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The nucleocapsid protein (NP) (56 kDa) of human influenza A viruses is cleaved in infected cells into a
53-kDa form. Likewise, influenza B virus NP (64 kDa) is cleaved into a 55-kDa protein with a 62-kDa
intermediate (O. P. Zhirnov and A. G. Bukrinskaya, Virology 109:174-179, 1981). We show now that an
antibody specific for the N terminus of influenza A virus NP reacted with the uncleaved 56-kDa form but not
with the truncated NP53 form, indicating the removal of a 3-kDa peptide from the N terminus. Amino acid
sequencing revealed the cleavage sites ETD16*G for A/Aichi/68 NP and sites DID7*G and EAD61*V for
B/Hong Kong/72 NP. With D at position —1, acidic amino acids at position —3, and aliphatic ones at positions
—2 and +1, the NP cleavage sites show a recognition motif typical for caspases, key enzymes of apoptosis.
These caspase cleavage sites demonstrated evolutionary stability and were retained in NPs of all human
influenza A and B viruses. NP of avian influenza viruses, which is not cleaved in infected cells, contains G
instead of D at position 16. Oligopeptide DEVD derivatives, specific caspase inhibitors, were shown to prevent
the intracellular cleavage of NP. All three events, the NP cleavage, the increase of caspase activity, and the
development of apoptosis, coincide in cells infected with human influenza A and B viruses. The data suggest
that intracellular cleavage of NP is exerted by host caspases and is associated with the development of

apoptosis at the late stages of infection.

Influenza viruses are enveloped viruses (52) containing seg-
mented negative-strand RNA as their genome (38). RNA seg-
ments interact with four viral proteins to form ribonucleopro-
tein (RNP) segments (7, 16, 19, 48). Depending on the RNA
length, each RNP segment contains from 30 to 100 molecules
of the major nucleocapsid protein (NP) (19, 45) and several
molecules of three high-molecular-mass (~90 kDa) polymer-
ase proteins: PB1, PB2, and PA (10, 40, 50). The viral RNP
structures mediate transcription and replication of the viral
genome (13, 25, 30) and participate in the morphogenesis and
assembly process of virus particles (37, 54, 60) in infected cells.
NP plays significant roles in these events by regulating intra-
cellular transport of viral RNPs (5, 35, 55) and metabolic
processes of transcription and replication (6, 9, 28, 53). To
exert these functions NP has RNA-binding sites (1, 32), a
cytoskeleton-binding domain (5), and a nuclear localization
signal (17, 42, 55, 59).

NP was found to be phosphorylated (2, 4, 31, 47) and to be
cleaved by proteases (62, 63) in infected cells. The influenza A
virus NP (56 kDa) (NP56) is converted proteolytically into a
53-kDa form (NP53), and the influenza B virus NP (64 kDa) is
cleaved at two sites into a 62- and a 55-kDa form (NP62 and
NP55) (63). Both phosphorylation and proteolytic cleavage of
NP are known to be host-dependent events and vary in differ-
ent cells (31, 35, 62). The regulatory roles of these modifica-
tions for NP functions are poorly understood. However, NP
cleavage appears to prevent incorporation of viral RNP into
virus, since only uncleaved NP56 was found to be assembled
into virions (62). Phosphorylation of NP was shown to be
necessary for influenza virus replication by a yet-unknown
mechanism (4, 31).
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There is evidence that the NP gene is a determinant of the
host tropism of influenza A viruses. (8, 51, 58). At least two
main classes of NPs can be discriminated; each one is typical
for either nonhuman or human strains (12, 22, 23). These data
suggest that NP determines host tropism by interacting with
species-specific host factors. Compatible with this concept is
our previous observation that cleavability of NP in infected
cells correlated with the host origin of the virus strain. NP of
human influenza viruses was shown to be sensitive to host
proteases and was cleaved in infected cells, whereas NP of
animal influenza viruses was resistant to intracellular proteo-
lytic cleavage and failed to be cleaved (63, 65). The mechanism
responsible for these differences in cleavage remained unclear.

