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ABSTRACT  The influenza virus hemagglutinin polypep-
tides, HA; and HAg, have been purified by gel filtration in
the presence of sodium dodecyl sulfate from a vaccine prepa-
ration of the recombinant strain HeqlN2. Use of this tech-
nique for purification of the hemagglutinin polypeptides
eliminated the need for proteolytic agents for removal of the
hemagglutinin from the virus particles and 100-300 mg of
virus yielded 10-30 mg of viral protein per chromatographic
cycle. Because proteolysis is not required to remove the
spikes from the viral envelope, the envelope-embedded HA;
polypeptide was purified in its entirety for structural analy-
sis.

Amino-terminal sequence analysis of the smaller polypep-
tide, HA;, revealed a cyclic repetition of glycyl resﬁ,ues
through the first 24 residues at every third to fourth position.
The sequence through the first 10 residues was identical to
that presented by Skehel and Waterfield for other type A in-
fluenza viruses [(1975) Proc. Nat. Acad. Sci. USA 72, 93-97].
The HA, (Heql) polypeptide, on the other hand, had differ-
ent amino acids at three or four out of the first 10 residues of
the amino-terminal sequence when compared to HA; from
HO, H1, or H2 subtypes (Skehel and Waterfield). The present
study has demonstrated the feasibility of the use of vaccine
virus as a source of large quantities of viral protein for deter-
mination of primary structure.

The major structural protein of the envelope of influenza
virus is the hemagglutinin, a glycoprotein which interacts
with the neuraminic acid of cellular receptors. The hemag-
glutinin is synthesized as a glycoprotein of approximately
75,000 daltons. Proteolytic cleavage of the hemagglutinin by
host proteases in the chick embryo in ovo is asymmetric and
results in the production of two subunits which are held to-
gether by disulfide linkage (1). These subunits are HA,
(50,000 daltons) and HA, (25,000 daltons). This prior cleav-
age of the hemagglutinin of virus grown in the chick em-
bryo permits its separation by gel filtration under reducing
and nonreducing conditions. Chromatography of the viral
proteins without reduction separates the hemagglutinin
(HA) from all viral proteins with the exception of the nu-
cleoprotein (NP) (2). Reduction of the HA-NP fraction and
chromatography results in the separation of NP, HA; and

Ag.

In the present study we report the isolation and amino-
terminal sequence analysis of hemagglutinin from a produc-
tion lot of an experimental formalin-inactivated influenza
vaccine. The virus in the vaccine was X-38 (Heq1N2), a re-
combinant resulting from the triparental cross of A/Eng/
42/72(MRC-11) (H3N2), A/PR/8/34 (HON1) (Ann Arbor
variant), and A/equine/Prague/1/56 (HeqlNeql) (E. D.
Abbreviations: HA, hemagglutinin; NP, nucleoprotein; PTH, phe-
nylthiohydantoin.
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Kilbourne, unpublished data). The hemagglutinin of the
vaccine virus (Heql) has little antigenic resemblance to the
hemagglutinin of the human A subtype viruses (3), and ac-
cordingly has been utilized as an “irrelevant’” hemagglutinin
in neuraminidase-specific vaccines (4, 5).

METHODS

Preparation of Virus. Influenza vaccine prepared from
X-38 virus (Heq1N2) was a gift from Lederle Laboratories,
Pearl River, N.Y. The vaccine was a pool of three viral
batches prepared separately. The virus was grown in the al-
lantoic cavity of 10-day-old embryonated eggs. The allantoic
fluids were harvested and the cellular debris was removed
by low-speed centrifugation. The virus was pelleted by con-
tinuous flow at 20 liters/hr through a zonal rotor in a centri-
fuge operated at 35,000 rpm (75,000 X g). The viral pellet
was resuspended in Y% the original volume of the allantoic
fluid in 0.1 M sodium phosphate buffer, pH 7.0, and treated
with formaldehyde at 1:4000 dilution for 2-4 days at 4°.
The formaldehyde was lowered to a concentration of
0.00037% by dialysis. Contaminating protein in the viral
preparation was removed by precipitating twice with 0.2 M
MgSO4 at pH 8.5 at room temperature and chilling over-
night. The precipitated protein was removed by low-speed
centrifugation at 1500 X g for 20 min. The viral preparation
was concentrated to %o the original volume of the allantoic
fluid by pressure ultrafiltration in an Amicon unit. The viral
preparation was filtered through the Diaflow unit versus
0.05 M sodium phosphate buffer and ethylene oxide was
added to a final concentration of 0.01 mg/ml to sterilize the
vaccine. The final vaccine preparation contained 0.019
mg/ml of thimerosal, 0.319 mg/ml of ethylene glycol, and
0.010 mg/ml of ethylene oxide in 0.05 M sodium phosphate
buffer, pH 7.0.

