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The significance of the conserved cytoplasmic tail sequence of influenza A virus neuraminidase (NA) was
analyzed by the recently developed reverse genetics technique (W. Luytjes, M. Krystal, M. Enami, J. D. Parvin,
and P. Palese, Cell 59:1107-1113, 1989). A chimeric influenza virus A/WSN/33 NA containing the influenza B
virus cytoplasmic tail rescued influenza A virus infectivity. The transfectant virus had less NA incorporated
into virions than A/WSN/33, indicating that the cytoplasmic tail of influenza virus NA plays a role in
incorporation of NA into virions. However, these results also suggest that the influenza A virus and influenza
B virus cytoplasmic tail sequences share common features that lead to the production of infectious virus.
Transfectant virus was obtained with all cytoplasmic tail mutants generated by site-directed mutagenesis of the
influenza A virus tail, except for the mutant resulting from substitution of the conserved proline residue,
presumably because of its contribution to the secondary structure of the tail. No virus was rescued when the
cytoplasmic tail was deleted, indicating that the cytoplasmic tail is essential for production of the virus. The
virulence of the transfectant viruses in mice was directly proportional to the amount of NA incorporated. The
importance of the NA cytoplasmic tail in virus assembly and virulence has implications for use in developing

antiviral strategies.

The neuraminidase (NA) of influenza A virus is a type II
membrane glycoprotein with an uncleaved amino-terminal
signal/anchor domain and a cytoplasmic tail that is presumed
to be intracellular (1). The NA is thought to facilitate the
mobility of virions by removing sialic acid residues from virus
and infected cells during both entry and release from the cells
(31). The three-dimensional structure of the NA has been
determined (9, 42) and indicates that the protein is a tetramer
consisting of four identical disulfide-linked subunits. The
ectodomain of NA consists of a stalk and a globular head (1),
with the latter containing the enzyme-active center and major
antigenic sites. The hydrophobic transmembrane domain of
NA serves as a signal sequence for membrane insertion and
anchors the protein in the lipid bilayer (3). The stalk and the
transmembrane domain sequences are highly variable among
the nine NA subtypes (10). In contrast to the rest of the NA,
however, the six-amino-acid cytoplasmic tail is highly con-
served within the NA subtypes of influenza A virus. This
extreme sequence conservation suggests that the sequence is
critical to the function of this domain. However, the biological
role of the NA cytoplasmic tail sequence has not been studied
in detail.

The cytoplasmic tails of integral membrane proteins are of
considerable interest because they may interact with cytoplas-
mic factors during protein synthesis, maturation, or intracellu-
lar transport. In the case of viral transmembrane glycoproteins,
the cytoplasmic tails have the potential to interact with host
and/or viral components and play a role in virus assembly. The
cytoplasmic domains of viral surface glycoproteins may be
structurally fixed against the cytoplasmic face of the membrane
bilayer, providing potential binding sites for nucleocapsids and
matrix proteins in initiating assembly. Direct interaction be-
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tween the nucleocapsid and a peptide corresponding to the
cytoplasmic domain of the viral glycoprotein has been shown
for Semliki Forest virus (26). Similarly, a peptide correspond-
ing to the cytoplasmic domain sequence of influenza virus
hemagglutinin (HA) inhibits virus formation, suggesting virus-
specific interactions between the HA and other viral proteins
during viral assembly (7). However, such interactions for NA
have not yet been defined.

Reverse genetics systems to rescue cloned genes in negative-
strand RNA viruses have recently been established (8, 23, 32,
36). Palese and colleagues have rescued influenza A virus
containing the chloramphenicol acetyltransferase gene (23) or
influenza virus genes derived from cDNA (12-14, 28). In the
present study, we used the influenza virus reverse genetics
system to analyze the functional significance of the highly
conserved cytoplasmic tail sequence of influenza A virus NA.

MATERIALS AND METHODS

Viruses and cells. Influenza virus A/WSN/33 (HIN1) (WSN)
was obtained from Thomas Chambers (University of Ken-
tucky, Lexington, Ky.). Masahiro Ueda (The Institute of Public
Health, Tokyo, Japan) provided a helper virus [WSN-HK
(HIN2)] that contained the NA gene from influenza virus
A/Hong Kong/1/68 (H3N2) and all other genes from WSN
(41), which was used to rescue the WSN NA gene. Madin-
Darby bovine kidney (MDBK) and HeLa T4 cells were main-
tained in Eagle’s minimal essential medium in the presence of
10% fetal calf serum. Madin-Darby canine kidney (MDCK)
cells were maintained in Eagle’s minimal essential medium in
the presence of 5% calf serum.

