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Abstract 

 
Cell Wall- and Glycolipid-related Functions of Arabidopsis Glycosyltransferase Family 

Eight Proteins 
 

by 
 

Emilie Adelle Rennie 
 

Doctor of Philosophy in Plant Biology 
 

University of California, Berkeley 
 

Professor Henrik Vibe Scheller, Co-chair 
Professor Markus Pauly, Co-chair 

 
 

Glycosyltransferases catalyze the transfer of sugars from activated phosphate 
sugar substrates to various acceptor molecules ranging from primary metabolites to 
glycolipids to plant cell walls. The model plant Arabidopsis encodes about 500 
glycosyltransferase proteins. Forty-one of these are members of Glycosyltransferase 
Family 8. These enzymes are thought to function in synthesis of diverse compounds 
including the disaccharide galactinol, and the cell wall polymer pectin, and the energy 
storage polysaccharide starch. This thesis will describe evidence that allowed us to assign 
additional functions of members of this family: five of these enzymes synthesize the cell 
wall polymer glucuronoxylan, while one synthesizes glycosyl inositol phosphoryl-
ceramide sphingolipids. 

 The eight Plant Glycogenin-like Starch Initiation Proteins (PGSIPs) were named 
based on their homology to glycogenin, a protein in fungi and animals that initiates 
glycogen synthesis by glucosylating itself. The PGSIP proteins were proposed to initiate 
starch synthesis in a similar manner. However, two of these proteins, PGSIP1 and 
PGSIP3, are highly coexpressed with glucuronoxylan biosynthetic proteins. Mutations in 
PGSIP1 cause a decrease in cell wall glucuronoxylan content and microsomal 
xylan:glucuronosyltransferase activity, leading to the re-annotation of five of the PGSIP 
proteins as Glucuronic Acid Substitution of Xylan (GUX). Heterologously expressed and 
purified GUX1, GUX2, and GUX4 show xylan glucuronosyltransferase activity in vitro. 
These proteins transferred glucuronic acid to a xylooligomer acceptor with different 
patterns, showing that these related proteins have subtle differences in specificity. 

Another protein, PGSIP6, is related to both the GUX proteins and the galactinol 
synthase (GolS) proteins, which transfer galactose onto the acceptor inositol. The 
phylogenetic placement of PGSIP6 between the GUX and GolS proteins led us to suspect 
that this enzyme catalyzes the transfer of glucuronic acid to the inositol moiety of 
glycosyl inositol phosphorylceramides, a class of glycosphingolipids that are abundant in 
plant plasma membranes. Expression of PGSIP6 in yeast led to production of glucuronic 
acid linked to inositol phosphorylceramide. Overexpressing PGSIP6 in Nicotiana 
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benthamiana plants led to an increase in inositol phosphorylceramide 
glucuronosyltransferase activity, while silencing expression of PGSIP6 led to a decrease 
in activity. PGSIP6 has now been renamed Inositol Phosphorylceramide 
Glucuronosyltransferase 1 (IPGT1).
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Chapter 1: Introduction 

 
 
Sugars are central to biology. Monosaccharides are the building blocks for many 

important molecules, including primary and secondary metabolites, signaling molecules, 
energy storage polysaccharides, additions to lipids and proteins that can alter their 
structure and function, and extracellular matrices or walls that provide structure for and 
protect cells. These complex molecules are synthesized by enzymes called 
glycosyltransferases (GTs), which transfer sugars from activated sugar donors onto 
acceptor molecules. GTs are found in all kingdoms of life, and the diversity of this class 
of enzymes accounts for the large repertoire of glycosylated molecules present in and on 
the surface of cells. 

 
 

Sugars and glycans 
 
Monosaccharides are carbohydrates with the general formula (CH2O)n. These 

compounds are polyhydroxyl aldehydes and ketones, depending on whether the carbonyl 
group is found at the first or subsequent carbons. Because each hydroxylated carbon is 
chiral, there is a large number of potential isomers with the same chemical formula. Each 
monosaccharide, then, is defined by the number of carbons it contains, whether it is an 
aldose or a ketose, and the stereochemistry at each of its hydroxylated carbons. For 
example, glucose, the most prevalent and important monosaccharide, is an aldose with 
six carbons and all hydroxy groups in the equatorial position. Galactose is also an 
aldohexose but differs in stereochemistry at carbon 4, leading to distinct metabolic 
properties. 

