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ABSTRACT On activation, the GAL genes in yeast are targeted to the nuclear periphery 
through interaction with the nuclear pore complex. Here we identify two cis-acting “DNA zip 
codes” from the GAL1-10 promoter that are necessary and sufficient to induce repositioning 
to the nuclear periphery. One of these zip codes, GRS4, is also necessary and sufficient 
to promote clustering of GAL1-10 alleles. GRS4, and to a lesser extent GRS5, contribute to 
stronger expression of GAL1 and GAL10 by increasing the fraction of cells that respond to 
the inducer. The molecular mechanism controlling targeting to the NPC is distinct from the 
molecular mechanism controlling interchromosomal clustering. Targeting to the nuclear 
periphery and interaction with the nuclear pore complex are prerequisites for gene clustering. 
However, once formed, clustering can be maintained in the nucleoplasm, requires distinct 
nuclear pore proteins, and is regulated differently through the cell cycle. In addition, whereas 
targeting of genes to the NPC is independent of transcription, interchromosomal clustering 
requires transcription. These results argue that zip code–dependent gene positioning at the 
nuclear periphery and interchromosomal clustering represent interdependent phenomena 
with distinct molecular mechanisms.

INTRODUCTION
Eukaryotic genomes, from fungi to humans, are spatially organized 
(Meldi and Brickner, 2011). Budding yeast arranges its chromo-
somes in the “Rabl conformation,” with centromeres associated 
with the spindle pole body and telomeres clustered at the nuclear 
periphery opposite the nucleolus (Zimmer and Fabre, 2011). In dif-
ferentiated metazoan cells, chromosomes fold back on themselves, 
producing distinct “territories” (Cremer et al., 2006). The spatial 

position of individual genes is also nonrandom, and coregulated 
genes can cluster together within the nucleus. The spatial arrange-
ment of genes and chromosomes correlates with transcriptional pro-
grams, changing between developmental stages and in disease 
states (Parada et al., 2002; Meaburn et al., 2009, 2016; Leshner et al., 
2016). This suggests that changes in global nuclear architecture are 
either a cause or an effect of different transcriptional programs.

Although the molecular mechanisms that influence the spatial 
arrangement of the genome are still being discovered, several re-
sults suggest that the genome encodes its spatial organization 
through recognition of cis-acting DNA elements by sequence-
specific DNA-binding proteins. Transcription factors influence local 
chromatin structure and transcriptional activity, which can lead to 
changes in the subnuclear positioning of genes (Ragoczy et al., 
2006; Rohner et al., 2013; Gonzalez-Sandoval et al., 2015). In addi-
tion, DNA-binding “architectural” proteins control the intramolecu-
lar folding and looping of chromosomes into topologically isolated 
domains (Dixon et al., 2012; Nora et al., 2012; Jin et al., 2013; 
Phillips-Cremins et al., 2013; Rao et al., 2014). Finally, the position-
ing of genes with respect to nuclear landmarks and the clustering of 
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et al., 2011). Finally, yeast genes that share DNA zip codes cluster 
together in association with the nuclear periphery (Brickner et al., 
2012; Randise-Hinchliff et al., 2016). For example, the active INO1 
gene clusters together with other GRS1-targeted genes at the nu-
clear pore complex, which requires both the GRS1-binding tran-
scription factor Put3 and components of the NPC (Brickner et al., 
2012, 2015).

In this article, we explore the changes in spatial organization of 
the yeast nucleus induced in response to growth in galactose. The 
peripheral recruitment of the GAL1-10 gene is controlled by two 
redundant GRS elements (GRS4 and GRS5) in the promoter and re-
quires NPC proteins. The GRS4 promotes stronger transcription of 
GAL1 and GAL10 by increasing the fraction of cells that respond to 
galactose. Furthermore, GRS4 mediates interallelic interchromo-
somal clustering of active GAL1-10 alleles. Clustering requires an 
overlapping but distinct set of NPC proteins from those required for 
targeting to the nuclear periphery. Although recruitment of GAL1-10 
to the nuclear periphery does not require transcription, the estab-
lishment of GAL1-10 interchromosomal clusters does require tran-
scription. Both peripheral positioning and interchromosomal cluster-
ing are dynamically regulated through the cell cycle. The cell cycle 
regulation of clustering is linked to the regulation of peripheral local-
ization, but the two phenomena show different phases. Thus the 
subnuclear positioning and interchromosomal clustering of GAL1-10 
are mediated by separate but interdependent mechanisms.

RESULTS
DNA zip codes in the GAL1-10 promoter are necessary and 
sufficient to promote targeting to the nuclear periphery
To determine whether GAL1-10 recruitment to the nuclear periph-
ery requires cis-acting DNA elements, we used a chromatin localiza-
tion assay. An array of 128 Lac operator sites (LacO array) was inte-
grated downstream of GAL1 in a strain coexpressing the Lac 
repressor fused to green fluorescent protein (GFP-LacI) and an en-
doplasmic reticulum membrane protein tagged with mCherry 
(Egecioglu et al., 2014). Live cells were imaged by confocal micros-
copy and scored as either peripheral (i.e., the GFP dot overlaps the 
nuclear membrane) or nucleoplasmic (Figure 1A). When repressed 
in glucose medium, GAL1-10 occupies a primarily nucleoplasmic 
distribution (36 ± 3% peripheral; expect ∼30% of the nucleus to be 
unresolvable from the nuclear envelope; Brickner and Walter, 2004). 
In galactose medium, the active GAL1-10 gene repositions to the 
nuclear periphery (71 ± 3% peripheral; Figure 1B). In contrast, the 
URA3 locus localizes in the nucleoplasm in both glucose and galac-
tose media (Figure 1B). To test whether targeting to the nuclear 
periphery is controlled by cis-acting DNA elements, we inserted the 
667–base pair GAL1-10 promoter beside URA3 and scored for pe-
ripheral localization. The promoter was sufficient to recruit URA3 to 
the nuclear periphery specifically in galactose (64 ± 4% peripheral; 
Figure 1B). Furthermore, deletion of the GAL1-10 promoter at the 
endogenous location blocked targeting to the periphery (Figure 
1C). This suggested that the GAL1-10 promoter contains cis-acting 
DNA elements that promote localization to the nuclear periphery.

To identify DNA elements that function as zip codes within the 
GAL1-10 promoter, we inserted a series of overlapping promoter 
fragments at URA3 and tested them for their ability to target the ecto-
pic locus to the nuclear periphery. We repeated this process iteratively 
to identify minimal DNA elements that function as DNA zip codes. We 
identified two DNA elements from the GAL1-10 promoter, gene re-
cruitment sequences 4 (GRS4; 5′-TATATTGA-3′) and 5 (GRS5; 
5′-CTTTCA-3′), which were able to reposition URA3 to the nuclear 
periphery, independent of orientation (Figure 1B). These elements are 

genes depend on cis-acting DNA elements, their corresponding 
DNA-binding proteins, and/or chromatin modifications (Ahmed 
et al., 2010; Light et al., 2010, 2013; Zullo et al., 2012; Bian et al., 
2013; Kind et al., 2013; Gonzalez-Sandoval et al., 2015; Harr et al., 
2015). These observations suggest that the sequence and chroma-
tin state of the genome influence its spatial organization.

The spatial organization of the genome within the nucleus can 
be dynamically altered by developmental or environmental cues. 
During differentiation in metazoan systems, induced genes often 
move away from the nuclear lamina to a more nucleoplasmic posi-
tion, and silenced genes often move to the nuclear lamina (Guelen 
et al., 2008; Luperchio et al., 2014; Lemaitre and Bickmore, 2015). 
However, many inducible genes move from the nucleoplasm to the 
nuclear periphery upon activation in yeast (Brickner and Walter, 
2004; Casolari et al., 2004, 2005; Randise-Hinchliff et al., 2016). In 
Drosophila, Caenorhabditis elegans, mouse, and human cells, thou-
sands of genes interact with nuclear pore proteins (Brown et al., 
2008; Capelson et al., 2010; Kalverda et al., 2010; Liang et al., 2013; 
Rohner et al., 2013). The interaction of genes with nuclear pore pro-
teins in metazoan nuclei can occur both at the nuclear periphery, in 
association with the nuclear pore complex (NPC), or in the nucleo-
plasm, in association with soluble nuclear pore proteins (Brown 
et al., 2008; Capelson et al., 2010; Kalverda et al., 2010; Liang et al., 
2013; Light et al., 2013). Thus, although the interactions occur in a 
different location, they may represent a conserved mechanism. In 
yeast, repositioning to the nuclear periphery involves a physical in-
teraction with the NPC and requires transcription factors, compo-
nents of the NPC, mRNA transport factors, the SAGA histone acet-
yltransferase complex, and Mediator (Cabal et al., 2006; Dieppois 
et al., 2006; Ahmed et al., 2010; Schneider et al., 2015; Randise-
Hinchliff et al., 2016). Thus interaction with the NPC is coordinated 
with transcription and mRNA export.