Reverse genetics. Construction of pT3WSN(NAI15), a plas-
mid containing the WSN NA gene flanked by an upstream T3
RNA polymerase promoter sequence and a downstream
Ksp632I site, has been described previously (5). Cytoplasmic
tail mutants were constructed from pT3WSN(NAT15) by oligo-
nucleotide-directed mutagenesis (20). An in vitro ribonucleo-
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INFLUENZA A: NH,- MET - ASN - PRO - ASN - GLN - LYS

INFLUENZA B: NH,- MET - LEU - PRO - SER - THR - VAL- GLN

FIG. 1. Alignment of the cytoplasmic tail sequences of influenza
virus A and B NAs.

protein complex of NA was prepared by transcription of
pT3WSN(NA1S) or its derivatives with T3 RNA polymerase in
the presence of nucleoprotein and polymerase proteins (33)
after these plasmids had been digested with Ksp6321I and filled
in with Klenow fragment, as described elsewhere (12, 13). The
NA ribonucleoprotein complex was then transfected into 70 to
90% confluent MDBK cells infected 1 h before transfection
with WSN-HK at a multiplicity of infection of 1. Eighteen
hours after transfection, transfectants in the supernatant were
identified by plaque formation on MDBK cells (41) and then
plaque purified five times in MDBK cells. The plaque sizes for
the transfectant viruses in MDBK and MDCK cells were
similar and, therefore, are reported as MDBK plaque sizes in
the text. RNAs were extracted from plaque-purified transfec-
tants, used for cDNA synthesis, and sequenced to confirm the
identity of each transfectant.

Glycoprotein incorporation analysis. MDBK cells were in-
fected with wild-type or mutant virus. Four hours postinfec-
tion, cells were starved of glucose for 30 min and labelled with
0.2 mCi of [*H]mannose for 2 or 14 h. Virus in the culture
supernatant was partially purified by centrifugation at 130,000
X g through 30% sucrose. The virus pellet was disrupted with
lysis buffer (50 mM Tris-HCI [pH 7.5], 600 mM KCl, 0.5%
Triton X-100). Cell lysates were prepared at 6 h postinfection.
Cell lysates and virus were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (21).

Experimental infection of mice. Six-week-old female
BALB/c mice, anesthetized with methoxyflurane, were in-
fected intranasally with 70 pl of virus at different dilutions
(three mice per dilution). The minimal lethal dose for 50% of
the mice (MLDs,) for each virus was determined 14 days
postinfection.

Transient expression of cytoplasmic tail mutants. Mutant
NA genes were expressed from the T7 promoter of the
Bluescript vector (Stratagene) in the vaccinia virus T7 poly-
merase transient assay system (15). Briefly, HeLa T4 cells were
infected with vaccinia virus expressing T7 RNA polymerase
(vTF7-3), and then the Bluescript NA plasmids were trans-
fected by lipofectin (Bethesda Research Laboratories) as
described by Nuss and Air (30).

The cells were fixed with 3.7% formaldehyde at various time
points and subjected to indirect immunofluorescence as de-
scribed earlier (43) with a monoclonal antibody to WSN NA.
The transfected cells were also assayed for enzyme activity by
preparing cell lysates with lysis buffer and performing standard
NA assays with fetuin as the substrate (2).

RESULTS

Rescue of NA cytoplasmic tail mutants. To understand the
significance of the sequence conservation of the cytoplasmic
tail of the influenza A virus NA, we conducted a mutational
analysis of the cytoplasmic tail of A/WSN/33 NA. Our strategy
was to mutate the influenza A virus NA cytoplasmic tail
sequence to that of influenza B virus NA (38). The seven-
amino-acid influenza B virus NA tail sequence differs from that
of influenza A virus NA at all positions except for the initiating
methionine and third-position proline (Fig. 1). Our rationale
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TABLE 1. Sequences of cytoplasmic tail mutants of influenza A

virus NA“

Mutant Cytoplasmic tail sequence
WSN NH, Met Asn Pro Asn Gln Lys
CYT 2B Leu
NO PRO Ala
CYT 4B Ser
CYT 5B Thr
CYT 6B val
CYT 7B Gln
FLUBCYT Met Leu Pro Ser Thr Val Gln
NO TAIL Met — - - - - —

“ Amino acids are numbered left to right from positions 1 to 7. The sequences
of CYT 2B through CYT 7B and of NO PRO are identical to the WSN sequence
except for the positions indicated in the table. The dashes in the NO TAIL
sequence indicate deletions.

for choosing the influenza B virus NA sequence was to use a
closely related virus which may share common structural
features so as not to severely impair cytoplasmic tail function.
The mutations included single-amino-acid substitutions, dele-
tions, and insertions and substitution of influenza A virus NA
tail with influenza B virus NA. The results obtained with each
mutant are discussed individually below.

