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Abstract. Macromolecular trafficking across the nu-
clear envelope involves interactions between cytosolic
transport factors and nuclear pore complex proteins.
The p62 complex, an assembly of 62, 58, 54, and 45-kD
O-linked glycoproteins localized near the central gated
channel of the nuclear pore complex, has been directly
implicated in nuclear protein import. The cDNA clon-
ing of rat p62 was reported previously. We have now
carried out cDNA cloning of rat p58, p54, and p45. We
found that p58 contains regions with FG (Phe, Gly) and
PA (Pro, Ala) repeats at both its NH, and COOH ter-
mini separated by a predicted a-helical coiled-coil re-
gion, while p54 has an NH,-terminal FG and PA repeat
region and a COOH-terminal predicted coiled-coil re-
gion. p45 and p58 appear to be generated by alternative
splicing, with p45 containing the NH,-terminal FG re-
peat region and the coiled-coil region of p58. Using im-
munogold electron microscopy, we found that p38/p45

lecular assembly spanning the nuclear envelope

(NE), mediates molecular exchanges between the
nucleus and cytoplasm. The NPC contains aqueous chan-
nels that accommodate the passive diffusion of molecules
smaller than ~20-40 kD, but transport of most macromol-
ecules occurs by signal-mediated, energy-dependent
mechanisms (reviewed by Fabre and Hurt, 1994; Panté
and Aebi, 1994; Rout and Wente, 1994; Melchior and Ger-
ace, 1995; Gorlich and Mattaj, 1996). Targeting signals for
nuclear protein import, termed nuclear localization se-
quences (NLSs), are usually short stretches of amino acids
entiched in basic residues that can occur as single or bipar-
tite motifs (Kalderon et al., 1984; Robbins et al., 1991).

T HE nuclear pore complex (NPC),! a large supramo-
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and p54 are localized on both sides of the nuclear pore
complex, like p62. Previous studies have shown that im-
mobilized recombinant p62 can bind the cytosolic nu-
clear import factor NTF2 and thereby deplete transport
activity from cytosol. We have now found that immobi-
lized recombinant p58 and p54 also can deplete nuclear
transport activity from cytosol, and that p62, p58, and
p54 bind directly to the cytosolic nuclear import factors
p97 and NTF2. At least in the case of pS8, this involves
FG repeat regions. Moreover, p58 can bind to a com-
plex containing transport ligand, the nuclear localiza-
tion sequence receptor (Srpla) and p97. These data
support a model in which the p62 complex binds to a
multicomponent particle consisting of transport ligand
and cytosolic factors to achieve accumulation of ligand
near the central gated channel of the nuclear pore com-
plex.

A combination of in vitro and in vivo studies have shown
that nuclear protein import is a complex multistep process
involving interactions between several cytosolic factors
and NPC proteins. The pathway of nuclear import is be-
lieved to involve interaction of a transport ligand complex
with the cytoplasmic periphery of the NPC (Newmeyer
and Forbes, 1988; Richardson et al., 1988), movement to
central regions of the NPC, and translocation to the nu-
clear interior (discussed by Melchior and Gerace, 1995).
Understanding of NLS-mediated nuclear import has been
strongly advanced by the development of in vitro assays
that faithfully reconstitute this process (Newmeyer et al.,
1986; Adam et al., 1990). The most frequently used assay
involves digitonin-permeabilized cells supplemented with
exogenous cytosol and a fluorescent NLS-containing
transport ligand (Adam et al., 1990). Studies with this and
similar systems have led to the identification of five differ-
ent cytosolic factors involved in nuclear protein import
(reviewed by Powers and Forbes, 1994; Adam, 1995;
Sweet and Gerace, 1995): the NLS receptor and its homo-
logues (karyopherin o, importin 60, Srpla, or Rchl)
(Adam et al., 1989; Gorlich et al., 1994; Moroianu et al.,
1995a; Weis et al., 1995), p97 (also termed importin 90 and
karyopherin B) (Adam and Adam, 1994; Chi et al., 1995;
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Gorlich et al., 1995; Radu et al., 19954), the small GTPase
Ran/TC4 (Melchior et al., 1993; Moore and Blobel, 1993),
NTF2 (also termed pl10) (Moore and Blobel, 1994; Paschal
and Gerace, 1995), and Hsp70/Hsc70 (Imamoto et al.,
1992; Shi and Thomas, 1992).

The role of these cytosolic factors in nuclear import is
beginning to be elucidated. The NLS receptor is believed
to act as a shuttling carrier that interacts with NLS-con-
taining ligands in the cytoplasm and carries them to the
nuclear interior (Adam and Gerace, 1991; Melchoir and
Gerace, 1995). The NLS receptor has been found to di-
rectly interact with p97, which may act as an adaptor for
the binding of the NLS receptor-ligand complex to various
sites in the NPC during the translocation process (Adam
and Adam, 1994; Gorlich et al., 1995; Moroianu et al.,
19954,b). Ran appears to participate in an early step of
protein import at the NPC, in which GTP hydrolysis by
Ran may determine commitment to transport and help
specify vectoriality (Melchior et al., 1995). The cytosolic
factor NTF2 appears to be involved in a transport step
subsequent to initial binding of ligand to the NPC (Moore
and Blobel, 1994; Paschal and Gerace, 1995), but its pre-
cise functions are unknown. The transport functions of the
heat shock protein Hsp70 are undefined, and this factor
appears to be required for the nuclear import of only cer-
tain NLS-containing ligands (Yang and DeFranco, 1994).

The framework of the NPC consists of peripheral cyto-
plasmic and nucleoplasmic rings flanking a set of central
spokes (Hinshaw et al., 1992; Akey and Radermacher,
1993). The gated transport channel, which is involved in
signal-mediated transport of macromolecules, is situated
in the center of the spokes. It is estimated that the NPC
contains >100 different proteins (nucleoporins). So far,
only a few of these have been molecularly characterized
(see Rout and Wente, 1994). Vertebrate NPC proteins in-
clude a group of at least nine polypeptides ranging from
45-365 kD that are modified with O-linked N-acetylglu-
cosamine (Davis and Blobel, 1987; Snow et al., 1987). The
direct participation of at least some of these glycoproteins
in nuclear protein import has been suggested by a large
body of evidence (discussed by Melchior and Gerace,
1995).

All of the O-linked glycoproteins of the vertebrate NPC
that have been characterized by cDNA cloning contain
multiple (up to 20 or more) FG (Phe, Gly)-containing re-
peats, which are often part of larger motifs (e.g., FXFG or
GLFG). Similar FG-containing motifs are found in a num-
ber of yeast nucleoporins (see Rout and Wente, 1994), but
the relationship between these proteins and specific mam-
malian FG repeat nucleoporins is unclear. While the func-
tions of the FG repeat motifs are unknown, it appears that
the FG-containing regions of some vertebrate nucleopor-
ins interact with cytosolic transport factors (Paschal and
Gerace, 1995; Radu et al., 19955).

