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Chapter 1

Background

1.1 Introduction

The use of molecular biology techniques for the production of
glycoproteins with pharmaceutical properties has been of great interest.
Several possible therapeutic agents have been produced by splicing the
gene coding for the glycoprotein into a suitable cloning vector and then

expressing the gene in an appropriate host. Human tissue plasminogen
activator, interferons, and human T-lymphocyte CD 4 receptor are just a
few examples of glycoproteins produced by these recombinant techniquesl.

The main obstacle to the production and study of vertebrate
glycoproteins are the limitations of expression systems to produce high
levels of recombinant glycoproteins with post-translational modifications
similar to those found on the native glycoproteins. Bacterial systems such
as Escherichia coli (E. coli ) have been used to express large quantities of

2

protein but these systems cannot produce glycosylated proteins. One system
that addresses this problem is the baculovirus expression system2,3,4. Using

the virus as a cloning vector and infecting lepidopteran insects or insect

cells, substantial quantities of recombinant proteins can be obtained.

Although these insects produce proteins with identical amino acid
sequences to those of the native proteins, their ability to produce
glycoproteins with vertebrate-like glycosylation is not well understood.

This study investigates the nature of glycosylation on a recombinant
lymphokine, mouse interleukin-3 (IL-3); a hemopoietic growth factor that
was expressed by the baculovirus system and produced in infected Bornbyx
mori (silkworm) larvae5.

To study the glycosylation of any glycoprotein several experimental
methods must be employed. No single technique can give the information

needed for complete structural assignment. Therefore, an integrated
approach of chromatography, enzymatic analysis, and mass spectrometry

was chosen to study the nature of the glycosylation on baculovirusexpressed mouse IL-3.

3

1.2 Glycoprotein Oligosaccharides

1.2.1 Biological Function

Glycoproteins are polypeptides which have carbohydrate covalently

linked either to oxygen (0-linked) through the amino acids serine or
threonine, or to nitrogen (N-linked) through asparagine. These compounds

are found throughout the eukaryotic kingdom in such organisms as fungi,

viruses, plants, and animals. Glycoproteins_ can be found as membrane

bound species or as secreted species both intracellularly and
extracellularly. They have been shown to be involved in many important
biological processes3,6,7. Membrane bound glycoproteins are thought to be

involved in such processes as cell differentiation, intercellular recognition

and adhesion, and tumorigenesis. They may act also as receptor sites. In

their secreted form glycoproteins have been shown to have functions of
catalysis (enzymes), antibodies (immunoglobulins), and signal transport
molecules (hormones and cytokines).

It is often found that the oligosaccharides of glycoproteins are not

needed to maintain their biological activity. The biological role of the
oligosaccharides on many of these glycoproteins remains largely a
mystery. However, there is evidence that the oligosaccharides may play an

important role in the protection of the protein from proteolysis6. It is also

believed that oligosaccharides could be involved in intercellular
interactions through their binding to membrane bound lectins6. Lectin

4

interactions may also be involved in the intracellular localization of both
secreted and membrane bound glycoproteins.

1.2.2 Structural Features

The structural diversity of glycoprotein oligosaccharides can be
very large. This is due to the many factors that can be varied during the
assembly of an oligosaccharide. Factors that contribute to the diversity are

the number of different monosaccharides, the anomericity of the
glycosidic bond, position or linkage of the glycosidic bond, and the
sequence of the monosaccharides (branched or linear). This diversity can
be narrowed to some extent based on the known biosynthetic pathways for

N- or 0-linked oligosaccharides. The structural features obtained through

these pathways are observed in most glycoprotein oligosaccharides. The

type of monosaccharides that are commonly found on N- or 0-linked
glycoproteins are shown in figure 1.1.

Figure 1.1 Common Monosaccharides Found on Eukaryotic Glycoproteins

HO ,H

OH

HOH2C

CO2H

0
5-(acetylamino)-3,5-dideoxy-D-glycero-D-galacto-2-nonulosonic acid

a-N-acetylneuraminic acid
NeuNAc
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Figure 1.1 Continued

OH

a-D-Galactose

a-D-Mannose
Man

Gal

OH
HO
HO

OH
OH

a-D-Glucose

a-L-Fucose
Fuc

Glc

OH

OH OH
HO

HO

NH

HO

NH

1 OH

1 OH

CH3'0

2-(acetylamino)-2-deoxygalactose
N-Acetyl-a-D-galactosamine
Ga1NAc

CHS"--

2-(acetylamino)-2-deoxyglucose
N-Acetyl-a-D-glucosamine
G1cNAc
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1.2.2A 0-Glycosylation

Several excellent reviews have been published on the biosynthesis

and structure of 0-glycosylated proteins (mucin or mucin-like
glycoproteins)8,9. The structures of these oligosaccharides can be quite

diverse. There

is

a common structural feature of all 0-linked

oligosaccharides; they are all covalently linked to serine or threonine
through the monosaccharide 2-(acetylamino)-2-deoxygalactose (Nacetylgalactosamine or Ga1NAc). The core unit of these oligosaccharides is
formed by addition of D-galactose (Gal) or 2-(acetylamino)-2-deoxyglucose

(N-acetylglucosamine

or

to

the protein

bound Nacetylgalactosamine. There are six core units that have been observed
G1cNAc)

(figure 1.2A).

The core units are observed to be acted on by various
glycosyltransferases to elongate the oligosaccharide chain. D-Galactose, Lfucose (Fuc), and N-acetylneuraminic acid (NeuNAc) are added to some of

the core units to give oligosaccharides of up to five monosaccharide
residues in length (figure 1.2B). The core units can also be elongated by
repeating units of D-galactose and N-acetylglucosamine. This "lacto-N-biose

backbone" portion of the oligosaccharide can be classified as two types;
type 1 and type 2 (figure 1.3). Termination of chain elongation of the lactoN-biose backbones by addition of specific monosaccharides or functional
groups is quite varied (figure 1.3).

GIcNAcf3 (1-3)

Gal f3

GIcNAcf3

,GaINAca0-Thr/Ser

\/

GIcNAcf3 (1-6)

(1-3)/

Galf3 (1-3)

Galf3 (1-6)

,GaINAca0-Thr/Ser

GaINAca0-Thr/Ser

\/

GaINAca (1-3)GaINAca0-Thr/Ser

GIcNAcf3 (1-3)GaINAcoc0-Thr/Ser

Galf3 (1-3)GaINAca0-Thr/Ser
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Figure 1.2B Some Common 0-Linked Oligosaccharides

NeuNAca (2-6)N
NeuNAca (2-3)Galit (1-3)GaINAca 1-0
NeuNAca (2-3)Galf3 (1-3)
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NeuNAca (2-6)

NeuNAca (2-6)

alil (1-3)
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GalNAca (1-3
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/
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1.2.2B N-Glycosylation

N-glycosylation takes place at the amino acid asparagine but only
when this amino acid is found in the consensus sequence Asn-Xxx-Ser/Thr

where Xxx is any amino acid except proline10. The various N-linked
oligosaccharides all have a common precursor; a phospholipid bound
oligosaccharide with the monosaccharide composition of 3 glucose, 9
mannoses, and 2 N-acetylglucosamine (figure 1.4). This is transferred en

bloc to the nascent polypeptide chain where several glycosyltransferases
can act by trimming and building the various classes of N-linked glycans.

The N-linked glycans can be broken down into three classes: High
mannose, complex, and hybridll , 1 2 (Figure 1.5). All of these
oligosaccharides have the common structural feature of a conserved core

pentasaccharide. This core unit is made up of a chitobiose disaccharide
(G1cNAca(1-4)G1cNAc) bound to the peptide, and three mannose residues

bound to the chitobiose. One mannose is bound to the chitobiose in a 0-1,4

linkage with the other two mannoses bound a-1,3 and a-1,6 to the
chitobiose-linked mannose (Figure 1.5).

The high mannose class of oligosaccharide has up to six mannose
residues extending from the core unit that make up the branches known as

antenna. These oligosaccharides are triantennary with mannoses linked
either a-1,3 and a-1,6 to the core mannoses and a-1,2 linked to extending
the oligosaccharide chain.

/

Glca (1 -2)Glca (1 -3)Glca (1 -3)Mana(1-2)Mana(1-2)Mana(1-3)

Mana(1 -2) Mana(1 -3)

Mana(1-2) Mana(1-6)

P= 0

OH

P
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0

Manp(1 -4)G1cNAcp(1 -4)G IcNAcP

0
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Figure 1.5 Common Structures of N-Linked Oligosaccharides

High Mannose Type Oligosaccharide
Mana(1-6)

Mana(1-6)
Manp(1-4) GIcNAcp(1-4)GIcNAcp(1-N)Asn

Mana(1-3)
Mana(1 -2) Mancc(1 -2)M ana(1 -3)

Complex Type Oligosaccharide
Fuccc(1-61)n

NeuNAca(2-6)n Galp(1-4)GicNAcp(1-2) Mana(1-6)
(2-3)n

ManI3(1 -4) G IcNAc13(1 -4) GIcNAc3(1 -N)Asn

NeuNAca(2-6)n Galp(1 -4)GicNAcP(1 -2) Maria°
(2-3)n

n=0J

Hybrid Type Oligosaccharide
Mana(1-6)

Mana(1-6)
Manp(1-4)GicNAcp(1-4)GicNAcp(1-N)Asn

Mana(1-3)
Gal§ (1 -4) GIcNAcp(1 -4 Mana(1 -3)
I.

Boxed region shows the core pentasaccharide
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The oligosaccharides of the complex class have, in addition to the
core mannose and N-acetylglucosamine, the monosaccharides, galactose,

fucose, N-acetylglucosamine and N-acetylneuraminic acid extending the

chain length. The most common forms of this oligosaccharide have the
linkage assignments as shown in figure 1.5. These oligosaccharides can be

biantennary, triantennary, or tetraantennary and are sometimes found
with an N-acetylglucosamine bisecting the branches by an a-1,4 linkage to
the core mannose.

The hybrid class are a cross between the high mannose and complex

class of oligosaccharides. These have been observed with half the
oligosaccharide being high mannose and the other being complex (figure
1.5).

1.2.3 Insect Produced Glycoprotein Oligosaccharides

1.2.3A Native Glycoprotein Oligosaccharides

The structure of insect produced glycoprotein oligosaccharides is not
well understood. Most studies have focused on N-glycosylation which is the

most common form of glycan found on insect glycoproteins. The initial
steps of N-glycosylation is the synthesis of a dolichol diphosphate bound
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oligosaccharide of the composition Glc3Man9G1cNAc2-PPDo112. Several

studies on various insect and insect cells have shown that a dolichol
diphosphate bound oligosaccharide is also involved in the initial steps of Nglycosylation in insects10-20. In most investigations tunicamycin is used to

inhibit the first step in the synthesis, the transfer of N-acetylglucosamine
to the dolichol phosphate. The synthesis is usually followed by radiolabled

mannose or N-acetylglucosamine. Most of these studies have shown that
tunicamycin inhibits the synthesis of both membrane bound and secreted
insect glycoproteins.

In a study of sindbis virus glycoprotein oligosaccharides processed
in mosquito cells (Aedes aldopictus), the major lipid bound oligosaccharide
isolated was found to have the postulated composition of Glc3Man9G1cNAc2PPDo119. There was also evidence that this oligosaccharide is transferred to

the nascent polypeptide and that the glucose is removed to give a
Man9GlcNAc2 species. The composition of these oligosaccharides are similar

to those found on vertebrate glycoproteins12.

The processing of the transferred oligosaccharide in vertebrates
follows a defined series of steps to give high mannose, complex, or hybrid
oligosaccharides. The processing of insect oligosaccharides is not as clear.

In the studies of sindbis virus glycoproteins produced in mosquito cells,
experiments with endo-13-N-acetylglucosaminidase H (Endo H), endo-O-Nacetylglucosaminidase D (Endo D), and a mannosidase showed that the only

oligosaccharides present were high mannose type with 5-9 mannose
residues19. A core type species with 3 mannose residues was also observed.

Concanavalin A, a lectin which binds oligosaccharides with terminal
mannose or glucose, was found to bind tobacco horn worm (Munduea sexta)

cells16. Likewise, German cockroach (Blattella germanica) cells bind
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concanavalin A and wheat germ agglutinin, a lectin with affinity for
terminal N-actylglucosamine16. Treatment of both of these cell lines with

tunicamycin decreases the binding of these cells to the lectins. These
results are taken as evidence that the membrane bound glycoproteins of
both cell lines contain high mannose oligosaccharides and that the cells of
the German cockroach contain processed glycoprotein oligosaccharides.

Concanavalin A affinity experiments were also performed on cattle
tick (Boophilus microplus) ovary glycoprotein21. The glycosidic fraction of

these glycoproteins were shown to be oligosaccharides of about 13 to 14
saccharide residues with terminal mannose or glucose.

High mannose type oligosaccharides have been found on vitellins

(egg yolk proteins) in four species of cockroach22. High mannose type
oligosaccharides have also been observed on the vitellin and lipophorin (a

lipid transport protein) of locust22,23, and on vitellogenin (precursor to
vitellin) and on arylphorin (a storage protein) in tobacco hornworm24,25.
Full structural assignment of the major oligosaccharide on arylphorin and

vitellogenin from tobacco hornworm were made by nuclear magnetic
resonance spectroscopy, Con-A, and endo-H experiments. The structures are
identical (figure 1.6).

Some processing toward complex type oligosaccharides in insects has

been observed. The oligosaccharides of honey bee venom phospholipase A2
were found to contain terminal fucose and terminal N-acetylglucosamine as

shown by gas liquid chromatography/mass spectrometry and various
enzymatic experiments26 (Figure 1.6).
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Figure 1.6 N-Linked Oligosaccharides of Tobacco Hornworm and Honey Bee
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1.2.3B Baculovirus-Expressed Glycoprotein Oligosaccharides

The baculovirus expression vector has been used to produce a
significant number of proteins and glycoproteins in various insect cells2.
The attraction of this expression vector for the production of mammalian
glycoproteins is that it uses the insect's biochemical machinery to produce
glycosylated proteins in their active form. Prokaryotic expression systems,
such as E. coli have been used to prepare proteins but they can not produce
glycosylated proteins. Also the proteins obtained from E. coli are insoluble

and must be renatured to recover their activity. The baculovirus system
also has another advantage; it can produce relatively large quantities of
expressed protein, up to 500mg/L of cell medium2.