Monosaccharides containing four or more carbons can exist as either a straight 
chain or a ring. Rings may form as either five-membered furanoses or six-membered 
pyranoses, with the ring consisting of an oxygen and either four or five carbons. 
Monosaccharides adopt the ring form when the hydroxyl oxygen of the fourth or fifth 
carbon attacks the carbonyl-bearing, or anomeric, carbon. This results in two possible 
stereochemistries at the anomeric carbon, denoted ‘α’ and ‘β’ and determined by the 
stereochemistry at the anomeric carbon relative to that at the reference carbon. The 
reference carbon is the furthest stereocenter in the ring from the anomeric carbon – 
typically the C5 of hexoses and the C4 of pentoses. By convention, this stereocenter also 
determines whether the monosaccharide is the L or D enantiomer. 

Ring formation is reversible, and in solution sugars fluctuate between the straight 
chain and ring forms, allowing the anomeric carbon to assume either the α or β 
conformation – or mutarotate – spontaneously. However, if the sugar is linked to another 
molecule via a glycosidic linkage at its anomeric carbon, it will be unable to form a chain 
and its conformation will be locked into position. Therefore, monosaccharides that are 
part of activated sugar donors such as nucleotide sugars, or part of larger glycan 
structures, adopt a fixed anomeric configuration. Glycosidic linkages are therefore 
described as either α or β. 
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Monosaccharides may be linked to each other to form oligo- or polysaccharides. 
Cellobiose, for example, consists of two glucose molecules linked to each other via a 
β(1,4) linkage. This means that the anomeric carbon of the first glucose is locked into the 
β configuration and ester-linked to the C4 carbon of the second glucose. The second 
glucose is free to assume the straight chain or either α or β ring configurations. This 
second glucose contains a free aldehyde and so is still a reducing sugar; however, the first 
glucose has lost its free aldehyde and thus its ability to reduce other molecules. The 
second glucose therefore makes up the reducing end of the molecule. 

Several monosaccharides are common in biology, including glucose, fructose, 
mannose, galactose, xylose, arabinose; deoxy sugars such as rhamnose and fucose; acidic 
sugars such as glucuronic, galacturonic, and neuraminic acid; and amino sugars such as 
glucosamine and galactosamine. A huge number of possible combinations exist when 
linking sugars. For each monosaccharide that is added to a glycan chain, there are four 
possible linkage positions, each of which may be in either the α or β configuration, for a 
total of 8 possible linkages. Differences in linkages have important implications for the 
biological roles of oligo- and polysaccharides. Starch and cellulose, for example, are both 
polymers made up solely of glucose units. In starch, glucoses are connected by α(1,4) 
linkages with a variable number of α(1,6) branches. In cellulose, they are connected by 
β(1,4) linkages, causing this molecule to exists as a single straight chain. Starch forms 
granules and is easily digestible by humans, in fact making up a large part of our diet; 
cellulose, on the other hand, forms long fibers and is more recognizable as the major 
component of cotton. 

Considering the number of different monosaccharides, linkages, additional 
branches, and length of sugar chains, it is clear that there is potential for a much larger 
amount of diversity in polysaccharides than in other biological polymers such as nucleic 
acids and even polypeptides, which are much more constrained in the types of linkages 
they are able to accommodate. Unlike nucleic acids and polypeptides – which are 
polymerized by a small subset of similar enzymes – glycans are synthesized by a large 
number of GTs, with each individual monosaccharide typically added by its own enzyme. 
Each GT must recognize a different glycan substrate before transferring its sugar in a 
specific type of linkage. GTs are thus an enormously diverse class of enzymes. 

 
 

Glycosyltransferases 
 
Most GTs are presumed to be responsible for a single catalytic activity, following 

the “one enzyme, one linkage” rule proposed during early work on glycoprotein and 
glycolipid biosynthesis [1] [2]. In accordance with this rule, many GTs exhibit very strict 
donor and acceptor substrate specificity. For example, the human blood group B 
galactosyltransferase adds an α(1,3)-galactose to a galactose acceptor on the surface of 
blood cells, but only if the acceptor is already substituted with an α(1,2)-linked fucose 
[3]. This type of specificity limits and defines the number of complex saccharides found 
in a given organism, alluding to the importance of information contained in precisely 
structured glycans such as blood group antigens. 

