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To identify components involved in nuclear protein import, we used a genetic selection
to isolate mutants that mislocalized a nuclear-targeted protein. We identified tempera-
ture-sensitive mutants that accumulated several different nuclear proteins in the cyto-
plasm when shifted to the semipermissive temperature of 30°C; these were termed npl
(nuclear protein localization) mutants. We now present the properties of yeast strains
bearing mutations in the NPL4 gene and report the cloning of the NPL4 gene and the
characterization of the Npl4 protein. The npl4-1 mutant was isolated by the previously
described selection scheme. The second allele, npl4-2, was identified from an indepen-
dently derived collection of temperature-sensitive mutants. The npl4-1 and npl4-2 strains
accumulate nuclear-targeted proteins in the cytoplasm at the nonpermissive temperature
consistent with a defect in nuclear protein import. Using an in vitro nuclear import assay,
we show that nuclei prepared from temperature-shifted npl4 mutant cells are unable to
import nuclear-targeted proteins, even in the presence of cytosol prepared from wild-
type cells. In addition, npl4-2 cells accumulate poly(A)+ RNA in the nucleus at the
nonpermissive temperature, consistent with a failure to export mRNA from the nucleus.
The npl4-1 and npl4-2 cells also exhibit distinct, temperature-sensitive structural defects:
npl4-1 cells project extra nuclear envelope into the cytoplasm, whereas npl4-2 cells form
nuclear envelope herniations that appear to be filled with poly(A)+ RNA. The NPL4 gene
encodes an essential Mr 64,000 protein that is located at the nuclear periphery and
localizes in a pattern similar to nuclear pore complex proteins. Taken together, these
results indicate that this gene encodes a novel nuclear pore complex or nuclear pore
complex-associated component required for nuclear membrane integrity and nuclear
transport.

INTRODUCTION composition of the NPC has emerged. Many proteins
Macromolecules enter and exit the nucleus via the involved in these processes have been identified, in-

nuclear pore complex (NPC), a large structure embed- cluding proteins of the cytoplasm (reviewed in Pow-
ded in the double membrane bilayers of the nuclear ers and Forbes, 1994; Sweet and Gerace, 1995), nude-
envelope (reviewed in Goldberg and Allen, 1995). In oplasm, and NPC (reviewed in Rout and Wente, 1994;

of how proteins enter Davis, 1995). Both biochemical and genetic approachesrecent years, a general plcture the nucleusante have been invaluable in these searches, and the yeast
thenlshRseehnSaccharomyces cerevisiae has proven particularly useful,

given the high degree of conservation in NPC proteins
Corresponding author: Dana-Farber Cancer Institute, 44 Binney (Rout and Blobel, 1993) and soluble transport factors
Street, Boston, MA 02115. (Sweet and Gerace, 1995).
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Studies of mammalian and yeast mutant cells and
reconstituted in vitro import reactions have outlined
the nuclear protein import pathway (reviewed in Mel-
chior and Gerace, 1995b; Gorlich and Mattaj, 1996). In
the initial steps of nuclear import, a nuclear localiza-
tion signal (NLS)-containing substrate binds to an a
NLS receptor subunit (karyopherin a/Kap6Op) (Gor-
lich et al., 1995; Moroianu et al., 1995a; Rexach and
Blobel, 1995), which binds to a ( NLS receptor subunit
(karyopherin 13/Kap95p) (Rexach and Blobel, 1995;
Gorlich and Mattaj, 1996). The a/f3 subunits and sub-
strate dock at GLFG or XFXFG repeat-containing NPC
proteins (lovine et al., 1995; Moroianu et al., 1995b;
Radu et al., 1995a; Rexach and Blobel, 1995) via the f3
subunit (Gorlich et al., 1995; Moroianu et al., 1995b;
Rexach and Blobel, 1995). In subsequent steps, a GTP-
ase (Ran/Gsplp) (Melchior et al., 1993; Moore and
Blobel, 1993; Schlenstedt et al., 1995a) docks at the
NPC (Yokoyama et al., 1995), where rounds of GTP
hydrolysis (Melchior et al., 1993, 1995) and GDP/GTP
exchange (Nehrbass and Blobel, 1996) are mediated by
GTPase-activating proteins (RanGAPl /Rnalp and
RanBP1 /Yrblp) (Coutavas et al., 1993; Butler and
Wolfe, 1994; Bischoff et al., 1995a,b; Corbett et al., 1995;
Schlenstedt et al., 1995b) and an accessory protein
(plO/NTF2p) (Moore and Blobel, 1994; Paschal and
Gerace, 1995). These cycles of hydrolysis and ex-
change result in the association and dissociation of a
Ran/Gsp1-plO/NTF2p-a/13 subunits-substrate com-
plex (Nehrbass and Blobel, 1996) that is thought in one
hypothesis to travel along an array of docking sites
(Radu et al., 1995b; Nehrbass and Blobel, 1996)
through the NPC channel. The a subunit, substrate,
and Ran/Gsplp enter the nucleus, while the ,B subunit
and plO/NTF2p remain at the NPC (Gorlich et al.,
1995; Moroianu et al., 1995b; Corbett and Silver, 1996).
The substrate is released inside the nucleus, and the
GDP/GTP exchange factor (RCC1/Prp2Op) (Aebi et
al., 1990; Bischoff and Ponstingl, 1991; Fleischmann et
al., 1991) facilitates the GDP/GTP exchange of Ran/
Gsplp; then the a subunit recycles back to the cyto-
plasm (Koepp et al., 1996).
RNA export also occurs at the NPC and appears to

use Ran/Gsplp and its cofactors (reviewed in Izzur-
ralde and Mattaj, 1995; Gorlich and Mattaj, 1996). Mu-
tations in the yeast genes NUPI, GSPI, YRB1, RNA1,
and PRP20 and the mammalian gene RCC1 cause de-
fects in protein import and RNA export (Hopper et al.,
1990; Amberg et al., 1992, 1993; Kadowaki et al., 1993;
Bogerd et al., 1994; Tachibana et al., 1994; Corbett et al.,
1995; Schlenstedt et al., 1995a,b; Koepp et al., 1996). Yet,
the mechanisms of protein import and RNA export
appear to be distinct. Mutations in the yeast genes
SRP1/KAP60, RSL1/KAP95, and NTF2 cause protein
import defects (Loeb et al., 1995; Corbett and Silver,
1996; Koepp et al., 1996), whereas mutation or deletion
of NUP133/RAT3, NUP159/RAT7, NUP82, NUP120/

RAT2, and NUP85/RAT9 cause only RNA export de-
fects (Doye et al., 1994; Aitchison et al., 1995a; Gorsch et
al., 1995; Grandi et al., 1995; Heath et al., 1995; Hurwitz
and Blobel, 1995; Li et al., 1995; Goldstein et al., 1996),
and certain mutations in NUP49 cause either import or
export defects (Doye et al., 1994). NuplOOp, Nupll6p,
and Nupl45p contain overlapping and essential
nucleoporin RNA-binding motifs (NRM) which bind
RNA in vitro and may be directly involved in export
(Fabre et al., 1994). In addition, human and yeast NPC-
associated proteins interact with human immunodefi-
ciency virus type 1 (HIV-1) Rev protein and may be
involved in Rev-mediated RNA export (Bogerd et al.,
1994; Fritz et al., 1995; Stutz et al., 1995).
Several yeast NPC proteins have also been impli-

cated in maintaining nuclear structure. Partial deletion
of NUPI induces nuclear envelope projections (Bog-
erd et al., 1994), and partial deletion of NUP145 in-
duces NPC clusters (Wente and Blobel, 1994). Deletion
or mutation of NUP133/RAT3, NUP120/RAT2, or
NUP84 results in NPC clustering, whereas deletion or
mutation of NUP85/RAT9 results in NPC clustering
and nuclear envelope projections (Doye et al., 1994;
Aitchison et al., 1995a; Heath et al., 1995; Li et al., 1995;
Goldstein et al., 1996; Siniossogiou et al., 1996), and
mutation of RAT7/NUP159 results in NPC clustering
(Gorsch et al., 1995). Deletion of NUP116 causes for-
mation of intranuclear annulate lamellae and forma-
tion of nuclear envelope herniations (Wente and Blo-
bel, 1993). Partial deletion or mutation of NUP188
causes formation of nuclear envelope blisters (Nehr-
bass et al., 1996; Zabel et al., 1996), and deletion of
NUP188 in combination with depletion of POM152
causes prominent projections and invaginations of the
nuclear envelope (Nehrbass et al., 1996). Depletion of
Nupl70p results in enlargement and distortion of the
nuclear envelope, whereas overexpression of
Nupl70p results in formation of intranuclear annulate
lamellae (Aitchison et al., 1995b). Thus, NPC proteins
are intimately involved in both nuclear transport and
structure.
The completed picture of the NPC composition is

rapidly emerging. Yeast NPCs have an estimated mass
of 66 MDa and contain about 80 proteins (Rout and
Blobel, 1993). More than 18 of these proteins have been
identified, and more are poised for discovery in iso-
lated yeast NPCs, synthetic lethal screens, and the
genome sequencing project. Several years ago, this
laboratory initiated several "forward" genetic screens
to identify NPC or cytoplasmic proteins involved in
nuclear transport (Sadler et al., 1989; Bossie et al., 1992).
The screen for nuclear protein localization (npl) mu-
tants made use of the missorting of a normally nucle-
ar-targeted protein to the mitochondria. Mutants were
selected on the basis of uptake of SV40 NLS-F1l3-
ATPase into the mitochondria at a semipermissive
temperature (30°C) and subsequently screened for
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failure to grow at the nonpermissive temperature
(36°C). Several NPL genes have been further charac-
terized. NPL1 encodes the membrane protein Sec63p,
which is involved in endoplasmic reticulum (ER) pro-
tein translocation (Rothblatt et al., 1989; Sadler et al.,
1989) and nuclear fusion (Ng and Walter, 1996). The
role of Npllp/Sec63p in nuclear transport is not un-
derstood, but recent evidence indicates that the secre-
tory protein Secl3p is involved in nuclear pore bio-
genesis (Siniossogiou et al., 1996), suggesting that
specific components may play roles in both ER and
NPC structure and/or function. NPL3 encodes an
RNA binding protein (Anderson et al., 1993) that shut-
tles in and out of the nucleus (Flach et al., 1994). Npl3
mutants are defective for protein import and mRNA
export (Bossie et al., 1992; Kadowaki et al., 1992;
Schlenstedt et al., 1993; Wilson et al., 1994; Henry et al.,
1996; Lee et al., 1996), indicating that Npl3p may be
involved in both processes.
We now report the further characterization of NPL4.

