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Structural Identification of Protein Glycosylation and Other Chemical
Modifications Using Mass Spectrometry

by
Beth Lynne Gillece-Castro

ABSTRACT

The structural identification of covalent protein modifications is essential for under
standing the functional effects of these substituents in biological systems. The extensive
change that glycosylation of secreted, lysosomal and integral membrane proteins such as
receptors has on the physical and biochemical properties of these molecules cannot be fully
evaluated until the structures of these modifications are known. Conventional methods

based on chemical degradations or nuclear magnetic resonance require micromoles of
isolated glycan to deduce their structure. In this work, a sensitive strategy for the
identification of oligosaccharides utilizing mass spectrometry has been developed and
applied to a number of glycoproteins. The core branching structure of yeast
(Saccharomyces cerivisiae) oligosaccharides has been revised as a result of this work, and
the mixtures of oligosaccharides N- and O-linked to the hepatitis B surface antigen and a
proline-rich salivary glycoprotein have been characterized. Both the glycan and peptide
portions of the major O-linked glycopeptides from bovine fetuin were successfully
sequenced by single tandem mass spectrometric experiments. All identifications were
deduced using pmol to nmol sample quantities, demonstrating the utility of liquid sec
ondary ion mass spectrometry and tandem mass spectrometric techniques for performing
sensitive, biochemical, structure elucidation.

4.4% ºf
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CHAPTER 1 Introduction



1.1 Biological Importance of the Carbohydrate Portion of Glycoproteins

The ultimate goal of biological science is to determine the structures and gain a
knowledge of the interrelationships among all molecules in living things. Determining the
molecular basis for biochemical phenomena is crucial to understanding human health and
disease states. Without this knowledge, medicine is an art rather than a science. His
torically, the art of medicine has progressed by utilizing the herbal folk medicines of many
cultures, producing valuable therapeutic treatments, such as the use of quinine to control
malaria. However, when biochemical knowledge increases, more informed choices of
macromolecular targets for drug design can be made. Examples of strategies designed to
intervene in molecular transformations critical to aspects of cellular function include enzyme
inhibition, blocking surface receptors, and recognition of foreign antigens. Therefore,
mechanistic insight into normal growth and development of mammalian systems will lead
to methods of human health improvement.

Recently, chemical and conformational structures of macromolecules are beginning
to be identified, however, even the primary (chemical) structures of most proteins are not
rigorously determined. Many of the so-called known protein structures are amino acid
sequences predicted from the DNA sequences as analyzed by genetic engineering
techniques. This strategy is employed because only sub-picomole amounts of cDNA are
required for the Maxam and Gilbert (Maxam & Gilbert, 1977) or Sanger and Coulson
(Sanger & Coulson, 1975) DNA sequencing methods, making them among the most
sensitive of the current analytical techniques. Some primary amino acid sequences are
determined in their entirety using protein sequenators based on Edman chemistry (review
(Simpson et al., 1989)). This technique is used to verify as well as correct protein
sequences predicted from the DNA sequencing methodologies. More recently, mass
spectrometric methods have been used to verify protein sequences. The mass spectrometric
strategy is based upon determination of a tryptic molecular weight map of a protein. Thus,
the protein is cleaved by specific proteolytic digestion into fragments with subsequent
measurment of their molecular weights (Gibson & Biemann, 1984). A major advantage of
the mass spectrometric method is that covelant modifications of the protein are observed
directly from molecular weight differences from the expected primary sequence in any
modified peptides. Post-translational modifications, such as acylation, glycosylation or
phosphorylation, can not be directly determined by either DNA or Edman protein
sequencing. The DNA sequence predicts unmodified amino acids. The Edman sequenator
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cannot analyze polypeptides without free amino termini and therefore will not sequence N
terminally blocked proteins or peptides (eg. containing pyroglutamate or acylation). Edman
chemistry may accurately sequence peptides containing glycosylation or phosphorylation
sites except that the modified amino acids are not detected. Development of new
methodology for accurately and sensitively determining covalant protein modifications is
critically important to establishing the biologically active forms of proteins.

Glycosylation may profoundly effect the properties of the proteins to which it is
attached. It is less clear as to whether and how glycosylation might modulate protein
function. There is growing evidence that certain protein glycosylation in specific cases
does play an important role in physiological function. Recently it has been postulated that
many glycoforms of a protein exist since in the case of Thy-1 antigen each glycosylation
site was shown to have a unique suite of oligosaccharides attached which was different to
different tissues (Rademacher et al., 1988). The more global physico-chemical
implications of carbohydrate attachment to proteins were first recognized by the increased
solubility and viscosity of mucins containing a high percentage of sialic acid termini on
saccharides linked through serine and threonine (O-linked) (Montreuil, 1980). In addition,
oligosaccharides impart protease resistance to their protein cores (Zhu et al., 1984) by steric
interactions.

Certain specific molecular interactions have been established for certain circulating
glycoproteins where portions of the oligosaccharides are themselves recognized by
antibodies, other cells and glycan specific receptors. For example, the presence of
oligosaccharides on the secreted glycoproteins IgG and human chorionic gonadotropin
(hCG) are found to impart significant functions to these molecules. Cellular immunity is
stimulated by the presence of asparagine-linked glycans in the case of IgG (Nose &
Wizgell, 1983). Also, activation of adenyl cyclase by glycosylated hCG, is inhibited by
hCG derived glycopeptides (Calvo & Ryan, 1985). The receptors for the glycosylated
structures have in these cases not yet been identified. However, molecules such as the
blood group and bacterial carbohydrate antigens on glycolipids and glycoproteins are
examples where the structures of the oligosaccharide epitopes have been established
(Karlsson et al., 1974; Watkins, 1966). The immunogenicity of the blood group glycans
impart transfusion and histo-incompatibility to the cells which carry them. Immunity to
pathogenic bacteria is the consequence of antibody recognition of certain bacterial coat
glycans (Jennings, 1983).



Glycans also have been shown to mediate adherence of viral and bacterial
pathogens to cell surfaces. Binding of the viral influenza hemagglutinin protein to sialic
acid on the surface of erythrocytes is believed to be the first step in the infectivity of this
pathogen (Caton et al., 1982). Similarly, a strain of uropathogenic Escherichia coli binds
the disaccharide sequence gal(0.1->4)gal, and this structural moiety is present in
glycolipids isolated from the epithelial cells of the urinary tract (Bock et al., 1985;
Karlsson, 1989). Conversely, viral oligosaccharides may bind to host receptors inducing
infectivity. In the case of HIV II, removal of the oligosaccharide portion of the viral
surface glycoprotein gp120 results in a 50-fold reduction in the binding activity to the CD4
surface receptor of T lymphocytes (Ratner et al., 1985), and therefore, the oligosaccharides
presented by the virus are presumed to modulate infectivity.

Cell surfaces are coated with glycolipids and glycoproteins which may interact with
exterior molecules and other cells. Cell-cell adhesion is yet another example of a
carbohydrate mediated phenomenon. The adhesive influence of glycans was first
recognized on the neural adhesion protein, N-CAM (Cunningham et al., 1987). The
temporally controlled reduction of polysialic acid containing oligosaccharides correlates
with increased homotypic interactions of N-CAM and the adhesion of neurons to form
synapses in fetal brain tissue.

Intercellular and intracellular recognition invloving glycoproteins may also
carbohydrate mediated proccesse. Glycoproteins are assembled in the endoplasmic
reticulum and processed in the Golgi apparatus. Export and targeting of these
glycoproteins to the lysosome, plasma membrane or extracellular environment are examples
of intra- and intercellular pathways which are controlled in part by the type of glycosylation
of these proteins. Attachment of both N-linked and O-linked oligosaccharides occur in
these organelles. The absence or presence of certain glycan structures effect the destination
and activity of the processed glycoform. For example, a specific lysozyme vesicle receptor
in the trans-golgi stack has been identified which recognizes a mannose-6-phosphate
residue attached to N-linked oligosaccharides on those enzymes destined for the lysosome
(Kaplan et al., 1977). Proper export, folding, and assembly of cell surface receptors has
also been shown to depend upon the attachment of asparagine-linked (N-linked) sugars.
Inhibition of the attachment of N-linked glycosylation with tunicamycin prevents the
appearance of functional insulin (Morgan et al., 1987) or acetylcholine (Merlie et al., 1982)
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receptors on the plasma membrane of cells. Lymphocytes are able to selectively recognize
the high endothelial venules of lymph nodes (Rosen et al., 1985) rather than the liver. This
Selectivity is dependent on the presence of sialic acid termini on N-linked oligosaccharides
on glycoproteins of the lymphocyte cell surface. It may be postulated that at least two
specific receptors must be involved in this phenomenon. The first is a very specific
receptor on the lymph node which binds a glycan, in vivo, whose structure is unknown.
The other is the well characterized asialo-glycoprotein liver receptor (Baenziger & Fiete,
1980; Harford & Ashwell, 1982). A specific O-linked oligosaccharide present in the
mouse zona pellucida has been identified as the site for sperm receptor binding (Florman &
Wasserman, 1985).

The carbohydrates attached to proteins vary in their structures among species,
tissues, individuals, and even at different sites of the same protein (Rademacher et al.,
1988). Notably different glycoforms of the same protein are present in different tissue
types. For example, the Thy-1 antigen exists in multiple glycoforms in both thymocytes
and brain tissue, but their occurrence appears to be mutually exclusive. In addition,
glycoforms vary between transformed cells their normal counterparts (Kobota &
Yamashita, 1984). Hakamori and coworkers (Hakamori et al., 1984) have observed that
the metastatic potential of certain tumors appears to be correlated with the increased
expression of an O.1—36 GlcNAc transferase in certain tumors and therefore the presence of
tetraantennary asparagine-linked saccharides on the cell surface which are not observed on
corresponding normal cells.

The quaternary structure of the protein has also been found to impact the array of
oligosaccharides attached to a particular site. As shown by Dahms and Hart (Dahms &
Hart, 1986) two glycoproteins containing identical ■ y-chains are differerentially
glycosylated at least four out of five N-linked sites.

Although the protein sequences of many glycoproteins have been determined and
their functions as enzymes, receptors, structural elements and messengers are established,
the carbohydrate portions of these glycoproteins on the other hand are not nearly as well
understood. As mentioned earlier the number or structure-function correlations identified

for glycans are few, and even if an interaction has been observed, the precise structure
involved has seldom been identified. This is due to the lack of tools to isolate and identify
primary oligosaccharide structures. Analytical methodology for structural characterization
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of oligosaccharides is much less developed than that for polypeptides for a number of
reasons. Carbohydrates seldom form linear polymers because unlike amino acids or
nucleic acids, multiple sites are available for bonding on each sugar moiety. This means
that a linear polymer of five different hexose residues may be connected 31,457,280
different ways unlike a similar peptide whose structure may be one of 120 possibilities.
Also, the glycosylation occurring on even a single protein is almost always structurally
heterogeneous, containing a number of related but different structures. In addition,
chromatographic methods which would permit separation of oligosaccharide isomers
remains a challenge despite recent advances (see Chapters 1.2.1, 2.1.4, 2.2.2, and 2.4.3).
Current spectroscopic methods for detection of sugars are not as sensitive as those available
for DNA, peptides and amino acids which contain ultra violet absorbing moieties
facilitating chromatographic detection (see Chapter 1.2.1 and 1.3.2). Intrinsic mass
spectrometric sensitivity for underivatized oligosaccharides is low using liquid matrix
sputtering methods compared to peptides. It was therefore important to undertake
development of a mass spectrometric based strategy to facilitate isolation, detection, and
characterization of oligosaccharides and glycopeptides from glycoproteins.
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The structural determination of the carbohydrate portions of glycoproteins utilizing
mass spectrometry is the core of this thesis; whether the glycoprotein is found in yeast or
humans. Eukaryotes have glycoproteins as integral membrane proteins such as receptors,
ion channel or cytoskeletal components, and in addition, secretory glycoproteins, such as
immunoglobins, and lysosomal proteins. Following the development of a mass
spectrometric based strategy for oligosaccharide sequencing (Chapter 2), the core
branching structure of yeast mutant oligosaccharides was reinvestigated leading to
postulation of a revised structure (Chapter 3). The glycoproteins investigated included a
viral surface antigen (Chapters 4), an antibody (Chapter 2.2), and a salivary glycoprotein
(Chapter 5). The salivary glycoprotein possesses bacterial binding activity residing in the
carbohydrate portion of the molecule. In addition a serum glycoprotein, fetuin, was
investigated (Chapter 6). Protein post-translational modifications other than glycosylation
were investigated in this work. One is an N-terminal blocking group on the hepatitis B
surface antigen (Chapter 4.2). Portions of this work have already been published. Chapter
2 includes portions of "Oligosaccharide and Glycopeptide Structural Studies Utilizing
Tandem Mass Spectrometry (Gillece-Castro & Burlingame, 1990a) "Structural
Characterization of Intact, Branched Oligosaccharides by High Performance Liquid
Chromatography and Liquid Secondary Ion Mass Spectrometry." (Webb et al., 1988), and
"Oligosaccharide Characterization with High-Energy Collision-Induced Dissociation Mass
Spectrometry" (Gillece-Castro & Burlingame, 1990b). Chapter 3 was published as "A
new Saccharomyces cervisiae mnn Mutant N-Linked OligosaccharideStructure"
(Hernandez et al., 1989), and Chapter 4 includes "Structural of the Oligosaccharide Portion
of the Hepatitis B Surface Antigen" (Gillece-Castro et al., 1987).



1.2 Published Analytical Methods for Carbohydrate Analysis

The structural characterization of mixtures of complex oligosaccharides such as
those isolated from glycoproteins represents a formidable challenge to analytical
biochemistry. The lack of sufficient quantities of structurally homogeneous substances
usually precludes the use of NMR techniques. A common feature of experimental
strategies for analyzing mixtures of low abundance oligosaccharides is to radiolabel the
reducing termini with sodium borotritide. However, only limited information (e.g.,
relative retention times, exoglycosidase sensitivity) can be obtained. Thus, the
development of advanced analytical methodologies is required. Eventually, methods for
the analysis of heterogeneous samples from biological sources should permit the separation
of all oligomers and allow determination of the molecular weight and sugar sequence of
each component. As mentioned in Chapter 1.1, detection and separation of sugars are
essential elements in the characterization of unknown structures. After isolation

components are identified by instrumental analyses such as mass spectrometry, NMR, and
X-ray crystallography, and by degradative procedures. Chromatographic separation and
detection will be addressed first followed by a discussion of identification procedures. To
this end, considerable attention is focussed on recent developments of ion or atom
desorption ionization mass spectrometry (LSIMS) to gain information regarding the
primary structure of intact oligosaccharides (reviews (Burlingame, 1986; Burlingame et al.,
1980; Burlingame et al., 1982; Burlingame et al., 1988; Burlingame et al., 1984; Sweeley
& Nunez, 1985)).

1.2.1 Chromatography and Detection

In order to isolate and separate oligosaccharides they must be detected after each
stage of fractionation. Classically, extensive use has been made of column
chromatographic separations which employ refractometry detection or colorimetric assays
such as the phenol-sulfuric test (Dubois et al., 1956). N-acetylated sugars can be detected
without chemical modification by their ultraviolet absorbance between 190-220 nm,
however aqueous solvents must be used to reduce any background absorbance (Blumberg
et al., 1982). All three of these methods require nanomoles of sample. Most recently
electrochemical detection has been employed for carbohydrate detection, and sensitivities
were in the low picomole range (Hardy, 1990; Hardy et al., 1988). Alternatively,
oligosaccharides may be monitored by following radiolabels which have been incorporated
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metabolically or chemically into the glycoprotein or glycan (Lehle & W., 1976).
Measurement of the radioactivity (eg. 3H or 14C) is the most sensitive of these methods
requiring only picomoles of oligosaccharide, particularly if high specific activities are used.

Strategies for oligosaccharide structural characterization may also include
derivatization of the reducing termini with suitable chromophores to permit HPLC detection
at higher sensitivities. This is important because detection of small quantities of
oligosaccharides precludes the use of the refractive index detector due to its relative
insensitivity, as well as its incompatibility when using gradient elution. Comparable to
radiolabels in sensitivity are the fluorescent reducing terminal tags such as 2-amino
pyridine (0.1 pmol detection limit) (Hase et al., 1981) or dansyl hydrazine (250 pmol
readily detectable) (Hull & Turco, 1985). Picomole sensitivity is obtained coupling
reducing oligosaccharides to ultraviolet absorbing amines, or the hydroxyls may be
acetylated or benzoylated. Furthermore, derivatization often increases the amount of
information which can be obtained by mass spectrometry. Certain derivatives may be
employed to improve sensitivity and enhance fragmentation. These properties are
especially useful when the available chromatography does not readily allow complete
separation of all the major and minor components.

Chromatographic fractionation of glycans has been carried out in open columns or
under pressure, however isomerically pure oligosaccharides have seldom been obtained
except at low molecular weight. Until recently, mixtures of oligosaccharides were
fractionated in open columns by size-exclusion chromatography (Yamashita et al., 1984) or
by their interactions with lectins (Blake & Goldstein, 1984). All of the higher sensitivity
detection methods; UV, fluorescence, radioactivity and electrochemistry; have been coupled
to high performance liquid chromatography systems using various stationary phases
(reviews (Hanai, 1986; Honda, 1984)). Anion exchange, amine bonded and reversed
phase HPLC are the most commonly reported systems. Although oligosaccharides
containing different charges or different numbers of monomers can be isolated using these
separations, the subtle differences in structure such as branch point attachment or
substitution of a hexose by a deoxyhexose are not yet possible in many cases (oligomers
with 8 to 25 residues). The most selective HPLC systems reported to date include anion
exchange methods. The amino-bonded Varian AX-5 column has been shown to separate
epimers of N-linked saccharides formed during borohydride reduction (Mellis &
Baenziger, 1981; Mellis & Baenziger, 1983). Most recently high pH anion exchange
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chromatography has been employed to isolate complex, multiply sialylated,
oligosaccharides in a linkage specific way (Hardy, 1990; Hardy & Townsend, 1988).

1.2.2 Three-Dimensional Structure Determination

If a homogeneous sample oligosaccharide is obtained from a glycoprotein, there are
many aspects in its chemical and conformational structure which need to be determined.
Ultimately, the three dimensional conformation of each glycoform of the intact glycoprotein
is desired. However, even when crystals are available the mobility and heterogeneity of
most oligosaccharides attached to proteins precludes interpretation of X-ray
crystallographic data to deduce conformation. For example, the structure of only the one
glycan present at the hinge region of IgG could be deduced from its crystal structure
although four sites are glycosylated (Silverton et al., 1977). Small isolated saccharides and
glycolipids have been successfully crystallized and their three dimensional structures
defined (Brown & Levy, 1965; Strahs, 1970). Other small oligosaccharides have been
modelled using energy minimization programs (Montreuil, 1984). Conformations of
biantennary and tetraantennary complex oligosaccharides appear to have one to four of their
arms lying parallel to the surface of the protein (Montreuil, 1984). This may account for the
effect of masking some antigenic sites. Clearly, crystal structures, along with solution
structures deduced from two dimensional NMR techniques (Homans et al., 1987), are
extremely important to the eventual detailed understanding of glycoprotein structure.
However, the lack of availability of millimoles of single isolated glycan precludes the use
of these analytical methods as a first approach to identifying the structure of most proteins
or glycans.

1.2.3 Primary Structure Determination

The primary structural elements which are more tractable include monomer
composition, linkage, sequence, branching and anomeric configuration. Composition and
linkage are commonly identified by separation of the individual monomeric residues
following acid hydrolysis. Monomer composition is obtained by separation of a
hydrolyzate by high pH anion exchange chromatography (HPAE) and electrochemical
detection, or by GC-MS analysis of the trimethylsilyl ethers of the methyl glycosides
(Laine et al., 1973). Both methods described are capable of detecting approximately 50
pmol of each component sugar. Linkage positions are most frequently deduced from a acid



11

hydrolysis of permethylated oligosaccharides, reduction with borodeuteride, peracetylation,
and identification of the partially permethylated alditol acetates by GC-MS. ("methylation
linkage analysis" (Hakamori, 1964; Lindberg, 1973)) Alternatively the permethylated
glycan may be reductively cleaved by the method of Gray and coworkers and the products
similarly analyzed (Bennek et al., 1986; Rolf & Gray, 1986).

Proton nuclear magnetic resonance ("H NMR) spectra is employed extensively to
characterize oligosaccharides. Specifically, the chemical shifts of anomeric and acetyl
protons are used to identify the monomers, their anomeric configurations, and linkage
positions. Each of these structural elements affect the resonance frequency (chemical shift)
of the protons observed. In a typical spectrum (360 - 500 mHz) each anomeric proton is a
single peak with a chemical shift between 4.0 - 5.0 ppm, whereas the ring protons form a
"haystack" between 3.4 and 4.0 ppm (Vliegenthart et al., 1983). The chemical shifts of the
anomeric protons are compared to reference compounds, and the configuration and linkage
of each residue hypothesized. For example, a terminal mannose O.1—3.6 linked has an
anomeric chemical shift of 4.925, while an 0.1–32 linked mannose has an anomeric

chemical shift of 5.035 (see Chapter 3, Figure 5). Oligosaccharides containing N-acetyl
groups or 6-deoxy sugars contain methyl groups which resonate at approximately 2 or 1
ppm, respectively. The assignment of the structural identity of a peak is based on NMR
analyses of standard oligosaccharides whose structures have been established
independently by chemical methods. When sufficient sample material is available 2-D
NMR experiments such as COSY, HOHAHA and NOESY are extremely useful to verify
connectivities between residues (Bax & Davis, 1985; Derome, 1987; Vliegenthart et al.,
1983).

Linkage, branching and anomeric configuration are identified by combination of "H
and 13C NMR, mass spectrometry and degradative procedures. However, NMR and
methylation linkage analysis methods require tens of nanomoles to millimoles of sample
(York et al., 1985). Identification of anomeric configuration by sensitivity to specific
enzymes, such as by 3-galactosidase, is the only feasible alternative to NMR spectroscopy.
Products are typically detected by their chromatographic mobility shift after degradation.

Mass Spectrometry is a tool which has also been applied quite successfully to the
sequencing of oligosaccharides. Its distinct advantage over NMR is that only one
nanomole of sample is typically required to produce a spectrum. However, mass
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spectrometry cannot detect configurational differences such as anomeric configuration or
unique hexose residues (eg. Man or Gal). Thus the mass spectral data are complimentary
to NMR and exoglycosidase digestion. In the following section the principles of mass
spectrometry and its applicability to oligosaccharide analysis are described.

1.3 Published Mass Spectrometric Methods for Intact Oligosaccharide Analysis

1.3.1 Electron Impact Mass Spectrometry of Volatile Derivatives

Mass spectrometry is a tool for measuring the masses of gas phase ions, and as
such all of the analyzers developed to date exploit the fact that both the charge and the mass
of an ion determine its motion in electric and magnetic fields. The earliest mass
spectrometers were capable of separating ionized gases such as molecular nitrogen and
oxygen. Subsequently, small organic molecules such as petroleum products were analyzed
by allowing the vapors formed in a heated chamber to enter the reduced pressure region of
the ion source where these sample molecules were bombarded with an electron beam, so
called electron impact (EI) ionization (Field & Franklin, 1957). The electron bombardment
released one of the molecule's electrons in a Franck-Condon transition and the change in
electronic state adds vibrational and rotational energy to the radical cation thus formed
(M*). The excess internal energy causes unimolecular dissociation reactions, such as
bond cleavages and rearrangements to occur. Electron impact mass spectra have an
abundance of fragment ions due to this relatively high internal energy deposition process.
These fragments were used first by petroleum chemists to determine the composition of
hydrocarbon mixtures (Beynon, 1960), by organic chemists to identify reaction products
(Budzikiewicz et al., 1964; McLafferty, 1956; McLafferty, 1959; McLafferty, 1970; Reed,
1958; Reed, 1965), by biochemists (Stenhagen, 1961), and by natural products chemists to
determine structures of naturally occurring substances (Biemann, 1962).

Because electron impact ionization is limited to substances thermally stable in the
gas phase, many classes of biochemically relevant polar, labile molecules such as peptides
and glycans must be altered to increase their volatility. To avoid pyrolysis at high
temperature, the functional groups occurring in sugars and amino acids (eg. hydroxyl,
hemiacetal, amine, and carboxylic acid) were chemically derivatized prior to introduction
into an ion source whose temperature is typically 200 - 300°C. The formation of suitable
esters, amides and ethers including silylethers have been exploited extensively for this
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purpose (Biemann, 1972). By the late fifties oligomers such as synthetic peptides
(Andersson, 1958) were sequenced and by the early seventies a number of derivatives (N-
acetyl, N-,0-permethylated or polyamino-alcohol peptides; permethylated or peracetylated
oligosaccharides and glycolipids) had been successfully applied to biological oligomers
(Biemann, 1972; Das et al., 1967; Das & Lederer, 1970; Morris, 1972). Up to twelve
amino acids were sequenced as their acetyl permethyl derivatives by Morris and coworkers
(Morris, 1979). Similarly, workers at MIT analyzed protein hydrolyzates of proteins such
a bacteriorhodopsin by GC-MS of their polyamino alcohol trimethylsilyl ethers (Khorana et
al., 1979).

Glycans are the largest molecules characterized by EI mass spectrometry, in
particular permethylated glycolipids have been extensively studied. For example, a
nonaglycosylceramide (10 pig, 5 nmol) formed molecular and sequence related fragment
ions (structure in Fig. 1a) when the permethyl derivative was reduced to form secondary
amines from the four nitrogens present (Karlsson, 1976). The molecular ions were
observed at m/z 2253,2267 and 2281. The branching and sequence of fucose, hexose and
hexosamine sugars were identified for this blood-group A-active glycolipid isolated from
human A1 erythrocytes. This glycosphingolipid derivative was stable up to 350°C. Some
carbohydrate sequence data was also obtained for higher mass glycolipids which did not
produce molecular ions.

Permethylated oligosaccharides have also be sequenced from their EI spectra. For
example, a hydrolytic fragment of prothrombin was analyzed by Morris and coworkers
(Taylor et al., 1982), and fragment ions up to m/z 2015 were observed. It was
hypothesized that the oligosaccharide must contain at least two more sugar residues, or a
total of eleven. More recently, two groups (Egge et al., 1982; Jardine et al., 1984)
concluded that the branching structure of tri- to deca-oligosaccharides may be deduced from
the EI spectra of their permethylated alditol derivatives. In each case the molecular ions
were not detected, however (M-15 Da)* and (M-45 Da)* were present (one hexNAc was
present at the reducing terminus in each case, structure in Fig. 1b). Fragment ions were
formed by glycosidic bond cleavages with charge retention at either end of the molecule,
unlike the glycolipids which, as the permethyl glycans always retain the charge on the non
reducing terminus (B-ions, see nomenclature p. iv) except for a few lipid fragments.
Jardine and coworkers observed Z cleavages as well as B which were equally abundant.
This may result from the reducing-terminal hexosaminitol replacing the lipid moiety.
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Figure i. Structures of a methylated reduced glycosphingolipid (panel a) and a
permethylated oligosaccharide (panel b) which have been analyzed by electron
impact mass spectrometry of the permethylated compounds. This figure is
reproduced with permission from (Jardine et al., 1984; Karlsson, 1976).
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1.3.2. Soft Ionization Mass Spectrometry

Since there is a mass limit for the molecular weight analysis of complex biological
species using electron impact ionization and volatile derivatives must be prepared from
these molecules, a multitude of so-called "soft ionization" techniques, so named due to the
lesser amount of internal energy transmitted to the sample resulting in reduced rates of
fragmentation, have been developed to circumvent these drawbacks (recent reviews
(Burlingame et al., 1988; Egge & Peter-Katalinic, 1987)). The earliest soft ionization
method employed was based on ion molecule reaction processes (chemical ionization (CI)),
whereby the gaseous sample molecule is protonated by a more acidic reagention, typically
C2H5* or NH4+. The product even-electron molecular ions (M+H)* or (M-H) are
considerably more abundant than the M” species produced by EI because the deposition of
internal energy may be controlled by the thermo-chemistry of the ion-molecule reaction
employed (Harrison, 196x). Fragmentation pathways for the modified peptides or glycans
observed with positive ion CI are related to those previously observed in EI mass spectra.
Negative ion CI of permethyl peptides which formed MT electron attachment ions, showed
unique promise, because N-terminal fragments are formed which are 29 Da higher in mass
than the acylium ions present in the complementary positive ion spectra, thereby identifying
the N-terminal sequence ions (Biemann, 1972). Chemical ionization does, however, still
require volatilization of the sample prior to ionization.

Two other developments which ionize compounds from the solid state are direct
chemical ionization (DCI) and field desorption (FD). Direct chemical ionization ionizes the
sample from a surface which may or may not be heated, but is placed directly within the
source volume containing the reagent gas and ions (i.e. NH4+). A number of complex
carbohydrates were characterized in this manner by Reinhold and coworkers (Reinhold et
al., 1983). For example, reductive cleavage products of 3-cyclodextrin were analyzed as a
complex mixture (structure, Fig. 2a). The ■ -cyclodextrin is first permethylated, cleaved
according to the method of Gray (Lee & Gray, 1988; Rolf & Gray, 1982), and the newly
formed hydroxyls are acetylated. The major ion peaks are ammonium adducts for the six
components including the permethylated cyclic starting material at m/z 1446 (Reinhold et
al., 1983). Similarly, a linear trisaccharide which was first reductively coupled to 2-amino
pyridine and permethylated, was analyzed by ammonia DCI (structure, Fig. 2b). In this
case the most abundant ion is MH* rather than the ammonia adduction. Interestingly,
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Panel b

Figure 2. Structures of oligosaccharides which have been analyzed by DCI. Panel a
shows the chemical degradation of a permethylated glucose polymer to produce small
products (n = 1-7) which were acetylated prior to mass spectrometry. In panel b the
glucose oligomer was reductively aminated and permethylated where R1 =Y1 and T1 =C1.
This figure is reproduced with permission from (Reinhold et al., 1983).
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three types of fragments were reported, none of which is the B cleavages which
predominate the EI spectra. The non-reducing fragment series C was observed with
ammonium attachment which would require a second collision or that all of the ammonium
attachment molecular species fragment, since no (M+NH4)* species were detected. More
abundant were the Y rearrangement ions which rearrange a proton in one case and a methyl
in the other. To perform field desorption the sample is placed onto an emitter wire which is
heated by passing current through it (5-50 millia). Spectra so produced are dominated
by MHt and M*" species or by (M+Na)* and (M+K)* when salts are contained in the
sample solution FD is extremely useful for detecting molecular ions produced by mixtures
of peptides and glycans as well as single species. For example, the molecular weight of a
3-O-methylmannose polysaccharide with the structure Mani MeManl?-OCH3 was detected
by its quasimolecular ion (MNa+) at m/z 2506 (Linscheid et al., 1981). Importantly, these
molecules do not require prior chemical modification to produce FD spectra. Limited
fragmentations occurs in addition which is useful for determining sequences from these
complex molecules (reviews including soft ionization (Burlingame et al., 1988; Egge &
Peter-Katalinic, 1987; Sweeley & Nunez, 1985)).

Two other approaches to desorption and ionization of involatile compounds include
californium-252 plasma desorption (PDMS) and laser desorption (LDMS). Both of these
are ionization methods which are coupled to time-of-flight or Fourier transform ion
cyclotron resonance analyzers. Many peptides, including glycopeptides, have produced
molecular species (MH" and/or M+Nat) following bombardment with the fission frag
ments (containing MeV energy) of 23°Cf. For example, glycopeptides isolated from tryptic
digestion of asialo-bovine fetuin by reversed phase chromatography were found to be
heterogeneous in carbohydrate structure using PDMS (Townsend et al., 1988). Mass
assignments using this system were unfortunately poor (+ 5 Da) at mass 3000. Resolution
is also poor using this system due to its use of time-of-flight analyzer. Laser desorption
has been used to study permethylated and underivatized oligomers produced from capsular
polysaccharides (Dutton et al., 1988; Lam et al., 1988). Glycosidic bond and ring
cleavages occur during the ionization process indicating that a significant energy deposition
has occurred allowing sequencing of the polymer.

The introduction of liquid matrix sputtering methods (Aberth et al., 1982; Barber et
al., 1981a; Barber et al., 1981b) whereby the analyte in solution is bombarded with
particles (Cs’’ or Xe") containing keV energies has provided a simple, rapid technique for
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biochemical analyses. The internal energy imparted to the analyte is greater than in the case
of FD or PDMS are used and the concomitant increase in the rate of unimolecular

decomposition is observed. In addition to their molecular weight determination, the
fragment ions formed allow deduction of the sequence of unknown peptides and
oligosaccharides. Significantly, one can sputter underivatized peptides and
oligosaccharides utilizing only femtomole to nanomole quantities. However, sensitivity is
very dependent on the nature of the compound as well as the instrument. The solution
properties of the sample in a given liquid matrix affect the secondary beam intensity, signal
to-noise, and the time course these factors take (Ligon, 1990; Ligon & Dorn, 1986). The
detection of the secondary beam depends on the ion optics of the source and analyzer and
the significant improvements in ion detection by post-acceleration of the high mass ions or
collecting ions in a mass window using a microchannel plate (Cottrell & Evans, 1987).

A multitude of interesting protein and carbohydrate structures have been
characterized utilizing this method to determine molecular weights. Importantly, mutants
and post-translational modifications of proteins which are difficult or impossible to detect
otherwise can be quickly identified (Wada et al., 1981). In addition, the primary structures
of proteins can be verified or corrected when cDNA sequences are available (Anderegg et
al., 1988; Gibson & Biemann, 1984). Amino-terminal modifications are a significant
challenge, not only because they cannot be approached by other sequencing methods, but
preclude protein sequencing using Edman chemistry which requires a free amino group to
begin the reaction.

