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The Yeast SR-Like Protein Npl3 Links Chromatin
Modification to mRNA Processing
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Abstract

Eukaryotic gene expression involves tight coordination between transcription and pre-mRNA splicing; however, factors
responsible for this coordination remain incompletely defined. Here, we explored the genetic, functional, and biochemical
interactions of a likely coordinator, Npl3, an SR-like protein in Saccharomyces cerevisiae that we recently showed is required
for efficient co-transcriptional recruitment of the splicing machinery. We surveyed the NPL3 genetic interaction space and
observed a significant enrichment for genes involved in histone modification and chromatin remodeling. Specifically, we
found that Npl3 genetically interacts with both Bre1, which mono-ubiquitinates histone H2B as part of the RAD6 Complex,
and Ubp8, the de-ubiquitinase of the SAGA Complex. In support of these genetic data, we show that Brel physically
interacts with NplI3 in an RNA-independent manner. Furthermore, using a genome-wide splicing microarray, we found that
the known splicing defect of a strain lacking Npl3 is exacerbated by deletion of BRET or UBP8, a phenomenon phenocopied
by a point mutation in H2B that abrogates ubiquitination. Intriguingly, even in the presence of wild-type NPL3, deletion of
BRET exhibits a mild splicing defect and elicits a growth defect in combination with deletions of early and late splicing
factors. Taken together, our data reveal a connection between Npl3 and an extensive array of chromatin factors and
describe an unanticipated functional link between histone H2B ubiquitination and pre-mRNA splicing.
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Introduction

Pre-mRNA splicing is a critical step in gene expression in which
non-coding introns are removed from pre-mRNA and protein-
coding exons are ligated together. This process is performed by the
spliceosome, a dynamic ribonucleoprotein particle that, in yeast,
consists of 5 snRNAs and over 80 proteins that cooperate to recognize
and splice target mRNAs [1]. Recent evidence reveals that mRINA
splicing i viwo is largely co-transcriptional, and occurs while
elongating RNA polymerase II (Polll) is still associated with
chromatin [2—4]. The basic unit of chromatin is 146 base pairs of
DNA wound around a histone octamer to form a nucleosome, arrays
of which can be further compacted to form higher-order chromatin
structure. A plethora of chromatin remodeling and histone modifying
machines are now known to be integral parts of the gene expression
process [5]. While much has been learned about the molecular
mechanisms of pre-mRINA splicing from i witro systems [6], a full
understanding of the regulation of spliceosome assembly and catalysis
will require an appreciation of the complex landscape of the
chromatinized template, along which splicing occurs.

To approach this question, we built upon our recent observa-
tion that the SR-like protein Npl3 promotes efficient splicing of a
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large subset of genes via co-transcriptional recruitment of Ul and
U2 snRNPs [7]. SR and hnRNP proteins in metazoa are best
understood for their role in alternative and constitutive splicing,
although they have also been implicated in additional steps in gene
expression, including mRNA export, translation, and even
transcription itself [8-10]. Despite the fact that there are few
examples of alternative splicing in S. cerevisiae, this yeast contains
three genes with a canonical SR protein domain structure: one or
more RNA recognition motifs and a domain enriched in arginine-
serine dipeptides [9,11]. We recently demonstrated that deletion of
NPL3 specifically, but not the others, impacts splicing; interest-
ingly, the affected genes are almost exclusively those encoding
ribosomal proteins, and make up the largest class of intron-
containing genes in budding yeast [7]. Npl3 appears to be
appropriately poised to coordinate events in gene expression: it is
recruited to chromatin early during transcription [12] stimulates
transcription elongation [13-16] co-purifies with elongating Polll
[12,14] via its interaction with the C-terminal domain [14], and
remains associated with mRNA after processing is completed
[17,18].

