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Introduction
All transport events between the cytoplasm and the nucleus 

occur through a large channel in the nuclear envelope called 

the nuclear pore complex (NPC). Very little is known about 

the mechanism of NPC biosynthesis, particularly how the pro-

teins composing this complex are assembled, inserted, or an-

chored into the nuclear envelope. In metazoans, there are at 

least two NPC assembly pathways. The fi rst assembly path-

way occurs upon the completion of mitosis, when membrane 

vesicles and nucleoporins (Nups) are recruited to chromatin 

during nuclear envelope reformation (Rabut et al., 2004). 

The second pathway occurs in interphase, during which time 

NPCs are continually synthesized and inserted into intact 

 nuclear envelopes (Maul et al., 1972; Winey et al., 1997). 

 Although the targeting and assembly of membranes and Nups 

to postmitotic nuclei is somewhat understood, little is known 

about NPC biogenesis in interphase cells. Many unicellular 

eukaryotes, such as the yeast Saccharomyces cerevisiae, rely 

exclusively on NPC insertion into intact double membranes 

because they undergo a closed mitosis with no nuclear 

 envelope breakdown.

Of the 33 Nups in the yeast S. cerevisiae, three are pore 

membrane proteins (POMs), and two integral membrane 

Nups have been described in metazoans. Because of their 

membrane association, the POMs are attractive candidates 

for performing functions such as targeting soluble Nup sub-

complexes to the nuclear envelope or inserting the NPC into 

the membrane.

Several studies have been performed on the metazoan 

transmembrane Nups GP210 and POM121, although results 

pertaining to their function in NPC assembly are somewhat con-

fl icting. For example, one study in Xenopus laevis extracts 

found that the inhibition of GP210 by antibody addition or 

the overexpression of its cytoplasmic tail domain resulted in 

distorted nuclear envelopes lacking NPCs (Drummond and 

Wilson, 2002), and another study in the nematode Caenorhab-
ditis elegans found a similar nuclear envelope defect when 

GP210 was depleted by RNAi (Cohen et al., 2003). More re-

cently (Antonin et al., 2005), both GP210 and POM121 were 

depleted from HeLa cells and X. laevis extracts by siRNA 

and immunodepletion, respectively. It was found that when 

POM121 was depleted postmitotic nuclear envelope refor-

mation was inhibited, and the localization of other Nups in 

the nuclear envelope during interphase was reduced (Antonin 

et al., 2005). However, no defects were seen after the deple-

tion of GP210 from cells (Eriksson et al., 2004; Antonin 

et al., 2005).
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Of the three POMs in budding yeast, POM34 and POM152 

are not essential for cell viability, whereas NDC1 is an essential 

gene. Interestingly, Ndc1p localizes to both the NPC and the 

spindle pole body (SPB), which is comprised of two large pro-

tein complexes that span both bilayers of the  nuclear envelope 

(Chial et al., 1998). Most of the work on Ndc1p has focused on 

its role at the SPB, where it has been shown to be required for 

duplication of the inner plaque of that structure (Winey et al., 

1993). Recently, a conditional allele of NDC1 was shown to 

prevent the incorporation of newly synthesized Nup49p into the 

NPC (Lau et al., 2004). However, this mutant did not affect the 

steady-state localization of Nup49p or nuclear transport.

To examine the role of transmembrane pore proteins in 

interphase NPC assembly and function in yeast, we depleted 

Ndc1p, Pom34p, and Pom152p, either alone or in combination. 

We found that the depletion of Ndc1p led to a partial mislocal-

ization of NPC components and that this phenotype was exac-

erbated when Pom152p was also absent. However, lack of 

Ndc1p alone was suffi cient to perturb NPC function and to 

cause mislocalization of nuclear import reporters. This sug-

gests that Ndc1p is required both for effi cient nuclear transport 

and for NPC assembly, although Pom152p can partially com-

pensate for the loss of Ndc1p in NPC assembly. Interestingly, 

transmission electron microscopy (TEM) images demonstrate 

that the nuclear envelopes of cells lacking both Ndc1p and 

Pom152p contain pores with larger diameters than wild-type 

NPCs and without apparent protein material. In accordance 

with this, these POM-defi cient cells also allowed passive diffu-

sion of proteins that are normally above the exclusion limit 

of the NPC. These results suggest that the POMs Ndc1p and 

Pom152p are important for targeting soluble Nups to the 

 nuclear envelope.

Results

Depletion of Ndc1p leads to a cell 
division arrest
To examine the functions of the three yeast POMs, Ndc1p, 

Pom34p, and Pom152p, we created strains in which one, two, 

or all three of the POMs were depleted. Cells with POM34, 

POM152, or both genes deleted at their genomic loci grew indis-

tinguishably from wild type on either dextrose or galactose plates 

(Fig. 1 A, top four rows).  Because NDC1 is essential for cell 

 viability (Winey et al., 1993), it was depleted from cells using 

a transcriptional shutoff method. The NDC1 gene was placed 

 under the control of the GAL1 promoter at its endogenous 

 genomic locus (GAL1-NDC1). Thus, NDC1 expression can be 

induced in the presence of galactose and repressed in the pres-

ence of dextrose. To monitor the expression and localization of 

Ndc1p, GAL1-NDC1 was also tagged with GFP at the COOH 

terminus. As expected, strains containing GAL1-NDC1 alone or 

in combination with pom34∆, pom152∆, or pom34∆ pom152∆ 

were inviable when grown on the repressive dextrose plates, but 

grew like wild type on galactose plates (Fig. 1 A, bottom four rows). 

