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ABSTRACT

The objective of this research is to develop a novel galactosylation method
for the expression of recombinant human transferrin (hTf) with better N-glycan
quality. The baculovirus-insect cell system, consisting of hTf as the model protein,
p1,4-galactosyltransferase ($1,4-GalT) as the enzyme, and uridine-diphospho-
galactose (UDP-Gal) as the sugar nucleotide, has been successfully established. In
the early part of the study, fundamental works were carried out to optimize
Spodoptera frugiperda (Sf-9) cells growth and mock infection. Serum concentration,
different type of media, cell subculturing condition, initial cell density and spent
medium carry over had been found to significantly influence the growth kinetics of
Sf-9 cells. Multiplicity of infection (MOI) and spent medium carry over were found
to have direct impact on viral infectivity. The optimized parameters were then used
to evaluate the expression of recombinant hTf and fA1,4-GalT in Sf-9 cells.
Subsequently, native UDP-Gal levels at normal and upon baculovirus infection
produced in Sf-9 cells were monitored using Reverse Phase High Performance Liquid
Chromatography. UDP-Gal concentration was discovered to decrease gradually
once infected with the recombinant baculovirus. Finally, baculovirus coinfection
study was carried out to evaluate the recombinant glycoprotein quality. However,
lectin binding analysis using Ricinus communis agglutinin-I, revealed that co-
expression between rhTf and f-1,4GalT (in vivo) did not show encouraging result
due to the reduction of UDP-Gal upon baculovirus infection. This finding suggested
that the introduction of f-1,4GalT alone was not sufficient for successful
galactosylation. However, another strategy was used to overcome the problem.
Commercial GalT and UDP-Gal were introduced artificially to the rhTf after it was
secreted from cell culture. It was found that the in vitro strategy promoted better N-

glycan quality in insect cells.
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ABSTRAK

Kajian ini bermatlamat untuk mengkaji proses galaktosilasi yang baru bagi
penghasilan rekombinasi human transferrin (hTf) dengan kualiti N-glikan yang lebih
baik. Sistem bakulovirus-sel serangga yang terdiri daripada hTf sebagai protein
model, p1,4-galaktositransferasa (f1,4-GalT) sebagai enzim, dan uridina-
diphosphogalaktosa (UDP-Gal) sebagai gula nukleotida telah dibentuk dengan
berjaya. Dalam kajian awal, kerja asas mengenai pengoptimuman telah dilakukan
bagi pertumbuhan sel dan jangkitan bakulovirus tanpa membawa gen tertentu dalam
sel Spodoptera frugiperda (Sf-9). Kepekatan serum, medium yang berbeza, keadaan
sel subkultur, ketumpatan sel awal dan medium telah-guna telah memberi kesan yang
ketara terhadap kinetik pertumbuhan sel Sf-9. Gandaan Jangkitan dan medium telah-
guna menunjukkan kesan terus terhadap infektiviti virus. Semua parameter yang
telah dioptimumkan telah digunakan untuk menilai ekpresi bagi rekombinasi hTf and
F1,4-GalT dalam sel Sf-9. Seterusnya, tahap UDP-Gal semulajadi pada normal dan
atas jangkitan bakulovirus yang dihasilkan dianalisis dengan menggunakan Fasa
Terbalik Kromatografi Cecair Pertunjukkan Tinggi. Didapati bahawa kepekatan
UDP-Gal menurun secara perlahan sebaik sahaja dijangkiti dengan rekombinasi
bakulovirus. Akhirnya, jangkitan serentak bakulovirus telah dilakukan bagi menilai
kualiti glikoprotein rekombinasi. Tetapi, analisis lektin perlekatan dengan
menggunakan Ricinus communis agglutinin-I, menunjukkan in vivo galaktosilasi
tidak cukup berkesan disebabkan kekurangan UDP-Gal semasa jangkitan
bakulovirus. Keputusan yang menarik ini mencadangkan bahawa penambahan f1,4-
GalT sahaja tidak cukup untuk menjayakan galaktosilasi. Oleh itu, strategi lain telah
digunakan untuk mengatasi kelemahan ini. GalT mamalia dan UDP-Gal yang
diperolehi secara komersil diperkenalkan kepada supernatan hTf yang dikumpul.

Didapati bahawa kaedah ini berjaya meningkatkan kualiti N-glikan dengan baik.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Many glycoproteins have been produced by a variety of expression systems
including cell cultures of mammalian or insect cell lines. Of particular interest has
been the baculovirus expression system that generates high levels of recombinant
proteins from insect cells such as Spodoptera frugiperda (Sf-9). The potential
production of therapeutic glycoproteins in these systems has stimulated the desire to
monitor the glycosylation pattern of specific insect-cell-produced glycoproteins and
the glycosylation potential of insect cells in general. The glycan moieties can
significantly affect a protein’s stability, biological activity, antigenicity,
immunogenicity, solubility, cellular processing, secretion and pharmacokinetic
behaviour such as in vivo metabolic clearance rate (Takeuchi et al., 1990, Takeuchi

and Kobata, 1991, Munk et al., 1992).

