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Granzyme B (GrB) is a key effector of cytotoxic lymphocyte-mediated cell death. It is delivered to target cells
bound to the proteoglycan serglycin, but how it crosses the plasma membrane and accesses substrates in the
cytoplasm is poorly understood. Here we identify two cationic sequences on GrB that facilitate its binding and
uptake. Mutation of cationic sequence 1 (csl) prevents accumulation of GrB in a distinctive intracellular
compartment and reduces cytotoxicity 20-fold. Mutation of cs2 reduces accumulation in this intracellular
compartment and cytotoxicity two- to threefold. We also show that GrB-mediated cytotoxicity is abrogated by
heparin and that target cells deficient in cell surface sulfate or glycosaminoglycans resist GrB. However,
heparin does not completely prevent GrB internalization and chondroitin 4-sulfate does not inhibit cytotox-
icity, suggesting that glycosaminoglycans are not essential GrB receptors. We propose that GrB enters cells by
nonselective adsorptive pinocytosis, exchanging from chondroitin sulfate on serglycin to anionic components
of the cell surface. In this electrostatic “exchange-adsorption” model, cs1 and cs2 participate in binding of GrB
to the cell surface, thereby promoting its uptake and eventual release into the cytoplasm.

Antiviral and antitumor immunity depends on the recogni-
tion, engagement, and destruction of infected or malignant
cells by cytotoxic lymphocytes (CLs). Killing of abnormal cells
by CLs involves activation of target cell death receptor path-
ways or the release of CL cytotoxins into the target cell cyto-
plasm (reviewed in references 2 and 40). Among the cytotoxins
are the serine proteases, granzyme A (GrA), and granzyme B
(GrB). These enter the target cell cytoplasm through a process
that is dependent on the pore-forming protein, perforin (50).
Once in the cytoplasm, granzyme A causes caspase-indepen-
dent death and GrB causes caspase-dependent death (re-
viewed in references 27 and 52).

Granzymes are stored in secretory lysosomes (granules)
bound to the chondroitin proteoglycan, serglycin (reviewed in
reference 36). GrB-serglycin complexes are secreted from CLs
(31), and postsecretion expression of GrB cytotoxicity involves
uptake by the target cell, perforin-mediated release into the
cytoplasm, and the induction of apoptosis via degradation of
specific substrates such as Bid or procaspase 3 (32, 47). Ser-
glycin is apparently not required for GrB trafficking or func-
tion, because uncomplexed GrB is efficiently internalized by
target cells (13, 35, 37), and there is no difference between free
or complexed GrB in activity or cytotoxicity (14).

Although perforin was originally proposed to provide a
channel through the plasma membrane for granzymes (re-
viewed in references 6 and 50), it is now thought that gran-
zymes are first internalized via receptor-mediated endocytosis
into an undefined intracellular compartment (13). Simulta-
neous or subsequent exposure of the cell to perforin releases
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the protease into the cytoplasm from this compartment. The
first GrB receptor identified on target cells was the cation-
independent mannose-6-phosphate receptor (M6PR) (38),
which internalizes ligands via clathrin-dependent endocytosis
(54). This is consistent with the binding of nascent GrB to the
M6PR during trafficking to CL granules (16) and the ability of
the M6PR to retrieve mannose-6-phosphorylated lysosomal
proteins from the cell surface. However, other receptors and
routes of GrB uptake must exist, because target cells lacking
M6PR remain sensitive to GrB killing (10, 53), and GrB inter-
nalization continues in the absence of the key endocytic path-
way component, dynamin (53, 54). Recent evidence suggests
that electrostatic interactions between GrB and cell surface
glycosaminoglycans (GAGs) can contribute to uptake (37, 41).

The nature of other receptors and pathways remains un-
clear, and regions on GrB that bind receptors or the cell
surface have not been identified. GrB uptake has also been
proposed to occur by binding to the serglycin receptor CD44
(36) or via fluid-phase endocytosis. Fluid-phase endocytosis of
GrB is evident when dynamin-dependent endocytosis is
blocked (53, 54), but it is not known whether this is a parallel
or compensatory mechanism. The perforin-sensitive compart-
ment from which GrB exits the endocytic pathway, and the
mechanism of its release, have yet to be elucidated.

Here we identify two heparin-binding cationic sequences on
GrB that play a role in its perforin-mediated cytotoxic func-
tion. Mutation of either of these sites suppresses GrB cytotox-
icity by hampering its uptake into target cells without affecting
its proteolytic activity or proapoptotic potential. Analysis of
the binding and trafficking of wild-type (wt) and mutated GrB
shows that uptake may involve—but does not require—cell
surface glycosaminoglycans and is likely to occur via release
from serglycin followed by adsorptive pinocytosis.
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MATERIALS AND METHODS

Cells and antibodies. Human Jurkat and HL60 cells were maintained in RPMI
1640 medium containing 2 mM glutamine, 1 mM pyruvate, 55 uM mercapto-
ethanol, and 10% heat-inactivated fetal calf serum (GIBCO). Chinese Hamster
Ovary (CHO) lines K1, pgsA-745 (11), and pgsD-677 (26) were obtained from the
American Type Culture Collection and maintained in F12K (Kaighn’s modifi-
cation) medium (GIBCO) containing 2 mM glutamine and 10% heat-inactivated
fetal calf serum. The low-density lipoprotein receptor-like protein (LRP)-defi-
cient CHO line 13-5-1 (12) was obtained from S. Leppla (National Institute of
Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD).
The anti-GrB monoclonal antibody 2C5 has been described previously (49).

Proteins. Recombinant streptolysin O (SLO) (56) was a generous gift of S.
Bhakdi (Institut fur Medizinische Mikrobiologie und Hygiene, Johannes-Guten-
berg-Universitat Mainz, Mainz, Germany). Recombinant human GrB and mouse
GrA were produced from Pichia pastoris following strategies described in refer-
ences 9 and 44. Recombinant mouse perforin was produced according to refer-
ence 28. Analysis of the mannose 6-phosphate (man 6-P) content of GrB was
carried out by GlycoSolutions Corporation (Worcester, MA) according to refer-
ence 58. Conjugation of granzymes to fluorescein isothiocyanate (FITC) (Sigma)
was carried out according to Hermanson (19). Labeling conditions were empir-
ically determined to yield an A,o8/Asg, (F/P) ratio of 0.3 to 0.7. Granzymes
labeled to this extent showed limited degradation in catalytic activity. At least
two batches of each protein were independently labeled and used in these
studies.

Glycosaminoglycans. Chondroitin sulfate A (bovine chondroitin 4-sulfate
[CS]); chondroitin sulfate B (porcine dermatan sulfate); chondroitin sulfate C
(shark chondroitin 6-sulfate); heparan sulfate (HaS) (from bovine intestinal
mucosa; molecular weight [MW] = ~7,500); and heparin (from porcine intesti-
nal mucosa; MW = ~15,000) were obtained from Sigma.