Transcription and repositioning to the nuclear periphery can be 
uncoupled. Where it is understood, the movement of yeast genes to 
the NPC is mediated by cis-acting DNA elements found in their 
promoters and can occur independent of transcription of the locus 
and RNA polymerase II activity (Brickner et al., 2007, 2012; Ahmed 
et al., 2010; Light et al., 2010; Randise-Hinchliff et al., 2016). For 
example, the targeting of the INO1 gene to the nuclear periphery is 
controlled by two cis-acting gene recruitment sequences (GRS1 and 
GRS2) in the promoter. The GRS elements are distinct from the ele-
ments required for transcriptional activity (the UASINO elements) and 
the GRSs are both necessary for INO1 localization at the nuclear 
periphery and sufficient to cause peripheral localization of an ecto-
pic site. Thus we refer to such elements as “DNA zip codes.” We 
have identified such elements in the promoters of several genes 
and, in several cases, the transcription factors that bind to them to 
mediate targeting to the NPC (Brickner et al., 2012; Randise-Hinchliff 
et al., 2016). The repositioning of inducible genes to the nuclear 
periphery is rapid, occurring within 15–60 min, and is controlled 
through transcription factor binding or transcription factor function 
(Brickner et al., 2007; Randise-Hinchliff et al., 2016).

Coregulated genes can cluster together within the nucleus, and 
this may serve to compartmentalize the nucleus or regulate gene 
expression (Pombo et al., 2000; Brown et al., 2006). During embryo-
genesis in Drosophila, silenced Polycomb-regulated loci cluster 
together (Cheutin and Cavalli, 2012). During hematopoiesis, the he-
moglobin genes (Hba and Hbb) cluster with coregulated genes 
through a mechanism that requires the transcriptional activator Klf1 
(Schoenfelder et al., 2010). Similarly, hundreds of tRNA genes 
throughout the yeast genome converge into distinct foci near the 
nucleolus (Thompson et al., 2003; Haeusler et al., 2008; Rodley 
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distinct from the Gal4 transcription factor–binding sites, and targeting 
by these elements was constitutive, suggesting that additional ele-
ments in the endogenous promoter block GRS4 and GRS5-mediated 
peripheral targeting in glucose (Randise-Hinchliff et al., 2016; see later 
discussion). Thus GRS4 and GRS5 function as DNA zip codes that are 
sufficient to promote peripheral targeting of an ectopic site.

To test whether GRS4 and GRS5 are necessary for GAL1-10 re-
cruitment to the nuclear periphery, we introduced transversion mu-
tations into the GRS elements within the endogenous GAL1-10 and 
assessed its localization. Neither the grs4 nor the grs5 mutation 
alone blocked relocalization to the nuclear periphery (Figure 1C). 
However, the grs4 grs5 double mutation blocked repositioning to 
the nuclear periphery (Figure 1C). This indicates that the GRS4 and 
GRS5 elements redundantly control positioning of the GAL1-10 lo-
cus to the nuclear periphery.

The GRS4 and GRS5 zip codes enhance GAL1-10 
transcription
To understand how the interaction of GAL1-10 with the NPC affects 
gene expression, we measured mRNA production and transcription 
from the GAL1-10 promoter mutated for GRS4, GRS5, and both, 
using several different assays. First, the GAL1 and GAL10 mRNA 
abundance was quantified relative to ACT1 by reverse transcriptase 
quantitative PCR (RT-qPCR) over time after shifting cells to galactose 
from either glucose (a repressing carbon source; Figure 2, A–C) or 
raffinose (a nonrepressing carbon source; Figure 2, D–F). As a con-
trol, we also measured the accumulation of GAL2 mRNA. Whereas 
mutation of the GRS5 had very little effect on expression of GAL1 or 
GAL10 (Figure 2, A–F), mutation of the GRS4 resulted in a clear de-
fect in the expression of GAL10 (Figure 2, B and E) and a weaker 
effect on the expression of GAL1 (Figure 2, A and D), which was 
strongest in cells shifted from raffinose to galactose (Figure 2, D 
and E). The grs4 grs5 mutant showed the strongest defect in the 
expression of GAL1 and GAL10 under both conditions. These muta-
tions had no effect on the expression of GAL2 (Figure 2, C and F). 
Therefore GRS4 promotes stronger expression of GAL1 and GAL10 
in-cis. In the absence of GRS4, the GRS5 promotes expression of 
these genes to a lesser extent.

To confirm these results and test whether these mutations al-
tered the structures of the mature GAL1 or GAL10 mRNAs, we per-
formed Northern blot analysis in wild-type and grs4 mutant strains 
after shifting cells from glucose to galactose for 6 h (Figure 2, G 
and H). Both GAL1 and GAL10 levels were decreased in the grs4 
mutant strain, but the levels of GAL2, GAL3, and GAL7 were unaf-
fected (Figure 2, G and H). We observed no changes in the mobility 
of any of these mRNAs in the grs4 mutant strain, suggesting that 
this mutation does not have a dramatic effect on their termination or 
polyadenylation.

As an alternative method to test whether the changes in GAL1 
mRNA abundance were due to changes in transcription, we used 
single-molecule RNA fluorescent in situ hybridization (FISH) to 
quantify the number of cells in which GAL1 is being transcribed, the 
nascent transcripts at the transcription site, and the number of 
mRNAs per cell after shifting from glucose to galactose for 2.5 h 
(Figure 2I; Zenklusen et al., 2008). The fraction of cells having a 
GAL1 transcription site (Figure 2J, left) or measurable GAL1 mRNA 
(Figure 2J, right) was significantly reduced in the grs4 and grs4 grs5 
mutant cells. Consistent with this observation, chromatin immuno-
precipitation against RNA polymerase II suggested that the recruit-
ment of RNAPII to the GAL1-10 promoter was reduced in strains in 
which GRS4 was mutated (Supplemental Figure S1). However, 
among the cells that were transcribing GAL1, the grs4 and grs4 grs5 

