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Cytolytic granule-mediated target cell killing is effected in
part through synergistic action of the membrane-acting
protein perforin and serine proteases such as granzymes A
(GrA) or B (GrB). In the present study we examine GrA
cellular entry and nuclear uptake in intact mouse myeloid
FDC-P1 cells exposed to perforin using confocal laser
scanning microscopy, as well as reconstitute GrA nuclear
uptake in vitro. GrA alone was found to be able to enter the
cytoplasm of intact cells but did not accumulate in nuclei.
In the presence of perforin, it specifically accumulated in the
cell nuclei, with maximal levels about 2.5 times those in the
cytoplasm after 2.5 hours. In vitro, GrA accumulated in the
nucleus and nucleolus maximally to levels that were four-
and sixfold, respectively, those in the cytoplasm. In contrast,
the active form of the apoptotic cysteine protease CPP32 did
not accumulate in nuclei in vitro. Nuclear/nucleolar import

of GrA in vitro was independent of ATP and not inhibitable
by the non-hydrolyzable GTP analog GTPγS, but was
dependent on exogenously added cytosol. Importantly, GrA
was found to be able to accumulate in the nucleus of semi-
intact cells in the presence of the nuclear envelope-
permeabilizing detergent CHAPS, implying that the
mechanism of nuclear accumulation was through binding to
insoluble factors in the nucleus. GrB was found for the first
time to be similar in this regard. The results support the
contention that GrA and GrB accumulate in the nucleus
through a novel nuclear import pathway, and that this is
integral to induction of the nuclear changes associated with
cytolytic granule-mediated apoptosis.
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INTRODUCTION

One major active component released by cytotoxic natu
killer (NK) and T cells (CTLs) during degranulation is perfor
(Henkart et al., 1984), which can damage cells throu
membrane perturbation. Target cell DNA fragmentation a
chromatin condensation, which are characteristic of apopt
(Earnshaw, 1995), require additional granule compone
serine proteases termed granzymes, which synergise 
perforin to effect apoptosis. Of the eight granzymes identifi
in the mouse, the most abundant is granzyme A (GrA
fragmentin-1), a 65 kDa homodimer which, in contrast to 
monomeric 32 kDa granzyme B (GrB or fragmentin-2), is a
to activate IL-1β directly (Irmler et al., 1995), as well as t
cleave various intracellular/extracellular proteins, including 
thrombin receptor (Suidan et al., 1994) and t
nuclear/nucleolar protein nucleolin (Pasternack et al., 199
GrA and GrB differ in their substrate specificities; where
GrA cleaves at basic amino acid residues, GrB is an asp
cleaving at aspartic acid residues (Poe et al., 1991).
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able to effect DNA fragmentation, although GrA/perforin-
mediated cell killing exhibits slower kinetics (Hayes et al.
1989; Shi et al., 1992a,b). CTLs from GrB knock-out mice
have a severely impaired capacity to cause apoptosis in sho
term assays (Heusel et al., 1994), but those from GrA knoc
out mice do not, implying that GrA does not have an
indispensable role in the induction of apoptosis in target cel
by NK cells and alloreactive CTL (Ebnet et al., 1995). GrB
deficient CTLs display nearly normal levels of cytolytic
activity after prolonged incubation with target cells (Heusel e
al., 1994), however, indicating that GrA may be involved in
inducing target cell apoptosis via a mechanism triggered aft
prolonged incubation of killer and target cells, in cells that ar
relatively resistant to GrB, or in the absence of GrB (see als
Shi et al., 1992a,b). Further differences between GrA and Gr
include the fact that GrA nucleolytic activity can be partially
suppressed by cycloheximide, which is not the case for Gr
(Ebnet et al., 1995), and evidence that GrA has a direct role
triggering chromosome degradation during apoptosis (Mung
et al., 1989; Hayes et al., 1989). 

We have recently demonstrated that nuclear accumulation



2646

lled
sly
s
el

nal
35,

was

rA

for
0

, 1
on
en

 by
l.,

ect
in

ith
as
rase

sly
en
nd

um

s
n

ied

te),
M

ed
TP
ed to
m
 at
ays
t al.,
TP-
d,

 in

lso
M
h

D. A. Jans and others
GrB in intact cells in the presence of perforin occurs prior
the nuclear events of apoptosis (Trapani et al., 1998), imply
that nuclear translocation of granzymes may constitute 
means by which the apoptotic signal is communicated to 
nucleus. We wished to assess whether GrA, in view of
clearly quite distinct role from that of GrB with respect 
apoptotic functions, as well as its very different structure a
substrate specificity, may also translocate to the nucleus p
to apoptosis. Therefore we set out to examine the entry 
distribution of GrA in intact cells exposed to perforin usin
quantitative confocal laser scanning microscopy (CLSM). O
results demonstrate that GrA can enter the cytopla
independently of perforin, but that the co-application 
perforin effects a rapid redistribution of GrA to the nucleu
which is followed by the induction of apoptosis. Nucle
uptake of GrA could be reconstituted in vitro, and was sho
to be dependent on cytosolic factors, but independent of A
and not inhibited by non-hydrolyzable GTP analogs. T
mechanism of nuclear accumulation appeared to be thro
binding to insoluble factors in the nucleus, implying th
existence of a novel nuclear import pathway. The findings 
consistent with the idea that nuclear uptake of granzymes 
be central to eliciting the nuclear changes of apoptosis in ta
cells.

