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The SD0O mutant of influenza virus A/WSN/33 (WSN), characterized by a 24-amino-acid deletion in the
neuraminidase (NA) stalk, does not grow in embryonated chicken eggs because of defective NA function.
Continuous passage of SD0 in eggs yielded 10 independent clones that replicated efficiently. Characterization
of these egg-adapted viruses showed that five of the viruses contained insertions in the NA gene from the PB1,
PB2, or NP gene, in the region linking the transmembrane and catalytic head domains, demonstrating that
recombination of influenza viral RNA segments occurs relatively frequently. The other five viruses did not
contain insertions in this region but displayed decreased binding affinity toward sialylglycoconjugates, com-
pared with the binding properties of the parental virus. Sequence analysis of one of the latter viruses revealed
mutations in the hemagglutinin (HA) gene, at sites in close proximity to the sialic acid receptor-binding pocket.
These mutations appear to compensate for reduced NA function due to stalk deletions. Thus, balanced HA-NA
functions are necessary for efficient influenza virus replication.

Influenza A viruses contain eight segments of negative-
sense, single-stranded RNA (reviewed in reference 16). Each
RNA segment encodes at least one protein, and two of these
proteins, hemagglutinin (HA) and neuraminidase (NA),
project through the viral envelope and are available for inter-
actions with cellular molecules. The abundance of each protein
varies among virus subtypes, with the HA-NA ratio of influ-
enza virus A/WSN/33 (HIN1) being approximately 10 to 1
(21). Since HA and NA recognize the same molecule (sialic
acid) with conflicting activities, it can be assumed that drastic
changes in either activity would affect viral replication.

The HA, a type I integral membrane glycoprotein, is cleaved
into two disulfide-linked chains, HA1 and HA2, by host pro-
teases. Such cleavage is critical for viral infectivity, because it
exposes the membrane fusion peptide located at the amino
terminus of the HA2 subunit (reviewed in reference 14). The
HA functions as a homotrimer of noncovalently linked mono-
mers and plays two major roles during the replication of influ-
enza A virus in host cells. First, it attaches the virus to the cell
surface by binding to sialic-acid-containing receptors and pro-
motes viral penetration by mediating fusion of the endosomal
and viral membranes. The conserved sialic acid receptor-bind-
ing pocket, located on the HA1 subunit at the distal end of the
molecule, binds to monovalent sialic acid receptor analogs with
relatively low affinity (dissociation constant, approximately 0.1
to 1 mM [11]); however, the high abundance of HA molecules
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on the virion surface permits a sufficient number of low-affinity
interactions to allow virus attachment and entry into host cells.

The NA molecule, a type II integral membrane glycoprotein
(7, 28), consists of a box-like catalytic head, a centrally at-
tached stalk with a hydrophobic transmembrane-spanning re-
gion that attaches the molecule to the plasma and viral mem-
branes, and a cytoplasmic tail of six amino acids (1). The NA
functions as a homotetramer, facilitating the mobility of virions
by removing sialic acid residues from viral glycoproteins and
infected cells during both entry and release from cells (1, 15,
25). Many studies have documented that influenza virus par-
ticles with low NA enzymatic activity cannot be efficiently re-
leased from infected cells, resulting in the accumulation of
large aggregates of progeny virions on the cell surface (17, 21,
25). Since the formation of aggregates results directly from HA
binding to sialic acid receptors on cellular and viral surfaces, a
balance of competent HA and NA activities appears critical. In
brief, there should be enough HA activity to ensure virus
binding and enough NA activity to ensure the release of prog-
eny virus.

Observing how viruses adapt to restricted conditions in the
host can provide important information on the requirements
for efficient viral replication. In most instances, influenza vi-
ruses overcome barriers to replication by one of three mech-
anisms: (i) genetic drift (mutations due to errors introduced by
viral polymerase), (ii) genetic shift (reassortment of RNA seg-
ments between two different viruses), and (iii) RNA-RNA
recombination (exchange of genetic information between
RNA segments). Although rarely observed in nature, examples
of RNA-RNA recombination of influenza A viruses have been
documented in the laboratory. Khatchikian et al. (12) discov-
ered 54 nucleotides of the cellular 28S rRNA inserted into the
HA1/HA2 cleavage site, while Orlich et al. (24) found 60
nucleotides of the nucleoprotein (NP) gene within the HA1/
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HAZ2 cleavage site. In each case, the resultant virus had ac-
quired the necessary alteration for efficient replication in the
restrictive host. Moreover, mutant viruses have been generated
by introducing foreign nucleotides into the NA gene during
ribonucleoprotein transfection experiments (2).

