
Abstract. Site- and state-specific lysine methylation of 
histones is catalyzed by a family of proteins that contain 
the evolutionarily conserved SET domain and plays a fun-
damental role in epigenetic regulation of gene activation 
and silencing in all eukaryotes. The recently determined 
three-dimensional structures of the SET domains from 
chromosomal proteins reveal that the core SET domain 
structure contains a two-domain architecture, consisting 
of a conserved anti-parallel β-barrel and a structurally 

variable insert that surround a unusual knot-like structure 
that comprises the enzyme active site. These structures of 
the SET domains, either in the free state or when bound to 
cofactor S-adenosyl-l-homocysteine and/or histone pep-
tide, mimicking an enzyme/cofactor/substrate complex, 
further yield the structural insights into the molecular ba-
sis of the substrate specificity, methylation multiplicity 
and the catalytic mechanism of histone lysine methyla-
tion.
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Introduction

Site-specific post-translational modifications of histones 
that include methylation, acetylation, phosphorylation 
and ubiquitination function individually or combinatori-
ally as the fundamental epigenetic mechanism that gov-
erns all nuclear DNA-templated processes in eukaryotic 
organisms [1–3]. Histone lysine methylation, with the 
exception of histone H3 K79, has been shown to be cata-
lyzed exclusively by the conserved SET domain family 
proteins originally identified in Drosophila suppressor of 
variegation [Su(var)3-9] [4], enhancer of zeste [E(z)] [5] 
and trithorax [6] – hence the name. Many SET domain 
lysine methyltransferases (Fig. 1) that target site-specific 
lysines in histones have been identified and character-
ized [7–12]. Lysine methylation is generally more com-
plex than lysine acetylation, as a lysine can be subject to 

mono-, di- or tri-methylation. It has been hypothesized 
that acting in a combinatorial or sequential manner with 
other histone modifications on one or multiple histones, 
position- and state-specific lysine methylation of his-
tones that is accomplished by a SET domain lysine meth-
yltransferase in a specific biological context specifies 
unique functional consequences [13–16].
Histone lysine methylation plays a pivotal role in a wide 
array of cellular processes including heterochromatin 
formation, X-chromosome inactivation and transcrip-
tion regulation [12]. Aberrant histone methylation has 
been linked to a number of developmental disorders and 
human disease [9, 17, 18]. For example, histone H3 K4 
methylation is associated with transcriptionally active 
chromatin. H3-K4 di-methylation by Set1 correlates with 
basal transcription, whereas H3-K4 tri-methylation is ob-
served at fully activated promoters [19]. In Drosophila, 
H3-K9 methylation by the SET domain protein Su(var)3-
9 is required for the establishment and maintenance of 
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heterochromatin [20]. In fission yeast, H3-K9 methyla-
tion by the lysine methyltransferase Clr4 has been linked 
to DNA methylation and to heterochromatin assembly 
by the RNAi effector complex RITS [21–23]. Moreover, 
di-methylation of H3-K9 by G9a is known to be associ-
ated with transcriptional silencing in euchromatin [24]. 
During cell differentiation, extended H3-K27 di- and 
tri-methylation carried out by the Drosophila polycomb 
group E(z)-Esc complex [25, 26] or by its mammalian 
Ezh-Eed counterpart [27, 28] marks for long-term gene 
silencing. Regional H3-K9 tri-methylation by Suv39h 
at transcriptionally inert chromatin is regarded as a 
hallmark of constitutive heterochromatin [15]. H4-K20 
mono-methylation catalyzed by Drosophila PreSET7 (or 

SET8) is important for silencing general gene expression 
in mitosis. Finally, tri-methylation of H4 K20 by SUV4-
20h is associated with transcriptionally inactive pericen-
tric heterochromatin [29, 30].
Different methylation states of multiple histone lysines 
have been shown to have distinct biological distribu-
tions in chromatin. For instance, H3-K27 mono-methyla-
tion and H3-K9 tri-methylation are selectively enriched 
in pericentric heterochromatin, whereas H3-K27 tri- 
methylation along with H3-K9 di-methylation is consid-
ered epigenetic imprints of inactive X chromosome [23, 
31]. Ezh2-containing complexes PRC2 and PRC3, selec-
tively associated with distinct isoforms of Eed proteins, 
exhibit differential targeting of specific histones towards 

