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Histone lysine methylation is a key epigenetic modification
that regulates eukaryotic transcription. Here, we comprehen-
sively review the function and regulation of the histone
methylation network in the budding yeast and model
eukaryote, Saccharomyces cerevisiae. First, we outline the lysine
methylation sites that are found on histone proteins in yeast
(H3K4me1/2/3, H3K36me1/2/3, H3K79me1/2/3, and H4K5/8/
12me1) and discuss their biological and cellular roles. Next, we
detail the reduced but evolutionarily conserved suite of meth-
yltransferase (Set1p, Set2p, Dot1p, and Set5p) and demethylase
(Jhd1p, Jhd2p, Rph1p, and Gis1p) enzymes that are known to
control histone lysine methylation in budding yeast cells.
Specifically, we illustrate the domain architecture of the
methylation enzymes and highlight the structural features that
are required for their respective functions and molecular in-
teractions. Finally, we discuss the prevalence of post-trans-
lational modifications on yeast histone methylation enzymes
and how phosphorylation, acetylation, and ubiquitination in
particular are emerging as key regulators of enzyme function.
We note that it will be possible to completely connect the
histone methylation network to the cell’s signaling system,
given that all methylation sites and cognate enzymes are
known, most phosphosites on the enzymes are known, and the
mapping of kinases to phosphosites is tractable owing to the
modest set of protein kinases in yeast. Moving forward, we
expect that the rich variety of post-translational modifications
that decorates the histone methylation machinery will explain
many of the unresolved questions surrounding the function
and dynamics of this intricate epigenetic network.

Within the eukaryotic cell, genetic material is packaged into
chromatin. The basic repeating unit of chromatin is the
nucleosome, which comprises 146 base pairs of linear DNA
wrapped approximately 1.6 times around an octamer of core
histone proteins (two copies each of H2A, H2B, H3, and H4)
(1). Each of these four histone families possesses a highly
conserved and structured histone fold domain toward the
center of the nucleosome, as well as a disordered N-terminal
tail that protrudes from the nucleosomal core (2). The spatial
accessibility of histone tails makes them available for
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post-translational modification (PTM), and indeed a number
of different modification types have been identified in these
unstructured regions, including methylation (3), acetylation
(4), phosphorylation (5, 6), and ubiquitination (7). Such
modifications are known to regulate gene expression by either
affecting chromatin compaction or by serving as binding
platforms for transcriptional coregulators that harbor domains
to specifically recognize modified histone residues. Given their
central role in transcription, it is unsurprising that aberrant
modification of histones has been linked to the pathogenesis of
human cancers (8, 9), neurodevelopmental defects (10), and
autoimmune diseases (11). In the budding yeast Saccharo-
myces cerevisiae, dysregulated histone PTMs are associated
with deleterious growth phenotypes (12–14) as well as altered
apoptotic cell death and lifespan-resetting pathways (15).

Histone methylation is a key epigenetic modification that
regulates many nuclear processes, including transcription (16),
DNA replication (17), and DNA repair (18). It refers to the
covalent attachment of methyl (CH3) group(s) to the amino
acid side chains of lysine or arginine residues on histone
proteins. Lysine residues can be mono-, di-, or trimethylated
on their ε-amino group (3), whereas arginine residues can be
mono-, asymmetrically di-, or symmetrically dimethylated on
their terminal guanidinium group (19). Unlike other modifi-
cations that affect chromatin folding through an electrostatic
mechanism (e.g., acetylation, phosphorylation), methylation
does not alter the charge of lysine or arginine side chains.
Instead, methylated residues constitute recognition sites for a
range of transcription factors and associated regulatory pro-
teins, which in turn elicit downstream changes in gene
expression (20). These effector proteins carry “reader” inter-
action interfaces, such as chromodomains (21), PHD (22), and
Tudor domains (23), which specifically bind methyl-lysine and
methyl-arginine residues. Although some histone modifica-
tions simply denote either an open or closed chromatin
conformation, methylation has a more nuanced role.
Accordingly, specific methyl-lysine sites on histones can have
either activating or repressive effects on transcription
depending on their position and methylation state (16). In
budding yeast, lysine methylation sites at H3K4, H3K36, and
H3K79 are enriched within transcriptionally active euchro-
matin and are predominantly associated with gene expression.
Strikingly, these methyl marks can also promote a repressed
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chromatin landscape depending on their location within
transcriptional units, thus highlighting their functional di-
versity. All eukaryotic histone methylation sites display unique
chromosomal signatures, both throughout gene bodies and
within noncoding and regulatory elements (e.g., promoters,
enhancers) (24, 25). Crucially, the abundance and distribution
of specific methyl marks changes markedly during cellular
growth (12), differentiation (26), and in response to exogenous
perturbation (27), to bring about widespread transcriptional
reprogramming.

The histone methylation network is exquisitely conserved
across eukaryotes, from the methylation sites themselves to the
enzymatic machinery responsible for their regulation (28–30).
In the human cell, there are seven histone lysine methylation
sites that are controlled by the counteracting activities of 30
methyltransferases and 22 demethylases (31–33). This system
is highly complex and challenging to interrogate experimen-
tally given the number, redundancy, and overlapping site
specificity of its constituent members. By contrast, S. cerevisiae
is a eukaryotic model organism in which many of the foun-
dational discoveries of histones and chromatin biology have
been made (34). In yeast, the histone methylation system is
substantially simplified, comprising six histone lysine methyl
marks and only four methyltransferases and four demethylases
(Fig. 1). Crucially, almost all yeast histone methyl marks and
enzymes have a mammalian counterpart, thus underscoring
the high degree of evolutionary conservation of this system
(Table 1). Deciphering the function and regulation of the
Figure 1. Histone lysine methylation network in budding yeast. All histon
yellow diamonds. The upstream methyltransferase and demethylase enzymes
methyl marks are recognized by downstream effector proteins that harbor
Methylation can also inhibit binding of proteins to chromatin, notably the brom
H3K79 methylation. The functional outcomes of histone methylation sites and t
boxes. For ease of visualization, only a single copy of histones H3 and H4 has
omitted.
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histone methylation network in yeast will therefore be of
relevance to all eukaryotes and will provide new insights into
epigenetic processes in higher organisms. This is of pharma-
cological importance given the association of human histone
methylation enzymes with disease etiology (35–37) and their
emergence as promising therapeutic targets for anticancer
drug development (38–41). Histone methylation sites and
enzymes are also conserved, albeit to varying extents, in lower
eukaryotes that impact on human health, such as protozoans
(42–44). Budding yeast also serves as an excellent model for
epigenetic gene regulation in these species and may therefore
provide insights into the design of antiparasitic drugs.

Despite the importance that S. cerevisiae has played in our
understanding of histone methylation, and the high conser-
vation of these processes in higher eukaryotes, there has been
no systematic analysis of the literature to date for this key
epigenetic modification in yeast. To this end, here we present a
comprehensive review of the histone lysine methylation system
in yeast. We first outline the histone methylation sites and
their contribution to both molecular and cellular processes.
Next, we provide a detailed examination of the histone
methyltransferases and demethylases that control these marks,
with a particular focus on their structure, function, and
regulation. Finally, we discuss the PTMs that are known to
exist on histone methylation enzymes and how they are
emerging as key regulators of enzyme function. We expect the
latter will ultimately explain many of the intricacies of the
histone methylation network in due course.
e lysine methylation sites in yeast are depicted along histone proteins as
that control these sites are shown in green and pink, respectively. Histone
methyl-reader domains and are colored according to the key (bottom).
o-adjacent homology (BAH) domain of Sir3p (magenta), which is blocked by
he recruitment of specific effector proteins and complexes are shown in gray
been illustrated, whereas both copies of histones H2A and H2B have been
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JBC REVIEWS: Post-translational regulation of histone methylation
Histone methylation sites

Many of the histone methylation sites were first discovered
through Edman sequencing of bulk histones after metabolic
labeling (45), following which their roles in transcriptional
regulation and other cellular processes have been established
(46, 47). Strikingly, many of the major activating methylation
sites are conserved among eukaryotes, whereas the repressive
marks are more variable in their evolutionary conservation
(30). This is exemplified in S. cerevisiae which carries the
transcriptionally activating histone lysine methylations at
H3K4, H3K36, and H3K79 but not the repressive H3K9,
H3K27, and H4K20 methylation sites (Fig. 1) (48). More
recently, monomethylation of H4K5, H4K8, and H4K12 has
been identified in yeast (49). Here, we summarize the histone
lysine methyl marks in S. cerevisiae, their genomic distribution,
biological function, and how they cross talk with other histone
PTMs.
H3K4me1/2/3

Histone H3 lysine 4 (H3K4) exhibits three methylation
states, each of which have distinct functions and positional
signatures across the yeast genome. Functionally, all three
states are associated with transcriptional activation in a variety
of eukaryotic species (50). Trimethylation of H3K4
(H3K4me3) is concentrated within promoter regions and to-
ward the 50-ends of actively transcribed genes (Fig. 2A) (51).
H3K4me3 is highly correlated with transcription rates, active
RNA polymerase II (RNAPII) occupancy, and histone acety-
lation (52), and its enrichment at transcription start sites is
highly conserved across eukaryotes (53, 54). By contrast, the
distribution and function of dimethylated H3K4 (H3K4me2) is
variable between yeast and vertebrates (50). In S. cerevisiae,
H3K4me2 is most abundant toward the middle of coding re-
gions and is associated with both transcriptionally poised and
active regions (Fig. 2A). The majority of H3K4me2 in verte-
brates, however, colocalizes with H3K4me3 in discrete zones
(~5–20 nucleosomes in length) proximal to highly transcribed
genes (53). Monomethylated H3K4 (H3K4me1) peaks toward
the 30-ends of transcriptional units (Fig. 2A) and is considered
a hallmark of active enhancers in metazoans (25, 55). Of
importance, patterning of all H3K4 methylation states along
active genes is not static or universal and changes dynamically
depending on the frequency and rate of transcription elonga-
tion (56) and in response to transcriptional stress (57) in a
gene-specific manner.

H3K4 methylation is a nuanced epigenetic modification that
can participate in both gene activation and repression (58). In
its canonical role, methylation of H3K4 is most commonly
associated with transcriptional activation and is found abun-
dantly within genes being actively transcribed by RNAPII (59).
It is required for the normal induction of transcription in yeast
(60–62), which is achieved by the recruitment of specific
chromatin modifiers (e.g., Chd1p, Isw1p, Yng1p, Pho23p,
Set3p (63)) via their methyl “reader” domains (Fig. 1). These
effectors have varying degrees of preference for distinct
methylation states of H3K4 (64). For example, Yng1p binds
J. Biol. Chem. (2021) 297(2) 100939 3
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H3K4 trimethylated chromatin using its plant homeodomain
(PHD) finger (65) and subsequently associates with the yeast
NuA3 histone acetyltransferase (HAT) complex to catalyze
histone acetylation at the promoter and thus activate tran-
scription. As an additional layer of regulation, H3K4me2
predominantly recruits histone deacetylases (HDACs, e.g.,
Set3p) throughout the body of a gene to prevent cryptic
transcriptional initiation sites (66). Little is known about the
molecular functions of H3K4me1 in transcriptional activation
in yeast; however, it has been speculated that its presence is
simply a transitional state between unmodified and dimethy-
lated H3K4 (67). With respect to repression, H3K4 methyl-
ation has been found to be involved in silencing several
heterochromatic genomic regions (e.g., telomeres (68), ribo-
somal DNA clusters (12), HML mating-type locus (69)).
Accordingly, several ribosomal biosynthesis genes are
Figure 2. Genomic distribution of histone lysine methylation sites in bud
cations. A, the abundance of the mono-, di-, and trimethylated forms of H3K4 (
is depicted by a color intensity gradient (indigo). B, regulation of budding yea
acetylation (Ac; orange), ubiquitination (Ub; purple), and methylation (Me; yellow
according to the key (bottom). The effects of these histone residues and PTMs a
a stimulatory effect and blue arrows indicate an inhibitory effect. For both pane
given that little is known about the distribution of these modifications along ge
post-translational modification; TSS, transcription start site; TTS, transcription
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downregulated by H3K4 methylation during multiple stresses
(70). Simultaneous loss of H3K4me3 and H3K4me2 in yeast
results in increased steady-state mRNA levels and delayed
repression kinetics for certain gene groups in vivo (71),
whereas H3K4me1 specifically inhibits gene expression
induced by osmotic stress (72). These repressive effects are
also mediated by chromatin modifiers and their cognate reader
domains; Pho23p recognizes H3K4me3 and recruits the tran-
scriptionally repressive Rpd3L HDAC complex (Fig. 1) (73).