The npl4-1 allele was originally isolated in the screen
for npl mutants described above (Bossie et al., 1992).
We later identified npl4-2, an additional temperature-
sensitive allele. Npl4 cells show defects in nuclear
protein import and poly(A)+ RNA export at the non-
permissive temperature. In addition, npl4 mutants
show defects in nuclear envelope structure, npl4-1
cells display nuclear envelope projections, and npl4-2
cells exhibit multiple nuclear herniations containing
poly(A)+ RNA. NPL4 encodes a Mr 64,000 protein that
localizes at the nuclear rim in a pattern similar to NPC
proteins, consistent with its roles in nuclear transport
and structure.

MATERIALS AND METHODS

Genetic Analysis of npl4-1 and npl4-2
The yeast strains used in this study are described in Table 1. Media
were prepared as described (Rose et al., 1990; Kassir and Simchen,
1991). Yeast strains were transformed using the Li-acetate method
(Ito et al., 1983; Gietz et al., 1992). The npl4-1 Ts- strain (PSY108) was
isolated as described previously (Bossie et al., 1992). To demonstrate
that the npl4-1 Ts-, Gly+, and nucleolar antigen and histone protein
mislocalization phenotypes are due to a single, recessive mutation,
npl4-1 was backcrossed to its wild-type parent strain (PSY78). The
diploid was tested for Ts', sporulated, and used to dissect tetrads.
Eight tetrads were tested for Ts-; four of these tetrads were tested
for Gly+ and nucleolar antigen and histone protein mislocalization.
To determine whether npl4-1 defines a new complementation
group, the npl4-1 Ts- strain (PSY108) was crossed to several well-
characterized Ts- strains, including sec61-2, sec62-1, sec63-101/
npll-1, npl3-1, and npl6-1 (Deshaies and Schekman, 1987,1989; Roth-
blatt et al., 1989; Sadler et al., 1989; Bossie et al., 1992; Chiang, 1993).
In each case, the resulting diploid was tested for Ts'. To establish
that npl4-1 (PSY109) is allelic to the Ts- strain (PSY824) (Klyce and
McLaughlin, 1973), both Ts- strains were outcrossed with the same
wild-type strain (FY86), and the outcrossed strains were mated. The
resulting diploid was tested for Ts-, sporulated, and used to dissect
tetrads. Twenty-four tetrads were tested for Ts-. To investigate
genetic interactions between NPL4 and other yeast NPC compo-
nent-encoding genes, npl4-1 (PSY825) and npl4-2 (PSY826) strains

were crossed to AnuplOO-3, Anupl45-7, Anupll6-5, rat3-1, rat7-1,
rat8-1, rat9-1, and Apoml52 strains (Wente and Blobel, 1994; Aitchi-
son et al., 1995a,b; Gorsch et al., 1995; Li et al., 1995; Goldstein et al.,
1996; Cole, unpublished data). In each case, the resulting diploid
was tested for Ts', sporulated, and used to dissect tetrads.

Molecular Analysis of NPL4
The plasmids used in this study are described in Table 2. To clone
NPL4, the npl4-1 Ts- strain was transformed with a single-copy
URA3-based yeast genomic library (Rose et al., 1987), plated onto
uracil drop-out plates, and incubated at 36°C. The resulting Ts',
Ura+ colonies were checked for reversion to Ts-, Ura- after plas-
mid loss. The Ts', Ura+ strains were then used to isolate plasmid
DNA (pPS404). The DNA was used to transform the original npl4-1
strain, and the tranformants were tested for Ts' and Ura+. To
demonstrate that the npl4-1 Ts- phenotype is linked to the NPL4
gene, a URA3-based plasmid carrying a BamHI-EcoRI -1-kb frag-
ment of the cloned genomic DNA insert (pPS805) was integrated
into a wild-type strain (W303). Integration was confirmed by South-
ern blot analysis, and the NPL4::URA3 strain (PSY826) was crossed
to npl4-1 (PSY894). The diploid was sporulated and used to dissect
tetrads. Twenty-two tetrads were tested for Ts- and Ura+.
To determine the minimal complementing region of the cloned

genomic DNA insert, the cloned DNA (pPS404) was used to make
DraI, NruI, and XbaI deletion constructs, and the DraI -2-kb frag-
ment was subcloned into YCp5O (pPS402). The deletion constructs
and the DraI construct were transformed into npl4-1, and the trans-
formants were tested for Ts'. The DraI fragment was sequenced
(Sanger et al., 1977) and used to determine the NPL4 coding region.
To disrupt NPL4, a BamHI-PstI fragment of LEU2 (pJJ252) (Jones and
Prakash, 1990) was inserted into the BamHI-PstI deletion of NPL4
(pPS798); the construct deleted Npl4p amino acids 94-539. The
npl4::LEU2 fragment was isolated and integrated into a wild-type
diploid strain (RKY1154). Integration was confirmed by Southem
blot analysis, and the Anpl4 diploid was sporulated; 19 tetrads were
dissected and tested for Leu-. The Anpl4 diploid was transformed
with a plasmid carrying NPL4 and URA3 (pP800), and the transfor-
mants were sporulated. Four tetrads were tested for Leu+ and Ura+
and the ability to grow on 5-flouroorotic acid (5-FOA).
The npl4 Ts- mutations were cloned as described (Orr-Weaver

and Szostak, 1983). The original NPL4 plasmid (pPS404) was di-
gested with DraI, and the gapped plasmid DNA was used to trans-
form the npl4-1 (PSY825) and npl4-2 (PSY826) strains. The resulting
Ura+ colonies were tested for Ts- and used to isolate plasmid DNA.
The npl4-1 (pPS801) and npl4-2 (pPS802) plasmid DNAs were used
to transform the Anpl4 diploid (PSY828) strain. The diploid trans-
formants were used to sporulate and dissect tetrads and tested for
Ura+ and Ts-. To test for rescue of the npl4 Ts- defect, the npl4-1
(PSY825) and npl4-2 (PSY826) strains were transformed with plas-
mids containing high-copy NUP116 (pCP29), and transformants
were plated on uracil drop-out plates at room temperature (RT) and
36°C. To test for rescue of the AnupIl6 Ts- defect, the AnupIl6
(SWY27) strain was transformed with plasmids containing single-
copy URA3 and NPL4 (pPS402), high-copy URA3 and NPL4
(pPS806), URA3 and GALl promoter NPL4 (pPS807), single-copy
URA3 and NUP116 (SWY127), and vector (YEp24). The AnupIl6
transformants and a Ura- wild-type strain (FY86) were plated on
5-FOA plates and uracil drop-out plates containing 2% glucose,
1.5% glucose, 0.5% galactose, and 2% galactose and incubated at RT
and at 36'C.

Preparation of Antibodies to Npl4p
The NPL4 SalI-PstI fragment encoding amino acids 39-407 was
inserted into pMal-c2 (New England Biolabs, Beverly, MA) to make
a maltose binding protein fusion construct (pPS803). The MBP-
NPL4 construct was transformed into HB101, the protein was in-
duced in 0.3 mM isopropyl thiogalactoside for 1 h at RT, soluble
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Table 1. Yeast strains used in this study

Strain Genotype Source

Dat3-2 Mat a leu2Al trpl A63 ura3-52 rat3-1 Li et al., 1995
FY86 Mat a leu2-A1 his3-A200 ura3-52 Winston, unpublished data
PSY78 Mat a gal2 his4-519 leu2-3,112 suc2-A9 ura3-52 Aatp2::LEU2 Emr et al., 1986
PSY108 Mat a leu2-3,112 lys2-801 suc2-A9 trpl-A901 ura3-52 this lab

Aatp2::LEU2 carrying pPS345
PSY824 Mat a adel ade2 his4 lys2 trpl ural npl4-2 Klyce and McLaughlin, 1973
PSY825 Mat a leu2 ura3-52 npl4-1 this study
PSY826 Mat a his3-A200 ura3-52 npl4-2 this study
PSY827 Mat a ade2-1 canl-100 his3-1,115 leu2-3 trpl-1 ura3-1 NPL4::URA3 this study
PSY828 Mat a/a Aho::hisG/Aho::hisG Aleu2::hisG/Aleu2::hisG lys2/lys2 ura3/ura3 this study

