


drial membranes (Fig. 6B), we found that incubation of iso-
lated mitochondria with 100 �M the H1 or H3 peptide did not
cause cytochrome c release, suggesting that any pores formed
by the H1 peptide in mitochondrial membranes do not allow
egress of cytochrome c from the mitochondrial intermembrane
space (Fig. 5B).

Microinjected H1 does not cause release of cytochrome c
from mitochondria. We have previously shown that expression
of GFP-� causes release of cytochrome c from the mitochon-
drial intermembrane space at 48 h posttransfection (31). How-
ever, we found that purified mitochondria did not release cy-
tochrome c when they were incubated with the H1 peptide
(Fig. 5B). To test whether the H1 peptide could cause release
of cytochrome c from mitochondria in cells, we microinjected
H1 (final concentration, 50 �M) together with BSA fluores-
cently labeled with Alexa594 into CV-1 cells. After an incuba-
tion period of 20 to 30 min, the cells were fixed and immuno-
stained for cytochrome c. We found that, similar to our
findings with purified mitochondria, the H1 peptide did not
cause release of cytochrome c from mitochondria in cells after
a 20-min incubation period (Fig. 5C). As expected, microin-
jection of the H1:I595K or H3 peptide also did not cause
release of cytochrome c. We conclude that although the H1
peptide can permeabilize the plasma membrane and artificial
membranes, it does not permeabilize mitochondrial mem-
branes to an extent that will allow release of cytochrome c.

Biotinylated H1 localizes to mitochondria when microin-
jected into cells. A GFP-H1 fusion protein localizes to mi-

tochondria in transfected cells (3). We therefore assessed
the subcellular distribution of a biotinylated form of H1
complexed with streptavidin-Alexa488 after it was micro-
injected into CHO-K1 cells. Control microinjections of
streptavidin-Alexa488 alone were diffusely distributed
throughout the cell (Fig. 6A). However, the biotinylated H1
colocalized with the mitochondrial marker Mitotracker
CMXRos (Fig. 6B). In addition, 1 min following microin-
jection, the mitochondria in several H1-injected cells be-
came punctate and aggregated and differed from the normal
tubulovesicular distribution of mitochondria in control in-
jected cells (Fig. 6B, insets). These findings indicate that H1
localizes to mitochondrial membranes and disrupts normal
mitochondrial architecture.

Biotinylated H1 but not H1:I595K peptide forms a filamen-
tous mosaic on the plasma membrane when incubated with
cells. To further investigate the mechanism of H1-induced
plasma membrane permeability, we assessed the cell surface
distribution of biotinylated H1 and H1:I595K. CV-1 monkey
kidney cells were incubated with 50 �M H1 for 30 min at RT
and then washed and fixed, and the distribution of biotinylated
H1 was detected by the addition of streptavidin-Alexa488. The
biotinylated H1 peptide formed a filamentous mosaic-like pat-
tern on the plasma membrane of the CV-1 cells. In addition,
larger aggregates of peptide could be seen adherent to the
plasma membrane. In contrast, the mutant peptide H1:I595K
distributed as punctate spots on the plasma membrane and did
not form larger aggregates (Fig. 7). We conclude from these

FIG. 6. Microinjected H1 localizes to mitochondrial membranes and disrupts normal mitochondrial architecture. CHO-K1 cells labeled with
Mitotracker CMXRos were microinjected with Alexa488-conjugated streptavidin (A) or 50 �M a biotinylated H1 peptide bound with Alexa488-
conjugated streptavidin (B). Phase-contrast and fluorescent images were collected before and 1 min after microinjection. Injected cells are marked
with red stars. Insets show an enlarged view of the region outlined in dotted lines. Bar, 10 �m.
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findings that the H1 peptide can form filamentous arrays upon
interaction with cellular membranes perhaps similar to those
described for some cell-penetrating peptides upon interaction
with artificial membranes (22, 23).

DISCUSSION

The reovirus outer capsid protein �1 is the primary deter-
minant of reovirus-induced apoptosis (3, 5–7). �1 also has an

additional critical role in membrane penetration during virus
entry. In this regard, a myristoylated N-terminal fragment of
�1 (�1N; residues 2 to 42) that is produced by autocatalytic
cleavage of �1 during virus entry has direct membrane-perme-
abilizing activity (21, 34). The C-terminal � fragment of �1,
although not functionally required for entry, increases its effi-
ciency and was suggested to have chaperone-like activity (13).
In previous work, we showed that ectopic expression of GFP-