Additionally, the molecular ions formed in abundance may be activated by collision
with a neutral gas to increase the vibrational and rotational energy they possess, which
increases the rates of unimolecular decomposition processes (collision-induced
dissociation, CID). The daughter ions so produced are mass analyzed in the MS/MS
experiment and the sequence of a peptide (Hunt et al., 1981) or glycan (Domon & Costello,
1988b) may be deduced. This CID experiment is applicable to compounds which do not
readily fragment under LSIMS ionization, and to mixtures where fragment ions may arise
from a number of parent ions present in the spectrum. Nomenclature for peptide backbone
cleavages observed by LSIMS was introduced by Roepstorff (Roepstorff & Fohlman,
1984) see Fig. 3a). These fragments are also observed in MS/MS spectra and additional
side chain cleavages occur with the increased energy input (Martin & Biemann, 1987).
Whether charge is retained by the N- or C-terminus depends on the basicity of the amino
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acids in the sequence. For example, tryptic peptides contain basic C-terminal residues (Lys
or Arg) and therefore the C-terminal Y and Z ions are formed preferentially. The
mechanisms proposed involve amide bond protonation and charge site directed
fragmentation rather than basic side chain protonation and remote fragmentation (Gross et
al., 1985).

Unfortunately, the sensitivity for analysis of glycans is at least an order of
magnitude poorer than most peptides, requiring one to ten nanomoles of sample to obtain a
spectrum. The poor sensitivity is attributed to the hydrophilicity of these molecules which
is analogous to the lower sensitivity of very small and hydrophilic peptides (Naylor et al.,
1986). Derivatives used to volatilize oligosaccharides for electron impact mass
spectrometry, such as permethylation and peracetylation, also improve limits of detection of
LSIMS analyses. Only 0.1 - 0.5 pig of permethyl or peracetyl oligosaccharides or gly
colipids are required for characterization. The earliest evidence that protection of hydroxyls
enhanced sensitivity was the relative ease of obtaining FD spectra observing ions of mass
greater than 4200 Da (Linscheid et al., 1981) and FAB (Dell & Ballou, 1983a; Dell &
Ballou, 1983b) spectra from the methylglucose polysaccharide (MGP) of Mycobacteria
smegmatis which has a molecular weight of 3414 Da. This glycan has naturally occurring
methyl ethers on twelve of the twenty residues. One to three nanomoles of MGP were
applied to the FAB probe with glycerol or thioglycerol matrices. The positive or negative
ion spectra also contained sequence related fragments.

It is important to alter the reactive reducing terminus, because identification of ends
of an underivatized oligosaccharide cannot be made by the mass of the fragments formed in
the manner that peptides are, because glycosidic bonds may be cleaved to form fragments
of equal mass whether charge is retained at either terminus. Glycolipids and glycopeptides
contain naturally occurring reducing end tags, and oligoalditols produced by base-borohy
dride cleavage from proteins have a 2 Da increase in mass on the reducing terminus.
Fragments arising from the saccharide can readily be identified in these cases.
Oligosaccharides produced by Endo H digestion of proteins containing N-linked
saccharides must contain one reducing terminal N-acetyl glucosamine, whereas those
produced using peptide-N4-(N-acetyl-3-glucosaminyl)asparagine amidase F (PNGase F)
contain both N-acetyl glucosamine residues of the chitobiose core (Tarentino et al., 1985).
The presence of reducing terminal hexosamine in these cases facilitate the identification of
the termini since in most cases the non-reducing terminus contains residues of differing
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Figure 3. Nomenclature for Imass spectrometric fragmentation of peptides (panel a)
and oligosaccharides (panel b). See also mass spectrometric nomenclature page v.
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mass (eg. NANA, Hex, or Deoxyhex) Alternatively, the fragmentation may be directed by
the preparation of appropriate derivatives which preferentially stabilize certain fragment
ions. For example, in positive ion LSIMS, permethylation promotes the B fragments
formed at N-acetyl hexosamine residues which are well characterized in electron
impactspectra. Other derivatization techniques include reducing terminal tags such as 2
amino-pyridine or ethyl-p -amino benzoate, which stabilize 1.5x, Y and Z positive ion
fragments (see Fig. 3b).

LSIMS and CID spectra of glycans are also affected by charged residues such as
sialic acids which retain charge in negative mode. For example, the LSIMS spectrum of a
urinary saccharide isolated from a patient with a hexosaminidase deficiency (Kambara &
Burlingame, 1979) produced an abundant series of fragments formed by glycosidic bond
rearrangement with charge retained on the N-acetyl neuraminic acid containing portion of
the molecule (C ions). Another series of fragments has charge retained on the alditol at the
former reducing terminal glucose residue (Y ions). Much less abundant were losses of
water (-18 Da) from each of the molecular and fragment ions (Z). The sequence of this
oligosaccharide was justified by the fragment ions detected.

A number of asparagine-containing glycopeptides were analyzed by FAB mass
spectrometry (Kamerling et al., 1983) in positive and negative ion modes, and elements of
their sequence could be deduced. These glycopeptides with N-linked glycans are produced
by exhaustive proteolytic digestion with Pronase and thus contain a single asparagine
residue. One hundred micrograms of each glycopeptide (approximately 50 nmol) were
loaded onto the FAB probe (structure, Fig. 4). Salt (Na+ and K*) adducts as well as
protonated species were observed in positive mode and the fragments contained a proton or
Na+, while the negatively charged molecular species and fragments were deprotonated.
Glycosidic bond cleavages with hydrogen rearrangement and charge retention on the
amino-acid-containing portion of the molecule (Y ions) predominated in both positive and
negative ion spectra. An asialo-biantennary structure produced Y, ºx and Z cleavage
ions (table, Fig. 4, i.e. M-H-162 and M-H-180 Da; Y and Z ions respectively) in the
negative ion spectrum. No evidence of multiple bond cleavages was detected in this study.
Importantly, the abundance of fragment ions, 18-45% relative to the (M-H) is much
greater than those typically observed from peptides (0-15% in most positive ion spectra).
The lower activation energy barriers for the rearrangements and cleavages of glycosidic
bonds and sugar rings allows more information to be deduced from glycan LSIMS spectra
than can often be obtained from peptide spectra. The limits of sensitivity were not
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determined, however it is clear that many biological problems cannot be addressed if 50
nmol of each component are required for analysis.

An improvement in sensitivity for FAB analysis can be obtained by peracetylation.
High mannose oligosaccharides isolated by Endo H digestion of yeast mannans followed
by size exclusion chromatography were analyzed as their peracetyl derivatives (Tsai et al.,
1986). Molecular ions were observed in negative and positive modes, as were newly
formed species following partial acetolysis to cleave O. 1-6 linkages. The inclusion of
partial acetolysis in this strategy adds a linkage specific element of sequence determination.
In addition, phosphorylated Mann GlcNAc oligosaccharides were similarly prepared, and
the negative ion spectra contained molecular ions for the following acetolyzed products:
Man?P (715, 757), ManáGlcNAcP (1578, 1620), ManóGlcNAcP (2154, 2196), Man5P
(1579, 1621) and Man'7P (2155, 2197). In addition to suggesting sites of
phosphorylation, the authors note that these ions include a phosphoacyl linkage which was
unstable during freezer storage. Only molecular ions are reported in this study, however B
fragments have been reported elsewhere (Fukuda et al., 1985a, Fukuda et al., 1985b), and
have been used to suggest sequence. One advantage cited for the use of peracetylated
oligosaccharides is the ability to prepare samples of small quantity, i.e., less than 1 pig, in
the presence of salt contamination. The salt may be removed by washing the chloroform
solution of the peracetyl glycan with water (Dell & Panico, 1986)). Peracetylation using
deuterium analogs may be used to identify any naturally occurring acetyl groups, because
the O-acetyl are stable under the acidic reaction conditions used.

Permethyl glycolipids and oligosaccharides have been examined by liquid matrix
sputtering techniques in addition to EI and have sensitivity advantages over underivatized
oligosaccharides. For example, Egge and coworkers (Egge et al., 1985) studied branched
glycosphingolipids (structures, Fig. 5, M+Nations observed were 3979, 3571, 2875,
2753 Da). The B ions and B-MeOH ions were abundant, retaining charge on the non
reducing termini and indicating branching of these molecules. The only reducing
terminal fragment contains the ceremide moiety, therefore these spectra are analogous to
the EI spectra obtained from species of lower molecular weight. Due to the comparatively
small mass increment added by permethylation (+15 Da per hydroxyl), the temperature
stability, and the LSIMS sensitivity this procedure is widely used. The intact mass spectra
were combined with sugar composition, methylation linkage analysis, Smith degradation
and "H NMR spectra to identify the primary structure of these glycolipids.
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Reduced permethylated oligosaccharides are also characterized by FAB positive ion
mass spectra. Glucose polymers up to n = 32 produce (M+NH4)* pseudomolecular ions
when analyzed in a glycerol/thioglycerol matrix containing ammonia (m/z 6614) (Dell et al.,
1983). Smaller, complex, biologically interesting oligomers fragment in very specific
ways as their permethyl derivatives which allow structures to be deduced (Hanish et al.,
1989). The most abundant fragments are typically the non-reducing terminal monomers
(B1) and oligomers cleaved at the glycosidic bond of N-acetyl glucosamines (Bn). In
addition, the Bn ions or MHt may lose the residues linked in the 3 position of the N-acetyl
glucosamine by a Z-H rearrangement to form

O

N R. = Fu c

– O R., y = CHR 2 3

NCH,
C = O

|

CH3

Figure 6. Structure of the production formed by permethylated hexosamine containing
oligosaccharides following elimination of the 3-linked substituent. This figure is
adapted from (Egge & Peter-Katalinic, 1987).

Permethylation with LSIMS is successful in identifying may glycans of biological interest,
including glycoproteins expressed using recombinant DNA techniques (Carr et al., 1988).

Strategies employing reductive amination, HPLC separation, and mass
spectrometry have been tested by other investigators using model oligosaccharides. For
example, various oligosaccharides (n & 9) were derivatized with 2-amino-pyridine or 7
amino-1-naphthol (Coles et al., 1985) and analyzed by positive ion FAB, CI, and tandem
mass spectrometry, both with and without prior separation by HPLC. Sweeley and
coworkers (Wang et al., 1984) studied the use of reducing terminal Schiff base UV
absorbing derivatives for isolation and characterization of oligosaccharides. They chose
three anilines (AN = aniline, AP = p-amino acetophenone and ABEE = p -aminobenzoic
acid ethyl ester) for reductive coupling to a number of small neutral oligosaccharides. The
products (n :12) were separated by HPLC and positive ion FAB mass spectra were
reported for several oligosaccharides (n : 6). Further, the authors suggested that this
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method could be applied to larger, more complex oligosaccharides. Protonated and
sodiated molecules were observed by positive ion FAB mass spectrometry as well as
fragment ions which all contained the secondary amine aniline derivative. Glycosidic bond
cleavages and rearrangements (Y and Y4-H) predominated, and these fragments were
sodiated if the molecular species was (M+Na)". The ring cleavage fragment 1.5X was
also observed in the spectrum of iso-maltotetraose. Rather than isolate oligosaccharides
from column or HPLC and analyzing fractions individually, in-line chromatography with
thermospray ionization or a continuous flow FAB ion source are useful in peptide and
oligosaccharide analyses. Detection limits in the low nanogram to picogram range are
reported (Hsu et al., 1986).

1.3.3 Collision-Induced Dissociation

LSIMS spectra of oligosaccharides have the distinct advantage of the ability to
observed pseudomolecular ions of species at least up to mass 6000. Fragments which
indicate sequence may also be abundant as is the case with many glycans, but may be
obscured by the matrix-associated chemical noise, particularly at low mass. Tandem mass
spectrometers are capable of increasing the internal energy of single molecular ions (or
fragments) by collisional activation with neutral rare gases. The fragments formed
following collision are then mass analyzed. Chemical noise is eliminated by the selection
of a single sample ion in the first mass spectrometer. The additional internal energy is
particularly important in peptide analysis since most peptide bonds do not fragment readily.
Application of MS/MS to sequencing proteins and peptides has been demonstrated recently
(Biemann & Scoble, 1987; Gibson et al., 1989; Hunt et al., 1981). In addition, post
translational modifications of peptides may be identified and sequenced (Biemann &
Scoble, 1987).

Glycans, on the other hand, have been less extensively analyzed by MS/MS and the
structural elements of addressed have been diverse. For example, mono-, di-, and tri
saccharides have been studied to determine epimers, anomers and linkage position (Laine
et al., 1988; Promé et al., 1985). This is accomplished by comparing the relative
abundances of diagnostic fragment ions. Similar work was done using EI or CI mass
spectra of derivatized glycans (reviews, (Radford & DeJongh, 1972; Radford & DeJongh,
1980; Wood, 1980)). A somewhat different goal of characterizing the sequence and
branching of glycosides such as flavonoids (Crow et al., 1986), glycolipids (Domon &
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Costello, 1988b), and peptidoglycans (Martin et al., 1987) is accomplished in negative and
positive ion FAB plus CID, typically without modification of the glycoside. The fragments
observed in the FAB and MS/MS spectra of these glycosides almost exclusively contain the
aglycone moiety. Fragment series Y, X, 1.5x and 0.2x ions are observed. At low mass
in the MS/MS however, there may be less abundant B, C, 0.2A, 24A and 2,5A ions in
negative ion mode. The only non-reducing terminal fragment reported for these glycosides
was the B1 ion (i.e. 163 for a hexose residue). Carr and coworkers (Carr et al., 1985)
published the only report of MS/MS techniques applied to complex oligosaccharides.
Interestingly, they compared the FAB-CID of two isomeric hexasaccharides, analyzed as
the alditols in positive ion mode (structures, Fig. 7). The most abundant fragments
involved B glycosidic bond cleavages at N-acetylglucosamine residues. Both the B and
Y+H cleavages are observed and the intensity of the fragment ion peaks reflected that one
of the two isomers was branched and the other had a linear structure. The mass and

intensity of product ions formed by CID have been found to reflect stereoisomeric
monomer configuration (Puzo et al., 1985), linkage position (Kovácik et al., 1985; Laine et
al., 1988; Mueller et al., 1988), acetyl position (DeJong et al., 1980), sequence and
branching structure (Carr et al., 1985; Reinhold, 1986).
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1.4 Conclusions

The goal of this work is to identify mammalian glycoprotein structures, since many
specific interactions are recognized for the circulating and cell surface glycoproteins.
Recently, chemical and conformational structures of these macromolecules are beginning
to be identified, however, even the primary (chemical) structures of most proteins are not
rigorously determined. Combinations of instrumental and chemical techniques are
required to deduce the complete structures of glycoproteins and oligosaccharides isolated
from them. Clearly, crystal structures, along with solution structures deduced from two
dimensional NMR techniques, are extremely important to the understanding of glycoprotein
oligosaccharide structures. However, the availability of millimoles of single isolated
glycan precludes the use of these analytical methods as a first approach to identifying the
structure of any protein or glycan.

Chromatography has succeeded in fractionating glycans, however isomerically pure
oligosaccharides have seldom been obtained. Whether homogeneous or fractionated
glycans are isolated, linkage, branching and anomeric configuration are identified by
combination of H and 13C NMR, mass spectrometry and degradative procedures. Recent
developments of ion or atom desorption ionization mass spectrometry (LSIMS) have
produced composition, sequence and branching information regarding the primary structure
of intact oligosaccharides. Improved sensitivity and diagnostic fragment formation has
been found following derivatization of oligosaccharides by peralkylation or reductive
amination and by tandem mass spectrometry. Thus, glycan and glycopeptide structures can
be deduced using mass spectrometry as the primary tool, but all available methods are
combined to attain the goal of determining the structures and interrelationship of all
molecules in living things.
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CHAPTER 2 Mass Spectrometric Methods Development for
Carbohydrates
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At the time this work was initiated no systematic comparison of mass spectrometric
methods for oligosaccharides had been published. Therefore, before identification of
unknown oligosaccharides could proceed, techniques were tested and developed using
oligosaccharides which are available in large quantity (mg) and have well defined
structures. Beginning with simple, linear maltooligosaccharides, previously described
methods were used to determine the structural information which could be deduced from

their mass spectra. These oligosaccharides differed only in the number of glucose residues
present. Firstly, cesium ion liquid secondary ion mass spectrometry (LSIMS) and
collision-induced dissociation (CID) spectra were recorded for the free reducing sugars.
Next, derivatization methods were applied to these oligosaccharides. The relative
sensitivity of each method was compared, and reductive amination was chosen as the
simple, sensitive derivatization method for further study.

To extend the analyses to more biologically relevant molecules, a suite of branched
high mannose oligosaccharides was used to determine the effect of branching on the mass
spectra obtained. These oligosaccharides varied in composition from five to nine hexose
residues and from one to two N-acetylhexosamine residues. In addition, the branching
patterns differed. The differences in fragment ion abundances between linear and branched
oligomers observed suggested that branching information may be determined by mass
spectrometry. Because there were mixtures of oligomers present in many fractions,
however, unambiguous conclusions could not be made. Subsequently, the branched
isomers present in the samples were successfully separated by HPLC. The hypothesis that
branching can be deduced from the LSIMS and CID spectra was strongly supported by
data from isolated isomers.

To further extend mass spectral analysis of oligosaccharides, complex and acidic
structures were studied. These molecules were heterogeneous in their monomer
Compositions; and contained hexose, deoxyhexose, N-acetyl hexosamine, and sialic acid
residues. Mass spectral characteristics of reducing, alditol, and permethylated
Oligosaccharides were described.

From these studies, conclusions were drawn for the analysis of protein-linked
*Pligosaccharide unknowns. New high mannose structures were determined in Chapter 3.
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While complex oligosaccharide structures are described in detail in Chapters 4 and 5
including many mass spectral examples of reductively aminated complex oligosaccharides.

2.1 Mass Spectrometric Analysis of Maltooligosaccharides:
Liquid Secondary Ion Mass Spectrometry and Collision-Induced Dissociation

The maltooligosaccharides produced by the hydrolysis of corn starch are linear
chain oligomers of glucose residues connected by 0.1–34 linkages, and were chosen as
models for mass spectrometric study due to their simple structure and availability.
Maltooligomers were used to compare the information content of positive and negative ion
LSIMS and tandem mass spectra obtained from underivatized samples and from various
chemical derivatives. Spectra of permethylated, peracetylated, and reductively aminated
maltooligosaccharides were compared to determine the preferred method for further
studies. From these data, together with those obtained form high mannose (2.2) and
complex and acidic oligosaccharides (2.3), a strategy was conceived for the LSIMS and
tandem mass spectrometric analysis of glycoprotein derived oligosaccharides.

2.1.1 Free Reducing Oligosaccharides

Tetraethylene glycol was found to be the matrix of choice for analyses of free
oligosaccharides when compared to glycerol, thioglycerol or diethanolamine (Jiang, 1986).
Abundant molecular ions were observed in this relatively non-polar solution, and
noncovelant adduct ions were not detected. Positive ion spectra produced primarily
molecular species with few fragments. In contrast, when diethanolamine and glycerol (1:1)
were used as a matrix with 5% acetic acid to promote protonation, only [M + Nation and
[M + DEA + HI” ions were observed with accompanying weak Y or C ion peaks.

Identifying the molecular weight of the underivatized neutral oligosaccharide
maltoheptaose was readily achieved by LSIMS in negative ion mode using 1 nmole of
Sample dissolved in 1 pil of tetraethylene glycol (Fig. 1). Only 4 pmole (5 ng) of
maltoheptaose was required to obtain a molecular ion with a signal-to-noise ratio of 3:1. In
contrast to negative ion LSIMS, detecting a protonated molecular species from
underivatized maltoheptaose required a minimum of one nanomole. Therefore the negative

**ºn mode is used for molecular weight determination of free reducing oligosaccharides.
*rom the molecular weight, one can deduce the number of hexose, N-acetylhexosamine,
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deoxyhexose, and sialic acid residues present in an oligosaccharide. Other modifications,
such as phosphorylation, are also identified by the characteristic shifts in mass they
produce.

In the mass spectrum of maltoheptaose in tetraethylene glycol matrix (Fig. 1),
sequence related fragment ions ([M-H] - 162 Da) were observed from glycosidic bond
cleavages by hydrogen rearrangement (Webb et al., 1988, A series) or direct cleavage
(Domon & Costello, 1988a, Y series) at higher masses. Since the reducing and non
reducing termini were equivalent, it cannot be determined from this spectrum which end of
the oligosaccharide retains charge during the cleavage. Either Y or C cleavages would
produce the fragment ion at ([M-H] - 162 Da). These sample fragment ions were
observed over the entire mass range when much more sample was loaded onto the LSIMS
target, because the matrix background was reduced sufficiently to observe them (McLean &
Webb, 1985). For example, the negative ion LSIMS of 12-20 pig of maltoheptaose (data
not shown) produced prominent ring cleavages (Fig. 1) 24A or 0.2X since the termini are
identical, and a double cleavage to produce m/z 263 by one 24A and one 02X ring cleavage
(data not shown). Glycosidic bonds were also cleaved to produce Y or C ions [(M-H) -
162 Dal. In addition, another ring cleavage, 2,3A, was detected in the maltotetraose (n =
4) spectrum (data not shown), but it was in very low abundance. When higher oligomers
(n = 6 or 7) were analyzed the 2.5A cleavage disappeared.

Maltoheptaose was also analyzed by tandem mass spectrometry (MS/MS) without
derivatization. Collision-induced dissociation is a method to introduce excess internal

energy into a molecule for the purpose of promoting unimolecular decompositions. A
tandem mass spectrometer capable of high energy collisions (keV) consists of two magnetic
Sector mass spectrometers with a collision cell between them. A new instrument of this
type, which has high sensitivity due to the addition of a microchannel electro-optical array
detector, was used to obtain CID data on a number of oligosaccharides. A negative ion
MS/MS spectrum was produced by collision of deprotonated maltoheptaose (m/z 1151)
with He at 6 keV (Fig. 2). One microgram (0.8 nmol) of an aqueous solution of

*altoheptaose was added to one microliter of tetraethylene glycol on the probe tip. Abun
dant productions were observed at m/z 221, 383, 545, 707, 869 and 1031 which arise
from ring cleavages either with charge retention at the non-reducing “A or reducing"ºx
****ini. Since these ions have been observed as a significant series in the negative ion

*Pectra of reductively aminated derivatives where the mass of the reducing terminus is
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shifted, this suggests that some or all of these peaks are *A non-reducing fragments (see
Chapters 2.14 and 22.3). It should be noted that the relative abundance of the “A
fragments for this linear oligosaccharide forms a smooth envelope decreasing in peak
intensity with increasing mass. This fragmentation, not observed in the positive ion
spectra, may be due to a rearrangement in the reducing end moiety (Kamerling et al.,
1983). In addition, the underivatized maltoheptaose produced B1 and C1 ions at m/z 161
and 179 and numerous low mass fragments of the glucose residues (143, 119, 113, 102,
etc., data not shown). Therefore the energy input by the CID experiment produces
abundant ring cleavage fragments some of which are present in the LSIMS spectrum, but
no glycosidic bond cleavages were observed.

2.1.2 Peracetylated Oligosaccharides

Peracetylated maltoheptaose was produced by treatment of the dry sample with
acetic anhydride/pyridine (1:1) and analyzed by positive ion LSIMS (Fig. 3). Thirty pig of
peracetyl maltoheptaose produced a positive ion spectrum with an excellent signal-to-noise
ratio. The protonated molecular ion for the reducing terminal ring closed form (MHt
2119) is not detected, but ions 60 Da (acetic acid), 42 Da (acetyl) and 120 Da (two acetic
acids) lower in mass were abundant (m/z 2058, 2016 and 1998). The peracetylated ring
open form (structure shown in Fig. 3) was also produced by acetylation with acetic
anhydride/pyridine. The protonated molecular ion (m/z 2195) was not detected, But related
ions were observed at m/z 2135 (– 60 Da) and m/z 2093 (-42 Da). As previously
described by Dell, the sequence fragments for peracetylated and permethylated
oligosaccharides involve glycosidic bond cleavages with charge retention on the non
reducing terminus (A1-type, Dell & Panico, 1986; B ions, Domon & Costello, 1988a).
Each of the primary fragments (B) may also lose 42 or 60 Da. In the negative ion mode
this same sample gave a deprotonated molecular species and ions at 42 Da (acetyl) or 60 Da
(acetic acid) lower in mass. The peracetyl ring open form was also present [M + 60- H]-,
and 24A or 0.2A fragments were observed. When lesser amounts of sample were
*alyzed, eg. <1 nmol, sequence ions were still very abundant. Thus peracetylation

increases the signal-to-noise ratio for sequence determination.
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2.1.3 Permethylated Oligosaccharides

Mass spectra obtained from permethylated maltoheptaose prepared from two
different bases were compared for sensitivity of molecular weight detection. The Hakamori
procedure (Hakamori, 1964) using NaH and DMSO to produce the dimethyl sulfinyl anion
was contrasted with a recently published (Cincanu and Kerek, 1984) simple procedure uti
lizing powdered NaOH slurried in DMSO as the base. Using the former method the
deprotonation of the glycan was accomplished by Sonication of the sample with 0.5 ml base
in a glass vial, whereas using the latter the sample was mixed with a stirring bar.
Following deprotonation, methyl iodide (150 pul) was added to the vials. The products
were extracted into chloroform in each case, dried and redissolved in methanol for loading
onto the LSIMS probe. The spectra obtained from 1 pig (0.8 nmol) aliquots of 20 pig
samples were compared for completeness of methylation and signal-to-noise ratio. The
Hakamori method produced a more completely methylated product as shown by the lack of
M - 14 Daions (Fig. 4; this spectrum was obtained using a larger sample amount, 10 pig, 8
nmol). However, abundance of the [M+H]* species was significantly lower than those
observed using the NaOH procedure (data not shown). The chemical noise was also
suppressed in the spectrum from the Hakamori procedure and therefore the signal-to-noise
ratio was actually better (10:1) than for the product of the NaOH method. No fragment
ions were detected in either case when 0.8 nmole were analyzed. However, prominent B
and B-MeOH fragments were observed when larger sample amounts were used (Fig. 4).
Also, ions which may be due to sample hydrolysis (m/z 1293 [M - Hex + Na]*) were
present.

In summary, underivatized oligosaccharides yield molecular species in both positive
and negative ion modes. Sensitivity and the fragment abundance, however, are greater in
the negative ion LSIMS mass spectra. For these linear oligosaccharides, fragment ions
from both the reducing and nonreducing termini gradually decrease in abundance from low
to high mass. Reactions to alter the oligosaccharide structure such as permethylation and

Peracetylation affect the sensitivity as well as the type and abundance of fragmentation
observed by positive or negative LSIMS. Permethylated or peracetylated glycans protonate
*d catenate readily to form molecular cations and non-reducing terminal B fragment ions
which are fairly abundant in positive mode. Sensitivity is better for the detection of

Perrºnethylated and peracetylated species than for detection of underivatized glycans.
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2.1.4 Reductively Coupled Oligosaccharides

Following the work of Sweeley and co-workers (Wang et al., 1984), work was
initiated to identify and separate oligosaccharides using reduced Schiff base derivatives.
The reducing termini of the oligosaccharides were "tagged" by acid catalyzed imine (Schiff
base) formation with p-aminobenzoic acid ethyl ester (ABEE) in methanol solution,
followed by reduction to the corresponding secondary amine with sodium
cyanoborohydride. The ultraviolet absorbance of the glycan derivative was detected at one
of the two maxima (= 230 and 306 nm) or by monitoring at 254 nm. Significantly, the
sensitivity of LSIMS (with post acceleration detection) rather than the UV detection method
was the limiting factor.

Positive ion LSIMS (Fig. 5) of ABEE derivatized maltoheptaose (Mr1301) showed
two molecular species, [M+H]* and [M+Na]* at m/z 1302 and 1324. Losses of
anhydrohexose residues occurred for both the protonated and sodiated species; when
excess sodium was present the sodiated species predominated. These hexose losses
occurred by cleavage at each of the glycosidic bonds with a hydrogen rearrangement to or
from the reducing terminus (Y ions, 1162 or 1160 Da respectively). Two mechantisms
have been proposed to explain the resulting in a net loss of 162 mass units a) hydrogen
transfer to the charge-bearing reducing terminus (Webb et al., 1988) or b) by direct
cleavage (Domon & Costello, 1988a). Each of the clusters resulting from losses of hexose
units contained additional ions at 18 mass units below (Z) and 28 mass units above (ºx)
the sodiated fragment.

Negative ion LSIMS of maltoheptaose-ABEE (Fig. 6) always showed a molecular
anion (M-H) at m/z 1300 as well as fragment ions. Occasionally, [M + Na - 2H]- and/or
[M + Cl] adduct anions were also observed depending on the salt content of the sample.
As observed in positive ion mode (Fig. 5), abundant fragment ions were formed by the
loss of hexose units due to glycosidic cleavage of the [M-HI species. These ions have a
hydrogen rearrangement to the reducing terminus. Another fragmentation series (24A) was
observed with charge retention on the nonreducing terminus. This fragmentation, not
observed in the positive ion spectra, may be due to a rearrangement in the reducing end
*Siety (Kamerling et al., 1983). The lowest mass ion fragment of the 24A series was

°bserved at m/z 221, while the larger fragments appeared sequentially every 162 mass
****its. The origin of these fragments was confirmed by analyzing the [1,1,2,2,2'-2H]
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ethyl-p-amino-benzoate derivative of maltoheptaose using negative ion LSIMS. Professor
James W. Webb from Illinois State University, synthesized the [*H)ethyl-p-amino benzoic
acid. The series A ions were all shifted by five mass units, whereas the series 24A ions
did not change. Taken together these data indicated that fragments from both the reducing
and nonreducing termini of this linear molecule gradually decreased in abundance from low
to high mass.

ABBE derivatized maltoheptaose was also analyzed using MS/MS (Fig. 7) in which
the (M+H)* ion m/z 1330 produced by LSIMS ionization was selected in the first mass
spectrometer for collisional activation. The fragmentation pattern, detected in the second
mass spectrometer, was dominated by the loss of anhydrohexose units. The result was a
significant increase in relative abundance of Y fragments as compared to those observed
without collision gas, particularly the Y1 ion (m/z 358). A typical positive ion CID
spectrum contained “X, Y, and Zions. It should be noted that the Y ions occur with
hydrogen rearrangements both to and from the reducing terminus creating a doublet peak
which was also detected in the positive ion LSIMS spectrum (Fig. 5).

When maltoheptaose was reductively coupled to esters of p-aminobenzoic acid
(Fig. 8), the negative ion CID spectra contained abundant Y ions along with *A ions. If
the reducing terminus is modified by making the methyl glycoside or by coupling to an
aniline, charge is retained on that terminus and Y rearrangements dominate the negative ion
spectra and are also present in the positive ion mode. This is similar to the spectra
observed in the LSIMS analysis, but differs from the CID spectrum of underivatized
maltoheptaose which does not contain abundant Y rearrangements. Importantly, the
LSIMS spectra obtained from ABEE derivatives of maltoheptaose revealed molecular ions
which were abundant in both positive and negative modes. While fragments formed by
unimolecular decomposition of the protonated maltoheptaose-ABEE were of the Y ions,
their relative abundance was too low to be of analytical usefulness. The only abundant
fragment in the positive ion spectrum was the Yi ion containing the reducing terminal
hexose with the attached ethyl-p-aminobenzoate moiety. This was qualitatively quite
different from the negative ion spectrum which displays a regular array of Y fragments. In
*e positive ion mode the Y series was found to be only slightly more abundant than the
*>< and Z ions in LSIMS. However, when the B/E linked scan was used to detect

P*Sºducts from the [M+H]* ion (m/z 1302) of maltoheptaose-ABEE, only Y ions were
****served (data not shown); m/z 330, 492, 654, 816,978 and 1140. While fragmentation
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of deprotonated species in negative mode were dominated by ring cleavages (*A) the
positive ion CID spectra of these derivatives were dominated by 1.5x, Y, Y--2, and Z
fragments.

The sensitivity of the ABEE derivatization method in LSIMS was investigated in
two ways. First, the minimum amount of derivatized oligosaccharide which could be
analyzed by LSIMS was assessed. ABEE-maltoheptaose was purified by HPLC and used
to prepare standard solutions. The molecular ion from 4 pmol of ABEE-maltoheptaose was
detected by negative ion LSIMS; ~40 pmol were necessary to observe fragment ions (data
not shown). Next, we determined the minimum amount of oligosaccharide required for all
the steps in the procedure, including derivatization, HPLC separation and LSIMS;
sequence ions were obtained from 200 pmol maltoheptaose (Fig. 9). Although sensitivity
in LSIMS decreased with increasing mass there appears to be no detectable upper mass
limit for analysis of these molecules in the range up to 3600 Da (see Chapter 3.3, Fig. 8).

In order to obtain maximum sensitivity for the detection and characterization of
oligosaccharides, the spectra obtained from the ABEE and permethylated derivatives of
maltoheptaose were compared since previous work indicated that the permethylated
derivative produced the most abundant ions. Ten, twenty and one-hundred micrograms
(9-87 nmol) of maltoheptaose were used as the starting material. When 10% of each 20 pig
sample was analyzed by LSIMS, the [M+Na]+ ions for the reductively aminated or
permethylated maltoheptaose were identical in abundance, but the chemical noise in the
ABEE spectrum was significantly more intense (approximately 4x). Importantly, either the
methylation or the acetylation of hydroxyls promoted the formations of B ions, while the
ABEE derivative promotes Yion formation, particularly in negative ion mode.

It was hypothesized that the carbonyl of the ester moiety enhanced the stability of
the deprotonated oligosaccharide derivative by a resonance mechanism (I).

