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ined that the temperature sensitive (ts) and attenuated (att) phenotypes of the
cold adapted influenza A/Ann Arbor/6/60 strain (MDV-A), the master donor virus for the live attenuated
influenza A vaccines (FluMist®), are specified by the five amino acids in the PB1, PB2 and NP gene segments.
To understand how these loci control the ts phenotype of MDV-A, replication of MDV-A at the non-
permissive temperature (39 °C) was compared with recombinant wild-type A/Ann Arbor/6/60 (rWt). The
mRNA and protein synthesis of MDV-A in the infected MDCK cells were not significantly reduced at 39 °C
during a single-step replication, however, vRNA synthesis was reduced and the nuclear–cytoplasmic export
of viral RNP (vRNP) was blocked. In addition, the virions released from MDV-A infected cells at 39 °C
exhibited irregular morphology and had a greatly reduced amount of the M1 protein incorporated. The
reduced M1 protein incorporation and vRNP export blockage correlated well with the virus ts phenotype
because these defects could be partially alleviated by removing the three ts loci from the PB1 gene. The
virions and vRNPs isolated from the MDV-A infected cells contained a higher level of heat shock protein 70
(Hsp70) than those of rWt, however, whether Hsp70 is involved in thermal inhibition of MDV-A replication
remains to be determined. Our studies demonstrate that restrictive replication of MDV-A at the non-
permissive temperature occurs in multiple steps of the virus replication cycle.

© 2008 Elsevier Inc. All rights reserved.
Introduction

The cold adapted (ca) A/Ann Arbor/6/60 influenza virus is the
master donor virus (MDV-A) for influenza A FluMist® vaccines. The six
internal gene segments (PB1, PB2, PA, NP, M and NS) of MDV-A confer
the cold adapted (ca), temperature sensitive (ts) and attenuated (att)
phenotypes to the 6:2 reassortant influenza vaccine strains that
contain the HA and NA genes from the circulating wild-type influenza
viruses. Our previous studies have demonstrated that the five loci
distributed in the PB1 (E391, G581 and T661), PB2 (S265) and NP (G34)
segments are responsible for controlling the ts and att phenotypes (Jin
et al., 2003; 2004). However, the mechanism of these ts loci in
controlling the virus ts phenotype is poorly understood.

Influenza virus is an enveloped virus that contains an 8 segmental,
negative stranded RNA genome that encodes 11 known vial protein
products. The hemagglutinin (HA), the neuraminidase (NA), and the
M2 proteins are integral membrane proteins that project from the
surface of the virus. The matrix protein (M1) lies just beneath the
envelope, and the core of the virus particle is comprised of viral
ribonucleoprotein (vRNP) complex consisting of the viral RNA
l rights reserved.
segments and the polymerase proteins PB1, PB2, PA and NP. The
nuclear export protein or non-structural protein 2 (NEP/NS2) is also
incorporated into virions. In addition, NS1 and PB1-F2 are present in
the infected cells and play important roles in the virus replication
process (Lamb and Krug, 2001; Murti et al., 1988; Palese and Shaw,
2007). Since viral RNA transcription and replication take place in the
nucleus of the infected cells, viral proteins synthesized in the
cytoplasm, such as the NP and polymerase proteins, have to be
imported into the nucleus for RNA synthesis to occur. Export of the
newly synthesized vRNP from nucleus to cytoplasm requires the M1
and some cellular factors. M1 can bind to vRNA that is exposed on the
vRNP (Ye et al., 1999) and inhibit transcription (Hankins et al., 1990),
suggesting that M1may bind at either a critical site of vRNA or interact
with a protein(s) associated with vRNP to ensure that vRNP is
transcriptionally inactive for export (Nayak et al., 2004). Several lines
of evidence indicate that vRNP export is dependent on the interaction
of vRNP–M1–NEP complex with cellular proteins Crm1/exportin1 (Bui
et al., 2000; Elton et al., 2001; Ma et al., 2001; Neumann et al., 2000;
O'Neill et al., 1998; Yasuda et al., 1993).

Virus replication in the host cells induces the stress response
(Jindal and Young, 1992; Melville et al., 1999; Trgovcich et al., 1997). A
number of host stress proteins haven been identified to play roles in
stress responses of a variety of RNA and DNA viruses (Santoro, 1994).
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For influenza viruses, Hsp90 has been identified as a stimulatory host
factor involved in influenza virus RNA synthesis through its interac-
tion with the acidic middle region of PB2 (Momose et al., 2002). It has
been identified that interaction of viral RNA polymerase complex with
cellular RNA polymerase II is required for viral mRNA synthesis
(Engelhardt et al., 2005). Influenza virus infection activates cellular
inhibitor of the PKR protein kinase, P58IPK, which modulates Hsp70
activity (Melville et al., 1999). The Hsp70 protein has been implicated
in thermal inhibition of nuclear export of the influenza vRNP complex
(Hirayama et al., 2004).