FIGURE 1: GAL1-10 promoter contains information necessary and 
sufficient for recruitment to the nuclear periphery. (A) Merged 
confocal micrographs of yeast cells expressing LacI-GFP (green) and 
mCherryER04 (red). An array of 128 Lac repressor binding sites (LacO 
array) was integrated 3′ of the GAL1 gene. Left, cell scored as 
nucleoplasmic; right, cell scored as peripheral. Scale bar, 1 μm. In B 
and C, cells in a population were scored as either nucleoplasmic or 
peripheral, and the mean of at least three biological replicates of 
30–50 cells each is plotted (error bars are SEM). A blue, hatched line 
represents the fraction of the nucleus that is unresolvable from the 
nuclear envelope by light microscopy (Brickner and Walter, 2004; 
Egecioglu et al., 2014). (B) Top, schematic of the GAL1-10 promoter, 
highlighting the positions of GRS4 and GRS5. Bottom, strains 
containing the lac repressor array and either the 667–base pair GAL1 
promoter + ORF, the GAL1-10 promoter alone, or the minimal GRS4 
or GRS5 elements inserted in either orientation were grown in 
glucose or galactose medium and scored for peripheral localization. 
The endogenous GAL1-10 locus was scored for comparison. (C) Cells 
with the LacO array integrated 3′ of the endogenous GAL1 locus but 
lacking the GAL1-10 promoter or with the GRS4 or GRS5 sequences 
mutated were grown in glucose or galactose and scored as 
nucleoplasmic or at the nuclear periphery.
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FIGURE 2: GRS4 promotes stronger transcription of GAL1-10 by increasing the fraction of cells that induce the gene. 
(A–F) RT-qPCR measurements of the levels of GAL1 (A,D), GAL10 (B, E), and GAL2 (C, F) mRNA relative to ACT1 mRNA 
from wild-type (WT), grs4, or grs4 grs5 cells shifted from glucose to galactose (A–C) or raffinose to galactose (D–F). 
(G) Northern blot analysis of GAL gene transcripts from WT and grs4 mutant yeast strains grown in glucose or shifted to 
galactose for 6 h. Equal amount of total RNA was loaded, incubated with the indicated 32P-labeled probes, and exposed 
to a phosphoimager screen. (H) Three experiments performed as described in G were quantified using ImageJ software. 
Data presented are the average signal intensity normalized to ACT1 ± SEM. For A–H, *p < 0.05 comparing to WT using 
Student’s t test. (I) Single-molecule RNA FISH against GAL1 from WT, grs4, and grs4 grs5 mutant strains. Differential 
contrast (DIC), DAPI staining, and GAL1 RNA signals are shown in separate channels and merged. Arrowhead: site of 
transcription. Scale bar, 5 μm. (J, K) Quantification of percentage of cells with a GAL1 transcription site (J, left), 
percentage of cells with measurable GAL1 RNA (J, right), number of GAL1 mRNAs per cell (K, left), and number of 
nascent GAL1 RNAs per transcription site (K, right). For J and K, *p < 0.05 and **p < 0.01, Dunnett’s multiple 
comparison test.
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Methods). In cells grown in glucose, we observed a narrower distri-
bution, with a mean distance between the two alleles of 0.79 ± 
0.28 μm, but this distribution was not significantly different from the 
simulation (p = 0.12; Wilcoxon rank sum test). However, in cells 
grown in galactose, the distribution of distances between the two 
alleles of GAL1-10 shifted to shorter distances, with a mean dis-
tance of 0.61 ± 0.30 μm (Figure 3B, right). This shift is highly signifi-
cant compared with either the simulated random distribution (p = 
2 × 10−16) or the distribution from the glucose-grown cells (p = 2 × 
10−11; Wilcoxon rank sum test). Thus, like INO1, TSA2, HSP104, 
PRM1, and HIS4 (Brickner et al., 2012; Randise-Hinchliff et al., 
2016), the GAL1-10 locus undergoes interchromosomal, interallelic 
clustering upon activation.

To facilitate comparison among numerous conditions or strains, 
we developed a heat map representation for the distribution of dis-
tances (Figure 3B, bottom). The average percentage of cells per bin 
is ∼7.7% (100% divided equally into 13 bins; hatched line in Figure 
3B). For each bin, we calculated the number of standard deviations 
(σ) above or below this mean value (X–), expressed using a white–
black color scale (Figure 3, B and C). From each distribution, we also 
calculated the fraction of cells in which the two alleles were “clus-
tered,” meaning that the distance between them was <0.55  μm 
(Figure 3D). The fraction of GAL1-10 alleles that were <0.55  μm 
apart in glucose was 21% (Figure 3D, bar a), similar to the fraction 
<0.55 μm in the simulation (26%; Figure 3D, bar g; p = 0.23). In ga-
lactose, the fraction of GAL1-10 alleles that were <0.55 μm apart 

mutations did not significantly affect the number of GAL1 mRNAs 
per cell (Figure 2K, left) or the number of nascent RNAs per tran-
scription site (Figure 2K, right). Therefore we conclude that the 
GRS4 promotes stronger GAL1-10 expression by increasing the 
fraction of cells that transcribe the locus in response to galactose. In 
the absence of GRS4, GRS5 can promote transcription, but in the 
wild-type GAL1-10 promoter, GRS4 is the dominant element.

Interchromosomal clustering of GAL1-10 alleles is controlled 
by GRS4
Hi-C chromosome capture of the yeast genome suggested that the 
GAL genes cluster together (Gehlen et al., 2012). Furthermore, 
interaction between two ectopic copies of the GAL1-10 promoter 
leads to interallelic transcriptional regulation in-trans (Zhang and 
Bai, 2016). These observations suggest that, like other NPC-associ-
ated genes, the GAL genes might exhibit interchromosomal clus-
tering. To test this hypothesis, we generated a diploid yeast strain 
having both GAL1-10 alleles marked with the LacO array (Figure 
3A). We then measured the distances between the two alleles in a 
population of cells grown in either glucose or galactose, binned 
them into 0.15-μm bins, and plotted the distribution within the 
population (Materials and Methods; Figure 3B). For comparison, we 
also generated a simulation of the distribution of distances be-
tween two randomly localized, diffraction-limited spots in a popula-
tion of cells. The simulation gave a broad distribution with a mean 
distance of 0.84 ± 0.38 μm (Figure 3B, brown line; Materials and 

FIGURE 3: Interchromosomal clustering of GAL1-10 genes is mediated by DNA zip codes. (A) Representative merged 
confocal images of diploid yeast cells expressing LacI-GFP (green), mCherry localized to the nuclear envelope and the 
endoplasmic reticulum (pER04, red; Egecioglu et al., 2014), and having a LacO array integrated 3′ of both alleles of 
GAL1. Micrographs depict GAL1-10 loci ∼0.4 μm (left), 0.6 μm (center), and 1.0 μm (right) apart. Scale bar, 1 μm. 
(B) Diploid cells with both copies of the GAL1-10 alleles tagged with the LacO array were grown overnight in glucose 
(left) or galactose (right), and the distance between the loci was measured for ≥100 cells and binned into 0.15-μm 
classes (top). Percentage of cells in each bin is plotted. For comparison, a simulation of the distribution of distances 
between two spots is shown (brown line; see Materials and Methods). Bottom, fraction of cells in each bin was 
compared with mean fraction of cells in each bin (hatched line) and the number of SDs from the mean (σ) is plotted as a 
heat map (according to the color scale). (C) Cells having the LacO array at both the WT allele and each of the indicated 
alleles of GAL1-10 were grown overnight in glucose or galactose. The distance between the loci was measured and 
plotted as described in A. (D) From the distributions in C, percentage of the population in which the two alleles 
clustered together (<0.55 μm). The p values are based on a Fisher exact test. (E) Cells with one endogenously tagged 
GAL1-10 locus and the WT or grs4 mutant GAL1-10 promoter or the GRS4 or GRS5 zip codes integrated at URA3 were 
grown in glucose or galactose medium. The distance between the two loci was measured and analyzed as in C. (F) From 
the distributions in D, percentage of the population in which the two alleles clustered together (<0.55 μm). The p values 
are based on a Fisher exact test.
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population colocalized with the nuclear envelope (Figure 4A, blue 
circles). In glucose, we observed >50% of the cells having both al-
leles in the nucleoplasm and <10% having both alleles at the pe-
riphery (Figure 4B). After shifting to galactose for 15 min, the frac-
tion of cells in which both alleles were nucleoplasmic dropped to 
∼20% (Figure 4B, cyan), and the fraction of cells in which both alleles 
were peripheral increased to ∼40% (Figure 4B, orange). This sug-
gests that the targeting of the two alleles is somewhat coordinated. 
The clustering of GAL1-10 alleles increased more slowly than pe-
ripheral localization after shifting to galactose, increasing from ∼10% 
to ∼50% over 1 h (Figure 4, A and B). This is consistent with the idea 
that clustering occurs after both GAL1-10 alleles are recruited to the 
nuclear periphery.

We also analyzed the distances between GAL1-10 alleles over 
time in living cells, using spinning-disk confocal movies of single 
cells. In both the cells grown in glucose and the cells grown in ga-
lactose, we observed a range of distances between GAL1-10 alleles 
in such movies, ranging from 0.15 to 1.8 μm (Figure 4C). However, 
three differences were clear. First, in glucose, we observed a broad, 
continuous range of distances between the alleles, whereas in ga-
lactose, we observed two distinct populations. In one population, 
the two alleles were close to each other (<0.55  μm), and in the 
other, they were far apart (>0.55 μm; Figure 4C). Second, the vari-
ance of the distances between GAL1-10 alleles within each cell, 
measured as the distribution of step sizes between consecutive 
time points, was significantly greater in cells grown in glucose than 
in cells grown in galactose (Figure 4C, p = 2 × 10−4, Student’s t test). 
Third, when we quantified the fraction of the time points during 
which GAL1-10 alleles were <0.55 μm in cells grown in glucose, a 
majority of these close interactions were brief (Figure 4D, black 
bars). However, in cells grown in galactose, the duration of the in-
teractions showed a clear bimodal distribution, resulting in a de-
crease in the fraction of cells in which the alleles were within 0.55 μm 
for ≤40% of the time points and an increase in the fraction in which 
the alleles were within 0.55 μm for ≥50% of the time points (Figure 
4D). Thus populations of cells in which the GAL1-10 alleles are clus-
tered were readily distinguishable from populations of cells in which 
they are not.

