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ABSTRACT

By

James J. Bradford

Detailed analysis of carbohydrate structures associated with
glycosylation remains a major analytical challenge that requires
sophisticated instrumentation and a variety of sample preparation strategies.
These samples are often available only in limited quantities of each
glycoform. Therefore, sensitive techniques that are highly reproducible are
required for the structure determination of oligosaccharides.

All sugars are polyalcohols. Modifications to these sugars include the
presence of an amine group, a carboxylic acid group, and/or an acetal group.
All reducing sugars also are in equilibrium either as a ketone or aldehyde.
The chemistry of each of these groups can be taken advantage of to improve
detection and structural determination through derivatization. These
reactions provide for analysis specificity and, through the formation of
derivatives, detectability and structural information can be obtained.

The techniques used for the separation and detection of phosphorilated
and sulfated saccharides are similar to the techniques used for saccharides.
The attempts to resolve the biosynthesis of Sulphoquinovosediacylglycerol so

far have proven fruitless. Only recently has it become feasible to rigorously



test the
biosvntt

and the



test the different chemical and genetic approaches. Work on determining the
biosynthetic pathway has fallen into two areas: the sulfoglycolytic pathway,

and the sugar-nucleotide pathway.
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PART I
DETECTION AND SEQUENCING OF
OLIGOSACCHARIDES AND PEPTIDES.
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Chapter 1

CARBOHYDRATE ANALYSIS
LITERATURE REVIEW

Introduction: Carbohydrates may comprise as much as 10% of the
weight of some membranes, usually in the form of glycolipid or glycoprotein.!
They are widely distributed in nature and the determination of their exact
structure is often an important feature in the study of their functional or
biological properties. Glycosylation is therefore a prevalent post-
translational modification of proteins and these glycoproteins constitute a
major segment of protein profiles in most eukaryotes.2 It is also known that
the extent of glycosylation is not static, the carbohydrate components on both
glycolipids and glycoproteins are known to change during cell development
and differentiation. These alterations in the carbohydrate moieties of
glycoproteins affect their solubility, stability, and most of all their
functionality. The glycan compliment, of glycoconjugates, has been shown to
play important biological roles these include: protection from proteases,
modulation of activity, molecular recognition, immunogenicity, neuronal cell
adhesion, sperm and egg fertilization, homing of lymphocytes, and bacterial
and viral interactions.! A precise description of the role played by
carbohydrates in cellular processes is frequently compromised by their
structural complexity and, as in many areas of biological science,

understanding will require the pursuit of greater molecular detail. This
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requires more information than other biopolymers. Typically, in order to
characterize a polymer it is required to know the monomer composition, the
order of appearance and the size of the polymer. For oligosaccharides there
are additional requirements such as: the configuration and ring form of the
saccharide residues, the position and character of any substituent groups on
any of the monomers, the positions of the inter-residue linkages including
any branching points, and the configuration of the glycosidic linkages.3
Structural elucidation of the carbohydrate moieties typically involves specific
hydrolysis of the oligosaccharide followed by detailed analysis of the resulting
fragments. Methods that have been previously used for characterizing the N-
linked oligosaccharides attached to glycoproteins employ chemical
(hydrazinolysis) or enzymatic (PNGase-F) release from the polypeptide chain.
Recently, the increasing use of instrumental approaches has been used for
the determination of composition and sequence of oligosaccharides. Some are
adaptations of generally applicable analytical methods (e.g., two-dimensional
NMR spectroscopy, reverse phase HPLC, GC-MS, FAB-MS, and ESI-MS)
while others have been developed specifically for oligosaccharides (e.g., Bio-
Gel P4 column chromatography, HPAEC, lectin blotting). The most
comprehensive structural information is currently provided by NMR, but this

requires large pure quantities (> 500 nmol) of sample.4



Carbohydrate Chemistry: All sugars are polyalcohols.
Modifications to these sugars include the presence of an amine group
(glucosamine, galactosamine, etc.), a carboxylic acid group (e.g., sialic acid),
and/or an acetal group (N-acetylglucosamine, N-acetylgalactosamine, etc).
All reducing sugars also are in equilibrium either as a ketone or aldehyde
(Figure 1 and Appendix A and B). The chemistry of each of these groups can
be taken advantage of to improve detection and structural determination
through derivatization. These reactions provide for analysis specificity and,

through the formation of derivatives, detectability can be improved.

Figure 1.1: Isomerization of linear and pyranose form of
glucose. For derivatization purposes, the linear form,
containing the aldehyde, is required.
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Derivatization of carboxylic acids has been employed for GC, MS, and
HPLC analysis. Although monocarboxylic acids may be sufficiently volatile
for GC, multifunctional carboxylic acids require derivatization for successful
GC analysis. Various derivatives have been prepared which yield specific
detectability in GC. Derivatization is also of value in improving volatility
and stability of carboxylic acid compounds for MS analysis. For HLPC,
derivatives have been used to confer UV absorption or fluorescence to
improve detectability. The determination of carboxylic acids by
chromatography continues to be a very widely used technique and is
applicable to some modified sugars. Several reports deal with improvements
in the sensitivity of the detection primarily by the used of fluorescent
derivatives.® Recently, 1-pyrenyldiazomethane was found to be more stable
than other diazomethane derivatizing agents and resulted in derivatives that
could be separated by reversed-phase chromatography. Detection limits were
20-30 fmol6é. In addition carboxylated carbohydrates have been derivatized
with 7-aminonaphthalene-1,3-disulfonic acid as a fluorescent tag. El Rassi et
al.” analyzed glucosaminoglycans (GAGs) by first digesting the bipolymer of
uronic acid and hexosamine residues into disaccharides and then derivatizing
the resulting fractions for separation by capillary electrophoresis and laser
induced fluorescence (LIF). In this instance, the resulting disaccharide has
only one acid group. For the purpose of quantitating large polysaccharides,

which may have varying numbers of carboxylic acid groups on labile residues,






this approach would not give the necessary information to determine the
degree of polymerization and therefore the concentration of each component.
Since there may be a varying number of carboxylic acid groups, the
concentration of the components in each chromatographic band would be
uninterpretable since the number of derivatizing reagents present may vary
from peak to peak; therefore, quantitation becomes impossible.

Derivatizing alcohols to improve detectability is more difficult than
derivatizing carboxylic acids. Alcohols do not undergo Sn2 reactions very
efficiently, since the -OH functionality is a poor leaving group. In addition,
most alcohols are insufficiently acidic or basic to form stable ions by
modification of solution pH. Therefore the most useful and general routes to
produce derivatives of alcohols make use of reactions in which the oxygen
acts as a nucleophile®. The derivatives of alcohols fall primarily into the
three classes of alkyl, acyl, and silyl. Alcohols are insufficiently acidic (pKa
16-19) to undergo alkylation by the common alkylation reagents but may be
alkylated by use of very strong bases and alkyl halides or by diazomethane
with suitable catalysis. Acyl derivatives of alcohols are most commonly
prepared with acid anhydrides, acid chlorides, or reactive amide reagents.
The classical technique for preparing acyl derivatives involves acylation with
acetic anhydride, which may be base (frequently pyridine) catalyzed or acid
catalyzed. @ The perfluoroacyl derivatives are more volatile than the

corresponding nonfluorinated derivatives and may be used to impart
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electron-capturing ability.? As with carboxylic acids, the use of fluorescent
derivatizing agents enhances the sensitivity of the detection of alcohols in
HPLC analyses. Anthracene-9-carbonyl chloride has been used as a
derivatizing agent in the determination of short-chain alcohols.l® For the
purpose of quantitation, in this instance, it would be necessary to have a first
hand knowledge of the number of -OH groups present on the saccharide since
varying numbers of alcohols can be present on oligosaccharides. For this
reason, the best approach to quantitation and detection utilizes the chemistry
of a functional group that is represented only once on a reducing sugar.

Many of the derivatives that have been used for GC, GC-MS, MS, and
HPLC analysis of aldehydes and ketones stem from the classical carbonyl
derivatives such as hydrazones and oximes.!! Whereas classically these
derivatives had to be isolated, purified, and analyzed, modern
chromatographic and spectrometric techniques can be applied to the
derivatives without prior isolation. In the past, GC has been used for
phenylhydrazones and dinitrophenyl hydrazones. @ The dinitrophenyl-
hydrazones can be detected with ECD to enhance detection sensitivity by 2-3
orders of magnitude over that obtained with FID. The dinitrophenyl-
hydrazones and the 5-dimethylamino-1-naphthalenesolfonyl hydrazones have
been found useful for chromogenic derivatization for HPLC analysis. Other
substituted hydrazones are also used as analytical derivatives, and the basic

theme still offers potential for development of new reagents.



Carbohydrate Analysis:

Derivatization Techniques: The determination of carbohydrates
begins with the knowledge of the monosaccharide composition, and the
linkages between the individual residues. There are numerous derivatizing
reagents that have been utilized for this purpose. The first application of GC
to carbohydrates was reported in 1958 and described efforts to separate the
fully methylated methyl glycosides of some monosaccharides.!? The turning
point toward widespread application of GC to carbohydrates was the
publication in 1963 by Sweeley et al.13 of the use of trimethylsilyl derivatives
for GC analysis of carbohydrates including mono- through tetrasaccharides.
In addition, alkyl derivatives of carbohydrates have been utilized in
conjunction with acid hydrolysis of glycoside bonds and further
derivatization.13 Utilizing GC/MS it is then possible to determine the linkage
positions between the residues by interpreting the fragmentation patterns
associated with intramolecular bond cleavages. The fragmentation patterns
associated with many of the derivatizing agents for GC/EIMS have been
reviewed.l4 More recently, HPLC methods have been utilized to determine
the monosaccharide composition. Kiml5 utilized reductive amination to
determine the monosaccharide content of glycoproteins. His derivatization
used p-aminobenzoic ethyl ester (ABEE) as the chromophore and RP-HPLC

for separation. Fu and O’Neill!6 utilized a procedure developed by Honda and
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coworkers!? to derivatize monosaccharides with 1-phenyl-3-methyl-5-
pyrazolone (PMP) and RP-HPLC to separate the resulting material. Another
method developed by Sato et al.l® used reductive amination with 2-
aminobenzoic acid (2-AA) to derivatize monosaccharides that were then
separated using capillary electrophoresis (CE) and detected using laser
induced fluorescence (LIF). The monosaccharide compositions of
oligosaccharides and glycoproteins were found to be highly accurate with
similar or improved sensitivities to those assays previously developed.

These high resolution separation techniques, coupled to detectors that
have extremely high sensitivity are required. This is due to the diversity in
the oligosaccharide structures, combine this with the multiple sites of
glycosylation that may occur, results in an impressive array of glycoforms,
separating these glycoforms requires high resolution separations. These
different structures can originate from glycoprotein heterogeneity that can be
defined as the varying carbohydrate core branching patterns and composition
associated with a unique protein/peptide glycosylation position. Each core
glycostructure can exhibit further structural modifications to a given
carbohydrate moiety, thus greatly increasing the structural diversity or
microheterogeneity. The heterogeneity and microheterogeneity have been
shown to vary between cell types and stages of development. Due to these

variations in the structures from cell to cell and time to time, it is not
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possible for a monosaccharide analysis to give an accurate picture of the
glycan.1?

Detailed analysis of carbohydrate structures associated with unique
protein/peptide glycosylation position(s) remains a major analytical challenge
that requires sophisticated instrumentation and a variety of sample
preparation strategies.? For some glycans, a determination of molecular
weight alone would be adequate to identify structure and ES profiling of
these samples is direct and informative. However, it is common to find
multiple structures (glycomers) that are consistent with an established mass,
and alternative strategies are necessary to resolve these glycoforms.2!
Additionally, these samples are often available only in limited quantities of
each glycoform obtained from the sample. Therefore, sensitive techniques
that are highly reproducible are required for the structure determination of
oligosaccharides. @ The goals of these derivatizations are to improve
detectability of the saccharides and ease the interpretation of the resulting
data. Many approaches have been taken to improve the separations
necessary to remove ambiguities inherent in overlapping chromatographic
peaks.

Polyacrylamide Gel Electrophoresis: One technique that is being
used to determine saccharide structures is polyacrylamide gel electrophoresis
of fluorophore-labeled saccharides?? (PAGEFS) also known as fluorophore-

assisted carbohydrate electrophoresis (FACE). In this method of glycan
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analysis, the saccharides with hemiacetal functions are covalently labeled
with a fluorophore and the derivatives are separated by polyacrylamide gel
electrophoresis (PAGE). The saccharide-fluorophore derivatives can be
subjected to PAGE in high-density gels yielding high-resolution separations.
Detection of the bands on the gels was obtained in some instances by
illuminating the slab gel on a UV transilluminator and photographing the
resulting fluorescence to give high-quality negatives which could be scanned
densitometrically. Over the range of 10 to 500 pmol, of saccharide per band,
the response was nonlinear, but repeatable. The lower limit of detection
using this technique was about 1 pmol.3 Alternatively, gels are imaged
digitally using a camera system based on a cooled charge coupled device
(CCD). The quantitative potential of the system was shown to be good in that
a linear response was obtained over the range 12 to 500 pmol per band.
Repeatability was similar to that obtained with the photographic system.
The sensitivity of the CCD camera was about 0.2 pmol per band. Digestions
are carried out using glycosidases that will give an indication as to the
sequence, linkage type, and, ultimately, structure of the saccharide, and can
be performed either before or after the saccharides have been labeled with a
fluorophore. In the enzymatic structural analyses described above, the
glycan structural features are deduced by interpretation of the changes that

occur after specific glycosidase treatments.
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Column Chromatography: Column chromatography has long been
one of the preferred techniques for separating mono and oligosaccharides.
High-pH anion-exchange chromatography (HPAEC) with a pulsed
amperometric detector (PAD) is a powerful tool for analysis of
oligosaccharides from glycoproteins. There are also many protocols for the
separation and analysis of neutral and acidic oligosaccharides?3-26 and
monosaccharides.23.27-22 Among the more recent variations on these protocols,
Hayase et al.30 used HPAEC-PAD for O-linked saccharides. They found that
reduced desialylated O-linked oligosaccharides, especially those with short
chains, are barely retained on a HPAE column because they lack the negative
charge of either a sialic acid or an acidic anomeric hydroxyl group. In their
work, the desialylated oligosaccharide-alditols were de-N-acetylated and then
N-succinylated before HPAEC separation. The succinylation introduces a
negative charge on an amino group of each amino sugar residue and causes
the oligosaccharides to be retained much longer on a HPAE column. HPAEC
was also used by Clarke3! to separate peptidoglycan hydrolysates from
several species of Proteeae. The single analysis afforded base line separation
of glucosamine, the basic, and neutral, amino acids in an isocratic period and
the peptide portion during a gradient segment.