One of the first glycoproteins produced by a baculovirus vector was

human beta interferon in which Autographa californica nuclear
polyhedrosis virus (AcNPV) was used as the expression vector and fall
armyworm (Spodotpera frugiperda) cells were the host27. Tunicamycin and
[3H]

mannose labeling studies have shown that the proteins produced

were glycosylated with N-glycans.

Several other glycoproteins have been produced by the AcNPV/fall

armyworm system. Human erythropoietin28, human immunodeficiency

virus envelope glycoprotein29,30, preprocecropin A31, p-phaseloin32,

human tissue plasminogen activator33,34, and influenza virus
hemagglutinin35 have all been shown to be produced as glycosylated
proteins. The glycosylation on influenza virus hemagglutinin is the best
studied recombinant glycoprotein produced by this system.
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The oligosaccharides on influenza virus hemagglutinin were studied

by their sensitivity to various endo- and exo-glycosidase treatments. The
oligosaccharides were found to be N-linked glycans, predominantly high

mannose type with 5-9 mannose residues or truncated oligosaccharides

with 3 mannose residues. (Figure 1.7). Some of the truncated
oligosaccharides contain fucose on the peptide bound N-acetylglucosamine.

The presence of fucose on the truncated oligosaccharides was taken as an
indication that there is some processing toward complex type

oligosaccharides by the insect. The glycosylation produced by the insect

was compared to that on the hemagglutinin produced in chicken cells. It
was found that wherever there were high mannose type oligosaccharides

on the insect produced protein, there were also high mannose type
oligosaccharides on the chicken produced protein. But, at the sites where

the insect produced truncated trimannosyl oligosaccharides, the chicken
cells produced complex type oligosaccharides.

Another baculovirus system that has received some attention is the
Bombyx mori nuclear polyhedrosis virus (BmNPV)4. This virus infects the
silkworm Bombyx mori and has been used to express several proteins4,5,36-

38. The attraction of this vector is that the silkworm larvae are large and

easy to maintain compared to the fall armyworm. The production of
vertebrate proteins can be as high as a 10,000 fold excess over that of
vertebrate expression systems and each larva can produce up to 1mg of
expressed protein. Although there have been several biologically active
proteins and glycoproteins expressed by this system, little is known about
the glycosylation of proteins by the silkworm. Therefore, the nature of the

oligosaccharides on the recombinant glycoproteins produced by the
silkworm are not well understood.
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Figure 1.7 N-Linked Oligosaccharides of Recombinant Influenza Virus
Hemagglutinin Expressed in Fall Armyworm Using a Baculovirus Vector
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Figure 1.7 Continued
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1.3 Mouse Interleukin-3

1.3.1 Bioactivity

Cytokines are polypeptides which act as hormones in regulating the

immune response. They do so by mediating growth, differentiation, and
activation of various immune cells39. A specific group of cytokines are the
lymphokines. These are synthesized and secreted by T-lymphocytes. One of

the many functions of lymphokines is the regulation of the process of
blood cell formation known as hemopoiesis. The lymphokines that mediate
this process are called hemopoietic growth factors40.

There are several hemopoietic growth factors most of which
stimulate the growth of one or two cell types in in vitro colony-forming
assays40. One hemopoietic growth factor, interleukin -3 (IL-3), has shown a

broad range of action supporting the growth of several lineage's of blood
cells in colony-forming assays. IL-3 is sometimes referred to as a multicolony stimulating factor (multi-CSF)40-42.

Interleukin-3 was first reported in mice and was initially defined as

a factor which induced an enzyme involved in progesterone metabolism,

20-a-hydroxysteroid dehydrogenase40. It was later found to have the
activities which were ascribed years earlier to other growth factors. It is
now known that all these factors are the same, IL-3.
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Interleukin-3 was first observed in the murine leukemic cell line
WEHI-3. Experiments with WEHI-3 conditioned medium showed that long

term growth of immune cell could be supported in bone marrow cultures.

Through these experiments IL-3 was shown to support the growth of
pluripotent stem cells at an early stage before commitment to a particular
pathway has taken place.
IL-3 purified to homogeneity from WEHI-3 cells was tested for the in

vitro proliferation of a variety of cell lines40. These studies showed that IL-

3 has in vitro activity as a multi-CSF by supporting the growth of
granulocytes, macrophages, basophiles, and mast cells. In addition to its
hemopoietic activity, mouse IL-3 has been shown to be a major factor in the

inflammatory response40,43. IL-3 supports the in vitro growth of mast cells
and basophils. These cells contain histamine, a major compound involved in
inflammation.

Although most of the research has been performed on mouse IL-3,
recently both primate and human IL-3 have been reported40. Human IL-3

is present only at very low levels in activated human T-lymphocyteconditioned medium. Both factors show multi-CSF activity and support the
growth of bone marrow stem cell-derived colonies.

The hemopoietic activity of IL-3 makes it attractive as a possible
therapeutic agent for patients whose bone marrow has been damaged by

chemotherapy or irradiation. IL-3 might be an effective treatment for
myelodysplasia, a disorder of the stem cells which results in ineffective
hemopoiesis. IL-3 might also be effective in boosting the immune response

of those who have impaired immune response through acquired immune
deficiency syndrome (AIDS).
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1.3.2 Structural Aspects of Mouse Interleukin-3

WEHI-3 cell medium has been the major source of IL-3 prior to
recombinant procedures. Purified IL-3 has been obtained from this medium

in quantities of up to 10p,g per 150 liters of cell supernatant40. Sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of

the purified IL-3 indicated that it is a heterogeneous protein with
molecular weights between 28-32.5kDa, the major species being 28kDa. This

variation in molecular weight is believed to be due to many glycoforms
becuse a single protein is obtained after deglycosylation. The first nine
amino acids of the N-terminus were deduced by Edman degradation and a

search of the existing protein libraries showed that it was a unique
sequence.

The complete amino acid sequence of murine 1L-3 isolated from
WEHI-3 cells was determined from the complementary DNA (cDNA)

sequence44 and was confirmed by automated peptide synthesis45. The
mature protein was determined to be a single polypeptide of 140 amino acid

residues in length (figure 1.8). From the sequence in figure 1.8, it is noted
that there are four possible sites for N-glycosylation, Asn-16, Asn-44, Asn51, and Asn-86, and although it is believed that the native protein is heavily

glycosylated, no direct study on the nature of glycosylation have been
performed to date. IL-3 was expressed from the cDNA in Xenopus laevis
oocytes and COS-7 monkey cells and showed significant IL-3 activity 44,46.
The cDNA was also expressed in E. coli 47. The isolated protein exhibited the
same activity as the native IL-3.
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1.3.3 Baculovirus-Expressed Mouse Interleukin-3

Mouse IL-3 has been produced using the BmNPV/Bombyx mori

system. This system produces a 20-fold greater IL-3 activity in cell
supernatants than that obtained from COS-7 monkey cells and there is also a

10,000 fold greater IL-3 activity in the silkworm hemolymph5. SDS-PAGE

showed that there are at least three species at molecular weights of 18, 20

and 22kDa. When the protein was treated with Peptide-N4-(N-acety1-8glucosaminyl) asparagine amidase F (PNGase F), an enzyme that removes

only N-linked oligosaccharides, one band was observed at 15kDa. These

results indicate that this protein is glycosylated with N-glycans. The N-

terminal amino acid sequence is identical to that of the mammalian
produced IL-3 and the biological activity of the purified IL-3 produced by

this expression system is indistinguishable from that of the IL-3 produced
in mammalian cells.

1.4 Analytical Techniques for Glycoprotein Oligosaccharide Analysis

The analysis of glycoprotein oligosaccharides requires an integrated

approach to obtain the data required for full structural assignment. This
study makes use of two techniques as its foundation for the analysis of the
oligosaccharides on BmNPV-expressed mouse IL -3; mass spectrometry and
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high pH anion exchange chromatography with a pulsed amperometric
detector. These techniques in combination with endo- and exo-glycosidase

analysis and gas chromatography can give the data needed for structural
assignment of glycoprotein oligosaccharides.

1.4.1 High pH Anion Exchange Chromatography with Pulsed Amperometric
Detection

High performance liquid chromatography (HPLC) has been an
important tool in the analysis of oligosaccharides48. The use of this

technique with an anion exchange column has made possible the
chromatography of both monosaccharides and oligosaccharides with very

high resolution49. Base line separation of all the major neutral and amino

monosaccharides important in glycoprotein analysis can be achieved
under one chromatographic condition50. Oligosaccharides of glycoproteins

can be effectively separated with a high degree of resolution when only
minor changes in structure are observed51,52. This technique, known as
high pH anion exchange chromatography (HPAEC), is the most reliable
method for the rapid chromatography of glycoprotein oligosaccharides.

Quite often the oligosaccharides on glycoproteins are only present as

a small percentage of the total weight. Also the quantity of glycoprotein

obtainable from native sources can be minimal. Detection of
oligosaccharides under these conditions can be difficult at best. Ultraviolet

or fluorescence detection requires derivatization of the oligosaccharide
with a chromophore prior to chromatographic analysis. Developments in
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the electrochemical detection of carbohydrates has produced a detector
with detection limits as low as 10 pmoles without prior derivatization52.
Pulsed amperometric detection (PAD) is now routinely used in combination
with HPAEC for the analysis of glycoprotein oligosaccharides53,54.

1.4.2 Endo- and Exo-Glycosidase Hydrolysis

The use of endo-glycosidase hydrolysis is an excellent method for the

release of the oligosaccharides from the protein. Exo-glycosidases are a
highly sensitive method for obtaining information on the monosaccharide

sequence of an oligosaccharide and also for obtaining the anomericity at
each of the glycosidic linkages55.

Endo-glycosidases are enzymes specific for the oligosaccharide type

which hydrolyze only internal monosaccharide bonds. Some examples of
endo-glycosidases are: 1. Endo-5-N-acetylglucosaminidase H (Endo-H),

which is specific for high mannose type oligosaccharides and hydrolyzes
the 0-1,4 bond between the chitobiose core disaccharide unit, 2. Peptide -N4-

(N-acetyl-p-glucosaminyl) asparagine amidase F (PNGase F) which
hydrolyzes high mannose, complex, and hybrid type oligosaccharides at the

asparagine bound N-acetylglucosamine and in the process converts the
asparagine to aspartic acid56-58.
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Exo-glycosidases

hydrolyze

the

terminal

nonreducing

monosaccharides of the oligosaccharides. They are specific both for the

type of monosaccharide and the anomericity of the glycosidic bond. aMannosidase isolated from jack bean meal hydrolyzes only terminal
mannose with an a-glycosidic linkage to mannose. (3-Mannosidase isolated
from Helix pomatia has only shown activity for mannose bound 13 -1,4 to Nacetylglucosamine59.

1.4.3 Mass Spectrometry

One of the most useful analytical tools for the study of glycoprotein
oligosaccharides is mass spectrometry60,61. Mass spectrometric techniques
have been used for the analysis of oligosaccharides for over twenty years.
Gas chromatography coupled with mass spectrometry (GC-MS) has been the
primary technique for obtaining monosaccharide composition and linkage
information between monosaccharides on glycoproteins 60-65. The intact

oligosaccharide is first permethylated to convert all the free hydroxyl

groups to methyl ethers, the glycosidic bonds are then released by
hydrolysis and the monosaccharides are reduced with sodium borodeuteride

(Figure 1.9). Treatment of this monosaccharide mixture with acetic
anhydride effectively acetylates the free hydroxyl groups that were
involved in linkages between monosaccharides (Figure 1.9). The partially

methylated alditol acetates are volatile and can be analyzed by mass
spectrometry and by gas chromatography. For the analysis, standards are
made and analyzed by GC-MS under electron impact conditions. The

29

structural assignments of an unknown oligosaccharide are made by
comparing the retention time of the standards to those of the unknown. The
sensitivity of this technique can be improved if chemical ionization and/or
selected ion monitoring are employed65.

Figure 1.9 Linkage Analysis of Oligosaccharides
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Figure 1.9 Continued
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Liquid secondary ion mass spectrometry ( LSIMS ) is the tool which

has given the glycoprotein researcher the ability to accurately measure

the mass of oligosaccharides and to obtain structurally significant
sequence information 66,67. The inherent insensitivity of LSIMS for the

analysis oligosaccharides requires that they be derivatized in order to
analyze the microscale quantities often obtained from glycoproteins. The
derivatization of the oligosaccharides increases their hydrophobicity thus

increasing their surface activity in the liquid matrices used for LSIMS
analysis. Also the derivatized oligosaccharides fragment in a more reliable,

well defined fashion, allowing unambiguous sequence information to be

obtained. The types of fragments produced from derivatized
oligosaccharides are illustrated in figure 1.10 68

.

Figure 1.10 Fragmentation Patterns Observed in Liquid Secondary Ion Mass
Spectrometry of Oligosaccharides

Superscripts denote endocyclic bonds being cleaved
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Two derivatization techniques, peracetylation and permethylation

have been extensively used for LSIMS analysis of glycoprotein
oligosaccharides66, 67,69. In positive ion LSIMS analysis of both
peracetylated and permethylated oligosaccharides, the primary fragments
occur from B-type cleavage with charge retention at the nonreducing end.
The most intense ions arise from fragmentation at N-acetylhexosamine and

N-acetylneuraminic acid67. Peracetylation can be combined with mild acid
hydrolysis (acetolysis) to give an excellent method for screening a possible
glycoprotein for oligosaccharides70.