Curiously, the pom34∆ GAL1-NDC1 strain consistently  displayed 

slightly increased growth on dextrose plates compared with the 

other GAL1-NDC1 strains (Fig. 1 A, pom34∆ GAL1-NDC1).

To determine the extent and time course of Ndc1p deple-

tion, we monitored Ndc1p expression in GAL1-NDC1 cells 

upon the shift to dextrose-containing media. During growth in 

galactose-containing media, all GAL1-NDC1 strains expressed 

high levels of Ndc1p-GFP, but >95% of the Ndc1p-GFP had 

been depleted after 24 h of growth in liquid dextrose media, as 

determined by Western blotting (Fig. 1 B). We also examined 

cells from each of the GAL1-NDC1 strains by fl uorescence 

Figure 1. Ndc1p can be effectively depleted from yeast cells. (A) Wild-type cells and strains lacking one, two, or three POMs were grown overnight in 
 galactose, and then plated in 10-fold serial dilutions onto galactose or dextrose plates, starting with OD600 = 0.5. All strains were viable on galactose, 
whereas all four GAL1-NDC1 strains did not grow on dextrose plates. pom34∆ partially suppressed the GAL1-NDC1 growth defect. (B) The four GAL1-
NDC1 strains were grown overnight in galactose media and transferred to dextrose media for 24 h of growth. Ndc1p-GFP protein levels were analyzed 
by Western blotting against the GFP tag. Western blotting against a cytoplasmic protein, Dhh1p, was used as a loading control. Strains grown in dextrose 
had >95% of their Ndc1p-GFP depleted. (C) GAL1-NDC1 cells were grown overnight in galactose media, transferred to dextrose media, and grown 
for 24 h. The cellular distribution of Ndc1p-GFP was visualized under both galactose and dextrose growth conditions. Images were taken with identical 
 exposure times. Bars, 5 μm.
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 microscopy and observed that most of the cells lacked a 

 detectable Ndc1p-GFP signal after 24 h of growth in dextrose 

(Fig. 1 C). Depletion of Ndc1p coincided with an increase 

in cell size (Fig. 2 A), and the GAL1-NDC1 strains arrested 

as large-budded cells with only one intact SPB, which is 

 illustrated by one bright spot labeling the SPB component 

Spc24p-RFP (Fig. 2 B).  In contrast, wild-type cells with large 

buds had two spots of Spc24p-RFP signal (Fig. 2 B), confi rming 

that the function of Ndc1p in SPB duplication had been 

 perturbed (Le Masson et al., 2002).

Because NDC1 is essential, transcriptional shutoff of the 

gene should inhibit cell division (Fig. 1) and, ultimately, cause 

cell death. To determine whether the cells in our experiments 

were still viable after being depleted of Ndc1p for 24 h in dex-

trose, we stained each strain with two different vital dyes. Both 

Fun1 and MitoTracker dyes have been shown to stain only cells 

that are metabolically active (Poot et al., 1996; Millard et al., 

1997). Fun1 is actively taken up into live-cell vacuoles and 

stains intravacuole tubules, whereas MitoTracker is incorpo-

rated into actively respiring mitochondria. In each of our strains, 

both dyes were incorporated into cells, indicating that they 

 remain metabolically active (Fig. 2 C). As a control, neither dye 

was incorporated into cells treated with sodium azide and 

2- deoxyglucose, which stop cellular respiration (Fig. 2 C, left).

Based on these experiments, we conclude that Ndc1p can 

be effectively depleted from yeast cells either alone or in com-

bination with complete deletions of POM34 and POM152. 

 Furthermore, 24 h in dextrose is suffi cient to effectively deplete 

Ndc1p and induce a cell cycle arrest, although cells remain 

metabolically active for at least an additional 24 h in the ab-

sence of Ndc1p (unpublished data).

Cells lacking both Ndc1p and Pom152p 
have severe NPC localization defects
To examine NPC distribution in the absence of transmembrane 

Nups, each strain was transformed with plasmids expressing 

Nup159p-CFP, Nup59p-CFP, or Nup60p-CFP under their endoge-

nous promoters. These three Nups were chosen because they each 

localize to a distinct region of the pore. Nup159p is found on the 

cytoplasmic fi laments, Nup59p is found in the central core, and 

Nup60p is found on the nuclear side of the NPC (Rout et al., 2000). 

All strains were grown in dextrose-containing media for 24 h, and 

live cells were analyzed by  fl uorescence microscopy (Fig. 3 A). 

Only cells lacking the Ndc1p-GFP signal were included in the 

analysis, and cells were scored as having normal NPCs if there was

a visible accumulation of Nup-CFP signals around the nucleus.

Deletion of POM34, POM152, or a combination of both 

had no signifi cant effect on the localization of Nup159p-CFP 

Figure 2. Ndc1p depletion causes a cell cycle 
arrest. (A) Wild-type and GAL1-NDC1 cells 
were grown for 24 h in dextrose media. GAL1-
NDC1 cells were enlarged compared with 
wild-type cells. This phenotype was also seen 
in the other three GAL1-NDC1 strains (not 
 depicted). (B) Wild-type and GAL1-NDC1 cells 
expressing the inner SPB component Spc24p-
RFP were grown for 24 h in dextrose. In the 
wild-type strain, large-budded cells had a 
bright spot of Spc24p-RFP signal in both the 
mother and the daughter cells, whereas in 
GAL1-NDC1 only the mother cell had a bright 
spot. (C) Wild-type cells and strains lacking 
one, two, or three of the POMs were stained 
for 30 min with the vital dyes Fun1 (top) or 
 MitoTracker (bottom). Cells were then visual-
ized by fl uorescence microscopy. As a control, 
wild-type cells were treated with NaN3 and 
2-deoxyglucose for 30 min to block respiration 
(top left). Bars, 5 μm.
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(Fig. 3, A and B). Although wild-type yeast had 69 ± 6% of 

cells with normal Nup159p-CFP localization, this percentage 

was 80 ± 9% in pom34∆, 73 ± 10% in pom152∆, and 80 ± 4% 

in pom34∆ pom152∆ deletion strains (Fig. 3 B).