Here, in order to understand how Npl3 might choreograph
gene expression events in S. cerevisiae, we systematically analyzed
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Author Summary

Pre-messenger RNA splicing is the process by which an
intron is identified and removed from a transcript and the
protein-coding exons are ligated together. It is carried out
by the spliceosome, a large and dynamic molecular
machine that catalyzes the splicing reaction. It is now
apparent that most splicing occurs while the transcript is
still engaged with RNA polymerase, implying that the
biologically relevant splicing substrate is chromatin-asso-
ciated. Here, we used a genetic approach to understand
which factors participate in the coordination of transcrip-
tion and splicing. Having recently shown that the Npl3
protein is involved in the recruitment of splicing factors to
chromatin-associated transcripts, we performed a system-
atic screen for genetically interacting factors. Interestingly,
we identified factors that influence the ubiquitin modifi-
cation of histone H2B, a mark involved in transcription
initiation and elongation. We show that disruption of the
H2B ubiquitination/de-ubiquitination cycle results in de-
fects in splicing, particularly in the absence of Npl3.
Furthermore, the ubiquitin ligase, Brel, shows genetic
interactions with other, more canonical spliceosomal
factors. Taken together with the myriad Npl3 interaction
partners we found, our data suggest an extensive cross-
talk between the splicecosome and chromatin.

genetic interactions of a strain lacking Npl3. We uncovered genetic
interactions between the nplSA allele and genes involved in
transcription and chromatin modification, including factors
involved in histone H2B ubiquitination: the E3 ubiquitin ligase,
Brel [19,20], and corresponding ubiquitin protease, Ubp8 [21—
23]. In addition, we show that Npl3 physically interacts with Brel.
Splicing-sensitive microarray experiments reveal that disabling the
H2B ubiquitination pathway by deletion of BREI or UBPS, or
point mutation of H2B, exacerbates the known splicing defect of
an npl3A strain. Furthermore, we observed an Npl3-independent
connection between Brel and splicing, as deletion of BRE!
impairs the splicing of a subset of pre-mRNAs and, in combination
with deletions of individual splicing factors, causes severe synthetic
growth defects. Thus, our data functionally link H2B ubiquitina-
tion by Brel to pre-mRNA splicing and more broadly suggest that
the coordination of transcription and splicing may be aided by
crosstalk between Npl3 and chromatin metabolism.

Results

A genetic link between NPL3 and chromatin modification

The SR-like protein Npl3 has multiple roles in the regulation of
gene expression, including in pre-mRNA splicing, 3’ end
processing, and mRNA export. To further interrogate this
multifunctional factor, we used synthetic genetic array (SGA)
technology [24,25] to screen ~4,800 non-essential yeast genes for
those whose deletion conferred synthetic lethality (SL) or very
synthetic sick (SS) growth phenotypes in an npl3A strain. Since an
npl3A strain grows more slowly than wild-type at 30°C, and this
defect is exacerbated at 37°C (e.g., see Figure 1C, top panels), we
performed the screen at both temperatures to maximize coverage.
The analysis revealed strong negative interactions between NPL3
and 83 (1.7% of total) and 333 (6.9% of total) genes after growth at
30°C and 37°C, respectively (see Table SI).

To validate a subset of genetic interactions identified by this
high-throughput approach, we generated the cognate double
mutant strains using tetrad dissection. In order to refine our list of
genetically interacting factors, we included additional subunits
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from complexes represented in the results of the screen. A list of
the most stringent synthetic interaction partners (identified in the
30°C SGA and directed genetics) was integrated with those from a
previously published quantitative RNA processing Epistatic Mini
Array Profile (E-MAP) [26] to generate a more comprehensive set
of NPL3 SS/SL genetic interactions (Figure 1A and Materials and
Methods). These negative genetic interactions were highly
enriched for genes that function in RNA metabolism (Table S2),
consistent with what was previously known about Npl3 function in
mRNA processing [7,12,13,16-18,27-31]. In addition, there was
an enrichment of genetic interactions with genes implicated in
“chromosome organization” and “transcription,” including com-
ponents of the chromatin remodeling SWR Complex [32-34], the
transcriptional elongation PAF Complex [35-38], and multiple
histone modification complexes, including COMPASS [39],
SAGA [40], and the SET3 Complex [41] (Figure 1B, 1C and
1D and Table S3). We note that of these, the SWR1 and SAGA
Complexes have previously been implicated in pre-mRNA splicing
[42,43], highlighting the ability of the Npl3 screen to identify
factors involved in chromatin-splicing crosstalk.