Heparin-Sepharose pull-down assays. “Bound” samples consisted of 200 ng of
GrB (~20 nM) incubated in 400 pl phosphate-buffered saline (PBS) containing
30 ul of 50% (vol/vol) heparin-Sepharose (Amersham) for 1 h at ambient
temperature. To monitor loss of beads during subsequent steps, 10 ul of a
separate aliquot of beads bound to human antithrombin was added to each tube
immediately before washing. Beads were collected and washed three times in
PBS. Bound material was removed by boiling in 50 wl sample buffer (62.5 mM
Tris [pH 6.8], 2% sodium dodecyl sulfate [SDS], 10% glycerol, 100 mM dithio-
threitol, 0.1% bromophenol blue) and analyzed by 12% SDS-polyacrylamide gel
electrophoresis (PAGE) followed by immunoblotting with monoclonal antibody
2C5 and a monoclonal antibody against human antithrombin. “Prebound” sam-
ples consisted of antithrombin tracer beads and 200 ng GrB, mixed in 50 wl
sample buffer.

Granzyme activity and cytotoxicity assays. The activity of GrB and mutants
was assessed using the peptide substrate Ac-IETD-pNA (Calbiochem) or Abz-
TIEPDSSMESK-dnp (46), as previously described (46). A unit of GrB activity is
defined as the mass of granzyme required to cause an increase of 0.001 A,,s/min
in the hydrolysis of Ac-IETD-pNA (50 pM) in a 200 pl reaction mixture. Specific
activity of granzyme preparations ranged from 20 to 40 U/ug.

Cell killing assays using purified, recombinant perforin and GrB were carried
out as described previously (45). Death was assessed by measuring loss of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction or by
visually scoring viable cells via trypan blue exclusion. There was excellent con-
cordance between the two assays.

ECs is defined as the amount of GrB (in units/milliliter) required to kill 50%
of the cells. Data were fitted to a sigmoidal dose response curve (variable slope)
using GraphPad Prism version 4.0. The perforin was titrated every time a cyto-
toxicity assay was performed. The optimal amount of perforin was determined
empirically and defined as that required to lyse 10 to 15% of target cells,
independently of GrB. Validation experiments showed that a 1.5-fold dilution of
this amount of perforin did not significantly alter the ECsy of GrB in the
cytotoxicity assay, whereas a twofold dilution of this dose of perforin markedly
increased the ECs, indicating that perforin had become limiting.

In SLO-mediated cytotoxicity assays, a given amount of GrB was added at each
point to 4 X 10° HL60 cells in 100 ul Hybridoma-SFM (GIBCO) containing an
empirically determined concentration of SLO. The optimal concentration of
SLO caused lysis of 10 to 20% of cells and transiently permeabilized 60 to 80%
of cells in Hybridoma-SFM (as determined by fluorescence-activated cell sorting
[FACS] analysis of propidium iodide uptake). The rest of the experiment was
performed as described previously (45).

Binding and localization analysis. Sublytic perforin in HE (150 mM NacCl, 10
mM HEPES [pH 7.4], 0.4% fraction V bovine serum albumin, 5 mM CaCl,) was
added to an equal volume of Hank’s Balanced Salt Solution (HBSS) containing
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10 mM HEPES (pH 7.4), 0.4% fraction V bovine serum albumin, 600 nM
granzyme, and 2 X 10° cells. After 15 min at 4°C or 37°C, cells were washed twice
with ice-cold HBSS and resuspended in 0.5 ml HBSS. Cells were analyzed by
FACS using a Becton-Dickinson FACscan instrument. The remaining cells were
attached to coverslips by use of Cell-Tak (Becton-Dickinson) and fixed in 4%
formaldehyde in PBS for 20 min at 4°C. Cells were washed in PBS and mounted
in PERMAFLUOR (Beckman-Coulter).

Confocal laser scanning microscopy (CLSM) was carried out using a Leica
TCS NT upright microscope and Leica TCS software with a 100X oil immersion
lens (numerical aperture, 1.4). Where z stacks were acquired the section step was
approximately 1 pm. Differential interference contrast images were acquired
simultaneously, and images were collected using constant settings. The images
presented did not require additional correction for brightness or contrast.

RESULTS

GrB-mediated cytotoxicity is not dependent on mannose
6-phosphate. It has been demonstrated by many groups that
the CL-mediated killing of target cells via the perforin/gran-
zyme pathway can be mimicked in vitro by incubating purified
GrB and perforin with cultured cells. At sublytic concentra-
tions of perforin, GrB is internalized and is necessary and
sufficient to induce target cell apoptosis. (High concentrations
of perforin alone induce plasma membrane permeabilization
and necrosis.) This system has been used to implicate the
M6PR in GrB uptake and killing (38, 53) and to investigate the
function of perforin in GrB release (13).

Since recombinant protein produced in Pichia pastoris is not
mannose 6 phosphorylated (3) and yeast does not have an
M6PR (reviewed in reference 8), it can be inferred that our
recombinant GrB does not carry mannose 6-phosphate (man
6-P) and will not bind the M6PR. Indeed, recombinant GrB is
essentially indistinguishable from native GrB in perforin-me-
diated killing of human Jurkat cells, as indicated by superim-
posable dose response curves and equivalent ECs, values (Fig.
1A and C) (45). Thus, it appears that binding to the M6PR is
not required for granzyme B-mediated cytotoxicity.

To investigate this further, we assessed the uptake of fluo-
rescently labeled native and recombinant GrB by Jurkat cells
in the presence and absence of mannose 6-phosphate (man
6-P), which antagonizes binding of ligands to the M6PR (22).
Previous work has demonstrated that in the absence of per-
forin fluorescently labeled GrB accumulates in an intracellular
compartment and can be detected by microscopy or FACS
analysis (13, 35, 42, 53). As shown in Fig. 1B, we could dem-
onstrate accumulation of native or recombinant GrB in Jurkat
cells. (In these experiments recombinant GrB was labeled with
FITC whereas native GrB was labeled with Alexa 488, which
gives a brighter fluorescent signal.) We found that man 6-P
reduced the uptake of native GrB without abrogating it but
had no effect on the uptake of recombinant GrB. This indicates
that although a proportion of native GrB can interact with the
M6PR, recombinant GrB accumulates and kills independently
of the M6PR.

To extend these observations we analyzed the man 6-P con-
tent of native GrB according to Zhou et al. (58) and found 0.2
mol of man 6-P per mole of protein (data not shown). A man
6-P peak was not evident in the recombinant material. Given
that GrB has two Asn-linked oligosaccharide side chains (39),
this indicates that only 10 to 20% of native GrB is available for
binding to the M6PR.

