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(Background: The Jhd2 PHD finger is required for H3K4 demethylation, but how it contributes to chromatin binding is not

Results: Mutating two H2A residues impacts chromatin association and H3K4 demethylation by Jhd2.

Conclusion: The PHD finger-H2A interaction controls Jhd2 functions.

Significance: Histone H2A is a novel recognition target for the PHD finger, and it contributes to the chromatin binding
dynamics, enzymatic activities, and transcriptional regulatory functions of Jhd2.
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Histone H3 lysine 4 (H3K4) methylation is a dynamic modifi-
cation. In budding yeast, H3K4 methylation is catalyzed by the
Set1-COMPASS methyltransferase complex and is removed by
Jhd2, a JMJC domain family demethylase. The catalytic JmjC
and JmjN domains of Jhd2 have the ability to remove all three
degrees (mono-, di-, and tri-) of H3K4 methylation. Jhd2 also
contains a plant homeodomain (PHD) finger required for its
chromatin association and H3K4 demethylase functions. The
Jhd2 PHD finger associates with chromatin independent of
H3K4 methylation and the H3 N-terminal tail. Therefore, how
Jhd2 associates with chromatin to perform H3K4 demethylation
has remained unknown. We report a novel interaction between
the Jhd2 PHD finger and histone H2A. Two residues in H2A
(Phe-26 and Glu-57) serve as a binding site for Jhd2 in vitro and
mediate its chromatin association and H3K4 demethylase func-
tions in vivo. Using RNA sequencing, we have identified the
functional target genes for Jhd2 and the H2A Phe-26 and Glu-57
residues. We demonstrate that H2A Phe-26 and Glu-57 residues
control chromatin association and H3K4 demethylase functions
of Jhd2 during positive or negative regulation of transcription at
target genes. Importantly, we show that H2B Lys-123 ubiquiti-
nation blocks Jhd2 from accessing its binding site on chromatin,
and thereby, we have uncovered a second mechanism by which
H2B ubiquitination contributes to the trans-histone regulation
of H3K4 methylation. Overall, our study provides novel insights
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into the chromatin binding dynamics and H3K4 demethylase
functions of Jhd2.

Histone H3 lysine 4 (H3K4)® methylation plays an important
role in transcriptional regulation (1, 2) and other cellular pro-
cesses (3-7). H3K4 methylation occurs in three forms or
degrees because the lysine e-amino group can be mono-, di-, or
tri-methylated (indicated as H3K4mel, H3K4me2, and
H3K4me3, respectively). A distinct role for each of these three
degrees of H3K4 methylation was demonstrated or proposed
from genetic and/or genomics-based studies (8 —11). H3K4me3
is enriched at transcriptional start sites from yeast to humans
and is generally considered a mark of active or activated state of
transcription (8, 12). Although the role for H3K4mel in Sac-
charomyces cerevisiae or the budding yeast is not yet known, it
is present at “poised” developmental enhancers in embryonic
stem cells (13) and implicated in gene repression in mammals
(14). H3K4me2 and H3K4me3 are found predominantly at
transcriptionally active loci (15—17), but recent studies in bud-
ding yeast have also linked these marks to transcriptional
repression (9, 18, 19). H3K4 methylation is a dynamic modifi-
cation. In budding yeast, H3K4 methylation is catalyzed by the
Setl methyltransferase (20, 21), which is present in a multisub-
unit protein complex called COMPASS (22). The H3K4 methyl
marks are removed by Jhd2, a JARID family JMJC domain-con-
taining demethylase in budding yeast (23-26). Although the
regulation and functions of Set1-COMPASS have been studied
extensively (27), regulation of Jhd2 and its contributions to
transcription have remained far from fully understood.

3 The abbreviations used are: H3K4, histone H3 Lys-4; H2BK123, histone H2B
Lys-123; H3K4me1, H3K4me2, and H3K4me3, mono-, di-, or tri-methylated
H3K4, respectively; PHD, plant homeodomain; GO, gene ontology; RNA-
seq, RNA sequencing.
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Jhd2 is not present in a stable protein complex iz vivo (23).
Hence, elements or components that regulate its functions
might exist intrinsically within Jhd2 itself. Our study and those
of others have shown that Jhd2 is regulated at its protein level by
proteasomal degradation following polyubiquitination by the
E3 ligase Not4 (26, 28). Furthermore, we showed that Not4
monitors the structural integrity of Jhd2, which is maintained
by the interdomain interactions between the JmjN and JmjC
catalytic domains (26). Jhd2 also contains a plant homeodo-
main (PHD) finger present between its catalytic JmjN and JmjC
domains (Fig. 14). We previously demonstrated that this PHD
finger is required for the association of Jhd2 with chromatin
(26). The PHD finger is an evolutionarily conserved domain
present in many proteins involved in regulating chromatin
structure and dynamics (29, 30). The PHD fingers in mamma-
lian ING2 and BPTF were the first to be shown to bind the
H3K4me3 mark and mediate chromatin association (31-33).
Subsequently, other PHDs were reported to “read” or bind to
unmodified or modified H3 or to acetylated H4 (29, 34 -37). We
previously also showed that the association of Jhd2 with chro-
matin is not dependent on its substrate (H3K4 methylation) or
the H3 N-terminal tail (amino acids 2—28) (26). Therefore, how
Jhd2 via its PHD finger binds to chromatin was not understood.
Whereas H3K4 methylation is well connected to gene tran-
scription, how Jhd2 contributes to this process is also not fully
understood. Madhani and co-workers (38) have demonstrated
a role for Jhd2 in regulating H3K4 methylation and transcrip-
tion during yeast gametogenesis. They showed that during
spore differentiation, Jhd2 activates protein-coding gene tran-
scription by countering the transcriptional shut-off that nor-
mally occurs at this developmental stage. Apart from this study,
target genes of Jhd2 and contributions of Jhd2 to their regula-
tion have remained poorly defined.

In this study, we demonstrate an interaction between the
Jhd2 PHD finger and histone H2A. Using mutational analyses,
we have identified two residues in H2A, Phe-26 and Glu-57, as
being important for the ability of JThd2 to bind histone H2A in
vitro and also for the chromatin association and H3K4 demeth-
ylase functions of Jhd2 in vivo. Using RNA-seq for gene expres-
sion analysis, we have identified common functional target
genes for Jhd2 and the two H2A residues. We show that the
H2A Phe-26 and Glu-57 residues mediate proper chromatin
association and H3K4 demethylase functions of Jhd2 at target
loci in vivo. Importantly, we also describe how access to these
sites on H2A by Jhd2 is regulated by H2BK123 monoubiquiti-
nation, providing another mode by which H2BK123 monou-
biquitination acts in the trams-histone regulation of H3K4
methylation via the control of both H3K4 demethylase func-
tions as well as the H3K4 methyltransferase activity. Collec-
tively, our study provides insights into the mechanism by which
the Thd2 H3K4 demethylase associates with chromatin and
functions during transcriptional regulation.

Experimental Procedures

DNA Constructs—For recombinant H2A production in bac-
teria, mutations or deletions were introduced into HTAI using
PCR and mobilized as an Ndel-BamHI fragment to replace the
wild-type sequence in H2A-pET11a (39). The H2A variant
SASBMB
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HTZ1 was PCR-amplified and mobilized into pET11a. The
plasmid to express Myc epitope-tagged Jhd2 in yeast was
described previously (26). Alanine substitution mutants of H2A
created in HTAI-HTBI-pRS313 for expression in yeast were
described previously (66). For the UBP8 <y-knock-out con-
struct, ~400-bp regions upstream of the L/BP8 start codon and
downstream of the stop codon were PCR-amplified. An overlap
PCR strategy was used to combine these two UBP8 fragments
and to include an intervening SaclI site. The resulting 800-bp
PCR product was cloned into the Xbal-Sacl sites in YIPlac211.
All constructs created using PCR-amplified products were ver-
ified by DNA sequencing.

Yeast Strains and Media—Yeast cells were grown in YPAD
broth (1% yeast extract, 2% peptone, 2% dextrose, and 0.004%
adenine hemisulfate) or in synthetic dropout media. Liquid
broth supplemented with 2% agar was used to prepare solid
media. Gene deletion strains were created by transforming PCR
products containing the target locus and an inserted KanMX6
selection cassette amplified using genomic DNA isolated from
the respective deletion mutant strains present in the Open Bio-
system yeast gene knock-out collection. Epitope tagging of JThd2
with 12 copies of V5 at its C terminus was performed by PCR
amplification using pFA6a-12Pk-kanM X6 (40) as the template
and subsequent transformation of the PCR product into FY406
strain. Histone mutations were mobilized and expressed in
yeast strains derived from parental Y131 or FY406 strains using
a standard plasmid shuffle approach. UBPI0 was deleted in
YMCS85 by transforming a PCR product containing 500-bp
regions upstream and downstream of the L/BP10 ORF replaced
with a NatMX4 selection module. This PCR product was ampli-
fied using genomic DNA from the UCC6398 strain (55). The
UBP8 vy-knock-out construct described above was linearized
with Sacll and transformed into YMC88 to create the
ubp8Aubpl10A double mutant. Detailed genotypes of the yeast
strains used in this study are listed in Table 1.

