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ABSTRACT

Plant cell walls are extraplasmalemmal organelles whose structural complexity
and mechanical robustness render them especially challenging for detailed
structural and functional scrutiny. Xyloglucans are a major class of complex
polysaccharides with structural, metabolic and regulatory functions in the cell
walls of land plants. The amounts and fine structures of xyloglucans vary among
plant taxa, tissue and cell type, and according to the developmental stage of the
cell. The range of xyloglucan functions and the functional significance of their
structural diversity are currently not well understood. Technological advances are
now making it possible to begin understanding these aspects of xyloglucan
biology. Towards this end, | generated and purified twenty-eight xyloglucan
oligosaccharides by a combination of enzymatic hydrolyses and preparative
scale chromatography, and demonstrated their utility as mass spectrometry and
chromatography standards and as probes in epitope characterization of thirty-two

xyloglucan-binding monoclonal antibodies. Using these oligosaccharides, | first



compared the utility of matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry and high-pH anion exchange chromatography with pulsed
amperometric detection as quantitative methods to study xyloglucan
oligosaccharide mixtures. Both methods are suitable for routine analyses of
xyloglucan oligosaccharide mixtures, but due to the presence of isomeric
structures that leads to ambiguity in the interpretation of mass spectrometry data,
and co-elution that leads to ambiguity in the interpretation of chromatography
data, these methods should be used in conjunction. Immunofluorescence
methods on plant tissue sections are currently one of the most powerful
approaches to study the abundances, structures and localizations of xyloglucans
in the plant cell walls. Despite their popularity, there has been substantial
uncertainty in the interpretation of the observed binding patterns since the
precise epitopes of these antibodies had not been determined. The availability of
this xyloglucan oligosaccharide collection allowed me to establish the minimum
epitopes of these antibodies in great chemical detail using enzyme-linked
immunosorbent assays. Knowledge of the binding specificities allows structural
interpretation of data from immunofluorescent and other monoclonal antibody
utilizing experiments. Collectively, these contributions provide fundamental
information that will facilitate our understanding of the biological roles of

xyloglucans in the plant cell walls.
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CHAPTER 1

INTRODUCTION AND LITERARY REVIEW

1.1. Plant Cell Walls

Plant cell walls are chemically and physically complex extracytoplasmic
organelles whose organization and dynamics at the molecular scale are only
superficially known. Classical microscopic and biochemical investigations to plant
cell walls exposed a three-dimensional network of mostly high molecular weight
polysaccharides immediately surrounding the plasma membrane of every plant
cell. Cell walls are the main determinant of the shape and integrity of plant cells.
This is evident from the observation that plant cells whose walls have been
enzymatically removed are spherical and eventually rupture if placed in a
hypotonic medium (Pritchard, 2007). The intracellular space (cytoplasm and the
other compartments) of plant cells has a low water potential due to a large
concentration of dissolved and colloidal material (Nobel, 2009). The resulting
negative water potential gradient across the plasma membrane leads to an influx
of water along a thermodynamic gradient to the cell from the extracellular milieu.
This leads to a high osmotic pressure (up to ~1 MPa) in the cytoplasm that tends
to expand and spherisize the protoplasm (everything within the plasma

membrane). Naturally, the turgor pressure operates in the cells of intact plants as



well, and has many essential functions, including driving the cell growth and
expansion (Pritchard, 2007). The structural rigidity of the wall protects the cell
against not only this internal turgor pressure, but also the external strain
conjoined by the mass of the plant tissue around and on top of it. Sizes, forms,
and rheological properties of cells, tissues, organs and ultimately whole plants
are largely determined by their cell walls due to the tight continuity of the
extraplasmalemmal structures (collectively termed as the apoplast) - the plant

stands and falls (literally!) with its cell walls.

Cumulative and combined evidence from the abovementioned as well as
genetic and biophysical approaches have displaced this static view of plant cell
wall as an inert mechanical restraint with a dynamic perspective, where the wall
is a metabolically active and adaptive organelle with pervasive functions in plant
physiology (Albersheim et al, 2011). For example, the cell wall structure is
“loosened” in a regulated manner to yield to the turgor pressure, leading to the
expansion and reshaping of cells undergoing growth, cell division and
differentiation (Pritchard, 2007). Moreover, the confining position, adaptable
porosity and gelling properties put the cell wall in charge of regulating the traffic
of macromolecules and water alike between the cells and their environment.
Plant cell walls are also a source of signaling molecules (Cote & Hahn, 1994;
Cote et al, 1998; Fry et al, 1993a; Mohnen & Hahn, 1993; Ridley et al, 2001) and
an active participant in the defense against fungal infections and other biotic

challenges. It has been estimated that cell wall related genes comprise up to



15% of the genome of the model organism Arabidopsis thaliana (Carpita et al,

2001; Yong et al, 2005).

Nearly all types of plant cells are surrounded by a cell wall, the gametes
being the most notable exception (Albersheim et al, 2011). Several types of cell
walls with distinct compositions have been described in different plant taxa. The
cell wall types reflect the evolutionary history of plants as well as the various
strategies that plants utilize in occupying their diverse habitats (Popper, 2008;
Popper et al, 2011). Furthermore, the compositions as well as chemical and
physical properties of cell walls are tailored by the individual cells, not only during
the initial synthesis but also throughout their lifetime. Growing plant cells
synthesize primary cell walls that are biologically responsive organelles and that
can accommodate the expansion of the growing cells they encase (Albersheim et
al, 2011). Cells that require mechanical strength, for example to sustain water
transport, synthesize additional layers of wall, collectively called the secondary
cell wall. The secondary cell wall is deposited interior to the non-expanding
primary cell wall and can become so thick that it eventually consumes most of
the space interior to the primary cell wall, at the expense of the size of the
cytoplasm. Due to the impenetrability of a typical secondary cell wall to even
small solutes, these cells are metabolically inactive (dead) at maturity and only

have supportive function.

The properties of many plant based products are largely determined by
their cell walls (Albersheim et al, 2011). For example, the durability of

construction timber arises solely from the mechanical and chemical robustness of
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the secondary cell walls. Also, both the texture and shelf-life of vegetables
depend largely on the integrity of the cell walls. Humans have utilized plants and
thus plant cell walls throughout the history of our species. We are currently in the
stage where our understanding of the genetics, biochemistry, physiology, and
ecology of plants allows us to begin designing and genetically manipulating plant

species for our benefit (Akpinar et al, 2013; Bock, 2013; Yoon et al, 2013).

1.2. Composition of Plant Cell Walls

The defining and unifying structural feature of plant cell walls is the presence of
cellulose. Chemically, cellulose is a homopolymer of (1—4)-linked B-D-Glcp
residues, but its distinctive property is the physical form it takes in the cell wall. In
plants, approximately 36 individual cellulose molecules coalesce by
intermolecular hydrogen bonds into dense long cylindrical microfibrils (5—15 nm
wide and 1-5 um long) as they are synthesized and extruded by the plasma
membrane bound cellulose synthase complex (Albersheim et al, 2011). The high
tensile strength of cellulose and the noticeable directional coherence of the
microfibrils in the cell wall has led to the notion that cellulose is the main

determinant of the mechanical properties of plant cell walls (Stone, 2007).

Besides cellulose, plant cell walls contain other carbohydrate and non-
carbohydrate components in varying proportions (Waldron & Faulds, 2007).
Pectins are a family of complex polysaccharides whose most distinguishing
feature is the high proportion of anionic galacturonic acid residues in their

backbone (Caffall & Mohnen, 2009). These anionic residues bind divalent cations



such as Ca®" that can bridge two pectin polysaccharides. An additional mode of
interaction between pectins occurs via a covalent borate cross-link between two
apiosyl residues (Ishii & Matsunaga, 1996; O'Neill et al, 1996). The large water-
holding capacities and gelling properties of some pectins in vitro have been
extrapolated to their function in muro, and it is thought that pectins determine
also the porosity and hydration of the wall, hence being the main determinant of

the transport properties of the cell wall (Willats et al., 2001).

Hemicelluloses are characterized by backbones that are composed of
B(1—4)-linked D-pyranosyl residues with equatorial configuration of the hydroxyl
groups at C-1 and C-4 that are involved in the backbone glycosidic bonds
(Scheller & Ulvskov, 2010). Hemicelluloses are generally thought to act as cross-
links, tethers or spacers between cellulose microfibrils. Several types of
hemicelluloses have been described, including xylans and mannans, both of
which exhibit diversity in their fine structures. For example, xylans can be
substituted by arabinosyl, glucuronosyl, and 4-O-methylglucuronosyl residues.
Mannans can be classified either as homomannans, glucomannans,
galactomannans and galactoglucomannans, depending on their chemical
structures. Most hemicelluloses bear O-acetyl groups either in the backbone or

side-chain residues (Scheller & Ulvskov, 2010).
1.3. Xyloglucan

Xyloglucans (XyGs) are another class of hemicellulosic polysaccharides in the

plant cell walls. Development of methods to study XyG structure and function is



the common theme of the research described in this dissertation. XyGs are some
of the most abundant and common polysaccharides in plant cell walls (Fry,
1989). XyG structure is characterized by a (1—4)-linked p-Glcp backbone with
frequent side-chains initiated by a(1—6)-linked D-Xylp residues. Most of the
xylosyl residues are extended to create larger side-chains, whose structures and
distribution depend on the plant species. The most common extension to the
Xylp residue is a B-D-Galp residue. XyG polysaccharide from tamarind seed is
composed of four major subunits whose structures are shown in Figure 1. A large
number of other side-chain structures have been described, some of which are

further discussed in Chapters 2 and 3.

Cumulative evidence shows that XyG is present in virtually all plant
species studied so far, representing all major lineages of land plants
(Embryophytes) (Popper, 2008). XyG specific enzymes, including glycosyl
hydrolases, glycosyl transferases and especially endotransglycosylases, form
large groups of enzymes in plants (Baumann, 2007). These observations
suggest that there is a strong evolutionary pressure for maintaining XyG as a
component in the cell wall. A surprising finding of a XyG-less Arabidopsis
thaliana mutant that is viable under controlled growth conditions, has fueled
speculation about the necessity and the full range of functions of XyGs in plants

(Cavalier et al, 2008).

XyG analysis is hampered, as is plant cell wall polysaccharide analysis
generally, by the lack of suitable standard molecules for mass spectrometry and
chromatography analyses, and for the characterization of XyG-binding proteins
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and XyG-processing enzymes. Generation and purification of XyG
oligosaccharides for these and other analytical purposes is described in Chapter
2. Appendices B and C describe additional work utilizing mass spectrometry and

other methods to study XyGs and XyG-active enzymes.

1.4. Ultrastructure of Plant Cell Walls

The resistance of plant cell walls to mechanical, chemical and biological
degradation, or its recalcitrance, renders cell walls an especially challenging
target for detailed analysis. Correlative changes in the gross compositions and
mechanical properties of cell walls along evolutionary and various genetically
controlled pathways, such as growth and ripening, as well as environmental
conditions, such as pathogen and water stress, have been exhaustively
catalogued (Percy et al, 1996). This solid understanding of the general
composition and morphology of the cell wall contrasts radically the rudimentary
notions we have of the mechanistic underpinnings, coordination, and cause-
effect relationships during wall biogenesis, growth and function. Decades of
painstaking analyses have nevertheless yielded enough information to stitch
together models that can recapitulate at least some of the essential structural
and functional features of plant cell walls. Models of plant cell wall architecture
emphasize its chemical diversity, physical heterogeneity, and the covalent and
non-covalent interactions between its various macromolecular components
(Carpita & Gibeaut, 1993; Cosgrove, 2001; Keegstra et al, 1973; Somerville et al,
2004). Here, insoluble cellulose microfibrils are embedded in amorphous and

hydrated matrix of hemicelluloses and pectins whose interactions with solvent



and other molecules can be tunable. Examples of such enzymatic modifications
that change solubility properties of matrix components are de-methylesterification
of acidic polygalacturonan and degalactosylation of XyG, that both lead to lower

solubility of the corresponding polysaccharide.

The heterogenous composition of plant cell walls raises the possibility for
spatially overlapping and interwoven, yet functionally independent polymer
networks. Several covalent and non-covalent polymer networks have indeed
been implicated in vitro (Mishima et al, 1998) with more-or-less convincing
evidence of their functions in muro. The archetype of such a network is the
cellulose-XyG network which has been assigned, mainly by biochemical
evidence, the major load-bearing function in plants with XyG as the major
hemicellulose (Whitney et al, 1999). Recent genetic evidence from viable
Arabidopsis mutant that lack detectable XyG altogether, yet shows only minor
growth phenotype in controlled environment (Cavalier et al, 2008), suggest at
minimum redundancy and plasticity in the division of labor in the plant cell wall.
Besides its direct role as a tether between cellulose microfibrils, XyG has other
potential roles in the cell wall. From in vitro studies, the tendency of cellulose
microfibrils to aggregate is well documented. XyG can be adsorbed to the
surface of the microfibril to prevent this, in addition to providing optimal
separation of the microfibrils in muro (Fry, 1989). Intimately linked to cell wall
expansion in growing cells is the yielding of the XyG-cellulose network to turgor
pressure. Peter Albersheim hypothesized the existence of XyG

endotransglycosylase (XET) activity that breaks and religates XyG polymers in



the plant cell wall, leading to controlled yielding to the turgor pressure without
breakdown of the network (Albersheim, 1976). The existence of such enzyme
activity was experimentally confirmed later (Nishitani & Tominaga, 1992; Smith &
Fry, 1991) and is understood currently to be one of the major enzymatic activities

responsible for plant cell wall expansion and remodeling.

Evidence from a variety of approaches suggests two modes of non-
covalent interaction between cellulose microfibrils and XyG. Parts of the XyG
molecule can be either physically trapped within the nascent microfibril, or
adsorbed on the surface of the assembled microfibril by hydrogen bonding
(Hayashi et al, 1994). The rest of the XyG molecule is solvated and relatively free
to move around, potentially tethering, or cross-linking two cellulose microfibrils.
The structure and abundance of XyG varies tremendously according to the types
and developmental stages of cells and tissues, as well as various levels of plant
taxonomy (Fry, 1989), hinting that XyG functions might differ between plant
species. Besides the XyG-cellulose network, other interpolymer networks have
been proposed to contribute to the structural properties of the cell wall (Tan et al,

2013).

1.5. Monoclonal Antibodies as Structural and Quantitative Probes

High specificity and affinity towards their epitopes make monoclonal antibodies
(mAbs) a versatile probe of molecular structure and topology even in complex
aggregates (Knox, 1997). The plant cell wall community has used

immunolocalization to visualize structural and topological changes at the



molecular level in plant cell walls with sub-cellular spatial resolution to dissect
developmental pathways and responses to genetic manipulation (Knox, 2008).
For instance, the CCRC-M series of mAbs, which have been generated by
Michael Hahn and colleagues at the Complex Carbohydrate Research Center of
the University of Georgia, contains approximately 130 mAbs against various
plant cell wall polysaccharides (Pattathil et al, 2010). Some of these mAbs have
been used to map changes of plant cell wall ultrastructure and composition in
Arabidopsis mutants (Cavalier et al, 2008; Freshour et al, 2003). Complementary
efforts for generating mAbs (for example Leeds Monoclonal (LM) and John Innes
Monoclonal (JIM) series) against plant cell wall structures have also been

initiated (see, for example (Smallwood et al, 1995)).

Altogether, approximately 180 mAbs have been generated against the cell
wall polysaccharides. The utility of these mAbs for immunolocalization of plant
cell wall polysaccharides is acknowledged, but the pace of their generation
exceeds that of rigorous epitope characterization. Thus majority of the mAbs
generated against plant cell wall components can only be used in a descriptive
manner without derivation of more explicit structural information. Moreover, the
results from immunolocalization experiments need to be interpreted in the
context of the environment of the molecules under scrutiny. The plant cell wall is
a complex aggregate, with the conformation, topology, and solvent availability of
the epitopes differing from those of free isolated and pure molecular
preparations. The deconvolution of these aspects requires additional information

regarding the chemical composition of the sample. However, utilization of mAbs
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as a chemical and biophysical tool in plant cell wall research remains largely

unexplored.

Chapter 3 of this dissertation describes our attempts to increase the
usefulness of existing mAbs by characterizing their binding epitopes in detailed
manner. Our primary analytical tool for epitope characterization is the enzyme-
linked immunosorbent assay (ELISA), of which several variations exist (Davies,
2005). The main approach we use is to immobilize purified and biotin-conjugated
oligosaccharides on commercially available NeutrAvidin-coated plates and probe
the oligosaccharides with unpurified mAbs secreted in the hybridoma cultures.
We have used this approach successfully to characterize the epitopes of thirty-
two mAbs. According to our experience and general knowledge of the size of
antibody binding sites (Alzari et al, 1988), the minimum epitopes of mAbs are no
larger than the oligosaccharides produced by XEG hydrolysis of XyG. Hence, this
experiment with small oligosaccharides gives information on the minimum
structure that will be recognized by the antibody in a biological sample, such as a
plant cell wall. Some applications, such as isothermal titration calorimetry
(Livingstone, 1996) and surface plasmon resonance (Hearty et al, 2012) require
pure mAbs for their efficient utilization. Towards this end, | also explored mAb

purification technologies. These efforts are described in Appendix A.
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Figure 1-1. XyG polysaccharide from tamarind seed is composed of four major
subunits. The number, structures, abundances and the number of distinct subunit
structures depend on the species, tissue, and developmental stage of the cell.
The nomenclature of xylogucan structures was first described in (Fry et al,
1993b). The subunit structures are rendered according to Consortium of

Functional Glycomics guidelines (Varki et al, 2009).
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CHAPTER 2

GENERATION AND STRUCTURAL VALIDATION OF A LIBRARY OF
DIVERSE XYLOGLUCAN-DERIVED OLIGOSACCHARIDES FOR

ANALYTICAL PURPOSES !
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2.1. Abstract

Xyloglucans are complex polysaccharide components in the cell walls of land
plants with functions in cell growth and expansion, energy metabolism and
signaling. Quantitation as well as elucidation of their structure-function
relationships requires structurally well-defined and pure oligosaccharides. As an
illustration of our laboratory’s continuing efforts in structural and quantitative
analysis of plant cell wall components, we have prepared and characterized a
large collection of structurally diverse and homogenous xyloglucan
oligosaccharides for various analytical purposes. Here, we present a
comprehensive workflow for the preparation of such oligosaccharides in
preparative scale using enzymatic treatments and size-exclusion
chromatography. We used mass spectrometry, high-pH anion exchange
chromatography and nuclear magnetic resonance spectroscopy for structural
validation of these oligosaccharides. The availability of this collection of pure
xyloglucan oligosaccharides enabled us to evaluate matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry and high-pH anion
exchange chromatography with pulsed amperometric detection in quantitative
analysis of xyloglucan oligosaccharide mixtures. Whereas high-pH anion
exchange chromatography with pulsed amperometric detection is suitable for
absolute quantification, matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry can be only used for relative quantification. Nevertheless,
due to isomerism and co-elution of the oligosaccharides, unambiguous analysis

requires the use both of these orthogonal methods.

23



2.2. Introduction

2.2.1. Plant Cell Walls and Xyloglucan

Plant cell walls are extracytoplasmic organelles that surround nearly every living
plant cell (the gametes being one notable exception) and are composed mainly
of polysaccharides, polylignols, and proteins in varying proportions (Albersheim
et al, 2011). The structural complexity and the covalent and non-covalent
interactions between these macromolecules yield a composite structure (Gibson,
2012) that is mechanically and chemically recalcitrant, thus posing formidable
obstacles for analysis. Xyloglucans (XyGs), which are some of the most
structurally complex and tightly integrated components in plant cell walls,
embody these analytical challenges. In the generally poorly apprehended field of
plant cell wall biology, XyG nevertheless stands out as one of the best
characterized components. XyG has been shown to have metabolic role as a
mobilizable storage polysaccharide in developing embryos of several plant
species (Buckeridge, 2010). XyG oligosaccharides have also been shown to
have signaling function both in vivo and in cell culture models (Fry et al, 1990;
Vargas-Rechia et al, 1998; York et al, 1984). A large collection of plant glycosyl
transferases (GTs) and glycosyl hydrolases (GHs) responsible for XyG
biosynthesis (Zabotina, 2012), remodeling (Eklof & Brumer, 2010), and
degradation (Iglesias et al, 2006) have been discovered. Most notably, and
controversially, the archetypal plant cell wall interpolymer network formed by
cellulose and XyG has been assigned load-bearing as well as regulatory

functions in cell wall (Hayashi & Kaida, 2011). Further impetus for XyG
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characterization has arisen from its recognized and potential applications in the
food, pharmaceutical, textile, and paper industries (Mishra, 2013; Mishra &

Malhotra, 2009).

2.2.2. The Chemical Structure of XyGs

Side-chain Structures The chemical structure of XyGs is
characterized by a linear cellulosic backbone of B(1—4)-linked D-Glcp residues,
with frequent and regularly distributed side-chains initiated (except for in rare
instances) by an a-D-Xylp residue at O-6. A large portion of the Xylp residues are
further extended to create larger side-chains containing up to four glycosyl
residues. There is substantial diversity in the fine structures of XyGs; currently
more than twenty side-chain structures have been described, only a small subset
of which can be found in any single species. XyG structures of any length can be
conveniently described in a single-letter code that was originally introduced by
Fry and colleagues (Fry et al, 1993) and expanded by various researchers to
accommodate newly discovered side-chain structures. In this scheme, G denotes
an unsubstituted backbone Glcp residue, whereas X, L, and F denote Glcp
residues substituted at O-6 with a-D-Xylp, B-D-Galp-(1—2)-a-D-Xylp, and o-L-
Fucp-(1—-2)-B-p-Galp-(1—2)-a-D-Xylp side-chains, respectively. An inclusive
listing of relevant side-chain structures and their nomenclature is presented in
Table 1. All XyGs (from wild type plants) described so far contain at minimum
one additional side-chain structure (almost always L) in addition to X. However,

nearly all XyGs contain additional side-chains, F being the most common.
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Notably, the F side-chain is present in the structural XyGs of the model organism
Arabidopsis thaliana (Zablackis et al, 1995) and in suspension cultured sycamore

maple (Acer pseudoplatanus) cells (York et al, 1986).

Despite the large number of chemically distinct side-chains, there is a
much smaller number of architecturally unique side-chain groups, each
composed of members that share some structural features. Most of the
described XyG side-chains belong in a group whose more complex side-chains
are formed from the simpler ones by extension with additional glycosyl residues,
as exemplified by the X, L, and F side-chains. In this regard, XyG biosynthesis
represents that of several other types of complex carbohydrates, where the non-
stoichiometric extension by GTs (and sometimes trimming by GHs) leads to a
series of structures of varying complexity (as in the N- and O-linked glycans in

proteins) or length (as in almost every type of polysaccharide) (Varki et al, 2009).

Stereochemical Aspects of XyG Structure Besides the structural
heterogeneity arising from its non-template directed biosynthesis, XyG structures
exhibit additional layer of structural complexity. Several reported side-chain
structures are stereochemically identical to the common L and F side-chains
despite having distinct glycosyl residue composition. For example, jojoba
(Simmondsia chinensis) seed (Hantus et al, 1997), and notably the Arabidopsis
murusl plant (Pauly et al, 2001a) (generated using chemical mutagen ethyl
methanesulfonate and found by screening the resulting plant lines for abnormal
cell wall sugar composition (Reiter et al, 1993)) and has a defect in the

biosynthesis of GDP-L-Fuc (Bonin et al, 1997), have both been reported to
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contain a-L-Galp-(1—2)-B-b-Galp-(1—2)-a-D-Xylp side-chain (termed J). The
chemical structure of this side-chain differs from that of the F side-chain only by
the substituent on the C-6 of the terminal sugar residue, namely hydroxyl (OH)
instead of hydrogen (H). Since L-Fuc is 6-deoxy-L-Gal, the J side-chain is
stereochemically identical to the F side-chain. Selaginella kraussiana (a
clubmoss), and Equisetum hyemale (a horsetail) XyGs contain side-chains with
a-L-Arap-(1—2)-a-D-Xylp (D side-chain) and a-L-Fucp-(1—2)-a-L-Arap-(1—2)-a-
D-Xylp (E side-chain) structures (Pefa et al, 2008). These side-chains are
stereochemically identical to the L and F side-chains, respectively, with an a-L-
Arap residue replacing the B-D-Galp residue. Here, the chemical difference is the
substituent on the C-5 of the sugar residue linked to the Xylp residue, namely
hydrogen (H) on the a-L-Arap and hydroxymethyl (CH,OH) on the B-D-Galp. In
yet another variation of this structural theme, Pefia and colleagues reported the
root hair-specific anionic B-bD-GalpA-(1—2)-a-D-Xylp (termed Y) and a-L-Fucp-
(1—>2)-B-b-GalpA-(1—2)-a-D-Xylp (termed Z) side-chains in Arabidopsis (Pefia et
al, 2012). These side-chains are also stereochemically identical to the L and F
side-chains, with D-GalpA replacing D-Galp residues. The only difference
between the B-D-GalpA and B-D-Galp residues is the substituent on the C-5,
namely carboxylic group (COOH) on the GalpA and hydroxymethyl (CH,OH) on

the Galp residue.

Here (and elsewhere in this dissertation), glycosyl residues (and the side-
chains bearing them) are defined as stereochemically identical if they have the

same spatial configuration all shared stereocenters (ignoring stereocenters that
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are not present in all of the structures being compared) (IUPAC-IUBMB Joint
Commission on Biochemical Nomenclature (JCBN), 1996). Thus, a-L-Galp and
a-L-Fucp are stereochemically identical because they share the a-L-galacto
configuration, whereas p-bD-Galp, B-D-GalpA and a-L-Arap are stereochemically
identical because they share the 3-D-galacto configuration. The stereochemical

configurations of these glycosyl residues are shown in Supplemental Figure 1.

