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Abstract

Monoubiquitination of histone H2B (to H2Bubl) is required for
downstream events including histone H3 methylation, transcrip-
tion, and mRNA export. The mechanisms and players regulating
these events have not yet been completely delineated. Here, we
show that the conserved Ran-binding protein Mogl is required to
sustain normal levels of H2Bubl and H3K4me3 in Saccharomyces
cerevisiae. Mog1 is needed for gene body recruitment of Rad6, Brel,
and Rtfl that are involved in H2B ubiquitination and genetically
interacts with these factors. We provide evidence that the absence
of MOG1 impacts on cellular processes such as transcription, DNA
replication, and mRNA export, which are linked to H2Bubl. Impor-
tantly, the mRNA export defect in moglA strains is exacerbated by
the absence of factors that decrease H2Bub1 levels. Consistent with
a role in sustaining H2Bub and H3K4me3 levels, Mogl co-precipi-
tates with components that participate in these modifications such
as Brel, Rtfl, and the COMPASS-associated factors Shgl and Sdc1.
These results reveal a novel role for Mogl in H2B ubiquitination,
transcription, and mRNA biogenesis.

Keywords epigenetics; H2B ubiquitination; mRNA export; transcription; yeast
Subject Categories Chromatin, Epigenetics,

Genomics & Functional Genomics; Transcription

DOI 10.15252/embr.201845992 | Received 22 February 2018 | Revised 28
August 2018 | Accepted 31 August 2018 | Published online 24 September 2018
EMBO Reports (2018) 19: e45992

Introduction

Eukaryotic gene expression is a complex process that is regulated at
multiple levels, including nuclear and cytoplasmic events. Prior to
mRNA export from the nucleus, a sophisticated crosstalk between
different histone modifications acts to control transcription and its
coupling to mRNA processing and export [1-3]. A crucial histone
modification implicated in this crosstalk is monoubiquitination of
histone H2B on lysine 123 in yeast (K123) or on lysine 120 in
mammals (K120) to form H2Bub1 [4]. H2Bubl is involved in a vari-
ety of biological processes ranging from cellular growth to transcrip-
tion initiation and elongation, and gene silencing [5]. Dysregulation
of this modification in higher eukaryotes leads to important patho-
logical events such as tumorigenesis and deficiencies in cellular dif-
ferentiation and development [6,7]. The E2 ubiquitin-conjugating
enzyme Rad6 catalyzes H2B monoubiquitination in conjunction
with the E3 ubiquitin ligase Brel and the transcriptional regulatory
protein Lgel [8-11]. H2Bubl is present throughout the entire tran-
scriptional units of active genes due to the association of Rad6 and
Brel with chromatin through their interaction with activators and
with RNA polymerase II (RNAPII) [12,13]. H2B is, therefore, co-
transcriptionally ubiquitinated, and its H2Bubl1 levels correlate with
RNAPII elongation rates [14]. The monoubiquitination of H2B also
requires the presence of the PAF complex (PAFc). Recent studies
have shown that the Rtfl subunit of the PAFc acts as a cofactor for
H2B monoubiquitination by promoting the ability of Brel to stimu-
late Rad6 activity [15]. Mutations affecting H2Bubl levels specifi-
cally abolish di- and trimethylation of H3K4 and H3K79 while
only marginally affecting monomethylation [16,17]. Rad6/Brel-
dependent H2Bub1 also promotes the ubiquitination of Swd2 result-
ing in control of the recruitment to chromatin of Spp1l, a COMPASS
subunit that stimulates the overall rate of methylation of H3K4

UswWwN R

Vic., Australia
*Corresponding author. Tel: +34 963391760; E-mail: srodriguez@ibv.csic.es
"These authors contributed equally to this work

© 2018 The Authors

Gene expression and mRNA Metabolism Laboratory, Centro de Investigacién Principe Felipe (CIPF), Valencia, Spain

Gene expression and mRNA Metabolism Laboratory, Instituto de Biomedicina de Valencia, Consejo Superior de Investigaciones Cientificas (CSIC), Valencia, Spain
Departamento de Bioguimica y Biologia Molecular and E.R.I. Biotecmed, Facultad de Biologfa, Universitat de Valéncia, Burjassot, Spain

Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, MA, USA

School of Life and Environmental Sciences, Faculty of Science, Engineering and Built Environment, Centre for Cellular and Molecular Biology, Deakin University, Geelong,

EMBO reports 19: e45992 [2018 1 of 17


http://orcid.org/0000-0002-6578-8463
http://orcid.org/0000-0002-6578-8463
http://orcid.org/0000-0002-6578-8463
http://orcid.org/0000-0001-7472-3111
http://orcid.org/0000-0001-7472-3111
http://orcid.org/0000-0001-7472-3111

Published online: September 24, 2018
EMBO reports

[18,19]. It is consequently thought that the PAFc affects H3K4 and
H3K79 methylation through its effect on H2B ubiquitination [8,20].

Both the addition and the removal of the ubiquitin moiety to
and from H2B are required for optimal gene transcription.
H2Bubl is deubiquitinated by two ubiquitin-specific proteases in
S. cerevisiae: Ubp8 and Ubpl0. Ubp8 is part of the deubiquitina-
tion module (DUBm) of the SAGA complex, which is composed of
four proteins that are conserved from yeast to humans: yUbp8/
hUSP22, ySusl/hENY2, ySgf73/hATXN7, and ySgfll/hATXN7L3
[21-25]. The presence of these four subunits, together with their
correct assembly, is necessary for H2Bubl deubiquitination [26—
31]. Several studies have provided important insights into the
crystal structure of the DUBm and have shown that the four
components are remarkably intertwined [28,31,32]. Notably,
recent work in vitro has shown that the DUBm can contact the
nucleosome core particle acidic patch via Sgfll to which it
competes with Rad6-Brel for binding. This competition might
serve to fine-tune cellular levels of H2Bub1l genome-wide [33].

H2Bubl is also functionally connected with mRNA export.
For instance, Susl, a component of both SAGA DUBm and
TREX-2 complexes, plays a key role in coupling transcription
activation, H2Bub1 deubiquitination, and mRNA export [34]. It
has also been shown that deletion of either DUBm subunits
Sgfll or Sgf73 exacerbates mRNA export defects [35,36], while
the TREX-2 subunit Seml is required for SAGA-dependent
deubiquitinating activity [37]. These data highlight the bidirec-
tional functional connection between the two complexes. In addi-
tion, H2Bubl controls the formation of export-competent mRNPs
by affecting recruitment of the different Mex67 adaptors to these
complexes and by regulating the levels of the COMPASS subunit
Swd2 [2].