It is well documented that the N-glycans found in recombinant glycoproteins
expressed by lepidopteran cells using the baculovirus vector are predominantly high
mannose type glycans and short truncated glycans (paucimannose) with al,3/ al,6-

linked fucose residue on its asparagines-bound N-acetylglucosamine (GIcNAc)



(Jarvis and Summers, 1989; Wathen et al., 1991; Grabenhorst et al.,1993; Yeh et al.,
1993; Manneberg et al., 1994; Ogonah et al.,1995; Hsu et al.,1997; Opez et al.,
1997). In contrast, mammalian cells usually produce sialylated complex-type N-
glycans. Generation of complete forms of sialylated complex-type N-glycans in
insect cells may increase the value of insect cell derived products as vaccines,

therapeutic and diagnostics.

The glycosylation process in the cultured cells can be controlled by various
factors, which are sugar acceptor as model protein, substrate donor also known as
sugar nucleotide and glycosyltransferase as enzyme. Activity measurements of
several glycosyltransferases involved in the elongation of N-glycans have
demonstrated that insect cells contain al,6-fucosyltransferase (Staudacher et
al.,1992) and a significant level of £1,2-N-acetylglucosaminyltransferase I activities
(Velardo et al.,1993, Altmann et al.,1993) but they lack significant p1,4-
galactosyltransferase (Butters et al.,1981; van Die et al., 1996) and sialytransferase
activities (Hooker et al., 1999). In addition to glycosyltransferases, another
important factor in protein glycosylation is the sugar nucleotides essential in the
biosynthesis of glycoconjugates.  Since these are the substrate donor of
glycosyltransferases that construct the glycan chains, the intracellular levels of sugar

nucleotides can affect the glycosylation potential of the cultured cells as well.

In this study, we will focus on the galactosylation processing pathway rather
than the whole glycosylation process. In the galactosylation process, recombinant
human transferrin (hTf) is the substrate acceptor, f1,4-galactosyltransferase (/-
1,4GalT) is the glycosyltransferase, and uridine-5’-diphosphogalactose (UDP-Gal) is
the substrate donor. Recombinant hTf will be used as a model protein simply due to
its simple biantennary N-glycan structure. Ailor et al. (2000) revealed that the N-
glycan structures of hTf produced in insect cells included high mannose,
paucimannosidic, and hybrid structures with over 50% these structures containing
one or two fucoses linked to the Asn-linked N-acetylglucosamine. Furthermore,

neither sialic acid nor galactose was detected on any of the N-glycan.



In this study, establishment of the native UDP-Gal level at normal and upon
baculovirus infection was performed. It is proposed that analysis of the intracellular
concentration of sugar nucleotides could provide important information on the
potential of galactosylation in Sf-9 insect cells as little is known about the level of
native UDP-Gal level especially upon baculovirus infection. To evaluate the quality
of the recombinant hTf, different levels of galactosylation were conducted to obtain
the galactosylated hTf, including in vivo and in vitro study. In vivo refers to the
baculovirus coinfection by coexpressing f-1,4GalT and hTf simultaneously in
cultured cell, meanwhile the introduction of commercial GalT and UDP-Gal to the

hTf after it was secreted from insect cell cultures called as in vitro.

1.2 Objectives

(1) To develop a method for the expression of galactosylated recombinant hTf in
insect cells

(2) To optimize the expression of the galactosylated recombinant hTf

1.3 Scopes of Research

(1) Recloning of recombinant virus stock, virus propagation and virus titration

(2) Establishment of an assay system for the detection of 51,4-GalT and UDP-Gal

(3) Monitoring of native UDP-Gal level at normal and upon baculovirus infection

(4) Evaluation of the quality of the glycoprotein obtained through baculovirus
coinfection study to coexpress f1,4-GalT and hTf (in vivo study) and the



artificial introduction of commercial GalT and UDP-Gal to secreted hTf (in

vitro study)



106

REFERENCES

Abdul-Rahman B., Ailor E., Jarvis D. L., Betenbaugh M. J., Lee Y. C. (2002). 5-1,4-
galactosyltransferase activity in native and engineered insect cells measured

with time-resolved Eu-fluorescence. Carbohydrate Research. 337: 2181-

2186.

Ailor E., Takahashi N., Tsukamoto Y., Masuda K., Rahman, B.A., Jarvis D.L., Lee
Y.C., and Betenbaugh M. J. (2000). N-glycan patterns of human transferrin
produced in Trichoplusia ni insect cells: effects of mammalian

galactosyltransferase. Glycobiology. 10: 837-847.