MATERIALS AND METHODS

Chemicals and reagents
Specific antibodies to nucleolin (C23), active in western blotting w
HTC cell extracts (Jans et al., 1996), were provided by Harris Bu
(Baylor College, Houston, Texas). Isopropyl-β-thiogalactoside
(IPTG), 5(6)-carboxyfluorescein-N-hydroxysuccinimide est
(FLUOS) and the detergent 3[(3-cholamidopropyl)-dimethylamino
1-propane-sulfonate (CHAPS) were from Boehringer-Mannhe
fluorescein isothiocyanate (FITC) and 5-iodacetamido-fluoresc
(IAF) were from Molecular Probes. Other reagents were from 
sources previously described (Jans et al., 1991, 1996; Trapani e
1996, 1998).

Cell culture
Cells of the HTC rat hepatoma tissue culture cell line, a derivative
Morris hepatoma 7288C, were cultured in Dulbecco’s Modifi
Eagle’s Medium (DMEM) supplemented with 10% foetal calf seru
(FCS) as described previously (Rihs et al., 1991; Jans et al., 19
Mouse FDC-P1 myeloid cells were cultured in DMEM supplemen
with 10% FCS and recombinant IL-3-containing culture supernat
(Karasuyama and Melchers, 1988). 

Protein purification and labelling
Purification of GrA was performed as described previously (Hann
al., 1996). Immunoaffinity purification of human GrB from nucle
extracts of YT cells was performed as described (Trapani et al., 1
1996). Human perforin was isolated using affinity chromatography
described previously (Froehlich et al., 1996b,c). Recombinant H
tagged CPP32 (Caspase-3) protein (active form) was expresse
Escherichia colistrain BL21(DE3) from the pET21G expressio
construct, kindly provided by Dr E. Alnemri. 1 mM IPTG was use
to induce protein expression, prior to purification by affini
chromatography using Talon resin (Clontech) and elution with 2
mM EDTA. CPP32 enzymic activity was assayed using Asp-Glu-V
Asp-7-amino-4-trifluoromethyl coumarin as a substrate (Enzy
Systems Inc., Dublin, Ca) as previously described (Harvey et 
1997). Recombinant cyclin dependent kinase (cdk) subunit p13suc1
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was expressed in E. coli, purified and labelled with FLUOS as
described (Trapani et al., 1998). GrA, GrB and CPP32 were labe
with FITC in the absence of reducing agents as described previou
for GrB (Trapani et al., 1996). FITC-GrA was a dimer (65 kDa), a
indicated by western blotting after non-denaturing polyacrylamide g
electrophoresis. 

The SV40 large tumor-antigen (T-ag) fusion protein T-ag-CcN-β-
Gal (Rihs et al., 1991), used as a control for nuclear localization sig
(NLS)-dependent nuclear import, contains T-ag amino acids 111-1
including the NLS, fused N-terminal to the E. coli β-galactosidase
coding sequence (amino acids 9-1023). Protein expression 
induced by IPTG in E. coli and labelling with IAF performed as
described previously (Rihs et al., 1991). 

Cellular uptake and distribution of granzymes
FDC-P1 whole cell uptake and subcellular transport of labelled G
were examined as described for GrB (Trapani et al., 1998). 6 µl of
logarithmic phase cells (4×106 cells/ml) in Hank’s buffered saline
solution containing 10 mM Hepes pH 7.2, 2 mM CaCl2, 0.4% BSA
and 0.1% (v/v) IL-3-containing culture supernatant were incubated 
the specified times with an equal volume of perforin (100-100
units/ml, final concentration) and/or FITC-GrA (2.5-10 µg/ml, final
concentration) diluted and mixed in 10 mM Hepes, 150 mM NaCl
mM EGTA, pH 7.2, immediately before the assay. The reacti
mixture was immediately pipetted onto a glass slide, which was th
sealed, prior to incubation at 37°C and imaging of fluorescence
CLSM at various times using a Bio-Rad MRC-600 CLSM (Jans et a
1996). The dose of perforin used elicited <5% specific 51Cr release
from FDC-P1 cells (4 hour assay at 37°C); FITC-dextran had no eff
on 51Cr release from FDC-P1 cells incubated with or without perfor
(Trapani et al., 1998). That the dimeric form of GrA was >85%
maintained in its active form even after >60 minutes incubation w
either FDC lysate or whole cells in the presence of perforin w
demonstrated by western blotting and measurement of BLT este
activity (not shown).

Apoptosis
Apoptotic morphology was scored using visual criteria as previou
(Trapani et al., 1998). The validity of this approach has be
confirmed using other techniques such as TUNEL analysis a
annexin V expression (Trapani et al., 1998), as well as by propidi
iodide staining and electron microscopy (not shown). 