Several other families of structurally related side-chains, whose taxonomic
distribution is also typically limited, have been described in the literature

(Hisamatsu et al, 1992; Pefia et al, 2008; York et al, 1996).

The apparent interchangeability of stereochemically identical sugar
residues, for example a-L-Fucp/a-L-Galp, as well as B-D-Galp/B-D-GalpA/a-L-Arap
in XyGs can arise from at least two distinct reasons. First, the GTs may be able
to use more than one sugar nucleotide as a donor in the transfer reaction.
Second, distinct GTs dedicated to the transfer of a particular nucleotide sugar to
a particular substrate may be present in the plant. The transfer and partial
replacement of a-L-Fucp by a-L-Galp in murusl XyG is unlikely to be catalyzed
by a dedicated L-galactosyl transferase since L-Gal is not found in the XyG of
neither wild type Arabidopsis nor in the murus2 plant that has inactive XyG-
specific fucosyltransferase (AtFUT1) (Vanzin et al, 2002). Rather, it is
hypothesized that in the wild type Arabidopsis, the utilization of GDP-L-Fuc by the
AtFUT1 (Perrin et al, 1999) dominates over that of GDP-L-Gal (which is also a

naturally occurring nucleotide sugar) due to either GDP-L-Fuc being a preferred
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donor substrate, or GDP-L-Fuc having a higher concentration in the secretory
pathway where the enzyme resides, or a combination of both phenomena. In
contrast, dedicated GTs have been found for B-p-Galp (with the underlined target
positions XXXG (Jensen et al, 2012) and XXXG (Madson et al, 2003)) and B-D-
GalpA (Pefia et al, 2012) residues in XyG. Thus, Arabidopsis utilizes at least two
different strategies in XyG biosynthesis that increase the structural diversity
without sacrificing any functional constraints or requirements in XyG
stereochemistry. Unlike the two XyG-specific galactosyltranferases described,
the XyG-specific galacturonosyltransferase (XUT1) can apparently transfer B-bp-
GalpA to both of the underlined positions in XXXG in XyG polysaccharide. The
described XyG-specific galactosyl- and galacturonosyltransferases are closely
related and are classified as GT47 enzymes. It is also interesting to note that
xylogucan-specific arabinofuranosyltransferases belonging to the GT47 family
(Schultink et al, 2013) catalyze the transfer of an a-L-Araf residue (which is not
structurally similar to the pyranosyl residues with b-galacto configuration in L, D
and Y side-chains) to the O-2 position of the Xylp residue to form the S side-

chain (York et al, 1996).

XyG Polysaccharide is Composed of Subunits The backbone of XyG
polysaccharide is susceptible to enzymatic hydrolysis by various evolutionarily
distinct endoglucanases (EGs) that differ in their site-specificity (Gilbert, 2010;
Gilbert et al, 2008). Limit hydrolysis of water extractable tamarind seed XyG
polymer by XyG-specific endoglucanases (XEGs) (which exclusively hydrolyze

the glycosidic bond of unsubstituted backbone glucosyl residues) yields XXXG,
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XLXG, XXLG, and XLLG as the most abundant XyG oligosaccharides (York et al,
1990) (see Figures 1-1 and 2-1A). The smallest possible XyG oligosaccharides
generated by XEG (or other EGs) with this specificity are collectively termed the
S1 fraction (for single subunit). Some structural generalities have emerged from
the analysis of XyGs from a large number of plant species. The (usually)
homogenous length of the XyG S1 oligosaccharides leads to an obvious
conclusion that a mature XyG polymer is composed of discrete subunits. Most
plants have XXXG-type subunits, where blocks of three consecutively substituted
backbone residues alternate with a single unsubstituted backbone residue
throughout the polymer (Hoffman et al, 2005; Hsieh & Harris, 2009; Hsieh &
Harris, 2012; Vincken et al, 1997). The side-chain structures and placement
within the subunit are characteristic of the XyG type. For example, in XXXG-type
XyGs, both the probability of extension of the xylosyl residues and their structural
complexity typically increase towards the reducing end of the subunit. Whereas
the patterning of side-chains along the polymer backbone is generally restricted
in a given species, their structures can vary depending on the tissue and cell
types. For example, tamarind seed also contains fucosylated XXXG-type XyG
that is tightly integrated to the cell walls and thus is not water extractable (see
Chapter 3 for the evidence from immunofluorescence localization experiments
that demonstrate this). Notable other XyG motifs include XXGG found in some
Solanaceous species (York et al, 1996), and XXGGG found in Poeacea (Vincken
et al, 1997). Interestingly, the XyG from Jatoba (Hymenaea courbaril) seeds

contains both XXXG- and XXXXG-type subunits (Buckeridge et al, 1997).
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Exceptions to all rules regarding XyG classification and branching patterns have

been described.

2.2.3. XyG-active Glycosyl Hydrolases

Enzymatic hydrolyses have proven to be essential tools in the analysis of
complex polysaccharides, first to generate oligosaccharides that retain at least
some of the structural characteristics of the parent polysaccharide but are more
amenable for analysis, and further to generate fragments with novel structural
features that are not necessarily found in the parent polysaccharide (van den
Brink & de Vries, 2011; Ward & Moo-Young, 1989). Several XyG backbone and
side-chain hydrolyzing GHs from plants (Iglesias et al, 2006) and fungi (van den
Brink & de Vries, 2011) that can be used to modify XyG in vitro have been

characterized.

Two groups of GHs with endo-specificities are the most useful for
generating XyG fragments. The first includes XEGs (EC 3.2.1.151) that strictly
hydrolyze the glycosidic bond of an unsubstituted backbone Glcp residue. These
enzymes are members of several Carbohydrate Active Enzymes (CAZy) families
(Cantarel et al, 2009), including GH5, GH7, GH12 and GH16. This canonical
specificity that strictly forms XXXG from XXXGXXXG renders these XEGs the
most useful in generating XyG oligosaccharides for structural characterization
since the backbone length of the formed oligosaccharides is constant (as long as
the backbone length of the substrate polysaccharide subunits is homogenous). In

contrast to these enzymes, the site-specificity of hydrolysis by GH74 XEG is not
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as stringent, and other products, such as XXX, and GXXXG are formed as well,
albeit at a lower rate (Yaoi et al, 2005). The second group of useful EGs includes
two other GH74 enzymes, namely Geotrichum sp. M128 oligoxyloglucan
reducing end cellobiohydrolase [OXG-RCBH (Yaoi & Mitsuishi, 2002)], and
Aspergillus nidulans oligoxyloglucan reducing end-specific
xyloglucanobiohydrolase [OREX (Bauer et al, 2005)]. These two enzymes (EC
3.2.1.150) release a substituted cellobiose fragment from the reducing end of
XyGs if the Xylp side-chain immediately on the non-reducing side of the
hydrolysis site is not extended. Thus, of tamarind seed XyG S1 oligosaccharides,
XLXG and XLLG are not substrates for these enzymes, whereas XXXG and
XXLG are, yielding a common XX fragment, as well as XG and LG fragments,

respectively (Bauer et al, 2005; Yaoi & Mitsuishi, 2002) (see Figure 3).

Isoprimeverosyl hydrolase (IPH) is another XyG-hydrolyzing GH with
endo-activity, and like XEGs, OXG-RCBH, and OREX, IPH hydrolyzes the
glycosidic bond of the backbone Glcp residue. The site-specificity of IPH
however is unique in that it hydrolyzes only the glycosidic bond of the non-
reducing end backbone Glcp residue and only if it is substituted by a Xylp residue
which itself is not extended (Kato et al, 1985). Thus, IPH hydrolyzes XXXG to X
(a-D-Xylp-(1—6)-D-Glc, common name isoprimeverose) and XXG fragments. IPH
activity is present in some B-galactosidase preparations, as well as enzyme
mixtures from Aspergillus oryzae [trade name Sanzyme 1000 (Kato et al, 1985)]
and Irpex lacteus [trade name Driselase (Lorences & Fry, 1994)]. Fungal IPHs

have been purified and characterized (Kato et al, 1985; Yaoi & Miyazaki, 2012).
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Further diversity in XyG oligosaccharide structures can be generated with
GHs with exo-activity. XyG active B-galactosidases (EC 3.2.1.23, GH35) (York et
al, 1993), a-xylosidases (EC 3.2.1.177, GH31) (O'Neill et al, 1989), B-
glucosidases (EC 3.2.1.21 GH1) (Crombie et al, 1998), and a-L-fucosidases (EC
3.2.1.63, GH95) (Leonard et al, 2008) have been described. Some of these
enzymes show regiospecificity or regioselectivity towards their substrates. For
example, all described XyG-active a-xylosidases only hydrolyze the xylosyl
residue on the non-reducing end X. Thus, XXXG is hydrolyzed exclusively to
GXXG and no other product such as XGXG is formed. At least some f3-
galactosidases exclusively or preferentially hydrolyze the 3-D-Galp residue on the
“‘middle” xylosyl residue, thus utilizing XLXG as a substrate at higher rate
compared to XXLG (York et al, 1993). In summary, GH activities against most of
the common glycosyl residues in XyGs have been described, and these enzymes
are an essential part of the toolbox to study XyG structures. A large part of this
chapter, and dissertation as a whole, is concerned with using XyG-active

enzymes to produce distinct oligosaccharides for analytical purposes.

2.2.4. Analytical Methods for XyG Analysis

The structural complexity of XyGs renders them challenging for detailed
structural and quantitative analysis. Thus, a wide range of complementary

approaches have been utilized in XyG analysis.

Matrix-assisted Laser Desorption/lonization Time-of-flight Mass Spectrometry

(MALDI-TOF MS) Mass spectrometry (MS) offers a powerful
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combination of structural and quantitative information for oligosaccharide
analysis (Bauer, 2012; Zaia, 2004). MALDI-TOF MS specifically has proven to be
a convenient method for routine analysis of oligosaccharides and their mixtures.
One of the main advantages of this method is its sensitivity, as little as ng of
native (underivatized) neutral oligosaccharide can be detected. Furthermore,
MALDI-TOF MS analysis can provide estimation on the complexity of the sample,
as well as an approximation of the relative quantities of the individual
oligosaccharides within a narrow mass range. Whereas single-stage MS (also
termed full MS analysis) allows an unambiguous determination of the
diastereomeric composition (for example, the number of hexoses, deoxyhexoses
and pentoses) of oligosaccharides, isomeric aspects of structure are not
accessible from this analysis. Glycan analysis by MS is hampered by both
stereochemical (linkage anomericities, presence of isomeric residues) and
positional (sequences as well as linkage positions of residues) isomerism. Both
types of isomers exist in XyG oligosaccharides, leading to ambiguity in the
structural interpretation of full MS data in the absence of other information. Two
examples of XyG oligosaccharide pairs that yield identical MS spectra include the
positional isomers XLXG and XXLG, as well as the XLLG and XXJG pair that
exhibit both positional and stereochemical isomerism. Despite its shortcomings,
full MS analysis is a staple approach in structural and quantitative analysis of
XyGs. At least some of these structural ambiguities can be resolved by multiple-
stage MS (or tandem MS) analysis (Dell et al, 2007). However, to take full

advantage of tandem MS approach, chemical derivatization of the sample prior to
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the analysis is typically required. MALDI-TOF MS is used extensively in the work
described in this dissertation for routine determination of the structural identities
and purities of oligosaccharide preparations, including chromatography fractions.
Furthermore, we explore the capability of MALDI-TOF MS to quantitate XyG S1

oligosaccharides in complex mixtures.

High-pH Anion Exchange Chromatography with Pulsed Amperometric Detection
(HPAEC-PAD) HPAEC-PAD provides both high resolution separation and
sensitivity for oligosaccharide analysis (Corradini et al, 2012; Hardy & Rohrer,
2007). XyG polysaccharides typically yield a small number of S1
oligosaccharides whose structures are nevertheless relatively homogenous.
Hence, HPAEC separation is able to separate most XyG S1 oligosaccharides
from a typical XEG hydrolysis mixture. The structural information from HPAEC-
PAD is limited to the comparison of elution times of the analytes to standards
with known structures, and thus is prone to misinterpretation. On the other hand,
PAD offers sensitive and reproducible detection of oligosaccharides without the
need for derivatization. HPAEC-PAD is utilized in this dissertation for the analysis
of XyG oligosaccharide purity. We also explore the utility of HPAEC-PAD to

guantitate XyG oligosaccharides in mixtures.

Nuclear Magnetic Resonance (NMR) Spectroscopy NMR spectroscopy
is the gold standard in structural determination of organic molecules (Bubb,
2003). Complete structural information that includes the sequences, linkage
positions, identities, and anomeric configurations of sugar residues, non-

carbohydrate decorations, as well as the solution dynamics of the molecule and
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its parts can be in principle elucidated by NMR (Widmalm, 2007). So-called
structural reporter concept (Vliegenthart et al, 1981) was utilized in this
dissertation to verify the structural identities of the purified XyG oligosaccharides.
Here, the few specific oligosaccharide signals (typically from the anomeric
protons of the glycosyl residues) that are well separated from the bulk of the
signals, are observed and analyzed without resorting to full structural analysis.
This approach is sufficient for our purposes since all the XyGs that were used in
this work have been previously structurally characterized and the chemical shifts
that are the primary information content in structural analysis have been
published. Besides the primary literature on the published chemical shifts, the
chemical shift assignments relied heavily on the XyG *H NMR chemical shift
database (http://www.ccrc.uga.edu/databases/index.php?db=protonnmr). This
database was established and is maintained by Dr. William York at the Complex
Carbohydrate Research Center (CCRC) or the University of Georgia. Additional
web-based tools that could be used in interpretation of XyG oligosaccharide
NMR spectra include Computer Assisted Spectrum Evaluation of Regular
Polysaccharides (CASPER, at http://www.casper.organ.su.se/casper/) (Lundborg
& Widmalm, 2011) and GlyNest at
(http://www.glycosciences.de/database/start.php?action=form_shift_estimation)

(Lutteke et al, 2006).

Other information can come for example from biosynthetic or chemical
“logic”, other analytical techniques such as sugar composition and linkage

analyses, liquid chromatography (either off-line, or hyphenated to MS or other
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detection modalities), or interaction analysis with oligosaccharide binding
proteins (Kamerling & Gerwig, 2007). Due to the individual strengths and
weaknesses of each approach, complementary approaches are typically
employed in conjunction for less ambiguous structural and quantitative

interpretation.

2.3. Results and Discussion

2.3.1. Optimization of Size-exclusion Chromatography Conditions for XyG

Oligosaccharide Purification

Ouir first objective was to purify the most abundant and widespread canonical
XyG S1 oligosaccharides as well as some of their stereochemical analogs that
are typically found only in a limited number of species or in specific tissues. We
used extra-fine (particle size < 45 um) Bio-Gel P-2 size-exclusion
chromatography (SEC) polyacrylamide resin (Bio-Rad) for all of our
oligosaccharide separations. This resin has an effective separation range of 100-
1800 Da and has been shown to be suitable for separating neutral glycans, both
native and reduced, with one to ten monosaccharide residues, using water as the
eluent (Hantus et al, 1997; Hisamatsu et al, 1991; Kimura et al, 1995; York et al,
1993; York et al, 1996; York et al, 1990). Our initial attempts to resolve the
tamarind XyG S1 oligosaccharide mixture using water eluent resulted in three
heavily overlapping peaks as indicated by the colorimetric sulfuric acid-phenol
assay chromatogram (Supplemental Figure 2A). Matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis
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of individual fractions confirmed that all but the extreme tailing sulfuric acid-
phenol positive fractions contained at least two non-isomeric oligosaccharides
(data not shown). The poor separation efficiency was surprising since the same
SEC resin and the same eluent conditions have been used earlier to nearly
baseline separate these and other XyG oligosaccharides (see the references

above).

Boric acid [B(OH)3] is a Lewis acids that in aqueous solution is in

equilibrium with its conjugate base borate anion [B(OH),] with pK, of 9.2. The
borate anion can then react reversibly and covalently with cis-diols by a double
dehydration reaction (Springsteen & Wang, 2002; Yan et al, 2004). We reasoned
that this phenomenon could be utilized in XyG oligosaccharide separations since
the B-p-Galp, a-L-Galp, a-L-Fucp, and a-L-Arap residues in XyG oligosaccharides
contain 3,4-cis-diols that can complex with the borate anion. Thus, in the
presence of boric acid, X[LX]G (where [LX] denotes a single L and a single X
side-chain in an unspecified order) and XLLG oligosaccharides should complex
with one and two borate anions, respectively. Since XXXG, X[LX]G, and XLLG
form a homologus series of oligosaccharides and the number of complexed
borate anions is proportional to the number of Galp residues, the increase in the
hydrodynamic radius should also be proportional to the number of the Galp
residues. Correspondingly, the SEC elution volumes of these complexes should

spread to a wider range compared to the uncomplexed oligosaccharides.

Our initial efforts using tamarind XyG S1 oligosaccharides as a model

system and 10 mM boric acid, 10 mM phytic acid, pH 10 (adjusted with sodium
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hydroxide) were successful and this oligosaccharide mixture separated into three
nearly baseline separated peaks (Supplemental Figure 2C). However, these
results could not be consistently replicated. After efforts to pinpoint the reason for
the irreproducibility of this effect, we concluded that the most likely difference
between the initial and subsequent experiments was the quality of the Bio-Gel P-
2 resin. One possible mechanistic explanation for the fortuitous effect is a small
amount of negative charge in the polyacrylamide-based Bio-Gel P-2 resin
resulting from deamination of the amide groups to carboxylic groups either during
the manufacturing process or laboratory use. These anionic carboxylic groups
would coulombically repulse the anionic borate-oligosaccharide complexes from
the residue pores. Increasing the number of borate anions and thus increasing
the charge of the oligosaccharide analyte would then lead to decrease in the
elution volume that is proportional to the number of complexed borate anions.
Due to the unavailability from the manufacturer of the batch of resin that was
used in the initial experiments and that was discarded after a lengthy period of
use, we were unable to confirm experimentally whether this resulted from an

issue in the quality control during the manufacturing process.

We then explored other eluents that would yield consistently good
separation of the oligosaccharides, and would require minimum cleanup for
downstream applications. Volatile buffers that can be removed by lyophilization
were deemed the most suitable for our purposes. We compared the separation
efficiency of 50 mM acetic acid to water and found that the former gave

enhanced separation of tamarind seed XyG S1 oligosaccharides (Supplemental
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Figure 2B). In these conditions, the oligosaccharides elute in expected order
according to their molecular weights. Regardless of the eluent used, XXXG and
XLLG could be obtained by this single chromatography step without further
separations. Again, XLXG and XXLG co-elute. We also observed that 10 mM
ammonium acetate, pH 5.0 buffer gave separation comparable to 50 mM acetic
acid (data not shown) but ammonium acetate buffer has low volatility and several
rounds of lyophilization are needed for its complete removal. Since 50 mM acetic
acid can be removed by a single round of lyophilization, we used this eluent for

all subsequent separations.

2.3.2. Establishing A General Strategy for The Generation and Purification

of XyG Oligosaccharides

The structural homology of subunits from a typical XyG polysaccharide leads to
at least partial co-elution of corresponding S1 oligosaccharides in SEC,
regardless of the eluent used. For example, XLXG and XXLG oligosaccharides
co-elute in SEC due to their similar hydrodynamic radii (Figure 1B and
Supplemental Figure 2). To purify the isomeric XLXG and XXLG
oligosaccharides, we employed the complementary actions of B-galactosidase
and OXG-RCBH enzymes. Aspergillus niger GH35 B-galactosidase preferentially
hydrolyzes the B-D-Galp residue on the middle Xylp residue in a XyG subunit or
oligosaccharide, converting XLXG to XXXG, and XLLG to XXLG at much higher
rate than the conversion of XXLG to XXXG (York et al, 1993). A preparation of
this enzyme (commercially available from Megazyme) contains an IPH
contaminant. Besides its hydrolytic activity, IPH also has a transglycosidase
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activity (York et al, 2002) which manifests at high substrate concentrations by the
formation of, for example, XXXXG from XXXG. These two IPH reactions not only
lower the yield of desired oligosaccharides but create unnecessary complexity in
the oligosaccharide mixture as well (IPH activities and their utilization are
discussed further in Section 2.3.6). In order to prevent the formation of these
unwanted products, we employed a strategy whereby the -galactosidase
hydrolysis was performed on the XyG polymers, except for Selaginella
kraussiana XyG (see below). Since IPH spcecifically hydrolyzes X units from the
non-reducing end of XyGs, only a small fraction of the polysaccharide is
recursively hydrolyzed until a “hanging” non-reducing end glucosyl residue (as in
GXXG) or substituted X units (as in LXG) is exposed, preventing further
hydrolysis. The XXXG, XLXG, XXLG, and XLLG subunit quartet in the tamarind
XyG polymer was converted to a XXXG and XXLG and nearly baseline
separation of the corresponding XEG-generated S1 oligosaccharides was
obtained by SEC (Figure 2B). The purity and structural identity of the pooled
oligosaccharide preparations were confirmed by MALDI-TOF MS (Figures 2C
and 2D), as well as HPAEC-PAD and NMR spectroscopy (Supplemental Figures
3K and 3Q). The B-galactosidase hydrolysis proceeds to near completion as

indicated by these analyses on the final XXLG oligosaccharide preparation.

In order to obtain the XLXG oligosaccharide, we utilized an OXG-RCBH
enzyme that hydrolyzes XXXG and XXLG to a common XX oligosaccharide as
well as XG, and LG oligosaccharides, respectively. The OXG-RCBH hydrolysis of

tamarind XyG S1 oligosaccharides proceeds to completion as is evident from the
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absence of XXXG signals in the MALDI-TOF MS spectrum (Figure 3A) and in the
SEC chromatogram (Figure 3B). The resulting mixture of XG, XX, LG, XLXG,
and XLLG oligosaccharides are readily separated by SEC (Figure 3B). The purity
and structural identity of the pooled oligosaccharide preparation were further
confirmed by MALDI-TOF MS (Figure 3B), as well as HPAEC-PAD and NMR

analyses (Supplemental Figures 3G, 3H, 30, 3P and 3S).

2.3.3. Neutral XyG Oligosaccharides from Other Plant Sources

XyG oligosaccharides were purified similarly from suspension cultured sycamore
maple cells, as well as jojoba seeds and Selaginella kraussiana aerial parts.
Strong alkaline conditions, which were used to extract these XyGs from the cell
walls, hydrolyze the O-acetyl (and other ester) decorations and thus yield XyGs
composed completely of glycosyl residues. Aliquots of XyG polysaccharide
preparations from sycamore maple cells and jojoba seed were treated either with
B-galactosidase and XEG, or XEG and OXG-RCBH to facilitate the purification of
the individual oligosaccharides. XEG hydrolysis of sycamore maple XyG
polysaccharide yields a mixture of oligosaccharides with XXXG, XLXG, XXLG,
XXFG, XLLG, and XLFG as the major components (York et al, 1988). 3-
galactosidase treatment of sycamore maple XyG prior to XEG treatment
simplified its subunit composition to XXXG and XXFG with traces of several rare
subunits, including XFFG that can be purified to homogeneity (data not shown).
(It is noteworthy that several XyG side-chains, unique to sycamore suspension
culture (Hisamatsu et al, 1992; York et al, 1995), occur in the immediate vicinity
of the unbranched backbone Glcp residues, and render the junction resistant to
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XEG hydrolysis. Thus these rare side-chains are always found in S2 or larger
oligosaccharides and we didn’t attempt to purify them in the work described
here). The SEC fractions from XEG digestion of sycamore maple XyG were
assayed only by MALDI-TOF MS and colorimetric assay was not utilized (data for
these MALDI-TOF MS analyses are not shown). The XXFG and XFFG
oligosaccharides could be purified to homogeneity using SEC as confirmed by
MALDI-TOF MS, HPAEC-PAD and NMR analyses (Supplemental Figure 3Y and
3AB). OXG-RCBH hydrolysis of sycamore maple XyG yielded XG, XX, LG, FG,
XLXG, XLFG, and XFFG oligosaccharides that were subjected to SEC
separation. All resulting oligosaccharides could be obtained in their pure forms
and their identities and purities of FG and XLFG were confirmed by MALDI-TOF

MS, HPAEC-PAD and NMR (Supplemental Figures 3W and 3AA).

Jojoba seed XyG polymer is composed of XXXG, XXLG, XXFG, XXJG,
XLFG, and XLJG subunits (Hantus et al, 1997). Sequential B-galactosidase and
XEG treatments of jojoba XyG yielded XXXG, XXLG, XXFG, and XXJG as the
major oligosaccharides. The F and J side-chains are stereochemically identical
and differ only by the presence of hydroxyl on the C-6 of the terminal pyranosyl
residue (methyl group on the L-Fucp in the F side-chain, and hydroxymethyl
group on the L-Galp in the J side-chain). Owing to their chemical similarity, these
structures can be surmised to have very similar contributions to the
hydrodynamic behavior of oligosaccharides bearing them. Nevertheless, it has
been shown previously that 6-deoxyhexoses elute slightly earlier in Bio-Gel P-2

chromatography compared to their hexose counterparts using water as an eluent
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(Yamada et al, 1980). Indeed, the XXJG/XXFG oligosaccharide pair separates
partially in our hands using the same resin. XXJG can be purified by iteratively
re-chromatographing the fractions enriched in XXJG (Supplemental Figure 3AD).
The SEC fractions for jojoba XyG purification were assayed only by MALDI-TOF
MS and colorimetric assay was not utilized (data for these MALDI-TOF MS
analyses are not shown). XEG and OXG-RCBH hydrolysis of jojoba seed XyG
polysaccharide yielded XG, LG, FG, JG, XXXG, XLFG, and XLJG as the major
products that were separated by SEC. The FG/JG and XLFG/XLJG
oligosaccharide pairs again severely overlap but could be purified by several
rounds of re-chromatography. The purities and structural identities of the JG and
XLJG oligosaccharides were validated by as described above (Supplemental
Figures 3AC and 3AE). XyG active a-L-fucosidase (GH95) is commercially
available from Megazyme. This enzyme doesn’t hydrolyze the a-L-Galp residues
and thus should prove useful in the future efforts to purify J side-chain containing

XyG oligosaccharides.