The screens also showed that deletion of either RADG6 (Figure 1E
¢f- closed triangles) or BREI (Figure 1E ¢f. open triangles) led to
synthetic sickness/lethality in an NPL3 deletion strain. These
factors catalyze the mono-ubiquitination of lysine 123 on histone
H2B; specifically, Brel is the E3 ubiquitin ligase and Rad6 is its
corresponding E2 ubiquitin-conjugating enzyme [19,20,44,45].
We found that inactivating Brel ubiquitin ligase activity via a
point mutation in its RING domain (brel H6654) [19] exacerbated
the growth defect of an npl3A strain to the same extent as a full
deletion of BREI (Figure 1E, ¢f orange triangles), suggesting that
the genetic interaction is connected to the ligase activity of Brel.
Many nuclear enzymes act not only on histones but on other
substrates as well, and, in fact, histone H2B is not the only
ubiquitination target of Brel [46]. To ask whether the Npl3-Brel
genetic interaction is due to the loss of H2B ubiquitination
specifically, we tested whether a mutation of the target residue in
H2B would phenocopy a deletion of BRE!. Indeed, the ktbI1K125R
point mutant also profoundly exacerbated the growth defect of
npl3A (Figure 1E ¢f purple triangles). Taken together, these data
provide strong evidence that H2B ubiquitination can account for
the genetic interaction of the RAD6 Complex with NPL3.

The PAF Complex and COMPASS have previously been
shown to function in the same histone modification pathway as the
Brel [47-50]. The PAF Complex is required for H2B ubiquitina-
tion [49,50]; thus, the synthetic lethality we observed between
NPL3 and components of the PAF Complex (Figure 1C and 1D)
was consistent with the genetic interactions we observed with the
Brel. H2B ubiquitination is, in turn, required for trimethylation of
histone H3 lysine 4 (H3K4) by COMPASS [39,51-53] and lysine
79 (H3K79) by Dotl [54-57]. However, we found no genetic
interaction between NPL3 and point mutations of H3K4 or
H3K?79 (data not shown), suggesting that loss of these chromatin
marks is unlikely to underlie the synthetic sickness in the
npl3Abrel A double mutant.

Given that maintaining H2B ubiquitination is critical in the
absence of NPL3, it follows that mutations in genes required for the
removal of this chromatin mark might suppress the npl3A growth
defect. To investigate this in an unbiased fashion, we made use of
the fact that NPL3 deletion causes lethality when yeast are grown
at 16°C (e.g., see Figure 2B, top panel); this allowed us to screen
for mutants that restore growth to an nplSA strain at 16°C. This
screen identified 105 (2.1% of total) and 699 (14.4% of total)
suppressors after 4 and 8 days of growth, respectively (Table S4),
and a number of these suppressors have previously been
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Figure 1. Extensive negative genetic interactions with np/3A connect NPL3 to chromatin biology. (A) Work flow for analysis of the
integrated synthetic dataset. Synthetic genetic array technology was used to screen ~4800 non-essential genes whose deletion conferred lethality to
npI3A at 30°C. These results were augmented by including genes exhibiting a genetic interaction score of =—2.5 with np/3A [26] and genes
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identified as synthetic sick or lethal using tetrad dissection and serial dilution (directed genetics). (B) Statistically significant negative interactions
between NPL3 and known complexes. Statistical analysis identified the indicated complexes as having subunits significantly enriched (P<<0.05) in the
integrated synthetic dataset. Size of circle is based on number of subunits whose deletion exacerbates the growth defect of np/3A and thickness of
line scales with the significance of the enrichment. Circles are color-coded based on the biological process to which the complex belongs. (C)
Synthetic growth analyses with np/3A and genes implicated in chromatin biology. Each panel shows a double mutant strain, cognate single deletions
strains and a corresponding wild-type that have been serially diluted onto rich medium and grown at the indicated temperatures. Double mutants
were isolated after tetrad dissection. To the right of panels is the name of the complex to which the single chromatin mutants belong. (D) Tetrad
dissection analyses with npI3A. Tetrad dissection plates from the indicated crosses are shown with the inviable spore circled. Replica plating to infer
genotype later showed that inviable spores are the double mutants. (E) Synthetic growth analyses with np/3A and genes encoding the H2B
ubiquitination machinery. Shown are serial dilutions of the indicated strains after incubation at the indicated temperatures. Genotypes not originally
tested in the SGA are htb1K123R and breTH665A. The BRET and bre1H665A strains contain a brel deletion covered by a plasmid encoding the indicated