In vitro nuclear transport assay
Analysis of nuclear import kinetics at the single cell level wa
performed using mechanically perforated HTC cells in conjunctio
with CLSM (Jans et al., 1991, 1996). Assays were routinely carr
out in intracellular buffer (110 mM KCl, 5 mM NaHC03, 5 mM
MgCl2, 1 mM EGTA, 0.1 mM CaCl2, 20 mM Hepes, 1 mM DTT, pH
7.4) in the presence of cytosolic extract (untreated reticulocyte lysa
an ATP regenerating system (0.125 mg/ml creatine kinase, 30 m
creatine-phosphate, 2 mM ATP), and transport substrate (30-40 µg/ml
FITC-labelled granzymes or dextran), and nuclear uptake follow
with CLSM (Jans et al., 1996; Trapani et al., 1996). Where the A
dependence of transport was tested, apyrase pretreatment was us
hydrolyze ATP present in cytosolic extracts (10 minutes at roo
temperature with 800 units/ml) and perforated cells (15 minutes
37°C with 0.2 units/ml) (Newmeyer and Forbes, 1988), and ass
performed in the absence of the ATP regenerating system (Jans e
1996). In experiments where the dependence of transport on the G
binding protein Ran/TC4 (Moore and Blobel, 1994) was teste
cytosolic extract was treated with 850 µM GTPγS (non-hydrolyzable
GTP analog) for 5 minutes at room temperature, prior to use in the
vitro assay (Jans et al., 1996).

Nuclear and nucleolar accumulation of granzymes was a
examined in vitro in the presence of a one tenth volume of 20 m
Tris, pH 7.0, containing 10% glycerol and 0.25% CHAPS, whic
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results in permeabilization of the nuclear envelope; accumulat
under these conditions only results from binding to nucle
components such as lamins, chromatin etc. (Efthymiadis et al., 19
1998).

Image analysis
Image analysis of CLSM images using the NIH Image 1.60 pub
domain software and curve fitting for data from the in vitro nucle
transport assay were carried out as described previously (Jans e
1996). Results for whole cell experiments were expressed in term
cellular uptake = Fc/Fmedium (where Fc = fluorescence quantita
in the cytoplasm, relative to Fmedium, fluorescence quantitated in
medium, following subtraction of background fluorescence), a
nuclear accumulation = Fn/c (where Fn = fluorescence quantitate
the nucleus, relative to Fc, following subtraction of backgrou
fluorescence) (Trapani et al., 1998). 

ELISA-based binding assay
An ELISA-based binding assay (Efthymiadis et al., 1997, 199
Hübner et al., 1997) was used to examine the binding affinity betw
importin subunits (mouse importin 58 and 97 glutathione-
transferase (GST) fusion proteins, expressed as describ
Efthymiadis et al., 1997; Hübner et al., 1997) and GrA. This involv
coating 96-well microtiter plates with GrA, hybridization with
increasing concentrations of importin subunits, and detection 
bound importin-GST using goat anti-GST primary antibodies a
alkaline phosphatase-coupled rabbit anti-goat secondary antibo
and the substrate p-nitrophenyl phosphate (p-NPP) (Efthymiadis et al.,
1997; Hübner et al., 1997). Absorbance measurements w
performed over 90 minutes using a plate reader (Molecular Devic
and values corrected by subtracting absorbance values both at tim
0 minutes and in wells incubated without importin (Efthymiadis et a
1997; Hübner et al., 1997). 

RESULTS

Nuclear uptake of GrA in intact cells exposed to
sublytic concentrations of perforin correlates with
apoptosis
GrA was labelled with FITC and cellular and nuclear upta
assessed in intact FDC-P1 cells in the absence or presen
sublytic concentrations of perforin at 37°C using CLSM (Fi
1). Within 20-30 minutes, the cytoplasm and nucleus of ab
70% of the cells became fluorescent, staining that w
predictive of subsequent induction of apoptosis (Fig. 1B), wh
the remaining cells took up GrA in lower amounts and appea
to be spared from apoptosis. In the strongly staining populat
GrA was localized principally within the nucleus as compar
to the cytoplasm (Fig. 1A right panel, and see below). Neith
population showed apoptotic features at early time points: 
outline of the nucleus was smooth and regular, and fluoresce
was distributed uniformly throughout the nuclei of the ‘pre
apoptotic’ cells. Cells exposed to FITC-GrA in the absence
perforin were similar in appearance to the weakly stain
population exposed to both reagents. Only relatively sm
amounts of FITC-GrA were taken up into the cytoplasm by 
minutes and corresponding extracellular fluorescence rema
higher than in cells additionally exposed to perforin (Fig. 1, a
see below). From about 20 minutes onwards, the number
apoptotic cells (defined by nuclear collapse or disintegrati
Trapani et al., 1998) increased, reaching a plateau at abou
minutes (Fig. 1B left panel). 
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Quantitation of fluorescence due to GrA uptake clear
indicated that GrA alone was able to enter the cytoplasm
intact FDC-P1 cells but that it did not accumulate in nucl
(Fig. 1A middle panel, B right panel). In the presence 
sublytic concentrations of perforin, GrA was taken up by th
cells more rapidly (readily detectable within about 10-1
minutes), and to a greater extent (about 8 times greater tha
its absence at 100 minutes), as indicated by measuremen
cellular uptake (Fc/Fmedium) (Fig. 1B middle panel, C). Mor
significantly, GrA accumulated strongly in the cell nuclei in th
presence of perforin, peaking at levels about 2.5 times thos
the cytoplasm, with maximal accumulation being attaine
within about 35 minutes (t1/2 was approx. 7.5 minutes; Fig. 1B
right panel). The Fn/c did not exceed 0.9 in non-apoptotic ce
(Fig. 1B, right panel). The results thus indicated that whil
GrA is clearly able to enter cells in its absence, perfor
induces much higher cytoplasmic uptake and, important
elicits nuclear accumulation of GrA and apoptosis. 

