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a b s t r a c t

The study reports heterologous expression in Pichia pastoris of active neuraminidase derived from avian
influenza virus A/Viet Nam/DT-036/2005(H5N1). A gene encoding the neuraminidase N1 head domain
(residues 63–449) was fused directly in-frame with the Saccharomyces cerevisiae �-factor secretion signal
in pPICZ(A vector. Recombinant N1 neuraminidase was expressed in P. pastoris as a 72 kDa secreted, soluble
vailable online 11 December 2008
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protein. Glycopeptidase F treatment generated a 45 kDa product, indicating that the secreted recombi-
nant N1 neuraminidase is an N-linked glycoprotein. Kinetic studies and inhibition tests with oseltamivir
carboxylate demonstrated that the recombinant N1 neuraminidase has similar Km and Ki values to those
of the viral N1 neuraminidase. This yeast-based heterologous expression system provided functionally
active recombinant N1 neuraminidase that should be useful in anti-influenza drug screening, and also as
a potential protein-based vaccine.
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. Introduction

The pathogenic avian influenza A (H5N1) virus is highly con-
agious among birds including poultry in several continents, and
oses a serious threat to human health, evidenced by increas-

ng numbers of H5N1 virus-infected patients (Abdel-Ghafar et al.,
008; Capua and Alexander, 2002; de Jong and Hien, 2006; Joseph
nd Subbarao, 2005; Ligon, 2005; Yuen and Wong, 2005). To date,
ore than 380 people worldwide have been infected with H5N1

irus with a cumulative case-fatality rate approaching 63% (WHO,
008). Owing to its virulence with high lethality, endemic presence,

ncreasingly large host reservoir, and significant ongoing mutation,
5N1 virus has the potential of becoming a significant pandemic

hreat.

Effective control of H5N1 epidemics includes both effective vac-

ination and antiviral-drug treatment. However, influenza vaccines
re not efficient because of antigenic variation. Therefore, during
he early infection period, prevention and treatment of patients

∗ Corresponding author. Tel.: +66 2 5646700; fax: +66 2 5646707.
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ith H5N1 infection must rely mainly on antiviral drug treatments
ith oral oseltamivir (Tamiflu®) and inhaled zanamivir (Relenza®)

Bardsley-Elliot and Noble, 1999; Colman, 2005; Doucette and Aoki,
001; Leneva et al., 2000; McKimm-Breschkin, 2002; Moscona,
008; Woodhead et al., 2000). Both drugs target the type II integral
embrane glycoprotein, neuraminidase (NA), found on the virion

urface.
NA removes terminal sialic acid residues from glycoconjugates,

llowing release of viral progeny from infected cells and prevent-
ng viral aggregation (Burnet, 1979; Gottschalk, 1958; Griffin et al.,
983; Liu et al., 1995). Inhibition of NA activity limits the spread of
iral infection, thereby suppressing the onset of disease (Colman,
002). Oseltamivir is recommended by WHO for early treatment of
onfirmed or strongly suspected H5N1 infection and is now being
tockpiled in many countries for treatment of pandemic influenza
Schunemann et al., 2007).

While the prophylactic and therapeutic efficacy of oseltamivir

s well established in uncomplicated seasonal human-influenza
nfection, the clinical effectiveness of oseltamivir for human
5N1 infection remains somewhat limited (Crusat and de Jong,
007). In addition, accumulating studies have shown that some
articular strains of viruses can develop resistance to oseltamivir

http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
mailto:suganya.yon@biotec.or.th
dx.doi.org/10.1016/j.jviromet.2008.10.025
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nd surveillance for NA inhibitor-resistance is on-going (Aoki et
l., 2007; Escuret et al., 2008; Ferraris and Lina, 2008; Handel et
l., 2007; Hayden et al., 2005; Le et al., 2005; McKimm-Breschkin,
000; Mendel and Sidwell, 1998; Moscona, 2005; Reece, 2007;
en et al., 2007). Recently, oseltamivir-resistant H5N1 isolates
arrying a critical mutation at NA His274Tyr have been identified
n patients who have died of the infection, despite early initiation
f oseltamivir therapy (de Jong et al., 2005; Le et al., 2005), raising
major concern that oseltamivir-resistant H5N1 variants may

ecome more widespread. Hence, it is of utmost importance to
repare for the emergence of oseltamivir-resistant H5N1 viruses
nd the advent of a pandemic by developing novel NA inhibitors.

Screening for novel inhibitors of H5N1 NA requires an adequate
mount of pure NA which is also active catalytically. NA is prepared
onventionally by proteolytic cleavage or detergent-treatment of
he viral envelope followed by subsequent purifications to obtain
he catalytic NA head domain (França de Barros et al., 2003;
allagher et al., 1984; Hocart et al., 1995; Kilbourne et al., 1968;
ussell et al., 2006; Seto and Rott, 1966; Takimoto et al., 1992;
ard et al., 1982). Using such methods, head domain of N1 NA
as extracted from viral particles in sufficient amounts for stud-

es of three-dimensional structure (Russell et al., 2006). However,
arge-scale production of viral particles requires inoculation of
mbryonated chicken eggs, a procedure restricted to a limited num-
er of laboratories and confounded by inadequate yield and purity,
nd by virus adaptation.

