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Abstract Conditional on perforin-dependent delivery to the nucleus of target cells, the cytolytic granule serine
protease granzyme B (GrB) plays a central role in eliciting the nuclear events of apoptosis, as shown by the fact that
reducing GrB nuclear entry prevents nuclear apoptosis. Apart from a requirement for cytosolic factors and lack of
dependence on the guanine-nucleotide-binding protein Ran, little is known regarding the nuclear import pathway ofGrB.
In this study we use quantitative yeast two-hybrid and direct binding assays to show that GrB can be recognized
independently by either of the nuclear import receptor family members importin (IMP) a and b1, but that these proteins
either alone or in combination cannot replace exogenous cytosol to reconstitute GrB nuclear import in vitro. Whereas
antibodies to IMPa inhibit transport, indicating that IMPa is required for GrB nuclear import, those to IMPb enhance
transport, implying that IMPb inhibits GrB nuclear import; consistent with this, the addition of recombinant IMPb but not
IMPa reduces maximal nuclear accumulation in the presence of cytosol. Intriguingly, complexation of GrB with its
specific serpin inhibitor PI-9 was found to prevent recognition by IMPb but not by IMPa, and eliminate the apparent
requirement for IMPa for nuclear import.We conclude that GrB nuclear import exhibits complex regulation by IMPs; that
heterodimerization with PI-9 can modulate the interaction has implications for protection against apoptosis. J. Cell.
Biochem. 95: 598–610, 2005. � 2005 Wiley-Liss, Inc.
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The flux of proteins and other molecules
between nucleus and cytoplasm through the
nuclear envelope-localized nuclear pore com-
plexes (NPCs) is tightly controlled, with a
nuclear localization signal (NLS) essential for
the nuclear entry of most proteins >50 kDa

[Jans et al., 2000a]. Conventionally, NLS-
containing proteins such as the simian virus
SV40 large tumor antigen (T-ag) [Hübner et al.,
1997], the tumor suppressing retinoblastoma
protein (Rb) [Efthymiadis et al., 1997], and
inducible transcription factors (TFs) [Sekimoto
et al., 1997;Briggs et al., 1998] are recognized by
the cytosolic heterodimer of the importin a
(IMPa) and b (IMPb) subunits [Görlich et al.,
1995; Imamoto et al., 1995; Rexach and Blobel,
1995]. Other proteins such as constitutively
nuclear TFs of the AP-1 [Forwood et al., 2001b]
and SRY/SOX [Preiss et al., 2001; Forwood et al.,
2001a; Harley et al., 2003] families are recog-
nized directly by IMPb (IMPb1), whilst IMPa
alone has been reported to be able to transport
molecules through the NPC independent
of IMPb1 in certain experimental systems
[Hübner et al., 1999; Miyamoto et al., 2002]. A
key factor synergising with IMPs to mediate
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nuclear import is the monomeric guanine-
nucleotide-binding protein Ran, which in acti-
vated GTP-bound state binds IMPb to effect
release within the nucleus [Moore and Blobel,
1993; Izaurralde et al., 1997].Ran-independent,
IMPb1-dependent nuclear import of the cyclin
B1–Cdc2 complex has been reported [Takizawa
et al., 1999], however, as well as import path-
ways independent of both IMPs and Ran for b-
catenin [Yokoya et al., 1999], protein kinase C
[Schmalz et al., 1998], and the human immu-
nodeficiency virus HIV-1 Tat transactivator
[Efthymiadis et al., 1998], and Vpr regulatory
[Jenkins et al., 1998; Jans et al., 2000b]
proteins.
Recognition by IMPs does not always lead to

nuclear import, as has been shown in a number
of instances [Jaekel and Görlich, 1998; Jaekel
et al., 1999; Lam et al., 1999; Shakulov et al.,
2000; Forwood and Jans, 2002], implying that
IMPs have roles in the cell additional to those in
facilitating nuclear transport; in this case, the
formation of ‘‘non-productive’’ transport com-
plexes can inhibit nuclear import. Additional
to roles in positively or negatively regulating
nuclear transport, a chaperone role for IMPs in
preventing the aggregation in the cytoplasm of
proteins with highly charged domains such as
NLSs has recently been proposed [Jaekel et al.,
2002].
The cytolytic granule serine protease gran-

