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a b s t r a c t

Protein arginine methylation, an evolutionarily conserved post-translational modification, serves critical
cellular functions by transferring a methyl group to a variety of substrates, including histones and some
transcription factors. In budding yeast, Hsl7 (histone synthetic lethal 7) displays type II PRMT (protein
arginine methyltransferase) activity by generating symmetric dimethylarginine residues on histone H2A
in vitro. However, identification of the in vivo substrate of Hsl7 and how it contributes to important
cellular processes remain largely unexplored. In the present study, we show that Hsl7 has a repressive
role in transcription. We found that Hsl7 is responsible for in vivo symmetric dimethylation of histone H4
arginine 3 (H4R3me2s) in a transcriptionally repressed state. Tandem affinity purification further
demonstrated that Hsl7 physically interacts with histone deacetylase Rpd3, and both similarly repress
transcription. Our results suggest that H4R3me2s generation by the type II PRMT Hsl7 is required for
transcriptional repression, possibly in cooperation with histone deacetylation by Rpd3.

© 2019 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

In the past decades, protein arginine methylation has gained
substantial interest based on its importance in multiple cellular
functions, including transcriptional regulation, DNA damage repair,
RNA metabolism and signal transduction [1]. The conserved
modification is catalyzed by a family of enzymes termed protein
arginine N-methyltransferases (PRMTs). Four main forms of
methylated arginine have been described thus far: u-NG-mono-
methylarginine (MMA), asymmetric u-NG, NG-dimethylarginine
(aDMA), symmetric u-NG, NG-dimethylarginine (sDMA) and d-NG-
monomethylarginine (d-MMA). Based on the form of methyl-
arginine in the product, PRMTs are accordingly categorized into
type I, type II, type III or type IV enzymes [1]. To date, 11 PRMT
family members have been identified in mammals, whereas only 4
PRMTs (Hmt1/Rmt1, Rmt2, Hsl7 and Sfm1) have been identified in
budding yeast [1,2]. Among the PRMTs in the yeast Saccharomyces
cerevisiae, only Hmt1/Rmt1 and Hsl7 are known to be well-
conserved, sharing 45% and 27.7% sequence identities with their

homologous human PRMT1 (type I) and PRMT5 (type II), respec-
tively [2e4].

Hmt1 (also known as Rmt1), a type I PRMT characterized
approximately two decades ago, is regarded as a predominant
arginine methyltransferase in yeast that methylates a variety of
substrates, including non-histone and histone proteins [2,3]. In the
case of histone substrates, Hmt1 specifically catalyzes mono-
methylation at the histone H3 arginine 2 residue (H3R2me1) and
catalyzes asymmetric dimethylation at the same residue
(H3R2me2a) as well as at the histone H4 arginine 3 residue
(H4R3me2a), similar to the human homologue PRMT1 [5e8]. The
mono- or asymmetric methylation by Hmt1 is known to play
important roles in transcription elongation and mRNA export and
affects the establishment and maintenance of silent chromatin in
rDNA or telomeric regions [9e11].

Hsl7 (histone synthetic lethal 7) was discovered via a screen for
mutants that are lethal along with deletion of the histone H3 N-
terminus [12]. Hsl7 is recognized as a homolog of PRMT5 based on a
sequence comparison and its methylation activity in vitro [4,13,14].
Generally, PRMT5, a type II methyltransferase, is well-established in
the regulation of transcription and proliferation via its ability to
monomethylate and symmetrically dimethylate arginine residues
[15]. Noticeably, although PRMT5 targets the same histone residue
as PRMT1 tomethylate the arginine 3 residue of histone H4 (H4R3),
PRMT5 catalyzes symmetric dimethylation rather than asymmetric
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dimethylation [1]. In addition, although the H4R3me2s modifica-
tion is generally considered a transcriptional repression marker in
human cells, less is known about the physiological substrate of Hsl7
in vivo or its role in gene expression [16]. Hsl7 has been known to
catalyze MMA and sDMA modifications in vitro on calf thymus
histone H2A or, to a relatively poorer degree, on histone H4 and
bovine myelin basic protein [4,13,14]. Although several studies have
suggested the significance of Hsl7 during mitosis due to interaction
with Hsl1 and Swe1 [12], additional cellular functions of this
PRMT5 homolog in yeast remain largely unexplored.