However, it is also possible for GTs to exhibit promiscuous activity. In some 
groups of enzymes, promiscuity is especially desirable: the UDP-glucuronosyltranferase 
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(UGT) family in animals, for instance, is responsible for transferring glucuronic acid onto 
lipophilic toxins in order to render them soluble so that they can be excreted. Since 
animals may ingest any number of toxins, it is advantageous for them to possess enzymes 
that can aid in detoxification of various compounds, and these enzymes have 
correspondingly broad acceptor specificities [4].  Moreover, many of the genes encoding 
UGT proteins may be expressed as multiple isoforms, with each form acting on 
somewhat different acceptor molecules [5]. GT promiscuity can also potentially be 
exploited to synthesize novel compounds, such as new antibiotics [6] [7] [8]. Some 
processive GTs are also capable of somewhat relaxed specificity. One example is the 
bifunctional human protein Glycosyltransferase-like 1 (LARGE1), which synthesizes 
repeating units of [-3)-xylose-α(1,3)-glucuronic acid-β(1-] on the surface of the 
glycoprotein dystroglycan that play important roles in muscle development [9]. LARGE1 
actually contains two domains that confer distinct activities: a GT8 domain with 
xylosyltransferase activity, and a GT49 domain with glucuronosyltransferase activity 
[10]. 

Clearly, GTs as a class of enzymes are capable of a variety of activities, ranging 
from extremely precise to somewhat broad depending on the biological function of the 
molecule being synthesized. Because these enzymes are so diverse, it is helpful to 
describe them by dividing the class into smaller groups of similar proteins.  

 
 

Classification of glycosyltransferases 
 
Most GT structures conform to one of three major protein folds: GT-A, which 

contains a Rossman-like fold of a six- or seven-stranded β-sheet flanked by α-helices and 
an antiparallel β-sheet and bridged by a DxD motif [11]; GT-B, which contains two 
distinct Rossman-like domains, each with six or seven-stranded β-sheets linked by α-
helices, and connected to each other via a linker region or cleft [11]; and GT-C, which 
contains between eight and thirteen transmembrane helices with a DxD motif in an 
extracytoplasmic loop [12]. GT-A and GT-B folds are found in all three domains of life, 
suggesting that they originated very early in the tree of life; enzymes with GT-C folds are 
found in all eukaryotes and a limited number of bacteria. About 75% of GT families 
belong to one of these three superfamilies [12].The remaining 25% do not have 
detectable structural homology to any known folds, indicating that there is still much to 
learn about GT structures. 

GTs are currently divided into 91 families, with each family defined by a domain 
that confers catalytic activity. These GT domains are characterized by sequence similarity 
and can be identified using sequence comparison tools such as alignments (i.e. BLAST) 
and hidden Markov models (i.e. HMMER) [13]. The list of GT families is growing as 
more functional GTs are discovered; since known GTs were first grouped into 26 
families by Campbell et al. in 1998 [14], 65 new GT families have been found [13]. 
These families are currently catalogued by the Carbohydrate-Active Enzyme (CAZy) 
database (http://www.cazy.org). One goal of such a classification scheme is to find 
relationships between a protein’s sequence, structural information, and ultimately its 
function [14]. However, there is a significant amount of functional variation even among 
GTs within a single family. 
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Predicting glycosyltransferase functions 
 
GTs make up about 1% of eukaryotic open reading frames, corresponding to 

several hundred glycosyltransferases in each organism [15]. In plants, the number of GTs 
tends to be even larger than in other organisms and may reflect the complexity of the cell 
wall and other plant-specific glycan structures [16]. The large amount of diversity in both 
enzymes and glycans means that it is difficult to match a specific enzyme activity to one 
of the hundreds of possible GTs in a given organism. Several parameters, including the 
glycosyltransfer mechanism, type of activated sugar and monosaccharide substrate 
transferred, and acceptor specificity, are useful to consider when predicting GT functions. 