Castrucci et al. (6) and Luo et al. (18) investigated the
biologic importance of the NA stalk by generating WSN vi-
ruses with a complete deletion of the NA stalk region. The
virus made by Castrucci et al. (6), designated SDO, grew to the
same titer as wild-type virus on cultured Madin-Darby canine
kidney (MDCK) cells; however, it did not grow in embryo-
nated chicken eggs. In these studies, the length of the NA stalk
correlated with growth of the virus in eggs; also, the longer the
NA stalk, the more active NA was in eluting virions from
chicken erythrocytes.

To understand the molecular mechanism by which an influ-
enza virus compensates for a defect in NA function necessary
for growth, we passaged SDO virus until it efficiently grew in
chicken eggs and identified the molecular events that occurred
during its adaptation.

MATERIALS AND METHODS

Viruses and cells. Influenza virus A/WSN/33 (HIN1) (WSN) was obtained
from the repository at St. Jude Children’s Research Hospital, Memphis, Tenn.
SDO virus, which contains a 24-amino-acid deletion of the NA stalk region, was
generated and characterized previously (6). Madin-Darby bovine kidney
(MDBK) cells were maintained in Eagle’s minimal essential medium in the
presence of 10% fetal calf serum. MDCK cells were maintained in Eagle’s
minimal essential medium in the presence of 5% newborn calf serum.

Passage of SDO virus in embryonated chicken eggs. Approximately 107> PFU
of MDCK cell-grown SDO virus (1 ml) was injected into 10-day-old embryonated
chicken eggs (done in duplicate). After incubation at 35°C for 2 days, the egg
allantoic fluid was harvested, clarified, and tested for viral growth by hemagglu-
tination assays at room temperature, by using 0.5% turkey red blood cells
(tRBCs). Virus was serially passaged by inoculating eggs with undiluted allantoic
fluid until hemagglutination was observed, at which time the allantoic fluid (100
ul) was injected into eggs in limiting dilutions (usually 107! to 107°). To bio-
logically clone the egg-adapted viruses, we plaque assayed the fluid sample that
produced hemagglutination and then picked five separate plaques. Each plaque
was injected into eggs, and hemagglutination assays were performed to confirm
viral growth in eggs. The HA and NA genes of the egg-adapted viruses (plaques
that resulted in hemagglutination) were sequenced and then grown in MDCK
cells to make stock viruses for further characterization.

NA and HA sequence analysis. Viral genes from egg- and MDCK cell-grown
viruses were sequenced after the isolation of viral RNA and cDNA, with 20 U of
avian myeloblastosis virus reverse transcriptase (Life Sciences, Inc.) and 1 pg of
Unil2 primer (5AGCGAAAGCAGG3', corresponding to viral noncoding nu-
cleotides 1 to 12 [15]). The HA and NA genes were then amplified by PCR by
using 2.5 U of cloned Pfu polymerase (Stratagene) and were sequenced with
specific HA and NA primers. The viral genes were sequenced by TagFS Dye
Terminator Chemistry.

PCR verification of NP insertion. To determine the egg passage at which NP
sequences were inserted into the NA stalk region, we designed a specific NP
reverse primer (NPinsert) corresponding to NP nucleotides 532 to 551 (5'TAC
ACGAGTGACTACGTCCC3'), representing the NP (antisense) sequences in-
serted into the NA stalk region (Fig. 1A, italic sequences). A specific NA forward
primer (N1W26), corresponding to the coding nucleotides 26 to 46 (5'CCATT
GGGTCAATCTGTATGG3'), and NPinsert were then used in PCRs (Pfu poly-
merase; Stratagene). Viral RNA was isolated from aliquots of each egg passage
and was used as a template for cDNA synthesis. To confirm RNA isolation and
c¢DNA synthesis, we used a specific NA reverse primer (N1R836), corresponding
to nucleotides 836 to 817 (5'TCACTTTGCCGGTATCAGGG?3'), instead of
NPinsert, as a positive control.

