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ABSTRACT

The plant cell wall is a complex network composed mainly of polysaccharides, the
most abundant biopolymers on earth and a rich source of biorenewable materials.
Biosynthesis of these plant polysaccharides is poorly understood, largely due to
difficulties in the structural characterization of glycosyltransferases and lack of
suitable substrates for in vitro analysis. Xyloglucan Xylosyltransferases (XXTs)
initiate side-chain extensions from a linear glucan polymer by transferring the
xylosyl group from UDP-xylose during xyloglucan biosynthesis. Here, we optimized
protein expression and enzymatic activity conditions of XXTs through numerous N-
and C-terminal truncations, various E. coli strains, solubility tags, and storage
conditions. This procedure was used for protein expression of three XXTs (XXT1,
XXT2, and XXT5) and we show that XXT5 is catalytically active in vitro, though at a
significantly slower rate compared to XXT1 or XXT2. As no structural information
was available for any of the XXTs, we built a homology model of XXT2. This model
was used to predict amino acids involved in UDP-xylose binding that were verified
through mutagenesis. We subsequently solved the crystal structure of XXT1 without
ligands and in complexes with UDP and cellohexaose. XXT1, a homodimer and
member of the GT-A fold family of glycosyltransferases, binds UDP analogously to
other GT-A fold enzymes. The structures detailed here combined with the properties
of mutant XXT1s are consistent with a SNj-like catalytic mechanism. Distinct from
other systems is the recognition of cellohexaose by way of an extended cleft. The

crystal structure of XXT1 demonstrates that XXT1 alone cannot produce
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xylosylation patterns observed for native xyloglucans because of steric constraints
imposed within the acceptor binding cleft. Homology modeling of XXT2 and XXT5,
using the crystal structure of XXT1 as template, reveals a structurally altered cleft in
XXT5 that could accommodate a partially xylosylated glucan chain produced by
XXT1 and/or XXT2. This suggests that XXT1 and XXT2 xylosylate a growing glucan
chain to produce the GXXG repeat, which is then utilized by XXT5 to produce the
biologically observed XXXG repeat of native xyloglucan present in most of the plants.
These results allowed us to propose a model of sequential xylosylation of glucan
chain synthesized by glucan synthase and support the synthesis of xyloglucan via

multiprotein complex localized in plant Golgi as proposed previously.

The work described in this dissertation was supported by NSF-MCB grant

#1121163 and partially by the seed-grant from Roy ]. Carver Trust.



CHAPTER 1. INTRODUCTION

Plant Cell Wall

The plant cell wall is a complex and dynamic assembly of polysaccharides,
lignin, and glycoproteins (Cosgrove, 2005; Burton et al.,, 2010; Keegstra, 2010). The
cell wall strengthens the plant body but also plays key roles in plant growth, cell
differentiation, intercellular communication, water movement, and defense against
biotic or abiotic attack (Keegstra, 2010). The plant cell wall is an attractive resource
due to the fact that two of the three most abundant biopolymers on earth, cellulose
and lignin, are major components of the cell wall. This demonstrates its enormous
potential for the use of the plant cell wall for industrial applications including
biofuels and biomaterials (Boerjan et al., 2003; Carroll and Somerville, 2009; Pauly
and Keegstra, 2010; McFarlane et al., 2014). However, degradation of the plant cell
wall is energy intensive and often very expensive due to the recalcitrant nature of
cell walls. It is generally considered that the production of cellulases is the major
bottleneck of complete degradation of the plant cell wall, and a large effort to
increase cellulase production efficiency has yielded little success (Wilson, 2009). An
alternative approach is to engineer the plant cell wall that can be more easily
degraded with no detrimental effects on plant fitness (McCann and Carpita, 2008;
Carpita, 2012; Ciesielski et al., 2014). Engineering a plant cell wall for human
applications requires a complete understanding of the biosynthesis of the plant cell

wall polysaccharides.



The composition of the plant cell wall is dependent on tissue, species, cell
type, and environment. Depending on these factors, there is varying abundance of
cellulose, hemicellulose, pectin, glycoproteins, and lignin. Generally, there are two
types of plant cell wall: primary cell walls that surround growing cells and contain
mostly cellulose, hemicellulose, and pectins, and secondary cell walls that are
abundant in cellulose and lignin and play more of structural and defensive roles. The
composition of the cell wall is likely more of a spectrum of these types, with the
primary and secondary walls being the two extremes of the spectrum (Keegstra,
2010).