zyme B (GrB) plays an important role in the
nucleus during cytolytic granule-mediated
apoptosis by cleaving a number of nuclear pro-
teins. This is central to bringing about the
nuclear changes characteristic of apoptosis
[Andrade et al., 1998; Trapani et al., 1998a,b;
Blink et al., 1999; Jans et al., 1999]; blocking
GrB nuclear import through different ap-
proaches prevents nuclear apoptosis [Trapani
et al., 1998a; Jans et al., 1999]. In intact target
cells, GrB nuclear delivery is dependent on the
membrane-acting granule component perforin
[Jans et al., 1996, 1998, 1999; Trapani et al.,
1998a; Browne et al., 1999], whilst nuclear/
nucleolar accumulation of cytoplasmic GrB in
the absence of perforin has been observed in
microinjected cells [Blink et al., 1999], and
reconstituted in vitro [Jans et al., 1996, 1998].
The specificity of granzyme nuclear import in
the apoptotic process is implied by the fact that
the apoptotic caspase CPP32 does not accumu-
late in the nucleus either in vitro [Jans et al.,
1998], or in vivo during apoptosis [Krajewski

et al., 1997; Liu et al., 1997]; the non-granzyme
serine protease chymotrypsin also does not
accumulate in the nucleus in vitro [Trapani
et al., 1996]. The presence of sequences within
GrB (e.g., RKAKRTR102 and KSKAKRTR98

from human and mouse, respectively) which
resemble the T-agNLS (PKKKRKV132) and the
requirement for cytosol to mediate GrB nuclear
import in in vitro nuclear transport assays has
led to the hypothesis that soluble factors such as
IMPsmay recognizeGrBandmediate its import
into the nucleus [Jans et al., 1996]. GrB nuclear
import, however, has been shown to be inde-
pendent of ATP hydrolysis, and not inhibited by
non-hydrolysableGTPanalogs, implying lack of
dependence on Ran, and suggesting that GrB
nuclear import occurs through a novel pathway
[Jans et al., 1996, 1998; Trapani et al., 1996].

The GrB specific inhibitor PI-9 is a novel
intracellular serpin able to bind irreversibly to
GrB and inhibit its proteolytic activity [Sun
et al., 1996; Bird et al., 1998]. It is expressed in
cytolytic granule-containing lymphocytes and
natural killer cells presumably as a mechanism
to protect them from GrB; when expressed in
transfected breast cancer cells, PI-9 can protect
against apoptosis induced by GrB and perforin
[Bird et al., 1998]. Recent studies indicate that
PI-9 itself can localize in the nucleus, appar-
ently through a pathway ostensibly similar to
that of GrB in that nuclear import requires
cytosolic factors, but not ATP hydrolysis [Bird
et al., 2001]. Importantly,PI-9 alsohasanactive
nuclear export mechanism mediated by the
exportin Crm1p [Bird et al., 2001; Rodriguez
et al., 2003]. Thus, it is not inconceivable that
PI-9’s protective role against apoptosis may
involve export of GrB from the nucleus, where it
is required for nuclear apoptosis [Trapani et al.,
1998a; Jans et al., 1999].

The present study investigates the basis of
the cytosolic dependence of GrB nuclear import
by testing for recognition of GrB by the conven-
tional NLS-binding IMPa and IMPb subunits,
as well as the influence of PI-9 on this inter-
action. We show that GrB can be recognized
independently by either IMP, but although
IMPa appears to bind with higher efficiency
and be required for nuclear import, IMPb in-
hibits transport. That complexation with PI-9
canmodulate the interactions is consistentwith
the possibility that PI-9 may have a role in the
regulation of GrB subcellular localization [see
Bird et al., 2001].
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MATERIALS AND METHODS

Yeast Two-Hybrid Analysis

Yeast transformation/cotransformation of
strain PJ69-4A was carried out as previously
[Browne et al., 2000; Johansson et al., 2001;
Henderson et al., 2002]. A plasmid encoding
proteolytically inactive GrB (Ser183 to Ala
substitution) in plasmid pAS2.1 (GAL4 DNA-
binding domain—DBD-vector) [Browne et al.,
2000] was used in conjunction with plasmids
encoding human IMPa isoforms in the
pGAD424 (GAL4 activation domain—AD-vec-
tor), obtained from Takemi Enomoto—[Seki
et al., 1997]. The IMPb1 amino acids 262–847
(GAL4 DBD vector) construct has been
described previously [Johansson et al., 2001];
it encodes an IMPb formunable tobindRan, and
hence unable to be dissociated from its import
substrates [Herold et al., 1998]. For some
experiments, the NLS-binding protein BRAP2
inserted into the pAS2.1 vector [Li et al., 1998],
provided by Shang Li, was used. Quantitative
analysis of a-galactosidase (Mel1) activity,
under control of a GAL4-responsive promoter,
as an indication of interaction betweenGrB and
IMPs was performed by analyzing five indepen-
dently derived clones, after overnight growth
in minimal medium, to an OD at 600 nm of 0.5–
1.0 at 308C in YPD (yeast extract/peptone/
dextrose) medium. 2.5 ml of culture were then
routinely taken, centrifuged, resuspended in
1 ml of 0.1M sodium phosphate buffer (pH 6.0),
the OD at 600 nm reassessed to ensure all
cultureswere identical in terms of cell numbers,
and then 0.25 ml aliquots freeze-thawed three
times. Seventy-fivemicroliter of cell extractwas
analyzed in triplicate in a final volume of 200 ml
containing 3.125 mM of the non-fluorescent
substrate 4-methylumbelliferyl a-D-galactopyr-
anoside (Glycosynth, Cheshire, UK) in micro-
titerplates. Production of the fluorescent
product 4-methylumbelliferone (4-MB; Sigma-
Aldrich Co., St. Louis, MI) was followed over
time at 308C using a CytoFluor II Fluorescent
Multi-well Plate Reader (PerSeptive Biosys-
tems, Framingham, MA) with excitation at
360 nm and emission at 460 nm. After 60–
90 min, 100 ml of 0.25M Na-borate (pH 9.8) was
added to stop the reaction and amplify the
fluorescent signal due to 4-MB. 4-MB was
estimated using a standard curve (0–8 nmol)
of 4-MB (Sigma Chem. Co.) pipetted onto each
microtiter plate, with correction for emission