brel allele. Arrowheads refer to comparisons made in the text.
doi:10.1371/journal.pgen.1003101.g001

implicated in  transcription and chromatin modification
(Figure 2A). We then generated a number of the double mutants
using tetrad dissection and validated the suppressive genetic
interactions using serial dilution (Figure 2B). In agreement with
our expectation, the data from this screen showed that deletion of
UBP8, which encodes an H2B de-ubiquitinase [21-23], restored
viability to a strain lacking Npl3 (Figure 2B ¢f. closed triangles). In
further support of these observations, the SGA also identified
SGF11 and SGF73 as genes whose deletion suppresses npl3A; these
factors are part of a module of the SAGA Complex with Upb8,
and are also implicated in gene activation by H2B de-ubiquitina-
tion [21,58-61]. Taken together, this dataset shows that the npl3A
strain is particularly sensitive to deletion of genes affecting the H2B
ubiquitination pathway (Figure 1 and Figure 2) and opens the
possibility that H2B ubiquitination is important for an Npl3-
dependent process.

Interestingly, deletions of genes in other modules of SAGA
required for either histone acetylation (Ada2 and Gcend) or for
association of the SAGA complex with promoters (z.e., the TBP
regulatory module, Spt3 and Spt8; reviewed in [62]) exacerbated,
rather than suppressed, the npl3A growth defect (Figure 1C and
Table S1). The divergent genetic interactions confirm the
functionally separable nature of the SAGA sub-modules [58]
and highlight that a connection exists between Npl3 and H2B
mono-ubiquitination that is functionally distinct from other
chromatin marks.

Npl3 physically interacts with Bre1

Given the robust genetic interactions we observed between
NPL3 and genes involved in H2B ubiquitination, we performed
co-immunoprecipitation assays of the corresponding proteins to
test if they physically interact. We had previously shown that Npl3
co-immunoprecipitated components of the Ul snRNP [7]. Here,
we immunoprecipitated endogenous Npl3 from whole-cell extract
using a polyclonal antibody directed against Npl3 [63] and then
probed the precipitate for endogenously tagged forms of Brel,
Ubp8, and Sgfll as well as positive and negative controls (a Ul
protein, Luc7, and Nupl88, respectively). Although there is
precedent for some interaction specificity with the E3 Brel over
the E2 Rad6 [46], we also tested for an interaction with Rad6. As
shown in Figure 3, only Brel and Luc7 but not Nup188, Rad6,
Ubp8 or Sgfll, co-immunoprecipitated with Npl3.

It 1s known that Npl3 is an RNA-binding protein, and its
interaction with some components of the splicing machinery is
RNA-dependent [7]. To test whether the observed interaction
with Brel is mediated by RNA, we treated the extracts with
RNaseA prior to the immunoprecipitation. We consistently found
that a population of Brel interacts with Npl3 in an RNase-
independent manner (Figure 3 ¢f lanes 3 and 4, top panel). These
data indicate that Npl3 can physically interact with Brel,
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consistent with previous data from high-throughput proteomic
analyses [64].

Deletion of BRET or UBP8 exacerbates the npl3A splicing
defect

The genetic data connecting NPL3 and the H2B ubiquitination
machinery lend support for two possible models. One model
predicts that Npl3 will affect H2B ubiquitination; we therefore
measured the global percentage of ubiquitinated H2B but found
the npl3A strain indistinguishable from wild-type (Figure S1). An
alternative interpretation of the genetic data is that the H2B
ubiquitination cycle is important for an Npl3-dependent process.
We previously reported [7] that a strain lacking Npl3 accumulates
a subset of pre-mRNAs, consisting primarily of the ribosomal
protein genes (RPGs), whose splicing efficiency might be expected
to affect growth rate. Given that deletion of BREI exacerbates the
npl3A growth defect, we tested whether deleting BRE! exacerbates
the npl3A splicing defect.