 
Inverting and retaining glycosyltransferases 

 
GTs may transfer sugars with either a retaining or an inverting mechanism. 

Retaining enzymes form a glycosidic bond that retains the stereochemistry at the sugar’s 
anomeric carbon, while inverting enzymes reverse this stereochemistry. For example, D 
sugars are typically linked to nucleotides via α linkages to C1 while L sugars are linked 
via β linkages. If a D sugar is transferred from a nucleotide sugar to an acceptor by a 
retaining enzyme, it will be linked to its acceptor via an α glycosidic bond, while if it is 
transferred by an inverting enzyme it will be linked via a β glycosidic bond [17]. The 
reverse is true for L monosaccharides transferred from nucleotide sugars. Enzymes with 
GT-A and GT-B folds may have either a retaining or inverting mechanism, while all GT-
C families reported to date have an inverting mechanism [11]. GT families commonly 
contain only inverting or retaining enzymes, and thus membership in a given family can 
usually be used to predict whether enzymes synthesize molecules with α or β glycosidic 
linkages. However, there are some examples of families that appear to contain both 
inverting and retaining enzymes – for instance, GT27 and GT72 were initially grouped 
within the inverting family GT2, but have since been shown to have retaining activities 
[18]. 

 
Glycosyltranferase donor and acceptor substrates 

 
Enzymes within a family typically utilize the same type of phospho-activated 

sugar. The most common donors are nucleotide sugars, and families typically use either 
ADP-, UDP-, GDP-, or CMP-sugars [13]. Sugar phosphates may also serve as donors, as 
may lipid-linked sugar phosphates such as dolichol phosphate [19] or dodecaprenyl 
phosphate [20] linked to mono- or oligosaccharides. As might be expected, proteins with 
a GT-C fold – which contains multiple transmembrane domains – are more likely to use 
lipid sugar donors. Ten of the eleven families predicted to contain a GT-C fold utilize 
lipid-linked sugar phosphates as donors [11]. Crystal structures of the GT-C fold enzyme 
oligosaccharyltransferase STT3 from Pyrococcus furiosius [21] and Campylobacter lari 
[22] revealed that the active site is adjacent to transmembrane regions, which are thought 
to participate in binding to the lipid portion of donors. However, one GT-C family 
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(GT53) is expected to use a nucleotide sugar as a donor [23], and some families that use 
lipid-linked sugar donor substrates are not predicted to have a GT-C fold. 

It is more difficult to predict with confidence which sugar will be transferred by 
enzymes in a given family. While some families appear to be specific to one type of 
sugar substrate, some are polyspecific and contain members that use diverse sugar 
substrates. For example, GT2 contains inverting glucosyltransferases, 
mannosyltransferases, rhamnosyltransferases, and galactosyltransferases [18]. In some 
cases enzymes differing at only a few residues can use different substrates. In one 
example, mutation of a single residue changed a GT from an α(1,3)-N-
acetylgalactosaminyltransferase into an α(1,3)-galactosyltransferase [24]. 

Predicting the acceptor for a given enzyme is particularly challenging because so 
many diverse molecules may serve as acceptors. The complexity of glycan acceptors also 
makes them difficult to obtain for in vitro or structural studies of enzymes, and as a result 
relatively few GTs have definitively been assigned a function. Most of the sequence and 
structural motifs that define GTs relate to the donor substrate binding site, and there 
appears to be much more variability in the acceptor binding domains [18]. Very few 
crystal structures have been solved relative to the large number of possible and observed 
acceptors, and much remains to be learned about where these molecules bind and what 
structural characteristics confer specificity for certain acceptors. 

 
 

Glycosyltransferase Family 8 
 
The GT8 family is particularly diverse and includes members in bacteria, animals, 

fungi, and plants [25]. These enzymes conform to a GT-A fold, operate with a retaining 
mechanism, and use UDP-glucose, UDP-galactose, UDP-xylose, UDP-glucuronic acid or 
UDP-galacturonic acid as donors. Functions assigned to GT8 proteins include 
biosynthesis of lipopolysaccharides [26], glycoproteins [27] [9], glycogen [28], plant cell 
walls [29] and small oligosaccharides [30]. 