Aisen P. (1989). Physical biochemistry of the transferrin: update, 1984-1988. In
Lochr, T.M. (ed.), Iron Carriers and Iron Proteins. VCH Publishers, New
York, pp. 353-371.

Altman F., Schwihla H., Staudacher E., Glossl J., Marz L. (1995). Insect cells
contain an unusual, membrane-bound beta-N-acetylglucosaminidase probably
involved in the processing of protein N-glycans. J. Biol. Chem. 270: 17344-
17349.

Altmann F., Kornfeld G., Dalik T., Staudacher E., and Glossl J. (1993). Processing of
asparagine-linked oligosaccharides in insect cells. N-

acetylglucosaminyltransferase and II activities in cultured lepidopteran cells.

Glycobiology. 3: 619-625.

Altmann F., Marz L. (1995). Processing of asparagines-linked oligosacharides in

insect cells: evidence for a-mannosidase II. Glycoconjugate. 12: 150-155.



107

Altmann F., Staudacher E., Wilson I. B., Marz L. (1999). Insect cells as hosts for the

expression of recombinant glycoproteins. Glycoconjugate J. 16: 109-123.

Altmann F. (1996). N-glycosylation in insects revisited. Trends Glycosci. Glycotech.
8:101-114.

Amado M., Almeida R., Schwientek T., and Clausen H. (1998). Identification and
characterization = of  large  galactosyltransferase = gene  families:

galactosyltransferases for all functions. Biochem. Biophys. Acta. 1473: 35-53.

Aoki D., Appert H. E., Johnson D., Wong S. S., and Fukuda M. N. (1990). Analysis
of the substrate binding sites of human galactosyltransferase by protein

engineering. EMBO. J. 9: 3171-3178.

Aumiller J. J., and Jarvis D.L. (2002). Expression and functional characterization of
a nucleotide sugar transporter from Drosophila melanogaster: relevance to

protein glycosylation in insect cell expression systems. Protein Expr. Purif.

26: 436-448.

Ayres M. D., Howard S. C., Kuzio J., Lopez-ferber M. and R. D. Possee. (1994). The
complete DNA sequences of Autographa californica nuclear polyhedrosis

virus. Virology. 202: 586-605.

Barrett A. J., Mavroudis D., Tisdale J., Molldrem J., Clave E., Dunbar C., Cottler-
Fox M., Phang S., Carter C., Okunnieff P., Young N.S., Read E.J. (1998). T
cell-depleted bone marrow transplantation and delayed T cell add-back to

control acute GVHD and conserve a graft-versus-leukemia effect. Bone

Marrow Transplant. 21(6): 543-551.

Bartfeld N.S. and Law J.H. (1990). Isolation and molecular cloning of transferrin
from the tobacco hornworm, Manduca sexta. J.Biol. Chem. 265: 21684-
21691.



108

Berninsone P. M., and Hirachberg C.B. (2000). Nucleotide sugar transporters of the
Golgi apparatus. Curr. Opin. Struct. Biol. 10: 542-547.

Blissard G. W., and G. F. Rohrmann. (1990). Baculovirus diversity and molecular
biology. Annual review of Entomology. 53: 127-155.

Blissard G.W. (1996). Baculovirus--insect cell interactions. Cytotechnology. 20:73-
93.

Braunagel and Summers. (1994). Autographa californica nuclear polyhedrosis virus,
PDV, and ECV viral envelopes and nucleocapsids: structural proteins,

antigens, lipid and fatty acid profiles. Virology. 202(1) : 315-328.

Breitbach K., and Jarvis D.L. (2001). Improved glycosylation of a foreign protein by
Tn-5B1-4 cells engineered to express mammalian glycosyltransferases. J.

Biotechnol. Bioeng. 74: 230-239.

Brew Vanaman T.C., Hill R.L. (1968). The role of alpha-lactalbumin and the A
protein in lactose synthetase: a unique mechanism for the control of a

biological reaction. Proc Natl Acad Sci U S A. 59(2): 491-497.

Brodbeck U., Denton W. L., Tanahashi N., Ebner K. E. (1967). The isolation and
identification of the B protein of lactose synthetase as alpha-lactalbumin. J.

Biol Chem. 242(7): 1391-1397.

Brodbeck U. and Ebner K. E. (1966). The subcellular distribution of the A and B
proteins of lactose synthetase in bovine and rat mammary tissue. The Journal

of Biological Chemistry. 241: 5526-5532.

Bullen J. J., Ward C. G., and Rogers H. J. (1990). Iron, infection and the role of
bicarbonate. FEMS Microbiol. Lett. 71: 27-30.

Butters T. D. and Hughes R. C. (1981). Isolation and characterization of mosquito
cell membrane glycoproteins. Biochim, Biophys Acta. 640: 655-671.