Taken together, these results suggest that a proportion of
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FIG. 1. Influence of man 6-P and electrostatic interactions on GrB uptake and cytotoxicity. (A) Native GrB and recombinant GrB kill target
cells equally well. Enzymatic activities of the GrB preparations were matched by IETD-pNA cleavage assay. In the in vitro killing assay, Jurkat cells
were incubated for 1 h at 37°C with a constant amount of perforin (empirically determined to lyse 10 to 15% of the cells) and increasing
concentrations of GrB. Cells were washed and returned to complete medium, and survival was assessed 16 h later by MTT assay. The EC;, for
recombinant GrB was 4.8 U/ml; for native GrB it was 5.4 U/ml. (B) Soluble man 6-P reduces uptake of native GrB but not recombinant GrB by
Jurkat cells. Cells were incubated in 100 nM of FITC-GrB (recombinant) or 50 nM Alexa 488-GrB (native) in the absence or presence of 100 pM
man 6-P at 37°C for 1 h and then washed and analyzed by FACS. (C) Heparin abrogates GrB-mediated cytotoxicity. GrB was preincubated at 37°C
for 30 min with a 50-fold molar excess of heparin and then used in the in vitro killing assay. Heparin was maintained at at least a fivefold excess
over GrB levels during exposure to cells. (D) Chondroitin 4-sulfate (CS) does not abrogate GrB-mediated cytotoxicity. Recombinant GrB was
preincubated at 37°C for 30 min with a 50-fold molar excess of CS and then used in the in vitro killing assay. CS was maintained at at least a fivefold
excess over GrB levels during exposure to cells. (E) Sodium chlorate treatment reduces killing of Jurkat cells by recombinant GrB. Target cells
were cultured in the presence of 75 mM sodium chlorate for 48 h prior to and during the in vitro killing assay. The ECs, without chlorate was 3.4
U/ml; with chlorate it was 8.2 U/ml. (F) Chlorate treatment reduces uptake of FITC-GrB (recombinant) by Jurkat cells. Cells were cultured in the
presence of 75 mM sodium chlorate for 48 h prior to GrB binding for 1 h at 37°C, washing, and FACS.

native GrB may internalize via the M6PR, but this mode of
entry is not essential for cytotoxicity. Since recombinant GrB
cannot bind the M6PR, it provides a convenient tool to study
M6PR-independent uptake pathways involved in GrB cytotox-
icity.

GrB cytotoxicity is completely abrogated by heparin. GrB is
a cationic protein that binds negatively charged molecules like
DNA and the glycosaminoglycan (GAG) heparin (51). It
therefore has the potential to interact nonselectively with the
negatively charged cell surface and be internalized by adsorp-
tive pinocytosis or to specifically bind negatively charged pro-
tein or proteoglycan and internalize by receptor-mediated pi-
nocytosis (7). Potential receptors for GrB internalization
include CD44 or LRP. CD44 is involved in internalization of
GAGs and GAG-associated protein and has been suggested as

a receptor for serglycin-complexed GrB (36). LRP is a scav-
enger involved in the uptake of a wide range of ligands, in-
cluding growth factors, lipoprotein, proteases, protease-serpin
complexes, and microbial toxins (reviewed in reference 43).
Cell surface heparan sulfate proteoglycans (HSPG) are impli-
cated in internalization of ligands via LRP (57). Thus, if elec-
trostatic interactions or HSPG are involved in GrB uptake,
GAGs such as heparin should block GrB-mediated cytotoxicity
by neutralizing its positive charge or by preventing binding to
cell surface GAGs.

Jurkat cells were therefore exposed to perforin and increas-
ing concentrations of native or recombinant GrB, in the pres-
ence or absence of heparin (MW = 15,000) (Fig. 1C). GrB
killed Jurkat cells in a dose-responsive fashion, with an EC5, of
5 U/ml. However, preincubation with heparin totally inhibited
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FIG. 2. Contribution of GAGs and LRP to GrB-mediated cytotoxicity. (A) GrB binds GAGs. Recombinant GrB (50 nM) was added to 0, 0.1,
0.2, 0.3, or 0.4 M NaCl or to 0, 0.1, 1, 10, or 100 wM of the indicated GAG competitor and then incubated with heparin-Sepharose beads and
washed. Bound GrB was removed from the beads by boiling in SDS and assessed by SDS-PAGE and immunoblotting. HeS, heparin; Ha$S, heparan
sulfate; C4S, chondroitin 4-sulfate; DS, dermatan sulfate; C6S, chondroitin 6-sulfate. (B) GrB uptake does not require GAGs. Upper panels: CHO
GAG-deficient cell lines were incubated with 600 nM FITC-GrB (recombinant) for 1 h at 37°C, washed, and analyzed by FACS. Lower panels:
FACS analysis of cell surface GAGs on the CHO cells by binding of anti-Ha$ antibody (dotted line) or anti-CS antibody (solid line). (C) GAG-
deficient CHO lines are less sensitive than wt to GrB but are equally sensitive to staurosporine (STS). Shown are the ECs,s derived from repeated
GrB in vitro killing assays (left panel) and an STS dose-response experiment as assessed by MTT assay (right panel). Error bars indicate the
standard deviation. (D) In vitro killing of Jurkat cells by GrB is not inhibited by the LRP chaperone, RAP (left panel). LRP-deficient CHO cells

remain sensitive to GrB in the in vitro killing assay (right panel).

GrB-mediated cytotoxicity (Fig. 1C). Preincubation with hep-
arin did not inhibit the ability of perforin to permeabilize cells
(data not shown), suggesting that the impact of heparin is on
GrB rather than perforin. Since cytotoxicity depends on the
catalytic activity of GrB, we also assessed whether heparin
inhibits its ability to hydrolyze a standard peptide substrate
(IETD-pNA). Heparin suppressed hydrolysis by a maximum of
30% but did not abrogate it, indicating that the lack of GrB
cytotoxicity in heparin is not caused by inhibition of catalytic
activity (data not shown).

Because GrB is delivered to target cells in vivo bound to
chondroitin 4-sulfate on serglycin, we tested whether preincu-
bation with free chondroitin 4-sulfate influences cytotoxicity.
Killing was only slightly reduced in the presence of chondroitin
4-sulfate (Fig. 1D) compared to the total lack of killing in the
presence of heparin (Fig. 1C). This indicates that serglycin
does not interfere with GrB uptake.

One explanation for the inhibitory effect of heparin is that it
inhibits binding of cell surface HSPG to sites on GrB. To test
this idea, target cells were cultured in the presence of sodium

chlorate, an inhibitor of sulfate adenylyltransferase, which re-
duces the sulfation of cellular protein and GAGs (1). As shown
in Fig. 1E, cells treated with chlorate showed a 50% reduction
in GrB-mediated killing. Binding and accumulation of FITC-
GrB to cells was also reduced in the presence of chlorate (Fig.
1F). This is consistent with reports that chlorate treatment
halves the number of sulfated GAGs on the cell surface of
Jurkat cells (25). Taken together, the above-described results
suggest that interaction with cell surface GAGs is part of the
cytotoxic mechanism of GrB. The complete block by heparin
and the relative insensitivity to chondroitin 4-sulfate are con-
sistent with a mechanism involving exchange of GrB from
serglycin to cell surface HSPG.