In Arabidopsis, GT8 contains 41 proteins divided into four major groups: the 
Galacturonosyltransferase (GAUT) proteins, including GAUT1, which has been shown to 
synthesize the pectic polymer homogalacturonan [29]; the related proteins 
Galacturonosyltransferase-Like (GATL), which are also suspected to serve as 
galacturonosyltransferases in either xylan or pectin synthesis [31] [32]; the Galactinol 
Synthase (GolS) group, three of which have been shown to synthesize galactinol by 
transferring galactose onto inositol [30]; and eight remaining proteins, which have been 
annotated as Plant Glycogenin-like Starch Initiation Proteins (PGSIP) and proposed to 
participate in synthesis of primers necessary for starch synthesis [33] [25]. 

 
 

PGSIP proteins: a role in starch synthesis? 
 
The eight Arabidopsis PGSIP proteins were first identified based on their 

homology to glycogenin [34] [33], a GT8 protein in animals and fungi that serves as a 
primer for synthesis of glycogen [35]. The PGSIP proteins do not form a monophyletic 
group, but belong to a clade that also includes the GolS proteins. However, since the 
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eight GolS proteins are known or suspected to be galactosyltransferases, they were not 
annotated as PGSIPs [33] [25]. 

Glycogen is a storage polysaccharide made up of glucose residues connected by 
α(1,4) linkages with additional chains branching off approximately every 10 residues via 
α(1,6) linkages. In animals, this polymer serves as the major storage form of glucose and 
is primarily found in muscle and liver tissue. Glycogen is also the primary form of 
glucose storage in fungi and bacteria; however, in plants it is replaced by starch. The GT8 
protein glycogenin initiates glycogen synthesis in animals and fungi by transferring 
glucose from UDP-glucose to a hydroxyl group on one of its own tyrosine residues [36]. 
This priming activity is necessary because eukaryotic glycogen synthase can only 
polymerize glycogen by adding glucose residues to an existing chain of at least eight 
glucose residues. At least seven more glucose residues are then added by glycogenin 
before glycogen synthase begins elongating the chain [36]. As a result, each mature 
glycogen granule contains a glycogenin protein at its core. 

It has been proposed that the existence of a priming protein may be a fundamental 
characteristic of polysaccharide biogenesis and that glycogen may serve as a model with 
which to understand synthesis of other polysaccharides [35]. Some of this postulation 
stems from early work on both starch and glycogen synthesis, which seemed to reveal 
similarities between their synthesis mechanisms. In the 1940s, experiments using enzyme 
extracts from both plant and animal sources led to proposals that starch and glycogen are 
synthesized by polymerization of glucose-1-phosphate [37] [38].  Both plant and animal 
enzyme preparations required priming molecules for synthesis to occur. Although these 
activities were later discovered to be degradative – breaking glycogen and starch down 
into glucose-1-phosphate – the idea that a primer is required for starch and glycogen 
synthesis has persisted. The true glycogen and starch synthase activities were discovered 
in 1957 and 1961, respectively, and it was determined that these enzymes do not use 
glucose-1-phosphate after all but that glycogen synthase uses UDP-glucose while starch 
synthase uses ADP-glucose [39] [40]. Glycogenin activity, in which radiolabeled glucose 
was transferred from UDP-[14C]glucose onto enzymes in protein extracts, was discovered 
later in rat heart tissue [41] and Neurospora crassa [42]. The gene encoding glycogenin 
was later identified and cloned from rabbit [28], and glycogenin activity was confirmed 
by expressing this gene heterologously [43]. A crystal structure is available for 
glycogenin [44] and a mechanism for its autoglucosylation activity has been proposed 
[36]. 

Several glycogenin-like activities have been reported in extracts from plants, 
fueling the idea that starch synthesis also requires a priming enzyme. A protein from 
maize endosperm was observed to glycosylate itself using UDP-[14C]glucose as a 
substrate [45], and several reports have identified a similar enzyme activity in potato 
tubers [46] [47]. The authors of these reports suggested that the protein responsible for 
these activities might be an ‘amylogenin’ and serve a role in starch synthesis analogous to 
that of glycogenin. However, these proteins were later determined to be reversibly 
glycosylated proteins localized on Golgi membranes that in fact participate in cell wall 
synthesis, not starch biogenesis [48] [49] [50]. In addition, uncertainty has surrounded 
experiments designed to determine if priming activity is necessary for starch synthase 
activity in vitro. Starch synthase fractions from various plant sources have been reported 
to need primers in some experiments but not in others, depending on several factors 
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including the type of buffer used [51] [52]. It seems likely that at least some of the five 
classes of starch synthase enzymes may be able to autoglucosylate, avoiding the need for 
a separate priming enzyme [53]. 

