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Abstract. Nuclear location sequence-mediated bind-
ing of karyophilic proteins to the nuclear pore com-
plexes is one of the earliest steps in nuclear protein im-
port. We previously identified two cytosolic proteins
that reconstitute this step in a permeabilized cell assay:
the 54/56-kD NLS receptor and p97. A monoclonal an-
tibody to p97 localizes the protein to the cytoplasm and
the nuclear envelope. p97 is extracted from nuclear en-
velopes under the same conditions as the O-glycosy-
lated nucleoporins indicating a tight association with

the pore complex. The antibody inhibits import in a
permeabilized cell assay but does not affect binding of
karyophiles to the nuclear pore complex. Immunode-
pletion of p97 renders the cytosol inactive for import
and identifies at least three other cytosolic proteins that
interact with p97. cDNA cloning of p97 shows that it is
a unique protein containing 23 cysteine residues. Re-
combinant p97 binds zinc and a bound metal ion is re-
quired for the nuclear envelope binding activity of the
protein.

between the cytoplasm and nucleus is an important

control mechanism in cellular regulation. This trans-
fer of molecules is mediated by the nuclear pore com-
plexes (NPC)! which form channels for diffusion and ac-
tive transport across the double membrane bilayer of the
nuclear envelope (NE) (Forbes, 1992; Gerace, 1992). The
pore complex is a large 125 MD proteinaceous assembly
spanning both membranes of the NE. The eightfold sym-
metrical NPC consists of two annular subunits, a central
transporter and filamentous components extending into
both the cytoplasm and the nucleus. Analysis of NPC func-
tions is complicated by its size and number of distinct con-
stituent proteins (Reichelt et al., 1990). Nevertheless, ge-
netic and biochemical analyses have demonstrated the
role of NPC proteins in both NE structure and transport
(Rout and Wente, 1994).

Much of what is known about nuclear protein import
has come from systems that reconstitute aspects of the
process in vitro (Newmeyer et al., 1986; Adam et al.,
1990). The most productive assay uses digitonin permeabi-
lized cultured cells that require exogenous cytosolic fac-
tors and energy sources to accumulate karyophilic pro-
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teins (Adam et al., 1990). The nuclear accumulation of
proteins is mediated by short sequences of basic amino ac-
ids called nuclear localization sequences or NLSs (Ding-
wall and Laskey, 1991). These sequences are necessary
and sufficient to direct a protein or inert carrier to the nu-
clear interior. Early experiments suggested that protein
transport is a receptor-mediated process (Goldfarb et al.,
1986), prompting the search for proteins that recognize the
NLS. A number of groups independently identified possi-
ble candidates for such a protein (Yamasaki and Lanford,
1992), but only a 54/56-kD pair of NLS-binding proteins
purified from bovine erythrocytes have been shown to be
good candidates for an NLS-receptor in a functional assay
(Adam and Gerace, 1991).

The import process can be separated into two distinct
steps: NLS-dependent binding to the NPC followed by
translocation into the nuclear interior (Newmeyer and
Forbes, 1988; Moore and Blobel, 1992). Both steps require
multiple cytosolic factors, and thus far five have been iden-
tified. The binding step involves at least two cytoplasmic
factors, the 54/56-kD NLS receptor and a 97-kD protein
(Adam and Adam, 1994). Translocation has been reconsti-
tuted in permeabilized cells with a crude preparation of
binding factors and two purified proteins, the GTP-bind-
ing protein Ran/TC4 (Moore and Blobel, 1993; Melchior
et al., 1993) and a small Ran-associated protein originally
identified as a 15-kD placental protein of unknown func-
tion (Moore and Blobel, 1994). Recently, a 60-kD protein
was isolated from Xenopus oocytes that, with Ran/TC4,
reconstitutes import in permeabilized cells (Gorlich et al.,
1994). The heat shock protein hsc70/hsp70, restores im-
port activity to cytosol extracts depleted with ATP agarose
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(Shi and Thomas, 1992) and antibodies to hsp70 inhibit
import when microinjected into cells (Imamoto et al.,
1992). Hsp70 may not be required for the nuclear import
of all proteins and the exact step affected in import has not
been identified (Yang and DeFranco, 1994).

In the current study, we describe the cDNA cloning of
the mRNA encoding p97 and determine the intracellular
localization of the protein. A specific monoclonal antibody
localized p97 to both the cytoplasm and the nuclear enve-
lope. The solubility characteristics of p97 are investigated,
addressing potential functions for this protein. The mono-
clonal antibody inhibits import and can be used to deplete
p97, along with several other cytosolic proteins, from solu-
ble import extracts. This antibody will be a potentially
valuable tool to investigate the protein import pathway.

Materials and Methods

Cell Culture

Madin-Darby bovine kidney cells (MDBK) were grown in high glucose
DMEM containing 10% neonate bovine serum (Biocell Laboratories,
Rancho Dominguez, CA), nonessential amino acids and penicillin/strep-
tomycin (GIBCO BRL, Gaithersburg, MD). Cultures were maintained in
a humidified incubator at 37°C with 5% CO, atmosphere. Cells were re-
moved from plastic dishes by trypsinization and replated on 18 X 18 mm
glass coverslips 18-24 h before use. For binding or import experiments,
the culture medium was replaced with fresh medium 2-4 h before use.

In Vitro Nuclear Import and Binding

Digitonin extraction of cells and binding/import reactions were carried
out as described (Adam and Gerace, 1991; Adam and Adam, 1994). Bo-
vine p97 and 54/56 kD NLS receptor were purified as described previously
(Adam and Adam, 1994). The fluorescent transport substrate was allo-
phycocyanin conjugated to synthetic peptides containing the SV40 large T
antigen NLS (APC-NLS) as described (Adam et al., 1990). In all experi-
ments, 50-p! import mixes contained 50-60% reticulocyte lysate, 1 pg
APC-NLS, 0.5 mM ATP, 10 mM creatine phosphate, and 20 p/ml creatine
phosphokinase. The lysate was prepared from reticulocyte rich rabbit
blood (Pel-Freez Biologicals, Rogers, AR) as described (Adam et al.,
1991). For quantitation of binding or import, the coverslips were observed
by epifluorescence illumination on a Zeiss Axioskop microscope equipped
with a 63 X 1.25 NA objective. Images were captured onto a personal
computer with a CCD camera (Electrim Corp., Princeton, NJ). The im-
ages were analyzed by a computer program written by Dr. Guenter Al-
brecht-Buehler (Northwestern University). Intensity values were aver-
aged over the entire rim of the nucleus for binding experiments or over
the entire nucleus for import experiments.

