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Purification and Functional Characterization of
SET8, a Nucleosomal Histone H4-
Lysine 20-Specific Methyltransferase

not static. Dynamic changes in chromatin structure play
important roles in many biological processes, such as
DNA replication, repair, recombination, and transcrip-
tion. One way cells modulate their chromatin structure
is through covalent modifications of core histone tails.
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Chapel Hill, North Carolina 27599 Other prominent covalent histone modifications include
2 Department of Genetics, Cell Biology methylation, phosphorylation, and ubiquitination [2].

and Development Although discovered three decades ago [3], histone
University of Minnesota methylation remained one of the least-understood forms
Minneapolis, Minnesota 55455 of posttranslational modification until recently [4, 5].
3 Molecular Biology Program Methylation of histones occurs on both arginine and
Memorial Sloan Kettering Cancer Center lysine residues. While the in vivo evidence for histone
New York, New York 10021 arginine methylation and its function in nuclear receptor-

mediated transcriptional activation is fairly recent [6–9],
methylation on lysines 4, 9, 27, and 36 of H3 and lysine

Summary 20 of H4 have been documented for years [2, 10].
Studies on chromatin proteins involved in epigenetic

Background: Covalent modifications of histone N-ter- mechanisms, such as position effect variegation (PEV),
minal tails play fundamental roles in regulating chroma- revealed an evolutionarily conserved sequence motif
tin structure and function. Extensive studies have estab- called the SET domain [11, 12]. Based on the sequence
lished that acetylation of specific lysine residues in the similarity between the SET domain of SUV39H1 and
histone tails plays an important role in transcriptional several SET domain-containing methyltransferases from
regulation. Besides acetylation, recent studies have re- plants [13, 14], Jenuwein and colleagues demonstrated
vealed that histone methylation also has significant ef- that SUV39H1 and its S. pombe homolog Clr4 contain
fects on heterochromatin formation and transcriptional

intrinsic H3-K9-specific methyltransferase activity [15].
regulation. Histone methylation occurs on specific argi-

Subsequent studies indicate that H3-K9 methylation
nine and lysine residues of histones H3 and H4. Thus

plays an important role in the recruitment of the hetero-far, only 2 residues on histone H4 are known to be
chromatin protein HP1 and the establishment of hetero-methylated. While H4-arginine 3 (H4-R3) methylation is
chromatin [16–18]. More recent studies have suggestedmediated by PRMT1, the enzyme(s) responsible for H4-
that H3-K9 methylation is an early event in X chromo-lysine 20 (H4-K20) methylation is not known.
some inactivation, although Suv39 genes do not seemResults: To gain insight into the function of H4-K20
to be responsible for the H3-K9 methylation in the inac-methylation, we set out to identify the enzyme responsi-
tive X chromosome [19–21]. In addition to SUV39H1/ble for this modification. We purified and cloned a novel
Clr4, G9a and ESET/SETDB1 have also been reportedhuman SET domain-containing protein, named SET8,
to target H3-K9 for methylation [22–24]. Whether eitherwhich specifically methylates H4 at K20. SET8 is a single
of these two H3-K9-specific HMTases is involved in thesubunit enzyme and prefers nucleosomal substrates.
methylation of the inactive X chromosomes remains toWe find that H4-K20 methylation occurs in a wide range
be determined.of higher eukaryotic organisms and that SET8 homologs

In addition to H3-K9, great progress has also beenexist in C. elegans and Drosophila. We demonstrate that
made in the studies of H3-K4 methylation. Early studiesthe Drosophila SET8 homolog has the same substrate
in Tetrahymena suggested that H3-K4 methylation cor-specificity as its human counterpart. Importantly, dis-
relates with gene activation because H3-K4 methylationruption of SET8 in Drosophila reduces levels of H4-K20
mainly occurs in the transcriptionally active macronucleimethylation in vivo and results in lethality. Although H4-
where histone acetylation is also enriched [10]. Subse-K20 methylation does not correlate with gene activity,
quent chromatin immunoprecipitation (ChIP) analysis ofit appears to be regulated during the cell cycle.
the fission yeast mating-type locus and the chickenConclusions: We identified and characterized an evolu-
�-globin locus revealed that H3-K4 and H3-K9 methyla-tionarily conserved nucleosomal H4-K20-specific meth-
tion are enriched in transcriptionally active euchromatinyltransferase and demonstrated its essential role in Dro-
and transcriptionally repressed heterochromatin, re-sophila development.
spectively [25, 26]. Recent studies have identified SET1
as the enzyme responsible for H3-K4 methylation in bud-Introduction
ding yeast [27–30]. Interestingly, biochemical purifica-
tion of HMTase activities from HeLa cells identified SET7One important breakthrough in our understanding of

chromatin is the realization that chromatin structure is (also called Set9), which has little sequence similarity
to yeast SET1 outside the SET domain, as the H3-K4-
specific methyltransferase [31, 32]. Whether mammalian4 Correspondence: yi_zhang@med.unc.edu
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SET7 is the functional homolog of yeast SET1 remains we identified six protein bands (Figure 1B, top panel,
indicated by dots and star) that are likely responsibleto be determined.

Identification and characterization of the HMTases for the enzymatic activity.
mentioned above is an important step toward under-
standing the function of histone methylation. However,

Identification of a Novel 45 kDa SET Domain-since different modifications or the same modification
Containing Protein as the H4-Specific HMTaseat different lysines have different outcomes [5], it would
To determine which of the six candidate proteins isnot be possible to completely dissect the “histone code”
responsible for the detected nucleosomal histone H4-[33] without identifying the HMTases that target other
specific methyltransferase activity, each of the six pro-histone lysine residues for methylation. Here we report
tein bands was excised and subjected to in-gel trypticthe purification, molecular identification, and functional
digestion. The resulting peptides were analyzed by masscharacterization of a nucleosomal H4-K20-specific
spectrometry [34]. Interestingly, most masses obtainedHMTase. We found that an evolutionarily conserved SET
from the 45 kDa protein, marked by a star (Figure 1B,domain-containing protein, named SET8, is responsible
top panel), matched a SET domain-containing proteinfor H4-K20 methylation both in vitro and in vivo. In addi-
named PR/SET07 in GenBank (AAF97812). Since all thetion, H4-K20 methylation is widespread in the genome
lysine-specific HMTases identified so far contain a SETand appears to be regulated during the cell cycle. Finally,
domain, the 45 kDa protein is likely responsible for thedisruption of SET8 in Drosophila by a P element insertion
detected H4-specific HMTase activity. It is important toresults in lethality that correlates with decreased H4-
point out that not all the masses obtained from the 45K20 methylation.
kDa protein matched PR/SET07. Either the 45 kDa pro-
tein band represents a mixture of PR/SET07 and another
protein or the protein is distinct but highly related toResults
PR/SET07.