All of these findings indicate strong crosstalk between H2Bubl
and mRNP biogenesis. Here, we identified a novel component
required for proper H2B monoubiquitination in yeast: Mogl, which
is a conserved Ran GTPase-binding protein that is required for
nuclear protein import [38-40]. We demonstrate that deletion of
MOGI affects the global levels of both H2Bub1l and H3K4me3 and
the chromatin recruitment of factors implicated in their modifi-
cations. Using Genomic Run-On (GRO), Mogl1-TAP purification, and
ChIP techniques, we determined that cells lacking MOGI showed a
global impairment of transcription that is consistent with the co-
purification of Mogl with factors involved in transcription and with
Mogl association with chromatin. Notably, defects in mRNA export
are exacerbated by the combination of MOGI deletion and muta-
tions in H2B ubiquitination factors, suggesting that upstream
processes that are partly coordinated by Mogl affect mRNA export.
This new function of Mogl, which is independent of Mogl binding
to Ran-GTP, extends its functions beyond its well-known role in
protein import.

Results
Mog1l stimulates the monoubiquitination of H2B
Susl plays a critical role in coordinating histone H2B monoubig-

uitination, transcription, and mRNA export [35,36]. We hypothe-
sized that identification of factors that genetically interact with
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SUSI might lead to the discovery of new factors involved in this
coordination. We found that mogIA displayed the strongest
genetic interaction with SUSI deletion in genome-wide screenings
using synthetic genetic arrays (SGA) (moglA: SGA score —0.67
[41,42]. Mogl is a nuclear protein that interacts with Ran-GTP.
Mogl stimulates the release of GTP from Ran, thereby conferring
directionality to the nuclear import and export pathways [39,40].
In order to validate this genetic interaction, we created a double-
deletion mutant and analyzed the effect of MOGI deletion on the
growth of cells lacking SUSI. moglIA showed a negative genetic
interaction with susIA (Fig 1A). Next, we analyzed Gene Ontol-
ogy (GO) of all genes that showed a genetic interaction with
moglA (Dataset EV1). Notably, the four members of the SAGA
deubiquitination module (Susl, Sgf73, Ubp8, and Sgf11l) were the
genes whose GO annotation had the highest enrichment
(Table EV1), suggesting that the DUBm components are geneti-
cally linked to MOGI. To confirm these genetic interactions,
double mutants were created in which moglIA was combined with
mutants of DUBm components. Genetic interactions were evident
when MOGI deletion was combined with deletion of UBP8 or of
SGF73, with the strongest effect on growth observed for the
double mutant moglAubp8A (Fig 1A).

Since genetic interactions might potentially be indicative of
functional relationships, we decided to analyze the global levels
of histone H2Bubl in a moglA mutant. The absence of MOGI
significantly reduced the total level of H2Bublas determined by
Western blotting (Fig 1B). To determine whether the low levels of
H2Bubl were a consequence of low ubiquitination or of high
Ubp8-dependent deubiquitinating activity, the double mutant
moglAubp8A was also analyzed. Fig 1B shows that the reduction
in H2Bubl levels observed in the absence of MOGI was not fully
rescued by UBP8 deletion, suggesting that the low H2Bubl level
in the moglA strain was not UBP8-dependent. In accordance with
this result, MOGI deletion did not affect the interactions of TAP-
tagged Ubp8 with other cellular proteins or its chromatin associa-
tion (Fig EV1A and B and Table EV2). In summary, these data
suggested that Mogl affected H2B monoubiquitination rather than
the opposing H2B deubiquitinating activity.

Mogl interacts genetically with components involved in
H2B monoubiquitination

To explore the interaction between Mogl and the H2B monoubig-
uitination machinery, genetic assays were conducted in which
MOGTI deletion was combined with individual mutants of RADG6
(E2), BREI (E3), or its associated protein LGEI. Growth assays
indicated that mutation of MOGI led to a synthetic sickness
phenotype when combined with a deletion of any of the three
genes (Fig 1C). Since H2Bubl levels are also regulated by the
PAFc [43], we combined MOGI deletion with deletion of the PAFc
subunit RTFI and found that the resulting double mutant
displayed an additive growth phenotype (Fig 1D). These results
indicated that Mogl and Radé6, Brel, or Rtfl act in independent
pathways. However, since the absence of any of the factors Rado6,
Brel, or Rtfl alone results in undetectable levels of H2Bubl
[15,33], it is unlikely that the growth phenotypes of the double
mutants are a consequence of further reduction in H2Bubl levels
that is caused by moglA. To examine whether a process in

© 2018 The Authors
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Figure 1. Monoubiquitination of H2B requires Mog1.
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A MOG1 interacts genetically with the H2B deubiquitination machinery. Tenfold serial dilutions of the indicated strains were spotted on YPD and incubated for 2 days

at the indicated temperatures.

B Expression levels of total H2B and H2Bubl were analyzed in wild-type (WT), mog1A, ubp8A, and ubp8AmoglA whole-cell lysates by Western blotting using anti-
total H2B and anti-H2Bub1l antibodies. Bar graphs of H2Bub1 levels after H2B normalization show the mean and standard deviations of at least three independent
experiments. Error bars represent SD. The P-value was calculated using Student’s t-test (*P = 0.01-0.05; **P = 0.001-0.01; ***P < 0.001).

C-E The indicated strains were diluted as described in (A) and were then spotted on YPD or YPGal and incubated for 2 days.

addition to H2B monoubiquitination is affected by the loss of
Mogl, we analyzed the genetic interaction between moglIA and a
histone H2B mutant (H2B-K123R) that is specifically defective in
H2B monoubiquitination [44]. As shown in Fig 1E, deletion of
MOGI1 in the H2B-K123R mutant resulted in a subtle growth

© 2018 The Authors

retardation suggesting that Mogl may affect another process (or
processes) in addition to H2B monoubiquitination.

Since Mogl participates in nuclear protein import, we asked
whether partial disruption of this pathway might be responsible for
the observed genetic interactions and the decreased levels of
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H2Bubl. To examine this possibility, Brel and Rad6 were GFP-
tagged and their cellular localization in moglA compared to wild-
type cells was monitored using confocal microscopy. Similar to
wild-type, both Rad6 and Brel showed a nuclear localization in cells
lacking MOGI (Fig EV2A and B). In addition, GFP-tagged Rtfl and
Ubp8 showed a nuclear localization in cells lacking MOGI
(Fig EV2C and D). In summary, these genetic and functional data
suggested that Mogl affects another pathway(s) in addition to H2B
monoubiquitination.