The bimodal nature of the population was clear when single cells 
were analyzed over time but was not obvious from instantaneous 
measurements of populations (Figure 3B). To compare the data 
acquired from individual cells over time to the single–time point 
experiments, we pooled the distances for all of the time points 
from all of the cells in either glucose or galactose and analyzed 
their distribution as in Figure 3 (Figure 4F). The pooled data for 
20 cells in glucose and galactose over 20 time points recapitulated 
the patterns we observed using a single time point for 100 cells 
(Figure 4F). This indicates that our method and data analysis are 
robust and that the behavior of individual cells over time is consis-
tent with single–time point measurements of an asynchronous 
population.

Peripheral targeting and interchromosomal clustering 
require overlapping but distinct nuclear pore components
Genes that are recruited to the nuclear periphery physically associ-
ate with the nuclear pore, and loss of a number of nuclear pore 
proteins blocks repositioning to the periphery (Cabal et al., 2006; 
Dieppois et al., 2006; Brickner et al., 2007; Ahmed et al., 2010). We 
next tested whether NPC proteins that are important for peripheral 
targeting for GAL1-10 are required for clustering. Loss of the nu-
clear pore basket components Nup1, Nup60, and Mlp2 blocked 
targeting of GAL1-10 locus to the nuclear periphery in galactose 

increased to 54% (Figure 3D, bar b), significantly greater than either 
the random simulation (p = 4 × 10−16, Fisher exact test) or the glu-
cose condition (p = 2 × 10−11, Fisher exact test). Thus these two 
metrics (used here and later) reveal that GAL1-10 alleles exhibit a 
significant shift toward shorter interallelic distances between cells 
grown in glucose and cells grown in galactose.

To explore the specificity of interchromosomal clustering and the 
role of DNA signals in this process, we examined the distribution of 
distances between wild-type GAL1-10 and GAL1-10 either lacking 
the promoter or lacking the GRS4. Either deletion of the promoter 
from one of the two alleles or mutation in the GRS4 at one allele 
blocked interallelic clustering, resulting in similar distributions in glu-
cose and galactose (Figure 3, C and D). To test whether the GAL1-
10 promoter is sufficient to promote clustering with the endogenous 
GAL1-10 locus, we measured the distance between GAL1-10 and 
URA3, URA3:GAL1-10pro, or URA3:GAL1-10pro grs4 mutant 
(Figure 3, E and F). URA3 did not show significant clustering with 
itself or GAL1-10, giving a mean distance of 1.23 ± 0.42 μm and 6% 
with <0.55 μm (Figure 3, E and F, bars a, h, and i). However, intro-
duction of the GAL1-10 promoter at URA3 led to a highly significant 
increase in clustering in galactose, giving a mean distance of 0.66 ± 
0.31 μm and 47% with <0.55 μm (Figure 3, E and F, bars a and b). 
Mutation of the GRS4 dramatically reduced clustering (mean dis-
tance of 0.92 ± 0.34 μm and11% with <0.55 μm; Figure 3, E and F, 
bar c). Therefore the GRS4 is necessary for interchromosomal clus-
tering of GAL1-10 alleles both at the endogenous locus and be-
tween an endogenous locus and an ectopic site.

To test whether GRS4 or GRS5 alone is sufficient to induce inter-
chromosomal clustering with GAL1-10, we measured the distances 
between GAL1-10 and either URA3:GRS4 or URA3:GRS5 (GRS4 or 
GRS5 inserted at URA3:LacO; Egecioglu et al., 2014) in glucose and 
galactose. In glucose, GAL1-10 clustered with neither URA3:GRS4 
nor URA3:GRS5 (Figure 3, E and F, bars d and f). However, in cells 
grown in galactose, GAL1-10 clustered strongly with URA3:GRS4 
(mean distance of 0.64 ± 0.28 μm and 47% with <0.55 μm; Figure 3, 
E and F, bar e) but not with URA3:GRS5 (mean distance of 0.86 ± 
0.31 μm and 18% with <0.55 μm; Figure 3, E and F, bar g). Therefore 
the GRS4 sequence is necessary and sufficient to induce interchro-
mosomal clustering with GAL1-10. However, GRS5 is restricted to a 
role in peripheral recruitment and has no apparent role in interchro-
mosomal clustering. This suggests that targeting to the periphery is 
not sufficient to lead to interchromosomal clustering.

Dynamics of GAL1-10 interchromosomal clustering
We next explored the dynamics of GAL1-10 clustering and periph-
eral targeting in live cells. In diploid cells having both alleles of 
GAL1-10 marked with the LacO array (Figure 3A), we scored both 
recruitment to the nuclear periphery and interallelic clustering 
(Figure 4A). After switching cells from glucose to galactose, we sam-
pled a population of cells every 5 min for 15 min and every 15 min-
utes thereafter for 2 h. To follow the peripheral positioning of two 
alleles, we scored them in two ways. For Figure 4A, we quantified 
the fraction of alleles in the population that colocalized with the 
nuclear envelope (blue line), as well as the fraction of cells in which 
the two alleles are <0.55 μm (red line). For Figure 4B, we scored the 
fraction of cells in which both alleles were peripheral (orange), the 
fraction of cells in which both alleles were nucleoplasmic (cyan), and 
the fraction of cells in which the two alleles were <0.55 μm (gray). 
Consistent with our previous work with fixed cells, repositioning to 
the nuclear periphery was a time-dependent reaction that reached 
maximal levels after 15 min in galactose (Brickner et al., 2007). This 
corresponded to a shift from ∼30 to ∼ 70% of the alleles in the 
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In contrast, GAL1-10 clustering was blocked when RNA poly-
merase II was inactivated or inhibited before cells were shifted to 
galactose (Figure 6B). At the permissive temperature, GAL1-10 al-
leles clustered normally in rpb1-1 cells (<0.55 μm, 45%; mean dis-
tance of 0.68 ± 0.35 μm; Figure 6Bb). However, at the restrictive 
temperature, GAL1-10 clustering was blocked in rpb1-1 cells (<0.55 
μm, 17%,; mean distance of 0.94 ± 0.40 μm; Figure 6Bc). Similarly, 
addition of OP blocked clustering of GAL1-10 alleles (<0.55 μm, 
dropped from 51% [mean distance of 0.65 ± 0.37 μm] to 20% [mean 
distance of 0.89 ± 0.37 μm]; Figure 6Bf). Therefore transcription is 
required to establish GAL1-10 clusters.

To test whether transcription plays an important role in maintain-
ing GAL1-10 interchromosomal clustering after it is established, we 
inactivated RNAPII with OP 1 h after shifting to galactose. In this 
regime, the GAL1-10 alleles remained clustered after inactivation of 
RNAPII (Figure 6Be). This suggests that active transcription is re-
quired to establish, but not maintain, GAL1-10 interchromosomal 
clustering.

Gal4, a transcriptional activator that is essential for GAL1-10 ex-
pression, is not required for peripheral localization of GAL1-10; in 
fact, mutants lacking Gal4 showed constitutive targeting of GAL1-
10 to the nuclear periphery (Figure 6A). This may reflect the fact 
that Gal80, which is able to block zip code function (Randise-
Hinchliff et al., 2016), is recruited to the GAL1-10 promoter through 
interaction with Gal4 (Pilauri et al., 2005). Thus Gal4 is involved in 
regulating zip code–mediated targeting to the periphery but is not 
required for peripheral localization. In contrast, loss of Gal4 led to a 
strong defect in clustering of GAL1-10 alleles (Figure 6Cc). This sug-
gests that transcription of the GAL1-10 locus (or another Gal4-de-
pendent GAL gene) is required to establish interchromosomal 
clustering.