Four of the mammalian O-linked glycoproteins, having
mobilities of about 62, 58, 54, and 45 kD, exist as a stable
“p62 complex” that can be isolated by biochemical frac-
tionation after chemical solubilization of NEs (Finlay et al.,
1991; Kita et al., 1993). Recent studies have shown that the
p62 complex forms a donut-shaped particle with a diame-
ter of ~15 nm and have suggested that it contains one
copy of each of the four subunits (Guan et al., 1995). p62
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has been shown to be localized on both the nucleoplasmic
and cytoplasmic surfaces of the NPC near the central
gated channel (Guan et al., 1995). This is in striking con-
trast to all other O-linked glycoproteins that have been
characterized, since these are restricted to either the nucleo-
plasmic or cytoplasmic side of the NPC (Panté and Aebi,
1994). The p62 complex has been directly implicated in nu-
clear import in two separate studies: NPCs assembled in
vitro in the absence of this component were deficient in
nuclear import (Finlay et al., 1991), and p62 was found to
interact in vitro with the cytosolic transport factor NTF2
(Paschal and Gerace, 1995). The location of the p62 com-
plex is consistent with a role in the collection of transport
ligands near the center of the NPC and delivery to the cen-
tral gated channel. Despite its apparent importance in nu-
clear transport, only the 62-kD subunit of the complex has
been molecularly cloned so far {Starr et al., 1990; Carmo-
Fonseca et al., 1991; Cordes et al., 1991).

Here we report the cDNA cloning of the 58-, 54-, and
45-kD subunits of the p62 complex. Similar to p62, both
p58 and p54 contain multiple FG repeats and a region of
predicted coiled-coil a-helix that could specify heterotypic
interactions. A combination of data suggests that p58 and
p45 are generated by alternative splicing. We found that
recombinant p58 and p54 are able to deplete nuclear im-
port activity from cytosol and further demonstrated that
p62, p58, and p54 each interact directly with the cytosolic
transport factors p97 and NTF2. Furthermore, at least p58
shows a strong interaction with a putative transport com-
plex consisting of ligand, NLS receptor, and p97. Consid-
ered together, these data suggest that the p62 complex is
an important binding site near the central gated channel of
the NPC for a complex containing transport ligand.

Materials and Methods
¢DNA Cloning of p58, p54, and p45

The p62 complex was purified from rat liver NEs as described by Guan et al.
(1995), separated by SDS-PAGE, and transferred to Immobilon polyvi-
nylidene difluoride membrane (Millipore Corp., Bedford, MA). The se-
quences of peptides from p58, p54, and p45 (4, 6, and 2 peptides, respec-
tively) were determined by in situ tryptic digestion and standard Edman
degradation methodology (Aebersold, 1989) by Dr. John Leszyk at the
Worcester Foundation for Biomedical Research (Shrewsbury, MA). De-
generate oligonucleotides were designed from the peptide sequences and
were used to obtain partial cDNA sequences of pS4 and p58 by PCR. The
template for PCR reactions was single stranded cDNA synthesized from
Normal rat kidney (NRK) cell polyA+ mRNA (kindly provided by Dr.
Kazuhiro Furukawa) using oligo(dT) as primer (Sambrook et al., 1989).
PCR products were cloned into the pCRII plasmid from InVitrogen Corp.
(San Diego, CA) and sequenced with an automatic DNA sequencer (Ap-
plied Biosystems, Inc., Foster City, CA) at the core facility of the Scripps
Research Institute. A cDNA fragment of 297 bp, corresponding to amino
acids 322-420 of p58, and a cDNA fragment of 273 bp, corresponding to
amino acids 226-316 of p54, were obtained by PCR. ¥P-labeled probes
were prepared from these cDNAs by random priming using a Prime-it II
kit (Stratagene, La Jolla, CA) and were used to screen a rat macrophage
AZAP cDNA library (kindly provided by Dr. George Fey) as described
(Sambrook et al., 1989). Positive clones were analyzed by DNA sequenc-
ing. From ~10° phage plaques, we isolated five and six positive clones for
p58 and p54, respectively. Each set of positive clones contained different
length fragments of the same cDNAs. The longest p38 clone is 3,749-bp-
long and contains 1,758 bp of p58 coding sequence, 98 bp of 5’ untrans-
lated region, and 1,893 bp of 3' untranslated region foilowed by polyA se-
quence. The longest p54 clone is 2,194-bp-long and contains 1,533 bp of
p54 coding sequence, 4 bp of 5’ untranslated region, and 657 bp of 3" un-
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translated region followed by polyA sequence. Further 5’ untranslated se-
quence of p54 (62 bp) was obtained by 5'-RACE with 5'-RACE-Ready
c¢DNA (Clonetech Laboratories, Inc., Palo Alto, CA) following the manu-
facturer’s instructions. The cDNA cloning of p45 is described in text.

Northern Hybridization

Total rat liver RNA was isolated by guanidium thiocyanate extraction as
described by Sambrook et al. (1989), and polyA+ RNA was further puri-
fied with the PolyATtract mRNA Isolation System (Promega Corp., Mad-
ison, WI). PolyA+ RNA from NRK cells (provided by Dr. Kazuhiro Fu-
rukawa) was isolated as described (Furukawa et al., 1995). The full-length
P58 coding sequence was used as a template to generate *2P-labeled probes
with Prime-it II kit (Stratagene). RNA electrophoresis, transfer, and hy-
bridization were performed with standard protocols (Sambrook et al.,
1989).

Antibody Production

Recombinant glutathione S-transferase (GST) fusion proteins containing
full-length p38 and p54 were expressed in Escherichia coli (see below) and
separated by SDS-PAGE. Gel slices containing GST-p58 and GST-p54
were excised, and proteins were electroeluted from gel slices (Harlow and
Lane, 1988) and dialyzed against PBS. Purified proteins were then emulsi-
fied with TiterMax adjuvant (Vaxcel, Inc., Norcross, GA) according to the
manufacturers'instructions. 1 mg of each protein was used for the initial
injection of rabbits as described (Harlow and Lane, 1988). Animals were
subsequently boosted three times at 4-wk intervals using 0.3 mg of pro-
tein. Antisera were collected 10-14 d after each boost. To make an anti-
body against the COOH-terminal sequence of p58, a peptide containing
the last 14 amino acids of p58 was synthesized, covalently linked to the
carrier keyhole limpet hemacyanin, and used for injection of rabbits. ~100
mg of peptide equivalent was used for the initial injection, and ~30 mg
was used for the booster injection. Injection and antisera collection sched-
ules were the same as described above. To purify anti-p58 and anti-p54
antibodies, antisera were first adsorbed against GST coupled to CNBr-ac-
tivated Sepharose beads (Pharmacia LKB Biotechnology Inc., Piscataway,
N1J), and then were incubated with GST-p358 or GST-p54 coupled to CNBr
beads. Bound antibodies were then eluted with 0.1 M glycine-HCI, pH 2.2,
and dialyzed against PBS. To purify p58 COOH-terminal peptide anti-
body, antiserum was incubated with immobilized GST-p58, and bound an-
tibodies were eluted and dialyzed against PBS.

Immunofluorescence and Immunogold
Electron Microscopy

To carry out immunofluorescence microscopy on isolated rat liver nuclei,
the nuclei were mounted on poly-L-Lysine—coated coverslips and fixed
with 4% formaldehyde. After permeabilization with 0.2% Triton X-100,
the nuclei were washed twice with 5% BSA in PBS and incubated with af-
finity purified anti-p58 and anti-p54 antibodies in PBS and 5% BSA for1h
at room temperature. After washing, fluorescence-conjugated donkey
a-rabbit antibody was incubated with the coverslips for 1 h at room tem-
perature. The coverslips were washed again, mounted onto microscope
slides, and examined with a Zeiss Axiophot microscope (Thornwood, NY).
Images were recorded using Kodak TMAX 400 film (Rochester, NY). Im-
munogold EM was performed as described by Guan et al. (1995).