Due to the simultaneous presence and apparent metabolic
interchangeability of the stereochemically identical -D-Galp and a-L-Arap
residues, XEG hydrolysis of Selaginella XyG polysaccharide yields a complex
mixture of S1 oligosaccharides with L, D, F, and E side-chains (Pefia et al, 2008).
The 4 M potassium hydroxide extract is a complex mixture of several
polysaccharides and other components and the B-galactosidase treatment of this
extract was inefficient in our hands, as indicated by MALDI-TOF MS analysis

after the p-galactosidase and XEG treatments (data not shown). Since the (-
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galactosidase preparation contains an IPH contaminant and the Selaginella XyG
has relatively little of the L side-chain containing oligosaccharides, the -
galactosidase treatments of these oligosaccharides and polysaccharides was
omitted. We obtained nearly pure XDXG, and XDDG oligosaccharides from
OXG-RCBH hydrolysis of Selaginella XyG S1 oligosaccharide mixture by SEC
(Supplemental Figures 3U and 3V). Analogous oligosaccharides with F and E
side-chains (for example, FG and EG) co-elute in SEC (data not shown) and we
did not attempt to purify the E side-chain containing oligosaccharides to

homogeneity.

A summary of all purified oligosaccharides is presented in Table 2. The
analytical data validating the structures and purities of all oligosaccharide
preparations is presented in Supplemental Figure 3. Supplemental Tables 1 and
2 tabulate the analytical data collected by MALDI-TOF MS, HPAEC-PAD and

NMR for all oligosaccharides.

2.3.4. a-xylosidase Modification of XyG Oligosaccharides

We treated pure XXXG, XLLG and XXFG oligosaccharides with a-xylosidase to

form GXXG, GLLG, and GXFG oligosaccharides. The MALDI-TOF MS, HPAEC-
PAD, and NMR analyses show that the reactions proceeded to completion in all

cases and no other products were formed (Supplemental Figures 3J, 3R, and

3X).
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2.3.5. Reduction of XyG oligosaccharides to Corresponding

Oligosaccharide Alditols

We reduced pure XXXG, XLLG and XXFG oligosaccharides to the corresponding
alditols, XXXGol, XLLGol, and XXFGol by sodium borohydride treatment. The
MALDI-TOF MS, HPAEC-PAD, and NMR analyses show that the reactions

proceeded to completion in all cases (Supplemental Figures 3L, 3T, and 32).

2.3.6. Isoprimeverosyl-series XyG Oligosaccharides

XyG S1 oligosaccharides that have fewer or more than four glucosyl residues in
the backbone have been reported in the literature. XXG subunits have been
described as a minor component in XyGs from plants that have XXXG-type XyG
branching pattern (Guillen et al, 1995; Hilz et al, 2007; Hsieh & Harris, 2009;
Pauly et al, 2001b). XyG polymer from cotyledons of Jatoba (Hymenaea courbaril
L.) contains subunits with the XXXXG branching motif (Buckeridge et al, 1997).
The presence of subunits with different backbone lengths (either four or five
glucosyl residues) and varying number of 3-D-Galp residues (up to two on the
XXXG core structure and up to three on the XXXXG core structure) results in a
complex mixture of oligosaccharides from this source that severely co-elute in

SEC (data not shown).

Since these XyG oligosaccharides with unusual backbone length could be
used in various ways to provide information on the enzymatic synthesis and
degradation of XyGs, we were motivated to produce them in vitro. York and

colleagues have demonstrated previously that IPH has significant hydrolase and
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transglycosidase activities in vitro (York et al, 2002). Since both hydrolase and
transglycosidase activities occur at appreciable rates, a series of
oligosaccharides with different number of isoprimeverosyl residues is formed
from pure preparations of XXXG as a starting material. For example, the
hydrolytic activity hydrolyzes XXXG sequentially to XXG, XG, and finally G, with
accumulation of free X units. At a rate comparable to the hydrolysis, a
transglycosylation takes place with isoprimeverosyl (X) transfer to XXXG leading
to XXXXG, and further to XXXXG leading to XXXXXG. This simple scenario is
however complicated by lack of regiospecificity of the transglycosylation reaction.
Here, the transglycosylation reaction by IPH using XXXG as an acceptor leads to
mixed products, the canonical XXXXG, and unexpected X*XXXG, where the X
unit is transferred to O-3 of the reducing end glucosyl residue of the acceptor
(York et al, 2002). According to MALDI-TOF MS analysis, which cannot
differentiate the isomeric transglycosylation products, the major components
have the masses corresponding to X, XG, XXG, XXXG, XXXXG, and XXXXXG
(Supplemental Figure 4A). Since the oligosaccharides in this series differ in size
by a disaccharyl unit, an excellent baseline separation was achieved in SEC
(Supplemental Figure 4B), except for the two largest oligosaccharides which
were only partially resolved. Very pure fractions were nevertheless obtained for
all oligosaccharides, and X (Supplemental Figure 3F), XG, XXG (Supplemental
Figure 3I), and XXXG could be purified to homogeneity by SEC. Analysis of the
XXXXG and XXXXXG fractions by HPAEC-PAD and NMR mirror the previous

findings of (York et al, 2002). HPAEC-PAD analysis confirms the presence of two
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main species in the XXXXG preparation (Supplemental Figure 3M) and four
major species in the XXXXXG preparation (Supplemental Figure 3N). 2D-NMR
characterization also indicates the presence these unusual structures (data not
shown). Further separation and structural characterization of the isomeric

oligosaccharides was not pursued in this work.

2.3.7. Generation and Purification of Anionic XyG Poly- and

Oligosaccharides

Two recent reports have shown that some XyG polysaccharides carry anionic
side-chains (Pefia et al, 2008; Pefia et al, 2012). The anionic XyG from
Arabidopsis root hairs contain Y and Z side-chains that are stereochemically
identical to the common L and F side-chains (Pefia et al, 2012). YXXG, YXFG,
and XXZG are the major anionic subunits from this XyG polymer and smaller
amounts of YXZG, YXYG, YXFG, and XLZG are found as well. Only two of the
anionic subunits, namely XXZG and XLZG are topologically similar to the neutral
Arabidopsis XyG oligosaccharides, in which the non-reducing end Xylp residue is
not extended, whereas in the other anionic subunits, this Xylp residue is further
extended by a B(1—2)-linked p-GalpA residue. Given the low abundance of the
galacturonosylated subunits in the XyG, and low total root hair mass, we were
prompted to generate anionic XyG polymer and oligosaccharides from readily
available starting materials. Selective oxidation of D-Galp residues to D-GalpA
residues has been established for tamarind XyG using sequential enzymatic and

chemical oxidation steps (Parikka et al, 2012).
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Despite the topological dissimilarity of the abundant anionic subunits from
Arabidopsis and the oxidized tamarind XyG (XYXG, XXYG, and XYYG), we
generated anionic XyG that have these side-chains because they could be useful
in characterizing carbohydrate active enzymes or carbohydrate binding proteins
and antibodies with specificity towards these side-chains. The D-Galp residues
were first oxidized to 6-aldehydo-D-Galp residues using galactose oxidase and
two auxiliary enzymes, horseradish peroxidase (to regenerate the galactose
oxidase active site) and catalase (to destroy the formed hydrogen peroxide). The
6-aldehydo-D-Galp residues were subsequently chemically oxidized to p-GalpA

residues using the classical iodine/potassium iodide method.

Several considerations had to be made for the oxidation procedure since
we were primarily interested in obtaining reducing oligosaccharides rather than
polysaccharide products. Besides the enzymatically generated 6-aldehydo-D-
Galp, the iodine treatment also oxidizes all available reducing end glucose
residues to gluconic acid (for example XXLG to XXLGon). In the case of
oligosaccharides, the presence of a gluconic acid residue would have a dramatic
effect on their chemical properties, and also destroy a convenient aldehyde
handle that could be used for various downstream applications such as
immobilization on a solid support, isotopic labeling, or conjugation to a
fluorophore. To circumvent this problem, oxidation was carried out on tamarind
XyG polysaccharide. Our ethanol precipitated tamarind XyG polymer preparation
contains polysaccharides with sizes ranging from S3 upward (data not shown),

and thus may contain non-negligible amount of reducing end subunits that can
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pose a problem of their own. Here, the oxidation of reducing polysaccharide
would lead to the formation of small amounts of gluconic acid residue-containing
oligosaccharides (including XXXGon) that, owing to their similar sizes and
charges, co-elute with the desired oligosaccharides such as XYXG and XXYG in
SEC. On the other hand, performing the oxidation with sodium borohydride
reduced polysaccharide would yield corresponding amount of anionic
oligosaccharide alditols (including XXYGol) that again co-elute with their reducing
analogs in SEC, and perhaps in other separation modalities as well. We
performed all polysaccharide oxidations on reducing polysaccharides and
showed that the small amount of gluconic acid containing XyG oligosaccharides

can be separated from the desired oligosaccharides by SEC.

We used tamarind XyG polysaccharide as a substrate for the
chemoenzymatic oxidation. In our hands, the enzymatic oxidation step was the
bottleneck for obtaining highly oxidized tamarind XyG polysaccharide (results not
shown). We increased the amounts of all three enzymes in the cocktail by five-
fold compared to the amounts used by Parikka and colleagues (Parikka et al,
2012) to yield tamarind XyG polymer with approximately 90% oxidation,
according to MALDI-TOF MS (data not shown). This oxidation level is
comparable to the approximately 85% oxidation level as previously reported by
(Parikka et al, 2012). The iodine oxidation step proceeded to completion under
the reported conditions since MALDI-TOF MS analysis of the XEG hydrolysis
products of this polysaccharide does not reveal any 6-aldehydo-D-Galp residue

bearing oligosaccharides (data not shown). The incomplete enzymatic oxidation
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of the XyG polysaccharide results in small amounts of “mixed” side-chain
subunits, namely XYLG and XLYG. This is evident from the MALDI-TOF MS
analysis of the XEG hydrolyzed polysaccharide (data not shown). Since these
oligosaccharides are anionic, they interfere with the SEC purification of the
desired XYXG, XXYG, and XYYG oligosaccharides. We attempted to circumvent
this problem by removing the remaining D-Galp residues on the oxidized XyG
polysaccharide by B-galactosidase treatment prior to XEG hydrolysis. To our
surprise, the B-galactosidase did not have any measurable effect on the subunit
structure of the oxidized XyGs despite using five-fold higher concentration of the
enzyme compared to the concentration used for neutral XyG polysaccharides
(data not shown). We also observed that the XXYG oligosaccharide is a poor
substrate for OXG-RCBH compared to XXLG (as demonstrated by MALDI-TOF
MS) and only partial hydrolysis is achieved in the same conditions that fully
hydrolyze XXXG (data not shown). To the contrary, the chemoenzymatically
oxidized tamarind XyG polysaccharide is effectively hydrolyzed by XEG (data not
shown). These results suggest that the charged residues hinder the access of
hydrolytic enzymes both to the backbone and the side-chains within individual
subunits of XyG polysaccharide, but does not hinder access of XEG to the

junction between two XyG subunits.

In SEC, anionic oligosaccharides typically elute earlier than expected
based on the molecular weight alone using unbuffered or non-acidic eluents
(Djordjevic et al, 1986; Knudsen et al, 1980; Pefia et al, 2007; Thibault, 1980).

This effect can be attributed to the coulombic repulsion of the anionic analytes by

51



a small amount of negative charge in the SEC resins (Bio-Gel P Polyacrylamide
Gel Instruction Manual, Bio-Rad). Thus, fractionation of the XEG hydrolysis
products from oxidized tamarind XyG polysaccharides to anionic and neutral
oligosaccharides was conveniently performed by SEC using water as the eluent
(data not shown). The anionic oligosaccharides in the void fraction were pooled
and further separation of the anionic fraction to individual XyG oligosaccharides
was subsequently performed in 50 mM acetic acid. In these conditions (with
approximate pH 3.0), the carboxylic groups of both the oligosaccharides [pK, of
GalpA = 3.5, (Kohn & Kovac, 1978)] and the polyacrylamide [pK, of partially
deaminated polyacrylamide = 4.5, (Michaels & Morelos, 1955)] are mostly
protonated and it was expected that the hydrodynamic behavior of the these
oligosaccharides would be similar to that of neutral oligosaccharides (Djordjevic
et al, 1986; Thibault, 1980). Indeed, at low pH, the elution volumes of YG, XYXG,
XXYG, and XYYG shifted from the void volume to the expected elution volume
range of neutral oligosaccharides of similar sizes with XYXG and XXYG eluting
first, followed by YG and XYYG (data not shown). The late elution of XYYG after
the singly galacturonosylated oligosaccharides suggests an interaction between
the oligosaccharides and the polyacrylamide resin that may or may not be
charge-dependent. We did not further investigate the mechanism of this
phenomenon. For this work, we purified YG and XYYG oligosaccharides from the
oxidized tamarind XyG polysaccharide and characterized them structurally by

MALDI-TOF MS, HPAEC-PAD, and NMR (Supplemental Figures 3AF and 3AG).
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2.3.8. Generation and Purification of Cellodextrin Oligosaccharides

Since XyGs have a cellulosic backbone, cellodextrin oligosaccharides can serve
as useful analogs of XyGs in some situations. We generated cellodextrin
oligosaccharides from crystalline cellulose according to procedure reported
earlier (Liebert et al, 2008) and purified them using SEC. Excellent separation
was achieved for all water-soluble cellodextrins (Supplemental Figure 6B) and
oligosaccharides with sizes ranging from three to seven glucosyl residues were
purified to homogeneity as shown by MALDI-TOF MS and NMR spectra as well

as HPAEC-PAD chromatograms (Supplemental Figures 3A to 3E).

2.3.9. The Validation of Structural Identities and Purities of the

Oligosaccharides

MALDI-TOF MS, HPAEC-PAD and NMR spectroscopy were used to determine
the structural identities and purities of the generated oligosaccharides
(Supplemental Figure 3). As an example, some of the XyG oligosaccharides from
suspension cultured sycamore maple cells are discussed. MALDI-TOF MS
spectrum of the XEG hydrolysate of XyG from this source contains major signals
at the following m/z values: 1085.3, 1247.4, 1393.4, 1555.5 and 1701.6 (data not
shown). These signals have been earlier assigned to the following structures
1085.3 (XXXG), 1247.4 (X[LX]G), 1393.4 (XXFG), 1555.5 (XLFG) and 1701.6
(XFFG) using NMR. A MALDI-TOF MS spectrum collected from B-galactosidase
and XEG hydrolysed XyG from this source has the following major signals (data

not shown) 1085.3 (XXXG), 1247.4 (XXLG, 1393.4 (XXFG), and 1701.6 (XFFG).
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Furthermore, a MALDI-TOF MS spectrum collected from XEG and OXG-RCBH
hydrolysed XyG from this source has the following major signals (data not
shown) 497.2 (XG), 629.3 (XX), 659.3 (LG), 805.5 (FG), 1247.4 (XLXG), and
1701.6 (XFFG). The structural assignments of the last two samples could have
been made with the knowledge of the known structures of the starting material
(as determined by NMR) and the known specificities of the GHs utilized. For
example, the MALDI-TOF MS signal at m/z 805.3 of the XEG and OXG-RCBH
treated sycamore maple XyG can only arise from an FG fragment produced from
the XXFG oligosaccharide. NMR analysis of the FG oligosaccharide
(Supplemental Figure 3W) confirms the structural assignment. All three analyses
confirm also that the FG preparation is very pure. Based on the signal intensities
of the MALDI-TOF MS, HPAEC-PAD, and NMR (Supplemental Figure 3W), the
purity is estimated to be approximately 98%. Additional “hidden” structural
information of the oligosaccharide structures can be extracted from the HPAEC-
PAD retention time (for more detailed discussion, see Section 2.3.11), and the

binding of monoclonal antibodies (for more detailed discussion, see Chapter 3).

2.3.10. Comparison of Mass Spectrometry and Analytical Chromatography

in the Quantitation of XyG Oligosaccharides

Relative Quantification by MALDI-TOF MS We tested and compared
the ability of MALDI-TOF MS and HPAEC-PAD to faithfully reproduce the relative
signal intensities of XyG oligosaccharides in a nominally equimolar mixture
analyzed at several concentrations. Six oligosaccharides, namely GXXG, XXXG,

XXLG, XXFG, XLLG and XLFG were chosen to represent a typical XyG
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oligosaccharide mixture from an XEG hydrolysis. The MALDI-TOF MS spectrum
of a mixture with 100 pmol of each of the oligosaccharides is shown in Figure 4A
for reference. The absolute integrals (and thus intensities) of MALDI-TOF MS
signals can vary dramatically between samples, sample spots using the same
sample, and even between experiments using the same sample spot, mostly due
to uneven crystallization (Gusev et al, 1995) (data not shown). This is in contrast
to the relative integral patterns of the XyG oligosaccharides in a given sample,
which are very reproducible from experiment to experiment in mixtures
containing from 100 to 1 pmol of each oligosaccharide (Figures 4B and 4C). The
unavoidable variability in the absolute integrals among the MALDI-TOF MS
spectra was eliminated by introducing a scaling factor that does not affect the
integral patterns that are our primary interest. Four MS spectra were recorded
(duplicate spectra from two sample spots using a given concentration
oligosaccharide mixture), and one was selected arbitrarily as a standard and the
remaining were multiplied by individual scaling factors to minimize the sum of the
coefficients of variation of the oligosaccharide signal integrals for the four

spectra.

Figures 4B and 4C show the relative responses of the XyG
oligosaccharides at various dilutions, with the response of XXXG setto 1. Itis
clear that the integral patterns are very similar for the oligosaccharide mixture
dilutions containing 1 pmol or more (up to 100 pmol) of each oligosaccharide.
Correlation map of the intensity patterns between different concentrations

confirms that from 100 to 1 pmol per oligosaccaride, the experiments give highly
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similar relative quantifications (Supplemental Figure 7). Below 1 pmol per
oligosaccharide, the intensity patterns show low correlations to each other and to
the intensity patterns from experiments using higher concentration solutions. This
indicates that MALDI-TOF MS yields reproducible information on the relative
integrals of XyG oligosaccharides in a complex mixture with as little as 1 pmol of
each oligosaccharide. However, this information doesn’t reveal the relative
amounts of the oligosaccharides unless their individual response factors are

known.

It is evident that the MALDI-TOF MS molar response factors of the XyG
oligosaccharides differ significantly from each other in our experiments (Figure
4D). The relative response factors of the six XyG oligosaccharides range (when
XXXG is set to 1) from 0.76 (GXXG) to 1.78 (XXFG and XLFG) with average of
1.32 and standard deviation of 0.42 (for all relative response factors, see
Supplemental Table 1). At least part of the variation could be attributed to the
different glycosyl residue composition of the oligosaccharides but this aspect is
not very well studied theoretically or experimentally. Our data using just six XyG
oligosaccharides does not allow rigorous correlations, if they exist, to be made
between the structures and the response factors. Dataset using larger number of
pure oligosaccharides with diverse structures could shed light into this important
issue that has wider implications in quantitative glycobiology. The nominally
equimolar mixture of oligosaccharides was prepared by mixing equal volumes of
gravimetrically prepared stock solutions. Only milligram quantities of

oligosaccharides were available for weighing and this no doubt introduces
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uncertainty in the concentration and response calculations for the

oligosaccharides (this aspect is further discussed below).

Two other notable aspects that can affect the relative MALDI-TOF MS
response factors both depend on the size of the XyG oligosaccharide. First,
assuming the concentration of monovalent cations such as sodium in the
sample-matrix mixture is very low compared to the oligosaccharide concentration
(since deionized water was used in the preparation of both the sample and the
matrix solutions), the sodium cations are a limiting factor in the ionization of the
oligosaccharides. Due to the competition for the sodium cations among the
oligosaccharides and the fact that the MALDI of oligosaccharides typically
produces singly charged ions, it can be reasoned by statistical grounds that the
probability of sodium coordination by an oligosaccharide, and thus its ionization,
is proportional to the number of glycosyl residues in that oligosaccharide.
Another contribution arises from the mass-dependent response of the
multichannel plate detector. It is postulated that the response (R) of electron
multiplier detectors, including multichannel plate detectors used in the MicroFlex
LT instrument, is directly proportional to the linear momentum (p) of the analyte

(Anderegg, 1990; Jurinke, 2005).

d :
ROCp=mv=m?oc% Equation 2.1

Here, m is the mass of the analyte, t is the time-of-flight of the analyte, and d is
the length of the flight tube (since d is a constant, it can be ignored here).

Furthermore, the time-of-flight (t) of the analyte is proportional to the square root
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of the mass of the analyte (Guilhaus, 1995) and charge (z) is always 1 in our

experiments (and thus can be ignored here):

toc\/ﬁoc\/ﬁ Equation 2.2
Z

Substituting Equation 2.2 to Equation 2.1 leads to

m m
ROC?OC\/—E—\/H Equation 2.3

Thus, the response of the analyte is proportional to the square root of the mass
of the analyte. These two contributions, competition for ionizing cation and the
response of the detector, have opposite effects on the response factors of
oligosaccharides. There are yet other contributions that might arise, for example,

from the variable interactions of the analytes with the matrix.

The poor reproducibility of the absolute responses between experiments
but excellent reproducibility of the relative responses, as well as the poorly
understood basis for the response factors have important consequences for
quantitative oligosaccharide MALDI-TOF MS analysis. First, the changes in the
relative oligosaccharide composition of two samples can be monitored without
knowing anything about the response factors of the oligosaccharides and without
using internal standards. On the other hand, monitoring the relative change in the
total oligosaccharide amounts in two individual samples requires an internal
standard. Furthermore, absolute quantification of oligosaccharides requires

knowing the response factors for each oligosaccharide analyzed.
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Relative Quantification by HPAEC-PAD Quantitation by HPAEC-PAD,
whose response factors are based on physico-chemical principles that are
fundamentally different than those for MALDI-TOF MS, shows much smaller
variation in the relative response factors for the XyG oligosaccharides (Figure
5D). Pulsed amperometric detection (PAD) is based on the oxidation of the
analyte on a gold electode in alkaline conditions (Rohrer et al, 2013). The relative
response factors of the oligosaccharides (when the response of XXXG is set to
1) in HPAEC-PAD range from 0.87 (GXXG and XLLG) to 1.20 (XLFG) with an
average of 1.00 and standard deviation of 0.14 (Figure 5D, Supplemental Table
1). These data indicate that the large differences between the MALDI-TOF MS
responses of the oligosaccharides arise mostly from factors intrinsic to the
MALDI process, and not from unequal amounts of XyG oligosaccharides in the
mixture. However, there is inevitable variation in the relative amounts of the
oligosaccharides that can result from variation in the weighing or pipetting. The
response factors of oligosaccharides have been studied extensively by HPAEC-
PAD (Corradini et al, 2012; Kazmaier et al, 1998; Kunz et al, 1996) and found to
vary within similar oligosaccharides. Thus our results are in agreement with the

published literature.

Figures 5B and 5C show the relative HPAEC-PAD response factors of the
same six XyG oligosaccharides analyzed by MALDI-TOF MS. The relative
response factors of the oligosaccharides are very reproducible across the tested
dilutions down to 25 pmol per oligosaccharide. Correlation analysis of the integral

patterns corroborates these results (Supplemental Figure 8). Since the PAD
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integrals of oligosaccharides are very reproducible between experiments, and the
PAD responses are linearly dependent on the analyte concentrations (Figure 5E)
HPAEC-PAD thus can be used for absolute quantification of XyG
oligosaccharides if the individual response factors are known. Supplemental
Figure 9 shows the cross-correlation map of the MALDI-TOF MS and HPAEC-
PAD analyses across ten different analyte concentrations. It is evident that down
to 50 pmol/ul concentration, these two methods agree well with respect to the

relative response factor patterns of the oligosaccharides.
2.3.11. HPAEC-PAD Retention Time Analysis

We also made some observations regarding the elution times of neutral
oligosaccharides that could be useful for interpretation of HPAEC-PAD data. The
retention time of oligosaccharides in a homologous series (cellodextrins and
isoprimeverosyl series XyG oligosaccharides) increases monotonically and in a
linear fashion as a function of the number of repeating units (Figures 6A and 6B).
Based on these trends, the elution time of an oligosaccharide in the series can
be predicted. The elution times of cellodextrins are linearly dependent on the
number of glucosyl units in the oligosaccharide. Furthermore, the elution times of
XG, XXG and XXXG can be used to predict the elution time of XXXXG (Figure
6B) and thus discriminate between the two HPAEC-PAD signals from the
XXXXG preparation. Based on this trend, we predict that the signal at 24.7 min
arises from XXXXG whereas the signal at 32.5 arises from X*XXXG. Similar
analysis was performed for XXXXXG preparation and we conclude that the signal

at 30.6 min arises from XXXXXG. Different sugar residues in cellodextrins and
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XyG oligosaccharides have distinct contributions to their elution times. Addition of
either B-b-Glcp, a-b-Xylp, B-p-Galp, or a-L-Galp residue increases the elution
time of the oligosaccharides. This is evident when comparing any two
oligosaccharides that differ in structure by one of these glycosyl residues. Figure
6C shows the chromatograms of three oligosaccharide pairs differing by the
presence of a Xylp residue. Interestingly, a-L-Arap has only a small effect on the
elution time of an oligosaccharide. Fucosylation has a more drastic effect on the
elution, as all fucosylated oligosaccharides are eluted earlier compared to their
non-fucosylated counterparts. Furthermore, reduction of an oligosaccharide to
the corresponding alditol affects the interaction of the oligosaccharide with the
resin more than losing a non-reducing end Glcp residue. These results are
presented in Figure 6D. Since we used a multi-step gradient in our separations,
extrapolation of these observations should be done with caution. However, these
results demonstrate that in a given separation conditions, the elution times can
be used to predict the elution behaviour or XyG oligosaccharides. The
“Glycotree” concept (Takahashi & Kato, 2003) that relies on the same principle of
additivity of contributions, can be used for more in-depth analysis of

oligosaccharide elution times as well as response factors.