A heterologous expression system provides an alternative
eans for viral protein production. Compared with heterologous

ecombinant protein expression using mammalian or insect cell
ines, the methylotropic yeast P. pastoris is considered the simplest
rganism capable of post-translational modification for production
f proteins in large amounts, either intracellularly or extracellularly
Bretthauer and Castellino, 1999; Cereghino et al., 2002; Cereghino
nd Cregg, 2000; Cregg et al., 2000). In addition, P. pastoris is poten-
ially adaptable for safe and inexpensive large-scale fermentation.
. pastoris expression system has been used to produce a number of
iral proteins, including hepatitis virus proteins (Chen, 2007; Han
t al., 2006), HIV-1 envelope glycoprotein (Scorer et al., 1993), viral
apsid antigen of Epstein-Barr virus (Hu et al., 2007), influenza virus
NA polymerase (Hwang et al., 2000), SARS coronavirus nucleocap-
id protein (Liu et al., 2005), dengue virus envelope protein (Valdés
t al., 2007), rubella virus glycoprotein E1 (Wen and Wang, 2005),
nd hemagglutinins of avian influenza virus H5, H7, and H9 sub-
ypes (Wang et al., 2007; Xu et al., 2006).

In this study, the first successful heterologous expression is
eported of avian influenza virus A/Viet Nam/DT-036/2005(H5N1)
A head domain using P. pastoris. The construction of the expression
ector pPICZ�A-NA and its application to produce recombinant N1
A as a secreted N-linked glycoprotein are described. In addition,

t is shown that the recombinant N1 NA is functionally active with
imilar kinetic properties to that of viral H5N1 NA.

. Materials and methods

.1. Viruses and inhibitor

H5, N1, and N3 genes (GenBank accession nos. DQ497729.1,
Q094291, and AY207510 respectively) derived from avian

nfluenza viruses A/Vietnam/CL2009/2005 (H5N1), A/Viet

am/DT-036/2005(H5N1), and A/duck/Singapore/3/1997(H5N3)

espectively, were obtained from recombinant plasmids kindly
rovided by Dr. Erich Hoffmann, St. Jude Children’s Research
ospital. The H5 gene was modified by removing a polybasic
mino acid coding region, known to be associated with high

m
4
t
(
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irulence (Webby et al., 2004). Reverse-genetic viruses rgH1N1,
gH5N1, and rgH1N3 were generated by the 8 plasmid reverse
enetics system (Hoffmann et al., 2002). All reverse-genetic viral
enes except H5, N1, and N3 were derived from A/PR8/34(H1N1).
seltamivir carboxylate ([3R,4R,5S]-4-acetamido-5-amino-3-

1-ethylpropoxy]-1-carboxylic acid) was a kind gift from Dr.
irayut Vilaivan, Department of Chemistry, Faculty of Science,
hulalongkorn University, Thailand.

.2. Construction of pPICZ˛A-NA

A gene encoding the NA head domain (residues 63–449)
f avian influenza virus A/Viet Nam/DT-036/2005(H5N1)
as PCR amplified using forward primer NA F (5′

CCTCGAGAAAAGAGTAAAATTAGC-GGG 3′) and reverse primer
A R (5′ GCTCTAGACCCTTGTCAATGGTGAATGG 3′) containing
hoI and XbaI restriction sites (underlined), respectively. PCR
as conducted in a total volume of 50 �l, containing 2.0 mM
gCl2, 200 �M dNTPs, 0.5 U of DynaZyme EXT DNA polymerase

Finnzymes, Finland), 20 ng of pVn36:N1 (H5N1), and 200 nM
rimers. Thermal cycling in a GeneAmp PCR System 2400 (Applied
iosystems, Foster City, CA, USA) was performed as follows: 94 ◦C

or 5 min, followed by 24 cycles of 94 ◦C for 30 s, 58 ◦C for 45 s and
2 ◦C, 1 min, with a final step of 72 ◦C for 10 min.

PCR amplicons were separated by 1% agarose gel-
lectrophoresis and purified using a QIAquick Gel Extraction
it (QIAGEN, Valencia, CA, USA). Amplicons were then digested
ith XhoI and XbaI (Promega, Madison, WI, USA) and sub-

loned into pPICZ�A expression vector (Invitrogen, Carlsbad, CA,
SA). The recombinant plasmid pPICZ�A-NA was transformed

nto Escherichia coli DH5� using a standard heat shock method
Sambrook et al., 1989). Transformants harboring pPICZ�A-NA
ere selected from low salt LB agar containing 25 �g/ml ZeocinTM,

ollowed by plasmid extraction using QIAprep Miniprep kit
QIAGEN, Valencia, CA, USA). NA gene presence was verified by
estriction enzyme digestion and DNA sequencing (BioService
nit, National Center for Genetic Engineering and Biotechnology,
angkok, Thailand).

.3. Transformation of pPICZ˛A-NA into P. pastoris

Recombinant plasmid pPICZ�A-NA with the validated NA gene
equence was linearized by PmeI digestion and transformed into
. pastoris KM71 (Invitrogen Carlsbad, CA, USA) by electroporation
Bio-Rad Gene Pulser; Bio-Rad, Hercules, CA, USA) with setting
f 1.5 kV, 25 �F and 200 �. Transformants were grown on yeast
xtract peptone dextrose (YEPD) agar plates containing 100 �g/ml
eocinTM. Colonies were selected and screened for NA-integration
y colony PCR screening using forward and reverse AOX primers
Invitrogen Carlsbad, CA, USA). PCR was conducted in a total vol-
me of 25 �l, containing 2.0 mM MgCl2, 200 �M dNTPs, 0.5 U of
ynaZyme II DNA polymerase (Finnzymes, Finland), 2.5 �l of cell

uspension and 200 nM primers. Thermal cycling was performed
s follows: 94 ◦C for 5 min, followed by 34 cycles of 94 ◦C for 30 s,
5 ◦C for 30 s and 72 ◦C for 1 min, then a final step at 72 ◦C for
0 min. Amplicons were analyzed by agarose gel-electrophoresis
s described above.