(Figure 5A). Although it was previously reported to be required for 
peripheral localization of GAL1-10 (Dieppois et al., 2006), we did 
not observe a defect in peripheral recruitment in a mutant lacking 
Mlp1, another NPC basket component (Figure 5A). However, INO1 
targeting to the nuclear periphery is also dependent on Mlp2 but 
not on Mlp1 (Ahmed et al., 2010). Loss of Nup1, Nup60, and Mlp2 
also disrupted clustering of GAL1-10 alleles (Figure 5, B and C). 
These results suggest that interallelic clustering of GAL1-10 alleles 
requires interaction with the nuclear pore.

Surprisingly, although Mlp1 is not required for GAL1-10 target-
ing to the nuclear periphery, it is required for clustering of GAL1-10 
alleles (Figure 4C). In diploid strains homozygous for the mlp1∆ mu-
tation, the mean distance between GAL1-10 alleles was 0.91 ± 0.37 
μm in glucose versus 0.83 ± 0.27 μm in galactose (p = 0.38; Wil-
coxon rank sum test). Under both conditions, the GAL1-10 alleles 
were within 0.55 μm in ≤20% of the cells (Figure 4C). Therefore 
Mlp1 plays an important role in promoting interchromosomal clus-
tering but is not required for peripheral targeting. This suggests 
that these two phenomena have distinct molecular mechanisms.

GAL1-10 interchromosomal clustering requires active 
transcription
Active transcription is not required for INO1 gene recruitment to 
the nuclear periphery (Brickner et al., 2007). Similarly, GAL1-10 re-
positioned to the nuclear periphery normally both in cells in which 
a temperature-sensitive allele of RNA polymerase II (rpb1-1; Nonet 
et al., 1987) was inactivated and in cells treated with the transcrip-
tional inhibitor 1,10-o-phenanthroline (OP) before cells were 
shifted to galactose (Figure 6A). Therefore, like INO1, active RNA 
polymerase II–mediated transcription is not required for GAL1-10 
targeting to the nuclear periphery.

FIGURE 4: GAL1-10 interchromosomal clustering dynamics. (A, B) Haploid cells with the LacO array integrated at the 3′ 
end of GAL1 were shifted from glucose to galactose medium. An aliquot of cells was removed from the culture at the 
indicated times, and the peripheral localization of GAL1-10 was scored (blue circles in A; orange/cyan in B). Each time point 
represents 30–50 cells. Diploid cells with both GAL1-10 alleles marked with the LacO array were shifted from glucose to 
galactose medium and imaged at the indicated times. The distance between the two GAL1-10 alleles was measured and is 
plotted as percentage of cells in which the two alleles were <0.55 μm apart (red circles in A; gray in B). Each data point is 
from 100 cells. (C) A population of diploid cells with both GAL1-10 alleles labeled with the LacO array grown in glucose or 
galactose medium was imaged every 30 s for 10 min, and the distance between the GAL1-10 alleles in each of 20 cells was 
measured. (D) Distribution of change in distance between the GAL1-10 alleles between time points (i.e., step size) in the 
cells analyzed in C. The p value is from a Student’s t test. (E) Data presented in C were analyzed to determine percentage 
of cells in which the GAL1-10 alleles were <0.55 μm apart for the indicated fractions of the 20 time points of the 10-min 
experiment in either glucose or galactose. (F) Data from the cells monitored in C were pooled for each growth condition 
and the resulting distribution (left) and percentage clustering (right) plotted. The p values are from a Fisher exact test.
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GAL1-10 positioning and interchromosomal clustering show 
coupled, out-of-phase cell cycle regulation
INO1, GAL1, and HSP104 localization at the nuclear periphery is 
regulated through the cell cycle. These genes are positioned at the 
nuclear periphery during G1 and G2/M phase but briefly dissociate 
from the nuclear envelope during S phase (Brickner and Brickner, 
2010, 2011). Clustering of INO1 is maintained in the nucleoplasm 
during S phase (Brickner et al., 2012). However, it is unclear whether 
clustering is also regulated through the cell cycle. To determine 
whether GAL1-10 clustering is regulated through the cell cycle, we 
measured the distances between GAL1-10 alleles in an asynchro-
nous population grown in galactose and classified each cell as un-
budded (G1 phase), small-budded (S phase), or large-budded 
(G2/M phase; Figure 7A). This analysis revealed that clustering of 
GAL1-10 alleles was also disrupted through the cell cycle but not in 
phase with peripheral localization: GAL1-10 alleles were clustered in 
G1 cells (55% with <0.55 μm; mean distance of 0.65 ± 0.35 μm) and 
largely remained clustered in S-phase cells (35% with <0.55 μm; 
mean distance of 0.74 ± 0.41 μm) but were not clustered in G2/M 
cells (4% with <0.55 μm; mean distance of 1.14 ± 0.35 μm; Figure 7, 
B and C). The observed clustering was specific; URA3 did not cluster 
with GAL1-10 at any point in the cell cycle and clustering required 
GRS4 and Gal4 (Figure 7, B and C). This suggests that in S phase, 
the GAL1-10 alleles cluster in the nucleoplasm, whereas during 
G2/M, the GAL1-10 alleles reposition to the nuclear periphery but 
do not cluster.

To confirm that GAL1-10 clustering was maintained during S 
phase and lost during mitosis, we arrested cells during S phase by 
treatment with hydroxyurea and during mitosis by treatment with 
nocodazole. In S phase–arrested cells, GAL1-10 alleles showed sig-
nificant clustering (37% with <0.55 μm; Figure 7C). However, in cells 
arrested during mitosis using nocodazole, which induces the spindle 
checkpoint and prevents loss of cohesion between the products of 
DNA replication (Guacci et al., 1997; Michaelis et al., 1997), the two 
visible GAL1-10 alleles were not clustered (16% with <0.55 μm; 
mean distance of 1.13 ± 0.52 μm; Figure 7C). Removing nocodazole 
and transferring the cells into fresh galactose medium led to rapid 
reestablishment of GAL1-10 clustering during G1 (Figure 7D). 
Therefore the clustering of the GAL1-10 alleles is regulated dynami-
cally through the cell cycle. Furthermore, although both gene re-
cruitment to the nuclear periphery and interchromosomal clustering 
are regulated through the cell cycle, their regulation is out of phase.

The changes in peripheral localization and clustering through the 
cell cycle are not correlated with significant changes in the mRNA 
level of GAL1 or GAL10 (Supplemental Figure S2), suggesting that 
they represent active regulation rather than indirect effects of 
changes in transcription. Our previous work implicated the phos-
phorylation of Nup1 in regulating peripheral targeting through the 
cell cycle (Brickner and Brickner, 2010). Nup1 is essential for GAL1-
10 targeting to the nuclear periphery and interchromosomal cluster-
ing. Phosphorylation of Nup1 by cyclin-dependent kinase (Cdk) at 
two sites (S161 and T344) is required for localization of active INO1 
and GAL1-10 to the nuclear periphery (Brickner and Brickner, 2010). 
When both of the residues were mutated to cysteines to block phos-
phorylation, active INO1 and GAL1-10 no longer localized to the 
nuclear periphery. Conversely, in cells expressing phosphomimetic 
mutants (S161D or T344D), active INO1 and GAL1-10 are retained 
at the nuclear periphery through S phase (Brickner and Brickner, 
2010). Thus phosphorylation of a critical nuclear pore protein during 
G1 and G2/M (and presumably dephosphorylation of these sites 

FIGURE 5: Peripheral targeting and interchromosomal clustering 
have distinct requirements for nuclear pore components.  
(A) Wild-type or mutant cells were grown in glucose or galactose 
medium overnight, and the GAL1-10 locus was scored for peripheral 
localization. Data presented are the average of three experiments of 
30–50 cells each ± SEM. (B, C) Diploid cells of the indicated genotype 
were grown overnight in glucose or galactose medium. The distance 
between GAL1-10 loci was measured, analyzed, and plotted as 
described in Figure 3. Note that a nup1∆/NUP1 heterozygote was 
used as a wild-type control, which gave results indistinguishable from 
those for the NUP1/NUP1 diploid cells (e.g., Figure 3).
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the loss of GAL1-10 clustering during M phase requires the reposi-
tioning of GAL1-10 to the nucleoplasm during S phase and that both 
are controlled by the dephosphorylation of Nup1.