Temperature sensitive influenza viruses are usually selected by
chemical mutagenesis or by in vitro passage to introduce mutations
into one or more of the influenza gene segments and these mutants
have been valuable in identifying the functions of viral proteins in
virus replication cycles. ca A/Ann Arbor/6/60 (MDV-A) was selected
from primary chicken kidney cells following serial passage of wild-
type A/Ann Arbor/6/60 under gradually reduced temperatures
(Maassab, 1967). A previous study has indicated that ca A/AA/6/60
had a greatly reduced level of M1 incorporated into the virions
(Odagiri et al., 1987), however, the mechanism for this reduced
incorporation is undefined. In this study, we provide evidence to show
that the reduction of the M1 protein incorporated into the virions of
MDV-A may be due to heat-labile MDV-A polymerase proteins and
M1–vRNP disassociation at the restrictive temperature.

Results

Replication of MDV-A at the non-permissive temperature is greatly
reduced

The single-step and multi-step growth kinetics of ca A/Ann Arbor/
6/60 (MDV-A) at the non-permissive temperature (39 °C) and the
permissive temperature (33 °C) were compared with recombinant
wild-type A/Ann Arbor/6/60 (rWt) in MDCK cells. At MOI of 2.0 and
0.1, MDV-A replicated as efficiently as rWt at 33 °C. At 39 °C, the peak
titer of MDV-A was approximately 100-fold lower than rWt at MOI of
2.0 (Fig. 1). Growth curves performed at MOI of 5.0 were similar to
those performed at MOI of 2.0. The reduction of MDV-A at 39 °C was
Fig. 1. Replication of MDV-A and rWt at the permissive and non-permissive temperatures
incubated at 33 or 39 °C. Virus titers in the culture supernatant collected at different time p
much greater (approximately 5.0 logs) at MOI of 0.1, indicating that
MDV-A is defective in generating infectious progeny at the non-
permissive temperature.

To examine whether RNA synthesis of MDV-A at the non-
permissive temperature was reduced, levels of viral RNA produced
in MDV-A and rWt infected MDCK cells at 33 and 39 °C were
examined by Northern blotting using strand-specific NP riboprobe.
During the single cycle replication at MOI of 5, the amount of the
negative-sense RNA (vRNA) of MDV-Awas reduced by approximately
2-fold compared to rWt at 39 °C, however, the positive-sense RNA
was only reduced by approximately 50% (Fig. 2A). At MOI of 0.1, both
positive- and negative-sense RNAs in MDV-A infected cells were
significantly reduced. In order to distinguish mRNA from cRNA,
primer extension of the cRNA and mRNA from the cells infected with
virus at MOI of 5.0 and 0.1 was performed using PB1 specific probes.
The amount of mRNA was only reduced in MDV-A infected cells at
MOI of 0.1, but synthesis of cRNA of MDV-Awas comparable to rWt at
MOI of 5.0 and reduced at MOI of 0.1 (Fig. 2A, right panel). Thus, the
Northern blotting and primer extension data indicated that the
syntheses of mRNA and cRNAwas less reduced compared to vRNA at
a higher MOI and all the RNA species were significantly reduced at
lower MOI.

Viral protein synthesis kinetics of MDV-A was examined by pulse
labeling of the infected MDCK cells (MOI=5.0) from 2 to 6 h of
postinfection at 39 °C (Fig. 2B). The synthesis of MDV-A protein was
slightly reduced during the first 2–3 h of postinfection at 39 °C but
reached a level comparable to rWt at 4 h of postinfection. To examine
whether polymerase proteins of MDV-Awas reduced at 39 °C, MDV-A
(M) and rWt (W) infected MDCK cells at 33 °C and 39 °C for 6 h were
pulse labeled and immunoprecipitated with antibody against PB2
protein (Fig. 2C). Anti-PB2 antibody also precipitated PB1, NP, M1 and
NS1 proteins in addition to PB1, however, PA proteinwas not detected.
The ratio of PB1 and PB2 proteins relative to the NP protein in MDV-A
infected cells were similar to rWt at both the permissive and non-
permissive temperature. Thus, these data indicated that synthesis of
viral mRNA and protein of MDV-A at the non-permissive temperature
was not significantly affected during a single cycle of replication.
However, a significant reduction in both RNA and protein synthesis at
. MDCK cells were infected with MDV-A or rWt at MOI of 2.0 or 0.1 in duplicate and
oints were determined by the plaque assay in MDCK cells at 33 °C.