Anpl4::LEU2INPL4
PSY894 Mat a leu2 ura3 npl4-1 this study
RKY1154 Mat a/a Aho::hisG/Aho::hisG Aleu2::hisG/Aleu2::hisG lys2/lys2 ura3/ura3 Kolodner, unpublished data
SWY27 Mat a ade2-1 canl-100 his3-1 leu2-3 trpl-1 Anupll6::HIS3 Wente and Blobel, 1993
SWY127 Mat a ade2-1 canl-100 his3-1 leu2-3 trpl-1 Anupl16::HIS3 carrying Wente and Blobel, 1994

pSW131 (CEN/NUP116/URA3)
W303 Mat a ade2-1 canl-100 his3-11,15 leu2-3 trpl-1 ura3-1 Thomas and Rothstein, 1989

protein was extracted and purified on an amylose resin column wild-type (FY86), npl4-1 (PSY825), and npl4-2 (PSY826) cells grown
(New England Biolabs), the purified fraction was resolved by SDS- at RT or shifted to 37°C for 5 h. Immunoblotting was performed as
PAGE (Laemmli, 1970), and the band specific for isopropyl thiogal- described previously (Bossie et al., 1992), except that blots were
actoside induction was excised, homogenized, and injected with incubated with affinity-purified rabbit anti-Npl4p antibodies (1:500)
Freund's adjuvant into a New Zealand White rabbit (HRP, Denver, at 4°C for 12 to 18 h, followed by incubation with horseradish
PA). The resulting polyclonal antibodies were affinity purified as perxoidase-labeled anti-rabbit IgG secondary antibodies (1:5000;
follows. The NPL4 BamHI fragment encoding amino acids 94-580 Promega) at RT for 1 h, and visualized by enhanced chemilumines-
was inserted into pGEX-2T (Pharmacia Biotech, Picscataway, NJ) to cence (Amersham, Arlington Heights, IL). Npl4p bands were quan-
make a glutathione S-transferase fusion construct (pPS805). The titated using the National Institutes of Health Image program.
glutathione S-transferase-NPL4 construct was transformed into For indirect immunofluorescence, wild-type diploid cells
HB101; the protein was induced and extracted as described above (RKY1154) were grown at 30°C in YEPD to A6w -1. Cells were
and purified on a glutathione-Sepharose 4B column (Pharmacia treated as described previously (Sadler et al., 1989) with a number of
Biotech). The purified fusion protein was coupled to CNBr-activated modifications. Formaldehyde fixation was omitted, and unfixed
Sepharose 4B (Sigma Chemical, St. Louis, MO) and used to purify cells were spheroplasted with 0.02 mg/ml zymolyase at RT for 10
the isolated IgG fraction (Immunopure (G) IgG purification kit; min, incubated in methanol at RT for 6 min, and incubated in
Pierce, Rockford, IL) of the anti-Npl4p serum. acetone at RT for 30 s. Spheroplasts were incubated with affinity-

For Western blot analysis of wild-type Npl4p, total cell extracts purified rabbit anti-Npl4p antibodies (1:20) at RT for 12 to 18 h,
were prepared from wild-type cells (W303) or wild-type cells trans- followed by incubation with fluorescein isothiocyanate (FITC)-la-
formed with single-copy NPL4 (pPS402), high-copy NPL4 (pPS806), beled anti-rabbit IgG secondary antibodies (1:1000; Jackson Immu-
or GALI promoter-NPL4 (pPS807) plasmids. For analysis of wild- noResearch Laboratories, West Grove, PA) at RT for 2 h, and 4',6-
type and mutant Npl4p, total cell extracts were prepared from diamidino-2-phenylindole (DAPI). For double labeling, wild-type

Table 2. Plasmids used in this study

Plasmid Markers Construction Source

pCP29 2,u URA3 NUP116 in YEpI3 Wente, unpublished data
pJJ252 LEU2 LEU2 in pUC18 Jones and Prakash, 1990
pPS345 2,u URA3 GALI promoter, SV40 NLS, SUC2 in YEp24 this laboratory
pPS402 CEN4 URA3 NPL4 DraI fragment in YCp5O this study
pPS404 CEN4 URA3 NPL4 clone in YCp5O this study
pPS798 NPL4 SalI-XBaI fragment in Bluescript KS(-) this study
pPS799 LEU2 BamHI-PstI fragment in pPS798 this study
pPS800 CEN4 URA3 NPL4 Sall site inserted with myc in YCp5O this study
pPS801 CEN4 URA3 npl4-1 XbaI fragment in pPS404 this study
pPS802 CEN4 URA3 npl4-2 XbaI fragment in pPS404 this study
pPS803 NPL4 SalI-PstI fragment in pMAL-c2 this study
pPS804 NPL4 BamHI fragment in pGEX-2T this study
pPS805 URA3 NPL4 clone BamHI-EcoRI fragment in Ylp5 this study
pPS806 2,u URA3 NPL4 DraI fragment in YEp24 this study
pPS807 2,t URA3 NPL4 Clal fragment in YEp352 this study
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diploid (RKY1154) cells were grown at 30°C in YEPD to A600 --1, or
rat3-1 (Dat3-2) cells were grown at RT in YEPD to A600 -1. Cells
were fixed in 4% 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide
(Pierce Chemical) and treated as described above. Spheroplasts
were incubated with affinity-purified rabbit anti-Npl4p antibodies
(1:20) and guinea pig anti-Rat7/Nup159p antibodies (1:2000; Gorsch
et al., 1995) at RT for 12 to 18 h, followed by incubation with Texas
Red-anti-rabbit IgG and FITC-anti-guinea pig IgG secondary anti-
bodies (Jackson ImmunoResearch Laboratories) at RT for 2 h and
DAPI.

Protein Import and Retention Assays
To examine the nuclear import of NLS-invertase, wild-type (FY86),
npl4-1 (PSY825), and npl4-2 (PSY826) cells were transformed with
the GALl promoter-SV40 NLS-SUC2 construct pPS345 (Chiang,
1993). Cells were grown at RT in uracil drop-out media with 2%
raffinose to A600 -0.5, shifted to 2% galactose at RT for 3 h, and
grown at RT or 37°C for 30 min or 3 h. To examine the nuclear
retention of NLS-invertase, cells were transformed and grown as
described above, shifted to 2% galactose at RT for 3 h, washed,
shifted to 2% glucose at RT for 1 h, and grown at RT or 37°C for 3 h.
Following temperature shifts, cells were prepared for immunofluo-
rescence microscopy (Sadler et al., 1989) and incubated with rabbit
anti-invertase antibodies (1:20,000; Nelson and Silver, 1989) at RT
for 12-18 h, followed by incubation with FITC-labeled anti-rabbit
IgG secondary antibodies (1:1000; Jackson ImmunoResearch Labo-
ratories) at RT for 2 h and DAPI.

In Vitro Import Assay
The in vitro nuclear import assay was performed as described
elsewhere (Schlenstedt et al., 1993). Wild-type (FY86), npl4-1
(PSY825), and npl4-2 (PSY826) cells were grown at RT to A600 -0.4,
maintained at RT or shifted to 37°C for 3 h, and used to prepare
semi-intact cells and cytosol. Cells were collected by centrifugation,
resuspended in 100 mM piperazine-N,N'-bis(2-ethanesulfonic acid)
(PIPES), pH 9.4, 10 mM dithiothreitol, incubated at 30°C for 10 min,
and collected by centrifugation. Cells were resuspended in 0.2%
glucose, 50 mM KPO4 (pH 7.5), and 0.6 M sorbitol. Cells were
digested with 300 U/ml oxalyticase (40,000 U/ml stock in 50 mM
KPO4, pH 7.5; Enzogenetics, Corvallis, OR) at 30°C for 15 min.
Spheroplasts were collected by centrifugation, resuspended in 1%
glucose, 0.7 M sorbitol, and incubated at 30°C for 20 min. Sphero-
plasts were collected by centrifugation, washed twice with 20 mM
PIPES-KOH (pH 6.8), 150 mM potassium acetate, 2 mM magnesium
acetate, 0.4 M sorbitol, resuspended in this buffer with 0.5 mM
EGTA, frozen slowly above liquid N2, and stored at -80°C.

For the import experiments, spheroplasts were thawed on ice,
washed four times with cold buffer A (0.25 M sorbitol, 20 mM
PIPES-KOH, pH 6.8, 150 mM potassium acetate, 5 mM magnesium
acetate), and resuspended in buffer A. The import reaction mixture
contained buffer A (20 mM PIPES/KOH, pH 6.8, 250 mM sorbitol,
150 mM potassium acetate, 5 mM magnesium acetate) with 5 x 107
cells/ml, 5 mg SV40 NLS-HSA-rhodamine conjugate, 1 mM ATP
(Sigma Chemical), 10 mM creatine phosphate (Boehringer Mann-
heim, Indianapolis, IN), 0.1 mg/ml creatine-kinase (Boehringer
Mannheim), and 1.5 mg/ml cytosolic proteins. Reactions were in-
cubated in the dark at 30°C for 10 min. Cells were mixed with DAPI
(final concentration, 0.25 mg/ml) and analyzed by fluorescence
microscopy. For each reaction, -200-300 cells were assayed for
permeability (DAPI staining) and import (nuclear accumulation of
substrate).

Poly(A)+ RNA Localization Assay
In situ hybridization of poly(A)+ RNA was performed as described
previously (Amberg et al., 1992). Wild-type (FY86), npl4-1 (PSY825),
and npl4-2 (PSY826) cells were grown at RT in YEPD to A60 --0.5,

cells were continued at RT or shifted to 37°C for 30 min, fixed at
37°C for 1.5 h, and washed in solution P (0.1 M KPO4, pH 6.5, 1.2 M
sorbitol). Cells were permeabilized with 0.5% Nonidet P-40 in so-
lution P at RT for 5 min, equilibrated with 0.1 M triethanolamine,
pH 8.0, at RT for 2 min, and blocked with 0.25% acetic anhydride in
0.1 M triethanolamine, pH 8.0, at RT for 10 min. Cells were incu-
bated in prehybridization solution (50% deionized formamide, 4X
SSC, 1 x Denhardt's solution, 10% dextran sulfate, 125 ,g/ml tRNA,
and 500 ,tg/ml salmon sperm DNA) at 37°C for 1 h and subse-
quently incubated in prehybridization solution with oligo(dT)50-
digoxigenin-labeled probe at 37°C for 12 to 18 h, followed by
incubation with FITC-conjugated antidigoxigenin F'ab fragments
(1:200; Jackson ImmunoResearch Laboratories) at RT for 2 h and
DAPI. Samples were analyzed by fluorescence microscopy.

