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Abstract

Many genes are recruited to the nuclear periphery upon transcriptional activation in
Saccharomyces cerevisiae. We have identified two Gene Recruitment Sequences (GRS I and I1)
from the promoter of the INO1 gene that target the gene to the nuclear periphery. These GRSs
function as DNA zip codes; they are sufficient to target a nucleoplasmic locus to the nuclear
periphery. Targeting requires components of the nuclear pore complex (NPC) and a GRS is
sufficient to confer a physical interaction with the NPC. GRS | elements are enriched in promoters
of genes that interact with the NPC and genes that are induced by protein folding stress. Full
transcriptional activation of INO1 and another GRS-containing gene requires GRS-mediated
targeting of the promoter to the nuclear periphery. Finally, GRS I also functions as a DNA zip
code in Schizosaccharomyces pombe, suggesting that this mechanism of targeting to the nuclear
periphery has been conserved over approximately one billion years of evolution.

The spatial organization of DNA within the nucleus compartmentalizes the genome into
different subnuclear environments that may affect gene expression. Both transcriptionally
active and inactive genes localize at the nuclear periphery1-3. The localization of individual
genes within the nucleus can also be dynamically controlled. For example, in
Saccharomyces cerevisiae, many inducible genes rapidly relocalize from the nucleoplasm to
the nuclear periphery upon activation4-9.

How genes are targeted from one location to another within the nucleus is unclear.
Localization could simply reflect changes in transcriptional status, chromatin structure or the
production of nascent RNA. The targeting of certain genes seems to involve nascent RNA
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transcripts that might mediate recruitment to the nuclear periphery in yeast6, 7, 10.
Alternatively, changes in localization could represent gene targeting, controlled by cis-
acting DNA elements. Consistent with this idea, peripheral targeting of certain genes in
budding yeast is independent of transcription11, 12.

We have approached this problem by studying the mechanism of recruitment of the yeast
INO1 gene to the nuclear periphery. This gene is targeted to the nuclear periphery upon
activation5. Localization of INO1 to the nuclear periphery is controlled by two cis-acting
DNA elements. These elements function as DNA zip codes that are sufficient to target an
ectopic locus to the nuclear periphery. One of these elements is also sufficient to target an
ectopic locus to the nuclear periphery in the highly divergent fission yeast, suggesting that
this mechanism of targeting is ancient. Finally, we show that the full transcriptional
activation of INO1 requires one of these DNA zip codes in the promoter of the gene. This
suggests that the genome can encode for its own spatial organization and that this impacts
gene expression.

Identification of a DNA element required for recruitment of INO1 to the nuclear periphery

We monitored gene localization with respect to the nuclear periphery by expressing the lac-
repressor fused to GFP in a strain having an array of lac repressor binding sites integrated at
the chromosomal locus of interest (Fig. 1al3, 14). We then quantified the fraction of
population in which the GFP spot colocalizes with the nuclear envelope5. A nucleoplasmic
locus like URA3 colocalizes with the nuclear envelope marker in ~27% of cells5 (Fig. 1b,
indicated as a hatched blue line throughout). Upon activation by inositol starvation, INO1
colocalizes with the nuclear envelope in ~60% of cells in the population (Fig. 1b). We first
asked if targeting of INOL1 is dependent on chromosomal context by integrating the INO1
gene and the lac repressor array beside the URA3 gene (URA3:INOL1; Fig. 1a). We found
that this hybrid locus was targeted to the nuclear periphery upon inositol starvation (Fig. 1b).
Therefore, the INO1 gene was sufficient to confer peripheral targeting of the URA3 locus.

To identify cis-acting subnuclear targeting element(s), we deleted several 100bp segments
from the INO1 promoter sequence (Fig. 1c) and tested their ability to target URA3 to the
nuclear periphery (Fig. 1d). Loss of segment 4 resulted in unregulated peripheral targeting of
URA3:INO1 (Fig. 1d) and unregulated, modest INO1 transcription (similar to the INO1-100
mutant15; data not shown). Loss of segment 3 blocked targeting of URA3:INO1 to the
nuclear periphery (Fig. 1d), suggesting that segment 3 contains DNA sequences necessary
for targeting URA3:INOL1 to the nuclear periphery.