.4. Expression of secreted NA
A single integrant-containing colony was inoculated into YEPD
edia containing 100 �g/ml ZeocinTM and incubated at 30 ◦C for

8 h with shaking at 250 rpm. The cell culture was then transferred
o fresh BMGY medium (100 mM phosphate buffer (pH 6.0), 1.34%
w/v) yeast nitrogen base, 1.0% (w/v) yeast extract, 2.0% (w/v) pep-
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The 1185 bp gene encoding the NA head domain (residues
63–449) of A/Viet Nam/DT-036/2005(H5N1) virus was cloned into
the expression plasmid pPICZ�A to obtain pPICZ�A-NA (Fig. 1).
DNA sequence analysis showed an in-frame direct fusion of the
NA gene (387 encoded amino acids) with the secretion signal of
6 S. Yongkiettrakul et al. / Journal of

one, 0.00004% (w/v) biotin, 1.0% (v/v) glycerol) and grown until an
D600 of 5-6 was reached. Cells were harvested and resuspended

n BMMY medium (100 mM potassium phosphate (pH 6.0), 1.34%
w/v) yeast nitrogen base, 1.0% (w/v) yeast extract, 2.0% (w/v) pep-
one, 0.00004% (w/v) biotin). Absolute methanol was added at 24,
8, 72, and 96 h of growth to a final concentration of 0.5, 1.0, 2.0,
.0, and 4.0% (v/v), respectively. At each time point, cell culture
upernatant was collected for determination of NA expression and
nzyme activity. Protein expression of pPICZ�A-transformed P. pas-
oris KM71 was conducted as a negative control.

.5. Characterization of yeast-expressed NA

.5.1. SDS-PAGE analysis
To monitor the expression of secreted NA, proteins of the cell

ulture supernatant were separated by 12.5% SDS-PAGE (Laemmli,
970). Protein bands were visualized by staining with Coomassie®

rilliant blue G-250, ultra pure (USB Corporation, Cleveland, OH,
SA). To identify glycoproteins, P. pastoris culture supernatant was
igested with N-glycosidase F (PNGase F) (New England BioLabs,
A, USA) according to manufacturer’s protocol, separated by 12.5%

DS-PAGE and gels stained using a SilverSNAP® Stain Kit II and a
elCode Glycoprotein Staining Kit (PIERCE, Rockford, IL, USA).

.5.2. Western blot analysis
Immunoblotting was conducted using mouse anti-His-probe

onoclonal IgG1 antibody (H-3) (Santa Cruz Biotechnology, CA,
SA) as a primary antibody and goat anti-mouse IgG1 conjugated
ith horseradish peroxidase (HRP) (Santa Cruz Biotechnology, CA,
SA) as a secondary antibody. In addition, mouse antiserum against

ecombinant N1 NA (kindly provided by Dr. Potjanee Sriman-
te, Graduate Program of Biomedical Sciences, Faculty of Allied
ealth Sciences, Thammasat University, Rangsit Center, Thailand)
r rabbit polyclonal anti-NA antibody (United States Biological,
A, USA) was also used as a primary antibody and subsequently

robed with goat anti-mouse IgG-HRP or goat anti-rabbit IgG-
RP (Santa Cruz Biotechnology, CA, USA), respectively. Proteins
ere separated by 12.5% SDS-PAGE and transferred to nitrocellu-

ose membrane (Amersham Bioscience, Little Chalfont, Bucks, UK).
he membranes were blocked with 5% non-fat dried milk in TBS
uffer (20 mM Tris–HCl, 500 mM NaCl, pH 7.5) before incubation for
h at room temperature with primary antibodies, diluted 1:2000
ith TBST buffer (TBS buffer containing 0.05% Tween 20) and 5%
on-fat dried milk, followed by washing twice with TBST buffer
nd then incubating for 1 h at room temperature with secondary
ntibodies, diluted 1:5000 with TBST buffer. Proteins were detected
sing 2,6-dichloroindophenol (Sigma, St. Louis, MO, USA) or Super
ignal West Pico Chemiluminescent Substrate Detection reagents
PIERCE), according to manufacturer’s instructions.

.6. NA activity assay

NA enzymatic activity was determined using an endpoint
uorescence-based assay employing a fluorogenic substrate, 2′-
4-methylumbelliferyl)-�-D-N-acetylneuraminic acid (MUNANA;
igma, St. Louis, MO, USA), as described previously (Potier et al.,
979). In brief, 10 �l of sample was mixed with an equal vol-
me of assay buffer (32.5 mM 2-(N-morpholino) ethanesulfonic
cid (MES), pH 6.5, containing 4 mM CaCl2) and the enzymatic
eaction initiated by addition of 30 �l of 833 �M MUNANA, fol-

owed by a 30 min incubation at 37 ◦C. The reaction was terminated
y the addition of 150 �l of stop solution (100 �M glycine, pH
0.7, in 25% ethanol). The amount of fluorescent product, 4-
ethylumbelliferone (4-MU) released was measured in a Victor3

spectrofluorometer (Perkin Elmer, MA, USA) with excitation

F
fi
p
c
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nd emission wavelengths of 355 and 460 nm respectively. Blank
ontrol reactions contained substrate alone. All reactions were
onducted in triplicate in 96-well flat-bottom polystyrene plates
Corning Costar, Corning, NY, USA). A standard curve was gener-
ted by plotting relative fluorescence intensity against the amount
f free 4-MU. One unit of NA was defined as one micromolar of 4-MU
roduced per min at 37 ◦C. Protein concentration was determined
sing Bradford’s method with bovine serum albumin as standard
Bradford, 1976).

