1. Hmt1p binds acetylated histones H3 and H4 preferentially

Hmt1p was found to be an acetylated histones H3 and H4 binding protein in two screens with
the tethered catalysis/yeast two-hybrid system. To elaborate on this acetylation-dependent
interaction, we conducted GST pulldown assays. Hmt1p was expressed in E. coli as a
glutathione S transferase (GST) fusion protein. For histone ligand, bacterially expressed
recombinant H3 and H4 (rH3 and rH4) were first subjected to acetylation reaction by Gcn5p
in vitro, or to a mock acetylation reaction in which acetyl coenzyme A was replaced with
coenzyme A. Recombinant Gcn5p acetylates yeast H3 at K14 and H4 at K8 [8]. Acetylated
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and mock acetylated histones were then incubated with GST-Hmt1p, and immobilized by
glutathione beads. GST-Hmt1p and the trapped histones H3 and H4 were resolved by SDS-
PAGE and quantified by Coomassie Blue staining. In agreement with the tethered catalysis/
yeast two- hybrid results, pretreatment of H3 and H4 with Gcn5p and acetyl coA resulted in
enhanced retention by Hmt1p (Figure 1A, compare lanes 1, 3, with 2, 4), whereas much weaker
binding was seen in the mock acetylated histones. We thus conclude that Hmt1p is a bona fide
acetylated histone H3- and H4-binding protein.

3.2. Acetylation enhances Hmt1p-mediated H4 methylation
Côté and colleagues showed that recombinant Hmt1p methylates R3 of histone H4, whereas
no appreciable H3 methylation by Hmt1p was detected [27]. As acetylation effectively
facilitates the interaction between the underlying histone H3 or H4 with Hmt1p, it is possible
that the methylation efficiency of histone H3 or H4 would be enhanced by acetylation as well.
To see if this was the case, we subjected the acetylated and mock acetylated H3 and H4 to
Hmt1p methylation reactions. In addition, purified yeast core histone mixture were also pre-
treated with Gcn5p with or without acetyl coA prior to incubation with Hmt1p and 3H-S-
adenosyl methionine (SAM). The methylation status of histones was monitored by following
the incorporation of the radioactive methyl group to histones. Results shown in Figure 1B
clearly demonstrate that acetylated histone H4 was a significantly better methylation substrate
for Hmt1p (compare lanes 1, 2). However, histone H3 was only radiolabelled weakly in an
acetylation-independent manner (lanes 3 and 4), consistent with the previous finding that
Hmt1p only methylates H4 among the four core histones [27]. Interestingly, core histones
purified from yeast also showed acetylation- stimulated methylation by Hmt1p (lanes 5, 6).
Under this condition, H3 methylation remained negligible. Neither H2A nor H2B was
methylated. It is important to note that histone H4 purified from yeast, even without prior
treatment with Gcn5p, was a better substrate when compared with its recombinant counterpart
(lanes 1 and 5). This result was not surprising because yeast histones are known to be
hyperacetylated in vivo [46]. Thus, compared with the bacterially expressed, acetylation-free
recombinant H4, the yeast histone H4 justifiably exhibited a significantly better methylation
efficiency even without pretreatment with Gcn5p and acetyl coA.

There are four acetylatable lysine residues in the amino terminal domain of H4: K5, K8, K12,
and K16. Gcn5p acetylates yeast H4 at K8 [8], while other enzymes such as p300/CBP acetylate
all four residues with roughly equivalent efficiency. To see which of these four acetylatable
lysine residues played a more potent role in facilitating the binding and methylation by Hmt1p,
we used synthetic peptides corresponding to the first 18 amino acids of H4 for in vitro
methylation. One of these peptides was unmodified (Un), whereas each of the other four
peptides contained one acetyllysine residue (i.e. Ac.K5, 8, 12, or 16) and were otherwise
identical to others. These peptides would help delineate the contribution made by these
acetyllysine residues in stimulating the action of Hmt1p.