Fig. 3. Protein composition of virions released from the infectedMDCK cells. MDCK cells
were infected with MDV-A, rWt, or a reassortant virus containing one of the MDV-A
segment replaced by that of rWt at MOI of 2.0 and incubated at 33 or 39 °C as indicated.
The infected cells were labeled with 35S-Met/Cys from 2–16 h postinfection in the
presence of 0.5 μg/ml of trypsin. The released virions in the culture supernatant were
centrifuged through 25% sucrose cushion at 25,000 rpm for 1 h and the viral proteins
were examined on SDS-15% PAGE followed by autoradiography.

Fig. 2. RNA and protein synthesis of MDV-A and rWt in infectedMDCK cells. (A) MDCK cells were infectedwithMDV-A or rWt at MOI of 5.0 or 0.1 for 6 h at 33 °C or 39 °C. Total cellular
RNA was extracted for Northern blotting analysis using strand-specific NP riboprobe to detect the NP RNA of positive sense or negative sense as indicated or by primer extension to
examine the amount of vRNA, cRNA and mRNA species in the cells infected with MDV-A or rWt at MOI of 5.0. (B) MDCK cells were infected with MDV-A (M) or rWt (W) at MOI of 10
and labeled with S35-Met/Cys for 1 h at 39 °C from 2 h to 6 h postinfection. The labeled cell lysate was analyzed on SDS-10% PAGE followed by autoradiography. (C) MDV-A (M) and
rWt (W) infected cells were labeled with S35-Met/Cys and immunoprecipitated with anti-PB2 antibody to detect polymerase proteins.
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39 °C was observed during multi-cycle replication of MDV-A,
suggesting that MDV-A was unable to undergo multiple cycle
replication at the restrictive temperature.

The M1 protein incorporated into MDV-A virions at the restricted
temperature was greatly reduced

To examine whether MDV-A virus particles released from the
infected MDCK cells at 39 °C had any changes in their protein
compositions, 35S-labeled virions were partially purified by centri-
fugation through 25% sucrose cushion and electrophoresed on SDS-
polyacrylamide gels (Fig. 3). The level of the MDV-A M1 protein
incorporated into the virions was greatly reduced (more than 10-
fold) at 39 °C compared to rWt and the virions released from the
infected MDCK cells at 33 °C (Fig. 3). Both MDV-A and rWt grown at
33 °C had two different forms of NP with the larger size (P56) more
abundant than the smaller size (P53) that has the N-terminal 16
residues removed from the NP by caspase (Zhirnov et al., 1999).
However, the NP of MDV-A at 39 °C was mainly present as P53. The
mechanism of the increased susceptibility of MDV-A NP to caspase
at 39 °C is unknown. Since the 7:1 reassortant that contained the wt
NP segment had mostly P53 at 39 °C, the susceptibility was thus not
due to the D34G residue in the NP that differed between MDV-A
and rWt virus. To determine which of the MDV-A gene segment was
responsible for the reduced M1 incorporation, recombinant viruses
that had one of the MDV-A gene segment replaced by that of rWt



Fig. 4. Electron microscopy analysis of MDV-A and rWT. Virions fromMDCK at 33 °C (A:
MDV-A, B: rWt), 39 °C (C: MDV-A, D: rWt) or chicken embryonated eggs at 39 °C (E:
MDV-A, F: rWt) were partially purified through 25% sucrose cushion, negatively stained
and examined under transmission electron microscopy.

Fig. 5. Immunofluorescence analysis of MDV-A and rWt infected cells. (A) MDCK cells
were infected with MDV-A, rWt or 7:1 reassortant virus that contained one rWt gene
segment at MOI of 2.0 at 39 °C for 14 h and fixed with 1% paraformaldehyde followed by
permeabilization with 0.2% Triton X-100. Intracellular distributions of the NP protein
were examined by anti-NP antibody followed by incubation with a FITC-conjugated
secondary antibody. (B) The localization of M1 and Hsp70 in MDV-A and rWt infected
MDCK cells incubated at 39 °C for 8 h were immunostained with anti-M1 antibody and
anti-Hsp70 antibodies followed by Texas red-conjugated secondary antibody to detect
M1 and FITC-conjugated secondary antibody to detect Hsp70.
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were examined (Fig. 3). Introduction of wt NP and M gene segment
had no effect on the reduced M1 incorporation, wt PB2 gene
segment increased M1 incorporation by approximately 5%. Wt PB1
gene segment increased M1 incorporation by approximately 25%.
These data indicated that the reduction in the M1 incorporation had
a good correlation with the virus ts phenotype because the
contribution of the ts phenotype by PB1 is greater than PB2 and
NP (Jin et al., 2003).