FLUBCYT. The WSN NA cytoplasmic tail was replaced by
the influenza B virus NA cytoplasmic tail (Table 1). This
chimeric NA rescued influenza A virus infectivity, indicating
that the influenza B virus NA sequence can substitute for the
conserved influenza A virus NA sequence in the production of
virus. However, the FLUBCYT transfectant virus produced
smaller plaques than wild-type WSN (diameter, 0.5 versus 1.3
mm) yet grew to titers comparable to those with WSN (Table
2). These results suggest that the influenza A and influenza B
virus NA cytoplasmic tails share common structural features
that lead to the production of infectious virus.

CYT 2B, 4B, 5B, and 6B. To systematically assess the
significance of the conservation of influenza A virus NA
residues, each amino acid in the WSN cytoplasmic tail sc-
quence was individually changed to that of the influenza B
virus NA sequence. The name of each mutant indicates the
position that contains the corresponding influenza B virus NA
residue (Table 1). All of these single-amino-acid mutants
rescued influenza A virus infectivity. The transfectant viruses
produced plaques in MDBK cells similar in morphology and
size to those of WSN (diameter, 1.3 mm) and grew to titers
equivalent to that of wild-type WSN (Table 2).

CYT 7B. The seventh residue (Gln) of the influenza B virus
NA tail was inserted between the influenza A virus NA tail and

TABLE 2. Growth of NA cytoplasmic tail mutants in MDBK cells

MDBK titer
Mutant (logyo of PEU/ml)”
WS Lot e e b e s e e neans 6.87
FLUBCYT......... 6.28
CYT 2B 5.96
[0 U< S 6.20
Lot U1 T 6.20
CYT 6B 6.97
CYT 7B 4.23
NO PRO .c..oooooeoeeeeveeeeeeeeeeeeemeeeeeseeseseesesesseessesssessessesss NAP
ISTO T V7N | DO NA?

“ Transfectant virus was plaque purified five times in MDBK cells, and the
titers of MDCK grown virus were determined in MDBK cells.
" NA, not applicable, i.e.. transfectant virus was not rescued.
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TABLE 3. Virulence of NA cytoplasmic tail mutants in mice

. MLD;,
Virus (log,q of P'l,:U)"

WSN ..ot seesieseeses s eassaenans 2.8
(00 '¢ W2 - T 4.7
CYT 4B 3.6
CYT 5B . 4.1
[0h ' M) TP 29
CYT 7B =4.5"
FLUBCYT .ot eeesees s es s vsssn s sassnssssssssasen 5.7

“ Six-week-old female BALB/c mice were infected intranasally with 70 pl of
virus at different dilutions (three mice per dilution), and MLDs, values were
calculated on day 14.

” No mice died; therefore, endpoint titers could not be determined.

the transmembrane domain, thus increasing the length by one
residue (Table 1). CYT 7B NA also rescued influenza A virus
infectivity. However, the transfectant virus produced smaller
plaques in MDBK cells than WSN (diameter, 0.5 versus 1.3
mm) and grew to lower titers (Table 2).

NO PRO. The proline in the third position is conserved in
both influenza A virus NA and influenza B virus NA (Fig. 1),
suggesting an important role for this residue, presumably in
maintaining the secondary structure of the cytoplasmic tail. To
test the significance of this residue, we substituted the proline
with alanine (NO PRO; Table 1). Virus containing this mutant
NA was not rescued, suggesting that the proline may be a
critical determinant of the conformation of the cytoplasmic
tail.

NO TAIL. A mutant NA with a deleted cytoplasmic tail (NO
TAIL) was constructed to test whether a transfectant virus
containing a tailless NA could be obtained (Table 1). The NO
TAIL mutant was not rescued, suggesting that the cytoplasmic
tail is necessary for production of infectious virus (Table 2).

Virulence in mice. The differences in growth characteristics
and plaque sizes observed in tissue cultures for the transfectant
viruses suggested that the mutations in the cytoplasmic tail of
the NA may alter virus infectivity in vivo. Therefore, all of the
transfectant viruses were tested for virulence in mice. WSN
transfectant virus was highly virulent in mice (Table 3). CYT
2B, 4B, and 5B were virulent, but only CYT 6B was as virulent
as WSN. In contrast, CYT 7B and FLUBCYT were highly
attenuated. CYT 7B did not kill any mice; therefore, no
endpoint MLDj,, titer was determined.

Cell surface expression of NA cytoplasmic tail mutants.
Transfectant virus was not obtained with NO PRO and NO
TAIL NAs. To determine whether these NAs as well as the
NAs from the attenuated viruses were transport defective or
functionally aberrant relative to WSN, the mutant NAs were
transiently expressed by the T7-vaccinia virus system and
analyzed for cell surface expression.