Global levels of H3K4me3 decrease in the absence of MOG1

H2Bubl1 promotes the presence of H3K4me3 at actively transcribing
genes [45]. The molecular mechanisms behind this crosstalk are
complex and are postulated to require multiple factors. H3K4 is
methylated by chromatin binding of Setl and its associated factors
(the COMPASS complex), which correlates with productive tran-
scription elongation and mRNA biogenesis [45,46]. In S. cerevisiae,
Setl associates with chromatin even in the absence of H2Bubl;
therefore, it was proposed that Setl chromatin recruitment is not
the primary function of H2Bubl [17,47]. However, in S. pombe,
H2Bubl directly enhances the activity of intact Set1C by stabilizing
its interaction with chromatin. To determine how H3K4me3 might
be affected in the absence of MOGI, differences in global trimethyla-
tion levels of H3K4 were analyzed in the presence and absence of
MOGI. Western analysis revealed that levels of H3K4me3 were
significantly reduced in moglA whole-cell protein extracts compared
to wild-type extracts (Fig 2A). Concomitantly, the deletion of MOGI
led to a slight decrease in trimethylation of H3K4 at promoter and
5’ORF regions of ADHI, PMA1, and YEF3 genes as assessed by ChIP
analysis (Fig 2B).

H2Bubl not only promotes Setl-dependent histone H3K4 methy-
lation, but also Dotl-dependent H3K79 methylation [48], and it
facilitates the Set2-mediated methylation of H3K36 on some intron-
containing genes [3]. However, global levels of H3K79me3 and of
H3K36me3 were not affected by the loss of MOGI (Fig EV3A and
B). Additionally, no effect on H3K4me2 levels was observed by
deletion of MOGI (Fig EV3C). These observations are similar to
previous findings that H2B mutations that specifically affect its
C-terminal helix (T122R, T122D, and R119A) had no effect on
H3K4me2 or on H3K79me2 or me3 levels but did affect H3K4me3
levels [49].

Next, we tested the potential genetic interaction between Mogl
and the methylases responsible for these modifications. A slow
growth phenotype was observed when moglA was combined with
set1A or set2A but not when it was combined with dotIA (Fig 2C).
Since a pronounced phenotype of moglIA cells was a reduction in
H3K4me3 levels, we addressed whether the slow growth observed
for moglAsetlA was directly related to this specific lysine modifi-
cation of H3. To this end, we deleted MOGI in a H3K4A mutant
background and observed that the resulting strain was synthetic sick
at 33°C (Fig 2D). In summary, these genetic results suggested that
the synthetic growth effects observed for mogIA in combination
with mutants affecting H2B ubiquitination and H3 methylation
cannot only be explained by the loss of these modifications. These
findings are consistent with the notion that MOGI deletion disrupts
independent pathways that converge on an essential process (or
processes) in yeast cells.
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Mog1 absence affects H2B monoubiquitination-dependent
processes such as transcription

The above data show that Mogl was required to sustain correct
levels of H2Bubl. H2Bubl has been implicated in various funda-
mental cellular functions including the regulation of transcription
[50], nucleosome dynamics, and cell size control [51]. Among these
functions, H2Bub1 promotes the stability and advancement of repli-
cation forks by regulating nucleosome stability on newly replicated
DNA [52]. It has been shown that the non-ubiquitinatable H2B
mutant (K123R) and brelA cells are sensitive to hydroxyurea (HU),
a replication stress-causing agent [52]. To examine whether MOGI
deletion lead toward sensitivity to HU, moglA or brelAmoglA cells
were grown in media containing different concentrations of HU.
Notably, moglA cells were sensitive to hydroxyurea, and this sensi-
tivity increased in the double mutant brelAmogIA (Fig 3A).

Since H2B ubiquitination is a major regulator of transcription
[53], we considered whether the absence of MOGI might interfere
with global mRNA transcription. To date, no functional interactions
between Mogl and the transcriptional machinery have been
reported. To address such possible interactions, we conducted
Genomic Run-On (GRO) experiments [54] to calculate the mRNA
synthesis rate (SR, see Materials and Methods) for each transcript in
wild-type and moglA cells. In addition to the SR, the mRNA abun-
dance (RA) for each gene was also calculated. These results showed
that the global levels of both the SR and RA were significantly lower
for moglA compared to wild-type (0.746 and 0.707, respectively,
see Fig 3B and C). The quantitatively similar behavior of SR and RA
indicates that global mRNA stability was not appreciably different
between the two yeast strains (Fig EV4). Moreover, supportive of a
general role for Mog]1 in affecting the transcriptional rate and mRNA
abundance, similar effects were observed for transcription of SAGA-
and TFIID-dominated genes (Fig 3D), in agreement with the contri-
bution of both SAGA and TFIID to the expression of nearly all yeast
genes [55-58]. These findings led us to the conclusion that Mogl
has a genome-wide impact on RNAPII-transcribed mRNAs.

Mog1 affects the occupancy of H2B ubiquitination-promoting
factors on transcribed genes

Ubiquitination and deubiquitination of H2B during transcription are
complex processes that require the participation of multiple factors
[51]. Recent reports have shown that one such factor, Rtfl (a PAFc
subunit), acts as a cofactor in H2B ubiquitination by promoting the
ability of Brel to direct Rad6 to lysines on H2B or by stimulating
Rad6 catalytic activity [15]. To gain insights into a possible
upstream role for Mogl in H2B ubiquitination, chromatin recruit-
ment of Rad6, Brel, and Rtfl to the 5 and 3’ coding regions of
ADHI1, PMA1, and YEF3 was examined by ChIP in mogIA and wild-
type cells. We found that the gene presence of Rad6, Brel, and Rtfl
was differentially affected by the loss of MOGI. The overall gene
association of the three factors in moglIA cells was significantly
reduced, but the effect was stronger at the 5’ORF (Figs 4A-C and
EVS).

Radé6, Brel, and Rtfl are known to associate with RNAPII during
transcription [8,15]. Therefore, their reduced gene recruitment could
be due to a reduced RNAPII gene occupancy since the transcription
rate is affected in mogIA cells (see Fig 3B and C). To clarify this

© 2018 The Authors
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A The expression levels of H3K4me3 and H3 in total extracts of wild-type (WT), mogIA, set1A, and spplA strains were analyzed by Western blotting using the indicated
antibodies. Bar graphs of H3K4me3 levels after H3 normalization show the mean and standard deviations of at least three independent experiments. The P-value was

calculated using Student’s t-test (*P = 0.01-0.05; ***P < 0.001).

B ChlIP analysis of H3K4me3 presence at ADH1, PMAL and YEF3 promoter (P) and SORF in wild-type (WT) or mog1A strains relative to total H3. The bar graphs indicate
the mean and standard deviation for at least three independent experiments. The significance of the differences was calculated using Student’s t-test (*P = 0.01—

0.05; **P = 0.001-0.01; ***P < 0.001).