Preparation of Monoclonal Antibodies

20-50 p.g of purified p97 emulsified in RIBI adjuvant (RIBI Immunochem
Research Inc., Hamilton, MT) was injected subcutaneously and intraperi-
tonealy into a NZB mouse (Harlan Sprague-Dawley, Inc., Indianapolis,
IN) at 4-wk intervals. After four injections, ~5 pg of soluble p97 in PBS
was injected into a tail vein and the mouse was sacrificed 3 d later. Splenic
lymphocytes were fused to Sp2/0-AG14 myeloma cells with 35% polyeth-
ylene glycol and distributed into 96-well culture dishes. Hybridomas were
screened by immunoblotting using a multi-channel apparatus (Idea Scien-
tific Co., Minneapolis, MN). Positive hybridomas were expanded and
cloned by limiting dilution. Antibodies were collected from culture super-
natants of hybridoma 3E9 grown in suspension. A crude 1gG fraction was
obtained by precipitation with 60% ammonium sulfate and stored at 4°C
in a 100-fold concentrated form. Mouse IgG was separated from bovine
immunoglobulins by affinity chromatography on Sepharose-linked goat
anti-mouse IgG (Sigma Chemical Co., St. Louis, MO). The purified anti-
bodies were concentrated by dialysis in PBS/50% glycerol and stored at
1-2 mg/ml at —20°C.

c¢DNA Cloning and DNA Sequence Analysis

p97 was purified from bovine erythrocytes as described (Adam and
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Adam, 1994). 100 pg of protein was resolved by 10% SDS-PAGE and
electrotransferred to PVDF membrane. The region containing p97 was vi-
sualized by staining with Ponceau S and excised from the blot. Internal
peptides were generated by trypsin digestion and the resulting peptides
were separated by reverse phase chromatography at the Harvard Micro-
chemistry Facility (Cambridge, MA). Three separate peptide sequences
were obtained and used to design degenerate oligonucleotides to the first
and third peptides shown in Fig. 5. A 500-bp DNA fragment was obtained
by PCR amplification of single-stranded cDNA generated by reverse tran-
scription of oligo(dT) primed MDBK polyadenylated RNA. The fragment
was subcloned into pBluescriptIl SK— (Stratagene, Inc., La Jolla, CA) for
sequencing. Sequencing of double-stranded plasmids was performed in
two directions with Sequenase version 2.0 (United States Biochemical,
Cleveland, OH). The sequence of the 500-bp fragment was used to search
GenBank identifying a 208-bp single stranded human mRNA sequence
(T07554 EST) that was 99% identical to the fragment (Adams et al.,
1993). A 2.4-kbp clone of T07554 was obtained from the Amer. Type Cul-
ture Collection (Rockville, MD). For sequencing, restriction fragments of
T07554 were subcloned into pBluescriptll SK—. The 3’ end of the coding
sequence was obtained by 3’ rapid amplification of ¢cDNA ends (3’
RACE) of a HeLa Agtl1 library (Clontech Laboratories, Inc., Palo Alto,
CA). The full-length sequence was concatenated and subcloned into
pBluescriptll SK—. Sequences were checked against known gene se-
quences in GenBank using the blastx, fasta and the wordsearch programs
(Program Manual for the Wisconsin Package, Version 8, September 1994,
Genetics Computer Group, 575 Science Drive, Madison, WI 53711).

In Vitro Transcription and Translation

The full-length cDNA clone containing 5’ and 3’ untranslated sequences
was subcloned into pBluescriptIl SK—~. The vector was linearized 3’ to the
inserted gene with Xhol and transcribed in vitro with T7 RNA poly-
merase (Promega Biotech, Madison, WI). 4 ug of uncapped mRNA was
translated in a rabbit reticulocyte lysate in the presence of 40 wCi [3*S]me-
thionine. The translation mixture was diluted in RIPA buffer (150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris-
HCI, pH 8.0), and 1.4 pg mAb3E9 bound to 10 pl protein G agarose was
added and mixed for 2 h. After washing in RIPA buffer, the bound pro-
teins were eluted in 1X SDS-PAGE sample buffer.

Immunofluorescence Staining of Cells

MDBK cells grown on glass coverslips were washed in PBS and fixed in
2% formaldehyde/PBS for 20 min at room temperature. For digitonin-
extracted cells, cells on coverslips were rinsed in import buffer, permeabi-
lized for 5 min at room temperature with import buffer containing 50 g/
ml digitonin, and then fixed in 2% formaldehyde/import buffer for 20 min
at room temperature. Both sets of cells were finally extracted with 0.1%
Triton X-100 in PBS for 2 min at room temperature and stored in PBS un-
til used. Primary antibodies were diluted in 0.2% BSA/PBS at 1 wg/ml for
mADb3E9 and 1:10,000 mAb414 ascites (Berkeley Antibody Co., Berkeley,
CA) and incubated on the cells at room temperature for 1 h. After wash-
ing the cells extensively, rhodamine-labeled goat anti-mouse (Cappel Re-
search Products, Durham, NC) was diluted in the same buffer at 10 pg/ml
and incubated on the cells for 30 min. After washing in PBS, the coverslips
were mounted in 80% glycerol, 50 mM Tris-HCI, pH 8.0, and 0.1% p-phe-
nylenediamine.

Antibody Inhibition and Depletion

For antibody inhibition experiments, MDBK cells on coverslips were per-
meabilized with 50 wg/ml digitonin in import buffer for 5 min at room
temperature. mAb3E9 or mouse IgG was added to rabbit reticulocyte cy-
tosol, binding extract, or import buffer to a final concentration of 50 p.g/
ml. Digitonin permeabilized cells were incubated for 15 min on ice in im-
port buffer containing 50 pg/ml mAb3E9 or mouse IgG. The coverslips
were washed in import buffer and inverted on a 50-pl drop of import or
binding mix containing 50 pg/ml mouse IgG, mAb3E9, or no antibody
(for antibody preincubated coverslips). Import and binding incubations
were carried out at 30°C and on ice, respectively, for 30 min. After rinsing
in import buffer, the cells were fixed in 2% formaldehyde/import buffer
for 10 min. The coverslips were mounted in import buffer containing 0.1%
p-phenylenediamine.

