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The nucleotide sequence of the region of RNA segment 7 coding for the M1 and M2 proteins of avian
influenza A/Mallard/New York/6750/78 was determined, and the deduced amino acid sequences were compared
to other avian and human M protein sequences. The M2 proteins of the avian and human viruses have diverged
much more than the M1 proteins, although amino acids specific for avian and human viruses were found in

both M1 and M2 proteins.

An avian influenza virus, A/Mallard/New York (NY)/
6750/78, that was markedly restricted in replication in the
trachea of squirrel monkeys, was evaluated as a donor of its
non-surface protein genes for attenuation of virulent human
influenza A viruses. A ‘‘six-gene’’ avian-human influenza A
reassortant virus, which contained the hemagglutinin and
neuraminidase surface antigen genes from the human
A/Udorn/307/72 strain and the six non-surface antigen genes
(internal genes) from the avian A/Mallard/NY/78 strain, was
as restricted in replication in the respiratory tract of squirrel
monkeys as its avian influenza A virus parent, indicating that
restriction of replication of the avian influenza virus is a
function of one or more of its internal genes (7). To investi-
gate which avian influenza gene or combination of genes was
responsible for restricted replication in primates, reassortant
viruses were produced that contained human influenza
A/Udorn/72 virus surface antigen genes and one or more
internal genes derived from the avian influenza virus donor.
Reassortants that contained only a nucleoprotein (segment
5) or matrix protein (segment 7) RNA segment of avian
influenza origin were markedly restricted in replication, as
were reassortants containing either of these segments in
combination with one or more other avian influenza genes
(13). The avian nucleoprotein and matrix protein genes must,
therefore, independently play a major role in the restriction
of replication exhibited by the A/Mallard/78 virus and reas-
sortants containing its internal genes.

RNA segment 7 is 1,027 nucleotides long and codes for
two proteins, M1 and M2, and possibly an additional small
peptide (1, 3, 14). The M1 protein is a structural protein that
contains 252 amino acids. The M2 protein shares the first 9
amino acids of the M1 protein, while the remainder of its 97
amino acids are translated in the +1 reading frame from a
splice acceptor site. The extent of nucleotide divergence
between the matrix protein gene of the A/Mallard/78 virus
and the corresponding gene from human influenza viruses
was determined to initiate studies aimed at understanding
the molecular basis for this host range restriction.

The nucleotide sequence of the coding region of the
A/Mallard/78 M protein RNA segment was determined by
extending a series of synthetic oligonucleotide primers by
reverse transcription with dideoxynucleotides using the in-
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fluenza virus genome RNA as a template (11). Virus was
purified and virion RNA extracted as described previously
(4). Virion RNA was fractionated by electrophoresis on a
2.6% polyacrylamide gel containing 4.5 M urea (6). and
segment 7 was eluted from the gel in 0.5 M NaCl-0.1 M Tris
hydrochloride (pH 8.0)-5 mM EDTA. The oligonucleotide
primers, 1 AGCAAAAGCAGG, 220 GCTCACCGTGCCC,
488 GCTGACTCCCAG, and 736 GCAGGCCTATCA, were
selected within regions of homology between the
A/Udorn/72 (3) and A/PR/8/34 (1, 14) matrix protein genes
and synthesized on an Applied Biosystems DNA synthe-
sizer. Dideoxynucleotide chain termination sequencing re-
actions and gels were as described by Naeve et al. (8).

The sequence of nucleotides 15 to 1024 of the positive
strand of segment 7 of A/Mallard/78 is shown in Fig. 1.
Nucleotides 26 to 781, which constitute the single large open
reading frame coding for the M1 protein, are indicated by a
line above the sequence, while nucleotides 26 to 51 and 740
to 1004 in the spliced reading frame for the M2 protein are
underlined. The sequence of nucleotides 1 to 14 and 1025 to
1027 was not determined. However, nucleotides 1 to 12 and
1025 to 1027 are not within the coding region of the RNA
segment and fall within regions of base homology in all
segments of influenza A viral RNA (10, 12).

The predicted amino acid sequence of the A/Mallard/78
M1 and M2 proteins was compared to the corresponding
sequences of the A/Udorn/307/72 human influenza virus (3).
Amino acid sequence divergence was much greater in the
M2 protein, with 14 differences out of the 97 amino acids
(Table 1). These differences were clustered within three
regions of the M2 protein. In contrast, there were only seven
amino acid differences in the M1 protein, although it is more
than 2.5 times larger than the M2 protein, and the differences
were spread more uniformly throughout the protein. A
comparison of the specific amino acids at each of the sites at
which a difference was documented indicated that none of
these differences within the M1 protein involved a change of
charge (Table 1), while a charged amino acid was substituted
for a neutral one at six sites within the M2 protein.