OO
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To test this theory butyl, butoxy, benzophenone, trimethylamino, decyl and tetradecyl
anilines, none of which contain ester functionalities, were reductively coupled to
maltoheptaose to compare their mass spectrometric sensitivity and the quality of
fragmentation information present. During derivatization with benzophenone, decyl and
tetradecyl anilines the volume of methanol solvent was increased by a factor of eight in
order to dissolve the amines. The products were isolated by reversed phase
chromatography on a C18 Vydac column. The positive ion mass spectrum of the p
trimethylamino aniline, which possesses a permanent positive charge, showed the same
reducing terminal fragments (Y and Z, Fig. 10) as both the ABEE and the fluorescent 2
aminopyridine derivatives. Unlike the ABEE derivative, no negatively charged species was
formed readily, and therefore no non-reducing terminal fragments were formed without
acetylation (Dell et al., 1988) or methylation. All of the remaining aniline derivatives
produced spectra similar to the esters, in that more abundant Y fragments as well as **A
fragments are formed from the deprotonated glycan. Clearly, the carbonyl is not required
for stabilization of the anion or the sensitivity for the detection of these derivatives would
be significantly decreased. Interestingly, the longer alkyl chains increased the ion
abundance of molecular and fragment species (Fig. 11). This has been found to be true for
the esters (Poulter et al., in preparation) and is due to the increased surface excess
concentration (Ligon & Dorn, 1986) of these improved surfactants in the
glycerol/thioglycerol matrix.

The reductively aminated oligosaccharides could not be analyzed directly following
the reaction due to the suppression of ion formation by the excess reagents. Therefore,
HPLC methods of isolation for reductively coupled derivatives have been explored. The
ABEE derivatives of mixtures of maltooligosaccharides (n = 4-10, 10-12 or 12-15) were
chromatographed using amino-bonded stationary phases and an aqueous acetonitrile
mobile phases. The first system utilized a silica gel column (10 pu) with 0.05% 1,4
diaminobutane added to the mobile phase for adsorption to the column (Wheals & White,
1979). Secondly, a commercial aminopropyl-bonded column (Alltech, 10p, Carbohydrate)
Was employed to separate maltooligomers. The resolution of these two systems was
similar for the n = 4-10 mixed oligomers. Fig. 12 shows the results from the
*ninopropyl-bonded column. Similar sensitivities in LSIMS were observed for the
**mponents isolated. The one difference, however, was the appearance of a
I -*-diaminobutane adduct peak and a sodium adduct peak detected in the sample isolated

** the silica gel column. The baseline resolution of higher oligomers (i.e., n = 10 or
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greater) was not possible using either of these systems (data not shown). In addition, it
was found that since the derivatives were resuspended in water, chromatographic

resolution was degraded or peak splitting occurred if more than 20 pil was injected into the
column. Peak splitting was due to incompatibility of water with the starting mobile phase
composition of 20% aqueous acetonitrile. Therefore only 20 pil injection volumes were

subsequently used. Molecular ions were also obtained on the ABEE derivatives of large
rnal tooligomers where n = 10-15 or to a maximum of Mr 2597.

The lower molecular weight oligomers were also separated by gel filtration HPLC
utilizing a TSK-12S column (Toya Soda, Japan) in ammonium acetate buffer (pH 6).
Hºc vºwever, this column was found to have substantially poorer resolving power than the
arraino columns and therfore were not pursued (data not shown).

When the ABEE derivatives were analyzed by reversed-phase chromatography, the
*>Yer-all resolution was poorer than using amino-bonded columns. Converse to the amino
***1 = arrhns, larger oligomers eluted earlier than their lower molecular weight counterparts
CFis:- 13). The reversed-phase column has been shown to have the advantage of separating
*** =r-sed oligosaccharides as their ABEE derivatives (see Chapter 4.2, Fig. 12) without the
****Blition of buffer salts to elute them, as is necessary when using amino bonded columns.
Ther-efore, reversed-phase HPLC of mixtures of reductively coupled oligosaccharides with
***** sewn structures is a recommended strategy for sample fractionation and preparation for
LS LIN-TIS analysis. Permethyl or peracetyl ABEE-oligosaccharides can also be purified by
*Y-r-sed-phase HPLC detecting the chromophore, or more simply by extraction of the
De*** *ethylated or peracetylated product into chloroform.

Isolated oligosaccharides with reducing terminal tags have been subsequently
******ethylated or peracetylated. Molecular ions were detected from samples of
******ethylated maltotetraose-ABEE using both field desorption and LSIMS (Fig. 14)
*Sr*.i.

- - -F=tion methods. B ions and B-MeOH were not observed although they are typically
DI

S-sert in spectra of permethylated oligosaccharides. However, Y ions with methyl
tra T
-

Sfers (-204, 822, 618 and 414 Da) were observed with associated - 14 Daions. These

*Tel-
-**tion which requires a strongly basic solution. If the formation of these Y fragments
could also arise from hydrolysis of the oligosaccharide during the permethylation

Iº- S-\arred in the gas phase, charge would be retained on the derivatized reducing terminus
**\er than on the non-reducing terminus (B ions). B ions are commonly observed when



41

oligosaccharides are permethylated or peracetylated in the absense of another charge site.
Reduction to the alditol prior to permethylation does not provide such a charge center;
however, reduction does change the mass of the reducing terminus so that fragments ions
may readily be identified as either reducing or non-reducing fragments. The hydrophobic
chromophores such as ABEE also provide this advantage. Thus, reductive amination alone

is recommended for analysis of unknown oligosaccharides.

These results indicated there were several advantages to analyzing reductively
arrainated (eg. ABEE) oligosaccharides: 1) ease of preparation; 2) stability; 3) UV detection

ci Lºring chromatography; 4) enhanced ionization in LSIMS as compared to underivatized
carbohydrates; 5) minimal increase in molecular weight; 6) enhanced fragmentation in
negative ion mode.

2.1.5 Conclusions: Mass Spectrometry of Intact Oligosaccharide Derivatives

Unique characteristics of permethylated, peracetylated, and reductively aminated
“Pºlis-saccharides were observed using mass spectrometric methods. Ease of preparation
****i clerivative yield were found to be best for peractylation and reductive amination
******-edures. Permethylation was less successful due to the stringently anhydrous
***** <iitions this reaction requires. Reduced oligosaccharides produced by elimination
**=<=tions from glycoproteins may be peracetylated and the carbonyl absorbance detected.
***>~~ever, the reducing termini of many glycans are free and may be used for coupling to
UN-2- =bsorbing molecules which provides a means of detecting the oligosaccharides during
Pur-i ification. Table I summarizes the chromatographic and LSIMS senstitvity for detection
of *** ese derivatives.

If the glycan is reductively coupled to a hydrophobic chromophore, a charge site is

...Nº for ionization; if the amine also contains a lipid-like tail, detection by desorption
clºa *==tion is also enhanced. This assumption has been tested by the synthesis of longerIº esters from C4-C14. The increased hydrophobicity increased the ion abundance

**-tive to unmodified glycans. Therefore, the most important element in the choice of

S. **ine derivatives for improving mass spectra appears to be the alkyl chain length of the*>stituent.
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The derivatives chosen significantly affected the abundance of fragments and the
relative lability of different bonds, as well as the preferred charge mode of the analysis.
Fragmentation rates depend on the site of ionization and the stability of the negative or
positive ions produced. For example, permethylated and peracetylated glycans protonate
readily and form oxonium fragments. In contrast, reductively coupled glycans deprotonate
and fragment more readily than their protonated counterparts. The relative abundance of all
the fragments is unaffected by the para-substituent on the aniline ring suggesting that the
stability of the fragments, including those with the amine, is not related to this substituent.
For linear oligosaccharides, a smooth envelope of fragment ions was observed; from low
to high mass there was an ordered decrease in ion abundance from both the reducing and
nonreducing termini. The sequence of saccharide residues can be deduced from the
fragment ions occurring in the LSIMS and CID spectra.

2.2 Mass Spectrometric Analysis of Branched High Mannose Oligosaccharides :
Liquid Secondary Ion Mass Spectrometry and Collision-Induced Dissociation

High mannose oligosaccharides from immunoglobulin M were prepared for LSIMS
analysis using a strategy that included release of the N-linked oligosaccharides by
endoglycosidase digestion of the purified glycoprotein and derivatization of the resulting
reducing termini with the UV absorbing moiety, ethyl-p -aminobenzoate. Coupling to
ethyl-p-aminobenzoate (ABEE) facilitated HPLC detection and provided centers for
protonation and deprotonation enhancing liquid secondary ion mass spectra. The pattern of
ion fragments observed for branched oligosaccharides was significantly different from that
produced by linear maltooligosaccharides, and identification of previously unreported
minor components of the immunoglobulin M oligosaccharides was also accomplished.

After LSIMS analysis of the fractionated oligosaccharides it became clear that
unresolved isomers were present in some fractions. Improved resolution was obtained on
a different HPLC column, and the LSIMS and CID mass spectra of the isolated
oligosaccharides were obtained. The patterns of ion abundances were clearly reflective of
the branching structure of these oligosaccharides. In addition, nonreducing terminal
fragmentions observed in the CID spectra complemented the information from the reducing
terminal ions. Therefore, this experimental strategy is particularly useful for the
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purification and detailed structural characterization of low abundance oligosaccharides
isolated from heterogeneous biological samples.

2.2.1 Reductively Coupled Branched Oligosaccharides

High mannose oligosaccharides which had been produced by Endo H digestion of
IgM were separated into five fractions (a-e) by gel filtration chromatography. Drs.
Anthony L. Tarentino, Thomas H. Plummer, and James C. Byrd (New York State
Department of Health) supplied the high mannose oligosaccharide fractions isolated from
IgM. Each fraction was reductively coupled to ABEE and subjected to further separation
by HPLC on an amino-bonded Carbohydrate column (Alltech). The resulting
chromatograms suggested that each of the five original fractions contained at least one
major and several minor components (Fig. 15). This apparent heterogeneity was
confirmed using positive ion LSIMS to analyze each HPLC peak. Peak composition was
determined by matching protonated molecular ions with molecular weights of all possible
combinations of hexoses (Man) and N-acetylated hexosamines (GlcNAc). Compositions
of each peak from all fractions are given in Table II. In general, individual HPLC peaks
contained a major component and many minor components. Usually, minor components
were due to incomplete chromatographic resolution of adjacent peaks or the presence of
unreduced Schiff's bases. Retention times were directly correlated with the number of
hexose residues; higher molecular weight oligomers always eluted last. However, for
oligomers containing the same total number of carbohydrate residues, the oligomer with the
most N-acetylhexosamines eluted first.

With regard to the major IgM oligosaccharides, molecular cations were consistent
with the structures previously published by Chapman and Kornfeld (Chapman & Kornfeld,
1979), as well as with !H NMR data (Tarentino, 1985). However, positive ion spectra of
the minor HPLC fractions gave interesting evidence of other previously unreported,
components. For example, fraction a-3 contained a MangGlcNAc2-ABEE oligosaccharide
in addition to a Schiff's base formed from MangGlcNAc 1. A MangGlcNAc1-ABEE
oligosaccharide, the major component of fraction b-3, was also evident. The origin of m/z
1277 and m/z 1398, one mass unit higher than a ManéGLcNAc2-ABEE oligosaccharide,
has not been determined.
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The major components observed by HPLC (Fig. 15, a-e) were analyzed using
negative ion LSIMS. These data are presented in Figs. 16-18 and summarized in Tables III
and IV. The molecular anions were the most prominent feature of all the spectra.
Importantly, sequence information, from both the reducing (Series Y) and nonreducing
(Series A) ends of the oligosaccharide, was apparent. As noted in Chapter 2.1.4, linear
oligosaccharides produce fragment ions from both the reducing and nonreducing termini
which gradually decreased in abundance from low to high mass. This ordered decrease in
ion abundance was not observed for branched oligosaccharides since in this case fragments
at certain masses could not arise by single glycosidic bond cleavages. Therefore, the
relative abundance of these ions was either significantly reduced or absent as compared to
identical fragments formed from linear molecules (Figs. 16-18). For example, the
negative ion LSIMS analysis of HPLC sample b-3 (Fig. 17) showed an intense molecular
anion at 1665. Series Y ions for losses of 1, 2, 3, or 8 mannoses were evident, as well as

a less intense ion corresponding to the loss of 4 mannose residues (m/z 1017). Series A
ions for fragments containing 1, 2, 3, or 4 mannose residues were also observed, each
containing an additional 58 Da fragment of the adjacent oligosaccharide (*A, 1.3A, or
04A). These data suggested that the branch points in the molecule suppressed the
formation of fragments consisting of 5, 6, or 7 mannose residues, evidence that the major
component is formed from a triantennary core (see Table IV). Furthermore, the molecular
mass together with the observed losses of 1, 2, 3 or 4 mannose residues from the
nonreducing termini suggested two possible branched structures may be present: one with
residues at positions 6, 7, 8, 9 and 11, the other with a mannose at position 10 instead of
position 9 (see Table IV). These two structures are consistent with the major and minor
components observed by "H NMR, and were typical of those obtained for all the fractions
analyzed by LSIMS.

The structures for the major and minor IgM oligosaccharides obtained using this
method were consistent with those previously published by Chapman and Kornfeld
(Chapman & Kornfeld, 1979), as well as with unpublished 1H NMR data (Tarentino,
1985). However, some spectra suggested the presence of minor components which were
not detected by NMR. For example, the intensity of the 855 ion, corresponding to the loss
of 5 mannose residues, present in the spectrum of fraction b-3, suggested the presence of a
minor component. A triantennary structure with mannose residues substituted at positions
6, 7, 8, 9 and 10 (see Table IV), not detected using NMR, was most consistent with these
*ata. In addition, other trace ions were also evident. As su ggested by other workers (Dell
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& Ballou, 1983a), these may arise from double cleavages. However, fragments of low
relative abundance at branched residues could be obtained if the samples contained other
minor components. These two possibilities, which can be distinguished using high
resolution chromatography, are being investigated.

2.2.2 Isomer Separations

Isolation of homogeneous samples from complex biological mixtures is clearly a
significant challenge, particularly in the analysis of carbohydrates where millions of
isomers are possible. Oligosaccharides derived from glycoproteins are present as mixtures
of many closely related compounds which ideally should be isolated to homogeneity before
identification is attempted. In addition, these compounds must be separated from any
excess reagents or buffers used during derivatization prior to mass spectral analysis. For
molecular weight and sequence determination by LSIMS, the isolated glycans are dissolved
in a liquid matrix.

It had previously been shown that the hydrophobic faces of small oligosaccharides
are sufficient to retain them on reversed phase columns by hydrophobic interactions using a
pure aqueous mobile phase (Blumberg et al., 1982). Alpha and beta anomers are separated
using this system (Fig. 19). Of the oligosaccharides tested, LNF-1 was the best retained;
the anomers eluted at 4 and 5 min. On the other hand, the larger oligosaccharides (A-6, A
7, and MangGlcNAc) eluted as unresolved doublets near the void volume of the column
(Fig. 19), and therefore most oligosaccharides proved too hydrophilic to utilize reversed
phase HPLC without derivatization (see Chapter 2.1.4, Fig. 13).

Although fractionation of glycans was achieved by reversed-phase HPLC, isolation
of homogeneous oligosaccharide structures was not possible and therefore another method
was used. Some success had recently been demonstrated using high pH anion exchange
chromatography (HPAE) for purification of oligosaccharides. In this system the oxyanions
formed from oligosaccharides in the presence of strong base (100 mM NaOH) were sepa
rated by their charge on a quaternary ammonium stationary phase bonded to polystyrene. It
was found that oligosaccharides eluted from this column could be reductively coupled to
*Sters of p-aminobenzoate, and LSIMS spectra could be obtained following reversed-phase
HPLC which removed most of the salt ([M + Na - 2H]- detected; Beuhler & Poulter,
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1988). A second step of HPLC, using a short narrow bore column, totally desalted a
trisialo-triantennary structure.

Reduced aniline derivatives have also been separated by high pH anion exchange
chromatography. All were better retained in this system and therefore required high
concentrations of sodium acetate (1 M) to elute them (Fig. 20). The greater retention of
these derivatives is probably due to hydrophobic interactions of the polystyrene beads with
the aromatic ring and alkyl tail of the derivatives. For example, the ABEE derivative of
maltoheptaose eluted later than the reducing oligosaccharide (Fig. 20a) and with a slightly
broadened peak shape on the AS6 column (Fig. 20b). Reducing oligosaccharides isolated
from human O.1 acid glycoprotein by PNGase F digestion and gel filtration chromatogra
phy were separated into at least 20 components by HPAE chromatography (data not
shown). The ABEE derivatives of this mixture were also separated on this system to
produce a similar pattern with only a slight decrease in resolution (Fig. 20c). To maximize
mass spectral sensitivity a more hydrophobic tail is desirable, so the chromatographic
properties of three other maltoheptaose aniline derivatives were explored. These eluted in
the order ethyl ester 3 butyl & benzyl 3 octyl ester × decyl. The lengthened alkyl chain
increased retention and broadened the peaks.

Since excellent resolution is the advantage of this system, two related anion
exchange columns (AS4A and a developmental anion exchange column with reversed
phase characteristics) were used to separate reductively aminated maltooligomers. Neither
column gave improved resolution, although they were more tolerant of the organic
modifiers (acetonitrile) used to decrease hydrophobic interactions with the column and
eluted at lower salt concentrations. Therefore, the AS6 column is recommended for future

analyses, and although the high pH eluate of the HPAE method is a technical disadvantage,
the resolving power of this method makes it worth pursuing.

The goal of this study was to separate branched isomers present in high mannose
oligosaccharide fractions which had been isolated from IgM. First a highly "loaded" C18
reversed-phase column (Rainin) was tested for its ability to separate a number of related
underivatized oligosaccharides. It had previously been shown that the hydrophobic faces
of small oligosaccharides are sufficient to retain them on reversed-phase columns
CBlumberg et al., 1982). Anomers of free reducing oligosaccharides are separated using
this system (Fig. 19). However, both anomers of the largest glycolipid oligosaccharide
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(A-7) eluted in less than two minutes after the void volume of the column. Similarly, high
mannose oligosaccharides from yeast and human sources (MangGlcNAc) eluted as unre
solved doublets near the void volume even on this highly hydrophobic column. Thus,
these high mannose oligosaccharides proved too hydrophilic to utilize reversed-phase
HPLC without derivatization.

Improved isomer separations were obtained for the IgM oligosaccharides using a
five-micron-particle size, aminopropyl-bonded column (Varian AX-5). This column was
found to have superior resolution compared to the Alltech Carbohydrate column, and was
successful in separating branched isomers of Man'7GlcNAc (Fig. 21). However, further
purification was required prior to mass spectrometric analysis due to the interference of
column bleed in the LSIMS spectra. This was accomplished by filtration using microfilters
of glass fibers. Minor components were better resolved by the AX-5 column, producing
more homogeneous major components, including the two Man'7GlcNAc-ABEE isomers.
These two isomers which had been suggested by NMR spectroscopy were resolved to a
35% valley and eluted six minutes after the Man5GlcNAc2-ABEE component of the same
Biogel P-6 fraction. Following isolation on the Varian AX-5 column, fractions were
characterized by mass spectrometry.

2.2.3 Isomeric Oligosaccharide Analysis

Two to ten nmoles of the ABEE derivatives were analyzed by LSIMS and collision
induced dissociation mass spectrometry. Abundant Y fragments have been observed in
both the CID and one dimensional LSIMS spectra of the major ManxGlcNAc 1-2
oligosaccharides isolated from IgM. As noted previously, the negative ion LSIMS spectra
of the aminobenzoates of high mannose oligosaccharides are dominated by the Y and 24A
ion series. Depending on the degree of matrix associated noise, particularly at lower mass,
the nonreducing terminal (A) ions may be obscured. Most notably, the recently separated
Man'7GlcNAc oligosaccharides which had been analyzed as a mixture (see section 2.2.1),
produced spectra (Fig. 22) containing different relative abundances of Y cleavages for the
loss of 3 (m/z 1017) or 4 (m/z 855) hexose residues. These abundances confirmed the
Placement of one o 1–2 linked mannose on the three-linked branch or the six-linked

branch, respectively. Assuming no other isomers are present in these samples, the ion
Present at 693 Da must arise from two bonds cleaving at different positions of the same
molecule. Consistent with previous reports (Carr et al., 1985; Kamerling et al., 1983;
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Webb et al., 1988), the relative abundance of Y fragment ions reflected the branching
arrangement of each oligosaccharide.

The matrix-associated background peak at every mass is eliminated in the MS/MS
experiment by selecting only a single analyte ion formed by LSIMS and analyzing its
products. As a result, the CID spectra are very clean and low mass fragments such as 94A
/*A at m/z 221 in negative ion mode (Fig. 23a) are readily observed. The qualitative
pattern and ion types observed in liquid SIMS are also the dominant processes in the
negative ion CID, but the matrix-associated noise is absent such that structural use may be
made of the lower mass”A ion series. These complementary non-reducing terminal
fragments are particularly important when questions of multiple Y rearrangements arise.

Double cleavage fragments were more abundant in the positive ion CID spectra
which contains ions at m/z 695 and 533 for all of these branched high mannose
oligosaccharides (Fig. 23b). The positive ion spectra also contain ºx cleavages which
vary in their relative abundance to the Y ion. This ratio may be branching or linkage
dependent, but will require further systematic study to be established. Minor ions were
02A fragments formed from the protonated species but not from the deprotonated ion. In
addition, the positive ion spectra contain B1 ions (163 = hexose, 204 = N-acetyl
hexosamine). It is clear from the intensity of the 204 peak (B1, GlcNAc) in the positive ion
spectrum of the Man5GlcNAc2-ABEE that the non-reducing terminal GlcNAc forms a very
stable positive ion characteristic of permethylated lactosamines.

Three of the other P-6 fractions containing IgM oligosaccharides (Man5GlcNAc,
ManéGlcNAc and MangGlcNac; Chapter 2.2.1) were separated into individual
oligosaccharides on the Varian AX-5 column. One major component was present in each
case, but the minor components were better resolved. The result of the improved
separation was better correlation between fragment intensity and the branching pattern of
each structure. Consequently, this strategy, including HPLC of the ABEE derivative
followed by LSIMS and MS/MS, is valuable for the characterization of high mannose
oligosaccharides.

Coupling to ethyl-p-aminobenzoate (ABEE) facilitated HPLC detection and
provided centers for protonation and deprotonation enhancing liquid secondary ion mass
spectra. Sputtering from the liquid matrix is enhanced by the increased hydrophobicity and
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concomitant increased surface excess concentration of this derivative. Positive and

negative ion spectra contained molecular species of similar abundance. However, fragment
ion peaks yielding sequence information were significantly more prominent in the negative
ion mass spectra. Furthermore, it was obvious that the fragmentation patterns differed
substantially for linear and branched oligomers. For linear oligosaccharides, a smooth
envelope of fragment ions was observed; from low to high mass there was an ordered
decrease in ion abundance from both the reducing and nonreducing termini (see Chapter
2.1.4). This pattern of ion fragments was not observed for branched oligosaccharides
since in these cases fragments at certain masses could not arise by single glycosidic bond
cleavages. Therefore, these fragments were either significantly reduced in abundance or
absent compared with identical fragments formed from linear molecules. Importantly,
200 pmol of an oligosaccharide could be derivatized, separated and detected by mass
spectrometry allowing identification of previously unreported minor components of the
immunoglobulin Moligosaccharides.

2.3 Mass Spectrometric Analysis of Complex and Acidic Oligosaccharides :
Liquid Secondary Ion Mass Spectrometry and Collision-Induced Dissociation

Lactosamine-containing glycans have been studied to determine the characteristics
of the mass spectra which they produce. These glycans are termed complex
oligosaccharides and may have sialic acid residues attached to their non-reducing termini.
Complex N-linked oligosaccharides were released from glycoproteins by enzymatic
cleavage with either PNGaseF or Endo F, and were isolated from their protein cores or
tissues by size-exclusion, ion-exchange or lectin chromatography. This class of glycans
was investigated mass spectrometrically to determine the sensitivity with which one could
characterize complex oligosaccharides.

2.3.1 Free Reducing Oligosaccharides

Approximately 3 pig (2 nmol) of a complex biantennary oligosaccharide (supplied
by Anthony L. Tarentino) which contained one N-acetyl neuraminic acid (NANA) was
used to obtain the LSIMS spectrum (Fig. 24). The structure for the Endo F released
oligosaccharide, isolated from the C-1 fragment of IgM, had been suggested by "H NMR
data. An abundant molecular ion is observed at m/z 1727 as well as Y fragments. Losses
of Hex (m/z 1565), HexNAc (m/z 1524), HexhexNAc (m/z 1362), Hex2HexNAc
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(1200), and the sialic acid terminal branch ions at m/z 470, 672 and 835 were observed.
The signal-to-noise ratio was excellent, and therefore alternate fragmentations (Zand 1.5x)
are observed. The loss of water (18 Da) from the molecule is always observed, as well as
loss of 2 Da from the molecular and Y ions. Another acidic complex oligosaccharide from
IgM was also successfully analyzed by negative LSIMS. However, a sample of asialo
fetuin oligosaccharides (0.5 nmol) produced no spectrum although the predicted molecular
weight (2005 Da) is in the range of these other oligosaccharides.

Two triantennary fetuin oligosaccharides which were isolated by lectin
chromatography, based on the number of O. 2–93 and O. 2–6 linked sialic acids they
contained, were analyzed by LSIMS in negative ion mode (Fig. 25). These PNGase F
released oligosaccharides had been reduced with borotritide prior to isolation. Extremely
weak signals were obtained from approximately one nmole of each sample, which
corresponded to triantennary oligosaccharides with two (2586) or three (m/z 2877) N
acetyl neuraminic acid residues attached. The deprotonated species were observed, as well
as sodium adducts. The poor signal-to-noise ratio observed may result from the
insensitivity of reduced oligosaccharides in LSIMS, may arise from poor recovery of
sample since only 10 nmoles were dried in a polypropylene tube, or may be due to the
hydrophilicity of these large, acidic molecules.

Polysialic acids are highly charged hydrophilic species, and have been isolated from
brain tissue in the laboratory of Dr. Frederick Troy (University of California, Davis) using
anion exchange chromatography and dialysis. Samples of O. 2–38 linked N-acetyl
neuraminic acids where n = 1, 2, and 6 were analyzed in negative ion mode by LSIMS
(Fig. 26). When n = 2 the [M-H]- and [M - H - H2O) ions were present as well as a small
peak for a single sialic acid formed by glycosidic bond cleavage (Y). Surprisingly, glyc
erol proved to be a superior matrix relative to tetraethylene glycol (TEG) for these
compounds. The TEG cluster ions were abundant compared to the sample ions, while in
glycerol some glycerol + sample adducts were present but the cluster ions appeared to be
suppressed. Only glycerol and glycerol plus sodium adducts were present in the spectrum
of hexamer, and the signal-to-noise ratio was quite poor. Derivatization of these molecules
is recommended for improved sensitivity.

The core pentasaccharide present in all N-linked oligosaccharides was analyzed by
LSIMS with collision-induced dissociation. The deprotonated molecule (m/z 909) was the
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precursor ion selected to produce the spectrum shown in Fig. 27. Charge retention was not
selective for one end of the molecule as demonstrated by the abundance of X and Y as well
as A and B productions. Also, many of the products ions formed required more than one
bond to rupture in order to produce the masses observed. These included X and A ring
cleavage products, and ions formed by cleavages at different sites of the molecule. For
example, the ion at m/z 586 was formed by two separate Y rearrangements. Most
significantly, the structure of the branched mannose non-reducing terminus was deduced
from the abundant fragment at m/z 545 as containing three hexose residues, as well as the
Y3 ion. The CID spectra of underivatized, branched oligosaccharides of this small size
contain many diagnostic fragments, and thus these molecules are amenable to
characterization without derivatization.

2.3.2 Permethylated Oligosaccharides

Complex oligosaccharides have also been analyzed as the permethylated
derivatives. For example, two glycolipid-derived standard oligosaccharides (LNF-1 and
A-7) were permethylated according to Hakamori and the products extracted into
chloroform. The positive ion LSIMS spectrum obtained from permethyl LNF-1 (Fig. 28)
showed [M+H]* ions as well as evidence for under- and over-methylation (-14, -2 x 14
and +14 Da). Fragment ions with charge retention on the non-reducing terminus (B-series)
predominate. The most abundant fragment is formed by cleavage of the glycosidic bond of
N-acetyl glucosamine as was previously been observed (Egge & Peter-Katalinic, 1987).
The B3 ion was observed at m/z 638 for LNF-1. Other ions in this series present in the
LNF-1 spectrum include m/z 189 (B1), weak 393 (B2) and 842 (B4). In addition, the
prominent Zion for loss of the 3-linked substituent from N-acetyl glucosamine (m/z 668 in
LNF-1) is also observed. This linkage-specific fragment, present in EI and FAB spectra,
is extremely important for deducing the complete structure of unknown oligosaccharides.

The positive ion CID spectrum of the permethyl complex oligosaccharide, A-7, is
shown in Figure 29. The protonated molecular ion at m/z 1497 was selected for collisional
activation, and produced primarily B fragment ions. Secondary cleavage of the B3 ion at
m/z 1057 by Z eliminations of both the 3-linked (m/z 402) and 4-linked (m/z 869)
substituents were observed. As noted above, in LSIMS and FAB (Egge & Peter-Katalinic,
1987) spectra the Zion for only the loss of the 3-linked substituent typically detected.
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Therefore, the CID experiment may introduce sufficient energy to cleave bonds not
susceptible under LSIMS ionization.

2.4 Experimental Procedures

2.4.1 Materials

All chemicals were obtained from Sigma Chemical Co. (St. Louis, MO) unless
otherwise noted. Solvents, including water, were glass distilled by Burdick and Jackson,
Baxter Scientific Products, McGaw Park, IL. Glycerol, monothioglycerol, butylaniline,
butoxyaniline, benzophenone, (p-trimethylamino)-aniline, decylaniline and tetradecylaniline
were from Aldrich Chemical, Milwaukee, WI while Ultramark” 1621 and 443 were
obtained from PCR Research Chemicals, Gainsville, FL. Methyl iodide was a product of
Fluka, Germany. A-7 was a product of BioCarb, Lund, Sweden. The eukaryotic N
linked oligosaccharide trimannosyl core was purchased from Oxford Glyco Systems,
Abington, U.K.

Immunoglobulin M was purified (Tarentino et al., 1975) from the plasma of a
patient with Waldenstrom's macroglobulinemia. High mannose and hybrid
oligosaccharides were released by digestion of the isolated IgM with Endo H. Five major
fractions were collected from a Bio Gel P-6 column (Tarentino et al., 1975) and designated
a-e. Aliquots of the C-1 fragment of IgM was also digested with Endo F and PNGase F to
release complex glycans. Two triantennary oligosaccharides were isolated from bovine
fetuin with lectin chromatography as the final step. Polysialic acids were the gift of Dr.
Frederick Troy.

2.4.2 Oligosaccharide Derivatization

Peracetylation was accomplished using approximately 100 pil of pyridine/acetic
anhydride (1:1) at room temperature. Permethylation was performed as previously
described (Hakamori, 1964) using sodium hydride in distilled DMSO as the base. The
dried sample was first dissolved by sonication in DMSO which had been distilled over Cah
and sealed in ampules. Then the base was prepared under N2 and tested for strength by its
ability to produce an intense red color when dropped onto triphenylmethane. The sample
hydroxyl groups were deprotonated by sonication in approximately 300 pil of base under
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N2 for 2 hours, adding more base if the sample solution failed the triphenylmethane test.
Methyl iodide (100 pul) was then transferred to the sample glass Reactwial and sonication
continued for one hour. The temperature of the sonication bath was kept below 40 °C by
addition of ice. Alternatively, permethylation using NaOH as the base was performed as
previously described (Cincanu & Kerek, 1984). Permethyl and peracetyl derivatives were
extracted into chloroform to remove residual reagent.

Oligosaccharides were reductively coupled to ABEE as previously described (Wang
et al., 1984). Briefly, the sugar was dissolved in 10 pil of H2O and 40 pil of the reagent
solution. Routinely, this solution was prepared by dissolving 165 mg of ABEE and 35 mg
of sodium cyanoborohydride in 41 pil of glacial acetic acid and 350 pil of warm methanol.
The glass vials were capped, and heated at 80°C for 30 min. After cooling, equal volumes
of H2O and chloroform (generally from 250 pul to 500 pil each) were added to the reaction
mixture and the derivatives were extracted into the aqueous phase. The tetradecylaniline
coupling was performed similarly, but with the following amounts of reagent per sample:
39 mg tetradecylaniline, 5 pil acetic acid, 5 mg sodium cyanoborohydride, and 350 pil warm
methanol.

2.4.3 High Performance Liquid Chromatography

HPLC analyses were performed using a Beckman 322 MP chromatograph
equipped with a model 153 UV detector at 254 nm or variable wavelength detectors while
monitoring the absorbance at 320 or 306 nm (Beckman or Schoeffel). The derivatized
oligosaccharides were separated using a carbohydrate column (Alltech Assoc. Inc., 300
mm x 4.1 mm i.d.) of 10 pum particle size amino propyl bonded silica and fitted with a
guard column (50 mm x 4.1 mm i.d.) containing the same stationary phase as the analytical
column. The linear mobile phase gradient consisted of an aqueous acetonitrile mixture
from 20% to 60% H2O. Elution was accomplished over 40 to 60 min at a flow rate of 1.0
ml/min. For isomer separation, a 5 pum particle column (Varian AX-5, analytical and guard
columns) was used.

Reversed-phase HPLC was accomplished on either a highly "loaded" C18 reversed
phase column (Rainin, 30% C18) and isocratic elution with water, or on Vydacº reversed

phase columns (C18 and C4 phases in analytical or narrow bore widths [4.6 or 2.1 mm
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i.d.]). The Vydacº (Separations Group) columns were eluted with increasing aqueous
acetonitrile mobile phases. For example, both the octyl (Poulter et al., in preparation) and
ethyl esters of p-aminobenzoic acid were attached and the resulting derivative isolated by
reversed-phase high performance liquid chromatography on a Vydacº C4 column using a
gradient of aqueous acetonitrile (0 to 60% in 40 minutes).