Reductive amination has been used as a procedure for the
derivatization of glycoprotein oligosaccharides71-75. Several aromatic
amines have been explored as possible derivatives for both positive and
negative ion LSIMS analysis of oligosaccharides (Figure 1.11). The major

fragmentation pathway found for these derivatized oligosaccharides is
through X and Y-type cleavage.

1.4.4 Glycosylation Analysis

The analysis of a protein for possible glycosylation begins with
screening for oligosaccharide by both acetolysis/LSIMS and
hydrolysis/HPAEC-PAD. Once the type of glycosylation is established, (0-or

N-linked), the oligosaccharides are released by endo-glycosidase
hydrolysis. The oligosaccharides can then be analyzed and separated by
HPAEC-PAD and subjected to LSIMS, GC-MS, and exoglycosidase analysis.

33

Figure 1.11 Aromatic Amines Used for Derivatization of Oligosaccharides
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Chapter 2

Results and Discussion

Liquid secondary ion mass spectrometry plays a key role in the
analysis of glycoprotein oligosaccharides66-76 During the course of this
study it was found that the derivatization techniques used for this type of

analysis were inconsistent in obtaining high quality spectra on minimal
amounts of material. The problems often encountered when

permethylation is employed are undermethylation and sodium ion
adduction. Undermethylation alone can make assignment of the molecular
ion difficult, while both undermethylation and sodium ion adduction spread

the molecular ion over a range of masses. This thus decreases the intensity
of the molecular ion. Along with sodium ion adduction, peracetylation has

the added problem of increasing the molecular weight of the
oligosaccharide to an unacceptably high degree, particularly for larger
oligosaccharides. Peracetylation is often used as a desalting step prior to
permethylation76. Attempts to use this procedure, in which peracetylation
was followed by "back-methylation", gave unsatisfactory results.

Reductive amination with aromatic amines has been used as a
derivatization method for glycoprotein oligosaccharides71-75. The
derivatives that have seen the most frequent use have been the n-alkyl p-

aminobenzoates with n-alkyl chain lengths ranging from methyl to
tetradecy174,75. Good results have been obtained with these derivatives. It
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was shown that by increasing the n-alkyl chain length from ethyl to
tetradecyl a significant increase in their mass spectral sensitivity was
observed. Problems encountered with these derivatives are that as the
length of the alkyl chain increases, the solubility of the benzoate ester
decreases in the reaction solution, thus decreasing the product yield74,75.
Even with the most soluble esters, such as the ethyl ester, a 60% yield was

the best reported74. Also, the higher homologs (n-hexyl, n-octyl, n-decyl,

and n-tetradecyl) are not readily available and must be prepared in house.
An advantage of these derivatives is that they place a chromophore at the

reducing end of the oligosaccharide which aids in their detection during
HPLC separation and desalting

In order to study the oligosaccharides on the recombinant mouse IL3,

a

reliable procedure for the derivatization of glycoprotein

oligosaccharides for use in LSIMS analysis was needed. Reductive amination

seemed to be an attractive procedure but, for this study, the attachment of
the aromatic amine was not an advantage. The HPAEC system utilizes an

electrochemical detector making the attachment of a chromophore
unnecessary. The desalting of the oligosaccharides can be accomplished by
a simple microscale gel filtration column rather than by HPLC as suggested
for the benzoate esters77. Also the 60% yield that is reported for the best of

these derivatives was too low. What was needed was a nucleophilic amine
that was readily soluble in the alcoholic solution of the reaction and would

impart sufficient surface activity to the oligosaccharide in the liquid
matrices used for LS1MS analysis. n-Alkylamines seemed to be a reasonable

substitute for the p-aminobenzoate esters and, based on the various n-alkyl
chain lengths used for the benzoate esters, n-hexylamine was selected.
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2.1 Reductive Amination Studies with n-Hexylamine

2.1.1 Maltotetraose

The procedure of Hase and coworkers71 (method 1) or a modification

of this procedure (method 2) was used for all reductive amination
experiments. The initial studies on reductive amination with n-hexylamine

were performed on maltotetraose, a D-glucose oligomer with four glucose
residues linked in a-1,4 fashion (method 1, scheme 2.1). The desalting of the

derivatized oligosaccharide was performed by microscale centrifugal size

exclusion gel filteration77. The extent of the reaction was determined by
HPAEC-PAD by analyzing for the disappearance of starting maltotetraose.

Two assumptions were made for this analysis: 1.the loss of maltotetraose
during this procedure is equal to the loss of the derivatized maltotetraose,

and 2 the detector response for both product and starting material are the
same. The extent of conversion, based on the peak area of starting material
and product, was 97% (Figure 2.1). Peak areas were calculated by measuring

the peak height and its width at half its height and multiplying these two
values.

When the n-hexylamine-derivatized maltotetraose was subjected to
either negative or positive ion LSIMS, abundant molecular ions of (M-11+)-,

(M-2H++Na+)-, (M-3H++2Na+)-, MH+, MNa+, and (M-H++2Na+)+ were
observed with m/z 750, 772, 794, 752, 774, and 796 respectively (Figures 2.2A
and 2.2B).
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Scheme 2.1 Reductive Amination of Maltooligosaccharides with
n-Hexylamine
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Figure 2.1 High pH Anion Exchange Chromatography of Maltotetraose (A)
and n-Hexylamine Derivatized Maltotetraose (B)
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Figure 2.2 Negative (B) and Positive (A) Ion Liquid Secondary Ion Mass
Spectra of n-Hexylamine-Derivatized Maltotetraose. Matrix: 2-Thioglycerol
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These initial studies proved to be promising. The results of the extent

of conversion show that this derivative is superior to that of the n-alkyl paminobenzoate esters. The ethyl p-aminobenzoate is reported to give a 60%

yield based on trimethylsilylation/gas chromatographic analysis, after
HPLC purification, using the same class of oligosaccharide, maltoheptaose.

The n-hexylamine derivatization gives much better conversion of the
starting material to product; 97% based on HPAEC. The purification by
microscale gel filtration is simple and fast and, although there was some
sodium ion adduction, the molecular ion was easily observed.

2.1.1A Matrix Study with n-Hexylamine-Derivatized Maltotetraose

In order to determine the best matrix for further studies of the
derivatized oligosaccharides by LSIMS, both positive and negative ion
spectra were recorded using various matrices and acquiring data over the
mass range of the molecular ion. The intensities of the MH+, MNa+, (M-H+)-,
and the (M-2H++Na+)- ions were recorded as a function of scan. Estimates of

the average intensities obtained from each matrix were recorded (figure
2.3 and figure 2.4). Data obtained for native maltotetraose, analyzed under
positive ion conditions, are included for comparison (figure 2.5).
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Figure 2.3 Negative Ion Intensities of Reductively Aminated Maltotetraose
in Various Matrices
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Figure 2.4 Positive Ion Intensities of Reductively Aminated Maltotetraose in
Various Matrices
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Figure 2.5 Positive Ion Intensities of Native Maltotetraose
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These data show that the intensity and the ratio of the various ions,
MH+, MNa+, (M-H+)-, and (M-2H++Na+)-, are influenced by the choice of

matrix. For example, the positive ion spectrum acquired using 3nitrobenzyl alcohol (3-NBA) exhibits only a low intensity sodium adducted

molecular ion (figure 2.4). If the matrix is changed to 2-thioglycerol the
protonated species is observed but still in much lower abundance than that

of the sodiated species. There is great improvement in overall intensity of

both of these ions by this change in matrix. On the other hand, when the
oligosaccharide was analyzed in 2-thioglycerol/glycerol in a ratio of 2/1

(v/v) the protonated species was predominant although with lower
intensity than the sodiated species observed in pure 2-thioglycerol.

The mixed system of 2-thioglycerol and glycerol in a 2/1 (v/v) ratio

was chosen as the best matrix system. This was based on the ratio of the
intensity of the MH+ ion to the sodium adduct, and their overall intensity. A

comparison of the positive ion intensities obtained from the native
maltotetraose (figure 2.5) with those obtained from the derivatized species

shows that there is a significant increase in the mass spectral sensitivity of
the derivatized species.
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2.1.2 Maltoheptaose

Maltoheptaose, a D-glucose oligomer with a repeating a-1-4 linkage,

was used to study the mass spectrometric properties of oligosaccharides

derivatized with n-hexylamine (scheme 2.1). Derivatization of
maltoheptaose with n-hexylamine (method 1) afforded the desired product

with no starting material as observed by HPAEC-PAD. Both positive and

negative ion LSIMS was performed on the derivatized oligosaccharide.
Abundant molecular ions were observed corresponding to the MH+, and (MH+)- species with m/z 1239 and 1237 respectively (Figure 2.6A and 2.6B).

Sequence ions in both spectra were consistent with the reported
fragments observed for other reductive amination procedures71-74. In the

negative ion spectrum a series of ions corresponding to Y-type cleavage
are observed with m/z 1074, 912, 750, 588, and 426 (Scheme 2.2 and Figure
2.6B). The positive ion spectrum also gave a series of ions that correspond to
Y-type cleavage with m/z 1076, 914, 752, 590, and 428 (Scheme 2.2 and figure

2.6A). There are also ions observed corresponding to Z-type cleavage with

m/z 1058, 896, 734, 572, and 410 and ions corresponding to "5X-type
cleavage with m/z 1104, 942, 780, 618, and 456.
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Figure 2.6 Positive (A) and Negative (B) Ion Liquid Secondary Ion Mass

Spectra of n-Hexylamine-Derivatized Maltoheptaose. Matrix: 2:1
Thioglycerol/Glycerol

e-

.r

a)

= se
.1

co
01
1-

-

t-01

0e

tv

..........

.r

O
-

NI-

..._

is .,,,-...
-J.
(0 .-."

C \I

I's ',:r
CO

I_

1.

T.CI;

...r

i.1 0

0co

N

CM

-N.

t_Co

..Z.-

r

0
It3

.-

N

--""1-a-

--:-

.1.

a)
CD

O
C)
U)

U)

al-

CO

CO

;

r-

710

.1.01

0

'0

Go

J-CI3

:

.

eN

CO

eouepunqv enrieleu

000
k0

-4-

al

0

M

47

Scheme 2.2 Observed Fragmentation of n-Hexylamine-Derivatized
Maltoheptaose During Positive and Negative Ion Liquid Secondary Ion Mass
Spectrometry
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2.1.2A Sensitivity Study

Sensitivity studies were performed by making serial dilutions of a
stock solution of the derivatized oligosaccharide. Solutions of 50.511M,

25.3pM, 12.71.1M, and 6.511M were made using a solution of 2thioglycerol/glycerol 2:1 (v/v) mixed with water in a 1:1 (v/v) ratio. A
volume of 2.01.LL from the various solutions was used for each analysis. Thus,

2.01.1L from the 50.51.LM solution gives 101pmoles (125ng) analyzed. The

positive ion LSIMS data were acquired over the molecular ion region and

response at the detector was recorded in millivolts as an average of ten
scans. Replicates of three at each concentration were acquired and these
data were averaged (Table 2.1). Signal to background values were calculated

by obtaining an estimate of the background height and the background
mean (Figure 2.7). The molecular ion intensity was measured from the
background mean and signal to background ratios were calculated as:

S/B = Signal Height/Background Height

The average signal to background values were then plotted as a function of
amount (Figure 2.8).
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Figure 2.8 Liquid Secondary Ion Mass Spectrometric Detectability of
n-Hexylamine-Derivatized Maltoheptaose
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These experiments show that an excellent molecular ion region

spectrum can be obtained with 101pmol of sample giving a signal to
background ratio (S/B) of 19/1 (Figure 2.8). The molecular ion peak could
still be recorded with a S/B of 2/1 when 13pmol of sample was applied to the

probe. These data are comparable to those reported when n-hexyl and noctyl p-aminobenzoate esters are used 74,75.

The same experiment was performed with native maltoheptaose
using solutions of 4.0mM, 2.0mM, 1.0mM, 0.5mM, 0.25mM, and 0.125mM. The

signal to background values were calculated and plotted as a function of
amount (table 2.2 and figure 2.9). These data show that there is a -40 fold

increase in the detectability of the derivatized maltoheptaose. By
comparing the results of both experiments it can be seen that with
13pmoles of the derivatized maltoheptaose applied to the probe a signal to

background value of 2:1 is obtained. It takes 500pmoles of the native
oligosaccharide to obtain the same signal to background value.
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Figure 2.9 Liquid Secondary Ion Mass Spectrometric Detectability of Native
Maltoheptaose
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2.1.2B Peracetylated and Permethylated n-Hexylamine-Derivatized
Maltoheptaose.

To examine the possibility of using reductive amination in
conjunction with other derivatization procedures, the n-hexylaminederivatized maltoheptaose was peracetylated or permethylated and
subjected to positive ion LSIMS. Peracetylation of the n-hexylaminederivatized maltoheptaose afforded a positive ion LSIMS spectrum with an
MH+ peak with m/z 2248 (Figure 2.10A). A series of sequence peaks, formed

by B-type cleavage with charge retention at the nonreducing end, were
observed with m/z 1771, 1483, 1195, 907, 619, and 331 (Scheme 2.3). Another

series of peaks 60 mass units below the B-type fragments are believed to
arise from the loss of neutral acetic acid by 0-elimination at positions 2,3 of
each glucose ring and are observed with m/z 1711, 1423, 1135, 847, and 559.