We used our splicing-sensitive microarray platform [65], which
contains oligos that hybridize to the terminal exon, the intron, and
the exon-exon junction of each intron-containing gene, in order to
detect total mRINA, pre-mRINA, and mature mRNA, respectively
(Figure 4A). For each genotype, the heat map (Figure 4B) reports
fold changes in signal intensity of these three RNA species for each
intron-containing gene as compared to a wild-type strain. As
expected, our experiments showed that a strain lacking Npl3
accumulated RPG pre-mRNAs (Figure 4B nplSA, see yellow in
Intron feature; RPGs highlighted in purple on right). Notably, the
pre-mRNA accumulation in the npl5A strain was increased at
many RPGs when BRE! was also deleted (Figure 4B ¢f. npl3A and
npl3Abrel A, Intron feature), suggesting that Brel is important for
the splicing of many Npl3-dependent genes. We note that this
effect is complex, and is accompanied by changes in total mRNA
(Figure 4B ¢f. npl3A and npl3Abrel A, Exon feature). Because both
Npl3 and Brel have been shown to have effects on transcription
itself [13-16,66-68], we normalized for changes in exon level by
calculating an Intron Accumulation Index [69] (see Materials and
Methods) for each intron-containing gene (Figure S2 and Table
S5). The histogram of genes with an Intron Accumulation Index of
greater than 0.3 (Figure 4C), shows that even when normalized for
changes in transcript levels, the total number of genes with a
splicing defect, as well as the severity of the defect, is increased in
the npl3Abrel A strain as compared to npl3A alone.

We also found that in the presence of wild-type Npl3, a strain
lacking BREI has a mild but reproducible splicing defect
(Figure 4B, brel A —shown is an average of 5 biological replicates).
While the majority of pre-mRNAs are not affected by the deletion
of BREI, a small subset of pre-mRNAs accumulates in bre/A at
37°C (Figure 4B, e.g., DBP2, LSB3, YOPI). This suggests that Brel
has a role in pre-mRNA splicing, independent of the sensitivity
caused when NPL3 is deleted. This finding was confirmed when
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Figure 2. The np/3A growth defect is suppressed by mutations in genes encoding transcription and chromatin factors. (A) A subset of
suppressive npl3A genetic interactions relevant to chromatin biology identified as allowing growth to np/3A in the SGA performed at 16°C. Genes are
arranged by complex or pathway. Full list is available in Table S4. (B) Suppressive growth analyses with np/3A and genes implicated in chromatin
biology. Shown are serial dilutions of the indicated strains grown at the indicated temperatures. All double mutants were generated by tetrad
dissection. H3K36A was not originally tested in the SGA. Asterisk marks a higher-contrast image to better visualize suppression at 16°C. Arrowheads

refer to comparisons made in the text.
doi:10.1371/journal.pgen.1003101.g002

we calculated Intron Accumulation Indices for a strain lacking
BRE]: a small number of genes exhibit defective splicing in the
brel A strain (Figure 4C and Figure S2). We validated these splicing
defects for several genes using a qPCR assay (Figure S3). The lack
of a significant growth defect in the bre/A strain (Figure 1E) is
consistent with the idea that yeast can tolerate a modest splicing
defect at a small number of non-RPGs.

If the splicing defect exacerbation we observed with npl3Abrel A
was due to loss of H2B ubiquitination, we would then expect this
exacerbation to be phenocopied by a strain with the H2B lysine to