In order to find out which host factors may be involved in
viral NP cleavage, we examined the primary structure of NP
proteolytic sites and characterized host proteases responsible
for this cleavage. NPs of human influenza viruses A and B were
found to be cleaved at the amino acid sequences EXD/X and
DXD/X characteristic for caspase proteases (3), which play a
key role in apoptosis (15, 41). With human influenza viruses,
cleavage of NP coincided with the activation of host caspases at
the late stage of infection and was sensitive to suppression by
specific caspase inhibitors. NP of animal influenza viruses
failed to contain such proteolytic sites and therefore was re-
sistant to intracellular cleavage. The data imply that NP cleav-
age of human influenza viruses is accomplished by host
caspases and associated with the development of apoptosis in
infected cells at the late stage of infection.

MATERIALS AND METHODS

Viruses. Influenza viruses A/WSN/33 (HINI), A/Aichi/68 (H3N2), and
B/Hong Kong/72 (HK/72) were propagated in embryonated chicken eggs as
described previously (64). NP gene sequences of the following viruses were used:
A/NT/68 (H3N2), A/New Jersey/8/76 (HIN1) (ANJ/76), A/Hong Kong/156/97
(H5N1) (AHK/97), A/Swine/Hong Kong/76 (H3N2) (ASWHK/76), A/equi/Mi-
ami/63 (H3N8) (AEQMI/63), B/Lee/40 (BLE/40), B/Ann Arbor/1/66 (BAA/66),
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B/Singapore/222/79 (BSN/79), B/Ann Arbor/1/86 (BAA/86), B/Yamagata/16/88
(BYM/88), B/Texas/37/88 (BTX/88), and B/Panama/45/90 (BPM/90).

Cells. The porcine embryo kidney cell line SPEV and the canine kidney cell
line MDCK2 (21) were grown as monolayers in Dulbecco minimal essential
medium (DMEM) supplemented with 10% fetal calf serum (GIBCO-BRL,
Karlsruhe, Germany). For infection, 2-day-old confluent cell monolayers were
incubated with allantoic fluid containing influenza A or B virus (multiplicity of
infection = 1 PFU/cell) for 1 h at 37°C. After infection, cells were washed and
incubated with DMEM without serum. At 9 (influenza A viruses) and 12 (influ-
enza B virus) hours postinfection (hpi), either one of the caspase inhibitors
Z-DEVD-chloromethylketone (CMK) or biotinyl-DEVD-aldehyde (pseudo-
acid) (Bachem, Heidelberg, Germany) was added to culture medium at a final
concentration of 200 wM, and the cells were incubated at 37°C for different
periods of time. Cells were then prepared either for protein gel electrophoresis,
examination of caspase activity, or DNA fragmentation analysis.

Western blot (WB) analysis. After sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) the polypeptides were transferred from the gel to
polyvinylidene difluoride (PVDF) 0.45-pum-pore-size membranes (Millipore, Es-
chborn, Germany) by semidry electroblotting with a Tris-HCl-g-aminocaproic
acid buffer system (pH, ~9.8) (33). Membranes were washed with 150 mM
phosphate-buffered saline (PBS) and incubated overnight at 4°C in 10% dried
milk in PBS. After a washing with PBS, membranes were incubated for 2 h at
room temperature in PBS containing 0.5% bovine serum albumin, 0.01% Tween
20, and either anti-NP monoclonal antibodies or anti-pNNP (anti-N-terminal
peptide 1-34 of NP) guinea pig antibodies. After that, membranes were exposed
to horseradish peroxidase (HRP)-conjugated secondary anti-species antibodies
(Dako, Glostrup, Denmark), followed by visualization of positive bands with the
Pierce (Rockford, Ill.) enhanced chemiluminescence (ECL) procedure by using
Kodak BioMax film.