The Arabidopsis PGSIP proteins were implicated in the search for amylogenin in 
2005, when Chatterjee and coworkers reported that these proteins are homologs of 
glycogenin and share several conserved residues that have been proposed to be necessary 
for glycogenin activity [33]. Importantly, homologs of glycogenin are absent from 
bacteria, and bacterial glycogen synthase is able to avoid the need for a primer by 
glucosylating itself [54]. An appealing line of reasoning held that the existence of these 
proteins in plants might then suggest that plant starch synthases do, in fact, need a 
separate glycogenin-like priming activity [34]. PGSIP1 was predicted to localize to the 
chloroplast, where starch is synthesized, and silencing PGSIP1 caused a reduction in 
starch content in leaves [33]. However, no biochemical data was presented to confirm 
that PGSIP1 in fact participates in starch synthesis or glucosylates itself, or that it 
localizes to plastids experimentally. 
 

For several reasons that will be described in this thesis, we have determined that 
PGSIPs do not function as starch initiation proteins. Instead, we pursued evidence that 
led us to believe that PGSIP proteins are involved in synthesis of other glycosylated 
structures. We first became interested in these proteins while looking for enzymes 
involved in cell wall synthesis, and experiments that I carried out as well as work from 
other groups determined that five of the most closely related PGSIP proteins are in fact 
xylan glucuronosyltransferases. These enzymes have been renamed Glucuronic Acid 
Substitution of Xylan (GUX) 1 through GUX5. In addition, I have shown that a sixth 
PGSIP enzyme is actually an inositol phosphorylceramide glucuronosyltransferase 
functioning in synthesis of glycosphingolipids. That protein has been renamed Inositol 
Phosphorylceramide Glucuronosyltransferase 1 (IPGT1). These findings demonstrate the 
difficulties related to predicting GT activity based on sequence homology and highlight 
the functional diversity present even among closely related GTs. 

 
 



	  

	   8	  

 
 

References 
 
1. Hagopian A, Eylar EH: Glycoprotein biosynthesis: Studies on the receptor 

specificity of the polypeptidyl: N-acetylgalactosaminyl transferase from 
bovine submaxillary glands. Archives of Biochemistry and Biophysics 1968, 
128:422-433. 

2. Roseman S: Reflections on Glycobiology. Journal of Biological Chemistry 2001, 
276:41527-41542. 

3. Mukherjee A, Palcic MM, Hindsgaul O: Synthesis and enzymatic evaluation of 
modified acceptors of recombinant blood group A and B 
glycosyltransferases. Carbohydrate Research 2000, 326:1-21. 

4. Wells PG, Mackenzie PI, Roy Chowdhury J, Guillemette C, Gregory PA, Ishii Y, 
Hansen AJ, Kessler FK, Kim PM, Roy Chowdhury N, et al.: 
GLUCURONIDATION AND THE UDP-
GLUCURONOSYLTRANSFERASES IN HEALTH AND DISEASE. Drug 
Metabolism and Disposition 2004, 32:281-290. 

5. Tripathi SP, Bhadauriya A, Patil A, Sangamwar AT: Substrate selectivity of human 
intestinal UDP-glucuronosyltransferases (UGTs): in silico and in vitro 
insights. Drug Metabolism Reviews 2013, 45:231-252. 

6. Kopp M, Rupprath C, Irschik H, Bechthold A, Elling L, Müller R: SorF: A 
Glycosyltransferase With Promiscuous Donor Substrate Specificity in vitro. 
ChemBioChem 2007, 8:813-819. 

7. Williams GJ, Zhang C, Thorson JS: Expanding the promiscuity of a natural-
product glycosyltransferase by directed evolution. Nat Chem Biol 2007, 3:657-
662. 