In this study, we investigated the role of Hsl7 in transcription.
Our results show that Hsl7 regulates transcription elongation
distinctively from factors that associate with Hsl7 and play a role in
the morphogenesis checkpoint. In addition, in contrast to Hmt1, we
found that Hsl7 promotes accumulation of H4R3me2s in vivo only
in a transcriptionally repressed state. We further report that Hsl7
physically interacts with the repressive histone deacetylase (HDAC)
Rpd3 and represses gene transcription in a manner similar to Rpd3.
Taken together, we provide in vivo evidence that Hsl7, the
mammalian PRMT5 homolog, is responsible for H4R3me2s during
transcriptional repression and propose that Hsl7 cooperates with
Rpd3 to regulate transcription.

2. Materials and methods

2.1. Yeast strains

The yeast strains used in this study are listed in Table 1. Yeast
transformations were performed using the standard lithium ace-
tate method. To generate individual TAP-tagged and deletion
strains, the C-terminal insertion cassette for the TAP-tagging of
target genes and the disruption cassette for deletion genes were
constructed by PCR amplification using genomic DNA of the cor-
responding strains obtained from Open Biosystems and Euroscarf,

respectively. All strains were verified by PCR and/or Western blot
analysis.

2.2. Growth conditions

Cells were grown at 30 !C in YPD (1% yeast extract, 2% peptone
and 2% glucose) or SC (synthetic complete) medium with appro-
priate amino acids and bases. For GAL10 induction or repression,
specific growth conditions are indicated. For the chromatin
immunoprecipitation experiments, all yeast strains were grown at
30 !C to themid-log phase (OD600¼ 0.5e0.6). ForGAL10 inductions,
cells were grown in SC medium with 2% glucose to the mid-log
phase and then shifted to SC medium containing 2% raffinose. Af-
ter 2 h, the 2% raffinose culture was replaced with SC medium
containing 2% galactose and incubated for the indicated time
points. For GAL10 repressions, cells grown in SCmedium containing
2% galactose to the mid-log phase were shifted to SC medium
containing 2% glucose and further incubated for the indicated
times. Cells for the RT-PCR experiments were grown to the mid-log
phase in SC medium containing 2% raffinose and then shifted to SC
medium containing 2% galactose for the indicated time points.
Between each shift, the cells were washed twice with sterile water.
For the tandem affinity purification assays, TAP-tagged strains were
grown at 30 !C in YPD medium to the late-log phase
(OD600 ¼ 1.5e2.0).

2.3. Spotting assay

The spotting assay was performed as previously described [17].
For the drug sensitivity test at 150 mg/ml 6-AU or 15 mg/ml MPA,
strains containing a URA3 plasmid, pRS316, were resuspended to an
OD600 of 0.1 and subjected to 10-fold serial dilutions, and 5 ml of
each dilution was spotted. Images were obtained after 2e3 days of
growth.

Table 1
Strains used in this study.

Strain Genotype Source

BY4741 MATa ura3D0 leu2D0 his3D1 met15D0
SY022 As BY4741 with pRS316 (URA3 CEN ARS) [17]
SY025 As SY022 with rtf1D::KanMX4 [17]
SY042 As SY022 with dst1D::KanMX4 This Study
SY218 As SY022 with hsl7D::KanMX6 This Study
SY044 As SY022 with hmt1D::KanMX4 This Study
SY046 As SY022 with rmt2D::KanMX4 This Study
SY043 As SY022 with ppm1D::KanMX4 This Study
SY047 As SY022 with ppm2D::KanMX4 This Study
SY045 As SY022 with ste14D::KanMX4 This Study
SY048 As SY022 with rkm1D::KanMX4 This Study
SY246 As SY022 with hsl1D::KanMX4 This Study
SY251 As SY022 with swe1D::KanMX4 This Study
FY071 As BY4741 with HSL7-TAP tag::HIS3MX6 Open Biosystem
FY073 As BY4741 with CTK1-TAP tag::HIS3MX6 Open Biosystem
SY215 As BY4741 with hsl7D::KanMX6 This Study
FY176 As BY4741 with hmt1D::KanMX4 Euroscarf
SY719 As BY4741 with rpd3D::KanMX6 This Study
FY464 As BY4741 with hos2D::KanMX4 Euroscarf
FY465 As BY4741 with tos4D::KanMX4 Euroscarf
FY279 As BY4741 with SPT4-TAP tag::HIS3MX6 Open Biosystem
FY240 As BY4741 with SPT5-TAP tag::HIS3MX6 Open Biosystem
FY241 As BY4741 with PAF1-TAP tag::HIS3MX6 Open Biosystem
FY170 As BY4741 with HPR1eTAP tag::HIS3MX6 Open Biosystem
FY171 As BY4741 with RNA14-TAP tag::HIS3MX6 Open Biosystem
SY281 As BY4741 with hsl7D::KanMX6 SPT4-TAP tag::HIS3MX6 This Study
SY280 As BY4741 with hsl7D::KanMX6 SPT5-TAP tag::HIS3MX6 This Study
SY279 As BY4741 with hsl7D::KanMX6 CTK1-TAP tag::HIS3MX6 This Study
SY319 As BY4741 with hsl7D::KanMX6 PAF1-TAP tag::HIS3MX6 This Study
SY320 As BY4741 with hsl7D::KanMX6 HPR1-TAP tag::HIS3MX6 This Study
SY321 As BY4741 with hsl7D::KanMX6 RNA14-TAP tag::HIS3MX6 This Study
FY095 As BY4741 with HMT1-TAP tag::HIS3MX6 Open Biosystem
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2.4. ChIP (Chromatin immunoprecipitation)