2.4.4. Desalting of Oligosaccharide Derivatives

Because sodium is present in the base used for permethylation as well as in
borohydride reductions of oligosaccharides and their Schiff base derivatives, methods of
desalting have been explored. Clearly, chromatography with aqueous acetonitrile is
extremely helpful. For instance, when ABEE derivatives are produced they are water
soluble and therefore stay with the salt during extraction with chloroform; LSIMS of this
aqueous phase produces no signal due to the excessive salt and reagent contamination.
Following HPLC, however, abundant [M+H]* ions are typically observed as well as some
lower abundance sodium adducts. The sodium adduct ions have been successfully
removed by passing samples over ion exchange resins or crown ether columns. A mixed
bed ion exchange column is commercially available for desalting small volumes (400 pul) of
aqueous solutions. These columns contain the Hºt form of Dowek 2 in addition to the
hydroxide form of Dower 50 (Hamilton, Chrom-Prep"). Similarly, beads with Kryptofix
222B (a crown ether) bonded to them may be purchased (MCB Manufacturing Chemists).
A 0.5-1.0 ml volume column was prepared using a 4 mm diameter tube. The samples
were loaded in methanol solution and eluted with more methanol. The crown ether is light
sensitive and thus this column must be used in the dark. Both the ion exchange and crown
ether columns reduced the sodium adduction abundance in the LSIMS spectra and are
recommended when HPLC is not desirable or when excess salt is still present after HPLC.

2.4.5 Mass Spectrometric Techniques

Prior to mass spectrometry, all reductively coupled samples were purified by HPLC
as described above. From 0.5 to 1 pil of aqueous or methanolic solutions of the sample (1-
10 pg/ul) were applied to a copper or stainless steel probe tip, then a matrix solvent (0.5-
1.0 pul) was added (tetraethylene glycol, glycerol, monothioglycerol, or glycerol mixed
with monothioglycerol (1/1, v/v)). For positive ion spectra 0.5 pil of 1N HCl was also
added to the matrix. Reducing terminal derivatives and permethylated glycans were
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typically analyzed in mixed monothioglycerol/glycerol or monothioglycerol alone, while
underivatized oligosaccharides sputter more efficiently from a tetraethylene glycol solution.
A cooled probe (Falick et al., 1986a) was used to reduce the matrix evaporation rate.

Liquid secondary ion mass spectra were recorded using a Kratos MS50-S double
focusing mass spectrometer. This instrument was equipped with a high field magnet, an
LSIMS source (Falick et al., 1986b), a postacceleration detector (10 keV), and positive to
negative switching. Cesium ions bombarded the sample in a liquid matrix (Aberth et al.,
1982) at 8 keV in the positive ion mode and at 16 keV in the negative ion mode. In both
cases the secondary ions were typically accelerated to 8 keV. The magnet was operated in
field control mode typically scanning at 300 sec/decade at a resolution between 1500 and
2500 depending on the mass range of interest. Mass calibration was performed using a
mixture of Ultramarkº 1621 and 443. Nominal molecular weights were used to calculate
all masses.

Maximum sensitivity in LSIMS can only be achieved by selection of an appropriate
matrix solvent to increase the excess surface concentration of the analyte. Tetraethylene
glycol was found to be the matrix of choice for analyses of free oligosaccharides when
compared to glycerol, thioglycerol or diethanolamine (Jiang, 1986). Reducing terminal
derivatives, however, sputter efficiently from glycerol/thioglycerol mixtures (typically 1:1).
Decreasing the volume of matrix has also been found to improve the sensitivity of detection
in LSIMS. The higher secondary ion yield would be expected since the concentration of
the analyte was increased. A cooled probe (Falick et al., 1986a) was used to reduce the
matrix evaporation rate and extend the sample ion beam lifetime. This is particularly
important when solvents with higher vapor pressures (e.g., monothioglycerol or
tetraethylene glycol) are used.

When the matrix solvent volume was extremely small, improved sensitivity was
confirmed. For example, when maltoheptaose was analyzed by LSIMS on the MS-50 with
decreasing volumes of glycerol from 1 to 0.025 pil, the 10 fold increase in signal intensity
was observed. Similar results were obtained when a derivatized sample of maltoheptaose
ABEE was analyzed on the Wien mass spectrometer (Aberth et al., 1974). Data were
integrated over the lifetime of the sample, approximately 20 minutes, (Fig. 30) rather than
scanning, and a tenfold increase in signal was observed when the matrix volume was
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decreased to 0.1 pil from 0.5 pil. Importantly, the cooled probe tip prevented rapid loss of
the extremely small volume of glycerol.

Changing the primary beam energy also affected the total signal observed (Aberth &
Burlingame, 1988). The absolute integrated signal, as well as signal-to-noise ratio, were
compared using 5 to 25 keV bombardment energies (Fig. 30). A slight decrease in
absolute intensity was observed with increasing 1" beam energy. However, the signal-to
noise ratio dropped precipitously even from 5 to 10 keV, since the matrix associated noise
increased significantly as the primary beam energy went up. It should be noted that the
primary beam current may also be changed between data points and may contribute to this
effect.

Picomoles of purified oligosaccharides and their derivatives were detected by
LSIMS when dissolved in small volumes (< 0.5 pul) of tetraethylene glycol or
glycerol/monothioglycerol (1:1). Underivatized oligosaccharides run best in the negative
ion mode with a minimum amount of tetraethylene glycol as a matrix, whereas derivatized
glycans run well in glycerol/monothioglycerol mixtures.

MS/MS spectra were obtained on a Kratos Concept II H four-sector instrument
operating in the EBEB configuration with a cesium ion LSIMS ion source (Falick et al.,
1986b) and an electro-optical microchannel array detector (Cottrell & Evans, 1987).
Protonated or deprotonated sample (secondary) ions were accelerated to 8 keV and mass
resolution set to approximately 1500 in the first mass spectrometer. For the collision
induced dissociation experiments, the helium pressure was increased until the selected
precursor ion peak intensity was decreased to 30% of its original intensity. This degree of
attenuation corresponds to an average of one collision for the given ion (Sheil & Derrick,
1986). The collision cell was floated at 2 keV to produce 6 keV energy collisions and
permit recording of low B/E values. Each magnet of the mass spectrometer was calibrated
using a mixture of iodide salts (Cs’’, Rb", Na" and Li"). Nominal molecular weights
were reported for all masses. Using a multichannel electro-optical array detection system,
each simultaneous recording window consisted of 4% of the mass range, and CID data
were accumulated at each window for one second. The total mass segment stepping time
was three to five minutes depending on the molecular weight of the sample.
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2.5 Conclusions

To characterize glycans from glycoproteins they must first be separated from the
protein and fractionated ideally into individual components. Then the molecular weights of
the oligosaccharides could be determined and the hexose, hexNAc, deoxyhexose, and sialic
acid composition deduced. Fragment ions formed in the gas phase by LSIMS and CID of
oligosaccharides were shown to be useful in establishing sequence and branching of the
glycans, and derivatization of the oligosaccharides was found to increase the sensitivity of
mass spectrometric detection as well as improve the fragment ion content for structural
determination.

Maltooligosaccharides and N-linked glycans isolated from proteins were
characterized mass spectrometrically using a number of strategies. The N-linked
oligosaccharides are released from the protein or peptide by enzymatic digestion. Only a
few oligosaccharides which are small and have hydrophobic faces can be retained by
hydrophobic interactions with reversed-phase columns using an aqueous mobile phase.
Hydrophobic peptides or proteins will be well retained on reversed-phase columns, and
therefore the carbohydrate portion can be isolated from them in this manner. Alternatively,
size exclusion chromatography will remove protein from N-linked glycans as well as
fractionating the oligosaccharides by size. If the hydrophilicity of the oligosaccharides is
reduced by coupling to a hydrophobic chromophore such as ethyl-p-aminobenzoate or
tetradecylaniline, the oligosaccharides can be detected sensitively by their UV absorbance,
and are retained by reversed-phase HPLC. When thus retained, the charge and size of the
oligosaccharide significantly affect retention and allow fractionation on the basis of the
glycan structures. Maltooligosaccharides of chain lengths 4-7 can be baseline resolved,
however larger oligomers are not completely separated. Amine-bonded HPLC columns are
more sensitive to differences in neutral sugar structures such as branching and
epimerization, for example two Man"GlcNAc branch isomers were successfully resolved
by a Varian AX-5 column. However, buffer salts are required to elute acidic glycans from
these columns and the separation of acidic oligosaccharides on amine bonded HPLC
columns is not as selective (pH ><10). Therefore these columns are best suited to isolation
of neutral oligosaccharides, while reversed-phase columns are appropriate for charged
species and mixtures of unknown glycans. Oligosaccharides may be detected by
monitoring the absorbance of reducing terminal derivatives or incorporated radiolabels.
Best resolution of acidic oligosaccharides has been achieved using high pH anion exchange
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chromatography. The basic, aqueous eluate used by this HPLC system is compatible with
the highly sensitive pulsed amperometric detection (pmol) of reducing or reductively
coupled carbohydrates. These separations take place at pH 12 and although the
oligosaccharides are not significantly degraded during the HPLC run, they must be
neutralized immediately following detection in order to prevent base catalyzed "peeling"
reactions. In addition, the sodium hydroxide and sodium acetate from the mobile phase
must be removed prior to mass spectrometry.

Obtaining molecular weights of oligosaccharides allows the unambiguous deduction
of the number of hexose, heptose, deoxyhexose, N-acetyl hexosamine and sialic acids
residues in almost all cases. Molecular weight data also demonstrate the extent of
heterogeneity present in the isolated glycans or glycopeptides. Molecular weights of
glycopeptides and glycans have been obtained from positive and/or negative ion LSIMS
without modification. One to twenty nanomoles are necessary to obtain these data. Limit
of detection in LSIMS has been found to decrease with increasing mass and increasing
charge. In this work glycopeptides have been detected up to 4000 Da (see Chapter 4.3)
whereas derivatized oligosaccharides have been detected up to 3600 Da (see Chapter 3.3).
Glycopeptides may be observed as protonated or deprotonated molecular species.

The sensitivity of detecting oligosaccharide molecular species can be increased by
reductively coupling a hydrophobic tail to the oligosaccharide. Peptides, particularly those
which are small or hydrophilic, also benefit from the addition of a hydrophobic tail (Falick
& Maltby, 1989). The ABEE derivative has been shown to enhance the limit of detection
of maltoheptaose by an order of magnitude or approximately the same amount as
permethylation. Increasing the chain length of the ABXE esters from methyl to tetradecyl
has been shown to produce a fifty fold increase in the signal-to-noise ratio in the mass
spectra. Similarly, benzyl, decyl and tetradecyl anilines have been detected at the 25 pmol
level. All of these derivatives produce abundant protonated and deprotonated pseudo
molecular ions. In summary, preparation and analysis of ABEE-oligosaccharides using the
experimental strategy described represents an important methodological advance in the
structural analysis of carbohydrates. Using as little as 200 pmol of oligosaccharide we
were able to readily obtain information usually requiring ten times this amount of sample.
Subsequent work suggests that anilines with longer hydrophobic tails increase LSIMS
detection another order of magnitude.
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To characterize the structure of each glycan, fragment ions produced by
unimolecular decompositions or collision-induced dissociation have been shown to be
invaluable. In addition to the prominent molecular ion, series Y and 24A fragment ions
gave sequence information from the reducing and nonreducing termini, respectively.
Differences in fragmention abundances between linear and branched oligomers suggested
possible locations of branch points within the oligosaccharide. Interestingly, the abundance
and type of fragment ions in the positive and negative ion spectra are different. Cleavages
of the types 1.5x, Y and Z occur in positive ion LSIMS, but are typically only 5-15% as
abundant as the molecular species, whereas Y rearrangements dominate the negative ion
spectra. These peaks are often 20-50% as intense as the [M-H]- peak. In addition, the
negative ion LSIMS spectra contain peaks representing non-reducing terminal ring cleavage
fragments 24A or ºn A which can be detected when larger sample quantities are analyzed.
These ring cleavages may prove useful in the identification of linkage positions. Finally,
tandem mass spectra do not contain the intense chemical noise at low mass, allowing clear
identification of non-reducing terminal fragments at low sample levels (< 1 nmol). In
contrast, permethylated and peracetylated glycans favor the formation of non-reducing
terminal fragments of the oxonium ions (B ions). Since sputtering efficiency is enhanced
by all of the derivatization methods, they are strongly recommended prior to mass
spectrometric analysis.

The ions formed by LSIMS include pseudo-molecular ions and some fragment ions
produced from species which initially had sufficient excess internal energy to rearrange or
cleave bonds. In contrast to peptides, there are cases in which extensive fragmentation
occurs during desorption ionization, and therefore sequence can be deduced without the
additional vibronic energy deposition supplied by CID. Since underivatized
oligosaccharides do not sputter or fragment efficiently by LSIMS, and therefore should be
analyzed by CID, derivatized or both methods should be employed. The CID experiment
introduces more internal energy by collisionally exciting the selected precursor ion to
induce structurally significant fragmentation.

There are three significant observations which have been made from the tandem
mass spectra. First, a distinct advantage of the LSIMS plus CID experiment is that the
chemical noise arising from the sputtering of the matrix solvent is effectively eliminated
producing spectra of the precursor ion selected by MS-I. This is particularly important for
detection of fragment ions at low mass, and allows the ready interpretation of non-reducing
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terminal fragments. Second, when smaller ions are selected a greater diversity of
fragments is observed. Two implications are derived from this observation: a) the CID
spectra of smaller ions (m/z <1000) are more complicated and therefore more difficult to
interpret, however b) the diversity of fragments is a great advantage since more subtle
aspects of the structure such as linkage can be determined because the spectral information
content is so high. Now that larger ions (m/z >1000) can be analyzed by sputtering
ionization, we have found that the energy is more likely to produce glycosidic bond
cleavages (Y, Z, or B ions). In fact, even when more energy is added to larger ions by CID
the glycosidic bond cleavages still predominate. However, as seen in the permethylated
glycolipid-derived oligosaccharide, A-7, the CID spectrum is more similar to electron
impact spectra because many cleavages occur which are not observed by LSIMS. The
abundant fragments formed are more informative than the single B ion which dominates the
LSIMS spectrum.

Third, derivatization has been found to select for preferred ionization mode,
positive or negative, as well as the type of fragmentation process which occurs. Reducing
terminal derivatives have been analyzed by direct chemical ionization (Carr et al., 1985;
Coles et al., 1985), LSIMS (Wang et al., 1984; Webb et al., 1988), and low energy CID.
In all cases the charge is retained preferably on the reducing terminal moiety. However, the
2-amino-pyridine derivative, (Coles et al., 1985) while sputtering better than underivatized
oligosaccharides, forms only positive ions which fragment poorly under LSIMS ionization
conditions. With CID of the pseudo-molecular ions, however, this derivative gives
comparable fragments to the ABXE derivatives, but without the advantage of being able to
form negative ions. Under LSIMS ionization the ABXE derivatives give rich negative ion
fragmentation patterns, but the low mass sample ions are often difficult to detect due to the
matrix solvent chemical noise.

In order to elucidate the structures of glycans and conjugates we have enhanced the
information content available from picomole amounts of oligosaccharides by enhancing the
sputtering yield and fragmentation of glycans. This is accomplished by derivatization and
tandem mass spectrometry. These results indicated that the method described can be
effectively applied to determine the structure of low abundance oligosaccharides isolated
from heterogeneous biological samples.
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Table I. Oligosaccharide Derivative Characteristics.

DERIVATIVE QTY. of SAMPLE REQ. To OBSERVE DETECTION DURING ISOLATION
M-H- M+H" FRAGMENTS

free oligosaccharide 0.1-11g 1-10pig Poor, RI or UV
Excellent, pulsed amperometry

alditols 11g Excellent, *H
peracetyl 0.11g 5pig Good, UV
permethyl 0.11g 5pig Poor, RI or Uv

Reductive Amination

2-aminopyridine 0.11g 5pig Excellent, fluorescence
octyl-p-aminobenzoate 0.011g 0.51g Excellent, UV
tetradecylaniline 0.00111g 0.05pig Excellent, UV
peracetyl or permethyl- 0.01 pig 0.05pig Excellent, UV
aminated derivatives
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Molecular Weights and Compositions of IgM Oligosaccharides.

U = peaks of unknown origin
* = Schiff base peaks (unreduced ABEE derivatives)

Sodium adductions were also observed in varying abundance

nothing detected

Man5 GichAc2 (1546); U (1709); J (.299)

Mang GlcNAc2 (1870); Mang GichAc (1667); Mang GlcNAcl” (1827);
J (1398); U (1277)

Mang GlcNAc (1829)

Man5 GichAc2 (1406); Man? GichAc2- . .729)
J (1709)

; U (1137)

Mang GichAc (1667)

Mans GlcNAc2" (1382); Mané GicnAc2 (1546); Mans GlcNAc2" (1544);
U (1074)

Man5 GlcNAc2 (1384); U (1074)

Man 7 GlcNAc (1505)

Mang GlcNAc (1667)

U (1385); U (1383)

Mané GlcNAc" (1341); U (1385); J (1088)
Mané GlcNAc (1343)

U (1223)

Man5 GlcNAc" (1179)

Man5 GlcNAc (1181)
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Table IV. High Mannose Branching Structures.
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CHAPTER 3 Characterization of High Mannose
Oligosaccharides from Saccharomyces cerevesiae
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3.1 Introduction

N-linked oligosaccharides synthesized by yeast to form the glycoprotein coat for the
organism are large, highly-branched, mannose-containing glycans where the number of
mannose residues per site is often two-hundred. Mutants of the yeast, Saccharomyces
cerevisiae, have been identified by their morphology and were found to contain truncated
oligosaccharides attached to their surface glycoproteins. These oligosaccharides form the
core onto which elongation of mannose chains occur. Structures of the high mannose
oligosaccharides from three mutant strains of Saccharomyces cerevisiae have been
identified by combining mass spectrometric fragmentation patterns with NMR and chemical
and enzymatic degradation data. From these data a revised structure was deduced for the
MangGlcNAc core oligosaccharide from yeast.

It was reported previously (Cohen et al., 1982; Nakajima & Ballou, 1974) that the
N-linked oligosaccharide, released from Saccharomyces cerevisiae mnn I mnn2
mannoprotein by digestion with endo-31–34-N-acetylglucosaminidase H, when treated
with endo-0.1—26-mannanase yielded a core oligosaccharide MangG1cNAc with structure
I.

*o M-360M–60M–36BM–34offGNAc oM—60 M-60M-36BM–403GNAc
12 t 3 t3 12 t 3 t 3

oM OM O.M oM oM oM66–oM*
12 t 2

o:M o:M

12 t?
o:M OM

I II

From this, it was inferred that the outer chain polymannose unit was formed by elongation
of the terminal O.1—3.6-linked mannose of the MangG1cNAc2-R core. However, mass
spectral fragmentation data obtained was inconsistent with this proposed structure.
It was recently found that phosphorylated core fragments obtained from N-linked
oligosaccharides with attached outer chains have phosphate linked to position 6 of the
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terminal O.1—3.6-linked mannose, which result precludes it from being a site for attachment
of the O.1—3.6-linked outer chain.

This finding has led us to consider alternative sites for attaching the outer chain to
the core. We conclude that only one site is consistent with the mass spectral fragmentation
data and with the methylation, acetolysis and "H NMR data previously published (Cohen et
al., 1982; Nakajima & Ballou, 1974), and the phosphorylation site data. It has thus been
proposed that the mnnl mnn2 and mnnl mnn2 mnn I0 core oligosaccharide have structure
II and that the outer chain is formed by an extension of the unsubstituted (starred) of 1–36
linked mannose unit.

oM—60 M-6BM–406GNAc
12 t? t?
oM oM oM6é-oM"

12 12
OM OM

12
o:M

III

The results also support structure Structure III for the mnn 1 mnn9 oligosaccharide. This
revised structure has features in common with other eucaryotes, because the O.1—3.3-linked
mannose to which the outer chain is attached is a site of processing for synthesis of the
complex type oligosaccharides.

3.2 Experimental Procedures

Materials—Core oligosaccharides from S. cerevisiae mnnl mnn2 (Cohen et al.,
1982), mnn I mnn2 mnn 10 (Ballou et al., 1989), mnn 1 mnn9 and mnn2 mnn9 (Tsai et al.,
1984) mannoproteins were from other studies. All four were obtained by digestion of the
mannoproteins with endo-N-acetylglucosaminidase H, while the first two were also treated
with a bacterial endo-0.1—26-mannanase (Nakajima et al., 1976) to remove the outer chain
portion. The mnn I mnn2 core oligosaccharide were prepared in this manner according to
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an earlier study (Cohen et al., 1982). Neutral and acidic (phosphorylated) oligosaccharides
were separated by gel filtration in water, and the phosphorylated oligosaccharides were
fractionated by gradient elution from QAE-Sephadex (Varki & Kornfeld, 1980). Methyl
4,6-benzylidene-O-D-mannopyranoside was prepared according to Buchanan and Schwarz
(1962), and it was phosphorylated with diphenylphosphorochloridate (Aldrich) according
to a published procedure (Kilgour & Ballou, 1958). The oligosaccharides from
Saccharomyces cerevesiae were isolated by Professor Clint Ballou and his coworkers at the
University of California, Berkeley.

Exo-0.1–32-mannosidase (Ichishima et al., 1981) and a nonspecific O-mannosidase
(Jones & Ballou, 1969) were isolated from bacterial sources. The first enzyme removed
only the O.1–32-linked mannose residues and left the mannosylphosphate groups intact,
whereas the other bacterial mannosidase also removed some 0.1—33- and 0.1—3.6-linked

mannose. Jack bean O-mannosidase, which removed all terminal O-linked mannose units,

was obtained from V-LABS (Covington, LA).

Methods—Separations of neutral and phosphorylated sugars and oligosaccharides
were done on a Dionex BioLC Carbohydrate System by gradient elution with sodium
acetate in alkaline solution according to the manufacturers manual. Acetolysis of
oligosaccharides and analysis of the acetylated fragments by FABMS (Tsai et al., 1986)
were done as reported. Oligosaccharide ABEE and ABOE derivatives were prepared by
reductive amination, purified by HPLC and analyzed by LSIMS and CID (for details see
Chapter 2.4). During LSIMS with microchannel array detection (Cottrell & Evans, 1987)
the mass resolution was set to 1000 and data was accumulated for one second per step of
approximately 60 Da. "H NMR (Bax & Davis, 1985; Derome, 1987; Vliegenthart et al.,
1983) was done at 500 MHz in D20 on a Bruker spectrometer in the Department of
Chemistry, and chemical shifts are referenced to internal acetone at 62.217 (Cohen &
Ballou, 1980). The NMR data on these oligosaccharides was obtained and interpreted by
Dr. Eugenio Alvarado and Dr. Luis M. Hernandez in the laboratory of Prof. Clinton E.
Ballou.
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3.3 Results

Mannosidase Digestion of the mnn 1 mnn2 mnn 10 Oligosaccharide-–
Mannoprotein, prepared from the mnn 1 mnn2 mnn 10 mutant (Ballou et al., 1980) by
extraction with hot citrate buffer followed by chromatography on DEAE-Sephadex, was
digested with endo-glucosaminidase H to release the N-linked oligosaccharides. These
were separated from residual protein, by gel filtration on a Bio-Gel P-10 column in salt,
and were fractionated into neutral and acidic oligosaccharides by gel filtration on a Bio-Gel
P-4 column by elution with water. The neutral and acidic phosphorylated fractions were
digested, separated with endo-0.1—26-mannanase to remove the outer chain portion, and the
glucosamine-containing core fragments were recovered by gel filtration on a Bio-Gel P-4
column. The "H NMR spectra of the neutral and acidic oligosaccharides are identical (Fig.
1), except for the mannosylphosphate signals in the latter at 65.43-5.45. All of the
anomeric proton signals have previously been assigned to MangG1cNAc isomer A as
shown in Table I, but they would also agree with isomers B and C. The only difference
between these structures is in the location of the unsubstituted O.1—3.6-linked mannose unit

remaining from the outer chain, and this mannose has very little effect on the chemical shift
of a mannose to which it is linked (Ballou et al., 1980; Derome, 1987). All three isomers
are also consistent with the previously reported methylation data for the MangG1cNAc
oligosaccharide obtained from the mnnl mnn2 mannoprotein (data cited in footnote of
Table I).

Mass Spectral Fragmentation Patterns—Evidence has been presented that the ions of
greatest intensity in liquid secondary ion mass spectrometry (LSIMS) of branched
oligosaccharides are those that can result from single bond cleavages (Webb et al., 1988).
This method, therefore, provides a way to distinguish between alternative isomeric
oligosaccharides. Based on these observations, the ions of major intensities predicted for
several alternatives for the mnn 1 mnn2 or mnnl mnn2 mnnl0 core oligosaccharide are
shown in Table II for negative mode LSIMS of ABEE derivatives. Of the isomers A, B,
C, all of which fit the methylation and "H NMR data (Table I), only B fits the observed
LSIMS pattern (Fig. 2), which shows preponderant ions for the loss of 1, 2 and 4
hexoses, whereas much weaker ions are seen for loss of 3, 5 and 6 hexoses.

The MangG1cNAc oligosaccharide obtained from the mnn 1 mnn2 mannoprotein
was later subjected to HPLC on the weak anion exchange column (Varian AX) containing
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5 pi particles since this column separated high mannose isomers (Chapter 2.2.2). The
chromatogram shown in Fig. 3 suggests that in addition to the MangG1cNAc components,
both MangG1cNAc and Man 10G1cNAc oligosaccharides are present. More important,
each oligosaccharide type appears to be present as a mixture of isomers, since multiple
peaks and shoulders are observed. LSIMS spectra of the components confirmed the
molecular weights (data not shown), but due to the lack of resolution no reliable
interpretation of the fragmentation could be made. Therefore, preparative isolation of the
less abundant isomers is required to identify the branching structures of these
oligosaccharides.

Exo-0.1–32-mannosidase digestion of the neutral core oligosaccharide yields a
ManóG1cNAc, which would have structure D if derived from isomer A, or structure E if
derived from isomer B. The LSIMS pattern from this fragment shows major ions for loss
of 1, 2 and 3 hexoses (Fig. 4), which agrees with E, whereas D would show loss of 1, 2,
and 4 hexoses. Note that isomer C is excluded because it would yield a Man'7G1cNAc
when digested with this enzyme.

The 1H NMR spectrum of ManloGlcNAc (Fig. 1) differs from structure II (Chapter
3.1) in that it lacks an H-1 signal at 64.925 for an unsubstituted o.1—3.6-linked mannose,
and it shows two additional signals at 65.045/5.055 and 5.125. These changes result from
substitution of the 0.1—3.6-linked mannose in II at position 2 to give structure III (Chapter
3.1). In support of this conclusion, the LSIMS spectrum (Fig 5a) shows most abundant
ions for losses of 1, 2, 4, and 5 hexose residues (see also Table II).

The most dramatic data supportive of the new structure is shown in the MS/MS
spectrum of the Man 10GlcNAc molecule as the ABOE derivative (Fig. 5b). If the
previously proposed structure were correct, a production at m/z 1587 would be expected
from the loss of four mannose residues, while the abundant ion Y20, observed at m/z 1263
for loss of five hexose residues is inconsistent with structure A. However, as is shown in
Table II, structure E (this is also structure III, Chapter 3.1) is consistent with the CID
spectrum. The Y ions were also detected in the LSIMS spectrum, but unique to the CID
spectrum are the abundant and unobscured *A ions. Importantly, the ion at m/z 707 is a
fragment containing five mannose residues which supports structure B, and represents the
3-linked arm.
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Support for isomer B as the structure of the core oligosaccharide was also obtained
by partial acetolysis. Treatment with acetic anhydride-acetic acid-conc. sulfuric acid
(10:10:1, v/v) at 40 °C for a limited time leads to the selective cleavage of O.1—3.6-linkages
in an oligosaccharide (Rosenfeld & Ballou, 1974) and allows discrimination between the 3
isomers in Table II by fast-atom bombardment mass spectral analysis of the acetylated
products (Tsai et al., 1986). Thus, A should yield strong signals for glucosamine
containing fragments that have lost 1, 3 and 5 hexose units, but not 2 or 4; while B should
give fragments that have lost 1, 2, 3, 4 and 5 hexoses. The results in Table III, and
particularly the intensities of the signals for loss of 2 and 4 hexoses, clearly support
structure B.

Characterization of Phosphorylated Analogs—Having demonstrated the site of
elongation in the core of the mnn I mnn2 mnn/0 oligosaccharide, we sought to locate the
site of attachment of the phosphoryl mannose. The neutral and phosphorylated core
fragments were each digested with a bacterial O-mannosidase preparation that has an active
exo-o.1—32-mannosidase but that also shows exo-0.1—33- and exo-0.1—3.6-mannosidase

activities (Jones & Ballou, 1969). The limit product from the action of this mannosidase
on the neutral mnn 1 mnn2 mnnl() core oligosaccharide had structure IV, whereas the
phosphorylated core gave a fragment that had structure V.

oM—60 M-6BM–406GNAc P–60M-60M-6BM–4offGNAc
t3 t t?
O.M. O.M. O.M

IV V

Thus, some steric factor prevented removal of all available O-linked mannose units,
irrespective of the presence of the phosphate group.

Tentative structures of these two fragments were inferred from the 1-D "H NMR
spectra (Fig. 6) that show signals for two mannose units in O.1–96 linkage, one being
substituted by a mannose in 0.1–3 linkage, and one mannose in 31–34 linkage, while the
phosphorylated fragment gives an additional signal for the O-mannosylphosphate unit.
Both samples also give signals for the O.1—3.3-linked mannose showing the characteristic
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splitting due to a long-range influence from the hexosamine anomers (Bax & Davis, 1985),
which is diagnostic for this particular mannose unit.

By two-dimensional homonuclear Hartman-Hahn correlation spectroscopy
(HOHAHA) (Bax & Davis, 1985) (Fig. 7), it was shown conclusively that the
mannosylphosphate unit was attached to the unsubstituted 0.1–96-linked mannose rather
than to the O.1—3.3-linked mannose. Phosphorylation at position 6 of a hexose is known to
shift the C-6 protons downfield to 64.05-4.15 (Srivastava & Hindsgaul, 1986), and new
signals in the spectrum for compound IV at 84.09-4.14 in Fig. 6 (right panel) are clearly
correlated with H-1 of the unsubstituted 0.1–9.6-linked mannose unit. At the same time,
signals observed at 63.80-3.90 (presumably due to H-6,6') in the spectrum of IV (left
panel) are absent in V.

Two Dimensional NOESY Spectrum—To confirm other features of the new
structure we propose for the mnnl mnn2 and mnnl mnn2 mnnlo core oligosaccharide, we
have established that it is also consistent with a two-dimensional NOESY spectrum
(Derome, 1987) that shows through-space interresidue connectivities between the H1 and
H2 protons of adjacent hexoses. The spectrum in Fig. 8 shows interresidue H1-H2'
connectivities between the mannoses with H2 signals at 65.045 and 65.289, and between
the latter and a mannose with an H1 signal at 65.335. Moreover, a weak interaction is seen
between the mannose H1 signal at 65.335 and that for H2 of the 3-linked mannose with an
H1 signal at 64.770. Finally, the O.1—3.6-linked mannose with an H1 signal at 65.125
shows interresidue connectivity only to an unsubstituted o.1—32-linked mannose with an
H1 signal at 65,035. Thus, the structural features of the MangG1cNAc-oligosaccharide
precursor are retained in these MangG1cNAc fragments.

Detection of Elongation Products—Larger oligosaccharides, which had been
isolated by gel filtration chromatography from Endo H digests of mnn2 mnn9 yeast
mannans, were reductively coupled to ABOE and the derivatives isolated by reversed phase
HPLC. Four gel filtration column fractions were rechromatographed, each containing
primarily the following oligosaccharides; Man 14GlcNAc-ABOE, Manl:GlcNAc-ABOE,
Manl2GlcNAc-ABOE and Manl■ GlcNAc-ABOE. Since this yeast mutant produces larger
core structures which contain O.1—3.3-linked mannose residues (Tsai et al., 1984), the

sequential positions of attachment were sought. The negative ion LSIMS spectra of each
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oligomer are shown in Figs. 9-12. Deprotonated molecular ions were observed for five
species Man 11-15GlcNAc-ABEE (m/z 2235, 2397, 2559, 2721 and 2883). Detection of
abundant Y fragments in negative mode was possible for all four oligosaccharides. Much
less abundant were the accompanying Z (-18 Da) and 1.5x (+28 Da) fragment ions. Non
reducing terminal ring cleavage products (A ions) were also observed in three of the spectra
(Figs. 9, 11 and 12).

Yeast mannan oligosaccharides from strain mnnlm.nn2, which had been isolated by
gel filtration chromatography from Endo H digests of mutant yeast mannans, were reduc
tively coupled to ABEE and further fractionated on the Alltech Carbohydrate column. This
mutant strain has an extended 0.1—6-linked mannose chain on the core, but cannot add

further branching seen in the wild type (Gopal and Ballou, 1987). Four gel filtration
column fractions with estimated molecular weights of 3-5000 Da were rechromatographed,
each producing a broad peak with the latest eluting P-6 fraction eluting earliest on the
HPLC system, consistent with this fraction containing the lowest molecular weight mixture
of oligosaccharides. The largest amount of sample (estimated 10 nmol) was also present in
this fraction and mass spectra were obtained from it using liquid matrix sputtering
ionization and two different array detection systems. The same sample was analyzed on a
Kratos MS-50 with a microchannel electro-optical array detector in both positive and
negative ion mode (Fig. 13). Protonated molecular ions were observed for three species
Manl&-20ClcNAc-ABEE (MW, nominal 3285,3447, and 3609) as well as [M+H-H2O]*
ions. In negative mode, Y and Z fragments were detected in addition to the three molecular
species.