8. Blanchard S, Thorson JS: Enzymatic tools for engineering natural product 
glycosylation. Current Opinion in Chemical Biology 2006, 10:263-271. 

9. Inamori K-i, Yoshida-Moriguchi T, Hara Y, Anderson ME, Yu L, Campbell KP: 
Dystroglycan Function Requires Xylosyl- and Glucuronyltransferase 
Activities of LARGE. Science 2012, 335:93-96. 

10. Wells L: The O-Mannosylation Pathway: Glycosyltransferases and Proteins 
Implicated in Congenital Muscular Dystrophy. Journal of Biological 
Chemistry 2013, 288:6930-6935. 

11. Lairson LL, Henrissat B, Davies GJ, Withers SG: Glycosyltransferases: Structures, 
Functions, and Mechanisms. Annual Review of Biochemistry 2008, 77:521-555. 

12. Liu J, Mushegian A: Three monophyletic superfamilies account for the majority 
of the known glycosyltransferases. Protein Science 2003, 12:1418-1431. 

13. Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B: The 
Carbohydrate-Active EnZymes database (CAZy): an expert resource for 
Glycogenomics. Nucleic Acids Research 2009, 37:D233-D238. 

14. Campbell, Davies, Bulone, Henrissat: A classification of nucleotide-diphospho-
sugar glycosyltransferases based on amino acid sequence similarities. 1998, 
329:719-719. 



	  

	   9	  

15. Coutinho PM, Deleury E, Davies GJ, Henrissat B: An Evolving Hierarchical 
Family Classification for Glycosyltransferases. Journal of Molecular Biology 
2003, 328:307-317. 

16. Coutinho PM, Stam M, Blanc E, Henrissat B: Why are there so many 
carbohydrate-active enzyme-related genes in plants? Trends in Plant Science 
2003, 8:563-565. 

17. Scheller HV, Jensen JK, Sørensen SO, Harholt J, Geshi N: Biosynthesis of pectin. 
Physiologia Plantarum 2007, 129:283-295. 

18. Breton C, Šnajdrová L, Jeanneau C, Koča J, Imberty A: Structures and mechanisms 
of glycosyltransferases. Glycobiology 2006, 16:29R-37R. 

19. Oriol R, Martinez-Duncker I, Chantret I, Mollicone R, Codogno P: Common Origin 
and Evolution of Glycosyltransferases Using Dol-P-monosaccharides as 
Donor Substrate. Molecular Biology and Evolution 2002, 19:1451-1463. 

20. Kanjilal-Kolar S, Raetz CRH: Dodecaprenyl Phosphate-Galacturonic Acid as a 
Donor Substrate for Lipopolysaccharide Core Glycosylation in Rhizobium 
leguminosarum. Journal of Biological Chemistry 2006, 281:12879-12887. 

21. Igura M, Maita N, Kamishikiryo J, Yamada M, Obita T, Maenaka K, Kohda D: 
Structure-guided identification of a new catalytic motif of 
oligosaccharyltransferase. EMBO J 2008, 27:234-243. 

22. Lizak C, Gerber S, Numao S, Aebi M, Locher KP: X-ray structure of a bacterial 
oligosaccharyltransferase. Nature 2011, 474:350-355. 

23. Kang JY, Hong Y, Ashida H, Shishioh N, Murakami Y, Morita YS, Maeda Y, 
Kinoshita T: PIG-V Involved in Transferring the Second Mannose in 
Glycosylphosphatidylinositol. Journal of Biological Chemistry 2005, 280:9489-
9497. 

24. Seto NOL, Compston CA, Evans SV, Bundle DR, Narang SA, Palcic MM: Donor 
substrate specificity of recombinant human blood group A, B and hybrid 
A/B glycosyltransferases expressed in Escherichia coli. European Journal of 
Biochemistry 1999, 259:770-775. 

25. Yin Y, Chen H, Hahn MG, Mohnen D, Xu Y: Evolution and Function of the Plant 
Cell Wall Synthesis-Related Glycosyltransferase Family 8. Plant Physiology 
2010, 153:1729-1746. 

26. Persson K, Ly HD, Dieckelmann M, Wakarchuk WW, Withers SG, Strynadka NCJ: 
Crystal structure of the retaining galactosyltransferase LgtC from Neisseria 
meningitidis in complex with donor and acceptor sugar analogs. Nat Struct 
Mol Biol 2001, 8:166-175. 