At the cellular level, H3K4 methylation is involved in several
key cellular processes and its dysregulation contributes to
deleterious phenotypes. This modification has been shown to
mediate yeast cell cycle progression and assembly of the
mitotic spindle (74), DNA damage response and genomic
stability (75), and mRNA splicing (76), and serves as an
important molecular trigger for cell death (77). Of interest,
ding yeast and their regulation by other histone residues and modifi-
top), H3K36 (middle), and H3K79 (bottom) along an active transcriptional unit
st histone methylation sites by other histone residues and PTMs including
). The upstream modifying enzymes responsible for these PTMs are colored
re tabulated for each major lysine methylation site, where red arrows denote
ls, histone H4 monomethylation sites at K5, K8, and K12 have been omitted
nes and their cross talk with other features of the chromatin landscape. PTM,
termination site.
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increased levels of overall H3K4 methylation have been re-
ported to act as a memory of recent transcriptional activity
that allows genes to be rapidly switched on or off in response
to stimuli (78). Yeast cells with defective H3K4 methylation
have decreased viability owing to improper repair of double-
strand DNA breaks (DSBs) by nonhomologous end-joining
(NHEJ) (75). They also display increased cell death during
chronological aging (77) and are sensitive to certain antifungal
drugs (e.g., Brefeldin A) owing to abnormal expression of
ergosterol biosynthesis enzymes (e.g., HMGCR) (79).

Methylation at H3K4 is known to cross talk with multiple
other histone modifications. Perhaps the most well-studied
example of eukaryotic PTM cross talk is the interplay be-
tween H3K4 methylation and H2B ubiquitination (Fig. 2B).
Studies in S. cerevisiae first demonstrated that mono-
ubiquitination at H2BK123 is required for subsequent H3K4
methylation (80–82), a trans-regulatory mechanism that has
since been elucidated for several human H3K4 methyl-
transferase complexes (83, 84). Histone H2BK123 mono-
ubiquitination, and thus H3K4 methylation, requires the yeast
E2 ubiquitin-conjugating enzyme, Rad6p, and its cognate E3
ligase, Bre1p (85), and is involved in the transcriptional
silencing of telomeric genes (81). The mechanism of cross talk
will be discussed in greater detail later in the article (see
“Histone methyltransferase” section). Curiously, despite con-
servation in mammalian cells, this histone methylation/ubiq-
uitination interplay is absent in the fission yeast,
Schizosaccharomyces pombe (86). Other examples of H3K4
methyl cross talk include its negative regulation by adjacent
arginine asymmetric dimethylation at H3R2 (Fig. 2B), which
abrogates H3K4me3 via spatial occlusion of the methylation
machinery (87). A systematic histone mutagenesis screen
revealed that H3K14, which is known to be acetylated by
Gcn5p and Sas3p in vivo, is a critical residue for H3K4me3
levels, suggesting a potential cis-regulatory cross talk between
histone methylation and acetylation through an unknown
mechanism (88). Finally, antagonism between acetylation and
methylation of H3K4 serves to fine-tune the deposition of
these competing modifications, whereby H3K4 methylation
limits H3K4 acetylation at promoters, and vice versa (89).
H3K36me1/2/3

Histone H3 lysine 36 (H3K36) can be co-transcriptionally
modified by the addition of one (H3K36me1), two
(H3K36me2), or three (H3K36me3) methyl groups in budding
yeast and other eukaryotes (90, 91). All three methylation
states of H3K36 accumulate in transcribed regions, making
this modification a hallmark of active transcriptional elonga-
tion (13). Genome-wide localization studies in S. cerevisiae
have shown that levels of H3K36 methylation increase in a 50-
to-30 gradient along active transcriptional units, the direct
converse of H3K4me patterning (Fig. 2A). Consequently,
H3K36me1 is predominantly found at the 50-end of gene
bodies, and H3K36me2 and H3K36me3 are concentrated at
their 30-ends (52, 92, 93). Trimethylation at H3K36 in partic-
ular is highly correlated with active transcription and recruits
distinct reader proteins to maintain a permissive transcrip-
tional landscape (Fig. 1) (94). Indeed, H3K36 methylation does
not spread to adjacent loci downstream of transcription
termination sites and exhibits a relatively short epigenetic
memory for recent transcriptional activity (95). Methylation at
H3K36 is also conserved in lower eukaryotic microbes where it
plays a critical role in the regulation of chromatin-templated
processes. For example, in the pathogenic protozoan Plasmo-
dium falciparum, H3K36 trimethylation by PfSETvs represses
transcription of virtually all virulence genes in infected
erythrocytes (44).

In budding yeast, H3K36 methylation regulates chromatin
structure and transcriptional fidelity through the recruitment
of specific chromatin modifiers involved in diverse cellular
pathways (96). Within the context of transcription, distinct
methylation states of H3K36 are known to differentially engage
three major macromolecular complexes: (1) Rpd3S, (2) Isw1b,
and (3) NuA3 (Fig. 1). With respect to the former, the Rpd3S
HDAC complex specifically binds H3K36 methylated chro-
matin via the chromodomain of its constituent member, Eaf3p
(97–99). This interaction is further stabilized by the PHD
domain of another Rpd3S subunit, Rco1p (100). Rpd3S is thus
preferentially targeted to H3K36me throughout coding regions
where it promotes widespread histone deacetylation in the
wake of transcription (101–103). This is required for the
suppression of spurious transcriptional initiation from cryptic
internal promoters (104). A similar regulatory mechanism is
retained, although embellished, in human cells, where the
mammalian ortholog of Eaf3p, MRG15, binds trimethylated
H3K36 and can interact with a mammalian Rpd3S-like com-
plex or the H3K4me2/3 demethylation machinery to coordi-
nate transcription (105, 106). Second, the Isw1b chromatin
remodeling complex is recruited to H3K36 methylation by the
proline-tryptophan-tryptophan-proline (PWWP) domain–
containing subunit, Ioc4p (107, 108), as evidenced by the
co-localization of Isw1b with H3K36me at the mid- and 30

regions of transcribed genes (Fig. 1). This complex works
cooperatively with Rdp3S to re-establish a heterochromatic
conformation following transcription in order to prevent
production of intragenic transcripts. Third, in terms of the
NuA3 HAT complex, the PWWP domain within its Pdp3p
subunit selectively recognizes H3K36 trimethylation (Fig. 1)
(109). In addition, the PHD finger in Nto1p of this complex
has been shown to bind H3K36me3 in vitro (110), and H3K36
methylation is necessary for NuA3 chromatin binding (111).
Taken together, these observations hint at a regulatory role for
NuA3-mediated histone acetylation at actively transcribed
gene bodies; however, this remains to be elucidated experi-
mentally (94).

In normal yeast cells, H3K36 methylation is involved in the
regulation of many genomic and transcriptomic processes,
including DNA replication and repair (104, 112, 113), 5-
methylcytosine deposition (114), and pre-mRNA splicing (76,
115, 116). Of interest, these distinct functions are linked to
unique methylation states of H3K36. Appropriate temporal
patterning of H3K36me3 and H3K36me2 around DSBs is
required for maintenance and repair of chromatin structure at
J. Biol. Chem. (2021) 297(2) 100939 5
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DNA damage sites (112), whereas H3K36me1 has been re-
ported to regulate the formation of DNA replication origins
(113) via an unknown reader protein. It has also been shown
that H3K36 methylation is associated with yeast cellular aging
(117), and deficits in sustaining this modification over time are
related to increased cryptic transcription at certain loci in
older cells (118). As with other histone methyl marks,
disruption of H3K36me results in mild-to-severe growth and
nutritional phenotypes in S. cerevisiae. H3K36me-null cells are
sensitive to nutrient stress (14) and have a shortened life span
due to aberrant initiation of cryptic transcription within gene
bodies (13). Antisense transcripts produced from such
spurious events impair gene expression from the sense strand
(14, 119), and thus several yeast strains deficient in H3K36
methylation are synthetically sick or lethal with transcriptional
elongation mutants (120).

Cross talk between H3K36 methylation and other epigenetic
modifications occurs in budding yeast cells. Chromatin
immunoprecipitation sequencing experiments have shown
that genome-wide occupancy of H3K36ac and H3K36me are
inversely related (121), raising the fascinating prospect that
acetylation and methylation of a single histone lysine residue
may display functional interplay to mediate chromatin-
templated processes. Indeed, an acetyl/methyl switch at
H3K36 has been found to control DSB repair pathway choice
in fission yeast whereby trimethylation, in contrast to its role in
transcriptional activation, compacts chromatin and promotes
NHEJ, while counteracting Gcn5-dependent acetylation en-
hances chromatin accessibility and encourages repair by ho-
mologous recombination (122). Other examples of interplay
include the trans-regulation of H3K36me deposition by
H4K44 (123) and H2AL116/L117 (124) residues (Fig. 2B). In
these cases, the unmodified H4 and H2A amino acids are
required for the correct positioning of the H3K36 methylation
machinery on nucleosomal substrates. Unlike methylation of
H3K4 and H3K79, which require prior H2BK123ub, ubiq-
uitination acts as a negative effector of H3K36 methylation
(125). This occurs indirectly through the Ctk1p kinase, which
needs H2BK123 to be deubiquitinated by SAGA-associated
Ubp8p in order to phosphorylate the C-terminal domain
(CTD) of RNAPII (126). Another negative regulator of H3K36
methylation is the histone proline isomerase, Fpr4p, which
alters the adjacent H3P38 residue into a configuration that
renders H3K36 unsuitable for trimethylation (Fig. 2B) (127).
H3K79me1/2/3

Histone H3 lysine 79 (H3K79) is a conserved eukaryotic
methylation site that is uniquely located within the globular
core of the nucleosomal architecture (128), as opposed to on a
histone tail (Fig. 1). H3K79 exists in three methylation states;
monomethyl (H3K79me1), dimethyl (H3K79me2), and tri-
methyl (H3K79me3), the latter of which is the most prevalent
in vivo (~50%) (129). The distinct functions and genomic
distributions of these methylation states, however, are poorly
understood. Genome-wide maps have revealed that H3K79
methylation broadly occurs in a uniform fashion throughout
6 J. Biol. Chem. (2021) 297(2) 100939
the coding region of actively transcribed genes (Fig. 2A)
(52, 130, 131) and is thus associated with transcriptional
activation. Curiously, in S. cerevisiae, the vast majority (~90%)
of H3K79 is methylated; however, in mammals, H3K79 is
predominantly unmodified (129). Akin to other epigenetic
marks, H3K79 methylation patterning across the yeast genome
is dynamic. Levels of H3K79me3 remain unchanged
throughout the cell cycle, whereas H3K79me2 levels increase
gradually through the G1/S and G2/M phase transitions (132).

The precise mechanism by which H3K79 methylation reg-
ulates transcription and other biological processes is still an
open question in the field of epigenetics (94). This is largely
due to a paucity in understanding of reader domains and
proteins specific to this methylated residue (23, 133). In
budding yeast, H3K79 methylation is known to interact with
two major effector proteins, which, in turn, coordinate two
major cellular processes: (1) transcription and (2) DNA repair
(Fig. 1). With respect to transcriptional regulation, H3K79
methylation is required for the proper formation of hetero-
chromatin at telomeric and centromeric regions of the chro-
mosome. This is mediated by the recruitment of Sir (silent
information regulator) proteins and their cognate SIR HDAC
complex (134). The presence of all three methylation states of
H3K79 inhibits the binding of the bromo-adjacent homology
(BAH) domain of Sir3p and prevents assembly of the repres-
sive SIR complex and its resultant deacetylation within
euchromatic regions (Fig. 1) (135, 136). Accordingly, defective
H3K79 methylation causes aberrant redistribution of Sir pro-
teins to actively transcribed genes and thereby impairs proper
silencing of telomeres and cryptic mating-type (HML/HMR)
loci (129, 137). The interplay between Sir proteins and histone
methylation is bidirectional, as Sir3p competes with the
H3K79 methylation machinery for binding to a basic patch of
histone H4 (135, 138), as discussed in detail later. Of interest,
the importance of fluctuations in nucleosomal occupancy of
Sir proteins has been questioned (139), suggesting that there
are additional layers of complexity to be uncovered.

