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To characterize the sites and nature of binding of influenza A virus matrix protein (M1) to ribonucleoprotein
(RNP), M1 of A/WSN/33 was altered by deletion or site-directed mutagenesis, expressed in vitro, and allowed
to attach to RNP under a variety of conditions. Approximately 70% of the wild-type (Wt) M1 bound to RNP at
pH 7.0, but less than 5% of M1 associated with RNP at pH 5.0. Increasing the concentration of NaCl reduced
M1 binding, but even at a high salt concentration (0.6 M NaCl), approximately 20% of the input M1 was
capable of binding to RNP. Mutations altering potential M1 RNA-binding regions (basic amino acids
101RKLKR105 and the zinc finger motif at amino acids 148 to 162) had varied effect: mutations of amino acids
101 to 105 reduced RNP binding compared to the Wt M1, but mutations of zinc finger motif did not. Treatment
of RNP with RNase reduced M1 binding by approximately half, but even M1 mutants lacking RNA-binding
regions had residual binding to RNase-treated RNP provided that the N-terminal 76 amino acids of M1
(containing two hydrophobic domains) were intact. Addition of detergent to the reaction mixture further
reduced binding related to the N-terminal 76 amino acids and showed the greatest effect for mutations affecting
the RNA-binding regions of basic amino acids. The data suggest that M1 interacts with both the RNA and
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protein components of RNP in assembly and disassembly of influenza A viruses.

The influenza A virus consists of ribonucleoproteins (RNPs)
enclosed in a lipid envelope derived from the host cell mem-
brane. The viral genome is made up of eight separate gene
segments of single-stranded, negative-sense RNA coding for at
least 10 viral proteins, 3 of which are known to function as poly-
merases. The viral RNA (VRNA), nucleoprotein (NP), and poly-
merases are in close association in the RNP (11, 14, 17). Matrix
protein (M1) is located between the RNP and the inner surface
of the lipid envelope in the intact virion (1, 14, 24). Two major
external glycoproteins, hemagglutinin (HA) and neuramini-
dase (NA), and a small protein serving as a transmembrane
channel, M2, are anchored in the viral envelope (13, 26, 32).

In addition to being a structural component of the virion,
M1 is integral to many steps in the replication of the influenza
virus. During early viral replication, the dissociation of M1
from RNP is required for entry of virus into the host cell
cytoplasm (5, 12, 15) and is triggered by transport of H* ions
across the viral membrane by M2 (26). Later in the replication
cycle, newly synthesized M1 migrates to the nucleus of the
influenza virus-infected cell, where it again is found in close
proximity with RNP (5, 19). The interaction of M1 and RNP
leads to transport of M1-RNP complexes from the nucleus into
the cytoplasm (15). In the maturation of viral particles, the
ratio of M1 to NP influences morphologic features and infec-
tivity of the released viruses (22). At the inner cytoplasmic
membrane, M1-RNP complexes associate with embedded mol-
ecules of HA, NA, and M2 (9, 13, 14). The ability of M1 to
interact with lipid membranes as demonstrated by a number of
methods may relate to a role for M1 in the budding of newly
synthesized virions from the cell surface (4, 10, 23, 30).
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The association of M1 and RNP was first reported in the
1970s. When influenza virus HA and NA were removed by
proteolytic enzymes, the proteins remaining in the virion were
M1, NP, and polymerase (6, 24). The association of M1 with
RNP was identified by electrophoretic separation of purified,
native RNPs on low-percentage acrylamide gels (21). Deple-
tion of M1 from the RNP rendered the VRNA sensitive to
digestion by RNase A, which suggested that RNA is not com-
pletely protected by NP alone (20, 29).

Two domains in M1 have been shown to affect the disposi-
tion of RNA. One domain residing in a palindromic stretch of
basic amino acids (101RKLKR105) has been shown to bind
VvRNA (8, 27, 29), fulfilling a prediction based on X-ray crys-
tallographic data (25), and to serve also as a nuclear translo-
cation signal for M1 (29). The other domain, containing a zinc
finger motif (148C-C---H-H162), has been shown to associate
with zinc molecules (7) and to inhibit viral replication (18), but
its role in binding RNA is less certain.