ChIP experiments were performed as described previously [18].
The oligonucleotide sequences used in the ChIP PCR are listed in
Table 2. Briefly, 20 ml of IgG Sepharose beads (GE Healthcare) was
used to precipitate the TAP-tagged proteins. The antibodies listed in
Supplementary Table S1 were bound to 10 ml of protein A-Sephar-
ose CL-4B (GE Healthcare) to precipitate chromatin. A quantitative
analysis of the PCR signals was performed using the image analyzer
BAS1500 (Fuji) or ImageJ software (National Institutes of Health). To
control for the amplification efficiency and label incorporation of
different primers, the PCR signals from immunoprecipitated DNA
were normalized to the internal intergenic control and the indi-
vidual input DNA. The results for methylated H4 were further
normalized to total histone H4 signals.

2.5. RT-PCR (Reverse Transcription-Polymerase Chain Reaction)

RT-PCR experiments were performed as described previously
[19]. Total RNA was extracted from cells using the hot phenol
method. Primer sequences used in the RT-PCR experiments are
shown in Table 2. RNA was reverse-transcribed using the DiaStar™
RT Kit (Solgent), and the PCR reaction was performed in the pres-
ence of [a-32P] dATP. The PCR cycle conditions were 95 !C for 3 min
followed by 26 cycles at 95 !C for 45 s, 52 !C for 45 s and 72 !C for
45 s. A final extension was performed for 10 min at 72 !C. Quan-
titation of the results was analyzed using the image analyzer BAS
1500 (Fuji).

2.6. Tandem affinity purification and mass spectrometry

TAP purification and mass spectrometry analysis were per-
formed as previously described [20]. Hsl7- or Hmt1-TAP tagged
cells were grown at 30 !C in 2 L of YPD to late-log phase

(OD600 ¼ 1.5e2.0). Cells were then lysed by two passages through a
French press (Sim-Aminco) at 8.27 MPa. IgG Sepharose beads (GE
Healthcare) and recombinant TEV protease (Invitrogen) were used
to immunoprecipitate and cleave the TAP-tagged protein, respec-
tively. The eluate was then agitated with calmodulin beads (GE
Healthcare) and fractionally eluted. Proteins in the final eluate were
separated by 12% SDS-PAGE and then stained with silver using a
silver stain kit (GE Healthcare). In-gel tryptic digests were analyzed
using an Ultraflex matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) mass spectrometer (Bruker Dal-
tonics). To process the obtained spectra, the Flex Analysis 2.0 and
Flex Control 2.0 software tools (Bruker Daltonics) were used with
peptide masses in the range of 700e4000 Da. Mass data of all the
peptides and their fragmentation patterns were analyzed at the
ProFound website (http://prowl.rockefeller.edu/).

