Proc. Natl. Acad. Sci. USA
Vol. 82, pp. 2019-2023, April 1985
Biochemistry

Influenza viral (A/WSN/33) hemagglutinin is expressed and
glycosylated in the yeast Saccharomyces cerevisiae
(recombinant DNA/shuttle vector/alcohol dehydrogenase I promoter/glycosylation)

M. ABDUL JABBAR, N. SIVASUBRAMANIAN, AND DEBI P. NAYAK

Jonsson Comprehensive Cancer Center and Department of Microbiology and Immunology, School of Medicine, University of California at Los Angeles,

Los Angeles, CA 90024

Communicated by C. H. Sawyer, December 4, 1984

ABSTRACT Recombinant plasmids were constructed in
which genes coding for either the entire or the signal-minus
(amino acid residues 2-17 deleted) hemagglutinin (HA) of
WSN influenza virus were placed under the control of the alco-
hol dehydrogenase I gene promoter of Saccharomyces cerevisi-
ae. Both recombinant plasmids were shown to direct the syn-
thesis of HA-specific polypeptides that were detected by immu-
noprecipitation with antiviral antibodies. The complete HA
produced in yeast had an approximate M, of 70,000 and was
glycosylated, as determined by the endoglycosidase H sensitiv-
ity, and was bound to membrane. Therefore, the complete HA
polypeptide possessing the signal sequence probably traversed
the yeast secretory pathways. Signal-minus HA, on the other
hand, had a lower molecular weight and was nonglycosylated.
The specific binding of yeast HA with antiviral antibodies
could be competitively inhibited by influenza viral HA, dem-
onstrating that the HA produced in yeast contained antigenic
determinants of the native viral HA.

Influenza virus, a well-known human and animal pathogen,
still causes pandemics and major epidemics in humans and
animals. It is a segmented negative-strand enveloped RNA
virus that codes for two membrane glycoproteins: hemagglu-
tinin (HA) and neuraminidase. HA is quantitatively the ma-
jor surface glycoprotein of influenza virus and the antigen
against which neutralizing antibodies are elicited (see ref. 1).
The advent of recombinant DNA techniques has aided great-
ly in understanding the structural features that determine the
biological and antigenic properties of HA of influenza virus
(see ref. 2). Moreover, the expression of HA of influenza
virus in Escherichia coli has generated a great deal of inter-
est in developing the recombinant HA as subunit vaccine
against influenza (2, 3). However, lack of glycosylation by
the bacterial host appears to affect the stability, secondary
and tertiary structure, as well as the antigenicity of the HA
(3). Therefore, an alternative host, such as yeast, would be
desirable for expressing this important viral glycoprotein.
Furthermore, since the yeast (Saccharomyces cerevisiae) is
known to cause glycosylation and to possess complex pro-
tein secretory pathways (4) similar to those present in eu-
karyotic cells, it may be possible to overcome many of the
difficulties encountered in expressing integral membrane
glycoproteins in E. coli.

Many heterologous genes, such as those coding for inter-
ferons-a (IFN-a) (5-7), IFN-vy (8), the hepatitis B surface
antigen (9, 10), and calf prochymosin (11, 12), have recently
been expressed in S. cerevisiae. Proteins, like IFNs and chy-
mosin, are typical examples of secretory proteins in mamma-
lian cells. Recent studies have also shown that foreign eu-
karyotic proteins containing signal sequences are processed
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in yeast (13, 14). For example, when human pre-IFNs were
expressed in yeast, a large fraction of the IFN-a-1 and IFN-
a-2 polypeptides had the same amino termini as that of the
mature IFN in human cells, suggesting that yeast was able to
remove the same signal sequence processed by human cells
(13). Moreover, a plant protein, thaumatin, has recently
been expressed in yeast and the signal sequence of prepro-
thaumatin is cleaved at the site used in plant cells (14). How-
ever, none of these proteins is an integral membrane protein
requiring anchorage to the plasma membrane.