In contrast to GrA, control molecules of a 20 kDa FITC
labelled dextran and the cdk subunit p13suc1did not accumulate
appreciably in intact cells in the presence of perforin even 
to 3 hours (Fig. 1, and not shown). This shows that subly
concentrations of perforin neither result in the formation 
large membrane pores which would enable the direct entry
macromolecules such as cytolytic granule components into 
cell (see Trapani et al., 1998), nor trigger the cellular upta
of extracellular molecules non-specifically. Rather, GrA wou
appear to be taken up by a specific process, and that a signa
event effected by perforin, presumably at the cell membra
is required to bring about nuclear accumulation once GrA
inside the target cell. Cells exposed to perforin and FIT
dextran or to FITC-GrA alone (Fig. 1B) showed fewer than 9
apoptotic cells throughout.

Nuclear targeting of GrA in vitro
To address the question of the mechanism of G
accumulation in the nucleus, we reconstituted GrA nucle
transport in vitro using our system of mechanically perforat
HTC cells (Jans et al., 1991, 1996), which in identical fashi
to the more widely used digitonin-permeabilised cell syste
(Adam et al., 1990; Adam and Gerace, 1991), relies on 
addition of an ATP-regenerating system and exogenous cyto
for active, NLS-dependent nuclear protein import (Jans et 
1991, 1996; see Materials and methods). GrA showed ra
accumulation in both nuclei and nucleoli (Fig. 2; Table 1
since the GrA homodimer has a molecular mass above the 
off (45-50 kDa; Peters, 1984; Jans and Hübner, 1996; 
however Ohno et al., 1998) for an NLS requirement for nucle
entry (unlike monomeric GrB), this implies that it accumulate
through a directed and specific process. 

Results were compared to those for the cellular apopto
cysteine protease CPP32, which did not accumulate in 
nucleus or nucleolus (Table 1). Nuclear targeting of GrA w
concluded to be specific, and not a general property 
proteases involved in apoptosis (see also Trapani et al., 19
Results were also compared to those for the conventional NL
containing β-galactosidase fusion protein T-ag-CcN-β-Gal,
which accumulates strongly in the nucleus but not in th
nucleolus (see also Jans et al., 1996), and a 70 kDa dext
which is excluded from the nucleus if the nuclear envelope
intact (Table 1).
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Fig. 1. Visualization and kinetics of the uptake and nuclear accumulation of GrA by FDC-P1 cells in the absence and presence of perforin.
(A) Cells were exposed to either FITC-dextran (20 kDa) in the presence of perforin, or FITC-GrA in the absence or presence of perforin at
37°C as indicated, and fluorescence visualized after 20-25 minutes using CLSM. The cell membrane perimeter is indicated by an arrowhead,
and the nuclear membrane by an arrow. The different cells in the right-most panel are at different stages of apoptosis. (B) Cells were treated as
in A, mounted and examined using CLSM. Cells with apoptotic morphology (Trapani et al., 1998) were enumerated visually (~200 cells per
time point) to determine the percentage of pre-apoptotic cells (left panel), and image analysis performed to quantitate either cellular
(Fc/Fmedium, middle panel) or nuclear (Fn/c, right panel) uptake (see Materials and methods) for the different cell populations. Results are the
average from at least four separate experiments, where the s.e.m. for the measurements from an individual experiment for each value of Fn, Fc
and autofluorescence was not greater than 9.2% the value of the mean. Curve fitting was performed as described previously (Trapani et al.,
1998). Maximal nuclear uptake (Fn/cmax) of GrA in the presence of perforin was 2.52 (regression coefficient r for the curve fit = 0.98) for pre-
apoptotic and 0.93 (r = 0.99) for non-apoptotic cells. Maximal accumulation was achieved in the case of pre-apoptotic cells within 28 minutes
(t1/2 was approx. 6 minutes). (C) Cells were treated as in B. The results for GrA in the absence and presence of perforin were compared to those
for a 20 kDa FITC-dextran and the 13 kDa cdk subunit p13suc1in the presence of perforin. Results are averaged from two separate experiments,
each individual measurement representing at least five separate measurements for each of Fc, Fmedium, Fn and autofluorescence, where the
s.e.m. was not greater than 7.2% of the mean. 
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Lack of dependence of GrA nuclear/nucleolar import
on ATP
NLS-dependent nuclear protein import is an active AT
dependent process (Newmeyer and Forbes, 1988; see Jan
Hübner, 1996). We tested whether this also applied 
nuclear/nucleolar accumulation of GrA (Fig. 2) by carrying o
apyrase pretreatment of both exogenously added cytosol 
perforated cells and omitting the ATP-regenerating system
the assay (see Materials and methods). Surprisingly, this
not affect the maximal extent of nuclear or nucleolar import
all (Fn/cmax = 4.5 and Fnu/cmax = 5.4 in the absence of ATP)
although nuclear/nucleolar import rates were somew
reduced (see Table 1). This was in contrast to results 
the NLS-containing T-ag-CcN-β-gal protein (Table 1;
Efthymiadis et al., 1997, 1998), whose nuclear import w
strongly inhibited by apyrase pretreatment. It was conclud
that GrA nuclear/nucleolar accumulation was essentia
independent of ATP. Nuclear and nucleolar transport of G
was also not inhibited by the non-hydrolyzable GTP ana
GTPγS (Table 1), in contrast to nuclear import of T-ag-CcN
β-gal (Table 1) and active NLS-dependent nuclear prot
import in general (Moore and Blobel, 1994; see Jans a
A
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Hübner, 1996). These results indicated that GrA nuclear impo
was independent of the monomeric GTPase Ran, furth
supporting the idea that GrA accumulates in the nucleu
through a novel nuclear import pathway.