.7. Steady-state kinetics and NA inhibition assay

The amount of NA used in the determination of Michaelis con-
tant (Km) and the inhibition constant (Ki) was 0.005–0.02 units.
o obtain Km values, the assay was performed in the presence of
.05–125 �M substrate and calculated by fitting the data to the
ichaelis-Menten equation using the KaleidaGraph software pack-

ge (Synergy Software).
To determine Ki values, NA activity was measured in the pres-

nce of 0.00005–50 nM oseltamivir carboxylate. The sample was
re-incubated with the inhibitor at 37 ◦C for 30 min, followed by
ddition of 125 �M MUNANA. The reaction was then incubated at
7 ◦C for 30 min and terminated by the stop solution. The fluores-
ent intensity was measured as described above. The fluorescent
ntensity of the reaction without the inhibitor was taken as the

aximum NA activity (Vmax). The Vmax and calculated Km values
see above) were used in the determination of Ki values. The data
ere fitted to a single-site competitive inhibition function (Segal,

975): vi = Vmax(1 − ([I]/([I] + (Ki(1 + ([S]/Km)))))) using Kaleida-
raph software package (Synergy Software), where vi is measured
ctivity, Vmax is maximum activity, [I] is inhibitor concentration, Ki
s the inhibition constant, [S] is substrate concentration, and Km is
he Michaelis constant. From the calculated Km and Ki values, half

aximal inhibitory concentrations (IC50) of oseltamivir carboxy-
ate were inferred using the equation IC50 = Ki (1 + ([S]/Km)) (Segal,
975).

. Results and discussion

.1. Construction of N1 NA-integrated P. pastoris clones
ig. 1. PCR amplicon of the head domain of H5N1 NA (residues 63–449). PCR ampli-
cation of head domain of N1 NA gene yielded a product approximately 1185 bp
roduct. Lane M, 100 bp ladder DNA marker; lane 1, PCR amplicon; lane 2, negative
ontrol (PCR minus template).
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ig. 2. Sequence of recombinant N1 NA open reading frame. Head domain (residue 6
ite at the N-terminus, and c-myc epitope and 6-His tag at the C-terminus.

accharomyces cervisiae �-factor of pPICZ�A vector (Fig. 2). The �-
actor secretion signal and Kex2 cleavage site allow the expressed
A to be efficiently released from the yeast cell as a native N-

erminus protein fragment. In addition, the c-myc epitope and 6-His
ag C-terminal to NA allow for detection and purification of the
xpressed NA.

Following transformation of PmeI-linearized pPICZ�A-NA plas-
id into P. pastoris KM71, 16 colony clones were randomly selected

or screening of NA integration. All tested clones yielded the
xpected PCR amplicon size (1669 bases), indicating that the NA
ene had been integrated into the P. pastoris genome (Fig. 3).

.2. Expression and detection of secreted recombinant N1 NA

Small-scale expressions of the 16 NA-integrated clones and
egative control pPICZ�A-transformed P. pastoris KM71 were con-

ucted using 3% (v/v) absolute methanol for induction. After 72 h
f incubation, the culture supernatants were collected for SDS-
AGE analysis and NA activity determination. As shown in Fig. 4,
DS-PAGE revealed that heterogeneous proteins 65–95 kDa were
roduced in the integrant clones (hereafter referred to as smeared

ig. 3. PCR analysis of P. pastoris integrants. Integration of N1 NA gene into the P.
astoris genome was tested by colony PCR screening using 5′AOX and 3′ AOX primers.
669 bp amplicons are indicative of N1 NA gene integration. Lane M, 100 bp ladder
NA marker; lanes 1-16, amplicons of pPICZ�A-NA transformant clones no. 1-16;

ane A, amplicon of P. pastoris integrant containing pPICZ�A; lane N, negative control
PCR minus template).
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) of H5N1 NA was fused in-frame with �-factor signal sequence and Kex 2 cleavage

2 kDa proteins) which were relatively more intense than the neg-
tive control, and could represent different forms of recombinant
1 NA.

To verified the presence of recombinant N1 NA with NA activity,
uorescence-based NA activity assay was conducted on NA of all
6 clones. To correct for background fluorescence due to the media,
eat-inactivated culture supernatant of each sample was used as a
ontrol blank in NA activity assay. As shown in Fig. 5, 5 out of 16
lones (clone nos. 2, 8, 9, 10, and 15) produced NA activity ≥ 0.35
nits, and the lowest NA activity (0.05 and 0.06 units) was observed

n clone nos. 1 and 12 respectively. No NA activity was observed in
he negative control. Variation of NA activity between the different
lones may reflect differences in the copy number of the NA gene
ntegrated into the yeast genome. Taken together, the SDS-PAGE
nd activity data indicate that the head domain (residues 63–449)
f H5N1 NA could be expressed in P. pastoris as a secreted soluble
rotein with measurable NA activity, albeit at a low level of expres-
ion compared with typical recombinant protein expression in P.
astoris.

To optimize NA expression, integrant clone no. 9 was subjected
o different induction conditions, varying the methanol concentra-
ion (0.5–4% (v/v)) and incubation time (24–96 h). Induction with
–3% (v/v) of absolute methanol for a period of 96 h yielded the
ighest NA activity, ∼0.50 units, with a culture supernatant protein
oncentration of ∼0.10 mg/ml (data not shown). These conditions
ere then used in all further experiments.

NA expressed in yeast is hyperglycosylated, resulting in multiple
pecies with reduced mobility relative to unmodified NA in SDS-
AGE (Martinet et al., 1997). The expected size of unmodified N1
A secreted head domain is 45 kDa, and thus the observed smeared
2 kDa proteins in the integrant clones (Fig. 4) could represent NA
rotein with varying levels of glycosylation. SDS-PAGE with silver
taining showed heterogeneous protein-band patterns similar to
oomassie staining, in which it was difficult to distinguish nega-
ive control from P. pastoris NA gene integrant (Fig. 6A, lane 1 and
ane 3). However, N-glycosidase F treatment of the NA-expressing

. pastoris culture supernatant resulted in the appearance of two
roteins 45 and 60 kDa, with a concomitant reduction in the inten-
ity of the smeared 72 kDa proteins (Fig. 6A, lane 4). Moreover,
lycoprotein staining was positive for the smeared 72 kDa pro-
eins, but not for 45 and 60 kDa proteins (Fig. 6B, lane 4). Thus,
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ig. 4. SDS-PAGE analysis of P. pastoris integrants. Integrant clones no. 1–16 were gro
upernatants were collected after induction for 3 days for SDS-PAGE analysis. Twent
, molecular weight markers; lane A, P. pastoris containing only pPICZ�A vector; la

bserved in the integrant clone samples are marked on the right.

t is inferred that the smeared 72 kDa proteins possess variable gly-
osylations, which can be deglycosylated to generate two smaller
roteins.