Although the critical role of interaction between M1 and
RNP in functional and morphologic features of influenza virus
replication is apparent, the mechanism of the interaction of
M1 and RNP remains unclear. In this report, we describe the
association of purified RNPs with **S-labeled M1 translated
from cDNAs coding for either the wild-type (Wt) A/WSN/33
(WSN) M1 or for substitution and deletion mutants of WSN
M1. The effects of reconstituting these Wt and mutant M1s
with RNP under conditions of altered pH, ionic strength, and
added detergent were used to further define the interacting
domains of M1 and to explore mechanisms of the M1-RNP
interaction.

MATERIALS AND METHODS

Virus and DNA constructs. Influenza virus WSN was propagated in the allan-
toic cavities of 9-day-old embryonic eggs at 33°C for 2 days. Virions in the
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allantoic fluid were concentrated and purified by banding in 15 to 60% sucrose
gradients (30).

Plasmids to express the mutant M1 genes with deletions or substitutions were
constructed from a Wt WSN M1 gene in a vaccinia virus-based expression vector
pTFM21(3) as described previously (3, 29). Briefly, pTFM21 (3) was used to
create substitution mutations of WSN M1 corresponding to the RNA-binding
amino acids 101RKLKR105 and the zinc finger motif (amino acids 148 to 162).
The substitution of 10IRKLKR105 by 101SNLNS105 (designated M101-
SNLNS-105) was constructed by PCR. The zinc finger motif (148C-151C---159H-
162H) in amino acids 148 to 162 was altered to S-C----H-H by PCR using the
primer 456-5'GGC CTG GTA TCC GCA ACCT3'-474 and a primer corre-
sponding to the vector sequence. Deletion mutants of the M1 gene were con-
structed by restriction enzyme digestion and PCR. All of the altered M1 cDNA
sequences were confirmed by DNA sequence analysis.

In vitro translation of M protein and purification of RNPs. In vitro expression
of M1 genes was carried out in a coupled transcription-translation system (Pro-
mega, Madison, Wis.). Each plasmid (5 ng) was transcribed in vitro in the
presence of the T7 phage RNA polymerase and translated in a reticulocyte
system in the presence of [**S]methionine. The efficiency of [**S]methionine
incorporation into newly synthesized protein was 22%, with a background incor-
poration of 0.2%. The newly synthesized [**S]methionine-labeled proteins were
analyzed by electrophoresis on sodium dodecyl sulfate (SDS)-15% polyacryl-
amide gels and autoradiography.

Purified RNPs of influenza A virus were obtained by disrupting WSN (0.5
mg/ml) in buffer containing 10 mM Tris-HCI (pH 5.5), 1% Nonidet P-40, 0.6 M
NaCl, and 1.25 mM dithiothreitol. After incubation in disruption buffer for 40
min at room temperature, RNPs released from virions in the reaction mixture
were pelleted by centrifugation through 25% glycerol with a cushion of 50%
glycerol in an SW 55Ti rotor at 120,000 X g for 60 min. The supernatant fluid
containing lipids and membrane proteins was discarded, and the pellet contain-
ing the RNPs was resuspended in 10 mM Tris-HCI (pH 7.4). Purified RNPs were
pooled and stored at —20°C for later use. The protein composition of the RNPs
was analyzed by electrophoresis in SDS-12.5% polyacrylamide gels and stained
with Coomassie blue.