Using 3H-SAM as the methyl donor, we first compared the efficiency of H4 peptide
radiolabeling when both the enzyme and H4 peptides were fixed at constant concentrations.
Figure 2A shows that, similar to using the intact H4 histone protein, all five H4 synthetic
peptides were positively methylated by Hmt1p. However, the monoacetylated peptides
exhibited 50–100% increase of the methylation efficiency. Intriguingly, the Ac.K8 peptide
appeared to elicit the strongest stimulation, suggesting that modification at this residue may
create the most effective substrate for Hmt1p. To more rigorously and quantitatively examine
how acetylation enhanced methylation, we used kinetic studies to obtain key parameters for
Hmt1p action on different H4 species, including the affinity (as reflected by the Michaelis
Constant, KM), and maximal reaction rate (Vmax). Figure 2B depicts a representative Hanes/
Wolffe [S]/v vs. [S] plot (where [S] is the substrate peptide concentration, and v is the initial
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reaction rate). Figure 2C summarizes the results from multiple experiments (n ranging from 2
to 8). Consistent with Figure 2A, the Ac.K8 peptide showed the lowest KM value (0.059 ± 0.02
μM), suggesting that this peptide had the highest affinity for the enzyme. The other three
monoacetylated peptides also showed moderate reduction in KM compared with the
unmodified control, indicating that acetylation at any of the four lysine residues can effectively
enhance the binding of Hmt1p. These results were in excellent agreement with our tethered
catalysis/yeast two-hybrid test results in that mutating single lysine residues failed to
quantitatively diminish the two-hybrid interaction with the Hmt1p prey, yet mutating the
tethered HAT, Gcn5p, eliminated the interactions completely (DG and MHK, data not shown).
It is also interesting that the maximal velocity (Vmax) of all four acetylated peptides was
somewhat lower than the unmodified counterpart. However, the mild reduction in the reaction
rate was effectively compensated for by the increase in affinity. Thus, the overall efficiency
of methylation turned out to be positively influenced by acetylation. Together, these kinetic
studies verified the biochemical and yeast two-hybrid test results, and suggested that K8
acetylation had the strongest effect in facilitating the binding and methylation of H4.

3.3. Antagonism between Hmt1p and Gcn5p
The acetylation-stimulated binding and methylation of H4 by Hmt1p suggested functional
connection between these two histone modifications. Since there are more than one HAT in
yeast, to understand the in vivo connection between these two modification, we began our
analyses by first examining the genetic relationship between Gcn5p and Hmt1p. To this end,
we assessed transcriptional regulation of a model gene, and investigated overall cellular growth
of strains bearing selective mutations in histones and/or Gcn5p.

One of the best characterized target genes of Gcn5p is HIS3. Eliminating the Gcn5p HAT
activity results in defects of HIS3 activation [47], which in turn causes cellular hypersensitivity
to 3-amino-1,2,4-triazole (3-AT). If Hmt1p and Gcn5p interacted functionally, antagonistic or
synergistic phenotypes may result from mutations that target both enzymes. To test this
possibility, GCN5 and HMT1 were deleted. In addition, DOT1, which encodes a histone H3
K79 methyltransferase [48], was also knocked out as a comparison. Yeast cells bearing single
or double knockouts of these genes were grown for HIS3 expression tests, including semi-
quantitative reverse transcription PCR (RT-PCR) and cellular growth in medium containing
varying concentrations of 3-AT.

Figure 3A shows that deleting GCN5 rendered cells hypersensitive to 3-AT (row 2), whereas
deleting the histone H3 K79 methyltransferase DOT1 gene did not have an obvious effect.
Interestingly, deleting HMT1 appeared to enable yeast cells to sustain higher concentrations
of 3-AT (compare rows and 3 and 1 on 20- and 40-mM 3-AT plates), suggesting that Hmt1p
plays a negative role in the cellular response to 3-AT toxicity. The genetic interaction between
Gcn5p and Hmt1p was further revealed by the observation that the gcn5! hmt1! double
knockout cells exhibited significantly higher resistance to 3-AT than did the gcn5! strain
(compare rows 6 and 4). In contrast, deleting DOT1 in the gcn5! background did not alter the
degree of 3-AT hypersensitivity. These results suggest functional differentiation of these two
histone methyltransferases, and more importantly, that Hmt1p and Gcn5p might play opposing
roles in containing the 3-AT toxicity.

Alteration in cellular resistance to 3-AT may result from changes in HIS3 expression or other
mechanisms such as modulation of 3-AT flux (see Discussion for details). To link the
restoration of 3-AT resistance in the gcn5! hmt1! cells to transcriptional regulation, semi-
quantitative RT-PCR was conducted to compare the transcription status of HIS3 and PGK1, a
GCN5-independent control gene that encodes the housekeeping 3-phosphoglycerol kinase.
Log-phase yeast cells were starved for amino acids to activate amino acid biosynthesis genes,
including HIS3. Total RNA was then quantified by RT-PCR. Figure 3B shows that gcn5! cells
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were defective in activating HIS3, and that neither hmt1! nor dot1! cells exhibited significant
changes in HIS3 expression (109% and 76% of the wildtype level). The gcn5! dot1! strain
exhibited a similar degree of reduction as that of gcn5! (compare lanes 2, 6), indicating again
that Dot1p was not an important factor for HIS3 activation. In contrast, the HIS3 transcriptional
defect caused by GCN5 deletion (down to 27% of the wildtype level) was effectively restored
by knocking out the HMT1 gene (80%; lane 5). The restoration of HIS3 transcriptional activity
by HMT1 deletion strongly suggests that one of the functions of Gcn5p is to antagonize a
negative role of Hmt1p. When Gcn5p is absent, the transcriptional repression function of
Hmt1p prevails, hence diminishing the expression of HIS3.