PAGE. Polypeptides were electrophoresed in 12% polyacrylamide gels con-
taining SDS, as described earlier (66, 67). For protein gel staining with Coomas-
sie Blue R-350, the protocol recommended by Pharmacia (Freiburg, Germany)
was applied. An Amersham (Freiburg, Germany) marker polypeptide kit was
used containing myosin (200 kDa), phosphorylase b (97.4 kDa), bovine serum
albumin (69 kDa), ovalbumin (46 kDa), carbonic anhydrase (30 kDa), trypsin
inhibitor (21.5 kDa), and lysozyme (14.3 kDa).

Antibodies. Oligopeptide NH,-MASQGTKRSYEQOMETDGERQNATEIRA
SVGKMIDGC-COOH (pNNP) containing the 34 N-terminal amino acids of
influenza A NP (23) was covalently conjugated through a C-terminal cysteine
with activated keyhole lympet hemocyanin (KLH) protein (Pierce, Rockford,
IIL.). The conjugate (1 mg of pNNP) was mixed with complete Freund adjuvant
and injected subcutaneously into guinea pigs. Immunization was repeated two
times at 3-week intervals using 0.5 mg of KLH-pNNP conjugate emulsified with
incomplete Freund adjuvant. On day 5 after the third immunization guinea pig
blood was sampled and serum was prepared by a standard clotting technique.
The obtained serum was used in WB experiments.

DNA fragmentation analysis. MDCK-2 cells (10° cells) infected with influenza
viruses were lysed in 0.5 ml of PBS containing 0.4% of the nonionic detergent
NP-40 and centrifuged at 12,000 X g for 10 min to remove high-molecular-weight
chromatin structures. The supernatant was treated sequentially with RNase T
(200 U/ml) and proteinase K (0.5 mg/ml) for 30 min at 37°C and then mixed with
0.6% SDS (final concentration). DNA was extracted once with buffered phenol
and once with buffered chloroform and then ethanol precipitated in the presence
of 0.3 M NaCl. DNA was resuspended in TE buffer (10 mM Tris-HCI, 1 mM
EDTA; pH 7.6), electrophoresed in 1.8% agarose-TBE buffer, and stained with
ethidium bromide. Bacteriophage lambda DNA cleaved with PstI was used as
molecular weight marker.

Edman microsequencing analysis of truncated NP forms. Truncated forms of
NP of influenza A and B viruses were obtained from viral RNP accumulated in
infected cells at 20 to 24 hpi. SPEV cells were used because the cleavage of NP
in this cell line was reported to be processed with high efficiency (62). Cells were
infected with either A/Aichi/68 or B/HK/72 virus at a multiplicity of 1 PFU per
cell and were incubated for 20 and 24 hpi, respectively. Infected cells were
disrupted with a Dounce homogenizer and clarifed at 12,000 X g for 20 min.
Supernatants were loaded onto 55 to 20% (wt/wt) sucrose gradients in PBS and
centrifuged in an SW41 rotor (Beckman, Munich, Germany) at 34,000 rpm for
16 h at 4°C. The sucrose gradients were fractionated and fraction aliquots were
analyzed by PAGE. Viral RNP containing fractions were 10-fold diluted with
PBS and pelleted at 38,000 rpm for 5 h at 4°C in an SW41 rotor. RNP pellets
were then dissolved in 1% SDS containing 5 mM dithiothreitol and electropho-
resed in 10% polyacrylamide gel; this was followed by WB transfer onto a
0.45-pm-pore-size PVDF membrane (Millipore). The membrane was stained
with 0.1% Coomassie blue R-250, destained with an ethanol (46%)-acetic acid
(8%)-water (47%) mixture, and washed with deionized water. Membrane pieces
with ANP53, BNP62, and BNP55 bands were excised and processed for N-
terminal amino acid analysis by the Edman microsequencing technique on a
477A pulsed liquid-phase sequencer with an online 120A phenylthiohydantoin-
derivative analyzer (Perkin-Elmer/Applied Biosystems, Foster City, Calif.) (49).
Sequencing reagents were purchased from Perkin-Elmer/Applied Biosystems.