Dependence of GrA nuclear/nucleolar import on
cytosolic factors
Active, NLS-dependent nuclear protein import is known to b
dependent on cytosolic factors, including Ran and the NLS
binding importin subunits (Moore and Blobel, 1994; Görlich
et al., 1995a,b; see Jans and Hübner, 1996). We tested whe
this was the case for GrA nuclear/nucleolar import (Fig. 2) b
performing transport assays in the absence of exogenou
added cytosol. Nuclear/nucleolar accumulation was severe
reduced (Fig. 2A right top panel, B) both in terms of maxima
accumulation (70% reduced for Fn/cmax and 50% reduced for
Fnu/cmax) and import rate (Table 1). A similar reduction in
nuclear import in the absence of exogenous cytosol w
observed for the conventional NLS-containing T-ag-CcN-β-gal
(Table 1; Jans et al., 1996; Efthymiadis et al., 1997, 1998). G
nuclear/nucleolar transport was concluded to be dependent
cytosolic factors. 
Fig. 2.Visualization and kinetics of nuclear and nucleolar
accumulation of GrA in vitro in mechanically perforated HTC cells.
(A) Cells were mechanically perforated as described in Materials and
methods (Jans et al., 1991), and fluorescence due to
nuclear/nucleolar accumulation of GrA in the presence and absence
of exogenously added cytosol, and/or ATP as indicated, visualised at
10 minutes using CLSM (oil immersion objective, ×60). For
experiments in the absence of ATP, cells and cytosol were pretreated
with apyrase and measurements performed in the absence of the
ATP-regenerating system (see Materials and methods). (B) Cells
were treated as in A and nuclear and nucleolar accumulation
followed with time using CLSM. Results represent the average for
two separate experiments, each point representing the average of at
least ten separate measurements for each value of nucleolar
fluorescence (Fnu), Fn and Fc respectively, with autofluorescence
subtracted. Curves are fitted for the function Fn/c(t) = 
Fn/cmax*(1−e−kt) (Jans et al., 1991), or Fnu/c(t) = Fnu/cmax*(1−e−kt)
(Jans et al., 1996), where t is time in minutes (see Table 1 for pooled
data). 
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Table 1. Nuclear and nucleolar import properties of GrA in vitro compared to those of GrB and CPP32, the conventional
NLS-containing fusion protein T-ag-CcN-β-Gal and a 70 kDa dextran

Nuclear import parametera

Initial import rate Initial import rate
Protein/conditions Fn/cmaxb (Fn/c/min) Fnu/cmax (Fnu/c/min) n

GrA
+cytosol+ATP 4.45±0.73 1.11±0.09 5.27±1.30 0.95±0.05 7
−cytosol+ATPc 1.38±0.04 0.38±0.10 2.78±0.14 0.25±0.03 3
+cytosol−ATPd 4.49±0.62 0.90±0.10 5.40±0.90 0.60±0.10 2
−cytosol−ATPc,e 1.25±0.05 0.29±0.05 1.15±0.15 ND 3
+cytosol+ATP+GTPγS 4.69±0.73 1.00±0.09 5.03±0.80 ND 1f

+CHAPS+cytosol 5.78±0.22 ND 6.16±1.10 ND 7
+CHAPS − cytosolc 6.13±0.85 ND 6.63±1.20 ND 5

