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Set2-mediated H3 Lys*® methylation is a histone modification
that has been demonstrated to function in transcriptional elon-
gation by recruiting the Rpd3S histone deacetylase complex to
repress intragenic cryptic transcription. Recently, we identified
a trans-histone pathway in which the interaction between the N
terminus of Set2 and histone H4 Lys** is needed to mediate
trans-histone H3 Lys® di- and trimethylation. In the current
study, we demonstrate that mutation of the lysine 44 residue in
histone H4 or the Set2 mutant lacking the histone H4 interac-
tion motif leads to intragenic cryptic transcripts, indicating that
the Set2 and histone H4 interaction is important to repress
intragenic cryptic transcription. We also determine that histone
H2A residues (Leu''® and Leu''”), which are in close proximity
to histone H4 Lys**, are needed for proper trans-histone H3
Lys®® methylation. Similar to H4 Lys** mutants, histone H2A
Leu''® and Leu''” mutations exhibited decreased H3 Lys®® di-
and trimethylation, increased histone H4 acetylation, increased
resistance to 6-azauracil, and cryptic transcription. Interest-
ingly, the combined histone H4 Lys** and H2A mutations have
more severe methylation defects and increased H4 acetylation
levels. Furthermore, we identify that additional histone H2A
and H3 core residues are also needed for H3 Lys*® di- and tri-
methylation. Overall, our results show and suggest that multiple
H4, H2A, and H3 residues contribute to and form a Set2 dock-
ing/recognition site on the nucleosomal surface so that proper
Set2-mediated H3 Lys>® di- and trimethylation, histone acetyla-
tion, and transcriptional elongation can occur.

Histones are subject to an array of post-translational modifi-
cations, including methylation, acetylation, phosphorylation,
and ubiquitination (1, 2). These covalent histone modifications
function to modulate gene expression and other DNA tem-
plated processes by altering chromatin structure and/or
recruiting additional effector proteins (3-5). In addition, it is
believed that aberrant levels or patterns of histone modifica-
tions can alter gene expression profiles, leading to improper cell
growth and/or differentiation (6).
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In Saccharomyces cerevisiae, histone H3 Lys36 methylation,
catalyzed by the Set2 methyltransferase, is needed for proper
transcription elongation. For example, a yeast strain lacking
Set2 exhibits increased resistance to 6-azauracil (6-AU),”a drug
widely used as an indicator for transcription elongation defects
(7-9). Furthermore, several studies have indicated that strains
carrying histone H3 Lys®*® mutations all exhibited increased
resistance to 6-AU, suggesting that the 6-AU resistance pheno-
type is caused by the inability of Set2 to methylate histone H3
Lys®® (7, 10, 11). These findings suggest that Set2-mediated
histone H3 Lys*® methylation plays a pivotal role in maintaining
transcription elongation.

Set2-mediated H3 Lys*® methylation is also needed so that
intragenic cryptic transcription does not aberrantly occur
(12, 13). The mechanism for Set2-mediated H3 Lys®® meth-
ylation in inhibiting intragenic cryptic transcription has been
determined where H3 Lys®*® methylation recruits the Rpd3S
histone deacetylase complex by its Eaf3 and Rco1 subunits (14—
16). The recruitment of Rpd3S prevents the increase in acety-
lation of histones H3 and H4 within the coding regions of genes
so that transcription does not occur within the body of a gene
(13,16-19).

Recently, a trans-histone pathway was discovered involving
Set2-mediated H3 Lys®® methylation (10). This study revealed
that interaction between the N terminus of Set2 and histone H4
is needed for histone H3 Lys® di- and trimethylation. A con-
served lysine residue, Lys“, in histone H4 was identified to be
important for interacting with the histone H4 interaction motif
of Set2 (10). Deletion of this interaction motif resulted in the
defects of H3 Lys®*® di- and trimethylation, increased histone
acetylation, and a 6-AU resistance phenotype (10). However, it
has not been determined whether this trans-histone pathway
was essential to repress cryptic transcription. In addition, we
wanted to determine whether other cis- or trans-histone deter-
minants help mediate histone H3 Lys®® methylation.

In this study, we show that the interaction between histone
H4 and Set2 that is essential to mediate trans-histone H3 Lys®®
di- and trimethylation is also necessary to repress intragenic
cryptic transcription in vivo. More importantly, we determine
that leucine 116 and leucine 117 residues in the C terminus of
H2A, which are in close proximity to histone H4 Lys**, are

2 The abbreviations used are: 6-AU, 6-azauracil; WT, wild type; HMT, histone
methyltransferase; ChIP, chromatin immunoprecipitation; MOPS, 4-mor-
pholinepropanesulfonic acid; GST, glutathione S-transferase.
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required for trans-histone H3 Lys®® di- and trimethylation. Fur-
thermore, both histone H4 and H2A mutants have increases in
histone H4 acetylation, resistance to 6-AU, and intragenic cryp-
tic transcription. In addition, the combined histone H4 Lys**
and H2A mutations show further decreases in histone H3 Lys®®
di- and trimethylation and increases in histone H4 acetylation
levels relative to single mutations. Interestingly, mutagenic
analysis based on histone residues located within five ang-
stroms of histone H4 Lys** revealed that additional residues
within the histone core of H2A and H3 are also needed for
proper H3 Lys® di- and trimethylation. Overall, our data sug-
gest that histone residues from H4, H2A, and H3 likely contrib-
ute to and form a Set2 docking/recognition site on the nucleo-
some that is needed to maintain proper histone H3 Lys®®
di- and trimethylation, histone acetylation levels, and tran-
scription elongation.