Glycoprotein incorporation into virions. MDBK cells were infected with wild-
type or egg-adapted virus, and 4 h later, were starved of glucose for 30 min and
were labeled with 0.2 mCi of [*H]mannose (Amersham) for 18 h. Virus in the
culture supernatant was purified by centrifugation (1 h) at 130,000 X g through
30% sucrose. The virus pellet was then disrupted with lysis buffer (50 mM
Tris-HCI [pH 7.5], 600 mM KClI, and 0.5% Triton X-100). Viral proteins were
analyzed by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis
(13).

Hemagglutination test. Hemagglutination activity was determined in microti-
ter plates by using 0.5% tRBCs. The reactions were performed in phosphate-
buffered saline (PBS), either on ice or at room temperature (approximately
20°C). To avoid possible destruction of the sialyloligosaccharide receptors, a 2
1M concentration of the NA inhibitor zanamivir (2,3-didehydro-2,4-dideoxy-4-
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guanidino-N-acetyl-D-neuraminic acid, GG167 [29]), kindly provided by R. Be-
thell (Research and Development, Glaxo Wellcome), was included in the reac-
tion mixture.

Assay of virus binding of sialylglycopolymers. For the receptor-binding assay,
virus in culture fluids was partially purified by removing cellular debris by low-
speed centrifugation prior to pelleting by high-speed centrifugation. The pelleted
viruses were suspended in 50% glycerol-0.1 M Tris buffer, pH 7.3, and were
stored at —20°C. The general procedure of this solid-phase receptor-binding
assay was described previously (9). The modifications applied in this study in-
cluded the use of synthetic sialylglycopolymers and a biotin-streptavidin detec-
tion system. Monospecific biotinylated sialylglycopolymers bearing pendant
NeuSAc(a2-3)Gal(B1-4)Glc residues (3'SL-PAA) or NeuS5Ac(a2-6)Gal(B1-
4)GIcNAc residues (6’SLN-PAA) were synthesized as previously described (4).
Polyvinyl chloride EIA microplates (Costar) were coated with 5 pg of bovine
fetuin per ml in PBS (50 pl/well) overnight and were washed with distilled water.
The viruses, diluted in PBS to an HA titer of 1/32 to 1/64, were incubated in the
wells of fetuin-coated plates (40 wl/well) at 4°C overnight; then the wells were
washed with an ice-cold 0.2X PBS-0.01% Tween 80 solution washing buffer.
Serial twofold dilutions of sialylglycopolymer in the reaction buffer (0.02% bo-
vine serum albumin, 0.01% Tween 80, 1 .M zanamivir in PBS) were added to the
wells (20 pl/well), followed by 2 h of incubation at 4°C. After five washings with
washing buffer, 25 l of streptavidin-peroxidase conjugates (ICN Biomedicals,
Inc.), diluted 1/2,000 in reaction buffer, was added to each well, followed by 1 h
of incubation at 4°C.

The plates were washed, and the peroxidase activities in the wells were deter-
mined with o-phenylenediamine, which was used as a chromogenic substrate.
The absorbency data were converted to Scatchard plots graphing 4,9, per degree
centigrade versus A49,. Affinity values (K,g), formally equivalent to dissociation
constants of the virus-sialylglycopolymer complexes, were obtained by regression
analysis of these plots (9). The absolute K, varied in replicate experiments
performed on different days, but the relative affinities of the variants were highly
reproducible, permitting the use of averaged data for this variable.

RESULTS

Adaptation of SD0 to embryonated chicken eggs. To deter-
mine the molecular requirements for efficient growth of SDO in
eggs, we serially passaged the virus in eggs (10 independent
lines), as outlined in Materials and Methods. tRBCs were used
because they are more sensitive than chicken red blood cells to
hemagglutination by virus (unpublished data). Ten viruses ca-
pable of hemagglutination activity were generated after 8 to 12
passages (Table 1), suggesting that the SDO virus requires
several mutations to grow efficiently in eggs. The hemaggluti-
nation titers varied among the adapted viruses: some had a
hemagglutination titer of only 1:2, while others had titers as
high as 1:64. There was no apparent relationship between the
hemagglutination titer and passage number (i.e., viruses that
became hemagglutination positive at later passages did not
always produce higher titers than viruses that became hemag-
glutination positive earlier).

Sequence analysis of NA genes. Castrucci et al. (6) showed
that the length of the SD0O NA stalk correlates with improved
viral growth in eggs, prompting us to investigate the NA gene
for molecular changes. Sequence analysis of cDNAs by reverse
transcriptase PCR revealed two types of egg-adapted viruses,
one containing nucleotide insertions in the NA gene and the
other containing no insertions in this gene (Table 1).