Ion Exchange Chromatography: HPAEC-PAD is very sensitive,
capable of very high resolution, and can separate very similar anionic

oligosaccharide structures. However, while excellent for analytical purposes
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HPAEC-PAD is less suitable for preparative work since sodium hydroxide
can cause epimerization and degradation of sugars.32 Also, the use of
nonvolatile buffers requires an additional step for their removal. For buffers
such as sodium acetate the nonvolatile cations can be removed using cation-
exchange resin and then the volatile anions can be evaporated. However,
this would require the use of large amounts of cation-exchange resin. Buffers
with nonvolatile anions such as phosphate can be removed by gel filtration
but this is time consuming.333¢ The use of anion exchange columns is not
applicable to mass spectrometry without extensive desalting procedures.
Also, gradients cannot be used with refractive index detection which limits
the applicability.

Several studies have shown that bonded-phase columns bearing amine
functional groups can be used to separate oligosaccharides by HPLC. Ion-
exchange HPLC35 fractionates oligosaccharides into groups with different
charges, but these remain heterogeneous with respect to carbohydrate
content and linkage. Additionally, amine adsorption HPLC36 cannot proceed
unless the anionic fraction is removed. A different analytical procedure, ion-
suppression amine-adsorption HPLC (ISAA-HPLC)37 can fractionate neutral
and anionic oligosaccharides, but does not adequately separate large neutral
oligosaccharides or highly sialylated small oligosaccharides. By modifying
the conditions used for amine adsorption and ion-exchange HPLC, Kondo et

al.36 established methods for the separation of complex mixtures of neutral

-12-
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and sialylated PA-oligosaccharides based upon differences in net
carbohydrate content (size) and the number of sialic acid moieties (charge),
using an amine-bearing silica column.

Reductive Amination: To study closely related oligosaccharides
derived from glycoconjugates, it is essential to be able to fractionate them
with good resolution. A pyridylamination method in which oligosaccharides
are fluorescently labeled with o-aminopyridine (o-AP), by reductive
amination, has been developed by Hase et al.38 Since its introduction
reductive amination has been an important approach to placing a
chromophore onto reducing sugars, and the approach has seen many
applications. Initially, the specimens were analyzed by paper electrophoresis
at pH 5.0. Each sugar derivative giving a single spot in addition to one
corresponding to excess a-aminopyridine when the paper was scanned under
a UV lamp. Since then, many primary amines with large chromophores have
been utilized to obtain information on oligosaccharide degree of
polymerization, and to quantitate the amount of saccharide present. Kondo
et al.39 reported an improved pyridylamation procedure in which sialic acid
residues are not released during the reaction. The combination of
pyridylamination with HPLC allows sensitive analysis of oligosaccharides,
with a detection limit at the femtomole level of pyridylamino (PA)-
oligosaccharides. PA-oligosaccharides have been analyzed by HPLC on

reversed-phase and normal phase columns, and the elution positions of many

-13-



PA-oligosaccharides have been plotted two-dimensionally by Hase et al.40
They separated pyridylaminated oligosaccharides by two-dimensional sugar
mapping, a combination of size-fractionation and reversed-phase HPLC. This
technique allows each sugar residue to make its own contribution to the
elution time (partial elution time), and therefore the elution time of a PA-
oligosaccharide is calculated as the sum of all contributing partial elution
times. Utilizing this approach mono, di, and trisaccharides were obtained by
partial acid hydrolysis and compared to authentic pyridylaminated
standards. Under these conditions, mannose and glucose derivatives could
not be separated in this system, although they were well separated by TSK
gel sugar AXI column.4! Hase et al. and Tomiya, et al.42 have compiled an
extensive 2-D map for neutral PA-oligosaccharides. This same group has also
extended the use of this 2-D map to include GalNAc-containing N-linked
oligosaccharides.43  To utilize this map, the structure of unknown
oligosaccharides are estimated by comparing the elution position (expressed
in glucose units) of an unknown sample with those of standard
oligosaccharides analyzed by both reversed- and normal-phase
chromatography. The resulting coordinates are plotted as a two-dimensional
map. The structure of unknowns is then characterized by comparing the
elution position with those of the standard oligosaccharides on the map. In
this study, the 2-D positions of the GalNAc-containing oligosaccharides did

not correspond to any of those of the known GalNAc-free oligosaccharides.
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After B-N-acetylhexosaminidase digestion, however, their elution positions
changed and coincided with known positions on the original map.

Derivatization with a chromophore of high, known, molar absorptivity
to the reducing saccharide is key to quantitating saccharides, based on the
degree of polymerization. Reverse phase HPLC is one of the most widely
used techniques for separating oligosaccharides. Samples of this technique
include the assays developed by Hase, as already mentioned. Hollingsworth,
et al.,% also utilized reverse phase HPLC to separate N,N-(2,4-dinitrophenyl)
octylamine derivatized oligosaccharides for FAB-MS analysis. Anumula4s
has developed an HPLC assay for sialic acids where a label is specifically
attached, the fluorescent tag utilized in this instance is o-phenylenediamine
2HCI, and this yields a stable fluorescent quinoxaline derivative. Other
derivatizing reagents investigated include 2-amino benzamide and 2-
anthranilic acid, both were utilized to analyze N- and O-glycans by Bigge et
al.46

Microbore HPLC: The characterization of the gross covalent
structure of glycoproteins has been revolutionized with the advent of
capillary and microbore high performance liquid chromatography (HPLC)
combined with electrospray ionization mass spectrometry (ESI-MS). Using a
combination of proteolytic enzymatic digestion and separation of the digest
mixture by HPLC/ESI-MS, a glycoprotein mass map can be obtained

consisting of both peptides and N- and O- linked glycopeptides.4”50 This
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methodology allows the nature and extent of site heterogeneity, including
sialylation, of intact native glycopeptides. The location of those components
bearing glycosylation in such digests is wusually difficult because of
inadequate chromatographic resolution. However, as recently reported by
Carr et al49, collisional activation of electrospray generated ions,
fragmentation occurring either in the source or within the second quadrupole
of a triple quadrupole mass analyzer, induces dissociation reactions
preferentially within the carbohydrate moieties themselves. The fragment
ions are specific to the oligosaccharide structure attached to the peptide
backbone.5152 Hence, monitoring of these, lower mass, carbohydrate ions
throughout the chromatogram permits detection of glycosylated species.
Burlingame53 reported the use of this technique utilizing an ethanol:
propanol: water: formic acid solvent system for the reversed-phase separation
and electrospray mass spectrometric detection of tryptic peptides and
glycopeptides from bovine fetuin. However, because of the complexity of
carbohydrate heterogeneity, which is often present within and among sites in
a glycoprotein, it is not possible in most cases to completely resolve the
individual glycoforms using only one method. Depending on the degree of
glycosylation, several glycoforms from the same amino acid sequence usually
coelute, making interpretation of such mass spectra difficult. In addition,
when several components (whether peptides and glycopeptides or

glycopeptide glycoforms) coelute, possible problems with suppression and/or
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usable dynamic range may arise, especially when attempting to detect and
measure nonstoichiometric quantities of glycopeptides by LC/ESIMS. For
some glycans, a determination of molecular weight alone is sufficient to
identify structure and ES profiling of these samples is direct, rapid, and
informative. However, it is common to find multiple structures (glycomers)
that are consistent with an established mass, and alternative strategies are

necessary to resolve these glycoforms.

Peptide Analysis: Traditionally, short stretches of amino acid
sequences have been used to search databases to locate protein or gene
sequences, or to identify proteins of similar sequence. This constitutes a
fairly unique address for a protein and can lead to successful searches. It is
generally accepted that the molecular structure of a globular protein is
ultimately determined by its amino acid sequence, within the constraints
imposed by its chemical environment, and that the molecular structure
determines its biological function.5¢ The determination of the specificity and
activity of a protein depends on obtaining the correct sequence of amino acids
(i.e., primary structure) that comprise the polypeptide chain. This includes
the knowledge of the presence of specific post-translational modifications
needed for the proper folding of the oligopeptide chain to a precise three-
dimensional structure. The amino acid sequence information is usually

obtained by N-terminal analysis using Edman degradation. Conventional

-17 -



sequ

anal

Mea:
the 1

sola

net}




sequencing strategies typically employ chemical reagents to remove one
amino acid at a time from the amino terminus followed by isolation and
analysis of the released amino acid derivative.5556 Mass spectrometry offers
the advantage of speed and sensitivity in protein primary structure
determination and also has a unique and important role in the determination
of structural changes introduced into proteins by post-translational
modifications. Both chemical degradation and peptide mapping approaches
require the use of fairly homogeneous samples to avoid ambiguity in
assigning the amino acid sequence and establishing the origin of the set of
measured peptide ions, respectively. These approaches are not well suited to
the study of biological problems where complex mixtures of peptides may be
isolated.

Innovations such as electrospray ionization have led to improved
methods for interfacing liquid separation techniques to mass spectrometers.
Combining microcolumn liquid chromatography (micro-bore HPLC) with
tandem mass spectrometry improves the ability to manipulate, for sequence
analysis, small quantities of peptides contained in complex mixtures. Ions of
a single mass-to-charge ratio can be selected for collision-induced dissociation
(CID) even though that peptide may be introduced into the mass
spectrometer as part of a mixture of peptides.5?” Under CID conditions,
peptides fragment to create patterns characteristic of a specific amino acid

sequence. These patterns are reproducible and, in general, predicable. But
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even still, interpretation of a low energy CID spectrum for an unknown
sequence proceeds by identifying a consecutive series of fragment ions whose
differences correspond to residue masses for amino acids. 'i‘his ion series can
correspond to either the type —b or —y ion series or a combination of both (see
next section for a description of the nomenclature). Interpretation of limited
m/z range, low-resolution tandem mass spectra from multiply charged
precursors can present difficulties due to the possibility of multiply charged
product ions and the lack of unambiguous charge-state information. Even so,
ESI/MS with instruments usable over a relatively low m/z range (<2000) have
been shown to be attractive for molecular weight measurements of large
biomolecules.5859 Electrospray interfaces serve as the basis for a near ideal
interface for liquid chromatography and a range of separation formats. The
potential of these methods is further enhanced by tandem mass spectrometry
(MS/MS), which, ideally, permits efficient dissociation of the precursor
molecular ion into product ions that are structurally distinctive to be useful
for fingerprinting.

Electrospray techniques have found application in accurate
measurements of molecular weights of peptides and proteins by exploiting
the phenomenon of multiple protonation, which yields a coherent series of
progressively more highly protonated species (M + nH)»*. Smith and
coworkers have published an excellent review.6® For larger molecules, the

more highly charged ions are more susceptible to dissociation.6! Because
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collision energy is proportional to the number of charges at a given m/z, it is
reasonable to assume that the greater number of charges is a primary reason
for an increased CAD efficiency. In addition, efficiency for MS/MS of multiply
charged ions may be enhanced due to electrostatic repulsive forces.62 The
relatively facile fragmentation of extremely large proteins in their multiply-
protonated forms doubtless reflects, in part, the destabilizing influence of the

Coulombic repulsions within the multiply charged species.t3

Zn.| Zp-2 Z2

Yn-1 Yn-2 M|
Xn-1 Xp-2 Xn-3 X] Z
Ry 2 R3 Rn-1 Rn

HzN—éH COFNHEACH £ CO£ANHEACHLCO— - f/—NH J.‘,H CO-fNH éH-—CO;H
aj a a3 an. Cn-1
bn-2
b] b2 bn-l

c c2 Cn-2

Figure 1.2: Peptide fragmentation nomenclature, typically for low
energy CID only b and y type fragments are observed.

Peptide Nomenclature: Compared to the complexity of the
saccharide fragmentation nomenclature, the system used for peptides is
simple, particularly for low energy CID. The full series of fragments is
indicated in Figure 1.4. Not only are fragments that account for backbone

bonds breaking included, but also for side chains, just as in saccharide
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fragmentation. Fortunately, for low energy CID, the only fragments that are
typically present are the -b and -y series. These are the ions that account for
the sequence of the peptide and form from breaking the peptide bonds. Any
additional fragmentation that may occur typically only relays information on
the side chains. The fragmentations that arise from the side chains, the “R”
groups, typically do not occur, nor do the fragmentations that arise from
bonds breaking other than the amide linkage. These fragments are reserved
for high energy CID, which may occur on magnetic sector instruments due

the additional energy imparted during acceleration.
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CH,OH

Figure 1.3: Fragmentation nomenclature for linear saccharides
as developed by Domon and Costello.64

Carbohydrate Nomenclature: A modification of the nomenclature
for saccharides that was developed by Domon and Costello® will be used
here. Their system, developed for FAB ionization and high energy CID is
applicable here since the fragmentations are sufficiently similar. Some ring
cleavages observed at the high potentials utilized with magnetic sector
instruments (high energy CID) are not observed, but are included for

completeness.
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The types of fragmentations that occur in glycoconjugates are more
complicated than that of other large biomolecules, such as peptides and
nucleic acids. Whereas with these other biomolecules the polymer of interest
is linear, saccharides have numerous possible branch, or connection, points
and all of these must be taken into account when revealing and reporting the
structure. Therefore, it is necessary to define all connectivities, however
determined. This system expands upon the nomenclature used for peptides.
Here, Ai, Bi, and C; labels are used to designate fragments containing a
terminal (non-reducing end) sugar unit, whereas Xj, Yj, and Z; represent ions
still containing the aglycone (or the reducing sugar unit). Subscripts indicate
the position relative to the termini analogous to the system used in peptides,

and superscripts indicate cleavages within carbohydrate rings (Figure 1.2).
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Figure 1.4: Nomenclature for branched saccharides as developed by
Domon and Costello.*

As previously stated, oligosaccharides are unique for biomolecules in

that their three dimensional structure includes branching. To describe this

branching in the fragmentation nomenclature the convention introduced has

been extended. The “core” of the oligosaccharide is labeled as previously

introduced, the branches are labeled with the Greek letters o, B, v, ..., in

order of decreasing molecular weight (Figure 1.3). In the instances where

two fragments are obtained from the same sugar, the Greek letters used to
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represent each branch are given together (e.g., Yop). Primes are used to
indicate branch points on saccharides, other than the core region, the number
of primes increases in the order of decreasing molecular weight of each sub-

branch.
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Chapter 2

STRUCTURE DETERMINATION OF REDUCING SACCHARIDES

Introduction: The rapid expansion of knowledge in the field of
molecular biology during the third quarter of the twentieth century did not
include carbohydrates. This exclusion is due to a preoccupation with proteins
and nucleic acids. But, as contemporary researchers try to bring chemical
reasoning to physiological function, carbohydrates and their conjugates are
found as crucial participants in cellular processes.65 A precise description of
the role played by carbohydrates in cellular processes is frequently
compromised by their structural complexity, and as in many areas of
biological science, understanding will require the pursuit of greater molecular
detail. The pursuit of this detail has its cost though; the analysis of
carbohydrates is impeded by the lack of outstanding structurally detectable
features. There are no groups that fluoresce or absorb well, nor groups that
are easily ionized.