values at 0 min, and results calculated relative
to the clone carrying the GrB-GAL4 DBD
plasmid alone.

Protein Expression

HumanGrBwas prepared by immunoaffinity
chromatography, and labeled with fluorescein
isothiocyanate, as previously [Trapani et al.,
1996, 1998b]. RecombinantPI-9 and themutant
derivative ITR, which contains a threonine to
arginine substitution at position 327 and is
thereby unable to bind GrB, were prepared as
described [Bird et al., 1998]. The mouse IMPa
and IMPb subunits [Imamoto et al., 1995] were
prepared as bacterially expressed glutathione-
S-transferase (GST) fusion proteins as pre-
viously [Efthymiadis et al., 1997; Hübner et al.,
1997].

Cell Culture

Cells of the HTC rat hepatoma line were
cultured at 378C in a humidified incubator
(Forma Scientific) with a 5% CO2 atmosphere
in DMEM medium supplemented with 10%
fetal calf serum [Efthymiadis et al., 1997;Briggs
et al., 1998].

Importin Binding Studies

The ability of mouse IMPs to bind to GrB was
assessed by dot and ligand Western blot ap-
proaches [Hübner et al., 1997]. As previously,
bound IMPs were visualized using a goat anti-
GST-specific antibody (Amersham Pharma-
cia Biotech, Buckinghamshire, UK), alkaline
phosphatase-conjugated rabbit anti-goat IgG
secondary antibody (Sigma-Aldrich Co.), and
nitro blue tetrazolium/bromo chloroindolyl
phosphate (Promega Co., Madison, WI). NLS-
containing controls included T-ag- and Rb-b-
galactosidase fusion proteins (T-ag-NLS-b-Gal
andRb-Bip-NLS-b-Gal, respectively [Efthymia-
dis et al., 1997; Hübner et al., 1997]), and the
human TF fos [Forwood et al., 2001b]. In the
case of Western blotting experiments, parallel
electrophoretic gels were silver stained accord-
ing to Sambrook et al. [1989].

GrB/PI-9 Complexation

GrB and PI-9 (or ITR as a negative control)
were complexed bymixing at amolar ratio of 2:1
and incubating for 30 min at 378C [Bird et al.,
1998]; the complex is stable during SDS gel
electrophoresis.
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Nuclear Transport

Analysis of nuclear import kinetics in vitro
at the single cell level using mechanically
perforated HTC cells in conjunction with con-
focal laser scanning microscopy (CLSM—
Bio-RAD Labs MRC-600, Hercules, CA) was
performed as previously [Jans et al., 1996;
Trapani et al., 1996; Efthymiadis et al., 1997].
NLS-dependent nuclear protein import can be
reconstituted in this system through the addi-
tion of cytosolic extract (untreated reticulocyte
lysate), an ATP regenerating system (creatine
kinase/creatine-phosphate/ATP), and transport
substrate [Jans et al., 1996]. In experiments
where the ability of 1 mM purified recombinant
IMPs [Hu and Jans, 1999] to replace cytosol was
tested, the latter was substituted with bovine
serum albumin (BSA). Where anti-IMPa and
IMPb antibodies (Santa Cruz Biotechnologies,
Inc.) were used to neutralize IMP function,
preincubation with cytosol wasmade for 15min
at RT [Hübner et al., 1999; Forwood et al.,
2001a,b]. These antibodies have been used
previously in the system to block IMPa- or
IMPb-dependent nuclear protein import
[Hübner et al., 1999; Forwood et al., 2001a,b],
Western blots of reticulocyte lysate using the
anti-IMPb antibody indicating a single 97 kDa
band, and blots using the anti-IMPa antibody
indicating 58/60 kDa bands [Wei Hu, 2002,
Ph.D. thesis, Australian National Univer-
sity]. Image analysis of CLSM files, using the
Macintosh NIH Image 1.60 public domain soft-
ware, and curve fitting was performed as pre-
viously [Jans et al., 1996; Hu and Jans, 1999].