In contrast, the strain depleted of Ndc1p displayed a par-

tial reduction in the percentage of cells with properly localized 

NPCs, with only 41 ± 6% of the cells showing a correct NPC 

distribution (Fig. 3, A and B). Similar results were obtained in 

the strain lacking both Ndc1p and Pom34p, in which 32 ± 5% 

of cells had a normal Nup159p-CFP localization pattern (Fig. 3, 

A and B). Furthermore, in both GAL1-NDC1 and pom34∆ 
GAL1-NDC1 cells, the loss of Nup159p NPC staining appeared 

to coincide with an increased pool of cytoplasmic Nup159p-

CFP (Fig. 3 A).

Strikingly, cells that lacked both Ndc1p and Pom152p dis-

played the most severe mislocalization defects (Fig. 3, A and B). 

The pom152∆ GAL1-NDC1 strain had no cells with normal 

Nup159p-CFP, and the triple-mutant strain (pom34∆ pom152∆ 
GAL1-NDC1) had only 2 ± 2% of cells with proper Nup159p-

CFP localization (Fig. 3 B).

Similar results were obtained when the central Nup59p-

CFP and the nuclear Nup60p-CFP were visualized and scored 

as described in the fi rst paragraph of this section (Fig. 3, C and D). 

In each experiment, Ndc1p depletion led to a partial NPC local-

ization defect, and this effect was exacerbated by the loss of 

Pom152p. However, the loss of Nup59p from the NPC was not 

as dramatic as the loss of the peripherally associated Nup159p 

or Nup60p, suggesting that Nup59p is more stably associated 

with the core of the NPC.

To rule out the possibility that the observed Nup mislocal-

izations were caused by a decrease in Nup-CFP protein levels, 

we performed Western blots on several of these strains after 

Ndc1p depletion. Although we consistently observed minor 

variations in Nup-CFP protein expression levels between strains 

Figure 3. Nups are mislocalized in strains lacking both Ndc1p and Pom152p. (A) Wild-type cells and strains lacking one, two, or three of the POMs 
expressing Nup159p-CFP were grown for 24 h in dextrose media. Nup159p-CFP distribution was visualized in live cells by fl uorescence microscopy. 
(B–D) Cells without detectable Ndc1p-GFP signal were scored for the presence or absence of perinuclear NPC signal. Three independent experiments were 
performed with each reporter protein, Nup159p-CFP (B), Nup59p-CFP (C), or Nup60p-CFP (D), and the percentage of cells with normal NPCs was quantifi ed. 
Error bars indicate the SD. (E) Wild-type cells and strains lacking one, two, or three of the POMs expressing dsRED-HDEL. Cells were grown for 24 h in 
 dextrose media. dsRED-HDEL distribution was visualized in live cells by fl uorescence microscopy. Error bars indicate the SD. Bars, 5 μm.
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and between experiments, most likely attributable to their 

 plasmid-driven expression, all tested Nups were expressed at com-

parable levels in dextrose growth conditions (Fig. S1, available at 

http://www.jcb.org/cgi/content/full/jcb.200506199/DC1, and not 

depicted). Importantly, there was no correlation between the 

 observed NPC defects and the variations in protein levels.

To determine whether the lack of perinuclear NPC signal 

in some POM mutant strains was indirectly caused by nuclear 

envelope defects, we used a reporter protein with a tetrapeptide 

ER-retention signal (HDEL) fused to dsRED (dsRED-HDEL). 

In wild-type cells, this reporter localizes to the ER lumen, which 

in yeast includes the space between the inner and outer nuclear 

envelopes, as well as the peripheral ER (Fig. 3 E). Although the 

Ndc1p-depleted cells occasionally had misshapen nuclear enve-

lopes, the dsRED-HDEL reporter was able to properly localize 

to the lumenal space between the inner and outer nuclear 

 envelopes. This result suggests that the NPC mislocalization is 

not caused by disruption of the nuclear envelope.

Cells lacking Ndc1p mislocalize nuclear 
import reporters
The Nup mislocalization suggested that NPCs were not prop-

erly formed in POM-defi cient strains. To determine whether the 

NPCs in these strains were functional for nuclear transport, 

Figure 4. Nuclear import reporters mislocalize to the cytoplasm in strains lacking Ndc1p. (A, C, and E) Wild-type cells and strains lacking one, two, or 
three of the POMs expressing NLS-mRFP (A), Npl3p-GFP (C), or Npl3pS411A-GFP (E). Cells were grown for 24 h in dextrose media. Steady-state distribution 
of each reporter protein was visualized in live cells by fl uorescence microscopy. (B) Cells were scored for nuclear accumulation of the NLS-RFP reporter protein. 
Three independent experiments were performed, and the percentage of cells with nuclear RFP was quantifi ed. Error bars indicate standard deviation. 
(D and F) Cells were scored for distribution of the reporter proteins Npl3p-GFP (D) and Npl3pS311A-GFP (F). 100% nuclear indicates no cytoplasmic signal. 
N > C indicates predominantly nuclear with some cytoplasmic signal. N = C indicates cytoplasmic localization. Two independent experiments were 
 performed for each reporter, and the percentage of cells with nuclear RFP was quantifi ed. Error bars indicate the SD. Bars, 5 μm.
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we tested two different import pathways. First, we monitored 

the steady-state localization of a classical nuclear import 

 reporter, consisting of the SV40 NLS fused to monomeric red 

fl uorescent protein (mRFP). In wild-type cells, this protein 

 accumulates in the nucleus in 99% of cells (Fig. 4, A and B). 