Mutant NA genes under the control of the bacteriophage T7
RNA polymerase promoter were transfected into HeLa T4
cells that were infected with a recombinant vaccinia virus
expressing the T7 RNA polymerase (vTF7-3). The cells were
fixed and examined for NA surface expression by indirect
immunofluorescence at various time intervals (3, 6, 9, 12, 15,
and 18 h posttransfection). All of the mutant NA proteins were
expressed at the cell surface and at levels comparable to those
with WSN in reproducible experiments. The rates of appear-
ance of the mutant NAs at the cell surface were similar to that
of WSN NA (Table 4). The expression of NO PRO and NO
TAIL NAs at the cell surface indicates that the reason for their
rescue deficiency was not because of a lack of surface expres-
sion.

J. VIROL.

TABLE 4. Surface expression of NA cytoplasmic tail mutants

% Cells positive (mean £ SD) with anti-WSN NA

Source of DNA monoclonal antibody at the following times“:

9h 12h I5h I8 h
WSN 38097 81+x13 19.4 +53 184 + 45
FLUBCYT 23093 9.1 x35 20.0=x40 313=*46
CYT 2B 9.0 + 6.3 154 +12 29828 35809
CYT 4B 34+ 15 126 +22 23319 23952
CYT 5B 33037 10303 239=*x22 369 %37
CYT 6B 37026 15537 292+37 302%x12
CYT 7B 5.1 x3l1 18.3 + 3.1 218 £45 244 + 38
NO PRO 45+ 22 8.6 +38 156 =35 13.1 = 3.1
NO TAIL 25+ 112 59 +213 196 £029 203 £43

“ Times indicated are hours posttransfection; no NA was detectable at the
surface at 3 and 6 h posttransfection.

Lysates of the transfected cells were used in standard NA
assays to determine whether the expressed mutant NAs were
functional. All of the mutant NAs, including NO PRO and NO
TAIL NAs, had activities comparable to that of WSN (data not
shown). These results demonstrate that none of our mutations,
including deletion of the cytoplasmic tail, affected transport to
the cell surface or abolished NA activity.

Incorporation of NA cytoplasmic tail mutants into virions.
Deletion of the cytoplasmic tail did not abrogate transport to
the cell surface or the enzymatic activity of NA, as shown by
transient expression of NO TAIL NA. However, transfectant
virus was not obtained with NO TAIL NA. Furthermore, no
differences in the other transiently expressed cytoplasmic tail
mutant NAs were seen that would suggest why biological
differences among the transfectant viruses exist. These obser-
vations raise the possibility that the cytoplasmic tail has a role
in the assembly of virus. To directly analyze the incorporation
of NA into virions, transfectant viruses were grown in MDBK
cells in the presence of [*H]mannose. Lysates of infected cells
were prepared 5 h postinfection, or *H-labelled virus was
partially purified by being pelleted through 30% sucrose at 18
h postinfection. Cell lysates and disrupted virus were analyzed
by SDS-PAGE. The relative amounts of HA and NA in cell
lysates and virus particles were determined by scanning densi-
tometry of autoradiographs (Fig. 2B).

WSN NA was efficiently incorporated into virions (Fig. 2A).
CYT 2B, 4B, 5B, and 6B had levels of incorporated NA that
were similar to that of WSN (Fig. 2A), whereas FLUBCYT
and CYT 7B had significantly reduced amounts of incorpo-
rated NA (Fig. 2A). Similar results were observed with MDCK
cells. The similar ratios of HA to NA in cell lysates (Fig. 2B)
suggest that the drastic ratio differences observed in virions are
due not to reduced levels of NA expression but to incorpora-
tion efficiency. These results suggest that the virulence of
FLUBCYT and CYT 7B in mice is attenuated because of poor
incorporation of NA into the virion.

NA activities of transfectant viruses. Standard NA assays
were performed in order to correlate the amounts of incorpo-
rated NA with the enzymatic activity for each of the purified
transfectant viruses. Identical amounts of purified virus based
on protein concentrations were incubated with fetuin, and NA
activities were compared at various time points. Figure 3A is
representative of replicate assays depicting the NA activities of
WSN and the mutants over a 24-h time course. The NA
activities of CYT 4B, 5B, and 6B were similar to that of WSN
throughout the duration of the reaction. CYT 2B displayed the
same level of activity as WSN by 24 h, despite a lag in the early
stages of the reaction (Fig. 3B). However, FLUBCYT and
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Transfectant Ratio of HA:NA
virus Cell lysate Virions
WSN 7.7 5.5
FLUBCYT 16.7 67.9
CYT2B 10.8 7.1
CYT4B 9.1 71
CYT5B 7.9 4.9
CYT6B 7.2 5.5
CYT7B 9.3 65.6

FIG. 2. (A) Comparison of glycoprotein incorporation of NA mu-
tants. Cytoplasmic tail mutants were grown in the presence of [*H]
mannose in MDBK cells. Partially purificd virus was disrupted in lysis
buffer and analyzed by SDS-PAGE. Molecular mass size markers are
indicated in kilodaltons on the left. HAO, uncleaved HA. (B) Relative
amounts of HA and NA in infected cell lysates and partially purified
virus. Ratios were determined by scanning densitometry of autoradio-
graphs.