C MOG1I interacts genetically with the H3 methylases Setl and Set2. Tenfold serial dilutions of the indicated strains were spotted on YPD and incubated for 2 days at

the indicated temperatures.

D Histone H3K4A and H3K4A mogIA strains were compared with their isogenic strains as in (C).

matter, similar ChIP analyses of Rpb3 recruitment to the same three
genes were performed in parallel to quantify Rpb3 association. As
shown in Fig 4D, the relative occupancy of Rpb3 was affected by
the loss of MOGI at ADHI and YEF3 with a stronger effect at
3’ORFs. Next, binding of Rpd3 was used to normalize Rad6, Brel,
and Rtfl ChIP signals. Fig 4E shows that gene occupancy of these
factors was differentially dependent on Rpb3 association. YEF3 gene
occupancy of Rad6 at 3’ORFs or of Rtfl at 5’0ORFs was dependent on
the presence of Rpb3, while Brel association depended on Rpb3 at
both ORF regions. In contrast, the consequence of MOGI deletion

© 2018 The Authors

was independent of Rpb3 association at almost all PMAI regions for
all three factors.

Mog1 co-precipitates with factors involved in transcription

Since the strongest observed effect of MOGI deletion was a reduc-
tion in Rtfl chromatin occupancy, we decided to assess a possible
physical interaction between these two factors. Mogl was therefore
TAP-tagged in a yeast strain expressing Rtfl-PK. As shown in
Fig 5A, immunoprecipitation of Mogl-TAP co-precipitated Rtfl-PK

EMBO reports  19:e45992|2018 5 of 17
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Figure 3. MOG1 deletion affects sensitivity to hydroxyurea and RNAPII-dependent transcription.

A
B,C

Tenfold serial dilutions of the indicated strains were spotted on YPD containing the indicated concentrations of hydroxyurea (HU) and were incubated for 2-3 days.
(B) mRNA synthesis rates (SR) as determined in Genomic Run-On analysis and (C) mRNA abundance (RA), in mogl1A compared with wild-type (WT) cells. Bar graphs
showing the average level and standard deviation of three experiments (n = 3) for SR and RA values obtained as the median of the whole gene dataset values in
arbitrary units (x107) from image analysis quantification. Error bars represent SD. Significance of the differences was obtained using Student’s t-test, and statistical
difference is considered as *P = 0.01-0.05. The scatter plots (right panels) show the variation of the transcription (B) or mRNA (C) levels of individual genes.
Pearson correlation values are —0.039 (SR) and —0.042 (RA). This low correlation and the flat shape of the clouds on scatter plots (see red tendency line) indicates
that there is no bias of the transcriptional effect with regard to expression level.

Box plots of SR and RA median levels of moglA cells compared with WT for all genes (Total), SAGA and TFIID-dominated genes. These data were obtained from
three independent replicates (n = 3) of the RA and SR data that were averaged as explained in the main text. The line within the box and the diplayed number
represent the median of the whole data set (Total) for 351 (for RA) or 316 (SR) SAGA-dominated genes and for the 3,903 (RA) or 3,403 (SR) TFIID-dominated genes.
The box represents the second quartile and the whiskers the first and third quartiles. Significance of the differences was calculated using Student’s t-test. No
significant difference between the different groups was found. The similar variations in SRs and RAs indicate that there are no changes in mRNA half-lives upon

MOCG1 deletion (shown in Fig EV4). The total number of genes with confident value in the analyses was 3,953 for RA and 3,989 for SR.

suggesting that Mogl could contact Rtfl directly or indirectly. Such
an interaction would be compatible with Mogl association, at the
least its transient association, with chromatin and its associated
factors. To test this possibility, Mogl-HA recruitment to PMAI and
YEF3 genes was studied using ChIP analysis. These experiments
showed that Mogl-HA gene occupancy was enhanced over control
specifically at 5’ORFs (Fig 5B). The low, albeit statistically signifi-
cant, absolute fold enhancement value is compatible with the possi-
bility of a transient interaction between Mogl and coding regions.

Next, we decided to further identify all Mogl co-purifying
proteins in an unbiased way. We therefore performed mass spectro-
metric analysis (LC/MS-MS) of proteins that co-purified with a TAP-
tagged version of Mogl (compared to a non-tagged strain) and
focused our subsequent analysis on the co-purification of other
factors related to H2B ubiquitination, H3K4me3, and transcription.
The mass spectrometric results confirmed that Mogl-TAP specifi-
cally co-purified with its previously described partners, the GTP-
binding proteins Gspl, Gsp2, Nopl, and Lsgl [38,40], which
validated our Mogl-TAP purification (Fig 5C and Dataset EV2). In
addition, we identified the ubiquitin ligase Brel, Spt5, fourteen
subunits of the SAGA complex, and two subunits of the COMPASS
(Set1C) complex, Shgl and Sdcl. Several nucleoporins including
Nup60, Nup2, and Nspl also co-purified with Mogl-TAP. To vali-
date some of these interactions, we tagged Brel and Ada2 in cells
expressing Mogl-HA or Mogl-TAP (see Materials and Methods). As
shown in Fig 5D, Mogl co-precipitated with tagged Brel and Ada2.
The interaction between COMPASS and Mogl was validated
through results obtained from a genome-wide yeast two-hybrid
screen that was performed using SHGI as the bait (Materials and
Methods). Among the identified clones, 17 were found to contain
fragments of the MOGI gene (Table EV3; the complete results of this
screen will be published elsewhere). The region common to all
MOGI clones was located between nts 342 and 464 (Fig SE). The
corresponding amino acid sequence between aa residues 114 and
154 may therefore demarcate a Shgl interaction domain in Mogl.
The combined data indicated that Mogl interacts with several
proteins that are involved in gene transcription.

