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Altering nuclear pore complex function impacts
longevity and mitochondrial function in S. cerevisiae
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he eukaryotic nuclear permeability barrier and se-

lective nucleocytoplasmic transport are maintained

by nuclear pore complexes (NPCs), large structures
composed of ~30 proteins (nucleoporins [Nups]). NPC
structure and function are disrupted in aged nondivid-
ing metazoan cells, although it is unclear whether these
changes are a cause or consequence of aging. Using the
replicative life span (RLS) of Saccharomyces cerevisiae as
a model, we find that specific Nups and transport events
regulate longevity independent of changes in NPC per-
meability. Mutants lacking the GLFG domain of Nup116

Introduction

Aging is a degenerative process caused by an accumulation of
damage that leads to reduced viability or survival. Because age
is a risk factor for a variety of human disorders including cancer,
heart attack, and neurodegenerative disease (Lopez-Otin et al.,
2013), defining the molecular and cellular causes of aging is im-
portant for understanding approaches to improve health. Nuclear
pore complexes (NPCs) are large macromolecular assemblies
embedded in the nuclear envelope that regulate transport between
the nucleus and cytoplasm (Wente and Rout, 2010) and change
as metazoans age (D’Angelo et al., 2009; Toyama et al., 2013).
Moreover, in the premature aging Hutchinson—Gilford proge-
ria syndrome (HGPS), patient fibroblasts show nuclear import
defects and reduced nuclear levels of the transport factor Ran
(Kelley et al., 2011; Snow et al., 2013). Investigating the mecha-
nisms by which NPCs and nuclear transport impact aging will re-
quire directly manipulating NPC proteins (nucleoporins [Nups])
and transport factors and assessing the impact on longevity.
NPCs maintain a selective permeability barrier that allows
ions, metabolites, and macromolecules to passively diffuse in
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displayed decreased RLSs, whereas longevity was in-
creased in nup100-null mutants. We show that Nup116
mediates nuclear import of the karyopherin Kap121,
and each protein is required for mitochondrial function.
Both Kap121-dependent transport and Nup116 levels
decrease in replicatively aged yeast. Overexpression of
GSPI, the small GTPase that powers karyopherin-mediated
transport, rescued mitochondrial and RLS defects in nup116
mutants and increased longevity in wild-type cells. To-
gether, these studies reveal that specific NPC nuclear
transport events directly influence aging.

and out of the nucleus (Wente and Rout, 2010). The rate of
diffusion is inversely proportional to the size of the molecule
and in the absence of their specific transport, those larger than
roughly 50 kD are generally excluded from the nuclei of metazoan
cells (Keminer and Peters, 1999). Large proteins and cargoes
that accumulate against a concentration gradient are actively
and directionally transported, which requires transport recep-
tor interactions with NPCs and energy-dependent events on the
nuclear or cytoplasmic face of NPCs (Moore and Blobel, 1993;
Rexach and Blobel, 1995; Tran et al., 2007). Others report that
NPC selectivity decreases with age, as isolated nuclei from
aged rats are permeable to larger dextrans excluded from young
nuclei (D’Angelo et al., 2009). Moreover, tubulin aggregates,
which have been linked to some neurodegenerative diseases,
are detected in these “leaky” aged nuclei. It has therefore been
suggested that changes in NPC permeability might contribute
to aging.

Inhibited NPC function in aged metazoan cells also cor-
relates with age-linked changes in NPC composition. NPCs are
composed of multiple copies of ~30 distinct Nups, many of
which stably associate with minimal protein turnover after their
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assembly into NPCs. For example, in terminally differentiated
rat cells, several scaffolding Nups are still present in the NPCs
over a year after being produced (Savas et al., 2012). This low
exchange rate for several Nups will inherently limit replace-
ment of subunits damaged during the aging process. Indeed,
oxidized forms of the scaffolding Nup93 are detectable in aged
rat brains (D’ Angelo et al., 2009).

Interestingly, aged nuclei with increased NPC permeabil-
ity have lower levels of FG Nups (D’Angelo et al., 2009). The
FG Nups harbor domains enriched in phenylalanine-glycine
(FG) repeats that facilitate nuclear transport (Strawn et al.,
2004; Terry and Wente, 2007; Stelter et al., 2011) by transiently
interacting with Karyopherin (Kap) transport receptors. The
Kaps are responsible for binding cargo with specific NLSs
or nuclear export signals. GLFG Nups are a subset of FG pro-
teins that are required for both maintaining the NPC passive
permeability barrier and facilitating Kap transport of cargo—
adaptor complexes (Terry and Wente, 2007; Laurell et al., 2011,
Hiilsmann et al., 2012). Thus, both structural Nups and FG
Nups are potentially key to the aging mechanism.

Together, much progress has been made in defining impor-
tant correlations between longevity, NPCs, and nuclear trans-
port. Thus far, however, there is no direct causal evidence that
altering NPC function can regulate organismal or cellular life
span. To address this question, we have analyzed the replica-
tive life span (RLS) of Saccharomyces cerevisiae as a model to
test whether NPCs directly affect longevity. S. cerevisiae cells
divide asymmetrically, producing a mother and daughter with
different properties; RLS is defined as the number of daughters
that bud from a mother before senescence or death (Park et al.,
2002). RLS is a robust model for metazoan aging as a result
of the conservation of several longevity pathways (Steinkraus
etal., 2008; Schleit et al., 2012). By directly manipulating NPCs
in S. cerevisiae in this study, we reveal that specific FG Nups
and nuclear transport events regulate aging.

Results

Specific GLFG domains regulate RLS

Based on previous studies showing the composition and func-
tions of NPCs change as cells and organisms age (D’Angelo
et al., 2009; Kelley et al., 2011), we hypothesized altering
NPC function might affect RLS in S. cerevisiae. To test this,
we focused on measuring the RLSs of a subset of NPC mutant
strains lacking specific FG domains (A FG; Strawn et al., 2004;
Terry and Wente, 2007). The mean RLS of nupl 16AGLFG
mutants was decreased ~20% when compared with wild-
type W303 cells (Fig. 1 A). Although RLS was unaffected in
nupl45AGLFG cells, mean RLS was further reduced 20% in
nupl I6AGLFG nupl45AGLFG double mutants (Fig. 1 A).
Surprisingly, deletion of NUPI100 (nupl00A) or its GLFG
domain (nuplOOAGLFG) significantly increased mean RLS
17% in W303 (Fig. 1 B) and 23% in BY4741 cells (Fig. S1 A).
In contrast, RLS was not significantly altered in nsplAFG,
nupl45AGLFG nuplOOAGLFG, or AN AC (a strain lacking
the five FG domains from Nup42, Nup159, Nupl, Nup2, and
Nup60) mutants (Fig. 1 E). Inmunoblotting of total cell lysates
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showed the levels of Nup116 and Nup100 were not significantly
altered in nupl I6AGLFG nupl45AGLFG and nupl00AGLFG
cells (Fig. S1, C and D). Together, these results suggested there are
specific defects associated with nup1 I6AGLFG, nup1 16AGLFG
nupl45AGLFG, and nupl00AGLFG cells that alter RLS, and
demonstrated longevity is regulated by NPC structure and func-
tion in S. cerevisiae.

Because the permeability of NPCs increases as a function
of age in metazoans (D’Angelo et al., 2009), a novel live-cell
FRAP assay was used to determine whether changes in passive
NPC permeability correlate with the RLSs of AFG mutants.
Mutant strains were transformed with a GFP-4PrA reporter,
which localizes to both the nucleoplasm and cytoplasm be-
cause its size (molecular mass of 53.5 kD) and conformation
allow passive diffusion through NPCs. The cytoplasmic sig-
nal was bleached, and subsequent images were used to visual-
ize the diffusion of unbleached GFP-4PrA out of the nucleus
until equilibration was reached. The amount of time required
for equilibration is inversely proportional to the permeability
of NPCs. nup188A cells, which have a reported NPC perme-
ability defect (Shulga et al., 2000), were used as a positive
control. The mean half-time of GFP-4PrA equilibration in
wild-type cells was 228 s and was significantly decreased to
107 s in nup188A cells (Fig. 1, C and D). nup1 I16AGLFG cells
displayed the most severe permeability defect with a mean
half-time of 41 s, whereas nupl00AGLFG and nupl16AGLFG
nupl45AGLFG cells also had significant increases in NPC per-
meability (Fig. 1, C and D). These results were consistent with
previous studies showing that GLFG domains are essential
to maintain the passive permeability barrier of NPCs (Laurell
et al., 2011; Hiilsmann et al., 2012). Strikingly, there was only
a poor correlation (Pearson’s r correlation of 0.58) between
RLS and NPC permeability. Thus, changes in NPC permeabil-
ity were not causative for aging and permeability could not be
the sole NPC-related factor influencing RLS.