2.4. Conclusions

We generated and purified a total of thirty-one oligosaccharides to (near)
homogeneity using enzymatic hydrolyses and preparative scale size-exclusion
chromatography. Additionally, we produced mixtures of isomeric XyG

oligosaccharides that contain both 1—-4 and 1—3 linkages in the backbone.
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Besides these bona fide XyG oligosaccharides containing various side-chain
structures, we also purified cellodextrins that can serve as XyG analogs. Several
eluent systems were tested to obtain good separation of the oligosaccharides in
SEC. We conclude that volatile acetic acid buffer is an ideal eluent system to
separate XyG oligosaccharides in extra fine Bio-Gel P-2 resin. The
oligosaccharides were purified in their reducing forms allowing their covalent
conjugation for various downstream applications. The purity and structural
identity of these oligosaccharides were validated by MALDI-TOF MS, HPAEC-
PAD and NMR spectroscopy. We demonstrated that this collection of pure
oligosaccharides is useful as mass spectrometry and chromatography standards
We showed that for rigorous quantification of XyG oligosaccharides, MALDI-TOF
MS and HPAEC-PAD should be used in conjunction due to isomeric and
coelution effects. We further envision that these oligosaccharides can be useful
in examining the binding specificities of antibodies as well as substrate

specificies of glycosyl transferases and glycosyl hydrolases.

2.5. Experimental

2.5.1. General Procedures

Removal of organic solvents and concentration of samples for efficient ethanol
precipitation, dialysis or lyophilization was routinely accomplished by evaporation
under reduced pressure using rotary evaporation apparatus (Buchi) with the

water bath temperature set at 45 °C.
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Fractionation of samples into soluble and insoluble components, in various
solvent systems, was performed by centrifugation at 100009 for 30 min at 4 °C
rather than by filtration, to minimize filtrate and retentate losses as well as
potential contamination from the filter. Since native XyGs are very soluble in

water, their aqueous solutions were routinely clarified by centrifugation.

Coarse fractionation of samples into high and low molecular weight
material, for example into polysaccharide and oligosaccharide components, was
routinely accomplished by ethanol precipitation with a final ethanol concentration
of 75%. Three volumes of pre-cooled absolute ethanol was added to pre-cooled
aqueous solution of the starting material, and after gentle mixing, the mixture was
incubated at 4 °C for at least 2 h. Precipitated material was pelleted by

centrifugation and redissolved in water.

Elimination of unwanted low-molecular weight material, including non-
volatile buffer salts from aqueous polysaccharide preparations, was routinely
accomplished by dialyzing two times or more against a 100-fold or larger volume
of ultrapure water in a 3000 molecular weight cutoff regenerated cellulose tubing
(Spectra/Por) at 4 °C with vigorous stirring. Under these conditions a single

dialysis step reaches equilibrium in approximately five hours.

Enzymes were removed from reaction mixtures by spin filtering through a

10 kDa cutoff modified Nylon membrane (Nanosep MF, Pall Life Sciences).

Oligo- and polysaccharide preparations were typically stored in their

lyophilized forms. Ammonium acetate and acetic acid used in enzymatic
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digestions and separations are volatile, and thus can be removed from the

samples by lyophilization.

2.5.2. Plant Cell Wall Polysaccharides

Preparation of Alcohol-insoluble Residue (AIR) from Plant Material The
procedure used was adapted from (York et al, 1986) with some modifications.
AIR was prepared from either plant tissue or suspension cultured cells by
homogenization followed by extractions with organic solvents. Frozen plant
material was disrupted by immersion in pre-cooled absolute ethanol (to a final
concentration of 1 g tissue per 4 mL) with mixing overnight at 4 °C. The plant
material was then mechanically homogenized by Polytron (Ultra-Turrax) at 4 °C
until a smooth suspension was achieved. The suspension was vacuum filtered
using a 50 um Nylon net until the solvent draining stopped, and the retentate was
resuspended in 75% ethanol to a final concentration of 1 g per 50 mL (based on
the original plant material weight) with stirring for 1 h at room temperature, and
again filtered. The overnight extraction and 1 h wash were repeated first with 1:1
(vol:vol) methanol:chloroform and then with acetone (all with volumes equal to
the 75% ethanol extraction) at room temperature. The final residue was
thoroughly air dried and sifted through a metal grid (850 um openings) to yield

AIR.

Sequential Extraction of AIR The procedure used was adapted from
(York et al, 1986). The AIR was suspended in 50 mM ammonium oxalate, pH 5.0

buffer containing 0.2 mg/mL sodium azide, to a final concentration of 1 g per 50
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mL and stirred overnight at room temperature. The suspension was vacuum
filtered on a 50 um Nylon net until buffer draining stopped and the retentate was
resuspended in the same buffer (with volume equal to the first extraction), stirred
for 1 h, and filtered again. The overnight extraction and 1 h wash were repeated
sequentially with 1 M potassium hydroxide containing 1 mg/mL sodium
borohydride, and 4 M potassium hydroxide solutions. The pre-cooled potassium
hydroxide filtrates were stirred on ice, and glacial acetic acid was added
dropwise until hydrogen gas generation stopped and a drop of the solution tested
neutral on pH paper. If necessary, excessive foaming during the neutralization
was quenched by few drops of octanol. The filtrates were ethanol precipitated

and dialyzed to yield high molecular weight extracts.

Tamarind Seed XyG Polysaccharide The procedure used was adapted
from (York et al, 1990). Defatted tamarind (Tamarindus indica) seed flour was
suspended in water to a final concentration of 10 mg/mL and stirred overnight to
extract water soluble material. The water insoluble material was pelleted by
centrifugation and the water soluble polymeric material in the supernatant was
precipitated by addition of three volumes of absolute ethanol. The precipitate was
pelleted by centrifugation, dissolved in water and dialyzed. The dialysate was
deionized by passing through anion and cation exchange columns to yield pure

tamarind seed XyG polymer.

Jojoba Seed XyG Polysaccharide The procedure used was adapted from
(Hantus et al, 1997). Briefly, defatted jojoba (Simmondsia chinensis) seed flour
was extracted with 4 M potassium hydroxide solution containing 1 mg/mL sodium
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borohydride. The extract was further fractionated by anion and cation exchange

chromatography to yield pure neutral jojoba seed XyG polymer.

Suspension-cultured Sycamore Maple XyG Polysaccharide Sycamore
maple (Acer pseudoplatanus) XyG was prepared essentially as described (York
et al, 1986). The cells from a starter culture, kindly provided by Stefan Eberhard,
were cultured ten days in modified Torrey and Shigemura M-6 medium (Torrey &
Shigemura, 1957) as described (Talmadge et al, 1973), and harvested by
vacuum filtering the cell suspension with a 50 um Nylon net. The cell cake was
washed with water, vacuum aspirated until water draining stopped, and frozen
until analysis. AIR was prepared from the cells and sequentially extracted to
produce cell wall polysaccharides. Polymeric material was also recovered from
the spent culture medium by condensing the filtrate by rotary evaporation to
approximately one fifth of the original volume, followed by ethanol precipitation
and dialysis. Neutral polysaccharides were further purified from the spent culture
medium and the 4 M potassium hydroxide extract of AIR by anion and cation

exchange chromatographies.

African Clubmoss XyG Polysaccharide African clubmoss (Selaginella
kraussiana) was collected from University of Georgia Department of Plant
Biology greenhouse. Neutral polysaccharides were purified by sequential
chemical extractions of the AIR prepared from aerial tissue, and purification of

neutral polysaccharides from the 4 M potassium hydroxide extract.
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lon Exchange Chromatography Neutral polysaccharides were separated
from charged polysaccharides and proteins by sequential strong anion and cation
exchange chromatographies. Q Sepharose FF anion exchange resin (GE
Healthcare) was packed in a borosilicate column (Bio-Rad) and conditioned by
sequential washes with three bed volumes of water, 1 M imidazole, pH 7.0; and
finally 10 mM imidazole, pH 7.0 buffer. XyG polysaccharide preparation was
dissolved in 10 mM imidazole, pH 7.0 buffer to a final concentration of 5 mg/mL
and top-loaded on the resin (up to 5 mL per 1 mL of resin). The column was then
washed with three bed volumes of the same buffer. Load and wash flow-throughs
were pooled, concentrated, ethanol precipitated, and dialyzed to yield anion
exchanged polysaccharide preparation. The bound anionic fraction (“pectic
polysaccharides”) was recovered by elution with three column volumes of 1 M
imidazole, pH 7.0 buffer followed by ethanol precipitation and dialysis of the
eluate. SP Sepharose FF cation exchange resin (GE Healthcare) was packed in
a borosilicate column and conditioned by sequential washes with water, 20 mM
sodium acetate, pH 5.0 containing 0.5 M sodium chloride, and finally 20 mM
sodium acetate, pH 5.0 buffer. Anion exchanged polysaccharide preparation was
dissolved in 20 mM sodium acetate, pH 5.0 buffer, top-loaded on the resin, and
washed in with the same buffer. Load and wash flow-throughs were pooled,
concentrated, ethanol precipitated, and dialyzed to yield fully ion exchanged

(neutral) polysaccharide preparation.

Removal of introduced enzymes from oxidized XyG polymer samples (see

below) was performed by strong anion exchange chromatography (protocol
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devised by Malcolm O’Neill at CCRC, unpublished). The Q Sepharose resin was
conditioned as described above. The oxidized XyG preparation was dissolved in
10 mM imidazole, pH 7.0 buffer to a final concentration of 5 mg/mL and top-
loaded on the resin (up to 2 mL per 1 mL of resin). The protein contaminants
were eluted with three bed volumes of 100 mM imidazole, pH 7.0 buffer and
discarded. The oxidized XyG polymer was recovered by elution with three bed
volumes of 1 M imidazole, pH 7.0 buffer, followed by ethanol precipitation and

dialysis of the eluate.

Generation of Anionic XyG Chemo-enzymatic oxidation of neutral XyG
with D-Galp residues to anionic XyG with D-GalpA residues was performed
essentially as described previously (Parikka et al, 2012), with some
modifications. Tamarind XyG polymer preparation was dissolved in 100 mM
sodium phosphate, pH 7.0 buffer to a final concentration of 10 mg/mL. For the
enzymatic oxidation of the bD-Galp residues to 6-aldehydo-D-Galp residues,
Dactylium dendroides galactose oxidase, type Il horseradish peroxidase, and
bovine liver catalase (all enzymes from Sigma-Aldrich) were added to final
concentrations of 5, 5 and 500 U per 1 mg of b-Galp residues, respectively. The
reaction was allowed to proceed for 48 h at room temperature with stirring. For
the chemical oxidation of 6-aldehydo-D-Galp residues to D-GalpA residues, iodine
and potassium iodide (both from Sigma-Aldrich) were added to final
concentrations of 12 and 2.5 mg per 1 mg of original b-Galp residues,
respectively, the pH was adjusted to 9.0 by dropwise addition of 1 M sodium

carbonate, and the solution was stirred in dark for five days at room temperature.
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After oxidation, excess iodine was reduced to iodide by dropwise addition of 0.5
M sodium metabisulfite until the characteristic blue color of iodine-XyG complex
(Gould et al, 1971) disappeared, and the reagents were removed by ethanol
precipitation and dialysis. The oxidized XyG was separated from the enzymes by

anion exchange chromatography (see above).

2.5.3. Generation and Purification of Oligosaccharides

XyG S1 Oligosaccharides XyG polymer preparation was dissolved in 50
mM ammonium acetate, pH 4.5 buffer to a final concentration of 10 mg/mL. XyG-
specific endoglucanase [either Aspergillus aculeatus, Novozymes (Pauly et al,
1999) or Paenibacillus sp., Megazyme (Gloster et al, 2007)] was added to a final
concentration of 100 mU/mL (1 U, amount of substrate-saturated XEG that
creates reducing ends at a rate of 1 umol/min) and the reaction was allowed to
proceed overnight at room temperature. XEG and the residual undigested
polymeric material were removed by ethanol precipitation and centrifugation. The
supernatant was concentrated by rotary evaporation to remove the ethanol and

lyophilized to yield XyG oligosaccharides.

Minimal XyG Oligosaccharides XyG S1 oligosaccharide preparation
was dissolved in 50 mM ammonium acetate, pH 4.0 buffer to a final
concentration of 10 mg/mL. Geotrichum sp. M128 oligoxyloglucan reducing end
cellobiohydrolase (OXG-RCBH) (Yaoi & Mitsuishi, 2002), generously provided by
Dr. Katsuro Yaoi, was added to a final concentration of 100 mU/mL and the

reaction was allowed to proceed overnight at room temperature. The enzyme
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was removed from the reaction mixture by spin filtering (10 kDa cutoff) and the

oligosaccharides were purified by SEC.

Isoprimeverosyl-series XyG Oligosaccharides XXXG was dissolved in 50
mM ammonium acetate, pH 4.5 buffer to a final concentration of 100 mg/mL.
Aspergillus aculeatus p-galactosidase preparation (Novozymes) with an
isoprimeverosyl hydrolase (IPH) contaminant (York et al, 2002) was added to a
final concentration of 2 mg/mL and the reaction was allowed to proceed overnight
at room temperature. Enzymes were removed from the reaction mixture by spin

filtering (10 kDa cutoff) and the oligosaccharides were purified by SEC.

Modification of XyGs with Glycoside Exo-hydrolases XyG preparation
was dissolved in an appropriate buffer to a final concentration of 10 mg/mL,
enzyme was added to a final concentration of 100 mU/mL and the reaction was
allowed to proceed overnight at room temperature. The enzymes and reaction
conditions used were as follows: Degalactosylation: Aspergillus niger -
galactosidase (Megazyme) in 50 mM ammonium acetate, pH 4.5; Dexylosylation:
either Bacillus sp. No. 693-1 a-xylosidase (Seikagaku Corporation) in 50 mM
sodium phosphate, pH 7.0. Enzymes were removed from the oligosaccharide
reaction mixtures by spin filtering (10 kDa cutoff) and the oligosaccharides were
purified by SEC. Enzymes were removed from the polysaccharide reaction
mixtures by anion exchange chromatography. Monosaccharides and non-volatile
buffer salts were removed from the polysaccharide reaction mixtures by ethanol

precipitation and dialysis.
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Reduction of XyG Oligosaccharides XyG oligosaccharide preparation
was dissolved in 50 mM sodium hydroxide solution containing 10 mg/mL sodium
borohydride to a final concentration of 10 mg/mL and the reaction was allowed to
proceed for 2 h at room temperature. The pH of the sample was adjusted to
approximately 4.5 with 1 M monobasic sodium phosphate, and purified by solid-

phase extraction (see below).

Generation and Purification of Cellodextrins Cellodextrins were
prepared as described elsewhere (Liebert et al, 2008) with minor modifications.
Briefly, dried microcrystalline cellulose (Avicel PH-101, Fluka) was suspended in
85% aqueous phosphoric acid (J.T. Baker) to a final concentration of 1 g per 12
mL in a round evaporation flask and mixed by rotation in air with rotary
evaporation apparatus (Buchi) for 30 minutes to form a uniform suspension. The
flask was then immersed into a 55 °C water bath and rotated for 20 hours to
partially hydrolyze the cellulose. The reaction mixture was cooled on ice and the
cellodextrins were precipitated by adding ten volumes of ice cold absolute
ethanol. The precipitate was collected by vacuum filtration through a glass
microfiber filter (1.6 um nominal pore size, GF/A, Whatman). Suspension in cold
ethanol and filtering were repeated until small aliquot of water dissolved cake
tested neutral on pH paper. The cake was vacuum aspirated, until ethanol
draining stopped, suspended in water to a final concentration of 50 mg/mL (on a
wet weight basis), and centrifuged to separate water soluble and insoluble

materials. The supernatant was lyophilized to yield water soluble cellodextrins
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with degree of polymerization (DP) ranging from 1 (glucose) to 7 (celloheptaose).

The individual cellodextrins were purified by SEC.

Preparative SEC of Oligosaccharides  Extra fine Bio-Gel P-2 (Bio-Rad) SEC
resin was hydrated and packed into a borosilicate column (Bio-Rad) and
equilibrated with at least three bed volumes of appropriate eluent prior to use.
Chromatography eluents were prepared in ultrapure water and vacuum filtered
through a 0.2 um polycarbonate membrane (Nucleopore, Whatman). The
following eluents were utilized: water; 10 mM ammonium acetate, pH 5.0; 50 mM
acetic acid (pH approximately 3.0); and 10 mM boric acid, 10 mM phytic acid, pH
10 (adjusted with sodium hydroxide). Oligosaccharide samples were dissolved in
the corresponding chromatography eluent to a final concentration of 25 to 50
mg/mL and spin filtered through a 0.2 um modified Nylon membrane (Nanosep
MF, Pall Life Sciences). Typically 10 mg of the oligosaccharide sample was top-
loaded on the resin and eluted by gravity with approximately 2 m hydrostatic
head, resulting in flow rate of 4 to 6 ml/h. Fractions were collected using a Foxy
Jr. fraction collector (Teledyne Isco) in the drop counting mode and assayed for

oligosaccharides by sulfuric acid-phenol assay as well as MALDI-TOF MS.

Desalting of Oligosaccharides Sephadex G-15 (GE Healthcare) size-
exclusion chromatography resin was packed into a 1.5 x 50 cm borosilicate
column (Bio-Rad) to an approximate bed volume of 85 mL and equilibrated in
water. Oligosaccharide separation from non-volatile salts and monosaccharides,

as well as fraction collection and analyses was performed as described above.
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Solid-phase Extraction Oligosaccharide samples in non-volatile
eluents were desalted with solid phase extraction (SPE) using octadecylsilane
(ODS) C18 cartridges (500 mg resin, Supelco) according to (York et al, 1996).
The SPE cartridges were preconditioned by washing three times with 3 ml (as
were all subsequent washes and elutions) of methanol followed by three washes
with water. Eluent flow was facilitated using pressurized air. The pH of the
carbohydrate containing samples were adjusted to approximately 4.5 by adding
an equal volume of 1 M monobasic sodium phosphate to the sample, and applied
to the SPE cartridge. The resin was washed with water to remove salts and the
oligosaccharides were subsequently eluted with 25% aqueous methanol. The
methanol in the eluate was evaporated under a stream of air and the sample was

lyophilized to yield pure oligosaccharides.

2.5.4. Analytical Techniques

Sulfuric Acid-phenol Assay for Carbohydrates Samples were analyzed
for carbohydrate content using miniaturized sulfuric acid-phenol assay, with
modifications from published protocols (Fox & Robyt, 1991; Masuko et al, 2005).
One hundred microliters of concentrated sulfuric acid (J.T. Baker), 30 ul of ice-
cooled sample, and 20 pl of 5% aqueous phenol (J.T. Baker) were transferred in
this order to the wells on a 96-well polystyrene microplate (Costar 3598,
Corning). The microplate was floated uncovered on a near boiling (> 90 °C)
water bath for 5 min for color development and subsequently cooled to room
temperature on an ice bath. The absorbances were quantified
spectrophotometrically at 490 nm using a microplate reader.
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Preparation of Analytical Oligosaccharide Solutions To prepare XyG
oligosaccharide solutions with accurately known concentrations, a portion of
lyophilized oligosaccharide preparation was weighed to 10 g precision
(Sartorius analytical balance) and mixed with weighed amount of ultrapure water.
A nominally equimolar mixture of six common XyG oligosaccharides (GXXG,
XXXG, XXLG, XXFG, XLLF and XLFG) was prepared by mixing equal volumes

of these oligosaccharide solutions.

MALDI-TOF MS MALDI-TOF mass spectra were collected on Nitrogen
laser equipped MicroFlex LT instrument (Bruker) in positive mode. Equal
volumes of the oligosaccharide sample in water and the matrix solution (20
mg/mL 2,5-dihydroxybenzoic acid in 1:1 (vol:vol) methanol:water) were mixed
and 1 ul of the mixture was applied and allowed to air dry on a ground steel
sample plate (Bruker). Mass calibration was performed with malto-
oligosacharides (Sigma-Aldrich). For routine analysis of SEC fractions, the laser
power (typically < 35%) and the number of summed laser pulses (typically 50)
were adjusted separately for each sample spot to yield spectra with high signal-
to-noise ratios. For analytical work using the nominally equimolar mixture, the
same laser power (35%) and summed laser shots (100) were used across
experiments. MALDI-TOF MS signal integrals were extracted from the MS
spectra using Microsoft Excel. Four spectra were included for each analysis (two
repeats from two different sample spots). One of the four spectra was arbitrarily
chosen as standard and the intensities of three others were scaled by an

individual scaling factor. The three floating scaling factors were adjusted to
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minimize the sum of the coefficients of variation of the intensities of each of the
oligosaccharide among the four experiments. The GRG nonlinear algorithm in
the Solver add-on in Microsoft Excel was used in this linear minimization

procedure.

HPAEC-PAD HPAEC-PAD analysis was performed with a Dionex ICS-
3000 chromatography system (Thermo Scientific) equipped with an autosampler
and a pulsed amperometric detector (PAD). Pure oligosaccharides were
dissolved in water to a final concentration of 0.1 mM (except for XFFG whose
concentration was unknown) and 10 ul was injected to a CarboPac PA1 column
(Thermo Scientific). Reconstituted mixtures from pure oligosaccharide
preparations were injected in various total concentrations. Two injections were
included for each analysis. Oligosaccharides were eluted at a flow-rate of 1.0
mL/min with a multi-step gradient of sodium acetate (0 to 3 min: 0 mM; 3to 5
min: 0 to 40 mM, 5 to 27 min: 40 to 80 mM, 27 to 50 min: 80 to 430 mM, 50 to 52
min: 430 mM, 52 to 53 min: 430 to 0 mM, 53 to 60 min: 0 mM) in a constant
background of 100 mM sodium hydroxide. The chromatograms were analyzed

with Chromeleon software (version 6.8, Thermo Scientific).