In addition to its canonical role in transcription, H3K79
methylation has also been shown to mediate passage through
several key checkpoints during yeast cellular growth and
reproduction and in response to stress. First, this modification
regulates the DNA damage checkpoints throughout the cell
cycle by recruiting the checkpoint adaptor protein, Rad9p, via
its methyl-binding Tudor domain (Fig. 1) (140). This interac-
tion inhibits the production of single-stranded DNA at DSBs
and at uncapped telomeres, suggesting that H3K79 plays a role
in the resection of damaged DNA and its repair by homolo-
gous recombination (132, 141). Moreover, Rad9p is critical in
the maintenance of single-stranded DNA during NHEJ in late
G2 phase (141). The human ortholog of Rad9p, 53BP1, is
similarly recruited to DSBs by H3K79 methylation (142).
H3K79 methylation also plays a crucial role in progression
through the pachytene checkpoint during meiosis (132).
Although H3K79 methylation is virtually dispensable for un-
perturbed meiosis, it is essential in coordinating the check-
point response to unrepaired DSBs and synapsis defects in
certain yeast meiotic mutants (143, 144). This has been shown
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to occur through the chromosomal recruitment of Hop1p to
H3K79me, which then activates Mek1p kinase in response to
meiotic DNA damage (Fig. 1) (143). Unsurprisingly, yeast cells
with deficient H3K79 methylation exhibit increased sensitivity
to ionizing radiation (145) and are unable to initiate DNA
damage repair (146) and meiotic recombination checkpoint
functions (144).

Methylation at H3K79 can be positively and negatively
regulated by several histone PTMs through cross talk. Anal-
ogous to H3K4me, monoubiquitination of H2BK123 by the
E2-E3 complex Rad6p/Bre1p is a prerequisite for H3K79 tri-
methylation in S. cerevisiae (Fig. 2B) (131). These modifica-
tions lie in spatial proximity on the same exposed nucleosome
surface, thus providing a structural basis for their interplay
(147). Of importance, this cross talk is conserved in
mammalian systems wherein dimethylation of H3K79 is
stimulated by ubiquitination of H2BK120, which is equivalent
to yeast H2BK123 (148). Although this was initially considered
to be a unidirectional effect (82), it has since been shown that
the H3K79 methyltransferase Dot1p promotes H2B ubiquiti-
nation via its N-terminal region, independent of its catalytic
activity (149). Cross talk between ubiquitination and H3K79
methylation is further complicated by the input of the Rpd3L
HDAC complex, which deacetylates its target genes in tran-
scriptionally repressed regions devoid of H2BK123ub1 (150).
As such, a subset of yeast genes have lower H3K79me3 and
gene expression owing to antagonistic Rpd3L activity, a reg-
ulatory mechanism that is retained by human HDAC1 (150).
Finally, acetylation at H4K16 in yeast by either Sas2p or Esa1p
indirectly promotes H3K79 methylation through steric hin-
drance of Sir3p H4 binding (Fig. 2B) (135).
H4K5/8/12me1

It has recently been discovered that a cluster of lysine res-
idues within the histone H4 N-terminal tail are subject to
methylation in S. cerevisiae. In 2012, the laboratory of Or
Gozani used systematic mutagenesis of the H4 tail, immuno-
blotting, and tandem mass spectrometry to identify mono-
methylation sites at H4K5, H4K8, and H4K12 in growing yeast
cells (Fig. 1) (49). It is interesting that no evidence for di- or tri-
methylation at these sites was found. H4K5 methylation is
functionally conserved in mammalian cells where it is
controlled by SMYD3 (151) and its dysregulation contributes
to tumorigenesis (9, 151–153). Methylation sites at H4K8 and
H4K12, however, are not retained in mammalian systems,
suggesting they may serve specific functions in budding yeast.
Although these methylation sites are newly discovered in
comparison with other epigenetic modifications, their identi-
fication has added new layers of functionality to the H4 tail
(154). Targeted studies have shown that, although loss of
H4K5/8/12me1 resulted in only minor changes in global gene
expression, these modifications play an important role in
determining cellular fitness and responses to environmental
stress (49). Unique from other histone methylation sites, these
three lysine residues can functionally compensate for one
another, indicating that they are unlikely to recruit different
chromatin modifiers (Fig. 1) (155–157). With respect to PTM
cross talk, it appears that H4 methylation sites cooperatively
function with methylation at H3K4 as yeast strains deficient in
H3K4 methylation and methylation at any of the H4 sites are
sensitive to cellular stress. Moreover, the possibility of
methylation/acetylation interplay has been suggested because
H4K5, H4K8, and H4K12 are also known to be acetylated by
Esa1p, a constituent of the NuA4 HAT complex in yeast
(158, 159). Despite much progress, the exact molecular
mechanisms underpinning H4K5/8/12me1 function and cross
talk with H3K4 methylation and H4K5/8/12 acetylation are
not well understood, and no reader proteins specific for this
mark have been confirmed (Fig. 1). Considerable work is
required to clarify the role of monomethylation sites at H4K5/
8/12 in chromatin structure and function in yeast.

Histone methyltransferases

Despite the landmark discovery of histone methylation over
50 years ago (160), it was not until 2000 that the first histone
methyltransferase was identified (161). This methyltransferase,
SUV39H1, was shown to specifically trimethylate H3K9 in
human cells where it controls the formation of repressive
heterochromatin at pericentric and telomeric regions (162).
Since then, numerous methyltransferases that target basic
residues on histone proteins, particularly within their disor-
dered N-terminal tails, have been identified in yeast and in
other eukaryotes. Broadly, there are two evolutionarily
conserved enzymatic families that catalyze the transfer of
methyl group(s) from the metabolic donor S-adenosyl-L-
methionine (AdoMet, also known as SAM) to the ε-amino
group of lysine side chains on histone proteins (163). SET
(Su(var)3-9, Enhancer of Zeste, Trithorax) domain methyl-
transferases harbor a SET catalytic domain, which forms a
knot-like β-sheet structure that facilitates methyl transfer (164,
165). In S. cerevisiae, there are three SET domain–containing
proteins that have bona fide histone methyltransferase activ-
ity: Set1p, Set2p, and Set5p, all of which methylate histones on
their N-terminal tails (Fig. 1, Table 1) (164, 165). The seven-β-
strand (7βS) family of methyltransferases is more diverse than
the SET family, comprising both lysine and arginine protein
methyltransferases, as well as DNA methyltransferases (32).
Dot1p is the sole 7βS histone lysine methyltransferase in
budding yeast and uniquely methylates histone H3 within its
globular core (Fig. 1, Table 1) (166, 167). In this section, we
discuss the structure, function, and conservation of the four
histone lysine methyltransferases in S. cerevisiae and highlight
recent efforts to understand their regulation.

Set1p (COMPASS)

SET domain-containing 1 (Set1p), also known as KMT2 or
YTX1, was the first histone lysine methyltransferase to be
discovered in S. cerevisiae. Early studies used sequence ho-
mology approaches to identify Set1p as a yeast member of the
Trithorax gene family and revealed that, although not essential
for viability, it plays key roles in the regulation of transcrip-
tional silencing at mating-type loci and telomeres, in the
J. Biol. Chem. (2021) 297(2) 100939 7
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maintenance of telomere length (69) and in DNA repair
(168, 169). It was not until 2002 that the methyltransferase
function of Set1p was investigated; Briggs et al. demonstrated
that deletion of SET1 completely abolishes H3K4 methylation
in vivo, manifesting in aberrant transcription at rDNA loci and
a slow-growth phenotype (12). A number of groups have since
confirmed, both in vivo and in vitro, that Set1p is the sole
enzyme responsible for all three states of H3K4 methylation
(Table 1) (68, 170, 171). Set1p is the largest histone methyl-
transferase in the yeast proteome, at 1080 amino acids in
length, and comprises a SET catalytic domain (residues
938–1055) and a post-SET domain (residues 1064–1080)
(Fig. 3). Set1p also harbors, in addition to its catalytic regions,
several regulatory domains that control its enzymatic activity
and interactions. An N-SET domain (residues 752–928) has
been reported to enable the cross talk between Set1p-mediated
H3K4 methylation and H2B ubiquitination (84), although
these findings have been challenged (Fig. 3) (172). A highly
conserved tandem RNA recognition motif, comprising RRM1
Figure 3. Domain architecture and structural features of yeast histone met
histone methyltransferase (left panel) and demethylase (right panel) enzymes.
and demethylase domains are shown in green and pink, respectively, whereas o
residues that are critical for enzymatic activity are shown in crimson. To date,
(RRM; Protein Data Bank [PDB] ID: 2J8A) and the SET methyltransferase domain
Set2 Rbp1 interacting (SRI; PDB ID: 2C5Z) domains of Set2p, the DOT1 met
demethylase domains (PDB ID: 3OPW) of Rph1p. Structures are depicted as ribb
sequence map to which they correspond. AID, autoinhibitory domain; AWS, a
Nervy, Deaf; NLS, nuclear localization signal; PHD, plant homeodomain.
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(residues 274–375, Protein Data Bank [PDB] ID: 2J8A (173))
and RRM2 (residues 376–579) toward the N-terminus of
Set1p, is required for its capacity to trimethylate H3K4 (174)
but is dispensable for dimethylation (Fig. 3) (175). This
domain, as well as N-SET, allows Set1p to bind RNA in vitro
and to interact with nascent transcripts in vivo (176). The
positive regulatory effects of RRM are counterbalanced by a
semiconserved and centrally located autoinhibitory domain
(AID), which attenuates Set1p trimethyltransferase function
(175). The precise residues that comprise Set1p AID are un-
known and have thus been omitted from Figure 3; however,
arginine 483 within this central region has been shown to be
essential for autoinhibition.

Set1p is the only yeast histone methyltransferase that forms
a catalytically active multimeric complex in vivo. It associates
with seven other protein subunits, Bre2p (Cps60), Sdc1p
(Cps25), Shg1p (Cps15), Spp1p (Cps40), Swd1p (Cps50),
Swd2p (Cps35), and Swd3p (Cps30), to form a H3K4 meth-
yltransferase complex known as COMPASS (complex of
hyltransferase and demethylase enzymes. Linear sequence maps of yeast
Protein domains are displayed, to scale, for each enzyme. Methyltransferase
ther regulatory and interaction domains are colored in blue. Amino acid (aa)
partial crystal structures have been resolved for the RNA recognition motif
(PDB ID: 6BX3) of Set1p, the tryptophan–tryptophan (WW; PDB ID: 1E0N) and
hyltransferase domain (PDB ID: 1U2Z) of Dot1p, and the JmjN and JmjC
on diagrams in inset boxes and colored according to the region of the linear
ssociated with SET; C2H2, Cys2-His2; MYND, myeloid translocation protein,
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proteins associated with Set1) (177). Strikingly, of these sub-
units, only Swd2p is essential for yeast cell viability; however,
this is likely due to its additional function within the RNA 30-
end processing and termination complex, APT (178).
Although Set1p is the catalytic constituent of COMPASS, the
other subunits, with the exception of Shg1p (179), each in-
fluence the stability and activity of the methyltransferase
complex in distinct ways (180–182). For instance, the WD40
domain–containing subunits Swd1p and Swd3p are both
required for COMPASS to catalyze all three states of H3K4
methylation, whereas Spp1p and Sdc1p are only needed for
trimethylation (182, 183). Recently, structural studies have
provided insights into the molecular stoichiometry and to-
pology of COMPASS (184, 185). The complex is scaffolded by
a core subcomplex involving two heteromeric interactions
between Swd1p/Swd3p and Bre2p/Sdc1p (186). High-
resolution cryogenic electron microscopy defined the three-
dimensional structure of the COMPASS core, revealing a
Y-shaped configuration wherein Swd1p/Swd3p localize at the
top of adjacent lobes, whereas Bre2p/Sdc1p reside at the base
(187). The SET domain of Set1p is located at the juncture of
these subunits, thus creating a central canal that may regulate
catalysis and product specificity of COMPASS. This macro-
molecular structure has been shown to be stabilized by an
electrostatic interaction between a small basic patch within the
N-SET domain of Set1p and an acidic patch toward the
C-terminus of Swd1p (179). Crucially, the COMPASS complex
forms a dimeric macromolecule in vivo, via the Sdc1p dimer
interface, allowing COMPASS to efficiently deposit methyl-
ation at both copies of histone H3 within a single nucleosome
(188). This symmetric H3K4 methylation by Set1p is the only
known example of such a phenomenon in budding yeast.