RESULTS

Grb Interacts With IMPa or IMPb as Shown
Using the Yeast Two-Hybrid System

We had previously established that despite
being independent of Ran and ATP hydrolysis,
GrB nuclear import in vitro requires cytosolic
factors [Jans et al., 1996, 1998]. Since GrB con-
tains conventional NLS-like sequences (see
above), we decided to assess whether the basis
of the cytosolic dependence of GrB nuclear
import may relate to GrBs ability to be recog-
nized by IMPs. We initially assessed GrB
interaction with IMPs in vivo using the GAL4
yeast two-hybrid (Y2H) system, which has
previously been used to examine IMPa interac-
tionwith conventionalNLS-containingproteins

[Seki et al., 1997; Herold et al., 1998; Li et al.,
1998; Browne et al., 2000; Johansson et al.,
2001; Henderson et al., 2002]. In particular, we
took a quantitative approach by measuring
expression of the GAL4-controlled-a-galactosi-
dase (Mel1) enzyme to compare interaction
strengths. We found that GrB (GAL4 DBD
fusion protein) was able to interact with either
IMPa or IMPb (GAL4 AD fusion proteins) as
indicated in time course (Fig. 1A), and end point
(Fig. 1B) assays where the fluorescent signal
indicative of substrate production was ampli-
fied using a stop reaction (see ‘‘Materials and
Methods’’). The former indicated that all three
IMPa isoformsassayed (IMPa1 [Rch1], -3 [Qip1],
and -5 [Srp1]) interacted strongly with GrB, a-
galactosidase activity being significantly higher
than that shown by yeast carrying the indivi-
dual GrB or IMPa plasmids alone (Fig. 1A).
Specificity of the interaction was implied by the
fact that the NLS-binding protein BRAP2,
initially isolated as being able to recognize the
NLSs of BRCA1 [Li et al., 1998], did not interact
with GrB. These results were supported by
steady state assays, which indicated c. 3-fold
higher induction levels of a-galactosidase activ-
ity in GrB-IMPa-expressing yeast clones (n¼ 5)
relative to those expressing GrB (GAL4 DBD
fusion protein) alone (Fig. 1Bi), and comparable
levels in GrB-IMPb1-expressing yeast clones
(Fig. 1Bii). Thus, GrB can be recognized inde-
pendently by different IMPa isoforms as well as
IMPb1.

GrB is Recognized by the IMPa/b Heterodimer

To confirm the Y2H results, direct binding of
IMP to GrB was tested, initially using a dot blot
approach [Hübner et al., 1997] with b-galacto-
sidase (b-Gal) fusion proteins as controls. The
latter included T-ag-NLS-b-Gal, which contains
the conventional T-ag NLS, and Rb-Bip-NLS-b-
Gal, containing the bipartite NLS of Rb, both of
which are recognized by IMPa/b [Efthymiadis
et al., 1997]; b-Gal was employed as a negative
control. GrB showed strong recognition by the
IMPa/b heterodimer, comparable to that of T-
ag-NLS-b-Gal (Fig. 2A), but in stark contrast to
the lack of binding observed for b-Gal.

Similar results were obtained using the
Western ligand blot technique [Hübner et al.,
1997] where granzymes were electrophoresed
(silver staining results shown in Fig. 2B) prior
to transfer to nitrocellulose, and subsequent
blotting with IMPa/b (Fig. 2C). The results
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Fig. 1. Recognition of GrB by importins as demonstrated using
quantitative yeast two-hybrid analysis. Yeast clones carrying the
plasmids indicated (GrB in GAL4 DBD fusion protein vector
pAS2.1, and/or IMPs [Seki et al., 1997; Herold et al., 1998] and
BRAP2 [Li et al., 1998] in GAL4 AD fusion protein vector
pGAD424) as indicated were cultured and assayed for reporter
gene (a-galactosidase) expression as described in ‘‘Materials and

Methods.’’ Results are shown either for a 60 min time course
performed in triplicate (where the SEM was not>16% the value
of the mean) (A); and the mean (SE indicated, n¼ 5) (B) for end
point results expressed in terms of fold-induction relative to yeast
expressing GrB-GAL4-DBD alone from experiments on two
different days (i and ii), where the fluorescent signal was
amplified using a stop reaction (see ‘‘Materials and Methods’’).
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(Fig. 2A,C) confirmed that GrB was recognized
by IMPa/b, to an extent completely comparable
to that of the NLS-containing-human TFs such
as the cAMP-response-element binding protein
CREB (data not shown) [Forwood et al., 2001b].