Comparison of M protein sequences was extended to
include the other available human, A/PR/8/34 (1, 14) and
A/Bangkok/1/79 (9), and avian, A/fowl plague virus (FPV)/
Rostock/34 (5), M gene sequences (Table 2). Although there
is more sequence divergence between the A/Mallard/NY/78
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(Ml —)

15 GATATTGAAA GATGAGTCTT CTAACCGAGG TCGAAACGTA CGTTCTCTCT ATCGTCCCGT

(M2 —)

J. ViroL.

TABLE 1. Amino acid sequence divergence between the M1 and
M2 proteins of influenza A/Udorn/307/72 and A/Mallard/NY/6750/
78 viruses

75  CAGGCCCCCT CAAAGCCGAG ATCGCGCAGA GACTTGAAGA TGTCTTTGCA GGGAAGAACA

135 CCGATCTTGA GGCACTCATG GAATGGCTAA AGACAAGACC AATCCTGTCA CCTCTGACTA

195 AGGGGATTTT AGGATTTGTG TTCACGCTGA CCGTGCCCAG TGAGCGAGGA CTGCAGCGTA

255 GACGCTTTGT CCAGAATGCT CTTAATGGGA ATGGAGATTC AAACAACATG GACAGGGCAG

315 TCAAACTGTA CAGAAAGCTC AAAAGGGAAA TTACATTCCA TGGGGCCAAA GAGGTAGCAC

375 TCAGTTATTC CACTGGTGCA CTTGCCACTT GCATGGGCCT CATATACAAT AGGATGGGAA

435 CTGTGACCAC CGAAGTGGCG TTTGGCCTGG TATGCGCCAC ATGTGAGCAG ATTGCTGACT

495 CCCAGCATCG GTCTCACAGA CAGATGGTGA TAACAACCAA CCCACTGATC AGACATGAGA

555 ACAGGATGGT ACTGGCTAGT ACTACAGCTA AAGCTATGGA GCAGATGGCA GGCTCGAGTG

615 AACAAGCAGC AGAGGCTATG GAGGTTGCCA GTCAGGCTAG GCAGATGGTG CAGGCAATGA

675 GGACCATTGG GACTCATCCT AGCTCCAGTG CTGGTCTAAA AGATGATCTT CTTGAAAATT
(End M1)

735 TGCAGGCCTA CCAGAAACGG ATGGGAGTGC AAATGCAGCG ATTCAAGTGA TCCTCTCGTT

(M2 cont. —)

795 ATTGCCGCAA GTATCATTGG GATCTTGCAC TTGATATTGT GGATTCTTGA TCGTCTTTTC

855 TTCAAATGCA TTTATCGTCG CCTTAAATAC GGATTGAAAA GAGGGCCTTC TACGGAAGGA

915  GTGCCTGAGT CTATGAGGGA AGAATATCGG CAGGAACAGC AGAGTGCTGT GGATGTTGAC

975 GATGGTCATT TTGTCAACAT AGAGCTGGAG TAAAAAACTA CCTTGTTTCT
(End M2)

FIG. 1. Sequence of nucleotides 15 to 1024 in the mRNA sense
of RNA segment 7 of the influenza A/Mallard/NY/6750/78 strain.
The probable coding sequence for the M1 protein is indicated by a
line above the nucleotide sequence; the probable spliced sequence
encoding M2 is indicated by a line under the nucleotide sequence.

and A/Udorn/72 strains in the M2 protein than in the M1
protein, this pattern is reversed when the mallard strain is
compared to another avian influenza A strain, A/FPV/
Rostock/34. The M2 proteins differ in only 4 amino acids,
while there are 10 amino acid differences in the M1 proteins.
However, since the M1 protein is more than twice as large as
the M2 protein, the percent divergence is approximately the
same for each protein. The relatively high degree of diver-
gence of the avian and human M2 proteins compared with
the M1 proteins suggests independent evolution of the M1
and M2 proteins.

The NP genes of influenza A viruses can be divided into
five classes, including one human and two avian classes, on
the basis of hybridization analysis (2). The similarity in
degree of divergence between the mallard strain and each of
the human strains suggested the possibility of separate
classes of M proteins in influenza A viruses of human and
avian origin. A comparison of amino acid differences be-
tween the known human and avian influenza M proteins
supports this interpretation. Of the 14 amino acid differences

Amino acid sequence divergence

Protein Position of amino
acid difference Udorn Mallard
M1 90 Pro Ser
115 Ile Val
121« Ala Thr
126 Ser Thr
137¢ Ala Thr
167 Ala Ile
218¢ Ala Thr
M2 11¢ Ile Thr
14 Glu Gly
16? Gly Glu
18 Arg Lys
20 Asn Ser
28 Val Ile
547 Phe Arg
55 Phe Leu
56° Glu Lys
57° His Tyr
787 Lys Gin
86 Ala Val
89 Ser Gly
93 Ser Asn

¢ Positions with amino acids differing in hydrophobicity.
b Positions with amino acids differing in charge.

between the A/Udorn/72 and A/Mallard/78 M2 proteins, 12
are also present in a comparison of the A/Udorn/72 and
A/FPV/34 virus strains.