Mogl contributes to efficient mRNA nuclear export in
coordination with the H2B ubiquitinating machinery

In addition to the SAGA DUBm genes, analyses of enriched gene

ontologies (GO) showed that genes related to mRNA export were
also overrepresented among the factors genetically interacting with

© 2018 The Authors

moglA (see Table EV1). Notably, several NUPs, including Nup60,
Nup2, and Nspl, which participate in mRNA transport, were identi-
fied as co-purifying with Mogl-TAP (Fig 5C), suggesting that Mogl
might be functionally involved in mRNA export. Furthermore, H2B
monoubiquitination affects mRNP biogenesis and export [1-3].
Controversial results have been published regarding a role for Mog1
in this process. While efficient nuclear export of mRNA occurred in
moglA cells of S. cerevisiae [38], such mRNA transport was defec-
tive in moglA cells of S. pombe [59,60]. We decided to study the
effect of moglA on the cellular localization of poly (A)© RNA under
conditions that intensify mRNA export defects [18]. These condi-
tions consisted of increasing the temperature from 30°C to 39°C for
3 h, which results in a mRNA export block in some mutants that
impede H2B monoubiquitination [61,62]. Figure 6 shows that
moglA led to inefficient mRNA export at 39°C when compared to
the wild-type control; however, it should be noted that the percent-
age of cells with such inefficient mRNA export was close to 30%
and that the strength of this phenotype was clearly lower than that
observed for the susIA mutant, a bona fide export factor [34]. We
decided to further determine mRNA export in cells that combine
MOGTI deletion with other mutations that affect H2B monoubiquiti-
nation. Deletion of BREI or LGEI in a moglA strain produces an
additive effect on the blockage of mRNA export both in the intensity
of the phenotype and in the percentage of cells affected (>90%;
Fig 6). Notably, we observed that the phenotype of an rtfIA mutant
showed mRNA accumulation in the nucleus as similar to a dot-like
pattern at 39°C and that this phenotype was greatly augmented by
deletion of MOGI (Fig 6 lowest panel). This result reinforced the
strong functional interaction between these two factors. In
summary, these data are consistent with a role for Mogl in coordi-
nating the monoubiquitination of H2B with mRNA export in yeast.

Mogl1 role in epigenetic regulation is independent of its ability to
bind to Ran-GTP

Overall, our results are supportive of a novel role for Mogl in H2B
monoubiquitination and H3K4 methylation, with the assumption
that this function is independent of Mogl participation in the
nuclear protein import of these factors. Interestingly, previous work
demonstrated that mutants such as MOGI-E65K that impede Mogl
binding to Ran display a dramatic decrease in nuclear protein
import [40]. MOGI-E65K cells grew more slowly than wild-type cells
at 37°C; however, their growth was not as slow as that of cells lack-
ing MOGI (see Fig 3B in [40]). This observation suggested that Mog1
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Figure 4. Mog1 affects the recruitment of Rad6, Brel, and Rtfl to 5’0ORFs (5’) and 3’ORFs (3’) of genes.

A ChIP analysis of TAP-tagged Rad6 presence at ADHI, PMAL and YEF3 coding regions (5 and 3) in WT or mog1A strains. Bar charts indicate the mean and standard
deviation for at least three independent experiments. Significance of the differences was obtained using Student’s t-test (*P = 0.01-0.05; **P = 0.001-0.01;

***p = 0,0001-0.001; ****P < 0.0001).

B-D Brel-TAP, Rtf1-TAP, and Rpb3, respectively, were analyzed as described in (A).

E Bar charts showing the relative chromatin occupancy to 5’ORFs (left panel) or 30ORFs (right panel) of each factor relative to Rpb3 occupancy at these gene
positions. Inputs were analyzed by Western blotting using anti-TAP and anti-PGK (loading control) antibodies to monitor protein levels (Fig EV5). Significance of
the differences was obtained using Student’s t-test (*P = 0.01-0.05; **P = 0.001-0.01).
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might perform additional functions in the cell that do not involve its double mutant moglAsetIA in a similar manner to wild-type MOGI.
interaction with Gspl/Ran. For this purpose, we created the MOGI- We found that moglAsetIA cells expressing MOGI-E65K grew in a
E6SK point mutant and tested whether it could complement the similar manner to those expressing MOGI (Fig 7A). This result
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Figure 5. Mog1l co-purifies with factors involved in transcription and associates with chromatin.

A

B

Co-purification of Rtf1-PK in cells expressing Mog1-TAP (+,4). A non-tagged strain (—,—) and cells expressing only Rtf1-PK (+,—) were included as negative controls for
co-purification. Inputs and IPs are depicted for each strain.

ChIP analysis of the presence of HA-tagged Mogl compared to a non-tagged strain (WT) at PMAL and YEF3 promoter (P) and coding regions (SORF). The occupancy
level was calculated as the signal ratio of the IP samples in relation to the input signal normalized to an intergenic region. Bar charts indicate the mean and
standard deviation for at least three independent experiments. Significance of the differences was obtained using Student’s t-test and is presented as a P-value

(*P < 0.05).

List of proteins identified from at least two independent LC-MS/MS analyses of Mog1-TAP purifications. Numbers indicate peptides of matching amino acids from
identified peptides with a confidence greater or equal to 95% divided by the total number of amino acids in the sample (coverage 95%). An identifier of function or
complex for each protein is listed.

Mogl-HA immunoprecipitation in cells expressing Brel-PK (upper panel) and Mogl-TAP co-precipitation in cells expressing Ada2-HA (lower panel) are indicated as in
(A) inputs and IPs are depicted for each strain.

Representation of the different fragments of the MOG1 gene identified in genome-wide Shgl yeast two-hybrid screening. The region common to all identified MOG1
clones between residues 114 and 154 is depicted in gray as the SHG1 ID (interaction domain). The start and end positions in the MOGI gene are indicated as well as

Paula Oliete-Calvo et al

the number of clones containing this fragment.

suggested that binding to Ran was dispensable for this alternative
Mogl function. We also measured complementation of the levels of
H3K4me3 and H2Bub1 in mogIA cells by MOGI-E65K or MOGI wild
type, respectively. We found that the MOG1 deletion phenotype was
largely compensated by Mogl and by the Ran-binding mutant
MOGI-E65K (Fig 7B). Furthermore, a specific role for Mogl in H2B
monoubiquitination was supported by the normal levels of this
modification observed in cells lacking GSP2, a factor that interacts
with Mogl and is involved in nuclear protein import (Fig 7C). In
summary, these results support a novel Ran independent role for
Mog]l in modulating epigenetic modifications.

Discussion

In this study, we discovered the following novel biological roles of
Mogl.

