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Proteinase inhibitor 9 (PI-9) is a human serpin present in the cytoplasm of cytotoxic lymphocytes and
epithelial cells. It inhibits the cytotoxic lymphocyte granule proteinase granzyme B (graB) and is thought to
protect cytotoxic lymphocytes and bystander cells from graB-mediated apoptosis. Following uptake into cells,
graB promotes DNA degradation, rapidly translocating to the nucleus, where it binds a nuclear component.
PI-9 should therefore be found in cytotoxic lymphocyte and bystander cell nuclei to ensure complete protection
against graB. Here we demonstrate by microscopy and subcellular fractionation experiments that PI-9 is
present in the nuclei of human cytotoxic cells, endothelial cells, and epithelial cells. We also show that the
related serpins, PI-6, monocyte neutrophil elastase inhibitor (MNEI), PI-8, plasminogen activator inhibitor 2
(PAI-2), and the viral serpin CrmA exhibit similar nucleocytoplasmic distributions. Because these serpins lack
classical nuclear localization signals and are small enough to diffuse through nuclear pores, we investigated
whether import occurs actively or passively. Large (~70 kDa) chimeric proteins comprising PI-9, PI-6, PI-8,
MNE]IL or PAI-2 fused to green fluorescent protein (GFP) show similar nucleocytoplasmic distributions to the
parent proteins, indicating that nuclear import is active. By contrast, CrmA-GFP is excluded from nuclei,
indicating that CrmA is not actively imported. In vitro nuclear transport assays show that PI-9 accumulates
at a rate above that of passive diffusion, that it requires cytosolic factors but not ATP, and that it does not bind
an intranuclear component. Furthermore, PI-9 is exported from nuclei via a leptomycin B-sensitive pathway,
implying involvement of the export factor Crm1p. We conclude that the nucleocytoplasmic distribution of PI-9

and related serpins involves a nonconventional nuclear import pathway and Crmlp.

Proteolysis mediated by serine proteinases is crucial to pro-
cesses such as blood coagulation, fibrinolysis, complement ac-
tivation, embryo implantation, extracellular matrix remodel-
ing, and cell differentiation. Homeostatic regulation of serine
proteinases is mainly achieved through interactions with inhib-
itors belonging to the large metazoan, plant, and virus serpin
superfamily (44). Inhibitory serpins have a common structure
and mode of action: each contains a variable C-terminal-reac-
tive center loop resembling the substrate of its cognate pro-
teinase. On proteinase binding, the serpin is cleaved between
two residues in the loop designated P, and P,’, and it under-
goes a conformational change that distorts the proteinase and
irreversibly locks the serpin-proteinase complex (27). The P,
residue is crucial and largely dictates the specificity of the
serpin-proteinase interaction, while residues surrounding the
cleavage site contribute to the affinity of the interaction (66).

The best-characterized serpins are involved in the regulation
of extracellular proteolysis in vertebrates (reviewed in refer-
ences 44 and 54); however, there is an emerging, more wide-
spread subgroup resembling chicken ovalbumin (ov-serpins)
which includes serpins that function intracellularly and some
that target other proteinase classes, such as caspases and pa-
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pains (14, 45, 48, 57). Ov-serpins display complex patterns of
cellular distribution that probably reflect diverse physiological
functions. Most are intracellular, with roles that are as yet
unclear, but some are efficiently secreted to regulate cell-cell
and cell-matrix interactions, and others exist in both intracel-
lular and extracellular forms (5, 35, 71). Two of the intracel-
lular ov-serpins, chicken MENT and human bomapin, accu-
mulate efficiently in nuclei via classical nuclear localization
sequences (NLSs) resembling the signal on the simian virus 40
large tumor antigen (T-ag) (13, 21). MENT is involved in
chromatin condensation, but the nuclear role of bomapin is
unknown (21).

Two other intracellular serpins, poxvirus CrmA and human
proteinase inhibitor 9 (PI-9), are involved in the regulation of
apoptosis (reviewed in reference 7). Cytotoxic lymphocytes
(CLs) kill abnormal cells by using either one of two proapo-
ptotic systems (37, 53). One system involves Fas ligand on the
surface of the CL binding to Fas/Apol/CD95 (Fas) on the
target cell, resulting in receptor trimerization and recruitment
of cytoplasmic adapter molecules to the receptor complex. The
initiator caspase zymogen, procaspase 8, then binds to the
complex, is activated, and in turn activates downstream effector
caspases. CrmA efficiently inhibits caspase 8 (70) and poten-
tially protects poxvirus-infected cells against CL Fas-mediated
apoptosis (7).

The second cytotoxic system requires perforin to mediate
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entry of the granule serine proteinase granzyme B (graB) into
the target cell, which then activates caspases, cleaves a variety
of other proteins, and rapidly translocates to nuclei inducing
DNA fragmentation (reviewed in reference 59). CLs do not
commit fratricide or undergo autolysis as they sequentially
engage and destroy target cells (19, 33, 38). This implies that
their apoptotic machinery is precisely regulated. We have
shown that PI-9 is a very efficient graB inhibitor produced by
CLs (57), endothelial cells, and epithelial cells (11a). Cells
expressing intracellular PI-9 resist apoptosis induced by graB
and perforin but do not resist Fas-mediated apoptosis, since
PI-9 does not efficiently inhibit caspases (3, 6). We have there-
fore proposed that the role of PI-9 is to protect CLs against
autolysis directed by ectopic or misdirected graB and to protect
bystander cells from graB released by activated CLs (6, 8).
Importantly, the inability of PI-9 to inhibit caspases allows CLs
to be deleted via death receptor-mediated apoptosis at the
conclusion of the immune response and permits a response to
stress-mediated apoptotic signals.

PI-9 is present in the CL cytoplasm outside the granules
containing graB, which is consistent with a role in inactivating
mislocalized graB (57). Since graB introduced into the cyto-
plasm of a cell rapidly translocates to the nucleus and binds to
an intranuclear component (31, 52, 61, 62), it is likely that
efficient protection of a CL by PI-9 requires its presence in the
nucleus. Here we show that PI-9 is present in the nuclei of CLs,
endothelial cells, and epithelial cells, that nuclear import oc-
curs in the absence of a classical NLS, and that related ov-
serpins exhibit a similar nucleocytoplasmic distribution. Al-
though it is small enough to diffuse into the nucleus, uptake of
PI-9 is an active process that depends on cytosolic factors but
not ATP. Export of PI-9 from the nucleus occurs through a
leptomycin B (LMB)-sensitive pathway. We conclude that nu-
cleocytoplasmic distribution is a common feature of intracel-
lular ov-serpins consistent with their predicted cytoprotective
functions and appears to involve an unconventional nuclear
import pathway as well as a nuclear export pathway requiring
the export receptor Crmlp (exportin).