Expression of Recombinant Proteins

To make GST fusion proteins containing p58, p54, and p62, the full-length
coding sequences of p58 and p54, and NH,-terminal (pS8N, residue 1-225),
middle (p58M, residue 226-410), and COOH-terminal (p58C, residue
411-585) regions of p58 were inserted into the pGEX-2T plasmid (Phar-
macia), and the full-length coding sequence of p62 was inserted into
pGEX-3X (Pharmacia). Plasmids were transformed into E. coli strain TB1.
To express GST-p58, 10 ml of overnight bacterial culture was added to 1 |
of M9 medium (Sambrook et al., 1989) with 100 p.g/ml ampicillin and grown
at 25°C to an ODyy, of ~0.2. Protein expression was induced by adding
IPTG to 0.1 mM and incubating at 25°C for an additional 7 h. Bacteria
were harvested by centrifugation and resuspended to 1/10 the original cul-
ture volume in lysis buffer (50 mM Tris-Cl, pH 8.0, 10 mM EDTA, 0.5 M
NaCl, 2 mM DTT, 1 mM PMSF, 5 pg/ml each of leupeptin, pepstatin A,
and aprotinin) plus 3 mg/ml lysozyme. After 15 min incubation at room
temperature, NP-40 was added to the lysate to 0.1%. The lysate was then
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sonicated one to three times with 30-s bursts until the solution was no
longer viscous. Soluble proteins were then separated from insoluble mate-
rial by centrifugation at 30,000 g for 20 min. The supernatant was mixed
with 1.5 ml glutathione Sepharose beads (Pharmacia), and incubated to-
gether for 2 h at 4°C. The beads were then washed three times with lysis
buffer, two times with PBS, and stored in 10 vol of PBS containing 2 mM
NaN;, at 4°C. GST-p58N, GST-p58M, and GST-p58C were expressed in a
fashion similar to GST-p58 except that bacteria were grown in LB plus
ampicillin at 37°C, and protein expression was induced at an ODygy, of
~0.4 by incubating with 0.2 mM IPTG for 3 h. GST-p62 and GST-p54
were expressed the same way as different regions of p58, but they are in-
soluble under this condition. To solubilize them, 1.5% Sarkosyl instead of
0.1% NP-40 was added to bacterial lysates after the lysozyme digestion,
and 2% Triton X-100 was added to supernatants after the 30,000-g centrif-
ugation (Frangioni and Neel, 1993). Binding of solubilized GST-p62 and
GST-p54 to glutathione Sepharose beads was essentially the same as that
of GST-p58.

The GST-p97 expression plasmid for human p97 was kindly provided
by Dr. Stephen Adam (Northwestern University, Chicago, IL). The pro-
tein was expressed as described by Chi et al. (1995) and purified in an
identical fashion to GST-p58. To make the (His)s-p97 fusion protein, full-
length p97 coding sequence was subcloned into the pTrcHis A plasmid
(InVitrogen Corp.) downstream of the coding sequence of (His)g, and this
construct was transformed into E. coli strain BL21. Proteins were ex-
pressed and purified similarly as described for GST-p97 except for several
differences: protein expression was induced by 2 mM IPTG at ODgy~0.6;
the lysis buffer (His-lysis buffer) contained 50 mM Tris-Cl, pH 7.4, 0.5 M
NaCl, 2 mM B-mercaptoethanol, and protease inhibitors. Ni-NTA agarose
beads (Qiagen, Chatsworth, CA) were used to purify (His)s-p97 proteins
according to manufacturers’ instructions. His-lysis buffer with 1 mM imi-
dazole was used as washing buffer. Proteins bound to the Ni-NTA beads
were eluted by mixing the beads with equal volumes of 300 mM imidazole
for 10 min at room temperature two sequential times. The eluates were
pooled together and dialyzed against transport buffer (20 mM Hepes, pH
7.4,110 mM KOAc, 2 mM Mg(OAc),, 1 mM EGTA, 2 mM DTT, and pro-
tease inhibitors) overnight. The expression plasmid for (His)s-hSrpla
(Weis et al., 1995) was kindly provided by Dr. Angus Lamond (EMBL,
Heidelberg, Germany), and transformed into E. coli strain BL21. Proteins
were expressed and purified as described for (His)s-p97. The construction
of the NTF2 expression plasmid and preparation of recombinant NTF2
has been described (Paschal and Gerace, 1995). Protein concentrations
and purities were determined by SDS-PAGE and Coomassie biue stain-
ing. All recombinant proteins were >80% pure except for hSrpla, which
is ~60-70% pure.

Cytosol Depletion Assay

Recombinant GST, GST-p62, GST-p58, and GST-p54 were adsorbed to
glutathione Sepharose beads as described above and adjusted to the same
protein concentration (~6 mg/ml) by adding glutathione Sepharose beads.
100 ul of each immobilized protein beads were washed three times with
transport buffer, preincubated with the same volume of 5% BSA in trans-
port buffer for 30 min at 4°C, briefly washed with transport buffer, and in-
cubated with 100 pl HeLa cell cytosol (prepared as described by Paschal
and Gerace, 1995) for 2 h at 4°C. Bead-treated cytosol samples were then
separated from beads by centrifugation, and the cytosol was tested for its
activity in nuclear protein import. The nuclear protein import assay was
performed essentially as described by Paschal and Gerace (1995). Typi-
cally, 15 pl bead-treated cytosol was used in each 40-pl reaction which
contains ~0.5 X 10° digitonin-permeabilized HeLa cells, fluorescently la-
beled BSA-NLS conjugates, and an ATP regeneration system. Reactions
were incubated at 30°C for 20 min, and import activity was measured by
flow cytometry (Paschal and Gerace, 1995).

To analyze the depletion of transport factors from cytosol and their
binding to beads, protein beads and cytosol samples were separated after
coincubation, the beads were washed three times in transport buffer, and
each was analyzed by Western blotting. Normally, 2.5-5 pl equivalents of
beads or cytosol was loaded in each lane. Western blotting was performed
as described by Sambrook et al. (1989). For detection of beads-bound
NTF2, the washing step was omitted because it removes bound NTF2
from beads, probably due to unstable or high off rate binding of NTF2 to
p62 complex subunits. Anti-NTF2 polyclonal antibody (Paschal et al.,
1996), anti-Ran polyclonal antibody (Melchior et al., 1995), a-hSrpla
polyclonal antibody (Weis et al.,, 1995), and a-p97 monoclonal antibody
(Chi et al., 1995) were generously provided by Drs. Bryce Paschal, Frauke
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Figure 1. ¢cDNA cloning of p58 and p54. (A) SDS-PAGE of the
purified rat liver p62 complex (visualized by silver staining) used
to obtain peptide sequences of the subunits. (B and C) Deduced
amino acid sequences of p58 (B) and p54 (C). Underlined se-
quences are those determined by sequencing of peptides from the
purified polypeptides. FG repeats are highlighted with bold let-
ters. Genbank accession numbers for p58 and p54 are U63839
and U63840, respectively.

Melchior, Angus Lamond, and Stephen Adam, respectively. Signals were
detected with HRP-coupled secondary antibodies and an ECL kit (Amer-
sham Corp., Arlington Heights, IL).