Cellulose is the most abundant biopolymer on earth. It consists of a 3-(1,4)
linked glucan backbone with numerous inter- and intra-hydrogen bonds to form an
insoluble crystalline microfibril. Cellulose serves as the load-bearing structure in the
cell wall. Cellulose biosynthesis is performed by cellulose synthases (CesA)(Pear et
al,, 1996). Arabidopsis has ten CesA genes consisting of two groups; CesAl, -2, -3, -5,
-6, and -9, which are involved in primary cell wall biosynthesis, and CesA4, -7, and -
8, which are involved in secondary cell wall biosynthesis (McFarlane et al., 2014).
CesAs belong to GT family 2 and contain eight transmembrane domains that channel
the cellulose chain through the plasma membrane (Morgan et al., 2013). CesAs form
a rosette multi-protein structure with six-fold symmetry and are the functional unit
of cellulose synthesis (Mueller and Brown, 1980). These complexes typically align
with microtubules, suggesting that microtubules guide cellulose synthesis

(McFarlane et al., 2014).



Recently, a crystal structure of cellulose synthase from bacteria (BcsA-BcsB)
was revealed (Morgan et al., 2013). This structure demonstrates that cellulose
synthase contains eight transmembrane domains, six of which directly interact with
the glucan chain (Morgan et al,, 2013). The catalytic domain is a GT-A fold and
contains the D, D, D, Q(Q/R)XRW motif that is conserved among GT family 2
members (Morgan et al,, 2013). Further, a homology model of CesA from Gossypium
hirsutum was reported and revealed the plant-specific subdomains (Sethaphong et
al,, 2013). These plant-specific subdomains are predicted to be important for CesA
oligomerization to form the rosette complex (Sethaphong et al., 2013).

Hemicellulose polysaccharides are loosely defined as those that require a
strong alkali for solubilization and directly interact with cellulose. These
polysaccharides can cross-link or act as spacers between cellulose microfibrils and
influence cellulose crystallinity. The main types of hemicellulose are xyloglucan,
xylan, mannan, and mixed linked glucans. The first three polysaccharides contain a
B-(1,4) linked glycan backbone chain of either glucan, mannan, or xylan, whereas
the fourth contains a 3-(1,3:1,4) linked glucan backbone chain. These
polysaccharides form the “gel-like” layer of the plant cell wall and consist of roughly
a third of the dry mass of the plant primary cell wall (Pauly et al., 2013).

Mannans are mainly found in green algae (Charophyceae) or in the seeds of
plants. The backbone is either a linear mannan chain or alternating mannose and
glucose backbone. The mannan backbone is biosynthesized by CSLCA enzymes.
Mannans are an essential part of seed development in Arabidopsis seeds (Goubet

2003). Mannans are grouped into four classes based on backbone and side-chain



composition: mannan, glucomannan, galactomannan, and galactoglucomannan
(Scheller and Ulvskov, 2010).

Xylans are most abundant hemicellulose in secondary cell walls of monocots.
They consist of a B-(1,4)-linked xylose backbone which is substituted with a wide
variety of other sugars depending on species and tissue (Pauly et al., 2013). The
main types of xylan are glucoronoxylan or arabinoxylan, which are substituted with
a-(1,2) glucoronic acid or arabinose, respectively (Scheller and Ulvskov, 2010; Pauly
et al.,, 2013). Mixed linked glucans are found only in grasses and not in dicot species.
They consist of a B-(1,3) and 3-(1,4) linkages and are a non-branched homopolymer.

Pectins are a major component in the primary cell wall and consists of three
major polysaccharides: homogalacturonan (HG), rhamnogalactoronan I (RG-I), and
rhamnogalacturonan II (RG-II), with HG being the most abundant (Atmodjo et al,,
2013). The diversity and complexity of these polysaccharides make them difficult to
study. Additionally, isolation from cell wall requires chemical or enzymatic
treatments to release the pectic polysaccharides that can alter their structure

(Atmodjo et al., 2013)

Glycosyltransferases

The numerous oligo- and polysaccharides found in nature entail an
enormous complexity with specific linkages (Rademacher et al., 1988). The
formation of these highly specific linkages requires the action of
glycosyltransferases (GTs) (Lairson et al.,, 2008). GTs catalyze the formation of
glycosidic bonds by transferring a sugar moiety from an activated donor to a variety

of acceptors (Lairson et al., 2008). The activated donor is typically a nucleotide



sugar (e.g. UDP-glucose, UDP-xylose, GDP-mannose), but lipid phosphates are also
used. The acceptor substrates can be any other molecule with the most common
being other sugars, but can also be lipids, nucleic acids, proteins, or small molecules.

