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Nuclear pore association confers optimal expression
levels for an inducible yeast gene
Angela Taddei1,2, Griet Van Houwe3, Florence Hediger1, Veronique Kalck1, Fabien Cubizolles1,
Heiko Schober1,3 & Susan M. Gasser1,3

The organization of the nucleus into subcompartments creates
microenvironments that are thought to facilitate distinct nuclear
functions1. In budding yeast, regions of silent chromatin, such as
those at telomeres and mating-type loci, cluster at the nuclear
envelope creating zones that favour gene repression1,2. Other
reports indicate that gene transcription occurs at the nuclear
periphery, apparently owing to association of the gene with
nuclear pore complexes3–5. Here we report that transcriptional
activation of a subtelomeric gene, HXK1 (hexokinase isoenzyme 1),
by growth on a non-glucose carbon source led to its relocalization
to nuclear pores. This relocation required the 3 0 untranslated
region (UTR), which is essential for efficient messenger RNA
processing and export, consistent with an accompanying report6.
However, activation of HXK1 by an alternative pathway based on
the transactivator VP16 moved the locus away from the nuclear
periphery and abrogated the normal induction of HXK1 by
galactose. Notably, when we interfered with HXK1 localization
by either antagonizing or promoting association with the pore,
transcript levels were reduced or enhanced, respectively. From this
we conclude that nuclear position has an active role in determin-
ing optimal gene expression levels.

Several studies have reported that changes in the three-
dimensional (3D) organization of the genome accompany changes
in gene expression1. In yeast, transcriptionally silent chromatin,
including telomeres and silent mating-type loci, bind to the nuclear
envelope through heterochromatin factors7–9, whereas other genes
associate with the nuclear periphery when activated3,4. According to
the ‘gene gating hypothesis’, this relocalization could facilitate mRNA
export10. However, it is currently unknown whether the perinuclear
positioning of genes is necessary for maximal expression levels.

We have examined this question by testing whether the activation
of a budding yeast subtelomeric gene, HXK1, alters the location of
the adjacent telomere (Tel6R), which is transcriptionally silent and
peripherally positioned7. This locus was monitored in living cells by
fluorescence microscopy using an array of lac operators11 that were
inserted upstream of the HXK1 promoter, 13 kilobases (kb) from the
terminal TG repeat. By expressing both a green fluorescent protein
(GFP)–LacI repressor fusion and a GFP-tagged nucleoporin (GFP–
Nup49)12, we can monitor the position of the tagged locus by scoring
its position relative to the nuclear periphery in a single focal plane of
a 3D-image stack. A random position in a population of nuclei scores
as 33% in each of three zones of equal surface. Values above or below
33% show enrichment or depletion, respectively (Fig. 1a)7.

Under conditions that repressed the HXK1 promoter (that is,
growth on glucose medium), this subtelomeric locus was adjacent to
the nuclear envelope in 60% of the cells (Fig. 1b). When the promoter
was activated by removing glucose (that is, growth on galactose

medium), HXK1 transcript levels increased ,17-fold (Fig. 1e), as
monitored by quantitative real-time polymerase chain reaction
(PCR). As expression increased, the percentage of cells in which
HXK1 was found at the outermost edge of the nucleoplasm increased
to .85% (Fig. 1b). In contrast, an internal gene whose transcription
is insensitive to galactose (PES4; ref. 8), showed no change in
position.

To rule out non-specific, galactose-induced shift of telomeric
chromatin to the nuclear periphery, we induced HXK1 in the
presence of glucose by deleting its repressor, HXK2 (refs 13, 14;
Fig. 1c). Transcript amounts reached levels slightly higher than those
monitored in wild-type cells on galactose, and again HXK1 became
more tightly associated with the nuclear periphery (Fig. 1d, e). This
relocalization correlated strictly with HXK1 activation, as it did not
occur if theHXK1 promoter and coding region were deleted (Fig. 1d).