3.4 Discussion

In the early studies on yeast "Mannan", methylation analysis demonstrated that the
molecule was highly branched and contained 0.1–92, 0.1—33 and 0.1—3.6 linkages (Haworth
et al., 1941), and glycopeptides were isolated that suggested the polymer was a
glycoprotein (Sentandreu & Northcote, 1968). Jones and Ballou (Jones & Ballou, 1968)
isolated a bacterial mannosidase that stripped all sidechains from the mannan and yielded an
o.1—3.6-linked polymannose chain, which established the backbone structure of the
polysaccharide. When it was found (Nakajima et al., 1976) that yeast mannoprotein
contained a "core" oligosaccharide by which the polymannose chain was linked to
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asparagine as in other eucaryotic glycoproteins, it was proposed that the 0.1—3.6-linked
chain extended directly to the [1–34-linked mannose attached to the chitobiose unit. This
proposal was consistent with all available data, including subsequent analyses by high
resolution "H NMR (Cohen et al., 1982). These studies on the phosphorylated core
oligosaccharides from mannoproteins, however, have made the original structure untenable
because one site of phosphorylation is the same as that to which the polymannose chain
was thought to be linked. (Two other sites of phosphorylation, in addition to that described
here, have recently been identified [Hernandez et al., 1989]).

In considering alternative locations for attachment of the outer chain structure to the
core oligosaccharide, we find that only one position is consistent with the methylation data,
1H NMR analysis, the results of exo-0.1–32-mannosidase digestion, and fragmentation
analysis by LSIMS and by partial acetolysis. The studies reported here and elsewhere
support the following representation of the N- and O-linked carbohydrate components of S.
cerevisiae mannoproteins (Fig. 14). We have adopted an orientation of the chains that
facilitates comparison with the previously published structure (Ballou, 1982), and the
starred mannose is a site of phosphorylation that precludes addition of the outer chain. In
this model, the MangG1cNAc2-core is highlighted in bold letters, whereas the two
italicized mannose units define the extent of elongation of the outer chain in the mnn.9
mutant (Tsai et al., 1984). In the mnn2 mutant, the bold italicized mannose is not added
and an unbranched outer chain is formed in which x is about 10.

This new structure is engaging in that it suggests a plausible explanation for the
mnn.9 mutant phenotype. When the outer chain was thought to be an extension of the
0.1—3.6-linked backbone, it was difficult to visualize a mechanism to explain why the
elongation reaction would stop with the addition of a single mannose unit. If initiation of
the outer chain involves a mannosyltransferase that is specific for addition to an 0.1–33
linked mannose however, then this step should be distinct from the elongation reaction in
which the mannose acceptor is an 0.1–36-linked mannose. Consequently, one would
predict the existence of mutants that would affect the two processes, initiation and
elongation, differently.
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3.5 Conclusions

Contrary to previous indications, it has been found that the N-linked
MangG1cNAc2- core oligosaccharide of Saccharomyces cerevisiae mannoproteins is
enlarged by the addition of the outer chain to the O.1—3.3-linked mannose in the sidechain
that is attached to the £1—34-linked mannose, rather than by addition to the terminal O.1—36
linked mannose. The conclusions presented here are at variance with the results of Trimble
and Atkinson (1986) for yeast invertase oligosaccharides, which could mean that there is
more than one site for addition of the outer chain to the core oligosaccharide. This
conclusion is derived from structural studies on a phosphorylated oligosaccharide fraction
and from mass spectral fragment analysis of neutral core oligosaccharides.
Oligosaccharides from other yeast mutant strains were shown to have elongation products
including additional O.1—3.3-linked mannose residues on the core or extended O.1—3.6-linked
mannose chains.
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Figure 1: "H NMR spectra of the neutral and acidic MangG1cNAc core oligosaccharides.
A, the natural oligosaccharide; B, the phosphorylated oligosaccharide. The H-1 signals of
the two are identical, whereas the latter also shows signals for a mannosylphosphate unit at
65.42-5.45. Table I shows the assignments, which are consistent with three possible
isomers. Spectra aquired by E. Alvarado and L. Hernandez (Hernandez et al., 1989).
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(Varian AX-5). LSIMS spectra of the isolated components confirmed the compositional
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consistent with structure IV; B, mannosylphosphate derivative of V. Assignments of
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unknown. Spectra aquired by E. Alvarado and L. Hernandez (Hernandez et al., 1989).
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Intraresidue peaks for the two oMan– units (A and H) appear as an unresolved contour.
and other unlabeled cross-peaks are for intraresidue Hi-H2 and H1-H3 noe interactions.
Spectra aquired by E. Alvarado and L. Hernandez (Hernandez et al., 1989).
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Figure 9. Negative ion LSIMS spectrum of ManiaGlcNAc-ABOE isolated from mnn2
mnn.9 mannoproteins. The molecular ion (m/z 2721) was observed along with fragment
ions. The Y fragment ions were detected with varying intensity at 2559, 2397, 2235,
2073, 1911, 1749, 1587, 1425, 1263, 1101 and 939 Da. In addition, the ions at m/z 383,
545, 707, and 869 were ring cleavage ions of the type 2,4A or 1,3A or 0.2A. Since the
structure of this oligosaccharide(s) is unknown, specific fragment ion assignments were
not possible. Table IV contains one suggested structure. Ions are reported as nominal
In 3 SS.
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Table IV contains one suggested structure. Ions are reported as nominal mass.
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Figure 9: Schematic representation of the N- and O-linked carbohydrate of S. cerevisiae
mannoproteins. Small oligomannosides linked to serine and threonine are characteristically
labile to alkaline B-elimination. The N-linked polymannose chains consist of the
MangG1cNAc2- core, in block letters, to which the outer chain is attached. In the mnn9

mutant, the outer chain consists only of the two italicized mannose units, whereas in the
absence of the mnn.9 defect the outer chain is extended and the single block italicized
mannose is not added. Instead, an equivalent mannose unit is present at the nonreducing
end of the outer chain. Branching of the outer chain is prevented by the mnn2 lesion, while
the mnn 1 mutation eliminates all terminal O.1—3.3-linked mannoses in the core, outer chain

and on 0-linked oligosaccharides (Hernandez et al., 1989).
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TABLE I

| NMR and Methylation Data of ManoGlcNAc.

Alternative structures Alternative assignments (6)
and residue

E [) (` B A E ■ ) (.. B Aer A,3

ppm

A. G.M.–"o M--". M--",3M-‘...}CNAc 4.925 5.125 4.868 4,770 5,235 4.7.10
1.

., M & M a M 5.035 5 ()85 5.335
t . 5 l l ()

s 5.289
* .

s 5.045

B. ..M.–", M-"J M-'º,3GNAc 5.125 4 568 4.77) 5.2.35 4.7 10
1. * *

..M & M tº M"—, , M 5,035 5,085 5.335 4.9.25

1. 5.1 10
a M 5.289

1.
M 5.045t

C. º, M-"a M-"3M–“od GNAc 5.125 4.868 4,770 5.235 4.7.10
1. 1. 1.
M M a M 5,035 5.085 5.335

1. 5.1 10
“M”—a M 5.289 4.925

* . -

M * ()45

*All 3 isomers give the same methylation pattern of 2,3,4,6-tetramethyl- (4 moles), 3,4,6-
trimethyl- (2 moles), 2,4-dimethyl- (2 moles) and 3,4-dimethylmannose (1 mole). The
reported values (1, 2) are 2,3,4,6-tetramethyl- (4.0 moles), 3,4,6-trimethyl- (2.1 moles),
2,4-dimethyl- (2.0 moles), and 3,4-dimethylmannose (1.0 mole). A trace of 2,4,6-
trimethylmannose (0.07 moles) was also reported, and a small amount of 2,3,4-
trimethylmannose is found if the sample contains some of the homolog with an additional
O 1 – 6-linked mannose unit from the outer chain. M=mannose and GNAc=N-

acetylglucosamine (Hernandez et al., 1989).



12 1

TABLE II Fragment Ions Predicted for the Negative Ion LSIMS Spectra"
Expected most

Oligosaccharide structure”
-

abundant fragments'
Type A Type D

A. M.–M–M– M-GNAc M – Hex Hex
1. * * M – 2 Hex
M M M M – 3 Hex Hexa

1. N1 – 5 Hex Hex's
M M – 9 Hex
1.
M

B. M—"M–"M–‘GNAc M – 1 Hex Hex
1 tº 1. M – 2 Hex }Hex2
M M M". M M – 4 Hex Hex.

1. M – 9 Hex
M
1.
M

C. M—"M–"M—‘GNAc M – 1 Hex Hex
1 tº 1. M – 2 Hex Hex,
M M M M – 3 Hex

1. M – 4 Hex Hex.
M".-M M - 9 Hex
1.
M

D. M.–"M—"M—"M–‘GNAc M – l Hex
1° 1' 1" tº M – 2 Hex
M M M M M – 3 Hex

1. M – 4 Hex
M M – 6 Hex
1. M – 10 Hex
M

E. M—"M– "M– “GNAc M – 1 Hex
tº tº tº M – 2 Hex
M M M*-M M – 4 Hex

tº 1. M – 5 Hex
M M M – 10 Hex
1.
M

F. M.–.”M– "M– "M–“GNAc M – l Hex Hex
1 tº M – 2 Hex Hex,
M M M – 4 Hex Hex,

M – 6 Hex

G. M—"M–"M–“GNAc M – 1 Hex Hex
tº tº M – 2 Hex Hex:
M M*—M M – 3 Hex Hexº

M – 6 Hex

a A-C represent alternative structures for the mnn 1 mnn2 or mnn I mnn2 mnn 10
MangG1cNAc core oligosaccharides that are consistent with the methylation and one
dimensional "H NMR data. All other alternatives are inconsistent with the methylation data
(see footnote to Table I).

b D is the oligosaccharide expected from exo-0.1–2-mannosidase digestion of A and
E is expected from digestion of B. C is excluded because it would yield a Man 7G1cNAc
instead of the observed ManóGlcNAc.
C Assuming single bond cleavage.

>k This table is reprinted with permission from (Hernandez et al., 1989).
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TABLE III Partial Acetolysis Fragments from mnn Imnn9 MangGlcNAc
Oligosaccharide”

Ion intensity
Fragment

mass” Structure? Time of acetolysis
30 min 90 min

%

2922 [M – 59]t 14 2
2634 [M – 59]* – 1 Hex 9 0
2346 [M – 59]* – 2 Hex 27 9
2058 [M – 59]* – 3 Hex 14 10
1770 [M – 59]* – 4 Hex 16 12
1482 [M – 59]* – 5 Hex 20 67

* The peracetylated MangGlcNAc has M. = 2981, and each acety
lated hexose unit is equivalent to a mass of 288.

* The positive ion is formed by the loss of acetate ion from C-1 of
the peracetylated GlcNAc unit.

The peracetylated MangG1cNAc has Mr = 2981, and each acetylated hexose unit is
equivalent to a mass of 288 (Tsai et al., 1986).
The positive ion is formed by the loss of acetate ion from C-1 of the peracetylated
GlcNAc unit.

This table is reprinted with permission from (Hernandez et al., 1989).
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Table IV. Suggested Structures of mnn2mnn.9 Oligosaccharides”

ManláGlcNAc
oM—60 M-6BM-34offGNAc

t? t? t?
OM oM oM66–0M
t? t? t2 t?

OM oM OM OM

12 T3
oM ONM

t?
OM

Manl2GlcNAc
oM—60 M-6BM–40■ ;GNAc
12 T3 t?

oM oM oM6é-oM

oM oM ONM

12 t?
O.M O'M

ManläGlcNAc
oM—60 M-6BM–4offGNAc
t? t? t?

oM OM oM66–oM
t? T3 t2 t2

OM oM OM OM

12 t3
oM ONM

Manl■ GlcNAc
oM–60M-6BM–34offGNAc
12 t? t3

oM oM oM64–0.M
t? t? 12

oM oM om■

12
oM

*based on previous "H NMR, composition, and methylation linkage analysis (Tsai et al.,
1984); and the LSIMS fragmentation patterns shown in Figs. 8-11 (Mania-11 respectively).



124

CHAPTER 4 Identification of Oligosaccharides from the
Hepatitis B Surface Antigen
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4.1 Identification of N-linked Oligosaccharides from Human HBsAg

4.1.1 Introduction

Hepatitis B viral infection, a chronic disease, is a worldwide health problem;
mortality resulting from related liver cirrhosis and hepatocellular carcinoma has been
consistently high in Asia and Africa and has increased dramatically in North America since
World War II. Although a recombinant vaccine has recently been approved for clinical use
by the U.S. Food and Drug Administration (Chemical and Engineering News, 1986), the
other current vaccines contain empty viral envelopes isolated from the plasma of chronic
hepatitis B carriers (Gerety & Tabor, 1985).

These antigenic envelopes are composed of 75% protein and glycoprotein (by
weight) embedded in a lipid bilayer. The proteins include the partially glycosylated major
coat protein (S and gS) as well as two minor, higher molecular glycoproteins. The primary
sequence of the envelope proteins has been deduced from several available genomic clones,
and portions have been verified by sequencing the corresponding peptides (Tiollais et al.,
1984). Although the carbohydrate portion of the coat is necessary for assembly of hepatitis
B surface antigen (HBSAg) particles in eucaryotic cells other than yeast (Shih, 1985),
considerably less is known about the structure of the intact coat oligosaccharides. Evidence
indicates that a single asparagine oligosaccharide is present on the major coat proteins
encoded by the S gene and that the HBs.Ag also contains sialic acid (Peterson et al., 1982).

4.1.2 Results

Electrophoretic separation (Fig. 1, lane 1) of the protein components of the HBs.Ag
showed that the empty viral envelopes were composed of the major coat glycoprotein (gp
30 or gS), which may lack carbohydrate substituents (p 25 or S). In addition, two minor
higher molecular weight glycoproteins were visible (Tiollais et al., 1984). After digestion
of the HBs.Ag with PNGase F (lane 2), no gp30 was detected and there was a concomitant
intensification of the 25-kDa component, suggesting that the major coat protein was totally
deglycosylated. Since PNGase F hydrolyzes glycosyl amide bonds requiring only the di
N-acetyl chitobiose core (Chu, 1986), the carbohydrate substituents of the major coat
protein appeared to be N-linked via chitobiose. Ribonuclease B (lane 3), which contains an
N-linked high mannose oligosaccharide, was used as a control to monitor enzyme activity.
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After digestion with this enzyme the resulting product (lane 4) had an electrophoretic
mobility identical to that of ribonuclease A, the nonglycosylated form of this protein.

After chromatography on Bio-Gel P-6, fractions containing the oligosaccharides
were concentrated under reduced pressure and analyzed by negative ion LSIMS. A
complex biantennary oligosaccharide from the Fab pu■ ragment of human IgM (2078 Da)
was used as a control. This oligosaccharide (Fig. 2A) gave a strong [M - H] ion (m/z
2077) and fragment ion (m/z 1931) indicating the loss of fucose. In addition, losses of
galactose (m/z 1915), N-acetylglucosamine (m/z 1712), and mannose (m/z 1550) from the
asialo-nonreducing terminus were clearly indicated. The HBs.Ag spectrum contained
molecular anion species, [M - H]", at 2222 and 1931 Da. The former ion suggested a
totally sialylated oligosaccharide containing five hexose and four N-acetylhexosamine
residues (Fig. 2B). The latter ion (1931) indicated that approximately half of the
oligosaccharides contained a single sialic acid substitution. As was observed for the
control complex biantennary oligosaccharide, fragment ions indicating the sequence
hexose, N-acetylhexosamine, and hexose were observed from the HBs.Ag oligosaccharide
(data not shown). In addition, an ion at m/z 2077 indicated a minor oligosaccharide
containing a deoxyhexose (e.g., fucose) substitution, while a further major contribution to
the molecular anionic current was present as a monosodiated species (m/z 2244). It
appears that these sodiated molecular anions do not readily undergo fragmentation to yield
observable fragment ion current in the mass spectrum.

To enhance fragment ion information in the negative ion mode, the asialo-ABEE
derivatives of the IgM and HBs.Ag oligosaccharides were prepared and isolated by HPLC.
The resulting chromatograms (Figs. 3A and 3B) showed major (a and a') and minor (c and
C’) components present in both samples. Heterogeneity of the IgM oligosaccharide was
indicated by the leading edge of the major peak (b). The negative ion LSIMS data for IgM
peak a are shown in Fig. 4A. The intense fragment ions supported the data obtained from
the underivatized oligosaccharide (Fig. 2A). The molecular anion (m/z 2108) of the
oligosaccharide that eluted at b suggested that this biantennary structure contained an
additional N-acetylhexosamine unit (not shown). Component a' from the HBs.Ag had a
molecular anion of 1789 and an analogous fragmentation pattern to that previously
observed from the IgM complex biantennary oligosaccharide. The intense fragments
observed at 1627, 1424, and 1262 Da were from successive cleavages in one of the
hexose-hexNAc-hexose branches, and the less intense (~8%) molecular anion at 1935 Da
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agrees with a fraction of the oligosaccharides being substituted with a deoxyhexose. The
minor components (c and c') were oligosaccharides that lacked one Gal-GlcNAc branch
(spectra not shown). Interestingly, in all cases we observed enhanced fragmentation in
negative ion LSIMS spectra of the ABEE derivatives as compared to that observed by
Wang et al. (1984) using positive ion FAB or the underivatized oligosaccharides.

To determine sugar composition and linkage positions, methylation analysis was
carried out on the asialo-ABEE derivatives recovered after LSIMS analysis (Table I). The
HBs.Ag oligosaccharide was composed of terminal galactose, 2-mannose, 3,6-mannose, 4
N-acetylglucosamine, and a trace amount of terminal fucose. Since no other branched
mannose residues were detected, these data suggest that the major oligosaccharide carried
by the HBs.Ag is the complex biantennary structure shown in Fig. 5.

4.1.3 Discussion

Mass spectra obtained using LSIMS showed that the major oligosaccharide isolated
from HBs.Ag is a biantennary structure; the observed mannose branching patterns were
identical to those obtained using a standard biantennary oligosaccharide prepared from the
Fab pi fragment of human IgM. Approximately one-fourth of the galactose residues present
on the coat glycoproteins were terminal based on the molecular anion intensities. No
oligosaccharides completely lacking sialic acid substitution were observed. The only other
modification detected, accounting for approximately 8% of the saccharides, was the
addition of a single terminal fucose residue. Importantly, all the mass spectra were from 10
pig of intact oligosaccharide.

The oligosaccharide structures carried by the HBSAg appear to mimic those found
on many other plasma glycoproteins produced by the liver such as plasma fibronectin
(Fisher & Laine, 1979; Zhu et al., 1984). This finding is consistent with the fact that the
viral particles are glycosylated by the hepatocytes before release into the circulation (Skelly
et al., 1979). The role, if any, the HBSAg oligosaccharide moieties play in uptake by the
liver is less clear. Isolated hepatocytes bind oligosaccharides which display an array of
three or more terminal galactose residues, but fail to endocytose biantennary
oligosaccharides which contain only two terminal galactose residues (Baenziger & Fiete,
1980). Accordingly, the biantennary saccharides carried by the HBs.Ag probably cannot by
themselves mediate uptake of this infectious agent by the hepatic galactose lectin system
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(Harford & Ashwell, 1982). However, type I transferrin and fibrinogen, plasma
glycoproteins that contain only complex biantennary carbohydrate chains, are cleared from
the circulation over a period of hours (Martinez et al., 1977; Regoezi et al., 1979),
suggesting that other recognition systems may also be operating simultaneously. The
HBs.Ag oligosaccharides which were the subject of this study were isolated from viral
particles found in human plasma, and were all at least partially sialylated. This may
suggest that desialylated HBs.Ag or hepatitis B virus is taken up by hepatocytes, whereas
particles that retain sialic acid termini remain in circulation. In accordance with this
hypothesis, the in vivo life span of desialylated HBs.Ag was found to be reduced by 10- to
20-fold (Neurath et al., 1975). However, such an uptake system is probably of secondary
importance since binding of hepatitis B virus to its receptor appears to be mediated by a
peptide sequence within the envelope proteins (Neurath et al., 1986a; Neurath et al.,
1986b).

Work is underway in this laboratory to develop LSIMS using a primary cesium ion
beam for the structural investigation of intact complex carbohydrates obtained from
glycoproteins and glycolipids. In this report we illustrate our research strategy using
glycoproteins in which N-linked oligosaccharides are liberated by PNGase F treatment and
derivatized with ABEE to form a secondary amine derivative from the reducing terminus.
This permits introduction of a chromophore into the oligomer for HPLC detection. At the
same time a preferred site of protonation and deprotonation is also formed, thus enhancing
the acquisition of positive and negative secondary ion mass spectra. In contrast to previous
results in which the ABEE derivative (Wang et al., 1984) or the 2-aminopyridine analog
(Reinhold et al., 1983) were analyzed in the protonated form, analysis of the ABEE
derivative in the negative ion mode permitted the production of secondary ion mass spectra
characterized by an unusually advantageous signal-to-chemical-noise ratio (Fig. 4); the
resulting spectra showed a pattern of relative fragment abundance characterized by
rearrangement losses of sequentially larger "anhydro residue" moieties from the
nonreducing terminus. Interestingly, the branch points appear to be marked by changes in
relative intensity of the fragment ions.

The sensitivity of this analytical strategy was comparable to other methods, such as
fast atom bombardment, which can produce similar fragmentation patterns (Carr &
Roberts, 1986; Carr et al., 1985; Dell & Panico, 1986). For example, Townsend and
coworkers (Townsend et al., 1984) investigated the sialylation of the biantennary
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glycopeptides isolated from human fibrinogen. In this study the lower limit for quantitation
was 2 pig of oligosaccharide. We were able to obtain both molecular ion information and
extensive fragmentation patterns from 10 pig of saccharide. Since most complex
oligosaccharides of biological interest are low abundance molecules, this method represents
an effective means by which the structures of such molecules can be studied.

Another important advantage of using this strategy is the ability to detect micro
heterogeneity at subnanomolar levels. For example, in a 10-pig sample of the HBSAg
oligosaccharide we were able to detect the presence of three components: less than a
microgram of the fucosylated oligosaccharide was present, approximately half of the total
sample contained one sialic acid residue per oligosaccharide, and the remainder was totally
sialylated. The ability to assay micro-heterogeneity, as well as obtain partial sequence
information, allows important assessment of the relative abundance of structures that may
have differing biological activities.

4.2 Identification of N-linked Oligosaccharides from Pre-S2 Glycopeptides

4.2.1 Introduction

Hepatitis B surface antigen (HBSAg) is a complex macromolecular structure
containing protein, carbohydrate and lipid. Vaccines against hepatitis B virus (HBV) are
either produced by isolation of HBs.Ag from the plasma of chronic carriers of HBV
(Hilleman et al., 1982) or by expression of the HBs.Ag protein components in eukaryotic
cells such as yeast (McAleer et al., 1984). The protein components are all derived from a
single open reading frame in the viral genome, referred to as the S + pre-S2 + pre-S1 gene
(Tiollais et al., 1984). The majority of the protein in HBs.Ag is the product of the
translation of only the Spart of this open reading frame, giving rise to a protein containing
226 amino acids some of which is glycosylated at residue 146 (S and gS proteins)
(Peterson, 1981). Both the peptide and carbohydrate components of the isolated human
form of the S protein have been characterized (Gillece-Castro et al., 1987; Hanaoka et al.,
1986; Peterson, 1981). The "middle" sized translation products of the S + pre-S2 gene and
are referred to these as gM and g’M proteins (Peterson, 1987) while the smallest amount of
HBs.Ag protein comprises the "large" proteins (gL and gL) which result from the
translation of the S + pre-S2 + pre-S1 gene (Stibbee & Gerlich, 1983). Both the pre-S2
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and pre-S1 gene segments contain one N-linked glycosylation site (Asn-X-Ser/Thr) in
addition to the site on the Sportion of the protein.

All of the biological roles of the pre-S components of HBs.Ag in immunogenicity
and infectivity have not been defined, although they contain the receptors for binding to
human liver cells (Neurath et al., 1986b) and to polymerized human serum albumin (Michel
et al., 1984; Stibbee & Gerlich, 1983). Also antibodies directed against these components
have been found in human sera, and these are important for eliminating hepatitis B viral
infection, and could be important in the design of vaccines against HBV (Milich et al.,
1985; Neurath et al., 1984). Indeed, Neurath and co-workers have shown that anti-pre-S2
antibodies will neutralize HBV infectivity and can protect chimps against an infectious virus
challenge (Neurath et al., 1986a). Assembly of hepatitis B antigen particles has also been
shown to be regulated by the pre-S sequence of the proteins (Standring et al., 1986).

Since the pre-S2 open reading frame has the capacity to code for an additional 55
amino acids at the amino-terminus of the S protein, it has been assumed that the M proteins
have this complete sequence in the final HBs.Ag particles, but no one has demonstrated that
the observed middle proteins are in fact full length. Machida et al. isolated the M protein,
and reported that Edman degradation revealed methionine as the amino-terminus (Machida
et al., 1983), but because all of the expected HBs.Ag proteins are predicted to begin with
methionine, the information from a single step is not conclusive without yield data, since it
could have come from contaminating S protein and for reasons discussed later.

Tiollais, et al. reported the cloning of the HBSAg S + pre-S2 gene and subsequent
production of HBs.Ag particles in Chinese hampster ovary cells which are rich in the M
proteins, with SDS gels showing as much as 20-30% M protein (Michel et al., 1984).
This material has been licensed as a vaccine by the French Ministry of Health (December
1988) and is currently being evaluated as a vaccine for newborns. In addition, however,
such cloned material represents a rich source of M proteins for study of their role in the
physical and antigenic structure of HBSAg.

Descriptions of the isolation and characterization of the pre-S2 coded portions of the
M proteins from the Chinese hampster ovary cell derived HBs.Ag/ayw and also from
HBs.Ag/ayw isolated from human plasma are included in this chapter.
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4.2.2 Results: HBs.Ag cloned in Chinese Hamster Ovary Cells

Figure 6 shows the amino acid sequence of the pre-S2 encoded portion of the M
protein amino acid sequence, and the first part of the S protein sequence for the ayw
subtype of HBs.Ag, as predicted from the nucleotide sequence determined by Toillais and
coworkers (Galibert et al., 1979).

The protein composition of the HBs.Ag used in these studies is revealed by SDS
polyacrylamide gel electrophoresis (Figure 7) followed by staining with Coomassie blue or
by immunoblotting with anti-HBs.Ag antibodies of defined specificity. Lanes A and B
show that both antigen preparations had the expected protein compositions as revealed by
Coomassie blue staining, displaying two bands each for the S proteins and M proteins.
The natural antigen contained 88% S protein (S + gS) and 12% M proteins. Less than 1%
L proteins was detectable. The cloned antigen contained 79% S proteins and 21% M
proteins. That the M proteins observed after Coomassie blue staining did in fact
correspond to the S + pre-S2 sequences is verified in Lanes D-G of Fig. 7. Lanes D and E
show the cloned and natural antigen, respectively, stained with monoclonal anti-HBs.Ag,
with S specificity (Hu et al., 1987); lanes F and G show the same antigens stained with the
antibodies directed against a synthetic peptide corresponding to the amino-terminal 24
amino acids of the pre-S2 sequence. As expected, the anti-S antibodies stain both the S
and M components, while the anti-pre-S2 antibodies stained only the M protein
components. Figure 7 also shows the HBs.Ag preparations after treatment with trypsin
(Lanes C, H, and I). The M and L components were completely eliminated, but the S
components were unaffected by this treatment. Therefore only pre-S2 peptides were
released under non-denaturing conditions.

Edman degradation of HBs.Ag. As shown in Figure 8, Edman degradation of
HBs.Ag, without prior separation of the proteins from the lipids, or treatment of any kind,
readily revealed the expected sequence of the S protein, Met-Glu-Asn-. (Fig. 6) However,
since both of the preparations used in the current studies have considerable M protein, one
would have expected to be able to observe the M protein sequence of met-Gln-Trp---, in
addition to the S sequence, upon Edman degradation of the intact antigen. It is clear that no
glutamine or tryptophan was detected in steps 2 and 3, respectively, even though greater
than 20% of the protein should have had this sequence. Two possible explanations of this
are that the M protein is naturally blocked at its amino terminus or that upon release of the
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first residue, methionine, the glutamine at position 2 spontaneously blocks (by forming
pyroglutamate) preventing its subsequent release.

Amino acid composition and peptide sequence of pre-S2 tryptic peptides. In order
to determine the reason for failure to observe the expected M protein sequence, the pre-S2
encoded peptides of the M protein were isolated from each antigen preparation. Figure 9
shows the HPLC elution profile for the peptides released from the natural and cloned
HBsAg/ayw. Essentially identical elution profiles were obtained. The slight differences in
elution times for the peptides B may be attributed to the fact that they were run several
weeks apart or to differences in glycosylation. Table II shows the amino acid composition
of the major peptides, designated A and B which had identical compositions regardless of
the source. The amino acid compositions matched those predicted for two of the three
peptides expected to be released from the M protein by trypsin. No attempt was made to
isolate the expected dipeptide corresponding to residues 17-18 of the M protein, Fig. 1. Of
particular interest is peptide A, which has an amino acid composition consistent with its
being the amino terminal fragment of the M protein. Since it does contain one methionine,
it corresponds to the full length peptide. Based on the amino acid composition, Peptide B
is clearly the tryptic peptide expected from the carboxyl terminus of the pre-S2 part of the
M protein. (Fig. 6)

However, in contrast to Peptide B, Edman degradation of Peptide A from the
cloned antigen failed to release any amino acids. Since this peptide contained only one
methionine, which should be at the amino terminus, cleavage with cyanogen bromide
would be expected to release the blocked methionyl residue and allow the sequencing of the
resultant peptide. Table III shows the results of such determinations. The peptides were
readily sequenced following cyanogen bromide cleavage, and gave the sequence completely
consistent with that expected for the residues 2-15 of the M protein with the exception of
the asparagine residue at position 4. No asparagine was observed, although this residue
clearly appears in the amino acid composition which suggested N-linked glycosylation.

Mass spectral analysis of peptide A. In order to identify the blocking group on the
amino-terminal methionine residue of the M protein, the peptide was subjected to mass
spectral analysis. After treatment with PNGase F for 4 days, greater than 90% of the
asparagine-linked oligosaccharide was removed. The resultant peptide was isolated by
HPLC and analyzed by LSIMS. The results shown in Figure 10 were obtained. Although
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the results shown are for the cloned antigen, identical results were also obtained for the
peptide from the natural antigen. The peptide gave a strong [MH]* ion at m/z 2033.0
which is consistent with a predicted molecular weight of 2032.9 Da for the N-acetylated
peptide. This molecular weight was calculated for the protonated peptide where
glycosylated asparagine has been transformed into aspartic acid (thus increased by one
dalton) during PNGase F digestion and is 42 mass units greater than the molecular weight
of the unblocked peptide. Additional ions for the sodiated peptide [M + Na]* as well as the
methionine sulfone and its sodiated analog were observed. The methionine sulfone was
presumably formed during the four-day room temperature deglycosylation. These
molecular weight data demonstrate that the amino terminus of this peptide, whether from
the natural or cloned antigen, is blocked by acetylation. A less abundant peptide was
detected at 1779.9 Da which corresponds to loss of C-terminal Pro-Arg (data not shown).

Structural characterization of the N-linked oligosaccharides. Oligosaccharides
removed from asparagine 4 of the cloned antigen were isolated as charged and neutral
fractions after addition of a hydrophobic chromophore to the reducing termini. (Fig. 11)
These reversed phase HPLC fractions were analyzed by mass spectrometry and
methylation analysis. Liquid secondary ion mass spectra of the intact saccharides are
shown in Fig. 12a and b. Approximately 30% of the oligosaccharides from the cloned
antigen were in the earlier eluting charged fraction containing one N-acetyl neuraminic acid,
while the remaining 70% contained no acidic sugars. All of the structures were complex
biantennary oligosaccharides with fucose attached to the core. The non-reducing termini
have the sequence hexose-hexNAc-hexose. Interestingly, truncated forms of this
biantennary structure were found in high abundance as well as lesser amounts of
triantennary saccharides. Methylation linkage analysis (Table IV) established the linkage
positions, however these analyses were unable to establish whether one branch was
preferentially truncated. The linkage data were consistent with biantennary complex
structures with termini structures Gall—4GlcNAc1—32Man.

4.2.3 Results: HBs.Ag from Human Serum

Protein analysis of natural HBs.Ag. The intact natural HBSAg gave the same
peptide sequence by Edman degradation, with only the S protein sequence being detected.
Also, identical results were obtained even after the antigen had been reduced and alkylated
and dissolved in 0.1% SDS prior to sequencing (data not shown).
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The natural antigen used in these studies was identical in protein content as
determined by SDS-polyacrylamide gel electropheresis, except that it contained some
human serum albumin, which is visible in Lane A of Figure 7, but does not appear in Lane
E. This did not interfere with subsequent studies, since it was not affected by trypsin
under the conditions used (Lane C, Fig. 7). Trypsin release of pre-S2 peptides was
accomplished as shown in Lanes H and I where staining by the anti-pre-S2 antisera was
eliminated for both the cloned and natural antigen, respectively.

The peptide sequence of the natural antigen was confirmed by amino acid analyses
and Edman sequencing of the cyanogen bromide fragment of peptide A and the intact
peptide B. The amino terminus of petide A was found to be blocked by an acetyl group as
deduced from the molecular weight of the PNGase F treated peptide by LSIMS.

Oligosaccharides released from peptide A by PNGase F digestion were reductively
aminated with octyl-p-amino benzoate and isolated by reversed phase HPLC. The natural
antigen presented a more homogeneous glycan structure (Fig. 12c), and only the complete
biantennary oligosaccharide was detectable. No fucose or sialic acid was attached.

4.3 Characterization of a Pre-S2 Glycopeptide containing an O-linked Glycan

Alkaline B-elimination of the pre-S peptides. Table II also shows that identical
amino acid compositions were obtained for Peptides A following treatment with alkaline
borohydride, and that no conversion of serine to alanine or threonine to aminobutyric acid
occurred. This indicates that there are no O-linked sugars present in this peptide (Downs &
Pigman, 1976). However, in the case of peptide B, approximately 1.7 nmols of
aminobutyrate/nmol of peptide were obtained following alkaline borohydride treatment, for
both the natural and cloned antigen indicating 2 threonine residues are involved in O-linked
glycosidic bonds. Since no additional alanine was observed, and no loss of serine
occurred following alkaline borohydride treatment, we conclude that no serine linked
Sugars are present.