KAP121 is required for RLS

In addition to maintaining the NPC permeability barrier, dif-
ferent GLFG domains are required for specific nuclear transport
pathways (Strawn et al., 2004; Terry and Wente, 2007; Stelter
et al., 2011). Because RLS did not correlate strongly with NPC
permeability, we investigated whether the GLFG domains of
Nupl116 and Nupl00 might mediate specific nuclear transport
events that affect longevity. Fluorescence microscopy was used to
determine the steady-state localization of different NLS-GFP re-
porters expressed in wild-type, nupl00AGLFG, nup116AGLFG,
and nupl I6AGLFG nupl45AGLFG cells. Reporters tested in-
clude the Srp1-Kap95 substrate classical NLS (cNLS)-GFP
(Enenkel et al., 1995; Shulga et al., 1996), the Kap123 substrate
RpI25NLS-GFP (Rout et al., 1997; Schlenstedt et al., 1997;
Timney et al., 2006), and the Kap121 substrate Spol2NLS-GFP
(Chaves and Blobel, 2001). nupl00AGLFG cells displayed minor,
though detectible amounts of each NLS reporter mislocalized in
the cytoplasm compared with wild-type cells (Fig. 2 A), poten-
tially caused by increased NPC permeability. Other than cNLS-
GFP, nupl16AGLFG and nupl16AGLFG nupl45AGLFG cells
exhibited high levels of each reporter in the cytoplasm (Fig. 2 A),
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Figure 1. Specific GLFG domains regulate RLS independently of NPC permeability. (A and B) Survival curves of wildtype and mutant cells (n > 50) grown
at 30°C. Mean RLSs are listed in parentheses next to genotypes. *, P < 0.001 when the curve is compared with wild type using a log-rank test. (C) Mean
half-times for GFP-4PrA equilibration after cytoplasmic bleaching in the listed strains. *, P < 0.01 using Tukey's post-hoc test when compared with wild-
type cells after a one-way analysis of variance (ANOVA; n > 10 cells per strain). Error bars represent SEM. (D) Representative time-lapse FRAP images of
single cells expressing GFP-4PrA at the listed times relative to the bleach. Bar, 2.5 pym. (E) A list of mutant strains and their mean RLSs. *, P < 0.05 when
the survival curve is compared with wild type using a log-rank test with n > 50 cells.

indicating the GLFG domain of Nup116 is required for Kap121-
and Kap123-mediated import.

Based on their altered steady-state localizations, the rela-
tive import rates of RpI25NLS- and Spo12NLS-GFP were mea-
sured in wild-type and AFG cells. These assays were especially
important given the fact the NPCs of A FG strains were also more
permeable (Fig. 1, C and D), which might alter the steady-state
localization of each reporter. Cells were incubated in 10 mM
sodium azide and 10 mM deoxyglucose at 25°C for 30 min to
inhibit active transport and equilibrate the reporters between the

nucleus and cytoplasm and then transferred to glucose media to
initiate transport (Shulga et al., 1996). Relative import rates were
calculated by measuring the percentage of cells with GFP ac-
cumulated in the nucleus at different time points after recovery.
Wild-type and nup100AGLFG cells had similar import rates for
both reporters (Fig. 2 B). The rate of Kap123-mediated import
in nupl I6AGLFG cells was largely comparable to wild type;
however, it was delayed in nupll6AGLFG nupl45AGLFG
cells. Kapl21-mediated import was significantly impaired
in both nupl 16AGLFG and nupl16AGLFG nupl45AGLFG

NPCs and nuclear transport regulate longevity
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Figure 2. KAPI121 is required for full RLS. (A) Steady-state localization of NLS-GFP reporters in the listed mutant strains at 25°C. Bar, 2.5 pm. (B) Import
kinetics of NLS-GFP reporters in wild-type and mutant cells at 25°C. Rates were calculated by measuring the percentage of cells with nuclear accumula-
tion of the reporter at each time point. Error bars represent SEM from at least three independent experiments. *, P < 0.05 when compared with wild type
using Bonferri’s post-hoc test after a two-way ANOVA. (C) Survival curves of flo114 and flo114 kap121-7 (n = 30) cells at 30°C, as well as wild-type
and kap121-7 cells supplemented with 0.1 M KCI (n > 25) at 30°C. *, P < 0.001 when compared with wild type/flo11A cells using a log-rank test.

(D and E) Survival curves of the listed strains (n = 30) grown at 30°C

. (F) Survival curves of wild-type and gsp1-322 cells grown at 30°C. *, P < 0.0001

using a log-rank test when the curve is compared with wild-type cells with n = 30 cells. Mean RLSs are listed in parentheses.

mutants; many of these cells did not accumulate Spol12NLS-
GFP in their nucleus even after 15 min of recovery. There
was a strong correlation (Pearson’s r correlation of 0.86) be-
tween disrupted Kap121-mediated import and decreased RLS.

Consistent with our previous study (Terry and Wente, 2007),
these results showed the GLFG domain of Nup116 is required
for Kap121-mediated import, and it also plays a role in Kap123-
mediated import along with Nup145.
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The RLSs of kap121-7 (Seedorf and Silver, 1997) and
kap123A (Giaever et al., 2002) cells were assessed to directly
test whether inhibited Kapl21- or Kapl123-mediated import
decreased longevity. Deletion of the nonessential KAPI123
produced no obvious changes in RLS at 30°C (Fig. 2 D), indi-
cating that Kap123 does not significantly regulate longevity.
A significant portion of kapl21-7 cells entered a filamen-
tous growth state at 30°C, causing the cells to stick together
and preventing accurate measurement of their RLS. Dele-
tion of FLOI11, a nonessential gene required for filamentous
growth (Lo and Dranginis, 1998), suppressed this phenotype
in kap121-7 cells. Compared with flol 1A cells, which had a
mean RLS of 21.8 divisions, flol 1A kap121-7 cells had a sig-
nificantly decreased mean RLS of 10.7 divisions (Fig. 2 C).
Similar results were also observed for wild-type and kap121-7
cells analyzed on 0.1 M KCl, which also largely suppressed
filamentous growth (Fig. 2 C). Using a different kap121-21
mutant (Seedorf and Silver, 1997), we observed even more
pronounced replicative aging defects when grown on 0.1 M
KCI (unpublished data). We found there was no significant
change in RLS in kap95-L63A mutants at 30°C (Fig. 2 E),
suggesting specific transport pathways regulate life span in
yeast. Together, these experiments revealed that KAPI21 is
required for yeast longevity and suggested that the Kap121-
mediated transport defects of nupl I6AGLFG and nupl I6AGLFG
nup145AGLFG mutants contribute to their decreased RLSs.

Because Ran-GTP dissociates Kapl21—cargo (and other
Kap—cargo) complexes once they enter the nucleus (Rexach and
Blobel, 1995; Izaurralde et al., 1997), we predicted that inhibit-
ing Ran would also decrease RLS. The RLSs of wild-type and
gspl-322 (OKki et al., 1998) cells were measured at 30°C to test
this prediction. GSP/ is an essential gene that codes for one of
two Ran orthologues found in S. cerevisiae (Belhumeur et al.,
1993); the gsp1-322 allele is a temperature-sensitive mutant
with a growth defect at 30°C. Wild-type cells had a mean RLS
of 19.5 divisions (Fig. 2 F), whereas the mean RLS of gsp1-322
cells was significantly decreased to 8.1 divisions (Fig. 2 F). This
indicated that Ran function is required for RLS and is consistent
with NPC-mediated transport regulating life span.