Through its methylation of H3K4, Set1p is involved in the
regulation of transcriptional initiation and early elongation.
Set1p plays a key role in transcriptional activation; approxi-
mately 80% of S. cerevisiae genes are downregulated upon
Set1p deletion (189). In certain contexts, Set1p can also
function as a transcriptional repressor through its recruitment
of HDAC complexes to chromatin where they antagonize
nucleosome acetylation and remodeling of downstream pro-
moters (Fig. 1) (66, 190). Strikingly, recent studies have pro-
posed a model whereby the combined activities of Set1p and
its cognate H3K4 demethylase, Jhd2p, cooperatively regulate
genome-wide chromatin structure and thus gene expression,
rather than opposing one another as logic may suggest
(67, 188). The mechanistic details of this coregulation are
discussed later (see Jhd2p section). Although the different
degrees of H3K4 methylation are known to play distinct roles
in transcriptional regulation (Fig. 2A) (66, 174), the precise
molecular cues controlling the differential production of
H3K4me1, me2, and me3 by Set1p are still largely unknown.
Set1p contains two conserved RRMs that have been shown to
bind RNA in vitro in a methyltransferase-independent manner
and may affect COMPASS distribution along nascent mRNA
transcripts and subsequent H3K4 methylation (Fig. 3)
(176, 178). Set1p has also been shown to methylate the
kinetochore component, Dam1p, making it the only histone
methyltransferase in budding yeast to modify a nonhistone
substrate (191). Here, Dam1p methylation negatively regulates
its subsequent phosphorylation by the Aurora kinase, Ipl1p, in
order to control chromosome segregation and cell viability. It
remains unclear how Set1p selects its desired substrate (his-
tone H3 or Dam1p) for methylation, and it is not known
whether the activities of Set1p in transcriptional regulation
and mitosis functionally interact.

There are two primary means by which the function of
Set1p is regulated in the context of transcription. First, H3K4
methylation is controlled by H2B ubiquitination. Although
H2BK123 ubiquitination is dispensable for H3K4 mono-
methylation, it is a requirement for COMPASS to catalyze
both dimethylation and trimethylation (Fig. 2B) (131), sug-
gesting that it may modulate Set1p processivity. The mecha-
nisms underpinning this PTM cross talk have been intensely
studied and rigorously debated in the literature. Initial studies
proposed that Swd2p, the only essential COMPASS subunit,
recognizes H2BK123-ubiquitinated chromatin and is thus
required for the assembly of trimethylation-competent
COMPASS (85, 192). It was later clarified that the N-SET
domain of Set1p serves as a novel sensor of H2BK123ub and
that this cross talk conditionally involves Spp1p but not Swd2p
(84). Indeed, in vitro analysis of reconstituted COMPASS and
H2Bub chromatin showed that the Spp1p PHDL domain, in
conjunction with N-SET, interacts with Swd1p/Swd3p to
facilitate H2Bub-dependent H3K4 methylation (193). Howev-
er, in light of the lack of evidence showing a direct physical
interaction between Spp1p or N-SET and H2BK123-
ubiquitinated chromatin, the precise mechanisms that govern
this interplay remain elusive. Second, Set1p is recruited to sites
of transcriptional elongation through its phosphorylation-
dependent interaction with the CTD of Rbp1p, a component
of the RNAPII holoenzyme. In S. cerevisiae, the CTD of Rbp1p
consists of 26 repeats of an evolutionarily conserved hepta-
peptide, of consensus sequence YSPTSPS (194). Both serine 2
and serine 5 within this repeat can be phosphorylated, and
these modification isoforms show unique spatiotemporal
profiles; serine 5–phosphorylated RNAPII is localized to pro-
moter regions at initiation/early elongation stages, whereas its
serine 2–phosphorylated counterpart is found throughout
coding regions during elongation (195, 196). Set1p co-tran-
scriptionally associates with serine 5–phosphorylated RNAPII
(78) to establish a gradient of H3K4 methylation that peaks
near the promoter and decreases throughout a gene’s body
(Fig. 2A) (61). This 50 concentration of H3K4 methylation is
mediated by Kin28p, a TFIIH-associated kinase, which phos-
phorylates serine 5 of Rbp1p and thus triggers the transition
between transcriptional initiation and elongation in response
to cellular cues via COMPASS (78).

In addition to regulation by H2B ubiquitination and RNAPII
phosphorylation, Set1p function is fine-tuned through a
number of mechanisms. In one of the few examples of tran-
scriptional control of genes encoding histone methylation
proteins in S. cerevisiae, Gcn5p promotes the expression of
SET1 and thus indirectly increases H3K4 trimethylation levels
but not H3K4me2 and H3K4me1 (197). At the protein level,
J. Biol. Chem. (2021) 297(2) 100939 9
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Hmt1p-mediated asymmetric dimethylation at H3R2 nega-
tively regulates adjacent trimethylation of H3K4 by Set1p, thus
highlighting functional cross talk between arginine and lysine
methylation on histone proteins (Fig. 2B). H3R2me2a spatially
occludes the COMPASS subunit, Spp1p, which is essential for
H3K4 trimethylation (87). Other histone residues are known
to regulate Set1p activity, namely, H3K14, which may posi-
tively cross talk with H2B ubiquitination and/or directly
interact with COMPASS through electrostatic attraction to
promote H3K4 methylation (88).
Set2p

SET domain-containing 2 (Set2p), also known as KMT3 or
EZL1, is the sole H3K36-specific methyltransferase in the
budding yeast proteome and is central to the regulation of
transcriptional initiation and elongation. In 2002, Strahl et al.
first purified and biochemically characterized Set2p from
S. cerevisiae and demonstrated that it catalyzes the processive
mono-, di-, and trimethylation of H3K36 through its catalytic
SET domain in vivo (Table 1) (91, 198). This domain is
comprised of AWS (associated with SET; residues 63–118),
SET (residues 120–237), and post-SET (residues 244–260)
motifs (Fig. 3) (199). Curiously, the isolated SET domain is
capable of methylating free histones, whereas full-length Set2p
preferentially acts upon nucleosomal substrates (200), sug-
gesting that sequences distal to the methyltransferase domain
regulate substrate specificity. Indeed, an N-terminal acidic
patch (residues 31–39) and a C-terminal Set2-Rbp1 interacting
(SRI; residues 619–718, PDB ID: 2C5Z (201)) domain control
the association of Set2p with histone H4 (123, 124) and
RNAPII (202), respectively. The tryptophan-tryptophan (WW)
domain (residues 475–507, PDB ID: 1E0N (203)) is currently
of no known function, although its deletion does not modulate
H3K36 methylation levels or Set2p RNAPII binding (204). It
has been speculated that it may control nonhistone methyl-
ation given that the WW domain of SETD2, the mammalian
ortholog of Set2p, mediates its interaction with the Huntingtin
protein (199, 205, 206). Yeast Set2p, however, has no known
nonhistone substrates identified to date. Finally, an AID (res-
idues 262–476) attenuates Set2p-mediated H3K36 trimethy-
lation by antagonizing its catalytic activity and fine-tuning
several functions of SRI (Fig. 3) (200).

In the context of transcription, Set2p recruits several key
complexes that cooperate to re-establish a compact chromatin
landscape in the wake of elongating RNAPII (207). Set2p
co-transcriptionally modifies H3K36, which is in turn recog-
nized by the chromodomain of Eaf3p, a subunit of the Rpd3S
HDAC complex (Fig. 1) (120). Rpd3S functions to keep gene
bodies deacetylated and thus restores chromatin structure
between multiple rounds of transcription (120, 208, 209). This
epigenetic resetting protects genes from inappropriate and
bidirectional transcription, from cryptic initiation sites within
open reading frames (97, 209, 210). Prevention of intragenic
transcription by H3K36 methylation is conserved in human as
deletion of mammalian SETD2 causes upregulation of
spurious mRNA transcripts (211, 212), a phenotype shared by
10 J. Biol. Chem. (2021) 297(2) 100939
set2Δ yeast cells (208, 209). This repressive transcriptional
environment is reinforced by the recruitment of Isw1b, a
chromatin remodeling complex that binds H3K36me and re-
organizes nucleosomes to allow Rpd3S-mediated deacetylation
of neighboring nucleosomes (Fig. 1) (119, 213). More recently,
it has been shown that Set2p suppresses the interaction of
histone H3 with chaperones and thus impairs the incorpora-
tion of new histones, a phenomenon that typically occurs
co-transcriptionally by histone exchange over open reading
frames (91, 119). This incorporation of new histones dilutes
existing histone PTMs in chromatin and increases levels of
acetylation, a mark that is associated with soluble histone
proteins (91). Although Set2p null yeast cells do not exhibit
discernible growth phenotypes (99), many cellular pathways
can be controlled by H3K36 methylation and Set2p, as dis-
cussed in the previous section. Set2p is involved in DNA
damage response and repair (112, 122) and polyadenylation
site selection (214) and has been shown to promote cellular
aging through its regulation of telomeric silencing (117).

In terms of regulation, Set2p is directed to transcriptionally
active regions of the genome through its association with
phosphorylated RNAPII (99). This interaction was initially
identified through chromatin immunoprecipitation assays and
affinity purification–based approaches (215–217), and since
then the precise mechanisms underlying such regulation have
been illuminated. Although Set1p binds to the CTD hepta-
peptide repeat of the RNAPII subunit, Rbp1p, that is phos-
phorylated at serine 5 (discussed above), Set2p recognizes
Rbp1p CTD heptapeptides that are phosphorylated at serine 2
(204, 215, 217). This recruitment of Set2p to elongating
RNAPII throughout gene bodies occurs via its SRI domain
(Fig. 3) (202). Serine 2 phosphorylation of Rbp1p CTD repeats
is catalyzed predominantly by the CTD kinase I complex, of
which Ctk1p is the catalytic subunit (120, 215), and to a lesser
extent, the Bur1/Bur2 complex (218, 219). Perhaps unexpect-
edly, in vitro docking analyses clarified that the Set2p SRI
domain preferentially binds serine 2/serine 5–diphosphory-
lated CTD repeats (201, 202), thus raising the possibility that
its activity may be coordinately regulated by multiple upstream
kinases (Ctk1p and Kin28p). Strikingly, H3K36me2 does not
require Ctk1p-mediated RNAPII phosphorylation or the SRI
domain of Set2p (212). By contrast, the deposition of
H3K36me3 necessitates a range of regulatory factors (e.g.,
Spt6p, H3P38, CTD, Ctk1p, SRI) indicating that H3K36 tri-
methylation serves a specific function in transcriptional elon-
gation that is distinct from H3K36me2. These observations
provide fascinating insights into the methylation specificity of
Set2p and may give us clues into the cellular cues that control
the switch between its dimethyltransferase and trimethyl-
transferase functions.

With respect to substrate recognition, Set2p is controlled by
several sequence and structural features. Recently, Liu et al.
(220) solved a cryogenic electron microscopy structure of yeast
Set2p complexed with a nucleosome substrate carrying an
oncogenic histone H3 variant (H3K36M). This revealed a
specific interaction between the α-N helix of histone H3 and
the AWS domain of Set2p, an evolutionarily conserved
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binding mechanism that also mediates the nucleosomal asso-
ciation of human SETD2 (220). Substrate recognition is
further controlled by the SRI domain as deletion of this region
severely impairs Set2p chromatin binding. These observations
are consistent with previous reports that the SRI domain can
recognize nucleosomal linker DNA and thus fine-tune Set2p
substrate specificity (200). Here, Set2p was shown to prefer-
entially methylate nucleosomal substrates with longer linker
DNA, and in vitro binding assays revealed that this preference
is likely due to its SRI domain. It is interesting that SRI is not
resolved in the electron density map of the yeast Set2p/
nucleosome complex, suggesting that it may contact the
nucleosome via nonspecific interactions (220). Taken together,
these findings highlight a more diverse role for the SRI domain
in the regulation of Set2p function than was previously
appreciated. In addition to its canonical role in the initial
recruitment of Set2p to RNAPII within transcribed regions,
the SRI domain also (1) recognizes the linker DNA of nucle-
osomes and thus allows Set2p to travel alongside elongating
RNAPII, and (2) suppresses the capacity of Set2p to methylate
free histone proteins (200).