A DNA element that is required for INO1 targeting to the nuclear periphery functions as a
DNA zip code

We next integrated the 100 base pair segment 3 alone beside URA3 and found that it was
sufficient to target URA3 to the nuclear periphery (Fig. 1e and 1f). Therefore, segment 3
functioned as a DNA zip-code: a DNA sequence that is sufficient to target an ectopic locus
to a particular subnuclear location. When removed from the INO1 promoter, segment 3-
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mediated peripheral localization was no longer regulated by inositol (Fig. 1f). This suggests
that the peripheral targeting element is ordinarily negatively regulated in the context of the
INO1 promoter.

To identify a minimal Gene Recruitment Sequence (GRS), we integrated a series of smaller
fragments from segment 3 at URA3 and determined their peripheral targeting activity
(summarized in Fig. 1e; complete data in Fig. S1). All of the DNA fragments that were
active for peripheral targeting contained a common eight base pair sequence (Fig. 1e). When
this eight base pair fragment (GRS I; see below) was integrated in either orientation beside
URAZ, it functioned to target URA3 to the nuclear periphery (Fig. 1f).

To verify that GRS | is responsible for peripheral targeting of full-length INO1, we
introduced a transition mutations in GRS | in the INO1 promoter and tested the effect of this
mutation on the peripheral targeting of URA3:INO1. Mutation of GRS | blocked targeting of
URA3:INOL1 to the nuclear periphery, confirming that it was the element responsible for this
relocalization (Fig. 2a).

Peripheral targeting of the endogenous INO1 gene is mediated by two redundant DNA zip

codes

We then introduced the grs | mutation into the promoter of the endogenous INO1 gene. This
mutation did not block targeting of INOL1 to the nuclear periphery (Fig. 2b). We
hypothesized that additional, redundant targeting elements also contribute to peripheral
targeting of endogenous INO1. We found that deletion of a 943 base pair region upstream of
INO1 (Aup INO1; Fig. 2d) led to GRS I-dependent targeting of INO1 (Fig. 2c). This
suggested that additional targeting elements exist within this 943 base pair region.

We integrated a series of fragments from this 943 base pair region at URA3 and tested their
targeting activity (Fig. 2d; complete data in Fig. S1b and S1c). We identified a second DNA
zip code, GRS 11, embedded within the upstream SNA3 gene. GRS I and GRS Il are
redundant; mutation of either element alone had no effect on peripheral targeting of INO1
(Fig. S2a). However, loss of both GRS | and GRS |1 blocked targeting of endogenous INO1
to the nuclear periphery (Fig. 2e).

GRS I-containing genes in the S. cerevisiae genome

The sequences of GRS |, 5’-GGGTTGGA-3’ and GRS Il, 5°-
GAATGATTGCTGGGAAGAAT-3’ are not obviously related. GRS I does not correspond
to any known binding site16, 17. A sequence within GRS Il (5’-TGCTGG-3") resembles the
binding site for the daughter-specific transcription factor Ace218. However, peripheral
targeting does not correlate with Ace2-dependent transcription and we have not observed an
interaction of the INO1 promoter with Ace2 in vivo using chromatin immunoprecipitation
(ChlIP; not shown). Therefore, these elements most likely represent previously
uncharacterized DNA binding sites.

Perfect matches of GRS | appear 280 times in the yeast genome as a whole and 97 times in
94 promoters (within 1000 bp 5’ of the transcription initiation site). Among these genes, the
most significantly overrepresented gene ontology class was “cellular response to heat”
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(corrected hypergeometric19, 20 P = 0.007). The INO1 gene is transcriptionally induced not
only by inositol starvation, but also by unfolded protein stress in the endoplasmic reticulum
(ER)21, heat shock22 and nitrogen starvation22. We asked if genes containing GRS |
elements were co-regulated with INO1 under any of these conditions (Table S1). We
observed a significant enrichment of GRS I-containing genes among the genes most highly
induced under heat shock and ER stress conditions23 but no significant enrichment of GRS |
genes among those highly induced by inositol starvation or nitrogen deprivation (Table S1).
The greatest enrichment of GRS I-containing genes was among the >90t percentile of genes
induced under combined heat shock + ER stress conditions24. This enrichment was more
significant if we limited our analysis to genes in which the GRS | element is less than 775
base pairs upstream of the translational start site (Table I). This suggests that GRS I-
containing promoters are significantly enriched for genes that are co-regulated by protein
folding stress in the ER and the cytoplasm.