To differentiate these two possibilities, human ESTPurification of an H4-Specific HMTase
By following histone methyltransferase activity, we have clones that are similar or identical to that of the PR/

SET07 in sequence were obtained and sequenced. Con-previously identified PRMT1 and SET7 as H4-R3- and
H3-K4-specific methyltransferases, respectively [6, 31]. ceptual translation of the cDNA from one of the EST

clones (BE867579) generated an ORF (open readingHowever, neither enzyme has significant enzymatic ac-
tivity toward nucleosomal histones in vitro. To identify frame) of 352 amino acids. Since all nine peptide se-

quences obtained from the 45 kDa protein band pre-HMTase capable of methylating nucleosomal histones,
nuclear protein fractions derived from DE52 and P11 cisely match sequences within the 352 amino acids ORF

(Figure 2A), we conclude that the 45 kDa protein is dis-columns were analyzed for HMTase activity, using either
core histones or oligonucleosomes as substrates. Re- tinct from but highly similar to PR/SET07 (84% identical).

Several lines of evidence indicate that the 352 aminosults shown in Figure 1A indicate that multiple HMTase
activities specific for histones H3 and H4 in the form of acids encoded by the cDNA represent the full-length

protein. First, all the masses obtained from the 45 kDacore histones or oligonucleosome exist. While multiple
fractions contain nucleosomal H3-specific HMTase ac- protein are accounted for in the ORF. Second, the calcu-

lated molecular mass 40 kDa is close to the estimatedtivity, only one fraction contains nucleosomal H4-spe-
cific HMTase activity (Figure 1A, bottom panel). Western 45 kDa apparent molecular mass. Third, the nucleotide

sequence around the first methionine conforms to theblot analysis indicates that this fraction does not contain
the previously identified H4-R3-specific methyltransfer- Kozak initiator sequence [35]. Fourth, transfection of a

mammalian expression vector containing the ORF intoase PRMT1 (data not shown), suggesting that a protein
other than PRMT1 is responsible for the enzymatic activ- 293T cells generated a product that migrates at the

same position as that of the native protein (data notity. Previous studies indicated that lysine methylation in
histone H4 is restricted to lysine 20 [10], thus, the frac- shown).

Analysis of the putative nucleosomal H4-specifiction likely contains the long sought H4-K20 methyltrans-
ferase. methyltransferase revealed a SET domain at its C termi-

nus (Figure 2A). Similar to the previously identified H3-To purify the enzyme, the 1.0 M P11 fraction was
fractionated sequentially through four columns (Figure K4-specific HMTase SET7 [31], neither a cysteine-rich

preSET nor a postSET domain was identified. A search of1A). The enzymatic activity was monitored by HMTase
assay using oligonucleosomes as substrates. Analysis the GenBank databases with the amino acid sequence

revealed apparent homologs in Drosophila (CG3307)of the fractions derived from the last purification step
indicated that the activity eluted with a native size of and C. elegans (T26A5.7). Alignment of these homologs

with their human counterpart revealed that these pro-50–150 kDa between fractions 50 to 56 (Figure 1B, mid-
dle panel). Silver staining of an SDS-polyacrylamide gel teins are highly conserved in the SET domain and its

adjacent sequences (Figure 2A). However, the lengthscontaining the column fractions revealed multiple pro-
teins present in the enzymatically active fractions (Figure of the N-terminal regions of these proteins are variable in

different organisms. Interestingly, no apparent homolog1B, top panel). The limited amount of the sample pre-
vented us from further purification. Since the activity was found in the budding yeast Saccharomyces cerevis-

iae. Since the SET domain is the only recognizable motifbegins with fraction 50 and ends with fraction 56, the
candidate protein bands should be present in fraction found in this protein, the protein has no homology to

any of the six yeast SET domain-containing proteins50 but absent in fractions 47 and 59. Using these criteria,
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Figure 1. Purification of an H4-Specific Methyltransferase

(A) Schematic representation of the steps used to purify the H4-specific HMTase. Numbers represent the salt concentrations (mM) at which
the HMTase activity elutes from the columns. Substrates used in the HMTase assays are indicated.
(B) Silver staining of a polyacrylamide-SDS gel (top panel), HMTase activity assay (middle panel), and Western blot analysis (bottom panel)
of the fractions derived from the gel-filtration Superose 200 column. The elution profile of the protein markers is indicated on top of the panel.
The protein size marker on SDS-PAGE is indicated to the left of the panel. The polypeptides that coelute with the HMTase activity are indicated
by a •, and the enzyme (hSET8) is marked by a *.

outside the SET domain, and the protein is different from In order to identify possible SET8 associated pro-
the H3-K4-specific HMTase SET7 [31] or the putative tein(s), input for the phenyl sepharose column was used
protein PR/SET07, we name this protein SET8. for immunoprecipitation followed by silver staining and

Although all the lysine-specific HMTases identified so Western blot analysis using SET8 antibody. As a control
far contain SET domains, the presence of a SET domain for specificity, a polyclonal antibody against GST was
is not sufficient for HMTase activity [15]. To confirm that used in parallel experiments. Results shown in Figure
SET8 is indeed the nucleosomal H4-specific methyl- 2D demonstrate that no apparent polypeptide coimmu-
transferase that we are pursuing, recombinant SET8 was noprecipitates with SET8 (bands around 26 kDa present
generated and tested for its activity using nucleosomes in both samples are IgG light chain). Since the native
as substrates. Results shown in Figure 2B demonstrate size of SET8 is between 66 and 150 kDa (Figure 1B,
that SET8 is indeed capable of methylating nucleosomal bottom panel), it is possible that SET8 exists as a homo-
H4. Moreover, recombinant SET8 and the native SET8 dimer. Consistent with this possibility, recombinant
seem to have comparable activity when equal amounts SET8 eluted at exactly the same fractions as that of the
of SET8 were compared (Figure 2B, compare lanes 1 native SET8 on the S200 column (compare Figures 2E
and 3). Thus, we conclude that SET8 is a novel nucleoso- and 1B, bottom panel). Collectively, the above data sup-
mal H4-specific methyltransferase. port that SET8 is a nucleosomal H4-specific HMTase

