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Arginine methyltransterase attects
interactions and recruitment of mRNA
processing and export tactors

Michael C. Yu, Francois Bachand, Anne E. McBride,! Suzanne Komili, Jason M. Casolari, and

Pamela A. Silver?

Department of Systems Biology, Harvard Medical School, and Department of Cancer Biology, The Dana-Farber Cancer

Institute, Boston, Massachusetts 02115, USA

Hmtl1 is the major type I arginine methyltransferase in the yeast Saccharomyces cerevisiae and facilitates the
nucleocytoplasmic transport of mRNA-binding proteins through their methylation. Here we demonstrate that
Hmtl1 is recruited during the beginning of the transcriptional elongation process. Hmtl methylates Yral and
Hrpl, two mRNA-binding proteins important for mRNA processing and export. Moreover, loss of Hmt1 affects
interactions between mRNA-binding proteins and Tho2, a component of the TREX (transcription/export)
complex that is important for transcriptional elongation and recruitment of mRNA export factors.
Furthermore, RNA in situ hybridization analysis demonstrates that loss of Hmt1 results in slowed release of
HSP104 mRNA from the sites of transcription. Genome-wide location analysis shows that Hmt1 is bound to
specific functional gene classes, many of which are also bound by Tho2 and other mRNA-processing factors.
These data suggest a model whereby Hmt1 affects transcriptional elongation and, as a result, influences

recruitment of RNA-processing factors.
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Supplemental material is available at http://www.genesdev.org.
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In eukaryotic cells, pre-messenger RNAs (pre-mRNAs)
must be fully processed and packaged into mature mes-
senger ribonucleoparticles (mRNPs) before export to the
cytoplasm as fully translatable mRNAs. Intranuclear
RNA processing steps, such as 5'-capping, splicing, 3'-
end cleavage, and polyadenylation, are accomplished
through the association of numerous RNA-binding pro-
teins (RBPs) such as serine/arginine-rich (SR) proteins
and heterogeneous nuclear ribonucleoproteins (hnRNPs)
with the pre-mRNA (for review, see Dreyfuss et al. 2002;
Lei and Silver 2002b; Reed and Hurt 2002). Many RBPs
that participate in RNA processing and export contain
a variety of posttranslational modifications such as
phosphorylation and methylation. The dynamic inter-
actions between RBPs and pre-mRNAs suggest that
their binding to and dissociation from RNAs and other
proteins may be regulated by these posttranslational
modifications.
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ME 04011, USA.

2Corresponding author.
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One type of posttranslational modification commonly
found in RNA-binding proteins is the methylation of ar-
ginine residues, usually in the context of arginine- and
glycine-rich motifs (for review, see Gary and Clarke
1998). The enzymes that catalyze this process are called
protein arginine methyltransferase, or PRMTs. hnRNPs
are a major substrate of PRMT1 in yeast and mammalian
cells. Methylated hnRNPs contain at least one N-termi-
nal RRM-type (RNA recognition motif)] RNA-binding
motif in conjunction with RGG-rich (arginine-glycine—
glycine) repeats, the sites of arginine methylation, in the
C-terminal domains (Liu and Dreyfuss 1995).

Recent studies have shown that arginine methylation
is important for modulating protein-protein interac-
tions. For example, loss of arginine methylation on the
STATI protein inhibits association with its inhibitor
PIAS, resulting in decreased interferon responses medi-
ated by STAT1 (Mowen et al. 2001). Methylation of the
Src kinase substrate Sam68 has been shown to change its
affinity for SH3-containing proteins, resulting in alter-
ation of its function (Bedford et al. 2000). In addition,
arginine methylation of the transcriptional elongation
factor Spt5 regulates its interaction with RNA polymer-
ase (Pol) II, thereby globally affecting transcription
(Kwak et al. 2003). However, the precise role of methyl-
ation of the many RBPs remains unclear.
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In Saccharomyces cerevisiae, Hmtl (also termed
RMT1) has been previously identified as the major type
I arginine methyltransferase and is functionally equiva-
lent to the mammalian PRMT1 (Gary et al. 1996; Henry
and Silver 1996; Gary and Clarke 1998). Hmtl has been
shown to be important for nuclear transport of the
hnRNPs Nab2, Hrpl, and Npl3 (Shen et al. 1998; Mc-
Bride et al. 2000; Green et al. 2002). Nab2, found in a
complex with Hrpl, controls mRNA poly(A) tail length
and its in vivo methylation state is dependent on the
presence of Hmtl (Gavin et al. 2002; Green et al. 2002;
Hector et al. 2002; Ho et al. 2002). Hrpl, also an in vitro
substrate of Hmtl (Shen et al. 1998), is a component of
the cleavage factor I (CFI) that is involved in 3’-end pre-
mRNA processing (Kessler et al. 1997; Gross and Moore
2001). Npl3, a major SR-like RNA-binding protein im-
portant for mRNA export (Bossie and Silver 1992; Kad-
owaki et al. 1994), is methylated on its RGG repeats by
Hmtl and also phosphorylated by the SR protein kinase
Skyl (Henry and Silver 1996; Siebel and Guthrie 1996;
Gilbert et al. 2001). The observation that Skyl localizes
to the cytoplasm whereas Hmtl is predominately
nuclear suggests that the regulation of import and export
of substrate proteins may be determined by the “oppos-
ing effects” of methylation and phosphorylation (Siebel
et al. 1999; Yun and Fu 2000).

Given that several pre-mRNA processing factors and
components of the transcriptional machinery are sub-
strates of arginine methyltransferases, arginine methyl-
ation may play a role in coordinating the cotranscrip-
tional assembly of the mRNP. Several lines of evidence
for the coupling of splicing and transcription include the
removal of the spliced 5'-end intron on the nascent
RNAs in Chironomus tentans (Wieslander et al. 1996),
as well as the cotranscriptional recruitment of Ul sn-
RNP (Kotovic et al. 2003) and the splicing factor Sub2
(Lei and Silver 2002a) in S. cerevisiae. In S. cerevisiae,
the 3'-end processing factors are recruited by RNA Pol I
near the promoter, suggesting that they are recruited
during the early stages of transcription (Licatalosi et al.
2002; Ryan et al. 2002). Interestingly, mutation of
RNA15, another component of CFI, affects the recruit-
ment of the mRNA export factor Yral to nascent RNAs
(Lei and Silver 2002a). Further underscoring the exten-
sive coupling between transcription and mRNA export is
the cotranscriptional recruitment of Npl3, Yral, and
components of the TREX complex (transcription/export;
Lei et al. 2001; Strasser et al. 2002). A yeast homolog of
Aly, Yral belongs to a family of evolutionarily conserved
hnRNP-like proteins (Stutz et al. 2000). Unlike Npl3,
both RNA Pol II transcription and other pre-mRNA pro-
cessing events such as 3’-end formation must occur for
proper Yral recruitment to take place (Lei and Silver
2002a). Together, these lines of evidence support the idea
that early recruitment of 3’-end processing factors and
mRNA export factors to transcriptionally active genes
facilitate the formation of proper mRNPs.