The protein concentration of the vaccine was 1.0 mg/ml
as assayed according to Lowry et al. (6). Virus was pelleted
from the vaccine preparation by centrifugation at 48,200 X
g for 90 min. A large amount of protein was not sedimenta-
ble: 0.47 mg/ml could be removed by pelleting, 0.53 mg/ml
remained in the supernatant. Since the viral neuraminidase
activity was distributed evenly between the pellet and the
supernatant, the protein remaining in the supernatant was
presumed to be derived from disrupted virus.

Purification of the Hemagglutinin. The pellet from the
above procedure, consisting of 100-300 mg of protein, was
disrupted with 10-15 ml of 10% sodium dodecyl sulfate and
ultrasonicated with a Biosonik unit (Bronwill) until the solu-
tion was transparent, which generally required 2 min. The
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FiG. 1. Sodium dodecyl sulfate gel filtration on Bio-Gel A-5m of sodium dodecy! sulfate-disrupted viral vaccine. Chromatograms repre-
sent respectively, (I) chromatography of pelleted, disrupted influenza virus vaccine, (II) rechromatography of HA-NP fraction, (III) reduc-
tion with 0.1 M dithiothreitol and chromatography of HA-NP from II. Letters designating column fractions: VV, void volume; NA, neurami-
nidase; P, nonglycosylated polypeptide of molecular weight 122,000; HA-NP, hemagglutinin-nucleoprotein coeluted; M, nonglycosylated

_polypeptide of 27,000. Elution was performed with 0.02 M Tris-HCI buffer, pH 7.4, containing 0.1% sodium dodecyl sulfate, and 0.05% sodi-
um azide at a flow rate of 12 ml/hr. The total quantity of protein applied was 140 mg. Fractions pooled for viral polypeptides are shown by

bars under respective peaks.

viral preparation was then heated at 56° for 60 min before
application to the column. The sample was pumped onto the
base of a 2.5 X 90 cm column of Bio-Gel A-5m (Bio-Rad)
connected in tandem to a second 2.5 X 90 cm column fitted
with flow adapters (Pharmacia). The column material was
previously equilibrated with 0.02 M Tris-HCI, pH 7.4, con-
taining 0.1% sodium dodecyl sulfate and 0.05% sodium
azide. All fractions were collected with an LKB 2000 frac-
tion collector and the A g was monitored with an LKB Uvi-
cord I. Elution from the column was carried out with the
same buffer at a flow rate of 12-15 ml/hr at room tempera-
ture. Elution of the HA-NP fraction required about 40 hr
(see Fig. 1). The HA-NP fractions were pooled and concen-
trated by pressure ultrafiltration to 4.0 ml with the Amicon
model 52 unit equipped with PM-10 membranes. The
HA-NP pool was rechromatographed on the same pair of
columns under the same conditions to remove residual P and
M proteins, viral polypeptides of 122,000 and 27,000 dal-
tons, respectively, as determined by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (7) (see Fig. 1). The
HA-NP pool was again concentrated to 4.0 ml. Dithiothrei-
tol was added to 0.1 M and incubated at 37° for 30 min to
reduce the hemagglutinin to HA; and HA; and thus permit
their separation from NP. The reduced HA-NP preparation
was chromatographed a third time on the same pair of col-
umns and under the same conditions as for the first cycle
(see Fig. 1). The results of polyacrylamide gel electrophore-
sis of the products of the third column cycle, pools of puri-
fied NP, HA;, and HA; are shown in Fig. 2.