This loss has been observed in low energy collision induced dissociation
(CID) mass spectrometry of peracetylated oligosaccharides [23] and is

believed to be characteristic of a 1,4-linkage between monosaccharide
residues.
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Figure 2.10 Positive Ion Liquid Secondary Ion Mass Spectrum of
Peracetylated (A) and Permethylated (B), n-Hexylamine-Derivatized
Maltoheptaose. Matrix: (A) 3-NBA, (B) 2:1 Thioglycerol/Glycerol
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Scheme 2.3 Observed Fragmentation of Peracetylated and Permethylated, n-

Hexylamine-Derivatized Maltoheptaose During Positive Ion Liquid
Secondary Ion Mass Spectrometry
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The permethylation of the n-hexylamine-derivatized maltoheptaose
and subsequent positive ion LSIMS gave a very strong ion with m/z 1589

(Figure 2.10B). This is 14 mass units higher than the calculated protonated
molecular ion and is believed to be formed by exhaustive methylation at the

secondary nitrogen. This forms a quaternary ammonium salt that gives an

intense M+ molecular ion. Sequence ions, formed by Y-cleavage, are
observed with m/z 1371, 1167, 963, 759, and 553 (Scheme 2.3). Z-type
cleavage gives a series of ions with m/z 1353, 1149, 945, 741 and 535.
Fragmentation by 1,5X-cleavage leaving a formyl group at the reducing
end gives another series of ions 28 mass units higher than those resulting
from Y-cleavage. These ions are observed with m/z 1399, 1195, 991, 787, and
581.

Both peracetylation and permethylation of the n-hexylaminederivatized maltoheptaose gave excellent spectra in positive ion LSIMS. On

comparing the two spectra the same sequence information can be obtained

but, the permethylated species was the most sensitive with an excellent
spectrum obtained with 550pmoles, an amount less than half of that used
for the peracetylated species, 1.3nmoles (Compare figures 2.10A and 2.10B).

59

2.1.2C Sensitivity Study

Sensitivity studies were performed on the permethylated, nhexylamine-derivatized maltoheptaose as described for the solely
reductively aminated species. Serial dilutions from a stock solution of the

derivatized maltoheptaose were made to give concentrations of

39.311M,

19.7pM, 9.811M, 5.0pM, and 2.51.1M in a solution of 2-thioglycerol/glycerol

2:1(v/v) mixed with water in a ratio of 1:1(v/v). The positive ion LSIMS data

were acquired over the molecular ion region and response at the detector

was recorded in millivolts as an average of ten scans. Three replicates at
each concentration were acquired and these data were averaged (Table 2.3).

The average intensities were then plotted as a function of amount (Figure

2.11). A signal to background value was determined only for the Spmole
experiment.

Excellent sensitivity was achieved with 79pmol of sample and the
molecular ion was easily recorded with a signal to background value of 78/1

when 5pmol of sample was applied to the probe (Figure 2.11). The excellent

mass spectral sensitivity of this derivatization method is believed to be the

result of the formation of the quaternary ammonium ion at the amine
nitrogen by permethylation. This places an already charged species at the

surface of the matrix due to the increased surface activity of the now
hydrophobic oligosaccharide. This increase in sensitivity due to the

preformed cation and increased surface activity has been observed
previously 79-81.
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Table 2.3 Liquid Secondary Ion Mass Spectrometric Sensitivity Data for
Permethylated, n-Hexylamine-Derivatized Maltoheptaose

Amount (pmoles)

MH+ (mV)

Avarge (mV)

Standard Error

79

33214
36921
39458

36531

1813

39

12260
18607
39566

23478

8250

20

15882
12815
9467

12721

1853

5273

413

3342

489

5468
10

5871

4480

5

2572
4250
3205
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Figure 2.11 Liquid Secondary Ion Mass Spectrometric Detectability of
Permethylated, n-Hexylamine-Derivatized Maltoheptaose
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2.1.3 Human Transferrin and Bovine Ribonuclease B

After having obtained good sensitivity using the n-hexylaminepermethylation procedure, the general utility of this procedure for the
analysis of glycoprotein oligosaccharides was examined. Human
transferrin and bovine pancreatic ribonuclease B were chosen as models
for this work.

Human transferrin is reported to contain both triantennary and
biantennary Asn-linked complex-type oligosaccharides 82,83. The major

glycans are biantennary and differ only in their number of neuraminic
acid residues, disialylated and monosialylated, with the disialylated species
predominating 53,82,83 (Figure 2.12).

Reductive amination with n-hexylamine (method 1) followed by
permethylation was performed on the PNGase F released mixture of

oligosaccharides from 2.1mg (28nmoles) of transferrin. This was then
subjected to positive ion LSIMS. The high mass region of the spectrum
shows two M+ ions which correspond to both molecular ions of mono and
disialylated species: m/z 2523 and 2885 (Figure 2.13). Also observed was a B-

type cleavage at the chitobiose unit for the disialylated species with m/z
2494.
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Figure 2.13 High Mass Positive Ion Liquid Secondary Ion Mass Spectrum of

the

Oligosaccharides

of

Human

Transferrin.
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Peaks in the low mass region could be assigned to all the expected
permethylated fragments of complex glycans66,67,68 (Figure 2.14). B-type

cleavage at the N-acetylglucosamine residues were observed with m/z 825

and 464. Ions formed by secondary fragmentation, through elimination of
methanol from the 2,3 positions of the N-acetylglucosamine, are observed
with m/z 793 and 423 indicating a 1,4-linkage to these residues66. There is

also observed an intense ion with m/z 376 corresponding to the Nacetylneuraminic acid residue and its characteristic elimination of
methanol with m/z 344. Ions observed with m/z 14 mass units lower than
those with m/z 464 and 432 are believed to arise from under methylation.

The glycoprotein, ribonuclease B, is reported to contain Asn-linked
high mannose type oligosaccharides (Figure 2.15)84,85. Treatment of this
glycoprotein (1.9mg, 126nmoles) with PNGase F to release the Asn-linked

oligosaccharides, followed by reductive amination with n-hexylamine

(method 1), then permethylation, afforded a mixture of derivatized
oligosaccharides. Positive ion LSIMS of this mixture gave a series of high

mass ions with m/z 2490, 2284, 2080, 1875, and 1671 (Figure 2.16). These

peaks could be assigned to molecular ions M+ for high mannose type
oligosaccharides with the monosaccharide composition of (Man)5_
9(GicNAc)2. Few fragment ions were observed in this spectrum, but peaks

which are due to B-type cleavage at the chitobiose disaccharide unit for
(Man)6(G1cNAc)2 and (Man)5(G1cNAc)2 were recorded with m/z 1486 and
1280.
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Figure 2.15 High Mannose Type Oligosaccharides of Bovine Pancreatic
Ribonuclease B
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Figure 2.16 Positive Ion Liquid Secondary Ion Mass Spectrum of the

Oligosaccharides of Bovine Pancreatic Ribonuclease B. Matrix: 2/1
Thioglycerol/Glycerol
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Another set of peaks which are 145 mass units lower than the M+
ions were assigned to oligosaccharides which had not reacted with the n-

hexylamine. This results solely in a permethylated species in which the
reducing end N-acetylglucosamine remains in the pyranose form and the
anomeric hydroxyl group is methylated. B-type cleavage of this anomeric

methoxy group forms an oxonium ion at the reducing end of the
oligosaccharide (scheme 2.4). This ion is observed as a peak 145 mass units

below the M± ion of the reductively aminated permethylated species. The
predominant ion in this series has m/z 1526.

Scheme 2.4 Oxonium Ion Formation
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These ions might also be formed by fragmentation of the molecular

ion, M. This possibility was investigated by performing collision induced
dissociation (CID) B/E=constant linked scan experiments on the M+ ion with

m/z 1671. The collision cell was placed in the first field free region of the

mass spectrometer and the B/E ratio was kept constant to scan for ions
produced by the ion with m/z 1671 (Figure 2.17). Fragmentation between

the nitrogen of the n-hexylamine and the carbon of the reducing end

N-

acetylglucosamine gives rise to an ion with m/z 1542. 1,5X-type cleavage of
any of the terminal mannose will produce the ion with m/z 1480 and Y-type
cleavage of any terminal mannose gives an ion with m/z 1451. The ion with
m/z 1280 is the result of B-type cleavage between the N- acetylglucosamine

with the elimination of methanol as a secondary fragmentation resulting
in an ion with m/z 1248. This secondary fragmentation is an indication of

the 1,4-linkage between the mannose and the N-acetylglucosamine. In

these experiments only a very low intensity ion with m/z 1526 was
observed indicating that the ions 145 mass units below M+ are not the result
of fragmentation of the ion with m/z 1671.

An improvement in the extent of reaction could be obtained if the pH

of each reaction was adjusted to pH 5-6 with acetic acid and the reaction
mixture was heated to 75°C for two hours instead of allowing it to stand

overnight (see experimental method 2). This procedure significantly
decreased the amount of under derivatization.
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Figure 2.17 Collision Induced Dissociation B/E=Constant Linked Scan
Spectrum of the M+ Ion with M/Z 1671. Matrix: 2/1 Thioglycerol/Glycerol
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To determine if this derivatization procedure could be applied to
oligosaccharides isolated by HPAEC-PAD, the oligosaccharides from 1.0mg

(66nmoles) of ribonuclease B were released and separated by HPAEC-PAD
(figure 2.18). The peak indicated by the arrow was isolated and subjected to

the reductive amination-permethylation procedure (method 2). The
derivatized sample afforded a spectrum that shows the molecular ion for
(Man)6(G1cNAc)2 with m/z 1875 and its fragment with m/z 1486 (figure

2.18). The molecular ion for (Man)5(G1cNAc)2 is also observed and is
believed to be due to chromatographic tailing in the collection procedure.
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Figure 2.18 High pH Anion Exchange Chromatogram of the Oligosaccharides

of Bovine Pancreatic Ribonuclease B and the Positive Ion Liquid Secondary

Ion Mass Spectrum of an Isolated Oligosaccharide of Bovine Pancreatic
Ribonuclease B. Matrix: 2/1 Thioglycerol/Glycerol
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2.2 Baculovirus-Expressed Mouse Interleukin -3

2.2.1 Acetolysis

Acetolysis was performed on the BmNPV produced mouse IL-3 and

the chloroform extractable fraction was screened for carbohydrate by
positive ion LSIMS. The spectrum obtained yielded several ions with m/z
ratios between 200-1200 (Figure 2.19). This spectrum can be divided into

four sections corresponding to monosaccharides, disaccharides,
trisaccharides, and tetrasaccharides with the majority of these ions being

assigned to acetylated carbohydrate fragments (B-type cleavage) or
protonated hydrolysis species (Table 2.4). These ions can be assigned to
deoxyhexose, hexose, and N-acetylhexosamine or a combination of these
species. Ions for deoxyhexose with m/z 273, 375 and hexose with m/z 331,

433 are observed as the most abundant ion in the spectrum. Ions with m/z
619, 636, 678, and 721 are assigned to disaccharides of hexose or hexose/N-

acetylhexosamine combinations. Three ions in the trisaccharide section of
the spectrum with m/z 823, 907, and 965 can also be assigned to hexose or

hexose/N-acetylhexosamine combinations. The ions in the tetrasaccharide

region of the spectrum with m/z 1094, 1136, and 1195 correspond to
tetrasaccharides containing deoxyhexose residues.

75

Figure 2.19 Positive Ion Liquid Secondary Ion Mass Spectrum of the
Acetolysis Mixture of BmNPV-Expressed Mouse Interleukin-3. Matrix: 2/1
Thioglycerol/Glycerol
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Table 2.4 Structural Assignment of the Ions Observed in the Positive Ion
Liquid Secondary Ion Mass Spectrum of the Acetolysis Mixture of BmNPVExpressed Mouse Interleukin-3

Saccharide Type
deoxyHex+

273

Hex+

331

Hex2+

619

Hex3+
HexHexNAcOH/1-1+

Saccharide Type

M/Z

OAc OAc

y,,,)-y0Ac
OAc 0 TO

907
636

M/Z

OAc 0 + 0
AcO

OAc

375

433

OAc OAc

HexHexNAcOAGH+

678

HexHexNAc20Ac/H+

965

OAc 0 + 0
AcO

Hex Hex NAcgdeoxyHexr

1136

HexHexNAcgdeoxyHexPAc/H+

1195

OAc

Hex()

OAc

721
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These data establish the presence of oligosaccharides on the
silkworm produced IL-3. Some structural information can be obtained from

this spectrum: 1. The oligosaccharides contain terminal deoxyhexose and

terminal hexose as shown by the ions with m/z 273 and 331, the fully
acetylated B-type fragments. 2. There are disaccharides of a hexose and Nacetyihexosamine combinations, also tri and tetrasaccharides of hexose and
N-acetylhexosamine with a stoichiometry of 1:2. This is consistent with the

known structures of N-linked glycans but does not rule out 0-linked
glycans with the lacto-N-biose type structures. 3. The di and trisaccharides
with m/z 619 and 907 indicate a possible oligohexose type structure. If these

are N-linked glycans they might possibly be high mannose type structures
although larger oligohexose ions would also be expected. The next step is to

determine the monosaccharide composition and the type of proteinoligosaccharide linkage.
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2.2.2 High pH Anion Exchange Chromatography of Monosaccharides

The neutral and amino monosaccharides of a glycoprotein can be
analyzed by direct hydrolysis of the glycoprotein with trifluoroacetic acid
(TFA) and analysis by HPAEC-PAD50. Hydrolysis of the intact recombinant

IL-3 (37.5pg, 2.2nmoles) with 2N TFA and analysis by HPAEC, using an
isocratic 10mM sodium hydroxide system, affords a chromatogram in which

four monosaccharides were observed (figure 2.20). Fucose, glucosamine,

glucose, and mannose, were identified by coelution with authentic
standards.

The presence of glucosamine, the hydrolysis product of Nacetylglucosamine, as the only aminosaccharide indicates that the
oligosaccharides are most likely N-linked. The absence of galactose and the

presence of mannose indicates that these glycans are mannosidic although,
the presence of fucose indicates that some processing toward complex type
oligosaccharides has taken place. The glucose that is present is believed to

be a contaminant, as it was found that the glucose ratio did not remain
constant over several analyses. This has been observed in other studies as
wel150.
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Figure 2.20 High pH Anion Exchange Chromatogram of the
Monosaccharides of BmNPV-Expressed Mouse Interleukin-3
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The absolute amount of each monosaccharide was determined by

making a calibration curve for the monosaccharide standards. Various
concentrations of a standard mixture of fucose, mannose, glucosamine, and

rhamnose, the latter serving as an internal standard, were used. The area
per molar amount of rhamnose was determined (A rhamn /Amt rhamn) and
the ratio of this area to the area of each monosaccharide was plotted vs. the
molar amount of the monosaccharide (Y vs. amount).