In this study, we demonstrate that Hmtl is recruited
to genes during transcription and that it functions to
modulate protein-protein interactions within an mRNP
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in an RNA-dependent manner. We have used genome-
wide location analysis to identify the functional gene
classes with which Hmtl and its substrates associate.
Additionally, we have determined the effect of Hmtl on
the chromatin-binding specificity of its substrates. To-
gether, these results demonstrate how an arginine meth-
yltransferase affects mRNP dynamics.

Results

Hmt1 is recruited to genes cotranscriptionally

We used chromatin immunoprecipitation (ChIP) of
Hmtl at the galactose-inducible GALI0 gene to demon-
strate that, like many of its substrates, Hmtl can be
cotranscriptionally recruited to genes. For ChIP experi-
ments, yeast cells expressing a Myc epitope-tagged ver-
sion of Hmtl were generated (see Materials and Meth-
ods). This Myc-tagged Hmtl was determined to be func-
tional by its ability to methylate one of its substrates,
Npl3 (data not shown).

To determine whether and where Hmtl associates
with the transcribed GAL10 gene, quantitative PCR was
performed on immunoprecipitated DNA fragments us-
ing primer sets spanning the GAL10 coding region as
well as the downstream intergenic region (Fig. 1, top).
Upon galactose induction, a-Myc antibodies immuno-
precipitated a significant level of the 5'-end of GALI0
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Figure 1. Hmtl is cotranscriptionally recruited to the GAL10
gene. Hmt1-Myc is cross-linked to the coding sequence of
GALI0 in a transcription-dependent manner. ChIP was per-
formed using either a-Myc or «-RPB3 on a strain containing
Hmt1-Myc under galactose-inducible conditions. Both a-Myc
and «-RPB3 immunoprecipitated chromatin fragments were
subjected to quantitative PCR. (Top) The schematic representa-
tion of the GAL10 gene with primer sets used in quantitative
PCR is shown. (Bottom) The quantitative PCR results from
cells grown in both glucose (gray bar) and galactose (black bar)
are shown in the bar graphs. The numbers under each graph
correspond to the amplified sequence from the GAL10 gene by
the specific primer sets indicated above.
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and central part of its coding sequence in comparison
with cells grown in glucose (Fig. 1, bottom left, cf. black
and the gray bars). The amount of GAL10 from the cen-
tral part of the ORF immunoprecipitated by «-Myc an-
tibodies is slightly less than the 5'-end of the coding
sequence under galactose induction, but still consider-
ably more than cells grown in glucose (Fig. 1, bottom
left). No significant level of Hmtl occupancy was de-
tected at the 3'-end of GAL10 or the intergenic region in
either growth condition (Fig. 1, bottom left). As a control
to show that Hmtl recruitment is not a function of poly-
merase occupancy, we performed the same experiment
using a-Rpb3, a monoclonal antibody directed against a
subunit of yeast RNA Pol II. Rpb3 was found to occupy
the entire GAL10 gene with approximately equal levels.
A high level of Rpb3 was also found to be present at the
GAL10/7 intergenic region, consistent with previously
published results (Greger and Proudfoot 1998). These
data indicate that Hmtl is cotranscriptionally recruited
to genes at the 5'-end and up to the middle of the coding
region. The decreased Hmtl occupancy at the 3'-coding
sequence implies that Hmtl is recruited during tran-
scriptional initiation or early stages of transcriptional
elongation.

Hmt1 methylates the mRNA export factor Yral
and the 3'-processing factor Hrp1 in vivo

Comparison of the amino acid sequences of the RNA-
binding protein Yral (Aly/REF in metazoans) across sev-
eral species reveals a cluster of arginine and glycine resi-
dues in the N terminus region (data not shown). To ex-
amine whether Yral is arginine-methylated in yeast, we
used the in vivo methylation assay (see Materials and
Methods). In a strain that contains protein-A-tagged
Yral, immunoprecipitates from IgG-coupled sepharose
beads included a single, major band that corresponds to
methylated protein-A-tagged Yral, as confirmed by im-
munoblotting with a-protein A antibody (Fig. 2A, lanes
2,5). Methylation of Yral is dependent on Hmt1 because
protein-A-tagged Yral is no longer methylated in a strain
that lacks Hmtl (Fig. 2A, lanes 3,6). To determine if
methylation of Yral is caused by the presence of the
protein A tag, a resident ER protein Npl4 tagged with
protein A was also tested. As expected, protein-A-tagged
Npl4 is not methylated (Fig. 2A, lane 4). As a positive
control for the methylation assay, methylated Npl3 can
be immunoprecipitated from extracts of both protein-A-
tagged Npl4 and Yral strains (Fig. 2A, lanes 7,8), but
not from extracts in a strain that lacks Hmtl (Fig. 2A,
lane 9).