Mogl is required for H2Bub1- and RNAPII-
dependent transcription

The evolutionarily conserved protein Mogl (human Ran guanine
nucleotide release factor RANGNRF) was described as a coordinator
of the Ran-GTP cycle since it binds to Ran-GTP and participates in
the nuclear protein import pathway [38,40]. In humans, Mogl regu-
lates the function of the Nav1.5 cardiac sodium channel that is asso-
ciated with the cardiac disease, Brugada syndrome (BrS) [63]. Here,
we identified a novel role for Mogl in maintaining histone H2B
monoubiquitination. The genetic interaction between MOGI and the
DUBm subunits Ubp8 and Susl [26,36,44], drew our attention to a
possible role for Mogl in the same biological process. Surprisingly,
the absence of MOGI resulted in low levels of H2Bub1 independently
of the presence of UBP8. Our experiments suggest that these low
levels of H2Bub1 are a consequence of a reduced chromatin associa-
tion of Rad6/Brel and Rtfl mainly with the 5'ORF regions of highly

transcribed genes. Rad6 association with chromatin has been
proposed to occur in two steps that are modulated by interconnected
mechanisms [8,33]. First, Rad6 accumulates at the promoter.
Second, this accumulated Rad6 is then “handed off”, likely by Rtfl,
to phosphorylated RNAPII through its association with the PAFc
[64]. Our ChIP experiments might indicate a role for Mogl in this
second step. We observed that the presence of all factors at the
5’ORFs and of Brel and Rtfl at the 3’ORFs of all tested genes was
reduced in the moglA mutant. With the exception of the PMAI gene,
this reduction was also accompanied by a concomitant decrease in
RNAPII (Rpb3) occupancy. Thus, it is possible that the overall reduc-
tion in H2Bub1 writers is a consequence of reduced RNAPII occu-
pancy. However, the fact that Mog1 affects the association of Rad6
with gene bodies at 5’0ORFs and of Rtfl at 3’ORFs differentially,
together with the finding that Mogl and Rtfl co-precipitate might
imply a more direct link between Mogl and Rtfl. Recent research
has proposed that Rtfl can promote H2Bubl1 levels through direct
interaction with Radé6 [15]. It would be very interesting to determine
whether Mogl is involved in this interaction to better understand its
mechanism of action in the maintenance of H2Bubl1 levels.
Consistent with a reduction in the total levels of H2Bub1, deletion
of MOGI downregulates a 25% the global transcription rate (Fig 3D).
This phenotype is not counterbalanced via stabilization of mRNA
transcripts, since mRNA global abundance is decreased in almost
30% in a moglA mutant, an effect not restricted to specific transcripts.
At this stage, we cannot define whether the general drop in transcrip-
tion in the absence of MOGI reflects a direct or indirect effect of Mogl
in this process. In fact, deletion of MOGI causes slow growth, a
phenotype that correlates with a common gene expression signature
highly similar to the environmental stress response (ESR) [65].
However, gene set enrichment analyses (GSEA) of moglIA mutant did
not find these gene ontologies, suggesting that moglA gene expression
profile is not a consequence of its slow growth rate (Table EV4).
Furthermore, Mogl physical interactions with components that are
associated, in a broad sense, with transcription, together with Mog1

Figure 6. Mogl contributes to efficient mRNA nuclear export in coordination with the H2B ubiquitination machinery.

Representative images of the analysis of nuclear mRNA export are shown. The cellular localization of poly(A)* RNA was assessed by in situ hybridization using Cy3-labeled
oligo(dT) probes (red) in the indicated strains. In situ hybridization was monitored at 30°C and after shifting of the cells to 39°C for 3 h. DNA was stained by DAPI (blue). In all
images, the scale bar corresponds to 2 pm. Images are representative pictures from two independent experiments of approximately 600 cells. The percentages indicate the

number of cells showing mRNA export defect from these experiments.
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Figure 7. Mogl binding to Ran is dispensable for its function in epigenetic modification.

A The MoglE65K Ran-binding mutant complements the slow growth of moglAsetA mutants. Tenfold serial dilutions of wild-type (WT), moglA, set1A, and moglAsetA
strains transformed with wild-type MOGI (pMOG1) or with the Ran-binding mutant (pMOG1E65K) as indicated were spotted on SC-LEU and incubated for 2 days at
the indicated temperatures.

B The MoglE65K Ran-binding mutant complements the low H3K4me3 and H2Bubl levels of mogIA. The expression levels of H3K4me3, total H3, H2Bub1, total H2B, and
PGK1 in whole-cell lysates from wild-type (WT) or from mogIA cells transformed with an empty plasmid (+pEmpty), wild-type MOGI1 (pMOGI), or a Ran-binding
mutant (PMOG1E65K) were analyzed by Western blotting using the corresponding antibodies.

C Gsp2is not involved in H2Bubl regulation. The expression levels of total H2B and of H2Bub1 were analyzed in whole-cell lysates from wild-type (WT) and gsp2A
strains by Western blotting using anti-total H2B and anti-H2Bubl antibodies.

occupancy at gene bodies, might hint at a direct role. The fact that help to clarify this mechanism. Interestingly, Mogl “knock-down”
Mogl directly affects the recruitment of Rtfl to regions of specific experiments in zebrafish embryos or mutant MOGI associated with
genes could also explain this transcriptional drop. Future work will Brugada syndrome patients significantly decreased the expression of
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several factors involved in cardiac morphogenesis [66]. Our study
might help to understand how Mogl contributes to the downregula-
tion of these genes in BrS patients bearing specific Mogl mutations,
which may possibly result from Mog1 affecting their H2Bub1 status.

Mogl is required for the maintenance of H3K4me3 levels and
interacts with the COMPASS subunit Shgl

The absence of MOGI also led to decreased levels of H3K4me3.
There are two possible explanations of this result: (i) Mogl is
required to sustain normal levels of H2Bubl, and, as a consequence,
affects H3K4me3 levels indirectly, or, (ii) Mogl modulates the cross-
talk between H2Bub1 and H3K4me3 [67]. To discriminate between
these two possibilities, we analyzed H3K4me2 levels and found that
they were not affected by MOGI deletion. This result suggested that
Mogl is not directly involved in establishing the crosstalk between
H2Bub and H3K4me3, but that it rather affects H3K4me3 indirectly.
Moreover, in contrast to H3K4me3, no differences in H3K79me3 or
H3K36me3 levels were observed in the moglA mutant in compar-
ison with the wild-type strain. These results were surprising but are
comparable with previous observations of point mutants of the H2B
C-terminal such as H2BT122R and H2BR119D that reduced H2Bub1
and H3K4me3 levels without affecting H3K79me3 levels [49]. These
residues were mutated in the H2B C-terminal have been shown to
interact with Spp1 and to modulate Setl function, thereby participat-
ing in H2B/H3K4 crosstalk. Notably, we also detected the interac-
tion of two COMPASS subunits: Sdcl and Shgl, with Mogl in mass
spectrometric analysis of Mogl-TAP co-purified proteins. Mogl-
Shgl interaction was also detected in two-hybrid experiments,
which suggested that these two proteins could directly interact.
Future analysis leading to the knowledge of how and when Mogl
might interact with Shgl, Brel, Rtfl, and Ran is crucial in order to
fully understand the role of Mogl in regulating H2Bub1 levels and
in transcription. Although our previous results using the Mog1-E65K
Ran-binding mutant [40] suggest that the role of Mogl in regulating
H2Bubl levels is Ran-binding-independent, we cannot exclude the
possibility of an effect of Mogl on regulator of chromosome conden-
sation 1 (RCC1/RanGEF) binding to the nucleosome. RCC1 (yeast
Prp20, [68]) associated with chromatin generates a gradient of Ran-
GTP concentration that is required for protein transport [69,70]. The
function of Mogl in protein import is closely related to the action of
RCC1 associated with chromatin. Strikingly, RCC1 directly associ-
ates with the nucleosome core particle (NCP) acidic patch where
addition and removal of ubiquitin occur (see below; [70]). Thus, it
is possible that RCC1 directly or indirectly influences the mecha-
nisms behind Rad6-mediated ubiquitination. However, to our
knowledge, no relationship between RCC1 and the ubiquitination of
H2B has been predicted. In contrast, RCC1 has been linked to H2B
phosphorylation in humans suggesting that this post-translation
modification affects RCC1 mobility and alters NF-kB-p65 transport
[71]. Further work is required to understand whether RCC1 contri-
butes to the phenotypes shown here.