Y--A monosaccharide/(A rhamn /fit rhamn)
The data was fit by a least squares analysis using cricket graph software on
a Macintosh classic computer (Figure 2.21).

Figure 2.21 Monosaccharide Calibration Curve
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Table 2.5 High pH Anion Exchange Chromatographic Data of the
Monosaccharides Released from the BmNPV-Expressed lnterleukin -3

Monosaccharides

I

Area (cm)

I

Avarge
Area

Standard
Error

5.00

Y (10-9)

moles/moles IL-3

0.261

1.53

1.9

19.28

0.059

5.90

3.5

2.83

5.4

5.52
Fucose

4.81

4.68
19.17
Glucosamine

19.31

19.37

Mannose

9.00
9.35
9.46

9.27

0.135

Rhamnose

5.94
6.44
6.44

6.27

0.167
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Rhamnose (9.59nmoles), was added to the IL-3 prior to hydrolysis.
The amount of each monosaccharide released from IL-3 was determined by

making three HPAEC injections (104 out of 504) and calculating the

average area of each chromatographic peak. The R values for each

monosaccharide were determined and the molar amount of each
monosaccharide was then calculated per mole of IL-3 (Table 2.5). For
example the amount of fucose released by hydrolysis is:

Yf=Afucose/(Arhanui/Aintrhamn)

In a 104 injection:

Amount rhamnose=9.59nmoles(10/50)
Amount rhamnose=1.92nmoles

From table 2.5:

Yf=5.00/(6.27/1.92nmoles)
Yf=1.53x10-9

From the calibration curve: X=Yf+0.30163/2.1946
X=1.53+0.30163/2.1946
X=0.835nmoles

In a total of 50p.1 there are: 0.835nmoles(50/10)=4.18nmoles
Therefore, there are 4.18nmoles/2.2nmoles IL-3 or 1.9moles fuc/mole IL-3
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2.2.3 Liquid Secondary Ion Mass Spectrometry of the Oligosaccharide
Mixture

Treatment of 240gg (13.8 nmol) of the reduced and denatured IL-3

with PNGase F followed by reductive amination (method 1) and
permethylation was used to obtain a positive ion LSIMS (Figure 2.22). Three

ions with m/z 1059, 1233, and 1437 are believed to be molecular ions with
the monosaccharide compositions of (Man)2(G1cNAc)2-N+(CH3)2-n-Hexyl,

(Man)2(Fuc)(G1cNAc)2-W(CH3)2-n-Hexyl, and (Man)3(Fuc)(G1cNA02N+(CH3)2-n-Hexyl. Fragment ions at m/z 668 and 872 are the result of Btype cleavage between two N-acetylglucosamine residues (Scheme 2.4). The
loss of methanol from both of these ions to give peaks with m/z 636 and 840
indicates that the bond between Man-G1cNAc is a 1,4-linkage. Two ions at

m/z 1088 and 914 are the result of incomplete derivatization by nhexylamine and can be assigned to oxonium ions with the composition of
(Man)2(Fuc)(G1cNAc)2+ and (Man)2(G1cNAc)2+. Ions that were observed

with much lower intensity with m/z 1641 and 1682 are believed to be the M±

ions

for

(Man)4 (Fuc)( GlcNAc) 2 -N+ ( CH3 )2 -n-Hexyl

and

(Man)3(Fuc)(G1cNAc)3-N+(CH3)2-n-Hexyl respectively (Figure 2.22). An ion

with m/z 1671 could not be assigned. The monosaccharide composition of

these oligosaccharides correspond to oligosaccharides with native
molecular weights of 731, 877, 1039, 1201, and 1242 Da (scheme 2.5).
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Figure 2.22 Positive Ion Liquid Secondary Ion Mass Spectrum of the
Oligosaccharides Released from BmNPV-Expressed Interleukin-3. Matrix:
2/1 Thioglycerol/Glycerol
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Scheme 2.5 The Assigned Structure and Observed Mass Spectral Fragment

Ions of the Oligosaccharide Released from BmNPV-Expressed Mouse
Interleukin -3. Native Molecular Weight is the Molecular Weight of the
Oligosaccharide as Bound to the Protein
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Information on the sequence of the major oligosaccharide with m/z

1233 was obtained by CID B/E=constant linked scanning. As with the
ribonuclease B, the collision cell was placed in the first field free region of
the mass spectrometer and the B/E ratio was kept constant to scan for ions
produced by the oligosaccharide with m/z 1233. Several ions were observed

in this spectrum between m/z 1230-600 (Figure 2.23). Ions with m/z 1073,
1043, and 839 were assigned to fragmentation by 1,5X-type cleavage of the

fucose and the two mannose residues respectively (Figure 2.23). An ion
with m/z 793 comes from Z-type cleavage between a mannose and an N-

acetylglucosamine and, B-type cleavage between the two N-

acetylglucosamine residues gives rise to the ions with m/z 668 and the
elimination of methanol with m/z 636. An ion with m/z 1104 is the result of
cleavage between the n-hexylamine and the N-acetylglucosamine. The ions

with m/z 1201 and 1171 are believed to come from the elimination of one
and two molecules of methanol. Attempts at the CID B/E=constant linked
scan experiments on the oligosaccharides with m/z 1437 and 1059 did not
give useful information due to their low abundance.

These data establish that this oligosaccharide is a linear structure

with two mannose residues linked successively to a chitobiose type
disaccharide. The fragment ions with m/z 1043 and 839 show that the two
mannose residues are linked to each other and rules out the possibility that

they both have glycosidic linkages to the N-acetylglucosamine. This is
supported by the Z-type fragment ion with m/z 793 . The fucose can only be

linked to the reducing end N-acetylglucosamine as indicated by the B-type
fragment ion with m/z 668.

Methyl ethers have been omitted for clarity

1164

M/Z

1073
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2.2.4 High pH Anion Exchange Chromatography of the Oligosaccharides

The

oligosaccharides

on

the

intact recombinant

IL-3

(45014,25.8nmoles) were released by PNGase F treatment. The protein was

separated from the oligosaccharides by ultrafiltration and the low
molecular weight fraction was desalted by centrifugal gel filtration. The
sample was concentrated to dryness and then dissolved in 1004 of water
for HPAEC analysis.

Chromatography was achieved using a shallow acetate gradient at a

constant sodium hydroxide concentration. The chromatogram obtained
shows that there is a single major peak and several minor peaks (Figure

2.24). An estimate of the relative ratios between the three predominant

peaks, peaks 1, 2, and 4, were determined by obtaining a single
chromatogram with peak 1 on scale (64, out of 100a, analyzed) and
determining the ratio between peak 1 and peak 4, then obtaining another
chromatogram with peak 2 large enough to determine its area relative to
peak 4 (15AL out of 1004L analyzed). Two separate injections were needed

due to the relative intensities of peak 1 and peak 2. When an injection was
made so that peak 1 was on scale, peak 2 was too low in intensity to obtain a

good measurement of its area. Therefore, injections were made so that both

of these areas could be determined relative to peak 4. Peak areas were
calculated and the ratios were determined, peak 1 to peak 4 (6.6/1.0) and
peak 2 to peak 4 (1.0/4.4). A comparison of this chromatogram with that of
an authentic fucosylated trimannosyl core N-linked glycan shows that peak
4 elutes with the same retention time as this standard (Figure 2.24).
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Figure 2.24 High pH Anion Exchange Chromatogram of the Oligosaccharides

Released from the BmNPV-Expressed Mouse Interleukin -3. Overlay shows
the elution time of a Fucosylated Trimannosyl Core Oligosaccharide
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The absolute amount of each of the most abundant peaks were
determined by calculating the amount of peak 4 in each chromatographic
experiment used to obtain the relative ratios. A calibration curve was made

using the fucosylated, trimannosyl core oligosaccharide standard, and the

least squares method was used to obtain the absolute amount of peak 4 in
each analysis (Figure 2.25). This assumes that peaks 1, 2 and 4 are produced

by oligosaccharides with the same detector response as the oligosaccharide
standard.

Figure 2.25 Calibration Curve for the Fucosylated Trimannosyl Core
Oligosaccharide
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From the calibration curve:

X=Y+0.19243/14.336

Y=Area of peak 4 in each analysis

Y=5.7 cm2 (151L) and 2.4cm2 (64)

In a 15gL injection the amount of peak 4 is:

X=5.7+0.19234/14.336
X=0.411nmoles

In a 6p.L injection the amount of peak 4 is:

X=2.4+0.19234/14.336
X=0.18 lnmoles

Using the ratios between peaks 1 and 4, and between peaks 2 and 4 an
estimate of the amount of each peak was calculated:

In a 15gL injection:

Peak 2 = 0.411nmoles/4.4 = 93.4pmoles

92

In a 611.L injection:

Peak 1 = 0.181nmoles x 6.6 = 1.19nmoles

The total volume of the solution used for chromatographic analysis was
1001.L.Therefore, the total amount of oligosaccharide in each peak would be:

Peak 1 = (1.19nmoles/6p1, )1004
Peak 1 = 20nmoles

Peak 2 = (93.4pmoles/151L)1004
Peak 2 = 623pmoles

Peak 4 = (0.411nmoles/15tL)1004
Peak 4 = 3nmoles

There were a total of 25.8nmoles of recombinant mouse IL-3 used for this
analysis therefore, the molar ratio of IL-3 to peak 1 is 1/1, peak 2 is 0.03/1,
and peak 4 is 0.1/1.
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2.2.5

Liquid Secondary Ion Mass Spectrometry of the Isolated

Oligosaccharides

The peaks separated by HPAEC were collected and subjected to nhexylamine derivatization (method 2) and permethylation. The positive ion

LSIMS analysis of these peaks afforded spectra in which the major ions
observed could be assigned to the same oligosaccharides observed in the
LSIMS analysis of the mixed oligosaccharides.

The spectra obtained from both peak 1 and peak 3 (Chromatogram in

figure 2.24) afforded molecular ions with m/z 1233 (Table 2.6). The
spectrum obtained from peak 1 also showed ions from B-type fragmentation

with m/z 668 and 636. This is consistent with the monosaccharide
composition of (Man)2 (Puc)(GlcNAc)2-N+( CH3 )2-n-Hexyl. Although the

oligosaccharides isolated from peak 1 and peak 3 produce the same
molecular ion, peak 1 is the predominant peak in the chromatogram. The

predominant species observed in the LSIMS analysis of the mixed
oligosaccharides was shown to be a linear species (figure 2.23). It is
therefore, believed that the oligosaccharide isolated as peak 1 is the same
linear species. The oligosaccharide isolated as peak 3 elutes later than peak
1 but has the same molecular weight. This is believed to be an isomer of the

predominant species, most likely differing in the glycosidic linkage of one
of the monosaccharide residues.

The spectrum obtained from peak 2 shows two predominant ions with
m/z 1233 and 1059 (Table 2.26). The ion with m/z 1059 is consistent with the

monosaccharide composition of (Man)2(G1cNAc)2-N±(CH3)2-n-Hexyl. An

ion for the B-type fragment between the N-acetylglucosamine residue is

94

observed with m/z 668. The ion with m/z 1233 is believed to arise from
incomplete separation rather than being a discrete form isolated from peak
2. Base line resolution was not achieved between peak 1 and peak 2 and

chromatographic carry over is the most likely source of this species. The

oligosaccharide isolated as peak 2 has a retention time that is slightly
longer than the oligosaccharide isolated as peak 1 (Figure 2.24). This is
consistent with the observed behavior of oligosaccharides during

HPAEC

analysis when a 1,6-linked fucose is removed from the reducing end Nacetylglucosamine49,53.

Peak 4, the second largest peak in the chromatogram, afforded a
spectrum with a molecular ion that is consistent with the monosaccharide
composition (Man)3(Fuc)(G1cNAc)2-N+(CH3)2-n-Hexyl with m/z 1437 and B-

type fragment ions with m/z 873 and 841 (Table 2.6). The monosaccharide

composition of this oligosaccharide is identical to that of the fucosylated
trimannosyl chitobiose core oligosaccharide. This oligosaccharide standard
also elutes with the same retention time as the oligosaccharide isolated as
peak 4.

Peak 5 and peak 6, which were collected together, afforded a
spectrum with molecular ions with m/z 1437 and 1682. The ion with m/z
1682 corresponds to an oligosaccharide with a monosaccharide composition
of (Man)3(Fuc)(G1cNAc)3-N+( CH3)2-n-Hexyl. This oligosaccharide has one

more N-acetylglucosamine residue than the oligosaccharide with m/z 1437

isolated from peak 4. This residue is believed to be a terminal Nacetylglucosamine extending the oligosaccharide chain as indicated by a Btype fragment with m/z 1117.
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The ion with m/z 1437 in this spectrum is believed to be an isomer of the

oligosaccharide isolated from peak 4. As with peak 3, it is reasonable to
believe that this oligosaccharide differs from the oligosaccharide isolated

from peak 4 by a difference in linkage position of a monosaccharide
residue. It has been observed that retention time decreases on branching of
the oligosaccharide when analyzed by HPAEC49. This might be the situation
in this case.

Table 2.6 Assignment of the Ions Observed from the Positive Ion Liquid
Secondary Ion Mass Spectra of the Isolated Oligosaccharides Released from
the BmNPV-Expressed Mouse Interleukin -3

Isolated Peak

I

1

2

3
4

5,6

I

M+

I

Fragment Ions

I

Oligosaccharides

1233

668,636

(Man)2(Fuc)(GIcNAc)2

1233
1059

668

(Man)2(Fuc)(GIcNAc)2
(Man)2(GIcNAc)2

1233

I

1437

1

1437
1682

I

873,841

1117

I

(Man)2(Fuc)(GIcNAc)2
(Man)3(Fuc)(GIcNAc)2
(Man)3(Fuc)(GIcNAc)2
GIcNAc)(Man)3(Fuc)(GIcNAc)2
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2.2.6 Matrix Assisted Laser Desorption Time of Flight Mass Spectrometry

Recent developments in the application of matrix assisted laser
desorption time of flight mass spectrometry (MALD-TOFMS) to the analysis

of large biomolecules has opened the door to accurate mass measurement of

proteins and peptides86-91. This technique is tolerant of the buffers and

most of the chaotropic reagents used for protein analysis. The technique

also has very low detection limits, typically requiring 1 to 5 pmoles of
protein applied to the probe.