MDV-A virions produced at the restrictive temperature are more
heterogeneous

To investigate the effect of the reduced M1 incorporation into
virions on virus morphology, MDV-A and rWt grown at 33 and 39 °C
in MDCK cells and embryonated eggs were centrifuged through 25%
sucrose cushion and the virions were examined by transmission
electron microscopy. As shown in Fig. 4, MDV-A (A) and rWt (B)
virions from infected MDCK cells at 33 °C were homogeneous in size
and of spherical morphology. However, at 39 °C, in contrast to rWt
that had homogeneous spherical morphology (D and F), MDV-A
virions released from infected MDCK cells (C) and embryonated
chicken eggs (E) varied in size and morphology. In addition to the
normal sized spherical particles, MDV-A virions produced at 39 °C
were more heterogeneous exhibiting more enlarged, filamentous or
collapsed morphology. Electron microscopy examination of the
apical surface of the infected MDCK cells indicated that less virions
were released from MDV-A infected cells than rWt (data not
shown). The infectivity of the egg-grown MDV-A virions at 39 °C
was also examined for the amount of infectious virus by plaque
assay and the particle unit by the HA assay. The PFU to HA ratio of
MDV-A and rWt differed by more than 20-fold, 0.14×105 and
3.8×105 for MDV-A and rWt, respectively. These data indicated that
MDV-A virions released from the infected cells at 39 °C were mostly
non-infectious.
Intracellular distribution of viral proteins in infected MDCK cells at 39 °C

To determine if the intracellular distribution of MDV-A proteins
differed from rWt, MDCK cells were infected with MDV-A or rWt,
incubated at 33 and 39 °C for 12 h and examined by immunofluor-
escence staining using viral protein specific antibodies. The intracel-
lular distribution of M1, NP, NS1, NS2, M2, HA and NA at 33 °C was
similar for MDV-A and rWt (data not shown). At 39 °C, the NP of rWt
was distributed in both the cytoplasm and nucleus, however, the NP of
MDV-Awasmainly present in the nucleus (Fig. 5A), indicating that the
nuclear export of the MDV-A vRNP was blocked at the non-permissive
temperature. To determine which of the RNA gene segments
contributed to vRNP export blockage, the three RNA segments that
contained the ts loci (PB1, PB2, and NP) were individually replaced by
that of Wt and the reassortant viruses infected MDCK cells at 39 °C
were examined for the NP intracellular distribution. The replacement
of theMDV-A PB1 segment by that ofWt greatly increased the amount
of vRNP exported into the cytoplasm, wt PB2 and NP segment also
increased vRNP export but to a much less extent compared to wt PB1.
These data further confirmed that vRNP export from nucleus to
cytoplasm correlated with the ts phenotype (Jin et al., 2003).

Several reports have indicated that the Hsp70 protein induced at
the higher temperature is involved in the thermal inhibition of nuclear
export of influenza vRNP (Hirayama et al., 2004; Watanabe et al.,
2006). The distribution of Hsp70 in MDV-A and rWt infected MDCK
cell at 39 °C was examined by indirect immunofluorescence analysis
(Fig. 5B). Hsp70 was mainly present in the nucleus of MDV-A and rWt
infectedMDCK cells at 8 h of postinfection at 39 °C. However, Hsp70 in
MDV-A infected cells had distinct punctate staining, whichwas similar
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to what has been observed by Takizawa et al. (2006). Immunostaining
with viral specific antibodies demonstrated that the M1 protein
colocalized in the nucleus, indicating that M1 and Hsp70 might be
associated in the nucleus (Watanabe et al., 2006).

The role of Hsp70 protein in MDV-A ts phenotype

To determine whether Hsp70 played a role in nucleo-cytoplasmic
export of MDV-A at 39 °C, levels of Hsp70 protein associated with
vRNP in MDV-A and rWt infected cells and virions were compared.
MDCK cells were infected with MDV-A and rWt at MOI of 2.0 and
incubated at 39 °C for 14 h. The infected cells were lysed by 0.1% NP-
40 and vRNP was prepared by centrifugation through 50% glycerol
cushion. The virions released into the culture supernatant were
centrifuged through 25% sucrose cushion. The vRNA present in the
vRNP and virions of MDV-A was equivalent to rWt as examined by
Northern blotting analysis (Fig. 6A). Western blotting of vRNP using
anti-MDV-A antibody indicated that the level of the NP protein of
MDV-A in vRNP was similar to that of rWt and the amount of the NP
in the MDV-A virions was slightly lower than that of rWt (Fig. 6B).
However, the amount of the Hsp70 in vRNP and virions of MDV-A at
39 °C was significantly higher than that of rWt, approximately 10-
fold higher in virions and 3-fold higher in RNP compared to rWt.
Hsp70 was not detected in the vRNP of MDV-A and rWt incubated at
33 °C.