Several additional layers of regulation exist to intricately
control Set2p activity in yeast cells (reviewed in (14)). First,
Fpr4p-mediated isomerization of H3P38 negatively regulates
Set2p through occluding its adjacent target lysine (Fig. 2B)
(127). There is also emerging evidence that Set2p may be
controlled by H2B ubiquitination (221). Although early reports
showed that H3K36 methylation is unaffected by H2BK123
monoubiquitination, a recent cryogenic electron microscopy
structure of Set2 from Chaetomium thermophilum revealed
that its AWS domain interacts with ubiquitin on H2B, sug-
gesting that ubiquitin assists in positioning Set2 on the
nucleosome and thus stimulates activity (221). It will be
necessary to confirm whether such regulation is conserved in
Set2 homologs in yeast and higher eukaryotes.
Dot1p

Disruptor of telomeric silencing 1 (Dot1p), also known as
KMT4 or PCH1, is an exquisitely conserved histone methyl-
transferase and is the sole enzyme that catalyzes H3K79
methylation in S. cerevisiae. In 1998, yeast Dot1p was originally
identified as a high-copy disruptor of transcriptional silencing at
telomeres, mating-type loci, and rDNA (144, 222). Using a
range of in vitro and in vivo approaches, several groups inde-
pendently confirmed that Dot1p, and its human ortholog
DOT1L, are responsible for catalyzing mono-, di-, and trime-
thylation of lysine 79 within the globular core of histone H3
(Table 1, Fig. 1) (128, 129, 166, 167). Indeed, knockout of Dot1p
leads to a complete loss of H3K79 methylation in yeast, and the
same occurs on knockout of relevant homologs in other eu-
karyotes (129, 223, 224). There are two enzymatic properties of
Dot1p that distinguish its activity from other histone methyl-
transferases. First, Dot1p can methylate chromatin but not free
histones, indicating that its catalysis requires certain structural
and/or PTM features of native chromatin (135). Second, H3K79
methylation occurs via a distributive kinetic mechanism
whereby Dot1p establishes H3K79me1, H3K79me2, and
H3K79me3 through repetitive rounds of binding and dissocia-
tion from its substrate (225, 226). This mode of action contrasts
with the SET domain–containing methyltransferases that add
multiple methyl groups in a processive manner (227–229).
These observations are striking, especially considering the
paucity of understanding regarding the distinct functions of the
mono-, di-, and trimethylated forms of H3K79.

Crystallographic studies have resolved the elongated struc-
ture of the conserved core of Dot1p (PDB ID: 1M0R, 1U2Z
(230)) and provided structural insights into its unique biology
(Fig. 3). Unlike the three SET domain–containing enzymes,
Dot1p is the only histone lysine methyltransferase in budding
yeast that contains a 7βS catalytic domain (residues 254–568),
a feature that is typically associated with class I arginine
methyltransferases (PRMTs) (147). Within its 7βS domain,
Dot1p harbors an active site that is surrounded by conserved
hydrophobic residues and an AdoMet-binding motif that
shows a high degree of sequence conservation with PRMTs
(Fig. 3) (231). These structural differences may explain the
distinct enzymatic mechanisms underpinning histone lysine
methylation mediated by Dot1p in comparison with its SET
domain–containing counterparts.

In S. cerevisiae, Dot1p regulates gene expression profiles
involved in several key cellular processes. As is the case with
much of the yeast histone methylation machinery, Dot1p can
function as a transcriptional activator or repressor depending
on cellular conditions. In concordance with its initial char-
acterization, Dot1p is indispensable for transcriptional
silencing at telomeres, and this suppression is dependent on
its catalytic activity (225). Dot1p-mediated H3K79 methyl-
ation within euchromatin inhibits binding of the repressive
Sir proteins, which specifically recognize unmethylated
H3K79 via a BAH domain (Fig. 1) (232). Sir complexes are
thus directed elsewhere in the genome to exert their silencing
function, particularly within hypomethylated H3K79 chro-
matin, where they reciprocally block Dot1p methylation
(129). This positive feedback loop between histone methyl-
ation and deacetylation enzymes provides an explanation for
the gross silencing defects associated with aberrant localiza-
tion of Sir proteins from heterochromatin caused by Dot1p
overexpression or deletion (128, 129, 144). As discussed
above, Dot1p and H3K79 methylation are crucial players in
the pachytene meiotic checkpoint (143, 233), DNA damage
response (140, 141, 234), and cell cycle progression (235, 236)
through both direct and indirect mechanisms (reviewed in
(147, 236)). More recently, Dot1p has been shown to have
inherent histone chaperone and chromatin-remodeling ac-
tivity through its nucleosome-binding domain and is involved
in the regulation of nucleosomal dynamics and histone ex-
change in a methyltransferase-independent manner (237).

Dot1p activity is intricately regulated by various aspects of
the epigenetic landscape, predominantly through short
sequence features that direct its association with chromatin.
Given its proximity to H3K79 within the three-dimensional
nucleosomal architecture, monoubiquitination of H2BK123
by the Rad6p/Bre1p E2–E3 complex promotes Dot1p-
J. Biol. Chem. (2021) 297(2) 100939 11
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mediated trimethylation (Fig. 2B) (62, 137, 238). Pulldown-
based approaches have demonstrated that Dot1p directly
binds ubiquitin through a lysine-rich region (residues
101–140) in the first half of its DNA/nucleosome binding
domain (residues 105–172) and that deletion of this motif
causes defects in H3K79me3 accumulation and subtelomeric
gene silencing in vivo (239). This trans-regulatory mechanism
is conserved in human, where DOT1L requires prior ubiq-
uitination of H2BK120 by RNF20/40 for its methyltransferase
activity (240). More recently, it has become apparent that
Dot1p activity is also affected by histone acetylation (Fig. 2B).
Mutational studies have shown that an acidic patch toward the
C-terminus of yeast Dot1p (residues 557–561) contacts a
short, basic sequence (residues 17–19) on histone H4 and that
this charge-based interaction is essential for H3K79 di- and tri-
methylation and proper telomeric silencing (138). The histone
H4 N-terminal tail is also bound by Sir3p, a constituent of the
SIR HDAC complex, where it negatively regulates Dot1p
chromatin association through steric hindrance (135). Of
importance, Sas2p-mediated acetylation at H4K16, a residue
immediately adjacent to this shared H4 interaction interface,
displaces Sir3p, but not Dot1p, and thus allosterically stimu-
lates Dot1p H3K79 methyltransferase activity (241, 242).
Taken together, the elaborate cross talk that exists between
H3K79me, H4K16ac, and H2BK123ub1 highlights the
convergence of distinct PTM signaling cascades that cooperate
to demarcate telomeric boundaries and ensure optimal prop-
agation of an epigenetic state throughout generations (243).
Set5p

SET domain–containing 5 (Set5p) is a histone H4 mono-
methyltransferase that has recently emerged as an important
regulator of chromatin in budding yeast. In 2012, Green et al.
used a biochemical approach to identify novel methylation
sites at H4K5, H4K8, and H4K12 in S. cerevisiae (Fig. 1) and
demonstrated that these marks are catalyzed by a previously
uncharacterized histone methyltransferase, Set5p, both in vitro
and in vivo (49). Set5p is a SMYD subfamily methyltransferase
that characteristically harbors a split SET catalytic domain
(residues 106–140 and 364–409) as well as an intervening zinc
finger (ZF) domain known as MYND (myeloid translocation
protein, Nervy, Deaf (244, 245)) that mediates chromatin as-
sociation (Fig. 3) (246). The MYND, post-SET, and C-terminal
regions of Set5p are required for its repression of subtelomeric
genes (246). With respect to conservation, the functional
ortholog of Set5p in metazoans is SMYD3, a fellow MYND-
containing methyltransferase that methylates H4K5 both
in vitro and in human cells (Table 1) (151). Significantly,
dysregulation of SMYD3 activity has been implicated in
tumorigenesis (9, 151–153), thus giving impetus to the func-
tional investigation of yeast Set5p as it may provide insights
into SMYD3-dependent oncogenesis in humans (154).

Since its relatively recent discovery, several groups have sought
to understand the function and regulation of Set5p in budding
yeast cells. Initial genetic screens identified a functional link be-
tween Set5p and Set1p as cells lacking both histone
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methyltransferases show increased sensitivity to genotoxic and
cellular stress (49). It was later found through RNA-sequencing
analysis of set5Δset1Δ double-knockout cells that these en-
zymes play a synergistic role in transcriptional repression at re-
petitive regions, particularly near telomeres and at transposable
elements (247). Although the precise mechanism underlying the
cross talk between Set5p and Set1p in telomeric maintenance is
unclear, it has been proposed that the transcriptional silencing
that they mediate is dependent on H4K5 and H4K8 acetylation
but not on H4K16ac and Sir proteins (248). Indeed, deletion of
Yng2p, a subunit of the NuA4 HAT complex, in set5Δ yeast cells
manifests in a slow growth phenotype, suggesting a functional
cooperation between acetylation and methylation of H4K5/8/12
in cellular fitness (49, 154). Moreover, it has been reported that
overexpression of Set5p confers tolerance to acetic acid, aswell as
to oxidative, osmotic, and heat stress, and also improves cellular
growth and alcoholic fermentation (249, 250). Taken together,
these findings suggest that Set5p, through its H4K5/8/12 meth-
yltransferase activity,mediates specific gene expression programs
to maintain genomic stability in response to yeast cellular stress.
Nonetheless, the mechanism through which Set5p transduces
signaling cascades at chromatin are entirely unknown (251) and is
therefore an exciting avenue for future research.

Histone demethylases

Until relatively recently, histonemethylationwas believed tobe
a stable and heritable epigenetic modification (37). The identifi-
cation of the first histone demethylase in 2004, mammalian
lysine-specific demethylase 1 (LSD1), revealed that histone lysine
methylation is enzymatically reversible and thus dynamic (252).
LSD family demethylases are transcriptional repressors that
specifically demethylate H3K4me1 and H3K4me2 in a flavin
adenine dinucleotide (FAD)-dependent reaction (252, 253) but
are unable to catalyze demethylation of trimethyl-lysine owing to
the conformation of their active site pocket (254). This discovery
was swiftly followed by the identification and characterization of
another class of histone demethylases that contain a Jumonji C
(JmjC) catalytic domain and are capable of removing all three
lysine methylation states (255). JmjC enzymes demethylate sub-
strate lysines through an oxidative reaction that utilizes Fe(II) and
α-ketoglutarate as cofactors (256), and, unlike LSDdemethylases,
are highly conserved from yeast to human (254). Based on
sequence homology predictions, five JmjC domain–containing
proteins were identified in the budding yeast proteome: Jhd1p,
Jhd2p, Rph1p, Gis1p, and Ecm5p (257). Of these, Jhd1p, Jhd2p,
Rph1p, and Gis1p were subsequently shown to have bona fide
histone demethylase activity through gene deletion screens and
targeted biochemical assays (Fig. 1, Table 1) (258). In the
following section, we examine the structure, function, conserva-
tion, and regulation of the four histone demethylase enzymes in
budding yeast.

Jhd1p

JmjC domain–containing histone demethylase 1 (Jhd1p), also
known as JHDM1 or KDM2, was the first histone demethylase to
be identified in budding yeast. In 2006, Tsukada et al. (256)
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demonstrated that yeast Jhd1p and mammalian JHDM1 specif-
ically demethylate mono- and dimethylated H3K36 in the pres-
ence of Fe(II) and α-ketoglutarate in vitro, generating
formaldehyde and succinate as by-products (Table 1). This was
subsequently verified in vivo where overexpression of Jhd1p re-
duces global H3K36 methylation levels (259), whereas deletion
leads to accumulation of bothmonomethylated anddimethylated
H3K36 states (258). Structurally, Jhd1p is a 492-amino-acid
protein that comprises an N-terminal PHD domain (residues
6–70) and a JmjC catalytic domain (residues 254–409) and is the
only histone demethylase in S. cerevisiae to lack a Jumonji N
(JmjN) domain (Fig. 3) (260). Mutational studies have revealed
that the JmjC domain and adjacent sequences are crucial for
Jhd1p enzymatic activity, whereas the PHD domain is dispens-
able (259). Indeed, several point mutations within the cofactor-
binding cleft of the JmjC domain (T302A, H305A, Y315A)
significantly abrogate its H3K36 demethylase activity (Fig. 3)
(256, 259). Although not required for catalysis, the PHD domain
of Jhd1p specifically binds trimethylated H3K4 with high affinity
in vitro (110), suggesting potential cis-regulatory cross talk be-
tween H3K36 demethylation and H3K4 methylation.