NPCs are altered in replicatively aged cells
Given our experiments that demonstrated altering NPC func-
tion can affect RLS, we next tested whether NPCs and GLFG
Nups are affected during the aging process of wild-type S. cere-
visiae cells. Because there are lower amounts of FG Nups at
the nuclear rim in aged rat cells, a phenotype that correlates
with increased NPC permeability (D’Angelo et al., 2009), we
hypothesized FG and GLFG Nup levels might be decreased in
replicatively aged yeast. This possibility seemed particularly
likely because NPCs with decreased levels of Nup82 appear
to be selectively retained in mother yeast cells (Makio et al.,
2013). A biochemical enrichment technique (Park et al., 2002)
was used to isolate populations of young (~0-1 divisions) and
aged (~6-9 divisions) cells. Replicative age was assessed by
counting the number of bud scars visualized by calcofluor white
(CCFW) staining, and immunoblotting was used to measure
relative protein levels.

Significantly reduced amounts of full-length Nup116 were
detected in aged cells (Fig. 3, A—C) using an antibody that rec-
ognizes the C-terminal region of Nup116. The amount of Pgk1
did not significantly decrease in aged cells (Fig. 3, A and B),
indicating all cellular proteins were not similarly affected. We
also detected a lower migrating band in aged cells in the blot
in Fig. 3 A, likely corresponding to a degradation product of
Nup116 lacking a portion of its N-terminal region (which in-
cludes FG and GLFG domains). Full-length Nsp1-GFP lev-
els were also decreased in aged yeast, whereas the amounts
of Nup100-GFP and the scaffolding Nup53 were unaffected
(Fig. 3, B and C; and Fig. S2 A). Quantitative RT-PCR dem-
onstrated that the amounts of Nup100, Nup116, Nup53, and
Nspl transcripts were not significantly altered in aged cells
(Fig. S2 B), suggesting decreased Nup116 and Nspl protein
levels are not caused by reduced mRNA expression. Al-
though levels of full-length Nsp1-GFP decreased in aged cells,
the localization of Nspl-GFP was largely unaffected, with
the majority of Nspl-GFP signal present at the nuclear rim
(Fig. 3 D). The localization of Nupl00-GFP was also un-
changed in replicatively aged yeast (Fig. 3 D). A ratiometric
analysis of Nup100-GFP and Nspl-mCherry levels in young
and aged cells was also performed, which showed a decrease
in the amount of Nspl-mCherry relative to Nupl00-GFP
when comparing young and aged cells (Fig. S2 C). We there-
fore concluded that full-length levels of Nup116 and Nsp1 de-
crease in replicatively aged mothers.

We predicted that nuclear transport would be inhibited in
aged cells caused by decreased levels of full-length Nspl and
Nup116. NPC function was assessed by measuring the ratio of
GFP fluorescence in the nucleus versus cytoplasm for GFP-NLS
reporters in wild-type cells that had divided zero or more than
five times. Cytoplasmic levels of Spol2NLS-GFP, Rpl25NLS-
GFP, and cNLS-GFP increased in aged cells (Fig. 3 E). The fact
that Spo12NLS-GFP and RpI25NLS-GFP reporters were mislo-
calized when there were decreased levels of full-length Nup116
in aged cells was consistent with our observation that the
import of these GFP reporters was delayed in nupl I6AGLFG
nupl45AGLFG mutants (Fig. 2 B). Mislocalization of c¢cNLS-
GFP suggested that other NPC functions are compromised in
aged cells because cNLS-GFP import was not significantly de-
pendent on the GLFG region of Nupl16 (Fig. 2 A). Together,
these experiments indicated nuclear transport is inhibited in rep-
licatively aged yeast, which is likely caused by decreased levels
of full-length and/or functional Nup116 and Nspl.

AFG mutants regulate RLS independently

of characterized longevity factors

We next investigated whether signaling pathways known to regu-
late RLS were affected by A FG mutants. Extrachromosomal
ribosomal DNA circles (ERCs) are a cause of replicative aging in
yeast (Sinclair and Guarente, 1997), and factors that influence
ERC formation significantly alter RLS. Sir2 inhibits ERC produc-
tion and RLS is accordingly decreased in sir2A cells (Kaeberlein
et al., 1999), whereas fobIA cells have increased RLSs because
Fobl promotes ERC formation (Defossez et al., 1999). Because
Sir2 and Fobl both localize to the nucleolus (Gotta et al., 1997,

NPCs and nuclear transport regulate longevity ¢ Lord et al.
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Figure 3. NPCs and nuclear transport deteriorate in replicatively aged cells. (A) Enriched mother (~6-9 divisions) and young (~0-1 divisions) wild-type
cells were lysed, and immunoblotting was conducted using anti-Pgk1 and anti-Nup116 C+terminal antibodies. One asterisk corresponds to full-length
Nup116, whereas two asterisks correspond to a degradation product. (B) Quantification of Nup116, Nup53, Nup100-GFP, and Nsp1-GFP levels in
young (~0-1 divisions) and aged (~6-9) cells compared with Pgk1. The Nup/Pgk1 ratio was set as 100% in young cells. Error bars represent SEM from
at least three independent experiments. *, P < 0.05 when compared with young cells using a two-tailed Student’s t test. (C) Enriched aged (~6-9 divi-
sions) and young (~0-1 divisions) Nup100-GFP or Nsp1-GFP cells were lysed and immunoblotting conducted using anti-GFP, anti-Pgk1, and anti-Nup116
C-erminal antibodies. (D) Zero or eight division cells from the listed strains were stained with CCFW and visualized using fluorescence microscopy. CCFW
images are from the cortical regions of the cell to show most bud scars. Bar, 2.5 pm. (E) The nuclear versus cytoplasmic ratios of the listed NLS-GFP reporters
were calculated in young (zero divisions) or aged (six or more divisions) cells using Image). Error bars represent SEM, and *, P < 0.03 using a two-tailed
Student's t test when compared with young cells. At least 10 cells from each condition were measured in three independent experiments.
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Figure 4. AFG mutants regulate RLS independently of SIR2, FOB1, and DR. (A) Survival curves for the listed strains grown at 30°C. P < 0.02 when compar-
ing all curves to one another using a log-rank test (n = 30 cells). (B) Survival curves for the listed strains grown at 30°C. *, P < 0.02 when the curve is com-
pared with wild type using a log-rank fest; **, P < 0.01 when the curve is compared with fob1A or nupT00A (n > 50 cells). (C) Representative polysome
profiles of the listed strains; at least three separate profiles were performed for each strain. 40S, 60S, 80S, and polysome peaks are labeled in the wild-type
profile. (D) Survival curves for wildtype and arx1A cells grown at 30°C. *, P < 0.001 when the curve is compared with wild type using a log-rank test
with n > 50 cells. (E) Survival curves for wildtype and nup 1004 cells grown on 2% or 0.05% glucose (DR) at 30°C, with mean RLSs listed in parentheses.
*, P <0.01 when compared with wild type using a logrank test; **, P < 0.04 when compared with nup1004 or wild-type DR (n > 50 cells).

Defossez et al., 1999), their nuclear import could be disrupted in
AFG strains. The RLSs of sir2A, nup1 I6AGLFG nup145AGLFG,
and sir2A nupl16AGLFG nupl45AGLFG mutants were mea-
sured to ascertain whether the decreased RLSs of nupl I6AGLFG
nupl45AGLFG cells were solely caused by inhibition of Sir2. If
Sir2 is significantly impaired in nupl I6AGLFG nupl45AGLFG
cells, sir2A nuplI6AGLFG nupl45AGLFG cells should have
similar RLSs compared with nupl 16AGLFG nupl145AGLFG
cells. We found that the mean RLS of sir2A nupl I6AGLFG
nupl45AGLFG cells was significantly decreased compared with
both sir2A (31%) and nupl16AGLFG nupl45AGLFG cells
(48%; Fig. 4 A), indicating the GLFG domains of Nupl16 and
Nup145 regulate RLS independently of Sir2. Similar experiments
were performed to determine whether Fobl activity is inhibited
in nupl00A cells, which could explain why deletion of NUP100
increased RLS. Both fobIA and nupl00A mutants had increased

RLSs relative to wild-type cells (Fig. 4 B). Because mean RLS
was further increased ~20% in foblA nupl00A cells (Fig. 4 B),
Nup100 inhibited RLS independently of Fob1. SIR2 is not required
for the extended life span of nupl00A mutants, as nupl00A sir2A
cells have increased RLSs compared with sir2A cells (Fig. S3 B).
Similarly, RLSs of nupl16AGLFG cells are extended when FOBI
is deleted (Fig. S3 A). These experiments suggested the GLFG re-
gions of Nup100 and Nup116 do not significantly affect Sir2 or
Fob1 function.