Nuclear export factors have been proposed to link activated genes
with the nuclear envelope5. Indeed, Sac3 and Sus1, both components
of the transcription/export factor (TREX), are necessary for posi-
tioning the galactose-induced GAL1 gene at the nuclear periphery6.
Here we found that the deletion of the 3 0 UTR of HXK1 abolished its
transcription-induced anchoring and reduced expression levels
(Fig. 1d, e), suggesting that 3 0 -UTR-dependent mRNA processing
influences the relocalization of the activated HXK1 gene.

We next asked whether this transcription-coupled anchoring was
related to other pathways of telomere anchoring. Previous studies
showed that, under glucose growth conditions, the perinuclear
positioning of native Tel6R was fully dependent on the conserved
DNA-end-binding heterodimer, yKu70/yKu80 (ref. 7; Fig. 2a). How-
ever, in yku70D cells, the HXK1 gene still shifted from a random to a
peripheral position upon galactose induction (Fig. 2a; P ¼ 8£1027),
arguing for a yKu-independent mechanism for tethering active genes.

Cross-linking studies3 suggest that transcription-coupled anchor-
ing reflects association with nuclear pore complexes (NPCs). To test
this, we used a nup133-deletion strain (nup133D) in which cyan
fluorescent protein (CFP)-tagged nuclear pores cluster at one side of
the nuclear rim (Fig. 2b). We scored the frequency of a complete
superposition of GFP-tagged HXK1 with the CFP-pore signal under
repressed and inducing conditions: on glucose, the HXK1 locus
coincided very rarely with nuclear pores (4%), whereas activation
of the gene increased colocalization of the fluorescent signals fourfold
(to 17%; Fig. 2c).

This relatively low value for complete colocalization is likely to
stem from the constant local motion of chromatin in living cells7,12.
Indeed, live 3D-tracking of the HXK1 locus by confocal microscopy
revealed a continuous diffusive movement of Tel6R within a radius of
constraint of 0.6 mm in cells grown on glucose (Supplementary
Fig. 2). When HXK1 was induced, the locus remained dynamic,
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but moved in a more restricted peripheral zone, sliding laterally along
the nuclear envelope (Fig. 2d). This mobility may reflect competition
between the transcription-coupled anchoring of HXK1 at nuclear
pores and telomere-mediated anchoring at other sites (Fig. 2e)8.

To check whether the association of the activated HXK1 gene with
the nuclear envelope is an obligatory feature of active transcription,

we induced HXK1 through an alternative pathway: the activation
domain of the viral transcriptional activator VP16 (ref. 15) was fused
to bacterial LexA and targeted to four LexA recognition sites inserted
upstream of the HXK1 promoter (Fig. 3a). A second gene, ADE2, was
inserted immediately adjacent to the Tel6R TG1–3 repeats to monitor
the effects of LexA–VP16 on other subtelomeric genes. HXK1
expression levels and HXK1 position relative to NPCs were scored.
As expected, targeting VP16 upstream of the HXK1 promoter in
glucose medium increased mRNA levels, this time 4.4-fold (Fig. 3b).
We checked for the presence of RNA polymerase II in its elongation
form by chromatin immunoprecipitation, and its level increased
even more significantly than on galactose (Supplementary Fig. 1).
Notably, this VP16-mediated activation was accompanied by a loss of
perinuclear anchoring (Fig. 3c), although expressing LexA–VP16 did
not affect telomeres that do not bear inserted LexA sites (see Tel8L,