Removal of Sodium Dodecyl Sulfate and Preparation of
Polypeptides for Sequencing. Sodium dodecyl sulfate was
removed according to the procedure of Weber and Kuter
using a 1.0 X 15 cm column of Dowex 1 (8). The viral pro-
teins were incubated in a total of 10 ml of Tris-acetate buff-
er, pH 7.8, with 6 M urea at 37° for 30 min before being ap-

plied to the column. Viral protein samples were applied to
the column in 5 ml aliquots and held for 15 min to improve
removal of sodium dodecyl sulfate. An additional 50 ml of
Tris-acetate buffer, pH 7.8, in 6 M urea was used to elute
the viral protein. A total of 60 ml was collected and pooled
from each column.

Following elution from Dowex 1, the hemagglutinin poly-
peptides, in approximately 60 ml of 6 M urea-buffer solu-
tion, were reduced with 0.01 M dithiothreitol in a sealed
container for 2 hr at 37°. Sulfhydryl groups were blocked by
the addition of 0.04 M iodoacetamide. The polypeptide solu-
tions were dialyzed at 4° for 4-5 days with daily changes of
distilled water. Following dialysis, HA; preparations re-
mained in solution; HA, preparations formed a fine white

— e

FIG. 2. Sodium dodecyl sulfate polyacrylamide gel electropho-
resis of NP, HA;, and HA, protein pools from Fig. 1, chromato-
graphic cycle III. Approximately 10-15 g of viral protein was ap-
plied per gel and stained with Coomassie brilliant blue. Viral pro-
teins had been reduced and alkylated for sequence analysis.
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Table 1. Sequential Edman degradation of HA,
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Table 2. Sequential Edman degradation of HA,

SP400* SP400
Step Deduced Step Deduced
no. residue —SiH, +SiH, TLCT no. residue —SiH, +SiH, TLC
1 Asp -0- Asp Asp 1 Gly Gly Gly Gly
2 Lys -0- Lyst Lys 2 Leu Leu/Ile Leu Leu/Ile
3 Ile Leu/Ile Ile Leu/Ile 3 Phe Phe Phe Phe
4 Ser Ser Seri Ser 4 Gly Gly Gly Gly
5 Leu Leu/Ile Leu Leu/Ile 5 Ala Ala Ala Ala
6 Gly Gly Gly Gly 6 Ile Leu/Ile Ile Leu/Ile
7 Tyr Tyri Tyri Tyrt 7 Ala Ala Ala Ala
8 His -0- 0 His 8 Gly Gly Gly Gly
9 Ala Ala Ala Ala 9 Phe Phe Phe Phe
10 Val Val Val Val 10 Ile Leu/Ile Ile Leu/Ile
- 11 Glu -0- Glu Glu
-0- indicates that the sample was analyzed but no phenylthio- 12 Asn -0- Asnt Asn
hydantoin (PTH) amino acid was detected. Leu/Ile indicates that 13 Gly Gly Gly Gly
PTH-amino acids of leucine and isoleucine cannot be differentiated +
unambiguously. 14 Trp Trp Trp Trp
* Only those PTH-amino acids extracted with ethyl acetate follow- 15 Glu -0- Glu Glu
ing conversion were analyzed on the column of SP400 in gas- 16 Gly Gly Gly Gly
liquid chromatography. +SiHs and -SiH3 indicate the analyses 17 Leu Leu/Ile Leu Leu/Ile
of silylated and unsilylated PTH-derivatives, respectively. 18 Dle Leu/Ile Tle Leu/Ile
t TLC means the thin-layer chromatography of PTH-amino acids 19 Asp -0- Asp Asp
on polyamide sheets (5X5 cm) with a fluorescent indicator in the 20 Gly Gly Gly Gly
first solvent as described (13). 21 9% * * *
1 Not identified unequivocally. 29 Tyr Tyr Tyr Tyr
23 Gly Glyt Gly Gly
24 Tyr Tyr Tyr Tyr

precipitate. All preparations were lyophilized for sequence
analysis.

Automatic Edman Degradation. Amino-acid sequence
was determined by Edman degradations on 0.1-0.2 umol of
hemagglutinin polypeptides, HA; and HA;, performed au-
tomatically with a Beckman sequencer using N,N’-di-
methylallylamine buffer and single acid cleavage (9-12).
Phenylthiohydantoin-amino acids were identified by gas-
liquid chromatography (11) and thin-layer chromatography
(18). (For further details see footnotes of Table 1.)