Jhd1p carries out an important, albeit subtle, role in the
maintenance of transcriptional fidelity in S. cerevisiae. The
H3K36me1/2 demethylase function of Jhd1p is required to
remove repressive H3K36 methylation toward the 50-ends of
gene bodies and thus promote transcriptional elongation (254,
261). It has been proposed that Jhd1p may be recruited to
transcription start sites, demarcated by H3K4 trimethylated
chromatin, via its PHD domain where it can oppose repressive
H3K36 dimethylation (262). Jhd1p has also been implicated in
the regulation of pre-mRNA splicing through its genetic in-
teractions with RNA splicing factors (116). Despite its apparent
involvement in epigenetic processes, there are conflicting re-
ports into the phenotypic effects of Jhd1p knockout in
S. cerevisiae. One study observed no consequence for jhd1Δ in
any of the functional assays performed (263), whereas another
demonstrated only subtle changes in the chromosomal distri-
bution of H3K36me2 upon removal of Jhd1p activity (259).
Conversely, and in support of its biological significance, over-
expression of Jhd1p was found to bypass the cellular require-
ment for the transcriptional elongation factor, Bur1p, and
suppress the growth defect of bur1Δ yeast cells (264). Given
these discrepancies, it is plausible that the function of Jhd1p
may be masked by the redundancy of H3K36 demethylases in
budding yeast under certain conditions (Fig. 1). In addition to
Jhd1p, the paralogous enzymes Rph1p and Gis1p also possess
H3K36 demethylase activity (see respective sections); however,
they are each geared toward different H3K36 methylation states
thus suggesting distinct molecular functions (Table 1) (265).
Further work is required to clarify the role of Jhd1p, elucidate its
regulation, and disentangle the overlapping activities of H3K36
demethylases in S. cerevisiae.
Jhd2p

JmjC domain–containing histone demethylase 2 (Jhd2p),
also known as KDM5, is a member of the highly conserved
JARID1 family and is the sole H3K4 demethylase in budding
yeast. In 2007, Jhd2p was first purified from S. cerevisiae as a
monomeric subunit with H3K4 demethylase activity in vitro
(266). Through gene knockout and overexpression studies in
yeast, several groups have since demonstrated the capacity of
Jhd2p to demethylate all degrees of H3K4 methylation in vivo
(260, 267), although with preferential affinity for trimethy-
lated H3K4 (Table 1) (268). With respect to structure, Jhd2p
is a 728-amino-acid protein that comprises JmjN (residues
4–47) and JmjC (residues 381–549) demethylase domains, as
well as a PHD finger domain (residues 235–285), which as-
sociates with chromatin independently of H3K4 methylation
and the H3 N-terminal tail (Fig. 3) (269). Mutation of the first
histidine residue of the Fe(II)-binding motif (H427A) within
the JmjC domain abolishes Jhd2p H3K4me3 demethylase
activity (270).

Despite its seemingly central role in transcriptional regula-
tion, deletion of Jhd2p manifests in only mild molecular and
cellular phenotypes in S. cerevisiae. Under standard laboratory
conditions, JHD2 null cells do not exhibit any significant dif-
ferences in levels of H3K4me1/2/3 on bulk histones (257), nor
do they show appreciable alterations in gene expression (67),
thus confounding the study of this important regulatory pro-
tein using budding yeast as a model system (271). A systematic
phenotypic analysis revealed a surprising lack of defects in the
Jhd2p deletion yeast strain, with the exception of a subtle
enhancement of telomeric silencing, an effect that was pre-
dictably reversed by overexpression (266). It has been pro-
posed that jhd2Δ cells cannot properly initiate transcriptional
silencing and are therefore seldom isolated from screens for
loss-of-silencing phenotypes, which are typically performed
during steady-state growth (272).

Notwithstanding a paucity of confirmed phenotypes,
several targeted studies have interrogated the molecular
function of Jhd2p and elucidated many aspects of its biology.
Highlighting its diverse function, Jhd2p can either serve as a
transcriptional activator or repressor depending on its
genomic localization and cellular context. For example, Jhd2p
recruitment positively regulates the transcription of genes
encoding ribosomal proteins and Rap1-bound genes (273),
whereas its activity inhibits expression of the Spt6p/Spn1p,
FACT, and NNS transcriptional regulatory complexes (271).
At the cellular level, Jhd2p was shown to globally repress
spurious intergenic transcription during spore differentiation
in postmeiotic yeast cells through its H3K4 demethylase ac-
tivity and thereby promote gene transcription in the face of
developmentally programmed transcriptional quiescence
(271, 273). Modulation of Jhd2p during gametogenesis results
in widespread and premature transcriptional downregulation
and the aberrant production of stress-sensitive spores (273,
274). Although Jhd2p itself is upregulated upon entry into
sporulation and is critical for the production of healthy
meiotic progeny (273), its function is dispensable for
gametogenesis-induced rejuvenation in budding yeast, sug-
gesting functional redundancy in lifespan-resetting pathways
(275). In addition to its canonical role in the regulation of
sporulation, Jhd2p also mediates other important cellular
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processes, including rDNA repeat stability and silencing (261)
and mRNA processing through 30-UTR cleavage (276).

Recent work has sought to investigate the regulatory pro-
cesses underpinning Jhd2p function and has duly uncovered
how its activity is affected by specific modifications that can be
present on histones. Jhd2p preferentially acts on nucleosomes
that have only one histone H3 subunit trimethylated at K4 and
thereby works cooperatively with dimeric COMPASS to focus
symmetric H3K4me3 onto selected promoter nucleosomes
(188). These findings suggest that Jhd2p primarily acts to
reduce erroneous asymmetric methylation of nucleosomes
under certain conditions and to provide correctional stability
to gene expression programs in concert with COMPASS.
Jhd2p-mediated H3K4me3 demethylation is also known to be
negatively regulated by adjacent H3K14 acetylation by Gcn5p,
thus highlighting opposing roles for HATs and Jhd2p in
controlling deposition of H3K4 methylation (277). Finally,
ubiquitination at H2BK123 sterically hinders Jhd2p from
accessing its critical H2A-binding sites (H2AF26 and
H2AQ57) thereby constituting an additional layer of trans-
histone regulation of H3K4 methylation (269).
Rph1p

Regulator of PHR1 (Rph1p), also known as KDM4, is
arguably the most functionally important of the three H3K36-
specific demethylases in S. cerevisiae. Rph1p was originally
identified as a major transcriptional repressor of the DNA
repair gene, PHR1, which encodes a photolyase required for
the light-dependent repair of pyrimidine dimers (278). Since
then, Rph1p has been classified as a JMJD2 family enzyme that
specifically demethylates H3K36me3 and H3K36me2 both
in vitro and in vivo (Table 1) (254, 258, 279). Curiously, Rph1p
is also capable of removing H3K9 methylation, a mammalian
histone modification not found in budding yeast chromatin
(279). In terms of its domain architecture, Rph1p is a 796-
amino-acid protein that comprises JmjN (residues 14–55)
and JmjC (residues 193–355) catalytic domains, as well as a C-
terminal Cys2-His2 (C2H2) ZF domain that is responsible for
DNA binding (Fig. 3) (279). The ZF domain of Rph1p shows
complete sequence identity with its paralogous demethylase,
Gis1p, which arose from the whole genome duplication in
ancestral S. cerevisiae (280). Motif-based analysis of Rph1p
identified a bipartite nuclear localization signal of sequence
KRISSFQEQPLNKLLKR (residues 455–471) that may mediate
its nuclear import, although this remains to be confirmed
experimentally. The crystal structure of the catalytic core of
Rph1p, both in apo form and in complex with its requisite
cofactors, has been resolved (PDB ID: 3OPW and 3OPT
(281)). This revealed that the substrate-binding cleft is formed
by structural elements of the JmjC domain, a long β-hairpin,
and a mixed structural motif (Fig. 3) (281). In vitro biochemical
assays have demonstrated that mutations of several key resi-
dues within the Fe(II) (H235A, E237A, H323A) and α-keto-
glutarate (Y183A, N245A, K253A)-binding pockets of the
JmjC domain eliminate Rph1p demethylase activity.
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Rph1p is the endogenous histone demethylase that controls
H3K36me3 levels during active transcriptional elongation.
Akin to other histone methylation enzymes in budding yeast,
Rph1p can function as either a transcriptional activator or
repressor in a context-dependent manner (282). Accordingly,
the paralogous enzymes Rph1p and Gis1p can act on over-
lapping sets of genes as well as on distinct targets, and their
respective activities and specificities vary throughout the
cellular growth cycle. Although the enzymatic activity of
Rph1p is not required for its role in growth phase–dependent
gene regulation, the capacity for Rph1p to activate or repress
transcription in vivo is enhanced by active demethylase func-
tion (283, 284). In terms of its repressive functionality, ~70% of
mRNA transcripts are upregulated upon Rph1p knockout in
S. cerevisiae, a large subset of which are involved in responses
to DNA damage as well as to environmental and oxidative
stress (283, 285, 286). Dysregulation of Rph1p-mediated PHR1
silencing contributes to deleterious growth defects; yeast cells
overexpressing Rph1p are hypersensitive to UV irradiation
(258). Conversely, several studies have shown that Rph1p
promotes transcriptional elongation by removing H3K36
methylation within transcribed regions and thus preventing
repressive histone deacetylation by the Rpd3S HDAC complex
(254). This was confirmed through synthetic lethality experi-
ments that showed that overexpression of H3K36 demethy-
lases Rph1p and Jhd1p bypasses the cellular requirement for
the transcriptional elongation factor Bur1p. It has been pro-
posed that Rph1p, but not Jhd1p, directly opposes Rdp3S
function through its specific demethylation of H3K36me3
(263), the methylation state recognized and bound by the
Rdp3S subunit, Eaf3p (287). This may explain the more severe
phenotypes exhibited by rph1Δ cells in comparison with their
jhd1Δ counterparts, although this hypothesis will require
further experimental investigation.

Recent work has suggested that Rph1p is a master tran-
scriptional regulator of several key biological pathways (285).
The contribution of the histone demethylase activity of Rph1p
to these processes, however, is disputed. First, Rph1p is known
to be a critical player in the environmental and oxidative stress
response in S. cerevisiae (280, 288) as genes responding to such
stimuli are overrepresented in differential expression analyses
of Rph1 null cells (280). Under normal conditions, Rph1p re-
presses transcription at these loci but is immediately dissoci-
ated from chromatin upon stress-induced signaling, thereby
allowing expression of signal-responsive genes (289). This
mechanism of post-translational regulation is discussed in
greater detail later. The repression of stress response genes by
Rph1p under physiological conditions is mediated, at least in
part, by its demethylase activity (288). By contrast, Rph1p is a
negative transcriptional regulator of autophagy in a manner
that is independent of its catalytic activity (290). In a nutrient-
replete environment, Rph1p represses expression of a subset of
ATG genes, particularly ATG7, by binding their respective
promoters and thus preventing autophagetic induction (291).
Upon nitrogen starvation, signaling cascades trigger the
phosphorylation-mediated dissociation of Rph1p and alleviate
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transcriptional repression (mechanism discussed later), facili-
tating autophagy (290). It will be interesting to determine the
role, if any, of the histone demethylase function of Rph1p, and
its mammalian JMJD2 family orthologs, in the regulation of
autophagetic processes in yeast and in other eukaryotes.
Gis1p

Gig1-2 suppressor 1 (Gis1p) is a functional paralog of
Rph1p/KDM4. However, its histone demethylase activity
in vivo remains contentious. In 1999, Gis1p was first discov-
ered and named as a multicopy suppressor of the Gal−

phenotype of snf1/mig1/srb8 triple mutant yeast cells (292).
Subsequent work revealed the largely redundant roles of Gis1p
and Rph1p as transcriptional repressors of the photolyase,
PHR1 (278), and it was not until 2007 that the putative
demethylase function of Gis1p was investigated (Table 1)
(258). Structurally, Gis1p is the largest histone demethylase in
S. cerevisiae at 894 amino acids and is composed of JmjN
(residues 12–53) and JmjC (residues 170–324) catalytic do-
mains, in addition to a highly conserved C-terminal C2H2 ZF
domain (residues 828–882) that is identical in sequence in
Rph1p and mediates DNA binding (Fig. 3). Similar to Rph1p,
motif-based analysis of Gis1p revealed a bipartite nuclear
localization signal of sequence RKQPLKCGCGNKKEERK
(residues 316–332); however, the functional role of this motif
has not been verified. Although no crystal structure has been
resolved for Gis1p, structural studies have revealed that the
JmjN and JmjC domains physically interact in three di-
mensions, via two β sheets, to form a structural unit that
stabilizes full-length Gis1p and regulates its selective proteol-
ysis by the proteasome (293).