The data obtained from the HPAEC and LSIMS experiments are
supported by the data obtained from MALD-TOFMS experiments with the
glycosylated and deglycosylated silkworm produced mouse IL-3. The MALD-

TOF mass spectrometric analysis of the intact IL-3 gave a spectrum with a

single major peak with m/z 17,422 (figure 2.26A). This ion corresponds to

the MH+ ion for the protein that is glycosylated with two of the
oligosaccharides with native molecular weight of 877Da found on the IL-3
by LSIMS. Peaks with m/z 8707 and 5808 can be assigned to the (M+2H+)2+
and (M+3H+)3+ ions respectively.

Treatment of the IL-3 with PNGase F, without prior reduction of the
disulfide bonds or denaturation, affords a spectrum in which the peak for

the fully glycosylated species is nearly gone (figure 2.26B). The two
predominant high mass peaks with m/z 16,554 and 15,668 can be assigned to

IL-3 with one oligosaccharide removed and the fully deglycosylated IL-3 in

a ratio of about 1:1. Peaks for the doubly charged species are observed with

m/z 8272 and 7835, and the triply charged species are observed with m/z
5520 and 5223.
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Figure 2.26 Positive Ion Matrix Assisted Laser Desorption Time of Flight

Mass Spectra of the Native (A), Partially Deglycosylated (B), and Fully
Deglycosylated (C) BmNPV-Expressed Mouse Interleukin-3. Matrix: 4Hydroxy-a-cyanocinnamic add (HCCA)
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Complete deglycosylation was achieved only when the protein was

denatured and the disulfide bonds were reduced. The IL-3 was denatured
with guanidine hydrochloride and the disulfide bonds were reduced with 13mercaptoethanol. Treatment of the reduced and denatured IL-3 with PNGase
F followed by MALD-TOFMS afforded a spectrum that shows a broad peak

with m/z 15,824 (figure 2.26C). This ion can be assigned to the fully
deglycosylated IL-3 with two equivalents of fl-mercaptoethanol bound to it.
Peaks observed with m/z 7912 and 5277 are assigned to the doubly and triply
charged species.

These data show that the silkworm produced IL-3 is glycosylated with

two oligosaccharides, each with molecular weight 877. These data are
consistent with the LSIMS and the HPAEC analysis which shows that the

major oligosaccharide isolated from this glycoprotein has a native
molecular weight of 877.

The HPAEC data shows that the major oligosaccharide released from

the recombinant IL-3 was observed in a 1:1 molar ratio with the
glycoprotein. These oligosaccharides were released from the IL-3 without
prior denaturation or reduction of the disulfide bonds. MALD-TOFMS of this
sample affords a spectrum identical to that shown in figure 2.26B. Thus the

1:1 molar ratio obtained from the HPAEC data was a result of incomplete
release of the oligosaccharides and is consistent with the MALD-TOFMS data.
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2.2.7 Linkage Analysis

The glycosidic bond position between monosaccharide residues of an

oligosaccharide can be determined by GC-MS analysis of the partially
methylated alditol acetates (PmAA)62-65. This method was used to determine

the linkage position of the monosaccharide residues of the major
oligosaccharide of the recombinant IL-3. Since the monosaccharide
composition was known from the HPAEC analysis, and the sequence of the
oligosaccharide was shown to be linear by the CID B/E=constant linked scan

experiments, the number and type of monosaccharides needed to make the
PMAA standards for the analysis could be narrowed.

The PMAAs were synthesized from available monosaccharides,
disaccharides, and oligosaccharides containing mannose, fucose, and N-

acetylgiucosamine with the proper linkage positions (scheme 2.5).

A

glucose oligomer, maltotriose, was used as a source of 1,4-linked glucose; a

contaminant from cellulose dust that is sometimes observed in this type of
analysis92. The gas chromatographic retention times of each of the PMAA

standards were determined using two columns of differing polarity92. The

retention times were recorded with respect to an external standard, myo-

inositol hexaacetate (table 2.7). The identification of each standard was
made by mass spectrometry using both electron impact ionization and
methane chemical ionization in the positive ion mode.
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Scheme 2.6 Monosaccharides, Disaccharides, and Oligosaccharides used as
Standards for Linkage Analysis

CHH02....:Z:"--OCH,
HO
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MH+
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264
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t-Man

0.604
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0.375
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0.663
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0.377
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1.218
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1.000

0.718

0.741

0.718
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0.441
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a. Relative to myo-inositol hexaacetate.
b. Only expected ions shown. See experimental
for complete list of selected ions.
c. Not detected.
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Ambiguous data is obtained when using either chromatographic
column. On both columns terminal mannose and terminal glucose elute
with essentially the same retention time (table 2.7). When using the least
polar column (SE 54) the PMAA of the 3-linked mannose and that of the 4-

linked glucose coelute. When using the most polar column (DB 23) the
PMAAs of 2-linked mannose and that of the 3-linked mannose coelute.

These data taken together eliminate most of the ambiguity. Terminal
mannose and terminal glucose remain the only ambiguous residues.

The major oligosaccharide of the silkworm produced IL-3, released
by PNGase F and isolated by HPAEC was converted to PMAAs after desalting

on a centrifugal size exclusion microcolumn. These were analyzed by
methane chemical ionization in the positive ion mode using selected ion
monitoring62. The ions monitored were MH+ for the aminosaccharides and

(MH+-60)+, the elimination of acetic acid from the protonated neutral
saccharides.

Retention times for PMAAs obtained from the major oligosaccharide

of recombinant IL-3 are tabulated in table 2.7. The peaks observed using an

SE 54 column had the retention times for terminal fucose, 6-linked
mannose, 4-linked N-acetylglucosamine, and 4,6-linked Nacetylglucosamine. There also were peaks with the retention times of
terminal mannose or terminal glucose and 3-linked mannose or 4-linked
glucose. The data obtained using the DB 23 column showed that the only

monosubstituted mannose is a 6-linked mannose and that there is a
significant amount of 4-linked glucose.
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These results, taken together with data obtained from HPAEC and
LSIMS analysis, shows that the major oligosaccharide on the recombinant
mouse IL-3 expressed in silkworm has the structure shown in scheme 2.7.

Terminal mannose is linked to a second mannose through a 1,6-glycosidic
linkage. This monosubstituted mannose is bound to N-acetylglucosamine
through a 1,4-glycosidic linkage. The N-acetylglucosamine is bound to a

disubstituted N-acetylglucosamine through a 1,4-glycosidic linkage
forming a chitobiose type disaccharide core unit as would be expected for

N-linked glycans. The other substituent bound to this residue is terminal
fucose in a 1,6-glycosidic linkage.

Scheme 2.7 Structural Assignment of the Major Oligosaccharide on BmNPVExpressed Mouse Interleukin-3
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2.2.8 Exoglycosidase Analysis

The use of exoglycosidase hydrolysis for the structural study of

glycoprotein oligosaccharides has been standard practice for many
years55,93. The procedure calls for labeling the oligosaccharide with
tritium for detection, then eluting it from a gel filtration column. It's
elution volume is compared to those of a mixture of glucose oligomers. The

labeled oligosaccharide is then sequentially treated with various
exoglycosidases and it's elution volume is determined after each treatment

and compared to the glucose oligomer standards. Monosaccharide type,
sequence, number, and anomeric conformation are all assigned based on
the shift in elution volume.

HPAEC-PAD has recently been applied to exoglycosidase analysis94.

This works well for larger oligosaccharides who's retention time changes
significantly with the removal of monosaccharides but does not elute with

the monosaccharides being removed. This technique does not work well
when applied to smaller oligosaccharides. The chromatographic peak of

interest may be obscured by the peaks of the monosaccharides being
trimmed off.
Another approach would be to use MALD-TOFMS and observe the shift

in molecular weight of glycopeptides after exoglycosidase digestion. This

was the approach taken to assign the anomeric conformation of the major
oligosaccharide on silkworm produced IL-3.
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Concurrent studies performed in this laboratory showed that two of
the four sites of N-glycosylation contained oligosaccharide95. Using lysylendopeptidase C (Lys-C), an enzyme that cleaves the peptide bonds at lysine

on the C-terminal side (figure 2.27), Asn-16 and Asn-86 were found to be

glycosylated primarily with the major oligosaccharide found in this study
(Table 2.8). The MALD-TOFMS studies on the deglycosylated IL-3 support this

finding (figure 2.26B). The two Lys-C glycopeptides Ll (Asn-16) and L8

(Asn-86) are large enough in mass so as not to be obscured by low
molecular weight matrix peaks. Therefore, this enzyme was chosen for the
exoglycosidase study.

The silkworm produced IL-3 was treated with Lys-C and the resulting
peptide mixture was analyzed by positive ion MALD-TOFMS. The spectrum

obtained between m/z 2500 and 4500 contained molecular ions for both
glycopeptides Ll with m/z 3294 and L8 with m/z 3857 (figure 2.28A, table
2.8). There also was observed two smaller ions with m/z 3148 and m/z 3710

which could be assigned to the peptides glycosylated with the
oligosaccharide with native molecular weight of 731 (figure 2.28A). A peak

that could be assigned to the triglycopeptide L1-L8-L10 bound together by
disulfide bonds with m/z 11,119 (figure 2.28B, table 2.8), also was present.

Treatment of the peptide mixture with bovine epididymus afucosidase and analysis by MALD TOFMS afforded a spectrum of L8 whose

molecular ion peak was shifted 147 amu to m/z 3710 (figure 2.29, table 2.9).

The assignment of the molecular ion peak for Ll was not as clear. A new
peak with m/z 3147 was observed that corresponds to a shift in mass of 147
amu but this peak was very low in intensity. There was also a molecular ion

peak for Ll with m/z 3294 of about the same intensity as the truncated Li
molecular ion peak with m/z 3147.
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Table 2.8 Lysyl-Endopeptidase C Peptides Observed by Mass Spectrometry

MR+

MH+

M1-1+

Peptide

Sequence

Calculateda

Observed by LSIMSb

Observed by
MALD-TOFMSd

L1+731

1-22

3146

3146

3148

L1+877

1-22

3292

3293

3294

L2

23-27

560

559

L3

28-34

826

826

L2,L3

23-34

1367

1366

L4

35-45

1232

1232

L5

46-54

1107

1107

L6

55-71

2011

2011

L7

72-76

590

589

L8+877

77-103

3858

3858

L9

104-104

147

ndb

L10

105-140

3973

3973

L1+L8+L10

11,117

a. Calculated avarge mass. All masses are rounded to the nearest interger
b. Not detected
c. Ref. 95
d. Glycopeptides observed in this study

3857

3973
11,119
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Figure 2.28 The Lys-C Glycopeptide Region Positive Ion Matrix Assisted

Laser Desorption Time of Flight Mass Spectra Obtained from BmNPVExpressed Mouse Interleukin-3. (A)Low Mass and (B) High Mass. Matrix:
HCCA
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Table 2.9 Molecular Ions of the Exoglycosidase Glycopeptides
MN* After Exoglycosidase Treatment

Calculated MN+

Glycopeptide

MH+

a-Mannosidase
Calculated

Observed

aFucosidase

a+PMannosidase
Calculated

Observed

Calculated

Observed

11+877

3292

3130

3132

2968

2968

3146

3147

L8+877

3858

3696

3693

3534

3533

3712

3710

Figure 2.29 The Ll and L8 Region Positive Ion Matrix Assisted Laser
Desorption Time of Flight Mass Spectrum Obtained After Bovine Epididymus
a-Fucosidase Treatment. Matrix: HCCA

5905
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4428
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These data indicate that the fucose of the oligosaccharide at Asn-86 is

a terminal residue bound through an a-glycosidic linkage. The fucose of

the oligosaccharide at Asn-16 is believed to be bound through an aglycosidic linkage but this conclusion is somewhat tenuous because of the
peak's low intensity.

Digestion of the peptide mixture with jack bean meal a-mannosidase
and analysis by MALD-TOFMS afforded a spectrum in which an ion with m/z

3132 could be assigned to the Ll peptide molecular ion peak shifted in mass
by 162 amu, the mass of a single mannose residue (figure 2.30A, table 2.9).

This indicates that the oligosaccharide at Asn-16 has a terminal mannose

bound with an a-glycosidic linkage. Again the results of the other
glycopeptides are not as clear. The intact L8 peptide molecular ion with m/z

3857 was still observed after a-mannosidase digestion but with lower
intensity. No peak was observed 162 amu below L8 molecular ion peak
although a large broad peak with m/z 3674 could obscure the detection of
this peak.