Given the biochemical and genetic connection between Gcn5p and Hmt1p, it is tempting to
speculate that these two proteins may reside in the same loci. We have used an HA-tagged
Hmt1p for chromatin immunoprecipitation assays but could not conclusively identify stabile
association of Hmt1p with either the HIS3 gene or the HMLα silent locus (supplemental Figure
1) even though Hmt1p is predicted (but has not been substantiated) to be detectable at the silent
loci [36]. Other in vivo approaches might be needed to examine this hypothesis.

3.4. Histone H4 K8 and R3 are in the same genetic pathway
Gcn5p is one of several histone acetyltransferases in yeast and controls about 10% of yeast
genes [49,50]. In vivo studies suggest that H3 is the major acetylation target for Gcn5p and
that it has relatively minor contribution for H4 acetylation. Rather, the major histone H4 HAT
activity is brought about by the NuA4 complex in which Esa1p is the catalytic subunit [12,
51,52]. Although Figure 3 demonstrates that Gcn5p and Hmt1p are functionally linked to each
other in controlling HIS3 activation and cellular growth in response to 3-AT, it is possible that
histone acetylation, a result of balancing actions of multiple HATs and deacetylases, and H4
R3 methylation together control more cellular/nuclear activities. To further examine the
possible connection between histone acetylation and H4 R3 methylation, we asked whether
normal cell growth depended on the capacity of cells to maintain the full spectrum of H3/H4
acetylation, and H4 R3 methylation. To this end, we used a yeast strain in which the
chromosomal histone genes were deleted. Cell viability was supported by a plasmid bearing
all four core histone genes. Two versions of the histone plasmid were available, one with the
URA3 marker and wildtype histone genes, and the other with the LEU2 marker and histone
genes bearing selective mutations (see below). Yeast cells that had lost the URA3 plasmid but
maintained the LEU2 plasmid were selected by the drug 5-fluoroorotic acid (5-FOA) that was
converted to a lethal toxin by Ura3p [53]. Thus, the LEU2 plasmid provided the sole source of
histones in cells resistant to 5-FOA, and the cellular growth under influence of these mutant
histones could then be assessed. In addition, we also replaced GCN5 with the F221A
catalytically inactive allele [47] to examine the essentiality of the HAT activity of Gcn5p when
certain histone mutations were combined.

GCN5+ and gcn5 F221A strains bearing the URA3 plasmid and wildtype histone genes were
transformed with the LEU2 construct bearing alanine mutations on the acetylatable residues
K8 (H4), K9 (H3), and K14 (H3), as well as the methylatable R3 of H4. The transformant cells
were grown in the YPD rich medium to allow for spontaneous plasmid loss, followed by
streaking to either YPD or 5-FOA plates. Figure 4 shows that eliminating the modifications at
H3 K9, K14, H4 K8, or R3 did not cause appreciable impairment of cellular growth in the
presence of wildtype GCN5. In most cases, replacing the functional Gcn5p with the F221A
mutant did not generate obvious phenotypes either, consistent with the reports that Gcn5p and
the SAGA complex control about 10% of yeast genes that are mostly related to stress responses
[49,50]. However, gcn5 F221A H3 K14A cells could not efficiently form colonies on the 5-
FOA plate if either H4 K8 or R3 was substituted by alanine (streaks 8-10, bottom panel). This
result indicated that the Gcn5p HAT activity was critical for optimal cellular growth when

Kuo et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



selective histone acetylation or methylation sites were impaired. Mutating K9 of H3, which is
the acetylation target for a functionally distinct HAT, Hat1p, had no effect in any combinations
tested thus far. The identical phenotype caused by histone H4 R3A (i.e. lack of methylation)
and K8A (i.e. lack of acetylation) mutations strongly suggested that these two modifications
functioned in the same pathway, a notion consonant with the biochemical and yeast two-hybrid
interaction data (Figures 1 and 2) that histone R3 methylation is closely linked to H4
acetylation, in particular at K8.