Western Blot Analysis—Crude nuclear extracts were pre-
pared to examine H3 modifications following the cell fraction-
ation procedure as described (41). To examine changes in the
H2Bubl levels, whole cell extracts were prepared by boiling 3 X
107 cells in 100 ul of 1 X Laemmli sample buffer (Bio-Rad) for 10
min. After centrifugation (16,100 X g for 5 min), equal volumes
of whole cell extracts were subjected to Western blot analysis
using a-H2B (1:5000; Active Motif) and a-Pgkl (1:5000; 22C5,
Molecular Probes) antibodies. The following antibodies were
purchased from Millipore unless specified otherwise and used
in Western blotting (dilutions used and source are indicated in
parentheses): a-H3K4mel (1:1000), a-H3K4me2 (1:10,000),
a-H3K4me3 (1:5000), and a-H3K14ac (1:5000) (Active Motif).
The histone H3 loading was monitored using a-H3 (1:10,000;
Abcam), and Jhd2 levels were examined using a-Myc (1:2000,
clone 9E10) or a-V5 (1:1000; Invitrogen). Quantitation of
Western blot signals was performed by densitometry using
Image] (National Institutes of Health).

In Vitro GST Pull-down Assay—Plasmid constructs pFH54
(26) (to express glutathione-S-transferase (GST)-tagged Jhd2
PHD finger) or pBG101 (to express GST alone) were trans-
formed into Escherichia coli strain BL21(DE3)-RIL (Agilent
Technologies). Cells were grown in Luria broth medium sup-
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TABLE 1
Saccharomyces cerevisiae strains
Strain Genotype Source
FY406 Mat a htal-htb1A hta2-htb2A lys2-1285his3A200 ura3-52 HTA1-HTBI (CEN URA3) Ref. 64
HTAIWT HTAI-HTBI (CEN HIS3); derived from FY406 Ref. 66
HTA1L24A htal-L24A-HTBI1 (CEN HIS3); derived from FY406 Ref. 66
HTA1T25A htal-T25A-HTBI (CEN HIS3); derived from FY406 Ref. 66
HTA1F26A htal-F26A-HTBI (CEN HIS3); derived from FY406 Ref. 66
HTA1P27A htal-P27A-HTBI1 (CEN HIS3); derived from FY406 Ref. 66
HTAI1E57A htal-E57A-HTBI (CEN HIS3); derived from FY406 Ref. 66
HTAI1L59A htal-L59A-HTBI (CEN HIS3); derived from FY406 Ref. 66
Y131 Mat a htal-htb1A:LEU2, hta2-htb2A, leu2-2,-112, ura3-1, trpl-1, his3-11,-15 ade2-1, can1-100, ssdl, HTA1I-HTBI1 (2. URA3)  Ref. 52
YZS315 HTAI1-FLAG-HTBI (CEN HIS3); derived from Y131 Ref. 72
YZS606 HTAI-FLAG-HTBI (CEN HIS3) ubp8A:KanMX6 ubpl0A::NatMX4; derived from Y131 Ref. 72
FY120 Mat a leu2A1 ura3 his4-9120 lys2-1280 Ref. 75
YZS613 ubp8A:KanMX6 ubp10A:NatMX4; derived from FY120 This study
YMH171 Mat a ura3-52 leu2-3,112 his3 trpIA Ref. 76
YZS513 sdclA:KanMX6; derived from YMH171 Ref. 26
YZS515 set1A::KanMX6; derived from YMH171 Ref. 26
YZS524 sdclA:KanMX6; derived from Y131 This study
YZS652 Jhd2A::KanMXG6; derived from FY406 This study
YZS653 sdclA:KanMX6 HTAI-HTBI (CEN HIS3); derived from YZS524 This study
YZS654 sdcl1A:KanMX6 htal-L24A-HTB1 (CEN HIS3); derived from YZS653 This study
YZS655 sdclA:KanMX6 htal-F26A-HTB1 (CEN HIS3); derived from YZS653 This study
YZS656 sdclA:KanMX6 htal-E57A-HTBI (CEN HIS3); derived from YZS653 This study
YMC64 setIA:KanMX6 HTA1-HTBI1 (CEN HIS3); derived from HTA1IWT This study
YMC70 Jhd2A:KanMX6 HTAI-HTBI (CEN HIS3); derived from YZS652 This study
YMC84 Jhd2-12V5::KanMX6; derived from FY406 This study
YMC85 HTAI-HTBI (CEN HIS3) Jhd2-12V5::KanMX6; derived from YMC84 This study
YMC86 htal-F26A-HTBI (CEN HIS3) Jhd2—-12V5::KanMXG6; derived from YMC84 This study
YMC87 htal-E57A-HTBI (CEN HIS3) Jhd2-12V5::KanMX6; derived from YMC84 This study
YMC88 ubp10A:NatMX4 Jhd2—12V5:KanMX6; derived from YMC85 This study
YMC90 ubp8A::URA3 ubp10A:NatMX4 Jhd2-12V5::KanMX6; derived from YMC88 This study

plemented with 0.15 mm ZnSO, to an Ay, of 0.6 at 37 °C,
induced with 1 mm isopropyl-B-p-thiogalactopyranoside, and
grown overnight at 16 °C before harvesting. Cell pellets were
resuspended in NET buffer (25 mm Tris-Cl, pH 8.0, 50 mm
NaCl, 5% glycerol, 0.1% Triton X-100, 1 mm phenylmethylsul-
fonyl fluoride (PMSF), 1 ug/ml pepstatin A, 1 ug/ml aprotinin,
and 1 ug/ml leupeptin) and sonicated. The lysate was then
incubated on ice for 30 min following the addition of Triton
X-100 (1%) to solubilize proteins. Recombinant GST-Jhd2
PHD finger or GST alone was purified using glutathione-Sep-
harose 4B beads following the manufacturer’s instructions (GE
Healthcare). Plasmid constructs to express wild-type HTB1,
HTZ1, or the wild-type or mutant HTAI were also introduced
into the E. coli strain BL21 (DE3)-RIL. Cells were grown as
described above, except they were induced with 0.1 mm isopro-
pyl-B-p-thiogalactopyranoside for 5 h at 37 °C. E. coli cells
expressing recombinant H2B, H2A, or H2A mutants were lysed
inlysis/binding buffer (20 mm Tris-Cl, pH 7.5, 150 mm NaCl, 5%
glycerol, 0.01% Nonidet P-40, 1 mm DTT, 1 mm PMSF, 1 ug/ml
pepstatin A, 1 ug/ml aprotinin, and 1 ug/ml leupeptin) by son-
ication. Following centrifugation (16,100 X g for 15 min), the
supernatant (lysate) was collected. Purified GST-tagged PHD
fingers (15 um) were incubated with the E. coli lysates contain-
ing H2B, H2A, or H2A mutants (10 ug of total protein) in 240 ul
of lysis/binding buffer for 1 h at 4 °C. Incubation was continued
for another 1 h at 4 °C after the addition of 10 ul glutathione-
Sepharose beads to pull down GST alone or the GST-tagged
Jhd2 PHD finger. Following four washes with a wash buffer
(lysis/binding buffer containing 0.1% Nonidet P-40), the beads
were boiled in 1X Laemmli sample buffer (Bio-Rad) for 10 min.
Following centrifugation (16,100 X g for 5 min), the superna-
tant was subjected to Western blotting using a-H2B (1:5000) or
a-H2A (1:5000; Active Motif) antibodies. The amount of GST-
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tagged proteins present in the binding reaction was monitored
by Ponceau S staining.

In Vitro H2A Pull-down Assay—Lysates containing recombi-
nant histone H2A (600 ug of total protein) from E. coli were
prepared as described above and incubated with 10 ul of a-H2A
antibody for 1 h at 4 °C. After the addition of 50 ul of Dyna-
beads® protein A (Invitrogen), incubation was continued for
another 1 h at 4 °C to pull down the recombinant H2A. The
H2A-bound beads were washed four times with the wash buffer
as described above and then incubated with purified GST-Jhd2
PHD finger (5 ng) in 200 ul of lysis/binding buffer with 0, 50,
100, or 200 pg/ml ethidium bromide (EtBr) for 1 hat4 °C. After
four washes with the wash buffer, the beads were boiled in 1X
Laemmli sample buffer (Bio-Rad) for 10 min. Following centrif-
ugation (16,100 X g for 5 min), the supernatant was subjected to
Western blot analysis using a-GST (1:40,000; GE Healthcare)
and a-H2A (1:5000) antibodies.