Protein-RNA interaction assay. The interaction of M1 with RNA was analyzed
as described previously (29). Briefly, WSN RNA was labeled by growing influ-
enza virus in cell cultures containing [*>P]orthophosphate (15 wCi/ml; radioac-
tivity concentration, 8 mCi/ml; Amersham). The labeled vVRNAs were purified
from virus by phenol extraction and stored at —70°C for later use. The M1s used
for RNA-binding assays were derived by expression in a coupled transcription-
translation system (Promega) from the specific plasmids described above. Bovine
serum albumin (Boehringer Mannheim) was used as a negative control. M1s and
bovine serum albumin were separated by SDS-polyacrylamide gel electrophore-
sis (PAGE) before transfer onto nitrocellulose membranes. The transferred
proteins were incubated for 90 min at room temperature with 3*P-labeled RNA
in probing buffer containing 10 mM Tris-HCI (pH 7.5), 50 mM NaCl, 1 mM
EDTA, 0.02% Ficoll, and 0.02% polyvinylpyrrolidone. After the completion of
the incubation period, the membranes were washed, dried, and exposed to X-ray
film. The relative association of RNA with specific M1s was calculated by com-
paring the density of 3*P-labeled RNA bound to mutant M1s with that of labeled
RNA bound to WSN Wt M1 protein. The amount of M1 used for the RNA-
binding studies was equalized by comparison of the [**S]methionine-labeled
mutant Mls with [**S]methionine-labeled Wt M1.

In vitro reconstitution of M1 protein with RNPs. The analysis of association of
M1 and RNP was carried out as follows. Purified RNP (50 pg) was incubated
with labeled M1 (10,000 cpm). The negative control containing the same activity
of [*3S]methionine (10,000 cpm) was derived from the translation product of the
same plasmid without M gene insertion. To study the effect of pH on the
MI1-RNP association, the suspension of M1-RNP complexes was incubated in
buffer containing 0.05 M NaCl and 0.05 M Na,HPO, adjusted to specific pH by
addition of 0.1 M citric acid. To study the effect of ionic strength on M1-RNP
complex association, the salt concentration was adjusted by adding NaCl to the
reaction buffer. To study the effect of detergent on M1-RNP reconstitution, the
RNP suspension was mixed in buffer containing 1% Triton X-100 and 0.05 M
NaCl and then incubated at 4°C for 2 h. A 20-pl aliquot of the RNP-detergent
suspension was centrifuged through a 150-pl cushion of 20% sucrose at 10,000
rpm for 15 min in a 0.5-ml Eppendorf tube, and the resulting pellet was collected.
The amount of 3°S-labeled M1 associated with RNP was determined by autora-
diographic densitometry of proteins separated by SDS-PAGE. The percentage of
M1 bound to RNP was calculated from more than three individual experiments
by comparing to the total input 3*S-labeled M1.

RESULTS

Expression and characterization of substitution and dele-
tion mutants of M1. To determine whether M1-RNP com-
plexes involved an M1-RNA interaction, the potential RNA-
binding domains of M1 were altered by site-directed
mutagenesis. Figure 1A shows schematic diagrams of the M1s
translated from constructs containing substitution and deletion
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FIG. 1. Schematic models and RNA-binding activities of the M1 proteins
translated from the constructs containing substitution and deletion mutants. (A)
Expressed amino acid sequences of WSN Wt and mutant M1 constructs; (B)
hydropathy index of M1 protein.

mutations; Fig. 1B shows the predicted hydropathy index of
WSN Wt M1. Plasmid M101-SNLNS-105 expressed a basic
amino acid RNA-binding domain (BAD) altered by replacing
amino acids RKLKR by SNLNS; plasmid MC148S contained
the DNA sequence coding for an alteration predicted to dis-
rupt the zinc finger motif (16). Both the BAD and the zinc
finger motif were deleted from plasmid Mdel77-202. The zinc
finger motif was deleted from plasmids Mdel111-202 and M1-
112. The coding region for the C-terminal 52 amino acids of
plasmid M1-200 was deleted, but it retained both the BAD and
the zinc finger motif. The coding regions for the N-terminal
134 and the C-terminal 12 amino acids of plasmid M135-240
were deleted so that the BAD was removed but the zinc finger
motif was retained. The hydropathy index of the M1 protein
revealed three hydrophobic domains, with two of the domains
located in N-terminal 76 amino acids. Except for plasmid
M135-240, all of the M1 mutants retained these two hydropho-
bic domains in the N-terminal 76 amino acids.