As it was previously shown to be a substrate of puri-
fied Hmtl in vitro (Shen et al. 1998), we examined
whether Hrpl, a factor that participates in the 3’-end
formation and polyadenylation (Kessler et al. 1997), can
be arginine-methylated by Hmtl in vivo. Using a rabbit
polyclonal antibody generated against Hrpl, we per-
formed in vivo methylation assays in both wild-type and
hmt1A mutants. Inmunoblotting of the immunoprecipi-
tates using o-Hrpl antibody showed approximately
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Figure 2. Hmtl methylates RNA-processing factors Yral and
Hrpl. All immunoprecipitates were either resolved by 7% or
10% SDS-PAGE and immunoblotted with antibody as described
(Ieft panel) or visualized by fluorography (right panel). The mi-
gration of molecular mass markers is shown at right. (A) Yral is
arginine-methylated by Hmt1 in vivo. A CEN-plasmid carrying
protein-A-tagged Yral (proA-Yral) in both HMT1 and hmtIA
cells was subjected to the in vivo methylation assay in the pres-
ence of [methyl->H]-SAM. Protein-A-tagged Yral was immuno-
precipitated from an equivalent amount of lysate by incubating
with IgG sepharose or a-Npl3-conjugated beads. To determine
the efficiency of Yral immunoprecipitations, a-PrA antibody
was used in immunoblotting (lanes 2,3). A band corresponding
to [methyl-*HJ-labeled protA-Yral is observed only in the pres-
ence of Hmtl (lane 5) but not in the absence of Hmtl (lane 6).
Protein-A-tagged Npl4 (Npl4-proA) was used as a negative con-
trol (lanes 1,4). As a positive control for methylation, [methyl-
3H]-labeled Npl3 was visualized with approximately equal in-
tensity in both Npl4-proA and ProA-Yral strains (lanes 7,8,
whereas in the absence of Hmtl, no methylated Npl3 was vi-
sualized (lane 9). (B) Hrpl is an in vivo substrate of Hmtl. After
an in vivo methylation reaction in the presence of [methyl-*H]-
SAM, immunoprecipitation was performed from equivalent
amount of lysate in either HMT1 or hmt1A by incubating with
«-Hrpl-conjugated beads. In the fluorograph, the band corre-
sponding to [methyl-*HJ-labeled Hrpl is observed (lane 3),
whereas no [methyl->H]-labeled Hrp1 is observed in the absence
of Hmtl1 (lane 4). (Lanes 1,2) Equal loading and immunoprecipi-
tation efficiency from both HMT1 and hmt1A was determined
by immunoblotting with a-Hrpl antibody.

equal amounts of Hrpl being immunoprecipitated from
both HMT1 and hmt1A strains (Fig. 2B, cf. lanes 1 and 2).
Visualization of the corresponding fluorograph reveals
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[methyl-3H]-labeled Hrpl only in the HMT1 cells (Fig.
2B, lane 3) but not in the hmtIA cells (Fig. 2B, lane 4).
Taken together, the above results demonstrate that
mRNP components Yral and Hrpl are arginine-methyl-
ated in vivo.

Hmt1 can modulate protein-protein interactions

The presence of Hmtl at the promoter and the central
region of a gene during transcription suggests that pro-
tein methylation could be involved in modulating pro-
tein complexes early in mRNP formation. To identify
proteins that interact with Npl3 in a methylation-state-
dependent manner, a protein A Npl3 fusion protein (PrA-
Npl3) was expressed in a strain that either contained a
functional Hmtl (HMT1) or lacked Hmtl (hmt1A). Silver
staining of proteins that copurified with PrA-Npl3 but
not PrA alone was compared in both HMT1 and hmtIA
cells (Fig. 3A). Although several bands with different de-
grees of intensity copurified with PrA-Npl3, the only re-
producible differences were the bands that migrated at
~60 kDa and 150-180 kDa in hmtIA. These interactions
were reduced in HMT1 cells (Fig. 3A, lanes 1,3). In addi-
tion, a 97-kDa band was observed in both HMT1 and
hmtIA cells (Fig. 3A, lanes 1,3). Subsequent identifica-
tion of the 97-kDa band by mass spectrometry yielded
Cbp80, the largest subunit of mRNA cap-binding pro-
tein. Cbp80 and Npl3 have previously been shown to
interact (Shen et al. 1998).

Interestingly, the prominent 60-kDa band was identi-
fied as endogenous, untagged Npl3. It is possible that the
increase in Npl3 observed in the hmtlA strain was
caused by an increased interaction of PrA-Npl3 with un-
tagged, endogenous Npl3. Alternatively, there could be
selective proteolytic clipping of the PrA-Npl3 in the
hmtIA strain. To address these two possibilities, PrA-
Npl3 and Myc-tagged Npl3 were expressed in cells lack-
ing endogenous Npl3. Proteins that copurified with PrA-
Npl3 were analyzed by immunoblotting with polyclonal
a-Myc antibody, which binds to the protein A domain of
the fusion protein as well as to the Myc epitope (Fig. 3B).
The Npl3-Myc band migrating above 60 kDa was ob-
served specifically in lanes containing both PrA-Npl3
and Npl3-Myc, demonstrating that these two proteins
interact (Fig. 3B, lane 1). As with intact Npl3, the inten-
sity of the Npl3-Myc band was also increased in the
hmtI1A strain (Fig. 3B, cf. lanes 1 and 4). This interaction
is RNA-independent as RNAse A treatment did not abol-
ish the association between PrA-Npl3 and Npl3-Myc
(data not shown). The minor bands migrating slightly
lower than that of Npl3-Myc in lanes 2 and 5 in Figure 3B
are degradation products of PrA-Npl3. Together, these
data suggest that methylation of Npl3 modulates its self-
association.

In addition to the prominent bands described above,
one of the minor copurifying bands in the 150-180-kDa
range was subsequently identified by mass spectrometry
as Tho2, a component of the TREX complex. To confirm
the role of Hmtl in the biochemical association of Npl3
and Tho2, a nine-copy Myc tag was integrated at the
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Figure 3. Hmtl modulates protein-protein interactions. (A)
Silver stain of immunoprecipitates from protein A-Npl3 (PrA-
Npl3) in HMT1 and hmt1A cells. Increased PrA-Npl3 associa-
tion was observed with untagged Npl3, Cbp80, and the TREX
component Tho2 (lane 3) in hmt1A compared with HMT1 cells
(lane 1). (Lanes 2,4) Negative controls in both HMT1 and hmt1A
cells were performed with PrA-only beads. (B) The immunopre-
cipitates from PrA-Npl3 and protein A alone (PrA) expressed
either in HMT1 or hmt1A cells were analyzed in the context of
Npl3-Myc. Total lysate (see Materials and Methods) was re-
solved by 10% SDS-PAGE prior to immunoblotting using poly-
clonal anti-Myc antiserum. Both PrA-Npl3 and Npl3-Myc fu-
sion proteins were recognized by the rabbit antiserum. The mi-
gration of the molecular mass marker is shown at Ieft. (C) The
interaction between Npl3 and Tho2 is increased in the absence
of Hmtl. The genomic copy of THO2 in HMT1 and hmtIA
strains was tagged with a Myc sequence. Parental THOZ2 strains
(PSY 867, PSY 865) and Tho2-Myc strains (PSY 3210, PSY 3211)
were grown in YPD and lysed, and Tho2-Myc was immunopre-
cipitated from equivalent amounts of lysate by incubation with
a-Myc-conjugated beads. Samples were subsequently divided
and treated (+) or not treated (-) with RNase A for 20 min at
25°C. The proteins isolated were loaded in equal amounts and
resolved by 7% SDS-PAGE. Tho2-Myc and Npl3 were detected
by probing the top of the blot with a-Myc antibody and the
bottom of the blot with a-Npl3, respectively. The inputs (lanes
1,3,5,7) and supernatants post IP (lanes 2,4,6,8) are shown.