Electron Microscopy
Cells were prepared for transmission electron microscopy (TEM;
McDonald, 1984), with a number of modifications. Wild-type
(FY86), npl4-1 (PSY825), and npl4-2 (PSY826) cells were grown at RT
to A600 -0.04, and cells were maintained at RT or shifted to 37°C for
30 min, 3 h, or 5 h and collected by centrifugation. Cells were
washed twice with 40 mM K2HPO4-KH2PO4, pH 6.5, and 0.5 mM
MgCl2, and fixed with 2% glutaraldehyde (70% EM grade stock; Ted
Pella, Redding, CA) at RT for 30 min. Cells were washed twice with
0.17 M KH2PO4, 30 mM sodium citrate, resuspended in the buffer,
and digested with 0.04 mg/ml lyticase (Sigma Chemical) at 30°C for
10 to 15 min. The resulting spheroplasts were washed twice in 0.1 M
sodium acetate, pH 6.1, postfixed in 1% osmium tetroxide and 0.5%
potassium ferrocyanide at RT for 1 h, rinsed with dH2O, resus-
pended in 2% uranyl acetate, and incubated in the dark at 4°C for 12
to 18 h. Samples were washed, dehydrated, embedded in Epon, and
sectioned. Sections were stained with lead citrate and uranyl acetate
and examined with a JEOL 100CX transmission electron microscope
at 60 kV using a 20-,um objective aperture. For each RT, 30-min, 3-h,
and 5-h temperature-shift experiment, -30 micrographs were ana-
lyzed for altered morphology. For each RT and 5-h temperature-
shift experiment, -10 micrographs were measured to calculate nu-
clear and cellular areas. For the isogenic strains, Anpl4 cells covered
with NPL4 (pPS404), npl4-1 (pPS924), and npl4-2 (pPS925) single-
copy plasmids were grown in uracil/leucine drop-out media or
YEPD to A600 -0.06 and shifted to 37°C for 5 h. Cells were prepared
for TEM as described above. For the plasmid rescue strains,
AnupIl6 cells carrying single-copy NUP116 (SWY127), high-copy
NPL4 (pPS806) plasmids, and vector (YEp24) were grown in uracil
drop-out media to A600 -0.6 and shifted to 34°C for 5 h. Cells were
prepared for TEM as described above.

In situ RNA hybridization and electron microscopy were per-
formed as described (Huang et al., 1994). Wild-type (FY86) and
npl4-2 (PSY826) cells were prepared for poly(A)+ RNA in situ
hybridization (see above), except that the sample was shifted to
37°C for 3 h and that formamide was omitted from the prehybrid-
ization solution. Cells were incubated with or without oligo(dT)50-
digoxigenin, incubated with antidigoxigenin antibodies conjugated
to 0.8 nm gold (Boehringer Mannheim), fixed, and silver enhanced
(HQ Silver; Nanoprobes, Stony Brook, NY). Cells were prepared for
TEM as described above.
Immunoelectron microscopy was performed by preparing npl4-2

cells for TEM (see above), except that cells were fixed in 0.1%
glutaraldehyde in Zamboni, spheroplasted, embedded into 3% gel-
atin in phosphate-buffered saline, frozen in liquid N2, and used to
cut thin sections. Thin sections were processed, incubated with
MAb414 (1:10; Aris and Blobel, 1989), followed by incubation with
anti-mouse IgG conjugated to 10 nm gold (1:20; Jackson ImmunoRe-
search Laboratories), and examined by TEM as described above. For
the frozen sections, -10 micrographs were used to count gold
particles and calculate cytoplasmic, nucleoplasmic, and nuclear en-
velope herniation base areas.
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RESULTS

Genetic Analysis of npl4-1 and npl4-2
We reasoned that npl mutants could be identified by
screening for Aatp2 cells that were transformed with
the SV40 NLS-ATP2 construct but were unable to ef-
ficiently translocate the NLS-F1l3-ATPase fusion pro-
tein into the nucleus. In principle, these cells would
redirect the fusion protein to the mitochondria and
would thereby be able to respire, i.e., grow on glyc-
erol. We predicted that a partial block in nuclear im-
port would result in the rerouting of the fusion protein
and growth on glycerol, whereas a complete block in
nuclear import would result in cell death. We, there-
fore, isolated mutants that were glycerol positive
(Gly+) at 30°C and failed to grow at 36°C (Ts-). The
screen identified one new allele of NPL1, six alleles of
NPL3, one allele of NPL4, and a number of single
isolates (Bossie et al., 1992). The npl mutants were
grown continuously at 30°C and tested for the mislo-
calization of endogenous nucleolar antigens and his-
tone proteins. At the semipermissive temperature,
npll-6, npl3-1, npl3-250, and npl4-1 cells showed sig-
nificant cytoplasmic accumulation of these nuclear
proteins (Bossie et al., 1992).
More recently, we subjected the npl4-1 mutant to

extensive genetic analysis. To show that the npl4-1
Ts-, Gly+, and the nuclear protein mislocalization
phenotypes are due to a single recessive mutation, we
backcrossed the original npl4 isolate (expressing NLS-
FlB-ATPase) to its wild-type parent (see MATERIALS
AND METHODS); the resulting diploid was Ts+, and
tetrad analysis showed that the Ts-, Gly+, and nuclear
protein mislocalization phenotypes were tightly
linked. To demonstrate that npl4-1 does not belong to
previously identified complementation groups, we
crossed npl4-1 to npll-1/sec63-101, npl3-1, npl6-1,
sec61-2, and sec62-1 Ts- strains (see MATERIALS
AND METHODS). In all cases, the diploids became
Ts+, indicating that the npl4-1 strain was able to com-
plement these Ts- strains. However, the npl4-1 mutant
failed to complement a previously uncharacterized
isolate from an independently derived Ts- collection
(Klyce and McLaughlin, 1973). We confirmed that this
Ts- isolate is allelic to npl4-1 by mating npl4-1 to this
Ts- isolate (see MATERIALS AND METHODS); the
resulting diploid was Ts-, and tetrad analysis showed
that the two Ts- mutations were tightly linked. The
Ts- isolate was designated npl4-2. To investigate
whether npl4-1 and npl4-2 mutations showed synthetic
lethality in combination with previously identified
nup, pom, and rat mutations, we crossed the npl4
strains to several mutant strains and used the result-
ing diploids to dissect tetrads (see MATERIALS AND
METHODS). In all cases, the tetrads showed normal
viability, indicating a lack of synthetic lethality.

Cloning the NPL4 Gene
We cloned the NPL4 gene by transforming the npl4-1
strain with a single-copy URA3-based yeast genomic
DNA library (Rose et al., 1987) and selecting for Ts',
Ura+ colonies (see MATERIALS AND METHODS).
Ten Ura+, Ts' colonies were isolated and used to
generate plasmid segregants. Nine of the segregants
reverted to Ts-, and one of these nine transformants
was used to isolate plasmid DNA. The DNA was used
to retransform the npl4-1 strain, and this transformant
became Ts'. Deletion constructs localized the npl4-1
minimal complementing region to a -2-kb DraI frag-
ment (Figure 1A). This fragment was sequenced to
determine the NPL4 open reading frame (see MATE-
RIALS AND METHODS). The NPL4 gene corresponds
to an open reading frame on chromosome II identified
by the yeast genome sequencing project (Schaaff-Ger-
stenschlager et al., 1993).
To ensure that the NPL4 cloned fragment is linked to

the npl4-1 Ts- mutation, we integrated a plasmid car-
rying a fragment of the NPL4 cloned insert and URA3
into a wild-type strain (see MATERIALS AND METH-
ODS). The integration was checked by Southern blot
analysis, and the URA3::NPL4 strain was crossed to
npl4-1 (see MATERIALS AND METHODS). Tetrad
analysis showed that the Ts- and Ura- phenotypes
were tightly linked. This indicated that the cloned
fragment contains NPL4 rather than an unlinked sup-
pressor of npl4-1.
To determine whether NPL4 is an essential gene, we

replaced the NPL4 coding region with LEU2 in a wild-
type diploid strain (Figure 1A; see MATERIALS AND
METHODS). The disruption was checked by Southern
blot analysis, and the Anp14 diploid was sporulated
and used to dissect tetrads. Tetrad analysis showed
only two viable spores per tetrad, and all spores were
Leu-. The Annp14 diploid was then transformed with a
plasmid carrying NPL4 and URA3, sporulated, and
used to analyzed tetrads (see MATERIALS AND
METHODS). In this case, tetrad analysis showed four
viable spores per tetrad, and the Leu+ spores were
always Ura+. Furthermore, the Leu+ spores were un-
able to grow on 5-FOA, indicating that they were
unable to lose the NPL4-containing plasmid. These
results confirmed that NPL4 is essential for cell
growth. Similar results were obtained by Schaaff-Ger-
stenschlager et al. (1993).

NPL4 Encodes a Protein that Is Located at the
Nuclear Periphery
The NPL4 sequence is predicted to encode a protein of
580 amino acids (63.8 kDa) and contains several highly
degenerate repeats, including GSXS, GSSX, GSXF, and
GFXS, which are found in Nup2l4p/CANp (von
Lindern et al., 1992; Kraemer et al., 1994), Nup159p/
Rat7p (Gorsch et al., 1995), NuplOOp (Wente et al.,
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1992), Nupl53p (Sukegawa and Blobel, 1993), blets
Nup358p (Wu et al., 1995; Yokoyama et al., 1995), 17 X:
Poml21p (Hallberg et al., 1993), and other NPC pro- 1994;
teins. The GSXS, GSSX, GSXF, and GFXS repeats occur We
in Nup214p/CANp and other NPC proteins at or near (see
the previously described XXFG, GLFG, or XFXFG re- antib
peats. It should be noted that Nup214p/CANp con- type
tains 21 total GSXS, GSSX, GSXF, and GFXS repeats, with
whereas Npl4p contains six total repeats. Moreover, ure 2
most of the Nup214p/CANp GSXS, GSSX, GSXF, and lane
GFXS repeats are located in the C-terminal domain of MET
the protein, whereas the Npl4p repeats are distributed recoE
throughout the protein. In addition, Npl4p contains kDa
two XXFG repeats (Figure 1B) and seven serine dou- Npl4

Figure 2. (A) Immunoblotting demonstrates that
the anti-Npl4p antibody specifically recognizes
Npl4p. Whole-cell extracts from wild-type cells (lane
1) and wild-type cells carrying single-copy (lane 2),
high-copy (lane 3), and galactose-induced (lane 4)
NPL4-containing plasmids were probed with affinity-
purified antibodies generated against Npl4p. (B) Npi4
cells have decreased levels of Npl4p. Whole-cell ex-

tracts were prepared from wild-type, npl4-1, and
npl4-2 cells maintained at RT (lanes 1-3) or shifted to
37°C for 5 h (lanes 4-6) and probed with anti-Npl4
antibodies.