Inhibition of GSPI function using the gspl-322 mutant
largely suppressed the extended RLSs of nupl00A cells (com-
pare with nupl00A kapl21-7 cells; Fig. S3, C and D), sug-
gesting that Nup100 mediates one or more nuclear transport
pathways that affect longevity. RLS increases in S. cerevisiae
when 60S ribosomal subunit levels are decreased by genetic or
chemical means (Steffen et al., 2008); we therefore speculated
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that the increased RLSs of nupl00A and nupl00AGLFG cells
could be explained by inhibited preribosomal subunit export,
which might decrease 60S subunit levels. We initially tested
whether inhibiting ribosome export affected RLS using an
arxIA mutant, which is partially defective in nuclear export of
pre-60S subunits (Bradatsch et al., 2007; Hung et al., 2008).
The mean RLS of arxIA cells was increased roughly 28% com-
pared with wild-type cells (Fig. 4 D), showing that inhibited
ribosome export increases longevity in yeast. Polysomes were
next analyzed to determine whether 60S subunit levels were de-
creased in nupl00A and arxIA cells. rpl23aA cells, which have
a reported decrease in 60S subunit levels (Steffen et al., 2008),
were used as a positive control. Polysome profiles of wild-type
cells showed increased amounts of 60S subunits compared with
40S subunits (Fig. 4 C). The profiles of rpi23aA- and arxIA-
null cells displayed roughly similar amounts of 40S and 60S
subunits as well as half-mers (Fig. 4 C), both of which are indic-
ative of decreased 60S subunit levels (Rotenberg et al., 1988)
and are consistent with previous profiles of arx/A cells (Hung
et al., 2008). The polysome profiles of nupl00A cells appeared
similar to wild type (Fig. 4 C), suggesting that Nup100 is not
required for export of pre-60S subunits. These results indi-
cated that decreased 60S export can affect longevity, although
Nup100 does not regulate longevity by altering this process.

Others have also shown that decreasing levels of 60S
ribosome subunits extends RLS through activation of dietary
restriction (DR) pathways (Steffen et al., 2008). DR refers to
reducing the amount of caloric intake of an organism (typically
75-95% in yeast, and 20-40% in mammals) and increases RLS
in most yeast backgrounds as well as longevity in worms, flies,
and mice (Schleit et al., 2012). We analyzed the RLSs of wild-
type and nupl00A BY4741 cells grown on 0.05% glucose to
determine whether Nup100 regulates another aspect of DR.
This particular yeast background was used because the RLSs of
wild-type BY4741 cells have consistently been shown to in-
crease when grown on low glucose (Schleit et al., 2012). As ex-
pected, the mean RLS of wild-type cells increased when grown
on 0.05% glucose (Fig. 4 E). The mean RLS of nupl00A cells
(Fig. 4 E) grown on 0.05% glucose was greater than the mean
RLS of wild-type DR cells (25%) and nupl00A cells grown
on 2% glucose (13%). Thus, Nup100 inhibited RLS through a
mechanism independent of DR.

Nup116 and Gsp1 influence life span

through regulation of mitochondrial function
Alterations in mitochondrial function influence longevity in a
variety of model organisms including S. cerevisiae. For exam-
ple, mitochondria tend to become more fragmented and less
functional as yeast replicatively age; mutations that inhibit
this deterioration significantly increase RLS (Scheckhuber
et al., 2007; Hughes and Gottschling, 2012). We speculated
that strains with decreased life spans might display reduced
mitochondrial function. This was tested by serially diluting
different AFG strains on glucose or glycerol. S. cerevisiae
mutants with compromised mitochondrial activity can grow on
fermentable carbon sources such as glucose because respiration
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is largely not used for energy production but display specific
growth defects on nonfermentable carbon sources that require
respiration such as glycerol; this is commonly referred to as a
petite phenotype.

With the exception of nupl16AGLFG nupl45AGLFG
cells, which do not grow at temperatures >30°C, other AFG
mutants displayed normal growth on glucose at 30 and 37°C
(Fig. 5 A). At 30°C, nupl16AGLFG nupl45AGLFG cells did
not grow on glycerol, whereas the growth of nupl 16AGLFG
mutants was decreased compared with wild-type cells (Fig. 5 A).
Growth of nupl 16AGLFG cells was completely inhibited on
glycerol at 37°C. Transformation of nup116AGLFG cells with a
vector containing full-length NUP116, but not nupl 16AGLFG,
rescued glycerol sensitivity (Fig. S4 A). Importantly, this glycerol
growth defect was specific to AFG mutants with decreased life
spans, as nupl 00AGLFG, nup145AGLFG, and nupl 00AGLFG
nupl45AGLFG cells grew normally on glycerol at all tempera-
tures tested (Fig. 5 A). Ran is also required for mitochondrial
activity, as gspl-322 mutants also display a petite phenotype
(Fig. S4 C). Other AFG mutants with wild-type RLSs also grew
on glucose and glycerol at 37°C (Fig. S4 B). Thus, mutants
lacking the GLFG region of Nupl16 displayed reduced mito-
chondrial function.

AFG strains were stained with the mitochondrial mem-
brane potential (A¥)—dependent dye MitoTracker red CMXRos
to detect obvious changes in morphology or membrane poten-
tial. The mitochondria of wild-type cells were largely localized
to the periphery of the cell, although there were often large re-
gions lacking any detectable MitoTracker signal (Fig. S4 C).
About 25% of nupl 16AGLFG nupl45AGLFG cells exhibited a
morphological defect where their mitochondria were distributed
uniformly throughout the cortical region of the cell at 25°C.
This phenotype was not observed in wild-type or other AGLFG
strains (Fig. S4, D and E). As a control, localization was also
analyzed using nupl16AGLFG nupl45AGLFG cells in which
the chromosomal copy of the mitochondrial ribosomal protein
Mrpll1 (Kitakawa et al., 1997; Tkach et al., 2012; Breker et al.,
2013) was GFP tagged (Fig. S4 C). The morphological defect
was similar to that observed with MitoTracker staining.

Young and aged wild-type and nupl I6AGLFG nupl45
AGLFG cells were stained with MitoTracker red CMXRos to deter-
mine whether age-dependent changes in A ¥ are affected by nuclear
transport events. AW was quantified by measuring the mean
intensity of MitoTracker signal throughout a cell that had di-
vided zero or eight times. Similar to previous analyses (Hughes
and Gottschling, 2012), we observed a statistically significant
decrease in MitoTracker intensity as wild-type cells replica-
tively aged (Fig. 5, B and C). Although the mean MitoTracker
intensity of wild-type and nup!16AGLFG nupl45AGLFG cells
was similar in young cells, it was significantly more decreased
in nupl I6AGLFG nupl45AGLFG cells after eight divisions
(Fig. 5, B and C). There was no noticeable change in the in-
tensity of Mrpll1-GFP fluorescence when comparing aged
wild-type and mutant cells (Fig. S4 F), suggesting membrane
potential is specifically affected. This result indicated the GLFG
domains of Nup116 and Nup145 influence the function of mito-
chondria during the aging process.