Recombinant Factor Binding Assay

10 pl of beads containing GST, GST-p62, GST-p58, GST-p54, and GST
fusions of different regions of p58 were preincubated with 400 wl 5% BSA
in transport buffer for 3060 min at 4°C and were subsequently incubated
with 400 pl transport buffer containing 5% BSA and individual recombi-
nant cytosolic factors for 2 h at 4°C. The beads were washed three times
with transport buffer (For NTF2 binding, the washing step was ommited.
See above.), and 2 pl of beads were used for Western blot analysis. In ad-
dition to 5% BSA, other blocking agents, including 5% nonfat milk, 2%
gelatin, and 2% casamino acids, with or without 0.2% Tween, were also
tested in binding assays. Al of them showed similar binding patterns (data
not shown). Concentrations of cytosolic factors in binding assay were: 0.5 uM
NTF2, and 200 nM Srpla and (His)s-p97. A polyclonal rabbit anti-NTF2
antibody (see above) was used to detect NTF2, and a monoclonal anti-
body (anti-Xpress antibody, InVitrogen Corp.) against the linker region
between His-tag and expressed proteins (i.e., Srpla and p97) was used to
detect recombinant Srpla and p97 signals. The binding of Srpla and im-
port ligand to immobilized GST-p97 and the binding of import ligand,
Srpla, and (His)s-p97 to immobilized GST-p58, GST-p58N, and GST-
pS8C were performed in the same way as described above. Normally, 50—
100 nM biotin-labeled BSA-NLS conjugates were used in binding assays
as import ligand. The ligand signal was detected by Streptavidin-HRP and
ECL as above.

Results

Molecular Cloning of p58 and p54

To facilitate further characterization of the p62 complex,
we carried out cDNA cloning of the 58-, 54-, and 45-kD
subunits. The p62 complex was isolated from rat liver NEs
(Fig. 1 A) (Guan et al., 1995), and the sequences of several
tryptic peptides of the 45-58 kD subunits were obtained.
Since p45 is closely related to p58 (see below), we initially

The Journal of Cell Biology, Volume 134, 1996

concentrated on cDNA cloning of pS8 and p54. Degener-
ate oligonucleotides were designed on the basis of peptide
sequences obtained for these two polypeptides, and these
were used to isolate cDNA fragments of p58 and p54 by
PCR ampiification of cDNA synthesized from NRK cell
mRNA. These amplified fragments were then used to
screen a rat macrophage cDNA library. From this proce-
dure, we isolated cDNA clones of 3,749 bp and 2,194 bp
that appear to encode p58 and p54, respectively (see Mate-
rials and Methods). The p58 cDNA clone contains an open
reading frame (ORF) encoding a 59,261-D polypeptide of
585 amino acid residues (Fig. 1 B), while the p54 ORF en-
codes a 55,742-D protein of 510 amino acids (Fig. 1 C). All
the peptide sequences generated from purified p58 and
p54 were found in the deduced amino acid sequences of
the p58 and p54 cDNAs (underlined regions in Figs. 1, B
and C), validating the identities of the clones. We believe
that we have obtained the full-length coding sequences for
both p58 and p54. The p58 has an in-frame stop codon up-
stream of the putative start site. While an in-frame stop is
not seen in the most proximal 66 nucleotides of the puta-
tive 5' noncoding region of the p54 cDNA, a recombinant
p54 polypeptide expressed in E. coli comigrates with rat
liver p54 on SDS-PAGE (data not shown).

The deduced amino acid sequences of both p58 and p54
contain multiple FG dipeptide motifs (bold letters in Figs. 1,
B and C), similar to p62. There are 14 and 8 FG motifs in
p58 and p54, respectively, compared to 6 FG repeats in
p62. In all three polypeptides, the FG repeats occur in re-
gions that have very few charged amino acids, and are en-
riched in glyine, serine, and threonine residues. The FG
repeats of p58 are found at both its NH, and COOH ter-
mini (between amino acids 7-67 and 474-565), while the
FG repeats of p54 are concentrated in an NH,-terminal re-
gion (residues 5-88). Some of the FG repeats of pS8 occur
within degenerate versions of the sequence GFxFG, simi-
lar to p62. The FG-containing regions of p62, p58, and p54
also contain multiple repeats of the dipeptide sequence
PA (see Starr et al., 1990), which is present 13, 8, and 6
times in p62, p58, and p45 respectively (usually embedded
within the sequence PAS, PAT, or PAA).

Like p62, both p58 and p54 have two or more 20-40
amino acid segments predicted to have a high probability
of forming a-helical coiled-coils (Fig. 2). The predicted
coiled-coil region of p58 occurs between amino acids 235-
415 (Fig. 2 B) and separates the two FG repeat—containing
regions of this protein. The segments of p54 that are pre-
dicted to have significant coiled-coil potential occur be-
tween residues 325-415 (Fig. 2 C) and are at the COOH-
terminal side of its FG repeat region. Neither p38 nor p54
showed statistically significant relatedness to other data
base entries.

Molecular Characterization of p45

Whether p45 is an authentic NPC polypeptide occuring in
vivo or an in vitro degradation product has been a source
of controversy (discussed in Guan et al., 1995). In our
hands, p45 was consistently recovered as a major band in
p62 complex preparations where in vitro proteolysis was
minimal, as indicated by the presence of only four major
bands (e.g., Fig. 1 A), and was diminished in preparations
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Figure 2. Prediction of a-helical coiled-coil regions in subunits of the p62 complex. The plots present the probability of a-helical coiled-
coil structure in p62 (A), pS8 (B), and p54 (C) as determined by the algorithm of Lupas et al. (1991).

that had undergone apparent degradation, as suggested by
the presence of a complex ladder of bands (see Guan et al.,
1995). Thus, p45 does not appear to be an in vitro degrada-
tion product. However, several lines of data indicated that
p58 and p4S are very similar, as previously proposed by
others (Kita et al., 1993). The HPLC profiles of tryptic
peptide digests of pS8 and p45 closely resembled each
other but clearly differed from that of p54 (Fig. 3 A). We
obtained the peptide sequences from two peaks of the
HPLC gradient, resolving the p45 tryptic digests that coin-
cided with sequenced peaks of the p58 gradient. The two
p45 peptide sequences we obtained, TPPGLQHENTA-
PADYFR and KWQNAPR, were identical to the sequences
of p58 peptides obtained at these elution positions, corre-
sponding to residues 317-333 and 427-433 of p58, respec-
tively. Furthermore, polyclonal antibodies raised against
recombinant p58 recognized both pS8 and p45 on Western
blots of a p62 complex-enriched fraction of isolated rat
liver NEs (Fig. 3 B) but did not react with p62 or p54. By
contrast, anti-p54 polyclonal antibodies recognized p54
but not the other components of the p62 complex in West-
ern blotting (Fig. 3 B). A very similar reaction pattern was
obtained when these antibodies were used for Western
blotting of NRK cells lysed directly in SDS sample buffer
(Fig. 3 C). This provides further evidence that p45 is not
generated by in vitro proteolysis. Despite the antigenic
similarities between p58 and p45, antibodies against a
COOH-terminal peptide of pS8 recognized only p58 and
not p45 in Western blotting (Fig. 3 B), indicating that the
COOH terminus of p58 is not shared by p45.