One perfect match of GRS | exists in the promoter of the TSA2 gene, which encodes an
inducible thioredoxin peroxidase that is activated by heat shock and oxidative stress25. We
localized the TSA2 gene and found that it localized in the nucleoplasm in the absence of
stress (peripheral in 37% + 2% of cells; Fig. 3a). In the presence of oxidative stress, TSA2
localized to the nuclear periphery in 73% = 3% of cells (Fig. 3a). When we introduced the
grs | mutation in the TSA2 promoter, targeting of TSA2 to the nuclear periphery was blocked
(Fig. 3a). This strongly suggests that GRS-mediated targeting is a general mechanism
employed by genes in Saccharomyces cerevisiae.

GRS | is functional in Schizosaccharomyces pombe

We next asked if GRS-mediated peripheral targeting is an evolutionarily conserved
mechanism. To address this question, we tested if the GRS I element was sufficient to direct
peripheral targeting in the fission yeast Schizosaccharomyces pombe. S. pombe is distantly
related to S. cerevisiae, having diverged from a common ancestor between four hundred
million and one billion years ago26. We integrated the Lac operator array plasmid with or
without a single copy of GRS I at the ura4 locus in S. pombe (Methods). We then quantified
the fraction of the population in which the lac operator array colocalized with the nuclear
pore protein Nup120 (Fig. 3b). In the strain without the GRS | element, the ura4 locus was
nucleoplasmic, colocalizing with the nuclear envelope in 35% + 1% of the cells in the
population (Fig. 3c). However, in the strain with the GRS | element integrated at ura4, we
observed an increase in the colocalization of the ura4 locus with the nuclear envelope to
50% = 3% of the cells in the population (Fig. 3c). Although this level of peripheral
localization was not as high as we had observed for URA3 in budding yeast, it represents a
significant change in the localization of ura4 (P = 0.002 using a one-tailed t test). This
suggests that the mechanism of GRS | targeting is ancient and conserved between two
highly divergent species.

GRS | targets chromosomal loci to the nuclear pore complex

Many studies have suggested that genes that undergo gene recruitment upon activation are
targeted to the nuclear pore complex (NPC)4, 6-8, 11, 12, 27-30. We monitored peripheral
targeting of INO1 in a collection of 30 viable null mutant yeast strains lacking proteins that
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make up the NPC or that associate with the nuclear periphery (summarized in Fig. 4a;
complete data in Fig. S3). The majority of the proteins that make up the core channel31 of
the NPC were dispensable for peripheral targeting of INO1 (Fig. 4a). In contrast, most of the
proteins associated with the nucleoplasmic face of the NPC were required for peripheral
localization of INO1 (Fig. 4a). Nup1l, proteins in the SAGA complex and proteins in the
TREX2 complex are also required for localization of the GAL1-10 locus to the nuclear
periphery upon galactose induction11, 12, 28. However, Mlp1, which is required for
recruitment of GAL1-1027, GAL2 and HSP1047 to the nuclear periphery, was not required
for recruitment of INOL1 to the nuclear periphery (Fig. 4a). Instead, MlIp2, a homologous
protein, was required for INO1 targeting to the nuclear periphery. This suggests that
different genes may use overlapping, but distinct, targeting mechanisms.

Tthe NPC protein Nup2 physically interacts with active genes that localize at the nuclear
periphery4, 11. To test if the INO1 promoter physically associates with the NPC under
activating conditions, we used chromatin immunoprecipitation (ChIP). Nup2-TAP co-
immunoprecipitated with the INO1 promoter when the gene was active (Fig. 4b). We did not
observe an interaction of Nup2-TAP with either the repressed INO1 promoter or with a
nearby intergenic region (Fig. 4b). The interaction of INO1 with the NPC requires the GRS
elements; we did not observe an interaction of the INO1 promoter with Nup2-TAP when
both GRS I and GRS Il were mutated (Figs. S2¢ & S2d).

NPC mutants that blocked targeting of INOL1 to the nuclear periphery also blocked targeting
of URAS3 to the nuclear periphery by GRS | alone (Fig. 4c). Furthermore, the GRS | element
at URA3 was sufficient to confer an interaction with Nup2-TAP by ChIP (Fig. 4d). This
suggests that the GRS elements control targeting of INO1 to the NPC and that the interaction
of INO1 with the NPC observed by ChIP is mediated by DNA elements and is not a result of
post-transcriptional interaction with nascent mRNA.