Figure 1. Sequence alignment of select members of the SET domain family. Absolutely conserved residues are shown in red, highly con-
served residues black or blue, with blue for a higher degree of conservation. Three highly conserved motifs have been highlighted by light 
gray background.
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H3-K27 or H1-K26 methylation, which has been shown 
to be important for transcriptional repression by Ezh2 
[32, 33]. Moreover, studies in yeast have shown that tri-
methylation of H3-K4 by SET1 together with H3-K36 
methylation by SET2 functionally mediate transcriptional 
elongation [34, 35]. The SET domain of SET1 closely re-
sembles the mixed-lineage leukemia (MLL) SET domain 
in humans, which also processes methyltransferase activ-
ity toward H3-K4 that leads to transcriptional activation 
at Hox gene promoters [36].
Collectively, the high degree of modification complexity 
and coding potential of histone lysine methylation in epi-
genetic control of chromatin biology may explain the ex-
istence of an unusually large family of SET domain-con-
taining proteins, which contain more than 700 members 
(greater than 100 members in humans) [37]. In addition 
to histones, recent studies show that SET domain pro-
teins can catalyze lysine methylation of cellular proteins 
including cytochrome c, Rubisco [10], p53 and Taf10 [38, 
39]. Thus, the SET domain proteins function generally 
as protein lysine methyltransferases. In this article, we 
review the current understanding of the structure, sub-
strate specificity and catalysis of the SET domain lysine 
methyltransferases.

Overall structure

To date, more than ten SET domain structures, either in 
the free form or in complex with the methyl donor co-
factor product S-adenosyl-l-homocysteine (SAH) and/or 
substrate peptides, have been solved, which include those 
of SET7/9, Dim-5, Clr4, SET8/PreSET7 and a viral SET 

domain protein (referred to as vSET) from paramecium 
bursaria chlorella virus 1 (PBCV-1) [7, 10, 11, 38–47]. 
These structures reveal that the conserved SET domain 
has a unique structural fold and is different from other 
classes of protein methyltransferases that use the cofac-
tor S-adenosyl-l-methionine (SAM) as the methyl donor 
cofactor. The SET domain contains a series of β strands 
folding into three discrete sheets that surround a knot-
like structure [48] (Fig. 2). This unusual pseudo-knot is 
formed by the C-terminal segment of the SET domain 
passing through a loop formed by a preceding stretch 
of the sequence. The C-terminal segment and the loop 
contain the two most-conserved sequence motifs in the 
SET domains consisting of ELxF/YDY and NHS/CxxPN 
(where × is any amino acid), respectively (Fig. 1).
Of the mammalian SET domain proteins that structures 
have been solved so far, the core SET domain is flanked 
by preSET (or nSET) and postSET (or cSET) sequences 
(Fig. 2). The preSET helps keep the structural stability 
by interacting with different surfaces of the core SET do-
main [7, 10]. The postSET domain forms part of the ac-
tive site by providing an aromatic residue to pack against 
the core SET domain and thus construct a hydrophobic 
channel [42]. However, neither the preSET nor postSET 
sequence is conserved in SET domain lysine methyl-
transferases. For example, vSET from PBCV-1 does not 
contain a preSET domain and exists as a dimeric form in 
solution; The post-SET region of Dim-5 contains three 
cysteine residues that are essential for methylated activity 
by forming tetrahedral coordination with a zinc ion near 
the active site [42]. However, SET7/9, SET8 and Rubisco 
methyltransferase do not have this cysteine-rich region in 
the postSET domain. Another unusual feature of the SET 

Figure 2. Three-dimensional structures of SET domains. In each proteins, PreSET, i-SET, SET and PostSET regions are depicted in cyan, 
light gray, green and yellow; the pseudo-knot, cofactor product SAH and substrate peptides are shown in magenta, blue and orange.
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domain is an inserted region called i-SET, the sequence 
of which varies considerably in length, but the amino acid 
residues have been observed to interact with the substrate 
peptide in the three-dimensional structures of the differ-

ent SET domains in ternary complex with substrate and 
cofactor.