To demonstrate that the 45, 60 and 72 kDa proteins were indeed
ecombinant N1 NA, immunoblotting with anti-His (Fig. 6C) and
nti-NA antibodies (Fig. 6D) was performed. The efficiency of
ouse antisera against recombinant N1 NA and commercial rabbit

olyclonal anti-NA antibodies in immunoblotting experiments was
imilar (data not shown), and therefore, mouse antisera were used
n all subsequent experiments. The 45, 60 and 72 kDa proteins were
ecognized by anti-His (Fig. 6C, lanes 3 and 4) and anti-NA (Fig. 6D,
anes 3 and 4) antibodies. Prolonged N-glycosidase F treatment
educed the 60 kDa protein intensity (Fig. 6D, lane 4), suggesting
hat the 60 kDa protein may be intermediate in glycosylation sta-
us between the 45 and 72 kDa forms. The Western blot results thus
how that the predominant glycoform of recombinant N1 NA has a
olecular weight approximately 72 kDa.
Analysis of detergent-disrupted whole viral particles using non-

educing SDS-PAGE, has shown the presence of NA protein of ∼
00 kDa (Johansson et al., 1989; Johansson and Kilbourne, 1996),
nd virus NA head domain of 50 kDa (Blok et al., 1982). Moreover,
he 70 kDa monomeric and 250 kDa tetrameric forms of NA have
een observed from purified NA fractions (Tanimoto et al., 2005).
aken together, it could be suggested that monomeric NA has a

ange of molecular size from ∼50 to 70 kDa. We have also observed
iral N1 NA protein of ∼55 kDa (Fig. 6D, lane 5), and under non-
educing SDS-PAGE condition that of the ∼250 kDa form (data not
hown).

ig. 5. NA activity of P. pastoris integrants. Culture supernatants of P. pastoris inte-
rant clones no. 1–16 were assayed for NA activity. The experiment was done in
riplicate. The unit of NA activity is the average value and standard deviation of the

easurement is typically ±0.0002. Clone A is negative control P. pastoris containing
PICZ�A vector.
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BMGY media and induced in BMMY supplemented with 3% (v/v) methanol. Culture
roliter aliquots of the culture supernatant were separated by 12.5% SDS-PAGE. Lane
–16, P. pastoris integrant clones no. 1–16. The heterogeneous proteins (65–95 kDa)

Although the core peptide of viral N1 NA is 49 kDa in size, gly-
osylation can increase the apparent molecular weight to 55 kDa.
he recombinant N1 NA lacking both the transmembrane and stalk
egions has an expected core peptide size of 45 kDa. Quantitative
nalysis of N-linked glycosylated NA revealed an average ratio of N-
cetyl-d-glucosamine:mannose:glucose of 2:30:0.5–1 residue per
lycosylation site (Martinet et al., 1997), leading to a postulated
ncrease in molecular mass of 6 kDa per glycosylation site. The
1 NA contains eight potential glycosylation sites (Bragstad et al.,
008) of which four sites, Asn68, Asn126, Asn215, and Ser 414 are

n the head domain. Although the presence of O-linked glycosyla-
ion of viral NA has not been demonstrated to date, P. pastoris is
apable of introducing not only N-linked but also O-linked glycans
o heterologous proteins (Bretthauer and Castellino, 1999; Gemmill
nd Trimble, 1999). Hence, the recombinant N1 NA may also con-
ain some additional long chain N-linked glycans at other sites or
-linked glycans.

.3. Kinetic properties and inhibition of NAs

To verify whether the enzymatic properties of recombinant N1
A were similar to those of viral N1 NA, the specific NA activity,
ichaelis-Menten constants (Km) for MUNANA, and the inhibition

onstants (Ki) for oseltamivir carboxylate of the recombinant N1 NA
nd viral NAs were determined. The rgH1N1, rgH5N1, and rgH1N3
everse-genetic viruses were used as sources of viral NAs and P.
astoris integrant clone no. 9 for recombinant N1 NA. The kinetic
tudies were performed using suspensions of allantoic fluid con-
aining reverse-genetic viruses and P. pastoris culture supernatant.

The results showed that the specific activity of recombi-
ant N1 NA (314 units/mg) is similar to that of viral NAs
rgH1N1 = 294 units/mg, rgH5N1 = 378 units/mg, and rgH1N3 = 356

nits/mg), indicating that the recombinant N1 NA has activity
omparable to viral NA. The Km values for MUNANA substrate of
ecombinant N1 NA (17 �M) and viral NAs (15–18 �M) are simi-
ar (Table 1). The Km values obtained from this study are similar
o those reported from native viruses (Rameix-Welti et al., 2006).

able 1
teady kinetic parameters of the recombinant N1 NA and viral NAs.