The amount of the M1 protein associated with vRNP at 39 °C was
examined by velocity gradient centrifugation analysis of post-nuclei
cell lysate labeled with 35S-Met/Cys. The fractions on the top of the
gradient containedmostly membrane associated proteins such as HA0
and M1 (Fig. 6C). The bottom of the gradient (fractions 4 and 5)
Fig. 6. Analysis of vRNP and virions for Hsp70 and M1 association. (A) Viral RNAwas isolated
released from the infected cells at 39 °C and examined by Northern blotting using NP-specific
electrophoresed on SDS-PAGE and examined by Western blotting for the presence of Hsp70
anti-MDV-A antibody. (C) Radio-labeled MDV-A and rWt infected postnuclear cell lysate w
proteins present in the gradient.
contained non-membrane associated proteins including vRNP. The
amount of the MDV-A M1 in the top of the gradient was about 1-fold
lower than that of rWt, but was almost undetectable in the bottom
fractions. In comparison, the M1 protein was detected in the bottom
fractions of rWt but at a level lower than the top fractions.
Approximately 10% of total M1 protein in MDV-A infected cells were
membrane associated compared to 17% membrane associated M1 for
rWt. These data indicated that at 39 °C the reduced MDV-A M1-
membrane association may contribute to reduced M1 incorporation
into virions.

Discussion

The restricted replication of MDV-A at the non-permissive
temperature is likely caused by multiple factors that affect several
stages of virus replication. This is not surprising because the ts loci of
MDV-A are present in multiple gene segments, PB1, PB2 and NP (Jin et
al., 2003). Our data are consistent with what have been reported by
Odagiri et al. (1987). Based on our results and the data published by
Odagiri et al. (1987), we can conclude the following: 1). the
polymerase function of MDV-A at the non-permissive temperature
does not have a significant effect on viral mRNA transcription process
and viral proteins are produced at a near normal level during virus
single-step replication. 2). The synthesis of vRNA, however, is reduced.
3). The nucleo-cytoplasmic export of MDV-A vRNP is affected and the
M1 protein incorporated into virions is greatly reduced at the non-
permissive temperature. 4). The released virions are incapable of
multi-cycle replication, and 5). the polymerase activity of MDV-A is
reduced at 39 °C as shown previously by influenza minigenome assay
(Jin et al., 2004).
from the vRNP purified fromMDV-A and rWt infected MDCK cells and from the virions
riboprobe to detect negative-sense vRNA. (B) Virions and vRNP of MDV-A and rWt were
protein using anti-Hsp70 antibody and the viral proteins were detected using chicken
ere fractionated on sucrose flotation gradients and examined for the amount of viral
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The replication defect of MDV-A at 39 °C is very similar to what
have been reported for the PR8 virus that was incubated at 41 °C
(Dalton et al., 2006; Sakaguchi et al., 2003). Both groups showed that
the export of PR8 vRNP from nucleus to cytoplasm is blocked at
41 °C; however, they offered different explanations for the export
blockage mechanism. Dalton et al. (2006) demonstrated that at the
high temperature, influenza mRNA synthesis is favored over the
vRNA synthesis process because of differential promoter-polymerase
stability at the high temperature. Polymerase–cRNA complex to
synthesis vRNA is less stable than polymerase–vRNA complex to
synthesis mRNA and cRNA at 41 °C. Therefore, the synthesis of mRNA
and cRNA remains normal whereas vRNA synthesis is reduced at
41 °C. The reduction in the vRNP formation resulted in reduced
nuclear–cytoplasmic export of vRNP. However, the work done by
Kim's group (Hirayama et al., 2004; Sakaguchi et al., 2003)
implicated that vRNP export blockage was a result of the dissociation
of M1 from vRNP. The Hsp70 induced at high temperature or by
treatment of the cells incubated at normal temperature by pros-
taglandin A1 (PGA1) prevented M1 from association with vRNP. It
was thus suggested that the interaction of Hsp70 with vRNP likely
caused dissociation of M1 from binding to vRNP and resulted in
retention of the vRNP in the nucleus (Hirayama et al., 2004). In
contrast, the work done by Watanabe et al. (2006) showed that
Hsp70 interacts with M1 and suppression of Hsp70 by siRNA
prevented vRNP export. Melville et al. (1999) reported that cellular
stress triggered by heat shock and/or influenza virus infection brings
Hsp70 to disrupt the interaction of P58IPK and its negative regulator,
Hsp40, resulting in inhibition of PKR. The inhibition of PKR ensures
that translation is impaired during influenza virus infection. Thus,
the role of Hsp70 in influenza virus replication process cannot be
simply explained and it is possible that other host factors might also
be involved.