CYT 7B did not deplete the substrate by 24 h, as had all of the
other viruses, suggesting different enzymatic rates. Therefore,
the NA activities were measured at earlier time points to
compare the initial rates (Fig. 3B). FLUBCYT and CYT 7B
showed significantly less NA activity than WSN. The decrease
in NA activity observed for CYT 7B and FLUBCYT in the
initial stages of the rcaction correlates with the reduction in the
incorporation of NA into virions.

DISCUSSION

To understand the role of the conserved residues in the
cytoplasmic tail, cytoplasmic tail mutants of NA were used to
rescue influenza A virus infectivity. Our results indicate that
the cytoplasmic tail is essential for the production of infectious
virus but that the entire conserved sequence is not critical.
Rescue of the chimeric virus FLUBCYT, in which the WSN
NA cytoplasmic tail is replaced by the influenza B virus NA
tail, indicates that the cytoplasmic tails of influenza viruses A
and B have common structural features that lead to incorpo-
ration of NA during viral assembly. However, the amount of
FLUBCYT NA incorporated into released virus was drastically
reduced compared with the amount of WSN NA, suggesting
that the homologous influenza A virus cytoplasmic tail is more
efficient in incorporation of NA into influenza type A virus.
Specific interactions between the NA cytoplasmic tail and
other viral proteins may be required during assembly, in which
case the homologous tail could be more compatible with those
proteins.

In mice, CYT 7B and FLUBCYT viruses were attenuated
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FIG. 3. (A) NA activities of cytoplasmic tail mutants. Identical
amounts of purified virus (4.5 pg) were incubated with fetuin in
standard NA assays (2). NA activities were determined at the indicated
time points. (B) Initial rates for NA activity. Purified virus (2.5 pg) was
incubated with fetuin as described above. NA activities were deter-
mined from 30 to 360 min. ODs,, optical density at 549 nm.

comparcd with wild-type WSN virus. The mechanism of atten-
uation appears to be due to the decreased incorporation of NA
of these two viruses relative to that of WSN. When the NA
activities of purified FLUBCYT and CYT 7B virus are com-
pared with that of WSN, the initial rates of NA activity for
FLUBCYT and CYT 7B are less than that of WSN, reflecting
the reduced amount of incorporated NA. FLUBCYT and CYT
7B NAs appear to be functionally comparable to WSN NA,
with decreased incorporation of NA into virions accounting for
the attenuated phenotypes. A critical level of NA activity
during release from infected cells may be necessary in vivo for
the spread of virus through the mucosal layer for efficient virus
production. Recently, it was shown with an NA-lacking mutant
of influenza virus that the NA is not required during entry but
is important in the release of virus from infected cells (22).
FLUBCYT and CYT 7B may be less efficient in spreading
because of reduced NA activity, accounting for their reduced
virulence in mice.

The role of the cytoplasmic tail in the incorporation of NA
into virions is unknown. The overall structure of the cytoplas-
mic tail appears to be important in the assembly process. CYT
7B and FLUBCYT have significantly less NA incorporated
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than WSN, which is reflected in the low level of NA activity
observed for both mutants. The influenza B virus cytoplasmic
tail in FLUBCYT and the insertion in CYT 7B may each result
in a less stably integrated NA. Mutations in the amino end of
the transmembrane domain have previously been shown to
affect NA stability (40). However, the mutations may also alter
the structure of the cytoplasmic tail and have adverse effects on
incorporation into virus. The configuration of the cytoplasmic
tail in the NA tetramer is not known; presumably, however, it
must be able to interact with other viral proteins and/or
nonviral factors during the assembly process. The significance
of the constraints on the cytoplasmic tail structure can be seen
by altering the proline that is conserved between influenza A
virus tail and influenza B virus tail. The NA containing an
alanine instead of proline (NO PRO) did not rescue infectious
virus. However, the transiently expressed NO PRO NA was
transported to the cell surface and was enzymatically func-
tional. The proline residue may maintain the cytoplasmic tail in
a proper conformation along the membrane to interact with
the components of the budding virion. A/New Jersey/8/76 (27)
and N1 swine isolates (18a) contain a threonine instead of the
proline accompanied by a lysine-to-arginine change in the sixth
residue of the cytoplasmic tail. The effect of those residues on
the rescue of WSN NA has not yet been determined.