NMR Spectroscopy One to three milligrams of pure oligosaccharide was
lyophilized once in 500 ul of D,O (99.9%, Cambridge Isotope Laboratories) and
then dissolved for analysis in 450 ul of D,O (99.96%, Cambridge Isotope

Laboratories) with approximately 0.5 ul of acetone as an internal chemical shift

standard. One- and two-dimensional NMR spectra were recorded at 25 °C with 5

75



mm cold probe equipped Varian Inova NMR spectrometer operating at 600 MHz
'H frequency. Typical one dimensional *H NMR spectra were obtained by
summing 128 transients, each with 8192 complex points and spectral width of
3612.7 Hz (0 to 6 ppm). Typical two dimensional gradient COSY spectra were
collected with 4 summed transients and 800 increments in the indirectly detected
dimension. The spectra were analyzed with Mnova NMR software [version 8.1.2,
Mestrelab Research, (Cobas & Sardina, 2003)]. The *H chemical shifts were

referenced to internal acetone standard (6 = 2.225).
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Figure 2-1. The generation, purification and structural validation of
oligosaccharides from XEG hydrolysis of tamarind XyG polysaccharide. MALDI-
TOF MS spectrum (A) and SEC chromatogram (B) of the hydrolysate. The
hydrolysis yields XXXG (Peak 3, m/z 1085), XLLG (Peak 1, m/z 1409), and the
isomeric XLXG and XXLG (Peak 2, m/z 1247) as the major products. The SEC
fractions were analyzed by MALDI-TOF MS (data not shown) and fractions
containing pure oligosaccharides (excluding Peak 2 which contains both XLXG
and XXLG) were pooled as indicated by the chromatogram shading. XXXG and
XLLG can be separated in their pure forms by SEC, whereas the isomeric XLXG
and XXLG co-elute. MALDI-TOF MS spectra of the pure XXXG (C), mixture of
XLXG and XXLG (D), and pure XLLG (E) are shown. The purities and structural
identities of the XXXG and XLLG oligosaccharides were further established by
HPAEC-PAD and NMR (see Supplemental Figures 2K and 2S). The major signal
in each MALDI-TOF MS spectra arises from the sodium adduct of the
oligosaccharide, [M + Na]*, and is indicated by its m/z value. Other prominent,
but significantly less intense signals, such as the potassium adduct [M + K]" at 16

Th higher m/z value to the parent peak, double adduct of sodium and 2,5-
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dihydroxybenzoic acid (DHB) [M + Na + DHB]" at 176 Th higher m/z value

(indicated by D), are observed in some spectra.
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Figure 2-2. The generation, purification and structural validation of
oligosaccharides from sequential 3-galactosidase and XEG hydrolyses of
tamarind XyG polysaccharide. MALDI-TOF MS spectrum (A) and SEC
chromatogram (B) of the hydrolysate. The B-galactosidase hydrolyzes XLXG
subunit to XXXG and XLLG subunit to XXLG. Subsequent XEG hydrolysis of this
simplified polysaccharide yields a mixture of XXXG (Peak 2, m/z 1085) and
XXLG (Peak 1, m/z 1247). The SEC fractions were analyzed by MALDI-TOF
(data not shown) and fractions containing pure oligosaccharides were pooled as
indicated by the chromatogram shading. MALDI-TOF MS spectra of the pure
XXXG (C), and XXLG (D) oligosaccharides. The purity and structural identity of
the XXLG oligosaccharide was further established by HPAEC-PAD and NMR

(see Supplemental Figure 2). See also the legend for Figure 1.
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Figure 2-3. The generation, purification and structural validation of
oligosaccharides from sequential XEG and OXG-RCBH hydrolyses of tamarind
XyG polysaccharide. MALDI-TOF MS spectrum (A) and SEC chromatogram (B)
of the hydrolysate. The OXG-RCBH hydrolyzes XXXG oligosaccharide to XX
(Peak 4, m/z 629) and XG (Peak 5, m/z 497) fragments, and XXLG to XX and LG

(Peak 3, m/z 659) fragments. XLXG (Peak 2, m/z 1247) and XLLG (Peak 1, m/z
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1409) are not substrates for this enzyme and remain intact. The SEC fractions
were analyzed by MALDI-TOF (data not shown) and fractions containing pure
oligosaccharides were pooled as indicated by the chromatogram shading.
MALDI-TOF MS spectra of the pure XG (C), XX (D), LG (E), XLXG (F), and
XLLG (G) oligosaccharides are shown. The purities and structural identities of
the XG, XX, LG, and XLXG oligosaccharides were further established by
HPAEC-PAD and NMR (see Supplemental Figure 2). See also the legend for

Figure 1.
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Figure 2-4. MALDI-TOF MS analysis of XyG oligosaccharide response factors.
(A) MALDI-TOF MS spectrum of a mixture of GXXG, XXXG, XXLG, XXFG, XLLG
and XLFG with 100 pmol of each oligosaccharide. (B) Comparison of the
normalized signal integrals of the oligosaccharides measured for various dilutions
of the mixture. Each group of bars represents a dilution and each bar in a group
represents an oligosaccharide. (C) Comparison of the normalized signal integrals
of the oligosaccharides measured for various dilutions of the mixture. Each group
of bars represents an oligosaccharide and each bar in a group represents a
dilution. In both B and C, the integrals are normalized to that of XXXG (set to 1).
In both B and C, the reported values are averages of three measurements with
the error equal to their standard deviation. (D) The calculated relative response

factors of the XyG oligosaccharides with that of XXXG set to 1.
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Figure 2-5. HPAEC-PAD analysis XyG oligosaccharide response factors. (A)
Overlaid HPAEC-PAD chromatograms of a mixture of GXXG, XXXG, XXLG,
XXFG, XLLG and XLFG with different total amounts injected (in pmol per
oligosaccharide: 1000, 500, 250, 100, 50, 25, 10, 5, 2.5, and 1). (B) Comparison
of the normalized signal integrals of the oligosaccharides measured for various
dilutions of the mixture. Each group of bars represents a dilution and each bar in
a group represents an oligosaccharide. (C) Comparison of the normalized signal
integrals of the oligosaccharides measured for various dilutions of the mixture.
Each group of bars represents an oligosaccharide and each bar in a group
represents a dilution. In both B and C, the integrals are normalized to that of
XXXG (set to 1). In both B and C, the reported values are averages of three
measurements with the error equal to their standard deviation. (D) The calculated
relative response factors of the XyG oligosaccharides with that of XXXG set to 1.
(E) Total signal intensity (sum of all six oligosaccharides) as a function of

oligosaccharide concentration.
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Figure 2-6. HPAEC-PAD analysis of oligosaccharide retention times. (A)
Correlation of the elution time and the number of D-Glcp (G) units in cellodextrins
(GGG, GGGG, GGGGG, GGGGGG, GGGGGGQG). (B) Correlation of the elution
time and the number of isoprimeverosyl (X) units in isoprmeverosyl XyG
oligosaccharide series (XG, XXG, XXXG, XXXXG, and XXXXXG). The
correlation coefficients were calculated for all eight possible combinations of
signals taking into account the two signals from XXXXG and four from XXXXXG.
The best fit is shown on the graph. (C) Comparison of the retention times of three
oligosaccharide pairs that differ in the presence of Xylp residue on the non-
reducing end backbone Glcp residue. (D) The contributions of various structural

features in cellodextrin and XyG oligosaccharides. The values were obtained by
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comparing all oligosaccharide pairs that differ in structure by a specific feature.

Average and standard deviation was calculated for each structural feature.
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Table 2-1. The chemical structures of XyG side-chains relevant to this work.

Symbol Chemical Structure® Found in Reference
X a-D-Xylp-(1—6) All XyGs (Fry et al, 1993)
L B-D-Galp-(1—2)-a-D-Xylp-(1—6) Almost all XyGs (Fry et al, 1993)
D a-L-Arap-(1—2)-a-D-Xylp-(1—6) S. kraussiana, E. hyemale  (Pefia et al, 2008)
Y B-D-GalpA-(1—2)-a-D-Xylp-(1—6) Arabidopsis thaliana root hairs  (Pefia et al, 2008)
F a-L-Fucp-(1—2)-B-b-Galp-(1—2)-a-D-Xylp-(1—6) Majority of XyGs (Fry et al, 1993)
E a-L-Fucp-(1—2)-a-L-Arap-(1—2)-a-D-Xylp-(1—6) S. kraussiana, E. hyemale  (Pefia et al, 2008)
J a-L-Galp-(1—2)-B-p-Galp-(1—2)-a-D-Xylp-(1—6) Jojoba (Simmondsia chinensis) seed (Hantus et al, 1997)
z a-L-Fucp-(1—2)-B-b-GalpA-(1—2)-a-D-Xylp-(1—6) Arabidopsis thaliana root hairs  (Pefia et al, 2012)

'All listed side-chains are linked to a backbone B-d-Glcp residue.
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Table 2-2. Summary of the purified oligosaccharides.

Backbone Structure(s) present’
length G G, X G, X, L G, X,D G, XY G XL, F G, XL,J
1 X
2 XG LG YG FG JG
XX
GGG XXG
4 GGGG GXXG XLXG XDXG XYYG XXFG XXJIG
XXXG XXLG XDDG XXFG XLIG
XXXGol GLLG XXFGol
XLLG XLFG
XLLGol XFFG
5 GGGGG XXXXG?
6 GGGGGG  XXXXXG®
7 GGGGGGG

The oligosaccharides are grouped according to the diversity and structural complexity of their side-chains. The underlined side-

chains represent the characteristic side-chains that are used in the grouping.

*These samples contain positional isomers in which the underlined isoprimeverosyl units (X) can be either O-3 or O-4 linked.
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Figure 2-S1. Stereochemical representations of some of the glycosyl residues
found in XyGs. (A) The B-D-Galp, B-D-GalpA and a-L-Arap residues, that are
linked to the O-2 position of Xylp residue, all have the B-D-galacto configuration.
(B) The a-L-Galp (that can be linked to the O-2 position of B-D-Galp residue) and
a-L-Fucp (that can be linked to the O-2 position of B-D-Galp, B-D-GalpA or a-L-

Arap residues) residues both have the a-L-galacto configuration.
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Figure 2-S2. Comparison of the efficiencies of eluents in the separation of
tamarind XyG S1 oligosaccharides. 10 mg of tamarind XyG S1 oligosaccharides
generated by XEG hydrolysis of tamarind XyG polysaccharide were loaded per
experiment. (A) water, (B) 10 mM acetic acid, and (C) 10 mM boric acid, 10 mM
phytic acid, pH 10 (adjusted with sodium hydroxide). The fractions were analyzed

by MALDI-TOF MS (data not shown) and the oligosaccharide preparations were
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pooled as indicated by the chromatogram shading. Note that XLLG (Peak 1) and
XXXG (Peak 3) oligosaccharides can be obtained in their pure forms, whereas
XLXG and XXLG (Peak 2) co-elute. The oligosaccharides elute in the expected
order with XLLG (9 glycosyl residues) eluting first, and XXXG (glycosyl residues)

eluting last, and XLXG and XXLG (8 glycosyl residues) co-eluting in the middle.
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AH Key @ ovcice @ ocico Yo oxyp O ocap
L-Arap ® D-GalpA v L-Fucp O L-Galp

Figure 2-S3. Determination of the structural identities and purities of the
generated oligosaccharides. The chemical structures of the oligosaccharides
are rendered using the Consortium for Functional Glycomics symbols ((Varki et
al, 2009) for key, see AH) and the XyG nomenclature is based on (Fry et al.,
1993). In the MALDI-TOF MS spectra, the most intense signal always has m/z
value within 1 Th of the calculated m/z value of the sodium adduct [M + Na]"* of
the analyte. Other prominent, but significantly less intense signals can arise from
the potassium adduct [M + K]* at 16 Th higher m/z value to the parent (sodium
adduct) peak, double adduct of sodium and 2,5-dihydroxybenzoic acid (DHB) [M
+ Na + DHB]" at 176 Th higher m/z value (indicated by D), or, dehydration
products (only applicable for the cellodextrins) at 18 Th lower m/z value. For the
acidic XyG oligosaccharides (YG and XYYG), additional signals can arise from
the sodium or potassium salts of the carboxylic functionality at 22 or 38 Th higher
m/z value, respectively. The m/z values are tabulated in Supplemental Table 1.
In the HPAEC-PAD chromatograms, the most intense signal always
corresponds to the analyte, except for XFFG (AB) whose intensity is lower than
solvent front (at 9.5 min) due to low loaded amount of the analyte. The elution
time of the oligosaccharide is indicated. Note that retention time of X

(isoprimeverose, F) coincides with a signal from solvent front. All elution times
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are presented in Supplementary Table 1. The *H NMR spectra are represented
by the “anomeric region” where diagnostic signals from H-1 anomeric protons
reside. Few other signals in this region arise from the H-5 of the L-Fucp and L-
Galp, as well as the H-4 of the D-GalpA residues. The chemical shifts in the
anomeric region are tabulated in Supplementary Table 1. XXXXG (N) refers to a
mixture of two oligosaccharides, namely XXXXG (with canonical XyG structure)
and X3XXXG (with O-3 linkage in the backbone). XXXXXG (M) refers to a mixture
as well. Here, the four potential structures are XXXXXG, X3XXXXG, XX3*XXXG
and X3X3XXXG. In both cases, the MALDI-TOF MS spectra yield only single

major signal, but the heterogeneity is revealed by HPAEC-PAD chromatograms.
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Figure 2-S4. The generation and purification of isoprimeverosyl-series XyG
oligosaccharides. MALDI-TOF MS spectrum (A) and SEC chromatogram (B) of
the oligosaccharide mixture. The SEC fractions were analyzed by MALDI-TOF
(data not shown) and fractions containing pure oligosaccharides were pooled as
indicated by the chromatogram shading. The structural identities of the
oligosaccharides were further established by MALDI-TOF MS, HPAEC-PAD and
NMR (see Supplemental Figure 2). Peaks in both MS spectra and SEC
chromatogram are labeled as follows: Peak 1, XXXXXG (m/z of Na-adduct
1673.5); 2, XXXXG (m/z 1379.4); 3, XXXG (m/z 1085.3); 4, XXG (m/z 791.2); 5,
XG (m/z 497.2). Isoprimeverose (Peak 6, m/z 335) was not detectable in this

complex mixture by MS due to its low abundance as well as matrix interference
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at low m/z values. Note that XXXXXG and XXXXG are mixtures of isomers, for

structures, see Supplemental Figure 5.
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Figure 2-S5. Chemical structures of the transglycosylation products of
isoprimeverosyl hydrolase. (A) XXXXG and its isomer. (B) XXXXXG and its
isomers. Note that the only difference between the isomeric structures is the

linkage position of the X units.
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Figure 2-S6. The generation and purification of cellodextrin oligosaccharides. (A)
MALDI-TOF MS spectrum and (B) SEC chromatogram of the water soluble
cellodextrins. The fractions were analyzed by MALDI-TOF MS (data not shown)
and the pure oligosaccharides were pooled as indicated by the chromatogram
shading. Peaks in both MS spectra and SEC chromatogram are labeled as
follows: Peak 1, celloheptaose (GGGGGGG, m/z of Na-adduct 1175.4); 2,
cellohexaose (GGGGGG, m/z 1013.3); 3, cellopentaose (GGGGG, m/z 851.3); 4,
cellotetraose (GGGG, m/z 689.2); and 5, cellotriose (GGG, m/z 527.2). The two
remaining peaks in the SEC chromatogram correspond to cellobiose and glucose

and were not analyzed in detail.
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Figure 2-S7. Correlation heatmap of the oligosaccharide integral patterns in
MALDI-TOF MS spectra between different dilutions of the oligosaccharide
mixture. Palette key (bottom) provides the scale of the correlations that can

range from zero (totally uncorrelated) to one (totally correlated).
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Figure 2-S8. Correlation heatmap of the oligosaccharide integral patterns in
HPAEC-PAD chromatograms between different dilutions of the oligosaccharide
mixture. Palette key (bottom) provides the scale of the correlations that can

range from zero (totally uncorrelated) to one (totally correlated).
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Figure 2-S9. Correlation heatmap of the MALDI-TOF and HPAEC-PAD integral
patterns. Palette key (bottom) provides the scale of the correlations that can

range from zero (totally uncorrelated) to one (totally correlated).
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Table 2-S1. MALDI-TOF MS and HPAEC-PAD data of the purified oligosaccharides.

6ET

Oligosaccharide MALDI-TOF MS HPAEC-PAD
# Structure Molar Mass [M + Na]" m/z Relative Response Elution time Relative Response
(g/mol) (Th) Factor (min) Factor

1 GGG 504.4 527.2 - 12.2 -

2 GGGG 666.6 689.2 - 16.2 -

3 GGGGG 828.7 851.3 - 21.1 -

4 GGGGGG 990.9 1013.3 - 25.7 -

5 GGGGGGG 11530 1175.4 - 30.5° -

6 X 312.3 335.1 - 9.5 -

7 XG 474 .4 497.2 - 11.8 -

8 XX 606.5 629.2 - 12.2 -

9 XXG 768.7 791.2 - 16.5 -

10 GXXG 930.8 953.3 0.76 + 0.02 18.6 0.87 +0.03
11 XXXG 1062.9 1085.3 1.00 + 0.02 21.8 1.00 + 0.02
12 XXXGol 1064.9 1087.4 - 14.2 -

13 XXXXG 1357.2 1379.4 ] 24.7° -

14  XXXXXG 1651.5 1673.5 . Multiple® -

15 LG 636.6 659.2 14.1 -
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Table 2-S1. Continued.

Oligosaccharide MALDI-TOF MS HPAEC-PAD

# Structure Molar Mass [M + Na]" m/z Relative Response Elution time Relative Response
(g/mol) (Th) Factor (min) Factor

16 XLXG 1225.1 1247.4 - 23.6 -
17 XXLG 1225.1 1247.4 1.21+0.03 24.4 0.94+0.03
18 GLLG 1255.1 1277.4 - 23.0 -
19 XLLG 1387.2 1409.4 1.40 + 0.07 25.5 0.87 +0.02
20 XLLGol 1389.2 1411.5 - 18.9 -
21 XDXG 1195.1 1217.4 - 21.1 -
22 XDDG 1327.2 1349.4 - 21.7 -
23 FG 782.7 805.3 - 12.5 -
24 GXFG 1239.1 1261.4 19.5
25 XXFG 1371.2 1393.5 1.78 + 0.05 22.4 1.14 + 0.05
26 XXFGol 1723.5 1395.5 . 16.2 i
27 XLFG 1533.4 1555.5 1.78 + 0.03 23.5 1.20 + 0.06
28 XFFG 1679.5 1701.6 ] 20.9 .
29 JG 798.70 821.3 ] 15.6 -
30 XXJG 1387.2 1409.4 - 24.7
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Table 2-S1. Continued.

31 XLJG 1549.4 1571.5 - 25.7 -
32 YG 650.5 673.2 - 34.7 -
33 XYYG 1415.2 1437.4 - 41.7 -

'Multiple signals are observed. Owing to its intensity and elution time, the signal at 30.5 min most likely corresponds to GGGGGGG.
The signal at 25.8 min corresponds to GGGGGG, the origin of the remaining signals is unknown.

*Two signals are observed at 24.7 and 32.5 min. Owing to their elution times, the signal at 24.7 min most likely corresponds to
XXXXG and that at 32.5 min to X*XXXG. Here, the superscript after X indicates a non-canonical O-3 glycosidic linkage between the

backbone Glcp residues.

$Multipe signals are observed, some of which may correspond to XXXXXG, X3XXXXG, XX3XXXG, and X3X*XXXG.
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Table 2-S2. NMR chemical shifts of the purified oligosaccharides.

'H Chemical Shift

# Structure (ppm)’
Residue Type D-Glcp H-1
Residue Number? | 1-a  1-B 2 3 4 5 6 7
1 GGG 5222 4.659 4.534 4.509
2  GGGG 5222 46591 4534 14 507 _
3 GGGGG 5222 46591 i35 T 14507
4 GGGGGG |5.222 46591 4532 14507
5 GGGGGGG |5.222 46591 . 4532 T 14507
Residue Type D-Glcp H-1 D-Xylp H-1
Residue Number | 1-a 1B 2 3 4 5 6 1 2 3 4 5 6
6 X 5243 4677 - - - - ~ L Jon E N N - .
7 XG 5.222 4.662 4541 - - - N R YT R - - -
8 XX 5232 4.691 4563  -- - - -l 42328;: 4944 - - - -
________________ 1
9 XXG 5222 4.666 | 4.554,4559 | -- - - 77T 4960 4941 - - -
10 GXXG 5221 46611 vy B'sé"ﬂs?ﬁ' 4517 - - — 1 4959 1 - - -
11 XXXG 5220 4.661 F= 475502560, 4'5'7'5' - - — 1 4958 14940 - -
12 XXXGol - Z'e'éi_i'ééé_i'é@ - - 1 4.952,4.958 14.939 - -
""""""""""""""" T T T T 962\ T 2932\ |
13 XXXXG 5220 4. 660 4 549, 4,586, 4.559, 4.563, 4. 574 . -- - : 4.956 : 4.956 : 4.940 : -
14 XXXXXG 5220 4.661 E_ 4.548, 4.584, 4.559, 4.570 L 4.955 14962\ T 403\
1 : : : 4.955 : 4.940 :




Table 2-S2. Continued.

eVt

Residue Type D-Glcp H-1 D-Xylp H-1 D-Galp H-1
Residue Number | 1l-a 1B 2 3 4 2 3 4 2 3
15 LG 5.223 4.665 4.545  -- - |5159 - - | 4564 -
16 XLXG 5.220 4.662 {““ZE:;,_ 4558 14957 5179 4942 | - 4566
17 XXLG 5.224 4.664 :rnnz_l._s_s_(;,_i._s_s_sa_““} 5.172 4.959 4.941 | 4559  --
18 GLLG 5.221 4.665 LZTS-(;ES_Z.-S-S’-Z-_:‘..-S-O-S;-E__S_._l_7_1,_5_.1;5_)_1: - 4.556
19 XLLG 5.224 4.665 4569 4.539 4.533 !__5_._12;_7_,_5_.1523_1: 4.943 4.554
20 XLLGol - 4632 4533 4544|5162 5177 4.942 :— _22374_9_/21._5_85_:

Residue Type D-Glcp H-1 D-Xylp H-1 L-Arap H-1
Residue Number | 1-a 1-B8 2 3 4 2 3 4 2 3
21 XDXG 5.221 4.6625L _____ A_p ;)_r._é_l._5_5 _____ 14954 5133 4.945| --  4.488
22 XDDG 5.223 4.663;r _____ A E;To;._ 455 1:“5_._15,5,_5_.1523_1; 4.945 4.486

Residue Type D-Glcp H-1 D-Xylp H-1 D-Galp H-1 L-Fucp H-1 L-Fucp H-4
Residue Number | 1-a 1-B 2 3 4 2 3 4 2 3 2 3 2 3
23 FG 5.220 4.66852.;;0_;5 N ~ |s5138 - ~ 4621 - |5287 ~ |as14 -
24 GXFG 5219 4664 5.144 4955 -- | 4615 - |5272 - -
25 XXFG 5.220 4.665 5.143 4.955 4941 | 4616 - |[5272  -- -
26 XXFGol - 5.133 4.952 | 4941 4620 | -- 5256 | -
27 XLFG 5.220 4.666 5.140 5.179 4.944 5275 - -
18 XFFG 5.218 4.667 5.135 5.156 4.940 5.273 5.280
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Table 2-S2. Continued.

Residue Type D-Glcp H-1 D-Xylp H-1 D-Galp H-1 L-Galp H-1 L-Galp H-4
Residue Position | 1l-a 1B 2 3 4 2 3 4 2 3 2 2
29 JG 5.225 4.669 - - |5178 - - - | 5420 - -
30 XXJG 5.225 4.669 5172 4.954 4.940 | 4644 - |5402 @ - -
31 XLJG 5.225 4.669 5.173 4.942 - - -
Residue Type D-Glcp H-1 D-Xylp H-1 D-GalpA H-1 | D-GalpA H-5
Residue Position | 1-a 1-B8 2 3 4 2 3 4 2 3 2 3
32 YG 5.223 4.663 4552  -- - | 5.248  -- - |4611 -- |4230 4.198
33 XYYG 5.221 4.663 5.250 4.940

'Shaded and boxed entries of multiple nuclei indicate either that these nuclei have identical *H chemical shifts (when a single value is

reported), a corresponding number of unique resonances can be resolved but their assignments are not clear (multiple values

separated by a comma), multiple resonances are observed for a single nucleus due to the anomeric effect from the reducing end

(multiple values separated by a slash, with the first value associated with the a anomeric form), multiple signals are observed due to

the presence of several molecules differing in structure (multiple values separated by a backslash, with the first value associated with

0O-4 linkage), or severe overlap of multiple signals prevents an accurate chemical shift assignment for that group of nuclei (when

approximate value is reported).

’Backbone residues are numbered sequentially, with the reducing end b-Glcp designated as 1. In XLJG, the D-Glcp residue with the

J side-chain attached is numbered 2, as are the other glycosyl residues (D-Xylp, D-Galp, L-Galp) in that side-chain.
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3.1. Abstract

Monoclonal antibodies are emerging as essential tools for probing the
composition of plant cell walls by offering high structural specificity and sensitivity
in various experimental setups, including immunolocalization and high-
throughput glycome profiling. Despite the large number of monoclonal antibodies
generated against complex plant cell wall polysaccharides, the paucity of
comprehensive epitope information has limited the structural interpretation of the
data obtained from their use. To mitigate this shortcoming, we characterized in
detail the epitopes of thirty-two monoclonal antibodies that have been previously
shown to bind xyloglucans, using a sensitive enzyme-linked immunosorbent
assay. Our comprehensive arsenal of structurally diverse xyloglucan derived
oligosaccharides allowed us to define the binding specificities in considerable
chemical detail and to discern subtle differences that would have been obscured
if probed only with polysaccharides or a structurally less diverse oligosaccharide
library. Specificities were established for several key xyloglucan features, namely
terminal fucosyl, galactosyl, and xylosyl residues. Immunolocalization
experiments using these antibodies revealed cell- and tissue-specific
localizations of distinct xyloglucan epitopes in Arabidopsis thaliana root tissue
and Tamarindus indica seed. Determination of the binding specificities of these
antibodies allows rigorous structural interpretation of these and other
immunoaffinity data and facilitates the testing of hypotheses regarding xyloglucan

biosynthesis, metabolism and function in cell walls.
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3.2. Introduction

3.2.1. Plant Cell Walls

Plant cell walls are complex extraplasmalemmal organelles with a wide repertoire
of structural, regulatory, and metabolic functions in plant cell growth,
morphogenesis, and development (Albersheim et al, 2011). Models of the plant
cell wall architecture emphasize its multiphasic nature whereby insoluble
cellulose microfibrils are embedded in amorphous and hydrated matrix of mostly
hemicellulosic and pectic polysaccharides (Baba, 2006; Keegstra, 2010). The
chemical and physical heterogeneity of plant cell walls is further compounded by
the presence of (glyco)proteins and, in some walls, ossified minerals and
extensively cross-linked hydrophobic polymers such as lignin. The proportions of
these and other plant cell wall components vary widely and depend on the
function and developmental status of the cell (Albersheim et al, 2011). The
robustness of plant tissues and ultimately whole plants is largely determined by
their cell walls (Gibson, 2012), suggesting a tight chemical and mechanical
continuity of the apoplast. Several covalent and non-covalent interpolymer
networks have indeed been implicated in muro by either direct structural
evidence or by extrapolation from their in vitro properties (O'Neill et al, 1996; Tan
et al, 2013). The archetype of such a network is the cellulose-xyloglucan (XyG)
network which assembles in vitro and has thus been assigned a major load-
bearing function in plants that have XyG as their major hemicellulose (Hayashi &
Kaida, 2011). Furthermore, the activities of several apoplastic enzymes and other

proteins that are known to remodel XyG and the cellulose-XyG network in vitro
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have been correlated (e.g., by in vitro and in vivo stress tests) with cell wall
properties in phenomena as disparate as cell wall expansion during growth and
disintegration in fruit ripening, suggesting a major regulatory function for this
network (Rose & Bennett, 1999). Both in vivo and cell culture (Fry et al, 1990;
Vargas-Rechia et al, 1998) experiments have demonstrated that XyG
oligosaccharides act as signaling molecules, indicating a possible feedback or
defense mechanism that utilizes oligosaccharide products of XyG metabolism in
the cell wall. The full spectrum of the functions as well as the essentiality of XyG
are controversial, not least due to a viable Arabidopsis thaliana mutant that lacks
XyG (Cavalier et al, 2008). Notably, XyGs have been found in the cell walls of all
embryophytes (land plants) examined to date (Popper et al, 2011) and large
families of enzymes and other proteins have been implicated in XyG metabolism
(Rose et al, 2002), indicating a strong evolutionary pressure for maintaining XyG

in the plant cell walls.