105 -

71 -

43 -

Figure 1. The NPL4 coding region. (A) The minimal
complementing region of the NPL4 clone. The lines above
the map represent fragments of the cloned DNA tested for
complementation of the np14-1 Ts- defect. The column at
the right indicates the results of these tests. (B) The NPL4
gene replacement and myc tagging. The BamHI-PstI frag-
ment of NPL4 was removed and replaced by a BamHI-PstI
fragment of LEU2. The NPL4 Sall site was inserted with a

c-myc epitope. (A and B) B, BamHI; C, ClaI; D, DraI; E,
EcoRI; P, PstI; S, SailI; S3A, Sau3AI; X, XbaI. (C) The se-

quence of Npl4p. The XXFG and other degenerate repeats
are in bold and italicized. The serine doublets are in bold.
The sequence data are available from GenBank under
accession number X72224.

(Figure 1B), whereas Nup2l4p/CANp contains
'XFG repeats and 39 serine runs (Kraemer et al.,

e generated affinity-purified antibodies to Npl4p
MATERIALS AND METHODS) and used these
)odies to probe cell extracts prepared from wild-
cells (Figure 2A, lane 1) and cells transformed
single-copy (Figure 2A, lane 2), high-copy (Fig-
2A, lane 3), and GALl promoter-NPL4 (Figure 2A,
4)-containing plasmids (see MATERIALS AND
'HODS). The anti-Npl4p antibodies specifically
gnize a protein band that migrates at -69 kDa, -5
larger than the predicted molecular mass of

lp. We noted that cells carrying the high-copy
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NPL4 plasmid show only a -twofold increase in
Npl4p levels compared with wild-type cells. Compa-
rable results have been observed for RNA14 and
RNA15 (Bonneaud et al., 1994).
To investigate whether the npl4-1 and npl4-2 muta-

tions affect the levels of Npl4p, we performed immu-
noblot analysis of the npl4 mutants. Wild-type, npl4-1,
and npl4-2 cells were grown at RT or shifted to 37°C
for 5 h, used to prepare cell extracts, and probed with
the anti-Npl4p antibody (see MATERIALS AND
METHODS). At the permissive temperature, npl4-1
cell extracts have a -fourfold decrease in Npl4p (Fig-
ure 2B, lane 2), and npl4-2 cell extracts have a -five-
fold decrease in Npl4p (Figure 2B, lane 3) compared
with wild-type cells (Figure 2B, lane 1). After a shift to
the nonpermissive temperature, npl4-1 cell extracts
have a -7-fold decrease in Npl4p (Figure 2B, lane 5),
whereas npl4-2 cell extracts have a -29-fold decrease
in Npl4p (Figure 2B, lane 6). These results indicate that
npl4-2 cells have lower levels of Npl4p than npl4-1
cells, and this difference increases at the nonpermis-
sive temperature. We noted that the npl4 extracts are
distinguished by several cross-reacting bands, which
run -100-200 kDa (Figure 2B, lanes 5 and 6). These
bands may represent Npl4p multimers or aggregates.
In npl4-2 cell extracts, the bands appeared after a 1-h
temperature shift, whereas in npl4-1 extracts, they ap-
peared after a 2-h temperature shift (our unpublished
observations). Thus, npl4-2 cells may have more rapid
oligomerization or aggregation of Npl4p at the non-
permissive temperature.

ANTI - NPL4 DAPI /ANTI - RAT7

C.

To determine the intracellular location of Npl4p, we
incubated wild-type diploid cells with the anti-Npl4p
antibody and examined the cells by indirect immuno-
fluorescence (IF; see MATERIALS AND METHODS).
The cells show punctate, rim staining of the nucleus
(Figure 3A), suggesting localization to the NPC. Sim-
ilar staining is seen in Annp14 cells rescued with plas-
mid encoding a Npl4-myc protein and incubated with
anti-myc antibodies (our unpublished results), indi-
cating that the anti-Npl4p antibody specifically recog-
nizes Npl4p at the yeast nuclear envelope. Moreover,
Npl4p localizes in a pattern similar to a known NPC
protein; wild-type diploid cells incubated with both
anti-Npl4p and anti-Nupl59p/Rat7p antibodies show
comparable staining patterns (Figure 3, D and E). In
addition, Npl4p is mislocalized in rat3-1 cells in a
pattern consistent with NPC clustering previously ob-
served in this mutant (Figure 3, G and H). The sum of
these observations suggests that Npl4p is a nucleo-
porin or a NPC-associated protein. It should be noted
that the Npl4p signal is weaker than the Nupl59p/
Rat7p signal and is absent in several rat3-1 cells. It is
possible that Npl4p is less accessible than Nupl59p/
Rat7p; Npl4p antibody recognition is extremely sensi-
tive to formaldehyde fixation, whereas Nupl59p/
Rat7p antibody recognition is not. Additionally, anti-
Npl4p staining requires significantly higher antibody
concentrations than anti-Nupl59p/Rat7p staining. In
the rat3-1 cells, NPC clustering may further reduce
Npl4p antibody recognition.

I

NOMARSKI

Figure 3. Immunolocaliza-
tion of Npl4p to the yeast nu-
clear envelope. Wild-type dip-
loid cells were incubated with

y anti-Npl4p antibodies (A-C)
or wild-type diploid (D-F),
and rat3-1 haploid (G-I) cells
were coincubated with anti-
Npl4p and anti-Nupl59p/
Rat7p antibodies and pre-
pared for indirect immuno-
fluorescence. (A) The anti-
Npl4p staining pattern; (B) the
same cells stained with DAPI,
and (C) viewed using Nomar-
ksi optics; (D and G) the anti-
Npl4p staining pattern; (E and
H) the same cells stained with
anti-Nupl59p/Rat7p, and (F
and I) viewed using Nomarski
optics.

Molecular Biology of the Cell1842



NPL4, a Nuclear Transport Mutant

ANTI - I NVERTASE DAPI NOMAR SKI
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Figure 4. Npl4 cells mislocalize of the NLS-in-
vertase reporter protein at the nonpermissive
temperature. Wild-type, npl4-1, and npl4-2 cells
expressing the fusion protein were maintained at
RT (A-C, D-F, and G-I) or shifted to 37°C for 3 h
(J-L, M-O, and P-R), incubated with anti-inver-
tase, and prepared for indirect immunofluores-
cence. (A, D, G, J, M, and P) The anti-invertase
staining pattern; (B, E, H, K, N, and Q) the same
fields stained with DAPI; and (C, F, I, L, 0, and
R) and viewed using Nomarski optics.

npl4-1 and npl4-2 Cells Are Defective for Nuclear
Protein Import
Cells that have defective NPC proteins can have nu-

clear protein import defects (reviewed in Doye and
Hurt, 1995). Since Npl4p localizes in a pattern similar
to NPC proteins and npl4-1 cells mislocalize endoge-
nous nuclear proteins (Bossie et al., 1992), we tested
npl4 cells for additional defects in nuclear protein
import in vivo. Wild-type and npl4 cells were trans-
formed with a reporter construct containing the GALl

promoter and the SV40 NLS fused to invertase (NLS-
invertase). Transformants were grown at RT in selec-
tive media, the fusion protein was induced for 3 h by
the addition of galactose, and cells were grown at RT
or shifted to 37°C for 30 min or 3 h and examined by
IF (see MATERIALS AND METHODS). At RT and
after 30 min (our unpublished results) or 3 h (Figure 4,
A and J) at 37°C, wild-type cells localize the NLS-
invertase exclusively to the nucleus. At RT, 0% of the
npl4-1 cells and -3% of the npl4-2 cells accumulate
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small amounts of NLS-invertase in the cytoplasm (Fig-
ure 4G). After 30 min at 37°C, -0.1% of the npl4-1 cells
and -39% of the npl4-2 cells accumulate significant
amounts of NLS-invertase in the cytoplasm (our un-
published results). After 3 h at 37°C, -48% of the
npl4-1 cells and -42% of the npl4-2 cells accumulate
significant amounts of NLS-invertase in the cytoplasm
(Figure 4, M and P). It was noted that approximately
one-half of npl4 cells show cytoplasmic accumulation
of NLS-invertase after a 3-h temperature shift and that
the level of NLS-invertase staining varies from cell to
cell. We reasoned that this is due to differences in the
levels of the fusion protein in individual cells, since
-60% of the wild-type cells show nuclear staining
with NLS-invertase, and the intensity of nuclear stain-
ing also varies from cell to cell. Similar results were
obtained using a reporter construct containing the
GALI promoter and the H2B NLS fused to 13-galacto-
sidase (NLS-,B-galactosidase; Moreland et al., 1987; our
unpublished observations). It was also noted that the
npl4 nuclei appear to be enlarged relative to the wild
type; this was confirmed by electron microscopy (see
below).
To rule out the possibility that the cytoplasmic

accumulation of nuclear proteins was due to pro-
teins "leaking" out of the nucleus, the npl4 cells
were assayed for nuclear protein retention. Wild-
type and npl4 cells were transformed as described
above and grown at RT in selective media. The
fusion protein was induced for 3 h by the addition
of galactose and repressed for 1.5 h in glucose; the
cells were grown at RT or shifted to 37°C for 3 h and
examined by IF (see MATERIALS AND METH-
ODS). At RT and 37°C, both wild-type and npl4 cells
successfully maintained the NLS-invertase and the
NLS-13-galactosidase fusion proteins inside the nu-
cleus (our unpublished results). In contrast, previ-
ous experiments have shown that sec63-1 cells fail to
retain NLS-invertase fusion protein inside the nu-
cleus at the nonpermissive temperature (Chiang,
1993). These results indicate that the npl4 nuclear
protein localization defects are due to an inability to
import nuclear proteins, not an inability to retain
proteins inside the nucleus.
To examine the nuclear protein import defect of