All of the NA cytoplasmic tail mutants, including NO TAIL
and NO PRO, were expressed at the cell surface with rates of
appearance similar to that of WSN in a transient vaccinia virus
expression system. These results indicate that the signals for
intracellular transport of NA are not contained within the
cytoplasmic tail, in agreement with previous studies that
mapped the translocation signals and membrane anchor to the
hydrophobic transmembrane domain (3, 40). The oligomeric
state of the NA cytoplasmic tail mutants was not directly
addressed; however, the transiently expressed mutant NAs
were functional, indicating that they had attained the proper
oligomeric structure. Only tetrameric forms of NA are thought
to be enzymatically active (10, 19, 34).

The requirement for cytoplasmic tails in viral surface glyco-
proteins varies. Deletion of the cytoplasmic tail of the Rous
sarcoma virus envelope glycoprotein has no effect on assembly
or virus infectivity (37). However, the cytoplasmic domain of
the human immunodeficiency virus type 1 envelope glycopro-
tein appears to play a role in viral entry (16), which may in part
be due to inefficient incorporation of the glycoprotein into
virus (11). In other enveloped viruses, the cytoplasmic domain
of the vesicular stomatitis virus glycoprotein (G) is required for
incorporation of G protein into viral particles (44). In contrast,
the tailless mutant of influenza virus HA is incorporated into
virions but is blocked in infectivity (39). Our NO TAIL NA was
transported to the cell surface, but no transfectant virus was
obtained. This suggests that the cytoplasmic tail may be
essential for the incorporation of NA into virus. Alternatively,
the tail may be expendable for incorporation into virions but
may be required subsequently for the virus to initiate a new
round of infection.

Recent data with Sindbis virus E2 glycoprotein revealed that
the E2 tail is important for virus budding (17). Specific
interactions between viral glycoproteins and components of
the budding virus have been suggested for alphaviruses (26),
Mason-Pfizer monkey virus (4), Rous sarcoma virus (18) and
vesicular stomatitis virus (24). The influenza virus matrix
protein M1 is presumed to mediate the interaction between
glycoproteins and nucleocapsids during virus assembly (25),
and it has been suggested that specific signals required for
influenza virus assembly may be contained in M, NP, or NA
(35, 39). A recent study has suggested that the cytoplasmic

J. ViroL.

domains of the envelope proteins may serve in binding to other
viral components in order to avoid being excluded from the
envelope during assembly (29). Synthetic peptides matching
the cytoplasmic domains of Sindbis virus E2, vesicular stoma-
titis virus G, and influenza virus HA have virus-specific antivi-
ral activities in infected tissue culture cells (6, 7). The data
presented here suggest that peptides corresponding to the NA
cytoplasmic tail may also be a target in the design of antiviral
compounds.

ACKNOWLEDGMENTS

We thank Laura Jo Murphy, Michelle Crouch, and Krisna Wells for
excellent technical assistance. We thank Thomas Chambers for WSN
virus, Bernard Moss for vTF7-3 virus, Masahiro Ueda for WSN-HK
virus, Robert G. Webster for monoclonal antibody to WSN NA,
Clayton Naeve and the St. Jude Children’s Research Hospital Molec-
ular Resource Center for preparation of oligonucleotides, and Patricia
Eddy and the St. Jude Children’s Research Hospital Molecular
Biology Computer Facility for computer support.

This work was supported by Public Health Service research grant
AI-29599 from the National Institute of Allergy and Infectious Dis-
eases, Cancer Center Support (CORE) grant CA-21765, and the
American Lebanese Syrian Associated Charities (ALSAC). P.B. was
supported by National Research Service award 5-T32-CA09346.

REFERENCES

1. Air, G. M., and W. G. Laver. 1989. The neuraminidase of influenza
virus. Proteins 6:341-356.

2. Aymard-Henry, M., M. T. Coleman, W. R. Dowdle, W. G. Laver,
G. C. Schild, and R. G. Webster. 1973. Influenza virus neuramin-
idase-inhibition test procedures. Bull. W.H.O. 48:199-202.

3. Bos, T. J., A. R. Davis, and D. P. Nayak. 1984. NH,-terminal
hydrophobic region of influenza virus neuraminidase provides the
signal function in translocation. Proc. Natl. Acad. Sci. USA
81:2327-2331.

4. Brody, B. A., S. S. Rhee, M. A. Sommerfelt, and E. Hunter. 1992.
A viral protease-mediated cleavage of the transmembrane glyco-
protein of Mason-Pfizer monkey virus can be suppressed by
mutations within the matrix protein. Proc. Natl. Acad. Sci. USA
89:3443-3447.