We next asked if GRS I-containing promoters were enriched among genes that have been
shown to physically associate with the NPC by ChIP4. Using Chi square analysis, we found
that GRS-containing promoters were significantly enriched among genes that associate with
the nuclear pore proteins Nup2, Mipl, MIp2, Nup60 and Nup116 and the transport factors
Csel and Xpol (Table II). As a control, we performed the same analysis with a reversed
GRS I (GRS ly¢y; 5’-AGGTGGG-3’). We observed no enrichment of GRS I, containing
promoters among genes that interact with NPC proteins (not shown). Furthermore, we
noticed that the GRS I from INO1 and TSA2 is related to a sequence motif that was
previously found to be overrepresented in promoters of NPC-associated genes4 (Fig. 5).
This suggests that GRS I-like elements control the interaction of many genes with the NPC.

Peripheral targeting enhances transcription of INO1 and TSA2

We next tested the functional significance of peripheral localization for transcriptional
activation of INO1. Mutation of the GRS | element of URA3:INO1 resulted in poor
accumulation of INO1 mRNA after 3 hours of induction (Fig. 6a). At steady state, we
observed a two-fold difference in mMRNA levels (Fig. S4a). This decrease did not correlate
with a difference in the rate of MRNA decay, suggesting that it is due to a difference in
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transcription (Fig. S4b). Furthermore, we also observed a similar defect in the activation of
grs | mutant TSA2 relative to wild type TSA2 (Fig. S4c).

We have noticed that plasmid-borne INO1, integrated either at URA3 or in place of the
endogenous gene, is regulated normally by inositol starvation but is expressed to higher
levels than endogenous INO1 (Fig. S4d). For this reason, we also compared the transcription
of wild type with grs mutant forms of INO1 after introducing chromosomal mutations to
remove GRS | and Il at the endogenous locus. We observed a similar decrease in INO1
MRNA levels at the endogenous INO1 locus in strains lacking both GRS elements (Fig. 6c).
Peripheral targeting correlated with transcription; expression of endogenous INO1 was not
significantly affected by the grs | mutation or grs 1l mutation alone (Fig. S2b). Therefore,
the GRS elements are redundant for both INO1 localization and transcription and full
activation of INO1 and TSA2 requires DNA zip codes that confer peripheral localization.

Transcription of INO1 is enhanced by promoter targeting to the nuclear periphery

We next asked if the part of the gene that is targeted to the nuclear periphery is important for
transcription. We reintroduced the GRS | element either upstream or downstream of the
coding sequence of the grs | mutant URA3:INO1 and quantified the INO1 mRNA levels
upon activation. Reintroduction of GRS | ~450 bp upstream (i.e. 5”) of grs | mutant INO1
restored regulated targeting to the nuclear periphery (Fig. 6¢) and largely suppressed the
defect in transcription (Fig. 6d). In contrast, reintroduction of GRS | at the 3’ end of grs |
mutant INO1 caused the gene to localize to the nuclear periphery constitutively, but it did
not suppress the defect in transcription (Fig. 6¢ & 6d). This suggests that the targeting of the
promoter, not the gene per se, to the nuclear periphery is associated with full transcriptional
activation.

We also tested if GRS | was sufficient to promote transcriptional activation. We introduced
GRS I upstream of a crippled CYC1 promoter (CYC1*) driving a f-galactosidase (LacZ)
reporter gene. The well-established unfolded protein response element (UPRE) functions as
an enhancer in this context and was sufficient to promote LacZ expression. However, the
GRS I element did not enhance transcription of CYC1*- LacZ (Fig. S5a). Therefore, GRS |
may not simply be an enhancer and its important role might be in controlling promoter
interactions with factors at the nuclear envelope or the NPC that promote transcription of
certain genes.