The substituted and truncated M1s were expressed in vitro
by using a coupled reticulocyte lysate system (Promega) and
were analyzed by autoradiographic densitometry after SDS-
PAGE. As shown in Fig. 2, the relative migration of the sub-
stituted M1s (from plasmids M101-SNLNS-105 and MC148S)
was not considerably affected compared to WSN Wt M1 (M1-
252). However, as would be expected, the relative migration of
the truncated Mls expressed from the various cDNA con-
structs was altered in proportion to the length of the translated
protein. M1-200 (with 52 amino acids deleted) had the slowest
migration among the truncated M1 proteins. Mdell11-202
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FIG. 2. (A) SDS-PAGE and autoradiography of in vitro-translated and 3S-
labeled M1 proteins from cDNAs coding for WSN Wt and mutants of M1
proteins; (B) RNA-binding activity of WSN Wt and mutants of M1 proteins
translated in vitro without addition of [**S]methionine. The percentage of RNA
bound to M1 was calculated by comparison to the total input [*>P]JRNA. The
data are means of at least three independent experiments, and the standard
deviation of each experimental point was below 10% (data not shown).

(with 91 amino acids deleted) migrated slightly behind the
truncated M1s with 125 amino acids deleted (Mdel77-202),
with 120 amino acids deleted (M1-112), or with 105 amino
acids deleted (M135-240). Proteins translated in vitro were
further studied by reaction with monoclonal antibodies specific
to the M1 protein of WSN virus. Strong reactions of monoclo-
nal antibodies with the substituted and deleted M1 proteins
were observed by immunoprecipitation (data not shown) and
immunofluorescence (31). Nonspecific bands shown in the
translated samples in Fig. 2 represented less than 5% of total
translated products and did not react with the monoclonal
antibodies to M1 protein. Although the source of these bands
is unknown, it is possible that they are nonspecific products
from the in vitro translation reaction.

The RNA-binding capacity of M1 mutants was studied by a
protein-RNA interaction assay previously described (29). The
WSN Wt M1 and mutant M1s were translated in vitro, sepa-
rated by SDS-PAGE, and transferred onto nitrocellulose
membranes. RNA-binding activities of WSN Wt (M1-252) and
mutant M1 proteins were determined by measuring the bind-
ing of **P-labeled RNA (extracted from WSN virions) to M1
immobilized on nitrocellulose membrane. Figure 2 B shows the
relative RNA binding of mutant M1 proteins. Deletion of the
C-terminal 52 amino acids (M1-200) had little effect on the
RNA-binding capacity of the protein (about an 8% reduction
in RNA binding compared to WSN Wt M1). Altering the zinc
finger motif (MC148S) resulted in moderate reduction of RNA
binding (31%). Substitution of amino acids RKLKR (M101-
SNLNS-105) reduced binding activity by 44% compared to
WSN Wt M1. Deletions of amino acids that eliminated one of
the two RNA-binding domains (Mdell11-202, M1-112, or
M135-240) decreased RNA-binding activity by 50 to 58%.
However, the M1 expressed from Mdel77-202 missing both the
BAD and the zinc finger motif bound RNA only weakly if at all
(>90% reduction in RNA binding). These results indicate that
in vitro-translated M1s retained RNA-binding capacity pro-
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FIG. 3. SDS-PAGE analysis of purified RNPs and the effect of RNase A
treatment on RNP stability. (A) M1-depleted RNPs were purified from virions as
described in Materials and Methods. The protein components of RNPs and
virions were analyzed by SDS-PAGE (12.5% gel). (B) The RNPs (1 mg/ml) were
treated with RNase A at final concentrations of 0.003 to 0.1 mg/ml for 30 min at
37°C. The RNase A-treated RNPs were harvested by centrifugation at 120,000 X
g for 60 min through 25% glycerol and a 50% glycerol pad. The resulting pellets
were collected and analyzed by SDS-PAGE on a 12.5% gel. Lanes MW, molec-
ular weight markers.

vided by one or both of the RNA-binding domains in the
construct.