The a-mannosidase mixture was treated with helix pomatia 0mannosidase. A peak with m/z 2968 was observed and could be assigned to

the Ll peptide molecular ion which was shifted another 162 amu (figure
2.30B, table 2.9). This shift shows that the next monosaccharide residue of

the oligosaccharide at Asn-16 is a n-linked mannose. A small peak in the

spectrum with m/z 3531 is consistent with the L8 peptide molecular ion
with two mannose residues removed. This is taken as an indication that the

a-mannosidase and 13-mannosidase have acted sequentially on the
oligosaccharide residues at Asn-86. Therefore, the mannose residues on the

oligosaccharide at Asn-86 are believed to have the same anomeric
conformation as those at Asn-16.
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Figure 2.30 The Ll and L8 Region Positive Ion Matrix Assisted Laser
Desorption Time of Flight Mass Spectra Obtained After Jack Bean Meal aMannosidase (A) and Helix pomatia 13-Mannosidase Treatment (B). Matrix-.
HCCA

2000
L1-Man

3132

3674

A

3973

150

:a
co

100

0
50

\ivoY

0
2500

viivAwk4

3d00

3500

4000

4500

M/Z
3673
B

L1-2Man

2968

L8-2M an

3531

\it*
2999

3499

M/Z

3998

4498

112

The a-and 13-mannosidase experiments were repeated to try to obtain
better data for the oligosaccharide attached at Asn-86. Treatment of the LysC peptides with jack bean meal a-mannosidase followed by MALD-TOFMS

analysis afforded the spectrum showing molecular ion peaks
corresponding to Ll that were of low intensity (figure 2.31A). These were

also obscured by other peaks. However, the L8 molecular ion peaks were
easily observed. A peak with m/z 3693, which is 162 amu below the intact

glycopeptide, was observed. This corresponds to the hydrolysis of one
mannose residue (table 2.9). Therefore, L8 peptide is susceptible to amannosidase, an enzyme that hydrolyzes only terminally bound a-linked

mannose residues. This is taken as evidence for a terminal a-linked
mannose. This peak was shown to be susceptible to helix pomatia 13mannosidase by the appearance of a peak with m/z 3533 (figure 2.31B, table

2.9). These data show that both of the major oligosaccharides at Asn-16 and

Asn-86 have the same monosaccharide sequence and anomeric
conformation for their glycosidic bonds as shown in scheme 2.8.
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Figure 2.31 The Li and L8 Region Positive Ion Matrix Assisted Laser
Desorption Time of Flight Mass Spectrum Obtained After Jack Bean Meal a-

Mannosidase (A) and Helix pomatia 8-Mannosidase Treatment (B). Matrix:
HCCA
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Scheme 2.8 Structure of the Major Oligosaccharide on BmNPV-Expressed
Mouse Interleukin-3

HO
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2.3 Conclusion

The results of this study show that the BmNPV-expressed mouse IL-3

produced by infected silkworm larva is heterogeneously glycosylated with

N-linked oligosaccharides. These oligosaccharides are truncated core

structures containing two to four mannose residues. Most of the
oligosaccharides are fucosylated with just one oligosaccharide observed

containing a non-chitobiose core N-acetylglucosamine. These results

indicate that the silkworm has the ability to perform some limited
processing of the oligosaccharides but cannot produce the complex-type
oligosaccharides found on vertebrate glycoproteins.

The findings of this study are consistent with other insect
glycoprotein oligosaccharides. Honey bee venom phospholipase A2, for

example, was found to have fucosylated high mannose-type
oligosaccharides26. The largest of these oligosaccharides has a terminal N-

acetylglucosamine. Another example is the processing of the
oligosaccharides on influenza virus hemagglutinin produced by fall
armyworm using a baculovirus expression system. These were found to be

both high mannose and truncated core type structures with some of the
truncated oligosaccharides containing fucose residues35. All of the insect

produced truncated structures reported to date contain at least three
mannose residues. This is the first reported observation of trimming
beyond the tri-mannose core for insect produced glycoproteins.

The initial studies with n-hexylamine,

maltotetraose, and

maltoheptaose show that this derivative affords mass spectral sensitivities

comparable to those reported for the p-aminobenzoate ester derivatives.
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The extent of conversion for this reaction is superior to that reported for

the p-aminobenzoate esters. Permethylation of the reductively aminated
oligosaccharides consistently gave intense molecular ions, M+, with little

undermethylation. The experiments with the model glycoproteins show
that this procedure can be directly applied to the analysis of mixtures of
Asn-linked oligosaccharides or the oligosaccharides isolated by HPAEC-PAD.

This procedure was applied to the oligosaccharides released from the

recombinant mouse IL-3. The localized charge at the amine nitrogen
allowed for the unambiguous sequencing of the major oligosaccharide

released from the recombinant mouse IL-3 by CID charge remote
fragmentation.

The use of matrix assisted laser desorption time of flight mass
spectrometry for exoglycosidase analysis of glycopeptide mixtures proved

to be quite useful. The shift in molecular weight of the glycopeptide of
interest could be observed by direct analysis of the reaction mixture. By

observing the glycopeptide rather than the oligosaccharide, far less
glycoprotein was used for the analysis than would have been needed for a

conventional analysis. The problems that occurred were the varying
intensities of the glycopeptides and over lapping peaks which sometimes

made the spectrum difficult to interpret. Further refinements of this
technique are needed to correct for these problems.
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Chapter 3

Experimental

Maltotetraose, maltoheptaose, methyl dimannosylpyranosides,
chitotriose, methyl fucopyranoside, bovine pancreatic ribonuclease B,
human transferrin, equine cytochrome c, guanidine hydrochloride sodium
cyanoborohydride, nonidet P-40 (NP-40), sodium lauryl sulfate, sephadex G-

10 gel (40-120m) and p-mercaptoethanol were purchased from Sigma.
Sodium borodeuteride was purchased from Aldrich. Bio-Gel P-2 (130m) was

purchased from Bio Rad. DMSO, silylation grade, and reacti vials were
purchased from Pierce. n-Hexylamine was from Matheson Coleman and
Bell. Iodomethane >99% and sodium acetate >99.5% were purchased from

Fluka. Fucosylated trimannosyl chitobiose core oligosaccharide was
purchased from Dionex. Sodium hydroxide was reagent grade. PNGase F was

purchased as N-glycanase (E.C.3.5.1.52.) from Genzyme as a glycerol free

preparation. Jack bean meal a-mannosidase, Helix pomatiap-mannosidase,

bovine epididymus a-fucosidase, sodium acetate buffer, and sodium
citrate/phosphate buffer were purchased from Oxford Glycosystems. Lysyl-

endopeptidase C was purchased from Wako. Ultrafiltration systems were
purchased from Amicon. Purified silkworm expressed mouse interleukin-3

and the crude silkworm hemolymph (0.5% IL-3) were a gift from DNAX
Research Institute of Molecular and Cellular Biology, Palo Alto, CA. The IL-3

was purified from the hemolymph by anion exchange chromatography and
RP-HPLC95. Glacial acetic acid (HPLC grade) and acetic anhydride were

Baker analyzed. All solvents were HPLC grade and water was purified by
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passage through a Milli-Q purification system. All reactions were
performed in lmL 3mL, or 5mL Reacti vials which had been treated with
dichlorodimethylsilane. All enzymatic digests were performed in 1.5mL
Eppendorf flex-tubes.

3.1 Reductive Amination

3.1.1 Method 171

3.1.1A Maltotetraose and Maltoheptaose

The oligosaccharides, usually -1.0mg (0.9gmoles-1.5gmoles), were
dissolved into 200.04 of a 1:1 (v/v) of water and ethanol. If a solid remained

up to 20.04 of water was added to completely dissolve the oligosaccharide.

50.0pL (376 pnoles) of freshly distilled n-hexylamine was then added.
Glacial acetic acid, 20.0a (349gmoles) was then added and the solution was

mixed. This was allowed to stand at room temperature for approximately 3
hours. To this solution 100.04. of an aqueous 1.5M sodium cyanoborohydride
solution (45gmoles) was added. This was mixed and allowed to stand at room

temperature for 18 hours. The solution was then extracted with 3 x 3004 of

chloroform and the aqueous layer was concentrated under a stream of
nitrogen to -504. The derivatized oligosaccharides were desalted for HPAEC
or LSIMS by centrifugal size exclusion gel filtration.
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3.1.1B Glycoprotein Oligosaccharides

The oligosaccharides released from 2.1mg (27nmoles) of human

transferrin, 1.9mg (112nmoles) bovine ribonuclease B, and 24014
(14nmoles) recombinant mouse IL-3 were derivatized as above. Volumes
used were:

Transferrin

Ribonuclease B

IL-3

H20/Et0H

2001k

200pL

50pL

Acetic acid

154

204

54

n-Hexylamine

50pL

50pL

154

1.0M NaBH3CN

200pL

200pL

30pL

3.1.2 Method 2

3.1.2A Ribonuclease B and Recombinant Mouse Interleukin-3

The oligosaccharides released from ribonuclease B (1.0mg, 59nmoles)

or isolated from the recombinant mouse IL-3 were dissolved in 50.0gL of
water. To this was added 5.04L of distilled n-hexylamine (38p.moles) and
38.0p1, of a 1.0M solution of sodium cyanoborohydride in absolute ethanol.

Glacial acetic acid was then added until the solution reached -pH 5-6. This

was flushed with nitrogen, capped, and heated at 750C for 2-3 hours. On
cooling to room temperature 504L of water was added and the solution was

extracted with 3x50pt of dichloromethane. The aqueous layer was desalted
by centrifugal size exclusion gel filtration.
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3.1.2B Derivatization of Maltoheptaose for Sensitivity Studies

Maltoheptaose 4.1mg (3.6gmoles), was dissolved into 400.04 of a

1:1(v/v) mixture of water and ethanol. 400.04 (3.0mmoles) of

n-

hexylamine and 5004 of 1.0M sodium cyanoborohydride in 1:1 (v/v) water
and ethanol were added. The solution was brought to pH 6 with glacial acetic
acid. This was then heated for 2 hours at 75 °C. About lmL of water was added

to this solution and the reaction mixture was then extracted with 3xlmL

chloroform. The aqueous layer was then concentrated to -1mL with

a

stream of nitrogen for desalting. The derivatized oligosaccharide was then

desalted on a size exclusion gel filtration column. The column, a 5mL
lurlock glass syringe, was packed with sephadex G10 gel (molecular weight

cutoff 700Da) as a slurry in water. The derivatized oligosaccharide was
eluted from the column with water. Fractions of 0.5mL were collected and
tested for carbohydrate by the orcinol spot method. The fractions that tested

positive for carbohydrate were transferred to preweighed vials and
lyophilized. This desalting procedure was repeated until the amount of

derivatized oligosaccharide isolated was below the theoretical yield
(3.6pmoles). Isolated yield: 2.6mg (2.1pmoles) 58% yield.

The isolated oligosaccharide was dissolved in 200.0pI of water. An
aliquot of 100.0pL (1.05p.moles) was transferred to a reacti vial, lyophilized,

and placed in a vacuum dissector over P2O5 prior to permethylation. After

the oligosaccharide was permethylated it was dissolved into 4.8mL of
acetonitrile to give a 78.84M solution. This was then used to make solutions

of 39.311M, 19.7jiM, 9.8pM, 5.0pM, and 2.5p,M in

2:1

(v/v) 2-

thioglycerol/glycerol mixed 1:1 (v/v) with water. An aliquot 12.0p1
(126nmoles) of the other half was used to check the extent of the reaction
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by HPAEC. The remaining 0.92p.moles were used to make solutions of 50.5p,M,

25.3pM, 12.511M, and 8gM in 2:1 (v/v) 2-thioglycerol/glycerol mixed 1:1
(v/v) with water.

3.2 Orcinol Spot Assay

Approximately 11A from each chromatographic fraction to be tested

was spotted onto a TLC plate. The plate was sprayed evenly with an orcinol

reagent (0.1% orcinol in 4N sulfuric acid). This was heated on a hot plate

for 15 minutes. A carbohydrate containing fraction tests positive by the
appearance of a purple spot.

3.3 Liquid Secondary Ion Mass Spectrometry

Mass spectrometry was carried out on a Kratos MS-50 double focusing

mass spectrometer operating at a resolution of 1200-2500. A cesium ion gun
operating at 12 keV or a FAB gun operating at 7-8keV was used to generate

the primary ion beam. Ions were accelerated from the ion source at 5.3 keV
(Cs+) or 8keV (MB). Scans were taken at 30 sec. per decade in raw data and

10 sec. per decade with centroided data collection. CsI in tetraethylene
glycol was used as a calibration standard. CID B/Econstant linked scan
experiments were performed using a DS-90 data system and a FAB source.
Helium was used as a collision gas to give 50% attenuation of the parent ion.

Oligosaccharides were either dissolved in water or acetonitrile for LSIMS
analysis. The matrix was 14L-24L of either 3-nitrobenzyl alcohol (3-NBA) or
2-thioglycerol/glycerol (2:1 v/v).
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3.4 Centrifugal Size Exdusion Gel Filtration77

The method of Chen and coworkers. was used for the microscale
desalting of the derivatized oligosaccharides. Two gels were used, Bio gel P-2

(molecular weight cutoff 1800Da) and sephadex G10 (molecular weight
cutoff 700Da). The gels were loaded into lmL disposable micropipet tips
plugged with a small amount of glass wool. The gels were loaded as a slurry

in water. The tips were then placed into 9mm x 75mm disposable test tubes

and centrifuged at 1600g for 6 minutes to remove the water. The
oligosaccharides were loaded onto the gel in 50a to 1004 portions. These

were then centrifuged as above. The desalted oligosaccharides were then
lyophilized or concentrated to dryness on a savant speed vac concentrator
for derivatization by peracetylation or permethylation, or analysis by
HPAEC or LSIMS.

3.5 Peracetylation96,97

n-Hexylamine-derivatized maltoheptaose was dried overnight in a
vacuum desiccator over P2O5 at room temperature. To the sample (480p.g,
388nmoles) was added 100gL (1.06moles) of distilled acetic anhydride and

0.5mg (6.1gmoles) sodium acetate. The vial was flushed with nitrogen,
capped, and incubated at 95°C overnight. Reagents were removed by
evaporation with nitrogen. The residue was taken up in 200g1. of water and
extracted with 4 x 20011L of diethyl ether. The ether layer was evaporated
under a stream of nitrogen.
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3.6 Permethylation98

The derivatized Oligosaccharides were dried overnight in a vacuum
desiccator over P2O5 at room temperature. Samples were dissolved in 100-

200µL of silylation grade DMSO and stirred for 10 minutes at room
temperature. Approximately 2-3mg of finely ground sodium hydroxide was

then added, and this suspension was stirred for 6 minutes at room
temperature. Iodomethane [5011L (803gmoles)] was then added and the

solution is stirred for 6 minutes An additional 504 of iodomethane was
added and stirred for 30 minutes The reaction was quenched with 200pL of

water, extracted with 3 x 2004 of chloroform and the organic layer was
washed with 3 x 2004 of water. The chloroform was evaporated under a

stream of nitrogen. n-Hexylamine-derivatized maltoheptaose [39014
(31511moles)] was permethylated for comparison with the peracetylated
species.