EXPERIMENTAL PROCEDURES

Construction of Plasmids and Yeast Strains—Yeast strains
used in this work are listed in supplemental Table S1. The
set2A, ppr2A, and wild type (WT) strains of BY4741 were
obtained from Open Biosystems. The SDBY1155 strain was
generated using PCR amplification of the KanMX cassette from
the BY4741 set2A strain as described previously (20). Histone
H3 and H4 mutants in a CEN, TRP-based plasmid (pJH18) were
described previously (21). Histone H3 mutant plasmids were
generated by site-directed mutagenesis (Stratagene) using
pJH18 as a template. The pHND20 construct was generated by
cloning the wild type HHT2-HHF2 alleles cut from pJH18 vec-
tor by Sall and Spel restriction sites into a CEN, LEU-based
plasmid (pRS415). The pHND21 and pHND22 constructs were
generated by site-directed mutagenesis (Stratagene) using the
pHND?20 as a template. Histone H2A mutant plasmids were
generated in a CEN, HIS-based plasmid (pJH23) by site-di-
rected mutagenesis. All of these histone constructs were con-
firmed by sequencing through the coding region of histone H3,
H4, or H2A and are listed in supplemental Table S2. The Set2
constructs were generated as described previously (10). All of
the Set2 constructs were engineered with a single HA epitope at
the C terminus and are listed in supplemental Table S3.

RNA Extraction and Northern Blot Analysis—RNA extrac-
tion and Northern blot analyses were performed as described
previously (13). Briefly, yeast cells were grown to mid-log phase.
Total RNA were prepared by glass bead disruption and phenol
extraction. RNA samples were quantified by spectrometer, and
equal amounts of RNA samples were resolved on 1% agarose-
formaldehyde gels running in MOPS buffer and transferred to
Immobilon Nylon+ membrane (Millipore). RNA was cross-
linked to the membrane by UV irradiation (Stratalinker 2400
UV cross-linker, Stratagene) and dried at 50 °C for 2 h. The
membranes were prehybridized in hybridization buffer at 60 °C
for 4 h. Probes (STE11 3' nucleotides 1643-2154; SET11 5’
nucleotides 1-588; FLOS8 full-length nucleotides 1-2400; and
SCRI full-length nucleotides 1-517) were PCR-amplified and
labeled by random oligonucleotide priming to generate
radioactive probes. The labeled probes were purified by G-25
resin column and then added into hybridization buffer to
hybridize to the membrane at 60 °C overnight. After washing
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the membranes with 1X SSC-0.1% SDS buffer at 60 °C twice
(20 min each) and at room temperature three times (5 min
each), the membranes were exposed to autoradiography x-ray
film or by phosphorimaging.

Yeast Extraction and Immunoblot Analysis—Yeast whole cell
extracts were prepared as described previously (22). SDS-PAGE
and Western blot analyses were also performed as described
previously (22). Primary antibodies were used as described pre-
viously (23). The a-H3 Lys®*® dimethyl-specific antibody (07-
274) was obtained from Millipore and was used at a 1:1000
dilution.

GST Binding Assay—GST fusion protein GST-H2A,,,_,3, or
GST-H4,, -, was expressed in Escherichia coli and purified by
glutathione agarose beads. In vitro binding assays were per-
formed as described previously (10, 23).

6-AU Growth Assay—Yeast strains expressing the histone
H2A mutants were transformed with CEN, URA3-based plas-
mid pRS416, and 6-AU growth assays were performed as
described previously (10).

Histone Methyltransferase (HMT) Assay—In vitro HMT as-
says were performed using yeast chromatin substrates isolated
from cells expressing WT histones or histone mutants in the
absence or the presence of recombinant purified CBP-Set2 (2
ug), along with 2.0 uCi of S-adenosyl-L-[methyl->Hy]methi-
onine at 30 °C for 30 min in a total volume of 20 pl. The reaction
mixtures were analyzed by liquid scintillation counting. Yeast
chromatin substrates were prepared as described previously
(10, 23).

Chromatin Immunoprecipitation (ChIP) Analysis—The
ChIP assays were performed as described previously using his-
tone H3 (Abcam, ab1791, 1 ul), H3 Lys®*® dimethyl (Millipore,
07-274, 2 l), H3 Lys®® trimethyl (Abcam, ab9050, 1 ul), and H4
acetyl (provided by Dr. David Allis, 1 ul) antibodies (24). Immu-
noprecipitated DNA was analyzed by quantitative real time
PCR (Applied Biosystems) using TagMan probes (25). Three
biological samples with three technical repeats of each were
performed. The primers and probes used for ChIP assays
are listed in the supplemental information.

RESULTS

The Interaction between Histone H4 and Set2 Is Important to
Maintain the Repression of Intragenic Cryptic Transcription—
At present, lines of evidence demonstrate that Set2-mediated
H3 Lys*® methylation is required for the repression of intra-
genic cryptic transcription in the 3’ ends of transcribed genes,
such as STE11 and FLOS8 (13, 26). Our recent studies show that
the interaction between Set2 and histone H4 mediates the
trans-histone H3 Lys® di- and trimethylation and is needed for
6-AU resistance. However, whether this interaction between
Set2 and histone H4 is needed to maintain proper transcrip-
tional elongation is unknown. To determine this, intragenic
cryptic transcription was examined at the STEI1 or FLOS gene
by Northern blot analysis using SCRI as a loading control (Fig.
1, A and C). As expected, intragenic cryptic transcripts or short
transcripts are detected in a sez2A strain or a strain expressing a
histone H3 K36R mutant when using 3" probes to STE1I or
FLOS (Fig. 1A, lanes 2 and 3). However, short transcripts are
not detected when using 5’ probes to STE1I (Fig. 14). These
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FIGURE 1. Histone H4 Lys** and the histone H4 interaction motif of Set2 are needed to maintain the
repression of intragenic cryptic transcription. A, Northern blot analysis of total RNA isolated from WT or the
indicated strains. For detection of cryptic transcripts, 3" STETT and full-length FLO8 probes are used. The 5’

