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transcriptional regulation at the nuclear envelope
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ABSTRACT Correlation between transcriptional regulation and positioning of genes at the
nuclear envelope is well established in eukaryotes, but the mechanisms involved are not well
understood. We show that brré-1, a mutant of the essential yeast envelope transmembrane
protein Brrép, impairs normal positioning and expression of the PAB1 and FUR4-GAL1,10,7
loci. Similarly, expression of a dominant negative nucleoplasmic Brré fragment in wild-type
cells reproduced many of the brr6-1 effects. Histone chromatin immunoprecipitation (ChlP)
experiments showed decreased acetylation at the key histone H4K16 residue in the FUR4-
GAL1,10,7 region in brré-1. Importantly, blocking deacetylation significantly suppressed
selected brré6-1 phenotypes. ChIPseq with FLAG-tagged Brré fragments showed enrichment
at FUR4 and several other genes that showed striking changes in brré6-1 RNAseq data. These
associations depended on a Brr6 putative zinc finger domain. Importantly, artificially tether-
ing the GAL1 locus to the envelope suppressed the brré-1 effects on GALT and FUR4 expres-
sion and increased H4K16 acetylation between GAL1 and FUR4 in the mutant. Together
these results argue that Brré interacts with chromatin, helping to maintain normal chromatin
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architecture and transcriptional regulation of certain loci at the nuclear envelope.

INTRODUCTION

Transcriptional regulation is intimately linked to dynamic spatial or-
ganization of genes within the nucleus (reviewed in Rajapakse and
Groudine [2011], Zimmer and Fabre [2011], and Taddei and Gasser
[2012]) and the nuclear envelope has emerged as an important or-
ganizing entity in chromatin architecture and regulation (reviewed
in Steglich et al. [2013], Stancheva and Schirmer [2014], and
Czapiewski et al. [2016]). Mutations in nuclear envelope transmem-
brane (NET) protein genes are linked to numerous human genetic
diseases and certain cancers (reviewed in Stancheva and Schirmer
[2014], Wong et al. [2014], Janin et al. [2017]), underscoring the
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importance of understanding the role of NET proteins in transcrip-
tional regulation.

Correlation between localization of certain genes to the nuclear
periphery and either activation or silencing has been demon-
strated from yeast to mammals and artificially breaking or creating
a tether to the nuclear envelope affects gene activity in some
cases (e.g., Andrulis et al. [1998], Galy et al. [2000], Feuerbach
et al. [2002], Taddei et al. [2006]). Work in the yeast system has
been instrumental in identifying various mechanisms by which
genes are targeted to the nuclear envelope including DNA zip
codes and transcription factor binding (reviewed in Brickner
[2017]). However, in spite of recent progress, the mechanistic rela-
tionship between envelope association and gene regulation is not
well understood. The complexities of this problem are well exem-
plified by the yeast GALT,10,7 gene cluster required for galactose
utilization in budding yeast. The GAL1-10 locus relocates to the
envelope upon galactose induction and transcriptional activation
is necessary though not sufficient for localization (Cabal et al.,
2006). However, localization to the envelope is not required for
activation and has been proposed instead to allow for rapid re-
pression following inactivation (Green et al., 2012). Two DNA zip
codes, GRS4 and GRSS, present upstream of GALT have been
shown to target the GAL locus to the envelope, but only GRS4 af-
fects activation, raising further questions regarding the function of
envelope association (Brickner et al., 2017).
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Positioning genes in subcompartments such as the nuclear pe-
riphery, rich in chromatin modifying, transcription and processing
factors, is thought to contribute to regulation (reviewed in Rajapakse
and Groudine [2011], Zimmer and Fabre [2011], Taddei and Gasser
[2012]). However, genes are often closely spaced in yeast such that
recruitment of one locus may expose an adjacent gene with differ-
ent regulatory requirements to the same general environment. Con-
sistent with this idea, a recent study of GAL locus repositioning upon
galactose induction showed that other loci distantly located on the
same chromosome were also peripheralized (Dultz et al., 2016).
Even within the same locus, differential regulation is required to cur-
tail the generation of deleterious noncoding RNA (ncRNA) transcrip-
tion from bidirectional promoters (reviewed in Wei et al. [2011]).
How these requirements intersect with recruitment of loci at the
nuclear rim is not well understood.

At a mechanistic level, gene activity is regulated by various chro-
matin modifications, such as acetylation on histone tails, that deter-
mine access of transcription factors to the DNA (reviewed in
Grunstein and Gasser [2013]). In particular, acetylation status of the
histone H4K16 residue has emerged as an important determinant of
chromatin compaction (Dorigo et al., 2003; Shogren-Knaak et al.,
2006; Robinson et al., 2008; Allahverdi et al., 2011; Liu et al., 2011;
Zhang et al., 2017), and deacetylation/acetylation at this residue has
been proposed to act as a switch that controls the binding of regula-
tory proteins and chromatin remodelers (Millar et al., 2004).

Chromatin modifications are also believed to play a part in tar-
geting genes to the nuclear envelope in yeast and higher eukary-
otes through various mechanisms (reviewed in Harr et al. [2016] and
Brickner [2017]). For example, the yeast SAGA histone acetyl trans-
ferase (Cabal et al., 2006; Luthra et al., 2007) and the Rpd3(L)
deacetylase (Randise-Hinchliff et al., 2016) affect gene recruitment
to the envelope by regulating association of transcription factors
that interact with the nuclear pore complex (NPC). In addition,
deacetylation at H4K16 provides a physical link between yeast telo-
meres and the envelope by promoting association of Sir silencing
proteins that in turn bind to the NET protein Esc1 (Andrulis et al.,
2002; Taddei et al., 2004; Oppikofer et al., 2011; Laporte et al.,
2016).

A clearer understanding of gene regulation at the nuclear enve-
lope will require greater insight into the role of chromatin modifica-
tions as well as the identification of the membrane components
that mediate gene recruitment. Most attention has focused on NPC
components in this regard (reviewed in Ptak et al. [2014] and Sood
and Brickner [2014]); however, several yeast NETs besides Escl
(Scs2 Mps3, Scr1, and Nur1) have also been found to interact with
chromatin (Brickner and Walter, 2004; Bupp et al., 2007; Grund
et al.,, 2008; Mekhail et al., 2008). Here we demonstrate a previ-
ously unknown role for another NET protein, Brré, in the recruit-
ment of specific genes to the nuclear envelope, maintenance of
appropriate H4K16 acetylation, and transcriptional regulation. We
originally identified BRRé via isolation of the brré-1 allele in a dT50
in situ hybridization screen for cold-sensitive mRNA export mutants
in Saccharomyces cerevisiae. We showed that Brré is a c-terminally
anchored nuclear envelope integral membrane protein that is re-
quired for normal nuclear pore distribution but is not itself a nucleo-
porin (de Bruyn Kops and Guthrie [2001] and unpublished data).
Brré6 also affects lipid homeostasis and NPC assembly in S. cerevi-
siae (Scarcelli et al., 2007; Hodge et al., 2010; Lone et al., 2015) and
spindle pole body insertion in Schizosaccharomyces pombe (Tamm
etal., 2011).