GTs are classified into 105 families based on their amino acid sequence in the
Carbohydrate Active Enzyme Database (Campbell et al., 1997; Coutinho et al.,, 2003).
Most GTs adopt one of two folds, GT-A or GT-B. GT-A fold has two Rossman-like
domains that form a central (3-sheet that is surrounded by a-helices. These are metal
dependent enzymes that require a DxD motif for metal coordination (Busch et al,,
1998; Wiggins and Munro, 1998). GT-B fold glycosyltransferases also have two
Rossman-like domains, but they are less tightly associated with the active site
between these two domains.

In addition to their classification by overall fold, GTs are also classified by
their inversion or retention in stereochemistry in product compared to that of
donor substrate. Inverting GTs follow a single displacement mechanism, a
mechanism similar to the inverting glycosyl hydrolases (Davies and Henrissat, 1995;
Lairson et al., 2008). This entails a protein side chain acting as catalytic base to
deprotonate the acceptor hydroxyl, which then facilitates a Sy2 displacement of the
anomeric carbon of the activated sugar (Lairson et al., 2008). The catalytic
mechanism of retaining GTs is still under heavy debate. It was first proposed that
these enzymes utilized a double displacement mechanism, similar to the retaining
glycosyl hydrolases. This mechanism involves a protein side chain that performs a
nucleophilic attack on the anomeric carbon of the activated sugar to form a glycosyl-

enzyme intermediate with inverted stereochemistry. The acceptor hydroxyl would



then nucleophilically attack this glycosyl-enzyme intermediate, inverting the
stereochemistry again, resulting in a net retention of anomeric carbon
stereochemistry. This mechanism has fallen into disfavor due to the lack of a
suitably placed catalytic nucleophile for the first SN2 reaction and the failure to trap
a glycosyl-enzyme intermediate. Instead, retaining GTs may utilize a Syi-like
mechanism (Persson et al,, 2001), which has gained support through kinetic isotope
studies (Lee et al., 2011) and crystallographic snapshots along the pathway (Yu et
al,, 2015). Sni-like reactions are similar to Snx1 reactions but the bond collapses back
to the original stereochemistry in the product. This mechanism is typically proposed

due to the lack of supporting evidence for other mechanisms.

Xyloglucan Biosynthesis

Xyloglucan (XyG) is a ubiquitous plant polysaccharide that is found in all land
plants (Pauly and Keegstra, 2016). XyG encompasses roughly 20-25% of the
hemicellulose in the primary cell wall of dicots, while only encompassing 2-10% in
grasses (Scheller and Ulvskov, 2010). XyG is believed to associate with cellulose
through hydrogen bonds (Valent and Albersheim, 1974). Due to this interaction, it
is believed that XyG may cross-links cellulose microfibrils or it may act as a spacer to
prevent the cellulose aggregation (Somerville et al., 2004).

XyG contains a 3-(1,4) linked glucan backbone that is substituted with
numerous glycosyl residues (Pauly and Keegstra, 2016). The type and order of
glycosyl substitution is dependent on numerous factors including species, tissue, cell

type, and developmental state. Additionally, non-glycosyl substitutions can also be



present, such as acetyl groups. A nomenclature has been developed to describe the
glucan backbone substitution (Fry et al., 1993). For example, G represents
unsubstituted glucosyl residue, X represents glucosyl residue substituted at 0-6
with - D-xylose, L represents the xylose substituted with a-(1,2) linked p-Galp, and
F represents the xylose substituted with a-(1,2) linked L-Fucp-(1,2)-B-D-Galp (Fry et
al,, 1993). The composition of XyG in Arabidopsis primarily is composed of XXXG,
XXGF, and XLFG subunits (Vanzin et al., 2002; Madson, 2003). Dicots typically
contain XXXG-type xyloglucan, whereas grasses typically contain XXGG-type
xyloglucan (Figure 1; Vincken et al.,, 1997).

XyG biosynthesis occurs in the Golgi apparatus (Chevalier et al., 2010) by
action of multiple highly specific glycosyltransferases (decsribed in details below in
the chapter 2). In this process, a glycan synthase synthesizes the glucan chain,
transporting it into the Golgi, which is then decorated by numerous GTs (Pauly and
Keegstra, 2016). Following biosynthesis, XyG is transported out of the cell via
secretory vesicles. Cellulose synthase-like C4 (CSLC4) is the primary synthase
responsible for XyG backbone synthesis (Cocuron et al., 2007). Interestingly, co-
expression of CLSC4 with xyloglucan xylosyltransferase 1 (XXT1) increased glucan
production. Additionally, it was shown that N-terminus, C-terminus, and active site

loop are localized on the cytosolic side of the Golgi membrane (Davis et al., 2010).
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Figure 1. Schematic of the xyloglucan structure. Figure from Pauly and Keegstra,
2016.