Discussion

The GRS elements are small, well-defined DNA elements with the ability to target ectopic
chromosomal loci to a particular subnuclear location. The existence of such DNA zip codes
suggests that genomes code for their own spatial organization. The DNA zip codes that we
have identified are negatively regulated when INOL is repressed. Previous work has
implicated transcriptional regulators in promoting peripheral targeting of genes5, 11 and it
may be that this is why the regulation of GRS-mediated targeting requires that they are
located within the promoter. Regulation of peripheral targeting was lost either when
expression was constitutive (Fig. 1; A4 mutant) or when the element was introduced
downstream of INO1 (Fig. 4c). We also observed unregulated peripheral targeting when
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GRS I was introduced downstream of GAL1, another regulated gene that is recruited to the
nuclear periphery (Fig. S6). Therefore, transcription factors may regulate both transcription
and gene targeting to the nuclear periphery. This suggests that the spatial organization coded
by DNA can be dynamic and regulated.

Our previous work has shown that peripheral localization of genes can establish
“transcriptional memory”, which promotes the reactivation of genes like INO1 and GAL1
after they are repressed12. We show here that targeting to the nuclear periphery is also
important for full expression of INO1 and TSA2. It is still unclear how localization promotes
activation. We find that peripheral targeting of the promoter, but not the 3’end of the gene,
promotes INO1 transcription. Likewise, introduction of the GRS | element downstream of
the GAL1 gene had no effect on its activation (Fig. S6). The GRS elements might promote
transcription by recruiting transcription factors that both activate transcription and target
genes to the nuclear periphery. However, the GRS | element was not sufficient to promote
transcription from a crippled promoter. Therefore, it also remains possible that the important
activity of the GRS elements is as DNA zip codes and that the expression of certain genes is
promoted by protein-DNA interactions at the nuclear periphery or the NPC.

The GRS | element functions as a DNA zip code in an organism that is approximately one
billion years diverged from the organism in which it was identified. Perfect matches of GRS
I occur 112 times in the S. pombe genome, 19 of which are clearly in promoters (Table S2).
It will be interesting to determine if these elements control the subnuclear localization of
these genes. Our work suggests that GRS-mediated targeting to the nuclear periphery is an
ancient mechanism that may be shared by many eukaryotes. We conclude that DNA zip
codes represent an additional level of genetic information that controls the spatial
organization of the genome and affects gene expression.

Chemicals and Reagents

Unless stated otherwise, chemicals were from Sigma Aldrich, DNA oligonucleotides were
from Operon and Integrated DNA Technologies, restriction enzymes were from New
England Biolabs and yeast media components were from Q-Biogene. Antibodies against
GFP, fluorescent secondary antibodies and Human Pan Mouse 1gG dynabeads were from
Invitrogen and the antibody against myc was from Santa Cruz Biotechnology.

Plasmid construction

Plasmids pRS306-INO15, pRS304-Sec63-mycl12 and pAFS14413 have been described.
pRS306-INO1’ contains the same INOL1 insert as pRS306-INO1 but in the opposite
orientation with the 5’ end of the gene near to the unique Xhol site in pRS30632. Plasmids
pRS306-grs ImutINO1 and pRS306 grs ImutINO1” are derivatived from these two plasmids
and were generated by Quick Change site directed mutagenesis to convert the GRS |
sequence in the INO1 promoter from 5’-GGGTTGGA-3’ to 5’-AAACCAAA-3’. To
reintroduce GRS | at the 5’ or 3’ end of INO1, GRS | (41-60) was cloned into pRS306-grs
ImutINO1 and pRS306-grs ImutINO1” using Xmal and Notl. Plasmids were digested with
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either Stul to integrate at URA3 or Bglll to integrate at INO1. The A2 (=351 to —450), A3
(251 to —350), A4 (-151 to —250) and A5 (=50 to —150) mutants were generated by
deletion of non-overlapping regions of the INO1 promoter in pRS306-INO1’. For DNA
localization experiments, a fragment of 128 Lac operator repeats was moved from
p6Lac01285 into each of these plasmids using Hindlll and Xhol.

GRS I and GRS Il mapping plasmids were created in p6Lac0O1285. Fragments larger than
150bp were generated by PCR amplification from genomic DNA then cloned into
p6Lac0O128. Smaller fragments were cloned as 5’ phosphorylated oligonucleotides with one
of the following combinations of overhangs 1) Sacl and Spel 2) Xhol at both ends 3) Xmal
and Notl or 4) BamHI and Notl. Sequences for all oligonucleotides are described in
supplementary Table S3.

pRS305Nup2-TAP was generated by cloning of Nup2-TAP into pCR2.1 (Invitrogen) using
PCR amplification from BY4741 Nup2-TAP33 genomic DNA. Nup2-Tap was ligated into
pRS305 using Notl and Spel and the resulting plasmid was digested with Swal and
integrated at the LEUZ locus in yeast strains WLY53 and WLY54.