Figure 1 | Relocation ofHXK1 to the nuclear periphery on galactose requires
the 3 00 UTR. a, Yeast cells expressing GFP–LacI and GFP–Nup49 fusions
were tagged with 256 lacop repeats upstream ofHXK1 and 13 kb from the TG
repeats of Tel6R. HXK1 subnuclear position was scored with respect to zone
1, representing 33% of the cross-sectional area of one focal plane of the
nucleus7. Scale bar, 1 mm. Chr, chromosome. b, The percentage of spots are
plotted for zone 1 (n ¼ number of interphase cells) for strains bearing lacop

repeats near HXK1 or PES4 (ref. 8), in glucose (Glu) or galactose (Gal)
media. P-values refer to a proportional test comparing indicated
distributions. c, Schematic of HXK1 gene regulation13 and the deletions
relevant for panels d and e. d, As in b, for wild-type (WT) strain GA-1917
and isogenic derivatives hxk1D (GA-3328), hxk2D (GA-3329) or hxk1-
3 0utrD (GA-3520). In these strains, Tel6R is truncated, eliminating its
subtelomeric X element7 (see Fig. 3a). e, HXK1 mRNA levels were
determined by quantitative real-time PCR with normalization by geomean
to NUP1 and NUP159 transcripts27. Error bars correspond to s.e.m. For the
hxk1-3 0utrD strain, GA-3520, grown either on glucose or galactose, internal
sequence was used for the 3 0 primer rather than polyA, which gives a
transcript level of 12.8 for the WT control on galactose.

Figure 2 | HXK1 colocalizes with nuclear pores in glucose-free medium.
a, Bar graphs present the percentage ofHXK1 spots in zone 1 (see Fig. 1b) for
strain GA-1489 (yku70D). b, Deconvolved equatorial confocal sections of
nuclei from glucose- or galactose-grown wild-type or nup133D cells in which
GFP-tagged HXK1 is green and NPCs are red (CFP–Nup49). Scale bars,
1mm. NE, nuclear envelope. c, Quantification of complete signal overlap
(colocalization) of HXK1 with Nup49 (see b) (n¼number of cells counted).
d, Four-dimensional time-lapse imaging of wild-type cells bearing
lacop-tagged HXK1 as described26 on glucose- or galactose-containing
media. Image stacks were collected at 1.5-s intervals for 7.5 min and tracking
was performed with the Imaris Time program. The darker grey background
shows the peripheral pore signal. The path of the locus is shown with a
temporal colour code (blue represents early and white represents late time
points) e, Schematic recapitulating HXK1 activation and localization to
nuclear pores in glucose-free medium. Ku-mediated telomere anchoring
tethers silent HXK1 to the periphery in glucose media, until transcription is
induced and NPC association increases.
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Fig. 3c). Moreover, the TG-proximal ADE2 gene remained
significantly repressed (Fig. 3b) in a variegated manner (Supplemen-
tary Fig. 3), indicating that HXK1 transcription did not disrupt more
distal telomeric heterochromatin16.

The displacement of Tel6R from the nuclear periphery may reflect
VP16-recruited nucleosome remodellers or other transactivating
factors, which provide a force sufficient to override the anchoring
activity of telomeric chromatin7,8,17. Monitoring Tel6R dynamics
showed that VP16 binding enhanced chromatin movement and
enlarged the radius of constraint within which the locus moved.
This could displace Tel6R from the nuclear envelope (Supplementary
Fig. 4).

The occurrence of transcription without perinuclear enrichment
was not unique to activation by VP16. Similar results were obtained
by inducing the subtelomeric ADE2 gene by growth on adenine-
deficient media. This internalization was statistically significant if
anchoring was first weakened by eliminating one of the telomeric

anchors7,17 (yku70D; Fig. 3d). Thus, stable NPC association is not an
absolute requirement for transcription in yeast, although our results
do not rule out transient contacts between genes and pores during
activation18,19.