To identify the enzymes involved in the xylosylation of the glucan backbone,
Fiak et al. first tested enzymes that were in the same GT family as a characterized
mannan GT (Faik et al., 2002). This is because the mannan GTs and XXTs both
glycosylate a linear (3-(1,4) glycan backbone at the O-6 position, thus it is likely that
they would have high sequence similarity. This study identified XXT1 as being an
enzyme that xylosylates a linear glucan backbone (Faik et al., 2002). Later, product
characterization of XXT1 and XXT2 demonstrated that they both primarily
xylosylate the fourth glucose from the reducing end of cellohexaose (Cavalier and
Keegstra, 2006). Numerous reverse genetic studies have been investigated on the
XXTs and it was found that a single knockout of either xxt1 or xxt2 had no change in
XyG content, whereas a double knock-out of xxt1xxt2 had no detectable XyG
(Cavalier et al., 2008; Zabotina et al., 2012). This led to the proposal that XXT1 and

XXT2 are at least partially redundant. The xxt1xxt2 plants have minor morphological



phenotype changes, primarily in the root hairs (Cavalier et al., 2008; Zabotina et al.,
2012). Later, XXT5 was identified to be another XXT with some distinct differences
compared to XXT1 or XXT2. One difference was the fact that a single knock-out of
xxt5 resulted in a 50% reduction in xyloglucan (Zabotina et al., 2008; Zabotina et al.,
2012). Additionally, attempts to demonstrate activity of XXT5 in vitro were all
unsuccessful (Faik et al.,, 2002; Zabotina et al., 2008; Vuttipongchaikij et al., 2012),
raising questions about the function of XXT5.

Galactosyltransferases were identified and were shown to have high
specificity for the xylose they galactosylate (Madson, 2003; Jensen et al,, 2012).
XLT2 was shown to galactosylate the second xylose, and MUR3 galactosylates the
third xylose in the XXXG subunit repeat (Madson, 2003; Jensen et al., 2012). A
fucosyltransferase, FUT1, fucosylates the second galactose residue in the XLLG
repeat, yielding an XLFG repeat (Perrin, 1999). All of these xyloglucan biosynthetic
proteins were shown to form protein-protein interactions with each other and have
been proposed to form a multi-enzyme protein complex (Chou et al,, 2012; Chou et
al.,, 2015).

Following its biosynthesis, XyG is transported to the plasma membrane via
vesicles. Following incorporation in the cell wall, the structure remains highly
dynamic as a result of numerous apoplastic enzymes (Frankova and Fry, 2013)
which is highly correlated with cell elongation and plant growth (Pauly and
Keegstra, 2016). Examples of these apoplastic enzymes include XyG endohydrolases,

that hydrolyze the xyloglucan backbone releasing the XyG oligosaccharides into the
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wall, and endotransglycosylases, which cleave and re-ligate the XyG to another XyG

chain (Nishitani and Tominaga, 1992).
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CHAPTER 2. THE GLYCOSYLTRANSFERASES INVOLVED IN SYNTHESIS OF

PLANT CELL WALL POLYSACCHARIDES: PRESENT AND FUTURE

Modified from a paper published in JSM Enzymology and Protein Science

Alan T. Culbertson and Olga A. Zabotina*

Abstract

Glycosyltransferases are enzymes which transfer an activated sugar to an acceptor
substrate such as polysaccharides, peptide, lipid or various small molecules. In the
past 10-15 years, substantial progress has been made in the identification and
cloning of genes that encode polysaccharide synthesizing glycosyltransferases.
However, majority of these enzymes remain structurally and mechanistically
uncharacterized. This short review will focus on the questions in biochemistry of

polysaccharide synthesizing glycosyltransferases to be answered in coming years.