Chromatin Immunoprecipitation (ChIP) Assay—Soluble
chromatin was prepared from formaldehyde-cross-linked cells
for ChIP of H3 or H3K4 methylation and dimethyl adipimidate/
formaldehyde-double-cross-linked cells for ChIP of V5-tagged
Jhd2 as described previously (41). Soluble chromatin was pre-
pared from three independent cultures each for the Jhd2-12V5-
containing strains (YMC85, YMC86, and YMC87) or the
HTA1WT strain without V5-tagged Jhd2 (“no tag” control) and
used in immunoprecipitation with a-V5 antibody. For H3K4
methylation, soluble chromatin was prepared from three inde-
pendent cultures each of HTAIWT, HTA1F26A, HTA1E57A,
and YMC70 strains, in addition to YMC64 (a setIA strain) used
for background subtraction. An aliquot of the soluble chroma-
tin was used to isolate the input DNA control. The following
antibodies were used in a ChIP assay (volume used and source
are indicated in parentheses): a-H3K4mel (4 ul; Active Motif),
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TABLE 2
Primers used in this study
Primer Sequence
SER3-PF (—298) CTTCTCGTTCCCACCTAATTTCGC
SER3-PR (—127) TTATCCTCTGCTCCCTCCTTCC

MET6 PF (—242)
METS6 PR (—38)
CARI1 PF (—250)
CAR1 PR (—92)
SPL2-PRO-FOR
SPL2-PRO-FOR
GFD2-FOR
GFD2-REV
NAT4-FOR
NAT4-REV
PHOB84-antisense-FOR
PHOB84-antisense-REV
PHOB84-sense-FOR
PHO84-sense-REV
SHB17-antisense-FOR
SHB17-antisense-REV
DURI1-antisense-FOR
DURI1-antisense-REV
BUB3-antisense-FOR
BUB3-antisense-REV
HOLI1-antisense-FOR
HOL1-antisense-REV

GATAGATGCACTAATTTAAGGGAAG
TTTCTTAGAGTGTTGTCAATGCTC
CGAATAGTCTCTAGCTCTTGCCC
CTTAGATCTTGATAGAAAGTGGGCC
AATGCATGGCAGTTATGGCAATTAC
AATGCATGGCAGTTATGGCAATTAC
GTGGGTACATCCGTGCACCATTTCTG
AGCACCGGTATTACCGCTTCTGGAACG
GCGGTGCGCGCGCGCCATTAAAAG
GGTGGTGAAGTTACCGTTTCCATCTG
TCACAACCTTGTTGATCCCAGAAACTAAGAG
GGATGGCAGAGAGATGTGAGGAAATAATG
ATGCAACCACATTGCACACCGGTAATG
ACCACCTTCGGTAAGGTGTTCTTTATGAAG
TTGCACCGCAAGCACCAGAGTGAGGG
GGTTCGTCAATGTTGTGGTGAGCGTATG
GCTCCTAAATCGGGTAAGATTATCAAGATTTG
GTTCAGCAAATTGAGAACATAACAAACACACG
ACACGGCTGGCTCTGATGGCATAATTTC
CACGAATCTTCACGAAGATATCAGTTCTC
GTATTTGCAATCTGTCAATTTGAGAGACGG
TTTCTTGGTACTGCTTCAGTCTTAGGAATGG

a-H3K4me2 (1 wl; Millipore), a-H3K4me3 (1 wl; Millipore),
a-H3 (1 pl; Abcam), and a-V5 (2 wl; Invitrogen). ChIP was
performed essentially as described (41) except for modifica-
tions in the wash steps for ChIP of Jhd2-12V5. After immuno-
precipitation with a-V5 antibody, the chromatin-bound a-V5-
tag-mab-magnetic beads (MBL International Corp.) were
washed twice with 1 ml of FA140 buffer (50 mm HEPES, pH
7.6, 140 mMm NaCl, 1 mm EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 1 mm PMSF, 1 ug/ml pepstatin A, 1 ug/ml apro-
tinin, and 1 ug/ml leupeptin); once with FA1000 (FA140 buffer
with 1 M NaCl); once with 1 ml of FA500 buffer (FA140 buffer
with 500 mM NaCl); once with 1 ml of LiCl/Nonidet P-40 buffer
(10 mm Tris-Cl, pH 8.0, 250 mm LiCl, 1 mm EDTA, 0.5% Non-
idet P-40, 0.5% sodium deoxycholate, 1 mm PMSF, 1 ug/ml
pepstatin A, 1 pg/ml aprotinin, and 1 ug/ml leupeptin); and
once with TE (10 mm Tris‘Cl, pH 8.0, 1 mm EDTA, pH 8.0).
ChIP DNA was eluted using 450 ul of ChIP elution buffer (25
mM Tris*Cl, pH 8.0, 2 mm EDTA, pH 8.0, 200 mm NacCl, and
0.5% SDS). ChIP elution buffer was also added to soluble chro-
matin set aside for input DNA control. 2 ul of Proteinase K
(Roche Applied Science) was added, and reverse cross-linking
was performed at 65 °C for 5 h. Input and ChIP DNA were then
isolated using Qiagen PCR Cleanup Kit following the manufa-
cturer’s protocol. 2 ul of ChIP DNA (undiluted or 1:5 diluted)
or input DNA (1:20 diluted) was the template in quantitative
PCR performed in triplicate using a Bio-Rad CFX96 real-time
PCR detection system and iQ"™™ SYBR Green Supermix (Bio-
Rad), which yielded the threshold cycles (C;). Primers
sequence used in this study are listed in Table 2.

ChIP Data Analysis—Data from Jhd2-12V5 ChIP experi-
ments were analyzed as follows. The C,. value for ChIP DNA
was normalized to the C; value for the input DNA using the
27 AACT method (42). The resulting normalized 2747 values
for each strain from three independent ChIP experiments were
then averaged. The average 2~ ““7 value obtained for the “no
tag” strain was then subtracted from the values obtained for the
V5-tagged Jhd2-expressing strains, and the resulting back-
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ground subtracted value is ChIP enrichment and is defined as
Jhd2 occupancy. In general, we obtained ~3-4-fold enrich-
ment for Jhd2-12V5 in the wild-type H2A strain relative to the
“no tag” strain. Jhd2 occupancy in each mutant strain was then
normalized to the Jhd2 occupancy in the control wild-type H2A
strain (set as 1). The resulting value, -fold change in Jhd2 occu-
pancy in a mutant relative to the control, was plotted using
Graphpad Prism version 6.0 software. S.E. values were calcu-
lated using the normalized 272 values for each strain and
from three independent ChIP experiments. They were further
normalized to the Jhd2 occupancy value obtained for the con-
trol wild-type H2A strain and used within the graphs. For H3K4
methylation ChIP assays, the C; value for ChIP DNA from
an antibody recognizing one of the H3K4 methyl marks
(H3K4mel, H3K4me2, or H3K4me3) was normalized to the C.
value for ChIP DNA obtained using a-H3 antibody, employing
the 27447 method. The normalized values for each strain
from three independent ChIP experiments were then averaged.
The average 2~ ““” value obtained for the set1A strain was sub-
tracted from the average 2~ ““7 values obtained for the test
strains in order to obtain the final ChIP enrichment value,
termed H3K4 methyl occupancy. On average, we obtained
>3-fold, >30-fold, and >100-fold enrichment for H3K4mel,
H3K4me2, and H3K4me3, respectively, in the wild-type H2A
strain relative to the sezA strain. The H3K4mel, H3K4me2, or
H3K4me3 occupancy in each mutant was normalized to its
occupancy in the control wild-type H2A (set as 1), in order to
obtain the -fold change in the occupancy of an H3K4 methyl
mark in a mutant relative to the wild type. The -fold change and
the normalized S.E. values were calculated as described above
and were plotted using GraphPad Prism version 6.0. Statistical
significance was calculated using the Student’s ¢ test option
available in Microsoft Excel.