109

Butters T. D., Hughes R. C., and Vischer P. (1981). Steps in the biosynthesis of
mosquito cell membrane glycoproteins and the effects of tumicamycin.

Biochim. Biophys. Acta. 640: 672-686.

Chen W., and Bahl O. P. (1991). Recombinant carbohydrate and selenomethionyl
variants on human choriogonadotropin. J. Biol. Chem. 266: 8192-8197.

D’ Agostaro G., Bendiak B., and Tropak M. (1989). Eur. J.Biochem. 183: 211-217.

David R. O’Reilly, Lois K.Miller, Verne A. Luckow. (1994). Baculovirus expression

vectors: a laboratory manual. New York, Oxford, Oxford University Press.

David R. O’Reilly, Rosemary S.Hails, Thomas J. Kelly. (1998). The impact of host
developmental status on baculovirus replication. Journal of Invertebrate

Pathology. 72: 269-275.

Davidson D. J., Fraser M. J., and Castillino F. J. (1990). Oligosaccharide processing
in the expression of human plaminogen ¢cDNA by lepidopteran insect

(Spodoptera frugiperda) cells. Biochemistry. 29: 5584-5590.

David T. R., Schuler M. L., Granados R. R., Wood H. A. (1993). Comparison of
oligosaccharide processing among various insect cell lines expressing a

secreted glycoprotein. In Vitro Cell Dev Biol Anim. 29A: 842-846.

Effertz K., Hinderlich S., Reutter W. (1999). Selective loss of either the epimerase or
kinase activity of UDP-N-acetylglucosamine 2-epimerase/N-
acetylmannosamine kinase due to site-directed mutagenesis based on

sequence alighments. J. Biol Chem. 274: 28771-28778.

Fu D. and van Halbeek, H. (1992). N-glycosylation site mapping of human
serotransferrin by serial lectin affinity chromatography, fast atom
bombardment-mass spectrometry and 'H nuclear magnetic resonance

spectroscopy. Anal. Biochem. 206: 53-63.



110

Fertig G., Kloppinger M. and Miltenburger H. G.. (1990). Cell cycle kinetics in
insect cell cultures compared to mammalian cell cultures. Exp. Cell. Res. 189:

208-212.

Gerardy-Schahn R., Oelmann S., and Bakker H. (2001). Biochimic (Paris). 83: 775-
762.

Grabenhorst E., Hofer B., Nimtz M., Jager V. and Conradt H. S. (1993). Biosynthesis
and secretion of human interleukin 2 glycoprotein variants from baculovirus-
infected Sf-21 cells. Characterization of polypeptides and posttranslational
modifications. Eur J Biochem. 32: 11087-11099.

Guo S., Sato T., Shirane K., and Furukawa K. (2001). Galactosylation of N-linked
oligosaccharides by human f-1,4-galactosyltransferases 1, II, III, IV, V, and
VI expressed in Sf-9 cells. Glycobiology. 11: 813-820.

Hard K., van Dorn J. M., Thomas-Oates J. E., Kamerling J. P. and van der Horst D.]J.
(1993). Structure of the ASN-linked oligosaccharides of apolipoprotein III
from the insect Locusta migraforia. Chemistry. 32: 766-775.

Hill R.L. (1979). Glycosyltransferases in analysis of oligosaccharide structure and

function. UCLA Forum Med. Sci. 21: 63-86.

Hinderlich S., Stasche R., Zeitier R., Reutter W. (1997). A bifunctional enzyme
catalyzes the first two steps in N-acetylneuraminic acid biosynthesis of rat
liver. Purification and characterization of UDP-N-acetylglucosamine 2-

epimerase/N acetylmannosamine kinase. J. Biol Chem. 272: 24313-24318.

Hirschberg C. B., Robbins P. W., and Abeijon C. (1998). Transporters of nucleotide
sugars, ATP and nucleotide sulfate in the endoplasmic reticulum and Golgi

apparatus. Annu. Rev. Biochem. 67: 49-69.



111

Hirschberg C. B. (2001). Golgi nucleotide sugar transport and leukocyte adhesion
deficiency II. J.Clin. Invest. 108: 3-6.

Hollister J. R., Shaper J. H., Jarvis D. L. (1998). Stable expression of mammalian
beta 1,4-galactosyltransferase extends the N-glycosylation pathway in insect

cells. Glycobiology. 8: 473-480.

Hollister J. R., Grabenhorst E., Nimtz M., Conradt H., and Jarvis D. L. (2002).
Engineering the protein N-glycosylation pathway in insect cells for
production of biantennary, complex N-glycans. Biochemistry. 41: 15093-
15104.

Hollister J. R. and Jarvis D. L. (2001). Engineering lepidopteran insect cells for
sialoglycoprotein production by genetic transformation with mammalian beta
1,4-galactosyltransferase and alpha 2,6-sialytransferase genes. Glycobiology.

11: 1-9.