920z Atenige g0 uo 1senb Aq Jpd-yZ0Z Ly L0z al/L08E6S L/62./9/80Z/4Pd-alome/qol/Bi0 ssaidnyy/:dny woly pspeojumoq


http://www.jcb.org/cgi/content/full/jcb.201412024/DC1

25 =
wild type
nup116AGLFG R
(0] -
nup100AGLFG ~ ge 2
j 37 °C 30
nup145AGLFG § s
nup116AGLFG nup145AGLFG o % 15 4
b= *
nup100AGLFG nup145AGLFG % g **
Rugie)
wild type . 1 =
g8 = =
nup116AGLFG o5
O O
5 o
nup100AGLFG 30 °C g % 05 —_—
nup145AGLFG 3: 2 P A

nup116AGLFG nup145AGLFG
nup100AGLFG nup145AGLFG

wild type nup116AGLFG wild type nup116AGLFG
0 divisions nup145AGLFG 8 divisions nup145AGLFG
0 divisions 8 divisions
C CCFW  CCFW D
DIC  Mitotracker  top bottom

wild type nup116AGLFG nup145AGLFG
0 divisions

100 - + 2u (10)

+ GSP1 2y (13.9%)

wild type 80 1
8 divisions
60 1
nup116AGLFG 40 1
nup145AGLFG

0 divisions

Survival (%)

201

0 ' 10 ' 20
Number of divisions

nup116AGLFG
nup145AGLFG
8 divisions

100 -

— wild type (15.4)
801 GPD-GSP1 (19.9%)

60 1

40+

Survival (%)

201

0 10 20 30 40
Number of divisions
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Overexpression of GSP/ specifically rescued the glycerol  mitochondrial defects in nup16AGLFG mutants are caused by

sensitivity of nupl16AGLFG cells without significantly affect- disrupted nuclear transport. We assessed whether GSPI overex-
ing their growth on glucose (Fig. S5, A and B), suggesting that  pression increased longevity in nupl I6AGLFG nupl45AGLFG
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cells to determine whether their decreased RLSs could be caused
by inhibited mitochondrial function. GSPI overexpression sig-
nificantly extended the RLS of nupl 16AGLFG nupl45AGLFG
mutants (Fig. 5 D), linking mitochondrial activity to life span.
Because we observed age-dependent changes in NPCs (Fig. 3),
we also tested whether overexpressing GSPI could also influ-
ence the RLS of wild-type cells. Overexpression (Fig. S5 D) in-
creased RLS when cells were grown on either glucose (Fig. 5 E)
or glycerol (Fig. S5 C). Importantly, this confirms that nuclear
transport can influence RLS and suggests longevity can be in-
creased by limiting the functional deterioration of NPCs during
the aging process.

Mitochondrial dysfunction in kap121 cells
Because Kapl21 transport was mediated by Nupl116’s GLFG
domain (Fig. 2), kapl121-7 and kap121-21 mutants were ana-
lyzed to determine whether they also displayed inhibited mi-
tochondrial activity. This possibility seemed likely as KAP121
was isolated in an overexpression screen for genes that enhance
the import of hydrophobic membrane proteins into the mito-
chondria (Corral-Debrinski et al., 1999). Both kapi21-7 and
kap121-21 cells were not viable on glycerol at 25°C (Fig. 6 A),
indicative of strong defects in mitochondrial function. Quantifi-
cation of MitoTracker red CMXRos staining showed the A¥ of
kap121-7 and kapl21-21 mutants was significantly decreased
compared with wild-type cells (Fig. 6, B and C). When the
brightness was adjusted to help visualize MitoTracker signal
in kap121 mutants, the mitochondria also often appeared more
fragmented compared with wild-type cells (Fig. S5 E).

A series of FG swap mutants were used to define the
requirements of Nupl116’s GLFG domain in mitochondrial
function. In these mutants, the deleted chromosomal copy
of nupl16A5::HIS3 was covered with a plasmid-based con-
struct wherein the GLFG domain of Nupl16 was either de-
leted (nupl16AGLFG), replaced with its own GLFG domain
(nup116SGLFGy,p116), teplaced with the GLFG domain of
Nup100 (nup116SGLFGyypi00), or replaced with the FXFG do-
main of Nspl (nupl16SFxFGy,;). Inmunoblotting showed all
constructs were expressed at equal levels compared with one
another and full-length plasmid-based Nup116 (Fig. 6 D). Cells
expressing nupl16AGLFG exhibited minor growth defects on
glucose at 25 and 30°C, whereas their growth was largely inhib-
ited on glycerol at 25 and 30°C (Fig. 6 E). Cells expressing full-
length NUP116, nupl16SGLFGy,p1;6, and nupl16SGLFG 100
all grew similarly on glucose and glycerol, indicating the GLFG
domain of Nup100 could functionally substitute for Nup116’s
GLFG domain. Substitution of Nspl’s FXFG domain actually
appeared to inhibit respiration more than deletion of the GLFG
domain alone, as the nupl16SFxFGy,,; mutant did not grow on
glycerol at all temperatures tested (Fig. 6 E).

The FG swap mutants were transformed with Spo12NLS-
GFP to test whether Kapl21 transport was also rescued by
nupl16SGLF Gy, 00. Fluorescence microscopy of steady-state
nuclear versus cytoplasmic Spol2NLS-GFP levels showed a
strong correlation between inhibited glycerol growth and de-
creased Kapl21 transport (Fig. 6 F), consistent with the re-
quirement of Kap121 in mitochondrial function (Fig. 6, A-C).
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The fact Nup100’s GLFG domain functionally substituted for
Nup116’s implied the location and number of GLFG domains
in the NPC (as determined by the C-terminal region of Nup116)
is more important than the specific sequence of the GLFG do-
main. The type of FG domain was critical, however, as Nspl’s
FxFG domain was unable to substitute for Nup116’s GLFG re-
gion and might actually inhibit its activity with respect to mito-
chondrial function.

Discussion

We have shown that specific GLFG Nups and transport events
directly regulate longevity in S. cerevisiae. Deletion of Nup116’s
GLFG domain significantly decreases RLS, whereas deletion
of NUP100 increases RLS. The NPCs of nupl16AGLFG and
nuplO00AGLFG mutants are both more permeable than those of
wild-type cells, indicating that NPC permeability does not cor-
relate well with longevity. Defects in specific active transport
pathways are linked to decreased RLSs. Kap121-mediated im-
port is inhibited in the nup!16A GLFG mutant, and kap121 mu-
tants have decreased RLSs. KAPI12] and the GLFG domain of
Nupl16 are also both essential for mitochondrial function in
young yeast as well as for maintaining mitochondrial activity
during the aging process. Overexpression of GSPI rescues the
mitochondrial defects of nuplI6AGLFG cells and also in-
creases RLS in wild-type cells, likely by limiting the deteriora-
tion of NPCs that occurs during the replicative aging process.

We specifically observed NPC deterioration in replica-
tively aged yeast, potentially caused by direct retention of dam-
aged NPCs in mothers or as an indirect consequence of other
factors enriched in aged cells. Metazoan scaffolding Nups have
low exchange rates and are thus stably associated with NPCs.
Recent work shows that once assembled into NPCs the S. cere-
visiae Nup188 and GLFG Nup57 do not exchange over a time
course of 3 h (Menendez-Benito et al., 2013). If stably asso-
ciated Nups are proteolytically or oxidatively damaged, these
low exchange rates inherently limit replacement and result in
accumulation of such changes in aged cells. Nspl is required
to overcome a selective barrier at the bud neck for transmitting
NPCs into daughter S. cerevisiae cells (Colombi et al., 2013;
Makio et al., 2013). When cells are depleted of the Nspl-binding
Nup82, the NPCs lacking Nup82 are retained in mother cells
(Makio et al., 2013). Thus, NPCs containing damaged or de-
graded Nspl potentially accumulate in mother cells during the
aging process. Furthermore, the basis for our observing less
full-length Nup116 in aged cells might be caused by Nup116,
but not Nupl00, forming a subcomplex with Nspl, Nup159,
and Nup82 (Bailer et al., 2000). Alternatively, other detrimental
factors enriched or retained in aged cells might affect NPCs.
For example, reactive oxygen species are detectable in replica-
tively aged yeast without any additional oxidative stress (Laun
et al., 2001). Moreover, Caenorhabditis elegans Nup93 is car-
bonylated in aged worms (D’Angelo et al., 2009), indicating
Nups can be affected by oxidative damage.