In its canonical role, Gis1p serves as a transcription factor
that modulates the expression of genes involved in nutrient
signaling, oxidative stress, and aging (294). It is capable of
functioning as both a transcriptional repressor (278, 295) and a
transcriptional activator (296) depending on its cellular
context, an observation that may be explained by its numerous
and diverse binding partners (297). Although transcriptional
regulation by Rph1p predominantly occurs through STRE
motifs (282), the repressive and activating roles of Gis1p are
mediated by the post-diauxic shift element present in the
promoters of its target genes (298). Appropriately, there are
over 100 genes, including SSA3 and HSP12 (296), that are
regulated by Gis1p during the diauxic transition in response to
RAS/cAMP signaling and Rim15p activation (298, 299). The
exact nature of this signaling cascade is discussed in greater
detail later. Of interest, the biological function of Gis1p may be
more diverse than was first appreciated, as two-hybrid ap-
proaches have shown that it interacts with at least 19 yeast
proteins that are enriched for functions in transcription,
SUMOylation, and DNA repair (297).

Although Gis1p contains a JmjC domain, it is still not clear
whether this enzyme possesses bona fide H3K36 demethylase
activity. Indeed, several groups have provided evidence either
in support or in dispute of its active demethylase status. Mass
spectrometric analysis of in vivo histone modifications
revealed accumulation of H3K36me2 and H3K36me1 upon
Gis1p deletion, suggesting that Gis1p specifically demethylates
the lower H3K36 methylation states (Table 1) (258). These
findings, however, could not be recapitulated in vitro, as
enzymatic assays failed to demonstrate demethylase activity of
Gis1p toward any of the three major histone lysine methylation
sites in budding yeast (H3K4, H3K36, H3K79) (259, 260, 284).
Crucially, Gis1p carries a single point mutation (H292Y)
within the Fe(II)-binding cleft of the JmjC domain that is
predicted bioinformatically to render its demethylase function
inactive (255). An equivalent substitution (H305A) in the
fission yeast demethylase, Epa1p, wholly ablates its enzymatic
activity (256). There are also conflicting reports as to the
contribution of the Gis1p demethylase domain to its role in
transcriptional activation and repression. One study observed
that mutation of Fe(II)- and α-ketoglutarate-binding residues
(H204A, K222A), and even deletion of the entire JmjC domain,
did not abolish Gis1p-mediated transcriptional activation
during glucose starvation and sporulation, suggesting that its
demethylase function is dispensable (300). Conversely, yeast
cells expressing catalytically inactive Gis1p showed increased
transcriptional activation of the hydrophilin, GRE1, but not
SSA3 (293), thus providing backing for the histone demethy-
lase activity of Gis1p and its role in transcriptional processes,
albeit in a gene-dependent manner. Moving forward, signifi-
cant work is needed to further investigate the putative deme-
thylase function of Gis1p and illuminate its biochemical and
functional features.
Post-translational regulation of histone methylation
enzymes

Considerable progress has been made in the identification of
histone lysine methyltransferases and demethylases in
S. cerevisiae and mapping these enzymes to their respective
histone targets. Recent studies have also shed light on how the
activity of histone methylation enzymes can be controlled by
their protein–protein interactions with various components of
the transcriptional machinery, and through cross talk with
other epigenetic modifications. However, these layers of
regulation only explain a small proportion of the complexity
that exists within the histone lysine methylation network in
budding yeast. We reason that many of the unresolved ques-
tions surrounding the function and dynamics of this intricate
epigenetic system may be clarified by a largely overlooked
aspect of histone methyltransferase and demethylase biology,
that being their post-translational modification and regulation.

There is substantial evidence that histone methylation en-
zymes in budding yeast are extensively post-translationally
modified. The vast majority of these PTM sites have been
identified through high-throughput proteomic screens that
typically involve affinity-based enrichment for specific modi-
fication types and their subsequent analysis by high-resolution,
bottom-up mass spectrometry of peptides. To canvass the
PTM topology of histone methylation proteins, we mined
several publicly available proteomic datasets (246, 301–321)
and PTM databases (including UniProt (322), PhosphoGRID
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(323), and YAAM (324)), including one study that achieved
near-complete characterization of the purified enzymes (315).
Our collation of PTMs comprises a total of 251 modification
sites, of which phosphorylation (143 sites), acetylation (101
sites), and ubiquitination (seven sites) were the most
commonly found (Fig. 4). These PTMs represent those iden-
tified in a range of yeast cellular growth states and under
different growth conditions. Despite efforts to identify other
PTM types (e.g., protein methylation, acylation, crotonylation,
ADP-ribosylation) on this family of enzymes (315), no such
sites have been observed to date. This does not, however,
definitively rule out the possibility of their occurrence in vivo.
In this section, we will discuss the general biological roles of
phosphorylation, acetylation, and ubiquitination and highlight
their prevalence on histone methyltransferase and demethylase
enzymes within the context of the budding yeast proteome.
We will also review the relatively small number of targeted
studies that have determined how specific PTM sites affect
enzyme function and/or identified the upstream modifying
enzymes that convey signaling information to the histone
methylation network via PTM.
Phosphorylation

Phosphorylation is the second most abundant PTM in the
eukaryotic cell (325) and is arguably the most extensively
studied. It predominantly refers to the transfer of the γ-
phosphoryl group of ATP to the polar amino acid side chains
of serine, threonine, or tyrosine residues by protein kinases
(326). Phosphorylation is a hallmark of signaling cascades and
is involved in the regulation of an array of key cellular pro-
cesses, including growth, differentiation, and apoptosis (327).
The altered physicochemical properties of phosphorylated
Figure 4. Post-translational modifications on yeast histone methylation e
histone methyltransferases and demethylases (315) and high-throughput phos
type, the number of residues within each protein that has been shown to be post
For phosphorylation (blue), this refers to the number of phosphorylated serine
nation (purple), it refers to the number of modified lysine (K) residues. For all eigh
calculated and shown in the right panel. Proteome values were calculated base
phosphorylation (87,703), acetylation (10,035), and ubiquitination (14,880) sites
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residues allow their cognate proteins to recognize and bind
specific interaction partners and thus carry out specific func-
tions. Phosphorylation can also bring about allosteric changes
in protein structure that can modulate enzymatic activity and
interactions (328). Accordingly, many enzymes and receptors
become activated upon phosphorylation and are deactivated
through dephosphorylation by a phosphatase. There are also
instances where a phosphorylation event inactivates an en-
zyme’s activity or blocks a specific interaction.

The histone lysine methylation network in budding yeast
receives substantial input from upstream signaling pathways.
A recent systematic characterization of all S. cerevisiae his-
tone methyltransferases and demethylases defined a
comprehensive set of phosphosites occurring on these en-
zymes in vivo for mid–log phase yeast cells grown under
standard laboratory conditions (315). This study, in
conjunction with previous high-throughput phosphoproteo-
mic analyses, identified a total of 107 and 35 phosphosites on
serine and threonine residues, respectively. This corresponds
to an average of 18 phosphosites per histone methylation
protein, which is slightly higher than the total S. cerevisiae
proteome wherein proteins carry, on average, 14 phosphosites
(Fig. 4) (324). Of interest, specific enzymes are phosphory-
lated to markedly different extents; the paralogous H3K36
demethylases Rph1p and Gis1p carry 36 and 26 sites,
respectively, whereas the Jumonji domain–containing en-
zymes Jhd1p and Jhd2p are phosphorylated at just one and
five sites, respectively (315). These observations are striking
and suggest that these enzymes, and thus the histone
methylation sites that they control, may be differentially
regulated by cellular signaling. Enzymes with a large number
of phosphosites have the potential to be intricately regulated
by multiple independent signals, whereas those that have
nzymes. PTM sites were from a recent systematic characterization of yeast
phoproteomic and acetylomic studies (246, 301–321). For each modification
-translationallymodified in at least one study has been graphed as a bar chart.
(S) and threonine (T) residues, whereas for acetylation (orange) and ubiquiti-
t histone methylation enzymes, the average (mean) number of PTM sites was
d on a total of 6275 protein-coding yeast genes (345) and all known protein
from the YAAM database (324). PTM, post-translational modification.
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fewer sites may be predominantly controlled through other
means, for example, at the level of transcription (33).

There is emerging evidence that phosphorylation can
functionally modulate the activity of histone methyltransferase
and demethylase enzymes. In the mammalian cell, several
targeted studies have investigated the phosphoregulation of
histone methylation proteins and discovered how specific
phosphosites regulate diverse aspects of their biology,
including their enzymatic activity, protein–protein in-
teractions, genomic localization, and proteasomal degradation
(33). Such studies have also begun to illuminate the wide range
of human signaling pathways that transmit signaling data to
the histone methylation network (33). By contrast, in
S. cerevisiae, only a handful of low-throughput studies have
interrogated phosphosite function using targeted experimental
approaches. These studies have justifiably focused on the two
most extensively phosphorylated enzymes, Rph1p and Gis1p.
For Rph1p, phosphorylation at serine 652 potentially con-
tributes to its dissociation from chromatin in response to DNA
damage, and the checkpoint kinase Rad53p was implicated as
its upstream regulator (Fig. 5) (283). Given that phosphoryla-
tion is highly abundant in this region of Rph1p (315), it is likely
Figure 5. Post-translational regulation of yeast histone methylation enzym
ubiquitination (purple) sites on histone methyltransferase (green) and demeth
carry functional PTM sites are displayed above their cognate enzyme. For Set5p
ten phosphosites corresponding to phosphorylation at S458, S461, S462, S466
responsible for PTM sites are shown if known and colored according to the
question marks. For some PTMs, the environmental signals that trigger their d
PTM sites are also shown. Although the number of targeted studies into the po
is apparent that PTMs can affect their catalytic activity, chromatin binding, ge
that other phosphosites may also control its chromatin asso-
ciation. Systematic mutagenesis revealed that phosphorylation
at serine 412 of Rph1p is responsive to intracellular AdoMet
levels and is required, but not sufficient, to activate its H3K36
demethylase function (329). Rph1p is also known to be
controlled by kinase Rim15p, which phosphorylates and in-
hibits its activity upon nitrogen starvation to facilitate auto-
phagic induction (290). The specific phosphosite, however,
could not be determined. Rim15p is also known to indirectly
control the function of Gis1p (Fig. 5), highlighting the multiple
layers of information this kinase inputs to the methylation
system. Here, Rim15p phosphorylates endosulfines to directly
inhibit the Cdc55-protein phosphatase 2A, which thus pre-
serves phosphorylation at serine 425 of Gis1p and facilitates its
binding at promoters of nutrient-related genes (330). Finally, a
high-throughput phosphoproteomic study established a
candidate kinase for multiple phosphosites, showing that sites
at serine residues 139, 561, and 575 of Rph1p and 425 and 696
of Gis1p are downregulated upon deletion of the key cell cycle
kinase, Cdc28p (fungal homolog of Cdk1) (309). This, how-
ever, may be an indirect effect and will require validation
through targeted approaches.
es. The functional effects of phosphorylation (blue), acetylation (orange), and
ylase (pink) biology are shown. Where known, the amino acid residues that
, its catalytic activity and chromatin association are regulated by a cluster of
, S475, S476, T511, S512, S517, and S520. The upstream modifying enzymes
key. Instances where the upstream enzyme is not known are denoted by
eposition are illustrated in gray boxes. The downstream functional effects of
st-translational regulation of yeast histone methylation enzymes is modest, it
nomic localization, and degradation. PTM, post-translational modification.
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Anoutstanding question regarding the role of phosphorylation
is the degree towhich phosphosites cross talkwith one another or
function cooperatively to fine-tune enzyme activity. This is
particularly pertinent for extensively phosphorylated enzymes,
such as Rph1p and Gis1p. Although the above-mentioned ex-
amples illustrate the capacity for individual phosphosites to
modulate function, there are also instances where multiple sites
are required to elicit functional effects. For example, the catalytic
activity and chromatin association of Set5p are cooperatively
controlled by a cluster of 10 phosphosites (S458, S461, S462,
S466, S475, S476, T511, S512, S517, S520) within its C-terminal
region, as opposed to the presence or absence of specific sites
(Fig. 5) (246). More recently, the H3K36 methyltransferase ac-
tivity of Set2p was shown to be regulated by a phosphorylation
cluster (S6, S8, S10) within its acidic and intrinsically disordered
N-terminal region (315). These phosphosites may work in
conjunction with an adjacent histone H4 recognition motif to
direct Set2p chromatin association through an electrostatic
mechanism (Fig. 5). Moving forward, considerable work will be
required to clarify the prevalence of PTM cross talk on
S. cerevisiae histone methylation enzymes.
Acetylation

Acetylation is a major PTM that plays manifold functions in
the regulation of metabolic processes, in particular. It is
catalyzed by acetyltransferases that enzymatically transfer ac-
etate (CH3CO) from the donor molecule, acetyl-CoA, to either
the α-amine of the protein N-terminus or the ε-amino group
of lysine side chains (331). Although protein acetylation was
originally studied within the context of transcriptional regu-
lation (4), it is becoming increasingly apparent that many
nonhistone proteins are acetylated and that this modification
affects diverse aspects of their function, including catalytic
activity, stability, and subcellular localization (reviewed in
(332)).