Km (�M) Ki (nM) IC50 (nM)

gH1N1 NA 18 ± 2 0.0020 ± 0.0004 0.0159
gH5N1 NA 15 ± 3 0.0013 ± 0.0004 0.0121
gH1N3 NA 18 ± 2 0.0017 ± 0.0002 0.0132
ecombinant N1 NA 17 ± 4 0.0024 ± 0.0003 0.0182

m and Ki values shown are the average from three independent experiments, in
hich the values were obtained from fitting to dose–response curves, as described

n Section 2. Half maximal inhibitory concentrations (IC50) of oseltamivir carboxylate
ere inferred from calculated Km and Ki values.
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Fig. 6. SDS-PAGE and immunoblot analysis of recombinant N1 NA. Proteins in culture supernatant were separated by 12.5% SDS-PAGE and visualized by silver (A) and
g C) and
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-glycosidase F, respectively. The smeared 72 kDa proteins are indicated by a vertic

aken together, it could be suggested that the recombinant N1
A likely possesses similar kinetic properties to that of native
1 NA. It is thought that reporting Ki values is more useful for
omparison of inhibitors than IC50, which varies according to the
ubstrate concentration used. Nonetheless, both Ki and IC50 values
ere determined for oseltamivir carboxylate to permit compari-

on with other studies. As shown in Table 1, Ki and IC50 values
or oseltamivir carboxylate from both recombinant and viral N1
A were not appreciably different. The inferred IC50 values for
seltamivir carboxylate obtained from this study are lower than
eported by others (Collins et al., 2008; Rameix-Welti et al., 2006;
en et al., 2007), which could be due to the differences in the source
f oseltamivir carboxylate or variation in the assay conditions.

Although heterologous expression of N1 NA in P. pastoris may
esult in differences in glycosylation from that of viral N1 NA,
he recombinant and viral N1 NAs were shown to exhibit similar
nzymatic properties. Consequently, regardless of the difference in
lycosylation, both recombinant and viral N1 NAs possess similar
inetic properties. Based on known NA structures (Russell et al.,
006; Varghese et al., 1998; White et al., 1995), the glycosylation
ites are known to be localized on the surface of NA head domain
nd away from the substrate binding site. Presumably, the glycosy-
ations of recombinant N1 NA are on the surface of head domain and
o not perturb the accessibility of small substrate (i.e. MUNANA) to
he catalytic site of the enzyme. Nonetheless, the in vivo role of
lycosylation and its effects on the molecular properties of NA are
nknown.

Antibodies directed against HA appear to have greater effect on
iral infectivity than those against NA; hence, current viral vac-
ines are more focused on HA. On the other hand, there is ample
vidence to support the usefulness of vaccines against NA to help
uild protective immunity against influenza virus, by either inter-
ering with viral replication or its spread (Aymard et al., 1998; Jahiel
nd Kilbourne, 1966; Johansson et al., 1989, 1998; Kilbourne et al.,
968; Schulman et al., 1968; Webster et al., 1988). Purified viral NA
as been used to supplement conventional influenza vaccine and
hown to enhance immune responses against viruses (Johansson et
l., 1998; Kilbourne et al., 1968; Schulman et al., 1968). Moreover,
ecombinant NA derived from a baculovirus-expression system

nduces NA-specific antibodies, resulting in the reduction of viral
eplication in mice (Kilbourne et al., 2004). Yeast-produced N2 NA
as been tested for protective efficacy in influenza-challenged mice,
nd shown to give 50% protection (Martinet et al., 1997). Thus the
mmunogenic potential of NA and the molecular mechanism of NA

B

anti-NA (D) antibodies. Lane M, molecular weight markers; lane 1 and 2, culture
ycosidase F respectively; lanes 3 and 4, culture supernatant of integrant clone no.
. Arrow and asterisk indicate the expected migrations of recombinant N1 NA and
.

s a protective antigen are still interesting issues worthy of fur-
her investigation. The recombinant N1 NA derived from P. pastoris
escribed in this report is active, and thus has a structural con-
ormation of biological and immunological relevance. Hence, this
rotein could be used as an influenza vaccine, with the caveat that
he extraneous c-myc epitope and His tag peptide may interfere
ith the desired immune response.

In conclusion, heterologous expression of avian influenza virus
/Viet Nam/DT-036/2005(H5N1) NA in P. pastoris provided func-

ionally active N1 NA with similar kinetic properties to the viral
1 NA. This expression system provides a simple alternative
eans to produce biologically active N1 NA suitable for high-

hroughput screening of novel inhibitors, biochemical studies of
he N1 NA-inhibitor complex, and characterization of the immuno-
enic properties of avian influenza virus N1 NA. These studies using
ecombinant N1 NA will require large-scale expression in a fermen-
ation system, followed by protein purification.

cknowledgements

We thank Dr. Erich Hoffmann for providing HA and NA genes,
r. Tirayut Vilaivan for oseltamivir carboxylate, Dr. Pilaipan Putha-
athana for polyclonal antibodies against viral H5N1 NA and
r. Potjanee Srimanote for mouse antisera against N1 NA. We
lso thank Ms. Minradee Wongwanichpokhin for technical assis-
ance and Dr. Prapon Wilairat and Dr. Philip Shaw for editing the

anuscript. This study was supported by BIOTEC grant BT-B-02-
T-BC-5012 grant.

eferences

bdel-Ghafar, A.N., Chotpitayasunondh, T., Gao, Z., Hayden, F.G., Nguyen, D.H., de
Jong, M.D., Naghdaliyev, A., Peiris, J.S., Shindo, N., Soeroso, S., Uyeki, T.M., 2008.
Update on avian influenza A (H5N1) virus infection in humans. N. Engl. J. Med.
358, 261–273.

oki, F.Y., Boivin, G., Roberts, N., 2007. Influenza virus susceptibility and resistance
to oseltamivir. Antivir. Ther. 12, 603–616.

ymard, M., Gerentes, L., Kessler, N., 1998. Role of antineuraminidase antibodies in
protection against influenza. Bull. Acad. Natl. Med. 182, 1723–1737.

ardsley-Elliot, A., Noble, S., 1999. Oseltamivir. Drugs 58, 851–862.
lok, J., Air, G.M., Laver, W.G., Ward, C.W., Lilley, G.G., Woods, E.F., Roxburgh, C.M.,

Inglis, A.S., 1982. Studies on the size, chemical composition, and partial sequence

of the neuraminidase (NA) from type A influenza viruses show that the N-
terminal region of the NA is not processed and serves to anchor the NA in the
viral membrane. Virology 119, 109–121.

radford, M.M., 1976. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72, 248–254.