3'-end of the THOZ2 gene in a wild-type strain and then
genetically crossed with an hmt1-null strain to create a
Tho2-Myc hmtlA strain. Immunoprecipitation using
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a-Myc antibodies on the extracts of untagged and Myc-
tagged Tho2 strains was followed by immunoblotting
with a-Myc and «a-Npl3 antibodies (Fig. 3C). In the ab-
sence of Hmtl, the interaction between Npl3 and Tho2
increased (Fig. 3C, cf. lanes 9 and 11). This interaction is
RNA-dependent because treatment with RNAse A abol-
ishes the increased association (Fig. 3C, cf. lanes 10 and
12). Because the amino acid sequence of Tho2 contains
possible sites of arginine methylation, we performed an
in vivo methylation assay and found that Tho2 can also
be methylated (data not shown). However, we were not
able to determine whether this methylation is dependent
on Hmtl because the signal for methylated Tho2 is faint.

Loss of Hmt1 affects the kinetics
of HSP104 mRNA production

It is possible that biochemical association between Npl3
and Tho2 in the absence of Hmtl affects the subsequent
recruitment of mRNA-processing factors and thereby re-
sults in the improper release of transcripts from the site
of transcription or release of the proteins from the tran-
scripts. To address this, we examined the fate of a heat-
shock protein transcript, HsplO4. It was previously

25°C

42°C
15 mins

42°C
30 mins

42°C
60 mins

hmt1A

shown that a block of mRNA nuclear export leads to the
retention of transcripts at the site of transcription and
that this accumulation can be visualized as a “nuclear
dot” using mRNA fluorescent in situ hybridization
(FISH) analysis with a transcript-specific probe (Jensen et
al. 2001). We therefore used this assay to examine the
kinetics of HSP104 mRNA production in hmt1A cells.
Using a Cy3-conjugated oligonucleotide probe against
the 5’-end of HSP104 mRNA, the appearance of a
“nuclear dot” is detectable in both wild-type and hmt1A
cells 5 min after a temperature shift from 25°C to 42°C
(data not shown). In wild-type cells, the percentage of
cells with a “nuclear dot” peaks at 15 min (Fig. 4,
HSP104 panel of wild-type cells, 15 min at 42°C). The
population with a “nuclear dot” gradually decreased
with longer incubation at 42°C (Fig. 4, HSP104 panel of
wild-type cells, 30 and 60 min at 42°C).

The percentage of hmtIA cells with a “nuclear dot”
after a 15-min temperature shift is similar to wild-type
cells (Fig. 4, HSP104 panel of hmtiA cells, 15 min at
42°C). However, in contrast to wild-type cells, the per-
centage of hmtIA cells with a “nuclear dot” did not de-
crease with longer incubation at 42°C (Fig. 4, HSP104
panel of hmtIA cells, 30 and 60 min at 42°C). As a posi-

mex67-5
HSP104

HSP104

Figure 4. Cells harboring hmt1A retain HSP104 transcript localization with time. Localization of HSP104 mRNAs at intranuclear foci
after temperature shift is visualized as a “nuclear dot” in a cell. FISH analysis using Cy3-labeled oligonucleotides (THJ361) against the
5'-end of the HSP104 transcript was performed on cultures grown at 25°C or temperature-shifted to 42°C for times indicated. mex67-5
was used as a positive control for this experiment. The percentage of cells observed with a “nuclear dot” is denoted in the upper corner

of the HSP104 panel.
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tive control, the same experiment was performed in
mex67-5 cells; these cells exhibited a strong nuclear re-
tention phenotype, as described previously (Fig. 4,
mex67-5 panels; Jensen et al. 2001). Thus, the mRNA-
FISH analysis demonstrates that Hmtl influences the
kinetics of HSP104 transcript production.

Hmt1 is recruited to highly transcribed genes

Because Hmtl can be cotranscriptionally recruited to
genes, we sought to determine which genes are associ-
ated with Hmtl to better understand its role in gene
regulation. To this end, we used genome-wide location
analysis to determine the occupancy profile for Hmtl.
This approach reflects the association of a specific pro-
tein with genes through the combination of ChIP and
full-length ¢cDNA microarray analysis (Ren et al. 2000;
Iyer et al. 2001). With this method, the genome-wide
occupancy is surmised for each array spot as a ratio ex-
pressed as the fluorophore intensity from the chromatin
fragments enriched by immunoprecipitation (IP) over the
fluorophore intensity from unenriched chromatin frag-
ments (Input). The final confidence value (P-value) for
each spot from a combined set of three arrays was cal-
culated using an error model provided by the Rosetta
Resolver (see Materials and Methods). Spots that had
both a P-value threshold of 0.02 and a ratio intensity >1.0
were included in the final data set (see Supplemental
Material) and used to identify statistically significant
gene classes as listed in the Yeast Proteome Database
and the Gene Ontology Consortium (Ashburner et al.
2000) for S. cerevisiae (Berriz et al. 2003).

As shown in Figure 5A, genomic occupancy of Hmtl
correlates with transcriptional frequency (Holstege et al.
1998), suggesting that Hmtl1 is recruited to actively tran-
scribed genes. When the data were examined for enrich-
ment of particular gene classes, we found that Hmtl1 is
bound to genes involved in a variety of functions, includ-
ing general protein synthesis, metabolic and catabolic
pathways, creation and maintenance of cell wall, and
glycolysis (Fig. 5A). Because many of the glycolysis and
ribosomal protein gene classes constitute some of the
most highly transcribed genes in yeast, this supports the
observed transcriptional bias seen in Figure 5A.