3. Results

3.1. Hsl7 associates with transcription elongation

Human PRMT5was previously shown to play a repressive role in
transcription [15], leading us to determine whether the yeast
PRMT5 homolog Hsl7 together with other kinds of methyl-
transferases in yeast play a similar role in transcription. As reported
earlier, cells lacking Rtf1 or Dst1, well-determined transcription
elongation factors, are hypersensitive to 6-azauracil (6-AU) and
mycophenolic acid (MPA) treatment [21]. Interestingly, cells defi-
cient in Hsl7 also had significantly defective cell growth upon
treatment with 6-AU or MPA as seen in rtf1D and dst1D cells, while
the deletions of other methyltransferases targeting arginine (Hmt1
and Rmt2) or other substrates (Ppm1, Ppm2, Ste14, or Rkm1) were
not sensitive to these drugs (Fig. 1A). However, contrary to the
hypersensitivity of hsl7D against 6-AU or MPA, cells deficient in
Hsl1 or Swe1, which associate with Hsl7 and play a role in the

Table 2
Oligonucleotide sequences used in the ChIP and RT-PCR analyses.

Name (location, ATG: þ1) Primer position Sequence Source

GAL10-PRO1-For ($393 ~ $374) 1 TTACTGCCAATTTTTCCTCT [17]
GAL10-PRO1-Rev ($151~ $133) 1 GAGCCCCATTATCTTAGCC [17]
GAL10-PRO2-For ($58 ~ $37) 2 TTAAACTTCTTTGCGTCCATCC [17]
GAL10-PRO2-Rev (161e182) 2 TGCTTGGTCAAGACCTCTAACC [17]
GAL10-CDS2-For (823e844) 3 TGTCGTGAGTGGAACTTGGGTT [17]
GAL10-CDS2-Rev (1084e1108) 3 GCATATCTTCAGCGGAAAATCTGGC [17]
ACT1-for (338e358) TGATAACGGTTCTGGTATGTG [19,43]
ACT1-rev (851e871) TAGTCAGTCAAATCTCTACCG [19,43]
PMA1-PRO1-For ($371 ~ $348) 1 GGTACCGCTTATGCTCCCCTCCAT [44,45]
PMA1-PRO2-Rev ($70 ~ $48) 1 CAATGATTTTCTTTAACTAGCTG [44,45]
PMA1-CDS1-For (168e190) 2 CGACGACGAAGACAGTGATAACG [44,45]
PMA1-CDS1 -Rev (349e376) 2 ATTGAATTGGACCGACGAAAAACATAAC [44,45]
PMA1-CDS2-For (584e608) 3 AAGTCGTCCCAGGTGATATTTTGCA [44,45]
PMA1-CDS2-Rev (784e807) 3 AACGAAAGTGTTGTCACCGGTAGC [44,45]
PMA1-CDS4-For (2018e2045) 5 CTATTATTGATGCTTTGAAGACCTCCAG [44,45]
PMA1-CDS4-Rev (2263e2290) 5 TGCCCAAAATAATAGACATACCCCATAA [44,45]
PMA1-UTR2-For (3287e3313) 7 GAAAATATTTGGTATCTTTGCAAGATG [44,45]
PMA1-UTR2-Rev (3474e3500) 7 GTAAATTTGTATACGTTCATGTAAGTG [44,45]
PMA1-UTR3-For (3448e3472) 8 GCGCCCATACAGACACTCAAGATAC [44,45]
PMA1-UTR3-Rev (3627e3652) 8 GGCCTGGCGATTTGTTTGCTTTCTTG [44,45]
PMA1-UTR4-For (3619e3645) 9 CTTCATCACAAGAAAGCAAACAAATCG [44,45]
PMA1-UTR4-Rev (3880e3905) 9 CGTGATGAGTGAGTTAAGTTCTGCTG [44,45]
ADH1-PRO-For ($236 ~ $213) 1 TTCCTTCCTTCATTCACGCACACT [44,45]
ADH1-PRO-Rev ($39 ~ $14) 1 GTTGATTGTATGCTTGGTATAGCTTG [44,45]
ADH1-CDS-For (844e871) 2 TTCAACCAAGTCGTCAAGTCCATCTCTA [44,45]
ADH1-CDS-Rev (987e1013) 2 ATTTGACCCTTTTCCATCTTTTCGTAA [44,45]
ADH1-UTR-For (1231e1254) 3 ACCGGCATGCCGAGCAAATGCCTG [44,45]
ADH1-UTR-Rev (1378e1400) 3 CCCAACTGAAGGCTAGGCTGTGG [44,45]
ChrV NO-ORF-Fora GGCTGTCAGAATATGGGGCCGTAGTA [44,45]
ChrV NO-ORF-Reva CACCCCGAAGCTGCTTTCACAATAC [44,45]

a Primers used to amplify the non-transcribed regions of chromosome V as an internal control.
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morphogenesis checkpoint, showed no defect against the drugs
(Fig. 1B) [22,23].