For antibody depletion experiments, mAb3E9 or mouse IgG was
bound to protein G agarose in 0.1 M sodium acetate, pH 5.0, at 1 mg Ab/
ml agarose. After extensive washing in import buffer, 100 pl of 3E9-agar-
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ose or mouse IgG-agarose was incubated with 500 pl rabbit reticulocyte
lysate for 2 h at 4°C with mixing. The agarose beads were pelleted by cen-
trifugation at 1,000 g in a microcentrifuge and the supernatant was trans-
ferred to a fresh tube. The beads were washed 10X with import buffer and
resuspended in 2 vol of 1X SDS-PAGE sample buffer for analysis. Stan-
dard import assays were assembled using the depleted lysates at 60% of
the final reaction volume (Adam and Gerace, 1991). Reconstitution of im-
port with purified factors was carried out by the addition of 250 ng puri-
fied recombinant p97, 200 ng purified native p97 or 5 ul of crude binding
extract. Crude binding extract used in the inhibition and depletion experi-
ments was prepared from bovine erythrocyte lysate as follows. PBS
washed bovine erythrocytes were lysed in 2 mM magnesium acetate, 2
mM DTT, and 0.1 mM PMSF on ice for 20 min. The red cell ghosts were
pelleted at 100,000 g for 30 min at 4°C, and the supernatant was collected
taking care to avoid the loose pellet. The supernatant was bound to a phe-
nyl sepharose column equilibrated in the same buffer and washed exten-
sively. The column was eluted with 20 mM Hepes, pH 7.4, 2 mM magne-
sium acetate, 80% ethylene glycol and 2 mM DTT. The eluant was
extensively dialyzed against import buffer containing 2 mM DTT. This
crude fraction is the starting material for purification of the NLS receptor
and p97 from erythrocytes (Adam and Gerace, 1991; Adam and Adam,
1994). When the binding mix is incubated-on permeabilized cells with the
APC-NLS, binding to the nuclear pore complex is observed with very lit-
tle translocation to the nuclear interior (Adam and Adam, 1994).

Preparation and Fractionation of Nuclear Envelopes

Nuclear envelopes were prepared and extracted under various conditions
as described previously for the characterization of NPC protein p62
(Davis and Blobel, 1986).

Bacterial Expression of Recombinant Protein

The full-length p97 sequence was subcloned into pGEX-4T-1 (Pharmacia
Biotech, Piscataway, NJ) and transfected into E. coli PR745 (New En-
gland Biolabs, Beverly, MA). Cells were grown in 500 mL 2XYT-G (16
¢/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 2% glucose) media contain-
ing 100 pg/m! ampicillin. The cultures were grown to an Agyqy = 1.0 at
37°C. Fusion protein expression was induced by the addition of 0.1 mM
isopropy! thio-B-p-galactoside (IPTG) for 2 h at 30°C. The cells were col-
lected by centrifugation at 8,000 g for 30 min and lysed in import buffer
containing 2 mM DTT and protease inhibitors by freeze thaw in liquid ni-
trogen. Soluble rp97 was further purified by gel filtration on a Superose 12
column (Pharmacia) in import buffer containing 2 mM DTT.

Zinc-binding Assay

p97-GST fusion protein (rp97) was grown as described with the exception
that the 2XYT-G was supplemented with 1 mM ZnCl,. Column purified
rp97 was dialyzed at 4°C against 3 L of 25 mM Hepes, pH 8.0, 10% glyc-
erol, 50 mM KCl, 1 mM EDTA, 0.1 mM PMSF, and 2 mM DTT for 12 h
with three buffer changes to remove loosely bound metal ions. The sam-
ple was then dialyzed against four changes of 25 mM Hepes, pH 8.0, 10%
glycerol, 50 mM KCl, and 0.1 mM PMSF and concentrated fourfold by
vacuum dialysis (Schleicher and Schuell, Keene, NH). Protein concentra-
tions were determined by BCA protein assay (Pierce Chemical Co., Rock-
ford, IL). Bound zinc was determined by treating 250 pg of rp97 in 1 ml
with saturating amounts of p-hydroxymercuriphenyl sulfonic acid (PMPS)
to displace the metal. The free zinc was quantified by the addition 20 uL
5 mM 4-(2-pyridylazo)resorcinol (PAR) at pH 8.8, and measuring the
change in absorbance at 500 nm in an LKB Ultrospec II (Pharmacia) (Erd-
man and Burtis, 1993).

Other Methods

Proteins were analyzed by SDS-PAGE as described (Dreyfuss et al.,
1984). Silver staining of gels was by the method of Rabilloud et al. (1988).
Proteins resolved by SDS-PAGE were electrophoretically transferred to
nitrocellulose membranes with a Royal Genie Blotter (Idea Scientific,
Minneapolis, MN). Membranes were blocked in 5% nonfat dry milk in
TBST (25 mM Tris-HC), pH 8.0, 140 mM NaCl and 0.1% Tween 20). An-
tibodies were diluted to 0.2 wg/ml for mAb3E9 and 1:10,000 for mAb414
ascites. Detection on immunoblots was with luminol based chemilumines-
cence (Schneppenheim et al., 1991) and Kodak XARS film. For quantita-
tion of lumigrapbs, films were scanned with an LKB laser scanning densi-
tometer (LKB Instruments, Uppsala, Sweden).
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For preparation of figures, images on X-ray film or dried gels were
scanned directly with a Hewlett Packard ScanJetIIC flatbed scanner using
DeskScan II software. After lettering, using Microsoft Powerpoint, the
completed figures were printed on a Tektronix Phaser IIDX printer.