Effect of Hmt1 on genome-wide
binding of its substrates

To understand the interplay between Hmtl and compo-
nents of the mRNP, we extended the genome-wide loca-
tion analysis approach to determine how Hmtl affects
mRNP formation. We therefore compared the genome-
wide location profiles of mRNP components in wild-
type (HMT1) versus Hmtl-null (hmt1A) cells. To ensure
that any genome-wide occupancy changes observed are
not caused by the difference in the gene expression pro-
file resulting from the loss of Hmtl, we compared the
gene expression profiles from both wild-type and hmt1A
cells (Fig. 5B). We found that the absence of Hmt1 did not
greatly impact gene expression levels as only 64 genes
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Figure 5. Enrichment of gene functional groups bound by
Hmtl and the effect of Hmtl on gene expression profile. (A)
Correlation between degree of Hmtl-binding and their average
transcriptional frequency. The average transcription frequency
of genes bound by the studied proteins versus the degree of
binding is plotted as a solid line. A partial list of enriched func-
tional gene classes is listed next to the plot. (B) Gene expression
changes due to the loss of Hmtl. The Venn diagram indicates
the number of genes that are increased (hmt1A circle) or de-
creased (wild-type [WT] circle) at least twofold in Hmtl-null
mutants. The number of genes not affected is indicated at the
intersection of both circles. Only genes with P-values =0.01 are
subjected to analysis.

had levels that changed twofold or more (Fig. 5B). Thus,
any changes we observed in the genome-wide binding
studies are independent of changes in gene expression
when HMTT1 is deleted.

For each comparison of protein occupancy, we gener-
ated a scatterplot representing all protein-bound genes
and their degree of occupancies in both backgrounds. In
both Npl3 and Tho2, only a slight change in the occu-
pancy is observed as evidenced by the clustering of the
majority of spots within the gray circle (Fig. 6A,B). Ab-
sence of Hmtl causes minor changes in the genes bound
by Yral and Nab2, as demonstrated by a greater degree of
scattered datapoints away from the center (Fig. 6C,E).
The absence of HMT1 had the most profound effect on
Hrpl genomic occupancy (Fig. 6D); many Hrpl-bound
genes are shifted from a low degree of binding in the
HMT1 background to a high degree of binding in the
hmt1A cells and vice versa (Fig. 6D, purple spots).

We next determined the enrichment of gene func-
tional groups bound by these mRNP components. In
each case, we found that the top bound populations are
enriched for the same gene classes as Hmt1 (Figs. 5A, 6).
Npl3 and Tho2, for example, are recruited to genes in-
volved in protein synthesis such as genes involved in
ribosome biogenesis (Fig. 6A,B). There are minor changes
in Yral-bound gene classes as a result of Hmt1 deletion
(Fig. 6C). Nevertheless, genes involved in cell wall bio-
synthesis, a highly enriched gene class bound by Yral, is
also bound by Hmt1 (Figs. 5A, 6C). In hmt1A cells, Nab2
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Figure 6. Effects of Hmtl on genome-wide
localization profiles of its substrates. Ge-
nome-wide location analysis is used to de-
termine whether recruitment of Hmtl sub-
strates is influenced by the absence of Hmt1
expression. The scatterplot represents the
degree of occupancy by Npl3 (A), Tho2 (B),
Yral (C), Hrpl (D), and Nab2 (E) in the
hmt1A strain (vertical axis) versus the occu-
pancy in the HMT1 strain (horizontal axis).
(F) The degree of occupancy by Hrpl in the
hmt1G68R mutant versus the HMT1 strain.
The scale on each axis represents the degree
of protein binding in a specific genetic back-
ground, wherein the scale of 0.0 to 1.0 rep-
resents the degree bound and 0.0 to -1.0 rep-
resents the degree unbound for any given
gene. Blue spots represent the protein-
bound genes unchanged in the degree of oc-
cupancy in both strains independent of that
of the defined P-value. The red spots repre-
sent genes bound by the protein in the
hmtlA or hmt1G68R cells, whereas the
green spots are ones bound in the HMT1
cells whose calculated P-value is <0.02. The
purple spots represent protein-bound genes
with anticorrelated properties (i.e., bound in
one background but not bound in the other
background). The olive spots represent pro-
tein-bound genes in both backgrounds
whose calculated P-value is <0.02. Lastly,
the distance a gene spot deviates away from
the center reflects the degree of change in
the occupancy. Gene spots within the gray
circle represent insignificant changes of oc-
cupancy in both backgrounds. In order for a
gene spot to be considered as having a sig-
nificant positive change (i.e., high degree of
occupancy by a protein in the absence of
Hmtl), it must possess a P-value of <0.02 in
both HMT1 and hmt1A/hmt1G68R. In ad-
dition, the ratio of IP/Input must have a
positive change of greater than twofold in
the hmt1A/hmt1G68R cells as well as a
negative change of greater than twofold in
the HMT1 cells. The effect of Hmtl on the
distribution of its substrates across the ge-
nome is plotted next to the scatterplot. The
average transcription frequency of genes
bound by the studied protein versus the de-
gree of binding is plotted as a solid (in wild-
type cells) or dotted (in hmtIA cells) line. A
partial list of enriched functional gene
classes is displayed next to the plot. Func-
tional gene classes that are changed be-
tween wild-type and hmt1A cells are under-
lined and italicized.

is recruited to several new gene classes in addition to the
ones observed in the wild-type cells such as genes en-
coding oxidoreductases (Fig. 6E, underlined gene groups).
Hrpl no longer binds to genes involved in the ribonu-
cleoprotein complex and rRNA-processing pathway in
the hmtI1A cells (Fig. 6D, underlined gene classes). When
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we compared the average transcriptional frequency of a
gene with the degree of binding, we found that the loss of
Hmt1 did not significantly alter the degree of correlation
between occupancy and transcriptional frequency for all
substrates examined (Fig. 6, cf. solid and dotted lines in
all right panels).
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To determine whether the changes in genomic occu-
pancy are a result of methylation by Hmtl, we examined
the genome-wide binding of Hrpl in a previously char-
acterized catalytic mutant of HMT1, hmt1G68R (Mc-
Bride et al. 2000). Interestingly, the scatterplot indicated
that the degree of change in Hrpl binding as a result of
hmt1G68R is less dramatic than in hmt1A cells (Fig. 6F).
Nevertheless, some of the gene functional groups bound
by Hrpl in the wild type are lost in the hmt1G68R, such
as genes involved in oxidoreductase and gluconeogen-
esis. The presence of Hmtl catalytic point mutation
thus appears to influence the genomic interaction of
Hrpl, albeit to a less extent than the null mutation. This
is consistent with hmtIG68R mutants not having a
complete loss of function (see Discussion).