GAGs and LRP are not essential for GrB-mediated killing.
To show that GrB can bind GAGs we used a simple “pull-
down” assay in which GrB is incubated with heparin-Sepharose
beads. Bound GrB is pelleted with the beads, and material
eluted from the beads is analyzed by immunoblotting. As
shown in Fig. 2A, GrB bound efficiently to heparin and was
eluted by NaCl, indicating an electrostatic interaction. Binding



7858 BIRD ET AL.

was inhibited by coincubation with excess soluble heparin or
heparan sulfate (HaS) but not by less-anionic chondroitins.
This suggests that GrB binds with greater efficiency to more
anionic GAGs and supports the exchange mechanism.

To determine whether interaction with cell surface GAGs
contributes to GrB cytotoxicity, we assessed whether GrB can
bind and kill well-characterized GAG-deficient CHO cells.
The mutant CHO line pgsD-677 is deficient in N-acetylglu-
cosaminyltransferase and glucuronosyltransferase (26) and, as
shown in Fig. 2B, has no HaS but has more CS on the cell
surface than the parental line CHO-K1. The mutant line pgsA-
745 is deficient in xylosyltransferase and has no GAGs on the
cell surface (11) (Fig. 2B). As shown in Fig. 2B, GrB accumu-
lation levels were comparable in the three lines, suggesting that
GAGs are not essential for GrB uptake.

Compared to Jurkat cells, the parental CHO cell line (K1) is
intrinsically resistant to in vitro GrB and perforin-mediated
killing, as indicated by higher ECs, values (Fig. 2C). Never-
theless, we were able to demonstrate that the GAG-deficient
CHO cells are two- to fivefold more resistant to GrB than
CHO-K1 cells (Fig. 2C). To rule out differences in apoptosis
pathways arising from clonal variation, we tested the sensitivity
of the lines to a different apoptosis inducer. As shown in Fig.
2C, the lines were similarly sensitive to staurosporine, which—
like GrB—triggers caspase-dependent death. Thus, binding to
GAGs may contribute to—but is not essential for—GrB-me-
diated cytotoxicity. Because cells totally deficient in GAGs still
succumb to GrB, proteoglycans are unlikely to be the only GrB
receptors. It is therefore likely that exchange also occurs to
other anionic cell surface structures such as phospholipids,
sulfated lipids, and gangliosides.

Binding to LRP is a common means of entry for a large
number of proteins, including proteases (43), and binding of
most ligands to LRP can be competed by its cationic chaperone
receptor-associated protein (RAP) (34, 43). It is also known
that HSPG act as coreceptors for the uptake of some ligands by
LRP (57). Thus, GrB may enter cells by binding LRP and using
HSPG as coreceptors. To test this idea, we investigated
whether the LRP ligand, RAP (30), antagonizes GrB uptake or
inhibits GrB-mediated killing and whether LRP-deficient
CHO cells are resistant to GrB. In Jurkat cells RAP did not
inhibit uptake of recombinant or native GrB (data not shown)
or affect GrB-mediated killing (Fig. 2D). LRP-deficient CHO
cells (12) were no more resistant to perforin and GrB than
CHO-KI cells (Fig. 2D). Thus, GrB-mediated cytotoxicity does
not require LRP.

Identification of GAG-binding cationic sequences on GrB.
Many proteins bind GAGs, and consensus binding sites have
been identified (5). Binding relies on electrostatic interaction
between the negatively charged GAG and a positively charged
motif in the protein that may adopt either an a-helical or
B-strand conformation (XBBXBX or XBBBXXBX, where B is
a basic amino acid and X is uncharged or hydrophobic) (5). As
shown in Fig. 3, inspection of the GrB sequence and structure
revealed a surface loop containing an exact match to the XB
BXBX motif (*'°RKAKRTRA, where the underlined charac-
ters represent the putative heparin-binding motif) and a part of
the amphipathic C-terminal helix that has paired basic residues
also thought to bind GAGs (**?’KKTMKRY) (20). These were
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FIG. 3. Location of two clusters of positively charged residues on
human GrB. The structure of human GrB bound to a peptide inhibitor
has been solved (39) (Protein Database accession number: 11AU).
(A) The residues mutated to alanine in the GrB cs mutants are labeled
(numbering in 1IAU is based by convention on chymotrypsin). R110,
R114, and R116 (csl) are in cyan ball-and-stick, and K239, K240,
K243, and K244 (cs2) are in blue ball-and-stick. The peptide inhibitor
Ac-IEPD-CHO is in yellow ball-and-stick, and indicates the position of
the catalytic site. (B) GRASP electrostatic potential surface of GrB in
an orientation similar to the image shown in panel A. The positively
charged residues selected for mutagenesis are labeled. (C) Sequence of
mature GrB showing positively charged residues (blue) and the cat-
ionic sequences (boxed). Green dots mark the residues of the catalytic
triad, and arrows mark the positions of Asn-linked carbohydrate side
chains. Numbering in blue below the sequence is based on chymotrypsin.

designated cationic sequence 1 (cs1) and cs2, respectively (Fig.
30).

To test whether cs1 and cs2 contribute to GAG binding, we
mutated them via alanine substitution (Fig. 3). In the “single”
mutants, csl was changed to ''"AKAKATAA or cs2 was
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changed to 2*?’AATMAAY, where the boldface characters rep-
resent the mutated residues. The “double” mutant (cs1 plus
cs2) carried the substitutions at both sites. In the pull-down
assay both single mutants showed significantly impaired hepa-
rin binding compared to wt GrB, and the double mutant bound
even less efficiently (Fig. 4A).

GrB cs mutants are catalytically active and proapoptotic.
Both csl and cs2 are located on the opposite side of the
molecule to the catalytic pocket and are part of a larger cat-
ionic surface (Fig. 3A). This topology would minimize steric
hindrance between a substrate and a GAG (or other negatively
charged molecule) and would allow GrB to cleave substrates
while bound to another molecule. It might also allow GrB
activity to be allosterically regulated by a cofactor, as seen in
other proteases such as those participating in blood coagula-
tion.

None of the cs mutations altered the catalytic activity of GrB
against a standard peptide substrate (Fig. 4B). To assess their
ability to induce apoptosis via cleavage of natural cytoplasmic
substrates, the mutants were incubated with cells transiently
permeabilized with streptolysin O (SLO). Under the condi-
tions used the SLO-generated plasma membrane pores do not
cause lysis and are resealed by membrane repair processes
(55). GrB entering the cytoplasm via these pores can directly
access its proapoptotic substrates such as Bid and procaspase 3
and does not require perforin to cause death. As shown in Fig.
4C, the ECs, for GrB-mediated apoptosis in this system is
approximately 5 U/ml. This is similar to the ECs, observed
when purified perforin is used to deliver GrB (45) (Fig. 5),
indicating that GrB can move without hindrance into the cy-
toplasm through the SLO pores and induce death. The ECss
obtained for all the mutants were similar to those of wt GrB,
indicating that there is no impairment of their apoptotic po-
tential (Fig. 4C).