RESULTS

The hemagglutinin polypeptides of influenza virus as HA;
and HA; were obtained in large quantities from a batch of
vaccine made from X-38 virus. When 300 mg of total viral
vaccine protein was applied to the column at the first stage,
20-22 mg (7%) was recovered as NP, 32-38 mg (11-13%) as
HA,, and 12-20 mg (4-7%) as HA; at the third chromato-
graphic cycle. Based on compilation of percentage composi-
tion of the polypeptides of the influenza virus by Schulze for
those viruses with the total hemagglutinin present as HA;
and HA;,, HA| should represent 19-21% and HA; should be
12-15% of the total protein (14). NP should represent 26—
31% of total viral protein. Thus we have recovered as puri-
‘fied products approximately one-half of the available hem-
agglutinin polypeptides and approximately one-fourth of
the NP, assuming all of the protein present in the vaccine to
be viral protein. Sodium dodecyl sulfate polyacrylamide gels
of the purified products are shown in Fig. 2.

A significant quantity of hemagglutinin protein was lost
during the removal of sodium dodecyl sulfate by the Weber
and Kuter technique (8). Recovery ranged from 40 to 80%
of the protein applied. This technique was used to insure
complete removal of sodium dodecyl sulfate prior to se-
quence analysis.

The amino-acid sequence of the first 10 residues of vac-
cine-derived HA; was deduced from three runs of automatic

For explanation of the abbreviations see the legend of Table 1.
* Amino acid was not positively identified.
+ Not identified unequivocally.

Edman degradation on 0.1 umol of the glycoprotein. The re-
sults are summarized in Table 1. It should be noted that the
lysine at position no. 2 and tyrosine at position no. 7 were
only tentatively identified. Difficulty with identification of
the residues may reflect modification of amino acids during
treatment of the viral preparation with formaldehyde or
ethylene oxide for its use as a vaccine.

Two runs of automatic Edman degradation on 0.2 umol of
HA; established the amino-acid sequence of 23 residues
from the NHg-terminus as shown in Table 2. The amino acid
at position no. 21 was not positively identified.

DISCUSSION

Utilization of sodium dodecyl sulfate-gel filtration has per-
mitted the separation of HA; and HA; from influenza virus
inactivated by formaldehyde for use as a vaccine. Use of a
detergent for separation of these polypeptides has circum-
vented the need for proteolytic agents and results in purifi-
cation of both HA; and HA; in their entirety. Use of outdat-
ed vaccine as a source of viral hemagglutinin has resulted in

.tremendous savings of time and expense. From this source,

viral proteins can be obtained in the large quantities neces-
sary for elucidation of their primary structure.

Since separation of the hemagglutinin polypeptides by so-
dium dodecyl sulfate gel filtration is dependent on the sub-
unit structure of hemagglutinin, this approach should be ap-
plicable to all strains of influenza viruses, providing purified
HA, and HA; for structural analysis. Influenza viruses
grown in ovo possess a hemagglutinin consisting of two poly-
peptides which have arisen from asymmetric cleavage of a
precursor glycoprotein (1). The two polypeptides of the
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HA, 1 5
X-38 (Heql) Asp-Lys- Ile- Ser- Leu-Gly-Tyr-His-Ala-
Bel (HO) — Thr = — Jle — — — =—
Weiss (H1) Asn-Thr — — Ille — — — —
Singapore (H2) AsnGlu — — Ile = — — —
HA, 1 5
X-38 (Heql) Gly-Leu-Phe-Gly-Ala- Ile- Ala-Gly-Phe-
Bel (HO) _—e,— - — - — = = -
Weiss (H1) —_—_— — — — —_— = = =
Singapore (H2)  — = = = = -_ = = -
X-31 (H3) = = —= = = = = = -
MRC-11 H3)  — = — = = —= — - -

FIG. 3. Amino-terminal sequences of influenza virus hemagglutinin subunits. The identification of respective residues for HA; and HA,

Proc. Nat. Acad. Sci. USA 73 (1976) 241
10
Val This report
Asx Skehel and Waterfield (16)
Asx (16)
Asx (16)

10 15 20 24
Ile- Glu-Asn-Gly-Trp-Glu-Gly-Leu-Ile-Asp-Gly-?-Tyr-Gly-Tyr

— GIx-Gly — .Skehel and Waterfield (16)
— GIx-Gly — (16)
— Glx-Gly (16)
— Glx-Asx (16)
— Glx-Asx — (16)

(Heq1) is shown in Tables 1 or 2. A — indicates the amino acid is identical to that in X-38 protein.

hemagglutinin are held together by disulfide bonds; reduc-
tion of the disulfide bonds permits their separation from
other viral proteins by sodium dodecyl sulfate gel filtration.