Caspase activity assay. MDCK infected cells (2 X 10° cells) were dissolved in
0.2 ml of PBS, containing 20 mM Tris-HCl (pH 7.6) and 4 mM dithiothreitol, and
then sonicated to prepare cell homogenates. Then, 100-pl aliquotes normalized
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FIG. 1. WB analysis of NP with an antiserum specific for the N terminus.
MDCK cells were infected with strains A/Aichi/68 (lanes 2 and 3) and A/WSN/33
(lanes 4 and 5) and incubated for 9 h (lanes 2 and 4) and 18 h (lanes 3 and 5).
After PAGE, proteins were analyzed either directly by Coomassie brilliant blue
staining (A) or by WB with an antiserum specific for the N terminus (anti-pNNP)
(B) or an antiserum specific for the central part of NP (anti-NP/Al) (C). Anti-
body specific bands were developed by the ECL procedure. Lane 1, uninfected
MDCK cells; lane AV, purified A/Aichi/68 virus.

by protein concentration (~60 g per sample) were mixed with 12 pl (40 pg of
substrate peptide) of caspase substrate (DEVD-pNA; Bachem, Babendorf, Swit-
zerland) solution. The reaction mixtures were incubated at 37°C for 4 h and
centrifuged at 12,000 X g for 5 min. Caspase activity was measured with a
Titertak Multiscan type 310C reader (Eflab Oy, Helsinki, Finland) at 405 nm as
the intensity of the color of free para-nitroanilide (pNA) appearing in the
supernatants.

RESULTS

It was previously shown that intracellular cleavage removed
two acidic peptides from NP of human influenza A virus (62).
Inspection of the primary structure of NP had shown that these
acidic peptides were localized in the N-terminal part of NP,
and it was suggested that the N terminus of NP was removed
in infected cells (29, 61). To prove this assumption, we tested
the presence of the excised peptide in truncated and non-
cleaved NP molecules by WB analysis with antibodies (anti-
pNNP) directed to the N terminus of uncleaved NP56 protein.

The main question was whether truncated NP53 reacted
with these antibodies. The results are shown in Fig. 1. As
indicated by a Coomassie blue-stained gel, noncleaved NP
prevailed early (9 h) after infection, whereas NP53 was seen
predominantly at late (18 h) stages of infection. WB analysis of
this gel showed that the anti-pNNP antibody specifically re-
acted only with noncleaved NP56 and did not recognize trun-
cated NP53 of both virus strains (Fig. 1B). As a control, anti-
bodies specific to the central part of NP (mouse monoclonal
antibody clone A1l obtained from the Centers for Disease Con-
trol, Atlanta, Ga.) were shown to recognize both NP56 and
NP53 (Fig. 1C). Taken together, these observations clearly
showed that intracellular cleavage of NP of human influenza A
viruses resulted in the loss of the N-terminal 3-kDa peptide.

Next we identified the primary structures of the cleavage
sites of A/Aichi/68 (H3N2) and B/HK/72 NP. For this, the
N-terminal amino acid sequences in the truncated forms
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ANP53, BNP62, and BNP55 isolated from intracellular viral
RNPs (Fig. 2A) were determined. To localize the cleavage sites
in the NP molecules, the obtained sequences were then aligned
with known NP sequences of influenza A and B viruses. Be-
cause there were no NP sequences of A/Aichi/68 and B/HK/72
viruses available, NPs of the related A/NT/68 and B/Lee/40
viruses were used for comparison. The alignment data are
shown in Fig. 2B. It can be seen that cleavage took place at
Aspl6 in ANP56 and Asp7 and Asp61 in BNP64. In each case
the cleavage motifs are EXD*X or DXD*X, where X is an
uncharged amino acid. Such motifs were found to be typical for
cleavage sites recognized by caspases (3), known to be key
enzymes in the development of programmed cell death, apo-
ptosis (15, 41).