MATERIALS AND METHODS

Plasmids. Plasmids used for expression of various proteins in COS-1 cells
included pCMV/PI-9 (6) and pEUK/PAI-2 (50). A plasmid encoding PI-6 was
constructed by subcloning the cDNA into the EcoRI site of pCMV2 (2). A
plasmid encoding PI-8 was made by removing an internal EcoRI site in the PI-8
cDNA by site-directed mutagenesis and cloning the modified PI-8 cDNA into
pSVTIE (34). A monocyte neutrophil elastase inhibitor (MNEI) expression plas-
mid was constructed by removing the cDNA from pGEM-T/EI (41) using SacIl
(ends removed using T4 DNA polymerase) and PstI. This was cloned into pSVTf
cut with Smal and PstI. The plasmid pEGFP/PI-9 encodes a fusion protein
comprising the human codon-enhanced green fluorescent protein (GFP) fused to
the N terminus of PI-9. It was constructed by isolating a PI-9 cDNA on a 1-kb
BamHI fragment from a yeast two-hybrid bait plasmid, pGTB/PI-9 (A. Cal-
derone and P. Bird, unpublished data), and ligating it to Bgl/II-digested
pEGFP-c2 (Clontech). A similar fusion between neomycin 3’ phosphotransfer-
ase (neo) and PI-9 was also constructed. The neo gene was obtained by PCR
amplification using pZeroBlunt (Invitrogen) as a template, the oligonucleotide
primers 5'-GGGCTAGCCGCATGAATTGAACAAGATGGATTGCAC-3" and
5'-CGCTCACCCGGGGAAGAACTCGTCAAGAAGCC-3' (the latter intro-
duces a Smal site at the 3’ end), and Vent DNA polymerase (New England
Biolabs) for 35 cycles of 95°C for 60 s, 50°C for 60 s, and 72°C for 60 s. The
resulting 1-kb product was cloned into pZeroBlunt (Invitrogen) and then re-
leased and purified as a Smal-EcoRI fragment. This was subcloned into pSVTf
also digested with Smal and EcoRI to generate pSVTf/neo. The plasmid pEGFP/
PI-9 was digested with Eagl and treated with T4 DNA polymerase. It was then
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cut with Sall, and the resulting 1.4-kb Eagl-Sall fragment was ligated to pSVTH/
neo digested with Smal and Sall to generate pSVTf/neoPI-9. A plasmid encoding
a GFP-CrmA fusion protein was constructed by digesting the plasmid pGEM7zf/
CrmA (gift of D. Pickup, Duke University Medical Center, Durham, N.C.) with
Ncol (ends filled in using T4 DNA polymerase) and Apal. The resulting fragment
was cloned into pPEGFP-c2 cut with EcoRI (ends filled with T4 DNA polymerase)
and Apal. The plasmid pEGFP/PAI-2 was constructed by removing the plasmin-
ogen activator inhibitor 2 (PAI-2) ¢cDNA from pSHT/PAI-2 (50) by BamHI
(ends filled in using T4 DNA polymerase) and EcoRI digestion and cloning it
into pEGFP-c2 cut with Sacl (ends removed using T4 DNA polymerase) and
EcoRI. The plasmids pEGFP/PI-8 and pEGFP/MNEI were constructed by re-
moving the appropriate cDNA from pSHT/PI-8 or pSHT/MNEI (unpublished
data) using BamHI and Spel and cloning into pEGFP-c3 cut with Bg/II and Xbal.
The plasmid pEGP/PI-6 was constructed by removing the PI-6 cDNA from the
yeast two-hybrid bait vector pPGTBK7/PI-6 (unpublished data) using EcoRI and
Sall and cloning it into pEGFP-c2 cut with EcoRI and Sall.

Cells and transfections. Activated primary CLs were prepared from human
peripheral blood as previously described (6). YT is a human NK leukemia cell
line (68) and was maintained in RPMI 1640 containing 10% heat-inactivated
fetal bovine serum, 50 U of penicillin/ml, 50 ng of streptomycin/ml, 2 mM
glutamine, 0.1 mM B-mercaptoethanol, and 1 mM sodium pyruvate. The pla-
cental choriocarcinoma cell line BeWo was obtained from the American Type
Culture Collection and was maintained in Ham’s F12 containing 10% heat-
inactivated fetal bovine serum, 50 U of penicillin/ml, 50 g of streptomycin/ml,
2 mM glutamine. Human umbilical vein endothelial cells (HUVEC) were iso-
lated and maintained as described (58). COS-1 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum,
antibiotics, and 2 mM glutamine. Cells of the rat hepatoma tissue culture line
(HTC; a derivative of Morris hepatoma 7288C) used for the in vitro transport
studies were cultured in DMEM supplemented with 10% fetal bovine serum as
described previously (26, 29, 30). COS-1 cells were transiently transfected by the
dextran-chloroquine method (12).

Antibodies. Rabbit antibodies to recombinant PI-9 and recombinant PI-6 have
been described earlier (50, 57). A rabbit polyclonal antiserum to PI-8 was raised
in a similar fashion and affinity purified on immobilized recombinant PI-8.
Rabbit antibodies raised to native MNEI, CrmA, and lactate dehydrogenase
(LDH) were provided by E. Remold O’Donnell (Harvard University, Boston,
Mass.), D. Pickup (Duke University Medical Center), and J. Wilson (Michigan
State University, East Lansing, Mich.), respectively. A rat monoclonal antibody
against human Apaf-1 (23) was a gift of D. Huang (Walter and Eliza Hall
Institute, Melbourne, Australia). Mouse monoclonal antibodies to cytochrome ¢
and PAI-2 were purchased from Research Diagnostics Inc. (clone 7H8.2C12;
Flanders, N.J.) and American Diagnostica Inc. (Greenwich, Conn.), respectively.
Anti-GFP monoclonal antibody was purchased from Boehringer Mannheim. The
nuclear protein B23 was detected using a mouse monoclonal antibody (40).
Rabbit pan-cytokeratin antibodies were purchased from DAKO.