Results

Subcellular Localization of p97

Cytoplasmic factors are generally accepted to be required
for nuclear protein import in digitonin permeabilized cells.
Although these soluble factors are required, knowledge of
their localization is necessary to understand the mecha-
nisms in which they take part. We identified p97 originally
as a soluble protein from bovine erythrocytes, that in con-
junction with the 54/56-kD NLS receptor, reconstituted
the NPC-binding step of protein import in digitonin-per-
meabilized cells (Adam and Adam, 1994). To determine
the intracellular distribution of p97 in a nucleated cell, a
monoclonal antibody to p97, mAb3E9, was produced.
Prior characterization of the in vitro import system showed
that low concentrations of the glycoside digitonin perme-
abilized the plasma membrane and released between 20
and 40% of the total cellular protein as soluble protein.
However, membrane-bound organelles remained intact, in
particular the nuclear envelope (Adam et al., 1990).
Under these conditions, at least 80% of p97 was re-
moved from MDBK cells as determined by immunoblot-
ting with mAb3E9 (Fig. 1). mAb414, a specific antibody
for O-glycosylated nucleoporins, was used to compare the
solubility of p97 to known NPC proteins (Davis and Blo-
bel, 1986). Under the same extraction conditions, only a

Figure 1. Digitonin solubility
of p97 in MDBK cells. Cells

QC/)) ™ grown on plastic dishes were
o o permeabilized with 50 pg/ml
Y‘Q ?‘9 digitonin in import buffer for
AN 5 min on ice. The extraction
buffer was removed and cen-
SP S P trifuged at 10,000 g for 5 min
to remove dislodged cells. The
— 200 supernatant was precipitated
by the addition of trichloro-
acetic acid to 10% and resus-
o @ — 116 pended in 1 x SDS-PAGE
sample buffer. The unex-
— tracted cell material remain-
ing on the dish was rinsed
once with import buffer and
solubilized in 1 X SDS-PAGE
sample buffer. An equal num-
ber of cell equivalents was
loaded on each lane. Immuno-
blotting with mAb3E9 and
mAb414 was as described in
Materials and Methods. Quan-
titation of the immunoblots
was achieved by scanning lu-
migraphs exposed within the
linear range of the film with a
LKB scanning laser densitom-
eter. Molecular masses of
standard proteins are indi-
cated on the right.
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MADB3E9
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TNX100

digitonin

small amount of the O-glycosylated nucleoporins were re-
leased, with less than 20% of p62 solubilized. This soluble
p62 likely represents newly synthesized protein that had
not yet been assembled into the pore complex (Davis and
Blobel, 1986). The low solubility of pore complex proteins
is consistent with the retention of nuclear protein import
function in permeabilized cells. The high solubility of p97
confirms our earlier results that this cytosolic factor func-
tions in nuclear protein import as a soluble component
(Adam and Adam, 1994).

Consistent with the immunoblotting results, indirect im-
munofluorescence staining of MDBK cells revealed both a
cytoplasmic and an NE localization of p97 (Fig. 2). The
NE staining with mAb3E9 was punctate and discontinu-
ous along the rim; similar in appearance to staining with
mADb414 and wheat germ agglutinin (data not shown).
Both antibodies detected multiple large punctate regions
in the cytoplasm that likely represent annulate lamellae or
precursors to NPC components associated with cytoplas-
mic structures (Davis and Blobel, 1986). p97 also exhibited
a diffuse cytoplasmic localization that is not observed with
the NPC glycoproteins. This cytoplasmic p97 was lost from
the cells upon permeabilization of the plasma membrane
with digitonin under the same conditions used to prepare
cells for the import assay and for immunoblotting (Fig. 1).
The NE localization of p97 or NPC proteins was not al-
tered by the digitonin permeabilization nor were the large
cytoplasmic spots extracted. Like the NPC proteins, p97
appeared to be largely excluded from the nuclear interior,
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MADb414

Figure 2. Localization of p97
in MDBK cells by immunoflu-
orescence microscopy. MDBK
cells were formaldehyde fixed
with (digitonin) or without
(HCOH/TNX100) preextraction
with digitonin. After solubili-
zation of membranes with Tri-
ton X-100, the cells were
stained with mAb3E9, a mono-
clonal antibody to. p97, or
mAb414, a monoclonal anti-
body to O-glycosylated nuclear
pore complex proteins. The fo-
cal plane in each image is near
the nuclear surface to highlight
the punctate nature of the p97
distribution. The weaker dif-
fuse staining within the area
bordered by the nuclear enve-
lope is due to out of focus sur-
face staining in these very flat
nuclei. The lack of intranuclear
staining is evident by the ab-
sence of any defined structure
or exclusion of staining from
nucleoli.

although we could not exclude the possibility that some of
the diffuse signal contained within the boundaries of the
NE was due to internal staining and not out of focus signal
from the nuclear surface. Masking of the epitope for mAb-
3E9 within the nuclear interior also cannot be ruled out.
Because the NE localization patterns were similar with
both mAb3E9 and mAb414, rat liver NEs were extracted
to determine if p97 fractionated from the NE similarly to
the pore glycoproteins. The data in Fig. 3 illustrates that
the extractability of p97 from the NE was virtually identi-
cal to that reported for p62 (Davis and Blobel, 1986) and
other NPC glycoproteins (Snow et al., 1987). p97 was resis-
tant to extraction from the NE with 2% Triton X-100 or
monovalent salt concentrations less than 0.5 M. However,
the combination of detergent and high salt almost com-
pletely extracted p97. These results indicated that NE-

Figure 3. Extraction of p97

2%Triton  0.14M 0.5M from rat liver nuclear enve-
NaCl NaCl .

lopes. Rat liver nuclear enve-

s p s p s p lopes were prepared and ex-

tracted as described (Davis
- - = and Blobel, 1986). The equiv-
alent of 3 X 107 nuclear enve-
lopes was loaded on each

™ 1M NaCl lane. Immunoblotting with
NaCl 2% Triton mAb3E9 and mAb414 was as
s P s P described in Materials and
- - Methods.
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mouse IgG

import

binding

pre-incubate cells
MAD3E9

MADb3ES

Figure 4. Inhibition of import and pore complex binding with mAb3ES. mAb3E9 or polyclonal mouse IgG was added to 50 pg/ml to im-
port mixture (transport) or to a crude-binding fraction (binding) and incubated on ice for 15 min. For preincubation, digitonin permeabi-
lized cells were incubated in import buffer containing 50 pg/ml mAb3ES9 for 15 min on ice. Cells not preexposed to antibody were left in
ice cold import buffer for 15 min. After the preincubation, the coverslips were rinsed in five changes of import buffer over a 5-min pe-
riod. The import and binding reactions were then carried out without added antibody.

localized p97 was not membrane associated and was as
tightly associated with the NPC as the pore glycoproteins.