The fact that the native enzymatic activity eluted at a and that SET8 functions as a homodimer.
slightly larger mass than 45 kDa (Figure 1B) prompted
us to ask whether any other factors coexist with SET8

SET8 Prefers Nucleosomal Histone H4in a protein complex. To this end, a polyclonal rabbit
as Substrateantibody against SET8 was generated. Western blot
Having established that SET8 is able to methylateanalysis of partially purified HeLa extracts using affinity-
nucleosomal histone H4, we also assessed whether itpurified SET8 antibody demonstrated that the antibody
can methylate H4 in the form of a mixture of core his-is highly specific (Figure 2C). To verify that SET8 is in-
tones. Results shown in Figure 3A indicate that at adeed present in our last purification step, fractions de-
low enzyme concentration (enzyme/octamer molar ratiorived from the gel filtration S200 column were analyzed
1:625 to 1:12) SET8 almost exclusively methylatesby Western blot using SET8 antibody. Results shown
nucleosomal histone H4 (Figure 3A, lanes 1–8). However,in Figure 1B indicated that the elution profile of SET8
as the enzyme concentration increases (enzyme/oc-overlaps the nucleosomal H4-specific HMTase activity.
tamer molar ratio 1:6 to 1:3), SET8 is able to methylateSurprisingly, although fraction 56 contains no detect-
H4 in both octamer and nucleosome forms, with a prefer-able SET8, it contains a relatively high level of enzymatic
ence for the nucleosomal substrate (Figure 3A, lanesactivity. One explanation is that this fraction contains

another unidentified H4-specific HMTase (see below). 9–12). Given that SET8 has a strong preference toward
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nucleosomal histone H4 in a wide range of enzyme con- smallest domain identified so far that possesses nucleo-
somal HMTase activity. It is interesting to note that thecentrations, we belive that nucleosomes are likely to be

the physiological substrate of SET8. minimum domain of SET8 that possesses HMTase activ-
ity correlates with the region that is most conservedTo begin to understand why SET8 prefers nucleoso-

mal histone H4 as its substrate, we tested reconstituted among the SET8 homologs from different organisms.
Thus, the SET8 homologs from Drosophila and C. ele-nucleosomes prepared from recombinant Xenopus core

histones and plasmid DNA by the salt dilution method gans are likely to have HMTase activity (see below).
[36, 37]. The reconstituted nucleosomes were subjected
to methylation by SET8 at an enzyme/octamer molar SET8 Methylates H4 at Lysine 20
ratio of 1:30 at which SET8 only methylates nucleosomal Having established that SET8 is an H4-specific HMTase,
histone (Figure 3A). As controls, histone octamers alone we attempted to determine the methylation site. Micro-
and octamer plus unassembled plasmid DNA were also sequencing of SET8 methylated H4 followed by liquid
used in the HMTase assay. Results shown in Figure 3B scintillation counting revealed that lysine 20 is the meth-
indicate that, while SET8 is not able to methylate histone ylation site (Figure 4A). Since SET8 is capable of methyl-
H4 in octamers, it can efficiently methylate histone H4 ating recombinant H4 as well as H4 peptide at a higher
in the presence of DNA. However, we cannot rule out enzyme concentration (data not shown), we verified the
the possibility that the plasmid DNA and histones form site mapping result using wild-type and mutant H4 tail
a nucleosome-like structure during the reaction. peptides as substrates. While SET8 can efficiently meth-

ylate wild-type H4 tail peptide, it is completely inactive
toward the same peptide with a K20L mutation (Figure

The SET Domain and Its Adjacent Sequences 4B). Taken together, these results support that SET8
Are Required for SET8 HMTase Activity specifically methylates H4 at K20 in vitro.
Having demonstrated that SET8 is a potent HMTase
with preference for nucleosomal histone H4 (Figure 3B),

H4-K20 Methylation Occurs in a Wide Rangewe attempted to determine the minimal amino acid se-
of Higher Eukaryotic Organismsquences required for its HMTase activity. Previous stud-
To investigate the role for SET8 in H4-K20 methylationies on SUV39H1, SET7, and ESET indicated that the SET
in vivo, we generated a polyclonal antibody against adomain is required for each of these HMTases’ activity
dimethyl-K20 H4 tail peptide. To examine the specificity[15, 31, 23]. To determine whether the same is true for
of the antibody, reconstituted nucleosomes were meth-SET8, a SET8 mutant protein that contains a single
ylated by SET8 and analyzed by Coomassie stainingamino acid change (H299A) in the most conserved NHS
and Western blots. To demonstrate that the antibodymotif of the SET domain was generated. HMTase assay
did not simply recognize any methylated residues ondemonstrated that the point mutation greatly impaired
H4, recombinant H4 that was methylated by PRMT1 atthe enzymatic activity toward nucleosomal H4 (Figure
R3 was included as a control. Results shown in Figure3D, compare lanes 1 and 2). Thus, the SET domain of
4C demonstrate that the antibody recognized SET8-SET8 is critical for its HMTase activity.
methylated histone H4 (lane 4), while it does not recog-In addition to the SET domain, our previous work on
nize nonmethylated (lanes 1 and 3) or R3-methylatedSET7 has demonstrated that the adjacent sequences,
H4 (lane 2). Thus, we conclude that the antibody is H4-whether cysteine rich or not, are also required for
mK20-specific.HMTase activity [31]. Given that SET8 targets histone