Hooker A. D., Green N. H., Baines A. J., Bull A. T., Jenkins N., Strange P. G., James
D. C. (1999). Constraints on the transport and glycosylation of recombinant
IFN-gamma in Chinese hamster ovary and insect cells. Biotechnol. Bioeng.

63: 559-572.

Hsieh P. and Robbins P. W. (1984). Regulation of asparagines-linked
oligosaccharide processing. Oligosaccharide processing in Aedes albopitus

mosquito cells. J. Biol. Chem. 259: 2975-2382.

Hsu T. A., Takahashi N., Tsukamoto Y., Kato K., Shimada I., Masuda K., Whiteley
E. M., Fan J. Q., Lee Y. C., Betenbaugh M. J. (1997). Differential N-glycan
patterns of secreted and intracellular IgG produced in Trichoplusia ni cells. J

Biol Chem. 272(14): 9062-9070.

Ignoffo C. M. (1975). Entomopathogens as insecticides. Environ Lettert. 8(1): 23-40.



112

Jarvis D. L. and Summers M. D. (1989). Glycosylation and secretion of human tissue
plasminogen activator in recombinant baculovirus-infected insect cells. Mol

Cell Biol. 9: 214-223.

Jarvis D. L., Finn E. E. (1996). Modifying the insect cell N-glycosylation pathway
with immediate early baculovirus expression vectors. Nat. Biotechno.l. 14:

1288-1292.

Jarvis D. L. (2003). Developing baculovirus-insect cell expression systems for

humanized recombinant glycoprotein production. Virology. 310: 1-7.

Jarvis D. L. (1997). Baculovirus Expression Vectors. In Miller, L.K. (ed.). The
Baculoviruses. Plenum, New York, pp. 389-431.

Kawakita M., Ishida N., Miura N., Sun Wada G. H., and Yoshioka S. (1998). O-
Acetylserine and O-acetylhomoserine sulthydrylase of yeast. Further

purification and characterization as a pyridoxal enzyme. J.Biochem. 123:

TT7-785.

Kawar Z., Herscovics A., Jarvis D. L. (1997). Isolation and characterization of an
alpha 1,2-mannosidase cDNA from the lepidopteran insect cell line Sf-9.
Glycobiology. T: 433-443.

Kawar Z., Romero P. A., Herscovics A., Jarvis D. L. (2000). N-glycan processing by
a lepidopteran insect alpha 1,2-mannosidase. Glycobiology. 10: 347-355.

Kioukia N., Nienow A. W., Emery A.N., Al-Rubeai M.. (1995). Physiological and
environmental factors affecting the growth of insect cells and infection with

baculovirus. Journal of Biotechnology. 38: 243-251.

Keshvara L. M., Newton E. M., Good A. H., Hindsgaul O., and Palcic M. M. (1992).
Enzyme-Linked Immunosorbent Assays for the Measurement of Blood

Group A and B Glycosyltransferase Activities. Glycoconjugate J. 9: 16-20.



113

Keusch J., Lydyard P. M., Isenberg D. A., and Delves P.J. (1995). pl1.4-
galactosyltransferase activity in B cells detected using a simple ELISA-based

assay Glycobiology. 5: 365-370.

Korth K. L., Levings C. S. (1993). Baculovirus expression of the maize
mitochondrial protein URF13 confers insecticidal activity in cell cultures and

larvae. Proc Natl Acad Sci USA. 90: 3388-3392.

Kubelka V., Altmann F., Kornfeld G. and Marz L. (1994). Structures of the N-linked
oligosaccharides of the membrane glycoproteins from three lepidoptran cell

lines (Sf-21, IZD-Mb-0503, Bm-N). Arch. Biochem. Biophysc. 308: 148-157.

Kulakosky P. C., Hughes P. R. and Wood H. A. (1998). N-linked glycosylation of a
baculovirus-expressed recombinant glycoprotein in insect larvae and tissue

culture cells. Glycobiology. 8: 741-745.

Kumamoto K., Goto Y., Sekikawa K., Takenoshita S., Ishida N., Kawashita M., and
Kannagi R. (2001). Increased Expression of UDP-Galactose Transporter
Messenger RNA in Human Colon Cancer Tissues and Its Implication in
Synthesis of Thomsen-Friedenreich Antigen and Sialyl Lewis A/X
Determinants. Cancer Res. 61: 4620-4627.

Kuroda K., Geyer R., Doergler W. and Klenk H. D. (1990). The oligosaccharides of
influenza virus hemmaglutinin expressed in insect cells by a baculovirus

vector. Virology. 174: 418-428.

Kool M., Vlak J. M. (1993). The structural and functional organization of the
Autographa californica nuclear polyhedrosis virus genome. Arch Virol.

130(1-2): 1-16.