STE11 probe is used as a control, and a full-length SCR1 probe is used as a

transcripts (FL) and intragenic cryptic transcripts (short) are indicated. B, upper panel, schematic representation
of Set2 constructs used. Lower panel, immunoblots of whole cell extracts prepared from WT cells or set2A cells

expressing the indicated Set2-HA constructs are probed with H3 Lys®® methy!

denotes a nonspecific band. Histone H3 immunoblots are used as a loading control. The Set2 protein levels are
detected by probing against anti-HA antibody. C, Northern blot analysis of total RNA isolated from WT or set2A
cells expressing the indicated Set2-HA constructs using probes against 3’ region of STET1. SCR1 is used as a

loading control.

results are consistent with the previous reports in which a loss
of H3 Lys®® methylation results in 3’ STEI1 and FLOS intra-
genic cryptic transcripts (13, 26). More importantly, the strain
expressing a histone H4 K44Q mutant, which disrupts the bind-
ing with Set2 and histone H3 Lys®® di- and trimethylation, also
generates intragenic cryptic transcripts within the 3’ region of
FLO8 or STE11, but not at the 5’ region of STE11 (Fig. 1A, lane
4). The strains expressing full-length Set2-HA or Set2-HA,;;_;5,
which have no defects in H3 Lys®*® methylation, did not
exhibit short transcripts (Fig. 1, B and C, lanes 3 and 7). In
contrast, we observe that the yeast strain expressing Set2-
HA 5, 30 @ mutant lacking the histone H4 interaction motif,
or Set2-HA, ;4 a mutant lacking the Set2-Rpb1 interacting
domain, a domain needed to interact with RNA polymerase II,
displays defects in histone H3 Lys®® di- and trimethylation and
intragenic cryptic transcription at STE11 (Fig. 1, Band C, lanes
4 and 5). In addition, a sez2A strain expressing a Set2 mutant
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surveying the nucleosomal region
surrounding histone H4 Lys**, we
determined that two H2A residues,
leucines 116 and 117 of histone
H2A, are in close proximity to the
histone H4 Lys** residue with a dis-
tance of approximately five ang-
stroms (Fig. 2B). Interestingly, as
viewed by a surface picture of the
nucleosome core particle, H4 Lys**
and H2A Leu''® and Leu''” are
located on the surface of nucleosomes within or near a pocket
(Fig. 2, Cand D). This observation indicates that these basic and
hydrophobic residues may form a binding patch or pocket that
allows the histone H4 interaction motif within Set2 to bind so
that subsequent trans-histone H3 Lys®® di- and trimethylation
can occur.

To test these ideas, we first examined whether Leu''® and
Leu''” residues within the C-terminal tail of histone H2A are
required for H3 Lys®*® methylation by generating yeast strains
that express various H2A mutants. Western blot analyses show
that cells expressing H2A single mutation L116A, L116Q,
L117A, or L117Q have significantly reduced H3 Lys®® trimeth-
ylation and only moderately affected H3 Lys®*® dimethylation
(Fig. 34, lanes 3 and 5-7). Interestingly, mutating H2A Leu''®
to isoleucine (H2A L116I) does not appear to change H3 Lys®®
di- and trimethylation levels (Fig. 34, lane 4). In addition, sim-
ilar to what we have previously published with H4 Lys** muta-

5 6 7

loading control. The full-length

I-specific antibodies. The asterisk
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H2A L11

FIGURE 2. X-ray crystal structure of the nucleosome core particle indicating the positions of histone H4
Lys**and H2A Leu""® and Leu'"”. A, the structure of the human nucleosome core particle is shown (H3, cyan;
H4, green; H2A, gray; H2B, yellow). Histone H3 Lys®® and histone H4 Lys** are marked in red, and histone H2A
Leu'"® and Leu'"” are marked in blue. B, a zoomed in view of the nucleosome is shown indicating the close
proximity of histone H4 Lys** and histone H2A Leu'"® and Leu'"” residues. H4 Lys** is marked in red, and H2A
Leu'"®and Leu""” are marked in blue. C and D, histone H4 Lys** and H2A Leu''® and Leu'"” form a patch on the
surface of the nucleosome within or near a pocket. Histone H3 Lys*® and histone H4 Lys** are marked in red, and
histone H2A Leu''® and Leu'"” are marked in blue. All of the figures were generated using Pymol.

To determine whether other res-
idues in the C terminus of histone
H2A could disrupt H3 Lys*® methyl-
ation, a histone H2A K119Q,K120Q
double mutant was generated and
expressed in yeast. Interestingly,
Lys''” has been identified to be an
H2A ubiquitination site in higher
eukaryotes (27). Up to now, no evi-
dence has been provided to show
that H2A is ubiquitinated in S. cer-
evisiae. Nonetheless, we still wanted
to test whether these conserved
lysine residues could play a role in
H3 Lys*® methylation (28). Immu-
noblots show that this strain has no
detectable changes in global histone
H3 Lys*, Lys®® or Lys”® methylation,
indicating that these conserved
lysine residues are not essential for
H3 Lys®® histone methylation (Fig.
3A, lane 8). These results further
support that H2A Leu**® and Leu'"”
play an important and specific role
in H3 Lys® di- and trimethylation.

In our previous study, we deter-
mine by in vitro binding assays that
histone H4 Lys** is the major deter-

tions, H3 Lys®® monomethylation is intact in these H2A mu-
tants, indicating that H2A Leu''® and Leu''” and H4 Lys**
residues are working in the same trans-histone pathway (Fig.
3A). Importantly, the impact that the H2A Leu''® and Leu''”
substitutions have on H3 Lys*® methylation is specific, because
those strains do not display any detectable changes in global
histone H3 Lys* or Lys”® methylation or H3 or H2A levels (Fig.
3A). Moreover, H3 Lys*® di- and trimethylation defects in these
H2A mutant strains are not due to lower levels of Set2 protein
because immunoblots with an a-Set2 antibody show nearly
equivalent levels in yeast expressing WT or mutant histones
(Fig. 34).