In addition to providing pure HA; and HA,, the sodium
dodecyl sulfate gel filtration technique simultaneously puri-
fies the NA, P, NP, and M polypeptides for analysis of these
components. If desired, the neuraminidase can be removed
in active form by an affinity isolation technique prior to so-
dium dodecyl sulfate gel filtration (2).

Formaldehyde has long been used as an agent for the in-
activation of toxin and viral preparations for vaccines.
Formaldehyde interacts with nucleic acids, rendering them
noninfective, but does not seriously affect the stability or an-
tigenicity of the external viral proteins by the substitution of
available lysine, amide, and cysteine side chains (15). Evi-
dently the conditions of formaldehyde inactivation of the
virus for vaccine production did not introduce modifications
of amino acids of the hemagglutinin polypeptides that inter-
fere significantly either with the purification or automatic
sequencing of these polypeptides. The amino-terminal se-
quences of hemagglutinin HA; and HA; subunits of equine
type 1 Heql (X-38) are clearly homologous to the partial se-
quences of type A subtypes (HO, H1, H2 and H3) (16) (Fig.

3).

The amino-acid sequence of the first 10 residues of HA,
of equine type 1 has three or four differences from those of
human type A subtypes (HO, H1, and H2), and these differ-
ences can be explained by single nucleotide substitutions.
The amino-acid sequence of the first 10 residues of HA; of
equine type 1 is identical to that of human type A subtypes
(HO, H1, H2, and HS) of influenza virus.

On the basis of these limited preliminary studies, it ap-
pears that the amino-acid sequences of HA; subunits are
more conserved than those of HA; subunits. This is consis-
tent with earlier observations that the antigenicity of in-
fluenza viral hemagglutinin appears to reside with HA,
rather than HA, (17, 18) and the finding of greater variation
in peptide maps of HA) than of HA; (19). Recent findings of
Webster and Laver, however, show significant differences in
peptide maps of HA from H2 and H3 subtypes of influenza
virus (20). The partial sequence of HA, of equine type 1
(X-38) is identical to other influenza virus A subtypes
through the first 10 residues. The asparagine-glycine differ-
ence at residue no. 12 can only be explained by two nucleo-
tide replacements.

The amino-acid sequence of the first 24 residues of HAo
hemagglutinin shows several features of interest: (I) a
pseudo-palindrome of seven amino acids centered on the
isoleucine at position 6, observed by Skehel and Waterfield,
is confirmed (16); (2) Almost one-third of 23 residues identi-

fied are glycine, although only about 10% of entire HA; are
glycine, based on the data of Laver and Baker (21), and Ske-
hel and Waterfield (16); (3) These glycine residues are regu-
larly distributed, that is, every three or four residues are gly-
cine residues. If this portion of HA; is an a-helix, this find-
ing suggests a spatial constraint for one side of the helix, as
the glycyl residues would have no side chain.

Although the limited information available shows a larger
number of differences in amino acid sequence among HA,
polypeptides than among HA; polypeptides sequenced from
the amino-termini, and the principal antigenicity to hemag-
glutinin is thought to reside with HA,; the sequences of the
HA, and HA; polypeptides must be determined in their en-
tirety before antigenicity can be related to amino-acid se-
quence. Given the present technique for purification of the
polypeptides, which provides large quantities of viral poly-
peptides unmodified by proteolytic enzymes, it should be
possible to accomplish the complete sequence analysis of
both polypeptides of influenza viral hemagglutinin.

Note Added in Proof. In the absence of radioactive labeling of
the sulfhydryl group of cysteine and half-cystine with iodoacet-
amide, the PTH-serine and PTH-S-carboxymethylcysteine are not
readily distinguishable. Thus the serine at residue no. 4 of HA
must be considered presumptive.
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