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mation (46). With others, such as vesicular stomatitis virus,
Ebola virus, and retroviruses, expression of the matrix protein
alone (Gag in the case of retroviruses) can lead to the formation of VLPs (12, 17, 24, 26, 27, 50). VLP studies with influenza
virus also identify the M1 protein as a vital component for
efficient virus assembly. In studies with baculovirus or vaccinia-T7 expressed influenza virus proteins, VLPs have been detected only when the combination of proteins analyzed included M1 (18, 31), and in some cases such particles were
observed after the expression of M1 alone (18), supporting the
concept that M1 is essential for the process of assembly and
budding.
The M1 protein is encoded by genome segment 7, which also
encodes the M2 protein by using a spliced mRNA. M1 contains
252 amino acids, but high-resolution structural information is
currently restricted to the N-terminal two-thirds of the protein
(residues 1 to 164). X-ray crystal structures of this portion of
M1 have been solved at both pH 4.0 and pH 7.0 (2, 20, 48), and
each shows the M1 monomer to be composed of two four-helix
bundles as depicted in Fig. 1. To date, information on the
atomic structure of the M1 C-terminal domain (residues 165 to
252) is not available since this region is quite susceptible to
degradation by endogenous proteases encountered during protein preparation (2). Two models for the oligomeric structure
of M1 have been proposed. In one, based partly on crystals
produced at pH 4.0 (48), it is suggested that dimeric interactions may be the basis for oligomerization of M1 to form a shell
(20). Alternatively, a model has been proposed in which M1
assembles through the interaction of positive charges on one
face of a monomer with negative charges on the opposite face
of an adjacent M1 monomer (2).
Influenza A virions can exhibit a remarkable degree of struc-

The influenza A virus M1 protein is the most abundant
structural component of the virion, and electron microscopy
studies of influenza virus A particles show that M1 forms a
shell at the internal surface of the viral membrane (6, 39, 47).
The functions of M1 have been studied extensively, and it has
been implicated in a variety of roles in the virus life cycle that
include RNA and RNP binding (4, 5, 14, 41, 43, 51, 52, 55, 57),
transcription inhibition (5, 14, 52, 58, 62), and control of RNP
nuclear import and export (8, 21, 34, 35, 53, 54). In addition,
cell fractionation experiments with expressed M1 protein or
virus-infected cells show it to exist in both soluble and membrane-bound forms. There are examples in which coexpression
of the viral glycoproteins was found to stimulate membrane
association overall (15), but this was not noted in other reports
(30, 59). It is also thought that M1 recruitment to lipid raft
microdomains on the apical surface of polarized epithelial
cells, the site of influenza virus budding, is stimulated by the
presence of the intact glycoproteins (1, 3, 61). Taken together,
most of the results support the long held hypothesis that M1
can associate with RNPs on one hand and viral glycoproteins
on the other and plays a prominent role in virus assembly.
Analogous matrix proteins are considered important for the
process of assembly and budding for a variety of unrelated
viruses. With many of these, studies on the formation of viruslike particles (VLPs) indicate that two or more viral proteins
appear to be required for efficient budding and particle for* Corresponding author. Present address: Department of Microbiology and Immunology, Emory University School of Medicine, Rollins
Research Center, 1510 Clifton Rd., Atlanta, GA 30322. Phone: (404)
712-8542. Fax: (404) 727-3659. E-mail: steinhauer@microbio.emory
.edu.
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Several functions required for the replication of influenza A viruses have been attributed to the viral matrix
protein (M1), and a number of studies have focused on a region of the M1 protein designated “helix six.” This
region contains an exposed positively charged stretch of amino acids, including the motif 101-RKLKR-105,
which has been identified as a nuclear localization signal, but several studies suggest that this domain is also
involved in functions such as binding to the ribonucleoprotein genome segments (RNPs), membrane association, interaction with the viral nuclear export protein, and virus assembly. In order to define M1 functions in
more detail, a series of mutants containing alanine substitutions in the helix six region were generated in
A/WSN/33 virus. These were analyzed for RNP-binding function, their capacity to incorporate into infectious
viruses by using reverse genetics, the replication properties of rescued viruses, and the morphological phenotypes of the mutant virus particles. The most notable effect that was identified concerned single amino acid
substitution mutants that caused significant alterations to the morphology of budded viruses. Whereas
A/WSN/33 virus generally forms particles that are predominantly spherical, observations made by negative
stain electron microscopy showed that several of the mutant virions, such as K95A, K98A, R101A, and K102A,
display a wide range of shapes and sizes that varied in a temperature-dependent manner. The K102A mutant
is particularly interesting in that it can form extended filamentous particles. These results support the
proposition that the helix six domain is involved in the process of virus assembly.
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tural variation. Whereas most laboratory strains such as
A/WSN/33 (WSN) display spherical or kidney-shaped morphologies with diameters of approximately 80 to 120 nm,
freshly derived clinical isolates are notable for their propensity
to form filamentous particles (9–11, 37). Laboratory passage of
filamentous viruses often leads to progressive morphological
changes to spherical forms (9, 28); however, there are examples of well-established laboratory strains such as A/Udorn/72
(Udorn) that maintain a predominantly filamentous phenotype
(22, 44).
Several studies have documented a direct linkage between
viral genotype and morphological phenotype. Genetic studies
on the cytoplasmic tail domains of the hemagglutinin (HA)
and neuraminidase (NA) glycoproteins show that truncation of
either of these can lead to a change in morphology (25, 36). A
mutant containing truncations in both the HA and NA cytoplasmic tail domains was shown to display a particularly exaggerated phenotype, containing large bulbous domains linked
by long, narrow stretches (25). There are also several examples
in which the M1 protein has been demonstrated as a determinant of virion morphology (7, 13, 22, 29, 44, 49). Studies on the