GrB
+cytosol+ATP 3.20±0.17 1.40±0.05 4.30±0.17 1.25±0.17 3
+CHAPS+cytosol 2.27±0.24 ND 3.97±0.80 ND 3
+CHAPS−cytosolc 2.40±0.15 ND 4.19±0.40 ND 3

CPP32
+cytosol+ATP 0.97±0.08 ND − − 2
+cytosol−ATPd 0.89±0.19 ND − − 2
+CHAPS+cytosol 1.11±0.45 ND − − 2

T-ag-CcN-β-Gal
+cytosol+ATP 5.35±0.24 0.48±0.06 − − 5
−cytosol+ATPc 1.10±0.04 0.20±0.02 − − 4
+cytosol−ATPd 1.30±0.10 0.25±0.04 − − 3
+cytosol+ATP+GTPγS 2.23±0.27 0.30±0.03 − − 1f

+CHAPS+cytosol 1.16±0.06 ND − − 2
+CHAPS−cytosolc 1.20±0.15 ND − − 2

70 kDa dextran
+cytosol+ATP 0.23±0.03 ND − − 4
+CHAPS+cytosol 0.98±0.06 ND − − 2

aRaw data (see Fig. 2B) were fitted for the functions Fn/c(t) = Fn/cmax*(1−e−kt) (Jans et al., 1991) or Fnu/c(t) = Fnu/cmax*(1−e−kt) (Jans et al., 1996), where
Fn/cmax and Fnu/cmax are the maximal levels of accumulation at steady state in the nucleus and nucleolus respectively, and t is time in minutes. Values are ±
s.e.m.

ND, not determined.
bFn/cmax = 1.0 indicates equal concentrations of protein in both nucleus and cytoplasm.
cWhere cytosol is omitted, an equivalent concentration of BSA is substituted.
dApyrase pretreatment was used and the ATP-regenerating system omitted (see Materials and methods).
eCytosol and the ATP-regenerating system were omitted (without apyrase pretreatment).
fs.e.m. determined from the curve fit.
Several approaches were used in order to try to identify 
factor(s) involved in accumulation of GrA in the
nucleus/nucleolus. Among those examined, nucleolin (C23
known to shuttle between nucleolus and cytoplasm (Bore
al., 1989) and has been reported to bind to and act as a sub
for GrA (Pasternack et al., 1991). It has also been reporte
be able to bind specifically to NLS-carrying proteins (Xue 
al., 1993) and, with the GrA primary sequence containi
several sequences resembling NLSs (e.g. KAKINK96 and
RLKKKATVNR 95 in human and mouse sequence
respectively), we hypothesized that GrA accumulation in t
nucleus and nucleolus might be through recognition of th
sequences by nucleolin. To test for this, specific antibodies
nucleolin (confirmed to be active by both western blotting a
immunofluorescence experiments) were used to pretreat b
cytosol and perforated cells (see also Jans et al., 1996),
nuclear/nucleolar protein import examined in vitro (Fig. 3
and not shown). No significant difference in maximal nucle
or nucleolar import was observed in the presence of the a
C23 antibody, compared to that after identical treatment w
the
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a control antibody, implying that nucleolin is unlikely to play
an active role in GrA nuclear/nucleolar accumulation. 

Using an ELISA-based binding assay (Hübner et al., 199
Efthymiadis et al., 1997) we also tested whether GrA could b
recognized by the NLS-binding importin 58/97 proteins
Results indicated no specific binding of GrA (KD>750 nM,
compared to a value of 5.5 nM for the T-ag NLS within T-ag
CcN-β-Gal). This implies that the basic sequence within GrA
referred to above probably does not constitute a convention
NLS.

Passive and active nuclear import in the presence of
GrA
We decided to test whether GrA’s proteolytic activity,
instrumental in triggering the distinctive nuclear changes o
apoptosis, is directed towards components of the nuclear po
complex (NPC) or the nuclear envelope. To this end, w
examined the passive and active transport properties of t
nuclei of perforated HTC cells in our in vitro nuclear transpor
assay system in the presence of GrA. We compared the nucl
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Fig. 3. (A) Nuclear/nucleolar accumulation of
granzyme A compared to that of the SV40 T-ag
fusion protein T-ag-CcN-β-Gal in the presence of
specific antibodies to nucleolin (C23) or perforin
(PB2; negative control) in vitro in mechanically
perforated HTC cells. Results are expressed as a
percentage of accumulation in the presence of PB2
± s.e.m. (B) Nuclear accumulation of a 70 kDa
FITC-labelled dextran (indicative of nuclear
envelope integrity) and T-ag-CcN-β-Gal (indicative
of active NLS-dependent nuclear import) in the
absence and presence of exogenously added GrA
(0.5 µM) in vitro in mechanically perforated HTC
cells. Results are for nuclear
exclusion/accumulation in the presence of cytosol
and the ATP regenerating system, and represent two
separate experiments (±s.e.m.).
import kinetics of the conventional NLS-containing T-ag-CcN
β-Gal fusion protein, as well as the nuclear exclusio
properties of the nuclear envelope with respect to a 70 k
dextran, in the absence or presence of 0.5 µM unlabelled GrA
(Fig. 3B). There was no significant difference in either th
maximal level of nuclear accumulation of T-ag-CcN-β-Gal in
the presence of GrA (Fn/cmax = 6.5), or in its absence (Fn/cmax
= 5.9) (Fig. 3B). Similarly, the 70 kDa dextran was exclude
from the nuclei in the presence of GrA (Fn/cmax = 0.17) to the
same extent as in its absence (Fn/cmax = 0.14) (Fig. 3B),
indicating intactness of the nuclear envelope. These res
indicate that the NPC and nuclear envelope are not dir
targets of proteolysis by GrA, and that the cytosol
components of the nuclear import system remain fu
functional in the presence of GrA.