Having demonstrated the specificity of the antibody,H4 instead of H3, we asked whether any sequences in
we tested for H4-K20 methylation in different organisms.SET8 other than the SET domain are required for its
Core histones isolated from chicken, Drosophila, andHMTase activity. To this end, a series of N-terminal and
the budding yeast Saccharomyces cerevisiae were ana-C-terminal deletion mutant SET8 proteins were gener-
lyzed for the existence of H4-K20 methylation by West-ated and tested for HMTase activity. Similar to the
ern blotting. As negative and positive controls, recombi-H299A mutation in the SET domain, deletion of the nine
nant H4 and HeLa core histones were included in theamino acids at the extreme C terminus of SET8 dramati-
assay. Consistent with the existence of a SET8 homologcally decreased its enzymatic activity toward nucleoso-
in Drosophila but not in yeast (see above), H4-mK20-mal histone H4 (Figure 3D, compare lanes 1 and 7). In
specific antibody reacted with H4 purified from Dro-contrast to the stringent requirement for the C terminus,
sophila but not from yeast (Figure 4D). Given that thethe N-terminal 174 amino acids do not seem to be re-
minimum sequences on SET8 required for HMTase ac-quired for its HMTase activity (Figure 3D, compare lanes
tivity are highly conserved in the putative Drosophila3–5 with lane 1). On the contrary, the N-terminal amino
and C. elegans homologs (Figure 2A), it is likely that H4-acid sequences seem to inhibit the SET8 HMTase activ-
K20 methylation also occurs in C. elegans. Thus, weity, as deletion of the N-terminal 53 amino acids almost
believe that H4-K20 methylation is likely to occur in mostdoubled the SET8 HMTase activity (Figure 3D, compare
if not all multicellular organisms.lanes 3 and 4 with 1). Further deletion of the N-terminal

sequences to the SET domain completely abolished its
enzymatic activity (Figure 3D, compare lanes 5 and 6). dSET8 Contributes to H4-K20 Methylation In Vivo

Having established that H4-K20 methylation occurs inSimilar results were obtained when core histones were
used as substrates (data not shown). The above studies Drosophila, we attempted to determine whether the pu-

tative Drosophila SET8 homolog encoded by CG3307indicate that about half of the SET8 protein is dispens-
able for its HMTase activity. We believe that this is the also has H4-K20-specific HMTase activity. Toward this
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Figure 2. Identification of the H4-Specific HMTase hSET8

(A) Alignment of the amino acid sequences of the novel SET domain-containing H4-specific HMTase from human (AY102937), Drosophila
(AAF55047), C. elegans (T34384), and the PR/SET07 (AAF97812). Peptides obtained from mass spectrometric analysis are underlined. Amino
acids that are identical to hSET8 are indicated by “-”. Gaps are indicated by “.”. Highlighted sequences represent SET domain. * indicates
the amino acid that, when mutated, dramatically reduced the hSET8 HMTase activity.
(B) Comparison of the native and recombinant hSET8 HMTase activity. Fixed amounts of native hSET8 were compared with different amounts
of recombinant hSET8 indicated at the top of the panel (top panel) for their HMTase activities (middle panel) using equal amounts of
oligonucleosome substrates (bottom panel).
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Figure 3. Characterization of the SET8 HMTase Activity

(A) SET8 preferentially methylates nucleosomal H4. Equivalent amounts of octamers or nucleosomes (bottom panel) purified from HeLa cells
were methylated using different amounts of recombinant hSET8. The amounts of enzyme used and the corresponding molar ratios of rhSET8
to octamers are indicated on top of the panels.
(B) The HMTase activity of SET8 is stimulated by the presence of DNA. Recombinant octamers in the presence or absence of DNA were
compared with equivalent amounts of reconstituted nucleosomes for methylation by 100 ng of SET8 (enzyme/octamer ratio of 1:30).
(C) Schematic representation of the different hSET8 deletion mutants. The SET domain and the point mutation are indicated. The amino acid
numbers for each construct are indicated.
(D) Equal amounts of wild-type and mutant GST-hSET8 proteins (top panel) were compared for their HMTase activities (middle panels) using
equal amounts of oligonucleosomes as substrates. The relative HMTase activity represents the average of two independent experiments.
Variations between the two experiments are indicated by error bars.

end, a CG3307 cDNA clone, LD12042, was obtained the fly protein was generated and analyzed for HMTase
activity using reconstituted nucleosomes as substrates.from the Drosophila EST project and was sequenced.

A GST-fusion protein containing amino acids 25 to 689 of Results shown in Figure 5A demonstrate that the fly

(C) hSET8 antibody is highly specific. Silver staining (left) and Western blot (right) analysis of an aliquot (40 �l) of the Hydroxyapatite column
input. Western blot was probed with the hSET8 antibody.
(D) Immunoprecipitation analysis of hSET8. Aliquots of phenyl sepharose input were immunoprecipitated with antibodies against hSET8 or
GST crosslinked to protein A agarose beads. Proteins that bound to the antibodies were analyzed by silver staining (left) and Western blot
(right).
(E) Elution profile of recombinant hSET8 on the S200 column. About 100 �g purified recombinant hSET8 was fractionated on S200. Aliquots
of elution fractions were analyzed by Western blotting. Elution conditions were exactly the same as that used in Figure 1B.
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Figure 4. SET8 Methylates Histone H4-Lysine 20 In Vitro

(A) In vitro hSET8 methylated H4 was blotted onto PVDF membrane and subjected to N-terminal automated sequencing. 3 H-radioactivity
eluted from each cycle was counted. The amino acids identified at each cycle of microsequencing are listed.
(B) HMTase assay using wild-type and mutant (K20L) synthetic H4 tail peptide as substrates.
(C) Characterization of the H4-mK20 antibody. Recombinant histone H4 or equivalent amounts of reconstituted nucleosomes were methylated
by PRMT1 or hSET8, respectively. Samples were then analyzed by Western blots using the H4-mR3 and H4-mK20 antibodies.
(D) H4-K20 methylation occurs in a wide range of multicellular organisms. Equivalent amounts of histones from different organisms indicated
on top of the panel were analyzed by Western blot using the H4-mK20-specific antibody.

protein not only contains H4-specific HMTase activity the expected size, 76 kDa, is significantly reduced in
the mutant extract (top panel). However, probing of the(top panel), it also targets K20 for methylation (middle

panel). Since the fly protein and human SET8 share se- same blot with a tubulin antibody resulted in equivalent
signals (bottom panel). Thus, we conclude that thequence similarity and show the same substrate specific-

ity, fly CG3307, which we refer to as dSET8, appears to l(3)neo41 insertion significantly reduces dSET8 protein
levels.encode a functional homolog of the human SET8 protein.