Five viruses (OEA, 7EA, 10EA, 18EA, and 21EA) had in-
sertions between the transmembrane and catalytic head re-
gions of the NA gene (Fig. 1). The insertions originated from
three viral gene segments: PB1, PB2, and NP. One virus, 0EA,
contained 22 amino acids inserted from the PB2 gene (Fig. 1,
nucleotides 720 to 784). Egg-adapted virus 10EA contained
sequences from the PB1 gene (Fig. 1A, 13 amino acids, nucle-
otides 1814 to 1851). Two other PB2 sequences were inserted
into the NA gene (Fig. 1): 10 amino acids for 7EA (nucleotides
2063 to 2092) and 18 amino acids for 18EA (nucleotides 928 to
981). In addition, 21EA acquired sequences from the NP gene,
resulting in an addition of 21 amino acids (nucleotides 523 to
586) between the NA transmembrane and catalytic head re-
gions.
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Transmembrane Head
region region
ATATGGATTAGCACA’IXFCA CAGGACTCAAACTTCA

18EA AACCCAACAGAAGAGCAAGCCGTGGATATTTGCAAGGCTGCAATGGGACTGAGA

7EA  AATTTATACAACATTAGAAATCTCCACATTCCTGAAGTC

OEA GTTGCATTTGACCCAAGGAACATGCTGGGAACAGATGTACACTCCAGGAGGGGAGGCGAGGAATGT

IIOEA CAGATGAAGGCACAGCTGGAGTTGAGTCCG

I 21EA GATCCCAGGATGTGCTCACTGATGCAGGGTTCAACCCTCCCTAGGAGGTCTGGGGCCGCA

WSN ATATGGATTAGCCATTCA  ATTCAAACCGGAAATCAAAACCATACTGGAATATGCAACCAAGGCAGCATTACCTATAAAGTTGTTGCTGGG CAGGACTCAACTTCA

Transmembrane
region
B ™ Stalk region
< region —
WSN  IWISHS | IRTGNQNHTGICNQGSITYKVVAG | QDSTS

SDO IWISHSQDSTS
AAAA A

18EA [NPTEEQAVDICKAAMGLR
7EA[ QMKAQLELSP

OEA [VAFDPRNMLGTDVHSRRGGEEC
10EA|NLYNIRNLHIPEV
21EA|DPRMCSLMQGSTLPRRSGAA

By computer analysis, the inserted nucleotide and amino
acid sequences lacked homology with the wild-type NA stalk
sequences (Fig. 1) and with each other. Of the five insertions,
three were in the same open reading frames of the respective
gene segments (10EA, 18EA, and 21EA), while the remaining
two (OEA and 7EA) were not.

PCR detection of NP insertion. Additional studies focused
on OEA and 21EA, which acquired new NA stalks, and 2EA,
which still lacked an NA stalk. To determine the passage num-
ber at which the insertion occurred, we tested each passage of
21EA for incorporation of NP sequences by using PCR with a
specific primer that corresponded to the inserted NP se-
quences (Fig. 1A, 21EA, italic boldface sequences) and an NA
sequence-specific primer. With this combination, we could
identify cDNAs containing the NP insertion by the detection of
a 0.8-kb PCR product; the absence of this product indicated
that RNA recombination had not yet occurred. Two NA se-
quence-specific primers were used as a positive control. Vi-

>
Head

region

Stalk
region

FIG. 1. (A) Nucleic acid sequences and the locations of inserts in the NAs of
five SDO egg-adapted strains. The proposed transmembrane and catalytic head
domains of the NA are indicated. Inserted sequences are identical to the PB1,
PB2, and NP gene segments of WSN virus. The 21EA strain contains NP
nucleotides 523 to 586; 18EA contains PB2 nucleotides 928 to 981; 10EA con-
tains PB1 nucleotides 1814 to 1851; 7EA contains PB1 nucleotides 2063 to 2092;
and OEA contains PB2 nucleotides 720 to 784. Bold italic sequences in 21EA
indicate the NP-specific primer (primer NPinsert) synthesized for PCR detection
(see Table 2). (B) Deduced amino acid sequence and locations of inserted amino
acids in five SDO egg-adapted strains.

ruses from all passages produced a 0.8-kb band in the positive
control reaction (Table 2), but only those from the fourth and
subsequent passages yielded this product when the alternative
primer was used, suggesting that the NP insertion had occurred
between passages 3 and 4. The lack of appreciable improve-
ment in viral replication in eggs with the acquisition of new
sequences (recombination event), as judged by hemagglutina-
tion of virus in allantoic fluid, indicated that other mutations
were likely needed to establish productive growth in embryo-
nated eggs.