In the present study, the HA gene of influenza virus has
been placed under the control of alcohol dehydrogenase I
(ADHI) promoter of S. cerevisiae. A recombinant plasmid
that retains the DNA encoding the hydrophobic signal se-
quence is shown to direct the synthesis of HA as glycosylat-
ed protein, whereas another recombinant plasmid that lacks
the DNA for signal sequence produces nonglycosylated HA

polypeptide.

MATERIALS AND METHODS

Organisms and Growth Conditions. E. coli 294 (end-A, thi,
hsdR) was used for plasmid transformation and isolation. S.
cerevisiae 20B12 (a, trp-1, gal-7, SUC, pep 3-2) (13) was
used as recipient for transformation by recombinant yeast
plasmids. The compositions of minimal medium (SD medi-
um) and rich (YPD medium) medium have been described
(15). Influenza virus A/WSN/33 (HIN1) was used and
grown in Madin-Darby (MDBK) bovine kidney cells (16).

Plasmid Vectors and Recombinant DNA Technology. Two-
micron-based yeast shuttle plasmid vector containing ADHI
promoter and terminator was obtained from Wyeth. Restric-
tion endonuclease digestion and ligation with T4 DNA ligase
were conducted as recommended by the suppliers. DNA-
mediated transformation of yeast (17), plasmid purification,
agarose gel electrophoresis, and other manipulations of nu-
cleic acids were performed by standard methods (18).

Analysis of HA-Specific mRNA by RNA Transfer Blot and
Dot-Blot Hybridization. Total and poly(A)* mRNAs were
isolated, glyoxal-denatured, electrophoresed, and trans-
ferred to GeneScreen paper (New England Nuclear) as de-
scribed (19). For dot-blot hybridization, denatured RNA
samples were spotted onto GeneScreen. Blots were hybrid-
ized to 32P-labeled HA cDNA-specific probes (2 ng/ml, 1.0
x 10° cpm/ng) obtained by nick-translation and were autora-
diographed. For quantification, specific spots on the blot
were excised and counted for radioactivity in a liquid scintil-
lation counter.

Immunoprecipitation and Endoglycosidase H (endo H)
Treatment of the Hemagglutinin Antigens. Trp™ yeast trans-

Abbreviations: HA, hemagglutinin; S~ HA, signal-minus HA;
ADH, alcohol dehydrogenase; IFN, interferon; MDBK, Madin—
Darby bovine kidney; endo H, endoglycosidase H.
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formants were grown at 30°C in SD selective medium [SD
medium supplemented with uracil (20 ug/ml), adenine (20
ug/ml), tyrosine and phenylalanine (50 ug/ml)] to mid-expo-
nential phase (Aggo = 1.0-1.5). The cells were centrifuged,
resuspended in fresh SD selective medium to an Agg of 2.0,
and labeled with either [**S]methionine or [>*S]cysteine (100
uCi/ml; 1 Ci = 37 GBq; 37°C for 2 hr). At the end of the
labeling period, the cells were pelleted and washed once with
5 ml of 10 mM NaN; solution. Yeast cell lysates were pre-
pared and immunoprecipitated as described (20) except that
protein A-Sepharose was used to collect the immune com-
plexes. Either the rabbit polyclonal antibodies made against
the whole virus particles or the murine monoclonal antibod-
ies made against PR/8 HA were used (21). The immune com-
plexes were analyzed by NaDodS0,/10% polyacrylamide
gel electrophoresis (NaDodSO4/PAGE). endo H treatment
was done as described (20).

Isolation of Spheroplast and Preparation of Extracts. Trp*
yeast transformants were grown in SD selective medium to
an Agy of 1.5. Ten milliliters of the labeled cells was centri-
fuged, suspended in 4 ml of spheroplast buffer [1.2 M sorbi-
tol/50 mM phosphate, pH 7.2/15 mM 2-mercaptoethanol/
100 ug of zymolyase (60,000 units/g; Seikagaku Koygo,
Tokyo, Japan) per ml], and incubated for 1 hr at 30°C with
gentle shaking (10). The spheroplasts were pelleted (1000 X
g for 10 min), washed three times with 6 ml of spheroplast
buffer without zymolyase, and lysed by adding 1 ml of phos-
phate-buffered saline (P;/NaCl) in the presence of 1 mM
phenylmethylsulfonyl fluoride on ice for 30 min. The pellet
fraction containing membranes was collected by centrifuga-
tion at 5000 x g for 20 min (22). The membrane fractions
were further washed once in 2 ml of P;/NaCl, solubilized
in NaDodSO, (1%), and analyzed by NaDodSO,/PAGE
(20).
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RESULTS