Udorn strain showed that mutants selected to replicate in the
presence of a monoclonal antibody directed against the extracellular region of the M2 protein can contain changes not only
in the M2 protein but also in M1, and the M1 mutation correlates with morphology (44). Bourmakina and Garcia-Sastre
used reverse genetics to make viruses with combinations of
Udorn and WSN M1 and M2 genes on a WSN background and
determined that residues in each domain of M1 can individually be involved in morphology changes (7). A similar reverse
genetics approach has been used to verify that the M1 gene,
and in particular the specific combination of amino acids at
positions 41, 95, and 218 controls morphology in the genetic
background of the filamentous virus A/Victoria/3/75 (13). In
addition, it has recently been reported that for influenza virus
C, residue 24 of M1 can influence virion morphology (38).
Another study of several mutants in the helix six domain of
WSN M1 generated by reverse genetics indicated that changes
at position 101 can affect virus morphology (23). That study
also provided evidence that the 100-YRKL-103 motif in helix
six may function as a late domain (23) and, as such, may be
involved in interactions with cellular proteins required for the
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FIG. 1. (A) Ribbon diagram of the M1 protein structure. The right panel is rotated by 90° relative to the left panel, such that the top of helix
six in the left panel orients toward the reader in the right panel. The residues indicated in yellow are (bottom to top, left panel; back to front, right
panel) N91, K95, K98, R101, K102, and R105. (B) Schematic diagram of mutations introduced into amino acids 75 to 110 of the M1 gene and
results of virus rescue. Blue boxes indicate residues mutated to alanine.

1264

BURLEIGH ET AL.

J. VIROL.

processes of viral budding and release (for a review, see reference 42).
The present study focuses on mutants derived by reverse
genetics to define in more detail the role of the helix six
domain in the virus replication cycle and, in particular, virus
assembly. They provide a more detailed structural examination
of the virus morphology of M1 mutants than previously reported and reveal that a wide variety of morphological phenotypes can result from single residue substitutions in this region,
reinforcing the concept that M1 has a prominent role in the
assembly of influenza A viruses.