Reassociation of M1 with RNP and effect of low pH. During
viral replication, M1 in incoming viral particles has been shown
to dissociate from M1-RNP complexes at the lower pH of the
endosomal microenvironment (5). Further studies were con-
ducted to determine whether reassociation of M1 with RNP
was possible at low pH. M1s were labeled with [>*S]methionine
during in vitro translation as described in Materials and Meth-
ods. RNPs were purified by disruption of WSN virions with 1%
Nonidet P-40 and 0.5 M NaCl at pH 6.5 and then centrifuged
through 50% glycerol. RNPs isolated by this method contained
two forms of NP (22) and less than 2% residual M1 (Fig. 3).
Reconstitution of WSN Wt and mutant M1s with this RNP was
carried out at pH 7.0, 6.0, and 5.0 (Fig. 4). M1-RNP complexes
were separated from unbound M1 by centrifugation through
20% glycerol and analyzed by SDS-PAGE. The percentage of
M1 associated with RNP was calculated as a ratio of the total
input M1. The association of M1 with RNP at neutral pH (pH
7.0) was about 70% of total input M1 translated from WSN
Wt. Similarly, 60 to 70% of each of the mutant M1s (except
M135-240) associated with RNP at pH 7.0. Less than 10% of
M1 translated from M135-240 bound to RNP. M135-240 con-
tains the zinc finger motif but is missing the N-terminal portion
of M1 including the BAD (101RKLKR105).

At pH 6.0, M1 from WSN Wt or from mutations eliminating
the zinc finger motif (MC148S and Mdel111-202) was found at
30% relative binding (reduced by approximately 50% com-
pared with results at pH 7.0). Under identical conditions, ap-
proximately 15 to 20% relative binding (reduced approxi-
mately 80 to 85%) was demonstrated for M1s from mutants
lacking the BAD (M101-SNLNS-105 and Mdel77-202). Re-
constitution at pH 5.0 essentially abolished M1-RNP associa-
tion in vitro for all M1s, including Wt M1. As shown in Fig. 4,
under no conditions did M1 from M135-240 bind RNP.

These experiments indicate that reassociation of in vitro-
translated M1 with RNP is inhibited at lower pH and that M1
can bind to RNP in the absence of both the BAD and the zinc
finger motif (Mdel77-202) but not in the absence of the entire
N-terminal portion of M1 (M135-240).

The M1 BAD is affected by ionic strength. To explore the
effects of ionic strength on the interaction of M1 and RNP,
reconstitution of **S-labeled M1 proteins with M1-depleted
RNP was carried out in vitro in the presence of various con-
centrations of NaCl at pH 7.0. As shown in Fig. SA, approxi-
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FIG. 4. Effect of low pH on M1-RNP reconstitution. The reconstitution of M1 and RNP was carried out in buffer containing 0.05 M NaCl at pH 7.0, 6.0, and 5.0
during the reconstitution assay. The RNP-associated M proteins were autoradiographed, and binding reactivity was quantified by densitometry. The percentage of the
binding activity from 3>S-labeled M1s to RNP was calculated by comparison to the total input 3S-M1 proteins. The data are means of at least three independent
experiments, and the standard deviation of each experimental point was below 10% (data not shown).

mately 60% of **S-labeled WSN Wt M1 (M1-252) associated
with RNP when reconstitution was carried out in 0.15 M NaCl
(approximately physiological salt concentration). Increasing
the salt concentration reduced the percentage of M1 bound.
The RNP-binding activity of M1 with substitution in the
BAD (M101-SNLNS-105) was similar to that for WSN Wt M1
at 0.05 M NacCl (Fig. 4) but was reduced by approximately half
at 0.15 M NaCl (Fig. 5). Increasing the salt concentration from
0.15 to 0.30 M reduced the association of M1 (M101-SNLNS-
105) with RNP from 35 to 20%, but a further increase in salt
concentration to 0.60 M NaCl had proportionally little addi-
tional effect on RNP binding (17% at 0.60 M NaCl). M1 with
substitution in the zinc finger motif (MC148S) or deletion of
the C-terminal 52 amino acids (M1-200) had RNP binding
similar to that of WSN Wt M1 at all concentrations of NaCl.
Studies of the RNP association of truncated M1s gave re-
sults similar to that for substituted M1s. For M1s retaining the
BAD but missing the zinc finger motif (Mdel111-202 or M1-
112), association with RNP was similar at all salt concentra-
tions to that of WSN Wt M1. However, RNP binding of the M1
expressed from Mdel77-202 (deletion of both the BAD and the
zinc finger motif) was reduced to 30% at 0.15 M and to 20% or
less at 0.3 to 0.6 M NaCl. Deletion of the N-terminal 134 and
the C-terminal 12 amino acids of M1 (M135-240) abolished
MI1-RNP association. These results suggested that the BAD
corresponding to amino acid RKLKR in positions 101 to 105 is
involved in RNP association and that the N-terminal region of
76 amino acids of the M protein might also be involved in RNP
binding. However, the zinc finger motif corresponding to
amino acids 148 to 162 has little effect on RNP association.
M1-RNP interaction is not related only to RNA binding.
RNA in M1-depleted RNPs of influenza virus can be digested
by RNase A, which suggests that NP does not protect all of the
RNA of RNPs (20, 29). Therefore, to further understand the
role of RNA binding in the M1-RNP association, M1-depleted