No change in localization of the reporter was seen when either 

POM34 or POM152 was deleted (Fig. 4, A and B). However, in 

cells depleted of Ndc1p there was an �50% reduction in the 

number of cells that displayed a concentration of the NLS-mRFP 

signal in the nucleus (Fig. 4, A and B). In contrast to the Nup 

localization experiment, no signifi cant additional defect was 

seen when Ndc1p depletion was combined with pom152∆.

We next examined the localization of the yeast-shutting 

protein Npl3p, as well as a mutant version, Npl3S411A. Although 

Npl3p-GFP is exclusively nuclear at steady state, with no 

 detectable cytoplasmic signal in wild-type cells (Fig. 4 C), the 

Npl3S411A variant partially mislocalizes to the cytoplasm  because 

of the absence of Ser411 phosphorylation (Fig. 4 E;  Gilbert 

et al., 2001). We monitored the localization of these proteins in 

each strain, and scored individual cells as being ex clusively nu-

clear (100% N), predominantly nuclear with some cytoplasmic 

signal (N > C), or as having no nuclear accumulation (N = C; 

Fig. 4, D and F). Although the absence of POM34, POM152, or 

both had no signifi cant effect on Npl3p localization, each of the 

four GAL1-NDC1 strains displayed a marked increase in cells 

with cytoplasmic Npl3p-GFP (both N > C and N = C; Fig. 4, 

C and D). Similarly, all four GAL1-NDC1 strains displayed a 

signifi cant increase in the percentage of cells with cytoplasmic 

(N = C) Npl3pS411A (Fig. 4, E and F).

In addition to protein import, we also monitored mRNA 

export by performing in situ hybridizations against the poly(A)+ 

tails using an oligo dT probe to monitor nuclear accumulation 

of poly(A)+ RNA (Fig. 5). As a positive control, we shifted 

mex67-5 cells to the nonpermissive temperature for 30 min, 

which is known to cause a severe mRNA export defect. 

Although the probe was strongly concentrated in the nucleus in 

mex67-5 cells, we did not see nuclear accumulation in any of 

our POM-defi cient strains (Fig. 5).

Cells lacking Ndc1p and Pom152p 
have abnormal NPC morphology
To analyze the ultrastructure of the NPCs, we performed TEM 

on wild-type and pom152∆ GAL1-NDC1 cells. As we observed 

by fl uorescence microscopy, both the wild-type and mutant 

cells had intact nuclear envelopes. NPCs in wild-type nuclei 

were identifi ed by a characteristic gap in the nuclear envelope 

containing an electron-dense plaque structure (Fig. 6 A, arrow). 

The pom152∆ GAL1-NDC1 mutant nuclei also contained de-

tectable pores in the nuclear envelope, although there appeared 

to be fewer pores in each thin section than in the wild-type cells. 

However, while wild-type NPCs displayed a typical NPC mor-

phology and were of a consistent size, a range of abnormal phe-

notypes was seen for the pores in the pom152∆ GAL1-NDC1 

mutant strain. Only �10% of the pores that we observed were 

comparable to wild type. The majority of the pores fell into the 

following two phenotypic classes: (a) pores that were roughly 

the same diameter as wild-type NPCs, but lacked any detectable 

electron-dense material (Fig. 6 C), and (b) pores that were ap-

proximately the same diameter as a wild-type NPC, but con-

tained electron-dense material with an abnormal, less compact 

morphology (Fig. 6 B, arrow). Another 10% of pores had the 

most dramatic morphological defect, having a considerably 

larger diameter than a wild-type NPC and lacking any electron-

dense material (Fig. 6 D). We measured the diameters of at least 

Figure 5. POM-defi cient strains do not accu-
mulate mRNA in the nucleus. Wild-type cells 
and strains lacking one, two, or three of the 
POMs were grown for 24 h in dextrose media. 
poly(A)+ RNA was detected by in situ hybrid-
ization with a dT50 probe, and DNA was 
stained with DAPI. The known mRNA export 
mutant mex67-5 was used as a control and 
showed strong nuclear accumulation of the 
probe (left). Bars, 5 μm.
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55 NPCs from each strain, and found that wild-type NPC diam-

eters fell into a narrow range, with a mean diameter of 59 nm 

and a maximum of 75 nm. However, mutant pore diameters dis-

played a broader distribution, with a mean diameter of 82 nm 

and a maximum diameter of 240 nm (Fig. 6 E). Interestingly, in 

the double-mutant cells we occasionally observed ribosomes in 

the nuclear compartment (Fig. 6, B and D), whereas ribosomes 

were strictly cytoplasmic in wild-type nuclei (Fig. 6 A). This 

suggests that the channel size in these cells has increased enough 

to allow diffusion of intact ribosomes through the pore.