We show here that the brré-1 mutant 1) impairs positioning of
the PABT and GALT,10,7 loci to the nuclear envelope; 2) associates
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physically with specific genes, including FUR4 located adjacent to
GAL1,10,7; and 3) alters expression of the GAL1,10,7 and FUR4
genes as well as noncoding transcripts. We reproduce many of
these effects in wild-type cells expressing a dominant-negative non—
membrane-bound form of Brré in the nucleoplasm. Importantly, we
link misregulation at FUR4-GAL7 to hypoacetylation at H4K16 and
show that artificial recruitment of the GAL1 locus to the envelope
overcomes GALT and FUR4 expression defects, concomitant with
increased H4K16 acetylation in the region. Our results suggest that
Brré helps recruit specific genes to the nuclear envelope, promoting
appropriate differential regulation by enabling acetylation at H4K16.

RESULTS

We previously identified brré-1in a dT50 in situ hybridization screen
for mutants in S. cerevisiae that accumulated bulk mRNA in the nu-
cleus (de Bruyn Kops and Guthrie, 2001). Our subsequent character-
ization showed that cells in which BRRé expression was shut off
also accumulated mRNA in the nucleus (Supplemental Figure 1A).
Notably, a nucleoplasmic form of Brré (the galactose-controlled
PsaL_NLS-Brr6N fragment lacking the membrane anchor and lumi-
nal portion) did not rescue a Abrré strain; instead, expression of the
NLS-Brr6N fragment in wild-type cells was dominant negative and
caused a bulk mRNA export defect, consistent with the fragment
competing with the endogenous protein (Supplemental Figure 1,
B-F). The brré-1 mutation is located in a putative zinc finger and a
Brré fragment in which the zinc finger domain was deleted (Pga
NLS-Brr6AC4N) showed no effects on growth or export, pointing to
the importance of this domain for Brré function.

Our earlier work showed that Brré is a c-terminally anchored nu-
clear envelope integral membrane protein that is required for nor-
mal nuclear pore distribution but is not itself a nucleoporin (de Bruyn
Kops and Guthrie, 2001). The brré-1 mutant affects localization of
nucleoporins comprising the cytoplasmic fibrils of the NPC (Scarcelli
et al., 2007; Hodge et al., 2010) but most core nucleoporins and
those comprising the nuclear basket structure important in RNA ex-
port are not strongly affected (Scarcelli et al. [2007], Hodge et al.
[2010], and de Bruyn Kops [unpublished data]). Evidence suggests
that the mutant affects NPC assembly but not stability (Scarcelli
et al., 2007) and brré-1 showed no effect on protein trafficking (de
Bruyn Kops and Guthrie, 2001), consistent with a functional NPC.
Thus, it has not been clear how Brré impacts mRNA export.

The brré-1 mutant impairs PAB1 transcript levels, indirectly
causing the bulk mRNA export defect

To better understand the nature of the brré-1 bulk mRNA export
defect seen by dT50 in situ hybridization, we wanted to examine the
localization of a specific mMRNA. We chose the PAB1 transcript be-
cause it is abundant and decreased Pab1GFP signal seen by fluores-
cence microscopy (Figure 1A) was consistent with a possible PAB1
mRNA export defect. Interestingly, Pab1GFP signal in brré-1 showed
high cell—cell variability in keeping with the incomplete penetrance
of the bulk mRNA export defect (de Bruyn Kops and Guthrie, 2001).
Flow cytometry experiments confirmed both the decreased Pab-
1GFP levels and increased cell-cell variance in brré-1 (Figure 1A).
Decreased Pab1GFP levels were also observed on expression of the
NLS-Brr6N but not the NLS-Brr6AC4AN fragment (Figure 1B).

To determine whether brré-1 affected PABT mRNA export, we
used single-molecule fluorescence in situ hybridization (smFISH) to
localize individual PABTGFP mRNA molecules using an established
probe mix against the GFP sequence (Abruzzi et al., 2006) and
methods developed by the Singer lab (Zenklusen and Singer, 2010).
Wild-type cells grown at 30°C showed numerous PABTGFP mRNA
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FIGURE 1: The brré-1 mutant and the NLS-Brr6N fragment impair PAB1 expression.

(A) Fluorescence microscopy localizing Pab1GFP in live isogenic WT (wild-type, yDBK398) and
bé (brr6-1, yDBK399) cells. Arrowheads indicate cells with little Pab1GFP protein signal. Plots
show quantitation of Pab1GFP levels by flow cytometry. (B) Pab1GFP in wild-type cells (W303)
carrying empty vector (pJL602), B6N (pPga, NLS-BRR6N-FLAG), or AC4N (pPga; NLS-
brr6AC4N-FLAG) grown in raffinose media then induced with galactose O/N.

vector

molecules throughout the cell (Figure 2A). Staining of untagged cells
showed no signal (Supplemental Figure S2), confirming that the
probe detected PABTGFP mRNA. PABT mRNAs were also detected
throughout the cell in the mutant. Interestingly, the PABTGFP mRNA
data mirrored the protein localization results with brré-1 cells showing
reduced numbers of MRNAs relative to wild-type and high cell-cell
variance (Figure 2A). Thus, we did not observe a defect in export of
PAB1GFP mRNA in brré-1 even though nuclear accumulation of bulk
mMRNA had been detected in brré-1 by dT50 in situ hybridization. It is
possible that the nuclear dT50 signal reflected mild decreases in ex-
port of many transcripts not detectable at the specific mRNA level.

The smFISH results suggested that reduced PABT mRNA levels,
rather than an export defect, are responsible for decreased Pab1
protein expression. To confirm the decrease in PABT mRNA levels,
we used quantitative reverse transcription PCR (RT-qPCR) to quan-
tify PABT transcripts in wild type and brré-1. cDNAs were synthe-
sized using a DN9 primer and quantified by gPCR using primers
specific for the PABT 5" and 3’ open reading frame (ORF) regions.
Results were normalized using a Cryptococcus RNA control added
to each RT reaction (see Materials and Methods). The brré-1 cells
grown at 30° C showed lower levels of PABT transcript than wild
type with both primer sets, and cells shifted to 16°C for 3 h showed
stronger effects (Figure 2B). A similar effect was observed during a
BRR6 shutoff using a Pga,_BRR6 strain switched from galactose to
glucose media (Figure 2C). These results confirmed that BRRé is
required for normal PABT transcript levels.

brré-1 impairs positioning of PABT and GAL1-10 loci

at the nuclear rim

The effects of the brré-1 mutation, the BRRé shut-off, and the NLS-
Brr6N fragment on PABT RNA and protein levels suggest a role for
Brré in PABT regulation. Because Brré is a nuclear envelope trans-
membrane protein and the regulation of some genes correlates
with their recruitment to the nuclear envelope, we wondered
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whether the PABT locus is recruited to the
envelope. To examine this, we employed a
commonly used method for visualizing the
position of specific gene loci in individual
cells in which a LAC operon tag (an approxi-
mately 14-kilobase-pair insert consisting of
LAC O repeats and a marker [Rohner et al.,
2013)) is inserted near the gene of interest
and localized in living cells by binding of
Lacl GFP to the operon repeats. Compari-
son of PABT locus position in isogenic wild-
type and brré-1 strains with a locus tag
just upstream of the PABT promoter (LAC
O:PAB1), showed preferential positioning
of the PABT locus at the envelope in wild-
type but not brré-1 cells (Figure 3A), indicat-
ing that PABT is recruited to the envelope in
a Brré6-dependent manner. The magnitude
of this effect was comparable to GALT-10
locus positioning defects reported previ-
ously in various mRNA biogenesis mutants
(Cabal et al., 2006; Green et al., 2012). Ex-
pression of the NLS-BrréN fragment also
caused decreased rim association of the
PABT locus compared with the NLS-
Brr6ACA4N fragment in cells grown in 2% raf-
finose/0.04% sucrose followed by induction
with 2% galactose for 2 h (Figure 3B).