5 Virolo

B

B

B
C

C

C

C

C

C

C

C

C

d
d

D

E

F

F

G

G

G
G

H

H

H

H

H

H

H

J

J

J

J

J

K

K

L

L

L

L

L

L

M

M

M

M

M

M

P

R

R

R

S

S

S

S

S

S

T

0 S. Yongkiettrakul et al. / Journal of

ragstad, K., Nielsen, L.P., Fomsgaard, A., 2008. The evolution of human influenza A
viruses from 1999 to 2006: a complete genome study. Virol. J. 5, 40–58.

retthauer, R.K., Castellino, F.J., 1999. Glycosylation of Pichia pastoris-derived pro-
teins. Biotechnol. Appl. Biochem. 30, 193–200.

urnet, F.M., 1979. Portraits of viruses: influenza virus A. Intervirology 11, 201–214.
apua, I., Alexander, D.J., 2002. Avian influenza and human health. Acta Trop. 83,

1–6.
ereghino, G.P., Cereghino, J.L., Ilgen, C., Cregg, J.M., 2002. Production of recombinant

proteins in fermenter cultures of the yeast Pichia pastoris. Curr. Opin. Biotechnol.
13, 329–332.

ereghino, J.L., Cregg, J.M., 2000. Heterologous protein expression in the methy-
lotrophic yeast Pichia pastoris. FEMS. Microbiol. Rev. 24, 45–66.

hen, H., 2007. Expression and purification of the recombinant HBcAg core parti-
cles derived from methyltrophic Pichia pastoris, and TEM and AFM of the core
particles and their natural aggregates. J. Electron. Microsc. (Tokyo) 56, 235–242.

ollins, P.J., Haire, L.F., Lin, Y.P., Liu, J., Russell, R.J., Walker, P.A., Skehel, J.J., Martin, S.R.,
Hay, A.J., Gamblin, S.J., 2008. Crystal structures of oseltamivir-resistant influenza
virus neuraminidase mutants. Nature 453, 1258–1261.

olman, P.M., 2002. Neuraminidase inhibitors as antivirals. Vaccine 20 (Suppl. 2),
S55–58.

olman, P.M., 2005. Zanamivir: an influenza virus neuraminidase inhibitor. Expert.
Rev. Anti. Infect. Ther. 3, 191–199.

regg, J.M., Cereghino, J.L., Shi, J., Higgins, D.R., 2000. Recombinant protein expres-
sion in Pichia pastoris. Mol. Biotechnol. 16, 23–52.

rusat, M., de Jong, M.D., 2007. Neuraminidase inhibitors and their role in avian and
pandemic influenza. Antivir. Ther. 12, 593–602.

e Jong, M.D., Hien, T.T., 2006. Avian influenza A (H5N1). J. Clin. Virol. 35, 2–13.
e Jong, M.D., Thanh, T.T., Khanh, T.H., Hien, V.M., Smith, G.J.D., Chau, N.V., Cam, B.V.,

Qui, P.T., Ha, D.Q., Guan, Y., Peiris, J.S.M., Hien, T.T., Farrar, J., 2005. Oseltamivir
resistance during treatment of influenza A (H5N1) infection. N. Engl. J. Med. 353,
2667–2672.

oucette, K.E., Aoki, F.Y., 2001. Oseltamivir: a clinical and pharmacological perspec-
tive. Expert Opin. Pharmacother. 2, 1671–1683.

scuret, V., Frobert, E., Bouscambert-Duchamp, M., Sabatier, M., Grog, I., Valette, M.,
Lina, B., Morfin, F., Ferraris, O., 2008. Detection of human influenza A (H1N1)
and B strains with reduced sensitivity to neuraminidase inhibitors. J. Clin. Virol.
41, 25–28.

erraris, O., Lina, B., 2008. Mutations of neuraminidase implicated in neuraminidase
inhibitors resistance. J. Clin. Virol. 41, 13–19.

rança de Barros Jr., J., Sales Alviano, D., da Silva, M.H., Dutra Wigg, M., Sales Alviano,
C., Schauer, R., dos Santos Silva Couceiro, J.N., 2003. Characterization of siali-
dase from an influenza A (H3N2) virus strain: kinetic parameters and substrate
specificity. Intervirology 46, 199–206.

allagher, M., Bucher, D.J., Dourmashkin, R., Davis, J.F., Rosenn, G., Kilbourne, E.D.,
1984. Isolation of immunogenic neuraminidases of human influenza viruses by a
combination of genetic and biochemical procedures. J. Clin. Microbiol. 20, 89–93.

emmill, T.R., Trimble, R.B., 1999. Overview of N- and O-linked oligosaccha-
ride structures found in various yeast species. Biochim. Biophys. Acta 1426,
227–237.

ottschalk, A., 1958. The influenza virus neuraminidase. Nature 181, 377–378.
riffin, J.A., Basak, S., Compans, R.W., 1983. Effects of hexose starvation and the role

of sialic acid in influenza virus release. Virology 125, 324–334.
an, X., Ye, L.B., Li, B.Z., Bo, G., Cai, W.J., Hong, Z., She, Y.L., Li, Y., Kong, L.B., Wu,

Z.H., 2006. Expression, purification and characterization of the Hepatitis B virus
entire envelope large protein in Pichia pastoris. Protein Expr. Purif. 49, 168–175.

andel, A., Longini Jr., I.M., Antia, R., 2007. Neuraminidase inhibitor resistance in
influenza: assessing the danger of its generation and spread. PLoS Comput. Biol.
3, e240.