From a structural standpoint, oligosaccharides are ideally suited for
events requiring molecular specificity. Their polyhedric character provides a
platform with numerous functional groups for modification and interaction,
while monomers within an oligomer can participate in multiple linkage and

branching patterns, creating an array of structural possibilities from a
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limited set of monosaccharides.t¢6 Traditional methods of carbohydrate
analysis rely on chromatographic and electrophoretic techniques.67-6 Since
most sugars do not contain chromophoric moieties, the methods of direct
detection of sugars are thus limited. This problem is compounded since the
purification of N-linked, or O-linked, oligosaccharides from glycoproteins is
problematic, a single glycoprotein often contains numerous types of closely
related oligosaccharide structures.’? Furthermore, it may be necessary to
prepare milligram quantities of individual oligosaccharide glycomers in order
to perform complete structural characterization, by NMR, and to assess
bioactivity.

Although sugars do absorb at 185 nm,?! the detection sensitivity is
poor due to their low molar absorptivities.’”? Underivatized oligosaccharides
have been purified using high-pH anion exchange chromatography
(HPAEC).”? The major advantage of this approach is that the isolated
oligosaccharides retain their reducing end and thereby can be derivatized for
further analysis. In this light it has been suggested that no single technique
can be used to determine a complete saccharide structure. That is, the
problems inherent in determining the degree of polymerization and the
linkage positions cannot be determined by only one technique. Typically
multiple stages of separation, and/or detection are involved in the analysis of

oligosaccharides.
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HPLC has played an important role in carbohydrate analysis. Several
methods for quantification of monosaccharides without derivatization have
been described.’#77 Refractive index detectors are used for detecting
underivatized sugars. However they are insensitive, nonspecific, and
impossible to employ under gradient conditions. HPAEC-PAD has been
accomplished with high sensitivity and selectivity,’8-82 but PAD has the
limitation of possible electrochemical modification of the detected species.
Borate anion-exchange chromatography with suitable postcolumn detection is
reliable and easily implemented, but requires long analysis times and is
relatively insensitive due to peak broadening.83

Utilizing a combination of techniques thus appears required for
structure determination of saccharides. To this end a combination of HPLC
with absorbance detection and ESI-MS has been employed in the work
reported here to obtain not only information on the degree of polymerization,
but also information on the linkage positions for numerous saccharides.
Derivatization melds carbohydrate structural analysis with UV/Vis, or
fluorescence, and is required for three reasons: First, detection sensitivity is
increased, second, it enables quantitation, based on Beer’s law, and third,
with charge localization on the derivatizing reagent, structural features are
more evident. Therefore, our procedure calls for the saccharides to be
derivatized first, for ease in quantitating the individual species present. The

HPLC separation is used to separate the individual saccharides to obtain
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information on the degree of polymerization. Then, once separated, a UV/Vis
detector set at the absorption maximum of the derivatizing reagent allows
quantitation based on Beer’'s Law. The fractions obtained from the
separation are then introduced into an electrospray mass spectrometer and,
partially, fragmented. Typically, tandem analyzers are used for these
fragmentations so that ions may be separated in complex mixtures and
individually studied by CID. This dramatically increases the structural
information available and introduces another level of separation, based on
mass and charge. But, low energy CID is also available in electrospray by
utilizing in-source fragmentation and a single quadruple mass spectrometer.
Since the bonds that are fragmented by low-energy collisions, typically
connect the monosaccharide residues, the resulting fragments provide
monomer sequence and branching information. This allows the linkage
position of the species to be determined and also confirms the molecular
weight and, therefore, the degree of polymerization. The data obtained with
this procedure are partially redundant, in order to decrease the chances of

misinterpreting the degree of polymerization.

Materials: Pyrenemethylamine was purchased from Sigma,
benzylamine, analine, and 2-aminopyridined were purchased from Aldrich.
The maltodextrin (n < 15) was obtained from Synthon. Most sugars

(arabinose, fructose, fucose, gentiobiose, glucose, lyxose, mannose, melibiose,
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rhamnose, ribose turanose, and xylose) came from Sigma. Sophorose and
rhamnose were also from Sigma. Galactose came from Aldrich, while lactose

was obtained from Kodak.

Procedures: The reducing saccharide(s) to be derivatized are added
to a one-dram vial, with two equivalents of derivatizing reagent and two
equivalents of sodium cyanoborohydride. To this mixture, two hundred
microlitres of water: methanol solution (1:1) with 5% acetic acid is added.
The vial is capped with a screw cap, having a Teflon liner, and heated at 65
°C for one hour. Subsequently the solution is dried by evaporation using an
N-evap. The sample is then ready for further analysis.

Most saccharides were purified by passing them through a column (6 x
1.5 inches) of silica with a mobile phase of isopropanol: ammonium hydroxide:
water (6:4:1). These fractions were collected for further analysis. Aliquots of
the samples were then spotted onto TLC plates, and the chromatograms were
developed in a solvent of isopropanol: methanol: ammonium hydroxide: water
(1:1:1:1). The resulting zones were visualized by observing the fluorescence
of the derivatizing reagent under a UV lamp. Additionally, orcinol was used
to visualize the saccharides. The fractions that were found to be fluorescent
and to contain saccharides were then analyzed by mass spectrometry.

Reversed-phase HPLC analysis was accomplished using a Waters 600

(Milford, MA) multisolvent delivery system equipped with a Kratos (Ramsey,
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NJ) Spectroflow 783 programmable absorbance detector set to monitor the
absorbance maximum for each derivatizing reagent (240 nm for PMA). The
separation of derivatized saccharides is achieved in either eighty or forty
minutes on a Beckman (San Ramon, CA) Ultrasphere ODS column (4.6 mm x
25 cm with a mean particle diameter of 5 pm). The first separation has the
elution performed at a flow rate of 0.4 ml min-! at 30° C using a gradient. For
maximum resolution of all saccharides, a mobile phase that initially consisted
of 10% methanol: water, with 0.1% TFA was utilized, this was increased
linearly to 100% methanol over seventy minutes after a ten minute hold.
Alternatively, for increased resolution of mono through tetrasaccharides, the
mobile phase was instead modified with 0.1 % HCI initially not only did this
increase resolution for the lower degrees of polymerization, but also moved
the bands further away from the derivatizing reagent and decreased the
retention times.

Mass spectrometry was performed on a Platform (Fisons, MA) single
quadrupole mass spectrometer equipped with an electrospray interface and
operated in the positive ion mode. Solutions of analytes were obtained by
dissolving approximately 1 pug of sample in 1 ml of methanol: water (1:1), this
was diluted further as needed. Samples were introduced into the ESI source
with a Sage 361 syringe infusion pump at a flow rate of 20 pl min-1. The filter

electrode was heated to 100 °C, the nebulization gas flow rate was 18 1 hr,
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and the drying gas flow rate was 350 1 hrl, all other parameters were

optimized for maximum sensitivity while maintaining unit resolution.
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Figure 2.1: Scheme for reductive amination of saccharides with a
derivatizing reagent. This example utilizes o-aminopyridine. For
most experiments pyrenemethylamine was used.
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Figure 2.2: Maltodextrin separated on an ODS column after derivatization

with PMA. The degree of polymerization of the maltodextrin decreases with
increasing retention time.
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Results and Discussion: Reductive amination (Figure 2.1) was
performed using a modification of the procedure outlined by Hase et al.35 The
principle of the method is as follows: Saccharides (I) which are either an
aldose or a ketose are reacted with a fluorophore which contains a primary
amino group to yield a carbinolamine, or Schiff base (II). With the loss of
water from the carbinolamine, an imonium ion is formed (III). This reaction
is reversible and to obtain the final product, the imine (III) is trapped by
reduction to a secondary amino derivative (IV) wusing sodium
cyanoborohydride, a mild reducing agent.

The saccharide-fluorophore derivatives (SFDs) were separated by
HPLC using a reversed phase, ODS column, where baseline separation is
obtained for al-4 linked maltodextrins having a degree of polymerization
from one to fifteen (Figure 2.2). The fluorophore enables the derivatives to be
detected with femtomole sensitivity using absorbance detection.8¢ The
chromatographic analysis of saccharides other than Glual—4Glu was also
undertaken with this separation. The results for various saccharides are
presented in graph 2.1 and table 2.1. The first obvious result from these
experiments is that the retention times overlap for the mono and
disaccharides while, individually, the saccharides maintain a small deviation
int retention time (graph 2.1, error bars and the relative standard deviations
from table 2.1). For the purpose of this study, it was found that the

monosaccharide retention times overlap with the disaccharides, and their
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configuration is much more critical than for the disaccharides. When a
deoxy-monosaccharide is chromatographed, the retention time is longer,
typically a barely resolved shoulder on the derivatizing reagent band. This is
to be expected due to the increased interaction with the stationary phase of
the column. Therefore retention time presents a problem for utilizing only
the HPLC separation to determine the degree of polymerization. Another
piece of information that is shown in this chart is that the linkage position
plays only a small role in determining the retention time for disaccharides.
Hence, the retention time is useful for approximating the degree of
polymerization determination, but not the linkage position. It remains to be
seen whether this finding applies to saccharides with larger degrees of
polymerization when the PMA derivatizing reagent is used.

For lower degrees of polymerization, a separate assay was developed to
attempt to improve resolution. By modifying the mobile phase, the
separation between the mono through tetra saccharides was increased, and
these were further separated from excess derivatizing reagent (Figure 2.3).
This may allow for more of an unambiguous determination of monosaccharide
content. But, other obstacles to strictly chromatographic determinations
have been encountered. Hase et al.4! and Tomiya et al.42 suggest a method of
utilizing glucose standards to set a “glucose unit” designation for
oligosaccharides. Although, according to Tomiya, this does not successfully

apply to saccharides containing sialic acid residues, their response to this
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problem is to remove the sialic acid residues before analysis since these are
labile saccharide units. This approach allowed them to categorize the
branched saccharides correctly based upon Hase’s glucose unit designation.
Since it is obvious that a single method of detection could not provide all of
the information required, the approach we have taken is to add a second

detector that is mass sensitive.

e

Figure 2.3: Alternative separation for maltodextrins derivatized with PMA
(D.P. £ 15) on an ODS column using a methanol gradient.
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times.

Relationship between the average retention time over three
consecutive injections on an ODS column verses the degree of polymerization
of the saccharide. Error bars are included to indicate the range of retention
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Sugar D.P. Mean S.D.mean R.S.D.

Arabinose 1 6438 04 0.01
Deoxygalactose 1 786 0.2 0.00
Deoxymannose 1 814 13 0.02
Fructose 1 814 0.1 0.00
Fucose 1 772 0.3 0.00
Galactose 1 54.2 2.0 0.04
Gentiobiose 2 1774 0.4 0.01
Glucose 1 626 0.2 0.00
Lactose 2 675 1.8 0.03
Lyxose 1 720 0.1 0.00
Maltohexaose 4 626 1.2 0.02
Maltose 2 1784 0.2 0.00
Mannose 1 501 1.6 0.03
Rhamnose 1 763 0.3 0.00
Ribose 1 554 0.3 0.00
Xylose 1 60.7 09 0.02
Melibiose 2 775 0.3 0.00
Gentiobiose 2 805 0.6 0.01

Table 2.1: Analysis of the retention times of saccharides of varying degrees
of polymerization.
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Figure 2.4: Electrospray mass spectrum of pyrenemethylamine
derivatized maltodextrin (D.P. < 15).

By utilizing mass spectrometry to obtain mass information from the
bands obtained from the HPLC separation the degree of polymerization can
be determined with pmol sensitivity up to a degree of polymerization of ten.
Figure 2.4 is two hundred pmol of the derivatized maltodextrin injected,

shown are DPn < 8. Sensitivity for this stage of structure determination is in
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the tens of picomole range (e.g., figure 2.5 for the derivatized disaccharide
maltose). By obtaining confirming results by mass spectrometry, not only
can the degree of polymerization be confirmed, but also any modifications to
the saccharide(s) can be detected due to changes in mass. Therefore, even if,
for example, a deoxy-sugar or acetylated sugar were present, the mass of the
resulting ion would indicate its presence. But, this will not give us all of the
information that we seek. Information on branching, linkage positions, or
where modifications to the sugars occur is not present, only indications that
they exist. It is therefore necessary to fragment the saccharides to obtain

ions that indicate this information.
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Figure 2.5: Two pmol pl" of disaccharide directly injected into
the mass spectrometer. Total volume infused, 10 pl.
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Utilizing a “soft” ionization method typically yields only molecular
weight information. In order to obtain structural information, fragmentation
of the ions is required and collisionally induced dissociation (CID) is used.
This technique, for low energy collisions, typically is performed in the center
quadrupole of a triple quadrupole mass spectrometer where a collision gas
has been introduced. However, for the purposes of these experiments, a
single quadrupole mass spectrometer was used. In-source fragmentation,
a.k.a. cone fragmentation, relies on imparting additional energy to the
ionized molecules to fragment them prior to any mass analysis. There are
two ways in which this can be done. Conventional in-source fragmentation
relies on manipulating the potential between the extraction cone and
skimmer cone (Figure 2.6). Several groups have observed this.8587
Additionally, in-source fragmentation can be obtained, with similar results,

by increasing the flow rate of the nebulization gas.