Incorporation of recombinant NA molecules into virions.
An increased number of NA molecules in virions may com-
pensate for the functional defect in the SDO NA. To assess the
level of incorporation of NA molecules containing newly ac-
quired foreign sequences (new NA stalks), we grew egg-
adapted viruses on MDBK cells in the presence of [*H]man-
nose, followed by purification and analysis by sodium dodecyl
sulfate-10% polyacrylamide gel electrophoresis. Each recom-
binant NA molecule was incorporated to the same extent as
the NA of the parental (SDO) virus (data not shown), indicat-
ing that insertion of foreign sequences into the NA stalk region
does not affect NA incorporation.

Sequence analysis of HA genes. Influenza A viruses culti-
vated in the presence of NA inhibitors contain mutations in
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TABLE 1. Properties of egg-adapted SDO strains®
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TABLE 3. Mutations in the HA gene of egg-adapted viruses®

Egg passage at which NA stalk insertion

Virus positive hemaggluti-
nation was detected

No. of amino Origin of gene

acids inserted insertion
0EA 12 22 PB2
TEA 12 10 PB2
10EA 10 13 PB1
18EA 8 18 PB2
21EA 10 20 NP
2EA 12 0 NA?
SEA 8 0 NA
14EA 12 0 NA
19EA 12 0 NA
25EA 10 0 NA

@ Approximately 1072 PFU of SDO virus (1 ml) were injected into 10-day-old
embryonated chicken eggs. After 2 days of incubation at 35°C, egg allantoic fluid
was harvested and tested for viral growth by hemagglutination assays. Viruses
were serially passaged by inoculating the eggs with undiluted allantoic fluid until
hemagglutination was observed. The passage at which hemagglutination was first
observed is shown. Only strains that yielded positive hemagglutination are indi-
cated. The NA stalk insertion was detected by sequencing the NA gene.

? NA, not applicable.

their HA genes (10, 19). Thus, since some egg-adapted viruses
did not contain insertions in the NA, we sequenced and com-
pared the HA genes of recombinant and nonrecombinant vi-
ruses. In addition to an insertion in the NA gene, OEA had two
mutations in the HA, one in the HA1 region (asparagine 95 to
aspartic acid)(H3 numbering) and one in the HA2 region (as-
paragine 72 to lysine), while 21EA contained a valine-135-to-
isoleucine change in HA1 (Table 3). 2EA lacked an insertion
in the NA gene but contained three HA mutations, serine 146
to glycine and arginine 262 to lysine in HA1 and arginine 106
to lysine in HA2.

Figure 2 is a schematic diagram of the three-dimensional
structure of the HA monomer (30), indicating the location of
each mutation in relation to its sialic acid substrate. As shown,
the mutations at residues 135HA1 and 146HA1 are in close
proximity to the receptor binding site, while the mutation at
residue 95SHA1 is somewhat farther away, though still in the
globular portion of the HA molecule. Potentially, each muta-
tion could alter the characteristics of HA receptor binding and
thus the replicative properties of the virus. Mutations at resi-

TABLE 2. Egg passage during which a new sequence
was inserted into the NA stalk”

Egg passage number

Assay
1 2 3 4 5 6 7 8 9 10
PCR with:
NP primer - - - 4+ + + + + + +
NA primer (positive + + + + + + + + + +
control)
Hemagglutination of - - - - - - - - - +

allantoic fluid

¢ Viral RNA was isolated from each egg passage of the 21EA strain and was
used as a template for cDNA synthesis. The NP-specific reverse primer (primer
NPinsert), which corresponded to the inserted NP nucleotide sequences (5'TA
CACGAGTGACTACGTCCC3' [see Fig. 1A, italic boldface sequences]), was
combined with a specific NA forward primer (NIW26) (5'CCATTGGGTCAA
TCTGTATGG3’) in PCRs with the Pfu polymerase. A specific NA reverse
primer (N1R836), corresponding to the NA-coding nucleotides 836 to 817 (5'T
CACTTTGCCGGTATCAGGG?3'), was included instead of primer NPinsert as
a positive control. After 20 cycles, PCR products were separated on 1% agarose
gels. Viral hemagglutination activity for each passage was determined by using
tRBCs. All passages produced a 0.8-kb band in the positive control reaction.