Cells and viruses. Madin-Darby canine kidney (MDCK) and 293T human
embryonic kidney cells were maintained in Dulbecco modified Eagle medium
(DMEM; Gibco) supplemented with 5% fetal calf serum (PAA Laboratories)
and 100 U of penicillin and streptomycin (Gibco)/ml. Influenza A/WSN/33 virus
was propagated in MDCK cells at a multiplicity of infection of ⱕ0.01.
Generation of infectious influenza viruses by reverse genetics. Mutant viruses
(A/WSN/33 strain) were generated by using the reverse genetics system described by Neumann et al. (40), and plasmids were kindly provided by Y.
Kawaoka. M1 gene mutations were introduced into the pPolI-WSN-M RNA
expression vector by using a QuikChange kit (Stratagene). Sequence analysis
confirmed that only the specifically introduced mutations were present in the
plasmids. 293T cells at approximately 70% confluence in 60-mm dishes were
transfected with eight RNA expression plasmids, corresponding to the eight viral
segments, and protein expression plasmids for all viral proteins with the exception of NS1. DNA (2 g of each plasmid except for pcDNA 787 PA, pCAGGS
WSN-M1, pCA NS2, and pEP24C M2 for which 0.2, 4, 0.6, and 0.06 g, respectively, were used) was diluted in 150 l of Optimem (Gibco), mixed with 60 l
of Superfect (Qiagen), and incubated for 15 min before it was added to 293T
cells maintained in DMEM. Medium was replaced 3 h later, and cells were
incubated at 33°C. At 2 to 3 days posttransfection cell supernatants were treated
with 2.5 g of trypsin/ml and either titrated directly by plaque assay or amplified
on MDCK cells.
Plaque assay. Confluent MDCK cells in 35-mm dishes were washed with
serum-free DMEM, and serial dilutions of virus were adsorbed onto cells for 30
min at room temperature. Unadsorbed viruses were removed by washing with
serum-free DMEM, and cells were overlaid with 2 ml of overlay medium (2⫻
DMEM supplemented with 160 g of DEAE-dextran/ml, 20 mM glutamine, 2.5
g of trypsin/ml, and 1% noble agar). After 3 days of incubation at 33, 37, or
38.5°C cells were fixed with 0.25% glutaraldehyde for 30 min at room temperature. The overlay was removed, and cells were blocked with 3% bovine serum
albumin (BSA) in phosphate-buffered saline (PBS), incubated with anti-WSN
polyclonal antibody (1:500 in 3% BSA-PBS) for 1 h, washed, and incubated with
1 ml of protein A-horseradish peroxidase (Bio-Rad) diluted 1:1,000 in 3% BSAPBS for an hour. Plaques were visualized after the addition of 1 ml of a hydrogen
peroxide–4-chloro-1-naphthol solution.
RNP purification and binding to M1. RNPs were purified as described previously (45). Egg-grown NWS virus (1 mg/ml in PBS) was disrupted by incubation
at pH 4.8, followed by the addition of 0.5% lubrol for 1 h at 25°C. RNPs were
pelleted at 150,000 ⫻ g for 15 min, resuspended in PBS (pH 4.8), and sedimented
through a 10 to 40% sucrose gradient containing 0.5% n-octyl-␤-D-glucopyranoside for 3 h at 75,000 ⫻ g and 4°C. The RNP pellet was resuspended in 10 mM
Tris (pH 7.4). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) and Coomassie blue staining showed that residual M1 was undetectable
(Fig. 2B). Mutant M1 proteins labeled with 35S were generated by using the TNT
T7 Quick Transcription and Translation System (Promega). SDS-PAGE analysis
showed that the proteins were expressed and that their migration patterns indicated the appropriate molecular weights in each case. The labeled M1 was
washed with 10 mM Tris to remove excess 35S. A total of 100,000 cpm of each M1
protein was incubated with 10 g of RNP in 100 l of binding buffer (10 mM Tris
[pH 6.8], 150 mM NaCl, and 1% NP-40) at room temperature for 1 h. RNPs and
any associated M1 were pelleted through 150 l of 20% glycerol in binding buffer
at 14,000 ⫻ g for 15 min, and the M1 content of the pellet was analyzed by
scintillation counting.
Polypeptide composition analysis. Supernatants of WSN-infected MDCK cells
were clarified by centrifugation at 3,000 ⫻ g for 10 min. Viruses were harvested
by centrifugation at 85,000 ⫻ g for 90 min and further purified on a 30 to 60%
sucrose gradient. Virus-containing fractions were concentrated ⬃10-fold by us-