Interestingly, the LAC O cassette adjacent to the PAB1 promoter
in a LAC O:PABT strain both restored Pab1GFP protein levels and
overcame the bulk mRNA export defect (Supplemental Figure S3, A
and B). We speculate that insertion of the large, repeat-rich tag
substantially alters chromatin architecture in the region, affecting
PABT expression. Elimination of the export defect in brré6-1 LAC
O:PABT argues strongly that the bulk mRNA export phenotype in
brré-1 stems from perturbed Pab1 protein levels, consistent with the
known requirement for Pab1 in mRNA export (Brune et al., 2005;
Dunn et al., 2005). Because the LAC O:PAB1 insertion was identical
in wild type and brré-1, the decreased rim association seen in the
mutant was not the result of the effects of the tag on PAB1 expres-
sion. The brré-1 effects on PAB1T expression were also independent
of the tag as they were observed in untagged strains.

The GAL1,10,7 gene cluster required for galactose utilization is
among the most studied loci regulated at the envelope in budding
yeast. Poor growth of the brré-1 mutant on galactose media (Figure
3C) suggested that Brré6 might also play a role in GAL gene expres-
sion. Therefore, we asked whether brré-1 also affected GAL1-10 lo-
cus positioning using isogenic wild-type and brré-1 strains derived
from crosses with a strain containing a LAC O tag inserted in the
GALT1-10 intergenic region (Schmid et al., 2006). We saw no differ-
ence in GALT-10 locus position between wild-type and brré-1 cells
in glucose. However, envelope recruitment in cells grown in 2%
raffinose/0.04% sucrose and then induced with 2% galactose for 5 h
was impaired in brré-1 (Figure 3D). These results show that the brré-
1 mutation interferes with recruitment of both PABT and GAL1-10
loci to the nuclear envelope.

M yntagged, WT

— "' PabGFP, b6

brré6-1 alters expression at the GAL locus

To examine the effect of brré-1 on expression of genes in the
GAL1,10,7 cluster, we compared transcripts produced in wild-type
and brré-1 cells using whole genome RNA deep sequencing analysis
(RNAseq). The mutant showed decreased transcript levels across the
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brré-1 decreases PAB1 transcript levels. (A) Single-
molecule FISH detecting PAB1GFP mRNA in fixed isogenic WT
(wild-type, yDBK165) and bé (brré-1, yDBK166) cells. Nucleus is
detected by DAPI staining. Arrows indicate cells with little PABTGFP
RNA signal. Untagged control is shown in Supplemental Figure S2.
(B) DN9 primed RT-gPCR detection of PAB1 5" and 3" ORF
transcripts in total RNA prepared from WT (wild type, yDBK165) and
b6 (brré-1, yDBK166) cells grown at 30°C or shifted for 3 h to 16°C.
(C) RT-gPCR detection of PAB1T 3’ transcripts from BRR6 (yDBK155)
and Pga. BRR6 (yDBK192) cells following a time course of glucose
repression. RT-qPCR data were normalized against a Cryptococcus
RNA control (see Materials and Methods) and expressed relative to
an averaged wild-type sample. Error bars (SEM) reflect four
biological replicates.
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brré-1 and the NLS-Brr6N fragment impair PABT and
GAL1-10 locus positioning. (A, B) Locus positioning assay showing
fraction of PAB1 locus at the nuclear rim in homozygous diploid LAC
O:PAB1 cells (A) WT (wild type, yDBK523) vs. b6 (brré-1, yDBK524)
and (B) wild-type (W303) cells carrying B6N (pPga. NLS-BRR6N) or
ACA4 (pPga; NLS-brr6AC4N) fragment constructs. (C) Growth of WT
(wild-type, yDBK165) and b6 (brré-1, yDBK166) strains on YEP media
containing glucose or galactose. (D) Locus positioning assay for
GAL1-10 locus in homozygous diploid LAC O:GALT cells (WT [wild
type, yDBK535] vs. b6 [brré-1, yDBK536]). Asterisks indicate p value
<6 x 1075,

GAL1,10,7 gene cluster compared with wild type (Figure 4A and
Supplemental Table S3). Notably, the expression changes for the
GAL transcripts were on the order of twofold decreases, similar to
that observed for PABT (Figure 2 and Supplemental Table S3); yet
the brré-1 mutant showed a dramatic growth defect on galactose
media in the absence of other carbon sources (Figure 3). We think
that the explanation for this can be found in the PABT mRNA and
protein localization experiments as well as the flow cytometry, each
of which indicates high cell-to-cell variance. In both the mRNA and
protein localization experiments, some cells appear mostly normal,
while others are severely impacted. Such nonpenetrant phenotypes
can indicate stochasticity in underlying processes (e.g., Raj et al.
[2010] and reviewed in Kzern et al. [2005] and Neems and Kosak
[2010]). The brré-1 mutation is a conservative Arg to Lys change at
the tip of a putative zinc finger. This mutation is unlikely to disrupt the
structure of the zinc finger but could make its interactions less robust.
Stochastic, transient protein binding events involved in gene expres-
sion can be stabilized by additional interactions during the formation
of functional entities (reviewed in Misteli [2001]). Weak binding of the
Brr6-1 mutant protein may decrease the opportunity for stable
associations necessary for GAL and PAB1T expression. A complete
inhibition of GAL expression in 50% of cells would give a modest
twofold effect in bulk assays such as RT-qPCR and RNAseq yet would
represent an important disruption of function. Loss of GAL function
in an additional 50% of cells during each subsequent cell cycle could
result in the dramatic growth defect observed on galactose plates.
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cells (Bennett et al., 2008; Munchel et al.,
2011), we do not know whether NLS-Brr6N
induction affects RNA turnover rates. Alter-
natively, the effect of Brré on FUR4 and GAL
gene expression may be inherently different
in ways we do not currently understand.
Interestingly, the RNAseq data also
showed increased transcription in the GALT-
FUR4 intergenic region (Figure 4C, bracket),
indicating that there is misregulation in non-
coding as well as coding regions. Similarly,
increased antisense reads in the GAL7-
KAP104 region suggested that aberrant
noncoding transcription may also occur on
the other side of the GAL1,10,7 locus (Figure
4C). The antisense read density was too low
to be included in the DESeq?2 statistical anal-
yses (50 reads per kilobase cutoff); therefore
we carried out RT-gPCR to confirm whether
aberrant ncRNA is detectable downstream of
GAL7 using a primer set (nc1) located in the
KAP104-GAL7 intervening sequence. We
detected antisense RNA at low levels in both
mutant and wild-type cells following but not
prior to a 2 h galactose induction, with levels
in brré-1 being slightly higher than in wild
type (Supplemental Figure 4). To ask whether
this RNA extended further towards GAL7, we
increased the amplicon size by moving the
GAL7 proximal primer to the middle (primer

nc2) and beginning (primer nc3) of the GAL7
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FIGURE 4: brré-1 and the NLS-Brr6N fragment perturb coding and noncoding transcription at
the FUR4-GAL1,10,7 gene region. (A) RNAseq results comparing transcript levels (read density
[transcripts per million, TPM]) for GAL7, GAL10, GAL1, and FUR4 in WT (wild type, yPH399) vs.
b6 (brré-1, yDBK168). (B) RT-qPCR measurement of FUR4 ORF transcripts in wild-type cells
(W303) carrying vector (pJL602) vs. the B6N (pPga; NLS-BRR6N) construct. (C) Bar plot of
RPM-normalized aligned sense (blue) reads for GALT and FUR4 coding and intergenic regions

KAP104

3" untranslated region (UTR), respectively.
With both of these primers, we detected >2x
higher levels of antisense transcript in RNA
from brré-1 than from wild type (Figure 4D).
Thus, it appears that an ncRNA transcript is
produced on galactose induction that is re-
stricted more effectively in wild type than in
mutant. Increased levels of the nc2 ncRNA
were also detected following NLS-BrréN
fragment induction (Figure 4D). Together,
these results show that Brré is required for
normal transcript levels at and around the
GAL1,10,7 locus.