Cell fractionation. Methods for the digitonin-based fractionation of YT,
BeWo, and transfected COS-1 cells were based on previously published methods
(23, 63, 65). A range of digitonin concentrations was tested in each experiment,
and the results shown are those from cells treated with the lowest concentration
that efficiently extracted the cytosolic marker protein (either LDH or Apaf-1)
such that little or none was apparent in the subsequent nuclear fraction. Mono-
layers were removed from dishes by trypsinization and washed twice with ice-cold
medium containing fetal calf serum and then washed once with ice-cold phos-
phate-buffered saline (PBS). Cells were counted and resuspended at 10%ml in
HMKE buffer (20 mM HEPES [pH 7.2], 10 mM KCIl, 5 mM MgCl,, 1 mM
EDTA, 250 mM sucrose). One-milliliter aliquots were pelleted at approximately
200 X g and resuspended in HMKE buffer containing protease inhibitors (1 mM
phenylmethylsulfonyl fluoride, 1 pg of aprotinin/ml, 1 pg of pepstatin/ml, 1 g of
leupeptin/ml) and 50 to 200 pg of digitonin/ml (Sigma; 50-mg/ml stock in di-
methyl sulfoxide). Cells were left on ice for 10 min and then centrifuged at 500 X
g to separate cytosol from membranes, organelles, and cytoskeleton. The super-
natant (cytosol fraction C) was carefully removed, and the pellet was washed in
HMKE buffer. To extract proteins from membranes and organelles, the pellet
was solubilized in extraction buffer containing 0.1 M Tris HCI (pH 9), 0.1 M
NaCl, 5 mM KCl, 1 mM CaCl,, 0.5 mM MgCl,, 0.5% Nonidet P-40, and protease
inhibitors for 20 min on ice. Samples were transferred to a 1.5-ml microcentri-
fuge tube and centrifuged at 15,000 X g, the supernatant was carefully removed
(fraction N), and a solution containing 20 mM Tris HCI (pH 6.8) and 2% sodium
dodecyl sulfate (SDS) was added to the pellet to solubilize cytoskeletal proteins.
The resulting lysate was collected and passed through a 26G needle until no
longer viscous (fraction R).

The protein content of fraction C was determined, and typically 10 pg of
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TABLE 1. In vitro nuclear import kinetics of PI-9 compared to those of control molecules

Nuclear import parameter®

Molecule Import conditions

Fn/cpax ty2 (min) n

PI-9 + ATP, + cytosol 2.26 = 0.08 1.68 = 0.52 2
— ATP, + cytosol 2.46 = 0.33 1.28 = 0.41 3

+ ATP, — cytosol 0.80 = 0.04 ND? 2

— ATP, — cytosol 1.12 = 0.10 ND 2

— ATP, + cytosol, + CHAPS 1.16 = 0.01 ND 1

— ATP, — cytosol, + CHAPS 0.96 = 0.03 ND 1

T-ag-CcN-B-Gal + ATP, + cytosol 5.51£0.21 12.4 £ 2.0 2
— ATP, + cytosol 0.82 = 0.13 ND 2

+ ATP, — cytosol 1.10 = 0.04 ND 2

— ATP, + cytosol, + CHAPS 1.15 = 0.15 ND 2

Dextran (70 kDa) + ATP, + cytosol 0.16 = 0.03 ND 3
— ATP, + cytosol 0.19 = 0.02 ND 1

— ATP, — cytosol 0.27 = 0.06 ND 2

— ATP, + cytosol, + CHAPS 0.98 = 0.06 ND 2

— ATP, — cytosol, + CHAPS 0.89 = 0.09 ND 1

Dextran (20 kDa) + ATP, + cytosol 0.87 = 0.04 ND 3

“ Raw data were fitted for the function Fn/c(t) = Fn/c,
n = 1, the standard error was determined from the curve fit.
> ND, not able to be determined due to low nuclear accumulation.

protein was used for immunoblotting. The detergent in fractions N and R
precluded direct protein estimation. To analyze and compare protein comple-
ment and distribution in the fractions, all were made up to the same final volume
so that a sample taken from one fraction and compared to an equal volume from
another represents the same number of starting cells. In each experiment, equal
volumes of fractions C, N, and R were reduced and subjected to electrophoresis
on SDS-10% polyacrylamide gels. Fractionation of COS cells producing CrmA
was performed according to the methods of Schikendanz et al. (49).

Rabbit antisera (PI-6, PI-9, and MNEI) were used at 1:2,000 to 1:5,000 dilu-
tions for immunoblotting, and the B23 monoclonal antibody was used at a
dilution of 1:4,000. The CrmA and PI-8 antisera were used at dilutions of 1:100.
The Apaf-1, cytochrome ¢, PAI-2, LDH, and GFP antibodies were used at
dilutions of 1:1,000. Immunoblots were developed with an enhanced chemilumi-
nescence detection kit (DuPont).

Indirect immunofluorescence microscopy and in situ cell extractions. Cell
monolayers grown on 12-well microscope slides were washed in PBS containing
0.1 mM CacCl, and 1.0 mM MgCl, (PBS+), fixed in 3.7% formaldehyde in PBS+
for 20 min, quenched with 20 mM ammonium chloride, and permeabilized by
incubation in 0.5% Triton X-100 in PBS+ for 5 min. Alternatively, monolayers
were fixed and permeabilized in 50% acetone-50% methanol for 2 min at room
temperature. Glass slides used for nonadherent cells were first treated with
poly-L-lysine (0.1 mg/ml) for 15 min at room temperature. Antigens were de-
tected by incubation of the cells for 30 min with the appropriate dilution of
primary antibody (typically 1:1,000 for PI-6 and PI-9 antisera, 1:50 for Apaf-1
antibodies, and 1:200 for all others). After being washed with PBS+ the cells
were incubated with 1:200 dilutions of fluorescein isothiocyanate (FITC)- or
rhodamine isothiocyanate-conjugated secondary antibodies. After 30 min cells
were washed in PBS+ and, in some experiments, were stained with propidium
iodide (1-pg/ml concentration in PBS) for 5 min at room temperature. Cells were
washed, mounted in phenlyenediamine-buffered glycerol, and examined using
either epifluorescence microscopy or confocal laser scanning microscopy
(CLSM). In some indicated instances CLSM using 2-photon excitation was
employed.

For in situ extractions, 10* BeWo cells per well were grown on 12-well micro-
scope slides. Untreated cells were fixed and permeabilized as described above.
Cells were stained with rabbit anti-PI-9 (1:1,000 dilution), rabbit anti-cytokeratin
(1:200), and anti-Apaf-1 (1:50) followed by a 1:200 dilution of the appropriate
secondary antibody conjugated to FITC. To remove proteins from the cytoplasm,
cells were placed on ice, washed twice with ice-cold HMKE buffer, and then
exposed to digitonin (25, 50, or 75 pg/ml) in 20 wl of HMKE buffer containing
protease inhibitors for 10 min. At this point cells were either fixed for staining as
above (digitonin treated) or washed with HMKE buffer and then incubated in 20

max X (1 — e ), where # is time in minutes (10, 16, 26, 29, 30). Results represent the mean = SEM; where

wl of extraction buffer for 10 min to remove detergent-soluble and salt-extract-
able (including most nuclear) proteins. The remaining monolayers were washed
very gently and then fixed with formaldehyde and stained as above to visualize
detergent-insoluble proteins.