It was now of interest to find out if NP cleavage was indeed
accomplished by caspases. To this end, the influence of the
specific caspase inhibitors Z-Asp-Glu-Val-Asp-CMK and bi-
otinyl-Asp-Glu-Val-Asp-aldehyde (pseudoacid) (3) on NP
cleavage were investigated. The presence of NP56 and NP53 in
infected cells incubated with these protease inhibitors was an-
alyzed. As can be seen in Fig. 3, infected cells incubated with-
out inhibitor (lanes 3 to 4) displayed both NP56 and NP53,
indicating cleavage. In contrast, after inhibitor treatment
(lanes 5 to 8) only uncleaved NP56 was found. It is important
to mention that DEVD derivatives containing either aldehyde
(pseudoacid) or CMK groups had a similar effect on intracel-
lular NP cleavage. This finding excluded the possibility that NP
cleavage was suppressed nonspecifically by DEVD-CMK due
to the alkylation effect of the CMK group. Similarly, inhibition
of BNP64 cleavage precluding the formation of the BNP62 and
BNPS55 products was observed in cells infected with influenza
B virus after treatment with DEVD-CMK (Fig. 3B). Taken
together, these results show that cleavage of influenza virus NP
(i) is caused by caspase-type proteases and (ii) is specifically
prevented by inhibitors of caspases.

Caspase proteases are known to play a key role in pro-
grammed cell death (15, 41). We analyzed, therefore, whether
influenza infection induced caspase activity in infected cells,
and whether enzyme induction and NP cleavage coincided with
the development of apoptosis. Caspase activity in cell homog-
enates prepared at different times after infection was assayed
by in vitro hydrolysis of the specific caspase substrate Asp-Glu-
Val-Asp-pNA. As shown in Fig. 4A, caspase activity increased
markedly in influenza A virus-infected cells after 12 hpi. In
influenza B virus-infected cells the kinetics were similar but
developed more slowly (Fig. 4B). The kinetics of caspase in-
crease clearly coincided with the appearance of truncated NP
at 12 to 14 hpi in influenza A virus-infected cells and at 17 to
19 hpi in influenza B virus-infected cells.

To monitor apoptosis, fragmentation of chromatin DNA has
been analyzed in infected MDCK cells (34, 43). Low-molecu-
lar-weight host cell DNA was isolated at different times after
infection and analyzed by agarose gel electrophoresis. As
shown in Fig. 5, the DNA of MDCK cells infected with influ-
enza B virus began to be fragmented into the typical 50- to
0.2-kb ladder by 17 hpi and was clearly evident at 22 and 28 hpi,
indicating the high level of apoptosis at this period of infection.
No fragmentation was observed in uninfected cells or in in-
fected cells during the initial 11 hpi. In cells infected with
influenza A virus, the initial DNA fragmentation ladder was
detected at 12 hpi, and marked fragmentation was seen at 16
and 20 hpi (not shown). From these data it follows that apo-
ptotic DNA fragmentation developed by 12 and 17 hpi in cells
infected with ca. 1 PFUj/cell of influenza A and B viruses,
respectively. Interestingly, the temporal appearance of caspase
activity, DNA fragmentation, and NP cleavage in infected cells
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FIG. 2. Amino acid alignments of truncated and uncleaved NPs of influenza
A and B viruses. Truncated NP forms of A/Aichi/68 (ANP53) and B/HK/72
(BNP62 and BNP55) viruses were purified from viral RNPs accumulated in
infected cells at 20 hpi. (A) PAGE analysis of RNP fractions from mock-infected
(lane 1), influenza A virus-infected (lane 2), and influenza B virus-infected (lane
3) cells followed by Coomassie brilliant blue staining. Lane AV, purified A/Ai-
chi/68 virus; lane BV, purified B/HK/72 virus. (B) Either six or seven N-terminal
amino acids of truncated NP forms were identified by an Edman microsequenc-
ing procedure. One-letter abbreviations of amino acids were used. Z, unidenti-
fied amino acid. Position 1 of BNP62 can be either S or G. The primary struc-
tures of the NP genes of influenza A and B viruses have been published before
(11, 14, 18, 23, 24, 36, 49, 56). The EMBL and GenBank accession numbers for
the NP genes were as follows: M63754 (ANJ/76), AF028710 (AHK/97), K01395
(BLE/40), M20173 (BAA/66), K01139 (BSN/79), X14217 (BAA/86), 149385
(BYM/88), L49384 (BTX/88), and AF005739 (BPM/90). Identical amino acids (|)
and conservative substitutions (:) in NPs of influenza A and B viruses are
indicated.