The role of Hsp70 in the replication of MDV-A at the non-
permissive temperature was investigated in this study. We were
unable to demonstrate the M1–vRNP interaction using the immuno-
precipitation method (Sakaguchi et al., 2003). However, using velocity
gradient centrifugation method, we demonstrated that reduced M1-
membrane association at 39 °C might contribute to reduced M1
protein incorporated into virions. We could detect a higher level of
Hsp70 present in the vRNP and virions of MDV-A compared to rWt
virus. However, the virions may not be 100% pure and may contain
some host proteins. The incorporation of Hsp70 in influenza virions
has been previously demonstrated by Sagara and Kawai (1992). Hsp70
chaperon function is likely needed for the folding of the MDV-A
polymerase proteins because Hsp70 interacts with PB1 and PB2 (data
not shown). We also found that M1 and Hsp70 colocalized in the
nucleoli of MDV-A infected cells at 39 °C, which is similar to what has
been observed for PR8 virus at 41 °C (Sakaguchi et al., 2003). The
punctate staining where theM1 and Hsp70 colocalized is probably the
densely packed chromatin where viral transcription and replication
occurs (Takizawa et al., 2006). It remains to be determined whether
the Hsp70–M1 interaction prevented M1 from associating with vRNP
or the binding of Hsp70 with viral proteins blocked M1–vRNP
association in MDV-A infected cells at the non-permissive
temperature.

Most of the influenza ts mutants reported in the literature have ts
loci in one of the eight RNA segments, such as the M1 gene (Krug et
al., 1975; Rey and Nayak, 1992), the NS segment (Garaigorta et al.,
2005; Wolstenholme et al., 1980), PB1 (Shimizu et al., 1982a; 1982b),
PB2 (Lawson et al., 1992; Parkin et al., 1997; Yamanaka et al., 1990), PA
(Herget and Scholtissek, 1993), NP (Mandler et al., 1991) and NA
(Basler et al., 1999). Similar to MDV-A, some of these influenza ts
mutants exhibited normal mRNA synthesis but had a defect in the
nucleo-cytoplasmic export of vRNP, whereas others had defects in the
other replication stages at the restricted temperature. The ts loci of
MDV-A is mainly present in the PB1 and PB2 genes, the contribution
of the locus in the NP gene is minimal (Jin et al., 2003; Jin et al.,
2004). The reduced polymerase function of the PB1 and PB2 proteins
of MDV-A might affect cRNA-polymerase stability and result in
reduced vRNA synthesis as shown by Northern blotting as was also
reported for PR8 virus at 41 °C by Dalton et al. (2006). However, the
reduction in the vRNA level could not explain why the M1 protein
incorporated into the virions was greatly reduced. Although the vRNP
export was blocked for MDV-A at 39 °C, some vRNP was exported and
incorporated into virions. There was a very good correlation between
the ts phenotype of a recombinant virus and its vRNP export from
nucleus to cytoplasm and the reduction in the amount of M1 protein
incorporated into virions. The reassortant virus containing wt PB1
segment had its vRNP exported more efficiently than those contain-
ing wt PB2 or wt NP and had an increased level of M1 incorporation
into virions. Influenza polymerase protein such as PB2 has been
identified as an important determinant of influenza virus host range
and pathogenicity, the E627K change is responsible for the
preferential replication of the avian strains in the gut that has
temperature of approximately 41 °C (Hatta et al., 2001; Subbarao et
al., 1993; Yao et al., 2001). If the data from Sakaguchi et al. (2003) can
be applied to what has been found for MDV-A at the restricted
temperature of 39 °C, the induction of Hsp70 at the higher
temperature prevented M1–vRNP association and thus greatly
reduced the amount of the M1 protein incorporated into virions.
vRNP export must be mostly dependent on other export factors such
as NEP and other host factors (Neumann et al., 2000; O'Neill et al.,
1998). In summary, the ts mechanism of MDV-A at the restricted
temperature remains to be studied, the understanding of the
restriction of influenza virus at the high temperature will not only
help us to understand influenza virus replication process in general,
but also will help to design antiviral drugs for the treatment of
influenza infection.

Materials and methods

Virus strains, cells and antibodies

Cold adapted A/Ann Arbor/6/60, the master donor virus for live
attenuated FluMist influenza virus vaccines (MDV-A), is derived from
serial cold passage in PCK cells (Maassab, 1967). MDV-A differs from
wild-type (Wt) A/Ann Arbor/6/60 by 10 amino acids in the six internal
protein gene segments (Jin et al., 2003). MDV-A, recombinant Wt
(rWt) virus and 7:1 reassortant viruses that has one of the MDV-A
gene segment replaced by that of rWt were generated from plasmid
rescue by the method described previously (Jin et al., 2003). MDCK
cells were obtained from American Type Culture Collections (ATCC,
Manassas, VA) and maintained in minimal essential medium (MEM)
containing 5% fetal bovine serum (FBS).