Histone methylation enzymes in S. cerevisiae are heavily
acetylated, harboring a total of 101 acetyl sites across the
family of eight proteins (302, 308, 315, 320). This averages out
to ~13 acetyl sites per methylation protein, which represents a
marked enrichment compared with the entire yeast proteome,
in which proteins carry, on average, ~2 acetylation sites
(Fig. 4). This overrepresentation of acetylation is likely to be of
functional significance given that this PTM is dependent on
the availability of acetyl-CoA, a key metabolite in many
biochemical reactions. It is plausible that acetylation of the
histone methylation machinery may provide a regulatory link
between cellular metabolism and transcription, whereby spe-
cific gene expression programs are activated or repressed in
response to metabolic signals (333). Akin to phosphosite dis-
tribution, histone methyltransferases and demethylases are
also acetylated to markedly different extents, suggesting that
some enzymes, and thus the histone methyl marks they con-
trol, are likely to be more responsive to the metabolic status of
the yeast cell than others.

Although acetylation is widespread on histone methyl-
transferases and demethylases, very little is known about
18 J. Biol. Chem. (2021) 297(2) 100939
how specific acetyl sites regulate enzymatic function. To
date, a single targeted study has investigated the regulatory
effects of acetylation (285). Using a combination of in vitro
and in vivo assays, Li et al. demonstrated that Gcn5p-
mediated acetylation of the H3K36 demethylase Rph1p is
required for its autophagic degradation in response to DNA
damage stress; however, the specific site of acetylation could
not be localized (Fig. 5) (285). The paucity of understanding
regarding acetylation is likely due to the challenges in
prioritizing acetyl sites for in-depth analysis, as discussed
above for phosphosites. Given the complexities of protein
acetylation, high-throughput mass spectrometry data are
unable to distinguish acetyltransferase-mediated sites, of
high regulatory importance, from nonenzymatic acetylation
events, which are an artefact of the spontaneous reaction
between acetyl-CoA and lysine (334). This spontaneous
acetylation is more widespread throughout the eukaryotic
cell than was previously appreciated; an array-based screen
of 6000 human proteins revealed that ~1600 can be chemi-
cally acetylated in vitro (334). There is also limited concor-
dance between acetylation sites reported on histone
methylation enzymes in different acetylomic datasets (315),
although the number of proteome-scale studies of acetyla-
tion in S. cerevisiae is modest. Considerable future work is
required to characterize the full complement of acetylation
sites occurring on these enzymes in vivo and to subsequently
establish their regulatory capacity through targeted studies.
Ubiquitination

Ubiquitination refers to the post-translational conjugation
of ubiquitin, a 76-residue polypeptide, to the ε-amino group of
a substrate lysine residue. This reaction occurs through a
three-step process involving an E1 activating enzyme, E2
conjugating enzyme, and an E3 ligase, the last of which is the
central determinant of specificity in ubiquitin signaling (335).
Substrate proteins modified with one or a few ubiquitin mol-
ecules are generally targeted for proteolysis via endocytosis in
the yeast vacuole (336). Monoubiquitination can also regulate
the intracellular endocytic trafficking of client proteins (337).
By contrast, substrates marked with polymeric ubiquitin
chains are degraded through the 26S proteasome (338).

Ubiquitination on histone methylation enzymes in
S. cerevisiae is poorly understood. Only seven sites of ubiq-
uitination have been reported across the family of eight en-
zymes to date (Fig. 4). This may reflect the relative lack of
studies that have used ubiquitin enrichment techniques (e.g.,
anti-ubiquitin antibodies) prior to the identification of ubiq-
uitination sites on yeast histone methyltransferases and
demethylases (discussed in detail later). Although this modi-
fication is underrepresented on histone methyltransferases and
demethylases, two studies have shown that ubiquitination
regulates their degradation in vivo. First, Mersman et al.
demonstrated that polyubiquitination of the H3K4 demethy-
lase, Jhd2p, by the E3 ubiquitin ligase, Not4p, controls its
turnover by the proteasome and thus H3K4me3 levels and
gene expression (Fig. 5) (268). This regulation is conserved in



Figure 6. Feasibility of constructing a complete phosphoregulatory
network of histone lysine methylation in yeast. A comparison of the
histone methylation networks in budding yeast (Saccharomyces cerevisiae)
and human (Homo sapiens). Yeast possesses almost the same number of
histone lysine methylation sites (yellow) as human; however, they have
substantially fewer methyltransferase (green) and demethylase (pink) en-
zymes responsible for their regulation. As a result, there is a much smaller
number of phosphosites (blue) present on the histone methylation ma-
chinery to investigate experimentally. Systematic kinase mapping is also
conceivable in yeast, given the relatively modest number of protein kinases
(baby blue) encoded in their genome.
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mammals, where human NOT4 can also polyubiquitinate
JARID1C, the ortholog of Jhd2p. In another example, Dro-
namraju et al. showed that the H3K36 methyltransferase,
Set2p, is targeted for proteasomal degradation by the
Anaphase Promoting Complex/Cyclosome (APC/C) complex
in a cell cycle–dependent manner (Fig. 5) (339). Strikingly,
human SETD2, the ortholog of Set2p, is also regulated by
APC/C, thus highlighting an evolutionarily conserved mech-
anism of regulation for H3K36 methylation in cell cycle pro-
gression. In both these studies, the specific sites of
ubiquitination could not be identified, meaning that further
work is required to understand the molecular details of this
ubiquitin-mediated degradation.

Does the lack of ubiquitination sites on the histone
methylation machinery reflect their biological abundance or
the technical challenges associated with their detection? We
suspect that ubiquitination sites on these enzymes may be
more prevalent than currently appreciated; however, the study
of this modification is challenging using high-throughput mass
spectrometric approaches without enrichment for ubiquiti-
nated proteins or peptides. This is further complicated by the
low abundance of most histone methyltransferases and
demethylases in the yeast cell (Table 1), which makes them
hard to detect in complex biological samples (e.g., cell lysates).
Given the difficulties involved in confidently identifying
ubiquitin sites through mass spectrometry (340), targeted ap-
proaches (e.g., immunoblotting, protein purification) remain
necessary to characterize the ubiquitination landscape of
specific proteins. Further studies of this nature will illuminate
the full complement of ubiquitination sites on histone
methylation enzymes in budding yeast and pave the way for
their functional characterization.
Future challenges: a complete phosphoregulatory network

Phosphorylation is emerging as a key regulator of the yeast
histone methylation network. Phosphoproteomic analyses
have revealed that methyltransferase and demethylase enzymes
are extensively phosphorylated (Fig. 4). Although still modest
in number, targeted approaches have demonstrated that
phosphorylation can control aspects of enzyme function and
identified some of the upstream signaling kinases and path-
ways to which the histone methyltransferases and demethy-
lases are connected (Fig. 5). These observations support an
investigation into the phosphorylation of the S. cerevisiae
histone methylation network in a holistic manner. This would
involve the construction of a complete phosphoregulatory
network wherein all phosphosites on methylation enzymes
have a known upstream kinase and a known function (Fig. 6).

The generation of a complete phosphoregulatory network of
histone methylation in S. cerevisiae is conceptually feasible for
a number of reasons. First, the histone lysine methyl-
transferases and demethylases are well characterized and their
histone substrates are known and largely undisputed. This
contrasts with the mammalian cell where there is still
contention surrounding the substrate specificity of many hu-
man methylation enzymes (341–344). It is therefore possible
to experimentally monitor the downstream changes in histone
methylation marks upon modulation of specific phosphosites
on yeast histone methyltransferases and demethylases. Second,
the regulatory network of histone lysine methylation in yeast is
substantially simplified in comparison with its mammalian
counterpart (Fig. 6), making this a tractable system for in-
depth characterization. Compared with human cells,
S. cerevisiae possesses a smaller number of histone lysine
methyltransferases and demethylases (8 in yeast versus 52 in
human), which therefore carry a smaller number of phos-
phosites (143 in yeast versus 2449 in human) for targeted
analysis. There are also far fewer protein kinases encoded in
the yeast genome (127 in yeast versus 518 in human), thus
simplifying kinase discovery experiments (Fig. 6).

Considering the above mentioned advantages of S. cerevisiae
as a model for the study of histone methylation, it is
conceivable that a systems-level analysis of its phosphor-
egulation is a possible and indeed attractive prospect for future
research. Through the use of targeted experimental ap-
proaches (e.g., site-directed mutagenesis, functional assays),
studies should first seek to identify regulatory phosphosites on
histone methyltransferases and demethylases in vivo and to
then employ kinase mapping techniques (e.g., in vitro assays,
gene knockouts, BioID) to establish the connections of en-
zymes with upstream signaling cascades. If completed, such a
regulatory network would be the first of its kind for any
J. Biol. Chem. (2021) 297(2) 100939 19
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epigenetic modification in any eukaryotic species. It would
reveal the connections of the histone-based gene regulatory
network with upstream signaling pathways and thus provide
insights into the signal responsiveness of this epigenetic
modification. Given the evolutionary conservation of histone
methylation sites and enzymes, the generation of this network
in yeast would likely provide clues into the regulatory mech-
anisms underpinning histone methylation and demethylation
in human cells and in other higher eukaryotes.
Concluding remarks

The histone lysine methylation network in S. cerevisiae is
well characterized. Many studies have investigated the bio-
logical and cellular functions of histone methylation sites and
shown that the loss of specific sites manifests in deleterious
growth phenotypes in budding yeast. Furthermore, all histone
lysine methylation marks have a known methyltransferase
responsible for their deposition, and many sites have a known
corresponding demethylase to remove methylation as
required. Given the lack of additional putative histone
methylation enzymes in the S. cerevisiae proteome, it is likely
that the four currently known methyltransferases (Set1p,
Set2p, Dot1p, and Set5p) and four known demethylases
(Jhd1p, Jhd2p, Rph1p, and Gis1p) represent the full comple-
ment of enzymes that control this epigenetic modification.

Despite extensive efforts to identify histone methylation
sites and map enzymes to their respective histone substrates,
there are still a number of outstanding questions surrounding
the function and regulation of this network. In particular, there
is a paucity of understanding of how histone methylation en-
zymes are recruited to specific locations within the yeast
genome to mediate changes in gene expression in response to
stimuli. This is a critical gap in our knowledge as we only
poorly understand how the yeast cell controls when and where
the methyl marks are made in chromatin.

There is emerging evidence that the histone methylation
machinery is post-translationally modified and intricately
regulated in the budding yeast cell. Recent targeted and high-
throughput proteomic studies have demonstrated that yeast
histone methyltransferases and demethylases are decorated
with a large number of PTMs, particularly phosphorylation
and acetylation, and to a lesser extent, ubiquitination.
Although many PTM sites have been identified, only a handful
of studies have sought to investigate the functional effects of
single PTMs or to identify their upstream modifying enzymes.
Crucially, these studies have shown that PTMs can regulate
diverse aspects of methyltransferase and demethylase biology,
including their enzymatic activity, chromatin association,
genomic localization, and stability. These observations are
consistent with those in the mammalian cell, where phos-
phorylation, in particular, is pervasive on human histone
methyltransferases and demethylases and is known to control
the function of some enzymes (33).

Moving forward, considerable work is required to holisti-
cally investigate the post-translational regulation of histone
methyltransferases and demethylases in yeast and to connect
20 J. Biol. Chem. (2021) 297(2) 100939
this gene regulatory system to the cell’s signaling network. As
discussed earlier, this is particularly pertinent for phosphory-
lation given that phosphosites have been systematically map-
ped and that phosphorylation is involved in many intracellular
signaling pathways. With further work, it will be fascinating to
learn how PTMs control when and where histone methylation
enzymes act in yeast chromatin and which intracellular and
extracellular cues trigger the transmission of signaling infor-
mation to the histone methylation network to fine-tune its
function.
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