was observed to depend on the multiplicity of virus infection.
An increase in the dosage of input virus accelerated the devel-
opment of apoptosis and NP cleavage (not shown). Taken
together, these results suggest that in cells infected with human
influenza A and B viruses NP cleavage, increase of caspase
activity, and development of apoptosis are tightly linked
events.

DISCUSSION

It was previously shown that the NP protein of human in-
fluenza A and B viruses is cleaved by host proteases at the late
stage of infection (62). Influenza A virus NP (56 kDa) gives
rise to one major cleavage product of 53 kDa, whereas influ-
enza B virus NP (64 kDa) yields 62- and 55-kDa proteins,
suggesting two cleavage sites (63). The present study was un-
dertaken to identify the cleavage sites and the proteases re-
sponsible for cleavage. We found that cleavage occurs in the
amino-terminal part of NP at the amino acid sequences
EXD*X and DXD*X, where the X’s are hydrophobic amino
acids. Such sequences are typical recognition motifs for
caspases (3). We also show that caspase inhibitors prevent NP
cleavage. These observations indicate that host caspases are
responsible for the NP cleavage in infected cells. As shown
previously, cleavage was more extensive in chicken fibroblasts
and porcine (SPEV) cells than in canine (MDCK) cells and
was greatly reduced in a human (HeLa) cell line (62). It there-
fore appears that the extent of caspase induction by influenza
virus infection varies significantly with different cells.

Using pulse-chase experiments with labeled amino acids, we
have shown that the cleavage of NP takes place predominantly
in the assembled viral RNP (unpublished data) and that
cleaved NPs accumulate in RNP (Fig. 2A). In the light of these
data, the finding that the N terminus of NP is accessible to
proteases in infected cells suggests that it is localized at the
surface of the viral RNP and that it is therefore not involved in
NP-NP interactions, which have been proposed to promote the
formation of the protein backbone in viral RNP structures
(50). It has to be pointed out, however, that the N terminus of
influenza A virus NP contains phosphorylation (4, 31), RNA-
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FIG. 2—Continued.

binding (1, 32), and nuclear localization (42, 55, 59) sites that
are presumably of great functional importance. It has also been
reported that the N terminus of NP may have a role in the
specific incorporation of viral RNPs into virus, since only un-
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FIG. 3. Suppression of NP cleavage in influenza virus-infected cells by
caspase inhibitors. MDCK cells were infected with either A/Aichi/68 (A) or
B/HK/72 (B) viruses and incubated for 9 or 12 h (lanes 2), respectively. There-
after, the caspase inhibitors DEVD-aldehyde (lanes 5 and 6) and DEVD-CMK
(lanes 7 and 8) were added to the culture fluids, and cells were incubated for an
additional 3.5 h (lanes 3, 5, and 7) or 7 h (lanes 4, 6, and 8). Cell homogenates
were electrophoresed by 12% PAGE, and NP proteins were identified by the
WB-ECL technique with monoclonal antibodies against influenza A NP (clone
Al) and influenza B NP (clone B017; Serotec, Oxford, England) with secondary
anti-mouse HRP conjugates. Lane AV, purified A/Aichi/68 virus; lane BV, pu-
rified B/HK/72 virus.

cleaved NP was found in virions (62). It therefore appears that
the N terminus of NP extruding externally may provide inter-
actions with other viral proteins and host cell factors in assem-
bly and migration events in infected cells. Removal of the
N-terminal fragment containing these signals by caspase
should therefore render nucleocapsids no longer available for
virus assembly. On the other hand, released fragments may
compete with intact NP in the assembly process. By either
mechanism caspase action would interfere with virus replica-
tion.