Cells lacking Ndc1p and Pom152p 
have an increased diffusion limit
The morphological defects we observed by TEM, together with 

the Nup-CFP localizations, suggested that the pores in pom152∆ 
GAL1-NDC1 cells lack many normal nuclear pore components 

and may no longer provide a fully functional diffusion barrier. 

To test whether molecules above the size threshold for diffusion 

through a wild-type NPC are excluded from the nucleus in the 

mutant cells, we used the following two reporter proteins: 

(a) the LexA DNA-binding domain fused to a nuclear export 

signal (NES) and GFP (LexA-NES-GFP), with a molecular 

mass of 51.5 kD, and (b) a version of Pho4p lacking its NLS 

(Pho4∆157–164) fused to GFP (Pho4∆157–164-GFP), with a molecu-

lar mass of 61.8 kD. Previous studies have shown that similar 

NES-containing constructs with molecular masses as low as 36 kD 

are unable to passively diffuse through the NPC in wild-type 

cells (Shulga et al., 2000).

Both of the reporters used were excluded from the nucleus 

in 80–90% of wild-type cells (Fig. 7, A and B, top).  In contrast, 

the reporters were equilibrated between the nucleus and the 

 cytoplasm in the majority (60–70%) of pom152∆ GAL1-NDC1 

cells (Fig. 7, A and B, bottom), indicating that the pores in many 

POM-depleted cells have an increased limit of passive diffu-

sion. This result confi rms our EM observation that pom152∆ 
GAL1-NDC1 cells have larger pores that are devoid of any de-

tectable proteinaceous material, suggesting that these pores lack 

a functional central channel. Furthermore, it is consistent with 

our TEM result that we occasionally observe ribosomes, which 

have a molecular mass of �4 MD, in the nuclear compartment 

of pom152∆ GAL1-NDC1 cells, suggesting that the diffusion 

limit in POM-defi cient cells is variable and is signifi cantly 

higher than that in wild-type cells.

Discussion
The assembly of nuclear pore proteins into a functional complex 

that spans both bilayers of the nuclear envelope is a poorly under-

stood and complicated process. We have characterized the role 

of the three transmembrane nuclear pore components, Ndc1p, 

Pom152p, and Pom34p, in interphase NPC assembly and func-

tion in yeast. The results presented in this study clearly demon-

strate a critical role for Ndc1p in these processes, but also imply 

a partially redundant function of Pom152p in pore formation, as 

only the loss of both of these proteins caused complete Nup mis-

localization in our assays. In contrast, we were unable to detect 

any additive effect caused by the loss of Pom34p, suggesting that 

Pom34p is dispensable for NPC assembly and function.

Although the depletion of Ndc1p and Pom152p had an 

additive effect with regard to Nup mislocalization, the nuclear 

Figure 6. pom152𝚫 GAL1-NDC1 cells have aberrant 
NPC morphology. Wild-type and pom152∆ GAL1-
NDC1 cells were visualized by TEM. In each image, 
the nuclear compartment is on the bottom and the 
 cytoplasmic compartment is on top. (A) A wild-type 
NPC. Arrow indicates the electron-dense complex. 
(B–D) Examples of three types of pom152∆ GAL1-
NDC1 pores. (B) A pore containing electron-dense, 
proteinaceous material, but lacking the typical com-
pact structure in the plane of the membrane. Arrow 
 indicates the indiscreet complex. (C) A pore lacking 
electron-dense material. (D) An abnormally wide pore 
lacking electron-dense material. Note the ribosomes 
in the nucleus in B and D. Bar, 100 nm. (E) Pores were 
chosen randomly and imaged from wild-type and 
pom152∆ GAL1-NDC1 cells. Diameters of at least 55 
pores per strain were measured, and the distribution 
is shown. Wild-type NPCs had a mean diameter of 
59 nm and a maximum diameter of 75 nm. Mutant 
pores had a mean diameter of 82 nm and a maximum 
diameter of 240 nm.
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import defect that could be observed after Ndc1p depletion was 

not signifi cantly exacerbated by the absence of POM152. This 

implies that, although Ndc1p-depleted strains show only a par-

tial Nup localization defect by fl uorescence microscopy, the 

NPCs in these strains are already functionally compromised 

and, thus, display a phenotype in sensitive transport assays. For 

example, it is possible that although Ndc1p depletion causes 

only the partial loss of the three Nups that we monitored, 

Nup159p, Nup59p, and Nup60p, this could be suffi cient to af-

fect the diffusion limit of the central NPC channel.

Because pom152∆ GAL1-NDC1 cells displayed such 

dramatic Nup and import reporter localization defects, it was 

originally surprising that we did not observe any mRNA export 

defects in this strain. However, TEM analysis and nuclear ex-

clusion experiments suggested that POM depletion results in a 

widening of the central channel and a breakdown of the normal 

diffusion barrier. Because normal protein import and defective 

mRNA export both result in an accumulation of substrate inside 

nuclei, we postulate that NPCs lacking Ndc1p and Pom152p al-

low the diffusion of molecules that normally rely on facilitated 

nuclear transport mechanisms. Thus, these molecules are un-

able to move against their concentration gradients, which is 

consistent with the observation that neither nuclear import re-

porters nor mRNA accumulate in the nucleus. In addition, new 

transcription of mRNA appears to be signifi cantly reduced upon 

depletion of Ndc1p and Pom152p (unpublished data), further 

preventing a buildup of nuclear poly(A)+ RNA.

A critical role for transmembrane Nups has now been 

demonstrated in both yeast NPC assembly (Lau et al., 2004; this 

study) and postmitotic assembly in metazoans (Drummond and 

Wilson, 2002; Cohen et al., 2003; Antonin et al., 2005). 