We wished to investigate possible requirements and To determine if reduced levels of dSET8 affect histone
H4-K20 methylation, we compared the H4-K20 methyla-roles for dSET8 in vivo. Since mutations in at least 25%

of vital Drosophila genes are available from collections tion levels in histones from wild-type and l(3)neo41 mu-
tant larvae. As shown in Figure 5C, the total level of H4-of P transposon insertions [38], we searched FlyBase

[39] for preexisting insertions in or near dSET8. We found K20 methylation is significantly reduced in the mutant
when compared with that of wild-type. Thus, we con-a single P element, corresponding to the mutation

l(3)neo41 [40], located in the 5�-untranslated region 123 clude that dSET8 contributes to H4 methylation in vivo.
The fact that the mutant retains substantial levels ofbp downstream of the predicted dSET8 transcription

start site. The l(3)neo41 chromosome is homozygous H4-K20 methylation suggests that additional H4-K20-
specific HMTases exist in Drosophila. Consistent withlethal, and lethality is also observed when l(3)neo41 is

tested in trans to a deficiency that removes dSET8 [40]. this possibility, we observed additional H4-K20 methyl-
transferase activity in HeLa cells which does not corre-To assess if the P insertion affects levels of dSET8 pro-

tein, we performed Western blots on wild-type and late with hSET8 in chromatography (data not shown and
also see Figure 1B, compare middle and bottom panels).l(3)neo41 mutant larval extracts using antibody against

hSET8. Since dSET8 is 58% identical to hSET8 within Identification of the additional H4-K20-specific HMTase
will be required to fully understand the function of H4-the C-terminal 130 amino acids, we reasoned that anti-

hSET8 antibody might crossreact with the fly protein. K20 methylation in vivo.
To further investigate the timing and possible causesData shown in Figure 5B indicate that a protein band of
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Figure 5. Disruption of dSET8 Results in Decreased H4-K20 Methylation In Vivo

(A) Recombinant Drosophila SET8 (dSET8) is capable of methylating nucleosomal H4-K20 in vitro. Equivalent amounts of reconstituted
nucleosomes (bottom panel) were methylated by recombinant human or Drosophila SET8. The HMTase activity (top panel) and H4-K20
specificity (middle panel) are shown.
(B) A P element insertion greatly reduces dSET8 expression. Cell lysates from wild-type and homozygous mutant larvae were analyzed by
Western blot for dSET8. Equal loading was verified by Western blot for tubulin (bottom panel).
(C) dSET8 is partially responsible for H4-K20 methylation in vivo. Equivalent amounts of histones (top panel) extracted from wild-type and
homozygous mutant Drosophila larvae were analyzed for H4-K20 methylation level by Western blot (bottom panel).
(D) Distribution of K20-methylated H4 in polytene chromosomes derived from a wild-type larval salivary gland. Arrow indicates the chromocenter,
and asterisks indicate chromosome puffs.
(E) Distribution of K20-methylated H4 in polytene chromosomes derived from a dSET8 mutant of genotype l(3)neo41/Df(3R)red31. Arrow
indicates chromocenter.

of lethality in l(3)neo41 mutants, we analyzed l(3)neo41/ 754 total progeny. These rare escapers displayed multi-
ple phenotypes, including rough eyes, notched wings,Df(3R)red31 animals, where Df(3R)red31 is a third chro-

mosome deficiency that uncovers lethality of the and patches of disorganized thoracic and abdominal
bristles. The lethality prior to adulthood appeared tol(3)neo41 insertion ([38, 40] and Experimental Proce-

dures). This combination appears to be semilethal, as be polyphasic, with death occurring at both pupal and
prepupal stages. Taken together, these results showsix adult survivors were recovered from a cross yielding
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that dSET8 function is required for normal fly develop- not likely involved in heterochromatin silencing in mam-
malian cells.ment and viability. The survival of many hemizygotes to

late developmental stages, together with the reduced
but not complete loss of H4-K20 methylation in the mu- Tests for Interdependence between H4-K20
tant (Figure 5), are consistent with at least partial func- Methylation and H4 Acetylation
tional overlap with additional H4-K20-specific HMTases. Previously, we have demonstrated that H4-R3 methyla-

tion facilitates subsequent H4 acetylation by p300 [6].
Since histone acetylation has been linked to gene activa-H4-K20 Methylation Is Widely Distributed

in Polytene Chromosomes tion [1], we thought that understanding the effect of
H4-K20 methylation on subsequent histone acetylationPrevious studies have revealed that methylation of his-

tone H3 on K4 and K9 are not uniformly distributed might help us to understand the potential role of H4-K20
methylation on transcription. To this end, recombinanton chromosomes. While methylated K4 is enriched in

actively transcribing euchromatin, methylated K9 is histone H4 was incubated with SET8 with or without the
presence of the methyl donor S-adenosyl-L-methioninemainly concentrated in heterochromatin [25, 26]. To de-

termine the chromosomal distribution of H4-K20 methyl- (SAM). After confirmation of the H4-K20 methylation sta-
tus (Figure 6B, top panel), the reaction mixtures wereation, polytene chromosomes prepared from wild-type

larvae were stained with antibodies against H4-mK20 subjected to acetylation by p300 in the presence of 3 H-
acetyl-CoA. Results shown in Figure 6B (middle panel)and counterstained with DAPI. Results shown in Figure

5D indicate that the modification is widespread in the indicate that no significant differences in the acetylation
efficiency of the nonmethylated and methylated H4 weregenome, with greater than a hundred discrete bands

detected throughout the euchromatic arms. Parallel observed. Thus, we conclude that methylation on H4-
K20 does not significantly affect subsequent H4 acetyla-staining of the chromosomes with preimmune serum

resulted in no detectable signal (data not shown). The tion by p300 under our assay conditions.
We next sought to determine the effect of histoneoverall H4-K20 methylation pattern generally mirrors the

DAPI pattern, where the brightest staining bands are acetylation on subsequent histone methylation. We first
addressed this question in vivo by purifying both hyper-thought to reflect regions of greatest DNA condensation

in the chromosomes. In addition, the chromocenter ap- acetylated and hypoacetylated core histones from HeLa
cells and comparing their H4-K20 methylation status.pears to be a major site of H4-K20 methylation (arrows).