The UPRE was removed from pJC00234 by digestion with Xhol and re-ligation of the cut
plasmid to generate pJC002CYC1*LacZ. GRS | (41-60) was cloned into Xhol cut pJC002
using 5’ phosphorylated oligonucleotides to generate pJCO02GRSCYC1*LacZ.

Yeast strains

Yeast strains used in this study are described in supplementary Table S4. Except for
BY4741 Nup2-TAP 33 all strains were constructed from CRY1 (ade2-1 can1-100
his3-11,15 leu2-3,112 trp1-1 ura3-1 Mat a). Deletions in yeast proteins were made using the
PCR based deletion system 35. Deletions were confirmed by PCR using genomic DNA.

Yeast strains for GRS mapping were generated by integration of Stul-digested plasmids
containing the LacO array and relevant GRS fragments at URA3. For integration of smaller
GRS fragments < 10bp the PCR based integration system35 was adapted to integrate the
relevant GRS fragment along with the kanMX6 marker at URA3 as follows. Plasmid
p6LacO128 was first integrated at URA3. GRS fragments were included in the primers used
to amplify the kanMX6 gene. The 5’ 45bp of the primers had homology to the p-lactamase
gene in pRS306. As a control, we integrated the kanMX6 marker alone at URA3. This
integration had no effect on the localization of URA3. This PCR-based integration strategy
was also used to introduce GRS | at the 3’ end of GAL1 using a strain containing
p6LacOGAL1 integrated downstream of GAL112.

Chromosomal mutations in GRS | and GRS Il at endogenous INO1 locus were made using
homologous recombination. Fragments including the entire INO1 gene, promoter and
3’UTR that were mutant for grs | (AAACCAAA), grs Il (deletion of the central TGCTGG
sequence) or both, were transformed into a proAinol mutant strain. This strain lacks the 450
bp upstream of the INO1 transcriptional start site and a part of the coding sequence, which is
replaced by the kanMX6 marker35. We selected for strains that had recovered INO1 by
selecting for inositol prototrophy. Ino+ transformants that had lost the kanM X6 marker were
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confirmed by DNA sequencing. As a control for this approach, wild type INO1 was also
recreated in this way and was used as the wild type control.

The TSA2 grs | mutant was generated in the chromosome using the delitto perfetto
strategy36. To introduce GRS | into Schizosaccharomyces pombe, we took advantage of the
ability of URA3 from Saccharomyces cerevisiae to complement the ura4 mutation in the
orthologous gene from Schizosaccharomyces pombe37. The Urad+ gene was replaced with
a non-functional fragment of the URA3 gene from Saccharomyces cerevisiae called ura3.1.
We amplified the ura3.1 mutant by two rounds of PCR. First, using S. pombe genomic DNA
as template, we carried out two reactions using either the uradup + ura3.1up primer pair or
the ura3.1down + uraddown primer pair. These reactions generated two products of 215 base
pairs, each having 25 base pairs of homology to URA3 at one end. These products were then
used as primers to amplify 835 basepairs of URA3 corresponding the coding sequence, but
lacking the promoter using pRS306 as template32. The PCR product was transformed into
strain 972 h- and 5 fluoroorotic acid resistant transformants were isolated to create strain
MM16037. Strain MM160 was transformed with Stul-digested p6LacO128 or p6LacO (41—
75) to generate strains MM162 and MM163, respectively. MM169 (NUP120myc, ura4-A18,
ade6+, his7+::Lacl-GFP) was then crossed to MM162 and MM163 to obtain strains
MM170 and MM171, respectively. PCR analyses confirmed expected insertions within all
strains.

Reverse transcriptase real-time quantitative PCR

RNA preparation and RT Q-PCR analysis was performed as described12.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as described12, except that TAP-tagged
Nup2 was recovered using Pan Mouse IgG dynabeads (Invitrogen). DNA was quantified by
real-time quantitative PCR5.