Enzyme active site

A narrow hydrophobic channel that links the substrate 
lysine or methylated lysine and cofactor product SAH 
has been observed in all SET domain complex struc-
tures. The cofactor and substrate bind in distinct clefts on 
the opposite surfaces of the SET domain, while methyl-
ated lysine is buried in the channel at the enzyme active 
site formed by several conserved hydrophobic residues 
(Fig. 3a). The cofactor SAH is bound at the other end 
of this lysine access channel with the sulfur atom posi-
tioned at the tip of the methyl group of the mono-meth-
ylated lysine. In the ternary complex of vSET bound to 
SAH and a mono-methylated K27 histone H3 peptide, 
Tyr 50, Leu 51, Phe 52 and Ser 53 of β6, His 78 of 
β8, and Tyr 105 and Tyr 109 of the C-terminal sequence 
form the wall of the channel in the binding pocket [47]. 
Direct participation of the C-terminal residue Tyr 109 
in the formation of the lysine access channel and its in-
teractions with SAH may explain how the C-terminal 
sequence becomes more structurally ordered upon the 
ternary complex formation [47]. Similar dynamics have 
also been seen in SET7/9 [45] by the observation that 
its C-flanking domain becomes more structured and 
completes the lysine access channel upon the binding 
of the cofactor and substrate. It is also worth noting that 
Tyr 109 in vSET is reminiscent of Trp 318 in Dim-5 or 
Tyr 337 in SET7/9 [8, 43]. The latter two residues are 
directly involved in completeness of the lysine access 
channel through structural arrangement upon substrate 
binding. Interesting, in the SET8 SET domain complex 
structure, a substrate residue His 18 (-2) in the histone 
H4 Lys 20-containing peptide appears to fulfill such a 
role in the formation of the substrate lysine access chan-
nel (Fig. 3a, upper left panel) [46].
The cofactor SAH bound to the SET domain adapts a 
U-shaped conformation by forming hydrogen bonds with 
main-chain atoms of protein residues in the conserved 
NHS/CxxPN motif in the pseudo-knot and GxG motif in 
the N-terminal region. Notably, this compact conforma-
tion of the bound SAH and the geometry of its binding 
cleft are highly conserved in SET domain lysine meth-
yltransferase, but distinct from those of protein argi-
nine methyltransferases, which also use SAM as methyl 
donor. The C-terminal region of the SET domain also 
contributes to the binding cleft of the bound SAH. For 
instance, in vSET, the indole ring of the C-terminal Trp 
110 is positioned in close proximity to SAH, whereas in 
SET8 the indole ring of Trp 349 (corresponding to Trp 
352 in SET7/9) packs against the adenine base of SAH 
[8, 45–47].

Figure 3. The molecular determinants of histone lysine methyla-
tion by SET domains. (a) The geometry and molecular environ-
ment of the lysine access channel in SET domains is shown for 
vSET, hSET8, SET7/9, and DIM-5. The SAH molecule is omitted 
in the latter three structures for clarity. (b) In vitro HKMT activity 
of vSET and its mutants measured using GST-fusion histone H3 N 
terminus (residues 1-57). Relative equal amounts of GST-H3 and 
vSET proteins used in the assay are shown in an SDS-PAGE gel 
(lower panel). Signals in the fluorogram represent HKMT activity 
of vSET for GST-H3 (upper panel). Phosphorescence values are 
normalized against wild-type vSET signal (lane 1).
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Substrate specificity

Histone lysine methylation is a functionally complex pro-
cess, as it can either activate or repress transcription, de-
pending on sequence-specific lysine methylation site in 
histones and the methylation state of the ε-amino group 
of the target lysine. The high degree of modification com-
plexity and coding potential of histone lysine methylation 
in epigenetic control of chromatin biology may explain 
the existence of an unusually large family of SET domain-
containing proteins [37]. Consistent with their high sub-
strate specificity, SET domain lysine methyltransferases 
show overall low sequence similarity and the residues at 
the active site are not all conserved. Structural details of 
the available SET domains in complex with cofactor and 
histone peptide substrate provide insight into the substrate 
specificity and the general mechanism of catalysis.
The network of polar interactions between the peptide 
substrate and a SET domain lysine methyltransferase 
makes a major contribution to the substrate specificity. 
The residues in the i-SET region are directly involved 
in interactions with the peptide substrate, as described 
above. Because of its low sequence similarity in SET do-
main lysine methyltransferases that exhibit different sub-
strate specificities, this i-SET region is likely a determi-
nant for target sequence discrimination. However, it is not 
fully understood how some SET domain proteins such as 
SET7/9 and MLL1 have identical substrate specificities 
but very different i-SET sequences.
For a specific protein lysine methyltransferase, the site 
specificity of lysine methylation is probably determined 
by amino acid residues flanking the target lysine in the 
substrate. This suggests that a particular SET domain ly-
sine methyltransferase likely achieves its biological sub-
strates by recognizing a consensus motif in the biological 
targets. For instance, human SET7/9 methylates histone 
H3 at lysine 4, as well as Taf10 and p53 peptides, and 
all three substrates share the conserved K/R-S/T-K motif 
preceding the substrate lysine [38, 49]. Histone K20-spe-
cific methyltransferase hSET8 recognizes the motif R-Ω-
ξ-K-x-ϕ (where Ω is an aromatic, ξ is a non-acidic, x is 
any, and ϕ is a bulky hydrophobic amino acid) [46]. In-
terestingly, the sequence of histone H3 at Lys 27 and Lys 
9 sites has similar residues flanking the corresponding 
lysine. vSET domain selectively targets at histone H3 Lys 
27 but not Lys 9, which, as revealed by biochemical and 
structural studies, is due to its recognition of the motif 
APA that is present at the H3-K27 but not the H3-Lys 9 
site [11, 47].