3.2.2. XyG Structure

XyGs have a linear cellulosic backbone of (1—4)-linked D-Glcp residues that
are substituted with side-chains at O-6. Currently nearly twenty side-chain
structures have been described, but only a few can be found in any single
species. The growing assortment of described side-chain structures led to the
introduction of a single-letter code that can compactly describe XyG sequences
of arbitrary length (Fry et al, 1993). Here, G denotes a backbone glucosyl residue
without decoration at O-6, whereas X, L and F denote glucosyl residues with o-D-
Xylp, B-D-Galp-(1—2)-a-D-Xylp, and a-L-Fucp-(1—2)-B-D-Galp-(1—2)-a-D-Xylp
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side-chains at O-6, respectively. Structures and nomenclature of all side-chains

relevant to this work are presented in Table 2-1.

It is noteworthy that several plant species synthesize XyGs side-chains
that differ in their sugar residue composition but are stereochemically identical
(for detailed discussion of XyG stereochemistry, see Chapter 2). There are
several known examples of this type of structural heterogeneity in XyG. Jojoba
(Simmondsia chinensis) seed XyG contains both the F [a-L-Fucp-(1—2)-B-D-
Galp-(1—2)-a-D-Xylp], and J [a-L-Galp-(1—2)-B-D-Galp-(1—2)-a-D-Xylp] side-
chains (Hantus et al, 1997). Other instances, whereby a particular XyG
polysaccharide contains stereochemically identical side-chains differing by a
single small chemical group, have been described in the literature. In a clubmoss
Selaginella kraussiana and a horsetail Equisetum hyemale that were reported to
contain, besides the canonical L and F side-chains, a-L-Arap-(1—2)-a-D-Xylp
(termed D), and a-L-Fucp-(1—2)-a-L-Arap-(1—2)-a-D-Xylp (termed E) structures
(Pefa et al, 2008). A root hair specific anionic XyG that contains (in addition to
the X, L and F side-chains) B-D-GalpA-(1—2)-a-D-Xylp (termed Y) and a-L-Fucp-
(1—>2)-B-b-GalpA-(1—2)-a-D-Xylp (termed Z) side-chains was reported in
Arabidopsis (Pefa et al, 2012). This aspect of glycan biosynthesis and
biochemistry, where distinct glycosyl residues with the same stereochemistry are
transferred to glycan structures and may confer similar functional properties to
the glycan, is largely restricted to XyGs. Rhamnogalacturonan-Il (RG-Il) found in
the plant cell walls is another complex carbohydrate in wild-type plants that has

been shown to display this type of structural heterogeneity (Pabst et al, 2013).
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Besides the abovementioned XyG side-chains, several others whose distribution
in the plant kingdom is typically limited, have also been reported (Hilz et al, 2007;

Hisamatsu et al, 1992; Pefia et al, 2008; York et al, 1996).

XyG structure differs from other plant cell wall polysaccharides in other
ways as well. In general, the distribution of the Xylp residues on the backbone
residues is not statistical (as is typical for side-chains of other plant cell wall
polysaccharides) but very regular, leading to polysaccharide that is composed of
apparent subunits. The regularity of the side-chains and the subunit-like structure
become apparent when the XyG polysaccharide is hydrolyzed by a XyG-specific
endoglucanase (XEG) that exclusively hydrolyzes the glycosidic bond of the
unsubstituted backbone Glcp residue. For example XEG hydrolysis of XyGs from
most dicotylenous plants yields oligosaccharides with XXXG core structure
(where some of the Xylp residues can be extended by other glycosyl residues).
Several side-chain patterns have been described, that can be used for the
classification of XyGs (Buckeridge et al, 1997; Hsieh & Harris, 2009; Vincken et
al, 1997; York et al, 1996). Besides glycosyl residues, O-acetyl substitutions
have been found on XyG side-chains (Hoffman et al, 2005; Lerouxel et al, 2002;
York et al, 1988) and on O-6 of the backbone residues of XXGG-type XyGs (York
et al, 1996) where they apparently replace Xylp residues that are found at this
position in XXXG-type XyGs. The structure and abundance of XyG varies
tremendously, not only among species and higher levels of plant taxonomy, but
according to the types and developmental stages of cells and tissues, and even

among different regions of an individual cell wall. The functional significance of
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the XyG diversity is currently not well understood, but at least in some cases the
different side-chain structures seem to be functionally redundant (Schultink et al,

2013).

3.2.3. Monoclonal Antibodies as XyG Probes

The recalcitrance of plant cell walls poses formidable obstacles for detailed
scrutiny, and XyGs, which include some of the most structurally complex and
tightly integrated components of plant cell walls, epitomize these analytical
challenges. Monoclonal antibodies (mAbs) can facilitate a new approach in
probing the structure and abundance of XyGs and other complex
polysaccharides. The principal advantage of mADbs is their ability to distinguish
between unreactive and chemically similar carbohydrate structures in complex
and heterogenous samples such as the plant cell wall. Additionally, mAb-based
recognition can be coupled to several sensitive detection systems as well as
various microscopy modalities that allow detection at sub-micrometer resolution
on tissue samples. The utility of mAbs in probing cell wall polysaccharides has
been demonstrated in evolutionary (Brennan & Harris, 2011; Kulkarni et al,
2012), developmental (Nishikubo et al, 2011; Vaughn et al, 2007), environmental
(Balestrini et al, 1996), and biotechnological (DeMartini et al, 2013) contexts.
Although the application of mAbs in providing an alternative view on the plant cell
wall structure, ultrastructure, and composition is well established (Knox, 2008;
Lee et al, 2011; Pattathil et al, 2010), the scarcity of detailed epitope information
has thus far severely restricted the extent of structural conclusions that can be

drawn from their use. Here, we report the refined epitope characterizations of
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thirty-two previously described XyG-binding mAbs (Marcus et al, 2008; Pattathil
et al, 2010; Pedersen et al, 2012; Puhimann et al, 1994). Our results revealed a
spectrum of complementary binding specificities among the mAbs that allow the
most common structural features in XyGs to be distinguished. Since the extent of
structural interpretations drawn from immunoaffinity experiments depend on the
rigor of the epitope characterization, our results provide a basis for
comprehensive immunoaffinity analysis of XyG structure, quantity and function.
The approach we have developed provides a blueprint for epitope

characterization efforts of other complex polysaccharides.

3.3. Results and Discussion

Thirty-two mAbs that have previously been generated using XyGs and other
plant cell wall polysaccharides, or XyG oligosaccharides, as immunogens, and
that are known to bind XyGs, were selected for detailed epitope characterization
by enzyme-linked immunosorbent assay (ELISA). The epitopes of these mAbs
were refined using XyG polysaccharides as well as a large library of XyG-derived
oligosaccharides as probes. For the ELISAS, the polysaccharides were
immobilized on microplate wells by drying, whereas the oligosaccharides were
biotinylated and immobilized on NeutrAvidin-coated plates. Both direct and
competitive ELISAs were utilized for discerning the binding patterns of the mAbs.
The binding patterns were analyzed by hierarchical clustering to group the mAbs

into recognition groups.
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3.3.1. Immunogens

XyG containing immunogens were prepared by first reacting the XyG
polysaccharide with 1-cyano-4-dimethylaminopyridinium tetrafluoroborate
(CDAP) and then conjugating the activated XyG polysaccharide to bovine serum
albumin (BSA). Immunogens containing tamarind, sycamore maple, and tomato
XyGs were prepared as covalent BSA conjugates. Non-XyG polysaccharide
containing immunogens were prepared as non-covalent mixtures with BSA.
Whereas the non-covalent polysaccharide-BSA mixtures contain predetermined
1:1 (w/w) ratio of the components, the relative amounts of the components in
covalent polysaccharide-BSA conjugates depend on several variables, including
the efficacy of the conjugation reaction and the average size of the

polysaccharide molecules (data not shown).

3.3.2. Generation and Screening of Hybridoma Lines

The diluted sera of the immunized animals were tested using ELISA for the
presence of antibodies that bind underivatized and unconjugated forms of the
same polysaccharide that was used for the immunization. The number of mice
that generated an immune response varied depending on the immunogen
(Supplemental Table 1). Hybridoma lines generated from the splenocytes of
these mice were screened by ELISA using same polysaccharides previously
used to test the sera. Detailed statistics of hybridoma line generation are also
presented in Supplemental Table 1. These data include the number of mice that

generated a strong immune response to each immunogen. These mice were
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chosen for splenectomy and hybridoma line generation. Also listed is the number
of hybridomas from each independent fusion that grew and tested positive by
ELISA for polysaccharide binding Abs. Further passaging and cloning by limiting
dilution resulted in stable hybridoma lines that continued to display a high titer of
mADbs. These were used to produce large quantities of hybridoma supernatants
that were stable through cryopreservation and thawing. The name, designation
isotype and light-chain for each of the selected hybridoma lines are also listed in

Supplemental Table 1.

3.3.3. mAb Binding to Immobilized Oligo- and Polysaccharides

The binding of each mAb to chemically homogeneous XyG and cellodextrin
oligosaccharides (for their preparation and structural validation, see Chapter 2) or
their mixtures, was determined by ELISA. The APB derivatized oligosaccharides
were purified by SEC and the yields were in almost all cases over 90%
(Supplemental Figures 1, 3, 4 and 5). The m/z values of the oligosaccharide-APB
conjugates in MALDI-TOF MS spectra conformed to the expected values in all
cases. Owing to the purity of the starting materials, as well as the mild
derivatization conditions, the end products were homogenous as well, as is
evident from their MALDI-TOF MS spectra. These well-defined oligosaccharides
were immobilized to individual wells of streptavidin-coated ELISA plates after
conjugating them to an aminooxy-PEG4-biotin (APB) tag using aniline catalyst.
These plates were then used to characterize each mAb by ELISA. The purity
(typically > 98%) of these oligosaccharides made it possible to accurately discern

the binding pattern for each of the mAbs tested.
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The structural diversity of the oligosaccharide collection, and the chemical
homogeneity of the individual oligosaccharides that were attached to ELISA
plates, made it possible to define detailed binding specificities for each of the
anti-XyG mAbs (Figure 1 and Supplemental Figures 6 and 8). The mAbs show
substantial differences in their binding patterns when tested using this
oligosaccharide library. That is, the mAbs are capable of distinguishing specific
structural features of XyGs, including the presence and absence of structurally
diverse side chains, making them useful tools for determining how these

structures vary in different cells, tissues and species.

Terminal a-L-Fucp Residue-binding mAbs Five mAbs, namely
CCRC-M1, CCRC-M39, CCRC-M84, CCRC-M102, and CCRC-M106, specifically
bind to oligosaccharides bearing a fucosylated side chain (either F or Z side-
chain. Oligosaccharide containing the E side-chain were not available for
testing). These mAbs can be further classified according to how they bind to
fucosylated oligosaccharides with distinct structures. CCRC-M1 and CCRC-
M102 bind to all seven prepared oligosaccharides with an F side-chain (FG,
GXFG, XXFG, GLFG, XLFG, GLFG, XFFG, see Figure 1, Supplemental Figures
6A, 6Y and 8), as well as the Z oligosaccharide. Whereas CCRC-M102 binds to
the Z side-chain containing oligosaccharide with nearly the same affinity as it
does to its analog with the F side-chain, CCRC-M1 can distinguish between

these two structures and has much higher affinity towards the F side-chain.

The smallest fucosylated oligosaccharide recognized by the CCRC-M39

and CCRC-M106 mAbs is GXFG (Figure 1, Supplemental Figures 6B and 6AB).
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The affinity of these two mADbs to the other fucosylated oligosaccharides
increases slightly if either or both of the terminal residues in the GX substructure
are extended, as in XXFG, XLFG and GLFG. CCRC-M84 selectively binds a very
rare XyG oligosaccharide that contains two adjacent F side-chains, and thus has
the most stringent binding constraint of the mADbs in this clade (Figure 1,
Supplemental Figure 6M). CCRC-M84 has slightly stronger binding to XFFG
compared to GFFG. It is noteworthy that all five mADbs in this clade discriminate
between the stereochemically identical F and J side-chains, which are both
terminated by a sugar having the L-galacto configuration. The L-galactosyl
residue at the end of the J side-chain has a hydroxyl group at C-6, whereas the
L-fucosyl residue at the end of the F side-chain does not (with proton instead of
hydroxyl group). mAbs in this clade do not bind oligosaccharides that lack an F
side-chain, even if they contain a J side-chain. The absence of this hydroxyl
group is thus a required structural element of the epitope recognized by these
mADbs. ELISASs using the F side-chain containing oligosaccharides against
dilution series of the immobilized oligosaccharides were performed as well
(Supplemental Figures 6A, 6B, 6M, 6Y and 6AB). In all cases, the results mirror
those from the single datapoint ELISAs. Additional experiments that would further
narrow the epitope of these experiments include testing against larger Z side-
chain containing XyG oligosaccharides, as well as various oligosaccharides with
the E side-chain. CCRC-M39, CCRC-M106, and CCRC-M84 appear to be XyG-
specific mADbs, since they require structural features for binding that are only

found in XyGs.
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ELISAs using oligosaccharides and polysaccharides provide
complementary information on the binding specificities of mAbs. Whereas
ELISAs using oligosaccharides provide detailed information on the minimum
epitope, polysaccharide ELISAS, provide information on the binding to the
epitope in its natural environment within the polysaccharide. Since XyG
polysaccharides contain an array of epitopes, at least some of the specificity
information is lost in this approach. The binding specificities of nearly all mAbs
described here have previously been tested by ELISA against a large panel of
plant cell wall derived polysaccharides, including tamarind, sycamore maple and
tomato XyGs, as well as large number of non-XyG polysaccharides (Pattathil et
al, 2010). We performed the binding assays of XyG-binding mAbs to a larger
panel of XyG polysaccharides in order to identify finer differences in the binding

patterns among the mAbs.

Two types of ELISAs were utilized: (1) Direct, with a single datapoint, for
screening, and (2) competitive, with a dilution series of the competing
polysaccharide. The information content of a single-datapoint ELISA for the
purposes of epitope characterization is very limited since the absorbance reading
is a function of affinity as well as concentrations of the epitope and the mADb.
Thus, without a concentration series of either of the hybridoma supernatant or
the immobilized polysaccharide, differences in the affinities are obscured and can
be misleading. On the other hand, the single datapoint ELISA provides high-
throughput platform to screen mAb-polysaccharide binding since a large number

of mAb-polysaccharide combinations can be tested on a single microplate.
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Supplemental Figure 7 shows the combined results from the single-datapoint
ELISAs against immobilized polysaccharide in the form of a data matrix. The
same data is presented in Supplemental Figure 6 for each mAb. Competitive
ELISAs were performed by coating microplate wells with the same
polysaccharide that was used in the immunization of a given mAb, and
incubating a mAb-competitor mixture, instead of the mAb alone, in the coated
microplate well. This approach can be used to test the relative affinities of

competing polysaccharides.

As expected the F side-chain recognizing mAbs do not bind tamarind,
tomato, or tobacco XyGs which do not contain this side-chain in measurable
guantities (Supplemental Figures 6 and 7). On the contrary, sycamore maple and
jojoba XyGs, which are known to contain F side-chains, bind these mAbs with
high affinity. Chemical analyses of water-extracted jatoba seed XyG have not
revealed the presence of the F side-chain (Buckeridge et al, 1997; Lima et al,
1995; Tiné et al, 2006). The binding of mAbs that specifically recognize the F
side-chain suggests that very small amounts of the F side-chain bearing XyG is
however present in this polysaccharide preparation. It is likely that the water
extraction also releases small amounts of structural XyG that are typically

fucosylated.

Since CCRC-M1 and CCRC-M102 bind to all tested XyG oligosaccharides
with a-L-Fucp-(1—2)-p-D-Galp structure, these mAbs potentially bind other plant

cell wall components with this structure, termed “H-antigen” (Hosoi, 2008), as

well. Indeed, CCRC-M1 was shown to react with sycamore maple
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rhamnogalacturonan-I (RG-I) (Puhlmann et al, 1994) that contains the a-L-Fucp-
(1,2)-B-p-Galp epitope (Lau et al, 1987). However, CCRC-M102 does not bind

XEG treated sycamore maple RG-I preparation (Supplemental Figure 6Y).

Terminal B-D-Galp, B-D-GalpA and a-L-Arap Residue-binding mAbs Nineteen
mADbs bind only to oligosaccharides having a side-chain (L, D, or Y) that is
terminated by a glycosyl residue (D-Galp, D-Arap or D-GalpA, respectively) with
the D-galacto configuration (Figure 1 and Supplemental Figures 6 and 8). Most of
these mAbs do not discriminate between these stereochemically identical side-
chains. Nevertheless, at least four sub-specificities can be discerned among
these mAbs. CCRC-M87, CCRC-M88 CCRC-M93 and CCRC-M104 bind to all
tested L, D, and Y side-chain containing oligosaccharides (Supplemental Figures
60, 6P, 6S and 6AA). CCRC-M48 is regiospecific, requiring either an L or D side-
chain on the branched backbone residue closest to the reducing end of the
subunit (Supplemental Figure 6C). CCRC-M51, CCRC-M99 and CCRC-M58
require two adjacent side-chains terminated with a b-galacto residue. That is,
CCRC-M51 (Supplemental Figure 6F) and CCRC-M99 (Supplemental Figure 6V)
require an LL or DD motif for binding, whereas CCRC-M58 (Supplemental Figure

6L) binds only to the DD motif.

For all of the L side-chain binding mAbs tested, the binding affinity is
reduced when tamarind XyG polysaccharide is partially degalactosylated, but the
degree of reduction varies. The degree of reduction appears to be proportional to
the specificity of the mAb towards the structural context of the L side-chain. Thus,

the reduction of the binding is highest in the mAbs that have the most stringent
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requirements for binding. CCRC-M57 does not bind the partially degalactosylated
XyG polysaccharide. This supports the data from the oligosaccharide ELISAs
that the junction between subunits is not sufficient for binding for CCRC-M57.
This mAb has high affinity towards oxidized tamarind XyG polysaccharide,
indicating that it cannot discriminate effectively between the stereochemically

identical L and Y side-chains.

A total of eight tested mAbs (for example CCRC-M87) that bind with high
affinity to native tamarind XyG polysaccharide, show also strong binding to
tamarind XyG polysaccharide whose L side-chains have been oxidized to Y side-
chains with approximately 90% efficiency. The oxidize XyG thus contains mostly
XXXG, XYXG, XXYG and XYYG subunits (Figure 1, Supplemental Figures 6 and
8). These mAbs are collectively called XyG-LY. These data indicate that these
mADbs do not effectively discriminate between the stereochemically identical L
and Y side-chains. However, ten of the tested mAbs that bind with high affinity to
native tamarind XyG polysaccharide show practically no binding to the oxidized

XyG polysaccharide.

Terminal a-D-Xylp Residue-binding mAbs Three mAbs, namely
CCRC-M86 (Supplemental Figure 6N), CCRC-M100 (Supplemental Figure 6W),
and CCRC-M103 (Supplemental Figure 6Z) bind exclusively to the XyG S1
oligosaccharides whose Xylp residues are not further extended. These two mAbs
bind with the highest affinity to the GXXXG oligosaccharide. Surprisingly, these
mADbs bind the oxidized tamarind XyG polysaccharide only weakly, even though

the principal epitope is presumably not chemically affected by the oxidation.
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According to the ELISA experiments, these three mAbs show weak binding to the
XyG oligosaccharides and it is possible that the oxidation of the L side-chains
perturbs the conformation of the XyG polysaccharide enough to fully prevent
binding. This evidence, although not conclusive, can be interpreted that these

mADbs bind to the junction between the subunits in native XyG polysaccharides.

Larger XyG-binding mAbs CCRC-M49, CCRC-M54, and CCRC-
M57 do not bind to the tamarind XyG S1 mixture or to any of the purified XyG S1
oligosaccharides, whereas all of them bind to larger S2, S3 and S4 XyG
oligosaccharides, as well as various XyG polysaccharides (Figure 1,
Supplemental Figures 6D, 61, and 6K). In all three cases the absorbance reading
increases monotonically as the XyG size increases from S2 to non-hydrolyzed
tamarind XyG polysaccharide (with undefined size). At least two alternative
explanations are equally supported by these data. First, the minimum epitope
recognized by these mAbs can flank the junction between the subunits (for
example the underlined part in XXXGXXXG) that is present only in
polysaccharides and oligosaccharides with two or more subunits. Second, the
microscopic affinity of individual binding site of the mAb towards its epitope (for
example the underlined part in XXXG) can be too weak to result in observable
binding to oligosaccharide(s) with a single epitope, whereas the avidity of the
mADb towards polysaccharides and oligosaccharide with two or more epitopes (for
example, as in XXXGXXXG) results in tight and observable binding in ELISA. Itis
noteworthy that the binding of CCRC-M57 to the S2 oligosaccharides can be

barely detected, indicating that the presence of the inter-subunit junction alone is
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perhaps not enough for high affinity binding. The CCRC-M49, CCRC-M54, and
CCRC-M57 mADbs can thus be considered a XyG-specific mAbs. Further

experiments are needed to resolve the exact epitopes.

LM-series mAbs LM15 mADb binds with high affinity to all XyG
oligosaccharides (except for GXG) that have either GX or XX at the non-reducing
end (Figure 1, Supplemental Figure 6AF). GXXG is the simplest oligosaccharide
with three intact Glcp residues in the backbone that binds LM15. On this GXXG
core structure, an L side-chain on the underlined (“middle”) position GXXG
generally inhibits binding, whereas extension of the non-reducing end Glcp to X
or reducing end Xylp to L, F, or J side-chain have minor effect on the LM15
binding if the middle Glcp only carries a Xylp extension. Notably, either an F or J
side-chain on the Glcp adjacent to the reducing end can rescue the binding to an

oligosaccharide bearing an L side-chain in the middle position.

The following affinity series (in the order of increasing binding, with
underlined residues indicating structural feature that is different from GXXG)
illustrates the binding requirements of LM24: GXXG (no binding), < GXEG <
XXXG < XXEG < GLXG (Figure 1, Supplemental Figure 6AG). Thus, the
minimum binding requirement for LM24 is a built on GXXG core with at least one
of the terminal residues being extended, either by a single sugar in the case of
GLXG and XXXG, or a disaccharyl unit in the case of GXEG. Maximum binding is
achieved with the GLXG extension alone. Two other binding determinants, for

example in XXEG, combine for strong binding.
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Initial ELISAS using the LM15 and LM24 with the NeutrAvidin coated and
pre-blocked microplates resulted in high background absorbance in the no-
oligosaccharide-APB coating control wells (data not shown). Blocking the wells
for 1 h with 1 mg/mL BSA in water either before or after coating the wells, or with
10 mg/mL non-fat milk powder in TBS after coating the wells with
oligosaccharide-APB conjugate was sufficient to prevent the background
absorbance (Data not shown. Blocking with milk powder prior to the
oligosaccharide-APB coating was not attempted since the milk powder can
contain biotin). We eventually pinpointed this high background to the binding of
the secondary antibodies to the NeutrAvidin coated wells. Since the CCRC-M
hybridoma supernatants were used undiluted, we surmised that the bovine
serum proteins in them acted as blocking agents and no background absorbance
was observed. On the other hand, in the LM hybridoma supernatants were used
as 1:20 dilutions in Tris-buffered saline and the final bovine serum protein
concentration was not high enough to act as a blocking agent. Thus, 1 mg/mL
BSA blocking prior to the oligosaccharide-APB coating was used for the ELISAs
using the LM mAbs. ELISAs using the CCRC-M mAbs were performed without

extra blocking.

Effect of O-acetylation on mAb Binding We performed ELISAs against
both the native and de-O-acetylated XyG polysaccharides from sycamore maple,
tomato, and tobacco, in order to determine whether the prevalent O-acetyl
groups in these XyG polysaccharides affect the mAb binding. We observed a

general decrease (globally ~15%) in the ELISA responses of the mAbs to the
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chemically de-O-acetylated compared to the natively O-acetylated
polysaccharide (Supplemental Figures 6 and 8). The reduction may reflect
differences in the three-dimensional conformation, and thus side-chain
presentation, of O-acetylated and non-acetylated XyGs when bound to solid
surfaces. We exclude the lower adherence of the de-O-acetylated XyG
polysaccharides to the polystyrene plate surface since the reduction in the ELISA
responses varies dramatically among the mAbs, and for several mAbs the ELISA
response is unchanged. Further, some mAbs showed a slight increase in the
ELISA response. A single mAb, CCRC-M57, showed no binding against natively
O-acetylated tobacco XyG, but showed high binding against de-O-acetylated
tobacco XyG. This mAb binds strongly to the non-acetylated XyG oligo- and
polysaccharides, indicating that the epitope does not contain an O-acetyl group.
Rather this observation might be explained either by differential conformation of
the O-acetylated and non-acetylated XyGs, or other steric reasons. The de-O-
acetylation of the polysaccharides by alkaline treatment was ascertained by

MALDI-TOF MS analysis of XEG hydrolyzed XyG samples (data not shown).