Figure 2.6: Sch tic of the intermediate pressure region in an
electrospray mass spectrometer .
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Figure 2.7: Configuration of Fisons Platform electrospray
mass spectrometer.
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By adjusting the potential between the extraction cone and the
skimmer cone in the region of intermediate vacuum (Figures 2.6 and 2.7), 88
where the gas expands through the sampling cone, or capillary, into the lower
pressure region, forming a supersonic jet, fragmentation can occur. At the
pressures typically encountered in this region, a shock wave is formed due to
collisions with background gas, and there is considerable scattering of the
expanding beam. Here, the potentials applied between the skimmer and the
cone/capillary serve both to focus the ion beam through the skimmer orifice
and to accelerate ions through this intermediate pressure region. Raising the
cone potential has been shown to improve signal-to-noise ratios for some
species in ESI which has been attributed to improved ion focusing.8®
Acceleration of ions through the intermediate-pressure region has also been
found to cause collision-induced dissociation by increasing the energy of
collisions with background gas, by imparting excess energy to the ions to
induce fragmentations. This phenomenon has been attributed to the effects
of collisional activation of the ions as they are accelerated through the
intermediate pressure region of the ion source .

The second method of inducing fragmentation involves increasing the
flow rate of the nebulization gas. In the ion-spray configuration, an
additional flow of gas concurrent with the mobile phase flow is present

(Figure 2.7). For the configuration of the Fisons Platform mass spectrometer,
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the flow rate for obtaining pseudomolecular ions is 18 1 hr'l. Increasing this
flow increases the rate of evaporation of the droplets and also increases the
fragmentation present in the resulting mass spectrum. The data obtained
are similar to those for conventional in source fragmentation (Figure 2.8
{maltose}). Since the “curtain” gas flow rate is more than ten times higher
than the flow rate of the nebulization gas, the fragmentations are likely due
to the increased evaporation of the droplets. This allows for more collisions
prior to the ions passing through the extraction cone into the region of
intermediate vacuum.

The fragmentations described here are sufficient to obtain linkage
position as well as to indicate where modifications are present in the
saccharide. From observing the differences in fragmentation as the potential
is increased, differences in linkage position become evident, although there
are similarities among all of the data. In particular, as the potential is
increased, the intensity of adduct ions (Na* and K*) also increases (Figures
2.8 - 2.16). These ions offer no increased structural information, they only
decrease the intensity of the ions that do contain structural information. A
potential needs to be chosen that is a trade off between the intensity of
adduct ion(s) and the intensity of the fragmentation ions. This can provide a
generalized procedure for sample analysis, even though increased sensitivity
for the fragment ions could be obtained by optimizing the potential for each

saccharide present. Optimization assumes prior knowledge of the sample

-47 -



composition, which in instances of unknowns is not present. The potential
that was chosen was 55 V.

Once the amount of energy required to induce fragmentations was
investigated, another series of experiments was carried out that focused on
disaccharides with varying linkage positions and configurations, and
monosaccharides with varying configurations. This was pursued in order to
determine differences in the fragmentation that would indicate the presence,
or absence, of specific linkage configurations (Figures 2.9 — 2.16). In all of the
fragmentations in this data set, the linkage position of the two saccharide
systems was observed by a unique fragment ion. In the case of gentiobiose
(Glup1—-6Glu), the linkage position was indicated by a cleavage on the
derivatized saccharide between carbons five and six, with the charge being
retained on the derivative end of the molecule. In addition, a fragment ion is
observed corresponding to 3.5X; (two bonds being broken within one ring) with
the charge again being retained on the derivative side of the molecule. The
fragment ions obtained for lactose (Galp1—4Glu) (Figure 2.11 and 2.12) and
maltose (Glupl—4Glu) are nearly identical, just as is the situation for
EIMS.% Therefore, strictly utilizing any one form of mass spectrometry for
the purpose of monosaccharide determination is likely impossible. The
linkage position is well indicated with a characteristic cleavage, an ion
indicating that the bond between carbons three and four was broken. In this

instance the species that imparts the charge is sodium (Na*), and the charge
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is retained on the saccharide portion of the SFD (m/z 278). As with
gentiobiose (GluB1—6Glu), a ring fragmentation is also present yielding a
fragment ion, again with Na* imparting the charge. Only, in this instance,
the derivative part of the molecule retains the charge, and yields a 15X;
fragment. The similarities expected between the spectra of gentiobiose and
melibiose (Galal—6Glu) are obvious upon inspection of their structures
(Figures 9 and 10 and 13 and 14). Both disaccharides have a one to six
linkage: gentiobiose has a beta linkage with glucose as both monomers, while
melibiose has an alpha linkage with galactose linked to glucose. Both
structures fragment between carbons five and six, leaving the charge on the
derivatized saccharide, and both have a ring cleavage at 35X;. The expanded
region in figure 14 C gives an indication of the only difference. An additional
bond is broken in melibiose, Z;. This bond is more labile, possibly due to a
decreased pi overlap in the glycosidic bond, from the differences in linkage
type (i.e., alpha vs. beta linkage).

The final disaccharide observed was sophorose. This disaccharide
consists of two glucose monomers with a beta linkage at the two position (i.e.,
Glupf1-2Glu). In this instance, the bonds are very labile and, with increased
potential applied to the extraction cone, the amount of secondary
fragmentation increases. These additional fragmentations only lead to more
difficult interpretation, and do not readily give more structural information.

From the spectrum with the potential on the extraction cone at forty-five
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volts, the relevant structural information is obtained. Again the
fragmentation of interest occurs near the glycosidic linkage, and gives an ion
characteristic of this position, m/z 246. Also a fragment can be seen in this

spectrum involving the saccharide ring, which is a 15X fragment.
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Figure 2.8: Fragmentation of PMA derivatized maltose. The first
set of data utilizes increased nebulization gas flow rate to fragment
(Figure A). The second set of data utilize conventional in source
fragmentation, increased potential on the extraction cone, to fragment
derivatized maltose (Figure B).
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Figure 2.9: Spectra from experiments in which gentiobiose,
derivatized with pyrenemethylamine, is subjected to increasing
voltage applied to the extraction cone. Spectrum A is table with
the normal operating voltage of 37 V. In spectrum B the voltage
applied to the cone is increased to 45 V, while in spectrum C the
voltage applied is further increased to 50 V.

-53-



R-NH H

%
H—— OH
HO——H §go HO OH
H——OH o OH
367
H——OH
i1 o 485
H

M

LL

-54 -



Figure 2.10: Spectra from experiments in which gentiobiose
derivatized with pyrenemethylamine is subjected to increasing
voltages applied to the extraction cone. Spectrum A has the operating
voltage at 55 V. Spectrum B increases the voltage applied to the cone
to 60 V, and spectrum C has the voltage applied increased to 65 V.
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Figure 2.11: Spectra depicting experimental results where lactose,
derivatized with pyrenemethylamine, is subject to increasing potentials
applied to the extraction cone. The results shown here are for the normal
operating voltage of 37 V, 45 V, and 50 V applied to the cone for spectra
A, B, and C, respectively.
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Figure 2.12: Results from experiments in which increasing

voltages are applied to the cone. The saccharide derivatized with PMA
for these spectra is lactose. Spectrum A has the operating voltage set
to 55 V. Spectrum B increases the voltage applied to the cone to 60 V,
and spectrum C has the voltage applied increased to 65 V.
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Figure 2.13: Spectrum A, B, and C show the experimental results
where melibiose, derivatized with pyrenemethylamine, is subjected to
increasing voltages applied to the extraction cone. The voltages applied
are 37, 45, and 50 V, respectively.
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Figure 2.14: Spectra from experiments in which melibiose, derivatized

with pyrenemethylamine, is subjected to increasing potentials applied |
to the extraction cone. Spectrum A has the operating potential set to ‘

55 V. Spectrum B increases the voltage applied to the cone to 60 V, and [
spectrum C has the potential applied increased to 65 V.
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Figure 2.15: Spectra from experiments in which sophorose, derivatized
with pyrenemethylamine, is subjected to increasing voltage applied to
the extraction cone. Spectrum A is table with the normal operating
voltage of 37 V. In spectrum B the voltage applied to the cone is
increased to 45 V, while in spectrum C the voltage applied is further
increased to 50 V.
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Figure 2.16: Spectra depicting experimental results where sophorose,
derivatized with pyrenemethylamine, is subjected to increasing voltages
applied to the extraction cone. Spectrum A has the operating potential
set to 55 V. Spectrum B increases the voltage applied to the cone to

60 V, and spectrum C has the potential applied increased to 65 V.
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Figure 2.17: Separation of maltodextrin (n < 15) by microbore HPLC. There
is overlap of the various degrees of polymerization. The first eluting band at
37.42 minutes contains degrees of polymerization from ten to eight, the
second eluting band at 40 minutes contains degrees of polymerization from
nine to seven.

37.42

-

e

Conclusion: This assay has many strong points, but there is always
room for improvement. The separation of the maltodextrin (n < 15) is
baseline, and gives a good indication of the degree of polymerization. The
absorbance properties of the PMA allow for detection of the saccharides on
the femtomole level, and the lower limit of detection can be improved further
by using fluorescence detection for the HPLC separation in the first stage.
Even though for monosaccharides the retention appears to be very dependent
on the saccharide, this in itself can be used as a diagnostic tool to obtain more
information from the separation. Since, the degree of polymerization is

confirmed using MS, the retention time is also a diagnostic tool.
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Unfortunately, the MS limits the sensitivity of the assay. As shown in figure
2.5, the detection limit is two pmol pl-l, this appies to the disaccharide
through the decasaccharide. This instrument’s sensitivity begins to fall off at
m/z > 1000 and declines even more rapidly beyond m/z 1500. In this instance,
the sensitivity is only limited by technology. This does not invalidate the
assay, or the techniques.

Improvements to the assay are needed. The separation was developed
using a conventional 25 cm x 4 mm ODS HPLC column. By utilizing
microbore HPLC (u-bore HPLC), the assay can be improved, and the problem
of fraction collection, with the concomitant sample loss, is removed. The
initial steps toward a separation have already begun (Figure 2.17). Although
the resolution is poor, for the same degrees of polymerization as the
conventional separation, many of the oligosaccharides are separated, and it is
sufficient to indicate another instrumental shortcoming. The chromatogram
(Figure 2.17) is the reconstructed ion chromatogram (RIC) from the MS. The
first eluting band at 37.42 minutes contains degrees of polymerization from
ten to eight, the second eluting band at 40 minutes contains degrees of
polymerization from nine to seven. This could be an indication that there is
overlap between the two bands, but the intensities of the pseudomolecular
ions increase for all of the ions in the second eluting band. Included with this
result are the following: first, that there are apparent differences in the

number average degree of polymerization obtained from the chromatographic
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separations (Figures 2.3 and 2.4) and the mass spectrum of the unseparated
mixture (Figure 2.4). Second, that the higher degrees of polymerization,
eleven through fifteen, are not detected. With this information a more clear
picture is obtained. All indications are that the linear polymer, upon passing
through the extraction cone, is being sheared into smaller pieces and that
these fragments are being detected. This does not appear to be associated
with the skimmer cone potential since it has been observed by other
groups¥4.102,105 that increasing the potential on the extraction cone can reveal
higher molecular weight species. But what has been shown here, is that
increasing the cone potential on oligosaccharides increases fragmentation.
Although this is a benefit for structure determination of smaller saccharides
(n £ 10), it is not beneficial for the detection, or structure determination, of

larger saccharides.
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Chapter 3