GAL7

(red bracket) and sense and antisense (red) reads for GAL7 (representative replicates). (D) DN9

primed RT-qPCR of ncRNA (nc1, 2, and 3) transcripts in WT (wild-type, yDBK165) and b6 (brré-1,
yDBK166) cells (left) and the nc2 transcript in wild-type cells (W303) carrying vector (pJL602) vs.
the B6N (pPgai NLS-BRR6N) construct (middle). Amplicons (GAL nc1-3) are indicated by red
bars in the region from KAP104 to GAL7 (right). gPCR data were normalized and expressed as

in Figure 2. Error bars (SEM) reflect >3 biological replicates.

Interestingly, regulation of the FUR4 gene immediately adjacent
to GAL1 was also altered in the RNAseq data but showed increased
read density. The increase in FUR4 transcript levels was also ob-
served by RT-qPCR following expression of the GAL promoter-
driven NLS-Brr6N fragment in wild-type cells (Figure 4B). We did not
see changes in GAL gene transcript levels in the NLS-Brr6N samples
(unpublished data). It may be that twofold decreases in transcription
are difficult to detect on top of high levels of GAL transcripts tran-
scribed before the NLS-BrréN protein fragment accumulated. Al-
though GAL transcript half-lives are known to be short in wild-type
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Histone H4 hypoacetylation underlies
the brr6-1 transcription defects
Transcription of both sense and antisense
RNAs is regulated by various histone modi-
fications such as acetylation on histone tails
(reviewed Grunstein and Gasser [2013]).
Hence, we wondered whether histone acet-
ylation patterns in the GAL7 region were altered in brré-1. We ex-
amined histone H3 and H4 acetylation in the GAL7 region using
chromatin immunoprecipitation (ChIP). Acetylation relative to total
H3 and H4 was determined using qPCR primer sets in the region
spanning the GAL10 3" ORF to the GAL7 3’'UTR. Multiple lysine resi-
dues on both H3 and H4 are known to be acetylated; therefore we
initially used pan-acetyl antibodies recognizing all of these marks.
In addition, we included samples from a brré-1/Ahdal double
mutant because the HDAT histone deacetylase (HDAC) has been
linked to regulation of the GAL gene cluster (Wu et al., 2001;
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Houseley et al., 2008). We observed hypoacetylation of H4 with all

four primer sets in brré-1 (Figure 5A). In contrast, we saw no

ence in H3 acetylation between wild type and brré-1. Pan H4 acety-

lation returned to wild-type levels in the brré6-1/Ahdal d

mutant; this was somewhat surprising given the reported specificity
of Hda1 for histones H2A, H2B, and H3 (Wu et al., 2001). However,
HDACs show significant functional overlap and also deacetylate
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differ-

many nonhistone proteins in various cell
processes, including chromatin dynamics
(reviewed in Ekwall [2005] and Glozak et al.
[2005]), that could affect activity of either
histone acetylases (HATs) or HDACs. De-
tailed studies of the four acetylated lysines
in H4 (K5, 8, 12, and 16) have shown that
H4K5, 8 and 12 behave similarly in gene
regulation while the functions of K16 ap-
pears to be distinct from those of the other
residues (Millar et al., 2004). Therefore, we
also carried out ChIP with antibodies spe-
cific for acetylated H4K16. In this case, brré-
1 showed marked hypoacetylation of the
GAL7 ORF and 3" UTR but not the GAL10 3’
ORF (Figure 5B); this effect was reversed in
the brré-1/Ahdal double mutant. Similarly,
we observed a decrease in H4K16 acetyla-
tion in the GALT-FUR4 intergenic region
where increased noncoding transcription
was also evident (Figure 5C).

Aberrant H4K16 deacetylation could
readily explain the altered transcript levels in
the FUR4-GAL1,10,7 region seen in both
brré6-1 and following NLS-BrréN fragment
expression. Deletion of HDAT restored
acetylation of H4K16 in brré-1 (Figure 5B);
therefore, we examined the impact of Ahda1
on selected brré-1 phenotypes (impaired
growth on galactose media and the aberrant
ncRNA downstream of GAL7). To examine
the growth of the double mutant, cells were
grown in 2% raffinose/0.04% sucrose and
plated on 2% galactose/0.04% sucrose me-
dia. The small amount of sucrose improves
growth of wild type and mutant in raffinose
and galactose media, decreasing the ex-
treme sickness of brré-1 seen on galactose
alone (Figure 3) while still allowing detection
of a significant growth defect. The brré-
1/Ahdal mutant showed substantial sup-
pression of the brré-1 growth defect at 30°C
(Figure 5D), consistent with restored GAL
gene expression. The brré-1/Ahdal strain
also showed much less of the extended
GAL7 ncRNA than brré-1 alone (Figure 5E);
thus, these brré-1 effects are significantly de-
creased when H4K16 acetylation is restored
in brré6-1/AhdaT. These results indicate that
the misregulation in the GAL7 region is
caused in part by altered H4K16 acetylation.

RNAseq analysis revealed genomewide
transcriptional changes and CHIII
disomy in brré-1

In addition to changes in the FUR4-GAL1,10,7 region, analysis of
the RNAseq data showed that expression at 809 ORFs and 168 an-
tisense transcripts was significantly (p < 0.01) decreased or increased

ouble  >1.5x in brré-1 grown in galactose (Figure 6A and Supplemental

Table S3; see Supplemental Table S4 for gene expression changes
in glucose). To see how these changes were distributed throughout
the genome, we mapped the Log2-fold changes to the midpoint of
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each affected gene on the chromosomes (Figure 6B and Supple-
mental Figure S5). This showed that expression increased approxi-
mately twofold for many genes across CHIII but not other chromo-
somes (e.g., CHV), suggesting disomy at CHIIl. Comparison of
genomic DNA from wild-type cells and 2 separate brré-1 integrants
confirmed stable disomy exclusively at CHIll (Supplemental Results
and Supplemental Figure S6A).