Construction of the Recombinant Plasmids for the Direct
Expression of the HA Gene. The strategy for the construction
of the expression plasmids containing both complete and sig-
nal-minus HA (S~ HA) cDNA is outlined in Fig. 14. The
junction sequence of the promoter and the HA genes is
shown in Fig. 1B. The HA gene of WSN virus has been
cloned (24) and its complete nucleotide sequence has been
determined (25). The WSN HA gene codes for a polypeptide
of 565 amino acids from which the signal peptide (17 amino
acids) at the amino terminus is cleaved to produce the ma-
ture HA. The complete HA insert was treated with BAL-31
to remove the first 14 nucleotide residues, including 4 guano-
sine residues (positions 11-14) in the noncoding region of the
HA (25), as they may interfere with efficient translation initi-
ation in yeast (26). Subsequently, the HA cDNA fragment
was treated with EcoRI methylase to protect the internal
EcoRlI site. EcoRI linkers were added and the insert was
cloned into the EcoRI site of pBR322. The full-length HA
cDNA was obtained by partial EcoRI digestion and cloned
into the EcoRI site of pWY4, a shuttle vector that can repli-
cate both in E. coli and in S. cerevisiae. E. coli 294 was
transformed with the recombinant plasmids containing the
HA cDNA and ampicillin-resistant colonies were identified.
The clones were further screened for the orientation of the
HA inserts towards the ADHI promoter. Plasmids contain-
ing the correct (pWYHACS1) and the opposite (pWY-
CAHS50) orientations were identified. A similar procedure
was used for constructing recombinant plasmids containing
the cDNA insert of the S™ HA under the control of ADHI
promoter. For the initial construction of S™ HA, a synthetic
DNA primer was used to remove the DNA sequences encod-
ing the signal peptide and to add a synthetic ATG initiation

A B
o-BamH |
pBRBamHA pWYHACS1
5 EcoRl 24 EcoR1
ADHI PROMOTER o
~BamH| BamHI inker
| BamHI T WA ADH! promoter CAAGCTATACCAAGCATACAACTATCTGGAATT
p
BamHI ECORI BamHl x EcoRI
\ et 830 _ADHI terminator HA non-coding
Bal31 Puull BamH| Region
EcoRI methylase vd l ECORI CCAAAAACAACAAA ATG AAG GCA AAA CTA
EcoRI linker Met Lys Ala Lys Leu
EcoRl Linear pWY4
Ligation to pBR322 HAS48 CTG GTC CTG TTA TAT GCA TTT GTA GCT
pS5 prAo® Leu Val Leu Leu Tyr Ala Phe Val Ala
TECORI partial EcoR! partial

af pwYHACS!
(correct)

PWYHAS1
(correct)

TRPI

Pwull

EcoR\’I Ecofl?l ,EcoRI
ATG

PWYSAH2
(wrong)

ACA GAT GCA GAC ACA ATA TGT
Thr Asp Ala Asp Thr lle Cys

PWYHAS 1

EcoR1
ADHI PROMOTER Linker

CAAGCTATACCAAGCATACAACTATCTGGAATT

)

~ATG  CCTAGA ATG GAC ACA ATA TGT
Met Asp Thr lle Cys

FiG. 1. (A) Construction of yeast plasmid vector containing complete and S HA cDNA insert of A/WSN/33 virus. The complete HA