PRIMARY AND SECONDARY SEQUENCE DETERMINATION FOR
PEPTIDES UTILIZING A SINGLE QUADRAPOLE MASS
SPECTROMETER

Introduction: Understanding the glycobiology (structure-function) of
glycoproteins requires the structural determination of the entire molecule.
Hence structure of the protein as well as any post-translational modifications
(e.g., any attached sugar chains, which often occur at any of the possible sites
of glycosylation) must be determined. These glycoforms invariably give rise
to an impressive array of structures. Individual glycopeptide forms may be
isolated using modern methods of separation, although, profiling the
structure in the absence of workup may best represent a natural distribution
of species. Attempts at isolation and derivatization introduce opportunities
for sample disproportionation, especially for samples with contrasting
structural types. However, for protein glycoconjugates the assumption is that
variations in the glycan do not affect the ionization of the glycopeptide, an
postulation that is more plausible as the peptide size increases relative to the
size of the carbohydrate.?! Even so, higher molecular weight glycoproteins
are often difficult to directly ionize by electrospray. This reflects a number of
factors, such as high molecular weights leading to high-charge states and the

accumulation of adducts that may challenge the resolution limits of the mass
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spectrometer. For these materials, ES-MS may provide a spectrum that
appears as a large unresolved “hump” (Figure 3.1) as opposed to
nonglycosylated, or deglycosylated, species of similar molecular weight
(Figure 3.2). The presence of adducts (e.g., multiple glycoforms) can limit
the effectiveness of HPLC/MS interfacing by decreasing the number of
glycopeptides that can be directly ionized. Alternatively, the peptide
sequence in addition to the glycan distribution may be assessed separately
after deglycosylation. Additional possibilities, in the study of large biological
polymers, are offered by collisional activation of multiply charged ions
created by electrospray ionization.  Multiple charging allows higher
molecular weight precursors to be collisionally activated and enhances
fragmentation in these heavier species. To date, most reports of collisional
activation of selected multiply charged peptides have involved triple
quadrupole instruments and multiple low-energy collisions, typically with an
inert collision gas in the second quadrupole.9294¢ Peptide precursors with
mixed charge states have been fragmented by low-energy collisions in the
ESI source.81-9% High-energy collisional activation has been examined with

doubly charged ions produced by fast-atom bombardment (FAB).97-99
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Figure 3.1: Two hundred pmol pl-! of fetuin characterizing the poorer
sensitivity of a glycosylated peptide due to a lack of single, distinct
charge series. The presence of a mixture, due to differences in
glycosylation, decreases sensitivity. For these materials, ES-MS may
provide a spectrum that appears as a large unresolved “hump” as opposed
to nonglycosylated, or deglycosylated, species of similar molecular weight.
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Figure 3.2: Two hundred fmol pl-! of horse heart myoglobin, HHM,
showing an envelope of multiple charge states.
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One characteristic of ESI instrumentation is the large pressure
differential that is necessary for combining atmospheric pressure ionization
with the low pressures required for mass analysis and ion detection. The
pressure differential is usually achieved either with a sampling cone/skimmer
or a capillary/skimmer arrangement. In either configuration as the gas
expands through the sampling cone or capillary into the lower pressure
region it forms a supersonic jet. At the pressures typically encountered in
this region, a shock wave is formed due to collisions with background gas,
and there is considerable scattering of the expanding beam. The position of
the skimmer in the source relative to the cone or capillary is extremely
important for ensuring minimal ion losses in this region.!®¢ Potentials
applied between the skimmer and the cone/capillary serve both to focus the
ion beam through the skimmer orifice and to accelerate ions through this
intermediate-pressure region. Raising the cone potential has been shown to
improve signal-to-noise ratios in the ESI analysis of pesticides in water and
also for the analysis of some large peptides. This has been attributed to
improved ion focusing.191 Acceleration of ions through the intermediate-
pressure region has also been found to cause collision-induced dissociation by

increasing the energy of collisions with background gas.102,103
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Experimental: The in source fragmentation mass spectra were
obtained on a Platform (Fisons, MA) single quadrupole mass spectrometer
under control of a PC data system operating MassLynx. The fragmentations
of the peptides occurred under conditions where the potential difference
between the extraction cone and skimmer cone were increased to obtain
maximum fragmentation. Typically, the potential was set to 55 V.

All peptide samples were obtained from the Michigan State
MacroMolecular Structure Facility. They were purified by HPLC utilizing a
mobile phase of acetonitrile and water on an ODS column.

Solutions of analytes were obtained by dissolving approximately 1 ug
of sample in 1 ml of acetonitrile: water (1:1). These were introduced into the
ESI source with a Sage syringe infusion pump at a flow rate of 20 pul min-1.
The filter electrode was heated to 100° C, the nebulization gas flow rate was
181 hrl, and the drying gas flow rate was 150 1 hr1.

Collisional activations occurred with positively charged ions. The
potential on the adjustable extraction cone to accomplish this was adjusted
from thirty-seven to sixty-five volts in approximately five volt increments for
selected peptides. The conditions were dependent upon whether molecular
weight or sequence information was needed. Differences in charge state were
taken into account only for interpretation of sequence and/or pseudo-
molecular weight calculations. No attempts were made to influence the

charge state of any species.104105 Data acquisition occurred at 100 u s! and

-79 -



the instrument was set to observe the mass range from 100 to 1500 u.
Resolution was adjusted such that for singly charged species the valley was
50% for unit resolution across the mass range. All other parameters were

adjusted for optimum performance and sensitivity.

Results and Discussion: For the twenty-one peptides utilized the
average molecular mass was 1414 + 174 u; the average degree of
polymerization was 13 + 1. For these experiments, all pseudomolecular ions
were first confirmed, by setting the potential on the cone to thirty-seven volts,
optimizing all other parameters, and observing the, typically, doubly charged
pseudomolecular ion (Figure 3.3). Species of higher charge were usually of
considerably smaller abundance and, in most instances, the singly protonated
species was also present, but at much lower intensity. Once the species of
interest was confirmed, the extraction cone potential was raised to fifty-five
volts (Figure 3.4). The choice of this potential was not arbitrary. The
optimum potential was obtained by observing the fragmentation pattern
upon increasing the potential in five volt increments (Figure 3.5) for a couple
of representative peptides. As was the case with the previously discussed
saccharides, increasing the potential on the skimmer cone decreases the total
ion current without a concomitant increase in signal-to-noise ratio obtained
using a triple quadrupole. Although this alters the lower level of detection

for the fragment ions, the sequence remains interpretable and comparable to
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the data that can be obtained from ion trap and triple quadrupole
instruments. Once optimum settings were determined, the potential was not
changed for each species since it was desirable to find a standard set of
values to apply to unknown peptides. It was determined, again, that 55 V
was an optimum setting that allowed reasonable fragmentation with minimal
amounts of adduct ions.

The ion currents of individual oligomers were measured over a range of
sampling cone potentials (Figure 3.5). The results are analogous to the
results for the peptide in figure 3.4, perhaps suggesting that there may be a
common effect dependent on both the mass and the charge of an ion rather
than either the charge or the mass alone. There is, however, a difference, in
regards to the exact dependency of ion current upon cone potential between
the multiply charged ions of the single mass. From an inspection of the
optimum extraction cone potentials for various ions in different spectra, Shiel
et al.196 found that the optimum cone potential varied as approximately m/z
(i.e., linear dependence) in the case of multiply charged ions of the single
mass, but as approximately (m/z)”* in the case of singly charged ions of
multiple masses. The increase in peptide bond cleavage in multiply charged

species is more likely from increased charge repulsion.
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Figure 3.3: Example of a peptide (QKSQRSQAENPYV) analyzed by the
Fisons Platform mass spectrometer with the potential set to 37 V to
obtain molecular weight information.
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Figure 3.4: The same peptide as figure 3.3 fragmented using in-
source fragmentation (cone potential set to 55 V). Nearly the entire sequence
of the peptide is obtained, and the linkages not cleaved can be inferred
from the data.
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Figure 3.5: Ion current obtained for two peptides (QKSQRAQAENPV,
solid line, and QKSQRSQDENPYV, dashed line) obtained under
conditions of increasing cone potential.
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Table 3.1: Data from the in-source fragmentation of twenty one
peptides. The type of fragment and the peptide bond that fragmented
are indicated.
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Table 3.2: Continuation of the data from the in-source fragmentation
of twenty one peptides. The type of fragment and the peptide bond that
fragmented are indicated.
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From tables 3.1 and 3.2, the application of in-source fragmentation to
peptides was very successful. This learning set consisted of three families of
peptides, in which the sequences were similar, and two peptides in which the-
sequences were divergent. In no instance is the complete sequence obtained.
However, for most peptides, a reasonable partial sequence is present. Those
amino acids not identified in the sequence ladder typically can be inferred
from the missing masses. The first set of peptides, artthy??s?p?k?p (rows one
through six), has only internal differences. In nearly all instances, one of the
fragments is at alanine (4/6), leucine (3/5), glycine (3/5), serine (8/11),
threonine (9/12), glutamine (3/6), histidine (5/6), or arginine (6/6). For this
series, no fragments were observed where peptide bond cleavage occurred at
lysine. This does not lead to the conclusion that no fragments will occur at
lysine. The next set of data, in tables 3.1 and 3.2 (rows seven through
twelve), includes two fragments at lysine in five instances. This data set of
five in the list contains only two sequences, and is intended to show
consistency. In most instances, the data are identical or complimentary (i.e.,
either the -b, or —y series is present). The only discrepancies occur for lysine
and aspartic acid (1/3). But, even with these differences the sequences of the
peptides are similar and consistent. In the next set of data, g?g????7???7g%
(rows thirteen through nineteen), similar fragmentations to the first data set

are obtained. With alanine present as an internal residue, fragmentations at
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this residue are very likely, the peptide fragments at alanine six out of
thirteen occurrences, the peptide bond associated with leucine (8/14) also
resulted in ions that were characteristic. Similar to the first data set, peptide
bonds at glycine (10/25), serine (12/21) and arginine (9/14) also fragmented to
give characteristic ions. Among the fragment ions that are not present, in
most instances, are those where the terminal amino acid is lost. The y; and
b; ions are not included in this assessment, since they were typically below
the lowest m/z value acquired. Only in sample twenty is the terminal
fragment present. The large number of alanine residues nearly guaranties
the presence of one of the terminal fragments. The final peptide in this study
was very cooperative in its fragmentation, since there are ions representative
of all but three residues. This was expected, due the number glycine and
serine residues present. This data set cannot be exhaustive, since the
number of possible combinations of amino acids with a degree of
polymerization of thirteen is 1.9x1022. But, this set of data has shown what
was intended. The use of in-source fragmentation is consistent, accurate, and
reliable for determining the primary and secondary structure of peptides. By
utilizing sets of peptides that are similar, I have shown that the results are

sufficient to differentiate between them.

Conclusion: The application of a single quadrupole mass

spectrometer to sequencing peptides is a relatively new approach. Triple
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quadrupoles, where the central quadrupole contains a collision gas to induce
fragmentation, have been utilized since their introduction for structural
characterization of molecules. With the introduction of LC interfaces, the
usefulness of mass spectrometry was extended to those molecules that are
not sufficiently volatile for GC or that decomposed upon heating so a direct
insertion probe could not be used. The concomitant increase in signal-to-
noise ratio that is an added benefit for triple quadrupoles, is absent in this
single quadrupole technique. That is not to say that the technique is severely
limited. @Sample concentration requirements are greater for in-source
fragmentation and the spectrum tend to have more information, due to
secondary fragmentation. Also, being unable to choose an ion in the first
quadrupole to fragment are limitations. The information for sequencing is
present, nonetheless, and with improved software, and sufficient experience,
sequencing of peptides is possible on single quadrupole instruments.

Finally, the argument could be made that current sequencing
technology!9? has surpassed the need for mass spectrometry. It is true that
current automated sequencers have similar, and in some instances better,
sensitivity than quadrupole mass analyzers. These sequencers are not able
to obtain information on the post-translational modifications that may be
present in a protein or peptide. Glycoconjugates are only one example of

modifications that cannot be interpreted automatically. In these instances, it
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is necessary to use complementary techniques (e.g., in-source fragmentation

or CID) to obtain the sequence of a peptide.
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Part II:
Chromatography and Detection of Sulphoquinavose and
Suspected Metabolites From Rhizobium meliloti bv. 1021.



Chapter 4

SULPHOQUINOVOSE
LITERATURE REVIEW

Introduction: Life on this planet is dependent on a series of
metabolic cycles. Among these are the carbon, nitrogen (Figure 4.1), and
sulfur cycles (Figure 4.2). A cycle contains no beginning, and therefore, no
end. But, in order to describe them, you must start somewhere. The carbon
cycle, it can be said, begins in plants, which combine carbon dioxide from the
atmosphere with water to make plant tissues such as leaves, stems, and
fruits. Animals eat the plants and convert the plant tissues into animal
tissues. The cycle restarts when the animals die and their decaying tissues
are eaten by soil organisms, a process that releases carbon dioxide.108
Proteins make up a large portion of animal tissues and nitrogen is an
essential element of all proteins. The availability of nitrogen in forms that
plants can use is a basic determinant of the fertility of soils; the role of soil
organisms in facilitating the nitrogen cycle is therefore of great importance.
Nitrogen is necessary for the biosynthesis of amino acids and the purine and
pyrimidine bases, the nitrogenous building blocks of proteins and nucleic
acids. When a plant or animal dies, soil organisms break up the complex

proteins, polypeptides, and nucleic acids in their structures and produce
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ammonium ions, nitrates, and nitrites that plants can then use to build their
structural tissues.19® Soil organisms also participate in the sulfur cycle
mostly by breaking up the naturally abundant sulfur compounds in the soil
so that this vital element is made available to plants. The smell of rotten
eggs so common in swamps and marshes is due to the hydrogen sulfide
produced by these microorganisms.109

Microbial biogeochemical cycling activities and interpopulation
relationships have a major influence on agricultural practices. As in other
areas of economic microbiology, some microbial activities are beneficial and
others are detrimental, and it is the controlled balance of microbial activities
that is important in determining agricultural success. Fertilizers and
pesticides have become an integral part of modern agricultural practice
because crop yields depend on maintaining high levels of soil fertility and
limiting destruction due to infectious diseases and pest populations. The
environmental fate and usefulness of these chemical fertilizers and pesticides
are greatly influenced by the metabolic activities of microorganisms in soil.110
In some cases the microbial populations themselves provide essential inputs
of fixed forms of nitrogen to soil and to effective control of pest populations.
Both bacteria and blue-green algae can fix nitrogen directly from the
atmosphere, but this is less vital to plant development than the symbiotic
relationship between the bacteria genus Rhizobium and leguminous plants

and certain trees and shrubs.109 This bacterium, in return for secretions from
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their host that encourage bacterial growth and multiplication, fix nitrogen in
nodules of the host plant's roots, providing nitrogen to the plant in a usable
form. Scientists concerned with plant mineral nutrition have studied
biological nitrogen fixation for more than one hundred years.!l! Among the
most urgent problems that face Mankind are providing sufficient
nourishment to the constantly growing World, reducing environmental
pollution and conserving energy. The intense interest in biological nitrogen
fixation shown by scientists from divers fields of research is obviously
connected with the fact that understanding the main steps of this process will

help people cope with these global problems.112
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Figure 4.1: The carbon (A) and nitrogen (B) cycles: the chemical forms
and key processes in the biogeochemical cycling of carbon and nitrogen,

respectively. Bacteria mediate all the critical steps of nitrogen fixation,

nitrification, and denitrification.
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Figure 4.2: The sulfur cycle, showing various transformations of
organic and inorganic compounds.
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Bacterial Symbiosis: Certain species of nitrogen-fixing bacteria can
coexist intimately, symbiotically, with legumes and other plants, providing
the plants with necessary nitrogen. In this symbiotic association the bacteria
become encased in nodules that grow in the roots of plants through which
nitrogen that has been fixed by the resident bacteria is obtained by the plant.
These organisms were originally described as endorhizosphere
microorganisms. However, the microflora that colonize this specialized
habitat inside healthy roots are now more commonly referred to as
endophytes or internal root colonists.113 This habitat has already been
identified as an important reservoir for isolation of N2-fixing plant growth-
promoting rhizobacteria (PGPR) in some cereal roots. Cyanobacteria have
developed similar relationships with various life forms, such as liverworts,
hornworts, cycads, and at least one genus of flowering plants (Gunnera).114
Their symbiotic relationship with fungi has earned its own designation - the
coexistent species are called lichen. Rhizobia (now classified into three
genera, Rhizobium, Bradyrhizobium, and Azorhizobium) are the soil bacteria
that can elicit the formation of nitrogen-fixing nodules on the roots of selected
species of the legume family.109