Methylation multiplicity

The geometry, shape, and type of amino acids that com-
prise the substrate lysine access channel in the active site 

have been suggested to confer methylation multiplicity 
in the SET domain. Figure 3a shows the lysine access 
channels of the four ternary complex structures. The 
walls of lysine access channel are mainly formed by hy-
drophobic residues. These residues are not so conserved 
among the SET domains and may be responsible for 
methylation multiplicity because the variability of amino 
acids will alter the diameter and the shape of the channel. 
Mutation of Tyr 50 or Phe 52 to an Ala caused a nearly 
complete loss of methylation activity of vSET domain, 
whereas their more conservative amino acid mutations 
showed that Y50F became largely a mono-methylase 
for H3-K27, and that F52Y can only mono- and di- but 
not tri-methylate H3-K27 [47]. Mutation of His 78 to 
a Phe or Tyr resulted in a nearly complete loss of the 
H3-K27 methylation activity except for a little mono-
methylation activity (Fig. 3b) [47]. The mutation effects 
of His 78 are consistent with the reported mutational 
results of the corresponding Phe 281 in Dim-5, which 
showed that F281Y exhibited only mono- and di- but not 
tri-methylation of the target H3-K27. Similarly, muta-
tions of Tyr 305 to Phe in SET7/9 or Tyr 334 to Phe in 
SET8, which are positioned similarly to that of His 78 
in vSET or Phe 281 in Dim-5, have been shown to alter 
methylation multiplicity from sole mono-methylation to 
mono- and di-methylation [8, 43]. Taken together, these 
observations suggest that several residues forming the 
substrate-specific channel play an important role in de-
termining the methylation multiplicity of the SET do-
main by defining the geometry and size of the narrow 
lysine access channel and by maintaining a network of 
molecular interactions between the enzyme, cofactor and 
the substrate lysine.

Catalytic mechanism

Several possible mechanisms have been discussed in 
the literature, but there has been no consensus in the 
understanding of the catalytic mechanism. The network 
of molecular interactions revealed in the structures of 
the ternary complexes of several SET domains supports 
a notion that methyl transfer from SAM to the ε-amino 
of the target lysine likely proceeds by a direct in-line 
SN2 nucleophilic attack, and this mechanism has been 
supported by a recently theoretical study on the SET7/9 
[8, 50]. While it is believed that only a deprotonated 
substrate lysine bearing a free lone pair of electrons is 
capable of the nucleophilic attack on the SAM methyl 
group, the first mechanism is related to the hydrogen 
bonds formed in the SET domain active site [51]. The 
hydrogen bond between the δ-methyl group carbon and 
several main chain carbonyl groups and hydroxyl of the 
invariant tyrosine residue can increase the electrophilic 
character of δ-methyl group of SAM and facilitate its 
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transfer. However, the carbon-oxygen hydrogen bond is 
not present in some SET domains because the residues 
around the active site are not absolutely conserved. The 
second mechanism is of a general base catalysis, which 
predicts an active site residue deprotonates the substrate 
lysine before methyl transfer; the supporting evidence 
for this mechanism is not conclusive. For instance, the 
only invariant residue Tyr 335 in SET7/9 or Tyr 283 
in Dim-5 SET domain that could act as a general base 
for lysine deprotonation is separated from the ε-ami-
nonium group of the target lysine by greater than 3–4 
Å in the crystal structures, indicating a lacking of hy-
drogen bonding between them [43, 52]. In vSET, the pH 
dependence of the H3-K27 methylation activity of the 
wild-type vSET exhibited an apparent pKa of pH 9.0; 
mutation of the invariant tyrosine residue Tyr 105 into 
Phe or His exhibited little activity at pH 8.0 or above pH 
9.0, arguing that this invariant Tyr 105 likely does not 
act as a general base that deprotonates substrate lysine 
[47]. Thus, the general base mechanism is less likely, 
and Tyr 105 may instead function to provide a charge-
dipole interaction between its phenoxyl oxygen and the 
positively charged sulfur of SAM, or may interact with 
and align the amino nitrogen of the substrate lysine to 
the methyl carbon of SAM to facility the SN2 methyl 
transfer. Such a mechanism, which needs to be further 
validated experimentally, is reminiscent of what has 
been shown for glycine N-methyltransferase [53]. One 
feature of the SET domain structure that is consistent 
with this proposed catalytic mechanism is that the target 
lysine can lose a proton to the solvent as the C-flanking 
sequence of the SET domain is flexible and can expose 
the target lysine to the bulky solvent [45].