In contrast, H4-K20 methylation is low or absent in puffs The acetylation status of the core histones were re-
vealed by Coomassie staining of a Triton-Acetic Acid-(asterisks) and interbands, which correspond to the

most highly transcribed regions. Thus, H4-K20 methyla- Urea (TAU) gel (Figure 6C, lanes 1 and 2). Western blot
analysis of parallel samples using H4-mK20-specific an-tion does not seem to correlate with robust gene activity

but might play a role in the more transcriptionally silent tibodies revealed that the H4-K20 methylation occurs
on all the different acetylated H4 isoforms and appearsor highly condensed portions of these chromosomes.

Alternatively, the widespread distribution could reflect to be slightly enriched in the nonacetylated and mono-
acetylated isoforms (Figure 6C, compare lanes 1 and 3).a role in processes besides transcription or a general

architectural role in chromatin (see below). Thus, H4-K20 methylation level does not seem to be
significantly affected by histone acetylation level in vivo.To investigate if reduced levels of dSET8 affects accu-

mulation of the H4-K20 methylation on chromosomes, To compare the efficiency of different acetylated H4
isoforms to serve as substrates for SET8, both hyper-we analyzed chromosomes prepared from l(3)neo41/

Df(3R)red31 animals, which survive through late larval acetylated and hypoacetylated core histones (Figure 6C,
lanes 1 and 2) were methylated by SET8 in the presencestages (see above). Figure 5E shows that anti-methyl-

K20 staining is generally reduced, although not elimi- of [3 H]-SAM and analyzed by TAU gel. Results shown
in Figure 6C (lanes 5 and 6) indicate that, while SET8 isnated, in chromosomes from these mutants. This result

is consistent with the reduction in methyl-K20 levels able to methylate all the different H4 isoforms, it prefer-
entially methylates hyperacetylated H4 isoforms (lanedetected by Western blot of dSET8 mutant extracts (Fig-

ure 5C). 5) in vitro. A simple explanation for this preferential meth-
ylation is that the hyperacetylated forms were at a lower
methylation level in vivo before being subjected to inH4-mK20 Is Not Enriched in Heterochromatin
vitro methylation. Collectively, our data do not supportin Mammalian Cells
significant interdependence between H4-K20 methyla-To assess the distribution of H4-K20 in mammalian cells,
tion and H4 acetylation.NIH3T3 nuclei were stained with antibodies against H4-

mK20. The results shown in Figure 6A (top panels) re-
vealed a speckled staining pattern within interphase nu- H4-K20 Methylation Is Cell Cycle Regulated

Previous studies indicated that histone methylation isclei, which does not overlap with the heavily DAPI stained
heterochromatin. Consistent with this result, staining of regulated during the cell cycle [41], although H4-K20

modification was not specifically assessed. To analyzemitotic chromosomes with the mK20-specific antibody
revealed that methyl-K20 appears to be excluded from the H4-K20 methylation status during the cell cycle, we

arrested HeLa cells at the G1/S border, using a doublepericentric heterochromatin. Instead, K20-methylated
H4 seems to be distributed along the mitotic chromo- thymidine block. After releasing the arrested cells from

the thymidine block, cells were collected every 2 hr forsomes with a speckled pattern (Figure 6A, bottom pan-
els). These results suggest that H4-K20 methylation is flow cytometry as well as for the preparation of protein
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Figure 6. Distribution of H4-K20 Methylation in NIH3T3 Cell Nuclei, Mitotic Chromosomes, HeLa Cell Cycle, and Tests for Interplay between
H4-K20 Methylation and H4 Acetylation

(A) NIH3T3 cell nuclei and mitotic chromosomes were stained with antibodies against H4-mK20 and counterstained with DAPI. Note mK20
staining does not correlate with heavily DAPI stained heterochromatin in interphase cells and is excluded from centromeres in mitotic
chromosomes.
(B) Methylation of H4-K20 does not significantly affect subsequent acetylation by p300. Mock- and SET8-methylated recombinant H4 were
subjected to p300 acetylation in the presence of [3 H]acetyl-CoA. Samples were analyzed by Western blot, fluorography, and Coomassie
staining.
(C) Both hypoacetylated and hyperacetylated H4 can be methylated by SET8. Hyper- (Ac) and hypoacetylated (Non-Ac) core histones were
resolved by TAU gel electrophoresis and analyzed by Coomassie staining (left panel) and Western blot (middle panel). These samples were
also subjected to SET8 methylation in the presence of [3 H]-SAM and visualized by fluorography (right panel).
(D) Cell extracts and histones derived from different cell cycle stages were analyzed by Western blotting. SLBP and cyclin A were used as
cell cycle markers; tubulin and total H4 were used as loading controls. The H4-K20 methylation level was analyzed by probing with the mK20-
specific antibodies. The cell cycle stage of each sample is indicated on top of the panels.

extracts and histones. Flow cytometry analysis indi- methylation levels change during the cell cycle, histones
isolated from corresponding cells were subjected tocated that more than 95% of the cells progress through

S phase and enter G2 synchronously (data not shown). Western blot analysis using the H4-mK20-specific anti-
body. Results shown in Figure 6D demonstrate that H4-The cells were successfully arrested at the G1/S border

before release, as evidenced by the accumulation of the K20 methylation peaks during S phase and drops during
G2/M phase.histone mRNA stem-loop-binding-protein (SLBP) (Fig-

ure 6D). As demonstrated previously [42], SLBP levels Using a similar approach, we also analyzed the H4-
K20 methylation status in G1 phase by releasing cellsstayed high throughout S phase, and as cells exited S

phase, SLBP levels dropped rapidly (Figure 6D). The arrested at M phase by nocodazole block. This study
confirmed that H4-K20 methylation level is the lowestcells complete mitosis about 12 hr after release, as evi-

denced by the degradation of cyclin A as cells enter during mitosis, maintains an intermediate level during
G1, and reaches the highest in S phase (data not shown).anaphase (Figure 6D). To determine whether H4-K20
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Thus, experiments using two different cell synchroniza- studies have revealed that histone methylation is also
involved in transcription regulation [5]. For example,tion methods indicate that H4-K20 methylation level is