The legume-Rhizobia symbiosis is estimated to fix per year as much
nitrogen as the fertilizer industry and is of great agronomic, economic, and

ecological importancel%. This efficient nitrogen-fixing association occurs as a
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result of the formation of a new specialized organ on the plant root, the root
nodule, which is induced by the prokaryotic symbiont on its specific plant
partner.115 The infection begins with the bacteria secreting a class of lipo-
oligosaccharides in response to plant hormones, flavonoids, which trigger the
early steps of legume nodule formation. The Rhizobial genes, the Nod genes,
are essential for this process!16.117 and determine host recognition. These
genes have been found to specify the synthesis of excreted lipo-
oligosaccharide signals that are capable of eliciting many of the plant
responses characteristic of the bacteria themselves.198 Purified Nod factors,
when applied to legume seedlings at concentrations as low as 1012 M,
stimulate the differentiation of epidermal cells into root hairs and also
deform root hairs .18 The structures of many of the products of the nod genes
have been determined.!18-126 Uniformly, they consist of an oligosaccharide
backbone of B-1,4-linked N-acetyl-D-glucosamine residues varying in length
from three to five sugar units. A structurally varied fatty acid group is
attached to the nitrogen group of the nonreducing amino sugar moiety. The
presence of other substitutions is dependent on the species and strain
(Appendix E and Figure 4.1). In response to the bacteria the plant initiates
cell division, induction of specific changes in cell morphology, and triggering
of a plant organogenic program leading to the formation of the nodule.127
Within these root or stem structures, the bacteria are able to convert

atmospheric nitrogen, under conditions of nitrogen limitation, into ammonia,

-104 -



which is used by the plant as a nitrogen source. Initially it was speculated
that attachment of Rhizobia to legume roots was involved in host specificity.
The specificity of adherence by compatible Rhizobia species was proposed to
be mediated by specific binding of particular polysaccharide structures
present on the bacterial cell surface to host plant lectins.128.129, The lectin
recognition hypothesis has been validated in one case, although many studies

fail to demonstrate any degree of host specificity at the attachment step.130,131
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Figure 4.3: The general structure of nodulation factors.

Biosynthesis of Bacterial Factors: Since sulfolipids make up a
major contribution to the sulfur cycle, knowledge of their metabolism is
important. It is generally accepted that the sulfolipid sulfoquinovosyl-
diacylglycerol (SQDG) is present in all-higher plants, mosses, ferns, algae,
and in several species of Rhizobia.?3. 131 In spite of its importance, attempts
to elucidate the biosynthesis of SQDG have so far proved fruitless. Only

recently has it become feasible to rigorously test the different chemical and
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genetic approaches. Work on determining the synthesis has fallen into two
areas: the sulfoglycolytic pathway, and the sugar-nucleotide pathway that
utilizes UDP-glucose and/or UDP-galactose (Figure 4.2 and 5.1). The former
scheme is thought to involve sulfonated analogs of the intermediates of
glycolysis (Appendix D). Here sulfolactaldehyde and dihydroxyacetone
phosphate condense, via an aldolase reaction, to form 6-sulpho-6-deoxy-D-
fructose-1-phosphate, which would be a direct precursor of sulfoquinovose. In
the alternative to the sulfoglycolytic pathway, the sugar-nucleotide pathway,
sulfur is introduced at the level of hexose, either glucose or galactose, and not

at the triose as predicted by the sulfoglycolytic pathway.

- 106 -



HOH,C i - ,
HO 0 o O3SH,C
_— | 4 HO
HO OH
A) N O
UDP-Gle UDP | [—soy uDe | Psq  uop
- OH
Hg3SH2C ‘O3SH,C
E HO
+
HO OHO 0 5 HO Sa
uppsq  uop O°% o=c ©
-5Q Ry . SQDG I
R,
DAG Q o
°=¢ o=¢
Ro 1'%1

Figure 4.4: Schematic for the sugar-nucleotide pathway of sulfoquinovose
synthesis.13!

Despite nearly forty years of efforts, our current knowledge about the
reactions leading up to the formation of the sulfoquinovose (SQ) head group
still falls short of the claim that the pathway of SQDG biosynthesis has been
solved. The complexity of this classic problem of plant biochemistry becomes
apparent if one considers that three major pathways contribute to the
biosynthesis of SQDG: carbohydrate metabolism, sulfur assimilation, and
fatty acid biosynthesis. Of these three metabolic processes, carbohydrate

metabolism has been most intensely studied, and many ideas regarding the
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possible pathway for SQDG biosynthesis have been derived by analogy to the
common reactions of gluconeogenesis and glycolysis.132

There are many approaches that are used, singly or in combination, to
work out the chemical details of a metabolic pathway. The first and most
direct is to study the pathway in vitro, in a cell-free extract of a tissue
capable of catalyzing the overall metabolic processes in question. Another
important approach to elucidation of metabolic pathways is the study of
genetic mutations in which a given enzyme fails to be synthesized in active
form. Such a defect, if not lethal, may result in the accumulation and
excretion of the substrate of the defective enzyme. Another powerful method
for establishing the general outline of a metabolic pathway is to use an
isotopic form of an element to label a given metabolite and then follow the

label through its cycle.
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Figure 4.5: Schematic of sulfoquinovose with the nod genes indicated that
are responsible for the formation of the various bonds.
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Genetic Studies: In the study of the formation of Rhizobial head
groups, a number of bacterial genes have been identified that are required for
the formation of the nodulation factors. These nodulation genes (designated
nod, nol, and noe) of the symbiotic soil bacteria Rhizobia, may be divided into
two classes. One class comprises genes which, when mutated, completely
abolish nodulation on all legumes. Since genes in this group share significant
sequence homology and can be complemented between different Rhizobial
genera/species, they are often called “common.” Nod ABCIJ and nod D are
the best known examples.131-13¢ Genes of the second class are necessary for
the interaction with certain, but not all, legumes. Expression of these genes
permits nodulation of additional hosts, and for this reason, they have been
termed host specificity of nodulation (hsn) genes. By definition, they are
unique to one or a few Rhizobia.108,109,135136 Tn most cases, mutations cannot
be fully complemented by the introduction of the corresponding genes from
other Rhizobia. Mostly mutations result in alteration or extension of the host
range. In 1990, Lerouge et al.137 showed that the products of the nod genes
are N-acylated-D-glucosamine. Numerous other investigators have
confirmed these findings.138,139 Since these substances are the products of the
nod genes, they are called Nod factors. Principal differences among the Nod

factors of the various Rhizobia concern the length of the core molecule as well
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as the substitutions to both the reducing and nonreducing residues.

Presumably, the hsn genes are responsible for these substitutions.

Separation and Detection of SQ, SQDG, and Metabolites:
Techniques for the separation and detection of phosphorilated and sulfated
saccharides are similar to the techniques used for saccharides. Many of those
that have been used include TLC on silica plates.140-144 These assays used
mobile phases that were mixtures of organic and aqueous phases, typically a
first dimension would contain chloroform: acetone: methanol: acetic acid:
water, in various proportions. Joyard et al. used this as a first dimension and
isopropyl ether: acetic acid as the second dimension for the detection of polar
lipids. A deviation on this theme was used by Olsthoorn et al. where butanol:
ethanol: water was used, several reverse phase TLC assays, ODS coated TLC
plates, using acetonitrile: water were also developed for lipooligosaccharides
and some exclusively for SQDG.141.145146 In all instances a radioactive
nuclide, 13C, 35S or both, was detected by autoradiography.

Attempts to determine the correct biosynthetic pathway for SQ and
SQDG have also utilized ion exchange chromatography. Lee et al.14? using a
PA 100 column with a mobile phase of 75mM KH2PO4 at a flow rate of 1ml
min! with detection at 254 nm looked for methods to detect UDP-
galactopyranose and UDP-galactofuranose. Also attempting to determine

UDP-sugars were Hull and Montgomery.148 Their assay used a PAX-100
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column and two three step gradients all consisting of water, 200 mM NaOH,
and 50 % isopropanol, conductometric detection was used. The goal was to
separate UDP-sugars, nucleotides, and sugar phosphates. A related assay for
sugar phosphates in biological extracts was developed by Smits et al.149
Yeast extracts were analyzed by solid-phase extraction and anion-exchange
chromatography with a gradient of sodium acetate, from 100 mM to 500 mM
and pulsed amperometric detection.

In addition to HPAEC, reverse phase HPLC has been used for
separating SQ, SQDG, its precursors, and in the search for metabolites.
Sanjuan et al.!39, to prove that a 2-O-methylfucose moiety is present in the
lipo-oligosaccharide nodulation signal of B. japonicum, used a acetonitrile:
water gradient at a flow rate of 1 ml min-! to prove the purity of the nod
factor prior to MS and NMR analysis. Synthetic standards have also been
chromatographed by reverse phase HPLC. Rossak et al.151 used these
standards to confirm the retention time of UDP-sulfoquinovose. By
inactivating sqd D they caused an accumulation of UDP-sulfoquinovose and
with the use of standards, confirmed that they co-chromatographed.

Normal phase HPLC has also been used for the separation of sulfated
glycans. Karamanos et al.l52 geparated 24 variously sulfated
galactosaminoglycan- and hyaluronan-derived disaccharides on an
Econosphere NH2 column. In order to obtain separation for all of these

species, three separate mobile phases were needed. For non-sulfated A-
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disaccharides, constituents on the column were eluted with 5 mM sodium
dihydrogen orthophosphate buffered with orthophosphoric acid to pH 2.55,
with a flow rate of 1.1 ml min-l. Monosulfated A-disaccharide’s required a
mobile phase of 50 mM sodium dihydrogen orthophosphate buffered with
orthophosphoric acid to pH 2.50 with the flow rate adjusted to 0.7 ml min-l.
Finally, for over-sulfated species 50 mM sodium sulfate 10 mM sodium
acetate buffered with acetic acid to pH 5.0 with a flow rate of 1.5 ml min-!
was required.

HPLC is not capable of the high resolution of capillary electrophoreses.
This technique has been used to separate neutral, charged, and highly
charged oligosaccharides. Using open tubular capillary columns, Novotny, et

al.153-155 have been able to obtain separations for all of these species.

Isolation of SQ and Metabolites: Reverse phase HPLC is not
strictly for analysis and purity conformation. Shultze, et al.156 used
preparative reverse phase HPLC to purify sulfated lipooligosaccharides that
exhibited different degrees of plant host specificity from R. meliloti. Their
preparative scale (47 x 300 mm) separation used a mobile phase of 20 %
acetonitrile: water with a flow rate of 120 ml min-l. Once purified, a family of
sulfated lipooligosaccharides was obtained that exhibited different degrees of
host plant specificity. A modification of this procedure was used by Poupot,

et al.157.158 Their separation used a semi-preparative reverse phase HPLC
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column (250 x 7.5 mm) and a linear gradient of 20 % acetonitrile: water to
100 % acetonitrile, at a flow rate of 2 ml minl. With these purified nod
factors, they were able to determined that R. tropici nod factors are sulfated
or nonsulfated chitopentasaccharides containing an N-methyl-N-acyl-
glucosaminyl terminus, and that the nod factor sulfation is limited by the
amount of sulfate. A similar separation was used by Mergaert, et al.159 to
determine that modifications in a D-arabinosyl residue, an N-methyl and a
carbamoyl group are present in the nod factors of a strain of A. caulinodans.
In addition to reverse phase HPLC, column chromatography using
silica gel has also been used to purify SQ, SQDG, and other nod factors.
Sanjuan, et al.123.1499 and Carlson et al.160 used silica gel 60 columns with a 60
% acetonitrile: water gradient for the purification of nod factors from B.
japonicum. Both used this procedure to determine the structures and/or

biological activities of lipooligosaccharide nodulation signals.
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Chapter 5

SYNTHESIS OF SYNTHETIC STANDARDS OF SUSPECTED
SULPHOQUINOVOSE METABOLITES

Introduction: The study of metabolism has as its goal the complete,
detailed description of the reactions by which the constituents of the cell are
built up and broken down (intermediary metabolism) and of the mechanisms
by which the chemical energy derived from the degradative reactions is
conserved to be utilized in synthetic processes (energy metabolism or
bioenergetics). In metabolism each consecutive step in the pathway brings
about a small, specific chemical change, usually the removal, transfer, or
addition of a specific atom, molecule, or functional group.16! As previously
mentioned, there are several techniques for determining a biochemical
pathway, other methods are available, but must be used in conjunction with
the primary procedures.

In order to discover the biological pathway for formation of critical
biomolecules for Rhizobia symbiosis, the use of standard molecules can be
invaluable. In the instance of SQ, there are currently two proposed
pathways, one involves UDP-glucose (Figure 5.1131), and the other utilizes a

modified glycolysis pathway.
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Figure 5.1: One proposed pathway for a nucleotide sugar to form
sulfolipids starting with either UDP-glucose or UDP-galactose.
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Figure 5.2: An alternative route to the formation of sulfolipids using
the gluconeogenesis pathway.
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Materials and Methods: The 3-Bromo-acetaldehyde-dimethyl acetal
was obtained from Aldrich. The sodium sulfite used in all reactions was
purchased from Sigma. The methyl a-D-glucopyranoside was obtained from
Sigma. Carbon tetrabromide, triphenylphosphine (TPP), and sodium
metaperiodate were all acquired from Aldrich. The derivatizing reagents, o-
aminopyridine, p-nitrobenzylamine, and pyrenemethylamine were all

obtained from Aldrich. All solvents were analytical grade from Baker.