Complexation With PI-9 Reduces
Recognition of GrB by IMPs

Like GrB, the specific GrB inhibitor PI-9 ap-
pears to be able to localize in the nucleus [Bird

et al., 2001], which may relate to its role in
protecting against cytolytic granule-mediated
nuclear apoptosis. The effect of precomplexa-
tion with PI-9 (the c. 70 kDa GrB–PI-9 complex
is evident in the right-most lane of Fig. 2B) on
the interaction of GrB with IMPs was also
assessed using dot (not shown) and Western
ligand blot approaches. A mutant PI-9 deriva-
tive—ITR [Bird et al., 1998], which is unable to
bind GrB (evident in the fifth lane of the gel in
Fig. 2B)—was used as a negative control.
Binding of the IMPa/b heterodimer to the GrB/
PI-9 complex was evident (the rightmost lane of
Fig. 2C), but the extent of binding to the complex
was reduced compared to that seen for GrB
alone. This implied that PI-9 might either mask
an NLS within GrB, or alter its conformation
such that IMPa/b could no longer bind. Impor-
tantly, when incubated with ITR, no reduction
in IMPa/b binding to GrB was observed
(Fig. 2C), implying that the results for PI-9
masking of GrB recognition by IMPs were
specific. Neither PI-9 nor ITR was recognized
to a significant extent by IMPa/b (Fig. 2B and
not shown).

IMPa and IMPb Recognize GrB
Independently With Lack of Binding
of IMPb to the GrB/PI-9 Complex

There are a number of pathways distinct
from the conventional IMPa/b-mediated nu-
clear import pathway which involves direct
recognition of the import cargo by IMPb1
[Tiganis et al., 1997; Chan et al., 1998; Hübner
et al., 1999; Lam et al., 1999; Preiss et al., 2001;
Forwood and Jans, 2002;Harley et al., 2003]. To
assess if recognition of GrB by the IMPa/b
heterodimer was via IMPa or IMPb, Western
ligand blots were carried out as above using
either IMPa or IMPb alone (Fig. 3BC), with
IMPa/b as a control (Fig. 3A). Results indicated
that GrB could be recognized by either subunit
to an extent comparable to binding to control
molecules such as CREB [Forwood et al.,
2001b], and in contrast to negative controls
such as b-Gal (not shown). IMPa exhibited the
strongest binding, and was also clearly able to
recognize the GrB/PI-9 complex (indicated by
the arrow; Fig. 3B), but binding to the GrB/PI-9
complex by IMPb was negligible (Fig. 3C). The
amount of binding of either IMP subunit to GrB
was reduced compared to that for IMPa/b
(Fig. 3A), the expected result if both subunits
were able to bind toGrB. The reduced binding in

Fig. 2. Recognition of GrB by IMPs and modulation by PI-9 as
demonstrated using dot blot (A) and Western blot (B) analysis.
A: GrB (16 or 64 pmol, as indicated) was spotted onto nitro-
cellulose, togetherwith thepositive controls T-ag-NLS-b-Gal and
Rb-Bip-NLS-b-Gal, which contain conventional NLSs, and the
negative control b-Gal (all 16 pmol). Hybridization with IMPa-
GST/IMPb-GST was then performed as described in ‘‘Materials
andMethods,’’ with visualization performed using anti-GST and
alkaline phosphatase-linked anti-goat antibodies [Hübner et al.,
1997]. B andC: GrB (16 pmol) was pre-incubatedwith inhibitors
PI-9 and ITR in a 1:2 ratio prior to running on parallel SDS–PAGE
gels, one of which was subsequently silver stained (B), and the
other (C) transferred to nitrocellulose and hybridized with IMPa/
b and bound IMPs detected [Hübner et al., 1997] as for (A). In (B)
and (C), the molecular weights of the standards (leftmost lane;
BenchmarkTM protein ladder from GIBCO Invitrogen Co.,
Carlsbad, CA) are shown on the left, with the positions of GrB,
PI-9, and the GrB/PI-9 complex indicated on the right.
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the presence of precomplexed PI-9 (Figs. 2C
and 3A) was presumably due to the fact that the
GrB/PI-9 complex is not recognized by IMPb
(Fig. 3C).