To confirm the previous role of Hsl7 in maintaining normal cell
shape, we examined the morphologies of several mutant cells un-
der fluorescence microscopy. In agreement with the previous re-
ports, hsl7D cells showed an elongated shape [12,22]. However,
such atypical regulation that causes abnormal budmorphologywas
not observed in cells lacking Rtf1, Dst1, Swe1, or the arginine
methyltransferase Hmt1, though a slight abnormal morphology
was observed for hsl1D cells (Fig. 1C), as previously reported [24].

The finding that Hsl7 plays a role in transcription elongation led
us to first examine whether Hsl7 is recruited to actively transcribed
genes. Indeed, ChIP analysis showed that Hsl7 occupancy on the
constitutively expressed PMA1 or ADH1 genes was moderately
increased. Particularly, a prominent recruitment of Hsl7 was
observed at the PMA1 promoter, and a steady association of Hsl7
was observed throughout the ADH1 gene. Ctk1, the representative
elongation factor that phosphorylates the C-terminal domain of
RNA polymerase II (RNAPII), was strongly associated with actively
transcribed chromatin (Fig. 1D and E). Additionally, the absence of
Hsl7 did not strongly influence the gene association of most elon-
gation factors (Spt4, Spt5, Ctk1, Paf1, Hpr1) or the 3‘-end processing
factor Rna14 (Supplementary Fig. S1). Taken together, these results

show that Hsl7 associates with highly transcribed genes and sug-
gest that it affects the elongation process of transcription, which
appears to be distinctive from Hsl7- associated and cell cycle-
associated proteins.

3.2. Hsl7 is responsible for in vivo symmetric dimethylation on
histone H4 arginine 3 in a transcriptionally repressed state

The results obtained above prompted us to further investigate
the precise role of Hsl7 in transcription regulation. We performed
ChIP analysis again to determine the association of Hsl7 with GAL10
chromatin in the galactose induction or glucose repression states
(Fig. 2). Particularly, we tested the antibody against histone
H4R3me2s to evaluate whether Hsl7 functions similarly to its hu-
man homolog PRMT5 in transcription regulation by catalyzing
H4R3me2s [15].

In the galactose induction condition, the occupancy of Rpb1, the
largest subunit of RNAPII, increased remarkably after shifting
raffinose to galactose medium in a time-dependent manner
(Fig. 2B). When cells were shifted to the glucose condition and
GAL10 transcription was repressed, the Rpb1 association was
greatly reduced within 2 min (Fig. 2C). In these induction and
repression conditions tested using the GAL10 gene, Hsl7 crosslinked

Fig. 1. Hsl7 is required for transcription elongation and normal cell morphology. (A, B) Sensitivity of the indicated strains to 6-AU and MPA were analyzed. Exponentially growing
cells were transformed with a URA3-contaning plasmid, pRS316, and spotted on SC-Ura (Synthetic complete medium without Uracil) without or with 6-AU (150 mg/ml) or MPA
(15 mg/ml). Cells were subjected to 10-fold serial dilutions as shown by the declined bars. Images were obtained after 2e3 days of growth at 30 !C. (C) Cell morphologies of WT cells
and the indicated mutant cells were visualized under a fluorescence microscope after staining with FITC-Con A. Scale bars, 5 mm (D, E) (Upper panel in each result) a schematic
diagram of the PMA1 and ADH1 genes is plotted. The TATA/promoter region and open reading frame, starting with the initiation codon (þ1), are represented by white and gray
boxes, respectively. Major polyadenylation sites of the PMA1 and ADH1 genes are indicated by arrows. The bars and numbers below the genes show the relative positions of the PCR
products used in the below panels (Middle panel in each result) the associations of Hsl7 and Ctk1 with constitutively transcribed genes PMA1 and ADH1 were analyzed by ChIP in
strains carrying TAP-tagged Hsl7 and Ctk1, respectively. The BY4741 (no tag) strain was used as a control. The upper bands in each image indicate PCR products amplified by the
primer sets, and the lower bands marked by the asterisks are internal controls amplified from untranscribed regions on chromosome V (Lower panel in each result) PCR signals
were quantitated and normalized to the internal control and further normalized to the input DNA. The error bars represent the standard deviation (SD) of three independent
experiments. The P-values were calculated using unpaired t-test. Asterisks indicate statistically significant differences compared to no tag (*, p < 0.05; **, p < 0.01). IP,
immunoprecipitation.