Given that H2A Leu''® or Leu''” single mutations only mod-
erately affect H3 Lys®® dimethylation, we wanted to determine
whether both H2A Leu''® and Leu''” residues are necessary for
H3 Lys®® dimethylation. Interestingly, yeast strains that express
H2A Leu''® and Leu''” double deletion (H2A AL116,L117) or
various H2A double mutants (L116A,L117A; L116E,L117E;
L116K,L117K; and L116Q,L117Q) had a further reduction in
H3 Lys*® dimethylation and almost abolished H3 Lys>® trimeth-
ylation (Fig. 34, lanes 11-15). Similar to H2A Leu''® or Leu'"”
single mutations, H2A double mutations do not affect H3 Lys*®
monomethylation, as well as H3 Lys* or H3 Lys”® methyla-
tion in vivo. Importantly, H3 Lys®*® di- and trimethylation
defects in the H2A double mutants are not due to histone H3
loading or changes in Set2 protein levels (Fig. 3A). Taken
together, these data indicate that both H2A Leu''® and
Leu''” are important for mediating in vivo trans-histone H3
Lys®® di- and trimethylation.
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minant for Set2 binding. In addi-
tion, we also identified a histone H4 interaction motif located
within the N terminus of Set2. Given that H2A Leu''® and
Leu''” are in close proximity to H4 Lys** and are required for
proper H3 Lys®® di- and trimethylation, we wondered whether
H2A Leu''® and Leu''” are also required for interaction with
Set2. Therefore, in vitro binding assays were performed using
purified GST-H2A fusion protein, coding for GST-H2A,,,_;51,
incubated with bacterial extracts of recombinant CBP-Set2.
Surprisingly, Set2 does not bind to H2A,,,_;5; but binds
to H4,, -, efficiently (Fig. 3B). Moreover, incubating GST-
H2A,,,_15; with GST-H4,, ., does not enhance the binding of
Set2 (data not shown). Although at this point it is unclear how
H2A Leu''® and Leu'"” contribute to histone H3 Lys®® di- and
trimethylation, it is likely that our in vitro binding assay is not
sensitive enough to detect interactions, or these residues do not
directly contribute to binding but are needed to help correctly
position H4 Lys**,

Set2-mediated H3 Lys®® methylation has been demonstrated
to play an important role in transcription elongation (13, 17,
18). One of the approaches used to examine this function is
the 6-AU sensitivity assay (7, 8). Our previous studies have
shown that strains with H3 Lys®® methylation defects exhibit
increased resistance to 6-AU when compared with WT cells
(10). To examine whether mutations of H2A Leu’'® and Leu''”
would result in a 6-AU resistance phenotype, cells expressing
WT histones or various H2A double deletion or mutations
(K119Q,K120Q; AL116,L117; L116A,L117A; L116Q,L117Q;
and L116E,L117E) were grown on plates with or without 6-AU.
As a control for 6-AU sensitivity, a ppr2A strain was used as a
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FIGURE 3. Histone H2A Leu'"® and Leu''” are needed for trans-histone H3 Lys>® di- and trimethylation in
vivo and for appropriate 6-AU sensitivity. A, whole cell extracts prepared from cells expressing WT histones
or the indicated histone mutants are immunoblotted with H3 Lys?, H3 Lys®®, and H3 Lys’® methyl-specific
antibodies. The asterisks denote nonspecific bands. Immunoblots for histone H3 and H2A serve as loading
controls. The Set2 proteins levels are detected by probing with an a-Set2 antibody. B, C-terminal tail of histone
H2A does not bind to recombinant Set2. In vitro binding assays are performed using GST, GST-H4,,_s,, or
GST-H2A,4,_,5,. incubated with CBP-Set2 extracts. Bound and input amounts of CBP-Set2 protein are detected
by immunoblotting with an «-CBP antibody. The amount of GST, GST-H4, or GST-H2A fusion protein used in the
assays is analyzed by Coomassie Blue staining. C, strains with H3 Lys® methylation defects shown in A exhibit
6-AU resistance. Yeast cells expressing WT or the indicated histone H2A mutants are assayed for growth in the
presence or absence of 6-AU (150 wg/ml). The ppr2A and set2A strains serve as controls for 6-AU sensitivity and
resistance, respectively.
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FIGURE 4. Both histone H4 Lys** and H2A Leu'"® and Leu"'” are needed for trans-histone H3 Lys* di- and
trimethylation in vivo and in vitro. A, yeast whole cell extracts generated from cells expressing WT or the indicated
histone mutants, including histone H4 single mutations, H2A double mutations, or combination of H4 and H2A
triple mutations, are immunoblotted against H3 Lys*, H3 Lys*¢, and H3 Lys”® methyl-specific antibodies. The asterisks
denote nonspecific bands. Immunoblots for histone H3 and H2A are used as loading controls. For detecting H3 Lys>®
trimethylation, both short and long exposures to film are shown. The Set2 protein levels are detected by probing
with an a-Set2 antibody. B, in vitro HMT assays are performed using the indicated yeast chromatin substrates
incubated with or without recombinant Set2. The amounts of chromatin substrates used in the assays are normal-
ized by the Branford method. HMT reactions are analyzed by scintillation counting.
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negative control. The gene product
of PPR2, also called DST1, is known
as TFIIS, a known general transcrip-
tion elongation factor that helps
RNA polymerase II to read through
blocks that occur during transcrip-
tional elongation (29, 30). As ex-
pected, the ppr2A strain shows a
sensitivity to 6-AU, whereas a
set2A strain shows resistance to
6-AU when compared with WT
cells (Fig. 3C, rows 1 and 2). Con-
sistent with our previous data, we
observe that expression of a H2A
K119Q,K120Q double mutant,
which has no changes in H3 Lys®®
methylation, has WT levels of
6-AU sensitivity (Fig. 3, A, lane 8,
and C, row 3). In contrast, cells
expressing H2A AL116,L117 dele-
tion or various H2A Leu''® and
Leu''” mutants (L116A,L117A;
L116E,L117E; L116K,L117K; and
L116Q,L117Q), which have defects
in H3 Lys® di- and trimethylation,
exhibit resistance to 6-AU, similar
to the phenotype of a set2A strain
(Fig. 3, A, lanes 11-15, and C, rows
5-8). Taken together, we conclude
that histone H2A Leu''® and Leu'"”
along with H4 Lys** are needed to
mediate trans-histone H3 Lys*® di-
and trimethylation and maintain
proper transcription elongation.
Both H4 Lys** and H2A Leu''°
and Leu"'” Are Needed to Maintain
trans-Histone H3 Lys*® Methylation
in Vivo and in Vitro—Because H4
Lys** or H2A Leu''® and Leu'!”
mutants only affect H3 Lys®® di- and
trimethylation, we asked whether
combination of these residues
would disrupt H3 Lys®>® monometh-
ylation. Therefore, the methylation
states of H3 Lys®® were examined in
cells expressing triple mutants in
which a H4 K44Q mutation was
combined with a H2A L116A,L117A
mutation (K44Q + L116A,L117A)
or a H2A L116Q,L117Q mutation
(K44Q + L116Q,L117Q). Strikingly,
the triple histone mutants all show
WT levels of H3 Lys®*® monometh-
ylation (Fig. 4A, lanes 6 and 7).
However, these triple histone mu-
tants completely abolish H3 Lys™® tri-
methylation and reduce H3 Lys>®
dimethylation compared with ei-
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ther H4 K44Q single mutant or H2A Leu''® and Leu*'” double
mutants (Fig. 44, lanes 6 and 7 versus lanes 3-5), suggesting
that both H4 Lys** and H2A Leu''® and Leu''” are needed to
mediate H3 Lys®® di- and trimethylation. Again, the contribu-
tion of H4 Lys** and H2A Leu''® and Leu''” to H3 Lys®® meth-
ylation is specific, because cells expressing the triple histone
mutants do not exhibit defects in H3 Lys* and Lys”® methyl-
ation. In addition, histone H3, H2A, and Set2 proteins levels
are similar in WT and all of the histone mutants examined
(Fig. 4A).