3.7 Endoglycosidase Release of Asn-linked Oligosaccharides56

3.7.1 Denatured Glycoproteins.

The manufacture's protocol was followed for the release of the Asn-linked

oligosaccharides. Glycoproteins were dissolved in 0.5% SDS/ 0.1M 13mercaptoethanol solution to give a protein concentration of 2.0mg/mL.
These were heated in boiling water for 3.0 minutes then diluted to a protein
concentration of 1.0 mg/mL with 0.55M sodium phosphate buffer at pH 8.6.

To this was added 7.5% (w/w) NP-40 to give a final concentration of
0.9mg/mL. N-glycanase (PNGase F) was added to give 0.1 unit of enzyme per

2014 of glycoprotein. After mixing, the solution was incubated overnight
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(18-22 h) at 370C. Protein was removed by ethanol precipitation using three

volumes of cold ethanol. Samples were centrifuged and the supernatants
were concentrated under a stream of nitrogen until a thick syrup remained

(approximately 504-100A). These were diluted with enough water for

desalting. Oligosaccharides from transferrin and ribonuclease B were
desalted on P-2 and G-10 gels respectively by centrifugal size exclusion gel

filtration method. The oligosaccharides from IL-3 were desalted on G-10.
The amount of each glycoprotein used was 2.1mg (28nmoles) of transferrin,

1.9mg (126nmoles) and 1.0mg (66nmoles) of ribonuclease B, and 2401.Lg
(14nmoles) IL-3.

Denaturation for the MALD-TOFMS experiments IL-3 (1014,
0.6nmoles) was dissolved in 5.01.11 of a 50mM ammonium bicarbonate

solution that was 6M in guanidine hydrochloride and 72.4mM

f-

mercaptoethanol. The solution was heated in boiling water for 5 minutes.
Then 21.04 of 50mM ammonium bicarbonate at pH8.0 and 2.44 (0.6 units)
N-glycanase (PNGase F) were added. The solution was incubated at 37°C for
18 hours. Samples were analyzed directly by positive ion MALD-TOFMS.

3.7.2 Native Interleukin -3

The IL-3 (225gg-4504, 13nmoles-26nmoles) was dissolved in 0.25M

sodium phosphate buffer at pH 8.6 to give a protein concentration of
-1.0mg/mL. To this solution was added N-glycanase (PNGase F), glycerol

free, to give 2 units of enzyme/2014 glycoprotein. The solution was
incubated at 370C for 18-24 hours. The protein was then removed by
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ultrafiltration using either an Amicon centricon protein concentrator
(molecular weight cutoff 10,000), if the protein was to be saved for further

study, or an Amicon centrifree MPS-1 miropartition kit with a YM10

ultrafiltration membrane (molecular weight cutoff 10,000). The low
molecular weight ultrafiltrate was desalted by centrifugal size exclusion gel

filtration. These solutions were then concentrated to dryness on a savant
speed vac concentrator.

The IL-3 was deglycosylated for the MALD-TOFMS experiments by

dissolving 4.4gg (0.2nmoles) into 8.64 of 50mM ammonium bicarbonate
buffer at pH 8.0. To this was added 1.64 (0.4units) N-glycanase (PNGase F).

This solution was incubated at 37°C for 18 hours, and analyzed directly by
MALD-TOFMS.

3.8 Ultrafiltration

An Amicon Centricon-10 protein concentrator was used according to

the manufacture's instructions. After rinsing the membrane with 2 x 1004,

of water, the sample was applied and the concentrator was centrifuged at
40C on a Beckman GPR (350 angle rotor) at 4000g for -1.0 hour. About 100gL

of water was added and this was recentrifuged. The protein was collected by

the addition of 500gL, mixing of the solution, and inversion of the
concentrator into collection cups provided by the manufacture. This was

briefly centrifuged to collect the protein. The procedure was the same
when an Amicon micropartition kit (MPS-1) was used, except that the
protein was not collected.
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3.9 Acetolysis70

A 5004 solution of glacial acetic acid, acetic anhydride, and sulfuric
acid (10:2:1, v/v/v) was added to 126p.g (7.2nmoles) of IL-3. This was capped

and heated to 600C for 6 hours. The cooled solution was then quenched with

lmL of water and then extracted with 3xlmL of chloroform. The organic
layer was concentrated to dryness under nitrogen. Methanol [25.011L] was
added for LSIMS analysis.

3.10 Hydrolysis49,99

IL-3 [37.5gg (2.2nmoles)] was dissolved in 150.04 2M TFA. To this was

added 3.04 (9.59nmoles) of a 3.2mM rhamnose solution. The solution was
flushed with nitrogen, capped, and heated to 100°C for 6 hours. The TFA was

removed on a rotary evaporator at 40°C. 50.04 of water was added for
HPAEC analysis.

Permethylated oligosaccharides for linkage analysis were dissolved
into 3000. of 2M TFA. This was flushed with nitrogen, capped, and heated to
100°C for 6 hours. TFA was removed as above.

3.11 High pH Anion Exchange Chromatography50,51,53

HPAEC was carried out on a Dionex BioLC system using a pellicular

anion exchange column (PA-1). The oligosaccharides were detected with a
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pulsed amperometric detector with detection potentials set at +0.05, +0.65,

and -0.94V and pulse durations of 300, 60, and 180ms respectively. The

reference cell was filled with the eluant of highest ionic strength used
during the analysis. Semi-preparative experiments were carried out by
passing the column effluent through an anion micromembrane suppressor
(Dionex AMMS) for on line desalting. The AMMS regenerant solution was
35mM H2SO4 at a flow rate of 8mL/min. Oligosaccharides were eluted with
the following programs at a flow rate of lmL/min:

n-Hexylamine-derivatized maltooligosaccharides
Eluant A: 100mM NaOH. Eluant B: 100mM NaOH, 500mMNaOAc.

Isocratic elution with 95% A for 2 minutes then a linear gradient to 85% A
for 7 minutes, then a linear gradient to 60% A at 32 minutes.

Bovine ribonuclease B
Eluant A: 100mM NaOH. Eluant B: 100mM NaOH, 500mM NaOAc.

Isocratic elution with 100% A for 5 minutes followed by a linear gradient to
80% A at 45 minutes.

Recombinant mouse IL-3
Eluant A: 100mM NaOH. Eluant B: 100mM NaOH, 250mM NaOAc.

Isocratic elution with 100% A for 5 minutes followed by a linear gradient to
75% A over a 30 minutes period.

Monosaccharides

Eluant A: Water. Eluant B: 100mM NaOH. Isocratic elution with 90% A.
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3.12 Linkage Analysis

3.12.1 Preparation of Partially Methylated Alditol Acetate Standards 64,100.

Methyl n-O-a-D-mannopyranosyl-D-mannopyranosides (n=2,3,4,6) 1,

Methyl a-L-fucopyranoside 2,chitobiose 3, maltotriose 4, and a fucosylated

trimannosyl chitobiose core oligosaccharide 5 were used as a source of

standards for the linkage analysis. Between 20011g-250n (318nmoles1.1pmoles) of 1,2,3,4 or 15gg (14nmoles) of 5 were permethylated and
hydrolyzed as described above. After the TFA had been removed , 300111, of a

240mM sodium borodeuteride solution in 2M ammonium hydroxide was
added. This was allowed to stand at room temperature for 1.5 hours. To this

was added 500111 of acetone and this was allowed to stand for 0.5 hours at

room temperature. This was concentrated with a stream of nitrogen until a

thick syrup remained (-50A). This was then treated with 504 (0.6mmoles)

of 1-methylimidazole and 500gL (5.3mmoles) acetic anhydride at room
temperature for 30 minutes. The reaction was quenched with lmL of water

and extracted with 3 x lmL of dichloromethane. Brief centrifugation was

used to aid in the separation of the layers. The organic layer was
concentrated to dryness with nitrogen. Dichloromethane (500a) was added
to standards 1-4 and 1011L of dichloromethane was added to standard 5 for

GC-MS analysis. An external standard of myo-inositol hexaacetate was
prepared by treating 12614 (0.7gmoles) of myo-inositol, in 50.04 of water,
with 1-methylimidazole and acetic anhydride as above.
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3.12.2 The Major Oligosaccharide Isolated from the Recombinant Mouse IL-3

The major oligosaccharide isolated by HPAEC from 45011g (26nmoles)

of IL-3 was permethylated as described above. The permethylated
oligosaccharide was placed into a vacuum desiccator over P2O5 at room
temperature for 18 hours. This was then permethylated a second time to
insure complete derivatization. Hydrolysis, reduction, and acetylation were

performed as described above. This was dissolved in

1011L

of

dichloromethane for linkage analysis.

3.12.3 Gas Chromatography-Mass Spectrometry

Mass spectra were obtained on a Finnigan 4023 quadrupole mass
spectrometer with a 4500 source upgrade. The data were acquired using a
Galaxy 2000 data system. The source temperature was 140°C and the electron

energy was 70eV. Two columns were used for the analysis, a 0.32mm x 30m

SE-54 fused silica capillary column and a 0.25mm x 15m DB-23 fused silica

capillary column. Helium was used as a carrier gas at a linear velocity of

25cm/sec. Samples were injected in the splitless mode. The oven was
programmed from 40 °C (hold for one minute) to 135 °C at 300C/min then
1350C to 2500C at 50C/min. Both the injector and transfer line temperatures

was set at 250°C. Electron impact spectra were obtained every 0.5 seconds
from 43amu to 500amu. Positive chemical ionization spectra were obtained

every 0.5 seconds using methane as reagent gas at a pressure of 0.6 torr.
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Selected ion monitoring (multiple ion detection) was performed by
selecting the most abundant ion produced by the PMAAs during positive
chemical ionization65 (table 3.1). Ion monitoring duration was selected to
give total scan time of -0.5 seconds and was adjusted by the Galaxy 2000 data
system.

Table 3.1 Ions Monitored for the Partially Methylated Alditol Acetates

Ma

Ion

(MH-60)*

Unsubsitiuted

Deoxyhexose

234

Hexose

264

Monosubsitiuted

292

Disubsitiuted

Trisubsitiuted

320

348

Extemal
Standard

Myo-inositol

(hexaacetate)

MH+

Hexosamine

373

.

365

393

421

449
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3.13 Lysyl- Endopeptidase C Digestion of the Glycosylated Interleukin-395

To 4.4gg (0.3nmoles) of IL-3 in 9.04 of 50mM ammonium bicarbonate

solution at pH 8 was added 1.04 Lys-C (0.5gg/pL) in 50mM ammonium
bicarbonate. The solution was incubated at 370C for 3 hours. The digestion
was stopped by heating in boiling water for 5 minutes. The Lys-C digest was

analyzed directly by MALD-TOFMS. Samples for exoglycosidase analysis
were concentrated on a savant speed vac until dry.

3.14 Exoglycosidase Analysis

The manufacture's protocol was followed for the exoglycosidase
treatment of the glycopeptides.

3.14.1 Jack Bean Meal a-Mannosidase Digestion

To the concentrated Lys-C digest, 6.411L of a 100mM sodium acetate
buffer at pH 5.0 containing 2mM Zn2+ was added. To this was added 6.411L (0.5

units) of a-mannosidase in 100mM sodium acetate buffer at pH 5.0. This was

incubated at room temperature for 18 to 24 hours. These samples were
analyzed directly by MALD-TOFMS.
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3.14.2 Helix pomatia fl-Mannosidase Digestion

To the concentrated Lys-C digest was added 0.5 units of a-mannosidase

in 6.4gL of 100mM sodium acetate buffer and diluted as described above.
After incubation for 18 hours, 1.04 of this solution was removed for MALDTOFMS analysis. To the remaining solution, 0.05 units of 0-mannosidase in

6.44 of 100mM acetate buffer at pH 5.0 was added. The sloution was
incubated at room temperature for 18 to 24 hours, and analyzed by MALDTOFMS directly.

3.14.3 Bovine Epididymus a-Fucosidase Digestion

To the concentrated Lys-C digest was added 0.1 unit of a-fucosidase in

6.04 of 100mM sodium citrate-phosphate buffer at pH 6.0. The solution was
incubated at room temperature for 24 hours. The solution was diluted to 10.0
!IL for MALD-TOFMS analysis.

3.15 Matrix Assisted Laser Desorption Time of Flight Mass Spectrometry

A custom built time of flight mass spectrometer equipped with a
frequency-tripled (355nm) Nd:YAG laser was used for positive ion MALD

mass spectrometric analysis of the glycosylated and deglycosylated IL-3.
This instrument was also used for the exoglycosidase analysis of the Lys-C
peptides of IL-3. Acceleration potentials of 24kV and 18kV were applied to

the probe and the first extraction lens respectively. A negative potential of

133

a Le Croy TR8828 transient recorder controlled by a Le Croy 6010 Magic

Controller that is interfaced to a PC via a National Instruments

GPIB PCII

board. The time of flight spectra consist of the summed data generated from

50 consecutive laser pulses. Mass calibration and data analysis was
performed using TOFMA software running on an Atari Mega 4 computer.

The matrix compounds 3,5-dimethoxy-4-hydroxycinnamic acid

(sinapinic acid) and 4-hydroxy-a-cyanocinnamic acid (HCCA) were
dissolved into a solution of 0.1% aqueous TFA in acetonitrile 2:1 (v/v) to a

concentration of 10 g/L for sinapinic acid and 5 g/L for HCCA. Equine
cytochrome c (12,360Da) was added at a concentration of -1-211M as an

internal mass calibrant. The analysis was performed by dissolving

la of

the Sample, -25-30pM, into 6-154 the matrix solution. Approximately ltiL of
the matrix/sample solution was deposited onto a stainless probe. The residue
was dried under a stream of air and washed with water at 40C. This was then
dried with air.