GrB cs mutants have impaired perforin-mediated cytotox-
icity. GrB and perforin synergize to cause cell death. Perforin
was originally proposed to operate like SLO and mediate GrB
entry into cells through the plasma membrane, but it is now
thought to release GrB from an intracellular compartment
(13). To assess the impact of the cs mutations on perforin-
mediated GrB function, target cells were incubated with sub-
lytic concentrations of perforin and increasing concentrations
of the different GrB cs mutants. As shown in Fig. 5, all of the
cs mutants showed significantly impaired cytotoxicity, indi-
cated by 2- to 20-fold increases in the ECs,. Thus, cs1 contain-
ing the altered classical GAG-binding motif is 20-fold less
cytotoxic than wt, cs2 containing the altered C-terminal helix is
2.5-fold less cytotoxic, and the double mutant is also 20-fold
less cytotoxic.

Since these mutations have no impact on GrB catalytic ac-
tivity or apoptotic potential, we conclude that the cationic sites
play a role in uptake, intracellular trafficking, or perforin-
mediated release into the cytoplasm. The absence of a multi-
plier effect on the EC5,, of the double mutant suggests that csl
and cs2 affect the same point in the pathway (the expected
additive effect on the ECy, if this is the case would not be
evident due to experimental variation). A simple explanation is
that cs1 and cs2 both contribute to cell surface binding. Per-
turbation of either site reduces efficiency of binding and hence
cytotoxicity.
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FIG. 4. GrB cs mutants have impaired GAG binding but normal
catalytic and apoptotic function. (A) Heparin-binding of cs mutants.
Equal amounts of wt or mutant GrB were mixed with heparin-Sepha-
rose beads. An irrelevant heparin-binding control protein (antithrom-
bin) was included as a tracer to monitor loss of beads during the
procedure. Samples were assessed by SDS-PAGE and immunoblot-
ting. The Prebound panel compares the input GrBs used in the exper-
iment, with no binding or washing steps, as assessed immediately after
mixing with the tracer. The Bound panel shows the GrB remaining
after binding and washing. Results are representative of five indepen-
dent experiments. (B) The catalytic activity of wt and cs mutants on a
quenched-fluorescence substrate Abz-IEPDSSMESK-dnp was mea-
sured as described previously (46). (C) The apoptotic function of the
cs mutants was assessed using a modified in vitro killing assay, in which
perforin was replaced by SLO. Enzymatic activities of the granzymes
were matched via IETD-pNA cleavage assay. Jurkat cells were incu-
bated for 1 h at 37°C with an empirically determined amount of SLO
(permeabilizes 80% of cells) and increasing concentrations of GrB.
Cells were washed, and survival was assessed 16 h later by MTT assay.
The ECs, for wt GrB was 5 U/ml.
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FIG. 5. GrB cs mutants show impaired cytotoxicity in the presence
of perforin. (A) Representative in vitro killing assay comparing wt and
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killing assays. Error bars indicate the standard deviation. The EC;, for
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Uptake and intracellular accumulation of GrB cs mutants.
To further dissect the function of the cationic sites we exam-
ined binding and accumulation of fluoresceinated (FITC)
granzymes in Jurkat cells. The integrity of labeled protein and
the extent of labeling was assessed by fluorography and immu-
noblotting (Fig. 6C). FITC-GrB and perforin were added to
cells at 4°C or 37°C for 15 min, and then unbound material was
removed by washing. Cells were assessed by FACS or confocal
laser scanning microscopy (CLSM). Because pinocytosis is in-
hibited by low temperature (15, 21), we predicted binding but
no accumulation of wt GrB at 4°C, contrasting with binding
and accumulation at 37°C.

We used well-characterized FITC-transferrin as a control in
these experiments, expecting to see receptor-mediated cell sur-
face binding but no intracellular accumulation at 4°C, and
uptake and accumulation in endosomes at 37°C (29). As shown
in Fig. 6A, transferrin was evident at the cell surface but not
inside cells at 4°C and was mostly inside cells after 15 min at
37°C.

As shown in Fig. 6A and B, FACS analysis indicated very low
binding of wt GrB to cells at 4°C. A pronounced shift was
observed at 37°C, indicating that intracellular accumulation of
wt GrB had occurred. To confirm that GrB had internalized,
we analyzed cells by CLSM. At 4°C we observed very faint
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surface fluorescence, as well as a diffuse pattern of intracellular
(cytoplasmic) staining which was not evident with transferrin.
This may represent GrB that has accumulated in small endo-
cytic vesicles via fluid-phase uptake, which is known to be
reduced but not abrogated at 4°C (15). It is less consistent with
binding to a sole, stationary, cell surface receptor, which would
be indicated by staining of the plasma membrane (as is the case
with transferrin). It is also unlikely to represent soluble GrB
that has moved directly into the cell via a perforin channel or
other nonpinocytic mechanism, since GrB released into the
cytosol rapidly accumulates in the nucleus (51), and no nuclear
GrB was evident. Furthermore, the same pattern was observed
in the absence of perforin (data not shown).

At 37°C we observed wt GrB at the periphery with some
diffuse cytoplasmic staining, but most of the material was lo-
calized in a large subcellular compartment(s) (Fig. 6A and B),
which resembles structures described previously (13, 35, 53).
For working purposes, we termed these structures “internal-
ized GrB depots” (IGD). Similar patterns of GrB uptake and
localization at 37°C were also observed using native GrB (Fig.
1 and data not shown). Identical results were obtained in the
absence of perforin, indicating that it does not enhance uptake
or distribution of wt GrB in this system (data not shown).

Next we examined the binding and accumulation of the cs
mutants. As shown in Fig. 6B, the csl1 mutant showed little or
no binding to cells at 4°C. At 37°C the mutant accumulated in
cells 60% less efficiently than wt GrB. It appeared solely in the
diffuse cytoplasmic pattern and showed no evidence of accu-
mulation in IGD. This suggests that the classical GAG-binding
motif mutated in csl is involved early in a pathway that directs
GrB to IGD.

The cs2 mutant showed FACS and CLSM profiles similar to
that of wt GrB, although qualitatively there appeared to be a
decrease in the size of IGD within the cells (Fig. 7). This
indicates that the GAG-binding C-terminal helix also contrib-
utes to trafficking of GrB to IGD but is less important than the
classical GAG-binding motif. Consistent with this, the double
mutant showed FACS and CLSM profiles identical to the csl
mutant profiles.

Taken together, these results clearly indicate that the cat-
ionic sites on GrB are involved in uptake and trafficking of GrB
to IGD in target cells. They also indicate that there is an
uptake pathway that delivers GrB into cells independently of
the cs sites, without accumulation in IGD. However, they do
not explain the complete loss of cytotoxicity in the presence of
heparin.

Influence of heparin on uptake and intracellular accumula-
tion of GrB. As indicated above (Fig. 1C), heparin completely
blocks GrB-mediated cytotoxicity without affecting perforin.
To determine whether GrB binding or accumulation is affected
by heparin we incubated cells with GrB in the presence of
increasing amounts of heparin. As shown in Fig. 7A and Table
1, even at 50-fold excess, heparin reduced but did not com-
pletely inhibit binding or accumulation of GrB in IGD. At the
level used in cytotoxicity assays (5- to 50-fold excess), IGD
were clearly evident. Thus, the heparin block of cytotoxicity
cannot be explained solely by inhibition of GrB uptake or
accumulation in IGD: it must also affect another step in the
cytotoxic pathway.