Inhibition of Import with mAb3E9

Further experiments were carried out with mAb3E9 to
characterize the role of p97 in the binding of NLS-bearing
proteins to the NPC and translocation into the nucleus.
The addition of mAb3E9 to cytosol in the import incuba-
tion abolished the accumulation of APC-NLS within the
nucleus (Fig. 4). To determine the effect of mAb3E9 bind-
ing to NPC-associated p97, permeabilized cells were prein-
cubated with the antibody before the import reaction was
carried out. Under these conditions, import was com-
pletely inhibited also. Whether import was blocked by ad-
dition of the antibody to the import reaction or by prein-
cubation of the antibody with the permeabilized cells, no
accumulation of the NLS-APC at the pore was observed.
We have observed that reticulocyte and red cell lysates
contain an activity that prevents binding to the pore when
translocation is inhibited (Adam et al., 1990; Adam and
Adam, 1994). This inhibitory activity can be physically
separated from binding activity by phenyl sepharose chro-
matography (Adam and Adam, 1994).

To determine the effect of mAb3E9 on NLS-mediated
binding to the pore, the antibody was added to a partially
purified cytosol extract containing components required
for binding to the NPC (see Materials and Methods) or

Chi et al. Cytoplasmic Nuclear Import Factor p97

preincubated on the permeabilized cells as described above.
Purified NLS receptor and p97 were not used in these ex-
periments because results of experiments presented below
suggested that additional factors might participate in bind-
ing. APC-NLS binding to the pore was not decreased in
the presence of antibody and, in fact, binding was repro-
ducibly increased when antibody was preincubated with
the cells. This may be due to cross-linking of binding com-
plexes at the pore by the bivalent antibody or alterna-
tively, additional binding sites may become exposed on the
NE in the presence of the antibody by displacement of
bound import complexes. It is interesting to note that the
small amount of import seen in the presence of binding
components was completely inhibited by mAb3E9. To-
gether, these results suggest that the antibody inhibition of
import was due not to immunoprecipitation of p97 from
the cytosol, but to a direct interaction of mAb3E9 with
p97. The point of inhibition must be at a step subsequent
to binding at the NPC since binding was unaffected.

c¢DNA Cloning of p97

Protein sequences of p97 from internal peptide fragments
generated by trypsin digestion of purified bovine p97 were
used to isolate a full-length cDNA clone for the protein.
Three peptide sequences were obtained and used to de-
sign degenerate oligonucleotide primers for PCR amplifi-
cation of bovine cDNA. A specific DNA product was iso-

269



45 t

te
M ELIT1T1LLEKTVSPDR 15

tee ttecttgtggaac tggca
A AQ K F LERAAVEWNLTPTEF 1L VETLSZRVILA 45

45  ctggage
L E L

675

ttacagaatctgg: tatattat
TecePoD @ NLVKTIMSLYYQYMET]Y 255

765 atgggtcctgetettt
MG P AL

R VRV ARAL

ttgatgaggtggett tctggtecaat
AL T 1 EAMKSDIDEVALGQGTI! ETFWMWSN 285
855 gtctgtga ttggccattgaaget

VCDEEMDTLATLEHRA

E
135 aa caggtt ctttgaca at
NP GHNSOQVARYVAAGLOGIKNSTLTSKDPDTIKAHA G I
225 ta ggcttgetattgatgetaat atgteet, ttaccgg
Y@ QR WL A I DANKARREVEKNYVLHETLGTETYR 105
315 cctagttc tgtgtggctggtattget tcattcctcagetagtggee
PSSASGQGCVAGIACAETILIPVNQWPELTILIPGOGLVA 135
405  aat cggttatatt
NV TNPNSTEHKMEKESTLEAILIGYTITCQDTIDPES Q 16
495 ct, tctgactgeca tgctaca
L QD KSWNETILILTATIIQ@GMREKETETPS SN NNIKVKLAAT 195
585 aatgcactce tggagt’ t ttat
N A L L NS L EFTKANTFDEKTESETRIHTEFTILIHNKQVVCEA 225
T
t
3

tttatgeg

S EAAEQGRTPPEUHTTSKTFYA 315

945 acagtatctggttccaatee tge
C

K 6ALQYLVPILTQ@TLTKO GDENSD DDDTDOODUWA NP 345
1035 gtgcetcatgette getgt tgtcccacatgtectecccticat c

K A AGVCLMLLATCCEDDTIVPHVYLPFIKEHWTIL 375
1125 ttttggttgtatert

K NPDWRYRDAAYVMAFGCTILEGPETPSGOQLEKTPL 405
1215 gt ta aatagaattaa tgtt tgcatggac t

VIOAMPTLIELMKDPSVYVVVRDTITAANTVGRTI 435
1305 tgtgagctgcttee tcastgatgtctact tgctacagtgtctgattgagggtcteagtget

[ Lt LPEAATINDVYLAPLLGGECLIEGTLSATETF PR 465
1395 gtggcttcaaatgtgtgetgggetttotecagtetagetgaagetget gcagacgttgctga