The disomy raises the possibility that some of the expression
changes result from altered CHIIl gene copy number. However, GO
term analysis of the genes affected in brré-1 (Supplemental Results
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and Supplemental Figure S6B) showed different enrichment pat-
terns from those typically associated with disomy (Torres et al.,
2007), suggesting that some of the expression effects may relate to
Brré function. We know that this is the case for the misregulation
across the FUR4-GALT1,10,7 region seen in brré-1 because increases
in FUR4 ORF and GAL7 ncRNA transcript levels also occurred when
the NLS-Brré6N fragment was transiently expressed in wild-type cells
(Figure 4, B and D). In these experiments, the NLS-Brré6N fragment
was transiently expressed following galactose induction for 2-12 h,
making it unlikely that a large fraction of cells would have had time
to generate a stable disomy. In fact, we have confirmed that CHIll is
present in a single copy following overnight (O/N) induction of the
NLS-BrréN fragment (see below). The NLS-Brr6N fragment also du-
plicated the brré-1 effects on PABT locus positioning and expression
and the resulting mRNA export defect (Figures 1 and 3 and Supple-
mental Figure S1). Thus, the experiments with the NLS-Brr6N
fragment confirm that Brré plays a role in regulation of both the
FUR4-GAL1,10,7, and PAB1 loci at the nuclear envelope.

The NLS-Brré fragment interacts physically with

specific genes

Because brré-1 and the NLS-BrréN fragment affect both recruitment
of loci to the envelope and transcriptional regulation, we wondered
whether Brré associates with chromatin. We attempted to carry out
ChIP with Brré but encountered prohibitively low immunoprecipita-
tion efficiencies, as is frequently the case with integral membrane pro-
teins. The FLAG-tagged nucleoplasmic versions of the Brré fragments
provided an alternative means of testing for physical interactions be-
tween Brré and chromatin. We carried out ChIPseq experiments
using W303a cells carrying the pPga_NLS-Brr6N-FLAG or pPgar_
NLSBrr6ACAN-FLAG constructs or the empty vector grown O/N in
galactose. gPCR of the DNA libraries confirmed the absence of CHIlI
disomy in the Pga,_NLS-Brr6N-FLAG fragment strain (Supplemental
Figure 7). Using a sliding window analysis (see Materials and Methods),
we identified a small set of genes showing >2x enrichment in the NLS-
Brr6N ChlIP sample compared with vector (Figure 7A).

Of particular interest, the set included the FUR4 gene located
adjacent to the GAL1,7,10 locus. The NLS-Brr6AC4AN fragment
showed no enrichment at FUR4 (Figure 7A), indicating that this ef-
fect was dependent on the Brré putative zinc finger. We were un-
able to determine whether the GAL1,10,7 genes interacted with
Brré because the nonspecific background (signal in vector sample)
over the GAL1,10,7 ORFs was very high (Figure 7B). A similar high
background was observed over the PABT ORF as well as the ORFs
of the adjacent high-affinity glucose importer genes HXTé and
HXT7. NLS-Brr6N-specific association evident in the HXTé-7 inter-
genic region indicated a physical link between these genes and
Brré; however, the data did not reveal whether PABT also associates.
The high background over these ORFs was not a general feature of
the ChIP data set and may reflect chromatin characteristics stem-
ming from intense transcriptional activity as the GAL1,7,10 and
HXTé,7 are induced in galactose and low glucose conditions re-
spectively and PAB1 is constituitively highly expressed.

The ability of the NLS-Brr6N fragment to both associate with
FUR4 and alter its expression (Figure 4) suggests that physical as-
sociation with Brré6 may play a role in FUR4 regulation. Several other
gene regions showing NLS-BrréN zinc finger-dependent enrich-
ment also exhibited significant expression changes in brré-1 in ga-
lactose, suggesting that association with Brré may also contribute to
their regulation. These included the HXT7 and HXTé genes and the
heat shock gene HSP30 that are induced under conditions of limited
glucose; notably, different expression effects were observed for
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that are absent in the fragment constructs
were not enriched (unpublished data). The
ChIP results show that the NLS-Brr6N frag-
ment associates physically with a small set of
genes, including FUR4.

Together, the effect of brré-1 and the
NLS-Brr6N fragment on recruitment of the
GAL locus to the envelope and the FUR4
ChlIP result, along with the H4K16 acetyla-
tion and expression defects (Figures 4 and
5), raise the possibility that Brré performs a
gene tethering function necessary for ap-
propriate acetylation and regulation in this
region. To test this idea, we asked whether
artificially tethering the GALT locus to the
NPC could overcome the acetylation and
expression defects. We made use of an es-
tablished tethering approach in which wild-
type and brré-1 cells carried a LAC O tag
upstream of GALT and a URA+ construct
expressing a Nup2-Lac | fusion protein or
Nup2 alone. Cells were grown in 2% raffi-
nose/0.04% sucrose media lacking uracil to
retain the plasmids and assayed following a
2 h galactose induction. In the presence of
untagged Nup2, brré-1 showed decreased
expression of both GALT and FUR4 relative
to wild type (Figure 7C). FUR4 is a uracil im-
porter that is expressed under low uracil
growth conditions and repressed in rich
media (Séron et al., 1999); hence, the de-
creased expression shows that brré-1 im-
pairs optimal expression in low uracil as well
as preventing appropriate repression in rich
media (Figure 4). Importantly, the Nup2-Lac
| construct largely overcame the expression
defects for both GALT and FUR4 (Figure
7C). This argues strongly that these effects
stem from failed envelope recruitment of
the GAL1-FUR4 region in brré-1. Compari-
son of H4K16 acetylation in brré-1 cells car-
rying the Nup2-Lac | construct versus Nup2
alone showed greatly increased acetylation
in the presence of the Nup2-Lac | construct
(Figure 7C). Together, these results suggest
that association of the GAL-FUR4 region
with the NPC promotes H4K16 acetylation
and that artificial recruitment substitutes for
a Brr6 tethering function needed for appro-
priate GALT and FUR4 regulation.

DISCUSSION

Our results showed that brré-1Timpairs PAB1
transcript levels (Figure 2) and disrupts PAB1
and GALT-10 locus positioning (Figure 3),
suggesting a role for Brré in controlling

these genes in galactose versus glucose (Figure 7A). Another heat-  gene expression at the nuclear envelope. RNAseq analysis revealed
shock protein, HSP26, also showed both association and expression  changes in both coding and noncoding transcript levels across the
effects. BRRé itself was enriched in the fragment samples relative to  FUR4-GAL1,10,7 region (Figure 4 and Supplemental Table S3) and
the vector control; however, this reflected increased copy number  at numerous other genes (Figure 6). The discovery that brré-1 is
from the plasmids encoding the Brré fragments, as indicated by the  disomic for CHIII raised the possibility that some of these effects
fact that the transmembrane and luminal portions of the sequence  stemmed from increased copy number of CHIIl genes. However,
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disomy was not present in wild-type cells where the NLS-Brr6N frag-
ment was expressed (Supplemental Figure S7). Therefore, we were
able to use the NLS-Brr6N fragment to link many of the brré-1
effects at the PAB1 and FUR4-GAL1,10,7 loci to Brré function, in-
cluding the following: 1) decreased PABT expression (Figure 1), 2)
defective PABT locus positioning (Figure 3), and 3) expression
changes across the FUR4-GAL1-10 region (Figure 4). Together with
our ChIPseq results showing zinc finger-dependent association of
the NLS-Brr6N fragment with the FUR4 gene and the ability of an
artificial NPC tether to overcome GALT and FUR4 expression effects
in brré-1 (Figure 7), these results argue that Brré functions as a
tether, helping to recruit the FUR4 gene region to the envelope to
ensure appropriate regulation.