Considered together, these data suggested either that
p43 is generated by in vivo proteolysis of p58 or that p58
and p45 are generated by alternative splicing of a common
precursor mRNA. To help distinguish between these pos-
sibilities, we performed Northern hybridization on mRNAs
from rat liver and NRK cells, using the full length p58 cod-
ing sequence as a probe. Two major hybridizing bands of
~3.8 and ~2.5 kb were detected for both mRNAs (Fig. 4,
lanes I and 3). These two bands were not due to nonspe-
cific reaction with 18S and 28S rRNAs because 50 pg of
total rat liver RNA did not show any hybridization signal
(Fig. 4, lane 2). These results support the possibility that
p58 and p45 are related by alternative splicing.

Hu et al. p62 Complex Characterization

To more conclusively analyze the nature of p45, we used
PCR to clone putative p45 cDNAs from the library used
for the cDNA cloning of p58 and p54. Because p58 and
p45 are very similar by tryptic peptide mapping but p45
does not contain epitopes found at the COOH terminus of
p58 (above), it seemed likely that the two polypeptides
share the region of p58 that lies between the two common
sequenced peptides (residues 317-433 of p58) and differ
downstream of this sequence. We therefore used PCR to
search for a unique 3’ portion of a putative p45 cDNA. A
p58 cDNA segment located between the two peptides
shared by p58 and p45 was chosen as the 5’ primer, and a
sequence from the library vector at the 3’ ends of the
c¢DNA inserts was used as the 3' primer. The major PCR
product amplified from the cDNA library with these prim-
ers, which was seen in four separate PCR reactions, was
~400 bp long (data not shown). This is distinct from the
~2.5-kb cDNA fragment of pS58 that was predicted to be
generated by this procedure. DNA sequencing of the
cloned 400-bp fragment from two separate PCR reactions
showed that the 5’ half of this PCR product perfectly
matched the p58 cDNA sequence up to nucleotide 1492,
where the two sequences diverged (Fig. 5 A). The last four
identical nucleotides preceding the sequence divergence
(CAGG) match the consensus C/AAGG/A marker for
mRNA splicing sites (Fig. 5 A) (Sharp, 1981; Breathnach
and Chambon, 1981; Cech, 1983), suggesting that this is a
site of alternative splicing. This putative splice site follows
the predicted coiled-coil domain and precedes the second
FG repeat region of p58. The putative ORF of p45 con-
tained in this PCR product is identical to the sequence of
p38 between residues 417465, and then is followed by
three different amino acid residues before it terminates
(Fig. 5 B). A poly A tract was found ~120 bp after the pu-
tative splice site (Fig. 5 A).

Further PCR amplifications were performed using a frag-
ment of the 3’ untranslated region of p45 as the 3’ primer
and a piece of 5° vector sequence as the 5’ primer. The
longest PCR product obtained by this approach (~1.4 kb
long) contained ORF encoding sequences identical to p58
from residue 40 to the putative splice site plus the unique
3’ segment of p45 (data not shown). We have been unable
to obtain p45 cDNAs that extend further in the 5’ direc-
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tion than residue 40 of p58 despite repeated attempts, and
we do not know whether p58 and p45 share the same NH,
terminus. Nevertheless, these data indicate that p45 and
p58 are likely to be generated by alternative splicing.

Immunolocalization of p58/p45 and p54

We next carried out immunocytochemical localization of
p58/p45 and p54 using affinity-purified polyclonal antibod-
ies (characterized in Fig. 3, B and C) raised against recom-
binant fusion proteins containing the p58 and p54 ORFs. It
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of NEs were loaded on each
lane and separated on a 10%
SDS gel. Lane 1 was visual-
ized by silver staining, while
lanes 2—4 were transferred to
a nitrocellulose membrane
and probed with various af-
finity purified antibodies:

anti-p58 (lane 2), anti-p58
COOH-terminal peptide
(lane 3), and anti-p54 (lane
4). (C) Western blotting of a
whole NRK cell lysate with
affinity-purified anti-p58
and anti-p5S4 antibodies.
Cells were directly lysed in
SDS gel sample buffer (Sam-
brook et al., 1989), electro-
phoresed on a 10% SDS gel,
and probed with affinity pu-
rified anti-p58 (lane 1) or
anti-p54 (lane 2) antibodies.

&

was not possible to analyze the localization of p58 separate
from p45 in these studies, as the only monospecific anti-
body to p58, which was generated against the COOH ter-
minal peptide of this protein (Fig. 3 B), did not give a pos-
itive immunofluorescence reaction. In immunofluorescent
staining of isolated rat liver nuclei, distinct NE-like nuclear
rim staining was obtained with both anti-p58/p45 (Fig. 6 A)
and anti-p54 (Fig. 6 B) in a discontinuous fashion reminis-
cent of NPC localization. These results further validate the
identity of our cDNA clones and are consistent with the
results of immunofluorescence localization carried out with
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polyclonal antibodies raised against rat liver p58 and p54
(Finlay et al., 1991). When these antibodies were used to
label isolated rat liver NEs by immunogold electron mi-
croscopy, both anti-p58/p45 (Fig. 7, a—g) and anti-p54 (Fig. 7,
h—o) decorated the cytoplasmic and nucleoplasmic sur-
faces of the NPC. Gold labeling was found most frequently
near central regions of the NPC and was approximately
equally distributed on the cytoplasmic and nucleoplasmic
surfaces based on the counting of gold particles in prints of
electron micrographs (data not shown). The localization of
p58/45 and p54 determined by this work agrees well with
the recently described localization of p62, which is found
on both the cytoplasmic and nucleoplasmic sides of the
NPC near the central gated channel (Guan et al., 1995).

Interactions between p62 Complex Subunits and
Cytosolic Transport Factors

Previous work in our laboratory showed that preincubat-
ing cytosol with immobilized recombinant p62 results in
the loss of its ability to support nuclear import in digito-
nin-permeabilized cells. This is due, at least in part, to de-
pletion of the transport factor NTF2 from cytosol (Paschal
and Gerace, 1995). Thus, p62 appears to have a direct role in
nuclear import through interaction with at least one cyto-
solic transport factor. To determine whether p58 and p54
also interact with cytosolic transport factors, we conducted
more detailed cytosol depletion studies using different sub-
units of the p62 complex. GST fusion proteins containing
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Figure 5. Sequence analysis of a partial-length putative p45
cDNA. A cDNA containing the 3’ sequence of p45 mRNA was
obtained by PCR (see text). Shown are comparisons of (A4) the
nucleotide sequence of this partial length cDNA of p45 (upper
fine) and the corresponding segment of p58 (lower line), and (B)
the amino acid sequence encoded by the p45 ORF and that of
p58 in this region. Numbers above the p45 sequences are the rela-
tive positions of residues in the partial length sequences, while
numbers below the p58 sequences indicate actual positions of res-
idues in the full-length p58 sequence. Stars between upper and
lower sequences indicate identical residues. The star at the end of
the p45 amino acid sequence indicates a stop codon.

recombinant p62, p58, and p54 were prepared and immo-
bilized on glutathione Sepharose beads. Cytosol was then
preincubated with the immobilized proteins and tested for
its activity in nuclear import assays involving permeabi-
lized HeLa cells. Under our standard conditions, an ~50%
loss of import activity was obtained when cytosol was pre-