VASNVCWAFSSLAEAAYEAADVYADTDG GETEFPA 495

1485 acttactgcttatcttcttcatttgasactcatagt
TYCcLSSSFELTIVE@KLLETTODR®PDGHG GNKNTLR R 525
1575 agttctgcatatgaatctc tt tgttacectge ttggteateatg
S §AYESLMETIVXKNSAKDCYPAVQKTTLVIM 555
1665 gascgac ttetteagat: cacatat agaatccagt tcagtctttactetgt
ERLQQVLQMESHIQSTSDRIOGEFNDL® @aSLLEC 585
1755 gcaactcttcagaatgttct tttgcagatctetgatgtggttatggectecctgt te
AT L ANV ILRKYOQOHQDALGI SDVVMASTLTLE RMEF 615
1845 tctgggggagt 9gtggaagtgttgggtggtgaat
@S T AGSGGVAQEDALMAYVSTILVYEVLG GG GETFLK 645
1935 tacatggaggcctttaaacccttectgggcattggattasaaasttatge ttgtttggcagctgtggget tagtgaga
YMEAFKPTFLGI GLKNYAEYQVCLAAVGLVG 675
2025 gacttgtgccgtgecetgeaa ttctg ttggggaatgagaacgtc
D LCRALOGSNTIIPFCDEVHMQLLLENTLTSEGNENYV
2115 cacaggtctg tetgteagtgtttggtgatattgecottgotatt t tagagattgta
LNTLQOQASQAQVDIKSDYDMVDTYTLUNETLTRTES SHTE 735
tatactggaa! gatge
LEAY T GI VaAQGLKGDGENVYUHPDVMLVYQPRVYE 765
2385 tttattctgtctttcattgsccacattgctggagatgagga ttgtgctgctggac ta
F I LSFILDEKTIAGDETDHTDGYV VACAAGLIGDL 795
tgttaactgaagggcggagatcgaagact
L VEARPMIMHWETLLTEGRTR RS SIKT 825
tgatctgttaccaat
"

2295 t

2475

tt gtactgaaattagt tga:
TAFGKDV LK

c
2565 aa
N

ttget
K A KT LARUWATIKETLTZ RKTILTIEKTND QA
tggaaatctcccatettttgaaa

2655 ¢

Figure 5. Sequence of p97 cDNA. The entire open reading frame
encoding p97 is shown with full 5’ and partiai 3’ flanking se-
quences. The 3’ end extends ~300 nucleotides to the poly(A)
tail. Nucleotides are numbered on the left with the A of the start
codon numbered 1. Amino acid residues are numbered on the
right with the first methionine numbered 1. Single underlines in-
dicate the sequences of the peptides obtained from protein se-
quencing. The first and the third peptide were used to design de-
generate oligonucleotides for PCR amplification. The double
underlines indicate a repeated sequence in the carboxyl-terminal
portion of the protein. These sequence data are available from
GenBank/EMBL/DDBJ under accession number 1.39793.

lated and sequenced and the sequence was used to search
the nucleotide sequence databases for related sequences.
The search revealed complete homology for the DNA
fragment to a sequence in the expressed sequence tag
(EST) database, clone T07554 (Adams et al., 1993). A 2.4-
kbp clone was obtained from American Type Culture Col-
lection and sequenced (Fig. 5). The 5’ end of the EST
clone contained a putative start site for translation (Kozak,
1987), but no termination codon was found in frame in the
remainder of the sequence. The 3’ end of the sequence
was obtained by 3' RACE from a Agt11 HeLa cDNA library
and sequencing of multiple products. The open reading
frame of the sequence shown in Fig. 5 encoded a 97,233-
kD protein with a predicted isoelectric point of 4.54. 31%
of the amino acids contain hydrophobic side chains in
agreement with the hydrophobic nature of the protein ob-
served during purification of p97 (Adam and Adam,
1994). A search of the sequence databases with the entire
coding sequence did not yield any sequences with signifi-
cant homology. The protein contained 23 cysteine resi-
dues, which correlated well with the observation that the
pore complex-binding of p97 was sensitive to inactivation
by sulphydryl alkylating reagents (Adam and Adam,

The Journal of Cell Biology, Volume 130, 1995

1994). The cysteines were well distributed throughout the
sequence with no apparent cysteine-rich domains. An ad-
ditional sequence of 12 amino acids was present twice in
the carboxyl-terminal portion of the protein with a third
apparently degenerate sequence between the two. The
function of this sequence is not known, although the con-
served cysteine residues in the sequence should be noted.
After the submission of this manuscript, the sequence of a
rat 97-kD protein implicated in the binding step of import
was reported by Radu and coworkers (Radu et al., 1995).
The sequence of rat p97 is 99% identical to the sequence
of human p97 reported here.

The entire cDNA coding sequence was subcloned into a
vector encoding a glutathione-S-transferase fusion protein
and expressed in bacteria (rp97). mAb3E9 was unable to
detect the bacterially expressed rp97 by immunoblotting
or immunoadsorption suggesting that the epitope recog-
nized by this antibody is a eukaryotic posttranslational
modification (data not shown). Quantitative immunoad-
sorption of p97 from 3?P-labeled HeLa cells indicated that
p97 was not phosphorylated (data not shown) although
other potential modifications are currently being investi-
gated. In vitro translation of the mRNA transcribed from
the cDNA clone by T7 RNA polymerase produced a 97-
kD protein that was immunoadsorbed by mAb3E9 (Fig.
6). However, the addition of rp97 to a rabbit reticulocyte
lysate failed to convert the protein to a form recognized by
the antibody. Thus, either the potential modification is
added cotranslationally, or the reticulocyte lysate is inca-
pable of efficiently performing the modification.

Depletion of Import Activity with mAb3E9
mAD3E9 bound to protein G-agarose beads was also used

Figure 6. In vitro translation
of p97 mRNA. p97 mRNA
was transcribed with T7
RNA polymerase and trans-
lated in a rabbit reticulocyte
lysate. The translation prod-
ucts from the recombinant
mRNA and a reaction with
no RNA added were immu-
noadsorbed with mADb3E9
and resolved by SDS-PAGE.
For comparison, HeLa cells
were labeled with [33S]me-
thionine,  solubilized in
RIPA buffer, and p97 immu-
noadsorbed with mAbB3E9.
. The arrow indicates p97.

=—pe 5

270



A

Figure 7. Immunodepletion

percent of control of import activity with

control 100 mAD3E9. Rabbit reticulocyte
m:z%gg(; 11170 lysate was immunodepleted
+ recombinant 38 with mAb3E9 or mouse IgG
+ native p97 39 bound to protein G-agarose
+ binding mix 82 beads. (A) Equivalent amounts
of cytosol were assayed for

import activity. Quantitation

of import was as described in

B o Materials and Methods. rp97,
5 O W purified native p97 or a crude

§ S < binding mix was used to com-

> & < plement the depleted activity.

e (B) Immunoblot analysis of

the depleted lysates.

to deplete p97 from cytosol before the import assay. Re-
moval of p97 from the cytosol decreased the accumulation
of import substrate by ~80% when compared to cytosol
incubated with protein G-agarose beads containing mouse
IgG (Fig. 7 A). Immunoblot analysis of the depleted cyto-
sol demonstrated that greater than 95% of p97 was re-
moved by the mAb3E9 beads, consistent with the degree
of import inhibition (Fig. 7 B). Import was not completely
inhibited, probably due to the residual p97 and other cyto-
plasmic factors left in the permeabilized cell (Figs. 1 and 2)
combined with cytosolic factors that were not depleted.