RNA-seq Analysis—Three independent cultures for HTAIWT,
HTAI1F26A, HTA1E57A, and YMC70 strains were grown in
YPAD medium to mid-log phase. 3 X 10® cells/culture were
harvested and washed once with nuclease-free water (Sigma).
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Total RNA was isolated using the RiboPure™™-yeast kit (Life
Technologies). To remove any residual DNA contamination,
total RNA was treated with 2 ul of DNase I (TURBO DNA-
free™ Kit; Life Technologies) for 45 min at 37 °C. RNA was
digested once more using DNase I (RNase-free DNase set; Qia-
gen) for 10 min at room temperature before purification using
the Qiagen RNeasy kit. Prior to library construction for RNA-
seq, the quality of RNA was ascertained using a Bioanalyzer
(Agilent), and the RNA integrity number for the samples
ranged from 6.8 to 8.1. The Ribo-Zero™ Magnetic Gold Kit
(Yeast) (Epicenter) was used to remove ribosomal RNA from
total RNA. Library construction was performed using the Illu-
mina TruSeq RNA sample preparation kit version 2 and
sequenced using the Illumina Hiseq2000 sequencer. For bioin-
formatics analysis, an S. cerevisiae genome index was initially
created. The UCSC sacCer3 reference sequence and tran-
script table were downloaded from yeastgenome.org (S288C_
reference_genome_R64-1-1_20110203). Standard differential
expression was then performed using the open source USeq
and DESeq analysis packages. Briefly, each replica data set was
aligned to the genome and splice junctions using Novoalign.
After alignment, splice junction coordinates were converted to
genomic coordinates, counts for each gene were collected, vari-
ance was normalized, and differentially expressed genes
between a mutant and control were identified using a negative
binomial model with DESeq. Genes passing two thresholds, a
false discovery rate of <5% and absolute log, ratio of 0.585 (i.e.
1.5-fold change), were considered differentially expressed and
were used in subsequent analysis. Read depth-normalized cov-
erage was used for visualization in a genome browser to confirm
changes in expression. Total counts, gene lists, and other rele-
vant metrics associated with the RNA-seq analysis are included
in supplemental Tables 1 and 2. Gene ontology enrichment
analysis was performed using the GO Term Finder (version
0.83) available at the Saccharomyces Genome Database (sup-
plemental Table 3).

Results

The N-terminal Region of Histone H2A Is Required for Its
Interaction with the Jhd2 PHD Finger in Vitro—We previously
showed that the chromatin binding and in vivo demethylase
activities of Jhd2 are dependent on its PHD finger (26). We
also showed that Jhd2 binds chromatin in the absence of H3K4:
methylation (the substrate) and in the absence of the H3 N-ter-
minal tail region (26). This led us to hypothesize that the Jhd2
PHD finger might interact with a histone(s) other than H3 in
order to associate with chromatin. Hence, we tested the binding
of Thd2 PHD finger to histones using in vitro GST pull-down
assays. Purified recombinant Jhd2 PHD finger was expressed as
a GST-tagged fusion protein in bacteria and incubated with a
bacterial lysate containing either yeast H2A or H2B before
binding to glutathione beads. Our pull-down assays showed
that the GST-JThd2 PHD finger binds H2A (Fig. 1B) but not H2B
(Fig. 1C). Also, GST-Jhd2 PHD finger did not bind Htz1 (the
sole H2A variant in yeast) in our iz vitro binding assays (data
not shown). To confirm that the interaction between the Jhd2
PHD finger and H2A is not mediated by DNA, we performed
the binding reaction in the presence of increasing amounts of

28764 JOURNAL OF BIOLOGICAL CHEMISTRY

ethidium bromide, a DNA intercalating agent known to disrupt
protein-DNA interactions (43). The Jhd2 PHD finger bound to
H2A even in the presence of high ethidium bromide concentra-
tions (=100 wg/ml) (Fig. 1D). Taken together, our results
revealed a DNA-independent direct interaction between the
Jhd2 PHD finger and histone H2A. To identify the region(s) in
H2A required for its interaction with the Jhd2 PHD finger, we
generated truncation mutants of H2A as shown in Fig. 1E. The
ability or inability of H2A mutants to bind the Jhd2 PHD finger
was then evaluated using GST pull-down assays. Deleting either
amino acids 2—38 or amino acids 25-38 near the N-terminal
region of H2A resulted in a >70% reduction in the binding of
H2A to the GST-Jhd2 PHD finger (Fig. 1F). Thus, we identified
aregion in H2A, comprised of residues in helix 1 («1) and the
linker region between «l and the N-terminal helix (aN), as
being important for the interaction between H2A and the Jhd2
PHD finger.

Histone H2A Residues Phe-26 and Glu-57 Control Demethyl-
ase Functions of Jhd2 in Vivo—From the crystal structure of the
yeast nucleosome (Fig. 24), it appears that the H2A helix 1 (a1)
is inaccessible for factor binding because it is located within the
nucleosome. However, the linker region between helices al
and oN is surface-accessible. We therefore asked whether this
linker region mediates the H2A-JThd2 PHD finger interaction.
Hence, we deleted the four residues that make up this linker
region (Leu-24, Thr-25, Phe-26, and Pro-27) and created the
H2A-LTFPA mutant. We then tested the ability of this deletion
mutant to interact with the Jhd2 PHD finger using a GST pull-
down assay. The GST-JThd2 PHD finger showed reduced bind-
ing to the H2A-LTFPA deletion mutant when compared with
wild-type H2A (Fig. 2B). This finding confirmed the impor-
tance of the linker region to the in vitro interaction between
histone H2A and the Jhd2 PHD finger.

Next, we tested the contributions of individual linker region
residues to the interaction between H2A and the Jhd2 PHD
finger. Unlike the H2A-LTFPA deletion mutant, an alanine
substitution mutation at each of the four linker region residues
did not disrupt the histone H2A-Jhd2 PHD finger interaction
(Fig. 2C). We then asked whether the linker region residues play
any role in controlling the H3K4 demethylase functions of Jhd2
in vivo in yeast cells. Overexpression of Jhd2 in yeast cells leads
to a decrease in global H3K4me3 levels (23—26). We used this
decrease in bulk H3K4me3 levels following Jhd2 overexpres-
sion as an assay to measure the in vivo demethylase functions of
Jhd2. To address our question, we overexpressed Jhd2 in yeast
strains containing either the wild-type H2A or an H2A mutant
with alanine substitution in one of the linker region residues.
We also transformed wild-type H2A or H2A mutant strains
with the plasmid vector as a control. We used Western blotting
to then examine changes, if any, in bulk H3K4 methylation lev-
els in extracts prepared from these strains. First, mutating any
one of the four H2A linker region residues caused an alteration
(i.e. increase or decrease) in the steady state levels of H3K4me3
when compared with the control wild-type H2A strain (Fig. 2, D
and E, lanes labeled Vector), which suggested that the linker
region residues are required for maintaining global H3K4me3
levels. Second, overexpression of Jhd2 in the H2A-T25A or
H2A-P27A strain led to >50% reduction in bulk H3K4me3 lev-
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FIGURE 1. The Jhd2 PHD finger interacts with H2A in vitro. A, schematic representation of Jhd2 with the catalytic JmjN and JmjC domains and the PHD is
shown. Numbers denote the first and the last amino acid positions. Band C, recombinant GST alone or GST-tagged Jhd2 PHD finger was incubated with E. coli
lysate containing recombinant histones H2A (B) or H2B (C) and subjected to pull-down using glutathione-conjugated beads. After extensive washing, the Jhd2
PHD finger-bound H2A or H2B was eluted in 1X Laemmli sample buffer. E. colilysates (1%, Input) and eluates (40%) were subjected to Western blotting using
a-H2A or a-H2B antibody. The top part of the blot was stained with Ponceau S to show equal loading of GST and GST-tagged PHD finger. D, the a-H2A antibody
and protein A-conjugated beads were added to capture the recombinant H2A present in E. coli lysates. After extensive washing, the H2A-bound beads were
incubated with the recombinant GST-tagged Jhd2 PHD finger in the absence or in the presence of the indicated concentrations of EtBr. As a negative control,
GST alone was incubated with H2A-bound beads. The H2A-bound proteins were eluted from beads using Laemmli sample buffer. Purified GST or GST-Jhd2
PHD finger (1%, Input) and eluates (40%) were subjected to Western blotting using a-GST and a-H2A antibodies. E, schematic representations of histone H2A
and its deletion mutants. Helices in H2A (aN, a1, a2, @3, and «aC) are also shown. Right, crystal structure of yeast H2A (Protein Data Bank entry 11D3) with helices
colored as in the schematic on the /eft. F, recombinant GST alone or GST-tagged Jhd2 PHD finger was incubated with the E. coli lysates containing H2A or the
deletion mutants, subjected to pull-down using glutathione-conjugated beads, and examined by Western blotting as described for A. Quantitations of the
GST-Jhd2 PHD finger interaction with wild-type H2A and with deletion mutants are shown. Blots were quantified by densitometry using ImageJ. The signal for
bead-bound histone was normalized to the signal for input control. The signal obtained for a truncated H2A is shown relative to the signal for H2A, which was
setas 1.