Unlike wt GrB, uptake and accumulation of the cs mutants
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FIG. 6. Uptake and intracellular localization of GrB and the cs mutants. Binding and accumulation of FITC-labeled transferrin (125 nM) or
FITC-labeled granzymes (600 nM) in the presence of sublytic perforin. Jurkat cells were exposed to fluoresceinated protein and perforin at 4°C
or 37°C for 15 min, washed, and analyzed by FACS. Autofluorescence levels of cells treated with perforin alone at 4°C (shaded histogram) or 37°C
(black line) were identical. Cells from the same populations were also analyzed by CLSM. (A) Uptake and localization of wt GrB compared to
transferrin. Image shows the distribution of fluoresceinated protein (FITC) with a corresponding differential interference contrast image. Shown
are single optical sections from single cells (left and center panels) or z-stacks of multiple cells (right panels). (B) Uptake and localization of cs
mutants at 4°C and 37°C was analyzed as described above. Images show single optical sections. (C) A fluorograph and an immunoblot probed with
anti-GrB monoclonal 2C5 demonstrate integrity and equivalent FITC labeling of wt GrB and the cs mutants. The fluorograph was taken prior to

transfer to a membrane for immunoblotting (Tf, transferrin).

was essentially unaffected by the presence of heparin (Fig. 7B
and Table 1). This suggests that heparin interferes with GrB
uptake by binding to these sites, and this idea is further sup-
ported by the observation that heparin reduces wt GrB accu-

mulation to mutant levels. It also suggests that csl and cs2
cooperate in heparin binding and GrB uptake, because if they
worked independently heparin should further reduce uptake if
only one site is mutated.
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FIG. 7. Effect of heparin on uptake and localization of granzymes, and the role of cs2. Jurkat cells were exposed to perforin and FITC-GrB
at 37°C for 15 min or 60 min (C), washed, and analyzed by FACS and/or CLSM. (A) Heparin reduces but does not prevent GrB accumulation
in intracellular vesicles. Images show z-stacks of multiple cells: the corresponding FACs profile is shown beneath. (B) A fivefold excess of heparin
reduces GrB accumulation in Jurkat cells but does not further reduce accumulation of cs mutants. (C) cs2 shows reduced uptake and vesicular

accumulation. Shown are z stacks of multiple cells.

Mutation of cs2 influences GrB vesicular accumulation.
Mutation of cs2 yielded a reproducible 2.5-fold reduction in
cytotoxicity (Fig. 5), but qualitatively its uptake and accumu-
lation pattern resembled wt GrB results. One difference be-
tween the cytotoxicity and uptake assays is the time of exposure
of cells to GrB (1 h and 15 min, respectively). Repeating the
cytotoxicity assays with a 15-min exposure to cs2 resulted in a
further reduction in apparent activity: it now showed a sixfold
decrease in EC5, compared to wt GrB (data not shown). Com-
parison of the intracellular accumulation results obtained with

cs2 and wt GrB at 15 min and 1 h showed fewer and smaller
IGD in cells exposed to cs2 (Fig. 7C). Quantitation of the
FACS data showed that cells accumulated about three times
more wt GrB at both time points. This confirms that mutation
of cs2 also perturbs accumulation of GrB in IGD.

Cationic sequences in other granzymes. CLs produce other
cytotoxic granzymes that cause perforin-mediated cell death
(40). To assess whether cationic sequences are likely to play a
role in the cytotoxic function of other granzymes, we examined
the corresponding regions in all human and mouse granzymes.
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TABLE 1. Properties of GrB mutants”

Cytotoxicity? Intracellular localization”
Heparin Binding/accumulation®
Granzyme epe » Activity® I1GD Cytoplasm
binding SLO Pip
— HeS + HeS — HeS + HeS — HeS + HeS

wt 1.00 1.0 1.0 1.00 1.00 0.38 +++ + + +
csl 0.03 1.0 1.0 0.05 0.38 0.35 - - + +
cs2 0.1 1.0 1.0 0.5 0.63 0.57 ++ +/= + +
csl+2 0.03 1.0 1.0 0.02 0.22 ND# - - + +

“ Results are normalized to wt GrB. Binding and localization of FITC-GrB was assessed in the presence of sublytic perforin for 15 min.

b Assessed by heparin-Sepharose pull-down assay and densitometry (Fig. 4).

¢ Enzymatic activity measured by hydrolysis of a synthetic peptide substrate (Fig. 4).

@ Target cell death measured by MTT assay following granzyme delivery by streptolysin O (SLO) (Fig. 4) or perforin (Pfp) (Fig. 5).

¢ Binding and accumulation of FITC-GrB was assessed by FACS analysis, in the absence (—) or presence (+) of heparin (HeS). Averaged mean fluorescence
intensities (MFI) were normalized to the averaged MFI for wt GrB without heparin. The MFI for wt GrB was 12.5 = 1.9 (n = 6).

/Intracellular localization of FITC-GrB was assessed by CLSM, in the absence or presence of heparin. For IGD: ++ +, multiple, large IGD in most cells; ++, fewer,
smaller IGD in most cells; +, fewer, less intense IGD in many cells; +/—, rare, less intense IGD in occasional cells; —, no detectable IGD. For cytoplasm: +, diffuse

cytoplasmic staining in most cells.
¢ ND, not done.

We noted a high density of cationic residues in most granzymes
in both regions (Fig. 8A), suggesting conservation of heparin-
binding ability. One exception is granzyme K, which in both
human and mouse has a lower density of cationic residues in
these regions.

To test whether cytotoxicity is heparin sensitive in another
granzyme, we tested whether GrA can bind heparin and

A

mGrA ~~~~DLOLVRLKE
mGrB ~~~~DIMLIKLK

MGrF ~~~~DIMLLKLKSKLKRT
mGrG ~~~~DIMLLKLRSKAKRT
mGrk ~~~~DIMLIKLRTARE LNK
mGrM ~~~~DLALLKL -
hGrR e ~DLEKLLOLTEKARINKYVT I LHL
hGrB ~~~~DIMLLQLERKAE
hGrM ~~~~DLALLQL
hGrH ~~~~DIMLLOLHR KRl
hGrK ~~~~DIMLVELJTAAKLNHHVKMLHT ~~~~WIKSNLVE
B
Compatitor e —
HeS e S o
os NI ; ™
Ds R
ke - L= g 01

" miGrA - HeS
2 mGrA + HeS

-1 0 1 2 3 4
Log,[GrA] (ri)

FIG. 8. Electrostatic interactions may contribute to the function of
other granzymes. (A) Regions homologous to csl and cs2 (boxed) in
other human and mouse granzymes. Positively charged amino acids are
indicated in bold. (B) GrA binds GAGs. A 50 nM concentration of
recombinant mouse GrA was used as described in the legend to Fig.
2A. (C) Heparin abrogates GrA and perforin-mediated killing of Ju-
rkat cells. Recombinant GrA was preincubated at 37°C for 30 min with
a 50-fold molar excess of heparin and then used in the in vitro killing
assay (see Fig. 1A for details.) Heparin was maintained at at least a
fivefold excess over GrA levels during exposure to cells.

whether heparin abrogates GrA-mediated cell death. As
shown in Fig. 8B, GrA binds heparin more tightly than other
GAG:s, as seen with GrB (Fig. 3). Furthermore, heparin totally
abrogates perforin-dependent GrA-mediated killing (Fig. 8C).
These results indicate that the uptake mechanisms studied
here for GrB are likely to be similar for other granzymes.