Synthesis: The formation of the sulfonic acid of acetaldehyde -
dimethylacetal occurred by dissolving 2.11 g of bromoacetaldehyde
dimethylacetal in 20 ml of a water: methanol solution (4:1). To this solution 8
g of sodium sulfite (NaSO4) was added, and the reaction, shown in Figure
5.3A, occurred in one hour at 20 °C. The mother liquor from this reaction
was evaporated and then dissolved in 18 ml of water and 2 ml of 12 M
(concentrated) HCl. The mixture was left at room temperature overnight, for
twelve hours, then concentrated to a syrupy solution to form the aldehyde, as
shown in Figure 5.3B. This product was dissolved in 50 ml of water and
calcium chloride (3.33 g) was added, to this solution. Sodium cyanide (1.50
g), dissolved in 20 ml of water, was then introduced. The mixture was stirred
at room temperature for 36 hours and calcium hydroxide (2.22 g) was then

added. Stirring was continued for a further 6 hours and then the mixture
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was filtered and concentrated to form the sulfonic acid of lactic acid, as shown

in Figure 5.3C.
A
SO, Q
BrCH,CH(OMe); —> HO—ﬁ—CHz—CH(OMe)z
0
B
o 0
I HCI I
HO—S—CH,~CH(OMe), —> HO—S—CHz-CHO
o)
C
Q NaCN  Ca(OH) Q i o
HO—S—CH,-CHO > » HO—S—CH,-C—C’
I I | “oH
o) o) OH

Figure 5.3: A-B. Formation of the sulfonic acid of acetaldehyde. C.
Formation of the sulfonic acid of lactic acid.

The methyl glycoside of sulfoquinovose was synthesized starting with
methyl o-D-glucopyranoside. The glycoside was suspended in dry pyridine
(200 ml) and triphenylphosphine (TPP) (31.5 g, 0.12 mol) was added. The
mixture was cooled to 10° C after which carbon tetrabromide (39.7 g) was
introduced. The mixture was then heated to 100° C for 45 minutes, and the
pyridine was removed on a rotary evaporator, the scheme is shown in Figure
5.4A. Water (500 ml) was added and the milky suspension was extracted 3

times (400 ml per extraction) with dichloromethane. The aqueous solution
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was concentrated to a syrup which was taken up in water (150 ml) to which
sodium sulfite (19 g) was added. The solution was heated on a steam bath for
18 hours and then concentrated to a syrup to which methanol (350 ml) was
added. A white precipitate formed and the mixture was left at 10° C for 12
hours. It was then filtered and the white solid retained. An aliquot of the
material (2.5 g) was dissolved in water (20 ml). Sodium metaperiodate (5.0 g)
was then added, and the mixture was kept at 4° C for 12 hours in darkness.
The reaction is shown in Figure 5.4B and is believed to take place via cyclic
periodate intermediates.162 This formed the sodium salt of propanal-2-ol-3-

sulfonic acid.
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Separations: The HPLC separation was performed on saccharides
derivatized by reductive amination with glucose as the initial test molecule.
A separation was developed involving three derivatizing reagents: o-
aminopyridine, p-nitrobenzylamine, and pyrenemethylamine. A baseline
separation was obtained on a reverse phase, ODS, column with a gradient
initially consisting of 10 % methanol modified with 0.1 % trifluoroacetic acid
and adjusted linearly to 100 % methanol over 75 minutes. The initial flow
rate was of 1 ml min-! and decreased to 0.5 ml min-! linearly over 20 minutes
then remained at 0.5 ml min! for the remainder of the separation. Each
derivatizing reagent/derivatized glucose pair was separated from the
subsequent reagent and its derivatized glucose by ten to twenty minutes. All
species were detected by a single wavelength UV detector operating at 240
nm. Confirmation of the elution order was obtained by collecting fractions,
and acquiring a full spectrum on a scanning UV/Vis spectrophotometer. The
individual derivatizing reagents were also injected and their retention times
determined.

In addition to the reverse phase HPLC separation, since all molecules
of interest are negatively charged due to the sulfonic acid group, an anion
exchange assay was developed. For this separation a diethylaminoethyl
(DEAE) column operating at a flow rate of 1.0 ml min-1 was used. The mobile
phase consisted of 10 mM Na Borate modified with 2 % acetonitrile The pH

was lowered to 4.4 using 1 M HCl. Complete separation of sulfoquinovose
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from the sulfonic acid of acetaldehyde occurred in fifteen minutes. Refractive
index detection was used to detect both species.

Since all of these species are negatively charged, the final set of
separations again involved electrophoresis. A complete separation of all
synthesized species was obtained by a combination of paper electrophoresis
and TLC. The paper electrophoresis was carried out on Watman # 3mm chr
paper that was 40 cm long. The mobile phase consisted of 0.5 M ammonium
acetate that was saturated with Ca(OH)z, and the electrophoresis occurred at
325 V for 1.5 hours. Bands were detected using silver nitrate to visualize the
standards. The standards, and mixtures of the standards of interest, were
removed from the paper by cutting and eluted into water. These eluted
bands were lyophilized, and the resulting material dissolved in water:
methanol (1:1) and spotted onto silica TLC plates. This dimension of
separation occurred using a mobile phase of 1-propanol: methanol:
ammonium hydroxide: water (1:1:1:1). To detect the resulting bands, the

plates were developed with orcinol spray.
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Figure 5.5: NMR first reaction product, the sulfonic acid of
acetaldehyde dimethylacetal from the starting material of bromo-
acetaldehyde-dimethylacetal.
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Figure 5.6: The final reaction product of the first series, the sulfonic acid of

lactic acid, one of the suspected metabolites of sulfoquinovose. Formation of
the sulfonic acid of lactic acid after the reaction of the sulfonic acid of
acetaldehyde with -CN and Ca(COs)s.
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Results and Discussion:

Organic Reactions: The sulfonic acid of acetaldehyde, a.k.a.: 2-oxo-
ethanesulfonic acid, has previously been prepared. Roy and Mewling,163
synthesized the sulfonic acid of acetaldehyde in several ways. In one
instance, the method started with cysteine, which was reacted with barium
chloride in aqueous sodium hydroxide. In addition Wang and Sayre.164 used
as starting reagent 2-morpholin-4-yl-ethanesulfonic acid and obtained the
same product in 24 hours at room temperature at pH 8.

Since salts of sulfonic acids can be prepared by treatment of primary
alkyl halides with sulfite ion165, our synthetic method starts from 2-bromo-
acetaldehyde-dimethyl acetal this by a Strecker type reaction.166.167 It is clear
from the resonances in figure 5.5B that the desired product was obtained. In
particular the doublet at 3.13 ppm indicates the presence of a carbon with
two protons next to a sulfonic acid group and a carbon with only one proton.
In addition, the resonance at 4.75 ppm is a triplet indicating a proton on a
carbon adjacent to a carbon with two protons. From the coupling of the
resonances, these two carbons must be adjacent to one another. Its chemical
shift is reasonable for a carbon next to two acetals. The large singlet gives
evidence for the presence of the two acetals at 3.29 ppm, this did not deviate
significantly from the starting material as shown in Figure 5.5A. Typically,
the formation of a dehalosulfonation requires refluxing conditions.165 In this

instance, likely due to resonance stabilization from the oxygen atoms beta to
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the halogen, this reaction occurred at 4° C and was exothermic. In order to
remove the dimethyl acetal, the resulting sulfonic acid was subjected to acid
hydrolysis. The alkoxy group, -OMe, is not a leaving group, and so must be
converted to the conjugate acids before they are hydrolyzed by dilute HCI.
The reaction proceeds by an Sn1 mechanism since the carbocation formed is
stabilized by resonance through the unshared electron pair on the oxygen
adjacent to the cationic center.1¢4¢ The proton NMR of the product is similar
to the sulfonic acid acetaldehyde dimethylacetal, except for the loss of the
resonances attributed to the acetals and the presence of an alcohol resonance

at 3.27. This indicates that the aldehyde has been formed (figure 5.6).
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Figure 5.7: The 13C spectrum from the sulfonic acid of acetaldehyde
dimethylacetal.

In order to produce the sulfonic acid of lactic acid, the acetaldehyde
sulfonic acid first must be converted to the cyanohydrin by addition of HCN.
This reaction occurs very slowly when pure HCN is used, but rapidly when
cyanide ion, CN-, is added. This is because HCN is a weak acid (pKa = 9.1)
and therefore is not significantly dissociated. The cyanide anion, however, is
strongly nucleophilic, and addition occurs by a nucleophilic addition pathway.
Protonation of the anionic tetrahedral intermediate yields the stable
tetrahedral cyanohydrin product plus regenerated cyanide ion!és.
Cyanohydrin formation is useful because of the further chemistry that can be
carried out. These functional groups can be hydrolyzed to yield carboxylic
acids, thus providing a method for transforming an aldehyde into a different

functional group while lengthening the carbon chain by one unit.
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Figure 5.8: NMR of the synthesized SQ-Me from the starting material
of the glycopyranose methylglycoside.
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Figure 5.9: NMR of the reaction product of SQ-Me after periodate
oxidation, the formation of the sulfonic acid of propanal-2-ol-3-sulfonic
acid.
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The reaction, to form sulfoquinovose, proceeds in two steps,
intermediate formation and intermediate decomposition and involves three
components. Intermediate formation involves the formation of the TPP-Br
complex from TPP and CBrs. An ionic mechanism is responsible for the
formation of the TPP-Br complex. It is initiated by the polarizing action of
the permanent dipole of phosphane on the symmetrical but readily
polarizable CBrs, and it leads to heterolytic bond cleavage by a direct
interaction between the phosphorus atom and the carbon bromine bond.169.170
If the —OH groups available for the reaction are chiral intermediate
decomposition occurs with extensive inversion of configuration,. The final
component of this system is a-methylglucopyranose. Since this is the methyl-
glycoside this system can no longer enter into the straight chain
configuration (Figure 1.1), and the only alcohol group present that can
undergo halogenation is on carbon six. All other hydroxyls are blocked from
the reaction by the closed ring. The intermediate decomposition with the
TPP-Br complex is thus a method of converting a-methylglucopyranose into
6-bromo-a-methylglucopyranose that can be achieved under very mild
conditions. The sulfonato-de-halogenation reaction, the Strecker reaction, to
form sulfoquinovose from 6-bromo-o-methylglucopyranose has previously

been discussed.165
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Figure 5.10: Reverse phase HPLC separation with absorbance
detection at 240 nm of o-aminopyridine, p-nitrobenzylamine, and
pyrenemethylamine after reductive amination using glucose as the
test molecule.
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Figure 5.11: Anion exchange separation of SQ and the sulfonic acid of
acetaldehyde.
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Separations: As mentioned earlier, many HPLC methods have been
developed for the separation of carbohydrates. These include separations
that are specific for individual monomers, as well as oligomers, polymers, and
charged species. Detectors for these separations have included refractive
index, amperometry, and mass spectrometry. @ UV/Visible absorption
detectors require derivatization to increase the sensitivity of the assay.
Multiple derivatizations, to increase sensitivity as well as selectivity, have
not been undertaken in the HPLC separation of carbohydrates and their
metabolites. The test molecule in this study was glucose, an aldose that
undergoes reductive amination. This technique was later extended to
sulfoquinovose, one of the target molecules. The derivatizing reagents that
were chosen are all primary amines with conjugated ring systems. They were
o-aminopyridine, p-nitrobenzylamine, and pyrenemethylamine. It has been
previously mentioned that saccharides and modified saccharides require
more than one separation dimension in order to assure accurate and precise
identification. Reductive amination has been discussed previously and will
not be reintroduced here (p. 36 and Figure 2.1). The order of elution for this
separation was confirmed by several techniques. First, derivatizing reagents
were injected separately to compare retention times. Then to confirm that
there were no strong interactions between the derivatizing reagents they
were co-injected. Finally, fractions were collected and a full UV/Vis spectrum

was obtained using a scanning spectrophotometer. Fractions were then
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collected to determine the order of elution, whether the derivatized
saccharide eluted first or the derivatizing reagent. These fractions were
subjected to phenol/sulfuric acid to test for the presence of sugars. In
addition, the retention time of the individual derivatizing reagents vs. the
derivatized glucose were compared. These analyses determined that the
derivitized saccharide was the first to elute in each pair of peaks. A typical
chromatogram is shown in Figure 5.11, the peaks labeled 3 and 4 correspond
to those for a-aminopyridine, 5 and 6 correspond to the derivatized glucose
and excess derivatizing reagent of p-nitrobenzylamine, and the peaks labeled
7 and 8 correspond to those for pyrenemethylamine.

In addition to reverse phase HPLC, an ion exchange chromatographic
assay was developed (Figure 5.12) since all of the species of interest are
negatively charged. Anion-exchange chromatography of innately anionic
carbohydrates have been performed previously.l’”!  Typically alkaline
solutions are necessary for elution of carbohydrates in HPAEC. Sodium
hydroxide is the base of choice at a concentration of 15-20 mM for
monosaccharides.146. 170 For the purpose of this separation sodium hydroxide
could not be used since NaOH has been shown to cause rearrangements upon
drying of the sample, this would be unacceptable since further analysis with
NMR is required. The requirement for complete structural analysis with
NMR also precluded the use of pulsed amperometric detection. Although

sensitivity and selectivity is greater for amperometric detection compared to
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refractive index detectors, the technique may be destructive due to redox
reactions.