Our analysis also reveals that both the GLFG domain
of Nupl16 and Kapl21 are required for mitochondrial func-
tion and RLS. Because proper import of the Kap121 substrate
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Figure 6. Kap121-mediated transport is required for mitochondrial function. (A) Wild-type and mutant strains were serially diluted onto glucose or glyc-
erol and incubated at 25°C until grown as shown. (B) Single representative wild-type or kap121 mutant cells stained with MitoTracker red CMXRos. DIC,
differential interference contrast. Bar, 2.5 pm. (C) Quantification of the mean MitoTracker red CMXRos cytoplasmic intensity for strains listed in B. *, P < 0.01
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Tukey’s post-hoc test following a one-way ANOVA; **, P < 0.05 when compared with nup1 16AGLFG. Error bars represent SEM.
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Figure 7. NPCs regulate RLS by influencing specific nuclear transport
pathways. Functional NPCs in young wildtype cells properly mediate
Kap121-dependent nuclear import. Degradation or loss of Nup116 and
Nsp1 causes deterioration of NPC function in replicatively aged wild-type
cells, which inhibits nucleocytoplasmic transport and likely increases NPC
permeability. Along with other signaling pathways that regulate longevity,
inhibited Kap121 transport decreases mitochondrial membrane potential
and reduces RLS. Mitochondrial membrane potential is similar to wild
type in young nupl16AGLFG nup145AGLFG cells but is reduced faster
during the aging process because Kap121-dependent transport is inhib-
ited in young cells. Accelerated reduction in membrane potential is likely
at least partially responsible for the decreased RLSs of nup116AGLFG
nup145AGLFG cells.

Spol12NLS-GFP is dependent on Nupl16’s GLFG domain
(Fig. 2 B), it is likely that the RLSs and mitochondrial defects
of nupl I6AGLFG and nupll16AGLFG nupl45AGLFG cells
are at least partially caused by inhibited Kapl21-dependent
transport. Mitochondrial function and RLS appear to be func-
tionally linked in NPC mutants as overexpression of GSP1spe-
cifically rescues growth on glycerol and also increases RLS
of nupl 16AGLFG nupl45AGLFG cells. We hypothesize that
this is important during the aging process in wild-type cells,
as GSPI overexpression also increased life span (Figs. 5 E
and S5 C). Because this suggests that some nuclear transport
events regulate aging, the decreased life spans of kapl21 and
nupl16AGLFG mutants are therefore likely caused by acceler-
ated aging. We hypothesize the decreased life spans of kap121
and nuplI6AGLFG mutants are not caused by stochastic cell
death because we did not observe a significant portion failing
to divide after one or two cell divisions. Because Kap121-
mediated import is significantly inhibited in both nupl I6AGLFG
and nupl16AGLFG nupl45AGLFG cells (Fig. 2 B), other
nuclear transport events required for RLS might also be dis-
rupted in nupl I6AGLFG nupl45AGLFG cells. Alternatively,
nupl 16AGLFG nup145AGLFG mutants could be more sen-
sitive to NPC degradation in aged cells because they already
lack two GLFG domains. Because KAPI2] overexpression
potentially promotes mitochondrial membrane import (Corral-
Debrinski et al., 1999), we propose that Kap121 mediates the
nuclear transport of a factor directly or indirectly required for
mitochondrial import of membrane proteins. Future work will
be required to fully delineate such factors. We cannot exclude
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the possibility that Kap121 and Gspl regulate RLS independent
of their roles in nuclear transport; however, the fact that AFG
mutants also display altered RLSs is consistent with specific
transport events affecting life span.

These findings in S. cerevisiae are informative for ongo-
ing studies in multicellular organisms. Our results suggest that
permeability-independent NPC defects, including disrupted
Kap121-dependent transport, significantly decrease longevity.
We predict that the Nup116 orthologue Nup98 and the Kap121
orthologue Ipo5 (or potentially another importin) are also re-
quired for mitochondrial function and longevity in higher eu-
karyotes. Nuclear import of large cargoes is inhibited in HGPS
fibroblasts as a result of Ran mislocalization (Snow et al., 2013),
suggesting that disrupted nuclear transport causes some of the
phenotypes associated with this disease. Interestingly, glyco-
lytic enzymes such as PGK1 are expressed at higher levels in
HGPS fibroblasts compared with wild-type controls, whereas
levels of proteins involved in oxidative phosphorylation like
cytochrome ¢ are reduced (Rivera-Torres et al., 2013). More-
over, mitochondrial function is impaired in HGPS fibroblasts
as well as mouse models of HGPS (Rivera-Torres et al., 2013).
This suggests that a conserved set of pathways link mito-
chondrial function and longevity to NPC- and Ran-dependent
transport events.

Our results are consistent with a model whereby NPC
damage contributes to the aging process in wild-type cells
(Fig. 7). Replicatively aged NPCs likely contain partially de-
graded Nups because full-length Nup116 and Nspl levels are
decreased in aged cells (Fig. 3 B), even though Nspl-GFP
still localizes to the nuclear rim (Fig. 3 D). Loss of Nupl16’s
GLFG domain then inhibits Kap121-dependent nuclear im-
port (Fig. 2 B), which compromises mitochondrial function
(Figs. 5 and 6) and decreases RLS (Figs. 1 A and 2 D). We
speculate that deletion of Nup116’s GLFG domain promotes
aging because Kap121-mediated transport is inhibited in young
cells, limiting the function of their mitochondria and replicative
potential during the aging process. RLS is further reduced in
nupl I6AGLFG nupl145AGLFG cells because of functional re-
dundancy between the GLFG domains of Nup145 and Nupl116
(Fig. 1 A). Overexpression of GSPI suppresses mitochondrial
defects in nupl I6AGLFG cells and thus extends the RLS in
mutant cells. We hypothesize that GSPI overexpression in-
creases RLS in wild-type cells by limiting some of the nuclear
transport defects observed in aged cells.

We also discovered that deletion of NuplOO or its
GLFG domain increased longevity independently of Kap121
(Fig. 2 B), pre-60S ribosome export, DR, and Fobl (Fig. 3).
This is surprising given the high degree of conservation be-
tween Nup100 and Nupl116 (Wente et al., 1992). Because the
GLFG domain of Nup100 can functionally replace Nup116’s
GLFG region (Fig. 6, E and F), we speculate the amounts and/or
location of GLFG Nups in the NPC affect how they regulate
transport. Because deletion of Nup100’s GLFG domain is suf-
ficient to increase RLS (Fig. 1 B), Nup100 likely mediates one
or more nuclear transport pathways that normally inhibit lon-
gevity. Consistent with this hypothesis, deletion of NUP100
had only a marginal effect on RLS in a gsp/-322 mutant
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(Fig. S3 C). Overexpressed Nup100-GFP can form prions that
aggregate in cytoplasmic foci (Halfmann et al., 2012); these
aggregates could influence RLS. However, we did not observe
any Nupl100-GFP cytoplasmic foci in young or replicatively
aged cells (unpublished data), and additional work will be re-
quired to ascertain Nup100’s function in RLS.

In summary, we reveal specific roles for Nups in regulat-
ing RLS in S. cerevisiae. This provides key insights into the
mechanisms for how NPC degradation potentially accelerates
the aging process. Changes in NPC permeability alone are not
sufficient, and we identify an important functional link between
Kap121, Nup116, and mitochondrial activity in aging. Reveal-
ing if and how other NPC functions are involved in longevity
is a future goal.

Materials and methods

Yeast strains and plasmids

Strains and plasmids used in this study are listed in Tables S1 and S2.
Yeast were grown in synthetic complete (SC) media without appropriate
amino acids supplemented with 2% dextrose or YPD (1% yeast extract, 2%
peptone, 2% dextrose). Cloning was performed using standard molecular
biology strategies as well as the Gibson cloning method (New England Bi-
olabs, Inc.). AFG strains are in a W303 background, whereas most indi-
vidual deletion mutants are in a BY4741/BY4742 background. Gene
deletions (SWY5724, 5909, 5912, 6012, 6013, 6014, 6044, 6170,
6236, 6237, and 6239) were constructed by generating a PCR product
using primers 50-400 bp upstream and downstream of the gene of interest
and genomic DNA from a null allele, typically from the deletion library
(Giaever et al., 2002), and then transforming the PCR product into the
desired yeast strain and plating on selective media. GFP-tagged strains
(SWY5836-40, 5913, 5914, 5915, and 6238) were generated in a
similar manner using primers upstream of the C-terminal region and in the
3’ UTR of the gene of interest along with genomic DNA from a GFP-tagged
strain, typically from the GFP collection (Huh et al., 2003). Htb2-mCherry-
tagged strains (SWY5678, 5680, 5725, 5728, and 5874) were made
similarly using genomic DNA from an htb2-mCherry strain. SWY6169 was
generated by transforming BY4741 cells with a PCR product to insert a
TDH3 promoter upstream of GSP1; the PCR product was made using the
Gateway vector pAG306GPD-ccdB (Addgene) as a template. Fluores-
cence microscopy and/or immunoblotting was used to confirm deletions
and tags. Plasmid GFP-4PrA was created by cloning in TPl promoter, GFP,
and four Protein A sequences into the BssHI site of pRS415. pSW4070
was generated by cloning GSP1 and ~500 bp of its 5" and 3’ UTR in
EcoRl-digested pRS426. A. Corbett of Emory University, Atlanta, GA;
D. Goldfarb of University of Rochester, Rochester, NY; and J. Aitchison of
the Institute for Systems Biology, Seattle, WA provided strains and/or plas-
mids for some experiments.