Lawrence S. M., Huddleston K. A., Tomiya N., Nguyen N., Lee Y. C., Vann W. F,,
Coleman T. A., Betenbaugh M. J. (2001). Cloning and expression of human
sialic acid pathway genes to generate CMP-sialic acids in insect cells.

Glycoconjugate J. 18: 205-213.



114

Lawrence S. M., Huddleston K. A., Pitts L. R., Nguyen N., Lee Y. C., Vann W. F,,
Coleman T. A., Betenbaugh M. J. (2000). Cloning and expression of the
human N- acetylneuraminic acid phosphate synthase gene with 2-keto-3-
deoxy-D-glycero-D galacto-nononic acid biosynthetic ability. J Biol Chem.
275: 17869-17877.

Leger D., Campion B., Decottignies J. P., Montreuil J. and Spik G. (1989).
Physiological significance of the marked increased branching of the glycans

of human serotransferrin during pregnancy. Biochem J. 257: 231-238.

Licari P. J., Jarvis D. L., Bailey J. E. (1993). Insect cell hosts for the baculovirus
expression vectors contain endogeneous exoglycosidase activity. Biotechnol

Prog. 9: 146-152.

Licari R. and Bailey J. E. (1991). Factors influencing recombinant protein yields in
an insect cell-baculovirus expression system: multiplicity of infection and

intracellular protein degradation. Biotech. Bioeng. 37: 238-246.

Lo N. W., Shaper J. H., Pevsner J., and Shaper N. (1998). The expanding beta 4-
galactosyltransferase gene family: messages from the databanks.

Glycobiology. 8: 517-526

Lokesh J., Michael L. S., and H.Alan Wood. (2001). Production of a sialylated N-
linked glycoprotein in insect cells. Biotechnol Prog. 17: 822-827.

Lopez M., Coddeville B., Langridge J., Plancke Y., Sautiere P., Chaabihi H., Chirat
F., Harduin-Lepers A., Cerutti M., Verbert A. and Delannoy P. (1997).
Microheterogeneity of the oligosaccharides carried by the recombinant

bovine lactoferrin expressed in Mamestra brassicae cells. Glycobiology.

7:635-651.

Lopez M., Tetaert D., Juliant S., Gazon M., Cerutti M., Verbert A., Delannony P.
(1999). O-glycosylation potential of lepidopteran insect cell lines. Biochim
Biophys. Acta. 1427: 49-61.



115

Luckow V. A. (1995). In Baculovirus Expression Systems and Biopesticides (Shuler
ML, Wood HA, Granados RR, Hammer DA, eds) pp 51-90. New York: John
Wiley Sons.

Luis Maranga, Ana S. Coroadinha, and Manuel J. T. Carrondo. (2002). Insect cell
culture medium supplementation with fetal bovine serum and bovine serum

albumin: effects on baculovirus adsorption and infection kinetics. Biotechnol

Prog. 18: 855-861.

MacGillivray R. T. A., Mendez E., Sinha S. K., Shewale G., Lineback-Zins J. and
Brew, K. (1983). The primary structure of human serum transferrin. J.Biol.

Chem. 258: 3543-3553.

MacGillivray R. T. A., Mendez E., Sinha S. K., Sutton M. R., Lineback-Zins J. and
Brew, K. (1982). The complete amino acid sequence of human serum

transferrin. Proc. Natl. Acad. Sci. U.S.A. 79: 2504-2508.

Maeda S., Kawai T., Obinata M., Fujiwara H., Horiuchi T., Saeki Y., Sato Y.,
Furusawa M. (1985). Production of human alpha-interferon in silkworm

using a baculovirus. Nature. 315: 592-594.

Maiorella B., Inlow D., Shauger A. and Harano D. (1988). Large scale insect cell

culture for recombinant protein production. Biotechnology. 6: 1406-1410.

Manneberg M., Friedlein A., Kurth H., Lahm H. W. and Fountoulakis M. (1994).
Structural analysis and localization of the carbohydrate moieties of a soluble
human interferon gamma receptor produced in baculovirus-infected insect

cells. Protein Sci. 3: 30-38.

Marchal I., Jarvis D. L., Cacan R., Verbert A. (2001). Glycoproteins from insect
cells: sialylated or not? Biol. Chem. 382: 151-159.

Marchal 1., Mir A. M., Kmiecik D., Verbert A., and Cacan R. (1999). Use of

inhibitors to characterize intermediates in the processing of N-glycans



116

syntherized by insect cells: a metabolic study with Sf-9 cell line.

Glycobiology. 9: 645-654.

Marz L., Altmann F., Staudacher E., Kubelka V. (1995). Protein glycosylation in
insects, in Montreuil J, Vliegenthart J F G, Schachter H (Eds.),
Glycoproteins, Vol 29a. Elsevier, Amsterdam, pp 543-563.