Nuclear transport. Analysis of nuclear import kinetics at the single-cell level in
vitro using mechanically perforated HTC cells in conjunction with CLSM (MRC-
600; Bio-Rad) was performed as described previously (10, 16, 29). NLS-depen-
dent nuclear protein import can be reconstituted in this system through the
exogenous addition of cytosolic extract (untreated reticulocyte lysate [Promegal),
an ATP regenerating system (0.125 mg of creatine kinase/ml, 30 mM creatine-
phosphate, 2 mM ATP), and transport substrate. In some experiments 0.025%
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) was
used to permeabilize the nuclear envelope; under these conditions nuclear ac-
cumulation can only occur through binding to intranuclear components such as
lamins or chromatin (16, 17). Image analysis of CLSM files was performed using
the MacIntosh NIH Image 1.60 public domain software. Each point shown in
Results (Table 1 and Fig. 5) represents the average of 6 to 10 separate measure-
ments (the standard error of the mean [SEM] was <10.2% of the value of the
mean) for each of nuclear (Fn) and cytoplasmic (Fc) fluorescence, respectively,
with autofluorescence subtracted. Data were fitted for the function Fn/c(f) =
F/cmax X (1 — ), where Fn/c is the ratio of nuclear to cytoplasmic fluores-
cence intensity, ¢ is time in minutes, Fn/c,,,, is the maximal level of nuclear
accumulation, and k is the first-order rate constant (10, 16, 29). Recombinant
PI-9 was produced in a yeast expression system and purified as described previ-
ously (57) and was conjugated to FITC using standard procedures (22). The
T-ag-CcN—-B-Gal fusion protein used as a control for nuclear import studies
contains T-ag amino acids 111 to 135, including the NLS, fused N terminal to
B-galactosidase amino acids 9 to 1,023 (29, 46). It was expressed in Escherichia
coli, purified by affinity chromatography, and labeled with 5-iodoacetamidofluo-
rescein as described previously (29, 46).

Estimation of the proportion of nuclear PI-9. Estimation of the nuclear and
cytoplasmic volume for BeWo cells, YT cells, and HUVECs was performed using
conventional as well as 2-photon CLSM (Bio-Rad) and standard cell measure-
ment procedures. The percent nuclear PI-9 was calculated by multiplying the
percent nuclear volume (>11 separate estimations) by the Fn/c for each cell type.

Treatment of cells with LMB. COS-1 cells were transfected with pCMV/PI-9
or RevMAPKK-GFP (24). Cells grown on 12-well microscope slides were ex-
posed to 4 ng of LMB/ml in complete medium for 0, 3, and 6 h and then fixed
with formaldehyde and permeabilized as described above. RevMAPKK/GFP in
transfected cells was followed by GFP fluorescence, whereas pCMV/PI-9-trans-
fected cells were stained with rabbit anti-PI-9 diluted 1:500 and then with FITC-
conjugated anti-rabbit immunoglobulins. Samples were mounted in Permafluor
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FIG. 1. Nucleocytoplasmic distribution of PI-9. (A) Human pri-
mary CLs. Interleukin-2-activated CLs were prepared from peripheral
blood. Cells on glass slides were fixed and permeabilized with acetone-
methanol and were incubated with rabbit antiserum against PI-9 and
then incubated with FITC-conjugated anti-rabbit immunoglobulin and
propidium iodide (p.i.). A series of CLSM sections through a cluster of
cells shows PI-9 in both the nucleus and cytoplasm. (B) YT cells. Cells
were fixed and stained as above. Shown is a series of CLSM sections of
a single YT cell demonstrating PI-9 in the cytoplasm and nucleus. (C)
Relative expression level and proportion of PI-9 in the nuclei of BeWo
cells, YT cells, and HUVECs. Estimations of the nuclear and cyto-
plasmic volumes were performed using conventional and 2-photon
CLSM and standard cell measurement procedures. The percent nu-
clear PI-9 was calculated by multiplying the percent nuclear volume by
the ratio of nuclear to cytoplasmic fluorescence intensity (Fn/c). For
comparison of PI-9 levels, 10° cells were lysed directly in SDS sample
buffer, separated by SDS-polyacrylamide gel electrophoresis, and im-
munoblotted using PI-9 antibodies. Ten times more HUVEC than
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(Immunotech, Marseille, France). Quantitative analysis for nucleocytoplasmic
distribution was performed as for the nuclear transport studies, where nontrans-
fected cells were used to quantify background fluorescence due to autofluores-
cence or nonspecific staining by antibodies. Measurements of nucleolar fluores-
cence of cells producing RevMAPKK/GFP were carried out in a similar fashion.

RESULTS

PI-9 is present in CL, endothelial cell, and epithelial cell
nuclei. We have proposed that intracellular PI-9 protects CLs
and bystander cells against mislocalized graB resulting from
either granule leakage or misdirection during the immune re-
sponse (6). Since free graB in the cell rapidly translocates from
the cytoplasm to the nucleus (31, 52, 61, 62), the model pre-
dicts that PI-9 should also be present in nuclei to deal with any
graB that evades the cytoplasmic pool of PI-9. To test this
prediction we used indirect immunofluorescence and CLSM to
examine primary human CLs prepared from peripheral blood,
HUVEGCs, and the human cell lines YT (NK leukemia) and
BeWo (choriocarcinoma). We have previously demonstrated
that all of these cell types produce PI-9.

Shown in Fig. 1A is a series of confocal sections through a
cluster of primary CLs that have been fixed, permeabilized,
and stained for PI-9 (upper panel). In these cells the nucleus
occupies most of the interior (shown by propidium iodide
staining in the lower panel), and the cytoplasm is evident as a
thin halo surrounding it. It is clear from these images that PI-9
is present in the cytoplasm and nucleus, though at lower con-
centration in the nucleus. Similar experiments on YT cells
confirmed these observations (Fig. 1B and C). Again PI-9 was
evident in both cytoplasm and nucleus, with less material in the
nucleus.

As shown in Fig. 1C, we also observed PI-9 in the cytoplasm
and nucleus of primary endothelial cells (HUVECs) and
BeWo cells (which have epithelial characteristics of placental
cytotrophoblasts). PI-9 levels in BeWo cells were comparable
to those in YT cells, but levels in HUVECs were 10- to 100-
fold lower (Fig. 1C, bottom left panel). Interestingly, the
amount of PI-9 in the nucleus differed in the various cell types
but did not seem to be related to the overall expression level of
PI-9. To investigate this further we used CLSM and image
analysis to measure the proportion of PI-9 in the nuclei of YT
cells, HUVECs, and BeWo cells (Fig. 1C). This indicated that
YT cells have the least PI-9 in the nucleus (26.5%) and that
BeWo cells have the most (40.9%). Since the size of the nu-
cleus varies from cell type to cell type, the concentration of
PI-9 in the nucleus compared to the concentration in the cy-
toplasm may also vary. To investigate this we used image anal-
ysis to derive a value for the nuclear-to-cytoplasmic ratio
(Fn/c) of PI-9 in the three cell types. As shown in Fig. 1D, YT
cells have about twice the concentration of PI-9 in the cyto-
plasm as the nucleus, whereas HUVECs and BeWo cells have
an equal concentration of PI-9 in the cytoplasm and nucleus.