RNPs of WSN virus were enzymatically treated with RNase A
to digest unprotected RNA. Before using RNase A-treated
RNP for the reconstitution assay, we examined the effect of
incubation with RNase A on both vRNA and RNPs. Although
vRNA was digested when the concentration of RNase A was 3
pg/ml (data not shown). RNP cores retained structural integ-
rity after treatment with RNase A at concentrations of up to
100 pg/ml for 30 min at 37°C (Fig. 3B).

To assay association, *>°S-labeled WSN Wt and mutant M1s
were reconstituted with RNPs that had been preincubated with
RNase A. The results of reconstitution of WSN Wt M1 protein
(M1-252) and substitution mutants (M101-SNLNS-105 and
MC148S) with RNase A-treated RNP are shown in Fig. 6.
When RNP was treated with 0.3 pg of RNase A per ml,
binding of WSN Wt M1 was only 35% relative to that with
untreated RNP (Fig. 6A). At higher concentrations of RNase
A, 20 to 25% of WSN Wt M1 protein was bound to RNP. M1s
with substitution in the BAD (M101-SNLNS-105) or in the
zinc finger motif (MC148S) did not further reduce RNP-bind-
ing activity compared to Wt M1 (31 to 35% with RNase A at
0.3 wg/ml and 25 to 32% with RNase A at 3.0 pg/ml), nor did
deletion of the C-terminal 52 amino acids (M1-200). M1s with
deletion of the C-terminal 140 amino acids (M1-112) or amino
acids 77 to 202 (Mdel77-202) also exhibited 30 to 35% associ-
ation (Fig. 6B). RNP treated with a high concentration of
RNase A (30 ng/ml) showed approximately 20% binding in all
cases. However, the deletion mutant containing amino acids
135 to 240 (M135-240) exhibited only background RNP bind-
ing at all RNase A concentrations. Although RNase A-treated
RNP bound less to the Wt or mutant M1s, the persistence of
RNP binding after RNase A treatment suggested strongly that
M1 binds to RNP not only by way of RNA but also by way of
an independent protein-protein interaction.

The hydrophobic domains located at the N terminus of M1
protein contribute to RNP-binding activity. Although the as-
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FIG. 5. Effect of salt on M1-RNP reconstitution of Wt, substitution, and C-terminal truncation M1s (A) and deletion M1 mutants (B). In vitro-translated 3*S-labeled
M proteins were reconstituted with RNP in the presence of various concentrations of NaCl as specified in Materials and Methods. The percentage of RNP association
was quantified by comparison to the total input >°S-M1 proteins. The data show results of a representative binding experiment; the standard deviation of three

independent experimental points was below 10% (data not shown).

sociation of M1 with RNPs was reduced by the addition of salt
or pretreatment of RNP with RNase A, deletion or substitu-
tion in the BAD did not completely abolish RNP-binding ac-
tivity whereas removal of the N-terminal amino acids including
the BAD resulted in complete elimination of RNP binding
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(M135-240). All of the M1 mutants retaining the N-terminal 76
amino acids exhibited RNP-binding capacity even when the
BAD was deleted.