els when compared with these H2A mutant strains transformed
with the plasmid vector alone (Fig. 2, D and E, lanes 5 and 6 and
lanes 11 and 12). This is very similar to that observed upon Jhd2
overexpression in control strain with wild-type H2A (Fig. 2, D
and E, lanes I and 2). Therefore, mutating either H2A Thr-25 or
Pro-27 residue did not disrupt the H3K4 demethylase functions
of Jhd2. On the other hand, overexpressing Jhd2 in the H2A-
L24A or H2A-F26A strain showed no drastic reduction in bulk
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H3K4me3 levels, which is unlike what was observed upon over-
expressing Jhd2 in the control wild-type H2A strain (Fig. 2D,
compare lanes 3 and 4 and lanes 7 and 8 with lanes 1 and 2).
Therefore, mutating H2A L24 or Phe-26 residue disrupted the
ability of Thd2 to remove H3K4me3 in vivo. To test whether
these H2A mutations impair H3K4 demethylation by adversely
affecting Jhd2 protein levels, we examined the levels of the Myc
epitope-tagged Jhd2 in extracts prepared from yeast strains
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with nine copies of the Myc epitope (Jhd2-9Myc; J). H3 served as a loading control. E, blots were quantified by densitometry using ImageJ. Signals for H3K4me1,
H3K4me2, H3K4me3, and Jhd2-9Myc in each strain were normalized to the H3 signal. Graphs show -fold change in the normalized signal for an H3K4 methyl
mark in various strains relative to that in the control H2AWT strain transformed with vector pRS426, which was arbitrarily set as 1. Dotted line, decrease in
H3K4me3 levels upon Jhd2 overexpression. Normalized signals for Jnd2-9Myc in various H2A mutant strains are shown (in blue) relative to its signal in control
H2A strain transformed with vector (set as 1).

containing wild-type H2A or one of the H2A mutants. A 2-fold  F26A strain suggested that the H2A Phe-26 residue is required
reduction in Jhd2—9Myc levels was observed in the H2A-L24A  for the removal of the H3K4me3 marks by Jhd2 in vivo.

strain when compared with the control wild-type H2A strain From the yeast nucleosome structure, it is apparent that the
(Fig. 2D), which explains the failure to observe a decrease in H2A Glu-57 residue is in the vicinity of the H2A Phe-26 residue
H3K4me3 upon Jhd2 overexpression in the H2A-L24A mutant.  (Fig. 3A). This spatial proximity prompted us to speculate that
However, overexpressed Jhd2 protein levels were not reduced the H2A Glu-57 residue might also play a role in Jhd2-mediated
in the H2A-F26A strain (Fig. 2D). Therefore, the inability of H3K4 demethylation. Because the H2A Leu-59 residue resides
overexpressed Jhd2 to decrease H3K4me3 levels in the H2A-  on the opposite surface of the helix away from the H2A Glu-57
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FIGURE 3. Histone H2A Glu-57 residue is required for the removal of H3K4me3 marks by Jhd2 demethylase in vivo. A, ball-and-stick representations for
H2A Phe-26, Glu-57, and Leu-59 residues are shown and colored in blue, red, and purple, respectively. The distance between the Phe-26 and Glu-57 residues
calculated using the UCSF Chimera software is indicated. B and C, Western blot analysis of H3K4 methylation and Jhd2-9Myc (B) and quantitation (C) were
performed as described in the legend to Fig. 2. Dotted line, decrease in H3K4me3 upon overexpressing Jhd2.

residue (Fig. 3A), we presumed that the H2A Leu-59 residue
might not impact Jhd2 recruitment and could serve as a nega-
tive control. We then tested whether mutating the H2A Glu-57
residue could also adversely affect the demethylase functions of
Jhd2 akin to the H2A-F26A mutation. Western blotting showed
that the H2A-E57A and H2A-L59A mutations themselves led to
a decrease in bulk H3K4me3 levels without overexpression of
Jhd2 (Fig. 3, B and C, compare lanes 3 and 5 with lane I). This
result suggested that the H2A Glu-57 and Leu-59 residues also
contribute to the maintenance of global H3K4me3 levels in
addition to the H2A linker region residues (Fig. 2D). Overex-
pression of Jhd2 in the H2A-E57A strain did not reduce the
global H3K4me3 level, which was otherwise reduced upon Jhd2
overexpression in both control wild-type H2A and the mutant
H2A-L59A strains (Fig. 3, B and C). Therefore, mutating the
H2A Glu-57 residue, but not the Leu-59 residue, adversely
affected the removal of H3K4me3 by Jhd2. Moreover, global
Jhd2 levels were not decreased in the H2A-E57A mutant (Fig.
3B). Taken together, these results showed that the H2A Glu-57
residue is also required for the removal of H3K4me3 marks by
Jhd2 in vivo in addition to the H2A Phe-26 residue.

The absence of Sdcl (a Set1-COMPASS regulatory subunit)
results in cells lacking any detectable H3K4me3 and containing
very low levels of H3K4mel and H3K4me2 (Fig. 4A). As
reported previously (26) and also shown in Fig. 4, Band C (lanes
1and 2), a decrease in H3K4mel and H3K4me?2 levels is evident
upon overexpressing Jhd2 in the strain lacking Sdcl (sdcIA),
indicating that Jhd2 also targets these two H3K4 methyl marks
in addition to H3K4me3. We next asked whether the H2A
Phe-26 and Glu-57 residues contribute to the removal of
H3K4mel and H3K4me2 marks by Jhd2 in vivo. To address this
question, we transformed the sdcIA strain containing wild-type
H2A or a mutant H2A (H2A-F26A or H2A-E57A) with either
the plasmid vector alone or the plasmid to overexpress Jhd2. As
shown in Fig. 4, B and C, H3K4me2 levels were reduced follow-
ing Jhd2 overexpression in sdcIA strain containing either H2A-
F26A or H2A-E57A mutant, similar to overexpression of Jhd2
in the control sdc1A/H2A strain (Fig. 4, B and C). On the other
hand, H3K4mel levels were not reduced in these strains, sug-
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gesting a lack of Jhd2 function (Fig. 4, B and C). Collectively,
these findings revealed that the H2A Phe-26 and Glu-57 resi-
dues are required for the Jhd2-mediated removal of H3K4mel
but not H3K4me2. Taken together, our results showed that the
H2A Phe-26 and Glu-57 residues are required for the enzy-
matic activities of Jhd2 toward H3K4mel and H3K4me3
methyl marks in vivo.

Histone H2A Residues Phe-26 and Glu-57 Mediate the in
Vitro Interaction of Jhd2 with H2A—We then addressed how
H2A residues Phe-26 and Glu-57 might control the enzymatic
functions of Thd2 in vivo. Acetylation of H3K14 (H3K14ac) was
reported to negatively regulate the H3K4 demethylase activity
of Jhd2 (44). However, bulk H3Kl4ac levels remained
unchanged in the H2A-F26A and H2A-E57A mutants when
compared with the control (Fig. 54). This result suggested that
the H2A-F26A and H2A-E57A mutations impair the in vivo
demethylase functions of Jhd2 by some other mechanism and
not via increasing H3K14ac. Whereas the H2A-F26A and H2A-
E57A mutations conferred a subtle or a severe slow growth to
yeast cells, respectively (Fig. 5B), the H2A-F26A/E57A double
mutation rendered yeast cells inviable (Fig. 5C). Therefore, we
were unable to examine H3K14ac levels in the H2A-F26A/
E57A double mutant.

To test whether the Phe-26 and Glu-57 residues play any role
in the H2A-JThd2 PHD finger interaction, we returned to the
GST pull-down assays. We found that the GST-JThd2 PHD fin-
ger bound to the H2A-F26A mutant similarly to wild-type H2A
but showed a slightly reduced binding to the H2A-E57A
mutant (Fig. 5D). However, the GST-Jhd2 PHD finger interac-
tion with the H2A-F26A/E57A double mutant was severely
reduced (>60%) when compared with its interaction with wild-
type H2A (Fig. 5E). Therefore, both H2A Phe-26 and Glu-57
residues are required to mediate the in vitro interaction
between histone H2A and the Jhd2 PHD finger.

Deleting Jhd2 or Mutating the H2A Phe-26 or Glu-57 Residue
Alters Transcription at a Common Set of Target Genes—Regu-
lation and functions of H3K4 methylation are well connected to
gene transcription (6). It is therefore conceivable that the H2A
Phe-26 or Glu-57 residue might control the chromatin associ-
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ation and H3K4 demethylase functions of Jhd2 during gene
transcription. We hypothesized that mutating either the H2A
Phe-26 or Glu-57 residue might impact genes whose transcrip-
tional regulation is dependent on Jhd2. To test this possibility,
we set out to identify the functional target genes of Jhd2 and the
two H2A residues (Phe-26 or Glu-57). We performed a global
differential gene expression analysis, where we sequenced in a
strand-dependent fashion RNA isolated from three indepen-
dent cultures for strains containing wild-type H2A (control),
a mutant H2A allele (H2A-F26A or H2A-E57A), or the null
allele for Jhd2 (jhd2A). By comparing with wild-type expres-
sion and using dual threshold =1.5-fold change (up or down)
and a false discovery rate of <5%, we identified 769, 1304, and
1629 transcripts that were differentially expressed in jhd2A,
H2A-F26A, and H2A-ES7A strains, respectively (Fig. 6, A and
B) (supplemental Tables 1 and 2). In addition to sense tran-
scription, we also extended our analysis to the antisense tran-
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scription of annotated genes, which revealed that the expres-
sion of a greater number of sense transcripts was altered than
antisense transcripts in jhd2A strain, suggesting that Jhd2 pre-
dominantly controls sense transcription in yeast (Fig. 6, A and
B). Corresponding well with its adverse effects on yeast cell
growth (Fig. 5B), a greater number of sense transcripts were
impacted in the H2A-E57A mutant than in the H2A-F26A and
jhd2A mutants (Fig. 6A). A greater number of antisense tran-
scripts were affected in the histone mutants than in jid2A (Fig.
6B), implicating a role for the H2A Phe-26 and Glu-57 residues
in antisense transcription. Taken together, our gene expression
analysis uncovered the functional roles for Jhd2 and histone
H2A during the regulation of sense and antisense transcription
in yeast.