Nuclear Import of GrB is Dependent on
IMPa but Inhibited by IMPb; Effect of PI-9

The above results suggested that IMPa and
IMPb may play a role in GrB nuclear import,
with PI-9 able to modulate this. We accordingly
set out to testwhether IMPs andPI-9may affect
GrB nuclear import in vitro using several ap-
proaches. In the first set of experiments, we
employed antibodies specific for IMPa and
IMPb previously shown to inhibit nuclear
import of the conventional IMPa/b-recognized
NLS-containing T-ag-NLS-b-Gal fusion pro-
tein, as well as the IMPb-recognized SRY and
CREB proteins, in the case of the anti-IMPb
antibody [Hübner et al., 1999; Forwood et al.,
2001a,b]. We found that antibodies specific for
IMPa inhibited GrBmaximal nuclear import in
the presence of cytosol by about 50% (P< 0.047;
Fig. 4A, Fig. 4B left panel), whereas those
specific for IMPb enhanced transport signifi-
cantly (P< 0.014; Fig. 4B left panel, see Fig. 5A
for pooled data). The rate of GrB nuclear im-
port (t1/2 of 0.97� 0.12 min) was markedly
higher than that for Rb-NLS-b-Gal (t1/2 of
5.7� 1.1 min), and was not significantly chan-
ged in the presence of the antibodies. Results for
the control molecules Rb-NLS-b-Gal (Fig. 4A
and 4B right panel; see Fig. 5C for pooled data)
and T-ag-NLS-b-Gal (not shown) indicated
inhibition by both antibodies. Identical experi-
ments performedusing antibodies toPI-9 (orPI-
6 as a control) indicated no significant effect on
GrB nuclear accumulation (Fig. 5D), or on that
of control molecules (not shown). The clear
implication of these experimentswas that IMPa
was required for GrB nuclear import, whereas
IMPb inhibited nuclear import.

Antibody additions to cytosol were also made
to assess the nuclear import of precomplexed
GrB/PI-9, with results differing from those ob-
served in the absence of PI-9. Complexation
with PI-9 per se did not appear to inhibit GrB
nuclear import, but rather slightly enhanced

Fig. 3. Independent binding of IMPa and IMPb to GrB and
modulation by PI-9.Western ligand blot analysis was carried out
as described in the legend to Figure 2C, for IMPa-GST/IMPb-GST
(A), IMPa-GST (B), and IMPb-GST (C). Thewhite arrows indicate
the position of the GrB/PI-9 complex.
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nuclear accumulation, whereby not only the
maximal nuclear accumulation (Fig. 4B, central
panel; see Fig. 5B for pooled data), but also the
rate of nuclear import (t1/2 of 0.45� 0.11 in the
presence of PI-9) was increased. The effect of
antibody additions on the nuclear import of
PI-9-complexed GrB transport was minimal
(Figs. 4B and 5B). No reduction (but rather a
slight increase) in the maximal level of nuclear
accumulation by anti-IMPa antibodies was
observed, implying that the GrB/PI-9 complex
does not absolutely require IMPa for nuclear
import. In addition, no significant increase in
Fn/cmax was evident in response to the addition
of anti-IMPbantibodies,whichwas attributable
to the fact that PI-9 prevents IMPb binding to
GrB (see Fig. 3B), and thereby IMPb-mediated
inhibition ofGrBnuclear import. In considering
all of these experiments, it should be remem-
bered that the GrB-PI-9 complexation was not
complete (see Fig. 2B) [Trapani et al., 1998a], so
that the quantitative differences observed in
the presence of PI-9 compared to in its absence
almost certainly represent an underestimation
of the overall effects.

The above experiments were broadened by
testing the effect on GrB nuclear import of ad-
ding recombinant IMPs to cytosol (Fig. 6). Con-
sistent with the above results, the addition of
IMPb was found to inhibit nuclear accumula-
tion by about 50% (Fig. 6B, left panel), whereas
IMPa and the IMPa/b heterodimer did not have
a marked effect. To test whether IMPs alone
could replace cytosol in terms of mediating GrB
nuclear import, analogous experiments were
performed in the absence of cytosol (Fig. 6B,
right panel). IMPa, IMPb, and the IMPa/b
enhanced GrB nuclear import weakly above
that in their absence; this was maximally, how-
ever, only about 50% the level of accumulation
observed in the presence of exogenous cytosol.
Thus, although IMPa appears to be required for

GrB nuclear import, it alone, or in combination
with IMPb cannot replace the cytosolic require-
ment for GrB nuclear import, implying that
additional cytosolic factors are required.