¢DNA was cloned into the EcoRI site of the shuttle vector (pWY4) containing the ADHI promoter and terminator. The colonies were screened
for correct (pWYHACS1) and wrong (pWYCAHS50) orientations. Similarly, S~ HA cDNA was obtained from pHAS548 and ligated into pWY4 to
obtain pWYHASI (correct orientation) and pWYSAH2 (wrong orientation). DNA represents the 5’-noncoding region (o), signal region (m), and
mature HA (@). (B) Nucleotide sequence of the junction of the yeast ADHI promoter, EcoRlI linker, and either the complete or S~ HA cDNA.
S~ cDNA lacks 48 nucleotides coding for the 16 amino acids (residues 2-17) of the signal sequence of complete HA (23). Amino-terminal amino
acid sequences of complete and S~ HA polypeptide are also shown. The first 4 amino acids of the mature HA polypeptide are underlined.
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codon before the codon of aspartic acid, the first amino acid
of the mature HA polypeptide (23). The correct- and oppo-
site-orientation plasmids for S~ HA were named pWYHAS1
and pWYSAH2, respectively. Yeast strain 20B12 was trans-
formed by these recombinant plasmids and the transfor-
mants harboring these plasmids will be referred to as
20B12/pWYHACS1, 20B12/pWYCAHS0, 20B12/pWY-
HAS], and 20B12/pWYSAH2.

HA-Specific mRNAs Are Transcribed from the Chimeric
Plasmids. Since all of the recombinant plasmids carry the
wild-type trp allele, tryptophan-independent transformants
were obtained with all four plasmids carrying either the en-
tire or the S~ HA inserts in both orientations. To determine
if the insert HA cDNA in either orientation was transcribed,
poly(A)* RNA was isolated and analyzed b¥ RNA transfer
blot and by dot-blot hybridization (19) with 3*P-labeled nick-
translated HA cDNA probe. The RNA analysis by both pro-
cedures showed that mRNA containing HA sequences were
transcribed from all four plasmids. Similar results were ob-
tained whether the total RNA or the poly(A)* RNA was
used in analysis. The size of the HA-specific mRNA (=2.0
kilobases) indicated that both the yeast promoter and the
yeast terminator flanking the HA insert were used and that
the HA insert was transcribed in both orientations as expect-
ed. Furthermore, RNA estimation by dot-blot analysis
showed that approximately 0.11%, 0.24%, 0.29%, and 0.20%
of the total RNA was HA-specific in 20B12/pWYHACS1,
20B12/pWYHACS0, 20B12/pWYHASI, and 20B12/pWY-
SAH2, respectively. Yeast transformants containing the
complete HA insert in correct orientation consistently yield-
ed a lower percentage of HA-specific mRNA when com-
pared to the other three transformants.

HA Polypeptides Are Expressed from the Chimeric Plas-
mids. To determine if HA-specific polypeptides were made
in 20B12/pWYHACS1 and 20B12/pWYCAHS50, they were
labeled with [**SImethionine or [3’S]cysteine. The cell ly-
sates were immunoprecipitated with rabbit polyclonal anti-
WSN antibodies that have been preadsorbed with the cell
extract made from a yeast strain without the HA insert and
were analyzed by NaDodSO,/PAGE (Fig. 2). A specific
broad heterodisperse polypeptide (HACS51 polypeptide) was
present in the lysate of 20B12/pWYHACS1 (Fig. 2, lanes B
and F) but was absent in the lysate of 20B12/pWYCAHS50
(Fig. 2, lanes C and G), indicating that plasmid pWYHACS51
directs the synthesis of a polypeptide that should be HA.
Furthermore, the HACS51 polypeptide was not precipitated
by normal rabbit serum (data not shown) and migrated at the
same position as the HA made in MDBK cells infected with