To confirm that PI-9 is present in the nuclei of these cells we

BeWo or YT lysate was run on the gel. (D) Concentration of PI-9 in
the cytoplasm and nuclei of YT cells, BeWo cells, and HUVECs as
measured by relative fluorescence intensity under CLSM. Results
shown for the Fn/c ratio represent the mean = SEM, with n being the
number of cells analyzed.
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FIG. 2. In situ extraction and subcellular fractionation of PI-9 expressing cells. (A) BeWo cells growing on microscope slides were sequentially
extracted with digitonin-containing and high salt-detergent-containing buffers. After each treatment, cells were fixed and permeabilized with
acetone-methanol and incubated with antibodies against PI-9, Apaf-1, or cytokeratins. After being stained with FITC-conjugated anti-rabbit
immunoglobulins, the cells were examined by phase-contrast (inset panels) and fluorescence microscopy. (B) YT cells, BeWo cells, and HUVECs
were harvested and sequentially treated with digitonin, high salt-detergent, and SDS to generate cytosolic (C), nuclear (N), and remnant (R)
fractions. Equal amounts of each fraction were separated by SDS-10% polyacrylamide gel electrophoresis and analyzed by immunoblotting with
PI-9, Apaf-1, or B23 antibodies. The percentage of PI-9 in the nuclear fraction was estimated by densitometry. The PI-9-graB complex is indicated

with an arrow.

carried out two digitonin-based fractionation procedures. One
involved sequential extraction of protein from cells in situ with
changes in protein content followed at the single-cell level
using indirect immunofluorescence microscopy, and the other
entailed fractionation of larger numbers of cells with analysis
of the fractions by immunoblotting. Digitonin is extensively
used in in vitro nuclear import studies to separate nuclei with
intact envelopes and functional pore complexes from cytosolic
components because it selectively permeabilizes the plasma
membrane, leaving the nuclear membrane intact (23, 63, 65).
Following digitonin treatment and washing to remove cytosolic
protein, nuclei can be lysed in a high-salt buffer containing
detergent to release nuclear proteins. Any remaining insoluble
material contains mostly cytoskeletal and some nuclear or nu-
cleolar protein that can be solubilized in SDS. In both proce-
dures we expected to extract cytosolic, nuclear, and cytoskel-
etal protein sequentially. To verify this we followed the release
of the cytosolic protein Apaf-1 (23), the nuclear or nucleolar
protein B23 (40), and cytoskeletal cytokeratins.

As shown in Fig 2A, in situ extractions demonstrated PI-9 in
the nuclei of BeWo cells. Untreated cells showed PI-9 in the
cytoplasm and nucleus (upper left panel), Apaf-1 in the cyto-
plasm (upper center panel), and cytokeratin throughout the
cell (upper right panel). Treatment of cells with digitonin com-
pletely removed Apaf-1 from the cytoplasm (middle center

panel) but did not fully release PI-9 from cells, as the protein
is clearly still evident in nuclei (middle left panel). Cytokeratin
was not removed by digitonin treatment (right middle panel).
Subsequent extraction with high salt and detergent completely
removed PI-9 from nuclei (lower left panel) but did not re-
move cytokeratin from the cells (lower right panel), indicating
that PI-9 is not associated with the cytoskeleton. In situ extrac-
tion experiments on HUVECs and YT cells yielded similar
results (data not shown).

Immunoblotting analysis of digitonin-treated HUVECs, YT
cells, and BeWo cells separated into cytoplasmic (C), nuclear
(N), and remnant (R) fractions confirmed the results of the
single-cell extraction procedure (Fig. 2B). PI-9 was evident in
both the cytoplasmic and nuclear fractions of all the cell types
and was not associated with cytoskeletal material. Densitom-
etry was used to estimate the amount of nuclear PI-9 in these
cells (Fig. 2B), and the resulting values were in very good
agreement with the results of the confocal analysis (Fig. 1C).

The higher-molecular-weight species seen in both the cyto-
solic and nuclear fractions of YT cells represents PI-9 com-
plexed with graB. Complex formation is a postlysis phenome-
non, as graB is released from granules by detergents and
rapidly equilibrates between the cytosol and nucleus via an
unknown mechanism (61). We have shown previously that if
cells are broken mechanically and intact granules are separated
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FIG. 3. Nucleocytoplasmic distribution of PI-9-related ov-serpins. COS-1 cells transiently transfected with appropriate expression vectors were
grown either on glass slides for examination by indirect immunofluorescence or in dishes for cytosolic and nuclear fractionation experiments. Cells
expressing either PI-9 (A), PI-6 (B), PI-8 (C), MNEI (D), PAI-2 (E), or CrmA (F) were fixed and stained with appropriate primary antibodies and
then with FITC-conjugated secondary antibodies. In each case the images clearly show the serpin in the cytoplasm and nucleus. The distribution
of protein within cytosolic (C), nuclear (N), or remnant (R) fractions in each transfected line was determined by immunoblotting. Also shown are
the LDH and B23 controls for each experiment. CrmA-transfected cells were fractionated according to previously published methods (49), and

cytochrome ¢ (cyt) was used to monitor release of cytoplasmic protein.

from the soluble components, little or no complex is detected
in the cytosol (57). Furthermore, if whole cells are lysed rapidly
in SDS sample buffer, no complexes are observed (data not
shown).

Taken together, the above results clearly show that PI-9 has
a nucleocytoplasmic distribution in accordance with our cyto-
protective model and that the proportion of PI-9 in the nucleus
is not related to the expression level. To see if the nuclear
localization of PI-9 requires a pathway or factors peculiar to
HUVECs, YT cells, or BeWo cells, we also examined a num-
ber of other human cell lines of lymphoid or epithelial origin
(SKW6, MCF7, HeLa) that are normally PI-9 negative but
have been stably transfected with PI-9 cDNAs. In every case
PI-9 was present in both the cell cytoplasm and nucleus (data
not shown). We also expressed PI-9 in transiently transfected
COS-1 cells (Fig. 3A). Fractionation experiments and epiflu-
orescence microscopy of cells stained with rabbit anti-PI-9
antibodies showed PI-9 in both the cytoplasm and nucleus in
these cells (Fig. 3A), and the concentration of nuclear PI-9 in
transfected COS cells was similar to that of YT cells (Fn/c,
~0.5; see Fig. 6B). Thus, nuclear localization of PI-9 is unlikely
to require cell type-specific machinery.