Figure 6. Immunofluorescence localization of p58/p45 and p54. Isolated rat liver nuclei were labeled with affinity purified anti-p58/p45
(A) or anti-p54 (B) antibodies and examined by immunofluorescence microscopy.
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Figure 7. Immunogold localization of p58/p45 and p54 in isolated rat liver NEs. Isolated NEs were incubated with affinity purified anti-
p58/p45 (a-g) or anti-p54 (h-o) antibodies followed by goat anti-rabbit IgG coupled to 5-nm (a—c, f~0) or 10-nm (d and ¢) gold. Shown
are electron micrographs of thin sections showing the NE in cross-section (a, b, d—f, h—j, i-m) or grazing sections (c, g, k, 0). Omission of
the primary antibodies yielded essentially no gold labeling (data not shown). C, cytoplasmic surface; N, nucleoplasmic surface. Bar, 100 nm.

treated with any of the three immobilized proteins, com-
pared to control beads containing GST alone (Fig. 8 A).
To establish that this effect was not due to the general re-
moval of cytosolic proteins by the p62 complex subunits,
we examined the cytosolic proteins bound to beads con-
taining GST-p62, GST-p58, GST-p54, and GST by SDS-
PAGE and Coomassie blue staining. We found that the
beads containing the p62 complex subunits bound the same
complement and relative amounts of nonspecific back-
ground bands as the beads containing GST alone (data not
shown). This indicates that the p62 complex subunits do
not exhibit nonspecific binding under our experimental
conditions and that the loss of import activity from cytosol
by preincubation with immobilized p62 complex subunits
is likely due to specific interactions.

To investigate whether previously described transport
factors were depleted from cytosol by these preincuba-
tions, we used Western blotting to analyze the distribu-
tions of NTF2, Ran, Srpla, and p97 in the bound and un-
bound cytosol fractions in this depletion experiment. We
found that NTF2, Srpla, and p97 bound to each of the
three subunits of the p62 complex, but not to GST alone
(Fig. 8 B). In contrast, Ran did not bind to any of the pro-
teins under these conditions (Fig. 8 B). Bound NTF2 was

The Journal of Cell Biology, Volume 134, 1996

not detected when extensive washing of the beads was car-
ried out after incubation with cytosol (data not shown), in-
dicating that this interaction has a low affinity or high off
rate. To determine the extent of depletion of these factors
from cytosol, we examined the levels remaining in the un-
bound cytosol samples (Fig. 8 C). ~50% of the cytosolic
NTF2 was depleted by each of the three subunits of the
p62 complex. However, only a relatively small portion of
p97 was removed by all of the three polypeptides, and the
levels of Srpla and Ran were not significantly reduced
(Fig. 8 0).

Previous studies have indicated that the NLS receptor
(e.g., Srpla) and p97 can form a complex with import
ligand in cytosol and that this complex may be targeted to
an initial docking site at the NPC (Gotlich et al., 1995;
Imamoto et al., 1995a,b; Radu et al., 19954). A complex con-
taining these components and other transport factors, such
as NTF2, may persist throughout many subsequent trans-
port steps (see Melchior and Gerace, 1995). Thus, the
binding of cytosolic factors to subunits of the p62 complex
observed in the previous experiment could be either direct
or indirect. To investigate whether NTF2, Srpla, and p97
can bind directly to the p62 complex subunits, purified re-
combinant factors were incubated individually with each
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Figure 8. Characterization of the interactions of cytosolic factors
with proteins of the p62 complex. (A—C) Immobilized recombi-
nant GST, GST-p62, GST-p58, and GST-p54 were incubated
with HeLa cytosol for 2 h at 4°C. (A) Cytosol samples were sepa-
rated from the beads and tested for their activity in a permeabi-
lized cell nuclear protein import assay. (B and C) The material
bound to beads (B) or remaining unbound in the cytosol (C) was
analyzed by Western blotting with antibodies against NTF2, Ran,
Srple, and p97. Note that the exposure times shown for (B) and
(C) are different. (D) Bead-immobilized GST, GST-p62, GST-
p58, and GST-p54 were incubated with either NTF2, Srpla, or
(His)-p97, all prepared as recombinant proteins. Proteins bound
to the beads were analyzed by Western blotting (see Materials
and Methods). Lanes 1, GST; lanes 2, GST-p62; lanes 3, GST-
p58; lanes 4, GST-p54. The weak signals of NTF2 on the lanes of
GST beads are due to the retention of a small amount of NTF2
solution in the GST beads (see Materials and Methods).
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Figure 9. Characterization of the binding of recombinant Srpla
and transport ligand with p97. Immobilized GST and GST-p97
were incubated with recombinant Srpla, biotin-labeled BSA-
NLS conjugate (ligand), or a combination of both, as indicated.
Western blots of the bound proteins were probed with specific
antibodies to detect Srpla (A) and streptavidin-HRP to detect
transport ligand (B).

of the immobilized p62 complex proteins, and the bound
proteins were analyzed by Western blotting (Fig. 8 D).
These results showed that NTF2 and p97 bind directly to
p62, p58, and p54 but that recombinant Srpla does not di-
rectly interact with any of these components (Fig. 8 D).
This indicates that the binding of Srpla to the p62 com-
plex subunits observed in the cytosol depletion experi-
ments (Fig. 8, B and C) is indirect and probably occurs
through its interaction with p97 as part of a complex. To
determine whether NTF2 and p97 interact with the same
or nearby sites on these three subunits of the p62 complex,
we incubated immobilized p62, p58, and p54 with 100 nM
p97 and a 100-fold molar excess of NTF2. These experi-
ments showed that NTF2 had no detectable effect on the
level of p97 binding (data not shown), suggesting that
NTF2 and p97 bind to spatially separate sites on subunits
of the p62 complex. However, more detailed studies will
be required to map the precise binding sites of these pro-
teins.

Interaction of p58 with a Complex of Import Ligand,
NLS Receptor, and p97

We next carried out experiments to investigate whether a
subunit of the p62 complex is able to interact with a puta-
tive transport complex consisting of transport ligand, an
NLS receptor (Srpla), and p97. To evaluate the biological
activity of recombinant Srpla and p97 used for these ex-
periments, we examined the binding of Srpla to immobi-
lized p97 in the absence and presence of NLS-containing
ligand (Fig. 9 A). This experiment showed significant bind-
ing of Srpla to p97 in the absence of ligand (Fig. 9 A), in-
dicating that the recombinant proteins retain the ability to
interact. Interestingly, the presence of import ligand
strongly enhanced the binding of Srpla to p97 (Fig. 9 A).
The import ligand itself was able to bind to p97 only in the
presence of Srpla (Fig. 9 B), indicating that the ligand
bound to p97 through its interaction with Srpla and that
recombinant Srpla was active for binding to ligand as well
as p97.