Next, we examined whether H2A Leu''® and Leu'!” are nec-
essary for in vitro Set2 HMT activity on yeast chromatin sub-
strates. Soluble chromatin substrates were isolated from the
nuclei of yeast strains that express WT or mutant histones (H3
K36R, H4 K44Q, H2A L116A,L117A, and H4 K44Q with H2A
L116A,L117A). In vitro HMT assays were performed using
these chromatin substrates incubated with or without purified
recombinant Set2. After the addition of S-adenosyl-L-[methyl-
*H]methionine, total [*H]-methyl incorporation is measured.
As shown in Fig. 4B, Set2 is not active on H3 K36R substrate,
whereas on a H4 K44Q substrate Set2 shows an approximately
3-fold decrease in activity when compared with W'T chromatin,
which is consistent with our previous report (10). In support of
our in vivo histone methylation results, when Set2 is incubated
with H2A L116A,L117A chromatin substrate, a 4.5-fold
decrease in HMT activity is observed (Fig. 4B). In addition,
when compared with either a H4 K44Q ora H2A L116A,L117A
chromatin substrate, a triple histone mutant chromatin sub-
strate, a H4 K44Q mutation with a H2A L116A,L117A muta-
tion, exhibits a further decrease in Set2 activity (Fig. 4B).
Because H4 K44Q, H2A L116A,L117A, and the triple histone
mutant show similar levels of H3 Lys®*® monomethylation in
vivo when compared with the WT strain, some of the remaining
Set2 in vitro activity is likely due to H3 Lys*® monomethylation
on unmodified histone H3 (Fig. 48). Taken together, our in vivo
and in vitro methylation data are consistent with each other and
indicate that both H4 Lys** and H2A Leu''® and Leu''” con-
tribute to maintaining the proper H3 Lys® di- and trimethyl-
ated states.

Both H4 Lys** and H2A Leu''® and Leu''” Are Needed for
trans-Histone H3 Lys®® Di- and Trimethylation at Gene-specific
Loci—To determine whether H3 Lys®® di- and trimethylation
are affected at different coding regions at gene-specific loci,
ChIP assays were performed using H3 Lys*® di- and trimethyl-
specific antibodies. Relative levels of H3 Lys® di- and trimeth-
ylation were determined by quantitative real time PCR using
TagMan primer and probe pairs specific to the 5" and 3’ regions
of STE11 or FLOS8 loci. In our ChIP analysis, we determine that
STEI1 and FLOS open reading frames in WT cells have H3
Lys®® di- and trimethylation present at the 5" and 3’ regions
with an enrichment of trimethylation at the 3’ ends. The
detected H3 Lys®® methylation is specific because the H3 K36R
mutant is used as a negative control (Fig. 5). In addition, the
observed changes in histone H3 Lys®® methylation are specific
and not due to changes in histone levels because all of the ChIP
assays are normalized to histone H3 levels. This pattern of H3
Lys*® di- and trimethylation is also consistent with results
determined by genome-wide high resolution ChIP-ChIP stud-
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FIGURE 5. Both H4 Lys** and H2A Leu''® and Leu""” are needed to medi-
ate trans-histone H3 Lys*® di- and trimethylation at gene-specific loci.
A and B, ChIP assays from the indicated strains are performed using antibod-
ies specific to H3 Lys®® dimethyl (A) and trimethyl (B) and histone H3. Eluted
DNA is analyzed by quantitative real time PCR using TagMan primer and
probe sets specifically recognizing the 5 or 3’ regions of STE11 or FLO8. The
ChlIP data are normalized to histone H3 levels. The standard errors are pro-
vided for values representing three independent biological samples with
three technical repeats each.