Nuclear accumulation of granzymes in the absence
of an intact nuclear envelope
The results for the lack of dependence of Gr
nuclear/nucleolar accumulation on ATP and its inability to 
inhibited by GTPγS implied that accumulation may be
through binding to nuclear components. To test th
nuclear/nucleolar accumulation was assessed in the pres
of the detergent CHAPS, which permeabilises the nucl
envelope; under these conditions, nuclear accumulation 
only occur through binding to nuclear components such
chromatin, lamins etc. (see Efthymiadis et al., 1997, 199
GrB was also examined in this fashion. Both GrA and G
were found to accumulate strongly in the nucleus a
nucleolus in the presence of CHAPS (Fig. 4; Table 1
irrespective of the addition of cytosol. For compariso
experiments were performed using CPP32, the NL
containing T-ag-CcN-β-Gal fusion protein, and a 70 kDa
dextran, all of which were found not to accumulate in th
nucleus, and to be excluded from the nucleolus, inste
equilibrating between cytoplasm and nucleus (Table 1; s
Efthymiadis et al., 1997, 1998). Experiments were al
performed in the presence of antibodies to C23 (Fig. 
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bottom panels, B right panel, and not shown), with no evid
effect in terms of a decrease in the nuclear/nucleo
accumulation of either granzyme. It was concluded that G
and GrB are able to bind to nuclear components and ther
accumulate in the nucleus/nucleolus through a spec
process independent of exogenous cytosol in the absenc
an intact nuclear envelope. The fact that cytosol is requi
for nuclear accumulation in the presence of an intact nucl
envelope (Fig. 2; Table 1) indicates that cytosolic factors 
specifically required under normal conditions to effe
nuclear entry of the granzymes.

DISCUSSION

This study establishes for the first time that GrA can local
in the nucleus of intact FDC-P1 cells in a perforin-depend
fashion, and is capable of localizing in the nucleus in vitro
mechanically perforated HTC cells in the presence 
exogenously added cytosol. That GrA should thus resem
GrB in this respect is more than surprising in view of their qu
divergent structures and substrate specificity, and above-al
fact that GrA is larger than the molecular mass cut-off f
entering the nucleus by passive diffusion, whereas GrB is n
Since GrA and GrB are so different, the fact that they bo
appear to be targeted to the nucleus in perforin-depend
fashion in intact target cells implies that this represents
common pathway of significance in cytolytic-granule
mediated apoptosis. In contrast, the active form of the n
granule apoptotic caspase CPP32 does not accumulate in
nucleus in vitro as shown here, and appears not to translo
to the nucleus even in cells undergoing apoptosis (Liu et 
1997; see also Krajewski et al., 1997), implying that CPP
may not be important in direct cleavage of nuclear poly(AD
ribose) polymerase (PARP), one of the central targets
apoptotic proteolytic cleavage, in vivo. The serine protea
chymotrypsin also does not accumulate in the nucleus (Trap
et al., 1996), consistent with the idea that nuclear targeting m
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Fig. 4.Visualization (A) and quantitation
(B) of nuclear and nucleolar accumulation
of GrA and GrB in vitro in mechanically
perforated HTC cells in the presence of
the nuclear envelope permeabilizing
detergent CHAPS and in the absence and
presence of anti-nucleolin (C23) antibody.
(A) Cells were mechanically perforated,
and accumulation of GrA or GrB in the
presence of 0.025% CHAPS and
exogenously added cytosol, in the
absence and presence of anti-C23
antibody as indicated, was visualised after
10 minutes using CLSM (oil immersion
objective, ×60). (B) Cells were treated as
in A and maximal nuclear and nucleolar
accumulation determined after 30
minutes. Results represent two separate
experiments (± s.e.m.), where each
measurement represents the average of at
least eight separate measurements for
each value of Fnu, Fn and Fc, with
autofluorescence subtracted (see Table 1
for pooled data). Results are compared to
those for the T-ag-CcN-β-Gal, a 70 kDa
FITC-labelled dextran, and FITC-CPP32
(left panel), and to those for GrA and GrB
in the presence of an anti-C23 antibody
(right panel). 
be specific to granzymes, conferring upon them the ability
communicate the apoptotic signal to the nucleus directly. 