. o o
—_ (7]
g ¢ 2 =z
[ o o (o]
—_ — = 4 | RNaseA
Bre1-HA | S —_——
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Figure 3. Npl3 physically interacts with Bre1. Co-immunoprecip-
itation analyses of Npl3 and members of the histone H2B ubiquitination
machinery. Whole cell extracts from strains with the indicated proteins
endogenously tagged with HA or GFP were immunoprecipitated with
an o-Npl3 antibody [63] or non-specific antibody (a-n.s.). Western blot
using a-HA or o-GFP from each co-IP experiment is shown. The
sensitivity of the interaction to RNase (lane 4, +RNaseA) was determined
by treating lysates with RNase A prior to immunoprecipitation. Lane 1
shows 1/60 total sample for each lysate. Bottom panel confirms
presence of Npl3 in the immunoprecipitate.
doi:10.1371/journal.pgen.1003101.g003
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arginine point mutant used earlier (Figure 1E). We did, in fact,
find that the Ath/K125R point mutation exacerbated the splicing
defect observed in the 7p/SA mutant at many genes (Figure 4B),
further implicating the ubiquitination of H2B in splicing. This is
also evident when normalizing for the changes in exon levels in the
npl3AbIKI23R  strain  (Figure 4C). In plotting the Intron
Accumulation Index values of this strain, we find that the subset
of affected genes overlaps extensively with the subset of genes
affected in the npl3AbrelA double mutant (Figure S2).

We have shown that deletion of UBP§ partially suppresses the
npl3A growth defect, and this is most pronounced at 16°C
(Figure 2B). We therefore tested whether deleting UBPS8 would
suppress the splicing defect of a strain lacking Npl3, as predicted
by the genetic interaction. Surprisingly, deletion of UBP8 instead
exacerbated the splicing defect observed in the npl3A strain
(Figure 4B ¢f. npl3A and npl3Aubp8A), implying that the growth
suppression is related to some other function of Npl3. Notably,
however, these microarray results indicate that in the absence of
Npl3, the complete cycle of H2B ubiquitination and de-
ubiquitination is required for efficient splicing.

To begin to investigate how Brel affects splicing, we used
chromatin immunoprecipitation (ChIP) to test the prediction that
Brel is required for association of the splicing machinery.
However, we did not observe a significant Brel-dependent
decrease in Ul (Prp42), Mud2, or U2 (Leal) association with
genes whose splicing was inhibited in bre/A or npl3Abrel A strains
(data not shown), suggesting an alternative mechanism by which
Brel modulates splicing (see discussion).

Synthetic sickness between BRET and early and late
splicing factors

In light of our data showing that a bre/A strain exhibited a mild
splicing defect, we carried out directed genetic analyses to test for
interactions between BREI and genes encoding other splicing
factors, particularly those that genetically interact with Npl3 [7].
Just like a deletion of NPL3, deleting BREI caused synthetic sickness
when combined with deletion of NAME& (U1 snRNP), MUD2, LEAI
(U2), or SNU66 (U)), further connecting Brel functionally with
splicing (Figure 5A). Interestingly, the growth of the bre/A strain was
also compromised by deletion of the U2 snRNP component CUS2,
which does not genetically interact with npl3A [7]. Thus, although
we approached these experiments through the lens of Npl3, these
genetic observations provide further support that Brel has
independent interactions with the splicing machinery. Consistent
with a lack of splicing defect upon UPBS8 deletion, we and others
generally did not observe genetic interactions between UBP8 and
early or late splicing factors (Figure 5B and [70]). There is one
notable exception however; deletion of UBP8 suppressed the snu66A
cold-sensitive growth defect (Figure 5B). Taken together, these data
highlight the fact that the H2B ubiquitination pathway is linked to
splicing, even in the presence of wild-type Npl3.

Discussion

While the textbook view of gene expression presents
transcription, pre-mRNA processing, export, and translation as
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Figure 4. Splicing is sensitive to Npl3 and the H2B ubiquitination cycle. (A) Schematic of probes contained on the splicing microarray. (B)
Splicing profile of single or double mutant strains compared to wild-type. Cultures of the indicated strains and isogenic wild-type strains were grown
to mid-log phase at 30°C and shifted to the indicated temperature; cDNA from single and double mutant strains were competitively hybridized on
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the microarray against that from an isogenic wild-type. The heat map shows the log,-ratio for each gene feature of the indicated strain compared to
wild-type. Gene order along the y-axis is the same for all arrays. Transcripts that encode the ribosomal protein genes (RPGs) are highlighted in purple
to the right of the heat maps. Data for example genes are replicated below the genome-wide heat map to show splicing defects and exacerbation of
defects at individual RPGs and non-RPGs. (C) Histogram of log,-based Intron Accumulation Index scores. An Intron Accumulation Index value was
calculated for each intron-containing gene by normalizing the intron change to exon change (see Materials and Methods). Histogram shows the
number of genes with an Intron Accumulation Index score greater than 0.3. Heat map within histogram bars shows distribution of the severity of