ies (14, 15). Interestingly, when compared with WT cells, there
is an approximately 2-fold decrease of H3 Lys®*® dimethylation
in the H4 K44Q mutant or the H2A L116A,L117A mutant, and
a 3-fold decrease in the H4 K44Q and H2A L116A,L117A triple
mutant (Fig. 54 and supplemental Tables S4 and S5). In a
similar manner, H3 Lys>® trimethylation is decreased 2-fold in
the H4 K44Q mutant, decreased over 4-fold in the H2A
L116A,L117A mutant, and decreased ~10-fold in the H4 K44Q
and H2A L116A,L117A triple mutant (Fig. 5B and sup-
plemental Tables S6 and S7). Overall, these gene-specific meth-
ylation patterns determined by ChIP analysis are in strong
agreement with the global methylation patterns that we
observed by immunoblot analysis. Therefore, this indicates that
both H4 Lys** and H2A Leu''® and Leu''” residues contribute
to maintaining the trans-histone H3 Lys®® di- and trimethyla-
tion pathway at gene-specific loci.

The Histone H4 and H2A Mutants with H3 Lys®® Di- and
Trimethylation Defects Exhibit Increases in H4 Acetylation and
Intragenic Cryptic Transcription—Previous studies have corre-
lated Set2-mediated H3 Lys®*® methylation with Rpd3S-de-
pendent deacetylation of chromatin (13, 17, 18). Disruption of
all H3 Lys®>® mono-, di-, and trimethylation levels, such as sez2A
or H3 K36A mutant, increases histone acetylation levels of
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FIGURE 6. The histone H4 and H2A mutants showing trans-histone H3
Lys>¢ di- and trimethylation defects exhibit increased histone H4 acety-
lation and intragenic cryptic transcription. A and B, ChIP assays from the
indicated strains are performed using antibodies specific to acetylated his-
tone H4 and histone H3. Eluted DNA is analyzed by quantitative real time PCR
using TagMan primer and probe sets specifically recognizing the 5" or 3’
regions of STE11 or FLO8. The data are normalized to histone H3 levels. The
standard errors are provided for values representing three independent bio-
logical samples with three technical repeats each. C, total RNA isolated from
strains used in Ais subjected to Northern blot analysis using probes against 3’
region of STET1. SCR1 serves as a loading control. The full-length transcripts
(FL) and short internal cryptic transcripts (short) are indicated.

chromatin in the transcribed regions of specific loci (13,17, 18).
In addition, our previous study has also shown that decreases in
H3 Lys®*® di- and trimethylation in Set2 mutants lacking the
histone H4 interaction motif or the Set2-Rpbl interacting
domain of Set2 increase histone H4 acetylation (10). Therefore,
we wanted to determine whether a H4 K44Q mutant or H2A
Leu''® and Leu'"” mutants, which have H3 Lys®® di- and trim-
ethyl defects, would have increases in histone H4 acetylation.
To test this, ChIP assays were performed using an a-H4 acetyl
antibody. An a-histone H3 antibody was used to normalize for
changes in nucleosome density. Relative levels of H4 acetyla-
tion were measured by quantitative real time PCR analysis
using the TagMan primer probe sets previously used for the H3
Lys*® di- and trimethylation ChIP analysis. When compared
with a WT strain, the strains expressing H4 K44Q mutant, the
H2A L116A,L117A mutant, and the triple mutants bearing H4
K44Q and H2A L116A,L117A show an increase in histone H4
acetylation predominantly within the 3’ ends of STEII1 and
FLOS (Fig. 6, A and B). Particularly, there is a 2—3-fold increase
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in histone H4 acetylation in the H4 K44Q and H2A
L116A,L117A mutants and an over 5-fold increase in histone
H4 acetylation the triple histone H4 and H2A mutant (H4
K44Q + L116A,L117A) when compared with WT (Fig. 6, A and
B, and supplemental Tables S8 and S9). Consistent with previ-
ous observations, the levels of histone H4 acetylation do not
increase significantly at the 5" ends of STE11 or FLOS8 loci in all
of the strains examined here, except in the H4 and H2A triple
mutant (Fig. 6, A and B). The H4 and H2A triple mutant shows
an approximately 2—3-fold increase in histone H4 acetylation as
compared with the levels of WT cells, indicating that this
mutant might play another role in regulating histone H4 acety-
lation independent of Rpd3S complex at the 5’ ends of tran-
scribed genes. Intriguingly, abolishing H3 Lys®*® methylation in
H3 K36R mutant did not substantially increase the levels of
histone H4 acetylation at the 3’ region of STE11 or FLOS loci
(Fig. 6, A and B), although this mutant did exhibit short tran-
scripts on STEI11 or FLOS8 genes (Figs. 1A and 6C, lane 2).
Therefore, it appears that small increases in histone H4 acety-
lation can contribute to cryptic transcription.

We have demonstrated that a H4 K44Q mutant with H3
Lys®® di- and trimethylation defects also generates intragenic
cryptic transcripts (Figs. 14 and 4A). Next, we asked whether
the strains expressing H2A mutants that have H3 Lys®® di- and
trimethylation defects show a cryptic transcription phenotype.
To address this issue, Northern blot analyses were performed to
examine the occurrence of intragenic initiation within the
STEI1 gene using the H4 K44Q mutant, H2A double mutants
L116A,L117A and L116Q,L117Q, and the histone H4 and H2A
triple mutants H4 K44Q with H2A L116A,L117A and H4 K44Q
with H2A L116Q,L117Q. We observed that all strains that have
defects in H3 Lys*® di- and trimethylation and increases in his-
tone H4 acetylation exhibit short transcripts on the 3’ region of
STE11 (Fig. 6C, lanes 3-7), whereas intragenic cryptic tran-
scription is repressed in the WT strain (Fig. 6C, lane I). Alto-
gether, these observations show that this trans-histone H3
Lys*® methylation pathway mediated by histone H4 Lys** and
H2A Leu''® and Leu'"” is essential to maintain proper H3 Lys>®
di- and trimethylation, prevent increases in histone H4 acety-
lation, and repress intragenic cryptic transcription.