With the above limitations in mind, the following assay was developed.
For the ions of interest for this assay a diethylaminoethyl (DEAE) column
was used to separate the two most different molecules of interest. The mobile
phase chosen to separate the molecules of interest consisted of 10 mM Na
Borate modified with 2% acetonitrile at a pH of 4.4. This not only allowed for
separation based on charge density, but also allowed for separation based on
the size of the molecules. It is also advantageous that the separation was
obtained using a borate buffer system, in that removal of buffer could be
obtained by subjecting samples to dry ice prior to passing samples through a
cation exchange resin. Choosing sulfoquinovose and the sulfonic acid of
acetaldehyde a complete separation was obtained in fifteen minutes. A
refractive index detector was used to detect eluting peaks. It was determined
that the size of the molecules was critical for the separation, experiments
that altered the pH were undertaken. As the pK. of the sulfonic acid group
(pKa = 1.92) was approached, the retention time of the two species should
have increased, due to increased interaction with the stationary phase. The
hydrogen ion concentration at pH 2> 5 is critical and the separation is altered
with changes in pH as small as 0.2 units. Below pH 4.5 it is no longer a
factor and there is little change in the separation to pH 2. In order to confirm

the order of elution, the standards were injected individually. Also, fractions
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were collected, and desalted, for NMR analysis. It was confirmed that the
first eluting band was sulfoquinovose, or the methylglycoside, and the second
eluting band was the sulfonic acid of acetaldehyde.

The final separations for the detection of sulfoquinovose and the
suspected metabolites were paper electrophoresis and TLC. Paper
electrophoresis was chosen, as was ion exchange chromatography, because all
of the species of interest are negatively charged and any neutral or positively
charged species would not interfere with the assay. Ammonium acetate was
chosen as the buffer since it is volatile and, as repeatedly mentioned, a
second dimension of separation would be required. In addition, calcium
hydroxide was added. Although, Ca(OH): is not volatile, it did not interfere
with the second separation. Also, Ca2+ chelates well with the hydroxyls on
sugars. The separation occurred in 1.5 hours at 325 V on a water cooled
stage. Here two dimensions of separation are required. Since the separation
is based on charge density, any phosphorylated or sulfated sugar would
produce the same migration in electrophoresis. Also, considering the low
molecular weight of the expected metabolites a complete separation in the
first dimension is not expected. To develop the separation, electrophoresis
was done on the standards individually and in a mixture. The migration
distances for the sulfonic acid of acetaldehyde and the sulfonic acid of lactic
acid were the same, 4 cm. For SQ and the sulfonic acid of propanal-2-o0l-3-

sulfonic acid, the migration distance was 9 cm. Once the separation was
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complete the individual standard bands were visualized using silver nitrate
solution. The bands were re-aligned with the lane containing a mixture of
standards, and the individual bands were cut out, eluted into water, frozen,
and finally lyophilized. The resulting solid was taken up in a water:
methanol solution (1:1) and introduced onto TLC plates. Complete
separation occurred with a mobile phase of 1-propanol: methanol: ammonium
hydroxide: water (1:1:1:1). Individual bands were visualized using orcinol
spray. The final Rf values of the individual standards were 0.31, 0.43, and
0.76 for the sulfonic acids of acetaldehyde, lactic acid, propanal-2-ol-3-sulfonic

acid and for SQ, respectively.
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Figure 5.12: Separation of SQ derivatized with o-aminopyridine, p-
nitrobenzylamine, and pyrenemethylamine.
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Conclusion: Although the target molecules (standards) were all
successfully synthesized, and each separation reached its individual goal, the
final goal of obtaining a “gold standard” by which the pathway to determining
sulfoquinovose biosynthesis was not achieved. The reverse phase HPLC
assay is both sensitive and selective using a diode array detector, and was
utilized in the development of the assay. The separation, although developed
for glucose also works well for sulfoquinovose (Figure 5.13). The shortcoming
is that not all of the suspected metabolites, from either proposed pathway,
will undergo reductive amination. In addition, all other reducing sugars will
undergo reductive amination, which complicates the interpretation of the
chromatogram when attempting to identify sulfoquinovose and the detectable
metabolites.

Ion exchange chromatography with refractive index detection is not as
sensitive an assay as the reverse phase chromatography described above,
however all positively charged and neutral species are removed from the
sample in the void volume, and the negatively charged species are separated.
The molecules of interest can be collected and structural analysis can be
performed on these fractions after removing the salts. The shortcoming here
is that the detector is not selective. Overlapping bands may go unnoticed.
The option again is to include a second dimension of detection, and here NMR

was chosen. Due to sample loading limitations of the column, multiple
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injections to collect fractions are required to obtain sufficient material for
NMR analysis.

Many two dimensional separations have been developed for TLC.
Using paper electrophoresis as the first dimension allows for many neutral
and positively charged species, such as other saccharides that are not of
interest, to be removed. This allows for a second, or even third, dimension
that is less complicated to interpret. By using preparative scale TLC, a
sample that is possibly more pure may be obtained. Here, again, the
difficulty is with sample loading limitations in the first dimension. Due to
diffusive broadening of the bands, the initial spot must be small and
concentration effects cause the migration of the sample to be altered. The
standards would have to be spotted onto the paper at approximately the same
concentrations as an unknown to assure that migration distances would

correlate.
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Chapter 6

EXTRACTION AND STRUCTURE DETERMINATION OF
SULFOQUINOVOSE

Introduction: One important class of biomolecules is the
oligosaccharides. These can be present in nature as free carbohydrates or as
glycoconjugates (e.g., glycoproteins and glycolipids). The challenge in the
separation and analysis of these materials is that they do not contain strong
chromophores for absorption in the UV or visible region. They are also highly
heterogeneous in terms of their degree of polymerization, base-unit
composition, and even molecular shape (i.e., functional group modifications).
The bioanalysis of oligosaccharides has been demonstrated in ion-pairing
chromatography by conductivity detection, in ion-exchange chromatography
by pulsed amperometric detection, in supercritical fluid chromatography by
mass spectrometry, and by direct measurement using matrix assisted laser
desorption mass spectrometry and fast-atom bombardment mass
spectrometry. Mass spectrometry alone, particularly soft ionization
techniques, cannot be used for complete structure determination of
molecules. For structure determination, carbon and proton NMR are
invaluable, although the amounts of sample required and relative purity of
the sample necessary for interpretation are greater than for mass spectral

analysis.
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Materials and Methods: R. trifolii 1021 was grown at 29° C in 4l
shaken flasks containing 21 of modified Bergensen’s, B III, media each.172
The cultures were supplemented with either the methyl glycoside of
sulfoquinovose, as the carbon and sulfur source or H235SO3 as the sulfur
source. To acclimate the bacteria to sulfoquinovose, as the carbon and sulfur
source, starter cultures were used. Test tubes containing 5 ml of sterile
media were serially diluted to 10 ml. The bacteria in each tube were
incubated until late stationary phase before being transferred to the next
tube, thereby increasing the concentration of SQ the cells were exposed to.
Once acclimated to SQ-Me, these cells were then grown in two litre batches
until they were in late stationary phase and were then harvested by
centrifugation at 7.5 krpm for 25 minutes on a Sorvall RC2-B centrifuge
equipped with a GSA rotor. The supernatant was removed and the resulting
pellet was extracted by stirring with a mixture of ethanol: water (1:1) for
three hours at 4° C. Cells were then centrifuged again to obtain a pellet and
the supernatant was passed through a cation exchange column. The column
was then washed with a mobile phase of ethanol: water (1:1, 500 ml) and the
eluent collected. All fractions were evaporated on a rotary evaporator and
redissolved in a solution of propanol: methanol: ammonium hydroxide (3:1:1).
This was passed through a silica column (6x1.5 inches), and 5 ml fractions

were collected. These fractions were spotted onto silica TLC plates and
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developed using a mobile phase of 1-propanol: methanol: ammonium
hydroxide: water (1:1:1:1). Detection of the spots of interest was obtained by
spraying with orcinol and heating, in the instance of the bacteria grown on
SQ-Me, and by use of Autorad detection of radioactivity, for 35S. Fractions

with similar purity were then combined and NMR analysis performed.
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Figure 6.1: First eluting fraction after sample was purified from
R. 1021.
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Figure 6.2: NMR of SQDG from the published work of
Cedergren et al.

Results and Discussion: In order to harvest sufficient material for
NMR analysis, none of the separations developed in the previous chapters
was amenable to scale up. Once the bacteria had been lysed and centrifuged,
to obtain a crude extract, which was passed through a cation exchange
column. Most cations are removed, and the column does not retain neutral
species or anions. An aliquot of the eluent was analyzed by NMR to

determine whether molecules relevant to sulfoquinovose metabolism were
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present in abundance. This was to be determined by comparing the crude
extract to the synthetic standards. Further purification was then
undertaken. The procedure used consisted of a silica flash column and an
aqueous mobile phase of 1-propanol: methanol: ammonium hydroxide (3:1:1).
This first dimension of separation resulted in several overlapping bands,
determined by following the movement of 35S labeled peaks that were
obtained from a second set of incubations of R. 1021. By running standards
alongside the unknown sample on the same TLC plates, many of the Rs
values corresponded to those from the bacterial samples. In Figure 6.1 as
compared to Figure 6.2, it was determined that sulfoquinovose is present as a
major negatively charged component obtained from the biological samples
and that the resonances from the NMR analysis of the column
chromatography correspond well to those obtained previously from
preparative TLC. In particular, all of the resonances corresponding to the
carbohydrate protons of SQ are present, and at similar frequencies. From the
data presented in Figures 6.1 and 6.2, the published spectrum from
Cedergren et al.1”3 of SQDG, as compared to Figure 5.9 from the synthesis of
the methylpyranoside of sulfoquinovose, it is apparent that the synthesized
material has been converted into sulfoquinovose, and, from the TLC retention
factors, that the 35S has been taken up by the bacteria and included in its

metabolism.
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Conclusion: After more than forty years, the question still remains
as to the biosynthesis of sulfoquinovose. The answer lies in obtaining
sufficient material to obtain 2-D NMR and definitive proof for the structure of
all metabolites. In addition, the enzymes responsible must be isolated and
the reactions proven in vitro, so that no questions remain. Glycolysis and
gluconeogenesis are two of the most well known examples of biosynthetic
pathways. If sulfoquinovose is synthesized using this pathway, perhaps
many of the enzymes involved are also involved in the synthesis of SQ.
General forms of all of these enzymes are available commercially.

The specific nutritional requirements for different microorganisms
vary greatly. For example, heterotrophic microorganisms require organic
matter, but autotrophic microorganisms do not. Some microorganisms are
fastidious, having complex specific growth factor requirements, and therefore,
these microorganisms are able to reproduce only under greatly restricted
conditions. Other microorganisms are capable of reproducing under less
restricted conditions. n Some microorganisms have simple nutritional
requirements and are able to reproduce by using a single carbon source as
their growth substrate. Such organisms have the metabolic capability of
interconnecting the various biochemical pathways so that a particular carbon
compound can be transformed into the carbon backbones of all the required
macromolecular constituents of those organisms. The fact that SQ and UDP-

glucose can be used as substrates for growing Rhizobia is not surprising.
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These organisms have been utilizing the carbon sources available for growth.
The ability of Rhizobia to survive requires its adaptability and this extends to
its sources for food.

The fact that overlapping bands were obtained in the separation of
sulfoquinovose and its metabolites reinforces the notion that multiple
separations are required to obtain pure samples for analysis. One of these
bands was sulfoquinovose (Figure 6.1) another has been tentatively identified
as a sugar, although from the TLC it has the same Rf as UDP-glucose
(Atima), it is not likely this compound. Since many of the assays for SQ and
metabolites utilize TLC solely for identification based on Rf and the
comparison with standards, this data indicates that this practice is prone to
errors. Final identification of SQ and its metabolites requires obtaining
sufficient material for detailed structural analysis. This will require that
larger batch sizes, likely more than ten times the volume used in this study.
Following the metabolism using 35S should be performed on a smaller scale,
so that the elution of metabolites may be monitored. But for structural
analysis of metabolites, the availability of larger quantities of material is
crucial. This is especially true when the material, in the absence of mutants
where intermediates build up, is present in only minute quantities. In
addition cell free, in vitro, experiments need to be conducted. With the
wealth of knowledge available on gluconeogenesis and glycolysis that have

been accumulating for the past hundred 150 years, from Pastuer’s initial
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experiments in determining the mechanisms of fermentation to the present,
if the suspected metabolites follow this pathway the in vitro experiments are

a logical next step.
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APPENDIX A
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APPENDIX B

THE D-KETOSES
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AMINO ACIDS AND THEIR MASSES

APPENDIX C

Amino Acid | Amino Acid 3(1) Elemental Mono- Aver.
Group Letter Composition | isotopic Mass
Code Mass
Hydrophobic | Alanine Ala (A) | CsHsNO 71.03711 71.08
(nonpolar) R | Valine Val (V) | CsHsNO 99.06841 99.13
Groups Leucine Leu (L) [ CeH11NO 113.08406 |113.16
Proline Pro (P) | CsH7iNO 97.05276 97.12
Phenylalanine | Phe (F) | CoHsNO 147.06841 | 147.18
Tryptophan Trp (W) | C11H10N20 186.07931 | 186.21
Methionine Met (M) | CsHoNOS 131.04049 | 131.20
Hydrophilic | Glycine Gly (G) | C:H3NO 57.02146 57.05
(polar) R Serine Ser (S) | CsHsNO2 87.03203 87.08
groups Threonine Thr (T) | C4H7NO: 101.04768 |101.11
Cysteine Cys (C) | CsHsNOS 103.00919 |103.15
Asparagine Asn (N) | CeH12N4O 156.10111 | 156.19
Glutamine Gln (Q) | CsHsN202 128.05858 | 128.13
Tyrosine Tyr (Y) | CsHoNOsq 163.06333 | 163.18
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APPENDIX C (cont.)

AMINO ACIDS AND THEIR MASSES

Amino Acid | Amino Acid 3(1) Elemental Mono- Aver.
Group Letter | Composition | isotopic Mass
Code Mass

Basic R Histidine His (H) | CeH7N20 137.05891 | 137.14

groups Lysine Lys (K) | CeH12N20 128.09496 | 128.17
Arginine Arg (r) | CeH12N4O 156.10111 | 156.19

Acidic R Aspartic Acid | Asp (D) | C4HsNOs3 115.02694 | 115.09

groups Glutamate Glu (E) | CsH7NOs 129.04259 | 129.12
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APPENDIX D

GLYCOLYSIS AND GLUCONEOGENESIS
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APPENDIX E

SPECIES SPECIFIC MODIFICATIONS TO SQDG
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