splicing defect.
doi:10.1371/journal.pgen.1003101.g004

independent events, they appear to be closely coordinated in the
cell. Discerning the mechanism of this coordination within the
broader program of gene expression presents a daunting
experimental challenge. In multicellular eukaryotes, SR and
hnRNP proteins are thought to regulate gene expression, in part,
by integrating mRINA biogenesis steps [9,10,71-73]. In budding
yeast, Npl3 has numerous roles, but is the only such protein that
affects splicing [7]. Our lab and others have shown that Npl3
facilitates the co-transcriptional recruitment of early splicing
factors to nascent transcripts [7] and itself associates with
elongating polymerase [12,14]. Therefore, we approached this
complex problem by conducting a systematic screen of non-
essential genes to define the interacting partners of this potential
coupling factor.

We found that Npl3 genetically interacts with a number of
genes implicated in chromatin metabolism and transcription. We
further characterized one set of interacting factors, namely those
mvolved in histone H2B ubiquitination, in what is, to our
knowledge, the first set of genome-wide splicing experiments on
histone modifier mutants in S. cerevisiae. Using splicing-sensitive
microarrays, we showed that Npl3 links the H2B ubiquitination
cycle to the splicing efficiency of many transcripts. The connection
between H2B ubiquitination and splicing also exists independently
of Npl3, as a strain lacking BRE! exhibits both a mild splicing
defect and genetic interactions with deletions of genes encoding
early and late splicing factors. Finally, the full complement of
genetic interactions we describe (Figure 6) provides multiple entry
points for future investigation into the coupling of chromatin
modification and mRNA processing.

An Npl3-dependent role for the histone H2B
ubiquitination cycle in pre-mRNA splicing

Our genetic screens revealed that a number of Npl3 genetic
interactions center on the histone H2B ubiquitination cycle.
Specifically, mutant strains that lack wild-type levels of ubiquiti-
nated H2B (rad6A, brelA, lgelA, htbI1K125R, pafIA, cdc73A, and
leolA) exacerbate the growth defect of an npl3A strain at all
temperatures tested (Figure 1). We also observed a physical
interaction between Npl3 and Brel by co-immunoprecipitation
(Figure 3) and showed that the splicing defect caused by deletion of
NPL3 is exacerbated by the additional deletion of BREI or
mutation of H2B (Ath1K123R), thus implicating H2B lysine 123
mono-ubiquitination in splicing (Figure 4). We previously demon-
strated that Npl3 primarily affects the splicing of RPGs [7]; here,
we see that in the sensitized background of a strain in which RPG
splicing is made limiting (npl3A), the histone H2B ubiquitination
cycle is an important contributor to RPG splicing.

Recent studies have shown that deletion of components of the
cap-binding complex (CBC) or commitment complex causes
defective splicing of the SUSI pre-mRNA [70,74]. Susl is a
recently discovered component of the histone de-ubiquitination
module of SAGA [75] and if the SUS! transcript is not properly
spliced, it leads to elevated levels of ubiquitinated H2B. Given the
physical [29,76] and genetic (Table SI and [76]) connections
between Npl3 and the CBC, we sought to determine whether Npl3
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also affects SUSI splicing and, therefore, H2B ubiquitination.
However, Hossain, et al. have recently shown that deletion of NPL3
has no effect on SUSI splicing [74], a result we independently
confirmed in our npl3A strain (Figure S4). Furthermore, we
extended this analysis and determined that, unlike in ¢b¢A strains,
global levels of ubiquitinated histone H2B are not discernibly
altered in the npl3A strain (Figure S1). While we cannot rule out a
change in the dynamics of the ubiquitination cycle or gene-specific
effects, our microarray results support a model in which the full
histone ubiquitination cycle promotes RPG splicing, a process that
becomes critical in the absence of NPL3. Along these lines, it is
noteworthy that data from Schulze e al. and Shieh et al. have
revealed that chromatin over these genes is enriched for
ubiquitinated H2B [77,78].