H.-Y. Ryu et al. / Research in Microbiology 170 (2019) 222e229 225



with GAL10 chromatin only when GAL10 was transcriptionally
repressed. Consistent with this, the significant increase in the level
of H4R3me2s was observed only in the repressed condition (Fig. 2B
and C). Thus, our result is in accordance with the previous report
that H4R3me2s functions as a repressive marker [16].

We next asked whether Hsl7, a yeast type II PRMT, is responsible
for histone H4R3me2s in vivo. To monitor the occupancy of histone
H4R3me2s in the glucose-repressed state, we employed HSL7-
deleted cells in the ChIP assay (Fig. 3). The absence of Hsl7 did not
affect the occupancy of RNAPII during repression but significantly
inhibited histone H4R3me2s to the background level throughout
the GAL10 regions (Fig. 3B, upper and middle panel). Moreover,
because accumulation of H4R3me2s was observed in the repressed
condition in wild-type (WT) cells, a certain level of H4R3me2s
appears to be required to maintain the repressed state of genes.

Therefore, our result apparently shows that Hsl7 is a methyl-
transferase that is responsible for H4R3me2s in vivo, especially in
the transcriptionally repressed state.

3.3. Hmt1 associates with the asymmetric dimethylation of histone
H4R3 at the actively transcribed gene

To better understand the role of histone H4R3 dimethylation, we
also carried out ChIP analysis in cells lacking the arginine methyl-
transferase Hmt1, the human PRMT1 homolog that catalyzes his-
tone H4R3me2a [6]. The histone H4R3me2a modification is known
as a transcription activation marker in humans and a regulator of
transcription elongation in yeast [5,8,10]. Consistently, our ChIP
results showed that the loss of Hmt1 considerably decreased
H4R3me2a levels with the actively transcribed gene and induced

Fig. 2. Hsl7 recruitment and histone H4R3me2s on GAL10 chromatin are associated with the transcriptionally repressed state but not the active state. (A) (Left) Schematic diagram
of the GAL10 gene (Middle and right) schematic diagrams of time courses for galactose induction and glucose repression. Each carbon source is represented as Glc (glucose), Raf
(raffinose) or Gal (galactose). The numbers in parentheses correspond to the time points in (B) and (C) and were used in all subsequent experiments. (B, C) The association of Hsl7
and changes in histone H4R3me2s levels at the GAL10 gene in the Hsl7-TAP strain were analyzed by ChIP as shown in Fig. 1D and E during galactose induction (B) or glucose
repression (C). IgG-Sepharose or antibodies against Rpb1, H4R3me2s and histone H4 were used to immunoprecipitate chromatin. For the methylated H4 results, the signals
quantitated and normalized to the internal control and the input DNAwere further normalized to the total histone H4 signals. All results are presented as fold enrichment relative to
the Glc (B) or Gal (C) signal. The error bars indicate the SD from three repetitions. The P-values were calculated using the unpaired t-test. Asterisks indicate statistically significant
differences compared to the Glc (B) or Gal (C) signal (*, p < 0.05; **, p < 0.01).

H.-Y. Ryu et al. / Research in Microbiology 170 (2019) 222e229226



no changes in H4R3me2a modification during glucose repression,
supporting the idea that Hmt1 associates with histone H4R3me2a
during transcription activation (Fig. 3B, lower panel). Moreover,
Hmt1 was recruited to GAL10 chromatin when the RNAPII was
crosslinked with chromatin; no association was observed in the
transcriptionally repressed condition, further supporting the role of
Hmt1 in promoting transcription elongation (see Supplementary
Fig. S2) [9,10].

Unexpectedly, in hsl7D cells, the levels of H4R3me2a were
slightly elevated at the actively transcribed GAL10 gene (Fig. 3B,
lower panel). Given that hmt1D also appeared to moderately sup-
press the levels of H4R3me2s as shown in Fig. 3B under the glucose
repression condition (see middle panel), competitive crosstalk
feasibly exists between the two histone arginine methyl-
transferases, Hmt1 and Hsl7, upon targeting the same substrate
residue of histone H4R3. We preferentially hypothesize that in
hmt1D cells, histone H4R3 is more likely to be symmetrically
methylated by Hsl7 under the repressive condition, while in hsl7D
cells, H4R3 is more prone to be asymmetrically methylated by
Hmt1 in the actively transcribed gene.