Similar to hmtIA cells, the hmt1G68R mutation did
not significantly alter genome-wide transcription levels
(Fig. 6G) and thus does not contribute to the degree of
changes observed in the Hrpl-bound population. To-
gether, these data support a role for Hmt1 in cotranscrip-
tional recruitment of mRNP components to ensure
proper association with their genomic targets.

Validation of genome-wide binding analysis

To validate the results of our genomic-binding studies,
we performed directed ChIP on genes bound either by
Hrpl or Npl3 in both wild-type and hmt1A cells. In each
case, we chose genes from the genome-wide data that
show either different or equal binding, but with equal
expression level, between wild-type and hmt1A cells. For
Npl3, YBRO78W displayed almost equal occupancy by
Npl3 (Fig. 7, YBRO78W panel), whereas binding to CPR1
is decreased in the wild-type cells when compared with
hmt1A cells (Fig. 7, CPR1 panel). In contrast, Npl3 oc-
cupancy of SMD2 is higher in hmt1A cells (Fig. 7, SMD2
panel). All three results concur with the genome-wide
analysis data.

Hrpl showed unchanged binding to DUO1, increased
binding to MGT1, and decreased binding to YNLI129W in
hmt1A cells (Fig. 7, bottom panels). This is also in agree-
ment with the genomic-binding data. Thus, we have
demonstrated that the degree of binding determined us-
ing our genome-wide approach is recapitulated in di-
rected studies.

Discussion

Although protein arginine methylation was first discov-
ered more than 30 years ago, much remains unknown
with respect to the substrates as well as the mechanism
by which these enzymes influence their substrates’ func-
tions. In this study, we present evidence regarding the
role of the arginine methyltransferase Hmtl in defining
the architecture of mRNP complexes by modulating the
interactions among mRINA processing factors and with
the RNA substrate. Using a ChIP assay, we have shown
that Hmtl1 is cotranscriptionally recruited to genes with
a preference toward the 5’-coding region. By characteriz-
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Figure 7. Validation of genome-wide localization studies.
ChIPs were performed on either wild-type or Hmtl-null cells
using a-Npl3 or a-Hrpl. The choice of genes tested is based on
genome-wide localization data. The bar graph depicts the nor-
malized ratio of experimental signal to the intergenic region.

ing the composition of Npl3 immunoprecipitates from
both HMT1 and hmtIA cells, we have identified an
RNA-dependent association between Npl3 and the
TREX component Tho2 that is affected by Hmtl. Fur-
ther supporting the hypothesis that Hmt1 affects proper
mRNP formation, we also show aberrant association of
Npl3 with itself in the absence of Hmtl. This supports
the observation that loss of Hmt1 affects the kinetics of
heat shock message production. Using a genome-wide
localization approach, we determined the functional
gene classes bound by Hmtl as well as its substrates.
Interestingly, genome-wide binding profiles are changed
for Hrpl and Nab2 in the absence of Hmtl.

Arginine methylation is generally thought to affect the
function of its substrates by modulating interactions
with other proteins. PRMT]1, the mammalian homolog
of Hmtl, has been shown to regulate transcriptional
elongation by interacting with Spt5, a transcriptional
elongation factor (Kwak et al. 2003). Association be-
tween Spt5 and RNA Pol II is altered in nonmethylated
Spt5 mutants (Kwak et al. 2003). Recently, recruitment
of histone H4-specific methyltransferase activity has
been attributed to an interaction between PRMT1 and
transcription factor Ying Yang 1 (YY1; Rezai-Zadeh et al.
2003). The degree of arginine methylation is proportional
to the extent of the interaction between YY1 and
PRMTI1 (Rezai-Zadeh et al. 2003). These reports place
arginine methyltransferases at sites of transcription. We
find that Hmtl may operate on its substrates during
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transcription as we show Hmtl is recruited to the tran-
scriptionally active GALI0 gene. Using a more detailed
ChIP analysis, we further resolve Hmtl recruitment to
the promoter and the central region rather than the 3’-
end of the gene.

Hmtl associates with genes at the beginning of tran-
scriptional elongation. However, Hmtl most likely does
not affect transcriptional initiation, because similar
numbers of wild-type and hmtlA cells with HSP104
nuclear signal are present 15 min after heat shock. The
kinetics of wild-type HSP104 message production is
reflected by a gradual decrease in the number of cells
with HSP104 nuclear signal between 15 min and 30 min
after heat shock. Indeed, the HSPI104 message level
peaks at 30 min postshift (Halladay and Craig 1995). Be-
cause the heat-shock response is robust and the polymer-
ase must be cleared from the gene prior to additional
rounds of transcription, the increased number of hmtIA
cells with HSP104 nuclear signal 30 min after tempera-
ture shift demonstrates a change in the kinetics of
HSP104 message production in the hmtIA cells. Null
mutants of Hmtl have no obvious defect in mRNA pro-
cessing and export (Shen et al. 1998). Thus, the change in
the kinetics of HSP104 message biosynthesis observed in
hmt1A cells could be caused by a perturbation of tran-
scriptional elongation brought about by a failure of
mRNA export and transcriptional elongation factors to
dissociate.

Many of the Hmt1 substrates are recruited to the same
functional gene classes as Hmtl. Both Hrpl and Nab2
exhibited significant changes in their genomic occu-
pancy in the absence of Hmtl. One possible explanation
for this effect is the increase in the level of Hrpl and
Nab2 in the nucleus, because Hmtl has been previously
shown to affect the nuclear export of Hrpl and Nab2
(Shen et al. 1998; Green et al. 2002). However, the ab-
sence of Hmtl had much less of an impact on the ge-
nomic binding of Npl3 and nuclear export of Npl3 is also
inhibited in hmtIA cells. Because arginine methylation
has previously been shown to modulate the biochemical
properties of RNA-binding proteins (Denman 2002), it is
also possible that change in the genome-wide recruit-
ment of Nab2 and Hrpl in Hmtl-null cells is caused by
altered RNA-binding affinity. This is unlikely in the case
of Hrpl, however, because we have previously shown
that methylation does not affect the ability of Hrpl to
bind RNA (Valentini et al. 1999).