To examine the abilities of complexes of ligand and cy-
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Figure 10. Characterization of the binding of transport ligand,
Srpla and p97 to p58. Immobilized GST and GST-p58 were incu-
bated with various combinations of transport ligand, Srpla, and
(His)s-p97, as indicated. Western blots of the bound samples
were probed with antibodies to detect Srpla and p97 (A) and
streptavidin-HRP to detect transport ligand (B).

tosolic factors to bind to a subunit of the p62 complex, we
incubated various combinations of ligand, Srpla, and p97
with immobilized GST-p58 and examined the binding of
these components to the matrix by Western blotting.
Srpla did not detectably bind to GST-p58 alone (Fig. 10
A) but associated with the matrix at trace levels in the
presence of ligand (Fig. 10 A). This was correlated with a
small amount of ligand binding seen under this condition
(Fig. 10 B). Because of the low level of this interaction, we
believe that it most likely is nonspecific. In contrast, when
ligand, Srple, and p97 were incubated together in the
presence of immobilized GST-p58, all three components
bound at high levels to the matrix. Therefore, p97 seems to
strongly stimulate the interaction of the Srpla-ligand
complex with p58, implying that p58 provides a specific
binding site for a trimeric complex consisting of transport
ligand, Srpla, and p97. The binding of Srpla to the p58
matrix in the presence of p97 was substantially increased
by the addition of transport ligand to the mixture (data not
shown), consistent with the results shown above that
ligand stimulates the interaction of Srpla with p97 (Fig. 9).
Addition of NTF2 to the binding reactions did not have
any detectable effect on the binding of a mixture of ligand,
Srpla, and p97 to p58 (data not shown). Similar incuba-
tions of cytosolic factors were carried out with GST-p62
and GST-p54, but for unexplained reasons, we were able to
obtain only modest levels of p97-stimulated interaction of
Srpla and ligand with the immobilized proteins (data not
shown), compared to the strong stimulation seen with p38.

Mapping the Regions of p58 That Interact with
Cytosolic Factors

Although p62, p58, and p54 all have FG repeat region(s)
and a predicted coiled-coil segment, they do not have sig-
nificant sequence homology with each other. Neverthe-
less, they all can interact directly with NTF2 and p97. To
localize the binding sites for NTF2 and p97 within p58, we
dissected p58 into an NH,-terminal region containing FG
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Figure 11. Characterization of binding regions for NTF2 and p97
in p58. (A) Diagrams of full-length pS58 and different regions of
p58 expressed as GST fusion proteins for in vitro binding assays.
The black area indicates the region having a high probability of
forming a coiled-coil a-helix (see Fig. 2). Beginning and ending
positions of each region are designated by the residue numbers
flanking each diagram. (B) Direct binding of NTF2 and p97 to
different regions of p58. Bead-immobilized GST, GST-p58N,
GST-p58M, and GST-p58C were incubated with either NTF2 or
(His)s-p97, all prepared as recombinant proteins. Proteins bound
to the beads were analyzed by Western blotting (see Materials
and Methods). The weak signals of NTF2 in the GST and GST-
pS8M samples are probably due to the retention of a small
amount of NTF2 solution in the beads (see Materials and Meth-
ods). (C and D) Characterization of the binding of transport
ligand, Srpla, and p97 to FG repeat regions of p58. Western blots
of the bound samples after incubations of immobilized GST,
GST-p58N, and GST-pS8C with a mixture of transport ligand,
Srpla, and (His)e-p97 were probed with antibodies to detect
Srpla and p97 (C) and streptavidin-HRP to detect transport
ligand (D).

and PA repeats (pS8N, residue 1-225), a middle region
containing the predicted coiled-coil segments (p58M, resi-
due 226-410), and a COOH-terminal region containing
FG and PA repeats (p58C, residue 411-585) (Fig. 11 A).
These regions were expressed as GST fusion proteins and
evaulated for binding of NTF2 and p97. We found that
both the NH,- and COOH-terminal regions of p58 directly
bind to both NTF2 and p97 (Fig. 11 B). In contrast, the
middle region, which contains predicted coiled-coil seg-
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ments of p58, does not bind to either one of the cytosolic
factors (Fig. 11 B). These results localize the binding sites
for NTF2 and p97 to regions of p58 distinct from the pre-
dicted coiled-coil segment and suggest that FG and/or PA
repeats may play an important role in the binding of these
cytosolic factors.

We then examined the capacity of a complex of ligand,
Srple, and p97 to bind to p58N and p58C by mixing a
combination of these soluble factors with the GST-pS8N
and GST-pS8C matrices. To our surprise, while the com-
plex strongly bound to p58C, only p97 without the other
components bound to pS8N under the same conditions
(Fig. 11, C and D). A substantially smaller amount of p97
bound to pS8N compared to p58C in this experiment (Fig.
11 C), in contrast to the equivalent binding of p97 to each
of these matrices when incubated alone (Fig. 11 B). This
appears to be due, at least in part, to an increased affinity
of p97 for p58C when it is in a complex with ligand and
Srpla since we detected a higher level of binding of p97 to
both full-length p58 and pS8C matrices when p97 was in-
cubated together with ligand and Srpla than when it was
incubated alone (data not shown).

Discussion

Primary Sequence Analysis of p58, p54, and p45

An increasing body of evidence suggests that the p62 com-
plex directly participates in nuclear protein import. Be-
cause this protein assembly is localized near the central
region of the NPC on both the cytoplasmic and nucleo-
plasmic surfaces, it provides a useful avenue for studying
transport events linked to the central gated channel. To
initiate a detailed functional analysis of the p62 complex,
we have carried out cDNA cloning of the p58, p54, and
P45 subunits in this study and have analyzed their localiza-
tion and interaction with cytosolic transport factors.

Our molecular cloning studies have shown that p58, p54,
and p45 all contain regions with multiple (up to 14) dis-
persed FG motifs, similar to the previously cloned p62
subunit (Starr et al., 1990). A subset of these FG motifs are
found within degenerate versions of the sequence GFxFG
that has been previously described for p62 and other FG
nucleoporins (discussed by Rout and Wente, 1994). An
additional repeat motif (PA), which was previously de-
scribed for the p62 subunit (Starr et al., 1990), is also
present in the FG regions of p58, p54, and p45. The FG-
containing regions of all four subunits of the p62 complex
are rich in serine, threonine, and glycine residues and have
very few charged amino acids (Starr et al., 1990; this
study). Certain FG repeat regions have been implicated in
interaction with cytosolic transport factors (Paschal and
Gerace, 1995; Radu et al., 1995b; Iovine et al., 1995), but
the precise role of the FG or other repeat sequences in this
binding is unclear.

Another feature common to all four subunits of the p62
complex is a region with two or more 2040 amino acid
segments predicted to have a high probability of forming
a-helical coiled-coils. In principle, these coiled-coil regions
could be responsible for homotypic or heterotypic interac-
tions between different subunits of the p62 complex. Con-
sistent with this, a 195 amino acid region of p62 that con-
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tains several predicted coiled-coil segments has been shown
to bind to p54 in a blot overlay assay (Buss and Stewart,
1995).

Previously it has been uncertain whether p45 is a distinct
subunit of the p62 complex present in vivo or whether it is
an in vitro degradation product (discussed in Guan et al.,
1995). Multiple lines of evidence in this study indicate that
p45 is a genuine component of the p62 complex. Analysis
of partial length cDNA clones for p45 suggests that mRNAs
for p58 and p45S are generated by alternative splicing, a
possibility that is further supported by Northern blotting
and immunoblotting with antibodies directed against a
unique COOH-terminal epitope of p58. The sequence of
p45 appears to be identical to that of p58 between residues
40465, which encompasses the majority of the NH,-termi-
nal FG repeat region of p58 and the full length of the pre-
dicted coiled-coil domain. This common sequence is fol-
lowed by 120 and 3 residues of unique sequence for p58
and p45, respectively. In the case of p58, this COOH-ter-
minal region encodes its second FG repeat region. We
have so far been unsuccessful in cloning the NH,-terminal
sequence of p45, and it remains unclear whether it is iden-
tical to that of pS8.