To confirm whether the genes identified as differentially
expressed were shared between the three mutants, we per-
formed an intersection of the gene lists. We found that the
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transformed with either HTA1-HTB1, TRP1 CEN or htal-F26A/E57A-HTB1, TRP1 CEN plasmid and then streaked onto synthetic complete medium supplemented
with or without 5-fluoro-orotic acid (5-FOA) for negative selection of the URA3-containing plasmid. D and E, in vitro GST pull-down assays were performed as
described for Figs. 2 and 3, except the E. coli lysate contained wild-type H2A or the single (D) or double mutant (E) (H2A-F26A, H2A-E57A, and H2A-F26A/E57A).
Densitometry signals for the bead-bound histones were normalized to the signals from the input control. -Fold change in the signal for H2A-F26A/E57A is

shown relative to the signal for H2A (set as 1).

affected genes in jhid2A were most commonly shared with the
H2A-E57A mutant (Fig. 6, A and B). About 25% of sense tran-
scripts and ~50% of genic antisense transcripts were com-
monly down-regulated in j#d2A and H2A-E57A mutants. Fur-
thermore, 13% of sense transcripts and 14% of antisense
transcripts were commonly up-regulated in jid2A and the
H2A-E57A mutants. We performed a gene ontology (GO) anal-
ysis to identify the biological processes associated with these
shared transcripts. The down-regulated sense transcripts com-
mon to jhd2A and H2A-E57A strains were enriched for genes
governing energy reserve metabolic process (p = 0.003) and
carbohydrate metabolic process (p = 0.004) (Fig. 6C). The up-
regulated sense transcripts shared between jhd2A and H2A-
ES57A strains were significantly enriched for genes governing
ribosome biogenesis (p < 10~ °) (Fig. 6D). These findings there-
fore suggested that the transcriptional regulation at certain
yeast genes, such as those controlling energy reserve metabo-
lism or ribosome biogenesis, is highly dependent on Jhd2 and
the H2A Glu-57 residue.

We then identified up or down-regulated transcripts that
were shared between all three mutants. We found 11 sense
transcripts with increased expression and another 11 sense
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transcripts with reduced expression in the jhd2A, H2A-F26A,
and H2A-E57A strains when compared with the wild-type con-
trol (Fig. 6A). Additionally, antisense expression of 2 and 20
genes were increased and decreased, respectively, in all three
mutants compared with the wild-type control (Fig. 6B). GO
analysis of the up-regulated sense or antisense genes common
to all three mutants showed no enrichment for any particular
biological process. However, the shared down-regulated sense
transcripts were enriched for genes involved in carbohydrate
metabolic process (p = 0.03) and also contained genes involved
in serine (SER3), methionine (MET6), or arginine (CARI)
metabolism (supplemental Table 3). GO analysis of the shared
down-regulated antisense transcription showed that they were
enriched for genes governing the fatty acid metabolic processes
(p = 0.028) (supplemental Table 3). Collectively, our gene
expression studies revealed that Jhd2 and the two H2A residues
(Phe-26 and Glu-57) together contribute to either positive or
negative regulation of transcription at a subset of yeast genes.
Mutating H2A Phe-26 or Glu-57 Residue Alters Jhd2 Occu-
pancy on Chromatin at the Target Genes—Next, we asked
whether the H2A Phe-26 and Glu-57 residues control Jhd2
chromatin association at their shared functional target genes.
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FIGURE 6. Transcriptional regulation at a common set of target genes is altered in the H2A-F26A, H2A-E57A, and jhd2A mutants. A and B, total RNA
isolated from control wild-type H2A, H2A-F26A, H2A-E57A, and jhd2A strains was subjected to next generation sequencing. The total number of sense or
antisense transcripts showing =1.5-fold change (up- or down-regulation at a false discovery rate of =5%) in the indicated mutant compared with the control
H2A strain is shown in parentheses. The number of sense or antisense transcripts whose expression is increased or decreased in any one mutant or in any two
mutants or in all three mutants is shown within intersections in the Venn diagrams. C, GO enrichment analysis of down-regulated sense transcripts common to
the H2A-E57A and jhd2A mutants. D, GO enrichment analysis of up-regulated sense transcripts common to the H2A-E57A and jhd2A mutants.

While enrichment of Jhd2 on chromatin is not robust enough
for genome-wide analysis, possibly due to the transitory nature
of its interaction with nucleosomes, it is nevertheless sufficient
for targeted ChIP-PCR analysis. We evaluated Jhd2 occupancy
in control and H2A mutant strains at the following 11 candidate
target loci, where transcript levels were either up- or down-
regulated in jid2A and the two H2A mutants: SER3, MET6, and
CARI (sense transcription down-regulated); SPL2, GFD2, and
NAT4 (sense transcription up-regulated); PHO84-AS, SHB17/
YKR043C, and DURI (antisense transcription down-regulat-
ed); and BUB3 and HOLI (antisense transcription up-regu-
lated). Whereas PHO84 antisense transcripts were decreased in
jhd2A and H2A-E57A strains, its sense transcript levels were
increased in these two mutants (supplemental Table 1). Hence,
we examined Jhd2 occupancy at the 5'-end of the PHO84 gene
(PHO84-S) in addition to its 3’-end (PHO84-AS).

Our ChIP assays showed that Jhd2 occupancy was signifi-
cantly increased at NAT4, PHO84-AS, and DURI genes, but
remained mostly unchanged at other loci, in the H2A-F26A
mutant when compared with the control strain (Fig. 7A). Thd2
occupancy was significantly increased at the CARI and GFD2
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genes but generally remained unchanged at many other target
loci in the H2A-E57A mutant when compared with the control
(Fig. 7A). Whereas the no change in chromatin-bound Jhd2
occupancy at target loci in the H2A-F26A mutant agrees well
with the normal in vitro binding between the Jhd2 PHD finger
and the H2A-F26A mutant (Fig. 5D), the no change or
increased Jhd2 occupancy on chromatin in the H2A-E57A
mutant differs from the decreased in vitro interaction between
the Thd2 PHD finger and H2A-E57A mutant. One explanation
for this apparent difference is that the in vivo interaction of Thd2
with chromatin is probably mediated by other factors that are
not present in the in vitro binding assays. Another explanation
is the molecular context of the substrate used in the in vitro and
in vivo assays: free histone versus chromatin, which is similar to
previous reports for other chromatin modifiers (45). Because
the H2A-F26A/E57A double mutation severely reduces the in
vitro H2A-Thd2 PHD finger interaction, it is conceivable that
the combined mutation of H2A Phe-26 and Glu-57 residues
might drastically reduce Jhd2 occupancy on chromatin at target
loci. However, we were unable to test this possibility, due to the
lethality conferred by the H2A-F26A/E57A double mutation to
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FIGURE 7. H2A-F26A and H2A-E57A mutations impact chromatin-bound occupancy and H3K4 demethylase functions of Jhd2 at target genes. A,
Jhd2-12V5 occupancies at the indicated target genes in control wild-type strain or the two H2A mutants (H2A-F2A or H2A-E57A) were examined by a ChIP assay
using a-V5 antibody. Following ChIP and quantitative PCR, the ChIP signal (i.e. V5 immunoprecipitation/input value) obtained from a control strain without
V5-tagged Jhd2 (background) was subtracted from the ChlP signal obtained from strains expressing Jhd2-12V5, and the resulting difference was defined as
Jhd2 occupancy. The graph shows -fold change in Jhd2 occupancy at a given locus in the H2A-F2A or H2A-E57A mutant relative to Jhd2 occupancy in the control
strain, which was setas 1. Error bars, S.E. values obtained from three independent ChIP experiments. Statistical significance was calculated using Student’s t test.
*,p < 0.05. B, occupancies of H3K4me1, H3K4me2, and H3K4me3 at the indicated target loci in control wild-type H2A, jhd2A, H2A-F26A, and H2A-E57A strains
were examined with ChIP assays using modification-specific antibodies. ChIP signals for a-H3K4me1, a-H3K4me2, or a-H3K4me3 antibodies obtained in set 1A
strain without any H3K4 methylation were subtracted from the ChIP signal obtained for these antibodies in the four test strains. Background-subtracted ChIP
signals for the H3K4 methyl marks were further normalized to the ChIP signal obtained for histone H3, and the resulting value was defined as the H3K4 methyl
mark occupancy. -Fold change in the normalized H3K4me1, H3K4me2, or H3K4me3 occupancy in a mutant is shown relative to its occupancy in the control
wild-type strain (set as 1). Error bars, S.E. values obtained from three independent ChIP experiments. *, p < 0.05; **, p < 0.001.

yeast cells (Fig. 5C). Nevertheless, results from ChIP assays genes in jhd2A, H2A-F26A, and H2A-ES7A strains in addition

showed that the H2A Phe-26 and Glu-57 residues are required
for the proper association of Jhd2 with chromatin at target
genes.