However, there have been somewhat confl icting results regard-

ing the contributions of the integral membrane proteins GP210 

and POM121 in NPC assembly. Interestingly, homologues of 

yeast Ndc1p have recently been described in humans and other 

metazoans (Mans et al., 2004) and may be critical for postmi-

totic NPC assembly in those organisms as well. Based on our 

data in yeast, which reveal partial redundancy between Ndc1p 

and Pom152p in NPC assembly, it is conceivable that the con-

fl icting results pertaining to the metazoan POMs may be 

 explained by a similar type of overlapping function between 

POM121, GP210, or metazoan Ndc1.

Previous studies in X. laevis extracts have also demon-

strated important roles for the small GTPase Ran and the 

Nup107/160 complex in metazoan postmitotic assembly (Hetzer 

et al., 2000; Zhang and Clarke, 2000; Boehmer et al., 2003; Harel 

et al., 2003a,b; Walther et al., 2003a,b). However, it has been un-

clear whether these same proteins are important for NPC assem-

bly into intact nuclear envelopes, which occurs in nonmitotic 

metazoan cells and throughout the cell cycle in S. cerevisiae. 

Studies in budding yeast have shown that mutations in the genes 

encoding Ran and the Nup107/160 orthologue, which is the 

Nup84/85 complex, disrupt the NPC and, therefore, may be re-

quired for yeast NPC biogenesis (Siniossoglou et al., 1996; Ryan 

et al., 2003). Although NPC assembly has not been tested di-

rectly in these mutants, the intriguing similarities between meta-

zoan postmitotic assembly and yeast NPC assembly may indicate 

that the processes occur by a conserved mechanism.

Our results in yeast imply that Ndc1p plays an important 

structural role at the NPC, although Pom152p may partially 

compensate for the loss of this transmembrane protein. Although 

the detailed mechanistic role of transmembrane Nups remains 

unclear, multiple possible mechanisms by which transmem-

brane Nups could function in NPC assembly can be envisioned. 

For example, transmembrane Nups could remodel the two 

 nuclear envelope membranes to induce membrane curvature, 

thus forming a prepore-type structure that is needed for NPC 

 insertion. Furthermore, they could be required to anchor or 

target certain Nup subcomplexes to the nuclear envelope. The 

dramatic mislocalization of three spatially distinct Nups 

(Nup60p, Nup59p, and Nup159p) is consistent with a model in 

which Ndc1p and Pom152p act at an early stage of NPC assem-

bly, possibly in the recruitment of soluble Nup subcomplexes 

to the nuclear envelope. This model is also supported by TEM 

 experiments demonstrating that pom152∆ GAL1-NDC1 cells 

have pores that appear to be lacking the bulk of their protein 

content. Nuclear exclusion assays confi rmed that the diffusion 

limit in pom152∆ GAL1-NDC1 cells is increased, further 

strengthening the conclusion that POM depletion results in 

Figure 7. The diffusion limit is increased in pom152𝚫 GAL1-NDC1 cells. 
Wild-type and pom152∆ GAL1-NDC1 cells expressing either the 51.5-kD 
protein LexA-NES-GFP (A) or the 61.8-kD protein Pho4∆157–164-GFP (B) 
were grown for 24 h in dextrose media, and then incubated for 30 min 
with Hoechst to label the nucleus. Steady-state distributions of the reporter 
proteins were visualized in live cells by fl uorescence microscopy. In wild-
type cells, the reporters were excluded from the nucleus (top), whereas in 
the mutant the reporters were equilibrated between the cytoplasm and the 
nucleus (bottom). Arrows indicate the location of the nucleus. Bars, 5 μm.
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pores that lack a functional central NPC channel. Based on the 

data presented in this study, we suggest that Ndc1p, together 

with Pom152p, acts as an essential tether between the mem-

brane and soluble components of the NPC.

Materials and methods
Yeast strain construction
Yeast media and strain constructions were performed according to estab-
lished protocols. All plasmids used in this study are listed in Table I, and all 
yeast strains are listed in Table II.

To delete POM34 at its genomic locus in our strain background, 
PCR was performed using oligos (forward, G A T G A A C A A A A A G A T T T A T A ; 
reverse, G C T A A T C A T A T G T A A A A T A T ) and genomic DNA from the pom34∆ 
Yeast Deletion Consortium strain (Winzeler et al., 1999) as templates. The 
PCR product was transformed into KWY165 (W303 MATa) and integrated 
by homologous recombination. To delete POM152 at its genomic locus, 
PCR was performed using oligos (forward, G A T A A A C G G A T T A T A G A T T T A T-
C A T A C C A G A T A C G T T T A T C A G G G C A G A T C C G C T A G G G A T A A ; reverse, 
T A T A T T A T A C A T T A C A A T T G T A C A A A A A T A T T G C G G G A A A G A A T T C G A G C-
T C G T T T A A A C ) and plasmid pAF6-GFP(S65T)-kan (Longtine et al., 1998) 
as templates. The PCR product was transformed into KWY390 (W303 
MATα) and integrated by homologous recombination. GAL1-NDC1-GFP 
strains were created by fi rst fusing GFP to the COOH terminus of NDC1 
using oligos (forward, G T T T C T A G A A G T G T A C G C C T C A G G C A A C C C T A A-
T G C T A C G C G G A T C C C C G G G T T A A T T A A ; reverse, C C G G A A A C G A T A A A-
G G T A G C T T T T T G C T C T T T T T G C T C A T G A A T T C G A G C T C G T T T A A A ) and the 
plasmid pFA6a-GFP(S65T)-hisMX6 (Longtine et al., 1998) as templates. 
The PCR was transformed into KWY165 (W303 MATa) and integrated by 
homologous recombination. The GAL1 promoter was integrated 5′ of the 
NDC1-coding region by linearizing the integration plasmid pKW1368 
(GAL1-NDC1Nterm) with NheI. HDEL-dsRED strains were created by linear-
izing pKW1803 with EcoRV and integrating it at the TRP1 locus.