Replicative aging assays

RLSs were generally measured as previously described (Park et al., 2002;
Steffen et al., 2009). Strains were streaked onto a YPD plate from a fro-
zen glycerol stock and incubated at 25-30°C for 2-3 d. Single colonies
were then restreaked as patches near the side of a fresh YPD plate (2-4
patches/plate). After growing overnight, >30 single cells were isolated
from each patch and moved into rows using a microdissection microscope.
Plates were incubated for 2-3 h, and virgin daughter cells were isolated
from the 30 individual mother cells; the mother cells were then discarded.
These virgin daughter cells then began to divide, becoming mothers. New
daughter cells were counted and discarded to measure each mother’s RLS.
The RLS was considered complete when a cell hadn’t successfully divided
for 212 h at 30°C. Plates were stored at 4°C overnight. Assays were
performed at 30°C on YPD plates unless otherwise noted. For DR experi-
ments, YP and 0.05% glucose plates were used. Mean RLSs are listed in
parentheses next to strain names in figures.

Enrichment of mother cells

Mother cells were enriched as previously described (Park et al., 2002).
1 ODsoo unit of yeast grown to mid-log phase was pelleted and washed
two times with 500 pl PBS. The cells were resuspended in 500 pl PBS,

and 1 pg Sulfa-NHS-LC-biotin was added to the suspension, which was
vorfexed for 20 s to dissolve the biotin. This was incubated at 25°C while
shaking for 20-30 min. The cells were washed two times with PBS and
added fo 1 liter synthetic media with 2% glucose and 75 pg/ml ampicillin.
Cells were grown for 15-16 h at 30°C. Cells were pelleted and washed
with 10 ml PBS before resuspending in a 15-ml conical tube with 8 ml PBS
and 60 pl of 4mg/ml streptavidin magnetic beads. The suspension was
mixed 30 min at 4°C. The tube was then incubated on a magnetic separa-
tion rack at 4°C for 5 min. The supernatant was removed, and 8 ml PBS
was added; this process was repeated five times. Some cells in the super-
natant were saved as young cells. The aged cells were then resuspended
in 1 ml PBS for further analysis.

CCFW staining

Cells were washed twice with 500 pl PBS and then resuspended in 500 pl
PBS with 0.5 pg/ml CCFW and mixed 5 min at 4°C. Cells were then
washed two times with PBS before fluorescence microscopy analysis. Cells
were visualized using a microscope (BX53; Olympus) equipped with a
100x/1.35 NA UPlan oil lens (Olympus) and a camera (Orca-R2; Hama-
matsu Photonics) at room temperature to visualize calcofluor dye using a
DAPI filter and NIS Elements Advanced Research 3.2 imaging software
(Nikon). 13-17 0.65-pm images were acquired for each cell to detect bud
scars on the periphery of the cell. InageJ (National Institutes of Health) was
used fo analyze images when counting bud scars.

Live-cell NPC permeability assay and confocal microscopy
htb2-mCherry:HIS3 strains transformed with GFP-4PrA cloned in pRS415
were grown to mid-log phase in SC-leu. Cells were analyzed using an
inverted confocal microscope (LSM510 META; Carl Zeiss) equipped with a
63x/1.40 NA Plan Apochromat oil lens (Carl Zeiss) at room temperature
and photographed using a charge-coupled device camera (AxioCam; Carl
Zeiss). AxioVision version 3.0 SP software (Carl Zeiss) was used to ac-
quire images. GFP signal was detected using a 488-nm excitation signal,
whereas Htb2-mCherry was detected using a 543-nm excitation signal.
The GFP signal was bleached in a rectangular area away from the nucleus,
which was defected using Htb2-mCherry. Subsequent images were taken
every 9 s to monitor loss of the GFP signal from the nucleus into the cy-
toplasm. Image) was used to quantify the mean intensity of GFP signal in
a nuclear and cytoplasmic region at each time point. NPC permeability
was measured by determining the ratio of these nuclear and cytoplasmic
GFP intensities over time, producing a graph with an exponential decay
pattern. Each plot was analyzed using Prism 5 (GraphPad Software) to
generate a bestfit exponential decay line with a calculated halftime. This
was repeated to measure the halftimes of >10 different cells per strain. The
calculated halftimes for these cells were then averaged to produce a mean
strain halftime depicted in the bar graph in Fig. 1 C.

Kinetic import assays

1-2 ODsog units of yeast transformed with NLS-GFP reporters were grown
overnightin SC-Leu to mid-log phase and then washed with 500 pl of 10-mM
2-deoxyglucose and 10-mM sodium azide. Cells were resuspended in
500 pl of 10-mM 2-deoxyglucose and 10-mM sodium azide and incubated
for 30 min at 25°C while shaking to inhibit active transport of reporters.
5 pl of this suspension was then removed and analyzed using fluorescence
microscopy to ensure that GFP reporters were localized pancellularly.
Cells were centrifuged, and the supernatant was removed and replaced
with 20-40 pl YPD. Cells were immediately transferred to a slide and
then visualized at each time point to determine the percentage with an
accumulation of NLS-GFP reporter in the nucleus. A microscope (BX53;
Olympus) equipped with a 50x/0.9 NA UPlan oil lens (Olympus) and
an Orca-R2 camera was used for analysis at room temperature to detect
GFP signal with a 488-nm excitation laser using NIS Elements Advanced
Research 3.2 acquisition software. Image) was subsequently used to ana-
lyze the accumulation of GFP reporter in the nucleus. Three independent
experiments were performed for each strain and reporter to produce the
graphs in Fig. 2 B.

Calculation of nuclear versus cytoplasmic GFP ratios and ratiometric analysis

1-2 ODso9 units of yeast transformed with NLS-GFP reporters were grown
overnight in SC-Leu to mid-log phase, pelleted, and resuspended in ~20 pl
SC media. Cells were transferred to a slide and visualized using a micro-
scope (BX53) equipped with a 100x/1.35 NA Olympus UPlan oil lens
and an Orca-R2 camera at room temperature to visualize GFP signal with
a 488-nm excitation laser using NIS Elements AR 3.2 acquisition software.
Image) was used to quantify the mean GFP intensity in a region of the nucleus
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and cytoplasm as well as the mean background intensity of the field. Mean
background fluorescence was subtracted from the mean nuclear and cyto-
plasmic fluorescence, and then, the ratio was calculated by dividing the nu-
clear by the cytoplasmic fluorescence. For ratiometric analysis in Fig. $2 C,
Image) was used to quantify the intensity of Nup100-GFP and Nsp1-
mCherry at the nuclear rim of 20 cells that had divided zero or eight times.
The intensity of Nsp1-mCherry was divided by that of Nup100-GFP to get
ratios for individual cells.

MitoTracker staining

1-2 ODsyo units of yeast grown in synthetic media were pelleted in a light
sensitive 1.5-ml tube and washed once with 500 pl staining buffer (10 mM
Hepes, pH 7.4, and 5% glucose). Cells were resuspended in 500 pl staining
buffer supplemented with 100 nM MitoTracker red CMXRos (Life Technolo-
gies) and shaken for 15-30 min at 25°C. Cells were then washed two times
with 500 pl staining buffer and resuspended in 20-30 pl staining buffer for
analysis using fluorescence microscopy. For aged cell experiments, cells
were stained with CCFW and then washed an additional two times with
staining buffer before fluorescence microscopy analysis. Cells were visual-
ized using a microscope (BX53) equipped with a 100x/1.35 NA UPlan oil
lens (Olympus) and a camera (Orca-R2) to detect MitoTracker signal using @
TRITC excitation laser at 543 nm at room temperature; a DAPI laser was
used to detect CCFW. NIS Elements Advanced Research 3.2 was used to
acquire images; z stacks were taken as described in the CCFW staining sec-
tion. For quantification of MitoTracker signals, Image) was used to measure
the mean cytoplasmic fluorescence of cells and the mean background inten-
sity of the field. Cellular fluorescence was calculated by subtracting the mean
background intensity from the mean cytoplasmic fluorescence. The mean in-
tensity was calculated for wildtype zero division cells in Fig. 5 D, and wild-
type cells in Fig. 6 C, and then all values in each experiment were divided
by this mean to defermine relative fluorescence for each condition.