To explore the RNP-binding properties of the N-terminal 76
amino acids, the WSN Wt and mutant M1s were reconstituted

B

Mdel77-202  Mdel111-202.  M1-112
1 #3298 228 2338
~ 60 >- -
% _ 00.3
o 20+ § §
N \

M1-112

M135-240

Mdel77-202 Mdel111-202

FIG. 6. Effect of pretreatment of RNP with RNase A on M1-RNP reconstitution. Relative RNP association of Wt, substitution, and C-terminal truncation M1s (A)
and deletion M1 mutants (B). Purified RNPs were treated with RNase A as described in Materials and Methods. The pretreated RNPs were then incubated with
35S-labeled M1 proteins, and the percentage of average RNP association was quantified by comparison to the total input 3°S-M1 proteins. The data show results of a
representative binding experiment; the standard deviation of three independent experimental points was below 10% (data not shown).
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FIG. 7. Effect of detergent on M1-RNP reconstitution. Reconstitution of M1
and RNP was carried out as described in Materials and Methods, with (+) or
without (—) addition of 1% Triton X-100.

with RNP in buffer containing 1% Triton X-100 in 0.05 M
NaCl. As shown in Fig. 7, addition of Triton X-100 to the
reconstitution mixture resulted in approximately 30% reduc-
tion of WSN Wt M1 (M1-252) association to RNP. Substitu-
tion in the zinc finger motif (MC148S) did not further reduce
the association of M1 with RNP (same as that from WSN Wt;
approximately 30% reduction, comparing binding with and
without Triton X-100). Other deletions affecting the zinc finger
motif (Mdell11-202 or M1-112) did not considerably alter
M1-RNP association (10 to 15% reduction). However, substi-
tution in the BAD (M101-SNLNS-105) resulted in an 80%
reduction of M1-RNP association in the presence of Triton
X-100. The deletion of both the BAD and the zinc finger motif
(Mdel77-202) resulted in a similar 85% reduction of RNP
association. These data suggested that a detergent-labile ele-
ment located in N-terminal 76 amino acids of M1 is involved in
RNP binding and that it is independent of RNA-binding do-
mains.

DISCUSSION

Our data suggest that the RNP-binding activity of M1 is the
result of at least two forces, one ionic and the other hydropho-
bic. Further, the data lead us to postulate that the association
of M1 with RNP is through two mechanisms, a protein-RNA
interaction and a protein-protein interaction. Since M1 binds
nonspecifically to RNA (27), the specificity of the interaction
of M1 with RNP may depend on an interaction of M1 and NP.
Because the coexpression of M1 and NP genes in transfected
cells has not provided evidence of direct binding of M1 with
NP alone (2, 33), reassociation of M1 with RNP via a protein-
protein interaction suggests that M1 may bind to NP only when
NP is already bound to RNA.

According to several separate studies, M1 protein is capable
of binding to viral RNA via two sequences, amino acids 90 to
108, containing a nuclear localization domain (RKLKR), and
amino acids 135 to 165, containing a zinc finger motif (27-29).
Based on this information, we constructed substitution and
deletion mutations of the M1 gene of influenza WSN virus for
transcription and translation in vitro. Our results confirm that
M1 binds to vVRNA through the basic amino acid domain
(RKLKR) and suggest that binding to RNA may also occur via
the zinc finger motif (8, 27, 29). To the contrary, Elster et al.
(8), concluded that altering the zinc finger motif in the M1
does not affect its RNA-binding activity. Testing the same
substitution construct, Elster et al. used multiple concentra-
tions of M1 and determined a sigmoidal curve for binding.
Data on the steep part of the curve were similar to the zinc
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finger results in our experiment, although Elster et al. indi-
cated that the zinc finger was not involved in RNA binding.
Our data are also supported by deletion of the zinc finger
region of M1, which independently reduced RNA binding to
the same extent as deletion of the BAD. Deletion of both of
these RNA-binding domains resulted in the lowest binding
activity. Although our study did not show that the zinc finger
motif of M1 was involved in RNP-binding activity, the zinc
finger motif has been shown to inhibit viral replication in vivo
(18).