H2A-F26A and H2A-E57A Mutations Alter H3K4 Methyla-
tion Levels at the Target Genes—We then asked whether H2A
Phe-26 and Glu-57 residues control the H3K4 demethylase
functions of JThd2 at their shared functional target genes. There-
fore, we used ChIP assays to measure the occupancies of
H3K4mel, H3K4me2, and H3K4me3 at five candidate target
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to the control wild-type strain. Occupancies of H3K4me2
remained unchanged at most target loci in all three mutants
when compared with the control (Fig. 7B), which is line with the
observation that the H2A-F26A and H2A-E57A mutations do
not alter the ability of Jhd2 to remove bulk H3K4me2 mark
(Figs. 2D, 3B, 4B). However, at the SER3 gene, occupancy of
H3K4me?2 is increased in both H2A-F26A and H2A-E57A
mutants similar to jzd2A when compared with its occupancy in
the control strain (Fig. 7B). These results suggested that the
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H2A Phe-26 and Glu-57 residues in general do not impact
Jhd2-mediated removal of H3K4me2, except at certain specific
target loci.

Whereas overexpression of Jhd2 decreases global H3K4me3
and increases H3K4mel (Fig. 2, D and E, lanes 1 and 2), deletion
of JHD2 increases H3K4me3 but decreases bulk H3K4mel (26).
These results suggest that Jhd2 might preferentially target
H3K4me3 and convert it to H3K4mel. However, we previously
showed that the H3K4mel is also targeted by Jhd2 (26). Our
studies indicate a role for the H2A Phe-26 and Glu-57 residues
in the Jhd2-mediated demethylation of the H3K4mel mark,
because mutating these H2A residues inhibits Jhd2 from
removing H3K4mel in vivo (Fig. 4B). Consistent with this find-
ing, our ChIP assays showed a general increase in H3K4mel
occupancy at most target genes in the H2A-F26A mutant (Fig.
7B). Additionally, an increase in H3K4mel occupancy at target
genes, barring the SER3 and SPL2 genes, was also observed in
the H2A-E57A mutant (Fig. 7B). Therefore, these results
together showed that the H2A Phe-26 and Glu-57 residues
contribute to the demethylase activity of Jhd2 toward the
H3K4mel mark during transcriptional regulation at target
genes.

Agreeing well with the increase in global H3K4me3 in the
absence of Jhd2, our ChIP assays showed an increase in
H3K4me3 occupancy at target loci in j2d2A when compared
with the control (Fig. 7B). Global H3K4me3 levels are reduced
in the H2A-E57A mutant (Fig. 2E), and in line with this finding,
occupancy of H3K4me3 is decreased at all target genes, except
SER3, in the H2A-E57A mutant when compared with the con-
trol (Fig. 7B). Interestingly, H3K4me3 occupancy was increased
at the SER3 gene in the H2A-E57A mutant, suggesting that the
H2A Glu-57 residue controls the ability of Jhd2 to remove
H3K4me3 at this particular gene. H3K4me3 occupancy was sig-
nificantly increased at all target loci tested in the H2A-F26A
mutant when compared with the control, and this increase is
strikingly similar to that observed in the jizd2A strain (Fig. 7B).
The increase in H3K4me3 occupancy is not due to any
enhanced transcription, because transcript levels for SER3 and
SHBI7 are in fact attenuated in the jhd2A, H2A-F26A, and
H2A-E57A mutants (supplemental Table 1). Collectively, our
ChIP results demonstrated that the H2A Phe-26 and Glu-57
residues control the demethylase functions of Jhd2 in removing
the H3K4me3 mark during transcriptional regulation.

In our ChIP assays, the H2A/F26A or H2A/E57A mutation
resulted in an increase in Jhd2 occupancy at certain loci (Fig.
7A). It is possible that in the absence of one of the binding sites,
Jhd2 perhaps associates very well with the other available bind-
ing site or with a binding site elsewhere on chromatin. Never-
theless, the increase in H3K4 methyl marks at several target loci
in the H2A/F26A or H2A/E57A mutants clearly indicates that
the H3K4 demethylase functions of Jhd2 are disrupted despite
its ability to better associate with chromatin. Taken together,
these findings suggest that the H2A Phe-26 and Glu-57 residues
mediate the proper association of Jhd2 with chromatin and
control its H3K4 demethylase functions during positive or neg-
ative regulation of transcription.
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H2BK123 Ubiquitination Restricts Chromatin Association
and H3K4 Demethylase Functions of Jhd2—In a well studied
trans-histone cross-talk, H2BK123 monoubiquitination (H2Bub1) is
required for the Setl-COMPASS-mediated H3K4me2 and
H3K4me3 and for the high levels of H3K4mel (46-51).
H2Bubl is a dynamic histone modification; Rad6 and Brel, the
E2 conjugating enzyme and E3 ligase, respectively, conjugate
ubiquitin onto the H2B Lys-123 residue (46, 52—54), and this
conjugated ubiquitin is then removed by deubiquitinases, Ubp8
and Ubp10 (55-59). The two H2A residues (Phe-26 and Glu-
57) that mediate the Jhd2 PHD finger-H2A interaction are
present on the same surface-accessible phase of the nucleo-
some as the H2B Lys-123 residue (Fig. 84). We therefore
hypothesized that the bulky ubiquitin moiety conjugated to the
H2B Lys-123 residue might sterically hinder Jhd2 from gaining
access to the H2A Phe-26 and Glu-57 residues (Fig. 8B8) and
thereby impinge on its H3K4 demethylase functions.

Absence of the two H2B deubiquitnases, Ubp8 and Ubp10,
results in the accumulation of high levels of global H2Bubl
(>12-fold increase) and a concomitant strain-specific increase
in H3K4 methylation (55, 60) (Fig. 8C). To test our hypothesis,
we then examined the effect of increased H2Bubl on H3K4
demethylation by overexpressing Jhd2 in control wild-type
strain and a strain lacking the two H2B deubiquitinases
(ubp8Aubp10A). Whereas overexpression of Jhd2 in wild-type
strain led to a decrease in bulk H3K4me3 levels (Fig. 8C, lanes 1
and 2), overexpression of Jhd2 in the ubp8Aubp10A strain did
not cause any reduction in H3K4me3 levels (Fig. 8C, lanes 3 and
4). Similar results were obtained for H3K4me3 levels upon
overexpression of Jhd2 in control and ubp8Aubp10A strains in
an independent yeast background (Y131) (Fig. 8C, lanes 5-8).
Because global Jhd2 levels are not reduced in the ubp8Aubp10A
strain compared with the wild-type control (Fig. 8C), our find-
ings suggested that the high levels of H2Bubl inhibit the
removal of H3K4me3 by Jhd2. We then tested the occupancy of
Jhd2 at the candidate target genes in control and ubp8Aubp10A
strains using ChIP assays. Jhd2 occupancy was significantly
reduced at the SER3, CARI, SPL2, and GFD2 genes and gener-
ally decreased at many of the target loci in the ubp8Aubp10A
strain compared with the control wild-type strain (Fig. 8D).
This result showed that the absence of the deubiquitinases and
the ensuing increase in H2Bub1 blocks the association of JThd2
with chromatin. Collectively, our results have therefore uncov-
ered a novel mechanism by which H2BK123 ubiquitination
functions in the trans-histone regulation of H3K4 methylation
via obstructing the Jhd2 H3K4 demethylase functions.