Other Oligosaccharides None of the tested mAbs bind to cellodextrins
(Figure 1, Supplemental Figure 6), indicating that at least some canonical XyG
side-chain features are required for binding. Furthermore, none of the mAbs
described here bind to terminal b-Galp and D-Fucp residues containing
oligosaccharides lacto-N-tetraose (LNT), lacto-N-neotetraose (LNnT), lacto-N-

fucopentaose IIl (LNFPIII), and B-D-Galp-(1—3)-B-D-GalpNAc-(1—4)-3-D-Galp-

180



(1—4)-p-Glc (data not shown) that are typically found on glycoproteins or

glycolipids.

Binding of mAbs to non-XyG Polysaccharide Preparations The
published ELISA experiments revealed binding of several of the XyG-directed
mADbs to various polysaccharide preparations from distinct sources,
compositions, and sample histories (Pattathil et al, 2010). These polysaccharide
preparations include in-house prepared tomato glucomannan, sycamore pectic
polysaccharide, tomato pectic polysaccharide, as well as commercially available
gum guar, locust bean gum, lupin galactan, gum ghatti and gum tragacanth
preparations. We treated these polysaccharide preparations with XEG to
determine whether the reactivities are due to a shared epitope or the presence of
contaminating XyG polysaccharide. With the exception of the sycamore pectic
polysaccharide preparation, XEG treatment abolished completely or nearly
completely the binding of all XyG-reactive mAbs to “non-XyG” polysaccharide
preparations. Nearly all XyG binding mAbs react with the pectic polysaccharide
preparation from sycamore maple. However, this binding vanishes for all but two
mAbs (CCRC-M1 and LM15, see Supplemental Figures 6 and 7) if the pectin
preparation is XEG treated before the ELISA. We are currently investigating the
possible sources of the affinity of these two mAbs to pectin. It is possible that
CCRC-M1 binds to a terminal a-L-Fucp-(1—2)-B-D-Galp epitope that is present in

other cell wall components.

Larch arabinogalactan (Odonmazig et al, 1994) and tobacco
galactoglucomannan (Eda et al, 1985; Sims et al, 1997) have been shown to

181



contain terminal B-D-Galp residues. However, none of the XyG-binding mAbs
described here bind these polysaccharides ((Pattathil et al, 2010), Supplemental
Figures 6 and 7). These data collectively support the XyG specificity of the 3-D-

Galp residue-binding mAbs characterized in this work.

In conclusion, the thirty-two mAbs can be classified in recognition groups
that share an essential feature of XyG structure. The epitopes include terminal
xylosyl, galactosyl, and fucosyl residues and thus span large portion of the

common XyG structures.

The Utility of ELISA Approach It was shown by (Pattathil et al, 2010)
using ELISA that both neutral and anionic polysaccharides with diverse
structures adhere to the wells of polystyrene microplates upon drying from
aqueous solutions. Complex polysaccharides typically contain a mixture of
epitopes in variable proportions, preventing detailed epitope characterization
using this approach. Additionally, polysaccharide extracts from plant cell walls
may contain more than one type of polysaccharide, thus compounding the
uncertainty in identifying the epitope. Epitope characterization using
oligosaccharides provides potentially superior way to probe the binding
specificities of mAbs compared to complex polysaccharide probes. We opted to
use chemical conjugation of pure oligosaccharides to APB tag for their
immobilization onto Neutravidin coated microplate wells for several reasons.
First, the oligosaccharide-APB conjugates can be obtained in their pure forms by
chromatographic separation. Second, Neutravidin has very strong affinity for

biotin and the interaction can be considered to permanently immobilize the
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oligosaccharide to the microplate surface, regardless of its size or structure.
Third, using a biotinylation agent with a tetra-(ethylene glycol) (PEG,) linker
(approximate length of 27 A) between the biotin moiety and the oligosaccharide
allows good accessibility of mAbs to the oligosaccharides. Fourth, the
microplates used have a reproducible biotin-binding capacity per well and can be
used to immobilize a constant molar amount of oligosaccharides for facile
comparison of their affinities to mAbs. This approach contrasts that used by Knox
and colleagues whereby oligosaccharides are reductively aminated to a protein
carrier and then printed on a glass slide in a microarray format (Pedersen et al,
2012). As reported by the authors, this approach suffers from variable
conjugation efficiency of oligosaccharides to the protein carrier, and if
uncorrected by adjusting the immobilized protein amount, can lead to non-

guantiative binding patterns.

Our strategy (using polysaccharide immunogens that are chemically
distinct from the immobilized oligosaccharides used for the epitope
characterization) has distinct advantages over the alternative (using covalent
oligosaccharide-protein conjugates for both stages (Pedersen et al, 2012)). First,
the polysaccharide immunization produces mAbs with higher specificity towards
side-chain patterns. This is evident from the binding patterns of the mAbs against
the oligosaccharide panel. Second, the amounts of immobilized oligosaccharide
can be controlled accurately for quantitative comparison of the binding affinities

of the mAbs against different oligosaccharides.
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Detailed annotation of the mAbs described here can be found in a
database accessible on the Internet (http://www.WallMabdb.net). The mAbs in
CCRC series are available to the cell wall research community from

CarboSource (http://www.CarboSource.net).

3.3.4. Hierarchical Clustering of Oligosaccharide-ELISA Data

Examination of the ELISA data with immobilized oligosaccharides reveals the
presence of groups of mAbs that have similar epitopes. Supplemental Figure 8
shows a data matrix of the ELISA data where both the oligosaccharides and
mADbs are manually organized. The oligosaccharides are arranged according to
the structure (first into groups with the same characteristic side-chain, and further
according to their size within the groups). The mAbs are arranged according to

their binding patterns against the oligosaccharides.

More quantitative analysis of the relationships in both dimensions was
performed using hierarchical clustering that groups both oligosaccharides and
the mAbs according to the distances between the corresponding absorbance
vectors (Figure 1). Dendrograms that show the clustering relationship in
hierarchical manner are included for reference. All major groups of mAbs that
differ by the requirement of the side-chain structures (the X, L, and F clusters)
are strongly clustered, as indicated by the higher level parting of the main
branches (Figure 1). The clustering analysis provides a quantitative way to group
the mAbs with similar binding patterns and allows rationality in choosing mAbs

for various immunoaffinity experiments.
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Equally interesting is the clustering of the oligosaccharides. The
oligosaccharides form three major clades whose members might have been
predicted from their chemical structures and the manual grouping (Supplemental
Figure 8). For example, the first major clade (from GXG to XLLG) consists mostly
of oligosaccharides with either GL or XL motif in the non-reducing end. Another
homogenous main clade (from GXXXG to XXLG) is formed mostly by
oligosaccharides with GX or XX motif in the non-reducing end. The clustering of
oligosaccharides is informative because it indicates the degree similarity of the

epitopes when probed by this set of mAbs.

3.3.5. Immunofluorescence Localization

Arabidopsis root tissue Six of the characterized mAbs were utilized to
label transverse sections of wild type and a mur3 mutant Arabidopsis thaliana
plants (see Figure 2). Mur3 encodes a galactosyltransferase that adds the B-D-
Galp residue exclusively to the underlined position in XXXG to form XXLG, but
not to other positions in the XyG polysaccharide (Madson et al, 2003). CCRC-M1
and CCRC-M102 which bind to F and Z side-chains in XyGs principally label the
epidermal layer in the wild type Arabidopsis, with the weakest labeling in the
cortical layer (Figure 2). Based on the known binding specificities of these mAbs,
these data indicate that either F or Z or both side-chains are present in these
tissues. The presence of both side-chains has been reported earlier in the
Arabidopsis root XyG (Pefia et al, 2012). Moreover, Pefa and colleagues

established by genetic and biochemical approaches that the Z side-chain occurs
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only in the root hair of Arabidopsis, whereas the F side-chain is ubiquitously

present in the root tissue.

XXFG and XLFG are the only F side-chain containing subunits observed
thus far in Arabidopsis. Immunolabeling of mur3-3 plants using CCRC-M102
(whose affinity to the Z side-chain is comparable to that of the F side-chain), and
CCRC-M1, selectively labels the root hairs but not the root body. Chemical
analysis of the root hairs of murus3-3 plant by MALDI-TOF MS and nuclear
magnetic resonance spectroscopy are in agreement with the
immunofluorescence data, indicating the usefulness of mAbs in analysis of plant

cell wall composition.

Tamarind seed Chemical analyses (glycosyl residue and mass
spectrometry) of water-extractable XyG from tamarind seed have established
that only non-fucosylated subunits (XXXG, XLXG, XXLG and XLLG) are present
in detectable quantities. The accumulation of this type of XyG polysaccharide in
the cell walls of tamarind seed is evident from the staining pattern of CCRC-M48,
CCRC-M49, CCRC-M57 and CCRC-M58 that bind to non-fucosylated XyG oligo-
and polysaccharides (Figure 3). CCRC-M1 that requires fucosylated side-chain
for binding labels strongly the epidermal layer of the seed and to a lesser extent
the cell walls within the seed. Thus, tamarind seed contains fucosylated XyG as

well that has not been detected by using conventional chemical analyses.
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3.4. Conclusions

To summarize, we have carefully characterized the epitopes of thirty-two XyG-
binding mAbs using a large library of pure XyG-derived oligosaccharides as well
as XyG polysaccharides as probes. The binding specificities found among the
mADbs span the most common structural features found in XyG polysaccharides,
ranging from the core XyG structures to specific side-chain patterns. The plant
cell wall community has generated and utilized a large number of mAbs against a
variety of plant cell wall polysaccharides but in most cases the exact epitopes
have not been elucidated. Our results thus shed new light on the enigmatic

structure-function relationships of XyGs in plant cell walls.
3.5. Materials and Methods
3.5.1. Plant Polysaccharides

Native®, partially degalactosylated, and chemoenzymatically oxidized tamarind
XyGs were generated and purified as described in Chapter 2. Jojoba seed XyG
was purified as described (Hantus et al, 1997). Jatoba XyG was a generous gift
from Dr. Marcos Buckeridge. Lupin galactan was obtained from Megazyme. Gum
ghatti, gum, guar, gum tragacanth, and locust bean gum were obtained from

Sigma-Aldrich.

'Native tamarind XyG polysaccharide preparation for immunization purposes was

purified by Zoé Popper at CCRC.
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Sycamore Polysaccharides for Epitope Characterization Sycamore
maple (Acer pseudoplatanus) XyG was prepared essentially as described (York
et al, 1986). The cells from a starter culture (kindly provided by Stefan Eberhard
at CCRC) were cultured ten days in modified Torrey and Shigemura M-6 medium
(Torrey & Shigemura, 1957) as described (Talmadge et al, 1973), and harvested
by vacuum filtering the cell suspension with a 50 um Nylon net. The cell cake
was washed with small aliquot of water, vacuum aspirated until water draining
stopped, and frozen until analysis (plant cell walls are a rich source of
polysaccharides but the cells were not utilized in the work described here).
Polymeric material (“extracellular polysaccharides”) was recovered from the
spent medium by concentrating the culture filtrate by rotary evaporation to
approximately one fifth of the original volume, followed by sequential ethanol
precipitation and dialysis steps. Ethanol precipitation was performed by gently
mixing the pre-cooled sample with three volumes of pre-cooled absolute ethanol
and incubating overnight at 4 °C. The precipitated material was pelleted by
centrifugation (100009 for 30 min at 4 °C), redissolved in water and dialyzed.
Dialysis was performed against water in regenerated cellulose tubing with 3000
molecular weight cutoff (Spectra/Por) at 4 °C, after which the retentate was
lyophilized. Neutral and anionic fractions were purified from the lyophilizate by
sequential strong anion and cation exchange chromatographies. Q Sepharose
FF anion exchange resin (GE Healthcare) was packed into a column and
conditioned by sequential washes with three bed volumes of water, 1 M

imidazole, pH 7.0; and finally 10 mM imidazole, pH 7.0 buffer. XyG
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polysaccharide preparation was dissolved in 10 mM imidazole, pH 7.0 buffer to a
final concentration of 5 mg/mL and top-loaded on the resin (up to 5 mL per 1 mL
of resin). The resin was then washed with three bed volumes of the same buffer.
Load and wash flow-throughs were pooled, concentrated, ethanol precipitated,
and dialyzed to yield anion exchanged polysaccharide preparation. The anionic
fraction (“pectic polysaccharides”) was recovered by elution with three column
volumes of 1 M imidazole, pH 7.0 buffer, ethanol precipitation and dialysis. SP
Sepharose FF cation exchange resin (GE Healthcare) was packed into a column
and conditioned by sequential washes with water, 20 mM sodium acetate, pH 5.0
containing 0.5 M sodium chloride, and finally 20 mM sodium acetate, pH 5.0
buffer. Anion exchanged polysaccharide preparation was dissolved in 20 mM
sodium acetate, pH 5.0 buffer, top-loaded on the resin, and washed in with the
same buffer. Load and wash flow-throughs were pooled, concentrated, ethanol

precipitated, and dialyzed to yield neutral polysaccharide preparation.

Sycamore Polysaccharides for Immunization and Hybdridoma Screening®
Portions of the neutral and pectic polysaccharide preparations from sycamore
maple (obtained as described above) were further purified to remove the mannan
polysaccharides and mannosyl-proteins that were introduced to the culture
medium in the yeast extract component. The mannan polysaccharides were
precipitated from the neutral polysaccharide preparation by barium hydroxide

according to procedure adapted from (Fischer et al, 1996; Selvendran & O'Neill,

'Sycamore XyG polysaccharide preparation for immunization purposes, starting from the

cell culture, was performed by Zoé Popper at CCRC.
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2006). The neutral polysaccharide preparation was dissolved in water to a final
concentration of 10 mg/mL and equal volume of 5% (w/v) barium hydroxide was
added. The solution was incubated at room temperature for 1 h and the
precipitate was pelleted by centrifugation. The supernatant was neutralized with
acetic acid, dialyzed, and lyophilized. The barium hydroxide precipitation
procedure was repeated to remove traces of the mannan. The mannosyl-proteins
were removed from the pectic polysaccharides by lectin chromatography.
Concanavalin A-Sepharose 4B resin (Sigma-Aldrich) was packed into a column
to bed volume of 10 ml and conditioned with five bed volumes of 1 M sodium
chloride 5 mM magnesium chloride, 5 mM manganese chloride, and 5 mM
calcium chloride to saturate the Concanavalin A with these cations. The column
was then equilibrated in 20 mM Tris, pH 7.4 buffer, containing 0.5 M sodium
chloride, 5 mM magnesium chloride, 5 mM manganese chloride, and 5 mM
calcium chloride. The pectic polysaccharide preparation was dissolved in the
same buffer to a final concentration of 20 mg/mL, top-loaded to the resin, and
washed with five bed volumes of the same buffer. The load and wash flow-
throughs were pooled and lyophilized. The Concanavalin A purification was
repeated to remove traces of the mannosyl-proteins, and the final load and wash

flow-throughs were pooled, dialyzed and lyophilized.

Tomato Polysaccharides for Epitope Characterization Polysaccharides
from tomato (Solanum lycopersicum L. ‘Bonny Best’) suspension cultures were
purified essentially as described in (York et al, 1996). Briefly, the cells from a

starter culture (kindly provided by April Harper at CCRC) were cultured for seven
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days in Linsmaier and Skoog medium (Linsmaier & Skoog, 1965) supplemented
with 3% sucrose and 1 mg/mL 2,4-dichlorophenoxyacetic acid, and harvested by
vacuum filtering the cell suspension with a 50 um Nylon net. The cell cake was
washed with small aliquot of water, vacuum aspirated until water draining
stopped, and frozen. Polymeric material was recovered from the culture filtrate as
described for sycamore maple. Differential solubility in saturated ammonium
sulfate of XyG and glucomannan, the two major neutral polysaccharides in
tomato, was utilized for their purification. The neutral polysaccharide preparation
was dissolved in water to a final concentration of 10 mg/mL, cooled and slowly
stirred on ice while solid ammonium sulfate was added in small aliquots to
saturation (760 mg/mL). The suspension was incubated on ice for 2 h and the
ammonium sulfate insoluble material was pelleted by centrifugation (10000 g, 30
min, 4 °C). The pellet was dissolved in water, ethanol precipitated, and dialyzed
to yield pure tomato XyG. Glucomannan was recovered from the supernatant by

ethanol precipitation and dialysis.

Tomato XyG for Immunization and Hybridoma Screening®  Portion of the
tomato neutral polysaccharide preparation (obtained as described above) was
treated with B-mannanase to hydrolyze trace amounts of glucomannan to
oligosaccharides that can be separated from the remaining XyG polysaccharide
material. Briefly, XyG was purified by dissolving the neutral polysaccharide

preparation in ammonium formate, pH 4.5 buffer to a final concentration of 10

‘Tomato XyG polysaccharide preparation for immunization purposes, starting from the

cell culture, was performed by Zoé Popper at CCRC.

191



mg/mL and B-mannanase (Megazyme) was added to a final concentration of 1
U/mL. The reaction was allowed to proceed overnight at room temperature and
the stopped by boiling for 5 min. The reaction mixture was ethanol precipitated

and dialyzed to yield pure XyG.

Tobacco Polysaccharides Tobacco (Nicotiana tabacum L. ‘Samsun’)
polysaccharides were purified essentially as described in (York et al, 1996). The
cells were cultured for seven days in Linsmaier and Skoog medium (Linsmaier &
Skoog, 1965) supplemented with 3% sucrose and 1 mg/mL 2,4-
dichlorophenoxyacetic acid.? The XyG, galactoglucomannan, and pectic
polysaccharides were purified from the spent medium as described for tomato
(see above) using anion and cation exchange chromatographies and ammonium

sulfate precipitation.

XEG Treatment of Polysaccharides Aliquots of selected non-XyG
polysaccharide preparations that have shown response against XyG-binding
mADbs in ELISAs (Pattathil et al, 2010) were treated with XEG. XyG
polysaccharides from tamarind, sycamore maple, tomato and tobacco were
treated in parallel as controls for XEG efficacy. Briefly, the XyGs, tomato
glucomannan, tobacco galactoglucomannan, pectic polysaccharides, and lupin
galactan preparations were dissolved in 50 mM ammonium acetate, pH 4.5
buffer to a final concentration of 10 mg/mL, XEG (Paenibacillus sp., Megazyme)

was added to a final concentration 100 mU/mL (1 U, amount of substrate-

*The tobacco cell culture was performed by Stefan Eberhard at CCRC.
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saturated XEG that creates reducing ends at a rate of 1 umol/min), and the
reactions were allowed to proceed 24 h at room temperature. Gum ghatti, gum
guar, gum tragacanth, and locust bean gum were suspended to a final
concentration of 0.2 mg/mL and dispersed by bath sonication (Model 2210,
Branson Ultrasonic Corp.) for 1 h before the XEG treatment. After the reactions,

the mixtures were lyophilized.

De-O-acetylation of XyGs The XyG polysaccharide preparations from
sycamore maple, tomato, and tobacco were dissolved in 10 mM sodium
hydroxide solution to a final concentration of 10 mg/mL and incubated overnight
at room temperature. Tamarind XyG polysaccharide was treated similarly as
control. The reaction mixtures were neutralized with acetic acid and lyophilized.
Aliquots of the de-O-acetylated XyG polysaccharide preparations were XEG
treated and analyzed by MALDI-TOF MS as described above to ascertain the
completeness of de-O-acetylation. Control samples were prepared by adding
sodium acetate to final concentration of 10 mM to natively O-acetylated XyG

polysaccharide samples
3.5.2. Preparation of Inmunogens®

Immunogens for the generation of mAbs were prepared by either of two
strategies. In the first strategy, 1-cyano-4-dimethylaminopyridinium
tetrafluoroborate (CDAP)-activated XyG polysaccharide was covalently

conjugated to bovine serum albumin (BSA) (Lees et al, 1996). One hundred and

'All immunogen preparations were performed by Zoé Popper at CCRC.
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sixty-five microliters of 100 mg/mL CDAP (Research Organics) in acetonitrile was
added slowly to 22 mg of XyG polysaccharide in 1 ml of water. After 30 s, the
CDAP was inactivated and reaction stopped by adding 165 pl of 0.2 M
triethylamine and stirring for 90 s. The CDAP-activated XyG solution was
transferred into a tube containing 2 mg of BSA (fatty acid free, Sigma-Aldrich) in
1 ml of 150 mM HEPES, pH 7.5 buffer. The reaction was incubated for 3 h at
room temperature, after which it was quenched by the addition of 100 ul of 0.1 M
ethanolamine in 750 mM HEPES, pH 7.5 buffer. The reaction mixture was
incubated with stirring for 1 h after which the formed insoluble precipitate was
pelleted by centrifugation. The supernatant was discarded and the pellet was
resuspended in water. Removal of the water soluble material by resuspension
and centrifugation was repeated three times. The final pellet was resuspended
and dialyzed against water for 24 h at 4 °C and lyophilized. A portion of the
conjugate was analyzed for sugar content by phenol-sulphuric acid assay with
the appropriate XyG polysaccharide as a standard (DuBois et al, 1956) and for
protein content by Bradford assay (BioRad) (Bradford, 1976) using BSA as a
standard. Immunogens containing XyG polysaccharides from tamarind,
sycamore maple (purified by barium hydroxide precipitation, see above) and
tomato (purified by B-mannanase treatment, see above) were prepared using this

strategy.

In the second strategy, the immunogen consisted of a mixture of non-XyG
polysaccharide and methylated BSA (MeBSA, Sigma) dissolved in water, both in

a final concentration of 1 mg/mL (Puhlmann et al, 1994). Immunogens containing
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4-O-methylglucuronoxylan (Sigma), New Zealand flax (Phormium tenax) xylan (a
generous gift from Industrial Research Limited) and sycamore maple pectic
polysaccharide preparation (purified by Concanavalin-A chromatography, see

above) were prepared using this strategy.

3.5.3. Immunization of Mice?!

All immunizations were performed identically on five mice regardless of the
immunogen. Five to six weeks old female BALB/c mice (Harlan-Sprague Dawley)
were each given a subcutaneous injection of 100 ug of the immunogen with 50 pl
of Freund’s complete adjuvant in a total volume of 100 ul (Freund, 1956). The
initial immunization was followed a by booster immunizations every 21 days by
an intraperitoneal injection of 50 pg of the immunogen with 50 pl of Freund’s
incomplete adjuvant in a total volume of 100 pl (Freund, 1956). The mice were
tail bled seven days after every injection and the sera (1:100, 1:300, 1:1,000,
1:3,000, 1:10,000, 1:30,000, 1:100,000, and 1:300,000 dilutions) were tested for
the presence of the immunizing polysaccharide binding antibodies using ELISA.
Absorbance of 0.1 or higher in ELISA (using 1:300,000 serum dilution) indicated
a strong immune response against the immunogen. Four days after the positive
ELISA response the mice were given a final intravenous pre-fusion booster
injection of 40 pg of the immunogen in total volume of 50 pl without adjuvant.

Splenectomy was performed three days after the pre-fusion booster injection.

‘All immunizations were performed by Ruth Davis and associates at the Monoclonal

antibody Facility at the UGA College of Veterinary Medicine.
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The feeding, care, and euthanization of the mice followed the University

Research Animal Resources guidelines.
3.5.4. Generation* and Screening?of Hybridoma Lines

Freshly isolated splenic lymphocytes were fused with a murine myeloma cell line
Sp2/0-Agl4 (Shulman et al, 1978) and the resulting hybridomas were grown as
described (Harlow & Lane, 1988; Pratt, 1984; Zola, 1987). The supernatants from
initial hybridoma colonies were screened for antibodies against underivatized and
unconjugated immunizing polysaccharide using ELISA. Hybridoma lines showing
absorbance higher than 0.1 were passaged further and cloned by limiting
dilution. The final clonal hybridoma lines were expanded and cryopreserved, and
at least 1 L of their culture supernatants were collected and stored at -20 °C for
further analyses. The mAb isotypes and light chain compositions were
determined by ELISA against the immunizing polysaccharide using isotype-

specific secondary antibodies (Fisher Scientific).
3.5.5. Other mAbs

The generation and characterization of CCRC-M1 mAb has been reported earlier
(Puhlmann et al, 1994). The LM15 (Marcus et al, 2008) and LM24 (Pedersen et

al, 2012) mAbs were a generous gift from Dr. Paul Knox.

‘The generation of all hybridoma lines was performed by Ruth Davis and associates at
the Monoclonal antibody Facility at the UGA College of Veterinary Medicine.
*The screening of the hybridoma lines was performed by Dr. Zo& Popper and David

Baldwin at CCRC.
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3.5.6. Preparation of Biotinylated Oligosaccharides

XyG S1, minimal XyG, and cellodextrin oligosaccharides Pure XyG S1
and minimal XyG oligosaccharides as well as cellodextrin oligosaccharide
mixture (with degree of polymerization ranging from 4 to 7) were generated,

purified and structurally validated as described in Chapter 2.

XyG Sn Oligosaccharides Mixtures of XyG Sn oligosaccharide with
homogenous backbone length (4, 8, 12 or 16 D-Glcp residues for S1, S2, S3, and
S4, respectively) but variable subunit composition were obtained from partial
hydrolysis of tamarind seed XyG polysaccharide by XEG followed by purification
by SEC. Briefly, the XyG polysaccharide was dissolved in 50 mM ammonium
acetate, pH 4.5 buffer to a final concentration of 10 mg/mL. XEG from either
Aspergillus aculeatus (Novozymes) or Paenibacillus sp. (Megazyme) was added
to a final concentration of 10 mU/mL and the reaction was allowed to proceed at
room temperature. MALDI-TOF MS was used to monitor the reaction progress.
XEG was inactivated by boiling the reaction mixture for 5 min when the desired

level of hydrolysis was achieved.