F1G. 2. Expression of influenza virus WSN HA pol¥peptide in
yeast. The transformants were labeled with either [>*S]cysteine
(lanes B-E) or [**S]methionine (lanes F and G), lysed, immunopre-
ci?itated, and analyzed by NaDodSO,/PAGE. Lanes A and H,
[*>S]methionine-labeled lysate of WSN-infected MDBK cells was
used as a positive control. Lanes B and F, 20B12/pWYHACS1,
complete HA in correct orientation; lanes C and G, 20B12/pWY-
CAHS50, complete HA in wrong orientation; lane D, 20B12/pWY-
HAS]1, S™ HA in correct orientation; lane E, 20B12/pWYSAH2, S~
HA in wrong orientation. Lanes A-E and F-H represent two sepa-
rate runs. Arrowheads indicate the positions of the complete and S~
HA polypeptides. NP denotes the nucleoprotein of WSN virus.
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WSN virus (Fig. 1, lanes A and H). Also, a number of inde-
pendently isolated yeast transformants carrying the HA in-
sert in correct orientation exhibited the same polypeptide af-
ter immunoprecipitation, but none of the yeast transfor-
mants carrying the HA insert in wrong orientation demon-
strated the presence of this specific polypeptide (data not
shown). Furthermore, to test the association of HA polypep-
tides with pWYHACS1 plasmids, a number of segregants
that are cured of the plasmid pWYHACS51 were isolated and
five of them were analyzed. None of these tryptophan-re-
quiring segregants produced the HAC51 polypeptide. This
would also strongly indicate that the HACS51 polypeptide
was pWYHACS51 plasmid-borne. Similarly, the S™ HA poly-
peptide appears to be synthesized in yeast harboring pWY-
HASI (correct orientation) (Fig. 2, lane D) but not in yeast
containing pWYSAH?2 (wrong orientation) (Fig. 2, lane E).
The complete and S~ HA polypeptides were also immuno-
precipitated by monoclonal antibodies. However, the com-
mon yeast polypeptides were also present in these lysates.
Complete HA Expressed in Yeast Is Glycosylated and Mem-
brane-Bound. The heterodisperse nature of the HACS51 poly-
peptide present in cells transformed with plasmid carrying
the full-length HA cDNA could be due to the glycosylation
of HA since secretory and other glycoproteins are known to
be glycosylated as they pass through the secretory pathways
in §. cerevisiae (4). S. cerevisiae has been shown to produce
N-linked glycosyl chains similar to the mannose-rich core
oligosaccharides attached to the asparagine residue in mam-
malian glycoproteins (27). However, unlike mammalian sys-
tems, which add complex sugars at a later step during pro-
tein transport (28), the yeast system synthesizes only high
mannose-type sugars (29). To determine if the HA produced
in yeast is also glycosylated, the immunoprecipitate from
20B12/pWYHACS]1 cells was exhaustively digested with
endo H to remove N-linked carbohydrate chains from the
peptide backbone (30). Fig. 3 shows that the endo H treat-
ment produces a discrete band (lane C) that migrates faster
than the untreated HA (lane D) but slightly slower than the
S~ HA (lane A). Slower mobility of the endo H-treated yeast
HA compared to S~ HA polypeptide is probably due to two
or three sugar residues that still remain attached to the poly-
peptide after the endo H treatment. These results demon-
strate that the influenza viral HA produced in yeast is glyco-
sylated in the same way as are the resident secretory and
other glycoproteins. In mammalian cells, we and others have
often observed two species of HA polypeptides (31, 32) (Fig.
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F1G. 3. endo H treatment of HA polypeptide expressed in yeast.
[**S]Methionine-labeled yeast lysates were immunoprecipitated and
treated with endo H. Arrowheads indicate the positions of glycosy-
lated HA and endo H-treated HA. 20B12/pWYHASI extract with
(lane B) and without (lane A) endo H treatment. 20B12/pWYHACS51
extract with (lane C) and without (lane D) endo H treatment.
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2, lanes A and H) that possibly represent partially and com-
pletely glycosylated forms of HA (32). The HA synthesized
in yeast comigrates with the partially glycosylated form of
HA.