FIG. 2. (A) Autoradiograph of in vitro-transcribed and translated
M1 proteins. (B) SDS-PAGE analysis and Coomassie blue staining of
RNP purification. Lane 1, untreated virus; lane 2, RNP purified by
low-pH and detergent treatment. (C) Binding of mutant and wild-type
35
S-labeled M1 to RNP. A total of 100,000 cpm of M1 was incubated
with 10 g of RNP. RNPs were pelleted through 20% glycerol, and the
M1 associated with RNP was quantitated. Experiments were carried
out three times.

ing a 10-kDa cutoff Vivaspin concentrator (Vivascience) and then analyzed by
12% PAGE. Coomassie blue-stained gels were scanned by using a GelDoc
system (Bio-Rad), and the band density was determined by using Quantity One
software (Bio-Rad).
Electron microscopy. Mutant and wild-type viruses grown in MDCK cells at
both 33 and 37°C were harvested from the supernatants by centrifugation at
85,000 ⫻ g for 90 min and washed three times in PBS. Viruses were stained with
1% sodium silicotungstate and examined under low-dose, high-resolution conditions.

RESULTS AND DISCUSSION
RNP binding. To explore the role of the helix six domain for
virus replication in more detail, we generated and analyzed a
series of mutants in this region (illustrated in Fig. 1A). The
mutations that were made include several single site substitu-
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TABLE 1. Titer of rescued viruses in 293T cell supernatantsa
M1 protein

TABLE 2. Titers of wild-type and mutant viruses at
various temperaturesa

Virus titer
(PFU/ml)

N91A ...........................................................................................1.00 ⫻ 104
M93A ..........................................................................................2.00 ⫻ 105
K95A ...........................................................................................1.50 ⫻ 105
V97A ...........................................................................................3.00 ⫻ 102
K98A ...........................................................................................4.50 ⫻ 103
R101A .........................................................................................2.50 ⫻ 105
K102A .........................................................................................3.50 ⫻ 105
R105A .........................................................................................2.65 ⫻ 104
Wild type ....................................................................................7.50 ⫻ 107

Virus titer (PFU/ml) at:
M1 protein
33.0°C

N91A
M93A
K95A
V97A
K98A
R101A
K102A
R105A
Wild type
a

tions to alanine, a double residue substitution corresponding to
residues suggested to be involved in dimer interactions in the
pH 4.0 crystal structure (48), and mutants in which five contiguous residues were mutated to alanine (Fig. 1B). The residues 101-RKLKR-105 in this exposed helix constitute a putative nuclear localization signal (56), and mutagenesis studies
have suggested that these and surrounding residues may be
important for RNA and RNP binding (5, 14, 57). However,
other studies with Escherichia coli-expressed M1 proteins indicate that the C-terminal portion of the protein that is not
represented in the crystal structure is responsible for RNP
binding (5). We expressed the M1 single substitution mutants
outlined in Fig. 1B by using a mammalian cell expression
system and analyzed them for their capacity to bind to low-pH
detergent-extracted viral RNPs. Using this system the migration patterns of expressed proteins indicated the appropriate
molecular weights in each case (Fig. 2A). RNPs were purified
from egg-grown virus by using low pH and detergent (45), and
residual M1 was undetectable (Fig. 2B). RNP binding analysis
with equal quantities of each radiolabeled single substitution
mutant showed that binding of the mutants with changes at
positions 91, 93, 95, and 97 was similar to the binding of the
wild type, as was binding of the Q75A-Q81A double mutant.
The RNP binding of the alanine substitution mutants at positions 98, 101, 102, 104, and 105 were slightly reduced, ranging
from 60% for R101K to 82% for the K104A mutant (Fig. 2C).
Overall, although our results do not rule out a possible role for
helix six residues in RNP binding, either directly or indirectly,
they fail to provide compelling evidence that any of the particular amino acids that were mutated are critical for RNP
binding.
Generation of infectious influenza viruses by reverse genetics. In order to analyze the M1 mutants in the context of the
virus life cycle, we attempted to incorporate the mutations
detailed in Fig. 1B into infectious viruses by using the plasmidbased system described previously by Neumann et al. (40).
Plasmids encoding genomic RNAs and the structural proteins
of the virus were transfected into 293T cells. Wild-type virus
titers on the order of 107 PFU/ml were routinely obtained from
transfected 293T cells, whereas the rescue of mutant viruses
was significantly less efficient. None of the viruses containing
multiple alanine substitutions was rescued, nor was the K104A
virus (Fig. 1B). Among the viruses that were generated, initial
titers of the M1 mutants from 293T supernatants were reduced
by 2 to 5 orders of magnitude relative to the wild type (Table