Chromatin localization assay

Samples were visualized on a Zeiss LSM510 confocal microscope in the Northwestern
University Biological Imaging Facility. Chromatin localization experiments in
Saccharomyces cerevisiae were performed as described5, 12. Briefly, methanol fixed,
spheroplasted, detergent-extracted cells were probed with 1:200 monoclonal anti-myc (to
detect Sec63-myc) and 1:1000 rabbit polyclonal anti-GFP (to detect GFP-Lac repressor).
Secondary antibodies were diluted 1:200. A single z slice through each cell having the
brightest and most focused anti-GFP spot was collected. Cells in which this anti-GFP spot
colocalized with Sec63-myc nuclear membrane staining were scored as peripheral and all
other cells were scored as nucleoplasmic. For each biological replicate, the fraction of cells
in a population of 30-50 cells that scored as peripheral was determined. Error bars represent
the standard error of the mean between biological replicates.

For experiments in Schizosaccharomyces pombe, 10ml of cells were grown to mid-log phase
in YEA, transferred to YEA + 2.4M Sorbitol for 30 minutes followed by fixation with 3.5%
formaldehyde for 1 hour. Cells were washed twice with 1ml PEMS (100mM PIPES, 1mM
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EGTA, 1ImM MgSOy, 1.2M Sorbitol pH6.9) and resuspended in 1ml PEMS containing
0.2% BME and 1mg per ml Zymolyase 100T. Spheroplasting was checked under the
microscope by mixing 0.5ul of 20% SDS and 9.5l of cells. Spheroplasts were spun down,
washed three times with 1ml PEMS, resuspended in PEMS + 1% Triton, resuspended in 1ml
PEMBAL (100mM PIPES, 1ImM EGTA, 1mM MgSOy, 1% BSA, 0.1% sodium azide,
100mM L-lysine hydrochloride) and rotated for 30 minutes at room temperature.
Spheroplasts were spun down, and resuspended in 100ul of PEMBAL containing 1:100 myc
antibody and 1:500 GFP antibody 3 hours or overnight. Spheroplasts were washed three
times with 1ml PEMBAL, resuspended in 100ul of PEMBAL containing a 1:100 dilution of
Alexa Fluor 594 goat anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit 1gG and
incubated for 3 hours. Spheroplasts were washed three times with 1ml PEMBAL and once
with PBS + 0.1% sodium azide. 10ul of cells were spotted onto polylysine-treated slides and
sealed with 2pl of mounting media.

Statistical methods

Table I, Table Il and Table S1 used the Chi square test. For Table | and supplementary Table
S1: each expression dataset was ranked according to signal (MRNA levels relative to
untreated control). The number of GRS I-containing genes that were above and below the
top 10% of the range was compared with the predicted number (10% and 90% of the total
within each set, respectively) by Chi square test. For Table Il: the number of non-GRS | or
GRS | genes was calculated as described in the footnote of Table 11 and compared with the
observed number of non-GRS | and GRS | genes in each ChIP by Chi square test.

p-galactosidase Miller assay

10 ml of cells were grown to log phase and an equal number of cells was pelleted and
resuspended in 2 ml Z buffer (40mM NaH,PQO,4, 60mM NayHPO,). 0.5 ml of cells were
used for each reaction. 20ul of 0.1% SDS and 2 drops of chloroform were added and the
reaction incubated at 30° C for 15 minutes. 160ul of 4mg/ml ortho-Nitrophenyl-3-
galactoside was added and the reaction incubated at 30° C until a pale yellow color
developed. The development time was noted and the reaction quenched by addition of 400l
of 1M Na,CO3. Absorbance values at 420 nm and 550nm were read. Miller units were
calculated using the following formula38:

1000 x [(A420) — (175 X A550)
time x volume of cells (0.5ml) x Agoo

Miller units =

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of a Gene Recruitment Sequence (GRS) in the INO1 promoter
(a) Integration scheme for integrating INO1 and the lac repressor array at URA3 by