We also identified suppressive genetic interactions between
NPL3 and genes responsible for removal of ubiquitin from H2B
(ubp8A, sgfl 1A, and sgf73A), suggesting that H2B de-ubiquitination
1s also linked to Npl3 function. Surprisingly, however, deletion of
UBP8 did not suppress the splicing defect in npl3A, but rather
exacerbated it (Figure 4). Thus, it seems the positive genetic
mnteraction may be due to Ubp8 involvement in a splicing-
independent function of Npl3.

The exacerbation seen in the microarray experiments shows
that both halves of the cycle of H2B ubiquitination and de-
ubiquitination are required for optimal splicing, as is the case for
transcriptional activation [23]. Likewise, both halves of the H3
acetylation and deacetylation cycle, performed by Gend and
Hos2/3, respectively, promote spliccosome assembly at the
ECM33 gene [43,79]. Thus, these two examples point to a general
function of dynamic histone modification cycles in maintaining
fine control over co-transcriptional splicing, and may explain the
synthetic lethality we observed between NPL3 and the acetylation
module of the SAGA Complex (Figure 1C and Table S1).

An Npl3-independent role for Bre1 in pre-mRNA splicing

We found that even in the presence of wild-type NPL3, Brel has
genetic connections to the splicing machinery as a whole.
Specifically, we found that deletion of BREI causes growth defects
in early and late splicing factor deletion backgrounds (particularly
at extreme temperatures; Figure 5, 16°C and 37°C), which alone
show little to no growth defect. These negative genetic interactions
can indicate two alternative but not mutually exclusive models for
a functional relationship between the H2B ubiquitination and
splicing machineries. One model is based on the fact that deletion
of specific splicing factors is known to increase the levels of
ubiquitinated H2B [74], a phenotype that should be relieved by
deletion of BREI, the sole H2B ubiquitin ligase [19,20]. Because
this model predicts an epistatic or positive genetic interaction
between BREI and the genes that encode splicing factors, the
negative genetic interactions that we actually observe (Figure 5
and [70]) require an alternative model, perhaps one in which the
growth defects are due to poorer overall splicing efficiency in these
strains. Indeed, deletion of BREI alone caused a modest but
reproducible splicing defect, seen in the microarray in Figure 4. A

large fraction of Brel-dependent splicing events involve
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Figure 5. Genetic interactions between H2B ubiquitination
machinery and canonical splicing factors. (A) Synthetic growth
analyses between bre14 and genes encoding splicing factors. Double
mutants were generated by tetrad dissection; log-phase cultures of the
indicated strains were serially diluted and grown at the indicated
temperatures. To the right of panels is the name of the spliceosomal
complex to which the splicing factor mutants belong. NTC: Nineteen
Complex. (B) Growth analyses of ubp84 and genes encoding splicing
factors. Double mutants were generated and analyzed as in (A).
doi:10.1371/journal.pgen.1003101.g005

non-RPGs, and thus define a distinct role for Brel in splicing,
apart from Npl3. Shieh ¢t al. [78] recently found that the pattern of
this modified histone at non-RPGs shows a remarkable demarca-
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tion of intron/exon structure: low levels in the intron, followed by
a marked increase at the intron — exon boundary. While the
functional significance of this pattern of H2B ubiquitination is
unknown, we propose that it may be relevant for the splicing of
non-RPGs, as gauged by the splicing defect in a strain that no
longer has this mark.

We note that the single mutant A67K123R has a milder splicing
defect than the bre/A strain (Figure 4C and Figure S2), opening the
possibility of an additional role of Brel in splicing that is
independent of H2B ubiquitination. Indeed, Brel-dependent
ubiquitination of Swd2, a protein in both COMPASS and the
Cleavage and Polyadenylation Stimulatory Factor complex [46],
has been shown to regulate mRNA export from the nucleus [80].
Npl3 has previously been implicated in mRNA export
[17,18,27,28] in a strain background where Npl3 is an essential
protein. Howev