Related ov-serpins also exhibit a nucleocytoplasmic distri-
bution. PI-9 belongs to the ov-serpin family that comprises
intracellular proteins very similar in structure and size. Two

ov-serpins (MENT and bomapin) possess conventional nuclear
import signals located in a region of the molecule known as the
interhelical loop (13, 21). PI-9 lacks this loop and has no
identifiable NLS, implying that its uptake into the nucleus
occurs via a different mechanism. To determine if this type of
nuclear accumulation is unique to PI-9, we transiently trans-
fected COS-1 cells with expression vectors encoding other ov-
serpins lacking the interhelical loop and an identifiable NLS
(PI-6, PI-8, MNEI) with an ov-serpin containing the loop but
no obvious import signal (PAI-2) and with the viral intracel-
lular serpin, CrmA. Cells were either fractionated for analysis
by immunoblotting or plated on glass slides and prepared for
examination by indirect immunofluorescence microscopy (Fig.
3). In every case, expression in the nucleus was detected by
both methods, although the cytoplasmic-to-nuclear ratio varied
from protein to protein. With the exception of PAI-2 (Fig. 3E),
there was generally good correlation between the proportion
of protein observed in the nuclei by microscopy and the
amount evident by subcellular fractionation. For PAI-2 there
appeared to be more material in the nucleus by microscopy
than was indicated by analysis of fractions. The reason for the
discrepancy is unknown but may reflect postlysis modification
in the nuclear fractions of the epitope for the PAI-2 monoclo-
nal antibody so that the protein is no longer recognized effi-
ciently. This explanation is supported by the experiments on
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FIG. 4. PI-9 is imported into the nucleus through a facilitated mechanism. COS-1 cells were transfected with expression vectors encoding
GFP-PI-9 (A), neo-PI-9 (B), GFP-PAI-2 (C), or GFP-CrmA (D), examined by indirect immunofluorescence microscopy, or fractionated into
cytosolic and nuclear components. Cells were fixed and permeabilized using acetone-methanol and then incubated with primary antibodies
(GFP-CrmA and GFP-PAI-2 were monitored using a monoclonal antibody against GFP) and the appropriate FITC-conjugated secondary
antibodies. The distribution of protein within cytosolic (C), nuclear (N), or remnant (R) fractions in each transfected line was determined by
immunoblotting with the same primary antibodies. Also shown are the LDH and B23 controls for each experiment.

the GFP-PAI-2 fusion protein (Fig. 4D) in which a different
monoclonal antibody was used (anti-GFP) and no such dis-
crepancy between the two methods was evident.

Finally, examination of primary human monocytes and me-
sothelial cells, which endogenously produce PAI-2, PI-6, and
MNEI (51 and unpublished results), showed nucleocytoplas-
mic distributions of the three proteins (data not shown). Taken
together, these results indicate that nucleocytoplasmic local-
ization is a common feature of ov-serpins.

Nuclear accumulation of PI-9 is an active process. Proteins
up to 40 to 60 kDa can pass freely through the nuclear pore
complex. However, even very small proteins with specific nu-
clear functions carry NLSs, ensuring efficient nuclear targeting.
Examination of the amino acid sequence of PI-9 and related
serpins failed to reveal known classical, bipartite, or hnRNP
A1 M9-like import signals (39). The lack of an identifiable NLS
together with its relatively small size (42 kDa) suggested that
PI-9 enters the nucleus by passive diffusion. To test this we
generated a chimeric protein (GFP-PI-9) consisting of GFP
(27 kDa) fused to the N terminus of PI-9. If PI-9 diffuses into
the nucleus and does not require a dedicated NLS, the 69-kDa
fusion protein should be excluded from the nucleus because it
is too large to move through the pores.

By microscopy the fusion protein produced in transfected
COS-1 cells was evident in both cytoplasm and nuclei (Fig.
4A). Fractionation experiments showed the 69-kDa fusion pro-
tein in the cytoplasm and nucleus, and densitometry indicated
that the same proportion of GFP-PI-9 as PI-9 is found in
nuclear fractions (approximately 20 to 30%). Pulse-chase ex-
periments of metabolically labeled cells over 5 h showed that
the fusion protein is stable and that no degradation into
smaller (potentially diffusible) fragments occurred (data not
shown).

To rule out the generation of a cryptic NLS during the
construction of GFP-PI-9, we made a similar fusion (neo-
PI-9) between the 28-kDa aminoglycoside 3’-phosphotransfer-
ase (neo) protein and PI-9. Like GFP, neo is small enough to
passively enter the nucleus, but the chimeric protein should be
too large to do so. Fractionation experiments and microscopy
revealed that neo—PI-9 also enters the nucleus (Fig. 4B). Taken
together these results suggest that although PI-9 is under the
nominal nuclear pore cutoff, it enters the nucleus in a facili-
tated process.

To determine whether facilitated nuclear import is unique to
PI-9, we also constructed similar fusion proteins consisting of
GFP linked to PAI-2, PI-6, MNEI, PI-8, or CrmA. As judged
by microscopy and fractionation of transfected COS cells, the
GFP-PAI-2 fusion protein accumulated in the nucleus as ef-
ficiently as PAI-2 alone (Fig. 4C). By contrast, the GFP-CrmA
fusion protein was essentially excluded from the nucleus (Fig.
4D), indicating that CrmA is not actively imported and that
CrmA observed in the nucleus results from diffusion only (see
Fig. 3F). Fusions between GFP and PI-6, MNEI, or PI-8
showed distributions similar to those of the parent proteins
(data not shown). These results demonstrate that PI-9 and
related ov-serpins can be imported into nuclei via a facilitated
mechanism that does not depend on a classical NLS.

Nuclear uptake of PI-9 requires cytosolic factors but not
ATP. Nuclear accumulation of PI-9 was also examined in vitro.
As shown in Fig. 5, the nuclear import properties of FITC-
labeled recombinant PI-9 were compared to those of control
molecules at the single-cell level in mechanically perforated
HTC cells (29). Addition of exogenous cytosol and an ATP-
generating system to the HTC cells is sufficient to reconstitute
nuclear transport, as shown by the uptake of the well-charac-
terized chimeric protein (T-ag—CcN—-B-Gal) which comprises a
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FIG. 5. Nuclear import kinetics of PI-9 in vitro. Uptake of FITC-
conjugated PI-9 and dextran was examined in mechanically perforated
HTC cells at room temperature in the presence (A) or absence (B) of
exogenous cytosol and/or an ATP regenerating system as indicated.
(C) CLSM images of nuclei 20 min after the addition of the indicated
components. Fn/c is the ratio of nuclear to cytoplasmic fluorescence.
Table 1 shows pooled data.

conventional NLS derived from T-Ag fused to the N terminus
of E. coli B-galactosidase (46). This protein accumulated in the
nucleus to levels over fivefold greater than those in the cyto-
plasm, with half-maximal accumulation achieved within 12 min
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(Table 1). By contrast, 70-kDa dextran was excluded from the
nucleus (Fn/c,,,, of about 0.2), while 20-kDa dextran equili-
brated between nuclear and cytoplasmic compartments but did
not accumulate in the nucleus (Fn/c,,,, of about 1). In this
system, nuclear accumulation of PI-9 in HTC cell nuclei was
observed, occurring to a maximum of 2.5 times that of the
cytoplasmic levels, with transport half maximal within 2 min
(Table 1 and Fig. 5A).