regulated during the cell cycle. methylation of H4-R3 and H3-R17 by PRMT1 and
CARM1, respectively, play important roles in nuclear
hormone receptor-mediated transcriptional activationDiscussion
[6–9]. In contrast, methylation of H3-K9 by SUV39/Clr4
and subsequent recruitment of HP1/Swi6 generally cor-SET8 Is a Nucleosomal Histone H4-K20-Specific
relates with transcriptional repression [16–18]. To inves-Methyltransferase
tigate the potential role of H4-K20 methylation in tran-Using biochemical approaches, we purified a nucleoso-
scription regulation, we used several approaches.mal histone H4-specific HMTase activity (Figure 1) and
Multiple lines of evidence suggest that H4-K20 methyla-found that a single SET domain-containing polypeptide,
tion is not likely to play a major role in regulating tran-named SET8, is responsible for the enzymatic activity
scription activity. First, immunostaining of fly polytene(Figure 2). This single subunit HMTase is highly specific
chromosomes revealed that although H4-K20 methyla-for nucleosomal H4 at low enzyme concentrations. How-
tion is widespread on the euchromatic arms (Figure 5D),ever, at a higher enzyme concentration, it is capable
staining is low or absent in puffs and interbands, whichof methylating H4 present in mixtures of core histones
correspond to the most actively transcribed regions.(Figure 3A). To our knowledge, this is the first HMTase
H4-K20 methylation was also seen at the chromocenter.identified with this substrate preference, suggesting that
More work is needed to determine if there is a link be-it may exclusively target nucleosomal histones for meth-
tween this modification and gene repression or struc-ylation in vivo.
tural organization of chromatin in this region. However,Mutation and deletion studies indicated that the SET
immunostaining of mammalian cells with the same anti-domain and its adjacent regions are required for SET8
body indicated that H4-K20 methylation pattern doesHMTase activity (Figure 3D). Similarly, we have demon-
not correlate with the transcriptionally repressed hetero-strated previously that both the SET domain and its
chromatin (Figure 6A). Although we cannot rule out theadjacent sequence in SET7 are required for its HMTase
possibility that H4-K20 methylation regulates transcrip-activity, although neither SET7 nor SET8 contains the
tion in a species-specific manner, we believe that thiscysteine-rich preSET or postSET domains present in
possibility is less likely. The second line of evidence thatSUV39H1 [15, 31]. One possibility is that the sequences
argues against a major role for H4-K20 methylation inadjacent to the SET domain help with the folding of the
transcription comes from the lack of significant interplaySET domain to accommodate the histone tails. SET8
between H4-K20 methylation and histone acetylationdeletion studies also revealed that removing the N-ter-
(Figure 6). It appears that H4-K20 methylation does notminal 53 amino acids of SET8 almost doubled its enzy-
significantly affect the subsequent acetylation of H4 bymatic activity toward nucleosomal histone substrate
p300 (Figure 6B). However, we note that the interpreta-when compared with the full-length protein. Importantly,
tion of this result might be complicated by the fact thatwe found that the C-terminal 178 amino acids of SET8
we do not know what percentage of H4-K20 was methyl-are sufficient for full HMTase activity. Further studies
ated in our acetylation assay. Although the use of syn-are needed to define the domains involved in catalysis
thetic peptides might overcome this problem, it is possi-and substrate recognition.
ble that the potential effect of the histone globularDirect sequencing of SET8 methylated H4 and
domain on the reaction would be lost. In a reciprocalHMTase assays using a K20L mutant peptide strongly
experiment, we also did not detect significant changesargue that SET8 exclusively methylates H4-K20 (Figure
in H4-K20 methylation in vivo in response to histone4). Using an H4-mK20-specific antibody, we found that
hyperacetylation (Figure 6C). The final evidence that ar-H4-K20 methylation occurs in all tested multicellular or-
gues against a significant role for H4-K20 methylationganisms from Drosophila to human (Figure 4D). Consis-
in transcription comes from direct tests of SET8 fusiontent with our finding that no apparent homolog of SET8
proteins. When both wild-type and HMTase defectiveexists in Saccharomyces cerevisiae, H4-K20 methyla-
SET8 mutant proteins were targeted to reporterstion does not occur in this organism (Figure 4D). How-
through the Gal4-DNA binding domain in either mamma-ever, we were able to identify a SET8 homolog in Dro-
lian cells or Xenopus oocytes, no significant transcrip-sophila and demonstrate that this protein is at least
tional effect was detected (data not shown). While thepartially responsible for H4-K20 methylation in vivo (Fig-
negative result from the studies performed in mamma-ure 5). Our studies, both in mammalian cells and Dro-
lian cells might be attributed to an incompletely chroma-sophila, suggest that SET8 is not the only H4-K20-specific
tinized reporter, the studies performed in Xenopus oo-

methyltransferase. Because different H4-K20 methyl-
cytes used a successfully assembled nucleosome

transferases are likely to have functional redundancy,
template. Taken together, we believe H4-K20 methyla-

complete understanding of the function of H4-K20 meth-
tion is unlikely to play a major role in transcription regula-

ylation requires the identification of other H4-K20 meth-
tion comparable to that of H3-K9 or H3-K4 methylation.

yltransferases.
In order to understand the role of H4-K20 methylation

in processes other than transcription, we analyzed the
Relationship between H4-K20 Methylation, methylation status of H4-K20 during the cell cycle. By
Transcription, and Cell Cycle Regulation using two different methods for cell synchronization, we
Histone tail modification, particularly acetylation, plays observed that the H4-K20 methylation level changes

during the cell cycle, with the highest level at S phase,an important role in transcription regulation [1]. Recent
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an intermediate level at G1 phase, and the lowest level lacks both this modification and a recognizable SET8
homolog. We demonstrated that a Drosophila SET8 ho-at M phase (Figure 6D and data not shown). This obser-

vation raises many questions. For example, what is the molog has the same substrate specificity as human
SET8 in vitro and is at least partially responsible for H4-cause of this change? Does this change bear any rela-

tionship to the turnover of methylated histones? Is the K20 methylation in vivo. Disruption of dSET8 by a P
element insertion produces lethality, indicating thatchange a consequence of cell cycle progression, or

does it reflect a role of H4-K20 methylation in controlling dSET8 function is required for normal fly development.
Although the chromosomal distribution of H4-K20 meth-the cell cycle? Does the high level of H4-K20 methylation

at S phase have any connection to DNA synthesis? Fur- ylation is widespread, our data do not support a primary
role in gene activity. H4-K20 methylation levels are regu-ther work will be required to provide satisfactory an-

swers to these questions. However, we can think of lated during the cell cycle, with the highest levels de-
tected in S phase.at least three potential explanations for the observed

changes in H4-K20 methylation during the cell cycle.
Experimental ProceduresFirst, it is possible that the level or activity of the H4-