) NA Mutation(s) in:
Virus . .
insertion HA1 HA2
0EA YES 95Asn—Asp 72Asn—Lys
21EA YES 135Val—lle
2EA NO 146Ser—Gly 106Arg—Lys
262Arg—Lys

“ For each adapted strain, HA cDNA was synthesized by reverse transcriptase
PCR followed by cDNA sequencing as described in Materials and Methods.

dues 262HA1, 72HA2, and 106HA2 are more distant from the
receptor-binding site; hence, a contribution of these changes to
receptor-binding activity is unlikely.

HA receptor-binding properties. One explanation for the
above results is that HA mutations can compensate for the loss
of NA activity (3, 20). We therefore evaluated the receptor-
binding properties of our egg-adapted viruses with two distinct
viral binding assays: an HA assay at two different temperatures
and a sialylglycopolymer binding assay (Table 4). In both
assays, an NA inhibitor, zanamivir, was included in the in-
cubation mixtures to preclude any contribution from viral NA
enzymatic activity during the assays. The patterns of hemag-
glutination at two temperatures indicated that 2EA (which did
not acquire an NA stalk insertion) possesses substantially
lower receptor-binding activity than do the other adapted vi-
ruses (Table 4). Lowering the incubation temperature to 4°C
decreased the dissociation rate of 2EA and increased its rela-
tive HA titer to more than 30 times that observed at 20°C,
consistent with the large reduction in the virus binding affinity
to sialylglycopolymers (Table 4). The relative HA titer was the
same among the other viruses tested. In contrast to results of
the hemagglutination test, we observed several distinctions in
the receptor-binding properties of the adapted viruses in
assays with specific polymers. In particular, OEA displayed a
slight decrease in affinity for both 3'SL-PAA and 6'SLN-PAA,
while 21EA bound less avidly only to 6'SLN-PAA.

In principle, the decrease in affinity shown by 2EA could be
explained by incomplete removal of sialic acid from the oligo-
saccharides on the viral HA and NA (23) due to a deficit in the
NA activity of this strain (deletion in the stalk). To pursue this
possibility, we treated the viruses with exogenous NA (Vibrio
cholerae) and compared the abilities of treated and nontreated
viruses to bind sialylglycopolymers. Neither strain showed an
increase in binding affinity after NA treatment (data not
shown), suggesting that incomplete desialylation of the virus
does not account for the low binding affinity of 2EA. The most
plausible explanation is that acquired mutations in the HA
(S146G and R262K in HA1 and, to a lesser extent, R106K in
HA?2) specifically contribute to the observed decreased in 2EA
binding affinity for sialic-acid-containing receptors.

DISCUSSION

We demonstrate that an influenza A virus with restricted
growth in embryonated chicken eggs can acquire replicative
competence by either of two distinct mechanisms: restoration
of the NA stalk by RNA-RNA recombination or a decrease in
viral (HA) binding affinity to sialylglycoconjugates. Both mech-
anisms of adaptation involve interplay between the NA and
HA, two virion glycoproteins needed for viral attachment to
and release from host cells. Of 10 adapted strains of SDO (an
A/WSN/33 mutant with a truncated NA stalk) examined, five
underwent RNA-RNA recombination involving three separate
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FIG. 2. Three-dimensional structure of the HA monomer (30), indicating the
location of each HA mutation discovered in three SDO egg-adapted strains,
relative to sialic acid (Neu5Ac) binding.

viral RNA segments (PB1, PB2, and NP). Since the parental
virus does not grow efficiently in eggs, we reasoned that inser-
tions into the NA stalk through recombination of RNA seg-
ments increased accessibility of the NA enzymatic pocket, and
hence the enzyme’s receptor-destroying activities. One of the
five noninserted adapted strains (2EA) showed a decrease in
HA binding affinity for sialic acid substrates, presumably com-
pensating for a defect in functional sialidase activity due to a
deletion in the NA stalk, thereby preventing virion aggrega-
tion. These findings emphasize the importance of HA-NA in-
terplay in the replicative capacity of influenza A viruses.
Others have reported RNA-RNA recombination during the
adaptation of influenza A viruses (2, 12, 24). Our results are
consistent with theirs (2, 12, 24) in that the mechanism appears
to operate through copy choice, nonhomologous RNA-RNA
recombination due to polymerase jumping during viral RNA
transcription. Since no consensus motifs have emerged from
the inserted sequences, the mechanism does not appear to be