the npl4 cells more directly, we tested the mutants
in a yeast in vitro import assay (Schlenstedt et al.,
1993). The in vitro assay uses semi-intact cells added
to exogenous cytosol, an energy-regenerating sys-
tem, and an exogenous, fluorescently labeled SV40-
NLS-HSA import substrate (Schlenstedt et al., 1993).
With the addition of cytosol and energy, the import
substrate accumulates inside the cell nucleus, but
in the absence of cytosol and/or energy, the sub-
strate binds at the nuclear rim (Schlenstedt et al.,
1993). In vitro nuclear import has been shown to

duplicate all of the requirements of nuclear protein
import and has been used to demonstrate nuclear
import defects for cells with defective NPC proteins
(Schlenstedt et al., 1993). Notably, the in vitro assay
avoids the complications inherent in the in vivo
assays, since the added import substrate precludes
any requirements for RNA export and protein
synthesis.
For the in vitro assay, wild-type and npl4 cells were

grown at RT or shifted to 37°C for 3 h, used to prepare
cytosol and semi-intact cells, added to energy and
substrate mixtures, and examined by fluorescence mi-
croscopy (see MATERIALS AND METHODS). Ap-
proximately 37% of semi-intact cells prepared from
wild-type cells shifted to 37°C show nuclear accumu-
lation of substrate when incubated with cytosol pre-
pared from wild-type cells grown at 37°C (Figure 5) or
RT (Figure 6A). Similarly, 32-35% of semi-intact cells
prepared from wild-type cells shifted to 37°C show
nuclear accumulation of substrate when incubated
with cytosol prepared from npi4 cells grown at 37°C
(Figure 5) or RT (our unpublished results). In contrast,
0-4% of semi-intact cells prepared from npl4 cells
shifted to 37°C accumulate substrate in the nucleus
when incubated with cytosol prepared from wild-type
cells grown at 37°C (Figure 5) or RT (Figure 6, D and
G). This defect in nuclear accumulation is not ob-
served in semi-intact cells prepared from npl4 cells
grown at RT (our unpublished results) and is not
attributable to differences in the permeability of

In vitro nuclear import

100

7575

D %Permeabilized
50-

0 %Import

25-

0-
1 2 3 4 5

Cells WT WT WT -1 -2
Cytosol WT -1 -2 WT WT

Figure 5. Npl4 cytosol supports the import of NLS-HSA substrate
at the nonpermissive temperature. Wild-type, np1l4-1, and npl4-2
cells were shifted to 37°C and used to prepare semi-intact cells.
Semi-intact cells were added to cytosol prepared from wild-type or
npl4 cells shifted to 37°C, import substrate, energy-regenerating
system, stained with DAPI, and viewed by fluorescence micros-
copy. Permeability and import levels were determined as described
(see MATERIALS AND METHODS). WT, wild-type cells or cytosol;
-1, npl4-1 cells or cytosol; -2, npl4-2 cells or cytosol. The results are
representative of observed import reactions.
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wild-type and npl4 semi-intact cells (Figure 5).
These results confirm that npl4 cells have Ts- de-
fects for nuclear import and indicate that these de-
fects are conferred by nuclear components. We
noted that certain temperature-shifted semi-intact
npl4-1 cells are marked by small spots of substrate
(Figure 6D). It is possible that these spots represent
small amounts of substrate binding, because they
appear at the nuclear rim and are present even the
in absence of cytosol (our unpublished observa-
tions). Alternately, these spots may represent non-
specific aggregation of import substrate.

npl4-2 Cells Retain Poly(A)+ RNA in the Nucleus
Since cells with defective NPC proteins can have RNA
export defects (Doye and Hurt, 1995), we assayed npl4
poly(A)+ RNA export by in situ hybridization (Am-
berg et al., 1992). Wild-type and npl4 cells were grown
at RT or shifted to 37°C for 30 min and incubated in
the presence or absence of oligo(dT)50 digoxigenin-
labeled probe and examined by IF (see MATERIALS
AND METHODS). At RT, oligo(dT)50 probe is hybrid-
ized in the cytoplasm of wild-type and npl4 cells (Fig-
ure 7, A, D, and G), consistent with efficient poly(A)+
RNA export. At 37°C, oligo(dT)50 probe is still hybrid-
ized in the cytoplasm of wild-type and npl4-1 cells
(Figure 7, J and M). In npl4-2 cells, the oligo(dT)50

probe is hybridized in a ring-like pattern at the nu-
cleus (Figure 7P). These results suggest that npl4-2
cells have a block in poly(A)+ RNA export and that
poly(A)+ RNA accumulates at the npl4-2 nuclear pe-
riphery. We noted that npl4 cells, which appeared
normal for poly(A)+ RNA export, hybridized more
oligo(dT)50 in the cytoplasm than wild-type cells (Fig-
ure 7, D, G, and M); this has been observed for other
nup mutants (Davis, personal communication).

Nuclear Envelope in npl4-1 and npl4-2 Cells
Cells with defective NPC proteins can have alterations
in nuclear structure (Doye and Hurt, 1995). We, there-
fore, examined the npl4 cells by electron microscopy.
Wild-type and npl4 cells were grown at RT or shifted
to 37°C for 30 min, 3 h, or 5 h, used to prepare thin
sections, and analyzed by TEM (see MATERIALS
AND METHODS). At RT, npl4-1 (Figure 8B) and
npl4-2 (Figure 8C) cells are similar to wild-type cells
(Figure 8A). At 37°C, npl4-1 cells are -1.1-fold larger
than wild-type cells, contain nuclei that are -1.4-fold
larger than wild-type cells, and are filled with mem-
brane projections extending from the nuclear envelope
into the cytoplasm (Figure 8E, arrow). Similarly,
npl4-2 cells are -1.8-fold larger than wild-type cells
and contain nuclei that are -3-fold larger than wild-
type cells, but these cells are marked by multiple

RHODAMI NE

WT
370C

npl 4- 1
370C

Figure 6. Npl4 semi-intact cells fail to import
NLS-HSA substrate at the nonpermissive temper-
ature. Wild-type (A-C), npl4-1 (D-F), and npl4-2
(G-I) cells were shifted to 37°C for 3 h and used to
prepare semi-intact cells. Semi-intact cells were
added to cytosol prepared from wild-type cells
grown at RT, import substrate, energy-regenerat-
ing system, stained with DAPI, and viewed by
fluorescence microscopy. (A, D, and G) The NLS-
HSA fluorescent substrate staining pattern; (B, E,
and H) the same fields stained with DAPI; and (C,
F, and I) and viewed using Nomarski optics.

npI4- 2
370C

DAPI NOMARSKI
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POLY(A)+RNA DAPI NOMARSKI

Figure 7. Npl4-2 cells mislocal-
ize poly(A)+ RNA at the non-
permissive temperature. Wild-
type, npl4-1, and npl4-2 cells
were grown at RT (A-C, D-F,
and G-I) or shifted to 37°C for
30 min (J-L, M-O, and P-R),
incubated with oligo(dT)50-
digoxigenin probe, and pre-
pared for indirect immuno-
fluorescence. (A, D, G, J, M, and
P) The oligo(dT).-digoxigenin
probe localization pattern: (B, E,
H, K, N, and Q) the same fields
stained with DAPI; and (C, F, I,
L, 0, and R) and viewed using
Nomarski optics.
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Figure 8. Npl4 cells exhibit altered
nuclear envelope structure at the
nonpermissive temperature. Elec-
tron micrographs of wild-type,
npl4-1, and npl4-2 cells grown at RT
(A-C) or shifted to 37°C for 5 h
(D-F) and prepared for TEM. Ar-
rows denote npl4-1 nuclear enve-
lope projections (E), npl4-2 nuclear
envelope herniations (F), and npl4-2
inner and outer nuclear membranes
(G). (A-F) Bars, 1 ,um; (G) bar, 0.2
,um.
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nuclear envelope herniations that are filled with elec-
tron-dense material (Figure 8F, arrow). Notably, the
npl4-2 herniations distend both the inner and outer
nuclear membranes (Figure 8G, arrows) and tend to
appear on one side of the nuclear envelope. This phe-
notype is strikingly similar to the one observed for
Anupll6 cells (Wente and Blobel, 1993). For npl4-1, 0,
-78, or -91% of the cells exhibit significant nuclear
envelope projections after 30-min, 3-h, or 5-h shifts to
37°C. For npl4-2, -7,-67, or -90 of the cells exhibit
nuclear envelope herniations after 30-min, 3-h, or 5-h
shifts to 37°C. In addition, the npl4-2 cells exhibiting
nuclear envelope herniations show -1, -5, and -13
herniations per nucleus after 30-min, 3-h, or 5-h tem-
perature shifts. Thus, npl4 cells have distinct nuclear

envelope defects that become increasingly pro-
nounced at the nonpermissive temperature. We noted
that NPCs were more difficult to detect in the npl4
micrographs. This may be due to the staining tech-
nique, which preferentially visualizes the nuclear en-
velope, and staining differences between wild-type
cells and npl4 NPCs.
To ensure that the npl4-1 and npl4-2 morphological