Figure 3 | Alternative modes of transcriptional activation displace Tel6R
from the nuclear periphery. a, Organization of relevant subtelomeric
elements in yeast strain GA-1917, in which Tel6R is truncated (Tel6Rtr) by
the integration of TG-ADE2 5 kb from the native chromosomal end. Unlike
native Tel6R, Tel6Rtr remains anchored by Sir4 and Esc1 in the absence of
yKu7,17. b, Ratios of transcript levels in glucose-grown cells bearing
LexA–VP16 or LexA alone determined by real-time PCR for HXK1, TRP1
and ADE2. Error bars correspond to s.e.m. c, Subnuclear localization of
HXK1/Tel6Rtr or Tel8L (no LexA sites) as in Fig. 1. Strains are as in b. d,
Subnuclear position of HXK1/Tel6Rtr was determined as in Fig. 1 in
GA-1917 (WT) or GA-1918 (yku70D) strains grown on synthetic medium
with adenine (“Off”) or without (“On”). e, Schematic recapitulating HXK1
activation and internal localization on VP16 targeting to its promoter.

Figure 4 | Impairing or improving perinuclear anchoring modulates HXK1
transcript levels on galactose. a, Subnuclear localization of HXK1 was
determined as in Fig. 1 in GA-1917 cells with or without VP16 on glucose or
galactose. b, HXK1 mRNA levels were determined as in Fig. 1e for isogenic
strains bearing LexA sites near HXK1 (GA-1917) or not (GA-1320). Error
bars correspond to s.e.m. c, ATG2 mRNA levels in GA-2070 cells bearing
LexA binding sites and lacop repeats downstream of ATG2, with or without
VP16 on galactose or glucose. Error bars correspond to s.e.m. d, Schematic
recapitulating HXK1 activation and localization by two antagonistic modes
of activation. Activation by VP16 on galactose shifts HXK1 away from the
nuclear periphery, and induction levels are reduced over levels on galactose
alone. Similarly, a reduction in HXK1 transcription and internalization was
achieved on galactose when the subtelomeric ADE2 gene was induced in a
yku70Dmutant (without adenine; data not shown). e, Subnuclear localization
of HXK1 was determined as in Fig. 1 in GA-1917 cells expressing LexA or
LexA–Esc1C on glucose or galactose. f, HXK1 mRNA levels in cells expressing
LexA or LexA–Esc1C on glucose or galactose determined as in Fig. 1e.
Right and left panels have different scales. Error bars correspond to s.e.m.
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Our data thus far lead to two important conclusions. First,
transcriptional activation can occur in yeast without a pronounced
association with the nuclear envelope. Second, the position of an
active gene depends, at least in part, on its mode of activation. We
decided to test whether the observed pore association might be
necessary for the high mRNA levels detected on galactose-containing
medium by analysing transcript levels and gene position in the
presence of both VP16 and galactose.

When HXK1 was induced on galactose-containing medium in the
presence of LexA–VP16, the tagged HXK1 locus shifted inwards
assuming a near-random distribution (Fig. 4a). Thus, the VP16 effect
was epistatic to and dominant over the galactose-induced pore
association (see Figs 1 and 2). Remarkably, under these conditions
HXK1 mRNA levels did not increase to the high level expected on
galactose (,17-fold increase), but remained at the level conferred by
LexA–VP16 on glucose (,4-fold above the control; Fig. 4b). Notably,
the presence of LexA–VP16 had no effect on the galactose-induced
level of HXK1 transcription if the LexA binding sites were absent
(Fig. 4b). Other galactose-induced genes, such as GAL1 and GLK1
(refs 13, 14), showed near-normal levels of induction in the same cells
(Supplementary Table 3), ruling out indirect effects of LexA–VP16
on galactose-regulated gene activity (that is, ‘squelching’20). Finally,
the galactose effect was specific for LexA–VP16-activated HXK1,
because galactose did not impair the activation of another locus to
which the fusion was targeted (ATG2; Fig. 4c). Thus, the binding of
LexA–VP16 upstream of the HXK1 promoter specifically abrogated
the normal level of HXK1 expression on galactose (Fig. 4b).
Because this reduced expression level was accompanied by a marked
dissociation of HXK1 from the nuclear periphery (Fig. 4d), we
propose that the association of HXK1 with nuclear pores is required
for maximal expression.