Prospective

Since the identification of the first histone lysine meth-
yltransferase Su(var)3-9 [11], tremendous progress has 
been made on our understanding of the three-dimensional 
structure, substrate specificity and catalytic mechanism 
of SET domain lysine methyltransferases, which has 
facilitated our characterization of the role of histone ly-
sine methylation in histone-directed chromatin biology 
(Fig. 4). However, because of the modification complex-
ity and its extraordinarily high degree of coding potential 
(in combination with other histone modifications), major 
challenges lie ahead to fully understand the chromatin reg-
ulatory capability of histone lysine methylation in direct-
ing targeted gene silencing and ‘on demand’ expression 
in response to physiological and environmental stimuli. 
In the near future, we expect that the chromatin biology 
research will address several key outstanding questions in 
the epigenetic regulation as described below.
First, more novel histone lysine methyltransferases with 
distinct cellular functions may be identified. Several 
proteins that contain the conserved PR domain, such as 
Meisetz and RIZ, have been identified to show histone 
lysine methyltransferase activity [54]. Note that PR do-
main shares only about 20% sequence identity with the 
SET domain. Detailed structural analysis of PR domains 
will be needed to understand their molecular function and 
catalytic mechanism in histone lysine methylation.
Second, several groups of conserved protein modules that 
belong to the super royal family [55] of protein modules 
have been characterized as methyl lysine recognition 
domains. These include the chromo [56–58], Tudor [59, 
60], MBT and WD repeat [61] domains, which have been 

Figure 4. Histone lysine methyltransferases, target lysine methylation sites in histones, methyl-lysine binding protein modular domains 
and the related biological functions.
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shown to read distinct methyl signals and subsequently 
direct different downstream effector proteins in histone 
signaling. Because different histone modifications can in 
principle work in a combinational fashion, it will not be 
surprising to see that some of these proteins or protein 
domains may function in combinational recognition of 
distinct patterns of histone modifications.
Third, as SET domain lysine methyltransferases are often 
functionally associated with other chromosomal proteins 
in histone methylation. It is conceivable that some of 
these cellular proteins will be identified as substrates of 
SET domain lysine methyltransferases. As such, we pre-
dict that lysine methylation serves a general mechanism 
that regulates gene transcription through site- and state-
specific lysine methylation of not only histones but also 
transcriptional proteins.
Fourth, in contrast to what was thought previously, recent 
identification of histone lysine demethylases confirms 
that lysine methylation is a reversible modification. Sim-
ilar to SET domain lysine methyltransferases, substrate 
specificity of the first identified histone lysine demeth-
ylase LSD1, which can demethylate mono- or di-methyl-
ated but not tri-methylated lysine K4 of H3 [62], is tightly 
regulated by its associated protein cofactors androgen 
receptor or CoREST [63–65]. JmjC-containing proteins 
represent another class of histone lysine demethylases. 
JHDM1 can specifically demethylate mono- or di-meth-
ylated H3 K36 [66], whereas JHDM2 targets mono- or 
di-methylated H3 K9 [67], and functions as a tri-meth-
ylation demethylase [68]. If methylation at every known 
lysine sites on histone H3 is reversible, we would expect 
more histone demethylases to be discovered. At the same 
time, we also anticipate that these lysine demethylases 
may target cellular proteins, as shown for the SET domain 
lysine methyltransferases.
Lastly, growing evidence suggests that histone lysine 
methylation plays an important role in the development of 
various forms of human disease including cancer [9, 17, 
18]. For example, suppression of SMYD3 protein expres-
sion significantly inhibits the growth of colorectal and 
hepatocellular carcinoma cells [9]. Future development 
of small-molecule chemicals that are capable of inhib-
iting or modulating the SET domain enzymatic activity 
could lead to novel anticancer therapies.
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