DISCUSSION

Our study provides the first direct evidence for regions on
GrB outside the active site that are important for cytotoxicity.
These are not involved in modulating cleavage of the natural
intracellular substrates of GrB but rather are sites that facili-
tate its uptake and trafficking in the target cell.

If GrB is considered as a roughly spherical protein, one
hemisphere contains the active site and has an essentially neu-
tral surface, while the other hemisphere has a highly cationic
surface. Csl and cs2 form part of the cationic surface, and
mutation of either sequence affects accumulation of GrB in the
target cell without affecting cleavage of natural or artificial
substrates. Mutation of csl1 results in a form of GrB that shows
significantly reduced binding to heparin; reduced uptake into
target cells; cytoplasmic distribution with no apparent accumu-
lation in IGD; and significantly impaired cytotoxicity. Mutation
of cs2 results in significantly reduced binding to heparin;
slightly reduced uptake into target cells; cytoplasmic distribu-
tion with reduced accumulation in IGD; and slightly impaired
cytotoxicity (see Table 1 for a summary of the properties of the
cs mutants).

Because csl and cs2 independently have the features of
characterized GAG-binding sites and since they behave differ-
ently, it is possible that each site has a discrete role in GrB
uptake. However, at present we cannot rule out the possibility
that they combine to form a single patch which interacts with
the cell surface and that mutation of either site compromises
the patch. The simplest interpretation of the data presented in
this study is that both csl and cs2 contribute to a charge-
dependent interaction with the cell surface that directs GrB
into IGD. The failure of csl to accumulate in IGD indicates
that either this site is more important for cell surface binding
or it has an additional role in GrB trafficking to IGD.
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Despite their significantly compromised cytotoxic potential
and failure to accumulate in IGD, cs1 and the double mutant
still internalize relatively efficiently at 37°C. They are localized
in a diffuse “cytoplasmic” compartment, which is also observed
with wt GrB and presumably reflects elements of a different
(second) pinocytic pathway, as suggested previously (53). It is
possible that GrB is contained within endocytic vesicles be-
longing to this second pathway that are too small be resolved
by light microscopy. Release from this pathway by perforin
must occur, since mutant GrBs that internalize this way can
still kill, but their significantly compromised cytotoxicity sug-
gests that such release is very inefficient.

Receptors for GrB. Given the recent observation that GrB is
released from CLs complexed to the proteoglycan serglycin
(31), key issues that arise are the nature of the structure(s) or
receptor on the target cell surface to which the GrB-serglycin
complex binds and whether the complex itself is internalized.
Ideally a selective GrB receptor would be ubiquitously ex-
pressed so that potentially every cell is sensitive to CLs and
would be essential for viability so that it cannot be blocked or
down-regulated in virus-infected or tumor cells. A candidate
for such a receptor is the cation-independent M6PR. Through
study of M6PR-null mouse cells engineered to overexpress the
human M6PR, an early suggestion was that GrB enters cells
primarily via the M6PR (33). Subsequent work using the same
cells demonstrated a second uptake pathway that functions
independently of M6PR internalization (53). However, more-
recent findings indicate that M6PR-deficient cells remain sus-
ceptible to CLs and to purified GrB and that internalized GrB
does not colocalize with internalized M6PR (10, 53). Thus,
MG6PR does not appear to be essential for GrB-mediated kill-
ing. Our results are consistent with this conclusion, because
recombinant GrB from Pichia pastoris—which is not mannose
6-phosphorylated—Xills cells equally as well as mannose
6-phosphorylated native GrB. Furthermore, we have demon-
strated that no more than 20% of native GrB is mannose
6-phosphorylated and would be capable of binding the M6PR.
These findings strongly support the existence of M6PR-inde-
pendent routes of GrB internalization, perhaps involving other
receptors. The existence of multiple receptors would ensure
that uptake of GrB is not easily blocked by the target cell.

Several other receptors have been suggested for GrB. These
include CD44, which is known to bind serglycin (48), and cell
surface Hsp70, which binds GrB and mediates perforin-inde-
pendent death (17). In this study we have also considered LRP,
because of its broad distribution, the existence of functionally
related family members, and its known capacity to internalize
proteases. However, as demonstrated using LRP-deficient cells
and the specific competitor, RAP, GrB uptake does not involve
LRP.

GrB uptake by exchange and adsorption. An alternate,
emerging model for GrB uptake is that selective GrB receptors
are not required and that the positively charged GrB adsorbs
to the target cell through electrostatic interactions with nega-
tively charged cell surface structures (Fig. 9) (24, 37, 41). These
structures could include phospholipid headgroups, sulfated lip-
ids, gangliosides, or HSPG. Uptake then follows bulk mem-
brane flow and would not be easily blocked without compro-
mising cell viability. Consistent with this “adsorption” model,
our results show that GrB uptake and cytotoxicity is reduced in
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FIG. 9. The exchange/adsorption model. Granzyme (indicated by
two-tone sphere) is delivered into the synapse electrostatically bound
to the CS chains (zigzag lines) of serglycin (SG). Granzyme exchanges
from CS chains to more negatively charged components of the target
cell surface and is internalized by adsorptive pinocytosis (7). Mutation
of csl or cs2 compromises the cationic surface (indicated by darker
hemisphere) of granzyme B and reduces adsorption. Nonadsorbed wt
or mutant granzyme is internalized by fluid-phase pinocytosis. Perforin
(not shown) releases granzyme from either pathway to cause cell
death. Pretreatment of granzyme with excess heparin substantially
reduces adsorption but not fluid-phase uptake and prevents death by
interfering with an additional unidentified step(s) common to both
pathways. Aspects of this model are consistent with recent studies
showing that SG-GrB complexes are not internalized (37) and inhibi-
tion of granzyme uptake by anionic competitors (41).

the less cationic cs mutants, in the presence of a sulfation
inhibitor, and that cells lacking GAGs resist killing.

One difficulty with this model is that the high positive charge
of GrB is probably neutralized in vivo by serglycin, rendering
adsorption to the cell surface much less efficient. It is therefore
necessary to posit that GrB exchanges from serglycin to more
negatively charged elements on the cell surface and is subse-
quently internalized (Fig. 9) (37). Our findings indicate that
GrB binds less efficiently to chondroitin sulfate than to hepa-
rin, so such an exchange is possible. A further prediction of an
“exchange/adsorption” model is that heparin—but not chon-
droitin sulfate (the GAG component of serglycin)—should
inhibit GrB uptake and hence cytotoxicity. Consistent with this,
we have clearly demonstrated that GrB-mediated killing is
sensitive to heparin but is relatively insensitive to chondroitin
sulfate (Fig. 1C and D).