DISCUSSION
The position of GAL1-10 within the nucleus is controlled by small, 
cis-acting DNA elements called GRS4 and GRS5. Both of these ele-
ments function as DNA zip codes: they are necessary and sufficient 
to confer targeting to the nuclear periphery. However, the GRS4 zip 
code can also promote interchromosomal clustering with loci having 
the same zip code. Thus this work supports the view that there are 
at least two different types of DNA elements that influence the spa-
tial organization of the budding yeast genome: those that affect 
gene positioning only and those that also promote interchromo-
somal clustering.

Interchromosomal clustering of genes is a common phenome-
non in biology. We found that targeting to the nuclear periphery 
through interaction with the NPC is often associated with interchro-
mosomal clustering, both between alleles of the same gene and 
between heterologous loci that share certain zip codes (Brickner 
et al., 2012, 2015; Randise-Hinchliff et al., 2016). Computational 
modeling of Hi-C chromosome capture data suggested that the 
GAL genes cluster together (Gehlen et al., 2012). Furthermore, 
chromosome conformation capture reveals an interallelic interaction 

during S phase) dynamically regulates the localization of inducible 
genes to the nuclear periphery through the cell cycle.

Nup1 is required for GAL1-10 clustering (Figure 5). An ectopi-
cally expressed wild-type copy of NUP1 complements the nup1∆ 
mutant phenotypes (temperature sensitivity, proper gene localiza-
tion during gene activation (Brickner and Brickner, 2010), and inter-
chromosomal clustering; Figure 5B). Phosphorylation of Nup1 is 
also required for interchromosomal clustering; Nup1 lacking the 
phosphorylation sites (∆P) failed to complement the loss of GAL1-10 
clustering (Figure 7, E and F). Furthermore, Nup1 having one of the 
two sites replaced with a phosphomimetic aspartate (PM) restored 
GAL1-10 clustering (Figure 7, E and F). Thus both peripheral recruit-
ment and interchromosomal clustering of GAL1-10 locus require 
Cdk phosphorylation of Nup1.

To test whether repositioning of GAL1-10 clusters to the nucleo-
plasm during S phase is required for their separation during M phase, 
we asked whether the phosphomimetic mutant of Nup1, which 
maintains GAL1-10 at the nuclear periphery throughout the cell cycle 
(Brickner and Brickner, 2010), could prevent the loss of GAL1-10 clus-
tering during G2/M. In wild-type cells arrested in M phase with no-
codazole, GAL1-10 alleles were unclustered (Figure 7, E and F), but 
in cells expressing Nup1-PM (T344D) arrested with nocodazole, 
GAL1-10 alleles remained clustered (47% with <0.55 μm; mean dis-
tance of 0.66 ± 0.33 μm; Figure 7, E and F). These results suggest that 

FIGURE 6: Establishment of GAL1-10 interchromosomal gene clustering requires active transcription. (A) Haploid WT, 
rpb1-1, or gal4∆ cells were grown in glucose and galactose. The rbp1-1 mutant was either maintained at the permissive 
temperature (22°C) or shifted to the restrictive temperature (37°C) for 30 min before being shifted to galactose at the 
same temperature. GAL1-10 LacO was scored for peripheral localization. WT haploid cells were also grown in glucose ± 
100 μg/ml OP for 20 min before induction in galactose ± OP. For each treatment, data represent the average of three 
separate experiments of 30–50 cells ± SEM. (B) Diploid WT or rpb1-1 mutant cells with both alleles of GAL1-10 marked 
with the LacO array were grown in glucose at either 22°C or shifted to 37°C for 30 min before being shifted to 
galactose at 22°C or 37°C, respectively. OP, 100 μg/ml, was added to WT cells either before (experiment f) or 1 h after 
(experiment e) switching to galactose. The distance between GAL1-10 alleles was measured, analyzed, and plotted as 
described in Figure 2. (C) WT and gal4∆ mutant diploid cells were grown in glucose overnight or switched to galactose 
medium for 1 h. The distance between GAL1-10 alleles was measured and plotted as in Figure 3.
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leads to a clear and significant shift in both 
the distribution of distances between the al-
leles and the fluctuation of distances be-
tween the alleles. This is in contrast to a 
study in which the distance between the al-
leles of GAL1-10 was monitored in glucose 
and galactose in live cells (Backlund et al., 
2014). Although that study reported a slight 
increase in the fraction of cells in which the 
two alleles were <0.55 μm in galactose, it 
did not observe a significant difference in 
the mean distance between the GAL1-10 al-
leles. It is conceivable that there are techni-
cal reasons for this difference (e.g., using 
one type vs. two types of arrays, integration 
site of arrays, yeast strain background). 
However, our experiments not only ob-
served the phenomenon of GAL1-10 clus-
tering, but they also identified genetic, cell 
biological, and chemical perturbations to 
disrupt it.

Targeting of GAL1-10 to the nuclear pe-
riphery and GAL1-10 clustering are not per-
fectly coupled. The present study identified 
six ways in which the two phenomena can 
be mechanistically distinguished:

1.  Kinetics of targeting versus clustering. 
GAL1-10 repositions to the nuclear pe-
riphery very rapidly, but the clustering of 
GAL1-10 occurred over a much longer 
time scale.

2.  DNA zip codes. Whereas either GRS4 or 
GRS5 is sufficient to cause targeting to 
the nuclear periphery, GRS4 alone con-
trols clustering.

3.  Requirement for transcription. Targeting 
to the nuclear periphery occurs normally 
in the absence of transcription, but clus-
tering does not.

4.  Requirement for Gal4. Targeting to the 
nuclear periphery occurs normally in the 
absence of Gal4, but clustering does not.

5.  Requirement for Mlp1. Targeting to the 
nuclear periphery occurs normally in the 
absence of Mlp1, but clustering does not.

6.  Cell cycle regulation. Whereas peripheral 
localization is lost during S phase and re-
established during G2/M, clustering per-
sists during S phase and lost during G2/M.

Together these results suggest that tar-
geting to the nuclear periphery and inter-
chromosomal clustering are mechanistically 
overlapping but distinct phenomena.

Targeting to the nuclear pore complex is 
a prerequisite for GAL1-10 clustering; loss of nuclear pore proteins 
essential for peripheral localization blocks clustering. However, tar-
geting to the nuclear periphery is not sufficient per se to promote 
interchromosomal clustering, and clustering can be maintained in 
the nucleoplasm during S phase, away from the NPC. Finally, 

between two ectopic copies of the GAL1-10 promoter, and this in-
teraction correlates with transvection, or interallelic transcriptional 
regulation in-trans (Zhang and Bai, 2016). Consistent with these ob-
servations, we find that the GAL1-10 alleles cluster together when 
active but not when repressed. Within the population, clustering 

FIGURE 7: GAL1-10 gene clustering is regulated through the cell cycle. (A) Representative 
confocal micrographs depicting cells at different cell cycle stages: Top left, unbudded cell (G1 
phase); top right, small-budded cell (S phase); lower center, large-budded cell (G2/M phase). 
Scale bar, 1 μm. (B) Distribution of distances between GAL1-10 alleles in an asynchronous 
population of wild-type cells grown overnight in galactose and scored according to bud 
morphology, plotted as in Figure 3. (C) Wild-type diploid cells were grown in galactose and 
incubated ± 100 mM hydroxyurea (HU) or 15 μg/ml nocodazole (Noc) for 2 h before imaging. 
The distance between loci was measured in 100 cells for each treatment, and the percentage of 
cells in which the two alleles are <0.55 μm apart is plotted. (D) Diploid cells with LacO arrays 
marking both alleles of GAL1-10 were grown in galactose overnight, treated with nocodazole 
for 2 h, and released into galactose medium without the drug, and time points were taken 
every 15 min for 90 min. The percentage with <0.55 μm was plotted at each time point. 
(E, F) Wild-type cells and nup1∆/nup1-∆P, or nup1∆/NUP1-PM mutants (see the text for details) 
were grown in galactose medium with or without nocodazole for 2 h. The distance between the 
GAL1-10 alleles was measured and plotted as in Figure 3.
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such compartments, stabilizing interchromo-
somal interactions. Such a “compartment” 
might concentrate certain proteins, affecting 
transcription or mRNA metabolism. Phase-
separated protein droplets dynamically form 
and dissociate in response to small changes 
in the concentrations of protein and ligand 
(Li et al., 2012; Weber and Brangwynne, 
2015), and so their association with nuclear 
pore proteins would provide a mechanism to 
readily assemble and disassemble interchro-
mosomal clusters.