Introduction

Plant cell walls have been proposed to be a source of renewable energy in the form
of lignocellulosic liquid biofuels. In the past 10-15 years, significant progress has
been made in understanding of cell wall polysaccharide biosynthesis, particularly, in
identifying and characterizing the numerous genes involved in this complex process.
With respect to the challenges of revealing the genes required, molecular biology,

reverse-genetics, and genomics has provided many powerful tools and significantly
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advanced our understanding of plant cell wall formation. A significant body of
recent reviews describes the advances and the current state in understanding of
plant polysaccharide biosynthesis [1-5]. However, the progress in biochemical
characterization of the gene products, glycosyltransferases, is being much slower
and currently falls behind the successful genetic studies. In part, this is due to the
low solubility of these enzymes and the lack of suitable enzyme assays. For example,
the small stereochemical differences between sugar moieties and the multiple ways
these moieties can be linked to each other, which were used by nature to achieve the
wide diversity of oligo- and polysaccharide present in different types of plant cell
walls, limits selection of suitable substrates and complicates characterization of
products. Despite current limitations, the structural -characterization and
mechanisms of catalysis of plant glycosyltransferases will certainly be a subject of
intensive research in the coming years due their essential function in plant cell wall
biosynthesis. We present here the brief overview on the long-standing unanswered
questions and directions we believe the field of cell wall polysaccharide synthesizing
glycosyltransferases is headed.

Synthesis of the branched and heterogeneous polysaccharide structures
requires action of multiple specific glycosyltransferases and synthases which
transfer a donor sugar substrate to oligosaccharide acceptor. The donor substrates
are typically activated sugars such as nucleotide sugars (UDP or GDP-bound) or,
more rarely, phosphorylated sugars [6]. The structures solved for GTs from other
organisms, the majority of which are involved in glycosylation of small lipophilic

molecules, showed that the catalytic domains of most GTs have two types of fold,
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GT-A and GT-B. However, the existence of the different type, GT-C was also
proposed [6]. GT-A contains two B/a/f Rossmann-like folds tightly associated
forming a continuous B-sheet and while GT-B also has two 3/a/f Rossmann-like
folds, they are not tightly intertwined but face each other with the active site
residing between them. GT-A folds are metal dependent, which is coordinated by the
well documented DxD motif [7], while GT-B are metal independent. In addition to
these two structural folds, GTs are further characterized whether the chemical bond
formed is an inversion or retention of stereochemistry with respect to the donor
substrate. The most common donor substrate is nucleotide sugars where the sugar
is linked via alpha bond. If a GT catalyzes the formation of the glycosidic bond
attaching the sugar to the acceptor molecule via beta bond, the stereochemistry is
inverted, while if the new glycosidic bond formed is alpha the stereochemistry is
retained. The catalytic mechanism of inverting glycosyltransferases has been
demonstrated to be a direct displacement Sn2-like reaction in which an active site
residue acts as a general base to deprotonate the acceptor which performs a
nucleophilic attack on the donor anomeric carbon [6]. The mechanisms of retaining
glycosyltransferases has yet to be elucidated but numerous possibilities have been
proposed such as a double displacement mechanism or a front-side single
displacement (Sni) mechansism [8,9,10]. The plant cell wall biosynthetic enzymes

are found in at least three of these classifications.
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Glycosylsynthases

Cellulose Synthase (Ces) and Cellulose Synthase-Like (CSL) are integral, membrane
proteins with multiple transmembrane domains (TD) which span the Golgi
membrane (or plasma membrane in the case of Ces) multiple times and belong to
CAZy family GT2 [11]. The first solved structure for a protein from GT2 family was
the structure of the catalytic domain of polysaccharide synthesizing protein, SpsA,
from B. subtilis [12], which demonstrated that catalytic domains of GT2 proteins
adopt GT-A fold. The 3D structure of SpsA allowed prediction of the active site
amino acids important for substrate binding and catalysis [13] and served as a
prototype for the organization of other family GT2 synthases. More recently, the
structure for R. sphaeroides Ces domains BcsA and BcsB demonstrated that TDs
form a pore through which the synthesized glucan chain is translocated across the
plasma membrane [14]. Another study resulted in a 3D computational model of the
predicted cytosolic domain of cotton CESA (GhCESA1) [15], which showed good
structural agreement between BcsA and GhCESAL1. In both structures, the catalytic
residues within GT-A fold included the matching motifs DDG, DCD and TED. The
DDG and DCD motifs coordinate UDP and divalent cation and the D of the TED motif,
most likely, acts as the catalytic base [14, 16]. The motif QRGRW in BcsA is
positioned near the plasma membrane and was shown to interact with cellulose
acceptor substrate, whereas in GhCESA1 a QVLRW motif was proposed to have
similar function and similar positioning near plasma membrane [16]. These solved
structures dismissed the long standing speculation about two active sites possibly

present within the same peptide [17, 18] to explain cellulose synthesis, presenting