Immunoblotting

Lysates were generated by resuspending 1-3 ODsgo units of yeast in 40~
50 pl Laemmli sample buffer (SB) and boiling immediately for 5 min. Glass
beads were added to fill the volume of the SB, and then, suspensions were
vortexed for 2 min. 50-75 pl of SB was then added to samples, which
were vortexed and boiled for an additional 30 s before loading. Mem-
branes were stained with 15 ml Ponceau S (0.1% Ponceau S and 5% ace-
tic acid) after each transfer to compare relative protein levels of samples.
Membranes were washed 2 min with 20 ml of 50-mM NaOH to remove
the Ponceau stain, and then three times with 20 ml PBS. Membranes
were incubated in blocking buffer (5% milk, 150 mM NaCl, 50 mM Tris,
pH 7.5, and 0.5% Tween 20) for 1 h and then incubated overnight with affin-
ity-purified primary antibody at 4°C in 1-2 ml blocking buffer. Membranes
were washed three times for 5-10 min with 10 ml of wash buffer (150 mM
NaCl, 50 mM Tris, pH 7.5, and 0.5% Tween 20). Blots were incubated
1 hin 5 ml blocking buffer along with 1:10,000 dilution of Alexa Fluor-
conjugated secondary antibody, and then washed three times for 5-
10 min with 10 ml of wash buffer. Blots were developed using an imager
(Odyssey; LI-COR Biosciences). Primary antibodies were used at the fol-
lowing dilutions: rabbit polyclonal anti-Nup116 C terminus (ASW11.1),
1:1,000; mouse monoclonal anti-Pgk1 (Life Technologies), 1:1,000; rab-
bit polyclonal anti-GFP (gift from M. Linder, Cornell University, Ithaca,
NY), 1:1,000; mouse monoclonal anti-Ran (BD), 1:2,000; and rabbit
polyclonal anti-Nup53 (Abcam), 1:2,000. Immunoblots were quantified
using ImageJ, and ratios were generated in Fig. 4 C by dividing the pro-
tein levels of Nup116/Nup100-GFP/Nsp1-GFP by levels of Pgk1. At least
three independent experiments were performed for quantification.

Serial yeast dilutions

3-ml yeast cultures were grown in either YP/SC 2% dextrose medium
overnight to an ODsg9 of 0.1-1.0/ml. 500,000 cells (0.166 ODsoo units)
were pelleted and resuspended in 250 pl sterile water. 100 pl of this
suspension was mixed in a new tube with 400 pl sterile water to dilute the
sample fivefold; this was repeated three more times successively to dilute
samples further. 5 pl of each dilution was then spotted onto agar plates
and then grown for 1-6 d depending on the growth rate of wild-type cells
on the media at a given femperature. Plates were scanned, and Photoshop
(Adobe) was used to adjust brightness and contrast.

Quantitative RT-PCR

1 ODsos units of yeast were resuspended in 1 ml cold water, pelleted, and
then frozen on dry ice in a 1.5-ml tube. The pellets were then resuspended
in 400 pl of 10 mM Tris-HCI, pH 7.5, 10 mM EDTA, and 0.5% SDS. 400 pl
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acid phenol was added, and the tube was incubated for 60 min at 65°C
after vortexing 10 s. Tubes were then placed on ice 5 min and then cen-
trifuged 13,000 rpm for 5 min at 4°C. The top aqueous phase was trans-
ferred to a new 1.5-ml tube along with 400 pl acid phenol, vortexed,
and then centrifuged 13,000 rpm for 5 min at 4°C. The top aqueous
phase was again transferred to a new tube, along with 400 pl chloroform,
which was vorfexed and centrifuged 13,000 rpm for 5 min at 4°C. The
aqueous phase was transferred to a fresh 1.5-ml tube along with 1/10
the volume of 3 M sodium acetate, pH 5.3, and 2.5 times the volume of
ethanol. The tube was incubated at —70°C for 45 min and then centri-
fuged 13,000 rpm for 5 min at 4°C. The RNA was washed with 500 pl of
ice-cold 70% ethanol and resuspended in 20 pl RNase-free water, and its
concentration was determined by measuring the OD¢o and ODyg0. 5 pg
RNA was treated with RQ1 DNase according fo its manufacturer’s proto-
col (Promega). cDNA was generated using a reverse transcriptase kit ac-
cording fo the manufacturer’s protocol (Applied Biosystems); a no reverse
transcriptase control was included for each sample. The cDNA was added
to 2x SYBR green Master Mix (Bio-Rad Laboratories) along with primers to
amplify 80-100-nt regions of Nup116, Nup53, Nsp1, Nup100, or Pgkl
according to the manufacturer’s protocol; three replicates were performed
for each reaction. Five serial 1:5 dilutions of cDNA were used for each
transcript and sample for quantification. A quantitative PCR thermocycler
(CFX96; Bio-Rad Laboratories) was used to perform and quantify relative
transcript levels in young and aged cells; values for the three replicates/
sample were averaged to assess the total level of transcript mRNA for each
experiment. The total amount of MRNA was set to 1 for each transcript in
young cells to compare with amounts in aged cells. Three independent
experiments were performed to produce the graph depicted in Fig. S2.

Polysome profiles

Yeast cells were grown overnight at 30°C in 100 ml YPD to a density of
0.9-1.4 ODsoo units/ml. Cycloheximide was added to a concentration
of 50 pg/ml, and the cells were incubated on ice for 15 min. Cells were
pelleted at 4°C and washed in 5 ml of cold low salt (LS) buffer (20 mM
Hepes, pH 7.5, 100 mM KOAc, 5 mM MgOAc, 1 mM EDTA, and
50 pg/ml cycloheximide) before resuspending in 700 pl of LS buffer sup-
plemented with 1 mM PMSF, 1 mM DTT, and protease inhibitor cocktail.
Cells were vortexed with an equal amount of glass beads for 5 min at 4°C,
and then, the resulting lysate was centrifuged at 500 g for 5 min at 4°C.
The supernatant was collected and moved to a fresh tube where the protein
concentration was determined using a Bradford assay. 1.5 mg of protein
was loaded onto the top of a 10.6 ml of 47-7% continuous sucrose gradi-
ent prepared in LS buffer in a 14 x 89-mm ultracentrifuge tube (Beckman
Coulter). The gradients were centrifuged at 24,000 g (38,000 rpm) for 2 h
at 4°C in a swinging bucket rotor (SW 41 Ti; Beckman Coulter). The ab-
sorbance of the gradient at 254 nm was then continuously measured using
a wavelength detector to produce graphs depicted in Fig. 3 C.

Online supplemental material

Fig. S1 shows Nup116 and Nup100 levels are unchanged in AFG mu-
tants, contains a table with doubling times for several mutant strains used
in the study, and also shows deletion of NUPT00 increases RLS in BY4741
cells. Fig. S2 shows several experiments comparing young and aged yeast,
including those that compare Nup53 protein levels, NUP116, NUP100,
NUP53, NSP1, and PGKT transcript levels, and the relative amounts of
Nsp1-mCherry to Nup100-GFP. Survival curves for nup116AGLFG fob 14,
sir2A nup1004, gsp1-322 nup100A, and kap121-7 nupl100A mutants
are shown in Fig. S3. Fig. S4 shows mitochondrial defects are specific
to nup 1 16AGLFG mutants and also contains additional microscopy data
characterizing nup 1 16AGLFG cells. Fig. S5 shows the mitochondrial defect
of nup1 T6AGLFG cells is rescued by GSP1 overexpression, that GSP1 over-
expression extends RLS on glycerol, and contains brightness-adjusted im-
ages of kap 121 mutant cells. Table S1 lists strains used for the study. Table
S2 lists plasmids used for this study. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /jcb.201412024/DC1.
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