Conventional signal-mediated nuclear protein import in
vitro is dependent on energy in the form of ATP and exoge-
nous cytosol (20), the latter containing the NLS-recognizing
importin heterodimer, the monomeric guanine nucleotide-
binding protein Ran, and other interacting proteins essential
for nuclear accumulation (20). The conventional NLS-contain-
ing fusion protein T-ag-CcN-B-Gal requires both ATP and
cytosol for nuclear accumulation (see Table 1 and reference
17). By contrast, nuclear import of PI-9 required cytosol but
not ATP (Fig. 5B and Table 1).

The detergent CHAPS can be used to perforate the nuclear
envelope to enable molecules to diffuse freely between cyto-
plasm and nucleoplasm (16, 17). For example, 70-kDa dextran
is no longer excluded from nuclei after CHAPS treatment
(Table 1). In the presence of CHAPS, nuclear accumulation
can occur only through binding to nuclear components (16,
17). As demonstrated by T-ag—CcN—B-gal (Table 1), most pro-
teins containing classical nuclear import signals do not exhibit
nuclear accumulation in the presence of CHAPS; instead they
equilibrate between the nuclear and cytoplasmic compart-
ments. Likewise, in the presence of CHAPS PI-9 did not ac-
cumulate in the nucleus in either the absence or presence of
cytosol (Table 1) and is thus clearly unable to bind to nuclear
components and/or accumulate in the nucleus under these
conditions. This contrasts with graB, which accumulates in
nuclei in the presence of CHAPS by binding a nuclear com-
ponent (28). In summary, PI-9 appears to accumulate in the
nucleus through a novel nuclear import pathway which re-
quires cytosolic factors, does not require ATP, and does not
involve intranuclear binding.

Export of PI-9 from the nucleus occurs via a LMB-sensitive
pathway. PI-9 is detectable in both the nucleus and the cyto-
plasm of the cell. Since PI-9 is able to localize strongly in the
nucleus via a facilitated mechanism, it is likely that active
export of PI-9 from the nucleus to the cytoplasm occurs in
order to maintain the correct nucleocytoplasmic distribution.
Most proteins exported from the nucleus travel on a pathway
that can be blocked by the compound LMB (20). We therefore
tested the ability of LMB to inhibit the export of PI-9, as
indicated by increased nuclear accumulation of PI-9 in LMB-
treated cells. As a control for LMB activity we obtained a
plasmid encoding a mutant form of nucleolar human immu-
nodeficiency virus (HIV) Rev linked to GFP (RevMAPKK/
GFP) (24). This fusion protein also carries a strong, heterolo-
gous nuclear export signal (NES) from mitogen-activated
protein kinase kinase. Under normal conditions, in the absence
of LMB the vast majority of this protein is present in the
cytoplasm, since the rate of nuclear export directed by this
NES is far greater than that of nuclear import (24). However,
in the presence of LMB nuclear export is prevented and there
is a dramatic shift from predominantly cytoplasmic to predom-
inantly nuclear compartmentalization of RevMAPKK/GFP,
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FIG. 6. Nuclear export of PI-9 is blocked by LMB. COS-1 cells transfected with the expression vectors encoding PI-9 or RevMAPKK/GFP were
exposed to 4 ng of LMB/ml for the indicated times. Cells were prepared for visualization (A) and quantitation (B) of nuclear/cytoplasmic ratios
(Fn/c) or nucleolar/cytoplasmic ratios (Fnu/c by CLSM as described in Materials and Methods). Results are the mean = SEM, with n being the

number of cells analyzed.

with most accumulation in the nucleoli, as expected for Rev
(43).

COS-1 cells expressing PI-9 or RevMAPKK/GFP were ex-
posed to LMB for 0, 3, or 6 h and then were examined by
indirect immunofluorescence using CLSM to measure the ra-
tio of fluorescence intensities in the cytosol and nucleus at the
single-cell level (Fig. 6). As expected, RevMAPKK/GFP rap-
idly accumulated in the nucleolus, peaking at 3 h with a con-
centration 40- to 50-fold higher in the nucleolus than in the
cytoplasm. Some RevMAPKK/GFP accumulated in the nu-
cleus outside the nucleolus, and this concentration was fivefold
higher than that in the cytoplasm. Nuclear accumulation of
PI-9 was also observed, peaking at 3 h with two to three times
the concentration in the nucleus than that in the cytoplasm.
This represented a significant shift from untreated cells, which
show about twice the concentration of PI-9 in the cytoplasm as
that in the nucleus. These results clearly show that PI-9 is
actively exported from the nucleus through a mechanism de-
pendent on Crmlp (exportin).

DISCUSSION

The ov-serpins are an emerging subgroup of the serpin su-
perfamily distinguished by their largely intracellular localiza-
tion. Indeed, most of the new serpins recently identified

through whole-genome analysis of Caenorhabditis elegans and
Drosophila melanogaster have the characteristics of intracellu-
lar proteins (67 and A. Lesk, P. Bird, and J. Whisstock, un-
published results). Although 1 of the 12 human ov-serpins
(bomapin) is imported into the nucleus via a classical NLS
(13), we show here for the first time that PI-9 and at least four
related human ov-serpins (PAI-2, MNEI, PI-6, and PI-8) enter
nuclei without possessing obvious classical nuclear import sig-
nals. On the basis of the behavior of GFP fusion proteins, it is
clear that import of these serpins depends almost entirely on a
facilitated (active) pathway. This contrasts with the viral intra-
cellular serpin CrmA, which has functional similarities to PI-9
but apparently enters the nucleus entirely by diffusion. On the
basis of our results, it is reasonable to suggest that other ov-
serpins—and perhaps unrelated intracellular serpins—will ex-
hibit similar subcellular localization.

A nucleocytoplasmic distribution pattern is consistent with
the proposed cytoprotective roles of several of these serpins.
For example, it is thought that PI-9 protects cytotoxic and
bystander cells against misdirected graB, which is known to
translocate efficiently from the cytoplasm to the nucleus of
cytotoxic and target cells and to degrade cytoplasmic and nu-
clear substrates (60). Obviously, the presence of PI-9 in both
the cytoplasm and nucleus of a cell would provide efficient
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protection against graB-mediated damage. Likewise, PI-6 and
MNETI inhibit the monocyte and granulocyte granule protein-
ases, elastase, cathepsin G, and proteinase 3, and may also
protect cells against protease-directed autolysis (51, 56). These
proteinases are all small enough to enter nuclei by diffusion, so
that if introduced into the host cell cytoplasm they have the
potential to threaten viability in a manner similar to that of
misdirected graB in cytotoxic cells. Indeed, cathepsin G can
activate caspase 7 via cleavage at a noncanonical site (69) and
cleaves the nuclear protein brm (5a), suggesting it is proapo-
ptotic if released into the interior of the cell. The presence of
PI-6 and MNEI in the nucleus as well as the cytoplasm there-
fore offers the cell an additional level of protection against
misdirected granule proteinases. A similar protective role can
be invoked for two other ov-serpins, SCCA-1 and SCCA-2,
that were not investigated in this study. These proteins interact
with lysosomal and mast cell proteinases, respectively (47, 48).
Given that loss of lysosomal membrane integrity and the re-
lease of contents into the cytoplasm are known to occur under
stress (11) and that lysosomal proteinases are also small
enough to diffuse into the nucleus, it is possible that the SCCAs
will also exhibit a nucleocytoplasmic distribution.