To determine whether methylation is responsible for
the change in the Hrpl-binding profile, we repeated the
analysis using a catalytic mutant of Hmtl, hmt1G68R.
The results revealed only nominal changes in the Hrpl
binding in the presence of the catalytic mutation. One
explanation for the difference observed in the null versus
the point-mutant is that hmt1G68R is not completely
catalytically inactive and that trace amounts of methyl-
transferase activity are sufficient for proper Hrp1 recruit-
ment. This view is supported by the observation that
hmt1G68R on a high-copy plasmid can suppress the syn-
thetic lethality between hmt1A and npl3-1 (A.E. McBride
and P.A. Silver, unpubl.). Alternatively, Hmtl may have
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a role in mediating protein—protein interaction within an
mRNP independent of its catalytic functions.

Because Hrpl and Nab2 occupancies display a similar
correlation to transcriptional frequency as Yral, this sug-
gests that RNA Pol II transcription events may not be
sufficient for the recruitment of Hrpl and Nab2. Consis-
tent with this notion is the previous report that RNA Pol
II transcription is not sufficient for the cotranscriptional
recruitment of Yral to mRNA (Lei and Silver 2002a).
Nevertheless, other studies have implicated stable
mRNP formation as a reason for the recruitment of Yral
with transcribed genes (Libri et al. 2002; Zenklusen et al.
2002).

One of the underlying benefits of our genome-wide
approach is the ability to formulate additional hypoth-
eses regarding the physiological significance of Hmtl. In
the case of Npl3 and Yral, loss of Hmtl results in the
binding of these proteins to genes involved in the general
stress response such as nitrogen starvation. This points
to the potential role for Hmtl in the regulation of stress
response. Additionally, loss of Hrpl binding to genes in-
volved in rRNA-processing pathways in the absence of
Hmtl1 suggests that Hmt1 plays a role in these processes
as well.

Taken together, our data support a model in which
Hmtl influences the binding of its hnRNP substrates.
Hmt1 associates with a transcribed gene at the beginning
of transcription initiation/elongation, and this associa-
tion is important for the subsequent mRNP formation as
loss of Hmtl disrupts proper dissociation between the
mRNA export factor Npl3 and the transcriptional elon-
gation factor Tho2. This failed dissociation may be the
reason for the altered kinetics observed in HSP104 mes-
sage production. Additionally, the failed dissociation be-
tween Npl3 and Tho2 may create an unstable mRNP
that influences the recruitment of 3'-end RNA-process-
ing factors Hrpl, Nab2, and Yral. Thus, a protein meth-
yltransferase affects the dynamics of mRNP formation
by modulating protein—protein interactions and influ-
encing the genomic recruitment of certain substrates.

Materials and methods

Yeast strains and genetic manipulations

Standard yeast methods and media were used (Guthrie and
Fink 1991). Strains used in this study include PSY 2156 (MATa,
ade2-1, can1-100, his3-11,15, leu2-3,112, trp1-1, ura3), PSY
2881 (MATa, hmt1-9xMyc:: TRP, ade2-1, can1-100, his3-11,15,
leu2-3,112, trp1-1, ura3), PSY 865 (MATa, hmtl:: HIS3, ade2,
his3, leu2, lys1, ura3), PSY 867 (MATa, ade2, his3, leu2, lys1,
ura3), PSY 3210 (MATa, tho2-9xMyc::TRP, his3-11,15, leu2-
3,112, Iysi, trpl-1, ura3), PSY 3211 (MATw, hmtl::HISS,
tho2-9xMyc::TRP, lysl, ura3), PSY 2673 (MATa, sub2-
3HA:: KANMX6, leu2A1, trp1A63, ura3-52), PSY 3212 (MATa,
hmt1::HIS3, yral-3HA::KANMX6, ade2, his3-11,15, Ileu2-
3,112, Iys1, ura3), PSY 3213 (MATa, yral-3HA::KANMX6,
ade2, leu2, lysl, ura3). PSY 3272 (MATq, ura3, ade2-1,
hmt1G68R::HIS3:LEUZ2), PSY 3273 (MATa, ura3, ade2-1, his3-
11,15, trp1-1, leu2-3,112). C-terminal tagging with either nine
copies of the Myc tag or three copies of the HA tag was de-
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scribed in either Longtine et al. (1998; PSY 3212 and PSY 3213)
or Knop et al. (1999; PSY 2881, PSY 3210, PSY 3211).

ChIPs

ChlIPs in biological duplicates were performed as previously de-
scribed (Lei and Silver 2002a). For the immunoprecipitations,
monoclonal a-Myc (9E11; Santa Cruz) or monoclonal a-HA
(12CA5; Santa Cruz) antibody was precoupled to protein A
sepharose beads for each immunoprecipitation, followed by ex-
tensive washing. In the case of RPB3, monoclonal «-RPB3 (cata-
log #W0012; Neoclone) antibody was precoupled to protein G
sepharose beads. Immunoblotting was performed to confirm
consistent protein levels and IP efficiency in each experiment.
For galactose induction, galactose was added to raffinose cul-
tures to a final concentration of 2%, and cultures were induced
for 30 min prior to the harvest of cells.

In vivo methylation assays

Cells (15-20 mL) were grown to a density of 1 x 107 cells per mL
at 30°C in minimal media (2% glucose) supplemented with ei-
ther all amino acids or lacking uracil, if plasmid selection was
required. Cyclohexamide and chloramphenicol were then added
to a final concentration of 100 pg/mL and 40 pg/mL, respec-
tively, for 15 min at 30°C. Following this incubation, cells were
washed twice in minimal media (2% glucose) lacking either
methionine or methionine and uracil in the presence of protein
synthesis inhibitors. Cells were then resuspended in the same
media supplemented with 150 nCi/mL of [*H]-methionine (Am-
ersham) for 90 min at 30°C. Following two washes in phosphate
buffer saline (PBS), cells were lysed in cold RIPA buffer with 600
mM NaCl. Protein extracts were then subjected to immunopre-
cipitation using either a polyclonal a-Myc (A-14; Santa Cruz),
an affinity-purified rabbit polyclonal a-Hrpl, an affinity-puri-
fied rabbit polyclonal a-Npl3 (Bossie and Silver 1992), or IgG-
Sepharose (Amersham). After extensive washing in lysis buffer,
immunoprecipitates were resolved by SDS-PAGE followed by
either Coomassie staining and fluorography or immunoblot
analysis. a-Hrpl antibody was generated as described previously
(Bossie and Silver 1992).