Plasmid construction
To generate plasmid pKW1368 (pRS306-GAL1-NDC1Nterm), the GAL1 
 promoter was cloned into pRS306 as a NotI–EcoRI fragment, and the NH2 
terminus of NDC1 was PCR amplifi ed from genomic DNA using oligos 
(forward, A A A G A A T T C A T G A T A C A G A C G C C A ; reverse, A A A C T C G A G C-
G A A A G T G A T G A A G A ) and inserted as an EcoRI–XhoI fragment. To gener-
ate the plasmid pKW1552 (pRS315-NUP159-CFP), CFP was PCR amplifi ed 
as an EcoRI–NotI fragment to replace the triple GFP from pKW1220 
(pRS313-NUP159-GFP3) to get pRS313-NUP159-CFP. This was subse-
quently subcloned into pRS315 (Sikorski and Hieter, 1989) to change the 
marker. To generate plasmid pKW1706 (pRS425-NUP59-CFP), NUP59, 
along with its promoter, was PCR amplifi ed from yeast genomic DNA and 
subcloned into pRS425 using XhoI and NaeI sites. CFP was PCR amplifi ed 
as a NaeI–DraIII fragment and subcloned at the 3′ end of NUP59. 
pKW1752 (pRS425-NUP60-CFP) was generated by PCR amplifying 
NUP60 and its promoter from yeast genomic DNA and subcloning it into 
pKW1706 using NaeI–DraIII, thus, replacing NUP59 with NUP60. The 
plasmid pKW1219 (pRS425-NLS-mRFP) was created by replacing the GFP 
from pKW674 (pRS426-PADH1-NLS-NES[P12]-GFP) with mRFP. This con-
struct was then subcloned into pRS425 using XhoI–SacI. To generate 

pKW1783 (pRS425-Spc24-mRFP), SPC24, along with its promoter, was 
amplifi ed from genomic DNA as a SacI–BamHI fragment and cloned into 
pKW1219, replacing the ADH1 promoter and NLS. pKW1803 (YIPlac-
dsRED-HDEL-NatMX) was generated from YIPlac-dsRED-HDEL (a gift from 
C. Reinke and B. Glick, University of Chicago, Chicago, IL) by cloning in 
the NatMX cassette as a HindII–SapI fragment. To generate pKW409 
(pRS314-LexA-NES-GFP), a SacI–KpnI LexA PCR product was amplifi ed 
from pEG202 (Gyuris et al., 1993) and cloned into pRS314. The NES 
from PKI was inserted an EcoRI–BamHI fragment by annealing the oligos 
(forward, A A T T C A A T G A A T T A G C C T T G A A A T T A G C A G G T C T T G A T A T C A A-
C A A G A C A G G ; reverse, G A T C C C T G T C T T G T T G A T A T C A A G A C C  T G C T-
AAT T T C A A G G C T A A T T C A T T G ). Finally, GFP(S65T) was inserted as a 
BamHI–XhoI fragment. Plasmid pKW1898 (pRS315-Pho4∆157-164-GFP) was 
constructed from EBO383 (a gift from E. O’Shea, Harvard University, 
Cambridge, MA; Kaffman et al., 1998) to change the marker from URA3 
to LEU2. A SalI–BamHI fragment was cut out of EBO383 and ligated into 
pRS315. Plasmids pKW551 and pKW776 were a gift from C. Guthrie, 
University of California, San Francisco, San Francisco, CA.

Ndc1p depletion
Cells were grown at 30°C in galactose media overnight, washed, and di-
luted to OD600 = 0.1 in dextrose media. Cells were then grown at 30°C in 
dextrose for 24 h to deplete GAL1-NDC1 cells of Ndc1p. The effi ciency 
of Ndc1p depletion was verifi ed by the visualization of Ndc1p-GFP by 
fl uorescence microscopy.

In vivo protein localization
Cells were grown under the conditions indicated in the text and fi gure 
 legends, and embedded in 0.5% agarose for visualization. Images were 
acquired with a digital camera (model CA742-98; Hamamatsu) controlled 
by the Metamorph software program (Universal Imaging Corp.). Images 
were processed using Photoshop CS (Adobe), and fi gures were assembled 
using Photoshop CS and Illustrator CS (Adobe). DNA was stained in live 
cells by adding either 2.5 μg/ml of DAPI (Sigma-Aldrich) or 5 μg/ml 
Hoechst dye (Sigma-Aldrich) directly to cell culture and growing for 30 min 
before visualization.