37.0°C

2.20 ⫻ 10
8.17 ⫻ 104
8.25 ⫻ 105
2.68 ⫻ 104
5.01 ⫻ 105
3.34 ⫻ 104
1.28 ⫻ 104
2.80 ⫻ 105
2.75 ⫻ 106
5

38.5°C

2.10 ⫻ 10
1.21 ⫻ 105
6.15 ⫻ 105
1.57 ⫻ 104
1.67 ⫻ 105
2.18 ⫻ 104
1.53 ⫻ 104
7.00 ⫻ 104
2.50 ⫻ 106
5

1.20 ⫻ 105
2.23 ⫻ 104
5.54 ⫻ 104
3.00 ⫻ 103
1.85 ⫻ 105
5.00 ⫻ 101
2.00 ⫻ 103
1.02 ⫻ 105
8.40 ⫻ 106

Titers are the average of three experiments.

1). We also observed that it was difficult to plaque the M1
mutant viruses from the 293T cell supernatants at 37°C, so the
titers shown in Table 1 were initially obtained at 33°C. Viruses
containing the K104A mutation and the multiple substitution
mutations were not recovered after repeated rescue attempts
at both 33 and 37°C (Fig. 1B). In general, our results are
consistent with recent reports regarding the rescue of viruses
containing mutations in helix six (23, 32), although in several
examples the positions and individual substitutions chosen for
examination differed. In those studies and in the present study,
no viruses with changes at position 104 were rescued; however,
we were able to rescue the K105A mutant, which proved to be
problematic in previous studies, demonstrating that a positively charged residue at position 105 is not an absolute requirement for virus infectivity.
Our observation that it was initially difficult to obtain
plaques at 37°C with M1 mutants suggested that they might
have temperature-sensitive phenotypes. To assess this, the viruses were analyzed for replication properties at 33, 37, and
38.5°C (Table 2). In each case, little difference in replication
efficiency was observed between 33 and 37°C. Several of the
mutants displayed a slight decrease in titer (ⱕ1 log) when titers
were determined at 38.5°C, but only the R101A mutant, which
exhibited a decrease in titer by approximately 3 logs, could
reasonably be considered temperature sensitive under the conditions tested. The K102A mutant displayed a reduced plaque
size at all temperatures, but the plaque morphology of all other
mutant viruses was comparable to that of the wild type and did
not vary with increased temperature (Fig. 3).
The genetic stability of the M1 mutations was examined by
multiple passage of the viruses on MDCK cells at both 33°C
and 38.5°C. After eight passages at each temperature, sequence analysis of the M1 coding region showed that all of the
introduced mutations remained present. The only other mutation detected was from the K98A mutant passaged at 38.5°C,
which contained an additional change from isoleucine to methionine at residue 131. We conclude that although none of the
viruses replicate as well as the wild type at any temperature, in
general, the mutants are not temperature sensitive as defined
in the classical sense (33), nor does plaque size serve as a useful
indicator of replication efficiency.
Morphology of rescued viruses. Influenza virus assembly
remains a process that is not well understood, but much of
what is known derives from studies on virus morphology. We
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Plaque assays were carried out at 33°C. Titers are the average of three
experiments.
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analyzed the morphology of our viruses by negative stain electron microscopy of passage 2 stocks grown at either 33 or 37°C.
We found that in broad terms, we could classify the mutants
into two groups. The N91A, M93A, V97A, and R105A mutants
resemble wild-type virus in size and appearance both at 33 and
at 37°C (Fig. 4); however, as shown in Fig. 5, the K95A, K98A,
R101A, and K102A mutants have altered sizes and shapes
relative to typical influenza WSN virions (Udorn virus is also
shown as an example of a well-characterized filamentous virus). It should be pointed out that even within the populations
of viruses with altered morphology, a proportion of spherical
virions can often be observed (Fig. 5). This is not unusual and
has been observed, for example, in preparations of Udorn virus
(44) and mutant viruses containing glycoprotein deletions in
their cytoplasmic tail domains (60). The mutants that resemble
wild type are relatively spherical, with well ordered HA spikes
on the surface. However, for the viruses with altered morphology, differences in appearance were observed to be dependent
on temperature in some cases (Fig. 5). At 33°C, K95A virions
are enlarged and are either spherical or amorphous. At 37°C