4. DISCUSSION
In this work, genetic and functional relationship between Gcn5p, Hmt1p, histone acetylation
and methylation was examined. H4 acetylation enhances the association and methylation by
Hmt1p in vitro, suggesting that the functions of histone methylation and acetylation are
connected in certain cellular functions. Indeed, alanine substitution of either K8 or R3 results
in identical cellular growth defects when Gcn5p and one of its most prominent substrates, K14
of H3, are mutated (Figure 4). It is rather interesting that the observed defective growth requires
that both Gcn5p and H3 K14 are mutated. These results are reminiscent of a report by Dent
and colleagues [54] in that combining multiple histone K-to-A or K-to-Q mutations with
GCN5 deletion causes severe growth defects, indicating that Gcn5p functions beyond
acetylating the known lysine residues of histones H3. K14 of histone H3 appears to be a
common substrate for many histone acetyltransferases [51]. Changing this lysine to alanine
can potentially hinder the in vivo functions of multiple HATs. In other words, in a background
where the predominant H3 acetylation is blocked and the enzymatic activity of Gcn5p is further
ablated, histone H4 K8 and R3 assume critical mitotic growth functions. These results point
to the functional redundancy among chromatin and histone modifying enzymes.

That Hmt1p binds both acetylated H3 and H4 but only methylates the latter suggests an
intriguing possibility that acetylated H3 may facilitate the recruitment of Hmt1p to methylate
R3 of H4. We envision that the acetylated H3 and H4 ligands for Hmt1p may reside within the
same nucleosomes, or in different nucleosomes but at the same genetic loci. Alternatively,
since the predominant H4 acetyltransferase is Esa1p in the NuA4 complex, it is also possible
that in loci where H4 is not the best binding and methylation substrate for Hmt1p, the Gcn5p-
acetylated H3 plays an important role in recruiting Hmt1p for certain molecular functions.

Deleting HMT1 restores the transcriptional defects of HIS3 in gcn5! cells, suggesting that
Gcn5p counteracts an inhibitory role of Hmt1p. Interestingly, HIS3 transcription appears to be
normal or slightly reduced in GCN5+ hmt1! cells (Figure 3B). However, these cells exhibit
higher resistance to 3-AT (Figure 3A), a competitive inhibitor of the HIS3 gene product,
Imidazoleglycerol-phosphate dehydratase, that catalyzes the sixth step of histidine
biosynthesis [55]. The disconnection between the steady-state HIS3 transcript level and cellular
resistance to 3-AT seen in hmt1! cells can be due to several possibilities. Firstly, since the
Imidazoleglycerol- phosphate dehydratase (i.e. His3p) is competitively inhibited by 3-AT,
conditions that increase the substrate (D-erythro-imidazole-glycerol-phosphate) abundance
can effectively dampen the toxicity of 3-AT. That is, if Hmt1p also inhibits the expression/
activity of any of the enzymes upstream of His3p (i.e. His1p, His4p, His6p, and His7p), deleting
HMT1 likely will raise 3-AT resistance without triggering significant HIS3 upregulation.
Secondly, Hmt1p methylates multiple proteins, including several that affect mRNA
metabolism [28, 56] and nucleolar functions [35]. Thus, translation of histidine biosynthesis
enzymes may be controlled by Hmt1p, resulting in changes in cellular tolerance to 3-AT (at a
post-transcription level) when HMT1 is deleted. Lastly, 3-AT is transported by Atr1p [57]. If
Hmt1p affects the function or expression of ATR1, it is conceivable that yeast cells will exhibit
different tolerance to 3-AT as well.
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With respect to transcriptional regulation, the potential antagonism between Hmt1p and Gcn5p
in HIS3 transcription suggests a previously unknown relationship between two different histone
modifications. If acetylation plays a critical role in recruiting Hmt1p, and that Gcn5p is
responsible for histone H3 hyperacetylation in vivo, how can gcn5! hmt1! cells express HIS3
efficiently when the Gcn5p co-activator has already been deleted? We envision two possible
scenarios. Firstly, histone H4 is acetylated in a Gcn5p-independent manner at HIS3 and many
other loci [58]. Hmt1p may thus be recruited to the HIS3 locus via direct interactions with
acetylated H4, and possibly deposits the R3 methylation mark. Normally, neutralizing the
negative effect of Hmt1p is part of the transcriptional activation process. Deleting HMT1 in a
GCN5+ background thus does not necessarily increase HIS3 transcription. However, in the
absence of Gcn5p, the inhibitory action of Hmt1p becomes so prominent that it contributes
significantly to the transcriptional defects associated with gcn5− cells. Deleting HMT1 can thus
allow cells to activate transcription even when Gcn5p is absent. Secondly, it has been shown
that the methyltransferase activity of Hmt1p is required for recruiting a histone deacetylase to
silent loci for transcriptional silencing [36]. We thus suggest that Hmt1p recruits a histone
deacetylase to the promoter region by interacting with histones acetylated by Gcn5p, NuA4,
and/or other HATs. Recruitment of histone deacetylases results in turnover of acetyllysine in
each round of transcriptional initiation, allowing for fast control of transcription. This
hypothetic situation is similar to the cyclic H2B ubiquitylation/deubiquitylation that is
important for full-fledge transcription [59,60]. When GCN5 is deleted, the balance between
histone acetylation and deacetylation is skewed, thus reducing HIS3 transcription. By deleting
HMT1 in gcn5− cells, other transcriptional co-activators can then provide the needed activities
to activate HIS3.