Comparison of all of the known avian and human influenza
A M gene sequences, including sequences from strains
isolated more than 40 years apart, indicates that there are 10
sites with amino acids specific for either avian or human
influenza strains, i.e., a specific amino acid is conserved in
the three human influenza strains while a different amino
acid is present in both avian strains at that site (Fig. 2). Three
of these sites fall within the M1 protein, while seven are
located in the M2 protein. The three sites that possibly define
an avian or human class of M1 protein are clustered within
the center of the molecule at residues 115, 121, and 137.
Three of the M2 amino acids specific to avian or human
strains are located within the seven amino acids immediately
downstream from the splice site (residues 11, 14, and 16),
one is located in the center of the molecule at residue 55, and
the remaining three are clustered near the carboxy terminus
of the protein (residues 78, 86, and 93). Preliminary sequence
data from the M protein RNA segment of two other avian

TABLE 2. Sequence divergence of the M proteins of avian and
human influenza A viruses

No. (%) of differences in the amino acid sequence of the A/
Mallard/NY/6750/78 M Proteins vs. the indicated avian or
human influenza virus M proteins

Protein?
A/FPV/ A/Udorn/ A/Bangkok/
Rostock/34 307712 A/PR/8/34 179
M1 10 (4.0) 72.8) 10 (4.0) 9 (3.6)
M2 441 14 (14.4) 14 (14.4) 15 (15.5)

“ The M1 protein contains 252 amino acids; the M2 protein contains 97
amino acids.
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1 20 40 60
MALLARD/78  MSLLTEVETYVLSIVPSGPLKAEIAQRLEDVFAGKNTDLEALMEWLKTRPILSPLTKGIL
FPV/34 I v v
PR/8/34 1 v 1
UDORN/72 v A I
BANGKOK/79 v A I

80 100 y 120

MALLARD/78  GFVFTLTVPSERGLQRRRFVQNALNGNGDSNNMDRAVKLYRKLKREITFHGAKEVALSYS
FPV/34 P K Y VA
PR/8/34 P K H 1S
UDORN/72 P R H IA
BANGKOK /79 P R H 1A

v y140 160 180
MALLARD/78 TGALATCMGLIYNRMGTVTTEVAFGLVCATCEQIADSQHRSHRQMVITTNPLIRHENRMV
FPV/34 T S D T H A
PR/8/34 A S N A H T
UDORN/72 A S N A H A
BANGKOK/79 A S N A L A

200 220 240
MALLARD/78 LASTTAKAMEQMAGSSEQAAEAMEVASQARQMVQAMRTIGTHPSSSAGLKDDLLENLQAY
FPV/34 M T D A
PR/8/34 L T N A
UDORN/72 L A D A
BANGKOK/79 L A D T
252

MALLARD/78  QKRMGVQMQRFK
FPV/34
PR/8/34
UDORN/72
BANGKOK/79

B M2 PROTEIN

1 vy vv 20 40 v 60
MALLARD/78 MSLLTEVETPTRNGWECKCSDSSDPLVIAASIIGILHLILWILDRLFFKCIYRRLKYGLK
FPV/34 T GERND II S N RLKY
PR/8/34 I EGRNG AI N D RFKY
UDORN/72 I EGRND Vv s D FFEH
BANGKOK/79 I EGRND Vv s D FFKH

y80 Y y 97

MALLARD/78 RGPSTEGVPESMREEYRQEQQSAVDVDDGHFVNIELE
FPV/34 R E Q S vV G N
PR/8/34 G K K S A G S
UDORN/72 R E K S A S S
BANGKOK/79 R E K N A S S

FIG. 2. Amino acid sequence of the M1 (A) and M2 (B) proteins of A/Mallard/NY/6750/78 as predicted from the nucleotide sequence of
RNA segment 7. The sequence of A/Mallard/78 encoded proteins is indicated in the top line, with the sequences of A/FPV/Rostock/34 (5),
A/PR/8/34 (1, 14), A/Udorn/307/72 (3), and A/Bangkok/1/79 (9) indicated at sites demonstrating heterogeneity. Sites at which conserved
avian-influenza-specific and human-influenza-specific amino acids are located are indicated by arrows.

influenza virus strains, A/Pintail/Alberta/119/79 (H4N6) and
A/Pintail/Alberta/121/79 (H7NS8), support the conservation
of avian-influenza-specific and human-influenza-specific
amino acids at these sites. Analysis of the sequences of M
proteins from additional avian and human influenza A virus
strains may indicate which of these sites are important in
defining classes of M proteins from different host species and
could provide a method for evaluating the origin of genes
other than HA or NA during pandemic change.

Although there is significant sequence divergence between
the A/Mallard/78 and A/Udorn/72 strains in both the M1 and
M2 proteins, the specific amino acid(s) responsible for the M
protein-mediated host range restriction of the avian virus in
monkeys remains to be identified. The attenuation pheno-
type may be specified by only one or two amino acids.
Sequence analysis of phenotypic revertants isolated after

passage of the attenuated virus in primates may indicate
which of these sites are most important in determining the
restriction of replication of the A/Mallard/78 virus and its
avian-human influenza virus reassortants in primates. Addi-
tional evidence may come from analysis of M proteins of
other avian influenza A viruses which replicate at different
levels in squirrel monkeys.
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