Tethering via Brré6 promotes appropriate H4K16 acetylation
and expression in the FUR4-GAL1,10,7 region

We observed altered expression of the GAL1,10,7 and FUR4 ORFs
and detected aberrant noncoding transcripts between GALT and
FUR4 and between GAL7 and KAP104 (Figure 4) in brré-1, consis-
tent with general disruption of gene expression in the region. While
it is possible that the expression changes reflect defects in other
aspects of mMRNA metabolism, the Histone H4K16 hypoacetylation
seen in both of these locations in brré-1 (Figure 5) is consistent with
effects on transcriptional regulation. Importantly, the brré-1 growth
and GAL7 ncRNA defects were substantially suppressed when
H4K16 acetylation was restored in the Ahda1/brré6-1 double mutant
(Figure 5), showing that these defects were caused at least in part by
histone deacetylation at H4K16.

The ectopically expressed Pga NLS-Brr6N fragment caused a
dominant negative growth defect (Supplemental Figure S1) and re-
capitulated brré-1 expression changes across the FUR4-GAL1,7,10
region, increasing both FUR4 ORF and GAL7 ncRNA transcript lev-
els in rich media (Figure 4). Although the presence of the GAL pro-
moter in the expression construct precluded assaying the effect of
the NLS-Brré6N fragment on GAL locus positioning, the effect of the
fragment on PABT locus positioning duplicated the brré-1 effect.
The similarity between brré-1 and the nucleoplasmic Brr6N frag-
ment phenotypes, suggests that the NLS-Brr6N fragment competes
with membrane bound Brré6. The NLS-Brr6N fragment associated
physically with the FUR4 locus (Figure 7) and GAL locus positioning
was disrupted in brré-1 (Figure 3), making it likely that membrane-
bound Brré also interacts with the FUR4 region. Together, the ex-
pression changes, positioning defects and ChIP results raised the
possibility that tethering of this region to the envelope by Brré6 may
affect expression near FUR4. Importantly, the expression of an artifi-
cial NPC-Lac | tether largely eliminated GALT and FUR4 expression
defects in brré-1 and strikingly increased H4K16 acetylation in the
GAL1-FUR4 region. This result strongly suggests that the NPC-Lac |
substituted for a Brré tethering function necessary for optimal GAL1
and FUR4 regulation.

H4K16 acetylation promoted by Brré6 may optimize
expression of certain inducible genes
Acetylation/deacetylation of the histone H4K16 residue has been
proposed to act as a switch for chromatin architecture by promoting
binding of different effector complexes and determining chromatin
compaction (Millar et al., 2004). Numerous in vitro studies have pro-
vided evidence that H4K16 acetylation decreases compaction by
reducing internucleosome interactions (Dorigo et al., 2003;
Shogren-Knaak et al., 2006; Robinson et al., 2008; Allahverdi et al.,
2011; Liu et al., 2011; Zhang et al., 2017). Although the role of
H4K16 in chromatin compaction in vivo is not fully understood,
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H4K16 acetylation is correlated with polycomb chromatin puffs in
Drosophila (Bone et al., 1994) and deacetylation plays a key role in
heterochromatin formation in yeast (reviewed in Millar et al. [2004]).
In addition, a H4K16 histone acetyltransferase functions in X chro-
mosome decondensation in Drosophila (Lau et al., 2016). However,
studies in mammalian cells failed to demonstrate a connection with
linear chromatin compaction (Taylor et al., 2013). Similarly, linear
chromatin compaction near the GAL locus was not perturbed in liv-
ing yeast following deletion of the SAGA histone acetylase GCN5 or
in the presence of the histone-deacetylase inhibitor trichostatin A
(TSA) (Dultz et al., 2018); however, mutants in the TSA-resistant
deacetylase Sir2 (Bernstein et al., 2000) and the SAS histone acety-
lase complex responsible for the H4K16 acetylation in vivo (Shia
et al., 2005) were not examined in these studies.

Based on the effects of H4K16 acetylation on chromatin compac-
tion in vitro and in some in vivo systems, an attractive model is that
the tethering function of Brré promotes access to regulatory pro-
teins by helping maintain appropriate H4K16-mediated compaction
in the FUR4-GAL gene cluster and other Brré-interacting genes. Al-
ternatively, H4K16 acetylation could alter interaction of regulators
independent of chromatin compaction. In either scenario, we pre-
dict that gene-specific transcriptional outcomes of tethering would
depend on both the presence of binding sites for specific regulators
in different genes as well as the levels of regulators under different
environmental conditions.

The fact that FUR4 locus is differentially regulated from the im-
mediately adjacent GALT gene is consistent with gene-specific con-
sequences of gene recruitment. Both the GALT and the FUR4
promoters carry the Gal4-responsive activating sequence (UASga)),
yet the normal increase in GAL1 expression in wild-type cells follow-
ing galactose induction is approximately two orders of magnitude
greater (Figure 4A). Differences in response to galactose among
genes containing the UASg,,, are thought to be determined both
by the number and affinity of UASga, sequences that vary among
genes (Lohr et al., 1995) and by differences in chromosome architec-
ture in genes carrying the UASg,, (reviewed in Traven et al. [2006]).
In brré-1, FUR4 expression increases 3.5x relative to wild type in rich
media while transcript levels from the adjacent GALT gene decrease
1.7%, indicating opposing misregulation of the adjacent genes.
FUR4 expression is also tightly controlled by uracil levels (Séron
etal., 1999), leading to increased and decreased transcripts in con-
ditions of low uracil and rich media, respectively. The opposite ef-
fects of brré-1 on FURA4 transcript levels in uracil dropout (Figure 7)
versus rich media (Figure 4) reinforces the idea that failed Brré teth-
ering results in misregulation rather than consistently either aberrant
activation or repression.

It is interesting that we detected interactions between the NLS-
Brr6N fragment and only a few genes. This may reflect an inability of
the fragment to consistently reproduce interactions of the native
membrane-bound protein. However, it is striking that most of the
regions detected in the NLS-Brr6N ChlIP carry genes that are regu-
lated in a particular context such as heatshock (HSP26, HSP30,
SSA3), mating type a cells (STE2, BART, MFA2) or carbon source
(HXT7, HXT6). It may be that Brré functions to recruit a very small set
of highly regulated genes that require tight transcriptional regula-
tion under specific inducing conditions.

Conclusion

A large body of information links nuclear envelope components with
chromatin organization and transcriptional regulation. Histone modi-
fications govern chromatin architecture, providing the mechanistic
basis for eukaryotic transcriptional regulation. The current work
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argues that the Brr6 nuclear membrane protein aids in the recruit-
ment of specific genes to the envelope and that gene tethering may
promote a H4K16 chromatin architectural switch that is key for fine-
tuning regulation of inducible genes as well as for allowing individual
control of adjacent genes with different regulatory requirements.

This work establishes Brré as a valuable model for understanding
the relationship of the nuclear envelope to chromatin architecture
and gene regulation.

MATERIALS AND METHODS

Strains and plasmids

The pPga NLS-BRR6N  (pDBK101) and  pPga. NLSbrré-1N
(pDBK105) constructs were made by inserting a PCR-generated
NLS(MAPKKKRKV)-BRR6 or -brré-1(codons 2-158) sequence (lack-
ing the c-terminal transmembrane domain and luminal portion) into
the pJL602 CEN/ARS vector containing the GAL10 promoter and a
LEU2 marker (gift from Joachim Li, University of California, San
Francisco). The pPga _NLS-brr6AC4N zinc finger deletion construct
(pDBK103) was generated by replacing BRRé sequence encoding
amino acids 96-124 with an in-frame Clal/SpH1 cassette (ATC-
GATGC). The FLAG-tagged versions of the (pDBK102, pDBK104,
and pDBK106) constructs were generated by inserting a FLAG tag
(DYKDDDDK) fragment with stop codon with Spe1/Sacll ends at the
C-termini of the fragment coding sequences. The tagged and un-
tagged constructs and pJL602 vector were transformed into a W303
wild-type strain. The NUP2 pRS316 construct was a gift from Jona-
than Loeb and Gerald Fink, Massachusetts Institute of Technology.
Sequence encoding the Lac | tag was inserted into the plasmid in
frame to give the NUP2-LACI pRS316 construct.