Peptides B from both the natural and the cloned antigen were subjected to Edman
degradation, and the results are shown in Table III. The peptides were sequenced for 22
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steps and the sequence matched exactly that expected based on the DNA sequence of the
HBSAg genome, Fig. 6. Only steps 19 and 20 were not identifiable. Since both of these
steps are predicted to be threonine, and since the serine residue at position 22 was
observed, we could conclude that the unobserved threonine residues are in O-glycosidic
linkages as detected by alkaline borohydride treatment. The presence of carbohydrate,
rather than the inherent lability of the threonine, would therefore account for failure to
observe these residues.

Mass spectrometry of cloned glycopeptide B. Tryptic peptide B was reisolated by
reversed phase HPLC, and the major subfraction was analyzed by LSIMS. The spectrum
shown in Fig. 13 contains three molecular species corresponding to the peptide molecular
weight plus four, five or six sugar residues. The differences in molecular weight reflect the
variation in the number of sialic acid residues present at the oligosaccharide termini.

4.4 Discussion of Pre-S2 Glycopeptide Structures

One can conclude from these studies that the protein components of cloned HBs.Ag
synthesized in mammalian cells accurately mimic that produced in human liver cells as
isolated from plasma. Both contain the S and M proteins, and in both cases the S proteins
have an unblocked amino terminus while the M proteins are acetylated. In addition, the M
proteins of each are glycosylated at the same sites, including a single site of asparagine
linked carbohydrate and two sites of threonine-linked glycosylation, although differences in
the carbohydrate moeities do occur. The M proteins and S proteins are the full length
proteins coded for by the S + pre-S2 and S genes, respectively, including the initiator
methionine residue.

It is not predictable that the S protein should contain the initiator methionine, since
the presence of the glutamic acid residue at position 2 is expected to prevent the cleavage of
the methionine by the cellular aminopeptidase (Boissel et al., 1985). However, it is
somewhat surprising that the methionine is not cleaved from the M protein, since the
glutamine residue at position 2 is not expected to inhibit this aminopeptidase. Likewise,
that the M protein should be acetylated is not unusual, since estimates of the extent of
acetylation of cellular proteins indicate that 50-90% of all eukaryotic cellular proteins are
acetylated (Brown, 1978). On the other hand one might have expected that the S protein
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would also be acetylated, and in fact a recent report has demonstrated that approximately
70% of the cloned HBs.Ag produced in yeast contains an acetylated amino-terminal
methionine (Hemling et al., 1988). Previous studies on the amino-terminus of the S
proteins of plasma-derived HBSAg (Peterson, 1981), as well as the data presented here,
clearly indicated that this high level of acetylation certainly did not occur, however we
cannot rule out the possibility that some small fraction of the protein is in fact acetylated.
This needs to be checked by the procedures described by Hemling et al.(1988), and these
studies are currently in progress.

At present we do not know if acetylation of the M proteins occurs co-translationally
or post-translationally, since enzyme systems have been described for both pathways
(Galibert et al., 1979). However, it is likely that the pathway used in the cell culture
production of HBs.Ag is the same as that taking place in infected liver, and thus such
studies may be performed using this as a model system. This is currently being
investigated.

Persing, et al. (1987) have shown that the L protein produced in cells from the
cloned viral gene is also acetylated. However, in the case of the L protein, the protein is
myristylated at its amino-terminus (Persing et al., 1987). This has been proposed to serve
to anchor the amino-terminus in the lipid layer of the HBs.Ag particle. No similar reason
can be proposed for the M protein being acetylated. Since no specific function for the pre
S2 protein has been clearly established, it is not possible to state whether the acetylated
amino-terminus is critical for any function. However, it should be pointed out that the
reason for the acetylation of most cellular proteins is also not known (Tsunasawa &
Sakiyama, 1984).

On the other hand, the antigenic properties of the pre-S2 domain have been
examined (Hu et al., 1987). In studies involving synthetic peptides corresponding to the
amino-terminal 22 amino acids of the M protein, we have found that the peptide readily
induces the formation of antibodies which recognize the intact M protein, and moreover the
synthetic peptide binds human antibodies directed against the natural M protein. Thus, the
amino-terminus need not be acetylated to function as a hepatitis B antigen. However, no
detailed comparative studies have been performed to determine if such an acetylated peptide
might not function as a better antigen.
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The only other function ascribed to the M protein is that of a binding site for
albumin (Machida et al., 1983). We have recently shown that this activity is localized in
the amino-terminal segment of the M protein (within the first 22 amino acids). Again, this
activity does not seem to be absolutely dependent on the acetylation of the amino-terminus,
since the non-acetylated synthetic peptide corresponding to this region of the M protein is
capable of competing for binding to the polymerized albumin (Hanaoka et al., 1986).
However, no comparisons have been made with the acetylated form of this peptide to see if
acetylation has any affect on this interaction.

The two forms of the M protein apparently differ only by glycosylation in the S
protein part of their structure, with both forms glycosylated in the pre-S2 encoded part of
the sequence (Hu & Peterson, 1987). Only one potential site for asparagine linked
glycosylation exists in the pre-S2 sequence, at residue 4; however, numerous threonine and
serine residues occur which could also be sites of glycosylation. The structures of yeast
derived proteins and glycoproteins have also been examined (Valenzuela et al., 1982;
Hemling et al., 1988; Carr et al., 1989; Langley et al., 1988).

The presence of N-glycosidic and O-glycosidic carbohydrate at the amino- and
carboxy-terminal part of the pre-S2 encoded sequence of the M proteins is consistent with
the observation that the entire pre-S component is exterior to the antigen particle.
However, the structures which we have identified are different from those previously
proposed (Skelly et al., 1979). Skelly and co-workers failed to detect any complex
oligosaccharides susceptible to galactose oxidase treatment in the pre-S2 containing
proteins, and suggested that high mannose oligosaccharides were present. Two groups
have characterized the pre-S2 glycopeptides from yeast expression systems, and found
both N- and O-linked mannose structures (Langley et al., 1988; Carr et al., 1989).

Glycosylation of proteins at specific N- and O-linked sites has been shown to be
critical for proper biosynthesis, secretion, and activity of the erythropoeitin (Dube et al.,
1988). Sialic acid termini on N-linked saccharides determine the suceptibility of Chinese
hamster ovary cells to natural killer lysis (Ahrens & Ankel, 1987). The presence of sialic
acid termini also prevents clearance by the liver's asialo-glycoprotein recepter (Baenziger &
Fiete, 1980; Harford & Ashwell, 1982). In accordance with this hypothesis, the in vivo
life span of desialylated HBs.Ag was found to be reduced 10- to 20-fold (Neurath et al.,
1975). However, such an uptake system is probably of secondary importance since
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binding of hepatitis B virus to its receptor appears to be mediated by a peptide sequence
within the envelope proteins (Neurath et al., 1986b).

Both cloned and natural antigens presented complex biantennary oligosaccharides.
However, the Chinese hamster ovary cell derived structures were all fucosylated, and a
small percent of triantennary oligosaccharides were present. Skelly and co-workers (1979)
failed to detect any galactose, while Stibbee and Gerlich (1983) reported that the pre-S
region contained a single N-linked high mannose oligosaccharide. We have found no
evidence for such structures. Moreover, neither of the other groups considered the
possibility of O-linked glycosylation. Our data clearly show that both the cloned and
natural pre-S2 peptides are glycosylated at asparagine 4 with complex biantennary
oligosaccharides. The antigen produced naturally by human liver presents an
oligosaccharide on the pre-S2 region similar to those found on the S protein (Gillece-Castro
et al., 1987; Hanaoka et al., 1986). These were partially or totally sialylated biantennary
structures of which about 8% were found to be fucosylated in the former case. In this
work no fucose was detected on the natural pre-S2 oligosaccharide. On the other hand, the
cloned material was totally fucosylated on the core and contained truncated biantennary and
triantennary structures which is consistent with data from other glycoproteins cloned in
CHO cells (Carr et al., 1989; Conradt et al., 1987; Kagawa et al., 1988; Mutsaers et al.,
1986; Sasaki et al., 1988). For example, two interferons isolated from Chinese hamster
ovary cells contained fucosylated biantennary saccharides (Conradt et al., 1987) while
erythropoietin contained primarily triantennary structures with partial sialylation and
fucosylation (Mutsaers et al., 1986; Sasaki et al., 1988). These data indicate that both cell
type and protein structure affect the product of the saccharide processing enzymes. All of
the Chinese hamster ovary expressed glycoproteins contain complex oligosaccharides;
however, the extent of branching, fucosylation and sialylation appears to be protein
dependent (Paulson & Colley, 1989). The functional differences between these
oligosaccharides have not yet been determined.

The presence of O-linked oligosaccharides on the pre-S2 region of the natural
antigen has not been previously reported; however this protein has also been expressed in
yeast (Carr et al., 1988; Langley et al., 1988), and zero to six hexose residues were found
to be attached within the sequence designated B (Carr et al., 1988), although the sites of O
glycosylation were not determined.
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Whether the presence of either the N- or O-linked oligosaccharides affects
antigenicity of the protein is not known. Further studies will be necessary to explore the
role of these post-translational modifications in the structure, assembly, and infectivity of
the hepatitis B virus.

4.5 Experimental Procedures

Preparation of HBs.Ag. The antigenic subtype adw of HBs.Ag was purified from a
single patient as previously described (Peterson, 1981). Similarly, the pre-S2
glycopeptides were isolated from ayw subtype HBs.Ag. Before enzymatic deglycosylation,
the antigen (a total of 6 mg), which was suspended in CsCl2, was desalted and
concentrated 10-fold using a Centricon 10 ultrafilter (Amicon Corp., Danvers, MA). This
procedure was repeated at least three times, diluting the retentate with HPLC-grade water,
until most of the CsCl2 had been removed. Cloned HBs.Ag/ayw rich in pre-S2 was
obtained from a single cell line of Chinese hampster ovary cells containing the integrated
HBSAg S + pre-S genes (Michel et al., 1984) and was purified according to the procedures
of Adamowicz et al. (1988). The antigens used in these studies were from the 5 license
batches (Lots 1-5 prepared). Approximately 100 mg each of plasma and cloned antigen
was prepared for these studies. The hepatitis B surface antigen and glycopeptides derived
from it were provided by Dr. Darrell L. Peterson, Department of Biochemistry, Virginia
Commonwealth University, Richmond VA.

Enzymatic deglycosylation of intact HBs.Ag. Glycoprotein samples (2-5 mg/ml)
were denatured by boiling for 2 min in a 0.5% solution of SDS containing 100 mM 3
mercaptoethanol. After denaturation, the sample was diluted to a final concentration of
0.1% SDS, 0.8% Nonidet-P40, and 0.03 M Na3PO4, pH 8.6. All chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO) unless otherwise noted. The
oligosaccharide portion of the HBSAg was released using PNGase F, purified from
Flavobacterium meningosepticum, as previously described (Tarentino et al., 1985). Dr.
Anthony Tarentino generously supplied the PNGase F enzyme. The digestion was
allowed to proceed at room temperature for 18 hours. As a control, the glycoprotein
ribonuclease B (Krusius et al., 1976), purified by affinity chromatography on concanavalin
A-Sepharose, was deglycosylated in an identical manner.
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SDS polyacrylamide gel electrophoresis. The progress of the deglycosylation
reaction was monitored using SDS-polyacrylamide gel electrophoresis with a 10-20%
acrylamide (Bio-Rad Laboratories, Richmond, CA) resolving gel and a 4.75% acrylamide
stacking gel. All protein samples were prepared by heating at 100°C for 2 min in pH 6.8,
0.0625 M Tris-HCl containing 10% glyceryl, 2.3% SDS, 5% b-mercaptoethanol, and
0.001% bromphenol blue following the formulations of O'Farrell (O'Farrell, 1975). The
gels were stained with Coomassie blue to detect proteins. For immunoblotting, the protein
was transferred to nitrocellulose according to the method of Burnette (Burnette, 1981).
Staining of the blots with anti-pre-S2, or anti-S antibodies was then performed as described
previously (Hu et al., 1987).

Oligosaccharide isolation from intact HBs.Ag. Before gel permeation
chromatography, the Nonidet-P40 was removed by adsorption onto Amberlite XAD-2
beads (Mallinckrodt, St. Louis, MO) (Holloway, 1973). HBs.Ag oligosaccharides were
then chromatographed on a 48 cm x 24 mm column of Sephadex G-50 eluted with 0.1 M
pyridinium acetate buffer, pH 5.3. Five-milliliter fractions were collected and assayed for
carbohydrate using the phenol-sulfuric acid method (Dubois et al., 1956) with glucose as a
standard. Carbohydrate-containing fraction were pooled and rechromatographed on a 95
cm x 16 mm column of Bio-Gel P-6 (400 mesh, Bio-Rad Laboratories, Richmond, CA)
eluted with the pyridinium acetate buffer used previously. Both columns were calibrated
with N-3H-acetylated glycopeptides prepared from transferrin and fetuin (Fisher & Laine,
1979).

HPLC of N-linked saccharides from intact HBs.Ag. Sialic acids were removed
from the oligosaccharides by mild acid hydrolysis, 0.1 NHCl, 80°C for 50 min (Teh
Yunghui, 1973). Reducing termini were labeled with the uv-absorbing p-aminobenzoic
acid ethyl ester (ABEE) as described by Wang et al. (Wang et al., 1984). Chromatography
was performed on an analytical amino propyl-bonded silica column (300 x 4.1 mm)
equipped with a guard column (Alltech Associates, Deerfield, IL). The oligosaccharides
were eluted with acetonitrile in distilled water, using a linear gradient from 80 to 40%
produced over 40 min, with a constant flow rate of 1.0 ml/min. The oligosaccharide
derivatives were detected at 254 nm. As a control, a biantennary oligosaccharide, isolated
by PNGase F treatment of the Fab pi fragment of human IgM, was used. This saccharide,
which represents the total array of structures located at asparagine 171, was provided by
Dr. Anthony J Tarentino, and was processed in an identical manner.
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Mass spectrometry. A Kratos MS-50S double focusing mass spectrometer
equipped with a high-field magnet, a cesium ion liquid secondary ion mass spectrometry
(LSIMS) ion source, a postacceleration detector (10 keV), and positive to negative
switching was used to record mass spectra. Aqueous or methanolic solutions of sample,
0.5-10 pig■ ul, were applied to a copper or stainless-steel probe tip. Tetraethylene glycol or
a mixture of glycerol and monothioglycerol (Aldrich Chemical, Milwaukee, WI) were
added as matrix solvents. Cesium ions (16 keV, 0.5 pia, ambient temperature) bombarded
the sample and the protonated and deprotonated secondary ions were accelerated to 8 keV.
The magnet was operated in field control mode typically scanning at 300 s/decade from
2800 Da at a resolution of approximately 2500. Mass calibration was performed using a
mixture of Ultramark 1621 and 443 (SCM Specialty Chemicals, Gainsville, FL).
Similarly, the glycopeptides were analyzed on a Kratos Concept II H tandem mass
spectrometer with a microchannel electro-optical array detector which was calibrated using
alkali iodides.

Methylation analysis. The asialo-ABEE derivatives of the HBs.Ag and IgM
oligosaccharides were eluted from the probe tip. These oligosaccharides, as well as the
triantennary fetuin glycopeptide (Fisher & Laine, 1979), were methylated according to the
method of Hakamori (Hakamori, 1964). After acetolysis-hydrolysis (Geyer et al., 1983),
the products were reduced using sodium borodeuteride, and the mixture of partially
methylated alditols was acetylated (Bjorndal et al., 1970). Gas chromatography-mass
spectrometry analysis of the partially methylated alditol acetates was performed on a Kratos
MS-25 mass spectrometer equipped with a Varian 3700 gas chromatograph and an on
column injector (J&W Scientific, Rancho Cordova, CA). The samples were
chromatographed on a DB-1 column with a 1-pum film thickness (J&W Scientific), and the
temperature was programmed from 160 to 240°C at 4°C per minute. The electron
ionization spectra were recorded at 1 s/decade.

Amino acid analysis. Amino acid analysis was performed with a Durrum MBF
amino acid analyzer equipped with fluorescence detection. Samples (1-5 pig) were
hydrolyzed in constant boiling HCl for 24 hours in sealed, evacuated tubes at 110 °C. The
samples were then dried, dissolved in sample buffer (pH 2.2, 0.1 N sodium citrate buffer)
and applied to the analyzer. Tryptophan was determined spectrophotometrically (Edelhoch,
1967). Dr. Pei-Sheng Hu performed the amino acid analyses and Edman degradation.
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Alkaline B elimination. Alkaline 3 elimination for the determination of O-linked
carbohydrate was performed essentially according to the method of Downs and Pigman
(Downs & Pigman, 1976), as follows. Aliquots (10 pul) of a solution containing 1-5 pig■ ul
of the peptide in 0.1 M sodium hydroxide and 0.3 M sodium borohydride were placed in
sealed tubes at 45 °C for 12 hours, and then cooled to room temperature. The solutions
were neutralized by the addition of 10 pil of 0.4 M hydrochloric acid. Aqueous palladium
chloride was added immediately (10 pil of a 0.08M solution). Sodium borohydride (20 pul
of a 0.66 M solution in 0.1 M sodium hydroxide) and palladium chloride (20 pil of a 0.016
M solution in 0.8 M hydrochloric acid) were then added simultaneously from separate
syringes. Hydrolysis and amino acid analysis were subsequently performed as above. Dr.
Pei-Sheng Hu performed the elimination reactions.

Edman degradation. Edman degradation was performed with an Applied
Biosystems model 470A automatic sequencer, equipped with an in-line automatic PTH
amino acid analyzer. Generally 0.5-1 nmol was applied to the sample filter, and the
standard program was utilized.

Cyanogen bromide cleavage: Cyanogen bromide cleavage was performed
according to the method of Gross and Witkop (1962). The dried peptide was dissolved in
100 pil of 70% formic acid, and deaerated by flushing with nitrogen for 5 min. A 100-fold
molar excess of cyanogen bromide over methionine was then added. The reaction was
allowed to proceed for 12 hr in the dark at room temperature in a tightly sealed vessel. The
reaction was terminated by removing the reagents rapidly under reduced pressure.

Trypsin digestion. HBs.Ag in 0.1 M Tris/HCl, pH 8.0 was digested with trypsin
(tosylphenylchloromethyl ketone treated) at an enzyme to antigen ratio of 1:100 by weight.
The digestion was allowed to proceed for 3 hours at 37°C. The solution was then adjusted
to a density of 1.28 by the addition of solid cesium chloride and the HBs.Ag was separated
from the released peptides by centrifugation at 25,000 rpm in a Beckman SW 28 rotor for
18 hours. The HBs.Ag floats under these conditions and was readily removed from the
surface of the solution. The liberated peptides remained in solution in the cesium chloride.
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Purification of the tryptic peptides. The peptides released from HBs.Ag by trypsin
digestion were purified by HPLC on a Varian C18 (4.6 x 250 mm) reverse phase column.
The column was equilibrated with 0.1% trifluoroacetic acid in water. The cesium chloride
solution, containing the released peptides, was applied directly to the HPLC column.
Generally, 8-10 ml was injected onto the column by multiple injections of 2.0 ml. The
peptides were completed bound. The column was washed with 0.1% trifluoroacetic acid in
water until the baseline was reestablished. The peptides were then eluted with a linear
gradient of 0.1% trifluoroacetic acid in water to 0.1% trifluoroacetic acid in 50%
acetonitrile/water (1.0 ml/min, 60 min total time). The elution was monitored at 230 nm,
with a full scale absorbance of 2.0. Peaks containing UV absorbing components were
collected in acid washed tubes and then dried under reduced pressure. The isolated tryptic
peptides were supplied by Dr. Darrell L. Peterson

Enzymatic deglycosylation of Pre-S2 glycopeptides. The asparagine linked
oligosaccharide was removed from the amino terminal pre-S2 tryptic glycopeptide using
peptide-N4-(N-acetyl-3-glucosaminyl)asparagine amidase F (PNGase F), which had been
purified from Flavobacterium meningosepticum as previously described (Tarentino et al.,
1985), and was supplied by Anthony L. Tarentino. After dissolution of 50 nmoles of
glycopeptide in 50 mM ammonium carbonate buffer pH 8.3, one mu PNGase F was
added. The digestion was allowed to proceed for 30 hours at 22 °C, and then a second
addition of one mu PNGase F was added. The mixture was allowed to react for a total of

four days. The liberated oligosaccharides were separated from the deglycosylated peptide
by reversed phase high performance liquid chromatography on a Vydac C18 column. The
linear mobile phase gradient consisted of 0 to 60% acetonitrile containing 0.08%
trifluoroacetic acid in aqueous 0.1% trifluoroacetic acid and lasted 60 minutes. Absorbance
was measured at 215 nm. Oligosaccharides were not retained under these conditions and
were collected in the void volume, whereas the amino-terminal peptide peaks were retained,
and collected as detected.

Characterization of the asparagine linked oligosaccharide. The HPLC fraction
containing released saccharides from the amino-terminal glycopeptide was dried under
vacuum in a centrifuge. The reducing termini of these sugars were reacted with a
hydrophobic chromophore as described by Sweeley and coworkers (Wang et al., 1984).
Either the octyl or ethyl ester of p-amino benzoic acid was attached and the derivative of
oligosaccharides was isolated by reversed phase high performance liquid chromatography
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on a Vydac C4 column using a gradient of aqueous acetonitrile (0 to 60% in 40 minutes)
while monitoring the absorbance at 320 nm.
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4.6 Conclusions

The hepatitis B surface antigen, which constitutes the currently available vaccines
against infection with the virus, is the empty envelope of the hepatitis B virus. The
carbohydrate structures of the envelope glycoproteins were investigated . The intact
oligosaccharides were enzymatically released from the coat glycoproteins using peptide-N4
(N-acetyl-3-glucosaminyl) asparagine amidase F and isolated by gel permeation
chromatography. Cesium ion LSIMS spectra of the intact, underivatized oligosaccharides
showed molecular weights of 1932, 2078, and 2223. The mixture included partially and
totally sialylated structures, a fraction (~8%) of which were substituted with a single
terminal fucose residue; no desialylated oligosaccharides were detected. The reducing
termini of the oligomers were derivatized by reduction of the Schiff base formed using
ethyl-p-aminobenzoate, and fragmentation patterns identical to those produced from
standard biantennary complex oligosaccharides were obtained. Methylation linkage
analysis of the oligosaccharides showed that the carbohydrate composition and the
mannose branching patterns also resembled those of a biantennary oligosaccharide. The
results of this study indicate that (i) glycosylation of the hepatitis B surface antigen, which
takes place in the liver, is typical of other serum glycoproteins made in the liver; and (ii)
this analytical strategy, including cesium ion liquid secondary ion mass spectrometry, is an
effective approach for the structural analysis of complex carbohydrates available in only the
1-10 pig sample size range.

The pre-S2 encoded portions of the M protein of HBs.Ag from plasma and cloned in
Chinese hampster ovary cells were also isolated and their structures determined. The
structure of the cloned M protein and that isolated from plasma were shown to be identical
in their peptide sequence. The M proteins were demonstrated to be the full length
translation product of the pre-S2 gene which has been modified by acetylation of the amino
terminus and also by glycosylation of asparagine residue 4. The structure of the
asparagine-linked carbohydrate was also determined. Both antigens have complex
biantennary oligosaccharides; however, in contrast to the plasma derived antigen, the
cloned antigen is fucosylated and also has a small percentage of triantennary
oligosaccharides. In addition to the asparagine-linked oligosaccharide, both antigens
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appear to have two sites of threonine linked glycosylation. The presence of N-glycosidic
and O-glycosidic carbohydrate at the amino and carboxy-terminal part of the pre-S2
encoded sequence of the M proteins is consistent with the observation that the entire pre-S
component is exterior to the antigen particle; however, the function of these carbohydrate
units is yet to be determined.



147

66 –

45
36 -
29 –

24 –

20.1–

-

-ribonuclease A
14.2–

kDa

Figure 1. SDS-polyacrylamide gel electrophoresis of HBs.Ag (lanes 1 and 2) and
ribonuclease B (lanes 3 and 4) before and after deglycosylation with PNGase F. After
enzymatic digestion there was a decrease in the apparent molecular weights of the products
(lanes 2 and 4) as compared with the intact glycoproteins (lanes 1 and 3). The arrow
indicates origin.
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Figure 2. Negative ion LSIMS of the free oligosaccharides from IgM (A) and HBs.Ag (B).
The deprotonated molecular ion species (M - H-) at m/z 2077 (A), 1931, and 222 (B)
suggest partially sialylated complex oligosaccharides containing 5 hexoses and 4 N
acetylhexosamines. The sodiated form of the totally sialylated oligosaccharides also gave
an ion (M + Na - 2H) at 2244. In addition, the ion at m/z 2077 indicated that some of the

HBSAg oligosaccharides may contain an additional deoxyhexose residue such as seen in A.
Molecular weights cited are 1 Da higher than nominal mass to reflect the fractional increases
from exact maSS measurements.
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Figure 3. HPLC separation of the asialo-ABEE derivatives of the IgM (A) and the HBSAg
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trianntennary oligosaccharide.
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Figure 4. Negative ion LSIMS from the major asialo-ABEE derivatives of the
oligosaccharides from IgM (A) and HBs.Ag (B). LSIMS data from the components eluting
at a and a' (Fig. 3) are shown. Strong deprotonated and chloride adduct ions were
observed at m/z 1935 and 1971 (A) and 1789 and 1825 (B). The origin of major fragment
ions is indicated. Molecular weights cited are 1 Da higher than nominal mass to reflect the
fractional increases from exact mass measurements.
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Figure 5. Structure of the major hepatitis B surface antigen oligosaccharide. A small
fraction (approximately 8%) were fucosylated.
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Table I Methylation Linkage Analysis of Asialo-ABEE Derivatives of HBSAg
Oligosaccharides

Methylated sugar Linkage Molar

ratio a

2,3,4-Tri-O-methylfucitol terminal Fuc 0.1

2,3,4,6-Tetra-O-methylgalacitol terminal Gal 2.4

3,4,6-Tri-O-methylmannitol 2-linked Man 2.0

2,4-Di-O-methylmannitol 3,6-linked Man 0.8

3,6-Di-O-methyl-2-N-methyl
acetamido-2-deoxyglucitol 4-linked GlcNAc 2.7

a Values are based on 2-linked mannose = 2.0 residues.

Related oligosaccharides were used to calculate response factors.
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Figure 6. Amino acid sequence of the HBSAg/ayw pre-S2 encoded region of the M
protein. The sites of trypsin cleavage are indicated by arrows. The peptides indicated as
peptide A and peptide B correspond to those of Fig. 3 and Table 2. The sites of
glycosylation are indicated by solid diamonds. The first 6 amino acids of the S protein
portion of the M protein are also indicated.
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Table II. Amino Acid Composition of Tryptic Peptides from Clones and Natural
HBs.Ag

Residues.”

Peptide A Peptide B
Natural Cloned Natural Cloned

Amino Acid HBs.Ag HBs.Ag HBs.Ag HBs.Ag

As partic Acid 1. 96 2. 15 (2) l. 18 O. 98 (l)
Threonine. 2. 20 2.24 (3) 2. 59 2.63 (3)
Threonine” 2 - 22 2. l8 O - 7 3 O . 68
Serine O. 84 0.90 (1) 6. O2 5. 67 (7)
serine” O. 87 O - 85 6. l 4 6 - O 5
Glutamic Acid 3. l'O 3 - 19 (3)
Proline ND ND (l) ND (3)
Glycine 3. 88 3.97 (4)
Alanine l. 84 2. 17 (2)
Alanine” 1. 92 1 - 9 O
Aminobutyric Acidº 0.00 O. O.O 1. 7 O 1. 65
Valine 2. O2 2.09 (2)
Methionine O. 89 0.86 (1)
Isoleucine O. 97 l. 29 (1)
Leucine l. O 6 l. 24 (l) 2. 64 2.47 (3)
Tyrosine 1.03 l. 11 (l)
Phenylalanine l. 10 0.96 (1) 1. 98 2 - 12 )
Tryptophan 1.02 0.94 (l)
Histidine l. 02 O. 94 (l)
Arginine l. 00 l. 00 (l) l. 00 1.00 (1)

a. The numbers given are based on arginine being defined as 1.00.
ND means not determined. Tryptophan content was determined
spectrophotometrically. The numbers in parentheses are those
predicted from the DNA sequence for residues l-le, in the case of
Peptide A, and residues 19-49, in the case of Peptide B, of the pre
S2 encoded protein. (21)
b. The numbers given are those obtained following alkaline
borohydride treatment.
c. Aminobutyric acid is the product expected from threonine
following alkaline reductive elimination of O-linked carbohydrate.
The values are those observed after alkaline borohydride treatment.
No aminobutyric acid was observed in control samples not subjected to
this treatment, or in control samples of myoglobin, which lacks such
carbohydrate, when subjected to the same procedures.

Amino acid analysis performed by P.-K. Hu (Gillece-Castro et al., 1990).
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Figure 7. SDS polyacrylamide gel electrophoresis of HBs.Ag preparations. Lanes A–C
were stained with Coomassie blue. Lanes D-E were stained by immunoblotting with
monoclonal anti-HBSAg specific for the S protein. Lanes F-I were stained with
polyclonal antibodies prepared against a synthetic peptide corresponding to the amino
terminal 22 amino acids of the M protein. Lanes A, E, and G are the untreated plasma
antigen. Lanes B, D, and F are the untreated cloned antigen. Lanes C and I are the trypsin
treated natural antigen. Lane H is the trypsin treated cloned antigen. Gel electropheresis
performed by P.-K. Hu (Gillece-Castro et al., 1990).
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Figure 8. Automatic Edman degradation of the untreated cloned HBSAg. The relative
amount of each amino acid observed in the first 3 steps is given. These were calculated
from the integrated area of each PTH-amino acid observed for these steps. Sequencing
performed by P.-K. Hu (Gillece-Castro et al., 1990).
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Figure 9. High performance liquid chromatography of the peptides released from HBSAg
by treatment with trypsin. The upper panel is the cloned antigen; the lower panel is the
natural antigen. HPLC performed by D. L. Peterson (Gillece-Castro et al., 1990).
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Figure 12. High performance liquid chromatography of oligosaccharides released from
peptide A by PNGase F from cloned HBSAg.
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Table III. Edman degradation of Tryptic Peptide B from Pre-S2 HBSAg”

PEPTIDE A

AMINO ACID
STEP

l GLN
2 TRP

3 (ASN)
4 SER
5 THR
6 THR
7 PHE
8 HIS
9 GLN

10 THR
ll LEU
12 GLN
13 ASP
lA PRO
15
16
17
13
19
2 O
2 l
22

a. ND means not detected.

PMOLS

63 O
6 O O
ND
3 O O
2 10
264
171

6 O
210
1.65
187
183

77
14

PEPTIDE B

AMINO ACID

GLY
LEU
TYR
PHE
PRO
ALA
GLY
GLY
SER
SER
SER
GLY
THR
VAL
ASN
PRO
VAL
LEU
(THR)
(THR)

ALA
SER

PMOLS

4 8 O
5 4 3
27 O
4 38
45 O
516
357
369
3.24
3.24
312
195
123
132
204
1 O2

84
37
NDa
ND
45
57

1 65

The amino acids in parentheses
are those expected based on the DNA sequence.

Edman degradation performed by P.-K. Hu (Gillece-Castro et al., 1990).
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Table IV. Methylation Analysis of Neutral N-linked Oligosaccharides from Cloned
Peptide Aa

Methylated sugar Linkage Molar
ratio a

2,3,4-Tri-O-methylfucitol terminal Fuc 0.72

2,3,4,6-Tetra-O-methylgalacitol terminal Gal 1.73

3,4,6-Tri-O-methylmannitol 2-linked Man 2.0

2,4-Di-O-methylmannitol 3,6-linked Man 1.49

3,4,6-Tri-O-methyl-2-N-methyl- terminal GlcNAc 0.38

3,6-Di-O-methyl-2-N-methyl
acetamido-2-deoxyglucitol 4-linked GlcNAc 1.92

a Relative quantities of each residue taking 2-linked mannose as 2.0 residues.
Related oligosaccharides were used to calculate response factors.



167

CHAPTER 5 Oligosaccharide Structures of a Proline-Rich
Glycoprotein from Human Parotid Saliva

-

*

s

ºº
| :

º,



168
5.1 Introduction

Bacterial adhesion is a necessary first step in the infectious process of any species
of pathogenic bacteria. Yet there are relatively few examples of the isolation of specific
receptors from the tissues or body fluids with which particular bacteria interact. Notable
exceptions are the results which have been obtained using overlay techniques to identify
receptors found in standard glycolipid libraries. Using this strategy, Karlsson and co
workers showed that uropathogenic Eschericia coli binds to members of a glycolipid
library carrying Gal ol—34 Gal sequences (Bock et al., 1985). Importantly, glycolipids
carrying this structure have also been isolated from urinary tract epithelia of susceptible
individuals (Breimer et al., 1985). Similarly, Krivans, Ginsburg and Roberts showed that
Pseudomonas aeruginosa binds specifically to gangliotetraosyl ceramide and
gangliotriaosyl ceramide, both of which are found in the lung (Krivans et al., 1988).

In comparison, fewer glycoprotein receptors have been identified. One contributing
factor to this discrepancy is the lack of standard glycoprotein libraries for the numerous
glycoforms synthesized by different cells and tissues (Rademacher et al., 1988). To
address this problem, we developed a method for identifying potential bacterial receptors in
complex mixtures of proteins and glycoproteins. These components were separated on
SDS-polyacrylamide gels, transferred to nitrocellulose and overlaid with radiolabeled
bacteria (Prakobphol et al., 1987). Using this technique, we found that a highly
glycosylated proline-rich glycoprotein (PRG) from human parotid saliva can serve as a
receptor for the gram-negative, periodontal pathogen, Fusobacterium nucleatum.