FIG. 4. Negative stain electron microscopy of wild-type viruses and mutant viruses with wild type-like morphology at 33°C. Morphology did not
vary at 37°C (data not shown). The scale bars represent 100 nm. Viruses were stained with 1% sodium silicotungstate and examined under
low-dose, high-resolution conditions.
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FIG. 3. Plaque morphology of mutant and wild-type viruses.
MDCK cells were infected at equal multiplicities of infection. After
incubation for 3 days at 37°C, the cells were stained with crystal violet.
No difference in plaque size was observed when cells were incubated at
33 and 38.5°C.
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the virions are generally spherical but are greatly enlarged,
with a diameter approximately three times that of wild type.
K98A forms enlarged and irregularly shaped virions at 33°C,
with some disruption of membranes. When grown at 37°C
K98A has a diameter similar to wild-type virus but the virions
are often extended and terminate in bulbous regions. The
R101A mutants at 33°C are similar in size to the wild-type virus
but display a greater proportion of pleiomorphic virions, as
well as disruptions in the membrane and some HA shedding
from the surface. The phenotype at 37°C shows a greater
extent of particle disruption and altered HA. The K102A
grown at 33°C produces a mixture of virion morphologies.
Some particles are small and roughly spherical, but many are
enlarged or elongated with occasional branching, and a few
virions form regular filaments. At 37°C the K102A mutant
forms highly filamentous particles that are much more regular
in appearance than the extended structures seen at 33°C or
with other mutants. The filaments have a constant diameter
and intact HA, indicating that they are not formed from fusion
of several spherical virions, and when M1 is visible it is arranged in a regular and undisrupted “fingerprint” pattern, typical of filamentous virus strains (Fig. 6A). This is in contrast to
the appearance of M1 in spherical virions, where the fingerprint pattern is often discontinuous (45). Furthermore, lower
magnification shows that the filaments often extend more than
1 m in length (Fig. 6B). These factors provide evidence that
K102A filaments are distinct from the elongated virions observed for other mutants and more closely resemble filamentous strains of influenza virus such as Udorn.
Interestingly, the mutants displaying an altered morphology
do not replicate at levels significantly different than those with
a wild-type-like appearance at either temperature (Tables 1
and 2). This is interesting since some studies have found that
Udorn variants with spherical morphology can replicate to
higher levels than those which retain the filamentous phenotype (44). The protein composition of purified wild-type and
K102A virions was examined by PAGE and Coomassie blue
staining (Fig. 7), and little difference was observed. In some
instances filamentous virions have higher M1/NP ratios than
their counterpart spherical particles, but these values have
been shown to vary depending on the mutant analyzed (44).
Ratios of the viral proteins in lysates of cells infected with wild
type and the filamentous mutant K102A were also similar,
although the overall levels of viral proteins were reduced by ca.
50% for the mutant (data not shown). This and the filamentous
nature of the mutant viruses may explain, in part, the reduced
titers observed relative to the wild type.
The altered morphologies of several of the helix six mutants
suggest that this region of M1 may be involved in the process
of virion assembly. Although virus morphology can be linked to
genetic changes in several viral components (25, 36, 44), the
M1 gene appears to be the most prominent for controlling
morphology. Bourmakina and Garcia-Sastre (7) generated viruses based on the Udorn M1 with a WSN background to show
that the M1 gene confers the morphological phenotype. Residues 95 and 204 were found to be particularly critical for the
formation of filamentous virus particles, since Udorn-to-WSN
M1 substitutions at these positions individually conferred a
reduction in filamentous phenotype. Residue 95 is in the same
region as the mutants analyzed in our study and was one of the
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FIG. 5. Negative stain electron microscopy of mutant viruses with
an altered morphology at 33 and 37°C. A/Udorn/72 virus is shown as an
example of filamentous morphology. Black arrows indicate areas of
membrane disruption; white arrows indicate shed HA. The scale bars
represent 100 nm. Viruses were stained with 1% sodium silicotungstate
and examined under low-dose, high-resolution conditions.
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residues that we found to affect morphology. Residue 204 is in
the C-terminal domain for which we have little structural information. The study by Roberts et al. described above demonstrated that the amino acid at position 41 can also be a
determinant of filamentous morphology (44). Nayak and coworkers (23) made mutant viruses at several positions of the
M1 helix six domain and analyzed a few by thin-section transmission electron microscopy. The most striking morphological
phenotype that they showed involved the R101A virus, for
which they observed several elongated particles and, consistent
with our 37°C results with the same mutant, noted a number of
disrupted empty particles. Overall, the data suggest that mu-