The role of PAI-2 in cells is probably different from that of
other ov-serpins, although still cytoprotective in scope. PAI-2
protects cells against tumor necrosis factor alpha-mediated
apoptosis (15) and virus infection (4). Protection against virus
infection occurs through PAI-2-mediated induction of auto-
crine alpha and beta interferon, and it has been suggested that
PAI-2 acts on a transcription factor pathway (4). Although the
intracellular targets of PAI-2 are unknown, the presence of
PAI-2 in the nucleus is certainly consistent with a direct or
indirect impact on the transcription of cytoprotective factors.

An interesting question not addressed in our study is
whether the nucleocytoplasmic distribution of PI-9 and other
intracellular ov-serpins is regulated, in that levels of nuclear
import or export alter in response to specific signals. Clearly
different cell types show different proportions of nuclear PI-9
(compare HUVECs, YT cells, and BeWo cells), and this is not
related to the expression level of PI-9, ruling out saturation of
the nuclear import machinery. While different cells may pos-
sess different levels of key mediators of PI-9 import or export,
an alternative possibility is that the nucleocytoplasmic distri-
bution of PI-9 is actively regulated. There are several specific
mechanisms by which nuclear transport can be regulated, per-
haps the best known being cytoplasmic retention, in which a
nuclear-targeted protein is held in the cytoplasm by binding
either to an anchored structure or to a partner that sequesters
its NLS (25). Signal-mediated phosphorylation or proteolysis
then releases the protein by disrupting binding or revealing its
NLS, allowing import to occur. It remains to be seen if the
nucleocytoplasmic distribution of PI-9 and related ov-serpins
alters in response to cell activation, differentiation, stress, or
other stimuli and whether they have intracellular binding part-
ners.

The structure of the nuclear pore and the main players in the
import machinery are reasonably well understood (for reviews,
see references 1 and 20). Import of proteins carrying a classical
NLS involves the formation of a complex between the cargo,
importin-a (adapter), and importin-f. In a process requiring
energy, a G protein (Ran), Ran-binding proteins, guanine nu-
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FIG. 7. Potential Leu-rich NESs in PI-9. Shown are two sequences
on PI-9 with similarity to known NESs on Rev (18), Glel (36), Rchl
(9), and mitogen-activated protein kinase kinase (MAPKK) (24). Con-
served residues of the NES are boxed.

cleotide exchange factors, and GTPase activators the complex
docks at the nuclear pore, is translocated through it, and then
dissociates within the nucleoplasm. Several lines of evidence
suggest that alternative import routes and components are
used by proteins lacking classical import signals. For example,
importin- family members can mediate the import of ribo-
somal proteins independently of importin-a, and other Ran-
binding proteins have also been implicated in adapter-free
transport. In this study we have shown that PI-9 accumulates in
the nucleus via an atypical import pathway that requires cyto-
solic factors but not ATP, which may also hold true for other
ov-serpins. Although it lacks an apparent classical NLS, PI-9 is
imported via a facilitated process, as indicated by its ability to
mediate uptake of large fusion proteins. Preliminary evidence
suggests that PI-9 does indeed possess an NLS, but it is con-
formational, comprising a number of noncontiguous residues
(unpublished results). Like many nuclear proteins, PI-9 is ex-
ported from the nucleus via an LMB-sensitive pathway,
strongly implying that it possesses an NES and that the nuclear
export receptor Crmlp (exportin) is involved.

What is the import pathway followed by PI-9? Proteins bear-
ing a classical NLS bind to importin-a, and translocation re-
quires ATP in vitro (1, 20). Since PI-9 lacks a classical NLS, it
may not bind importin-a. This is supported by preliminary
experiments using established assays in which PI-9 failed to
bind to mouse importin-a2 in either the presence or absence of
importin-B (unpublished results). However, this conclusion
should be qualified by noting that importin-a now appears to
be a member of a larger family of proteins with similar func-
tions and that there is some diversity in the sequence of signals
recognized by importin-a (reviewed in references 1 and 55).
Hence, the formal possibility that the PI-9 NLS binds a differ-
ent importin-a family member cannot be excluded, but it is
more likely that PI-9 is imported in a process that does not
require importin-a. Perhaps it binds an importin-g family
member directly, as is the case for import of ribosomal proteins
and certain transcription factors (20, 42, 55).

PI-9 nuclear import is clearly distinguishable from conven-
tional import on the basis of its ATP independence in vitro.
This nonconventional mechanism is probably not unique or
restricted to particular cell types, because nuclear import of
PI-9 and related ov-serpins occurs in epithelial, lymphoid, and
fibroblast lines. PI-9 does not accumulate in the nucleus in the
presence of CHAPS, so its lower energy requirement for trans-
location is not due to retention or anchorage in the nucleus, as



5406 BIRD ET AL.

is the case for the unconventional import of nucleoplasmin,
granzymes A and B, and HIV Vpr and Tat (16, 28, 32, 52, 64).
Further distinctions between the nonconventional import
pathways utilized by the latter proteins and that utilized by PI-9
are that import of HIV Vpr does not require cytosolic factors,
such as Ran or importins (32), while the import of Tat requires
ATP hydrolysis but not cytosolic factors (16).

PI-9 apparently exits the nucleus via a conventional process.
Its sensitivity to LMB indicates that egress depends on the
factor Crm1p (exportin), which conventionally recognizes Leu-
rich NESs (reviewed in reference 20). Studies on a number of
exported proteins have led to the definition of a consensus
NES, which comprises LeuXxx; 3 LeuXxx, 3 LeuXxxLeu, but
not all sequences conforming to the consensus are functional,
and avid interaction with Crm1p can occur in the absence of a
consensus sequence (20, 24). As shown in Fig. 7, PI-9 has at
least two sequences matching the consensus NES motif. How-
ever, the large number of available serpin crystal structures
(66) and the overall sequence similarity between serpins have
allowed us to build a model of PI-9 with a high degree of
certainty based on the crystal structure of the related serpin,
antithrombin (J. Whisstock and P. Bird, unpublished results).
This clearly shows that both sequences are buried within the
body of the molecule and would not be available for a protein-
protein interaction unless PI-9 is unfolded. As there is no
evidence at present that nuclear export requires unfolding of
the passenger protein, this burying of a potential NES may
explain why some sequences that match the consensus motif
are not functional. We suggest that export of PI-9 either in-
volves a linear NES that does not resemble the proposed con-
sensus sequence or involves a conformational rather than lin-
ear NES. Alternatively, PI-9 may lack an NES altogether but
can exit the nucleus by binding to a protein that possesses a
classical NES.
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