5. Castrucci, M. R., P. Bilsel, and Y. Kawaoka. 1992. Attenuation of
influenza A virus by insertion of a foreign epitope into the
neuraminidase. J. Virol. 66:4647—4653.

6. Collier, N. C., S. P. Adams, H. Weingarten, and M. J. Schlesinger.
1992. Inhibition of enveloped RNA virus formation by peptides
corresponding to glycoprotein sequences. Antiviral Chem. Che-
mother. 3(1):31-35.

7. Collier, N. C., K. Knox, and M. J. Schlesinger. 1991. Inhibition of
influenza virus formation by a peptide that corresponds to se-
quences in the cytoplasmic domain of the hemagglutinin. Virology
183:769-772.

8. Collins, P. L., M. A. Mink, and D. S. Stec. 1991. Rescue of
synthetic analogs of respiratory syncytial virus genomic RNA and
effect of truncations and mutations on the expression of a foreign
reporter gene. Proc. Natl. Acad. Sci. USA 88:9663-9667.

9. Colman, P. M., W. G. Laver, J. N. Varghese, A. T. Baker, P. A.
Tulloch, G. M. Air, and R. G. Webster. 1987. The three-dimen-
sional structure of a complex of influenza virus neuraminidase and
an antibody. Nature (London) 326:358-363.

10. Colman, P. M., and C. W. Ward. 1985. Structure and diversity of
influenza virus neuraminidase. Curr. Top. Microbiol. Immunol.
114:178-255.

11. Dubay, J. W., S. J. Roberts, B. H. Hahn, and E. Hunter. 1992.
Truncation of the human immunodeficiency virus type 1 trans-
membrane glycoprotein cytoplasmic domain blocks virus infectiv-
ity. J. Virol. 66:6616-6625.

12. Enami, M., W. Luytjes, M. Krystal, and P. Palese. 1990. Introduc-
tion of site-specific mutations into the genome of influenza virus.
Proc. Natl. Acad. Sci. USA 87:3802-3805.

13. Enami, M., and P. Palese. 1991. High-efficiency formation of
influenza virus transfectants. J. Virol. 65:2711-2713.



VoL. 67, 1993

14.

15.

Enami, M., G. Sharma, C. Benhan, and P. Palese. 1991. An
influenza virus containing nine different RNA segments. Virology
185:291-298.

Fuerst, T. R., E. G. Niles, F. W. Studier, and B. Moss. 1986.
Eukaryotic transient-expression system based on recombinant
vaccinia virus that synthesizes bacteriophage T7 RNA polymerase.
Proc. Natl. Acad. Sci. USA 83:8122-8126.

. Gabuzda, D. H., A. Lever, E. Terwilliger, and J. Sodroski. 1992.

Effects of deletions in the cytoplasmic domain on biological
functions of human immunodeficiency virus type 1 envelope
glycoproteins. J. Virol. 66:3306-3315.

. Gaedigk-Nitcschko, K., and M. J. Schlesinger. 1991. Site-directed

mutations in Sindbis virus E2 glycoprotein’s cytoplasmic domain
and the 6K protein lead to similar defects in virus assembly and
budding. Virology 183:206-214.

. Gebhardt, A., J. V. Bosch, A. Ziemiecki, and R. R. Friis. 1984.

Rous sarcoma virus p19 and gp35 can be chemically crosslinked to
high molecular weight complexes. J. Mol. Biol. 174:297-317.
Kawaoka, Y. Unpublished data.

. Kundu, A, M. A. Jabbar, and D. P. Nayak. 1991. Cell surface

transport, oligomerization, and endocytosis of chimeric type 11
glycoproteins: role of cytoplasmic and anchor domains. Mol. Cell.
Biol. 11:2675-2685.

. Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and

efficient site-specific mutagenesis without phenotypic selection.
Methods Enzymol. 154:367-382.

. Laemmli, U. K. 1970. Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

22. Liu, C., and G. M. Air. 1993. Selection and characterization of a

24.

25.

26.

27.

28.

neuraminidase-minus mutant of influenza virus and its rescue by
cloned neuraminidase genes. Virology 194:403-407.

. Luytjes, W., M. Krystal, M. Enami, J. D. Parvin, and P. Palese.

1989. Amplification, expression, and packaging of a foreign gene
by influenza virus. Cell 59:1107-1113.

Lyles, D. S., M. McKenzie, and J. W. Parce. 1992. Subunit
interactions of vesicular stomatitis virus envelope glycoprotein
stabilized by binding to viral matrix protein. J. Virol. 66:349-358.
Martin, K., and A. Helenius. 1991. Nuclear transport of influenza
virus ribonucleoproteins: the viral matrix protein (M1) promotes
export and inhibits import. Cell 67:117-130.