Mogl is required for different cellular processes that
require H2Bub1l

Monoubiquitination of H2B is required for several fundamental
processes in eukaryotic cells [50,51]. Among such processes, we
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found that moglA cells, similarly to brelA moglA, are sensitive to
replication stress caused by HU [52]. Even though more work is
required to elucidate if Mog1 is important for DNA replication, this
preliminary result could indicate that the low levels of H2Bubl
observed in the mogIA cells have an impact on DNA replication.

Prior to mRNA nuclear export, there is tight control of the forma-
tion of export-competent mRNPs [72]. Previous research has shown
that the post-translation modifications of H2Bubl/H3K4me3 are
required to couple some of the events of export-competent mRNP
formation with mRNA nuclear export [2]. In agreement with
deficiencies in these post-translation modifications, mRNA export is
partially affected in the absence of MOGI (Fig 6). The role of Mogl
in mRNA transport is controversial [38,59,60]. Clearly, Mogl is not
an export factor, but we were able to detect an enhancement of the
accumulation of poly(A) © RNA in the nucleus in the moglA mutant
by deleting BREI, LGE1, or RTFI. Brel is known to partially block
mRNA export upon cell treatment at 39°C [2], and this block was
significantly augmented by the loss of MOGI. This finding suggests
that both of these factors contribute to mRNA export. Notably, we
also reported a novel phenotype for rtfIA cells that leads to the
accumulation of poly(A)* RNA into nuclear dot-like structures
(Fig 6). These dots became more intense and abundant in cells lack-
ing both RTFI and MOGI. These results, together with the ability of
Rtfl and Mogl to co-precipitate and the dependency of Rtfl chro-
matin recruitment on Mogl, suggest a role for both factors in a
COMmMON process.

Materials and Methods

Yeast strains, DNA recombinant work, and
microbiological techniques

The yeast strains used in this study are listed in Table EV5. The
quantitative polymerase chain reaction (qPCR) primers used are
listed in Table EV6. Gene deletion and epitope tagging (TAP, GFP,
and HA) were performed by homologous recombination. For growth
analysis, yeast cultures were diluted to an ODggo of 0.5, and four
serial dilutions were prepared (1:10; 1:100; 1:1,000; 1:10,000). Each
dilution (5 pl) was spotted onto YP + Glucose or YP + Galactose
plates and was incubated at indicated temperatures; generally, these
were 30°C, 33°C, or 37°C.

Yeast cell extracts and western blot analysis

Yeast whole-cell extracts (WCEs) were grown to an ODgg of 0.5-0.8
in YPD, and proteins were extracted following the trichloroacetic
acid (TCA) method. WCEs, TAP-containing complexes, and IPs were
separated by gel electrophoresis (SDS-PAGE) and were then trans-
ferred onto nitrocellulose membranes (Amersham). Samples were
analyzed by immunoblotting using specific antibodies (Table EV7)
and detection reagents from ECL Amersham. In some cases, blots
were developed using fluorescence detection on the Odyssey
Infrared Imaging System from Licor Biosciences. In these cases, the
secondary antibodies were from Licor Biosciences, catalog #926-
32211 (anti-rabbit IgG IRDye800CW) or catalog #926-68020 (anti-
mouse IgG IRDye 680LT). For signal quantification, at least three
independent experiments were performed for each case. Error bars
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represent SD, and statistical difference is considered as *P = 0.01—
0.05; **P = 0.001-0.01; and ***P < 0.001.

GFP localization

GFP-tagged proteins were directly visualized in cells that were
grown in SC medium to an ODggp of 0.3-0.5. The cells were washed
with 1x PBS (13.7 mM NacCl, 0.27 mM KCl, 0.43 mM Na,HPO, and
0.14 mM KH,PO,), centrifuged for 3 min at 2,000 rpm and were
resuspended again in 1x PBS. Living cells tagged with GFP were
visualized using a Leica TCS SP2 AOBS confocal microscope.