Npl3 interaction studies

Strains containing either pPS2389 or vector plasmid (Hellmuth
et al. 1998) only were grown in synthetic dropout media to
mid-log phase and lysed with glass beads as described previously
(McBride et al. 2000). For initial identification of Npl3-binding
proteins, cells were lysed in PBSM buffer (137 mM NaCl/1.76
mM KH,PO,/5.4 mM Na,HPO, /5.7 mM KCl/2.5 mM MgCl, at
pH 7.2) supplemented with protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride and 2.5 pg/mL each leupeptin, chy-
mostatin, antipain, pepstatin A, and aprotinin).

Lysates were normalized for total protein and the protein A-
Npl3 fusion protein was purified by 1-2 h of incubation at 4°C
with 25 pL packed volume of IgG sepharose beads that had been
prepared as described previously (Siniossoglou et al. 1998).
Beads were washed five times with 1 mL of lysis buffer prior to
an ammonium acetate (5 mM at pH 5.0) wash and acetic acid
(0.5 M at pH 3.4) elution. Following precipitation with 12.5%
trichloroacetic acid, protein samples were dried, resuspended
in protein sample buffer, and resolved by 10% SDS-PAGE. Pro-
teins were visualized either by silver-staining (Shen et al. 1998)
or by immunoblotting with a polyclonal a-Myc antiserum
(A-14; Santa Cruz) followed by enhanced chemiluminesence de-
tection (Amersham). For RNAase experiments, lysates were
treated with 8.7 ng/mL RNAase A prior to the addition of IgG-
sepharose. Mass spectrometry was performed by the Molecular
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Biology Core Facilities Group at the Dana-Farber Cancer
Institute.

Tho2-Myc immunoprecipitation

The Tho2-Myc (PSY 3210, PSY 3211} and parental strains (PSY
867, PSY 865) were grown to mid-log phase, and cells were lysed
with glass beads in PBSM buffer supplemented with 0.1% Tri-
ton X-100 and protease inhibitors (as above) according to pub-
lished protocols (McBride et al. 2000). Lysates were normalized
to 6 mg/mL and incubated with 35 pL of agarose-conjugated
a-Myc antibody (12CA5; Santa Cruz, sc-40) for 2 h at 4°C with
rotation. Beads were washed five times with 1 mL of lysis buffer
and divided in half, and aliquots were incubated in PBSM with
or without 25 ng/mL RNAse A for 20 min at 25°C. After wash-
ing once with lysis buffer and once with PBSM, bound proteins
were eluted by boiling in SDS-PAGE sample buffer, resolved by
10% SDS-PAGE, and transferred to nitrocellulose. The upper
section of the blot was probed with a polyclonal a-Myc antibody
(1:2000), the lower section of the blot was probed with a poly-
clonal «-Npl3 antiserum (1:5000; Bossie and Silver 1992), and
proteins were visualized by enhanced chemiluminescence.

RNA-FISH hybridization analysis

Yeast cells were grown in YPD at 25°C to an O.D.4 of 0.1.
Cultures were shifted by diluting with an equal volume of 59°C
prewarmed media for a temperature shift to 42°C. Cells were
harvested at different time points after the temperature shift
and RNA-FISH analysis was carried out essentially as described
(Jensen et al. 2001) using Cy3-conjugated oligonucleotide
THJ361 (kind gift from T. Jensen, Aarhaus University, Aarhaus,
Denmark). At least 100 cells were counted to calculate the per-
centage of cells with a nuclear dot.

Genome-wide localization studies

Genome-wide localization studies were performed essentially
as described (Casolari et al. 2004). All the experiments were
performed in triplicates. Immunoprecipitation was performed
as described previously (Casolari et al. 2004) using either pan-
mouse IgG or pan-rabbit IgG Dynal beads (Dynal Co.). In all of
the immunoprecipitations, antibody was preincubated with the
beads in 1x PBS/5 mg/mL BSA for a minimal of 2 h. For Myc-
tagged strains, 10 pL of 9E11 was used. For the HA-tagged strain,
20 uL of 12CA5 was used. For Npl3, 10 uL of rabbit polyclonal
«-Npl3 antibody was used. For Hrp1, 20 pL of rabbit polyclonal
a-Hrpl antibody was used. For Nab2, 3 uL of mouse monoclonal
a-Nab2 antibody was used (kind gift from M. Swanson, Univer-
sity of Florida, Gainesville).

Cy3- and Cy5-labeled probes were prepared by linker-medi-
ated PCR of the immunoprecipitated templates and sonicated
genomic DNA fragments present in the starting chromatin.
Two-color competitive hybridization experiments with S. cer-
evisiae ¢cDNA microarrays (University Health Networks at
Toronto) were performed essentially as described (Ren et al.
2000) and followed the manufacturer’s recommendations. An
Axon Genepix 4000B scanner and accompanying software were
used for scanning microarrays and quantitating the fluorescence
intensities before being uploaded into the Rosetta Resolver mi-
croarray analysis platform. Of the three arrays used in a single
experiment, the fluorophore incorporation for one of the arrays
was reversed. For data analysis, only the gene spots with P-value
<0.02 and the IP/input ratio >1.0 were selected for comparison.

Genome-wide expression profiling studies

The total cDNA was prepared from PSY 865 and PSY 867 as
described previously (Casolari et al. 2004). Equal amounts of
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total cDNA (1 pg) prepared from each strain were subjected to
Cy3/Cy5 incorporation using the BioPrime Kit (Invitrogen).
This was followed by a two-color competitive hybridization ex-
periments with S. cerevisiae cDNA microarrays (University
Health Networks at Toronto) as described above.

GenePix error model

GenePix .GPR files were processed in the Rosetta Resolver
Gene Expression Data Analysis system. Processing in this sys-
tem consists of error correction and calculation of a P-value of
differential expression using the intensity-error estimation from
the .GPR file. Error correction consists of a simplified version of
the algorithm described previously in which a piecewise linear
function replaces smoothing splines to fit and correct intensity
nonlinearity (Schadt et al. 2001). Calculation of P-values con-
sists of a statistic that combines additive and multiplicative
error components in both channels of a two-colored experiment.
The resulting ratio profiles (i.e., two-channel, error processed
microarray scans) were combined into ratio experiments in the
Resolver system as described (Stoughton and Dai 2002).
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