As a corollary to this observation, we next tested whether
improved anchoring could enhance HXK1 expression even further.
To achieve this, we targeted the anchoring domain of the nuclear-
envelope-associated protein Esc1 (LexA–Esc1C)8 to the LexA sites
upstream of HXK1, improving significantly the association of HXK1
with the nuclear periphery in both glucose and galactose media
(Fig. 4e). This enhanced perinuclear anchoring led to a hyper-
repression of HXK1 on glucose; however, on galactose, the induced
HXK1 mRNA levels reached values twice as high as those monitored
on galactose in the absence of the Esc1 anchor (Fig. 4f). This argues that
increased association with sites near pores enhances HXK1 activation
on galactose, presumably by facilitating access to NPC sites, just as
antagonizing this interaction reduced expression levels.

We conclude that although transcription-associated NPC anchor-
ing is not necessary for all modes of transcriptional activation in
yeast, for HXK1 such association maximizes expression levels. We
note that Med8 (ref. 13), which is thought to bind the HXK1
promoter, interacts with the integral pore protein Nup116 (ref. 21),
and can be recovered in a complex with the nuclear-pore-associated
factor Mlp1 (ref. 22). These interactions may help anchor the
activated HXK1 promoter to the NPC. However, mRNA proces-
sing/export factors also contribute to this transcription-induced
pore-anchoring, as the relocalization of GAL1 to NPCs required
Sac3 and Sus1 (refs 5, 6), and deletion of theHXK1 3 0 UTR abrogated
the enrichment of active HXK1 at the pore (Fig. 1). Consistent with
these findings, the elongation-specific form of RNA polymerase II
was as abundant on HXK1 in the presence of VP16 as it was on
galactose (Supplementary Fig. 1), even though the accumulated level
of HXK1 mRNA is fourfold lower. This argues that, in this instance,
RNA polymerase II loading is not the limiting factor that determines
final transcript levels, and supports the proposal that NPC association
maximizes expression levels by facilitating mRNA export or proces-
sing5,6. This may reflect cooperation between promoters and 3

0

sequences, which were proposed to form active gene loops in yeast23.
In conclusion, different modes of gene activation can lead to

different subnuclear positions. Because interfering with gene relocation

on galactose modified HXK1 expression level, we propose that sub-
nuclear position has an active role in determining optimal gene
expression levels.
Note added in proof: Consistent with our results, another study28 has
observed galactose-dependent accessibility of the HXK1 promoter to
a Nup2 fusion protein.

METHODS
Microscopy. For in vivo position analysis, a Metamorph-driven Olympus IX70
microscope was used to capture 21 image stacks of 0.2-mm step size. The zonal
position of the GFP spot was determined on one focal section7. Deconvolution
was performed using Metamorph software8.

Time-lapse imaging was performed using a Zeiss LSM510 confocal micro-
scope as described24 on strains GA-1459 (ref. 12) (pixel size: 100 nm£100 nm;
imaging intervals: 1.5 s; z-settings: 6 optical slices at 450 nm spacing)25,26. Each
cell was monitored for 7.5 min, and subsequently scored for cell division timing.
Tracking and movie analysis. Four-dimensional (4D) tracking was performed
with the Imaris Time program (Bitplane). The tagged locus was tracked using the
Spottracker plug-in25 (ImageJ; http://rsb.info.nih.gov/ij/index.html). MSD (mean-
square displacement) analysis is described in Supplementary Information.
Transcript analysis. Transcript analysis and quantification were performed on at
least four colonies for each condition by reverse transcription and quantitative
real-time PCR. Primers for ADE2 and TRP1 mRNA analysis were designed to
detect the wild-type, but not the mutated, alleles (that is, ade2-1 and trp1-1)
present at endogenous loci (Supplementary Table 2). Values were normalized by
geomean to NUP1 and NUP159 for each condition27. The error is the standard
error of the mean of all measurements.
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