Only a fraction of the import capacity of the cytosol
could be restored by the addition of either rp97 (fraction
A, Fig. 9 B) or native p97. However, addition of a crude
fraction containing pore complex binding activity restored
most of the import activity to the depleted cytosol. These
data suggested that additional cytoplasmic factors were
depleted along with p97 by mAb3ED9. To test this possibil-
ity, the proteins bound to the mAb3E9 beads used for the
depletion were eluted in SDS-PAGE sample buffer and
analyzed (Fig. 8). In addition to p97, a protein of 116 kD
was adsorbed specifically in approximately equivalent
amounts to p97. Two other proteins with relative molecu-
lar weights greater than 200 kD were adsorbed specifically
also, but in much lower amounts. It is likely that the 54/56-
kD NLS receptor was adsorbed to the beads, although it is
not possible to tell from this analysis because the receptor
comigrates with the IgG heavy chain. Proteins of similar
molecular weights are also coadsorbed with p97 from
[?°*S]methionine-labeled MDBK celis (manuscript in prep-
aration). We were unable to elute these proteins from the
beads in a way that preserved their ability to restore im-
port to the depleted cytosol (data not shown).

Zinc Ions Are Essential for Activity of p97

The number of cysteines and the N-ethylmaleimide
(NEM) sensitivity of p97 suggested that the protein might
bind one or more metal ions (Adam and Adam, 1994).
However, the amino acid sequence of p97 did not fit any of
the known consensus sequences for metal-binding pro-
teins. To determine if p97 was dependent upon zinc for its
activity, bacteria producing the recombinant protein were
grown in the presence of zinc and rp97 was purified by gel
filtration chromatography. Our initial characterization of
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Figure 8. SDS-PAGE analysis
of proteins immunoadsorbed
from reticulocyte lysate by
mADb3E9. The proteins bound to
the protein—G agarose in the im-
munodepletion were eluted in
SDS sample buffer and resolved
by SDS-PAGE. The bound pro-
teins were detected by silver
staining. The immunoglobulin
heavy and light chains are indi-
cated by open boxes. The four
proteins specifically depleted
with mAb3E9 are indicated by
arrows.

p97 failed to detect the protein in high molecular mass
complex as had been suggested for the binding activity
from Xenopus oocytes (Newmeyer and Forbes, 1988;
Moore and Blobel, 1994). Sizing of the recombinant pro-
tein indicated that rp97, a GST fusion protein, migrated as
if it were a 200-kD protein by gel filtration (data not
shown). We have not yet determined whether the appar-
ent size of p97 was due to addition of the 30-kD GST fu-
sion protein or if rp97 dimerized under these conditions.

Two consecutive fractions from the gel filtration column
containing rp97 were assayed for their ability to reconsti-
tute NPC binding in the presence of native purified NLS
receptor. Only one of the two fractions, designated A in
Fig. 9, A and B, was able to reconstitute binding of the
APC-NLS to the NPC. Neither NLS receptor nor rp97
alone had binding or translocation activity. In agreement
with our previous results, N-ethylmaleimide treatment of
rp97 abolished the binding activity seen with purified NLS
receptor (data not shown; Adam and Adam, 1994).

Each of these fractions was then assayed for the pres-
ence of zinc using a spectrophotometric detection system
to identify sulfhydryl coordinated heavy metal ions (Erd-
man and Burtis, 1993). Only the fraction that was able to
reconstitute binding, A, contained detectable zinc in an
approximately 1:1 molar ratio with rp97 (Table I). The res-
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Figure 9. Binding activity of recombinant p97. Recombinant p97 grown in the presence of zinc was partially purified by gel filtration
chromatography. (A) Two fractions, A and B, containing rp97 were assayed for reconstitution of binding with purified NLS receptor.
Recombinant A and NLS receptor alone are shown. (B) SDS-PAGE of recombinant A and B stained with Coomassie blue. The arrow

indicates the rp97.

olution of the gel filtration column was such that typically
90% of an individual protein species will elute in a 1-ml
fraction. Therefore, fractions A and B probably represent
two distinct populations of rp97, and the small amount of
zinc associated with fraction B may be from the trailing
edge of the peak of fraction A. The amount of zinc bound
should be considered a preliminary estimate of the true
molar ratio of protein to metal due to the presence of
other minor protein species or rp97 degradation products
in each fraction. We also cannot say with certainty that
zinc is the active metal ion present in p97 until atomic ad-
sorption analysis of the native protein is completed.

Discussion

A number of proteins have been identified as putative
components of the nuclear protein import machinery.
These proteins include the 54/56-kD NLS receptor/impor-
tin, Ran/TC4, B2/pp15, p97, and hsc70/hsp70 (for review

Table I. Zinc Binding by Recombinant p97

Fraction Mass of protein Moles of protein Moles zinc Zn/protein
A 257 mg 2.65 nmol 2.50 nmol 0.95
B 225 mg 2.32 nmol 0.30 nmol 0.13

Purified recombinant p97 shown in Fig. 9 was quantitated by BCA assay and bound
zinc determined by displacement of the metal from the protein and detection of free
metal with 4-(pyridylazo)resorcinol (see Materials and Methods).
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see Powers and Forbes, 1994). While the general biochem-
ical activities of some of these are known (GTP hydrolysis,
NLS binding), the role of others remains unknown. Other
than general nuclear or cytoplasmic localization, none of
these factors have been localized in sufficient detail to aid
in determining their function in the import process. Such
inadequate localization and characterization make any at-
tempts at constructing models to explain import specula-
tive at best. The localization and biochemical characteriza-
tion of one of these factors, p97, are important steps in
understanding the role of cytoplasmic factors in protein
import.