DISCUSSION

The present study builds on our demonstra-
tion [Jans et al., 1996, 1998] that GrB accumu-
lates in the nucleus through a novel pathway
that is independent of ATP hydrolysis or Ran,
but dependent on cytosolic factor(s). Since Ran
had been established not to be involved in the
pathway, it had been assumed that IMPs are
probably not the basis of the cytosolic depen-
dence of GrB nuclear import. The results here,
however, clearly indicate that GrB can be
recognized independently by the NLS receptor
subunits IMPaand IMPbas shownusing in vivo
and in vitro assays as well as the IMPa/b
heterodimer primarily through IMPa. Further,
antibodies to IMPa inhibit GrB nuclear import,
whilst those to IMPb enhance import. These
findings imply that the cytosolic dependence of
GrB nuclear import may in part be due to a
requirement for IMPa, and that, additionally,
IMPb may have an inhibitory role in the path-
way. The latter is also supported by the fact that
the addition of IMPb to cytosol reduces GrB
nuclear accumulation (Fig. 6), presumably by
competing for IMPa. Conventional NLS-depen-
dent nuclear protein import relies on the IMPa/
b heterodimer together with Ran to mediate
transport substrate recognition, docking at the
NPC, energy-dependent translocation through
the NPC, and ultimately release within the
nucleus, so that it seems clear thatGrB does not
follow this pathway to the nucleus [see Jans
et al., 1996]. Although IMPa would appear to
be required, the fact that IMPa alone cannot
replace cytosol to effect GrB nuclear accumula-
tion in vitro (Fig. 6) indicates that other factor(s)

Fig. 4. (Overleaf ) Effect on nuclear import of GrB, with or
without precomplexed PI-9, or an NLS-containing control
molecule, of antibodies to IMPs. A: Visualization of nuclear
import of fluorescently labeled GrB or the NLS-containing
control Rb-NLS-b-Gal using CLSM in mechanically perforated
HTC cells in the presence of an ATP regenerating system and
exogenous cytosol after 15 min, in the absence or presence of
anti-IMPa antibodies. B: Nuclear import kinetics of GrB in the
absence (left panel) or presence (middle panel) of precomplexed
PI-9 (‘‘Materials and Methods’’), and Rb-NLS-b-Gal (right panel)
in vitro, as determined using quantitative CLSM in mechanically
perforated HTC cells in the presence of an ATP regenerating
system and exogenous cytosol, in the absence or presence of the

indicated antibodies. Measurements, performed as described in
‘‘Materials andMethods’’ [Efthymiadis et al., 1997;Hübner et al.,
1997; Trapani et al., 1998a,b;Bird et al., 2001], represent a single
typical experiment (pooled data shown in Fig. 5), where each
point represents the average of 4–8 separatemeasurements (SEM
<11.2% the value of the mean) for each of nuclear (Fn) and
cytoplasmic (Fc) fluorescence, respectively, with autofluores-
cence subtracted. Data were fitted for the function Fn/c(t)¼ Fn/
cmax� (1� e�kt), where t is time in minutes, Fn/cmax is the
maximal level of nuclear accumulation, and k is the first order
rate constant [Efthymiadis et al., 1997; Lamet al., 1999].Noadd.,
no addition.

606 Blink et al.



are required, probably to mediate translocation
through the NPC [Jans et al., 1996]. Interest-
ingly, an IMPb-independent pathwaymediated
by IMPa, which like IMPb is known to bind to
specific nucleoporins at the NPC [Belanger
et al., 1994; Aitchison et al., 1996], has been
described for IMPa from the plant Arabidopsis
thalania [Hübner et al., 1999]. The latter, in
fact, appears to be able tomediate translocation
through theNPC independent of IMPb, possibly
through NLS-dependent microtubule associa-
tion [see Smith and Raikhel, 1999; Lam et al.,
2002] and/or direct association with nucleopor-
ins [Belanger et al., 1994; Aitchison et al.,
1996; Smith and Raikhel, 1999; Matsuura
et al., 2003], while IMPb- and Ran-independent
nuclear translocation of IMPa from mouse
and yeast has more recently been reported
[Miyamoto et al., 2002]. Finally, that IMP-
dependent nuclear protein import can be Ran-

independent has been shown for the cyclin B1–
Cdc2 complex [Takizawa et al., 1999]. Clearly,
the breadth of the diversity of IMP- and Ran-
dependent and -independent pathways appears
not yet to be exhausted; exactly how these
observations relate to the nuclear import path-
way for GrB nuclear import is unclear at this
stage.