TAP-tagged protein purification

The purification of TAP-fusion proteins from yeast strains was
performed by tandem affinity purification (TAP) as previously
described [34]. Briefly, TAP-fusion proteins and their associated
proteins were recovered from cell extracts by affinity selection on
IgG beads. Next, these IgG beads were washed, and bound material
was released by incubation with the tobacco etch virus (TEV)
protease. This protease cleaves the TEV protease site in the TAP tag,
thereby unveiling the calmodulin-binding epitope in the fusion
protein TAP tag and generating an eluate of the TAP-tagged protein
of interest termed the TEV eluate. Finally, the TAP-tagged protein in
the TEV eluate was purified by binding of the calmodulin-binding
epitope in the TAP tag to a Calmodulin Affinity Resin (Stratagene)
in the presence of calcium. This purification step is required to
remove both the TEV protease and traces of contaminants. The
bound material was released with EGTA. This enriched protein frac-
tion was termed the calmodulin eluate. After TCA precipitation,
samples were subjected to Western blot analysis or to protein identi-
fication by mass spectrometry. LC-MS/MS analyses were performed
by the mass spectrometry service SCSIE at the University of Valencia
following the standards of ProteoRed Spain (www.proteored.org)
and www.scsie.uv.es.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation was performed as previously
described [37,73] using 50 ml of yeast cultures grown to an ODggq of
0.5 in YP + Glucose. Cultures were cross-linked for 20 min at room
temperature with formaldehyde (1% final concentration; Sigma) and
were later quenched with 125 mM glycine. Subsequently, the cells
were collected by centrifugation and washed three times with 25 ml
of cold Tris-saline buffer (150 mM NacCl, 20 mM Tris-HCI, pH 7.5).
The cells were broken by adding 300 pl of lysis buffer (50 mM
HEPES-KOH at pH 7.5, 140 mM NaCl, 1 mM EDTA, 1 mM PMSF,
and proteases inhibitors) and 200 pl glass beads and incubating for
15 min at 4°C. Cell extracts were sonicated for 30 min in a Bioruptor
sonicator (Diagenode) using 30-s on/30-s off cycles. An aliquot
(10 pl) of the chromatin extract was saved as the input. The rest of
the lysate was used for immunoprecipitation by incubating with the
required specific antibodies (Table EV7) and magnetic beads (Dyn-
abeads, Invitrogen) for 2 h at 4°C. The beads were subsequently
washed with the following buffers: twice with lysis buffer, twice with
lysis buffer supplemented with 360 mM NaCl, twice with wash
buffer (10 mM Tris—HCl, pH 8.0, 250 mM LiCl, 0.5% NP-40,
125 mM Nadeoxycholol, and 1 mM EDTA), and once with TE buffer.
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Samples were eluted by adding 50 pl of elution buffer (50 mM Tris—
HCI, pH 8, 10 mM EDTA, 1% SDS) to the beads and incubating for
10 min at 65°C. This step was repeated twice. Input and immunopre-
cipitation (IP) samples were incubated overnight at 65°C to reverse
the cross-linking, following which 100 pg/250 pl proteinase K
(Ambion) was incubated with the IP and input for 1.5 h at 45°C.
DNA was extracted using a DNA Purification Kit (Zymo Research)
following the manufacturer’s instructions. This DNA was analyzed
using qPCR with specific primers (Table EV6). In all cases, at least
three biological replicates were performed to calculate the standard
deviation.

Immunoprecipitations and protein purifications

For protein purifications and immunoprecipitation (IP), 50 ml of
yeast cultures grown to an ODgoo of 0.5 in YP + Glucose was
collected. The cells were washed once with 1x LB buffer (10 mM
Tris—HCI pH 8.0, 150 mM NaCl, 20% glycerol (v/v), and Nonidet P-
40 0.1% (v/v)) and were then resuspended in lysis buffer (LB 1x,
0.5 mM DTT, 1 mM PMSF and 1x complete protease cocktail inhi-
bitor (Roche)). An equal volume of glass beads was added, and the
cells were broken by four pulses of vortexing over 1 min at 4°C.
Following centrifugation, the cell supernatant was incubated
directly with magnetic beads (Dynabeads, Invitrogen) for TAP-
tagged proteins or with magnetic beads precoated with the speci-
fic antibody (anti-PK) for 2 h at 4°C in a turning wheel. The
immunoprecipitated samples were washed with three 10-min
washes with 1x LB and 0.5 mM DTT and were resuspended in
S50 ul of sodium dodecyl sulfate—polyacrylamide (SDS-PAGE)
sample buffer. Samples were then analyzed by SDS-PAGE and
Western blotting.

Yeast two-hybrid screening

Yeast two-hybrid screening was carried out by Hybrigenics, SA,
Paris. A mating strategy was employed, using a genomic library
introduced in Y187 cells and L40AG cells producing a C-terminal
fusion of LexA to the SHGI (YBR258C) open reading frame [74]. A
total of 123 positive clones were identified and analyzed as
described [74]; 17 of these clones contained fragments of the MOGI
gene. The entire results of the screen will be published elsewhere
(B. Dichtl, unpublished results).

Fluorescence in situ hybridization (FISH)

Fluorescence in situ hybridization for detection of poly(A)* RNA
was performed by growing yeast cells in 100 ml of YP + Glucose
medium overnight at 30°C to an ODgg of 0.5 and then shifting the
cells to 39°C for 3 h. Subsequently, the cells were fixed by adding
4% formaldehyde and were incubated for 60 min at room tempera-
ture. Formaldehyde was removed by two rounds of centrifugation
and washing with 0.1 M potassium phosphate (pH 6.4). The cells
were resuspended in ice-cold washing buffer (1.2 M sorbitol and
0.1 M potassium phosphate, pH 6.4), digested with 0.5 mg/ml of
Zymolyase 100T, and applied onto poly-L-lysine-coated slide wells.
Cells not adhered to the slides were removed by aspiration. Cells
were rehydrated with 2x SSC (0.15 M NaCl and 0.015 M sodium
citrate) and were hybridized overnight at 37°C in 20 pl of
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prehybridization buffer containing 0.8 pmol of Cy3 end-labeled
oligo (dT) in a humid chamber. Following this hybridization, the
slides were washed with 2x SSC at room temperature for 5 min
and after with 1x SSC. Then, they were air-dried and mounted
using 3.5 pl/well of VECTASHIELD® Mounting Medium contain-
ing DAPI. Cy3-oligo (dT) fluorescence was detected using a Leica
TCS SP2 AOBS confocal microscope. Two biological replicates
were performed for all experiments. The selected images in Fig 6
are representative of three different pictures containing more than
600 cells per experiment.

Genomic Run-On (GRO) and measurement of mRNA levels

Genomic Run-On experiments were performed in triplicate in
custom made macroarrays as described in [54] with the changes
described in [75]. Normalization between samples was done by
using three different B. subtilis genes that were in vitro-transcribed
from linearized plasmids (Lys, Thr, and Phe in a pGIBS plasmid:
ATCC clones 87,482, 87,483, and 87,484). Equal amounts of a
mixture of these three transcripts were added to the yeast cell
samples before RNA extraction to be used as internal spike-in
controls similarly to the protocol described in [76]. mRNA synthesis
rates (SR) were calculated from raw GRO data that were bioinfor-
matically processed as described in [75] and then divided by the
relative median cell volume of each strain as determined with a
Coulter counter device [77]. The total RNAPII synthesis rate was
determined by using the median of the distribution of the whole
dataset of individual synthesis rates for all genes.

mRNA levels (RA) were determined using aliquots of the same
samples used for GRO as described in [54] and [75]. In this experi-
ment, the total RNA was extracted and quantified for the same
number of cells. The proportion of mRNA per total RNA was calcu-
lated by a dot-blot procedure using *2P-labeled oligo dT hybridiza-
tion as previously described [75]. The level of total mRNA per cell
was calculated from the total RNA/cell and the proportion of
mRNA/total RNA. The relative change in total mRNA/cell in the
moglA mutant vs. the WT was used to normalize the whole set of
individual mRNA levels.

mRNA half-lives were determined by dividing RA data by SR
data as described previously [54].

Accession numbers

The Gene Expression Omnibus (GEO) accession number for
genomic data is GSE109435.

Expanded View for this article is available online.
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