Taken together, these results suggest a contrastive role of the
two histone arginine methyltransferases, Hsl7 and Hmt1, in the
regulation of GAL10 transcription; Hsl7 is required for the histone
H4R3me2s modification in the transcriptionally repressed state,
while Hmt1 is required for the H4R3me2a modification in the
transcriptionally active state.

3.4. Hsl7 physically interacts with repressive histone deacetylase
Rpd3

Upon discovering the repressive role of Hsl7 in transcription, we
next investigated whether Hsl7 interacts with proteins that nega-
tively regulate transcription using tandem affinity purification
followed byMALDI-TOFmass spectrometry to identify proteins that
co-purify with Hsl7-TAP (Fig. 4A). A total of 11 proteins that phys-
ically interact with Hsl7 were detected (the peptide coverage along
with function descriptions are listed in Fig. 4B. See Supplementary
Fig. S4 for additional information). A previous report suggests that
Hsl7 localizes to the spindle pole body (SPB) during early stages of
the cell cycle prior to facilitating the G2/M transition at the bud
neck, and consistent with this, we identified two SPB components,
Spc42 and Spc29 [25]. In addition, consistent with the finding that
Hsl7 associates with the septin ring in morphogenesis, an essential
kinetochore protein, Cep3, which regulates septin dynamics for

proper septin separation and disassembly in anaphase, was also
purified [26]. Furthermore, Rpd3, an HDAC conserved across eu-
karyotes, physically interacted with Hsl7, which is a significant
observation because RPD3 was previously shown to genetically
interact with HSL7 [27]. The physical interaction between Rpd3 and
Hsl7 is further supported by the findings that the deletion ofHSL7 is
synthetically lethal with the deletion of SIN3, a component of both
the Rpd3S and Rpd3L HDAC complexes [27], and HSL7 has negative
genetic interactions with the other three Rpd3L components SDS3,
DEP1, and UME6 [28]. Notably, a putative transcription factor, Tos4,
which reportedly responds to replication stress by interacting with
the HDAC complex Rpd3 and Set3 [29], is bound to Hsl7. Given that
Hsl7 protein presents a lower abundance at 129 copies per cell
compared to themedian protein abundance value of approximately
800 copies per cell [30], our TAP purification can provide more
physical interactions that were undetected in previous high-
throughput proteineprotein interaction analyses [31,32].

To further explore the comprehensive role of arginine methyl-
transferases in the regulation of transcription, we performed TAP
purification in cells tagged with Hmt1-TAP. Distinctive results from
TAP purification between Hsl7- and Hmt1-TAP-tagged cells were
expected (Supplementary Fig. S3), and they are likely supportive of
the different transcriptional roles. A total of 25 proteins were
detected as physically associating with Hmt1. Co-purification of
Nop1, which contains native sites for arginine methylation and was
previously identified as the endogenous substrate of Hmt1 both
in vivo and in vitro, ensured a high reliability of the Hmt1-TAP
analysis [33,34]. In addition, consistent with the previously deter-
mined role of Hmt1 in methylating heterogeneous nuclear ribo-
nucleoproteins (hnRNPs) associated with mRNA processing and
mRNA export, we identified several proteins (Slh1, Dbp5 and Pml1)
involved in RNA helicase activity or mRNA export [9]. Notably, Hfi1
(also termed Ada1) was also co-purified with Hmt1. Hfi1 is known
as a SAGA (Spt-Ada-Gcn5-acetyltransferase) component, and it is
required for the recruitment of TATA box-binding protein (TBP) to
SAGA-dependent promoters. These results strongly suggest that
Hsl7 plays a negative role in transcription that is distinct from that
of Hmt1.