Discussion

A Binding Site on Histone H2A Controls Chromatin Associa-
tion and H3K4 Demethylase Functions of Jad2—Here, we have
now demonstrated histone H2A as a novel recognition target
for the PHD finger present in Jhd2 (Fig. 1B). Structural studies
have previously shown that the PHD fingers bind with high
specificity to unmodified or modified histone H3 or to acety-
lated H4 peptide (29). The PHD finger in ACF1 was shown to
bind recombinant histones and nucleosomes (61). Our results
have therefore for the first time shown that PHD fingers can
bind to histones other than H3 or H4. Using mutational analy-
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FIGURE 8. Ubp8 and Upb10, the H2B deubiquitinases, control chromatin association and H3K4 demethylase functions of Jhd2. A, structures of H2A
(magenta) and H2B (cyan) in the yeast nucleosome are shown together with the H2B Lys-123 residue (green), the site ubiquitination, and the H2A Phe-26 (blue)
and Glu-57 (red) residues, the binding sites for Jnd2. Distances between H2B Lys-123 and the two H2A residues calculated using the UCSF Chimera software are
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and transformed with an empty plasmid vector (pRS426) or a plasmid to overexpress Jhd2-9Myc. Wild-type and ubp8Aubp10A in two independent yeast
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and Jhd2 levels. Pgk1 and H3 levels serve as loading controls. For H2B ubiquitination, cells were lysed by boiling in Laemmli sample buffer. *, a cross-reacting
protein. D, Jhd2-12V5 occupancies at the indicated target genes in control wild-type and ubp8Aubp10A strains were assessed with ChIP assays using a-V5
antibody. Following ChIP and quantitative PCR, the ChlIP signal (V5 immunoprecipitation/input value) obtained from a strain without V5-tagged Jhd2 (back-
ground) was subtracted from the ChIP signal obtained from strains expressing Jhd2-12V5, and the resulting difference was defined as Jhd2 occupancy. The
graph shows -fold change in Jhd2 occupancy at a given target locus in the ubp8Aubp 10A mutant relative to Jhd2 occupancy in the control wild-type strain (set
as 1). Error bars, S.E. obtained from three independent ChIP experiments. Statistical significance was calculated using Student’s t test. *, p < 0.05.

sis, we have identified residues in H2A (Phe-26 and Glu-57) that
mediate the in vitro interaction with the Jhd2 PHD finger (Fig.
5). We have further shown that Jhd2 and the two H2A residues
Phe-26 and Glu-57 contribute to either positive or negative
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regulation of transcription at a shared set of functional target
genes (Fig. 6). Whereas mutating both Phe-26 and Glu-57 dis-
rupted the binding of H2A to the Jhd2 PHD finger in vitro,
mutating either the Phe-26 or Glu-57 residue did not lead to
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any dramatic change in this interaction (Fig. 5). In agreement
with this finding, Jhd2 occupancy on chromatin remained unaf-
fected at certain target loci in the H2A/F26A and H2A/E57A
mutants, but interestingly, Jhd2 occupancy on chromatin was
increased at some other target genes in these two mutants (Fig.
6A). This result demonstrated that the H2A Phe-26 and Glu-57
residues contribute to the proper association of Jhd2 with chro-
matin. Although Jhd2 occupancy on chromatin is not reduced
at target genes upon mutating either the H2A Phe-26 or Glu-57
residue, these H2A mutations disrupted the H3K4 demethylase
functions of Jhd2 in vivo both globally and locally at the shared
functional target genes (Figs. 2D, 3B, and 6B). In summary, we
have uncovered the presence of a binding site for the Jhd2 PHD
finger on histone H2A (composed of residues Phe-26 and Glu-
57), which controls both the chromatin binding dynamics and
H3K4 demethylase functions of Jhd2 during transcriptional
regulation.

Among the JMJC family demethylases, those containing both
JmjN and JmjC domains target either di- or trimethylated lysine
orall three degrees of lysine methylation (62). The crystal struc-
ture of human JMJD2A shows extensive contacts between the
B-strands present in its JmjN and JmjC catalytic core domains
(63). In our previous work (26), we showed that mutating a
highly conserved residue, lysine 37, to glutamine (K37Q) within
the B-strand of the Jhd2 JmjN domain abolished the ability of
Jhd2 to remove H3K4mel and H3K4me3 marks but not the
H3K4me2 mark. Therefore, the Jhd2 JmjN-JmjC interdomain
interactions specify its catalytic functions toward removing a
particular degree(s) of lysine methylation. Similar to the Jhd2
JmjN(K37Q), mutating the H2A Phe-26 or Glu-57 residue also
disrupts the ability of JThd2 to remove H3K4mel and H3K4me3
marks (Figs. 2—4). Based on these findings and given the loca-
tion of the Jhd2 PHD finger between the catalytic JmjN and
JmjC domains (Fig. 14), we propose a model wherein Jhd2 asso-
ciates with chromatin via the PHD finger-histone H2A interac-
tion, which then induces a conformational change within the
JmjN and JmjC catalytic domains needed for the removal of
H3K4mel and H3K4me3 marks.

Histone H2A as a “Hub” for the Enzymes Involved in the trans-
Histone Cross-talk—Histone H2A is an integral component of
chromatin, and as such, it is expected to play a significant role in
gene transcription. Indeed, mutations in various H2A residues
were shown to impact gene regulation in yeast (64— 66). Here,
we have now uncovered a role for H2A Phe-26 and Glu-57
residues in regulating antisense transcription in addition to
sense transcription in yeast (Fig. 6). Deleting the H2A N-termi-
nal tail (residues 4 —20) decreased the expression of certain Jhd2
target genes (e.g. SPL2 and CARI) (65). Furthermore, residues
16 -20 within the H2A N-terminal tail, which constitute the
H2A repression domain (65), were shown to be important for
H2B ubiquitination and H3K4 methylation (67). In a library
screen of H2A mutants, alanine substitutions in certain H2A
acidic patch residues reduced H3K4 methylation without
affecting H2B ubiquitination (68). Therefore, histone H2A is
linked to the control of H2B ubiquitination and H3K4 methyl-
ation. In this study, we have shown that alanine substitution at
the H2A Glu-57 or Leu-59 residue, both of which occur close to
the H2A acidic patch, decreases bulk H3K4 methylation (Fig.
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3). Additionally, whereas alanine substitution at the H2A
Thr-25 or Pro-27 residue increased H3K4me3, alanine substi-
tution at the H2A Leu-24 or Phe-26 residue decreased
H3K4me3 (Fig. 2D). Therefore, our results along with the pub-
lished studies together suggest a role for a large region in his-
tone H2A composed of the linker residues and helices a1 and
a2 in mediating the H3K4 methyltransferase functions of Set1-
COMPASS. Furthermore, we have now demonstrated that ala-
nine substitution in two H2A residues (Phe-26 and Glu-57)
adversely impacts the enzymatic functions of the Jhd2 H3K4
demethylase. The Jhd2 PHD finger does not bind Htz1 (the
H2A variant) (data not shown), which agrees with the observa-
tion that Htz1 acts redundantly with H3K4 methylation in an
anti-silencing mechanism (69). Collectively, our study and
those of others together reveal that histone H2A controls H3K4
methylation either indirectly via controlling Rad6-Brel-medi-
ated H2B ubiquitination or directly through regulating the
enzymatic functions of Set1-COMPASS methyltransferase and
Jhd2 demethylase.

Blocking Jhd2-mediated H3K4 Demethylation, a Second
Mechanism for the trans-Histone Regulation of H3K4 Methyla-
tion, by H2BKI123 Ubiquitination—Kim et al. (70) demon-
strated that the n-SET domain of Setl methyltransferase and
Sppl (a Setl-COMPASS subunit) mediate the H2BK123
ubiquitination-dependent H3K4 methylation. Sppl and the
n-SET domain are also required for Setl stability (71). We pre-
viously showed that the histone H2B residues Arg-119 and Thr-
122 mediate the in vitro Spp1-H2B interaction, and mutations
in these H2B residues disrupted chromatin association and
complex stability of Setl-COMPASS in addition to its pro-
cessive H3K4 methylation in an H2BK123 ubiquitination-inde-
pendent manner (60). We as well as others have also shown that
H2BK123 ubiquitination controls chromatin dynamics and
nucleosome stability (72—74). Based on all of these studies, a
model proposed for the regulation of H3K4 methylation by
H2BK123 ubiquitination is that the addition of an ubiquitin
moiety onto H2B stabilizes the nucleosome by preventing
H2A-H2B eviction, which then leads to the retention of the
binding sites for Spp1 in H2B on chromatin. Histone or nucleo-
some-bound Spp1 then stabilizes Set1-COMPASS and, acting
along with other COMPASS subunits, stimulates the pro-
cessive methylation by Set1 via the n-SET domain. In this study,
we have now demonstrated that H2BK123 ubiquitination also
controls the functions of Jhd2 H3K4 demethylase. The binding
sites for Jhd2 on H2A (residues Phe-26 and Glu-57) are on the
same nucleosomal surface as H2BK123, the site of ubiquitina-
tion (Fig. 84), which prompted the hypothesis that the bulky
ubiquitin moiety might mask the binding site for Jhd2 on chro-
matin (Fig. 8B). Indeed, a high amount of H2BK123 ubiquitina-
tion not only inhibits Jhd2-mediated removal of H3K4me3
marks but also decreases its association with chromatin (Fig. 8,
Cand D). Therefore, we have uncovered a novel mechanism by
which H2B ubiquitination contributes to the trans-histone reg-
ulation of H3K4 methylation. In summary, we propose that
H2B ubiquitination promotes H3K4 methylation in two ways:
1) it stimulates the Setl H3K4 methyltransferase functions by
stabilizing the nucleosome and retaining the binding sites for
the Spp1 subunit on chromatin, and 2) it inhibits the Jhd2 H3K4
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demethylase functions by occluding its binding site on chroma-
tin and preventing the removal of H3K4 methyl marks.
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