The results here indicating that IMPb can act
as an inhibitor ofGrBnuclear import (and IMPa
as a possible inhibitor of GrB–PI-9 complex
nuclear import—see Fig. 5B) may relate to
reports [Jaekel and Görlich, 1998; Jaekel
et al., 1999] that the recognition of nuclear im-
port substrates such as ribosomal proteins
rpL23a and histone HI by IMPa/b can be ‘‘non-
productive’’ in terms of not leading to nuclear
import [see also Lam et al., 1999]. Thus, high
affinity complexation of IMPs with a potential
nuclear import substrate may not lead to

Fig. 5. Effect on nuclear import of GrB, with or without
precomplexed PI-9, and an NLS-containing control molecule, of
antibodies to IMPs and PI-9. Nuclear import kinetic measure-
ments were performed, and data fitted as described in the legend
to Figure4B. Results are shown for themeanvalues� SEM (n> 2)
for the level of maximal nuclear accumulation (Fn/cmax). No
add., no addition.

Fig. 6. Effect on nuclear import of GrB of the addition of IMPs
in the absence or presence of exogenous cytosol as indicated.
A: Visualization of nuclear import of fluorescently labeledGrB in
the presence of an ATP regenerating system and exogenous
cytosol after 15 min, in the absence or presence of recombinant
IMPbwithout (top panels) or with (bottom panels) precomplexa-
tion with PI-9. B: Nuclear import kinetic measurements were
performed, anddata fitted as described in the legend to Figure4B.
Results are shown for the mean values� SEM (n> 2) for the level
of maximal nuclear accumulation (Fn/cmax). No add., no
addition.
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nuclear translocation, but rather to the inhibi-
tion of nuclear import, as observed here for
IMPb and GrB. Analogously, IMPa inhibits
IMPb-specific binding to transport substrates
suchasPTHrP,GAL4, and the telomerebinding
factor TRF1 [Chan et al., 1998; Lam et al., 1999;
Forwood and Jans, 2002]. The physiological
significance of this should not be underesti-
mated in the whole-cell context of competing
transport receptors of the IMP family and
nuclear targeting signals [Jaekel and Görlich,
1998; Jaekel et al., 1999; Jans et al., 2000a],
although exactly how this may relate to the
regulation of GrB nuclear import and its role in
nuclear apoptosis requires further experimen-
tation. Of relevance in this context are recent
observations that IMPs may play chaperone-
type roles in the cytoplasm, additional to or as a
prelude to their role in nuclear transport, to
bind and keep disaggregated proteins con-
taining highly charged sequences (e.g., NLSs)
[Jaekel et al., 2002]. Clearly, the cellular roles
of IMPs, and IMPa in particular, extend
beyond those specifically in nuclear protein
import [see also Jaekel and Görlich, 1998;
Hübner et al., 1999; Jaekel et al., 1999,
2002; Lam et al., 1999; Forwood and Jans,
2002; Miyamoto et al., 2002].

That IMPa/b-interactions with GrB can be
modulated by binding of the serpin PI-9 to GrB
is an intriguing finding, of relevance to PI-9s
ability to protect against GrB/perforin-mediat-
ed apoptosis [Bird et al., 1998]. Complexation of
GrB with PI-9 prevents recognition of GrB by
IMPb, probably through a masking effect or by
eliciting a conformational change which pre-
vents the inhibition of GrB import by IMPb
(Fig. 6). Perhaps more interestingly, antibodies
to IMPa do not inhibit GrB nuclear import
when it is complexed to PI-9 (Fig. 5B), implying
that the GrB–PI-9 complex is not able to use
the IMPa-dependent nuclear import pathway.
Thus,GrB’s nuclear import properties are alter-
ed when it is complexed with PI-9, which pre-
sumably contributes to preventing GrB nuclear
import. The fact that PI-9 is a nuclear export
signal (NES)-containing protein [Bird et al.,
2001; Rodriguez et al., 2003] means that one of
PI-9s primary functions may be to effect GrB
export from the nucleus and thereby prevent
apoptosis elicited at the level of the nucleus.
In this respect, it is essentially analogous to
the NES-containing cAMP-dependent protein
kinase (PK-A) inhibitor PK-I [Wen et al., 1995],

which down-regulates cAMP-induced gene acti-
vation both by preventing PK-A activity, and by
ferrying the PK-A catalytic subunit out of the
nucleus.ComplexationwithPI-9 thuswouldnot
only inhibit GrB proteolytic activity in nucleus
and cytoplasm, but would also effect GrB export
from the nucleus, thus preventing cleavage of
GrBs nuclear apoptotic substrates through
multiple mechanisms; the cytoplasmic GrB-PI-
9 complex may also conceivably prevent GrB
nuclear import by competing with uncomplexed
GrB for IMPs and other components of the
nuclear import machinery. Future work in this
laboratory will focus on determining the de-
tailedmechanisms regulatingGrBnuclear loca-
lization, and direct involvement of PI-9 therein
as implicated by the studies here. This should
enhance ourunderstanding of the specific role of
GrB in cytolytic granule-mediated apoptosis,
and the protective function of PI-9 in cytotoxic
cells.
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