This study clearly indicates that the cytolytic granu
component GrA, like GrB, can enter target cells a
accumulate in the nucleus in the presence of perforin, 
hence is a protein able to be transported all the way from
external plasma membrane surface to the cell nucleus. H
GrA or GrB enter cells remains unclear, but perforin, whi
does not enter cells (Ortaldo et al., 1992; Shi et al., 1997)
clearly essential for GrA and GrB nuclear accumulation. T
specificity of granzyme uptake and nuclear accumulation in 
presence of perforin is demonstrated by the fact that neith
20 kDa dextran nor the 13 kDa protein p13suc1are able to enter
intact cells in the presence of perforin. The nature of 
membrane signalling event effected by perforin is not clear, 
one possibility is that granzymes taken up by intact cells m
be in a vesicular or complexed form which cannot access
cytoplasm, and requires perforin-induced signalling to ena
it to access the cytoplasm prior to targeting to the nucle
 to
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(Froehlich et al., 1996b). An alternative is that perforin trigger
cytosolic phosphorylation or some other activity necessary t
effect granzyme nuclear uptake in intact cells, the exogenous
added cytosol necessary for GrA/GrB nuclear accumulation 
vitro possibly being able to substitute this in the perforated ce
system. 

Although nuclear and nucleolar transport of GrA in vitro was
found to be dependent on cytosolic factors, it was independe
of ATP and not inhibited by a non-hydrolyzable GTP analog
and thus clearly independent of both Ran (Moore and Blobe
1994) and as yet unidentified GTPases with a proposed role
nuclear import (see Takei et al., 1994; Sweet and Gerace, 199
Thus, despite being above the 45-50 kDa size cut-off for fre
passage into and out of the nucleus via diffusion (Peters, 198
Jans and Hübner, 1996; see however Ohno et al., 1998), G
clearly does not accumulate in the nucleus through a ‘classic
NLS-dependent active pathway, and consistent with this it is n
recognized by the NLS-binding importin subunits. Indeed, th
ability of GrA and GrB to accumulate in the nucleus in the
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presence of the nuclear envelope-permeabilizing deterg
CHAPS, as shown here for the first time, indicates that b
accumulate in the nucleus through binding to nucle
components, independent of the presence of cytosolic fact
Our experiments designed to assess granzyme nuc
accumulation in the presence of specific antibodies to nucle
indicate that the latter is unlikely to play a role in granzym
nuclear/nucleolar accumulation, although a protein with simi
properties to nucleolin (see Xue et al., 1993) could well pla
role as a transporter ferrying GrA/GrB from the cytoplasm 
the nucleus/nucleolus. A candidate for the latter might be 
69 kDa cytosolic protein identified by Pinkoski et al. (1996) 
binding GrB in situ, whilst a 80 kDa nuclear protein recognis
by GrB that is strongly associated with heterochromatin (s
Pinkoski et al., 1996) may well constitute the binding site f
granzymes in the nucleus; whether these molecules are 
recognized by GrA remains to be demonstrated. 

The cellular consequences of exposure to perforin and G
or GrB are nuclear changes that reflect apoptosis. Wh
perforin acts exclusively at the target cell membrane (Orta
et al., 1992; Trapani et al., 1996) to provide an apparen
additional but essential signal in intact cells, this and rec
studies (Trapani et al., 1996; Pinkoski et al., 1996; Jans et
1996) indicate that GrA and GrB can target to the nucleus b
in vitro and in intact cells in the presence of perforin, implyin
that granzymes can directly contribute to the initiation of DN
fragmentation. Although the distinctive nuclear changes dur
apoptosis include disassembly/dissolution of the nucle
lamina and envelope, we show here that the active trans
and passive permeability properties of the nucleus 
completely retained in the presence of unlabelled Gr
indicating intactness both of the nuclear envelope and 
cellular nuclear transport system. Accordingly, we ma
conclude that the components mediating nuclear prot
import, as well as the nuclear envelope and NPC, are not tar
of GrA proteolytic activity, the nature of which can only b
surmised at this stage, although GrB has been shown to be
to cleave resident nuclear proteins such as PARP (Froehlic
al., 1996a) and the double stranded DNA-dependent pro
kinase catalytic subunit (Song et al., 1996) in vitro. 

In view of the results reported here and elsewhere (Jan
al., 1996; Pinkoski et al., 1996; Trapani et al., 1996, 1998; 
et al., 1997), it seems clear that perforin-dependent nuc
targeting of granzymes has an important role in cytoly
granule-mediated apoptosis. Questions that remain incl
identifying the key substrates of nuclear localized GrA/GrB, 
well as determining the precise nature of the membrane sig
elicited by perforin, which induces granzyme translocatio
from the cytoplasm to the nucleus as part of a unique nuc
import pathway. Future work in this laboratory is focussed 
both of these aspects. 

This work was supported by a Clive and Vera Ramacio
Foundation Grant to D. A. J., and a project grant and senior rese
fellowship from the National Health and Medical Research Coun
of Australia to J. A. T. 
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