The crystal structure of Hmt1p has been solved at 2.9 Å resolution [61]. There seems to be no
obvious structural similarity between Hmt1p and the bromodomain [62]. Since Hmt1p interacts
with both acetylated H3 and H4, it probably does not have very stringent sequence preference
for acetyllysine interaction. On the other hand, this flexibility of binding appears to be at odds
with its selectivity on choosing H4 R3 as the methylation target. Future structural studies of
Hmt1p in the presence of acetylated histone H4 will provide an insight into this novel mode
of acetyllysine interaction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hmt1p is an acetylated histone binding protein
A. GST pulldown assays. Bacterially expressed recombinant histones H3 and H4 (rH3 and
rH4) were treated with Gcn5p in the presence of acetyl coA or coA, followed by incubation
with GST-Hmt1p and then glutathione beads. Proteins bound to the beads were resolved by
SDS-PAGE and stained by Coomassie Blue (CBR). B. Methylation of acetylated and mock
acetylated histones by Hmt1p. Recombinant H3 and H4, as well as core histones purified from
yeast were acetylated by Gcn5p. Hmt1p catalyzed methylation was then conducted using
radiolabelled S-adenosyl methionine as the methyl donor. Final methylation reactions were
resolved and subjected to Coomassie Blue staining (right panel) and fluorography (left panel).
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Figure 2. Lysine 8 acetylation stimulates H4 methylation
Unacetylated and monoacetylated histone H4 peptides (residues 1–18) were used for in vitro
methylation. A. Synthetic H4 peptides were effective substrates for methylation. Unacetylated
and monoacetylated peptides with acetyllysine at positions 5, 8, 12, or 16 were methylated by
Hmt1p for 30 min. Relative efficiency of 3H-methyl incorporation was quantified. Un:
unacetylated peptide. Shown are representative of two independent experiments. B and C.
Kinetic studies of Hmt1p mediated methylation of synthetic H4 peptides. A representative
Hanes/Wolffe plot ([S]/v vs. [S]) from single experiments is shown in panel B. Plots were best
fit with r2 between 0.970 and 0.999. Panel C summarizes results from multiple experiments.
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Figure 3. Gcn5p antagonizes Hmt1p for HIS3 activation
A. Cellular growth in the presence of varying concentrations of 3-AT. The concentrations of
3-AT in synthetic complete medium minus histidine (SC –His) are listed above each panel,
and the relevant genotypes are on the right. Log-phase cells in rich medium were serially diluted
and spotted to the 3-AT plates. Cells were grown at 30°C for three to five days. B. HIS3
transcriptional defect caused by deleting GCN5 can be rescued by HMT1 knockout. Semi-
quantitative reverse transcription-PCR (RT- PCR) was used to compare the relative amount of
HIS3 transcripts, using PGK1 as the control. Log-phase yeast cells were transferred to minimal
medium containing 3-AT to induce HIS3 transcription. The ratio of HIS3/PGK1 of each sample
was quantified and normalized to the wildtype (lane 1) strain. Quantification data were from
two independent experiments and the errors are shown in parentheses under the mean.
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Figure 4. Genetic interactions between histone acetylation, methylation, and Gcn5p
Histones H2A, H2B, H3, and H4 quadruple knockout strains bearing wildtype histone genes
on a URA3 plasmid were transformed with a LEU2 plasmid containing wildtype or one of the
indicated histone mutants. The transformants were streaked to 5-FOA plates to assess the effect
of selective histone acetylation or methylation defective mutations on cellular growth. These
histone mutants were tested in GCN5+ and gcn5− background. Numbers 1–10 were assigned
to each GCN5+ and gcn5 F221A strains. The corresponding alanine substitution of selective
lysine or arginine residues are listed on the right. “–” signs indicate un-changed residues.
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