Multiple Histone H2A and H3 Residues Located near Histone
H4 Lys** Are Needed for Proper H3 Lys*® Di- and Tri-
methylation—Because histone H2A residues Leu''® and Leu'*”
are needed for proper H3 Lys®® di- and trimethylation and are
in close proximity to H3 Lys**, we analyzed the nucleosome
structure for additional histone residues located within 5 ang-
strom of histone H4 Lys**., This analysis determined that his-
tone H2A Ile’'?, His''?, GIn''*, Asn''®, and Pro''® and H3
Leu®®, Ile®!, Arg®?, Ile''?, Asn'%, and Val*'” and H4 Arg® and
Arg® are all within 5 angstroms of histone H4 Lys** (Fig. 7A)
(31, 32). In addition, many of these residues are exposed at the
surface of the nucleosome with the exception of H3 Ile®! and
Asn'®® and H4 Arg® (31, 32). To test whether these cis- and
trans-histone residues were required for proper Set2-mediated
H3 Lys®® methylation, histone H2A and H3 mutants were gen-
erated and expressed in yeast. Consistent with what has been
reported, cells expressing H3 L48A, H3 I51A, H4 R39A, or
H4 R45A are not viable (data not shown) (10, 33, 34). However,
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addition, these histone H2A and
H3 core residues are also likely to
be important for maintaining
proper histone acetylation and
repression of cryptic transcription
similar to histone H4 Lys** and his-
tone H2A Leu''® and Leu'"”. Based
on our results and the nucleosome
structure, histone H4, H2A, and H3
residues appear to form a region on
the nucleosomal surface that is opti-
mal for Set2 binding and/or recog-
nition (Fig. 7D). Future studies
exploring the co-crystal structure of
Set2 and the nucleosome would be
interesting and will help determine
the precise mechanism of interac-
tion between Set2 and this region of
the nucleosome.

4

specific antibodies. The asterisks denote nonspecific bands. Immunoblot for histone H3 serve as loading con-

trols. D, the histone residues with H3 Lys®® di- and trimethyl defects have been shown to form a patch on the

DISCUSSION

surface of the nucleosome. H4 Lys** is marked in red; and H2A lle" "2, Leu''®, and Leu""” are marked in blue; and

H3 Arg>?, lle''?, and Val''” are marked in green. H3 Asn'%®

These two structural figures were generated by Pymol.

strains expressing histone H2A I1112A, H2A H113A, H2A
Q114A, H2A N115A, H2A P118A, H3 R52A, H3 1112A, H3
N108A, H3 N108D, H3 V117A, or H3 V117Q mutations are
viable. Whole cell extracts from viable H2A and H3 mutant
strains were analyzed for their histone H3 Lys®*® methylation
status by immunoblot analysis (Fig. 7, B and C). Interestingly,
several of the histone H2A and H3 mutants were defective in
H3 Lys®® di- and trimethylation (Fig. 7, B and C). Consistent
with the data shown in Fig. 34, a strain expressing H2A 1116A
has significantly reduced H3 Lys*® trimethylation and only
moderately affects H3 Lys®® dimethylation (Fig. 7B, lane 7). A
strain expressing H2A 1112A completely abolishes H3 Lys>® di-
and trimethylation (Fig. 7B, lane 3), suggesting that H2A Ile*'?
may play a key role in mediating H3 Lys®® di- and trimethyla-
tion. In addition, strains expressing H2A H113A or H2A P118A
moderately reduce H3 Lys®® di- and trimethylation levels (Fig.
7B, lanes 4 and 8), whereas strains expressing H2A Q114A or
N115A did not have noticeable changes in H3 Lys®>® methyla-
tion (Fig. 7B, lanes 5 and 6). Cells expressing histone H3 R52A
or H3 N108D mutant almost abolish H3 Lys®® di- and trimeth-
ylation (Fig. 7C, lanes 4 and 7). However, cells expressing a H3
1112A mutant significantly reduce H3 Lys>® trimethylation and
moderately affect H3 Lys®*® dimethylation (Fig. 7C, lane 5). A
H3 V117A mutant strain only moderately affects H3 Lys>® tri-
methylation (Fig. 7C, lane 8), whereas cells expressing H3
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is not exposed at the surface of the nucleosome.

In this report, we identify new cis-
and trans-histone requirements for
Set2-mediated H3 Lys®*® methyla-
tion and show that residues in histone H4, H2A, and H3 are
needed for proper H3 Lys®® di- and trimethylation. We also
show that a H4 K44Q mutant and H2A C-terminal tail Leu''®
and Leu''” mutants result in decreased H3 Lys®® di- and tri-
methylation, increased histone H4 acetylation, and resistance to
6-AU. In addition, this pattern of decreased H3 Lys®® di- and
trimethylation and increased H4 acetylation observed in yeast
strains expressing H4 Lys** or H2A Leu''® and Leu''” mutants
consistently show aberrant intragenic cryptic transcription.
Furthermore, yeast strains expressing triple mutations consist-
ing of histone H4 Lys** and H2A Leu''® and Leu''” substitution
mutations have lower levels of H3 Lys®® di- and trimethylation
and increased levels of histone H4 acetylation than either the
single H4 Lys** mutant or the double H2A Leu''® and Leu''”
mutants. Finally, we identify several additional histone H2A
and H3 core residues that are also required for proper H3 Lys®®
di- and trimethylation. Altogether, our results suggest that Set2
likely recognizes and docks on a H4, H2A, and H3 nucleosomal
surface so that subsequent histone H3 Lys*® di- and trimethyl-
ation allows for proper maintenance of histone acetylation and
transcriptional elongation.