3.5. Hsl7 represses gene transcription similarly to histone
deacetylase Rpd3

We further attempted to determine whether Hsl7 has a
repressive role in transcription similar to Rpd3 as reported

Fig. 3. Hsl7, but not Hmt1, is responsible for the accumulation of H4R3me2s in transcriptionally repressed GAL10 chromatin. (A) The levels of H4R3 dimethylation were analyzed
using ChIP as shown in Fig. 2C. Cells were grown in galactose (left) and then shifted to glucose for 2 min (right). Chromatin fractions were obtained from WT, hsl7D or hmt1D cells,
followed by immunoprecipitation with the indicated antibodies. (B) Quantitation of the ChIP results shown in (A). The PCR signals were quantitated and normalized as shown in
Fig. 2B and C. All results are presented as fold enrichment relative to the Gal signal in WT cells. The error bars indicate the SD from three repetitions. The P-values were calculated
using the unpaired t-test. Asterisks indicate statistically significant differences compared to the WT in Glc or Gal (*, p < 0.05; **, p < 0.01).
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previously [35]. To this end, we examined the effect of hsl7D on the
transcript level during GAL10 activation using quantitative RT-PCR.
As a control, cells deficient in Hos2, the subunit of Set3 and Rpd3L
complexes that is required for gene activation, was also assayed
[36]. Tos4, a putative transcription factor co-purified with Hsl7 in
our study, was evaluated because it was previously reported to
physically interact with both Rpd3 and Hos2 [29]. Consistent with
the previous report, loss of Rpd3 or Hos2 showed enhanced and
attenuated transcription upon GAL10 induction, respectively [36].
By contrast, cells lacking the putative transcription regulator Tos4
had little effect on GAL10 expression. However, loss of Hsl7 obvi-
ously increased the accumulation of GAL10 mRNA in a time-
dependent manner to a level comparable to that observed in
Rpd3-deficient cells (Fig. 4C and D). Therefore, these results sup-
port that the repressive role of Hsl7 in transcription is consistent
with that of Rpd3, likely via their physical interactions.

4. Discussion

Several recent reports have suggested interplay between lysine
acetylation and arginine methylation of histones. It was first
observed in vitro that methylation at histone H4R3 by PRMT1
stimulates p300-mediated acetylation of histone H4 [5]. In parallel
with this report, an in vivo study found that dimethylation of H4R3
is essential for establishing a wide range of histone modifications
[37]. Further important biochemical data show that lysine acety-
lation generally correlates with enhanced methylation by PRMT5.
In particular, acetylation of histone H4 lysines 5, 8 and 12 promotes
the generation of H4R3me2s by PRMT5 [38]. Interestingly, the
HDAC Rpd3 also targets and deacetylates lysines 5, 8 and 12 on
histone H4 [35,39]. Thus, previous results together with our find-
ings strongly suggest that Rpd3 plays a repressive role in tran-
scription associated with Hsl7-mediated H4R3me2s. Genetic and

physical interaction between RPD3 and HSL7 further supports this
cis-mechanism at the H4 tail [27].

In budding yeast, well-established mechanisms for transcrip-
tional repression by Rpd3 include inhibiting recruitment of the
SWI/SNF nucleosome-remodeling complex [40]. Notably, it has
been reported that human PRMT5 negatively regulates the tumor-
suppressor genes ST7 and NM23 via interaction with SWI/SNF
chromatin-remodeling complexes [41]. Thus, further analyses of
the association of Hsl7 with other regulatory proteins, such as
chromatin-remodeling complexes, would be helpful for under-
standing the exact pathways by which Hsl7-mediated symmetric
dimethylation contributes to transcriptional repression. Moreover,
it also would be important to examine the role of the cis-mecha-
nism found in this study in diseased cells such as cancer cells, as
PRMT5 is overexpressed in multiple cancer types, such as gastric,
colorectal and lung cancers [42].
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Fig. 4. Hsl7 physically interacts with Rpd3 and plays a repressive role in GAL10 gene transcription that is similar to that of Rpd3. (A) Tandem affinity purification of TAP-tagged Hsl7-
associated proteins. Positions of the molecular weights of the protein markers in kilodaltons (kDa) are shown in the left panel. Proteins that copurified with the TAP-tagged proteins
are shown in the right panel. (B) List of proteins that copurified with Hsl7 shown in (A). The peptide coverage and functional descriptions of each protein are also presented.
(C) GAL10 mRNA levels were analyzed in WT, hsl7D, rpd3D, hos2D and tos4D cells by RT-PCR. The position of the DNA fragment used as a probe is indicated below GAL10, which is in
the same region as primer set 3 in Fig. 2A. The transcript levels of ACT1 and 25S/18S rRNA were used as controls (D) Quantitation of the RT-PCR results shown in (C). GAL10 mRNA
levels were quantitated and normalized to the amount of ACT1 transcript. The error bars indicate the SD from three repetitions.
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