The glycosylated PRG we have been studying is part of the family of proline rich
proteins found in saliva whose members have been classified as either acidic, basic or
glycosylated (Bennick, 1982). All are rich in the amino acids proline, glycine and
glutamine (Maeda et al., 1985). Several of the nonglycosylated proteins have been cloned
and sequenced (Maeda et al., 1985). A common feature of these proteins is that they
contain homologous repeated, proline-rich sequences. With regard to the glycosylated
PRGs, the greatest amount of structural information has been obtained for a 36.4 kDa PRG
isolated from human parotid saliva. This glycoprotein consists of a single peptide chain,
231 amino acids in length (Maeda et al., 1985). Like the nonglycosylated PRGs, the
protein backbone is composed of repeated sequences. This glycoprotein contains six
asparagine linked chains (Reddy et al., 1982), which were identified as complex,
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triantennary structures containing three fucose residues linked at the 3-position of the N
acetyl glucosamines. Boersma and coworkers also studied a glycosylated PRG and found
both bi- and triantennary structures with one to three fucose residues linked at the 6
position of galactose (Boersma et al., 1981; Boersma et al., 1983). Clones have also been
isolated for two other potentially glycosylated proline-rich proteins (Maeda et al., 1985).

However, there are many more proline-rich proteins in saliva than those which have
been isolated and/or cloned (Kaufman & Keller, 1979). The amino acid composition and
N-terminal sequence reported here for the glycosylated protein that serves as an F.
nucleatum receptor suggests that this protein is a higher molecular weight member of the
family of proline-rich proteins. Our results also suggest that the carbohydrate portion of
this glycoprotein conveys the properties of a bacterial receptor to this PRG. As a first step
in determining the exact structural requirements for binding, we have determined important
features of the structure of the N-linked oligosaccharides carried by this glycoprotein. A
symphony of compounds, including tetraantennary, triantennary, biantennary and hybrid
structures were identified, most of which were highly fucosylated.

5.2 Isolation of N-linked Saccharides from the parotid salivary glycoprotein with
Fusobacterium nucleatum binding activity

Using an overlay method, we found that radiolabeled F. nucleatum bound to only
one component (M, 140,000) of parotid saliva (Fig. 1, lane 1b) and that this binding was
substantially unchanged (Fig. 1, lane 2b) after the glycoprotein was purified to apparent
homogeneity (Fig. 1, lane 2a). Deglycosylation of the purified glycoprotein using PNGase
F produced a protein (Fig. 1, lane 3a) of the same molecular weight (70 kDa) as treatment
with anhydrous hydrofluoric acid (data not shown) suggesting that all of the
oligosaccharides are N-linked to the protein backbone and have been removed by treatment
with PNGase F. Significantly, no bacterial binding to the deglycosylated protein core was
detected (Fig. 1, lane 3b). This suggests that the N-linked oligosaccharides may carry a
specific sequence that confers receptor activity to this PRG.

Amino acid composition (Table I) showed that the protein core contained
predominantly proline, glycine, and glutamine/glutamic acid. Consistent with the amino
acid composition, the N-terminal sequence of the deglycosylated protein core (Table I) also

º
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contained an abundance of proline. The sequence was identical to that of a repeated region
identified in a lower molecular weight, nonglycosylated human parotid protein (Shimomura
et al., 1983). These results identify the F. nucleatum binding protein as a member of the
family of proline-rich glycoproteins. However, this glycoprotein is substantially larger in
molecular weight than any previously reported PRGs from human (Bennick, 1982;
Kaufman et al., 1982; Maeda et al., 1985), rat (Clements et al., 1985), or mouse (David et
al., 1988) saliva.

The composition of the oligosaccharides released by PNGase F treatment of the
purified glycoprotein was determined by gas-liquid chromatography (Table II). The results
of the analysis of glycoproteins isolated from two indivduals are presented. In both cases
the carbohydrate composition was consistent with complex, N-linked structures most of
which carried numerous fucose residues, but lacked sialic acid. No N-acetyl galactosamine
was detected. The oligosaccharides of individual 1 were also subjected to methylation
linkage analysis (Table III). Terminal fucose was the most abundant component.
Branched (2,4-linked and 3,6-linked) mannose residues were detected, indicating the
presence of biantennary and triantennary core structures. In addition, most of the galactose
was in the terminal position, consistent with the low level of sialylation previously
suggested by the composition data. Terminal mannose, 3-linked and 6- linked mannose,
indicative of hybrid-type oligosaccharides, were also evident.

The oligosaccharides released by PNGase F treatment of the purified PRG from
individual 1 were isolated by gel filtration on Sephadex G-50. Starting at the void volume,
all the fractions were assayed for carbohydrate composition as described above and the
peak fractions for component molecular ions” by LSIMS. The oligosaccharides
chromatographed as a broad peak eluting between the standard bi- and triantennary
oligosaccharides. The composition data showed that the earliest eluting carbohydrate
containing fractions had the highest amounts of both sialic acid and fucose. To determine
whether any O-linked oligosaccharides were present, the deglycosylated protein core was
subjected to B-elimination. The products were separated on Sephadex G-50 and all the
fractions analyzed for carbohydrate composition as described previously. No
oligosaccharides were released and no N-acetyl galactosamine was detected. Together with

2 Molecular ions will refer to both protonated and deprotonated molecules detected in
positive and negative ion modes, respectively.

* *
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the deglycosylation results described above, this data confirms that all of the
oligosaccharides are N-linked to the protein core.

5.3 LSIMS Analysis of N-linked Oligosaccharides

Typical of the results from the LSIMS experiments on the G-50-separated samples
is the negative ion spectrum of one column fraction shown in Fig. 2. Molecular ions were
observed at m/z 2369, 2223, 2077, 2036, 1931, and 1874. To determine the components
of each oligosaccharide detected, all possible combinations of monosaccharide masses were
calculated. Unique masses existed in almost all cases. For example, a compound with
molecular weight 2078 (the deprotonated species is observed at m/z 2077) was the most
abundant species observed in the spectrum. This corresponds to an oligosaccharide
containing five hexoses, four N-acetyl hexosamines and three deoxyhexoses, suggesting a
biantennary structure modified with three fucose residues. Rarely, identical molecular
weights could arise from two different structures. In one case, the ion m/z 2369
corresponded to an oligosaccharide containing either five hexoses, four N-acetyl
hexosamines and five deoxyhexoses or seven hexoses, six N-acetyl hexosamines and no
deoxyhexose. Since the composition data shown in Table II suggested that the average
structure was highly fucosylated, the former possibility, consistent with a biantennary
oligosaccharide with five fucose residues, is most likely. In addition we found evidence
for unusual structures (Table IV). For example, m/z 2036 suggests a hybrid
oligosaccharide with three fucose residues. A summary of all of the masses detected in the
underivatized PRG oligosaccharide samples is presented in Table IV. These results show
that the glycosylation of the PRG is extremely heterogeneous. The major trimannosyl
containing core structures are complex biantennary, triantennary and hybrid
oligosaccharides which vary with regard to substitution with fucose and sialic acid.

To enhance mass spectral sensitivity, the released oligosaccharides from other
preparations of PRG from individual 1 were pooled and reductively coupled to the octyl
ester of p-aminobenzoic acid. These derivatized oligosaccharides were then separated by
reversed phase chromatography (Fig. 3). As was evident from the mass spectrometric
analysis of these fractions (discussed below), the charged, acidic oligosaccharides eluted
with approximately 20% acetonitrile and the neutral oligosaccharides with approximately
30% acetonitrile. A large peak which contained the unreacted ester always eluted near the
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end of the gradient. Components of the two classes of oligosaccharides also separated by
hydrophilicity since the earliest eluting peaks within each group always contained higher
molecular weight oligosaccharides.

Methylation analysis was also performed on HPLC separated oligosaccharides.
Galactose linked only in the 3 position was detected in the sialic acid containing fraction
indicating that sialic acid residues are found exclusively at this linkage. In contrast, the
neutral fraction contained only 2-linked galactose suggesting that terminal fucose was
attached at this position. In addition, the highly fucosylated fractions contained 3,4-linked
glucosamine and those with less fucose only 4-linked glucosamine. This suggests, but
does not prove, that other fucose residues are probably attached to the 3-position of N
acetyl glucosamine.

The resulting oligosaccharide-containing fractions were analyzed for molecular
weight distribution by positive ion LSIMS. In addition, some sequence information was
obtained using negative ion LSIMS. The negative ion LSIMS spectra of the ABOE
derivatized oligosaccharides from the earliest eluting fractions (peak A, Figure 3) is shown
in Fig. 4A. This spectrum was obtained using an array detector. Due to the greatly
enhanced sensitivity of this system only 150 picomoles of sample was required. Shown is
the molecular ion region of the spectrum which demonstrated the presence of biantennary
structures containing one sialic acid residue and one to three fucose moieties. These were
the major sialic acid coontaining oligosaccharides in the acidic fractions. The only other
sialic acid-containing structure detected, present in low abundance, was a biantennary
oligosaccharide with a single additional N-acetylhexosamine and three fucose residues (m/z
2439).

A typical example of positive ion LSIMS of the ABOE-derivatized neutral
oligosaccharides (peak B, Figure 3) is shown in Fig. 4B. This spectrum was obtained
without array detection and required 500 picomoles of sample. Biantennary, triantennary
and hybrid structures were found. All were fucosylated. Again, the most abundant
oligosaccharide corresponded to a biantennary structure containing three fucose residues.
Partial sequence for this molecule was obtained by tandem mass spectrometry indicating
nonreducing terminal sequences Hex → HexNAc (m/z 424) and Deoxyhex (Fuc)->Hex +
HexNAc (m/z 570). This and other elements of the spectrum were consistent with the
finding of terminal fucose and galactose in this fraction. The most highly fucosylated
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species detected in this HPLC fraction was a biantennary structure which contained five
fucose resides. These results show that even after reverse phase chromatography a
tremendous number of structures co-elute. In other experiments we found that the amino
bonded silica columns appeared to give better resolution. However, sample recovery was
poor and contaminants eluted from the column that supressed molecular ion formation.

Analysis of all the masses detected in the ABOE-oligosaccharide samples confirmed
the presence of every structure observed during the analysis of the underivatized
oligosaccharides (Table IV), as well as additional low abundance components (Table V).
Traces of fucosylated tetra-antennary structures, as well as more highly fucosylated bi- and
triantennary oligosaccharides, were observed. The most highly fucosylated structures
detected were bi-, tri- and tetra-antennary oligosaccharides containing seven fucose
residues.

5.4 Collision-Induced Dissociation of N-linked Oligosaccharides

A typical example of negative ion LSIMS of the ABOE-derivatized neutral
oligosaccharides (peaks B + C, Figure 3) is shown in Fig. 5. This spectrum was obtained
without array detection and required 500 picomoles of sample. Biantennary, triantennary
and hybrid structures were found. All were fucosylated, and the most abundant
oligosaccharide corresponded to a biantennary structure containing three fucose residues.
Although a multitude of molecular ions were observed, the most abundant ions in the
spectrum were found at low mass and represent the common core structure for the mixture.
Figure 6 contains a CID spectrum of a fragment ion formed from the LSIMS ionization of
these complex glycans. Partial sequence for this molecule was obtained by tandem mass
spectrometry indicating nonreducing terminal sequences Hex →HexNAc (m/z 424) and
Deoxyhex (Fuc) →Hex + HexNAc (m/z 570). This and other elements of the spectrum
were consistent with the finding of terminal fucose and galactose in this fraction. The most
highly fucosylated species detected in this HPLC fraction was a biantennary structure
which contained five fucose resides. These results show that even after reverse phase
chromatography a tremendous number of structures co-elute.

A summary of all the structures detected is presented in Figure 7. The most
abundant species was the biantennary oligosaccharide substituted with three fucose
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residues, but lacking sialic acid. A proposed structure for this component, consistent with
the composition, linkage and LSIMS sequence data, is also drawn in Figure 7. It is readily
apparent that we observed a tremendous amount of heterogeneity among the
oligosaccharide structures isolated from the PRG. This heterogeneity arose from three
sources. First, several different core structures were detected. Second, a tremendous
degree of variation also resulted from the number of possible substitutions with fucose.
Finally, some of the fucosylated structures also contained a single sialic acid residue.

5.5 Discussion

Several functions have been proposed for proline-rich glycoproteins. The acidic
PRGs have been postulated to play a role in Cat” binding (Bennick et al., 1981),
hydroxyapatite binding (Kresak et al., 1981) and in suppression of hydroxyapatite crystal
formation (Bennick, 1982; Hay & Moreno, 1979). In contrast, much less is known
concerning the potential functions of basic PRGs. With regard to glycosylated PRGs,
interactions with a number of Streptococci have been demonstrated. Galactose-mediated
adhesion of S. mitis has been suggested by the studies of Nagata et al. (1983) and Shibata
et al. (1980). Furthermore, the binding of S. Sanguis to PRG, which was saturable and
reversible, could be inhibited by glycoprotein structural analogues (Bergey et al., 1986).

The results presented in this paper suggest that a highly glycosylated PRG can
serve as a receptor for F. nucleatum. Unexpectedly, this bacterium did not interact with
any other salivary glycoproteins using the overlay assay described. This suggests that the
binding is mediated by structural elements that are unique to this PRG. Our preliminary
evidence indicates that it is the carbohydrate portion of the molecule that carries this unique
structural information. The possibility that conformational changes in the PRG following
deglycosylation result in hindered access to a portion of the protein backbone necessary for
binding has not been eliminated. Nevertheless, this seems unlikely since the amino acid
compositions and sequences of all the proline-rich glycoproteins are similar, yet binding to
the nonglycosylated members of this family was not detected.

The PRG interaction with F. nucleatum probably facilitates clearance from the oral
cavity. In previous studies external radiolabeling techniques, specific for either the
carbohydrate or the protein portions of molecules, were used to determine which salivary
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components were adsorbed to the tooth surface. The results showed that the only highly
glycosylated molecules labeled were the salivary mucins (Fisher et al., 1987). In contrast,
the highly glycosylated PRG described in this study was not detected suggesting that it
functions in saliva without binding to the tooth surface.

As a first step toward understanding whether there are unusual carbohydrate
structures present on this glycoprotein that could convey this degree of binding specificity,
we have characterized thirty-three oligosaccharides isolated from the PRG of one
individual. Currently the number of asparagines which are glycosylated is unknown.
However, the molecular weight of the most abundant oligosaccharide (2078 Da) and the
change in estimated molecular weight following deglycosylation (70 kDa) suggests that
each core contains approximately thirty-four oligosaccharides. The fact that the numbers
obtained for the saccharide types and the possible glycosylation sites are similar probably
does not reflect the site specificity of each structure.

The results also showed that there were a number of more highly fucosylated
structures which have not been found on other salivary glycoproteins such as the
submandibular/sublingual mucins (Loomis et al., 1987) or the glycosylated PRGs
(Boersma et al., 1983; Reddy et al., 1982). In addition, we have preliminary evidence
concerning the structure of the oligosaccharides isolated from the glycosylated PRGs of
two other individuals, both of which also mediate F. nucleatum adherence in the overlay
assays described. These individuals differ with regard to blood type and secretor status
from the individual who was the subject of this study. Significantly, identical structures to
those reported in this paper are present, but vary slightly in relative abundance. Our current
efforts are focused on determining which classes of the several structures detected can most
effectively mediate bacterial binding.

The mass spectrometry techniques utilized allowed us to obtain a great deal of
structural information using only a small amount of glycan. For example, LSIMS analyses
were routinely performed using 100-500 picomoles of a mixture of oligosaccharides.
From the spectra alone we were able to determine the molecular weights of thirty-three
oligosaccharides found in the fractions from the various chromatographic separations. As
discussed previously (see Results) in most cases, this information was sufficient to
unequivocally deduce an exact composition for each component. Our results strongly
suggests that new and sensitive techniques are needed to understand the extent of
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heterogeneity possible in the carbohydrate portions of molecules. This was particularly
true with regard to the highly glycosylated proline-rich glycoprotein which was the subject
of this study. The glycosylation sites on the protein are likely to be distributed among
highly homologous repeats, the characteristic structure of the protein core of other members
of this family (Clements et al., 1985; Maeda et al., 1985). Furthermore, this glycoprotein is
synthesized by one cell type, parotid serous cells. These two factors led us to anticipate a
small number of structures and not the tremendous degree of heterogeneity observed.

Less complex samples have been analyzed by these same techniques to obtain the
sequence (i.e., sialic acid, hexose and hexosamine) and branching pattern of the
oligosaccharides (Webb et al., 1988). In this study the number of different species that
were detected in each spectrum prohibited determining which fragments arose from
particular molecular ions. Sequencing is possible for less complex mixtures if
oligosaccharides are isolated prior to LSIMS. However, the number of isomers and
closely related structures found in most mixtures of glycans isolated from biological
sources present hitherto insurmountable technical problems with regard to separation.
Nevertheless, recent advances such as high pH anion exchange chromatography (Hardy &
Townsend, 1988; Hardy et al., 1988), suggest that improved selectivity and resolution is
possible in one chromatographic step. This technique was used to separate a number of
previously unreported structures from fetuin (Townsend et al., 1989), a glycoprotein
widely used for the preparation of oligosaccharide standards. Alternatively, tandem mass
spectrometry, in which individual molecular ions are selected and fragmentation is induced
by collision with a neutral gas, can be used to obtain sequence and branching information
from components of complex mixtures of glycans. Thus, recent advances in both mass
spectrometry and separation techniques allow a realistic assessment of the nature and
complexity of the glycoforms present in biological samples at the picomolar to nanomolar
level. This information is absolutely critical when studying the biological functions of
oligosaccharides, since the specific activity of a moiety which carries the biological function
is directly related to the ratio of that particular class of the molecule to all other
oligosaccharides found along the protein core.

5.6 Experimental Procedures
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Materials—All chemicals were obtained from Sigma Chemical Co., St.Louis MO,
unless otherwise noted. Nitrocellulose membranes (0.45 pum), pronase and acrylamide
were obtained from Bio-Rad Laboratories, Richmond CA. Fusobacterium nucleatum

(FN2) was the kind gift of Drs. W. Loesche and S. Syed, University of Michigan, Ann
Arbor, MI. Trypticase soy broth was purchased from BBL Microbiology Systems, Becton
Dickinson Co., Cockeysville, MD, and yeast extract from Difco Laboratories, Detroit, MI.
[2,8-3H] Adenine (17.7 Ci/mM) was obtained from New England Nuclear, Boston, MA.
Hyperfilm" was a product of Amersham, Arlington Heights, IL. Peptide-N4-(N-Acetyl
B-glucosaminyl)asparagine amidase F (PNGase F) was the kind gift of Dr. Anthony L.
Tarentino, New York State Department of Health, Albany, NY. Glycerol and
monothioglycerol were from Aldrich Chemical, Milwaukee, WI. Ultramark(8) 1621 and
443 were obtained from PCR Research Chemicals, Gainsville, FL. Octyl p-aminobenzoate
(ABOE) was synthesized from p-aminobenzoic acid and octanol by Randolf Karrer.

Collection of Parotid Saliva and Isolation of PRG-Human parotid saliva was
collected as the ductal secretion from two individuals. Individual 1 was blood type B", Le
(a-b-), and was a secretor. Individual 2 was Bt, Le (a+b+) and was not a secretor. For
SDS-PAGE, the saliva was collected into an equal volume of loading buffer pH 7.0
containing 6M urea, 1% SDS and 1% B-mercaptoethanol. Following electrophoresis the
gels were silver stained or transferred to nitrocellulose as described below.

For isolation of the high molecular weight PRG, we used a modification of the
method of Muenzer (Muenzer et al., 1979). The parotid saliva was collected into a chilled
(4°C) container, centrifuged to remove insoluble material, dialyzed against distilled H2O
and lyophilized. The sample was resuspended (25 mg/ml) in pyridine acetate buffer, pH
5.3, and chromatographed on a 1.5 x 75 cm column of Sephadex G-100 equilibrated with
the same buffer. The resulting fractions were monitored for protein (O.D.280) and
carbohydrate (Dubois et al., 1956). The material that eluted in the void volume of the
column was pooled, lyophilized and chromatographed on a 0.5 x 20 cm column of CM
Sepharose (CL 6B) equilibrated with 0.01M Na acetate buffer, pH 5.9. The bound
glycoproteins were eluted with a linear gradient of 0.01-0.30 M Na acetate. SDS-PAGE of
the resulting fractions showed that the high molecular weight proline-rich glycoprotein
could be eluted as a single component with 0.23 M. Na acetate buffer. Dr. Susan A.
Fisher, Department of Anatomy, School of Dentistry, UCSF provided the proline-rich
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glycoprotein oligosaccharides which were isolated by Dr. Akaporn Prahkaphol in that
laboratory.

Deglycosylation--Oligosaccharides were released by digestion of the glycoprotein
with PNGase F (Tarentino et al., 1985). Deglycosylation was monitored by removing
aliquots for analysis by SDS-PAGE as described below. The oligosaccharides were
separated from the proteins in the remaining digestion mixture by gel filtration on a 90 x 1
cm column of Sephadex G-50 (fine) equilibrated in 10% acetic acid. To detect remaining
O-linked oligosaccharides, the protein core which eluted in the void volume of the G-50
column was subjected to B-elimination (Carlson, 1966) before chromatography on
Sephadex G-50. Quantitation and carbohydrate composition of the resulting fractions were
monitored by gas-liquid chromatography of the trimethylsilyl methyl glycosides (Sweeley
& Walker, 1964). The protein core and the enzyme, both of which eluted in the void
volume of the G-50 column, were separated using Sephadex G-100. The protein core was
subjected to amino acid analysis by HPLC using the pico-tag method (Bidlingmeyer et al.,
1984). N-terminal sequence analysis was performed using the gas phase Edman technique
(Hunkapiller et al., 1983).

SDS-polyacrylamide gel electrophoresis and transfer of proteins—Proteins were
separated on 7.5% slab gels (O'Farrell, 1975). Molecular weight standards were as
follows: Mr 29,000, carbonic anhydrase; 45,000, ovalbumin; 66,000, bovine plasma
albumin; 97,400, phosphorylase B; 116,000, B-galactosidase; 205,000, myosin. Proteins
separated on gels were visualized by staining with silver (Morrissey, 1981) or transferred
to nitrocellulose membranes according to the procedure of Towbin (Towbin et al., 1979)
and visualized by staining with India ink (Hancock & Tsang, 1983). After blotting, gels
were routinely silver stained in order to estimate the efficiency of transfer.

Attachment of labeled bacteria to nitrocellulose blots--F. nucleatum was
metabolically labeled using [3H]adenine and allowed to attach to nitrocellulose blots as
previously described (Prakobphol et al., 1987). Briefly, to prevent nonspecific attachment
of the cells to the nitrocellulose blots, the replicas were soaked for 1 hout at 40°C (Hayman
et al., 1982) in TBS (50 mM Tris-HCl, 200 mM NaCl, pH 7.4) containing 5% bovine
serum albumin. Cells (1 x 10°/ml) were suspended in TBS containing 5% bovine serum
albumin and allowed to attach to the replicas for 18 hours at 4°C. The blots were washed
with PBS at least four times, 1 minute each, to remove cells that were nonspecifically
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bound to the membrane. For visualization of bands to which *H-labeled bacteria attached,

the nitrocellulose membranes were air-dried and autoradiography performed using
Hyperfilm". Dr. Akaporn Prahkaphol performed the SDS-PAGE and bacterial overlays of
nitrocellulose blots.

Preparation and separation of oligosaccharide derivatives-—The PRG
oligosaccharides were reductively coupled to ABEE (ethyl-p-amino benzoate) or ABOE
(octyl-p-amino benzoate) as previously described (Webb et al., 1988). The derivatized
oligosaccharides were isolated using a reversed phase C18 analytical HPLC column
(Vydac). The linear mobile phase gradient consisted of an aqueous acetonitrile mixture
from 100% to 30% H2O. Alternatively, a weak anion exchange column (Varian AX)
containing 5 puparticles was used to separate the oligosaccharide mixtures. In this case, the
linear mobile phase gradient consisted of an aqueous acetonitrile mixture from 20% to 60%
H2O. In both cases, elution was accomplished over 40 to 60 min at a flow rate of 1.0
ml/min.

Mass Spectrometric Methods—Prior to mass spectrometry, all samples had been
chromatographed on Sephadex G-50 (fine). Oligosaccharide-containing fractions were
either analyzed directly or pooled, derivatized and purified by HPLC as described above.
Methylation analysis was performed as previously described (Gillece-Castro et al., 1987).
Liquid secondary ion mass spectra (LSIMS) were recorded using two instruments. A
Kratos MS50-S double focusing mass spectrometer was equipped with a high field
magnet, an LSIMS source (Aberth et al., 1982; Falick et al., 1986b), a postacceleration
detector (10 keV), and positive to negative switching. Mass calibration was performed
using a mixture of Ultramark(8) 1621 and 443. Nominal molecular weights were used to
calculate all masses. Other LSIMS as well as MS/MS spectra were obtained on a Kratos
Concept II H four-sector instrument operating in the EBEB configuration (E = electric
sector while B = magnetic sector) with an electro-optical microchannel array detector placed
either after B1 or B2 (Cottrell & Evans, 1987). Collision gas pressure, for the collision
induced dissociation experiment, was increased until the protonated molecular peak was
decreased to 50% of its original abundance.

º,

–
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5.7 Conclusions

An overlay technique to determine which components of human submandibular/
sublingual and parotid salivas can interact with Fusobacterium nucleatum was developed.
The incubation of radiolabeled bacteria with nitrocellulose blots of electrophoretically
separated salivary proteins showed that the bacterium bound to a parotid glycoprotein, Mr
140,000 (Prakobphol et al., 1987). This glycoprotein could be totally deglycosylated
using peptide-N4-(N-acetyl-b-glucosaminyl) asparagine amidase F. Therefore, all the
saccharides were N-linked. Following deglycosylation, F. nucleatum failed to bind to the
protein core, suggesting that the carbohydrate portion of the molecule mediates the
interaction of this bacterium with the glycoprotein. Amino acid analysis of the resulting
protein core showed a predominance of proline, glycine and glutamic acid/glutamine
demonstrating that this glycoprotein is a member of the family of proline-rich
glycoproteins. A combination of techniques including methylation linkage analysis and
cesium ion liquid secondary ion mass spectrometry were used to determine important
features of the structure of the oligosaccharides carried by this glycoprotein. Thirty-three
structures were identified including both hybrid molecules, as well as biantennary,
triantennary and tetraantennary species which were highly fucosylated. The most abundant
species was a biantennary oligosaccharide which contained three fucose residues. Minor
components were detected which included bi, tri- and tetra-antennary molecules containing
up to seven fucose residues. The sensitivity of liquid secondary ion mass spectrometry
techniques employed allowed us to identify the heterogeneity of the structures carried by
this protein using less than 50 mg of the oligosaccharide mixture.
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SDS-PAGE AUTORADIOGRAM

203 kDa -

116 kDa -
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>

45 kDa -

29 kDa -

Figure 1. Purification, deglycosylation and bacterial adherence properties of a highly
glycosylated proline-rich glycoprotein. Lane 1 contained parotid saliva, lane 2 the
purified glycoprotein and lane 3 the protein core produced by PNGase F digestion.
Proteins from an identical gel were transferred to nitrocellulose and overlayed with
tritiated F. nucleatum. Bacterial adherence was detected by autoradiography. Gel
electropheresis performed by A. Prakobphol.
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Table I. Amino acid composition of PRG and N-terminal sequence”

Amino acid

Aspartic acid/asparagine
Glutamic acid/glutamine
Serine

Glycine
Histidine

Arginine
Threonine

Alanine

Proline

Tyrosine
Valine

Methionine

Cysteine
Isoleucine

Leucine

Phenylalanine
Lysine

Residues per molecule”

40

137

36

139

7

34

10

10

209

2

9

1

N.D.b
4

13

4

34

182

a The values were calculated for a protein core of Mr 69, 759 (689 total residues).
b Not determined.

NH2-terminal sequence
Gly-Pro-Pro-Arg-Pro-Gly-Lys-Pro-Arg-Gly

>k Amino acid analysis and N-terminal sequencing performed by F. Masiarz.

t 7',

–
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Table II. The carbohydrate composition was determined for PRG oligosaccharides isolated
from the parotid saliva of two individuals who differed in blood type and secretory
Status.”

Table II. Carbohydrate Composition of PRG from Two Individuals

Sugar Individual l Individual 2

fucose 3.7 3.5
IIlannoSe 3.0 3.0
galactose 2.7 2.8
N-acetylglucosamine 2.6 2.2
N-acetylneuraminic acid 0.2 0.2

d Composition analysis performed by A. Prakobphol as the trimethylsilyl ether
derivatives of the methyl glycosides. Molar ratios are shown with mannose taken
as 3.0 moles/ oligosaccharide.

1 W.
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Table III

Methylated sugar

2,3,4-Tri-O-methylfucitol
2,3,4,6-Tetra-O-methylgalacitol
2,3,4,6-Tetra-O-methylmannitol
3,4,6-Tri-O-methylmannitol
2,4,6-Tri-O-methylmannitol
3,4,6-Tri-O-methylgalacitol plus
2,4,6-Tri-O-methylgalacitol
2,3,4-Tri-O-methylgalacitol
3,6,-Di-O-methylmannitol
2,4-Di-O-methylmannitol
3,4,6-Tri-O-methyl-2-N-methyl

acetamido-2-deoxyglucitol
3,6-Di-O-methyl-2-N-methyl

acetamido-2-deoxyglucitol
6-O-methyl-2-N-methyl

acetamido-2-deoxyglucitol

Linkage

Methylation Linkage Analysis

Molar

terminal Fuc

terminal Gal

terminal Man

2-linked Man

3-linked Man

2-linked Galandb

3-linked Gal

6-linked Gal

2,4-linked Man
3,6-linked Man
terminal GlcNAc

4-linked GlcNAc

4-linked GlcNAc

3, 4-linked GlcNAc

ratio a

1.12

0.67

0.27

1.03

0.17

0.92

0.11

0.25

1.0

tr

1.28

1.28

0.79

Fraction

1 2 3

+ + +

+ trº-H

+ + +

- + +

+ - -

+ - -

tr + +

+ + +

- - -H

+ + +

+ + +

+ + +

.

*Based on 3,6-Di-O-methylmannitol = 1.0. Note: the reducing terminal GlcNAc is not
represented as it was the ABOE derivative. Response factors for each residue were
calculated from linkage analysis of standard oligosaccharides from glycolipid and
glycoprotein sources.

b2-and 3-linked galactose coeluted and could not be quantitated separately. They could,
however, be distinguished by their fragmentation patterns.
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Figure 2. Mass spectrum of one Sephadex G-50 fraction of oligosaccharides from the s
PRG. LSIMS was performed in negative ion mode and the moieties detected arise
as deprotonated molecules (M-H-) for example m/z 2077 (see Table IV for º

interpretation) and at lower mass and intensity fragments may arise (e.g. the ions at //
*-m/z 1931 and 1915 observed in this fraction may be other oligosaccharides and/or

fragments for the loss of a deoxyhexose or a hexose from the 2077
oligosaccharide). Ions are reported as nominal mass. *
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TableIV.
OligosaccharidesfoundbyLSIMSof

underivatizedfractionsfromG-50.Ions

arereported
as
nominalmass.

TRIANTENNARYSTRUCTURES
m/z2734(Hex,HexNAcs,Deoxyhex3)

InZ2588(Hexo,HexNAcs,Deoxyhex.) BIANTENNARYSTRUCTURES
InZ2515(Hex5,HexNAca,Deoxyhex,
or

(Hex,HexNAcé,Deoxyhex.)
m/z2369(Hex5,HexNAca,Deoxyhex5)
or

(Hex,HexNAcó)
m/z2368(Hex5,HexNAca,DeoxyHex3,NeuMAC1) m/Z2223(Hex5,HexNAca,DeoxyHex4) Im/z2222(Hex5,HexNAca,Deoxyhex3,NeuMAci)

In2.2077(Hex5,HexNAca,Deoxyhex}) m/z2076(Hex5,HexNAca,Deoxyhex,NeuVAc) m/z1931(Hex5,HexNAcá,Deoxyhex.)

HYBRIDSTRUCTURES
in/z2036(Hexo,HexNAc),Deoxyhex}) m/z1874(Hexs,HexNAc),Deoxy|Hex}) m/z1728(Hex5,HexNAc3,Deoxyhex.) m/Z1712(Hex4,HexNAc3,Deoxyhex}) m/z1582(Hex5,HexNAc3,Deoxyhex.) T-1

sºa

*/
-.*.
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Figure 4 A. Negative ion LSIMS of ABOE derivatized acidic oligosaccharides Fraction a c

from Fig. 3 was analyzed by LSIMS with an array detector using 150 picomoles of '''
mixed oligosaccharides. Three biantennary components were detected containing º
one sialic acid each as well as one to three fucose residues. L. Poulter obtained the ! {

LSIMS array detected spectrum. Ions are reported as nominal mass.
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Bi-H3

|

2.297
Hb 2+ 4 Fuc

22.72
Hbl– 3 Fuc

|
|

2167

21 10 Bi-H2 Fuc |

HB3+3 Fuc

WW * |

Im/z 2200

Figure 4 B. Positive ion LSIMS of ABOE derivatized neutral oligosaccharides. A
representative spectrum of the neutral oligosaccharides is shown. Fraction b, Fig.
3, containing 500 picomoles of glycan was analyzed in the positive ion mode to
detect molecular ions (MHt) for the components.
triantennary and three hybrid oligosaccharides were detected. For example the ion
at m/z 2605 represents an oligosaccharide composed of 5 hexose, 4 hexNAc and 5
deoxyhexose residues which combined with composition and linkage data suggests
a biantennary structure with five fucoses attached at the 2-position of the galactose
residues as well as the 3-position of N-Acetyl glucosamines. Ions are reported as
nominal mass.