Polyclonal antiserum against MDV-A was produced in chicken
(anti-MDV-A). Goat polyclonal anti-M1 serum and monoclonal anti-
NP antibody were purchased from BioDesign (Saco, Maine),
monoclonal antibody against M2 (14C2) was a gift from Dr. Robert
Lamb and later was purchased from Affinity BioReagents (Golden,
CO), monoclonal anti-Hsp70 antibody was from Stressgens (Vic-
toria, BC, Canada), polyclonal goat anti-PB2 antibody was from
Santa Cruz Biotech (Santa Cruz, CA), guinea pig anti-NS2 polyclonal
antibody was produced against his-tagged NS2 fusion protein
produced in E. coli following the protocol described previously (Jin
et al., 2000).

Replication of MDV-A and rWt at the permissive and restricted
temperatures

Single-step and multi-step growth kinetics of MDV-A and rWt at
the permissive and restrictive temperatures was examined in MDCK
cells. MDCK cells in six-well plates were infected with MDV-A or rWt
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at MOI of 5.0, 2.0 or 0.1 in duplicate. After adsorption at room
temperature for 1 h, the cell monolayers werewashedwith phosphate
buffered saline (PBS) three times and incubated with 2 ml of Opti-
MEM I containing 1 μg/ml trypsin. Aliquots of 200 μl of culture
supernatants from MDV-A and rWt infected cells were collected at 0,
4, 8, 12 and 24 h postinfection and stored at −80 °C in the presence of
SPG (0.2 M sucrose, 3.8 mM KH2PO4, 7.2 mM K2HPO4, 5.4 mM
monosodium glutamate). The infected cells were replenishedwith the
same amount of fresh medium for every 200 μl of culture supernatant
removed. Virus titers were determined by plaque assay in MDCK cells
at 33 °C.

Viral RNA analyses

To compare the level of viral RNA synthesized in MDV-A and rWt
infected MDCK cells at 39 °C, MDCK cells were infected with MDV-A
or rWt at MOI of 5.0 or 0.1 and incubated at 33 °C or 39 °C for 6–8 h.
Total cellular RNA was extracted using the Trizol reagent (Invitrogen,
Carlsbad, CA) followed by an additional round of phenol–chloroform
extraction and ethanol precipitation. To examine the level of positive-
and negative-sense vRNA in the infected cells by Northern blotting,
total cellular RNA was electrophoresed on a 1.2% agarose gel con-
taining 0.44 M formaldehyde and transferred to the nylon membranes
using TurboBlotter (Schleicher and Schuell Bioscience, Keene, N.H).
The membranes were then hybridized with Dig-labeled positive-
sense NP riboprobe to detect the negative-sense vRNA or DIG-labeled
negative-sense NP riboprobe to detect positive-sense RNA. To
distinguish cRNA from mRNA, the primer extension was performed
using PB1 specific primer HJ661 to anneal to the positive-sense RNA
at position of 110 nt (5′-ggaggatctccagtataaggg) to detect cRNA of
110 nt in length and mRNA that is approximately 10–20nt longer
than 110 nt. The primers were raidolabeled with γ-32P-ATP and
primer extension performed using Primer Extension Kit (Ambion,
Austin, TX), the extended RNA products were electrophoresed on 6%
polyacrylamide gel containing 9 M Urea and visualized by
autoradiography. The level of viral RNA was quantitated by
molecular imager (BIO-RAD, Hercules, CA).

Viral protein synthesis examined by pulse labeling

Protein synthesis kinetics of MDV-A and rWt was examined by
pulse labeling of the infected MDCK cells. MDCK cells grown in six-
well plates were infected with MDV-A or rWt at MOI of 10.0, and
incubated at 39 °C for 2–6 h. The cells were starved in DMEM lacking
methionine and cysteine for 30 min and labeled with 50 μCi/ml of
[35S]-Met/Cys (Amersham Biosciences, Piscataway, NJ) for 1 h. The
radio-labeled cells were then lysed in RIPA buffer (10 mM Tris–HCl,
pH7.5; 0.15 M NaCl; 5 mM EDTA; 1% Triton X-100; 1% sodium
deoxycholate; 0.1% SDS) and the labeled protein polypeptides were
examined on a polyacrylamide gel containing SDS (SDS-PAGE)
followed by autoradiography. To detect the amount of polymerase
proteins, cell lysate was immunoprecipitated with anti-PB2 antibody
and the immunoprecipitated polypeptides were electrophoresed on
SDS-PAGE followed by autoradiography.