Cleavage of influenza A NP takes place at Asp16, and it has
to be pointed out that the respective consensus sequence re-
quired for caspase cleavage is a specific trait of human strains.
In contrast, NP of nonhuman influenza A viruses has Gly in
this position (22, 23, 24). The elimination of the caspase rec-
ognition motif resulting from this substitution explains the
cleavage resistance of NP of nonhuman strains in infected
cells. The concept that caspase susceptibility is linked to the
human origin is also supported by influenza B viruses, which all
contain the consensus sequences at Asp7 and Asp61 (11, 18,
36, 49). The evolutionary stability of the caspase sensitivity of
NP implies that it is a host-specific trait of influenza viruses and
that it may play a role in host tropism. On the other hand, it is
interesting to see that influenza A/Swine/Hong Kong/6/76
(H3N2) virus that has been transmitted from humans to pigs
retained NP cleavability (63, 65) and the caspase cleavage site
ETD16*G (23), whereas the NP of A/New Jersey/76 (HIN1)
and A/Hong Kong/97 (H5N1) viruses transmitted from ani-
mals to humans retained Glyl6 (14, 24, 56) and resistance to
intracellular cleavage (65). These observations suggest that
acquisition or loss of caspase sensitivity results from a longer
adaptation process but is not necessary for the initial crossing
of the species barrier.

Several laboratories have reported that apoptosis is an im-
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FIG. 4. Kinetics of caspase activity in cells infected with influenza A and B
viruses. Cells were infected with A/Aichi/68 (A) or B/HK/72 (B) virus and
incubated for different times after infection. Caspase activity in cell homogenates
was determined by an in vitro hydrolysis test by using DEVD-pNA as a caspase-
specific color substrate. The ordinate gives the caspase activity evaluated as the
optical density at 405 nm per milligram of cell protein.

portant mechanism for the induction of cell death by influenza
viruses (20, 26, 27, 39, 46, 57). In compliance with this conclu-
sion is the observation that cells transfected with the proto-
oncogene bcl-2, an apoptosis inhibitor, did not undergo DNA
fragmentation after virus infection (27, 44). The data pre-
sented here indicate that cleavage of NP reflects the induction
of caspases which play a central role in apoptosis (15, 41). It
remains to be seen, however, whether NP cleavage is merely a
marker for the onset of apoptosis in infected cells, or whether
it has a specific function in virus-host interaction. It has also to
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FIG. 5. DNA fragmentation analysis of cells infected with influenza virus.
The low-molecular-weight DNA fraction was isolated from MDCK cells infected
with B/HK/72 virus at 0 (lane 1), 11 (lane 2), 17 (lane 3), 22 (lane 4), and 28 (lane
5) hpi. DNA samples were analyzed by electrophoresis in 1.8% agarose gels,
followed by ethidium bromide staining. Lane M, DNA markers obtained from
PstI-digested lambda phage DNA.

J. VIROL.

be pointed out that our studies have been performed in cell
cultures, and it will be interesting to see whether caspase-
dependent cleavage occurs as well in cells involved in the
natural infection process, such as epithelial cells of the respi-
ratory tract or cells of the immune system. It is conceivable, for
instance, that NP cleavage may contribute to the pathogenetic
properties of the virus. Alternatively, apoptosis may exert its
protective effects on the host not only by elimination of in-
fected cells, but also by NP cleavage-mediated downregulation
of virus replication.
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