Montreuil. J., Spik G., and Mazurier J. (1997). Transferrin superfamily. In Montreuil,
J., Vliegenthart, J.F.G. and Schacter H. (eds.) Glycoproteins II. Amsterdam:
Elsevier. pp 203-242

Munk K., Pritzer E., Kretzschmar E., Gutte B., Garten W. and Klenk H. D. (1992).
Carbohydrate masking of an antigenic epitope of influenza virus

haemagglutinin independent of oligosaccharide size. Glycobiology. 2: 233-

240.

Narimatsu H., Sinha S., Brew K., Okayama H., and Qasba P.K. (1986). Cloning and
sequencing of c¢DNA of bovine N-acetylglucosamine (f31-4)
galactosyltransferase. Proc Natl. Acad. Sci. USA. 83: 4720-4724.

Ogonah O. W., Freedman R. B., Jenkins N. and Rooney B. C. (1995). Analysis of
human interferon-gamma glycoforms produced in baculovirus infected insect

cells by matrix assisted laser desorption spectrometry. Biochem Soc Trans.

23: 100S.

Ogonash O. W., Freedman R. B., Jenkins N., Kirit P., and Rooney B. C. (1996).
Isolation and characterization of an insect cell line to perform complex N-

linked glycosylation on recombinant proteins. Bio/techniques. 14: 197-202.

Oubihi M., Kitajima K., Kobayashi K., Adachi T., Aoki N., Matsuda T. (1998).
Development of an enzyme-linked immunosorbent assay-based method for
measuring galactosyltransferase activity using a synthetic glycopolymer

acceptor substrate. Anal Biochem. 257(2):169-175.



117

Paulson J. C., and Colley K. J. (1989). Glycosyltransferases. Structure, localization,
and control of cell type-specific glycosylation. J. Biol Chem. 264: 17615-
17618.

Reis U., Blum B., Von Specht B. U., Domdey H., Collins J. (1992). Antibody
production in silkworm cells and silkworm larvae infected with a dual
recombinant Bombyx mori nuclear polyhedrosis virus. Biotechnology. 10:

910-912.

Ren J., Bretthuer R. K., and Castellino F. J. (1995). Purification and properties of a
Golgi-derived (alpha 1,2)-mannosidase I from baculovirus-infected
lepidopteran insect cells (IPLB-SF21AE) with preferential activity toward
mannose 6-N-acetylglucosamine 2. Biochemistry. 34: 2489-2495.

Roseman S. (2001). Reflections on glycobiology. J.Biol. Chem. 276: 41527-41542.

Ryll T., and Wagner R. (1991). Improved ion-pair high-performance liquid
chromatographic method for the quantification of a wide variety of
nucleotides and sugar-nucleotides in animal cells. J. Chromatography. 570:

77-88.

Schorp B, Howaldt M. W. and Bailey J. E. (1990). DNA distribution and respiratory
activity of Spodoptera frugiperda population infected with wild-type and
recombinant AcCMNPV. J.Biotechnol. 15: 169-185.

Shaper N., Shaper J. H., Meuth J. L., Fox J. L., Chang H., Kirsch I. R., and Hollis G.
F. (1986). Bovine Galactosyltransferase: Identification of a Clone by Direct
Immunological Screening of a cDNA Expression Library. Proc Natl. Acad.

Sci. USA. 83: 1573-1577.

Smith G. E., Summers M. D., Fraser M. J. (1983). Production of human beta
interferon in insect cells infected with a baculovirus expression vector. Mol

Cell Biol. 3(12): 2156-2165.



118

Staudacher E. and Marz L. (1998). Strict order of (Fuc to Asn-linked GIcNAc)
fucosyltransferases forming core-difucosylated structures. Glycoconjugate J.

15: 355-360.

Stollar V., Stollar B. D., Koo R., Harrap K. A., and Schlesinger R. W. (1976). Sialic
acid contents of sindbis virus from vertebrate and mosquito cells.
Equivalence of biological and immunological viral properties. Virology. 69:

104-115.

Stult C. L. M., and Macher B.A. (1990). Measurement of beta-Galactosyltransferase
activity in Cell extracts with an ELISA-based assay. Arch. Biochem. Biophys.
280: 20-26.

Summers M. D., Smith G. E. (1987). A manual method for baculovirus vectors and
insect cell culture procedures. Texas Agricultural Experiment Station Bulletin

No. 1555. Texas A & M University, College Station, Texas.

Takeuchi M. and Kobata A. (1991). Structures and functional roles of the sugar

chains of human erythropoietins. Glycobiology. 1: 337-346.

Takeuchi M., Takasaki S., Shimada M. and Kobata A. (1990). Role of sugar chains
in the in vitro biological activity of human erythropoietin produced in
recombinant Chinese hamster ovary cells. Journal of Biological Chemistry.

265: 12127-12130.