differences were due to different mutations in NPL4,
we constructed isogenic mutant strains and exam-
ined these strains by electron microscopy. The
npl4-1 and npl4-2 mutations were cloned using the
plasmid gap-repair method, the plasmids were
checked for the Ts- mutations, and used to rescue
the Anp14 haploid strain (see MATERIALS AND
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METHODS). ANpl4 cells rescued with single-copy
plasmids containing wild-type NPL4, npl4-1, or
npl4-2 were grown for 5 h at 37°C, used to prepare
thin sections, and examined by TEM (see MATERI-
ALS AND METHODS). The Anp14 cells rescued with
the wild-type NPL4 plasmid appear to be normal
(Figure 9A), whereas Anp14 cells carrying the npl4-1
plasmid (Figure 9B) and the npl4-2 plasmid (Figure
9C) have structural differences comparable to the
original npl4-1 and npl4-2 strains. This indicates that
the distinctive nuclear structures exhibited by npl4-1
and npl4-2 cells are caused by different mutations in
NPL4. We observed some variations between the
isogenic and original npl4 strains. For isogenic
npl4-1, only -18% of the cells exhibit nuclear mem-
brane projections after a 5-h shift to the nonpermis-
sive temperature. For isogenic npl4-2, -78% of the
cells exhibit nuclear envelope herniations after a 5-h
shift to the nonpermissive temperature, but the her-
niations are not neatly arrayed in the nuclear enve-
lope (compare Figs. 8G and 9C). Since these dispar-
ities were observed under identical growth
conditions, they were attributed to the different ge-
netic backgrounds of the original and isogenic
strains.
Since AnupIl6 NPCs were localized to the base of

nuclear envelope herniations (Wente and Blobel,
1993), we determined the localization of npl4-2
NPCs by immunoelectron microscopy. Npl4-2 cells
were grown at 37°C for 5 h and used to make frozen
thin sections, which were incubated with the
polyspecific NPC MAb414 (Aris and Blobel, 1989),
and examined by TEM (see MATERIALS AND
METHODS). In npl4-2 cells, gold particles were spe-

cifically localized to the inner nuclear membrane
and the base of nuclear envelope herniations (Figure
10, A and B), at concentrations of -21 particles/
,tm2. In contrast, gold particles were distributed
nonspecifically in the nucleoplasm and cytoplasm of
npl4-2 cells at concentrations of -1 particle/pm2.
Virtually no gold particles were associated with the
interior compartment or exterior surface of the nu-
clear envelope herniations. These results indicate
that npl4-2 MAb414-reactive NPC proteins are lo-
cated at the at the foot of nuclear envelope hernia-
tions and are consistent with the results for Anupl 16
(Wente and Blobel, 1993).
To investigate whether the npl4-2 nuclear enve-

lope herniations were filled with the poly(A)+ RNA
that appeared to accumulate at the nuclear periph-
ery (see Figure 8P), we localized poly(A)+ RNA by
TEM (Huang et al., 1994). Wild-type and npl4-2 cells
were grown at RT, shifted to 37°C for 3 h, incubated
with or without oligo(dT)50 probe, and viewed by
TEM (see MATERIALS AND METHODS). In the
presence of oligo(dT)50 probe, wild-type cells are
decorated with numerous gold particles in the nu-
cleus and cytoplasm (Figure 1lA), whereas the
npl4-2 cells are decorated with several gold particles
at nuclear protrusions (Figure 1lC). In the absence
of oligo(dT)50 probe, gold particles are not seen in
wild-type or npl4-2 cells (Figure 11, B and D). These
results, the results of our poly(A)+ RNA assay, and
our ultrastructural observations, suggest that npl4-2
cells accumulate poly(A)+ RNA to form herniations
at the nonpermissive temperature. It should be
noted that the TEM in situ hybridization procedure
disrupts the npl4-2 membranes and prevents de-

A B e C
X,

Figure 9. Isogenic npl4-1 and npl4-2 strains exhibit nuclear structural defects at the nonpermissive temperature. Electron micrographs of
Anpl4 cells rescued by wild-type NPL4- (A), npl4-1- (B), and npl4-2- (C) containing plasmids and shifted to 37°C for 5 h and prepared for TEM.
(A, B, and C) Bars, 1 ,Am.

Molecular Biology of the Cell1848



NPL4, a Nuclear Transport Mutant

tailed analysis of the nuclear envelope structure;
this has been observed in previous studies (Tani et
al., 1995). In addition, the nuclear protrusions were
decorated with only -3 gold particles per protru-
sion (Figure liC). We hypothesize that the npl4-2
herniations are filled with poly(A)+ RNA and other
export materials which are too tightly packed to
allow efficient hybridization of the oligo(dT)50
probe.
Both npl4-2 and Anupll6 cells exhibit nuclear enve-

lope herniations at the nonpermissive temperature,
suggesting that Npl4p and Nupll6p have overlap-
ping functions. To test this idea, we checked high-
copy plasmids carrying NPL4 and NUP116 plasmids
for the ability to rescue the AnupIl6 and npl4-1/npl4-2
Ts- defects, respectively (see MATERIALS AND
METHODS). Plasmids carrying high-copy NUP116
were unable to rescue the npl4-1 or npl4-2 Ts- defect
(our unpublished observations). In contrast, a high-
copy plasmid containing URA3 and NPL4 was able to
partly rescue the AnupIl6 Ts- defect (Figure 12B,
section 3), and a plasmid containing URA3 and the
GALI promoter and NPL4 was able to weakly rescue
the AnupIl6 Ts- defect in the presence of galactose
(Figure 12D, section 4). This rescue was not observed
for iXnupIl16 strains transformed with a plasmid car-
rying single-copy NPL4 (Figure 12B, section 2) or vec-
tor alone (Figure 12B, section 1). Moreover, the
Anup1l6 strains transformed with high-copy NPL4 or
GALl promoter-NPL4 were unable to grow on 5-FOA
at 36°C (Figure 12F, sections 3 and 4), indicating that
the cells were unable to lose the NPL4-containing plas-
mid at the nonpermissive temperature. The sum of
these results suggest that Npl4p can partly substitute
for Nupll6p in the cell, but Nupll6p cannot substi-
tute for Npl4p. This is consistent with the observation
that the NPL4 gene is essential, whereas the NUP116
gene is required for growth only at the restrictive
temperature (Wente and Blobel, 1993). We noted that
AnupIl6 cells carrying a single-copy NUP116 plasmid
showed significant growth within 24 h at 36°C,
whereas AnupIl6 cells carrying a high-copy NPL4
plasmid showed significant growth after 48 h at 36°C.
In addition, we observed that plasmids containing
GALl promoter-NPL4 weakly rescue the AnupIl6 Ts-
defect in the presence of glucose and galactose (Figure
12D, section 4) and fail to rescue the Anupll6 Ts-
defect in the presence of galactose alone (our unpub-
lished observations). These results imply that the
high-copy NPL4 plasmid rescue of the AnupIl6 Ts-
defect is delayed and dose dependent.
Since a high-copy plasmid containing NPL4 partly

rescues the AnupIl6 growth defect, we investigated
whether the NPL4 plasmid could partly correct the
AnupIl6 structural defects. ANupIl6 cells carrying a sin-
gle-copy NUP116 plasmid, a high-copy NPL4 plasmid,
or vector alone were grown in selective media, shifted to

34°C for 5 h, used to prepare thin sections, and examined
by TEM (see MATERIALS AND METHODS). We noted
that the lower temperature (34°C) facilitated the growth
of AnupIl6 cells carrying a high-copy NPL4 plasmid in
liquid media, but restricted the growth of AnupIl6 cells
carrying vector alone (our unpublished observations).
For AnupIl6 cells carrying the single-copy NUP116 plas-
mid, -1% of the cells show nuclear envelope hernia-
tions, and these cells exhibit -3 herniations per nucleus.
For Anup1l6 cells carrying vector alone, all of the cells
show nuclear envelope herniations, and -80% of these
cells exhibit -5 herniations per nucleus. For Anupll6
cells carrying the high-copy NPL4 plasmid, all of the cells
showed nuclear envelope herniations, but only -40% of
these cells showed -5 hemiations per nucleus. These
results indicate that the high-copy NPL4 plasmid can
mitigate the severity of the AnupIl6 structural defects.

DISCUSSION

We previously identified npl4-1 as a yeast mutant
defective in nuclear protein localization using a mod-
ified genetic screen (Bossie et al., 1992). Presently, we
describe the npl4-1 and npl4-2 defects in nuclear func-
tion and structure using a number of different assays.
Npl4 cells exhibit temperature-sensitive defects for in
vivo and in vitro nuclear protein import, and npl4-2
cells exhibit a temperature-sensitive defect for
poly(A)+ RNA export. In addition, npl4 cells display
temperature-sensitive alterations in nuclear structure;
npl4-1 cells produce nuclear envelope projections and
npl4-2 cells create nuclear envelope herniations which

NtA AsxI
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Figure 10. Npl4-2 NPCs are localized to the base of nuclear enve-
lope herniations. Electron micrographs of npl4-2 cells shifted to 37'C
for 5 h and prepared for immunolocalization with MAb414. (A and
B) The panels depicted are representative of observed micrographs.
(A and B) Bars, 0.125 ,gm.
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encapsulate poly(A)+ RNA. These defects are consis-
tent with the observations that the Npl4p is localized
at the nuclear rim, similar to known NPC proteins.
The sequence of NPL4 predicts a protein with highly

degenerate repeats that are found in Nup214p/CANp
and other NPC proteins. It is thought that NPC pro-
tein repeat motifs represent multiple modular struc-
tural regions and multiple separable functions of
nucleoporins or sites of interaction with nuclear trans-
port factors/substrates (Rout and Wente, 1994). The
GLFG repeat domain of vertebrate Nup98p provides
docking activity for NLS-HSA import substrate in
vitro (Radu et al., 1995b), the Nuplp and Nup2p FXFG
repeat sequences bind to Kap6Op-Kap95p het-
erodimers in vitro (Rexach and Blobel, 1995), and the
Nupll6p GLFG repeat sequences bind to Kap95p in in
vitro and yeast two-hybrid assays (lovine et al., 1995).

Figure 11. Npl4-2 cells accu-

mulate poly(A)+ RNA inside
nuclear protrusions. Electron
micrographs of wild-type (A
and B) and npl4-2 (C and D)
cells shifted to 37°C for 3 h, in-
cubated in the presence (A and
C) or absence (B and D) of oli-
go(dT)50-digoxigenin probe,
and prepared for in situ hybrid-
ization-TEM. WT, wild type. (A,
B, and D) Bars, 1 ,um; (C) bar, 0.5
,um.