FIG. 7. The H1 peptide forms filaments on the plasma membrane. (A) CV-1 cells were incubated with 50 �M biotin-conjugated H1,
biotin-conjugated H1:I595K, or PBS. Biotinylated peptides were detected with Alexa488-conjugated streptavidin. Nuclei are stained with DAPI.
Bar, 10 �m. (B) Higher-magnification images of cells incubated with biotinylated H1 showing aggregates and filaments and biotinylated H1:I595K
showing punctate spots. Bar, 5 �M.
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fused to residues 582 to 611 of �1 (within �) localized to
mitochondria and induced apoptosis (3). More recently, we
have found that ectopic expression of �1 or reovirus infection
causes release of cytochrome c and apoptosis in cells lacking
the proapoptotic BCL-2 family members Bax and Bak (31).
We now show that residues 582 to 611 of �1 also have direct
membrane-permeabilizing activity. These findings raise the
possibility that one mechanism by which �1 initiates apoptosis
in reovirus-infected cells is by directly permeabilizing cellular
membranes. The �1 protein localizes to mitochondria and the
ER in infected cells (3), and we speculate that direct perme-
abilization of these membranes with release of proapoptotic
molecules into the cytosol initiates the apoptotic process in
infected cells. Our data show that the H1 peptide directly
permeabilizes artificial membranes, causing release of small
molecules up to 10 kDa in size, but cannot itself cause release
of cytochrome c from the intermembrane space of purified
mitochondria. In contrast, ectopic expression of GFP-� causes
release of cytochrome c by 48 h posttransfection (31). It is
possible that the release of cytochrome c and smac/DIABLO,
which occurs during reovirus infection (14, 15), is a conse-
quence of direct permeabilization of the outer mitochondrial
membrane by �1, as the full-length �1 protein may be able to
oligomerize and form larger pores in intracellular membranes.
However, cleaved tBid is required for reovirus-induced apop-
tosis (8). Therefore, it is possible that �1 or a fragment of �1
acts together with cleaved tBid to permeabilize mitochondrial
membranes in the absence of Bax and Bak. The activation of
calpain during reovirus infection (9) might be explained by
leakage of calcium from the ER as a consequence of �1-
induced membrane damage.

Our data also indicate that the H1 peptide can directly
permeabilize the plasma membranes of cells, leading to cyto-
toxicity that is accompanied by increases in intracytosolic cal-
cium. Although we initially expected that the increased calcium
resulted from influx from the extracellular environment, we
found that cytosolic calcium levels significantly increased even
when extracellular calcium was absent. We further showed that
this increase in cytosolic calcium was not a consequence of
activation of phospholipase C signaling. Our findings that di-
rect application of biotinylated H1 to cells leads to localization
of the peptide to mitochondria suggest that in following plasma
membrane permeabilization, H1 can access the cytosol and
target mitochondrial and perhaps other intracellular mem-
branes. A recombinant mutant virus bearing the I595K muta-
tion in �1 has significantly decreased capacity to activate
NF-B and induce apoptosis (5). The efficiency of this mutant
in inducing hemolysis of red blood cells and in entering cells
was comparable to that of wild-type virus. However, the H1
peptide bearing this mutant was not able to permeabilize cel-
lular membranes. Our findings suggest a strong correlation
between �1-induced membrane permeabilization and apopto-
sis induction but clearly discriminate the capacity of � to per-
meabilize membranes from its proposed chaperone role during
virus entry.

The H1 peptide had moderate antibacterial effects against
Gram-positive and Gram-negative bacteria. Peptides derived
from HIV-1 gp41 have also been shown to kill Gram-positive
and Gram-negative bacteria (27). The mechanism of the anti-
bacterial action of H1 is likely related to its membrane-desta-

bilizing properties. The action of cationic amphipathic antibac-
terial peptides such as magainin on Gram-negative bacteria is
thought to be due to the capacity of these peptides to displace
Mg2
 and Ca2
 cations from lipopolysaccharide (LPS), caus-
ing localized destabilization of the bacterial outer membrane.
The peptides can then disrupt the cytoplasmic membrane in a
process called self-promoted uptake (11, 24).

The formation of filamentous structures on the plasma
membrane by H1 indicates that it can self-associate in the
presence of membranes to form higher-order oligomeric struc-
tures. In contrast, the mutant H1:I595K, which does not de-
stabilize membranes, although able to associate with the
plasma membrane, did not form such structures, suggesting
that the capacity of H1 to self-associate or aggregate may be
required for membrane destabilization. The micellar aggregate
model of peptide-mediated membrane destabilization pro-
poses that peptide aggregation within the membrane leads to
the formation of pores (12). Furthermore, collapse of such
aggregates is predicted to allow translocation of peptides into
the cytosol. In support of this mode of action for H1, we have
found that some cells incubated with biotinylated H1 have
peptide labeling on organellar membranes (data not shown).

We have proposed that when large numbers of viral particles
are added to cells, the � fragment of �1 may gain access to the
cytosol of cells and induce apoptosis (3, 5). This hypothesis
would in part explain the capacity of UV-inactivated virions to
induced apoptosis (30) and the requirement for disassembly of
virions in order to induce apoptosis (4). Our current findings
now indicate that the minimal region of � required for apop-
tosis induction has direct membrane-destabilizing activity and
can target mitochondrial membranes. However, we found that
neither incubation of the H1 peptide with purified mitochon-
dria nor microinjection of H1 into cells led to release of cyto-
chrome c from the mitochondrial intermembrane space. Taken
together, these findings support a model whereby C-terminal
fragments of �1 produced during virus entry and delivered into
the cytosol during membrane penetration or produced in the
cytosol as a consequence of the action of cytosolic proteases
can target and destabilize mitochondrial and other intracellu-
lar membranes. Such destabilization would be predicted to
lead to direct release of calcium and to activation of cellular
stress response pathways that would in aggregate promote
apoptosis. The recent finding that tBid is required for reovirus-
induced apoptosis supports this model (8). We have previously
noted differences in the localization patterns of �1 and GFP-�,
with GFP-� being much more strongly associated with mito-
chondrial membranes and �1 more often seen in association
with the ER and lipid droplets (3). We propose that targeting
of �1 to the ER leads to local release of ER calcium. Calcium
release from the ER could be responsible for activating cal-
pain, which has been shown to be required for reovirus-in-
duced apoptosis (9). Our current findings suggest that reovi-
rus-induced apoptosis may initiate as a consequence of
�1-induced intracellular membrane permeabilization.
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