Taki T., Nishikawa S., Ishii K., and Handa. (1990). A simple and specific assay of
glycosyltransferase and glycosidase activities by an enzyme-linked
immunosorbent assay method, and its application to assay of

galactosyltransferase activity in sera from patients with cancer. J. Biochem.

107: 493-498.

Thorstensen K. and Romslo 1. (1990). The role of transferrin in the mechanism of

cellular iron uptake. Biochem. J. 271: 1-10.



119

Tomiya N., Ailor E., Shawn M. Lawrence, Betenbaugh M. J., Yuan C. L. (2001).
Determination of nucleotides and sugar nucleotides involded in protein
glycosylation by high-performance anion-exchange chromatography: sugar

nucleotide contents in cultured insect cells and mammalian cells. Analytical

Biochemistry. 293: 129-137.

Tomiya N., Betenbaugh M. J. and Yuan C. L. (2003). Humanization of Lepidopteran
insect cell produced glycoproteins. Acc. Chem. Res. 36: 613-620.

Tomiya N., Howe D., Aumiller J. J., Pathak M., Park J., Palter K., Jarvis D. L.,
Betenbaugh M. J., Yuan C. L. (2003). Complex type biantennary N-glycans
of recombinant human transferrin from Trichoplusia ni insect cells expression
mammalian betal ,4-galactosyltransferase and betal,2-N

acetylglucosaminyltransferase II. Glycobiology. 13: 23-34.

Trowbridge 1. S., Newman R. A., Domingo D. L. and Sauvage C. (1984). Transferrin

receptors: structure and function. Biochem. Pharmacol. 33: 925-932.

van Die 1., van Tetering A., Bakker H., van den Eijnden D. H., and Joziasse D. H.
(1996). Glycosylation in lepidopteran insect cell: identification of a f1,4-N-
acetylgalactosaminyltransferase involved in the synthesis of complex-type

oligosaccharide chains. Glycobiology. 6: 157-164.

Velardo M. A., Bretthauer R. K., Boutaud A., Rinhold B., Reinhold V. N., Castellino
F. J. (1993). The presence of UDP-N-acetylglucosamine: Alpha-3-D-
mannoside beta 1,2-N-acetylglucosaminyltransferase I activity in Spodoptera
frugiperda cells (IPLB-Sf-21AE) and its enhancement as a result of
baculovirus infection. J.Bio Chem. 268: 17902-17907.

Vlak J. M. and G. F. Rohrmann. (1985). Baculovirus polyhedrins. In: viral and
microbial pesticides (KE Sherman & K Maramorosch) Academic Press, N Y.

489-542.



120

Vlak J. M. (1997). Baculoviruses and insect cells: a versatile system for the
production of recombinant proteins including antibodies. Science &

Technology International Courses, Leiden, The Netherlands. 1-12.

Volkman L. E. (1997). Nucleopolyhedrovirus interactions with their insect hosts.

Adv Virus Res. 48: 313-348.

Wagner R., Geyer H., Geyer R., Klenk H. D. (1996). N-acetyl-beta-glucosaminidase
accounts for differences in glycosylation of influenza virus hemagglutinin
expressed in insect cells from a baculovirus vector. J. Virology. 70: 4103-

4109.

Watanabe A., Takehiro Kokuho, Hitomi Takahashi, Masashi Takahashi, Takayuki
Kubota and Shigeki Inumaru. (2001). Sialylation of N-glycans on the
recombinant proeins expressed by a baculovirus-insect cell system under 5-N
-acetylglucosaminidase inhibition. The Journal of Biological Chemistry. 277:
5090 -5093.

Wathen M. W., Aeed P. A. and Elhammer A. P. (1991). Characterization of
oligosaccharide structures on a chimeric respiratory syncytial virus protein

expressed in insect cell line Sf-9. Biochemistry. 30. 2863-2868.

Yadav S. P., and Brew K. (1990). Identification of a region of UDP-galactose: N-
acetylglucosamine beta 4-galactosyltransferase involved in UDP-galactose

binding by differential labeling. J.Biol. Chem. 265: 14163-14169.

Yeh J. C., Seals J. R., Murphy C. 1., Van Halbeek H. and Cummings R. D. (1993).
Site-specific N-glycosylation and oligosaccharide structures of recombinant

HIV-1 gp120 derived from a baculovirus expression system. Biochemistry.

32: 11087-11099.

Zatta P. F., Nyame K., Cormier M. J., Mattox S. A., Smith D. F., and Cummings R.
D. (1991). A Solid-Phase Assay for bl,4 Galactosyltransferase in Human
Serum Using Recombinant Aequorin. Anal. Biochem. 194: 185-191.



121

Zuidema D., Klinge-Roode E. C., van Lent J. W., Vlak J. M. (1989). Construction
and analysis of an Autographa californica nuclear polyhedrosis virus mutant

lacking the polyhedral envelope. Virology. 173(1): 98-108.