On the other hand, if internalization of the serglycin-GrB
complex is charge independent, heparin should not interfere
with uptake or cytotoxicity of purified, uncomplexed GrB: it
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would simply mimic the chondroitin sulfate on serglycin and
mask the positive charge of GrB without affecting binding to
the cell. Also under this scenario, reduction of the cationicity
of GrB via mutation would only affect its binding to serglycin,
and such mutants should be silent in our in vitro systems. Thus,
our finding that mutation of csl and cs2 affects both uptake
and cytotoxicity of GrB supports the exchange/adsorption
model, and weakens the selective receptor model, but does not
exclude the possibility that both mechanisms operate in paral-
lel.

The overall impact of heparin on GrB-mediated cytotoxicity
is complex. FACS and imaging analysis shows that heparin
reduces, but does not prevent, internalization of GrB. Yet it
completely abrogates cytotoxicity, apparently without affecting
perforin. This indicates that heparin also affects GrB trafficking
or function within the cell by preventing an interaction with
another (unidentified) component or target of the cytotoxic
pathway.

Intracellular trafficking of GrB. The uptake of solutes and
macromolecules into cells is complex, and there are multiple
portals into the cell (reviewed in reference 7). Pinocytosis or
fluid-phase uptake encompasses the mechanistically distinct
processes of macropinocytosis; clathrin-mediated endocytosis;
caveolin-mediated endocytosis; and clathrin/caveolin-indepen-
dent endocytosis. With the exception of macropinocytosis,
these pathways offer selectivity of the cargos internalized, via
interactions with dedicated receptors. Soluble molecules with-
out receptors may enter nonspecifically by encasement in in-
ternalizing vesicles, in which uptake efficiency is dictated by the
solute concentration and vesicle volume. Uptake efficiency
may be enhanced by nonspecific binding of solutes to the cell
membrane (adsorptive pinocytosis).

The GTPase dynamin functions in most pinocytic pathways
to assist vesicle maturation. Dominant-negative dynamin
blocks uptake via all pathways except macropinocytosis and
some clathrin/caveolin-independent pathways. With the excep-
tion of caveolin-mediated endocytosis, the dynamin-dependent
and independent pathways probably intersect in early endo-
somes where cargo and receptors are sorted to recycling en-
dosomes or late endosomes. Internalized caveolae fuse with
caveosomes, which have a neutral pH, and the caveosomes
deliver their contents to subcellular compartments such as the
endoplasmic reticulum and Golgi apparatus (7).

Which pinocytic pathway(s) does GrB utilize? Given the
observation that GrB moves through early endosomes (35) and
the proposed dependence on low pH for perforin function, it is
unlikely that caveolae are involved in cytotoxicity. GrB uptake
involves an energy- and temperature-dependent process that is
blocked by cytochalasin (42). At 20°C GrB colocalizes with the
early endosome markers rab4 and rab5; at 37°C it accumulates
in compartments similar to the IGD observed here, which are
not derived from lysosomes, the Golgi apparatus, or mitochon-
dria (35). GrB uses both dynamin-dependent and -indepen-
dent pathways to move into cells (53, 54), potentially via any
pinocytic pathway. Our results are consistent with the presence
of at least two pathways (Fig. 9), as demonstrated by the
accumulation in IGD of wt GrB and cs2 but not csl and the
diffuse cytoplasmic accumulation of wt GrB, cs1, and cs2. The
fact that csl is still (weakly) cytotoxic suggests that the two
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pathways intersect or that both contain a perforin-sensitive
compartment.

The role of perforin. It remains to be determined how per-
forin acts to release GrB. Much of what we know about GrB
and perforin stems from the use of in vitro systems using
purified protein and cultured cells. These have shed light on
the trafficking, substrates, and proapoptotic functions of GrB
(2, 53). They have also provided insight into the structure and
pore-forming function of perforin (reviewed in reference 6),
indicating that perforin pores are too small to act as plasma
membrane channels for GrB (4, 31). Perforin concentrations
which allow formation of large pores that admit GrB directly to
the cytoplasm are likely to be necrotic and proinflammatory.

Since the trafficking and molecular functions of GrB and
perforin are not readily studied in the context of the CL-target
cell synapse, it is still being debated whether granzymes move
through a perforin pore at the plasma membrane or are re-
leased from endosomes (for discussions, see references 6 and
41). For example, it is argued that the concentration of per-
forin in the synapse greatly exceeds the concentration achiev-
able in an in vitro system (6): this would be conducive to
plasma membrane channel formation within the synapse and
movement of GrB directly into the cytoplasm.

This view implies that GrB cationic sites, adsorptive pinocy-
tosis, and endosomolysis are unnecessary for cytotoxicity in
vivo. However, there is currently no evidence that has been
presented, or is otherwise available, that supports the propo-
sition that “addition of purified perforin and granzymes to the
medium is a potentially useful model, but the dilute concen-
trations of these mediators may be many orders of magnitude
smaller than their in vivo concentration after exocytosis into
the junctional synapse between the cytotoxic cell and its bound
target” (6). It cannot be assumed that the amount of perforin
delivered into the synapse is uniform between CLs or that the
same amount is released in every “hit” delivered by a particular
CL. Indeed, it is evident that CL populations are heteroge-
neous with respect to granzyme and perforin expression (18,
23); thus, synaptic perforin and granzyme concentrations may
differ considerably. Variation in the amount of perforin or
granzyme delivered by particular CLs may explain recent ob-
servations that reduction of surface HSPG makes target cells
less susceptible to CL killing in some contexts (37) but not
others (24). In any event, the two models of perforin-mediated
granzyme release (channel and endosomolysis) are not mutu-
ally exclusive.

Previous studies have suggested that bacterial pore-forming
proteins like SLO and pneumolysin, or nonreplicating adeno-
virus, are functionally equivalent to perforin (4, 13). The pore-
forming capabilities of SLO have recently been carefully char-
acterized (55), and it has been shown to reversibly
permeabilize the plasma membrane under the conditions de-
scribed here. By contrast, perforin is thought to be endosomo-
lytic (13, 31). Our results show an impact of the cs mutations
on perforin-mediated cytotoxicity, but not on SLO-mediated
cytotoxicity, strongly suggesting that SLO and perforin func-
tion differently. Results from studies that have depended on
SLO delivery of granzymes should be reevaluated in this light.

Conclusion. There is selective pressure on viruses and tumor
cells to evade the immune system via camouflage, suppression,
or resistance. In the case of resistance, target cells may down-
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regulate machinery required for death signal transduction, re-
sist entry of cytotoxins, produce inhibitors of cytotoxins, or
up-regulate endogenous antiapototic regulators. If the uptake
of GrB by target cells depended on a single receptor or system,
a potential chokepoint would be created. The work described
here identifies specific noncatalytic regions of GrB involved in
its uptake, trafficking, and cytotoxicity and indicates that GrB
internalization is charge dependent and relatively nonselective.
It also indicates that other cytotoxic granzymes may enter
target cells via a similar mechanism.
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