ayden, F., Klimov, A., Tashiro, M., Hay, A., Monto, A., McKimm-Breschkin, J., Macken,
C., Hampson, A., Webster, R.G., Amyard, M., Zambon, M., 2005. Neuraminidase
inhibitor susceptibility network position statement: antiviral resistance in
influenza A/H5N1 viruses. Antivir. Ther. 10, 873–877.

ocart, M., Grajower, B., Donabedian, A., Pokorny, B., Whitaker, C., Kilbourne,
E.D., 1995. Preparation and characterization of a purified influenza virus neu-
raminidase vaccine. Vaccine 13, 1793–1798.

offmann, E., Krauss, S., Perez, D., Webby, R., Webster, R.G., 2002. Eight-plasmid
system for rapid generation of influenza virus vaccines. Vaccine 20 (25–26),
3165–3170.

u, B., Hong, G., Li, Z., Xu, J., Zhu, Z., Li, L., 2007. Expression of VCA (viral capsid
antigen) and EBNA1 (Epstein-Barr-virus-encoded nuclear antigen 1) genes of
Epstein-Barr virus in Pichia pastoris and application of the products in a screening
test for patients with nasopharyngeal carcinoma. Biotechnol. Appl. Biochem. 47,
59–69.

wang, J.S., Yamada, K., Honda, A., Nakade, K., Ishihama, A., 2000. Expression of
functional influenza virus RNA polymerase in the methylotrophic yeast Pichia
pastoris. J. Virol. 74, 4074–4084.

ahiel, R.I., Kilbourne, E.D., 1966. Reduction in plaque size and reduction in plaque
number as differing indices of influenza virus-antibody reactions. J. Bacteriol.
92, 1521–1534.
ohansson, B.E., Bucher, D.J., Kilbourne, E.D., 1989. Purified influenza virus hemag-
glutinin and neuraminidase are equivalent in stimulation of antibody response
but induce contrasting types of immunity to infection. J. Virol. 63, 1239–1246.

ohansson, B.E., Kilbourne, E.D., 1996. Immunization with dissociated neu-
raminidase, matrix, and nucleoproteins from influenza A virus eliminates
cognate help and antigenic competition. Virology 225, 136–144.

T

V

gical Methods 156 (2009) 44–51

ohansson, B.E., Matthews, J.T., Kilbourne, E.D., 1998. Supplementation of conven-
tional influenza A vaccine with purified viral neuraminidase results in a balanced
and broadened immune response. Vaccine 16, 1009–1015.

oseph, T., Subbarao, K., 2005. Human infections with avian influenza viruses. Md.
Med. 6, 30–32.

ilbourne, E.D., Laver, W.G., Schulman, J.L., Webster, R.G., 1968. Antiviral activity
of antiserum specific for an influenza virus neuraminidase. J. Virol. 2, 281–
288.

ilbourne, E.D., Pokorny, B.A., Johansson, B., Brett, I., Milev, Y., Matthews, J.T., 2004.
Protection of mice with recombinant influenza virus neuraminidase. J. Infect.
Dis. 189, 459–461.

aemmli, U.K., 1970. Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature 227, 680–685.

e, Q.M., Kiso, M., Someya, K., Sakai, Y.T., Nguyen, T.H., Nguyen Khan, H.L., Pham,
N.D., Ngyen, H.H., Yamada, S., Muramoto, Y., Horimoto, T., Takada, A., Goto, H.,
Suzuki, T., Suzuki, Y., Kawaoka, Y., 2005. Avian flu: isolation of drug-resistant
H5N1 virus. Nature 437, 1108.

eneva, I.A., Roberts, N., Govorkova, E.A., Goloubeva, O.G., Webster, R.G., 2000. The
neuraminidase inhibitor GS4104 (oseltamivir phosphate) is efficacious against
A/Hong Kong/156/97 (H5N1) and A/Hong Kong/1074/99 (H9N2) influenza
viruses. Antiviral Res. 48, 101–115.

igon, B.L., 2005. Avian influenza virus H5N1: a review of its history and information
regarding its potential to cause the next pandemic. Semin. Pediatr. Infect. Dis.
16, 326–335.

iu, C., Eichelberger, M.C., Compans, R.W., Air, G.M., 1995. Influenza type A virus neu-
raminidase does not play a role in viral entry, replication, assembly, or budding.
J. Virol. 69, 1099–1106.

iu, R.S., Qiu, Y.L., Yang, K.Y., et al., 2005. Expression of the recombinant SARS coron-
avirus nucleocapsid protein in Pichia pastoris and identification of its bioactivity.
Sheng Wu Gong Cheng Xue Bao 21, 540–546.

artinet, W., Saelens, X., Deroo, T., Neirynck, S., Contreras, R., Min Jou, W., Fiers, W.,
1997. Protection of mice against a lethal influenza challenge by immunization
with yeast-derived recombinant influenza neuraminidase. Eur. J. Biochem. 247,
332–338.

cKimm-Breschkin, J.L., 2000. Resistance of influenza viruses to neuraminidase
inhibitors. Antiviral. Res. 47, 1–17.

cKimm-Breschkin, J.L., 2002. Neuraminidase inhibitors for the treatment and pre-
vention of influenza. Expert Opin. Pharmacother. 3, 103–112.

endel, D.B., Sidwell, R.W., 1998. Influenza virus resistance to neuraminidase
inhibitors. Drug Resist. Updat. 1, 184–189.

oscona, A., 2005. Oseltamivir resistance—disabling our influenza defenses. N. Engl.
J. Med. 353, 2633–2636.

oscona, A., 2008. Medical management of influenza infection. Annu. Rev. Med. 59,
397–413.

otier, M., Mameli, L., Bélisle, M., Dallaire, L., Melançon, S.B., 1979. Fluorometric
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