WSN HA polypeptide contains a hydrophobic signal pep-
tide at the amino terminus and another hydrophobic region
of 26 amino acids at the carboxyl terminus, which functions
for anchoring the polypeptide to the lipid bilayer of the mem-
brane (25). Since the HA produced in yeast is also glycosy-
lated, we wanted to determine the cellular localization of the
glycosylated HA. Accordingly, 20B12/pWYHACS1 cells
were subjected to both mechanical and enzymatic fraction-
ation procedures and cellular fractions were immunoprecipi-
tated. HA appears to be predominantly localized in the mem-
brane fraction of the yeast cells (Fig. 4, lanes A and D).
However, mechanical breaking of the cells does not clearly
separate HA into membrane or cytoplasmic fractions, even
though the membrane fraction (lane A), when compared with
the cytoplasmic fraction (lanes B and C), appears to be en-
riched in HA. The enzymatic separation, on the other hand,
clearly identifies the HA in the membrane fraction (Fig. 4,
lane D) since little or no HA is detected in the cytoplasmic or
periplasmic fractions (lanes E and F). Preliminary experi-
ments to demonstrate the presence of HACS1 polypeptide
on the surface of the yeast spheroplast by hemagglutination
and hemadsorption have been negative. Thus, although
membrane-bound and glycosylated, the subcellular location
of HA is yet to be determined. Further experiments are
needed to analyze in detail the steps in the yeast secretory
pathways traversed by influenza HA.

Yeast HA Retains the Antigenic Determinants of the Viral
HA. To confirm that the HA made in yeast is antigenically
related to viral HA, immunocompetition of the yeast HA by
the viral HA was performed. Unlabeled lysate of MDBK
cells infected with WSN virus was used as the competing
antigen against the labeled HACS51 polypeptide. Fig. 5 shows
that the immunoprecipitation of the HACS51 polypeptide was
competitively inhibited by the unlabeled viral HA, demon-
strating that the HA produced in yeast contains the antigenic
determinants of the native viral HA.

Growth Characteristics of Yeast Transformants. When
grown in tryptophan-free SD selective medium, three trans-
formants—namely, 20B12/pWYCAHS50, 20B12/pWY-
HASI1, and 20B12/pWYSAH2—had almost an identical
growth pattern, with a doubling time of 2.5 hr at 30°C. How-
ever, 20B12/pWYHACS51 (complete HA in correct orienta-
tion) grew slowly with a generation time of =3.5 hr.

Yeast transformants carrying the 2-um origin plasmid are

F1G. 4. Cellular location of HA polypeptide expressed in yeast.
Yeast cells 20B12/pWYHACS1 producing complete HA polypep-
tide were fractionated either by mechanical breaking (lanes A—C) or
by enzymatic treatment (lanes D-F). Arrowheads indicate the posi-
tions of HA polypeptides. Lanes: A, membrane fraction; B and C,
cytoplasmic fraction; D, membrane fraction; E, cytoplasmic frac-
tion; F, periplasmic fraction; G and I, total extract of 20B12/pWY-
HACS1; H and J, total extract of 20B12/pWYCAHS0; K, MDBK
cells infected with WSN virus.

Proc. Natl. Acad. Sci. USA 82 (1985)

FiG. 5. Immunocompetition of HA expressed in yeast with the
HA from WSN-infected MDBK cells. Polyclonal anti-WSN antibod-
ies were preincubated with unlabeled lysate of WSN virus-infected
or uninfected MDBK cells in P;/NaCl containing 0.1% Triton X-100
and 1 mM phenylmethylsulfonyl fluoride at 0°C for 30 min.
[>*S]Methionine-labeled extract of 20B12/pWYHACS51 was added
and incubation at 0°C was continued for 2 hr. MDBK cell lysate
(infected or uninfected) containing =250 ug of protein was used in
each competition experiment. Immunoprecipitates were collected
and analyzed by NaDodSO,/PAGE. Uninfected MDBK cell extract
was added in lanes A, C, E, G, I, and K. WSN virus-infected
MDBK cell extract was added in lanes B, D, F, H, and J. Arrow-
heads indicate the positions of glycosylated HA expressed in yeast
20B12/pWYHACS1. Varying amounts of anti-WSN antibodies were
used: 0.1 ul, lanes A and B; 0.5 ul, lanes C and D; 1.0 ul, lanes E
and F; 2.0 ul, lanes G and H; 5.0 ul, lanes I and J; 10 ul, lane K.