Targeting to the NPC leads to interchro-
mosomal associations that are stabilized by 
a transcription- and Mlp1-dependent 
mechanism (Figure 8A). The NPC may either 
provide a platform that enhances the effi-
ciency of homotypic interactions between 
genes with the same zip code or play a 
more active role in facilitating clustering. 
Mlp1 promotes the looping of the 5′ and 3′ 
ends of the GAL1-10 gene (Tan-Wong et al., 
2009), suggesting that Mlp1 may have a 
more general role as an architectural regula-
tor of both cis and trans chromatin interac-
tions. The metazoan homologue of Mlp1, 
TPR, extends away from the NPC into the 
nucleoplasm (Fontoura et al., 2001). There-
fore this conserved filamentous protein 
could provide a structural element that fa-
cilitates the interaction between chromo-
somes in other eukaryotes.

The cell cycle regulation of peripheral 
targeting and interchromosomal clustering 
are interdependent but out of phase (Figure 
8B). Whereas peripheral localization of 
GAL1-10 (and other genes; Brickner and 
Brickner, 2010, 2011) is lost during S phase, 
GAL1-10 clustering is maintained through S 
phase but lost during G2/M. Consistent with 
this observation, in an asynchronous popu-
lation, we observed two distinct types of 

cells: those in which the genes are clustered, and those in which they 
are not. A mutation in the nuclear pore protein Nup1 that mimics 
constitutive phosphorylation at a critical Cdk site causes GAL1-10 to 
remain at the nuclear periphery through S phase and also maintains 
clustering through G2/M. Therefore the loss of clustering during 
G2/M requires the loss of peripheral localization during S phase. In 
other words, these two events are separately regulated by a com-
mon connection to Cdk phosphorylation of a nuclear pore protein. 
Because the molecular requirements for clustering are distinct from 
those of peripheral localization, it is plausible that loss of peripheral 
localization is an initiating event that is necessary for a subsequent 
event that disrupts clustering and is coordinated with the cell cycle.

Gene positioning has been proposed to facilitate the spatial and 
functional compartmentalization of the genome. The subnuclear 
positioning of the GAL1-10 locus provides an excellent model for 
this notion. The positioning of GAL1-10 within the nucleus and its 
positioning with respect to other genes in the genome are con-
trolled by two interdependent, mechanistically distinct phenomena: 
targeting to the nuclear pore complex and interchromosomal 
clustering.

whereas all proteins that are required for peripheral localization are 
required for clustering, several factors not required for peripheral 
targeting are required for clustering (Figure 8A). Similarly, blocking 
RNA polymerase II activity globally or preventing GAL1-10 tran-
scription had no effect on the targeting of GAL1-10 to the periphery 
but prevented clustering. However, once clusters were formed, they 
were not disrupted by inactivation of RNA polymerase II. Thus inter-
action with the NPC and transcription play essential roles in the es-
tablishment but not the maintenance of clustering.

Our results lead us to speculate that nuclear pore proteins and/or 
RNA may provide the physical basis of interchromosomal clustering. 
The requirement for transcription to establish clustering raises the 
possibility that RNA and RNA-binding proteins are involved. Such 
multivalent ribonucleoproteins play critical roles in the formation of 
nuclear “bodies,” which behave as phase-separated droplets (Kaiser 
et al., 2008; Brangwynne et al., 2009, 2011; Shevtsov and Dundr, 
2011; Kato et al., 2012; Berry et al., 2015; Zhang et al., 2015; Zhu and 
Brangwynne, 2015). Nuclear pore proteins, through their multivalent, 
natively unstructured domains, could interact with transcription fac-
tors, RNA transport factors, and RNA to facilitate the formation of 

FIGURE 8: Model for zip code–mediated gene recruitment and interchromosomal clustering of 
the GAL1-10 locus. (A) Schematic representation of gene recruitment and possible mechanism 
for gene clustering. Two alleles of GAL1-10 are shown in blue and orange. Both cis and trans 
factors required for peripheral targeting and interchromosomal clustering are highlighted. (B) 
Clustering of GAL1-10 alleles through the cell cycle. During G1, the two alleles of GAL1-10 are 
clustered at the nuclear periphery. On the initiation of DNA replication during S phase, the two 
alleles remain clustered in the nucleoplasm. During G2, the (duplicated) alleles of GAL1-10 are 
unclustered at the nuclear periphery, and during mitosis, segregation of the alleles to the 
mother and the daughter precedes the reestablishment of clustering during G1.
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boundaries of the promoter, in a second step, FOAR CanR transfor-
mants were selected after growth overnight on yeast extract/pep-
tone/dextrose and then screened for Ade−. The reintroduced pro-
moters were confirmed by PCR and sequenced to verify mutations. 
The SUP-o suppression of ade2-1 in the first step led to a change in 
colony morphology from pink to white, and replacement of the cas-
sette in the second step restored the pink colony morphology. All of 
the pink colonies tested had replaced the URA3-SUP4-o cassette 
with the GAL1-10 promoter. Site-directed mutagenesis was per-
formed with Pfu polymerase and mutagenic primers detailed in 
Supplemental Table S2. Strains with two copies of GAL1-10 tagged 
with the LacO array were made by mating MATa and MATα cells 
with complementary auxotrophies and selecting for prototrophic 
diploids.

Cultures were grown in minimal medium with 2% glucose or 2% 
galactose at 30°C with constant shaking before being harvested for 
experiments. Unless noted, cultures were grown overnight before 
imaging. The temperature-sensitive rpb1-1 strain was grown at the 
permissive temperature of 22°C before being shifted for 30 min to 
the restrictive temperature of 37°C. Cells were harvested and 
washed into galactose medium prewarmed to 37°C and incubated 
for 1 h before imaging.

Confocal microscopy and simulation
Cultures were grown as described, and 1  μl was spotted onto a 
microscope slide and visualized on a Leica SP5 as described 
(Egecioglu et al., 2014). Z-stacks of ≥5 μm, comprising the whole 
yeast cell, were collected. For experiments in which we scored pe-
ripheral localization, ≥30–50 cells were scored per biological repli-
cate and at least three biological replicates were scored for each 
average. Cells scored for peripheral localization met the following 
criteria: 1) the strain only had one visible dot, and 2) the dot was in 
the middle one-third of the nucleus. Similarly, for experiments in 
which we measured the distance between two loci, we only ana-
lyzed cells with 1) two visible dots and 2) in which both dots were in 
the same or an adjacent z-slice. Cells were excluded if they had ab-
normal nuclear morphology, only a single dot, or more than two 
dots. Confocal images were merged and quantified, and distances 
were measured using LAS AF software.

The simulation of the position of two genes within a nucleus of 
1-μm radius was produced by randomly generating two points, 
each with x, y, and z values between 1  and −1 μm and with total 
distance from origin ≤1 μm. The script is given in the Supplemental 
Materials. Three unbiased simulations of 1000 nuclei generated an 
average distance between two genes of 1.03 μm, in agreement with 
the expected value of 36/35, with 10.7% with <0.55 μm. To simulate 
our method of z-stack image acquisition, in which we only score 
cells in which the two spots are 1) in the same or adjacent slices and 
2) resolvable from each other, nuclei in which either the z-coordi-
nates of the two genes was >0.64 μm or the x, y-distance was 
<0.15 μm were discarded. This filtered set of nuclei produced 2928 
nuclei, which were used to generate the distribution in Figure 3.

Data analysis
For clustering experiments, distances for ≥100 cells were measured. 
The distances to be compared were organized into columns in a 
comma-separated text file and input into an R script, which binned 
data, calculated SDs for each bin, and generated the heat map dis-
play (Markdown file in the Supplemental Materials). Statistical tests 
performed using R were the Wilcoxon rank sum test for comparison 
between two distributions and the Fisher exact test for comparisons 
for fraction of the population with <0.55 μm.