Strains used in this study are listed in Supplemental Table S1.
GFP:HIS3 tagged strains (PAB1, NUP60, POM34) used in strain gen-
eration were obtained from the O’Shea library (Huh et al., 2003).
PAB1GFP strains were generated by crossing PABTGFP:HIS3 with
wild-type and mutant BRRé strains (yDBK164 and yDBK165). LAC
O:PAB1 strains were made by inserting LAC O repeats at nucleotide
—260 with respect to the PABT ORF in a wild-type s288C strain back-
ground (ATC20089) using a previously described LAC O:LEU cas-
sette and marker replacement method (Rohner et al., 2008). Haploid
wild-type and mutant strains were obtained from a cross with a strain
carrying unmarked brré-1 and Pom34GFP:HIS3 (s288C background).
These were subsequently crossed with BRR6:HIS:LEU,LACIGFP:HIS3
and brré-1:HIS3:LEU2,LACIGFP:HIS3 strains (W303 background) to
obtain diploids used in positioning assays. LAC O:GALT strains were
made by crossing a wild-type strain carrying the GALT locus tag and
LACIGFP:HIS3 (YGA133 [Schmid et al., 2006]) with unmarked wild-
type and brré-1 strains (W303 background). These were subse-
quently crossed against Abrré::HIS3 strains covered by BRRé and
brré-1 on TRP1 plasmids and carrying NUP60:GFP:HIS3 to give dip-
loids used in positioning assays. Diploid LAC O:GALT strains were
sporulated to yield the haploid LAC O:GAL1, BRRé and brré-1-un-
marked strains without LACIGFP:HIS3 used in Nup2-Lac | tethering
experiments. A YPH399 strain carrying the brré-1 mutation (yDBK168)
was made by targeted insertion of brré-1 into the BRR6 downstream
sequence in the Abrré::HIS3 deletion strain yDBK123 (de Bruyn Kops
and Guthrie, 2001). The resulting strain carries the brré-1 allele and
LEU2 marker flanked by Abrré::HIS3.

Growth assays

Strains were grown to saturation and then diluted identically prior to
pinning on appropriate media: BRR6 mutant and wild-type cells were
grown in yeast extract peptone (YEP) raffinose media and tested for
growth on plates containing 2% glucose or 2% galactose (Figure 3C
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and Supplemental Figure S1E) or 2% galactose/0.04% sucrose
(Figure 5D) at 30°C. For experiments with wild-type cells carrying the
Brré fragment constructs or empty vector, YEP was replaced with
synthetic minimal media (SD-Leu) media (Supplemental Figure S1E).

Fluorescence microscopy, locus positioning assays,

and in situ hybridization

Fluorescence microscopy was carried out using an Olympus BX60
microscope equipped with a 100x UPlanApo oil-immersion objec-
tive and Hi-Q DAPI, Hi-Q FITC, and Edow long-pass GFP and CY3
filters (Chroma Technologies) and z-axis controller and 24-bit black-
and-white Photometrics Sensys charge-coupled device (CCD)
camera. Images were collected and processed using iVision (v.4.0.0),
BioVision Technologies. Cells for all microscopy experiments were
grown to 0.25-0.5 ODyqp.

PabGFP localization and locus positioning assays. Diploid cultures
(5 ml) were grown in glucose media (YEPD) at 30°C, harvested by
brief centrifugation and resuspended in 10-20 pl synthetic complete
(SC) media prior to live imaging to decrease media fluorescence.
Diploid cells carried the LAC O repeat tag integrated adjacent to the
PAB1 or GALT locus and LaclGFP as well as either Nup60GFP or
Pom34GFP to locate the nuclear envelope. Loci were detected as a
bright spot of Lacl GFP signal that was readily distinguishable from
the dimmer nucleoporin signal. Having both locators tagged with
GFP allowed scoring of Loci positions without filter registration con-
cerns. Cells with in-focus loci were scored as rim or internal depend-
ing on whether they contacted the envelope signal. Fields were pho-
tographed sufficient to give p < 0.00006 using a two-tailed, pooled
two-proportions Z-test appropriate for binomial data.

In situ hybridization. Localization of bulk poly A mRNA in fixed
cells was carried out as previously described (de Bruyn Kops and
Guthrie, 2001) using a digoxygenin-labeled dT50 probe. Staining
with 4’,6-diamidine-2'-phenylindole dihydrochloride (DAPI) was
used to identify the nucleus. Single-molecule FISH Localization of
PABTGFP mRNA was carried out according to methods developed
by the Singer lab (Zenklusen and Singer, 2010). The GFP probe con-
sisted of 4 AMC6-dT-modified 5émer oligonucleotides (OGM191-
194[KD209-212)) identical to those used to detect GFP RNA se-
quences previously (Abruzzi et al., 2006). The probe was conjugated
to CY3 dye (GE Healthcare) according to manufacturer’s instruc-
tions. Images are pseudo-colored maximal projections of z-series.

Flow cytometry

GFP tagged and untagged cells were grown at 30°C to 0.3-0.5
ODyggp in SC media with 2% glucose. Signals in the FITC channel
were recorded from 40,000 cells/sample without media change
using a LSRII flow cytometer (BD Biosiences). Data were analyzed
using FlowJo single-cell analysis software. Coefficient of variation is
defined CV = SD/mean and displayed in percent.

RT-qPCR detection of transcripts

Cells were grown to mid-log phase in YEP media containing glucose
or 2% raffinose/0.04% sucrose as appropriate. For GAL gene
induction, galactose was added to a final concentration of 2% at
designated times prior to harvesting. RNA was extracted using an
established hot acid phenol protocol. Total 20 ug RNA was treated
with RNase-free DNase (10 U; NEB), phenol-chloroform extracted,
ethanol-precipitated, and measured by Nano-Drop (Thermo Scien-
tific). DNased RNA (0.5 pg) was reverse transcribed using Superscrip-
tlll (Invitrogen) with a DN9 random primer. Because the full range of
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BRR6 transcription targets is unknown, it was not possible to select a
gene for use as an internal control for normalization. Instead reac-
tions were doped with 0.5 pg DNased Cryptococcus neoformins
grubii H99 RNA to control for variabilities in RT efficiency and recov-
ery and transcript levels were normalized to the level of Crypto PAB
(CNAG_04441). Control experiments established complete absence
of cross-detection with Saccharomyces and Cryptococcus probes
(unpublished data). gPCR was carried out with four technical repli-
cates (see Supplemental Table S2 for primer sets). Transcript levels
from a minimum of three cryptonormalized biological replicates were
normalized to the average of a wild-type sample.

gPCR determination of chromosome number

Genomic DNA from cells grown to mid-log phase was prepared by
bead-beating in phenol. DNA was treated with RNase, quantified
by nanodrop, and diluted to 3 ng/ul. DNA (5 pl) was assayed by
gPCR (three biological replicates) using primers specific for selected
genes on each chromosome (Supplemental Table S2).