K20-specific methyltransferases, such as SET8, are
Purification of the H4-K20 HMTase

themselves regulated during the cell cycle. Due to the HeLa nuclear proteins were separated into nuclear extract and nu-
low abundance of SET8, our attempts to directly monitor clear pellet fractions as previously described [6]. After solubilization,
its levels during the cell cycle by Western blot have nuclear pellet proteins (4 grams) were resuspended in buffer D (50

mM Tris-HCl [pH 7.9], 0.1 mM EDTA, 2 mM DTT, 0.2 mM PMSF,so far proven unsuccessful. Further studies using more
and 25% glycerol) containing 20 mM ammonium sulfate (BD20) andsensitive methods may address this possibility. The sec-
loaded onto a 500 ml DEAE52 column equilibrated with BD20. Pro-ond explanation is that K20-methylated H4 might be
teins that bound to the DEAE52 column were step eluted with BD350

selectively degraded at a particular cell cycle stage, and BD500. The BD350 fraction was dialyzed into buffer C (20 mM
such as M phase. We note that the H4-mK20-specific Tris-HCl [pH 7.9], 0.2 mM EDTA, 1 mM DTT, 0.2 mM PMSF, and
antibody stained the mammalian mitotic chromosomes 20% glycerol) containing 100 mM KCl (BC100) and loaded onto a

400 ml phosphocellulose P11 column. Bound proteins were stepmuch more weakly than the Drosophila polytene chro-
eluted with BC300, BC500, and BC1000. The BC1000 fraction wasmosomes, which result from multiple rounds of replica-
then dialyzed to BD20 and loaded onto a 45 ml HPLC-DEAE-5PWtion without division. The third possibility is cell cycle-
column (TosoHaas). The bound proteins were eluted with a 12 col-

regulated histone demethylation. More studies are umn-volume (cv) linear gradient from BD20 to BD600. The fractions
needed to determine which of these possibilities under- containing the HMTase activity were combined and dialyzed into
lies the observed change in H4-K20 methylation during buffer P (5 mM HEPES-KOH [pH 7.5], 40 mM KCl, 0.01% Triton

X-100, 0.01 mM CaCl2, 0.5 mM PMSF, 1 mM DTT, 10% glycerol)the cell cycle.
containing 10 mM potassium phosphate (BP10) and loaded onto a
5 ml hydroxyapatite column. The bound proteins were eluted with

Function of dSET8 in Fly Development a 12 cv linear gradient from BP10 to BP600. The fractions containing
the HMTase activity were pooled and adjusted to BD1000 usingWe have demonstrated in Drosophila that H4-K20 is an
saturated ammonium sulfate and loaded onto a 1 ml FPLC Phenylin vivo target of SET8 (Figure 5). However, in mammalian
Sepharose column (Pharmacia). The bound proteins were elutedcells as well as in flies, SET8 does not seem to be the
with a 20 cv linear gradient from BD1000 to BD0. The peak fractions

only enzyme that can target H4-K20 for methylation. with HMTase activity were pooled and dialyzed into BC50, concen-
Thus, a complete understanding of the function of H4- trated on a 0.2 ml P11 column, and then fractionated on a Sepharose
K20 methylation requires the identification of all the re- 200 gel-filtration column (Pharmacia). The HMTase activity elutes

with a relative molecular mass between 150 and 66 kDa.sponsible enzymes. Our preliminary studies using a P
element insertion allele indicate that dSET8 plays an

Protein Identification, Methylation Site Determination,important role in normal fly development. The survival
HMTase, and HAT Assaysof hemizygotes bearing this mutation to late devel-
Protein identification and methylation site determination were per-

opmental stages, together with the decreased but not formed exactly as previously described [31]. HMTase and HAT
complete disappearance of H4-K20 methylation in the assays were also performed essentially as described [31]. Sub-
mutant (Figure 5), are consistent with at least partial strates used for HMTase assays included oligonucleosomes, mono-

nucleosomes, and core histones purified from HeLa cells [43], syn-functional overlap with additional H4-K20-specific
thetic H4-tail peptides, recombinant Xenopus H4 and octamersHMTases. A detailed genetic analysis, including isola-
purified as described [36], and reconstituted nucleosomes assem-tion of additional dSET8 alleles and examination of
bled as described [37]. Hyperacetylated histone purification and

germline and somatic clones, will be needed to deter- TAU gel assays were performed as described [44]. Quantitations
mine precise developmental roles of dSET8. were performed using the NIH Image 1.62 software after scanning

the original data.

Conclusions
Plasmids and Antibodies

In this study, we purified and characterized a new his- A plasmid encoding GST-hSET8 was constructed by digestion of
tone methyltransferase named SET8, which specifically the hSET8 cDNA with NcoI and HindIII, which was then ligated into

the NcoI/HindIII sites of the pGEX-KG vector. All the GST-hSET8methylates nucleosomal histone H4 at lysine 20. The
deletion constructs were generated by PCR and cloned into theHMTase activity of SET8 depends on its SET domain and
EcoRI/XhoI sites of the pGEX-KG vector. The H299A mutant wasadjacent sequences, which are evolutionarily conserved
generated by overlap PCR. Constructs generated using PCR wereamong SET8 homologs in animals. Using an H4-mK20-
verified by DNA sequencing. A plasmid encoding GST-dSET8 was

specific antibody, we demonstrate that H4-K20 methyla- constructed by digestion of the Drosophila SET8 cDNA (LD12042)
tion occurs in a variety of organisms from Drosophila with EcoRI and SacI and insertion into the EcoRI/SacI sites of the

pGEX-KG vector. Antibody against hSET8 was generated in rabbitto human. Interestingly, the budding yeast S. cerevisiae
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