homologous recombination. The INO1 gene included 504bp upstream and 685bp
downstream of the coding sequence. (b) The fraction of the population in which the GFP
spot colocalized with the nuclear envelope marker Sec63-myc for cells grown in the
presence or absence of 100uM myo-inositol. The hatched blue line represents the mean
peripheral localization for URA3. The maximal peripheral localization observed using this
assay is ~80% of cells for a gene that is artificially tethered to the nuclear envelopeb.
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Therefore, the dynamic range of this assay is 20% — 80%. Data represent the mean and s.e.m
from 5 biological replicates (30-50 cells were analyzed per replicate). Map (c) and
peripheral localization (d) of 100bp non-overlapping deletions in the INO1 promoter
integrated at URA3. (€) Map of fragments within segment 3 that were integrated at URA3
and their peripheral localization (complete data in Fig. S1a). (f) Peripheral localization of
segment 3 in the presence and absence of inositol, the 8bp GRS I in either orientation or a
mutant version of GRS | integrated at URA3 (n = 3, 30-50 cells per biological replicate).
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Figure 2. Targeting of the endogenous INO1 gene is mediated by two redundant DNA zip codes
(a) Localization of wild type INO1 and GRS | mutant INO1 integrated either at URA3 (a) or

at INOL1 (b). (c) Localization of wild type or grs | mutant INO1 at endogenous INO1 in a
strain lacking the 943bp upstream of GRS | as depicted in panel (d) (for panelsa—d, n = 3,
30-50 cells per replicate). (d) Map of fragments used to identify GRS Il by integration at
URA3 and their peripheral localization (complete data in Figs. S1b and S1c). (e) Peripheral
localization of a combined mutation in GRS I and GRS 11 at endogenous INO1 (n = 3, 30-50

cells per replicate).
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Figure 3. GRS mediated targeting to the nuclear periphery isgeneral and ancient
(a) Peripheral localization of the wild type or grs | mutant TSA2 gene was determined for a

population of cells for cells grown in YPD (-H,O» repressing conditions) or in YPD +

0.5mM H,0,, (activating conditions) (n = 3, 30-50 cells per replicate). (b) Introduction of
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the GRS into S. pombe. Representative confocal micrographs of immunofluorescence
against Lacl-GFP (green) and Nup120-myc (red) in S. pombe that were scored as either
nucleoplasmic or peripheral. The scale bar equals 1um. (c) The fraction of the population in
which ura4 colocalized with Nup120-myc in cells with either the lac repressor array plasmid
or the lac repressor array plasmid with a single copy of GRS | (n = 4, 60-100 cells per

replicate).
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Figure 4. INO1 recruitment to the nuclear periphery requires components of the nuclear pore
complex (NPC) and associated factors
(a) Summary of nuclear pore proteins and associated factors required for INOL1 targeting to

the nuclear periphery (complete data in Fig. S3; data for Nup2 has previously been
published12). Proteins filled in blue were required for INO1 peripheral targeting. Proteins
filled in red were not required for INO1 peripheral targeting. The positions of proteins
within the pore and contacts between them are approximations based on a structural model
of the NPC structure31. Left: an expanded view of the core channel of the NPC. (b)
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Chromatin immunoprecipitation of Nup2-TAP under repressing and activating conditions.
Recovery of the INO1 promoter (left panel) or the RPA34 intergenic region ~5000 bp
upstream (right panel) with 1gG magnetic beads (Invitrogen) was quantified relative to the
input by real-time quantitative PCR. (c) Nuclear pore requirements for GRS | mediated
targeting of URA3 (n = 2, 30-50 cells per replicate). Cells were grown in the presence of
inositol. (d) Recovery of URA3 or RPA34 with Nup2 (as in panel b) from strains with or
without GRS | at the URA3 locus (see Methods). For panels b and d, data represent the
mean and the s.e.m. (n = 3).
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Figure 5. GRS isenriched among genesthat interact with many nuclear pore proteins
Comparison of GRS | from INO1 and TSA2 to a motif, identified by Casolari et al.4, that is

overrepresented in genes associated with Mlp1, MIp2 or Nic96. Two alternative alignments
are shown.
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Figure 6. Localization at the nuclear periphery enhancestranscription of INO1
(a) INO1 mRNA levels were quantified by RT-qPCR, relative to ACT1, following induction

by inositol starvation from strains having either plasmid-borne wild type INO1 or grs |
mutant INO1 integrated at URA3. (b) Strains were constructed in which the grs I, 11
mutations were introduced at the chromosomal INO1 locus. Wild type and grs I, 11 mutant
strains were grown overnight in the presence or absence of inositol and the mRNA levels
quantified as in (a). (c & d) GRS | was reintroduced either at the 5’ end or the 3’ end of grs |
mutant INO1 and these plasmids were integrated at URA3. These strains were compared
with wild type and grs | mutant INO1 for localization (c) and transcription (d). For panels a

—d,

n=4.
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