NLS-mediated Targeting to the Pore Complex

Cytosolic activities required for binding of karyophiles to
the pore complex have been identified in both Xenopus
oocytes and bovine erythrocytes (Newmeyer and Forbes,
1990; Moore and Blobel, 1992; Adam and Adam, 1994;
Gorlich et al., 1994). These cytoplasmic factors likely in-
clude molecules for the recognition of an NLS and deliv-
ery to the pore complex. Binding activity was identified in
Xenopus oocyte extracts and partially purified into crude
fractions called NIF-1 (Newmeyer and Forbes, 1990) and
fraction A (Moore and Blobel, 1992). Fraction A has re-
cently been analyzed in more detail and found to contain a
97-kD protein and two 55-kD protein components (Radu
et al., 1995). A 60-kD Xenopus oocyte protein that alone
reconstitutes NLS-mediated binding to the NPC in perme-
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abilized cells has also been purified and sequenced (Gor-
lich et al., 1994). Interestingly, this protein is 44% identical
to a yeast protein originally identified as a suppressor of
temperature sensitive mutants of RNA polymerase I,
Srplp (Yano et al., 1992). Several forms of Srplp have
been identified in human cells; human SRP1 and Rchi,
both which interact with the recombination activating
gene product RAG-1 in yeast two hybrid assays (Cuomo
et al., 1994; Cortes et al., 1994) and NPI-1 which interacts
with the influenza virus nucleoprotein (O’Neill and Palese,
1995).

Our previous results on the identification of erythrocyte
cytosol factors involved in the binding step of import in
permeabilized cells indicated that at least two factors were
involved: the 54/56-kD NLS receptor and a 97-kD protein
(Adam and Adam, 1994). Protein and cDNA sequence
analysis of the 54/56-kD bovine NLS receptor identify
them as homologs of Srplp, also (manuscript in prepara-
tion). It has not been shown that the Xenopus 60-kD pro-
tein specifically binds an NLS, but given the sequence sim-
ilarity to the bovine NLS receptor, it seems likely that it
will.

An Import Complex for Recognition
of NLS-bearing Proteins

Although the NLS receptor and p97 are sufficient to target
a NLS-bearing protein to the pore complex, the coadsorp-
tion of other previously unidentified proteins with anti-
bodies to p97 suggests that multiple proteins may be in-
volved in both the binding and translocation steps in the
form of an import complex. Some of these proteins may
not be essential, but may act as accessory factors to in-
crease the efficiency of binding or translocation. Alterna-
tively, they may represent factors that are not required for
import in permeabilized cells, but are required in intact
cells. It should be noted that digitonin-permeabilized cells
may be partially or wholly uncoupled from regulatory
mechanisms that influence transport, pore complex—medi-
ated processes, or other NE functions (Moll et al., 1991;
Rihs et al., 1991; Greber and Gerace, 1995).

The stable association of both the NLS receptor and p97
with the nuclear envelope suggests a strong association of
an import complex with the pore (Adam et al., 1989). This
may be due to multiple interactions of the import complex
with nucleoporins or a single strong interaction through
one component. In yeast, Srplp has been localized pri-
marily to the nucleus and nuclear envelope (Yano et al.,
1992; Belanger et al., 1994). Belanger and coworkers iden-
tified Srplp as a component of the nuclear pore complex
interacting with the nucleoporins Nuplp and Nup2p in a
two hybrid assay, and by adsorption to immobilized
Nuplp (Belanger et al., 1994). A GST-Nuplp fusion pro-
tein specifically adsorbs both Srplp and a 95-kD protein
from yeast lysates. In addition, the carboxyl terminus of
Nuplp binds a 100-kD protein. It is possible that either the
95- or 100-kD protein is the yeast homolog of human p97.
The inhibition of NLS-mediated binding to the pore com-
plex by WGA also points to a role for the O-glycosylated
nucleoporins in recognition of an import complex (Moore
and Blobel, 1992; Adam and Adam, 1994; Radu et al., 1995).

What are the possible roles of the NLS receptor and p97
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in binding to the pore complex and translocation through
the pore channel? We suggest that, since both NLS recep-
tor and p97 have a strong interaction with the pore com-
plex and are required simultaneously for binding karyo-
philes to the pore (Adam and Adam, 1994), the two
proteins together form a structure that is recognized by
multiple elements of the pore complex. While it is possible
that the initial interaction with the pore is through cyto-
plasmic filaments extending from the cytoplasmic annulus
(Richardson et al., 1988), analysis of pore complex pro-
teins interacting with the import complex and immuno-
electron microscopy will be required to resolve this issue.
Although in yeast Srplp interacts directly and indepen-
dently with Nuplp and Nup2p (Belanger et al., 1994), it is
possible that this represents an intermediate step in trans-
location after an initial binding event mediated by p97.
Biochemical fractionation of rat liver cells suggests that
the NLS receptor is at least partially localized to the nu-
clear interior (Adam et al., 1989). Indirect immunofluores-
cence results presented here indicate that p97 probably
does not enter the nucleus, although either rapid recycling
or masking of the epitope cannot be excluded. At some
point in translocation, the import complex must be dissoci-
ated, with only part of the complex entering the nucleus.

Zinc Binding by p97

The predominant functions of zinc in proteins are to stabi-
lize the tertiary folding structure of a protein forming a
DNA or protein interaction domain, or as a catalytic com-
ponent of an enzyme. The role of zinc in p97 function is
unknown. The sequence of p97 does not contain any of the
known consensus sequences for metal-binding proteins.
The strongest sequence similarity is to the TFIIIA type
zinc finger (Berg, 1990), although the spacing between cys-
teines and histidines is different and the orientation of the
residues is reversed. If other amino acid residues thought
to be involved in metal-binding domains, such as aspartate
and glutamate are considered, additional possibilities for
zinc-binding regions arise. Clarification of the metal-bind-
ing properties of p97 will require a much more detailed
spectroscopic analysis to identify the potential amino acid
residues involved. A pore complex protein, Nup153, con-
tains four zinc fingers and binds DNA in vitro (Sukegawa
and Blobel, 1993). We have not yet determined if p97 is
capable of binding DNA, but given its predominantly cy-
toplasmic localization, it would seem unlikely that DNA
binding would be the role of a zinc-binding domain.
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