Purification of radio-labeled virions

MDCK cells grown in T25 flasks were infected with MDV-A, rWt, or
a 7:1 reassortant virus that had the NP, PB1, PB2 or M1 segment of
MDV-A replaced by that of rWt at MOI of 1.0. The cells were incubated
with 3 ml of Opti-MEM I (Invitrogen) containing 1 μg/ml trypsin at
33 °C or 39 °C for 3 h and labeled with 40 μCi/ml of [35S]-Met/Cys
(Amersham Biosciences) in methionine and cysteine deficient DMEM
containing 0.5 μg/ml of trypsin for 14 h. The culture supernatants were
centrifuged at 3000 rpm for 5 min to remove cell debris and the
clarified supernatants were ultracentrifuged through 1.5 ml of 25%
sucrose cushion in NTE buffer (100 mM NaCl, 50 mM Tris–HCl, pH 7.5,
1 mM EDTA) in a SW41 rotor at 25,000 rpm for 2 h. The virion pellets
were lysed in SDS sample buffer, electrophoresed on an SDS-PAGE
(15% polyacrylamide) and autoradiographed.

Subcellular fractionation of viral proteins and equilibrium gradient
centrifugation

MDCK cells in 10 cm dishes were infected with MDV-A or rWt at
MOI of 10.0 for 4.5 h and labeled with 50 μCi/ml of [35S]-Met/Cys for
0.5 h and chased for 1 h. The radio-labeled cells were washed with
PBS and cells were resuspended in 0.5 ml of hypotonic lysis buffer
(10 mM Tris–HCl, pH7.5, 10 mM KCl, 5 mM MgCl2) and incubated on
ice for 30 min. The cells were disrupted by repeated passing
through a 28 G needle and the nuclei and cell debris were removed
by centrifugation at 1000 g for 5 min. The post-nuclei materials
were made in 2 ml of 70% (wt/vol) sucrose in low-salt-buffer (LSB,
50 mM Tris–HCl, pH7.5, 25 mM KCl, 5 mM MgCl2), overlaid with
2 ml of 55% sucrose in LSB and 0.6 ml of 5% sucrose in LSB,
centrifuged in SW55Ti rotor at 38,000 rpm for 18 h at 4 °C (Ali et al.,
2000; Gomez-Puertas et al., 2000; Zhang et al., 2000). A total of 5
fractions at 1 ml of each were taken from the top of the tube and
the aliquots were examined by SDS-PAGE and autoradiographed.
The nuclear and cytoplasmic fractions were also examined for the
amount of viral proteins by SDS-PAGE and quantitated by Molecular
Imager.

Western blot analysis of purified virions and RNPs

Virions and RNPs were examined for the protein compositions by
Western blotting analysis. MDCK cells grown in T225 flasks were
infected with MDV-A or rWt at MOI of 2.0 and incubated at 33 °C or
39 °C for 14 h in the presence of 0.5 μg/ml of trypsin. The culture
supernatants were collected and cell debris was removed by
centrifugation at 3000 rpm for 20 min. The clarified supernatants
were loaded onto 2 ml of 25% sucrose and 1 ml of 5% sucrose in
SW28 tubes. The virions were centrifuged at 25,000 rpm for 1 h and
the pellets were resuspended in PBS. To isolate viral RNPs, the
infected cell monolayers were scraped from the flasks and the cell
pellets were lysed in NTE buffer containing 0.1% NP40. The cell lysate
was centrifuged at 3000 rpm for 10 min and the supernatant was
loaded onto 50% glycerol cushion in a SW41 tube. After centrifuga-
tion at 32,000 rpm for 4 h, vRNP pellets were dissolved in protein
lysis buffer. An equal amount of MDV-A and rWt virions and RNPs
were electrophoresed on an SDS-PAGE and transferred to a nylon
membrane (Amersham Biosciences) using a semi-dry transfer
system (Bio-Rad, Hercules, CA). The membrane was immunoblotted
with anti-Hsp70 antibody followed by blotting with anti-MDV-A
antibody.

Indirect immunofluorescence assay

MDCK cells grown on cover slips were infected withMDV-A or rWt
at MOI of 5.0 and incubated at 33 or 39 °C for 8–14 h. The cells were
fixed with 1% paraformaldehyde at room temperature for 15 min, and
permeabilized with 0.2% Triton X-100 in PBS for 15min. The cells were
then incubated with an appropriate antibody for 60 min, followed by
incubation with FITC- or Texas Red-conjugated species specific
antibody for 60 min. The cover slips were mounted onto glass slides
and the cells were observed under the Nikon fluorescent microscope
and the images were captured.

Electron microscopy

MDV-A or rWt grown in MDCK or embryonated chicken eggs
incubated at 33 and 39 °C for 16 h was partially purified through 25%



311W. Chan et al. / Virology 380 (2008) 304–311
sucrose cushion in SW28 rotor at 25,000 rpm for 2 h. The virions were
fixed with 2.5% glutaldehyde, absorbed onto parlodion-coated nickel
grids, stained with 2% phosphotungstic acid and observed under
electron microscopy byMicroview Laboratories, Inc (Albany, CA) or by
JFE Enterprises (Brookville, MD).
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