FIG. 7. Protein composition of wild-type and K102A virions. Virions were analyzed on a 12% polyacrylamide gel. The band density was
determined by using Quantity One (Bio-Rad) software.

tations in several regions of M1 have the potential to relate to
changes in morphological phenotype. Our results are consistent with the studies cited above, but the relative increase in
resolution of the electron micrographs presented here clearly
shows the varied array of morphological phenotypes that can
result from changes in the M1 helix six domain.
In addition, it has recently been proposed that residues 101YRKL-103 in helix six of M1 may constitute a late domain
(23). Late domains are motifs identified in the Gag proteins of
various retroviruses and in the matrix proteins of rhabdoviruses and filoviruses that interact with the cellular proteins
required for viral budding and release (for reviews, see references 16 and 42). Viruses with mutations in this domain frequently display a reduction in virion production, and thinsection electron micrographs of human immunodeficiency
virus type 1 late domain mutants reveal virus particles that are
not released in the normal fashion but are attached to the cell
surface by a stalk-like structure (19). The unusual morphology
of several of our mutants, in particular the appearance of the
K98A mutant at 37°C, could be consistent with a defect in
particle release; however, further studies are required to fully
characterize the interactions occurring between viral and cellular components during budding.
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FIG. 6. (A) M1 arrangement in filamentous K102A mutants and in A/Udorn/72 virions. Arrows indicate areas where the M1 arrangement is
visible. (B) Reduced magnification of K102A mutant and Udorn, showing filaments ⬎1 m in length. Scale bars, 100 nm. Viruses were stained
with 1% sodium silicotungstate and examined under low-dose, high-resolution conditions.
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Overall, our results support and extend many of the conclusions from previous studies on helix six mutations and on the
relationship between M1 and virus morphology. The most notable finding of the present study is that at several positions
along the helix six region of M1, the residue present can have
significant effects on virus morphology, suggesting that this
region plays an important role in the assembly process. The
observation that filamentous viruses predominate in fresh clinical isolates suggests that in the host virus morphology may
possibly be a determinant of infectivity and/or pathogenicity,
and understanding the genetic basis of virus morphology may
be important from a medical standpoint.
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