known to lose the plasmid frequently when grown nonselec-
tively. To determine the segregational loss of the plasmid
from transformants carrying the HA insert, transformants
were grown nonselectively in rich medium (YPD medium)
overnight and cells were plated on the tryptophan-containing
SD medium to obtain individual colonies. These colonies
were then tested for their ability to grow on tryptophan-free
SD selective medium to determine retention of the recombi-
nant plasmids. Ninety-five percent of the 20B12/pWY-
HACS51 and 76% of the 20B12/PWYCAHS0 cells lost the
plasmid. This indicates that cells expressing the complete
HA polypeptide tend to lose the plasmid more frequently
than cells that do not produce HA. Stability of plasmids in
selective medium was also determined for all four yeast
transformants. Accordingly, each transformant was grown
to a logarithmic phase in tryptophan-free SD selective medi-
um and cells were plated on both nonselective medium (total
number of colonies) and selective medium (cells containing
2-um origin plasmid). Our results show that when grown
even in selective medium, only 50-60% of 20B12/pWY-
HACS1 cells compared to 95-100% of the other three trans-
formants retained the plasmid. These data suggest that influ-
enza HA when incorporated in the membrane of yeast may
be somewhat toxic and may also account for the reduced
level of HA-specific mRNA in 20B12/pWYHACS1 cells
compared to that present in the other three transformants.

DISCUSSION

In this report we have shown that HA, a viral integral mem-
brane glycoprotein, is expressed in S. cerevisiae and that the
expression is under the control of a promoter signal of the
yeast ADHI gene to which the cloned HA cDNA was linked.
In E. coli, the HA polypeptide has been expressed as a fu-
sion protein from plasmids in which HA cDNA was fused in
phase with either the trpLE’ or lacZ gene of E. coli (23, 33).
Even though in bacteria, the fusion HA is made in abun-
dance, antibody response to this polypeptide appears to be
qualitatively different from the antibodies made against the
native viral HA (3, 33). The difference in the antibody re-
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sponse could probably be due to an altered tertiary structure
because of the presence of extra bacterial peptides, trpLE’
or lacZ at the amino termini of the fusion protein (33). In E.
coli, influenza HA could not be expressed directly, even
when a strong promoter (i.e., trpP) was used (23). Further-
more, lack of glycosylation in E. coli might affect the stabil-
ity, tertiary structure, and immunogenicity of the HA fusion
proteins (33).

In yeast, unlike in E. coli, both the complete HA and the
S~ HA polypeptides are expressed directly. Furthermore,
the complete HA in yeast is glycosylated, whereas S~ HA is
not. The carbohydrate moiety in complete HA is of high
mannose type as expected for yeast. Therefore, this would
suggest that the signal sequence of HA is recognized by
yeast for translocation across the membrane and that the HA
was traversing the yeast secretory pathways. The signal se-
quence of HA is possibly cleaved as in higher eukaryotic
systems, although we have not directly demonstrated the
cleavage of HA signal in yeast. Therefore, HA produced in
yeast is likely to possess a more native conformation similar
to that observed in influenza virus. The ability of the yeast
HA to be immunoprecipitated by antiviral antibodies and the
fact that viral HA competes with yeast HA suggest a similar-
ity in their tertiary structure and, possibly, antigenic epi-
topes. Experiments are necessary to test the immunogenic-
ity of the HA polypeptide produced in yeast as well as to
determine if the yeast HA is present in the trimeric form as is
found in both higher eukaryotic cells and influenza viruses.

Results reported here show that the yeast system can be
used to express the glycosylated forms of complex integral
membrane proteins such as influenza viral HA, and there-
fore, may be potentially useful for the develoment of a pure
subunit vaccine. An added advantage of the yeast system is
that the pathways for processing and transporting HA could
be systematically explored in detail since conditionally de-
fective mutants have been identified and the order of the
events in the yeast secretory pathways have been worked
out (4). Thus, it would be possible to compare the similarity
and the difference in the steps involved in transport and
processing of HA in lower and higher eukaryotic cells.
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