Fuc

W

Biantennary - Hex5, HexNACA 1.89

Triantennary -Hexo, HexNAcs

Hybrid 1 - Hexo, HexNAc3

Hybrid 2 - Hex4, HexNACA

Hybrid 3 - Hex5, HexNAc3

2459 2605
Bi-H4 Fuc Bi-S Fuc

2678
Tri-- 3 Fuc

|

2532
Tri--2 Fuc
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TableV.

OligosaccharidesdetectedbyMassSpectrometry
oftheABOEderivativesOnly

thosestructuresnotidentifiedfromunderivatizedfractions(seetableIII)are included.Ionsarereported
as
nominalmass. TETRAANTENNARYSTRUCTURES

m/z3624(Hex,HexNAc,Deoxyhex.) m/z3478(Hex,HexNAco,Deoxyhexo) m/z3332(Hex,HexNAco,Deoxyhex3) TRIANTENNARYSTRUCTURES
m/z3262(Hexo,HexNAcs,Deoxyhex.)

m23116(Hexo,HexNAcs,Deoxyhexo) In/Z25.30(Hex,HexNAc3,Deoxyhex}) BIANTENNARYSTRUCTURES
In/Z2018(Hex5,HexNAc3,Deoxyhex.)

g

2

º
º,

in/z3097(Hexs,HexNAcs,Deoxyhex.) in/Z2951(Hexs,HexNAcs,Deoxyllex) inZ2805(Hexs,HexNAcs,Deoxyllexs) m22440(Hex4,HexNAc3,Deoxyhlexs) m/z2439(Hex5,HexNAcs,Deoxyhex,NeuNAcs) inZ2294(Hex4,HexNAcq,Deoxyllexi) m/z2148(Hex4,HexNAca,Deoxyhex.) HYBRIDSTRUCTURES
m/zl783(Hex,HexNAc3,Deoxy}lex,) m21653(Hex4,HexNAc3,Deoxyhex) in/Z1801(Hex4,HexNAc3,Deoxyllex:) m/z1638(Hex3,HexNAc3,Deoxy}lex3) m21582(Hex5,HexNAc3,Deoxyhex.)

g

-
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Gal 3(1-4) GlcNAc ß(1-6)

\

Gal** Man o (1-6) Fucq(1-6)Fuc a(1-2)

Gal P(14) GENAC ß(1-4 Man $(1-4) GlcNAc ß(1-4) GlcNAc
| Mana(1-3
• B(12f|

| | I

Fuco (1-3) #FuC = 5-7

Gal** Man a(1-6) Fuca(1-6)

Fuc a(1-2) Gal $(14)GENAC p(14 Man 5(1-4) GlcNAc ß(1-4) GlcNAc
| Mana(1-3)Gap(14)G■ cNAcp(-2f
| |
| | II

Fuco (1-3) #FuC = 2-6

Gal M* ß(1-2) Man o(1-6) Fucq(1-6)|
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Figure 7. Structures of the major oligosaccharides from a salivary PRG.
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CHAPTER 6 Simultaneous Sequencing of Carbohydrate and
Peptide of O-linked Glycopeptides from Bovine Fetuin using

Tandem Mass Spectrometry
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6.1 Introduction

Glycosylation of proteins occurs in large part as O-linked to either serine or
threonine residues (for review see (Kornfeld & Kornfeld, 1976)). O-linked
oligosaccharides isolated from proteins by 3-elimination have been characterized by
classical chemical and enzymatic methods (Carlson, 1966). Recently, structural
characterization of saccharides has included mass spectrometry (Egge and Peter-Katalinic,
1987) and NMR (Wieruszeski, et al., 1987; Dua et al., 1986) instrumental techniques.
Complete oligosaccharide structures deduced using these methods have been important in
identifying biologically active receptors and epitopes such as the sperm receptor on the zona
pellucida (Florman and Wasserman, 1985) and blood group antigenic determinants (Egge
and Peter-Katalinic, 1987).

The recently recognized importance of O-linked oligosaccharides at individual sites
underscores the necessity of developing methodology to establish the array of
oligosaccharides at each Ser and Thr residue. For example, conversion of Ser to Gly by
site-specific mutagenesis abolishes secretion of erythropoietin in Chinese hamster ovary
cells (Dube et al., 1988). Unlike N-glycosylation, which requires an Asn-Xxx-Ser (Thr)
sequon, O-linked sugars are often found attached to multiple residues in sequences of
glycosylated and non-glycosylated Ser and Thr residues. Unique difficulties in the analysis
of O-linked glycosylation include the assignment of chemically released oligosaccharides to
their respective sites along the peptide and obtaining the amino acid sequence of the
glycopeptide. Edman sequencing of N- and O-linked glycopeptides proceeds without
detection of the glycosylated residues (Baenziger & Kornfeld, 1974; Kessler et al., 1979;
Matsuura et al., 1988; Tomita et al., 1978), and in the case of O-linked glycopeptides may
proceed with low yields due to their unique amino acid content (e.g. high Pro content).
Without information regarding the presence or identity of a carbohydrate, one may only
conclude that a modified residue exists in the sequence.

The structure of two O-linked sugars in bovine fetuin were determined by
characterization of the 3-eliminated oligosaccharides (Spiro & Bhoyroo, 1974; Nilsson et
al., 1979). Later a hexasaccharide was found as a minor component of the O-linked
saccharides from fetuin (Edge & Spiro, 1987). In the early study by Spiro and Bhoyroo
(1974), two oligosaccharide structures, one trisaccharide and one terasaccharide, were
identified, and the amino acid and carbohydrate compositions of seven glycopeptides were
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determined. These workers concluded that two serine residues and one threonine residue

in each fetuin molecule were O-glycosylated. An attempt to sequence O-linked fetuin
peptides (Begbie, 1974), however, produced ambiguous results. A peptide containing two
glycosylated residues (one serine and one threonine) was sequenced, giving undetected
amino acids.

In this study tandem mass spectra of O-linked glycopeptides from bovine fetuin
were found to produce sufficient data to deduce the molecular weight of the attached
oligosaccharide chains, the sequence of the monosaccharide units, the molecular weight of
the peptide, and the peptide sequence. The sequences of ten fetuin glycopeptides and their
oligosaccharide structures are reported, and four sites of O-glycosylation are identified.

6.2 Results

6.2.1 Oligosaccharide Characterization by LSIMS and Collision-Induced Dissociation

The positive ion LSIMS spectrum of a t-butoxycarbonyl-tyrosyl glycopeptide (t-
Boc-Tyr) isolated from bovine fetuin (sample DE-2C, see Experimental) contained an
abundant protonated molecular ion at m/z 1522 in addition to fragment ions (Fig. 1). The
most striking feature of the spectrum is the appearance of pairs of peaks 100 Da apart.
These are due to rearrangement losses of the t-Boc moiety. One nanomole of a
glycopeptide produced the signal-to-noise ratio shown in Fig. 1, but following the removal
of the t-Boc blocking group the signal to noise was reduced by a factor of five. Abundant
fragment ions for the loss of carbohydrate residues by glycosidic bond rearrangements (Y)
(Domon & Costello, 1988a; Webb et al., 1988) are evident. Sequential losses of Hex -
HexNAc - Hex - HexNAc (m/z 1360, 1157,995 and 792 respectively) are consistent with
the presence of four sugar residues attached to the peptide. The ion present at m/z 692
apparently has lost all of the carbohydrate as well as the t-Boc moiety and thus is the gas
phase deprotected and deglycosylated peptide ion.

Next, the tandem mass spectra of the protonated molecular ion (m/z 1522) and the
peptide fragment (m/z 692) were obtained from one sample loading of two nanomoles of
the glycopeptide. The positive ion high energy CID spectrum of the [M+H]” species at
m/z 1522 (Fig. 2) had abundant Y fragments which were also present in the normal LSIMS
spectrum. However, the signal-to-background ratio is improved, particularly at low mass,



197

so that non-reducing terminal carbohydrate oxonium ions (B) can be observed. The most
abundant fragmention, m/z 366, is the Hex/HexNAc (B2) ion. From the lack of any larger
carbohydrate fragments it was deduced that two identical Hex— HexNAc glycans are
attached to this peptide.

6.2.2 Peptide Sequencing by Collision-Induced Dissociation

Sequencing the peptide was accomplished by interpretation of the high energy CID
spectrum of the peptide fragment ion at m/z 692 (Fig. 3). Both y and b fragments
(Roepstorff & Fohlman, 1984) are present since charge is not preferentially retained on
either end of this peptide which contains no basic residues. Importantly, the order of the
two glycosylated amino acids, serine and threonine, could be deduced directly from the
mass spectrum of m/z 692. Immonium ions for the amino acids tyrosine (m/z 136) and
proline (m/z 70) are also abundant. Finally, the structure of the glycopeptide is shown in
Figure 4, and includes two identical hexosyl-acetamidohexosamine chains attached to the
hydroxyl amino acids serine and threonine in this heptapeptide.

6.2.3 Site-Specific Glycosylation of Bovine Fetuin

The method described above was applied to the major O-linked saccharide
containing glycopeptides isolated from bovine fetuin. The peptides formed by Pronase
digestion were separated by gel filtration on Sephadex G-50 and were screened for
galactosamine content. Two fractions (designated B and C) were found to contain
galactosamine and thus O-linked oligosaccarides. After coupling t-Boc-tyrosyl to the
amino termini of the peptides, each fraction was further separated by reversed-phase HPLC
as shown in Fig. 5. Individual glycopeptide containing peaks (O - 8) were lyophilized and
their galactosamine contents quantitated. In another preparation certain asialo-O-linked
glycopeptides were isolated as previously described (Townsend et al., 1986).

The oligosaccharide structures and peptide sequences of ten fetuin glycopeptides
were identified using a combination of techniques including LSIMS, CID, and Edman
degradation. Carbohydrate structures attached to each glycopeptide were deduced from
their positive ion LSIMS and CID spectra. Table I summarizes the reducing terminal

47%.
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(peptide containing) fragments which were observed for each glycopeptide (see also Figs.
2, 6-15). An example of the sialylated glycopeptides is sample C26 which contained a
glycopeptide of molecular weight 1277 Da ([M+H]* = 1278, Fig. 6). Sequential losses of
N-acetylneuraminic acid, hexose and N-acetylhexosamine/t-Boc were observed as product
ions at m/z 987, 825, and 622 respectively. The structure suggested by these fragments is
consistent with the previously reported structure NeuAco (2–33) Galf (1→3) GalNAc
(Spiro and Bhoyroo, 1974). Five other glycopeptides contained this glycan structure.
Glycopeptides C20, C23 and C2) (Figs. 7, 8, and 10) had single sites of trisaccharide
attachment while glycopeptides B20 and B2) (Figs. 11 and 12) had two trisaccharides per
peptide. In each case, a fragment ion was found representing the deprotected and
deglycosylated peptide. From the mass of these ions, limitations on the amino acid
compositions of each peptide could be made.

Carbohydrate ions were found at m/z 204,366, and 657 in all cases containing the
trisaccharide described above. These ions were identified as B ions for N

acetylhexosamine, hexosyl-N-acetylhexosamine, and N-acetylneuraminic acid-hexosyl-N-
acetylhexosamine respectively. The spectra from samples B20 and B2) (Figs. 11 and 12)
contained no higher mass carbohydrate ions, and therefore the presence of two identical
trisaccharides was deduced.

A disialylated tetrasaccharide structure was identified attached to one peptide on the
protein (sample B23, Fig. 9). The protonated molecular ion was found at m/z 1865 and
sequential losses of N-acetylneuraminic acid, hexose and N-acetylneuraminic acid/ N
acetylhexosamine/t-Boc were observed at m/z 1574, 1412, and 818 respectively (see Table
I). These fragment ions suggest a branched disialylated Hex—HexNAc oligosaccharide
such as one previously described NeuAco (2–33) Gal■ (1–3) [NeuAco (2—36)] GalNAc
(Spiro and Bhoyroo, 1974; Nilsson, et al., 1979). The carbohydrate B ions at m/z 947
(2SA/Hex HexNAc) and 656 (SA/Hex/HexNAc) confirm the presence of a tetrasaccharide
containing two N-acetylneuraminic acid moieties.

With regard to the asialo-glycopeptides, the structure of glycopeptide DE-2C was
described in sections 6.2.1 and 6.2.2, and contains two hexosyl-N-acetylhexosamine
chains attached to sites 260 and 262 in the protein sequence. Sample DE-2B (Table I)
contained two glycopeptides containing identical carbohydrate structures, but differing in
the peptide length. The glycopeptide with a molecular weight of 1886 ([M+H]* = 1887,
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Fig. 13) had an identical peptide weight to the glycopeptide in sample DE-2C, but
contained two more sugar residues. A total of three hexose and three N-acetylhexosamine
residues were found on this peptide based on the reducing terminal fragment ions shown in
Table I. In addition, non-reducing fragment ions in the positive ion spectra suggested the
presence of a Hex—HexNAc disaccharide (m/z 366) and a Hex2-HexNAc2 tetrasaccharide
(m/z 731). A related series of fragment ions were observed for the glycopeptide of
molecular weight 1957, but these were shifted by the difference of an alanine residue (71
Da higher in mass). The tetrasaccharide found on these peptides is consistent with the
glucosamine-containing sialylated structure identified by Edge and Spiro (1987). The
asialo-oligosaccharide structure is Gal■ (1->3) [Galf (1→4) GlcNAc■ (1->6)] GalNAc.
Unfortunately, the site of attachment for this saccharide on the serine or threonine residue
could not be determined from the LSIMS or CID spectra since only oligosaccharide
fragmentation was observed. Cleavage of the peptide backbone would be required to
unequivocally identify the attachment site in this case.

In order to deduce the peptide sequence of each glycopeptide, the positive ion
fragment formed in LSIMS of each deprotected and deglycosylated peptide was subjected
to collision-induced dissociation. The largest peptide contained eleven amino acids
including two hydroxyl amino acids, one serine and one threonine residue. The following
peptide sequence was deduced from the CID spectrum shown in Fig. 16; peptide sequence
Tyr-Gly-Pro-Thr-Pro-Ser-Ala-Ala-Gly-Pro-Pro. In addition to the N- and C-terminal
sequence ions (y and b), internal sequences were observed initiating at proline residues.
Proposed sequences or amino acid compositions were likewise identified for each of the
sample peptides.

Certain of the peptide sequences were confirmed by gas-phase Edman degradation.
Table II summarizes the sequences found for the five peptides analyzed. Deprotection was
accomplished by treatment with trifluoroacetic acid prior to the sequence analyses. Each
sequence begins with the tyrosine residue which had been added to the Pronase peptides.
Blank cycles were observed in each case where glycosylated amino acids had been present.
For example, the glycopeptide with a suggested peptide weight of 621 Da (sample C26)
was found to have a sequence of Tyr-Gly-Pro-Xxx-Val. Using the molecular weight
constraint, it was deduced that the unknown amino acid must be a glycosylated serine
residue. The other sequences were similarly deduced. In the case of sample B26,
ambiguity also exsisted in the identity of the final amino acid. Signals were observed for
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both glycine and proline during the final Edman cycle. The molecular weight of the peptide
(1013 Da, see Table I) and the peptide CID spectrum (Fig. 16) had identified the final
amino acid as a proline residue. Sample C20 was found to be a mixture of compounds
both by LSIMS and Edman degradation. A molecular ion was detected in LSIMS for the
Tyr-Gly-Pro-Pro sequence in addition to the ions at m/z 1392 and 1414, the [M + H]* and
[M + Na]* species of the glycopeptide with sequence Tyr-Glu-Ala-Pro-[SA-Hex
HexNAc]Ser-Ala.

The protein sequence of bovine fetuin was recently deduced from its cDNA
sequence (Dziegielewska, et al., 1990). The region of the sequence containing the O
linked oligosaccharides was thirty amino acids in length, and is shown in Fig. 17. The
peptide sequences identified in this study have been underlined. Significantly, each
glycoslylated serine or threonie residue was preceded by a proline residue. The array of
carbohydrate structures found at each site is summarized in Table II. The most abundant
oligosaccharide (N-acetylneuraminic acid—ºhexose—N-acetylhexosamine) was found at all
four glycosylation sites. Interestingly, the two minor oligosaccharides were found with
apparent specificity regarding the peptide site of attachment. The disialo-tetrasaccharide
(N-acetylneuraminic acid—ºhexose—"[N-acetylneuraminic acid—3)M-acetylhexosamine) was
attached only to the serine residue 251. Whereas, the largest oligosaccharide was found in
the asialo form at residue 260 and/or 262. These data suggest a pattern of specificity to the
elongation of O-linked oligosaccharides, based on the petide to which they are attached.

6.3 Discussion

Characterization of O-glycosylation in glycoproteins requires elucidation of
carbohydrate structures, definition of glycosylated peptide sequences, and determination of
the points of oligosaccharide attachment. With regard to N-linked oligosaccharides, the
presence of a concensus sequence Asn-Xxx-Ser/Thr deduced from cDNA sequencing
suggests the possibility of glycosylation. In addition, enzymatic digestion of these
glycopeptides with PNGase F converts the glycosyl-asparagine to aspartic acid which can
then be detected by Edman sequencing or by mass spectrometry (Carr & Roberts, 1986).
In contrast, O-glycosylation is often found in peptide sequences enriched in Ser and Thr,
only some of which may be glycosylated.
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Successful strategies for the structure elucidation of O-linked glycans has included
release of oligosaccharides by 3-elimination with alkali in the presence of a reducing agent
(Zinn et al., 1977). However, there are few studies which have determined the underlying
peptide sequence and the site-specific localization of the glycan (Baenziger & Kornfeld,
1974; Begbie, 1974; Kessler et al., 1979; Matsuura et al., 1988; Tomita et al., 1978).
Edman degradation of O-linked intact glycopeptides proceeds without detection of
glycosylated residues under normal Edman conditions (Matsuura et al., 1988; Tomita et al.,
1978). The glycosylated amino acids have been identified as the dansyl derivative
(Baenziger & Kornfeld, 1974; Begbie, 1974; Tomita et al., 1978) or deduced by
subtractive Edman where they are identified by amino acid analyses after each cycle of
Edman degradation (Baenziger & Kornfeld, 1974). These difficulties can be attributed to
poor extraction efficiency and non-identification of glycosyl amino acids. In addition,
incomplete cleavage in proline-rich peptide sequences further complicates the interpretation
of Edman sequencing data. Thus, only Edman-dansyl and subtractive Edman sequencing
methods of glycopeptides have been successful in identifying glycosylated residues, and
are applicable only when large amounts (100 nmol) of glycopeptide are available.

Alternatively, glycosylated amino acids can be identified following 3-elimination.
The resulting dehydro-peptide may be reduced with borohydride and palladium chloride to
form Alanine (Ser) and O-aminobutyric acid (Thr) (Tanaka & Pigman, 1965) or Ser may be
converted to cysteic acid and Thr to O-amino-É-sulfonyl butyric acid by the addition of
sodium sulfite (Harbon et al., 1968; Kessler et al., 1979; Spiro & Bhoyroo, 1974). This
sequencing approach has met with limited success because the reduced peptide cannot be
recovered from the palladium catalyst (Plantner & Carlson, 1975), and alkaline
borohydride treatment may produce random peptide bond cleavage (Tomita et al., 1978).
Therefore, to increase sensitivity and to avoid laborious procedures, mass spectrometry has
been used for the analyses of O-linked glycopeptides.

The size and sequence of alkalai released oligosaccharide alditols have been
determined using EI mass spectrometry of the permethylated derivatives (Matsuura et al.,
1988; Karlsson, et al., 1987; Morris et al., 1978). GC-MS was used in one report to
separate a complex mixture of oligosaccharides (Karlsson, et al., 1987). Similar
information has been obtained using FAB ionization on permethylated alditols (Hanisch, et
al., 1989; Fukuda, et el., 1987). These spectra contain both molecular ions and non
reducing fragment ions (B type) from which a sequence can be deduced. In addition, the
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size of the O-linked oligosaccharide chain was determined by FAB-MS analysis of the
permethylated glycan released directly by permethylation of a glycopeptide, however, the
sequence of this O-linked glycan was not reported (Sasaki et al., 1988). Recently, an
alternative derivatization method was applied to the alditols released by fl-elimination. The
oligosaccharides were reductively coupled to a phospholipid after mild periodate oxidation
(Lawson, et al., 1989). The conjugates formed were separated by thin-layer
chromatography and analyzed by LSIMS mass spectrometry. Sequence ions were also
found for this derivative. However, the reducing terminal N-acetylgalactosamine residue
was degraded by the periodate to form the aldehyde for conjugation, and therefore two
separate oligosaccharides would be formed when the N-acetylgalactosamine is di
substituted. All of these methods are useful in identifying O-linked glycan structures in the
abscence of peptide.

Morris et al. showed the utility of simultaneous ■ -elimination and permethylation of
O-linked glycopeptides from an antifreeze glycoprotein (Morris et al., 1978). EI mass
spectra of the N-acetylated permethylated dehydropeptide were used to deduce the peptide
sequence and the carbohydrate attachment sites although the mass of the peptide was not
determined. Lavielle et al. also applied EI mass spectrometry to a permethylated synthetic
glycopeptide (Lavielle et al., 1981). FAB-MS has been used to extend this approach to
obtain molecular ions of the intact unmodified O-linked glycopeptide from recombinant
erythropoeitin (Sasaki et al., 1988), hepatitis B surface antigen (Carr et al., 1988), and an
oncofetal fibronectin (Matsuura et al., 1988). Chemical sequencing was required to
establish the particular serine residue which was modified on recombinant erythropoietin
(Sasaki et al., 1988). Recently, Vath and co-workers (Vath, et al., 1990) were successful
in sequencing a tryptic asialo-glycopeptide from recombinant erythropoeitin from a positive
ion collision-induced dissociation spectrum. This glycopeptide contained fifteen amino
acid residues and a C-terminal arginine. A single hexosyl-N-acetylhexosamine was
attached. These workers also sequenced a peptide following base-catalyzed fl-elimination.
The presence of dehydro-alanine was readily identified using CID mass spectrometry as the
sequencing tool. Due to the absence of borohydride no carbohydrate could be recovered,
but severe degradation of the peptide backbone was eliminated. A mannosylated peptide
from recombinant PDGF was successfully sequenced using CID mass spectrometry,
including the site of mannose attachment (Medzhiradsky, et al., 1990).



203

6.4 Experimental Procedures

Materials—All chemicals were obtained from Sigma Chemical Co., St.Louis MO,
unless otherwise noted. Glycerol and monothioglycerol were from Aldrich Chemical,
Milwaukee, WI. Ultramark(3) 1621 and 443 were obtained from PCR Research Chemicals,
Gainsville, FL. Bovine fetuin was purchased from GIBCO (Grand Island, N.Y.) and
Pronase was obtained from Calbiochem Corp., San Diego, CA. O-linked Pronase
glycopeptides from bovine fetuin were prepared as their N-(tert-butoxycarbonyl)-L-
tyrosine derivatives. The t-Boc-tyrosylglycopeptide analyzed in sections 6.2.1 and 6.2.2
(sample DE-2C) corresponds to Peak fraction 7 as previously described (Townsend et al.,
1986). The t-Boc-tyrosyl glycopeptides analyzed in sections 6.2.3 were prepared as
follows. One gram of bovine fetuin was exhaustively digested with Pronase using a
modification of the method described by Spiro (Spiro and Bhoyroo, 1974). The Pronase
digest was fractionated on a Sephadex G-50 column (2.5 x 200 cm) equilibrated in pyridine
acetate (50ml each in 1 liter of water). The fractions containing O-linked glycopeptides
were located by assaying for galactosamine. The two galactosamine containing fractions
were pooled separately and designated B and C. These fractions were further fractionated
on a BioGel P-6 column (2 x 60 cm) equilibrated in 0.1 M ammonium acetate, and coupled
to t-Boc-tyrosine as previously described (Townsend et al., 1986). After removing
unreacted reagent using the same BioGel P-6 column, the glycopeptides were fractionated
by reversed-phase HPLC using a C18 column (Supelcosil, LC-18DB). Fractions O.,■ } and
Y were isolated from G-50 fraction B while fractions designated O.,3,7, and 6 were
prepared from the G-50 fraction C. Carbohydrate compositions were determined by high
pH anion exchange chromatography with pulsed amperometric detection (Hardy et al.,
1988). The glycopeptides were dissolved in water to a concentration of one to four nmol
of galactosamine per microliter prior to mass spectrometry. These bovine fetuin
glycopeptides were isolated by Dr. R. Reid Townsend and Dr. Mark R. Hardy at Johns
Hopkins University.

For some studies, the t-Boc protecting group was removed by dissolving the dried
glycopeptide in 75% TFA at room temperature and the TFA was subsequently evaporated
at room temperature under vacuum. The deblocked glycopeptide was isolated on a Bio Gel
P-6 column (2 x 70 cm) equilibrated in 0.1M ammonium acetate, and the single peak
fraction absorbing at 280 nm was pooled and lyophilized. N-terminal sequence analysis
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was performed by F. Masiarz (Chiron Corp.) using the gas phase Edman technique
(Hunkapiller et al., 1983).

Mass Spectrometry—Liquid secondary ion mass spectra (LSIMS) were recorded
using two instruments. A Kratos MS 50-S double focusing mass spectrometer was
equipped with a high field magnet, an LSIMS source (Aberth et al., 1982; Falick et al.,
1986b) and a postacceleration detector (10 keV). MS/MS spectra were obtained on a
Kratos Concept II H four-sector instrument operating in the EBEB configuration with an
electro-optical microchannel array detector. Mass calibration for the MS-50 was performed
using a mixture of Ultramark(8) 1621 and 443 while MS2 of the Concept mass spectrometer
was calibrated using a mixture of iodide salts (Cs’’, Rb", Na" and Li"). Nominal

molecular weights were reported for all masses. In the collision induced dissociation
experiment, the helium pressure was increased until the selected ion peak was decreased to
30% of its original intensity. The collision cell was floated at 2 keV to produce 6 keV
energy collisions. One microliter of glycerol/monothioglycerol (1:1) or monothioglycerol
was added to the target as a liquid matrix, followed by 0.5 microliter 1N HCl and 0.5-1
microliter of sample solution.

6.5 Conclusions

Using only the tandem mass spectra obtained from one intact glycopeptide isolated
from bovine fetuin, the peptide and carbohydrate sequences were deduced. First, the
molecular weights of the glycan and the peptide portions of this glycopeptide were
determined from the LSIMS spectrum. In addition, the composition, sequence and size of
the attached carbohydrate chains were deduced from the two-sector LSIMS spectrum and
the CID spectrum of the [M+H]” ion. Finally, the unknown amino acid sequence was
identified by the CID spectrum of the peptide ion. From the mass of the carbohydrate
fragment ions observed in the CID spectrum of the intact glycopeptide we could determine
that a hexosyl-N-acetylhexosamine oligosaccharide was attached to both the serine and
the threonine residue present in the heptapeptide. Importantly, the order of the two
glycosylated amino acids, serine and threonine, could be deduced directly from the mass
spectrum of the peptide ion.

Using the method described above the major O-linked saccharide containing
glycopeptides isolated from bovine fetuin were identified. The oligosaccharide structures
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and peptide sequences of ten glycopeptides were deduced using a combination of
techniques including LSIMS and CID spectra, as well as Edman degradation. a
previously undetected site of glycosylation was found. Site-specific glycosylation at a total
of four amino acids on the protein core was identified. The most abundant oligosaccharide
(N-acetylneuraminic acid— hexose— N-acetylhexosamine) was found at all four
glycosylation sites, but the two minor oligosaccharides were found with apparent
specificity regarding the peptide site of attachment. The disialo-tetrasaccharide was
attached only to the serine residue 251. Whereas, the largest oligosaccharide was found in
the asialo form at residue 260 and/or 262. These data suggest a pattern of specificity to the
elongation of O-linked oligosaccharides, based on the petide to which they are attached.
Significantly, the order of the threonine and serine residues contained in a single peptide
was unambiguously determined. Following the identification of the four glycosylated
peptide sequences, the cDNA sequence for bovine fetuin was published. Placement of the
peptides in a thirty amino acid sequence suggests the exterior placement of this region of
the protein. In addition, the clustering of five hydroxyl amino acids in a region with seven
proline, seven alanine, six valine and two glycine residues suggests a role in the protein
structure for glycosylation.

Clearly, rapid and sensitive structural characterization of O-glycosylation in
glycoproteins is now possible by tandem mass spectrometry of intact O-linked
glycopeptides. This method has successfully identified the major O-linked saccharide
containing glycopeptides isolated from bovine fetuin, and the array of structures found at
each of four glycosylation sites suggests specificity in the elongation of O-linked
carbohydrates in protein sequences.

º



Table
I

IonsDetectedbyPositiveIonLSIMSandCIDu

-2SA

FigureSite/SampleRun#
MH*-1Boc-SA-SA-SA-SA-2SA-2SA

-Hex-Hex-Hex-Hex-2Hex-2Hex
-HexN-HexN-HexN-HexN-2HexN

-1Boc-1Boc-1Boc-1Box

6276C25(920.106)12781178987825622522*
7251C2Y(913103)1264
l
164973811608508* 8251C20(080202)b139212921102940636*

9251B23(920103)1865176515741412818+ 10260/2C23(913109)137712771086924621+. 11260/2B20(913106)21752075172215191419||28966763+ 12260/2B2)(913109)242623262.13519731770167012171014+ FigureSite/SampleRun#
MH'bo.He,hehe,he,ºne,ºne,ºne,3Heshe,

-HexN-HexN-HexN-HexN-2HexN-2HexN-3HexN
-IBoc-IBoc-1Boc-1Boc-1Boc-1Boc

2
260/6DE-2C(913102)1522142213601260115710579958956.92* 13260/2DE-2B(913107)188717871725162515221422126010578956.92* 14260/2DE-2B(913108)19581858179616961593149313311128966763* 15260/2DE-2B-1Boc(0.52519)1787162514228956924

*
TheionslistedarefromtheYserieshavingchargeretainedonthepeptide(reducing)portionofthemolecule.lonsarereported

as
nominalmass.

*Themasseslistedwereobserved
intheLSIMSspectrum.TheCIDspectrumshowninFig.8

containsthedaughterionsfrom thesodiatedglycopeptide
[M+Nal”atm/z1414whichwereallshifted22Dahigherinmass.

*

deprotectedand
deglycosylatedpeptideion

§ r

s
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Table II

Edman Peptide Sequence Analysisa

Sample C28 B2B
Peptide
Molecular Weight 621 817
Residue

1 Tyr Tyr
2 Gly Ala
3 Pro Pro

4 blank blank

5 Val Ala

6 Val

7 Pro

8 Asp
9

10

11

B2Y C2C, C20 b DE–2BC

1013 636 o 762/691

Tyr Tyr Tyr Tyr
Gly Glu Gly Gly
Pro Ala Pro Pro

blank Pro Pro blank

Pro blank 2

blank Ala

Ala

Ala

Gly
Pro

Pro or Gly

* N-terminal sequence analysis was performed by Frank Masiarz using the gas phase Edman technique
(Hunkapiller, et al., 1983).

b Sample C20 contained a mixture of peptide components.
° Sample DE-2B was analyzed for only four cycles of Edman degradation.
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Table III

Oligosaccharide Structures Found at Each Glycosylation Site

Fig.

10.

11.

12.

13.

14.

Sample/Site

C28 (276)

C2Y (251)
C20 (251)
B2B (251)

C23 (260/262)
B20 (260/262)
B2Y (260/262)
DE-2C (260/262)
DE-2B (260/262)
DE-2B (260/262)

Oligosaccharide(s)

SA-Hex-HexNAc

SA-Hex-HexNAc

SA-Hex-HexNAc

SA-Hex-[SA]-HexNAc

SA-Hex-HexNAc

2 x SA-Hex-HexNAc

2x SA-Hex-HexNAc

2 x Hex-HexNAc

Hex-HexNAc and Hex3-HexNAc2
Hex-HexNAc and Hex:2-HexNAc2

Peptide

GPS*V

APS*A

EAPS*A

APS*AVPD

GPT*PS

GPT"PS*AA

GPT*PS*AAGPP

GPT*PS*A

GPT"PS*A

GPT4PS*AA
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Since N- and O-linked glycosylation has been shown to carry specific sequences º º,

which impart activity to glycoproteins, the definition of these structures is significant. Two
- -

strategies are suggested for the identification of N- and O-linked glycans respectively. sº
Oligosaccharides attached to peptides or protein through asparagine may be enzymatically
released using PNGase F, reductively coupled to a hydrophobic chromophore, separated _^T

by anion exchange or reversed phase chromatography, and analyzed by liquid secondary º,
ion mass spectrometry and collision-induced dissociation. In contrast, O-linked
glycopeptides were analyzed intact since no enzyme is available to cleave glycans attached
to serine or threonine. In either case the liquid secondary ion mass spectra show size,
heterogeneity, Hex/HexNAc/NANA composition, sequence and branching of the
oligosaccharide. In conjunction with LSIMS, carbohydrate composition and methylation
linkage analysis are performed to address sterochemistry and linkage site. These strategies
have been applied to a number of unknown glycans. Following methods developed using
high mannose structures, it was found from LSIMS data that a high mannose
oligosaccharide from yeast must be branched in a different way than had been previously º

reported. Oligosaccharides from hepatitis B surface antigen were identified. All N-linked
t
it.

structures were complex bi- or triantennary oligosaccharides which differed in
heterogeneity of sialylation and fucosylation depending on the cellular source of the *
antigen. The pre-S2 region of the antigen also contained O-linked oligosaccharides whose
composition was determined. This has implications in the efficacy of vaccines which
utilize different expression systems for antigen production. Unusual complex glycans with Sº
multiple fucosyl residues were found N-linked to the only salivary glycoprotein which * R.

binds avidly to the peridontal pathogen, Fusobacterium nucleatum. Since the º
oligosaccharides contain a recognition sequence, their structures can now be correlated to -- -

bacterial binding. The sequence of both the oligosaccharide and peptide portion of an O- º

linked glycopeptide from bovine fetuin were determined using tandem mass spectrometry. &
º

c
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