MATERIALS AND METHODS
Chemicals, media, and growth conditions
All chemicals used in this study were purchased from Sigma-Aldrich 
(St. Louis, MO). All restriction enzymes and modifying enzymes were 
purchased from New England Biolabs (Ipswich, MA). All yeast media 
components were purchased from Sunrise Science Products (San 
Diego, CA) and prepared as described (Burke et al., 2000).

Yeast strains, plasmids, and molecular biology
Yeast strains used in this study are listed in Supplemental Table S1. 
Plasmids pAFS144 (Straight et al., 1996), p5LacIGFP, pER04 (Rand-
ise-Hinchliff et al., 2016), pZIP Kan (Egecioglu and Brickner, 2011), 
p6LacO128-GAL1 (Brickner et al., 2007), pFA6a-His3MX6, and 
pFA6a-kanMX6 (Longtine et al., 1998) have been described. The 
667–base pair GAL1-10 promoter was PCR-amplified TOPO cloned 
to create pCR2.1-GAL1-10pro. This plasmid was subjected to 
QuikChange mutagenesis to generate pCR2.1-GAL1-10pro grs4mt, 
pCR2.1-GAL1-10pro grs5mt, and pCR2.1-GAL1-10pro grs4,5mt. 
Plasmid p6LacO128-GAL1-10prom was made by insertion of the 
GAL1-10 promoter from pCR2.1-GAL1-10pro into p6LacO128 
(Brickner and Walter, 2004).

Strains used to test the zip code activity of DNA sequences were 
generated using the integration cassette in the plasmid pZipKan 
described by Egecioglu et al. (2014). Briefly, the plasmid bears a 
cassette with a Kanr gene flanked by sequences homologous to 
p6LacO128 and a PacI site into which candidate DNA sequences of 
>10 base pairs were cloned (Figure 1B, top). Fragments of ≤10 base 
pairs were synthesized as part of the primers used for amplification. 
The cassette was either digested with KpnI plus EcoRV (for cloned 
fragments) or amplified by PCR (for those synthesized as part of the 
primer) and transformed into a yeast strain in which p6LacO128 was 
integrated at URA3 (Figure 1B, top). Insertion of the cassette con-
ferred G418 resistance and was confirmed by sequencing PCR 
products from the genomic DNA from the candidates. Knockout 
mutant yeast strains were generated using PCR amplification of de-
letion cassettes and homologous recombination (Longtine et al., 
1998). To create mutations in the chromosomal GAL1-10 promoter, 
the promoter was first replaced with a double-selection cassette 
made as follows. The URA3 gene was PCR amplified from pRS306 
(base pairs 123–1321; Sikorski and Hieter, 1989), and SacI and 
BamHI sites were appended to the 5′ and 3′ ends, respectively. 
URA3 was cloned into pBluescript SK+ as a SacI–BamHI fragment to 
generate pBS-URA3. The SUP4-o mutant allele was cloned by PCR 
amplification from the genomic DNA of a SUP4-o yeast strain, and 
the KpnI and XhoI sites were appended to the 5′ and 3′ ends of the 
PCR product. This PCR product was cloned as a KpnI–XhoI fragment 
into pBS-URA3 to generate pBS-URA-SUP in which the URA3 
and SUP4-o were arranged tail to tail. The URA-SUP was amplified 
using the primers 5′-TTATATTGAATTTTCAAAAATTCTTACTTTTT-
TTTTGGATGGACGCAAAGAAGGCGGGTGTCGGGGCTG-3′ and 
5′-TTTTCGGCCAATGGTCTTGGTAATTCCTTTGCGCTAGAATT-
GAACTCAGGGACCGGATAATTATTTGAAATCTCTTTTTC-3′ from 
pBS-URA-SUP for integration at GAL1-10. Replacement of the 
GAL1-10 promoter with URA3-SUP4-o was selected on –Ura –Ade 
plates; URA3 complements the ura3-1 mutation, and SUP4-o sup-
presses the ade2-1 ochre mutation. Transformants were Gal−, and 
the structure of the integration was confirmed using PCR from ge-
nomic DNA. The resulting strain is sensitive to 5-fluoroorotate 
(5-FOA) because it is Ura+ and canavanine because SUP4-o also 
suppresses the can1-100 mutation. Therefore, to select for reintro-
duction of wild-type or mutant versions of the GAL1-10 promoter 
upon transformation with PCR products extending beyond the 
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Single-molecule FISH
Single-molecule FISH was performed as described (Rahman and Ze-
nklusen, 2013) with the following modifications. GAL1 probes were 
designed using the Stellaris Probe Designer (LGC Biosearch Technolo-
gies, Novato, CA). The 48 × 20 base oligonucleotides targeting the 
GAL1 open reading frame (ORF; Supplemental Table S3) were synthe-
sized and conjugated with the fluorophore Quasar 570 (LGC Biosearch 
Technologies). Yeast strains were grown overnight at 25°C in SDC 
complete glucose medium. Cells were harvested at OD600 = 0.4 and 
switched to SC galactose medium for 2.5 h. Cells were fixed by add-
ing paraformaldehyde (32% solution, EM grade; 15714; Electron Mi-
croscopy Science, Hatfield, PA) to a final concentration of 4% at room 
temperature for 45 min. Cells were then washed three times with buf-
fer B (1.2 M sorbitol and 100 mM potassium phosphate buffer, pH 7.5) 
and resuspended in 500 μl of spheroplast buffer (buffer B containing 
20 mM VRC [ribonucleoside–vanadyl complex; S1402S, New England 
Biolabs] and 25 U of lyticase enzyme (L2524; Sigma-Aldrich]) per OD 
of cells for ∼10 min at 30°C. Digested cells were washed once with 
buffer B and resuspended in 1 ml of buffer B. A 150-μl amount of cells 
was seeded on 18-mm polylysine-treated coverslips and incubated at 
4°C for 30 min. Coverslips were washed once with buffer B, gently 
covered with ice-cold 70% ethanol, and stored at −20°C.

For hybridization, coverslips were rehydrated by adding 2× saline–
sodium citrate (SSC) at room temperature twice for 5 min. Coverslips 
were prehybridized with a mix containing 10% formamide (205821000; 
ACROS Organics)/2× SSC at room temperature for 30 min. For each 
coverslip, the GAL1 probe mix (sufficient to obtain a final concentra-
tion in the hybridization mix of 125 nM) was added to 5 μl of 10 mg/μl 
Escherichia coli tRNA/single-stranded DNA (1:1) mix and dried with a 
SpeedVac. The dried mixture was resuspended in 25 μl of hybridiza-
tion mix (10% formamide, 2× SSC, 1 mg/ml bovine serum albumin, 
10 mM VRC, 5 mM NaHPO4, pH 7.5), heated at 95°C for 3 min, and 
then hybridized at 37°C for 3 h in the dark. On hybridization, coverslips 
were washed twice with prehybridization mix for 30 min at 37°C, once 
with 0.1% Triton X-100 in 2× SSC for 10 min at room temperature, and 
once with 1× SSC for 10 min at room temperature. Nuclei were stained 
with 0.5 μg/ml 4′,6-diamidino-2-phenylindole (DAP) in 1× PBS for 2 
min at room temperature and washed with 1× PBS for 10 min at room 
temperature. Coverslips were mounted on glass slides using ProLong 
Gold antifade (Thermo Fisher, Skokie, IL). Images were acquired using 
an Olympus BX61 wide-field epifluorescence microscope with a 
100×/1.35 numerical aperture UPlanApo objective. Samples were vi-
sualized using an X-Cite 120 PC lamp (EXFO) and an ORCA-R2 digital 
charge-coupled device camera (Hamamatsu, Hamamatsu City, Japan). 
MetaMorph software (Molecular Devices, Sunnyvale, CA) was used for 
acquisition. Z-sections were acquired at 200-nm intervals over an opti-
cal range of 8.0 μm. Image pixel size was xy, 64.5 nm. FISH images 
were analyzed using FISH Quant (Mueller et al., 2013). Briefly, after 
background subtraction, the FISH spots in the cytoplasm were fit to a 
three-dimensional (3D) Gaussian to determine the coordinates of the 
mRNAs. The intensity and width of the 3D Gaussian were thresholded 
to exclude nonspecific signal. The average intensity of all the mRNAs 
was used to determine the intensity of each transcription site.
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