RNA deep sequencing (RNAseq)

Sequencing experiments were done in the YPH399 (S288C deriva-
tive) background rather than W303, because a completely assem-
bled and annotated reference genome is available for $288C.
Cells (brré-1 [yDBK168] and wild-type parent [YPH399], two bio-
logical replicates) were grown at 30°C in 2% glucose or in raffi-
nose/0.04% sucrose YEP media followed by a 2-h galactose (2%)
induction prior to harvesting in mid-log phase. RNA was isolated
as for RT-qPCR (see above) and rRNA was removed using a Ribo-
minus kit for yeast and concentration module (Invitrogen). RNA
was cleaned and DNase treated using the RNA Clean and Concen-
trator Kit (Zymo Research). RNA quality was checked by bioana-
lyzer using the Agilent RNA 6000 Pico Kit. RNA libraries were
prepared using a NEBNext Ultra Directional RNA Library Prep kit
for lllumina (E7420) and standard NEB protocol for ribosome-
depleted RNA. Libraries were size selected (200-400 base pairs)
and quality checked by bioanalyzer using the Agilent High Sensi-
tivity DNA Kit prior to multiplexing for Illumina sequencing (single
end, 50-base-pair reads) on Hiseq 4000. Genes showing signifi-
cant changes in expression in brré-1 are listed in Supplemental
Tables S3 (galactose) and S4 (glucose).

RNAseq data analysis. Sequencing data (two biological replicates
per genotype) were aligned to the S288C (parental strain for YPH399)
genome (Fisk et al., 2006) using TopHat1 (Trapnell et al., 2009) using
the following parameters: tophat1 —min-intron-length 20 -max-in-
tron-length 2000 —max-multihits 2 library-type fr-firststrand —seg-
ment-mismatches 3 —no-coverage-search —segment-length 20 —min-
coverage-intron 10 -bowtie1. Alignments were sorted and indexed
with SAMtools (Li et al., 2009), and bedgraph files were created with
BEDTools (Quinlan, 2014). Reads in annotated transcripts were
counted using HTseg-count (Anders et al., 2015) and differential
expression was determined using DESeq2 (Love et al, 2014).
Transcripts with a log2-fold change of greater than 0.75 or less than
-0.75 and an adjusted p value of at most 0.01 were considered sig-
nificantly changed. The log2-fold change threshold was chosen
based on the differential expression of GAL7 in the brré-1 mutant,
which is deficient for growth on galactose. Antisense regions were
defined by the boundaries of each annotated transcript plus 300
base pairs downstream of the stop codon. A cutoff of 50 reads per
kilobase was used for antisense transcripts. The differential expres-
sion of RNA in the antisense region was analyzed as described
above. Data from RNAseq and ChiPseq (see below) experiments are
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available in a GEO record (www.ncbi.nlm.nih.gov/geo/query/acc
.cgi?acc=GSE113746). Expression changes for the affected tran-
scripts were mapped to the midpoint position for each gene using
chromosomal location data from the Yeast Genome Database (www
.yeastgenome.org/).

Chromatin immunoprecipitation

Histone ChIP. Cells (DBK165 and DBK166) were grown to mid-log
phase in YEP media containing 2% raffinose/0.04% sucrose and
induced for 2 h by addition of 2% galactose. Cells (80 ml ODgqp =
0.5 equivalents) were cross-linked for 15 min in 1% formaldehyde,
quenched 15 min with 125 mM glycine, washed 2x in TBS, and
resuspended in ChIP buffer (50 mM Tris [pH 7.4], 125 mM KCl, and
0.1% NP40) plus protease inhibitors (100 pM PMSF), Sigma
and Complete protease tablet (Roche). Cells lysates generated
by bead beating were bath sonicated 8 x 7.5 min and clarified by
centrifugation 2 x 10 min at 2000 relative centrifugal force. Cell
lysate (200 pl/sample) was incubated O/N at 4°C with 2-5 yl
antibodies against histones: H3(Thermo PA5-16183), H4 (Millipore
04-858), acetylated H3(Millipore 06-599), pan-acetylated H4
(Millipore 06-866), and acetylated H4K16 (Millipore 07-329). Anti-
histone and mock ChIP samples were incubated at 4°C for 3 h with
30 pl equilibrated protein A sepharose CL-4B beads (GE Healthcare)
and then washed twice with 1 ml lysis buffer, once with 1 ml lysis
buffer + 500 mM NaCl at 4°C, and once with Tris-EDTA buffer (TE)
at room temperature. Beads were dissociated by heating 15 min at
65°C in 300 pl TE +1% SDS. Cross-links were reversed O/N at 65°C
prior to proteinase K digestion and phenol chloroform extraction.

Brré6 fragment ChiPseq. Two biological replicates of wild-type cells
carrying empty vector(pJL602), pPga; NLS-BRREN-FLAG, or pPgar_
NLS-brr6AC4N-FLAG were grown to mid-log phase in YEP media
containing 2% raffinose/0.04% sucrose, diluted into media contain-
ing 2% galactose/0.04% sucrose, and grown O/N. Cells (80 ml
ODgog = 1.0) were cross-linked and lysates were generated as above.
Extracts were sonicated 4 x 7.5 min in a bath sonicator, clarified, and
incubated (350 pl/sample) O/N with 40 pl EZview Red anti-FLAG M2
affinity gel (Sigma) and washed as above. Cross-links were reversed
and DNA libraries prepared as described in Inada et al. (2016).
Library quality was confirmed by bioanalyzer using the Agilent High
Sensitivity DNA Kit prior to multiplexing for lllumina sequencing
(single end, 50-base-pair reads). Genes showing association with the
NLS-Brré6N fragment are listed in Supplemental Table S5.

ChIP analysis methods. Adaptor was trimmed from the 3’ end of
reads using Cutadapt (Martin, 2011). Trimmed reads (two biological
replicates per genotype) were then aligned to the S288C genome
(R64-2-1_20150113) using Bowtie (Langmead et al., 2009) with the
following parameters: bowtie -p8 -v2 -M1 —best —un B6N_a_multi_
un.fastq —max B6N_a_multi.fastq S288C_genome -q B6N_a_trim.
fastq —sam B6N_a_multi.sam. Sequence alignment map (SAM) files
were converted to binary alignment map (BAM) files, sorted, and in-
dexed using SAMtools (Li et al., 2009). Alignment was done against
$288C because the W303 genome is not fully assembled. Sorted
and indexed BAM files were converted to bedgraph files using BED-
Tools (Quinlan, 2014). Bedgraph files were smoothed with a rolling
mean of 100 base pairs using the Pandas Python package.

To identify regions of Brré binding, smoothed ChIP signal from
the tagged samples (B6N) were divided by the signal from the un-
tagged sample (PJL) after normalizing to the total number of aligned
reads. A sliding window of 200 base pairs moving in increments of
20 base pairs was used to detect regions that had at least twofold
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enrichment of signal in the tagged sample over the untagged
sample. Regions that had at least 50% overlap in both replicates
were selected. Only the overlapping portion of the region was con-
sidered for further analysis steps. Finally, the average read density
(in RPKM) was calculated in each region of Brré binding for tagged
and untagged and then normalized to the signal from the corre-
sponding whole cell extract from that sample.
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