Influenza virus M1 dissociates from RNP complexes at low
pH in vitro (34, 35) and in infected cells (5), but the reasso-
ciation of M1 with RNP has not been extensively studied.
During the early stages of viral replication, M1 dissociates
from the incoming VRNP at the lower pH created by H"
transported from the endosomal environment by M2. Acidic
environment may alter the conformation of M1 and results in
lower binding affinity for RNP. RNPs subsequently enter the
nucleus of the cell, where viral RNAs are transcribed. Late in
infection, newly synthesized M1 and RNP bind in the nucleus
to form M1-RNP complexes at neutral pH, which results in
one-way transport of the complexes from the nucleus (5, 15). It
should be noted that the amount of **S-labeled M1 relative to
RNP in our reassociation experiments does not necessarily
reflect the ratio of M1 to RNP within virions or cells. However,
our studies demonstrate that low pH markedly reduces reas-
sociation of M1 with RNP. In addition, our studies suggest that
substitution or deletion of the BAD of M1 increases suscepti-
bility of M1-RNP complexes to the effects of lowered pH (Fig.
4).

Our data regarding the effect of salt concentration on reas-
sociation of M1 with RNP indicate that increasing salt concen-
trations reduce the binding of M1 with RNP substantially but
do not eliminate binding completely. Although the data are not
shown, salt concentration has a greater effect on reassociation
of input M1 with RNP than on the dissociation of endogenous
M1 from M1-RNP complexes. Our data on the effect of salt
concentration on the RNP-binding activity of M1 mutants in
which the BAD has been altered or deleted provide some
insight into the requirement for RNA binding in the process of
RNP binding. Substitution of the RNA-binding domain
(101RKLKR105) with uncharged amino acids dramatically in-
creases susceptibility to salt disruption and reduces the RNP-
binding ability of M1. Similarly deletion of the BAD (Mdel77-
202, which also deletes the region containing the zinc finger
motif) results in a mutant M1 that binds poorly to RNP. Al-
though these data suggest that RNA binding is involved in
RNP binding, the residual RNP binding for M1 with the BAD
deleted suggests that RNA binding is not the only means by
which M1 binds to RNP. Since the basic amino acid residues
(101RKLKR105) also play a role in M1 nuclear localization
(31), it is likely that these residues mediate multiple functions
of M1. Further studies are needed to assess the contribution of
RNA binding to infectivity of the virus.

Since deletion or substitution of the RNA-binding domains
of M1 is insufficient to completely abolish binding to RNP,
further studies were done to evaluate whether the hydrophobic
domains of the N terminus are involved in RNP binding. As
noted, the hydropathy index of the amino acid sequence of M1
predicts three major hydrophobic domains, two of which are
located within the first 76 amino acids (amino acids 1 to 20 and
45 to 70). The domain located within amino acids 45 to 70 has
also been implicated in membrane association (4, 10). The
detergent-associated reduction of the RNP-binding activity of
the deletion mutant Mdel77-202 (containing the N-terminal 76
amino acids and the C-terminal 50 amino acids but missing
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potential RNA-binding domains) suggests that a hydrophobic
binding domain located in the N-terminal 76 amino acids of
M1 is involved in RNP binding independent of RNA binding.
The lack of RNP-binding capacity of the mutant M135-202
(missing the N-terminal half of M1) and the persistence of
RNP binding after RNase A treatment are also consistent with
the hypothesis that an N-terminal hydrophobic domain is in-
volved in RNP binding independent of RNA binding. Al-
though amino acids 45 to 70 have the potential for binding to
lipid membranes, we do not know whether the RNP-binding
and membrane-binding domains overlap.

The interaction of M1 with RNP is central to assembly and
disassembly during the replication cycle of influenza viruses. In
addition to acting as a switch to promote the transport of RNP
in or out of the nucleus, the RNP binding of M1 has a struc-
tural role in final viral assembly. Modification of M1 and cor-
responding domains on NP may enhance or reduce the affinity
of M1s and RNPs, which should be reflected by changes in viral
growth kinetics. Further studies of RNP-binding domains may
help us complete the understanding of the role of M1 in in-
fluenza virus virulence and pathogenesis in a variety of host
systems.
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