Ii

npI4- 2

In addition, the NuplOOp and Nupl59p XXFG repeat
sequences bind to the HIV-1 Rev protein in yeast
two-hybrid assays (Stutz et al., 1995), and the FG re-

peat regions of hRIPp, Nup153p, Nup98p, POM121p,
Nupl59p, and Nup2l4p/CANp bind to the nuclear
export sequence regions of HIV-1 Rev, HTLV-1 Rex,
PKI, and IFKB in yeast two-hybrid assays (Fritz and
Green, 1996). It is not known whether the GSXS, GSSX,
GSXF, and GFXS repeats in Npl4p and Nup214p/
CANp have structural and/or functional significance.
It was noted that Nup214p/CANp has more repeats
than Npl4p and that Nup2l4p/CANp concentrates
these repeats in its C-terminal domain. At this time,
we cannot speculate on the differences in the fre-
quency and distribution of GSXS, GSSX, GSXF, and
GFXS repeat sequences.
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Figure 12. High-copy plasmids containing NPL4 partly rescue the Anupll6 Ts- defect. The Anupll6 strain was transformed with plasmids
containing URA3 (section 1) or single-copy URA3 and NPL4 (section 2), high-copy URA3 and NPL4 (section 3), URA3 and GALl
promoter-NPL4 (section 4), or single-copy URA3 and NUP116 (section 5). The AnupIl6 transformants and a Ura- wild-type strain (section
6) were plated at RT (A, C, and E) and 36°C (B, D, and F) on uracil drop-out plates with glucose (A and B). Ura drop-out plates with glucose
and galactose (C and D), and 5-FOA plates (E and F).

Npl4-2 cells have nuclear envelope herniations
which appear to be identical to those described for
AnupIl16 cells. This presents the possibility that the
nuclear defects of the npl4 and AnupIl16 strains are

related. The AnupIl6 herniations have been ex-

plained as temperature-sensitive disruptions of in-
teractions between the NPC and an integral mem-
brane protein in the nuclear envelope (Wente and
Blobel, 1993). We hypothesize that the npl4 cells also
have temperature-sensitive defects in NPC/nuclear
envelope interactions. At the restrictive tempera-
ture, npl4 cells have decreased levels of Npl4p, and
NPCs that are deficient for Npl4p may be less
tightly bound to the pore membrane. This, in turn,

may allow the protrusion of the pore membrane
away from the NPC and toward the cytoplasm. In
npl4-1 cells, the pore membrane protrusion might
extend from a small segment of the pore membrane
that abuts the NPC and result in the formation of a

nuclear envelope tail. In npl4-2 cells, the protrusion
might originate from the entire segment of pore
membrane surrounding the NPC, fuse over the
NPC, and form a nuclear envelope seal. According
to this model, Npl4p acts as a NE anchor; Npl4p
stabilizes the contact between the pore membrane
and the NPC. In agreement with the Npl4p NE
anchor model, npl4 cells contain decreased levels of
Npl4p, npl4-2 cells have lower levels of Npl4p than

Vol. 7, November 1996

RT 360C.-mmL

1851



C. DeHoratius and P.A. Silver

npl4-1 cells, and npl4-2 cells may possibly have more
rapid oligomerization or aggregation of Npl4p than
npl4-1 cells.
This model predicts that Npl4p and Nupll6p have

overlapping functions, which may be observed as ge-
netic interactions. In fact, we did not observe synthetic
lethality between the npl4-2 and Anupll6 strains (our
unpublished observations). One explanation for this
result is that synthetic lethality requires that the dou-
ble mutant be inviable at the permissive temperature.
Since the npl4-2 and Anupll6 cells have no NE hernia-
tions at RT (see above; Wente and Blobel, 1993), it is
conceivable that the npl4-2/Anupl16 double mutant is
indistinguishable from the single mutants under these
conditions. Instead, the npl4-2/Anupll6 double mutant
may have a faster and/or more complete onset of
nuclear envelope herniations at the restrictive temper-
ature. Alternately, the npl4-2/Anupl16 mutant may ex-
hibit nuclear envelope herniations at a semipermissive
temperature.
Consistent with the Npl4p NE anchor model, a high-

copy plasmid containing NPL4 can partly rescue the
growth and structural defects of the Anupll6 strain.
This implies that additional copies of the Npl4p can
partly substitute for Nupll6p. Yet, high-copy plas-
mids containing NUP116 fail to rescue the npl4-1 or
npl4-2 Ts- defects, indicating that Npl4p and
Nupl16p are not interchangeable. It is possible that
Npl4p and Nupll6p have overlapping anchoring
functions and separate transport functions. Nupll6p
appears to be directly involved in RNA export (Fabre
et al., 1994) and protein import (Iovine et al., 1995), but
the nature of Npl4p's involvement in nuclear trans-
port remains unclear (see below). Interestingly, a plas-
mid containing GALl-promoter-NPL4 weakly rescues
the Anupll6 Ts- defect in the presence of glucose and
galactose and fails to rescue the Anupl16 Ts- defect in
the presence of galactose alone. This implies that over-
expression of Npl4p inhibits complementation of the
/nup116 strain and is consistent with the observation
that Npl4p overproduction results in the cytoplasmic
localization of the protein (our unpublished observa-
tions). It should be noted that a plasmid containing
GAL10 promoter-NUP116 was not tested for the abil-
ity to rescue the npl4-1 and npl4-2 Ts- defects, since
overproduction of Nupll6p strongly inhibits cell
growth (Wente and Blobel, 1993).
Of importance, the npl4-2hAnup116 nuclear envelope

herniations are distinct from the nuclear envelope blis-
ters observed in nupl88 cells (Nehrbass et al., 1996)
and the NPC clusters observed in Anupl33/rat3-1,
rat7-1, Anupl2OIrat2-1, rat2-2, Anup84, and zAnup85/
rat9-1 cells (Doye et al., 1994; Aitchison et al., 1995b;
Gorsch et al., 1995; Heath et al., 1995; Li et al., 1995;
Goldstein et al., 1996; Siniossogiou et al., 1996). First,
the NPC clusters observed in nup/rat cells are thought

to be caused by improper associations of newly as-
sembled NPCs (Heath et al., 1995). Although the npl4-
2//nup116 herniations can group on one side of the
nuclear envelope (see above; Wente and Blobel, 1993),
it is unlikely that this grouping is caused by new
NPCs. This would require that npl4-2 and Anupll6
cells assemble new, interassociating, export-functional
NPCs on the nuclear face of the inner nuclear mem-
brane without connections to nuclear membrane chan-
nels. In these cells, it is more likely that new NPCs
appear normal; according to the npl4-2 and Anupi16
models (see above; Wente and Blobel, 1993), new
NPCs would not be immediately sealed by nuclear
membrane. Second, the nuclear envelope blisters ob-
served in nupl88 cells and the NPC clusters observed
in the nup/rat cells appear to be unlinked to transloca-
tion defects. Nupl88 cells form nuclear envelope blis-
ters at the nonpermissive temperature, but do not
display defects in nucleocytoplasmic transport (Nehr-
bass et al., 1996). Rat7-1 cells cluster their NPCs and
export poly(A)+ RNA normally at the permissive tem-
perature, but distribute their NPCs normally and re-
tain poly(A)+ RNA in the nucleus at the nonpermis-
sive temperature (Gorsch et al., 1995). ANupl33/rat3-1,
Anupl2O/rat2-1, rat2-2, Anup84, and Anup85lrat9-1 cells
exhibit constitutive NPC clustering but retain
poly(A)+ RNA in the nucleus at the nonpermissive
temperature (Doye et al., 1994; Aitchison et al., 1995b;
Li et al., 1995; Heath et al., 1995; Goldstein et al., 1996;
Siniossogiou et al., 1996). In contrast, npl4-2 and
Anupll6 cells seal off their NPCs and block protein
import (see above) and poly(A)+ RNA export (see
above; Wente and Blobel, 1993) at the nonpermissive
temperature. Thus, for npl4-2 and Anupl16 cells, the
structural and transport defects are linked.

It is not known whether the npl4-1 transport defects
are due to structural defects. Npl4-1 cells do not accu-
mulate poly(A)+ RNA in the nucleus or form nuclear
envelope herniations, but show defects in protein im-
port. It is possible that npl4-1 cells are directly defec-
tive for import. Alternately, npl4-1 cells may have
nuclear envelope alterations that block import, but
leave export unaffected. Consistent with this idea,
npl4-1 and npl4-2 cells show a temporal correlation
between structural and transport defects. Npl4-2 cells
exhibit nuclear envelope herniations, nuclear accumu-
lation of poly(A)+ RNA, and nuclear import defects
after a 30-min shift to the nonpermissive temperature.
Npl4-1 cells exhibit nuclear envelope projections and
significant nuclear import defects after a 3-h shift to
the nonpermissive temperature. Yet, even if there is a
correlation between npl4-1 structural and transport
defects, it remains unclear as to how nuclear envelope
projections could block protein import. One formal
possibility is that the npl4-1 nuclear envelope projec-
tions are accompanied by structural alterations that
are not visible in our electron micrographs. Finally, it
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should be noted that after a 30-min shift to 37°C, -7%
of the npl4-2 cells exhibit nuclear envelope herniations,
whereas -76% of these cells show nuclear accumula-
tion of poly(A)+ RNA. We hypothesize that there is a
lag period between the nuclear envelope sealing and
the appearance of nuclear envelope herniations; her-
niations may appear only after significant amounts of
poly(A)+ RNA and export materials have accumu-
lated and distended the membrane seal.
The localization of Npl4p and the functional and

structural defects of the npl4 cells strongly suggest that
NPL4 encodes a novel yeast nucleoporin or NPC-as-
sociated protein involved in the maintenance of nu-
clear structure and function. Npl4p is notable in that it
is the first NPC or NPC-associated protein identified
by a genetic screen for nuclear localization compo-
nents. As such, it validates the npl screen and provides
a pathway for the discovery of additional NPC, nu-
clear envelope, and/or nuclear transport components.
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