Other Oligosaccharides Lacto-N-tetraose (LNT, B-D-Galp-(1—3)-B-D-
GlcpNAc-(1—3)-B-D-Galp-(1—4)-D-Glc); lacto-N-neotetraose (LNNT, B-D-Galp-
(1—4)-B-b-GlcpNAc-(1—3)-B-D-Galp-(1—4)-D-Glc); lacto-N-fucopentaose |l
(LNFPIII, B-b-Galp-(1—4)-[a-L-Fucp-(1—3)]-B-D-GlcpNAc-(1—3)-B-D-Galp-
(1—4)-p-Glc), and B-p-Galp-(1—3)-B-D-GalpNAc-(1—4)-B-D-Galp-(1—4)-D-Glc

oligosaccharides were purchased from V-Labs.
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Oligosaccharide Biotinylation Oligosaccharides were conjugated to
aminooxy-PEGg-biotin (APB) tag using aniline catalyst (Thygesen et al, 2010).
Briefly, typically 2 to 3 mg of oligosaccharide preparation (1.0 mg of the
commercially obtained oligosaccharides) was reacted with 5 molar equivalents of
APB (Thermo Scientific) in 200 ul of 2100 mM ammonium acetate, 100 mM
aniline, pH 4.5 buffer for 24 hours at room temperature. XyG S1 oligosaccharide-
APB and cellodextrin-APB conjugates were separated from the unreacted
oligosaccharides and reactants using gravity flow SEC as described in Chapter
2. The oligosaccharide-APBs were lyophilized, weighed to 0.1 mg accuracy using
an analytical balance, dissolved in water to a final concentration of 1 mg/mL, and

stored at -20 °C.

XyG Sn oligosaccharide-APBs (where n = 1 to 4) conjugates were purified
by high-pressure SEC using a Dionex UltiMate 3000 chromatography system
(Thermo Scientific) equipped with a refractive index (RI) detector (R-101,
Shodex). The oligosaccharide mixture was dissolved in water to a final
concentration 10 mg/mL, spin filtered (0.2 um, Nanosep MF, Pall Life Sciences),
and 100 ul (total amount 1 mg) was injected to two Superdex 75 10/300 GL
columns (GE Healthcare) connected in series. The oligosaccharides were eluted
at 0.4 mL/min flow rate in water and individual peaks containing oligosaccharides
with homogenous backbone length were collected manually. The RI
chromatograms were analyzed with Chromeleon software (Thermo Scientific).
The amounts of S1-, S2-, S3-, and S4-APBs were estimated from the peak areas

in the Rl chromatogram. The oligosaccharide-APB conjugates were dissolved in
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water to a final concentration of 1.0 mg/mL, and stored at -20 °C. Small aliquot of

the oligosaccharide-APB conjugates were analyzed by MALDI-TOF MS.

Enzymatic Modification of the Biotinylated Oligosaccharides Oligosaccharide-
APB conjugates were dissolved in 50 mM sodium phosphate, pH 7.0 buffer to a
final concentration of 25 mg/mL. Bacillus sp. No. 693-1 a-xylosidase (Seikagaku
Corporation) was added to a final concentration of 100 mU/mL and the reaction
was allowed to proceed overnight at room temperature. The enzyme was
removed from the reaction mixture by spin filtering (10 kDa cutoff) and the filtrate
was lyophilized. Small aliquots of the reaction mixtures were analyzed by MALDI-

TOF MS.

Chemical Synthesis of Biotinylated Z Oligosaccharide® The details of the
synthesis will be published elsewhere. The structure of the oligosaccharide-biotin

conjugate is shown in Supplemental Figure 2.
3.5.7. MALDI-TOF MS

MALDI-TOF mass spectra were collected on a Nitrogen laser equipped
MicroFlex LT instrument (Bruker) under the positive mode. Equal volumes of the
oligosaccharide sample and the matrix solution [20 mg/mL 2,5-dihydroxybenzoic
acid in 1:1 (vol:vol) methanol:water] were mixed and 1 pl of the mixture was
applied and allowed to air dry on a ground steel sample plate (Bruker). Mass

calibration was performed with malto-oligosacharides (Sigma-Aldrich). The laser

‘The chemical synthesis the biotinylated Z oligosaccharide was performed by Roshan

Baliga under the supervision of Professor Geert-Jan Boons at CCRC.
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power and the number of summed laser pulses were adjusted separately for
each sample spot to yield spectra with high signal-to-noise ratios. The spectra

were analyzed with the flexAnalysis software (version 3.0, Bruker).

3.5.8. ELISAs

All ELISAs were performed in triplicate wells and the averages and standard
deviations were calculated. Negative controls without carbohydrate coating and

without hybridoma supernatant were performed in parallel.

Direct ELISAs Against Immobilized Polysaccharides Wells on a clear
flat-bottom polystyrene 96-well microplate (Costar 3598, Corning) were coated by
transferring 50 ul of 10 ug/mL polysaccharide solution in water (total amount 0.5
ug) and evaporating the solution to dryness overnight at 37 °C. The wells were
blocked with 200 pl of Tris-buffered saline (TBS, 50 mM Tris, 100 mM NacCl, pH
7.4) containing 1% non-fat milk powder for 1 h at room temperature (all
subsequent incubations were performed at room temperature) and the blocking
solution was aspirated using microplate washer (Bio-Tek ELx405). For the
preliminary single concentration ELISAS, the wells were incubated with 50 pl of
hybridoma supernatant for 1 h. Neat hybridoma supernatant was used for all
mADbs in the CCRC-M series, whereas mADbs in the LM series were diluted 20-
fold by TBS containing 0.1% milk powder (MTBS) immediately prior to use. For
the concentration series ELISAs, wells were incubated with a twelve-step dilution
series of the hybridoma supernatant, prepared by successive 1:1 dilutions to

MTBS. Unbound material was aspirated and washed off (3 x 5 s) with 300 ul of
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MTBS. The wells were incubated with 50 ul of species and isotype-specific
secondary antibody-horseradish peroxidase conjugate (goat anti-whole molecule,
Sigma, 1:5000 dilution in MTBS) for 1 h and unbound material was aspirated and
washed off (5 x 5 s). The wells were incubated with 50 ul of 3,3',5,5"-
tetramethylbenzidine (TMB) substrate solution (Vector Laboratories) typically for
15 to 90 min for color development. The enzyme reaction was stopped by adding
50 ul of 1 N sulfuric acid and absorbances at 490 and 655 nm were read
spectrophotometrically using a microplate reader (Model 490, Bio-Rad). The

absorbances were normalized to 20 min.

Competitive ELISAs Against Immobilized Polysaccharides Twelve
aliquots of the hybridoma supernatant were mixed with equal volume of
competitor dilution series, prepared by successive 1:1 dilutions of 10 mg/mL
competitor in TBS. This mixture was incubated for 1 h and 50 pl was transferred
to the coated wells for 1 h incubation. The procedure is otherwise identical to that

described above.

Direct ELISAs Against Immobilized Oligosaccharides NeutrAvidin coated
and pre-blocked clear polystyrene plates [standard capacity, Thermo Scientific]
were used for ELISAs using immobilized oligosaccharides. The wells used for rat
mADbs (LM series) were blocked with 1 mg/mL BSA (Fisher Scientific) in water for
1 h before the coating, whereas factory blocking was sufficient with wells used for
mouse mAbs (CCRC-M series). For the preliminary single-concentration ELISAS,

the wells were incubated with 50 ul of 200 pmol/mL oligosaccharide-APB (total
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amount 10 pmol) in water for 1 h. For the concentration series ELISAs, the wells
were incubated for 1 h with 50 pl of a twelve-step dilution series, prepared by
successive 1:1 water dilutions of the 200 pmol/mL oligosaccharide-APB solution.
Unbound material was aspirated and washed off (3 x 5 s) with 300 ul of TBS.

The rest of the procedure is identical to that described above.
3.5.9. Hierarchical Clustering of ELISA Data

The ELISA data was hierarchically clustered using an in-house written script
(Pattathil et al, 2010) in the R programming environment (R Core Team, 2013).
Complete clustering method was used for the hierarchical clustering and
spherical metric was used for both clustered dimensions (the mAbs as well as

the oligosaccharides).
3.5.10. Immunofluorescence Labeling

Immunofluorescent labeling of Arabidopsis root* and tamarind seed? sections

were performed as described (Avci et al, 2012).
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Figure 3-1. Heatmap of the ELISA data of the CCRC mAb binding to the
immobilized oligosaccharides. Each row in the heatmap corresponds to the
ELISA binding pattern of a single mAb against collection of purified and
immobilized oligosaccharides. Each column corresponds to a binding pattern of a
single immobilized oligosaccharide against collection of mAbs. The color of an
intersection of an antibody and an oligosaccharide represents the average of
three ELISA absorbance readings. The hierarchical clustering groups the mAb as

well as oligosaccharides according to the similarity of their binding patterns.
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Figure 3-2. Immunolocalization of XyG epitopes in transverse sections of
Arabidopsis thaliana root tissue. Toluidine blue specifically stains polymerized
lignin in the cell wall and thus provides the overall root morphology, location and
thickness of cell walls, and orientation of the section. Wild-type Arabidopsis
(ecotype Columbia) shows variable staining by the six antibodies, ranging from
CCRC-M88 that stains large number of different cell types, to CCRC-M89 and
CCRC-M103 that only stain the root hairs. The labeling with all mAbs is restricted

to the root hairs in mur3-3 mutant. (Figure courtesy of Stefan Eberhard, CCRC).
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Figure 3-3. Immunolocalization of XyG epitopes in sections of tamarind seed

tissue (Figure courtesy of Dr. Glenn Freshour, CCRC).
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Table 3-S1. Statistics of the immunizations and hybridoma line generation, and

detailed information on the resulting mAbs. The fusions that resulted in at least

one stable monoclonal hybridoma line are listed. The total number of tested

hybridoma lines includes all fusions regardless of whether they resulted in stable

hybridoma line or not.

Hybridoma Lines mAbs*
Positive Stable Isotype,
Immunogen ]
Fusions Tested mAb- Name Light
secreting chain
CCRC-M48  19G1 x
CCRC-M49 19Gy, A
CCRC-M50 19G1, A
CCRC-M51 19G1, A
Tamarind XyG- AS1 1222 8
CCRC-M52 1gG1, A
BSA conjugate
CCRC-M53 19G1, A
(covalent)
CCRC-M54 1gG1, A
CCRC-M55 IgG1, A
CCRC-M57 19G1, A
AS5 386 2
CCRC-M58 gGy, x
Total 3 2146 10
DB27 1411 1 CCRC-M100 IgM,
Sycamore XyG-
. CCRC-M102 IgM, «
BSA conjugate DB31 770 2
CCRC-M103 IgM, «
(covalent)
DB33 277 1 CCRC-M106 1gG1, «
Total 5 3635 4
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Table 3-S1. Continued.

Hybridoma Lines mAbs
Positive
Immunogen _ Stable Isotype,
Fusions  tegted mAb- Name Light
secreting chain
CCRC-M86 IgM, «
CCRC-M87 lgG1, A
DB16 293 4
CCRC-M88 1gG1, A
CCRC-M89 1gG1, A
Tomato XyG- CCRC-M90 IgM, A
DB17 583 2
BSA conjugate CCRC-M93 1gG1, A
(covalent) CCRC-M95 19G1, A
DB24 608 3 CCRC-M96 1gG3, A
CCRC-M99 19G1, A
CCRC-M101 1gG1, A
DB30 343 2
CCRC-M104 1gG1, A
Total 5 2118 11
4-O-methyl-
glucuronoxylan- TZ1 1034 1 CCRC-M39 IgA, «
BSA mixture
Total 2 2005 1
TOTAL 15 8104 26

'Other mAbs used in this work include CCRC-M84 (obtained from mouse immunized
with suspension cultured sycamore maple pectic polysaccharide preparation), as well as
CCRC-M108, CCRC-M109, and CCRC-M111 (obtained from mice immunized with New
Zealand flax (Phormium tenax) xylan). The details from the hybridoma line generation

will be described elsewhere.
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Preparation and purification of GXG-APB
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Preparation and purification of GFFG-APB
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Figure 3-S1. Generation and purification of XyG S1 oligosaccharide-APB

conjugates. For the oligosaccharide-APB conjugates that were prepared by

covalent conjugation of XyG S1 oligosaccharide with the APB tag (for example

XXXG-APB), the top panel shows a MALDI-TOF MS spectrum of the native

oligosaccharide (with the measured m/z value indicated), the middle panel
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shows a SEC chromatogram of the conjugation reaction products (with the
chromatogram shading indicating the pooling of the fractions), and the bottom
panel shows the MALDI-TOF MS spectrum of the final purified oligosaccharide-
APB conjugate (with the measured m/z value indicated). For oligosaccharide-
APB conjugates (for example GXXG-APB) that were generated by an a-
xylosidase treatment of existing oligosaccharide-APB conjugate, only MALDI-

TOF MS spectrum of the final conjugate is shown.
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Figure 3-S2. Z-biotin conjugate. The chemical structure (top panel) and MALDI-
TOF MS spectrum (bottom panel) of the X-biotin conjugate are shown. Note that
the aglycone structure differs from that of the other biotin conjugates used in this
dissertation (for comparison, see Supplemental Figure 1A). The major species
detected by MALDI-TOF MS is the doubly sodiated species where one of the Na
atoms replaces a proton (H) in the carboxylic group (-COOH) to form sodium
carboxylate (-COONa) and the other forms an adduct with the glycoconjugate

salt to increase the charge of the complex.
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Figure 3-S3. Generation and purification of XyG Sn oligosaccharide-APB
conjugates. (A) MALDI-TOF MS spectrum of products from incomplete XEG
hydrolysis of tamarind XyG polysaccharide. (B) SEC chromatogram of the
conjugation reaction products mixture with fractions pooled as indicated by the
chromatogram shading. MALDI-TOF MS spectra of the pooled tamarind XyG Sn-

APB mixtures (C) S1-APB, (D) S2-APB, (E) S3-APB, (F) S4-APB.
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Figure 3-S4. Generation and purification of cellodextrin-APB conjugate mixture.

(A) MALDI-TOF MS spectrum of the native cellodextrin mixture containging

cellotetraose (G4, m/z), cellopentaose (Gs, m/z ), cellohexaose (Gg, m/z ) and

celloheptaose (G, m/z). (B) SEC chromatogram of the conjugation reaction

products with fractions pooled as indicated by the chromatogram shading. (C)

MALDI-TOF MS spectra of the pooled cellodextrin-APB mixture.
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D Preparation and purification of B-p-Galp-(1—3)-B-D-
GalpNAc-(1-4)-B-p-Galp-(1—4)-D-Glc-APB
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Figure 3-S5. Generation and purification of the APB conjugates of
oligosaccharides that are typically found as glycoconjugates with proteins and
lipids. MALDI-TOF MS spectra of the native oligosaccharide (top panel) and
conjugation reaction products (bottom panel) are shown. (A) Lacto-N-tetraose-
APB (LNT-APB). (B) Lacto-N-neotetraose-APB (LNnT-APB). (C) Lacto-N-
fucopentaose III-APB (LNFPIII-APB). (D) B-b-Galp-(1—3)-B-D-GalpNAc-(1—4)-B-

D-Galp-(1—4)-D-Glc-APB.
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Figure 3-S6. ELISAs of the mAbs against immobilized poly- and
oligosaccharides. Direct, single datapoint polysaccharide ELISAs were
performed by incubating the hybridoma supernatant in a microplate well that was
previously coated with the same polysaccharide that was used in the
immunization. Competitive polysaccharide dilution series ELISAs were performed
as the direct single datapoint polysaccharide ELISAs, except that the hybridoma
supernatant was pre-incubated with a competitor polysaccharide prior to the
incubation in the microplate well. Direct, single datapoint ELISAs against
oligosaccharides were performed by incubating the hybridoma supernatant in a

microplate well that was coated with oligosaccharide-APB conjugate. Direct,
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oligosaccharide dilution series ELISAs were performed as the single datapoint
ELISAs, except that a dilution series of the oligosaccharide-APB conjugate was
immobilized on the microplate well. Note that not all experiments were carried out
for all mADbs. In all cases, the reported values represent the average of three

measurements and the error their standard deviation.
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Figure 3-S7. Heatmap of the ELISA data of the mAb binding to the immobilized
polysaccharides. Each row in the heatmap corresponds to the ELISA binding
pattern of a single mAb against collection of purified and immobilized
oligosaccharides. Each column corresponds to a binding pattern of a single

immobilized oligosaccharide against collection of mAbs. The color of an
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intersection of an mAb and an oligosaccharide represents the average of three

ELISA absorbance readings. For key, see Supplemental Figure 8.
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Figure 3-S8. Heatmap of the ELISA data of the mAb binding to the biotinylated
and immobilized oligosaccharides. Each row in the heatmap corresponds to the
ELISA binding pattern of a single mAb against collection of purified and
immobilized oligosaccharides. Each column corresponds to a binding pattern of a
single immobilized oligosaccharide against collection of mAbs. The color of an
intersection of an mAb and an oligosaccharide represents the average of three

ELISA absorbance readings.
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CHAPTER 4

CONCLUSIONS

The work described in this dissertation focused on the development of methods
for structural and quantitative analysis of xyloglucans (XyGs) as well as on
rigorously interrogating the binding epitopes of XyG-binding monoclonal

antibodies (mAbs).

In Chapter 2, | describe the purification of XyG oligosaccharides from
several plant sources to obtain a structurally diverse oligosaccharide library. A
comprehensive strategy was designed for the generation of twenty-eight XyG
oligosaccharides using complementary enzymatic hydrolyses and subsequent
separations using size-exclusion chromatography (SEC). This workflow allows
the purification of milligram amounts of these oligosaccharides. The
oligosaccharide collection is useful for deciphering the enzymatic and binding
activities of various XyG-active proteins. The structural identities and purities of
the produced oligosaccharides were verified by three analytical approaches,
namely matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS), high-pH anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD), and nuclear magnetic resonance

(NMR) spectroscopy. MALDI-TOF and HPAEC-PAD were further compared in
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their abilities to quantitate XyG oligosaccharides in complex mixtures. Both
methods can be used as quantitative tools in XyG analysis, but for unequivocal

interpretation, they should be used in conjunction.

In Chapter 3, | describe the utilization of the XyG oligosaccharide
collection in the enzyme-linked immunosorbent assay (ELISA)-based epitope
characterization of thirty-two mAbs whose detailed binding specificities had not
been determined before. My results reveal various distinct mAb binding
specificities, which cover the most common structures found in XyGs such as
terminal xylosyl, galactosyl and fucosyl residues. These efforts provide valuable
information for researchers in order to efficiently select these mAbs to probe for

XyG structures and abundances in plant cell walls.

Collectively, my work contributes to the arsenal of tools that are available

for the structural and functional characterization of XyGs.
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APPENDIX A
THE PROFINIA™ PROTEIN PURIFICATION SYSTEM SIMPLIFIES ANTIBODY

PURIFICATION WITH PROTEIN A *

! Berardini, M., Tuomivaara, S.T. and M.G. Hahn. 2008. Bio-Rad Laboratories, Inc. Tech
note 5712.

Reprinted here with permission of the publisher.
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A.1 Introduction

Immobilized Protein A from Staphylococcus aureus has been used for many
years to purify antibodies from a variety of species (Hjelm et al, 1972). The high
selectivity and stability of protein A has made it a popular choice for the
purification of antibodies from a wide range of sample sources, including serum,
ascitic fluid, and hybridoma cell culture supernatants. M3ammalian antibodies
are categorized into five major classes: IgA, IgD, IgE, IgG, and IgM. IgG is the
predominant class of antibody in serum and is generated in large amounts during
the secondary immune response. The IgG class of antibody is further divided into
subclasses that vary depending upon the species and the properties of the heavy
chain component. There are four subclasses of IgG in humans (IgG3, 19G2, 19Gs,
1gG4) and in mice (IgG1, 19G2a, 1g9G2p, 1gG3). The affinity of protein A for IgG
varies considerably between species and IgG subtypes and has been extensively
characterized (Duhamel et al, 1979; Schwartz, 1990). In humans, protein A binds
with high affinity to 1gG3, 1gG», and 1gG4, but poorly to 1IgG;. Among the four IgG
subtypes in mice, protein A has the weakest affinity for IgG;. The binding of
antibodies to protein A is mediated, at neutral or alkaline pH values, through
hydrophobic interactions involving a highly conserved histidyl residue located in
the protein A binding site of IgG. The elution of IgG from immobilized protein A is
commonly achieved by lowering the pH using an acidic buffer. Protein A-purified
antibodies are then typically neutralized with a base, dialyzed against a neutral
buffer, or desalted using a gel-filtration column to avoid acid-mediated hydrolysis

and denaturation. The use of protein A affinity chromatography offers a number
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of advantages to alternative separation techniques based on ion exchange,
immobilized metal affinity chromatography (IMAC), and hydrophobic interaction
chromatography (HIC), due to its simplicity and high recoveries of the purified
product. The Profinia protein purification system is an automated
chromatography instrument designed for the purification of affinity-tagged
proteins and antibodies. An intuitive touch screen interface allows users to
access preprogrammed chromatography methods or to customize any method
for a particular application. With the Profinia system, antibodies can be purified
and immediately desalted, precluding the need for neutralization, dialysis, or
additional chromatography steps. The system is specifically designed for ease of
use and for routine purification of 1-100 mg of IgG, using either 1 ml or 5 ml
prepacked protein A cartridges. In this study, the purification, yield, and purity of
lgG recovered from human, rabbit, mouse, rat, and goat sera using protein A-
based separations are described. In addition, the effect of varying the elution
buffer composition on the elution of IgG from protein A cartridges was
investigated. Lastly, the purification of a monoclonal antibody from a hybridoma
cell culture supernatant using the Profinia system and its subsequent functional

analysis by an ELISA is presented.
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APPENDIX B
METHODS FOR STRUCTURAL CHARACTERIZATION OF THE PRODUCTS

OF CELLULOSE- AND XYLOGLUCAN-HYDROLYZING ENZYMES *

! Pefia, M.J., Tuomivaara, S.T., Urbanowicz, B.R., O'Neill, M.A. and W.S York. 2012.
Methods in Enzymology. 510:121-139.

Reprinted here with permission of the publisher.
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B.1. Abstract

Structural characterization of oligosaccharide products generated by enzymatic
hydrolysis of plant cell wall polysaccharides provides valuable information about
the enzyme's activity and substrate specificity. In this chapter, we describe some
of the chemical, chromatographic, and spectroscopic methods that we routinely
use to isolate and characterize oligosaccharides formed by enzymatic
fragmentation of cellulose and xyloglucan. These include techniques to
determine glycosyl residue and glycosyl linkage compositions by gas
chromatography and mass spectrometry. We also illustrate the use of
electrospray ionization with multistage mass spectrometry, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, and nuclear magnetic
resonance spectroscopy to perform detailed structural analysis of these

oligosaccharides.
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APPENDIX C
STRUCTURAL ANALYSIS OF HEMICELLULOSES BY ENZYMATIC

DIGESTION AND MALDI-TOF MS !

! Tuomivaara, S.T., Kulkarni, A. and W.S. York. 2013. GlycoPOD
http://jcggdb.jp/GlycoPOD. Web. 18.11. 2013.

Reprinted here with permission of the publisher.
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C.1. Introduction

Hemicelluloses, such as xyloglucans (XG) and xylans, are abundant
polysaccharide components of plant cell walls. Typically, hemicelluloses exhibit
structural microheterogeneity within the polymer, owing to a variety and (quasi-)
statistical distribution of different sugar residues, and sometimes non-sugar
decorations, such as acetyl and methyl groups. Some of these structural features
are easier to identify if analysis is performed using oligosaccharides rather than
the parent polysaccharides. Mass spectrometry (MS) offers a unique combination
of sensitivity and molecular mass discrimination for oligosaccharide analysis. As
little as a few ng of native (non-permethylated) oligosaccharide can be detected.
Stereochemical and isomeric aspects of structure, such as sugar identities as
well as linkage anomericities and positions, are not available from full MS
analyses. Nevertheless full MS analysis of either a pure preparation or a mixture
of oligosaccharides can typically provide the compositions of all oligosaccharide
in the sample in terms of sugar types (e.g. hexoses and pentoses) and non-sugar
decorations. Rough estimation of the relative abundances of oligosaccharides
with similar molecular masses in a complex mixture is also possible. Herein, we
describe a method to analyze hemicellulose structure by using a combination of
enzymatic hydrolysis and matrix-assisted laser desorption-ionization MS (MALDI-
TOF MS). The polysaccharide is first hydrolyzed with a glycosyl hydrolase with
known specificity to form oligosaccharides, preferably containing 4 to 30 sugar
residues. These oligosaccharides with relative molecular masses ranging from

500 to 4000, are easier to ionize, and the ion mass-to-charge ratios (m/z) and
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intensities can be measured more accurately than for polysaccharide ions by
MALDI-TOF MS. Interpretation of the spectral features can reveal some
structural aspects of the parent polysaccharide. In this protocol, a detailed
analysis of xyloglucan is outlined. Examples of methylglururonoxylan (MGX) and
arabinoxylan (AX) are provided for reference. The procedure can be adapted to
other hemicellulosic and non-hemicellulosic polysaccharides regardless of their

source and structures.
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