Our recent studies have determined that Dotl and Set2
methylate histone H3 Lys”® and Lys™®, respectively, by two dif-
ferent trans-histone methylation pathways (10, 23, 35). In the
Dotl trans-histone methylation pathway, an electrostatic inter-
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action between the C-terminal tail of Dot1 and histone H4 basic
patch is need for proper H3 Lys”® di- and trimethylation (23). In
a similar but distinct manner, we have identified that a histone
H4 interaction motif found in the N terminus of Set2 interacts
with histone H4 Lys** to mediate H3 Lys®® di- and trimethyla-
tion (10). To further understand the Set2-mediated trans-his-
tone pathway, we analyzed the crystal structures of human and
yeast nucleosome core particles. Intriguingly, we noticed that
the histone H4 Lys** residue appeared to be surrounded by the
C terminus of histone H2A, and we predicted that residues in
the H2A C terminus might be needed for H3 Lys*® methylation.
We tested this hypothesis and determined that histone H2A
residues Leu''® and Leu''” that are in close proximity to the H4
Lys** residue are critical for Set2-mediated methylation. We
also analyzed the nucleosome structure for additional residues
located within 5 angstroms of histone H4 Lys** and found that
several H2A and H3 core residues fit this criterion. More
importantly, several of these histone core residues were also
needed for H3 Lys>® di- and trimethylation. Overall, our studies
have identified the first region on the nucleosome surface
involving histone H4, H2A, and H3 residues that are required
for Set2-mediated H3 Lys*® di- and trimethylation. Given that
H4 Lys** and H2A C-terminal tail mutations increase histone
acetylation levels and result in intragenic cryptic transcription,
we would expect that H2A and H3 core residues that disrupt H3
Lys** methylation would also be important in maintaining
proper histone acetylation and repression of cryptic transcrip-
tion. In addition, the histone H3 N-terminal tail was recently
determined to help mediate Set2 activity but not binding, sug-
gesting other cis-tail determinants may exist for mediating
Set2-mediated H3 Lys®® methylation (36).

Because H4 Lys** and H2A Leu''® and Leu''” are closely
located on the surface of the nucleosome, these residues likely
form a docking site for the histone H4 interaction motif of Set2.
Although Set2 can bind histone H4 peptides containing H4
Lys**, we were unable to detect Set2 binding to the C terminus
of H2A. Therefore, our assay may not be sensitive enough to
detect weak Set2 and H2A interactions, or it is quite possible
that H2A residues Leu''®and Leu''” are not directly involved in
binding to Set2 but are needed to help correctly position H4
Lys** to form a binding pocket. Further structural studies will
be needed to determine precisely how Set2 engages this part of
the nucleosome surface and what residues are needed for direct
interaction. Because all of the histone H4, H2A, and H3 muta-
tions that disrupt H3 Lys*® di- and trimethylation do not abol-
ish H3 Lys®® monomethylation, additional structural, genetic,
and biochemical studies will be needed to understand the
determinants for histone H3 Lys®*® monomethylation and its
function in the cell.

Previous studies have indicated that Set2-mediated H3 Lys®®
methylation is needed to recruit the Rpd3S complex and
deacetylate histones so that intragenic cryptic transcription
within the 3’ region of genes is prevented (13, 17, 18). Consis-
tent with these observations, we show that our previously iden-
tified trans-histone methylation pathway involving an interac-
tion between Set2 and histone H4 Lys** is also needed for
repression of intragenic cryptic transcription. In addition, we
show that histone H2A C-terminal residues are also required
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for repression of intragenic cryptic transcription. Recently pub-
lished reports have indicated that histone H3 Lys®*® dimeth-
ylation is sufficient for repressing cryptic transcription (37, 38).
However, we consistently show that Set2 deletion mutants and
histone H4 and H2A mutations still undergo intragenic cryptic
transcription, even though these mutants still maintain some
level of global and gene-specific H3 Lys*® di- and trimethyla-
tion. Therefore, we favor the idea that a combination of H3
Lys*® di- and trimethylation is needed for the proper recruit-
ment or activity of the Rpd3S complex. This idea would also be
consistent with the ability of the Rpd3S complex to equally bind
H3 Lys®® di- and trimethylated nucleosomes and peptides (17,
38, 39). In addition, it has been reported that other unknown
mechanisms besides histone H3 Lys®® methylation may con-
tribute to intragenic cryptic transcription (40). Therefore, addi-
tional histone modifications and chromatin factors may help to
regulate and control cryptic transcription (40). Although more
work will be needed to establish what is required for cryptic
transcription, further investigation is also needed to determine
why there are so many cryptic promoters and whether they play
a functional role in the cell.

Interestingly, during the preparation of this manuscript, a
new report showed that a human homologue of yeast Set2,
NSD2, exhibits severe reduced activity on H3 Lys*® methylation
in vitro on recombinant nucleosome substrates where histone
H4 Lys** was mutated to Gln or Glu (41). These observations
reinforce and support our previously published observation
regarding Set2-mediated trans-histone pathway in budding
yeast (10). Based on our new data and given that histones are
highly conserved from yeast to human, it is likely that NSD2 and
other Set2-like methyltransferases require this nucleosome
surface for proper methyltransferase activity. Therefore, study-
ing how histone H4, H2A, and H3 residues contribute toward
maintaining proper H3 Lys®*® methylation in yeast may poten-
tially help our understanding of how proper H3 Lys>® methyla-
tion and transcription elongation occur in humans. In addition,
several Set2 human homologues, NSD1, NSD2, and NSD3,
have been found overexpressed or mutated in various human
cancers such as acute myeloid leukemia, multiple myeloma,
and breast cancer (42— 44). Therefore, our studies may also pro-
vide insight into how these histone methyltransferases contrib-
ute to oncogenesis.
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