NA STALK INSERTION BY RNA-RNA RECOMBINATION 6019

TABLE 4. Comparison of the receptor-binding activities of WSN,
SDO0, and egg-adapted strains of SDO

Binding to
Virus NA stalk Relatlitti‘e/f“ HA sialylglycopolymers”
3'SL-PAA 6'SLN-PAA

WSN YES 1 1 1

SDO NO 1 1.4 1.6
2EA NO >32 40 20
0EA YES 1 34 2.7
21EA YES 1 1 2.5

¢ Ratio of hemagglutinating titers determined at 4 and 20°C (ratio = HA at
4°C/HA at 20°C). A higher ratio indicates a lower affinity for sialic acid sub-
strates.

® The relative binding affinities for each sialylglycopolymer were calculated by
the formula K,; = K,(x)/K,(WSN). Higher values of K., correspond to lower
affinities. For each polymer, K, of WSN = 1.

specific. It appears unlikely that the RNA-RNA recombination
frequency is inherently greater in the NA stalk region; rather,
the insertions seem to be selected by the growth restriction
(low viral NA function) imposed on the virus in embryonated
eggs. Indeed, we suggest that any gene segment could partic-
ipate in recombination with any sequence inserted into the NA
stalk; thus, RNA-RNA recombination during influenza A virus
replication may occur more often than previously thought. In
this study, we only examined the NA and HA genes because
the initial virus used for egg adaptation was defective in NA
activity. Whether mutations (such as mutator mutations [26,
27]) occurred in the polymerase genes of these strains, which
might have enhanced the recombination frequency, is un-
known. Also, involvement of other viral gene products in the
adaptation process is unknown, since sequence analysis was
not performed for all gene segments.

Castrucci et al. (6) have shown that the longer the NA, the
better the virus replicates in eggs. Our findings substantiate
this observation and additionally show that although the NA
stalk presumably contains 24 amino acids, a minimum of 10 in
this region is sufficient for growth adaptation in eggs. Although
new sequences were acquired early in the adaptation process,
at passage 4 the resulting mutant did not begin to replicate
efficiently until several passages later. This suggests that inser-
tions in the NA gene are not by themselves sufficient for ad-
aptation and that additional mutations are needed for full
conversion, as discussed below.

All egg-adapted viruses, and 2EA in particular, displayed
changes in their receptor-binding properties, regardless of the
type of sialic acid linkage displayed by the sialylglycopolymers.
Among the three HA mutations we identified (Table 3), the
Ser-to-Gly substitution at residue 146 is most likely responsible
for the decrease in affinity. 146Ser is conserved among most of
the 15 known HA subtypes (22), suggesting that a mutation at
this position could alter HA function. In the three-dimensional
model of X31 HA, residue 146 lies immediately proximal to
residue 136, which participates in van der Waals contacts and
hydrogen bond formation with the carboxylic group of sialic
acids (30). All of these interactions can contribute significantly
to HA binding affinity. Thus, a mutation at residue 146 could
decrease the affinity for sialic acid, thereby inhibiting aggrega-
tion of viral particles during infection and budding of progeny
particles. Of course, any acquired HA mutations must reduce
virus affinity for sialic acid without completely abrogating sialic
acid binding, which is required for virus entry into the host cell.

It is interesting that HA mutations are also important for
replication of zanamivir-resistant variants (10, 19). Resistant
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mutants selected in the presence of zanamivir contained sub-
stitutions in the HA that decreased the molecule’s affinity for
sialylglycopolymers. These variants emerge during the first
stages of adaptation, after which mutations in the NA that
decrease enzyme sensitivity to zanamivir emerge and outgrow
the parental virus. These results are compatible with ours and
further demonstrate the functional relationship between HA
and NA activities.

Elucidating the mechanisms of influenza virus adaptation to
restricted hosts is essential to understanding the molecular
basis for the emergence of new strains, especially those impli-
cated in global outbreaks. If we could understand how viruses
adapt to otherwise replication-incompetent hosts, we might be
in a position to target antiviral therapies to the adapted strains.
Results of the present study promote this aim by demonstrat-
ing the critical role of balanced HA-NA activities in efficient
replication of influenza A viruses and by identifying the mech-
anisms operating to achieve this balance of protein activity.
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