Vital staining
The vital dyes Fun1 (Invitrogen) or MitoTracker red (Invitrogen) were 
added directly to cells in growth media at fi nal concentrations of 4 μM and 

Table I. Plasmids used in this study

Plasmid Description Source

pKW1368 pRS306-GAL1-NDC1(N-term) this study

pKW1552 pRS315-NUP159-CFP this study

pKW1706 pRS425-NUP59-CFP this study

pKW1752 pRS425-NUP60-CFP this study

pKW1219 pRS425-NLS-mRFP1 this study

pKW1783 pRS425-Spc24-mRFP this study

pKW551 pRS315-Npl3-GFP Siebel and Guthrie, 1996

pKW776 pRS315-Npl3(S411A)-GFP Duncan et al., 2000

pKW1803 TIPlac-dsRED-HDEL; NatMX this study

pKW409 pRS314-LexA-NES-GFP this study

pKW1898 pRS315-Pho4(∆157–164)-GFP this study

Table II. Yeast strains used in this study

Strain Relevant genotype Source

KWY165 wild type this study

KWY1105 pom34::Kan this study

KWY742 pom152::Kan this study

KWY1117 pom34::Kan pom152::Kan this study

KWY958 GAL1(::URA3)-NDC1-GFP::HIS3 this study

KWY1118 GAL1(::URA3)-NDC1-GFP::HIS3
 pom34::Kan

this study

KWY1120 GAL1(::URA3)-NDC1-GFP::HIS3
 pom152::Kan

this study

KWY1127 GAL1(::URA3)-NDC1-GFP::HIS3
 pom34::Kan pom152::Kan

this study

KWY1400 HDEL-dsRED this study

KWY1484 HDEL-dsRED pom34::Kan this study

KWY1483 HDEL-dsRED pom152::Kan this study

KWY1401 HDEL-dsRED pom34::Kan pom152::Kan this study

KWY1482 HDEL-dsRED GAL1(::URA3)-NDC1-
 GFP::HIS3

this study

KWY1402 HDEL-dsRED GAL1(::URA3)-NDC1-
 GFP::HIS3 pom34::Kan

this study

KWY1403 HDEL-dsRED GAL1(::URA3)-NDC1-
 GFP::HIS3 pom152::Kan

this study

KWY1404 HDEL-dsRED GAL1(::URA3)-NDC1-
 GFP::HIS3 pom34::Kan pom152::Kan

this study

KWY812 mex67::Kan + pUN100-mex67-5 this study

All strains were derived from W303: his3-11,15 ura3-1 leu2-3 trp1-1 ade2-1.
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100 ng/ml, respectively. Cells were grown for 30 min and then visualized 
by fl uorescence microscopy. As a negative control, wild-type cells were 
treated with 10 mM sodium azide and 10 mM 2-deoxyglucose for 30 min 
to stop respiration, and were then dyed and visualized the same as the 
cells in growth media.

In situ hybridization
Cells were grown for 24 h in dextrose before being fi xed in paraformalde-
hyde and permeabilized with zymolyase T100 (MP Biomedicals). poly(A)+ 
RNA was detected by hybridization of a digoxigenin-labeled oligo (dT)50 
probe and a rhodamine-labeled anti–mouse antibody, as described previ-
ously (de Bruyn Kops and Guthrie, 2001). DNA was stained with DAPI 
(Sigma-Aldrich). The known mRNA export mutant mex67-5 was used as a 
positive control, and was shifted to 37°C for 30 min before fi xation.

Western blotting
Yeast cultures were normalized by OD600, and protein samples were pre-
pared by spinning down the cells and resuspending them in 0.1 M NaOH 
for 5 min before spinning down and resuspending them in 1× SDS loading 
buffer. Protein samples were loaded onto a 10% polyacrylamide gel and 
separated by SDS-PAGE. Proteins were transferred to nitrocellulose mem-
branes, which were cut in half, and the top half was blotted with a mouse 
monoclonal anti-GFP antibody (Roche) to visualize Ndc1p-GFP and either 
Nup159p-CFP, Nup59p-CFP, or Nup60p-CFP. The bottom half was blotted 
with a rabbit polyclonal anti-Dhh1 antibody (Fischer and Weis, 2002) as a 
loading control. For Fig. S1, protein levels were quantifi ed using ImageJ soft-
ware (National Institutes of Health), and a ratio of GFP/Dhh1 signals was 
calculated. This ratio was normalized to the ratio in the wild-type strain.

TEM analysis
High pressure freezing of cells followed a protocol similar to that explained by 
McDonald (1999). In brief, cells were harvested from liquid cultures by vac-
uum fi ltration onto fi lters (Millipore), transferred to sample chambers, and fro-
zen with a high pressure freezer (model EM PACT2; Leica). Frozen samples 
were stored in liquid N2 and transferred to a freeze substitution apparatus 
(model AFS2; Leica) and fi xed with 0.2% OsO4 and 0.05% uranyl acetate. 
Cells were then infi ltrated and embedded with Epon resin. Serial sections 
were cut at 60-nm thick using an Ultracut E (Reichert). Sections were then 
picked up on formvar-coated grids and stained with 2% uranyl acetate in 70% 
methanol and Reynolds lead citrate. Cells were then observed and imaged on 
an electron microscope (model 1200 CX; JEOL) operating at 80 kV.

Online supplemental material
Fig. S1 shows that Nup159p and Nup60p proteins are  expressed in 
all POM-depleted strains, as determined by Western  blotting. Online
supplemental material is available at http://www.jcb.org/cgi/content/full/
jcb.200506199/DC1.
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Note added in proof. A role for a homologue of Ndc1p in NPC assembly 
in vertebrate cells has now been reported (Mansfeld, J., S. Güttinger, L.A. 
 Hawryluk-Gara, N. Panté, M. Mall, V. Galy, U. Haselmann, P. Mühlhäusser, 
R.W. Wozniak, I.W. Mattaj, U. Kutay, W. Antonin. 2006. Mol. Cell. 
22:93–103).
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