The strong similarity between pS8 and p45 raises the
possibility that two different populations of the p62 com-
plex may exist, one with two copies of p58 and no p45 and
a second with two copies of p45 and no p58. If this were
the case, one population of complexes could be restricted
to the cytoplasmic side of the NPC and the other popula-
tion to the nucleoplasmic side. This feature could help to
specify structural and functional assymetry of the NPC. It
will be interesting to investigate this question in future
studies.

Functional Interactions of the p62 Complex with
Cytosolic Transport Factors

Previous work showed that immobilized recombinant p62
can deplete nuclear import activity from cytosol by remov-
ing NTF2 (Paschal and Gerace, 1995). We have now found
that recombinant p58 and p54 also can deplete cytosolic
nuclear import activity. Using immunoblot analysis, we
showed that p62, pS8, and p54 each remove NTF2, p97,
and Srpla (an NLS receptor) from cytosol. To determine
whether these interactions are direct or indirect, we car-
ried out a series of binding assays using recombinant cyto-
solic factors and bead-immobilized p62, p58, and p54.
These experiments showed that NTF2 and p97 interact di-
rectly with all three of the p62 complex subunits, while
Srp1 binds indirectly through an interaction with p97.
Nuclear import is proposed to involve stepwise, vecto-
rial transfer of an NLS receptor-ligand complex between
multiple binding sites in the NPC (discussed by Melchior
and Gerace, 1995). Previous experiments have shown that
p97 can bind to several mammalian NPC proteins contain-
ing FG repeat regions on blot overlays (Moroianu et al.,
1995b). These include Nup98, Nup153, and CAN/Nup214,
which are located peripherally in the NPC (Sukegawa and
Blobel, 1993; Panté and Aebi, 1994; Kraemer et al., 1994;
Radu et al., 1995b). Our studies using a solution binding
assay show that p97 also binds to FG repeat proteins of the
p62 complex that are localized near the central region of
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the NPC. Furthermore, we have found that a complex con-
sisting of transport ligand, NLS receptor, and p97 stably
binds to p58. This supports the view that p97 may be an
adaptor mediating the interaction of a ligand/NLS recep-
tor-containing transport complex with different FG repeat
proteins during its stepwise movement across the NPC and
that the association of a ligand/NLS receptor/p97 complex
with the p62 complex resembles a bona fide intermediate
in nuclear import. Whether a ligand/NLS receptor/p97
complex is maintained as a stable entity throughout the
import process until the complex dissociates in the nucleus
or whether a ligand/NLS receptor complex moves be-
tween different p97 molecules bound to distinct FG repeat
nucleoporins is unclear.

Consistent with our findings with mammalian p38, Io-
vine et al. (1995) recently reported that a complex of
ligand, Srplp, and Kap95 (the yeast homolog of p97) binds
to several yeast FG—containing nucleoporins in a SDS gel
blot overlay assay. This further supports the notion that a
complex of ligand, NLS receptor, and p97 can stably asso-
ciate with discrete NPC sites involving FG repeat nucle-
oporins during nuclear import. These results differ from
data obtained recently by Rexach and Blobel (1995), who
found that the FXFG repeat region of yeast nucleoporin
Nuplp stimulates the release of the ligand from a complex
of ligand/Srp1p/Kap95. Based on this observation, the au-
thors suggested a model for nuclear protein import involv-
ing the repeated two-step processes of association of
ligand with a complex containing the NLS receptor and
p97, and its subsequent dissociation from the latter due to
interactions with FG repeat nucleoporins. Our results, to-
gether with the data from Tovine et al. (1995), indicate that
the results obtained with Nupl may only reflect an event
restricted to Nuplp (e.g., related to transport complex dis-
sociation after it reaches the nucleoplasmic side of the
NPC) but cannot be generalized to interactions with all
other FG proteins.

Interestingly, we found that in vitro binding of Srpla to
p97 is strongly enhanced by the addition of transport
ligand. Thus, binding of transport ligand to the NLS recep-
tor in the cytosol would be expected to promote the for-
mation of a complex containing p97. Since p97 is suggested
to function as an adaptor for attaching the NLS receptors
to the NPC (see above), this ligand-stimulated formation
of a Srpla-p97 complex could help promote nuclear im-
port of the population of Srpla that is ligand-bound. Com-
plementing our data, it was recently reported that the
affinity of transport ligand for the NLS receptor is stimu-
lated by p97 (Rexach and Blobel, 1995). Considered to-
gether, these data indicate that the heterotrimeric complex
of ligand/NLS receptor/p97 is more stable than any het-
erodimers formed by these three components. This sug-
gests that the release of any component from the hetero-
trimeric complex will destablize the association of the other
two. This feature could be important for ligand dissocia-
tion inside the nucleus and subsequent factor recycling.

An unexpected finding from our studies was that only
the COOH-terminal FG repeat region of p58 showed
strong binding to a complex of ligand/Srpla/p97, even
though both the NH,- and COOH-terminal FG repeat re-
gions of this protein bound similarly to p97 alone. This in-
dicates that different FG repeat regions of NPC proteins
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may have qualitatively and/or quantitatively different in-
teractions with different complexes of cytosolic transport
factors. Consistent with this notion, it was found that only
the FG repeat region of Nup116p (and not that of other
FG repeat nucleoporins) is lethal when overexpressed in
yeast (Iovine et al., 1995). These differences in the associa-
tion of transport complexes with different FG repeat pro-
teins support a model in which distinct transport events
occur at different FG repeat proteins of the NPC and in
which intrinsic properties of the NPC define the direction-
ality of transport. These findings do not support a model in
which movement of a transport ligand across the NPC is a
stochastic process involving repeated association/dissocia-
tion reactions among functionally equivalent FG repeat
docking sites (Rexach and Blobel, 1995).

The functional role of the interaction between NTF2
and proteins of the p62 complex is not understood. Recent
results have shown that NTF2 specifically interacts with
the GDP-bound form of Ran (Nehrbass and Blobel, 1996;
Paschal et al., 1996). With our in vitro binding conditions,
we were unable to detect any effect of NTF2 or NTF2 plus
GDP-Ran on the binding of the ligand/NLS receptor/p97
complex to p58 (Hu and Gerace, unpublished observa-
tion). However, for studies on NTF2 and other cytosolic
factors, the use of solution-binding analysis with individual
subunits of the p62 complex is only a first step towards the
characterization of the p62 complex. It is likely that indi-
vidual subunits of the p62 complex are not able to fully re-
constitute interactions occuring at the intact complex. For
example, cytosolic factors may have a higher affinity for
the intact p62 complex than for individual subunits, and
the interactions between the subunits may produce new
binding sites for cytosolic factors that are not seen with the
isolated subunits. Therefore, both in vitro and in vivo stud-
ies with the intact p62 complex are required to fully under-
stand the functions of this protein assembly in nuclear pro-
tein import.

In summary, the interactions of cytosolic factors and
subunits of the p62 complex shown in this study strongly
support a direct role for the p62 complex as a ligand col-
lection site near the central channel during nuclear import.
The molecular tools and insights presented in this study
will provide a framework for further analysis of this ques-
tion and a starting point for investigation of the biochemi-
cal nature of the central gated channel of the NPC.
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