Metsikko, K., and H. Garoff. 1990. Oligomers of the cytoplasmic
domain of the p62/E2 membrane protein of Semliki Forest virus
bind to the nucleocapsid in vitro. J. Virol. 64:4678-4683.

Miki, T., Y. Nishida, H. Hisajima, M. Takashi, Y. Kumahara, K.
Nerome, A. Oya, T. Fukui, E. Ohtsuka, M. Ikehara, and T. Honjo.
1983. The complete nucleotide sequence of the influenza virus
neuraminidase gene of A/NJ/8/76 strain and its evolution by
segmental duplication and deletion. Mol. Biol. Med. 1:401-413.
Muster, T., E. K. Subbarao, M. Enami, B. R. Murphy, and P.
Palese. 1991. An influenza A virus containing influenza B virus 5’
and 3’ noncoding regions on the neuraminidase gene is attenuated
in mice. Proc. Natl. Acad. Sci. USA 88:5177-5181.

29.

30.

32.

33.

34.

3s.

36.

38.

39.

40.

41.

42.

43.

44.

INFLUENZA VIRUS NA CYTOPLASMIC TAIL 6767

Naim, H. Y., and M. G. Roth. 1993. Basis for selective incorpora-
tion of glycoproteins into the influenza virus envelope. J. Virol.
67:4831-4841.

Nuss, J. M., and G. M. Air. 1991. Transfer of the hemagglutinin
activity of influenza virus neuraminidase subtype N9 into an N2
neuraminidase background. Virology 183:496-504.

. Palese, P., K. Tobita, M. Ueda, and R. W. Compans. 1974.

Characterization of temperature sensitive influenza virus mutants
defective in neuraminidase. Virology 61:397-410.

Park, K. H., T. Huang, F. F. Correira, and M. Krystal. 1991.
Rescue of a foreign gene by Sendai virus. Proc. Natl. Acad. Sci.
USA 88:5537-5541.

Parvin, J. D., P. Palese, A. Honda, A. Ishihama, and M. Krystal.
1989. Promoter analysis of influenza virus RNA polymerase. J.
Virol. 63:5142-5152.

Paterson, R. G., and R. A. Lamb. 1990. Conversion of a class II
integral membrane protein into a soluble and efficiently secreted
protein: multiple intracellular and extracellular oligomeric and
conformational forms. J. Cell Biol. 110:999-1011.

Pattnaik, A. K., D. J. Brown, and D. P. Nayak. 1986. Formation of
influenza virus particles lacking hemagglutinin on the viral enve-
lope. J. Virol. 60:994-1001.

Pattnaik, A. K., and G. W. Wertz. 1990. Replication and amplifi-
cation of defective interfering particle RNAs of vesicular stoma-
titis virus in cells expressing viral proteins from vectors containing
cloned cDNAs. J. Virol. 64:2948-2957.

. Perez, L. G., G. L. Davis, and E. Hunter. 1987. Mutants of the

Rous sarcoma virus envelope glycoprotein that lack the transmem-
brane anchor and cytoplasmic domains: analysis of intracellular
transport and assembly into virions. J. Virol. 61:2981-2988.
Shaw, M. W., R. A. Lamb, B. W. Erikson, D. J. Breidis, and P. W.
Choppin. 1982. Complete nucleotide sequence of the neuramini-
dase gene of influenza B virus. Proc. Natl. Acad. Sci. USA
79:6817-6821.

Simpson, D. A., and R. A. Lamb. 1992. Alterations to influenza
virus hemagglutinin cytoplasmic tail modulate virus infectivity. J.
Virol. 66:790-803.

Sivasubramanian, N., and D. P. Nayak. 1987. Mutational analysis
of the signal-anchor domain of influenza virus neuraminidase.
Proc. Natl. Acad. Sci. USA 84:1-5.

Sugiura, A., and M. Ueda. 1980. Neurovirulence of influenza virus
in mice. I. Neurovirulence of recombinants between virulent and
avirulent virus strains. Virology 101:440-449.

Varghese, J. N., W. G. Laver, and P. M. Colman. 1983. Structure
of the influenza virus glycoprotein antigen neuraminidase at 2.9
resolution. Nature (London) 303:35-40.

Watkins, S. 1991. Immunohistochemistry, p. 14.6.1-14.6.2. In F. A.
Ausubel, R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman,
J. A. Smith, and K. Struhl (ed.), Current protocols in molecular
biology. Greene Publishing and Wiley Interscience, New York.
Whitt, M. A., L. Chong, and J. K. Rose. 1989. Glycoprotein
cytoplasmic domain sequences required for rescue of a vesicular
stomatitis virus glycoprotein mutant. J. Virol. 63:3569-3578.