27. Sethi MK, Buettner FFR, Ashikov A, Krylov VB, Takeuchi H, Nifantiev NE, 
Haltiwanger RS, Gerardy-Schahn R, Bakker H: Molecular Cloning of a 
Xylosyltransferase That Transfers the Second Xylose to O-Glucosylated 
Epidermal Growth Factor Repeats of Notch. Journal of Biological Chemistry 
2012, 287:2739-2748. 

28. Pitcher J, Smythe C, Cohen P: Glycogenin is the priming glucosyltransferase 
required for the initiation of glycogen biogenesis in rabbit skeletal muscle. 
European Journal of Biochemistry 1988, 176:391-395. 

29. Atmodjo MA, Sakuragi Y, Zhu X, Burrell AJ, Mohanty SS, Atwood JA, Orlando R, 
Scheller HV, Mohnen D: Galacturonosyltransferase (GAUT)1 and GAUT7 



	  

	   10	  

are the core of a plant cell wall pectin biosynthetic 
homogalacturonan:galacturonosyltransferase complex. Proceedings of the 
National Academy of Sciences 2011, 108:20225-20230. 

30. Taji T, Ohsumi C, Iuchi S, Seki M, Kasuga M, Kobayashi M, Yamaguchi-Shinozaki 
K, Shinozaki K: Important roles of drought- and cold-inducible genes for 
galactinol synthase in stress tolerance in Arabidopsis thaliana. The Plant 
Journal 2002, 29:417-426. 

31. Caffall KH, Pattathil S, Phillips SE, Hahn MG, Mohnen D: Arabidopsis thaliana T-
DNA Mutants Implicate GAUT Genes in the Biosynthesis of Pectin and 
Xylan in Cell Walls and Seed Testa. Molecular Plant 2009, 2:1000-1014. 

32. Kong Y, Zhou G, Yin Y, Xu Y, Pattathil S, Hahn MG: Molecular Analysis of a 
Family of Arabidopsis Genes Related to Galacturonosyltransferases. Plant 
Physiology 2011, 155:1791-1805. 

33. Chatterjee M, Berbezy P, Vyas D, Coates S, Barsby T: Reduced expression of a 
protein homologous to glycogenin leads to reduction of starch content in 
Arabidopsis leaves. Plant Science 2005, 168:501-509. 

34. Ball SG, Morell MK: FROM BACTERIAL GLYCOGEN TO STARCH: 
Understanding the Biogenesis of the Plant Starch Granule. Annual Review of 
Plant Biology 2003, 54:207-233. 

35. Smythe C, Cohen P: The discovery of glycogenin and the priming mechanism for 
glycogen biogenesis. European Journal of Biochemistry 1991, 200:625-631. 

36. Lomako J, Lomako WM, Whelan WJ: Glycogenin: the primer for mammalian and 
yeast glycogen synthesis. Biochimica et Biophysica Acta (BBA) - General 
Subjects 2004, 1673:45-55. 

37. Hanes CS: The Reversible Formation of Starch from Glucose-1-Phosphate 
Catalysed by Potato Phosphorylase. Proceedings of the Royal Society of 
London. Series B - Biological Sciences 1940, 129:174-208. 

38. Swanson MA, Cori CF: STUDIES ON THE STRUCTURE OF 
POLYSACCHARIDES: III. RELATION OF STRUCTURE TO 
ACTIVATION OF PHOSPHORYLASES. Journal of Biological Chemistry 
1948, 172:815-824. 

39. Leloir LF, Cardini CE: BIOSYNTHESIS OF GLYCOGEN FROM URIDINE 
DIPHOSPHATE GLUCOSE1. Journal of the American Chemical Society 1957, 
79:6340-6341. 

40. Recondo E, Leloir LF: Adenosine diphosphate glucose and starch synthesis. 
Biochemical and biophysical research communications 1961, 6:85-88. 

41. Krisman CR, Barengo R: A Precursor of Glycogen Biosynthesis: α-1,4-Glucan-
Protein. European Journal of Biochemistry 1975, 52:117-123. 

42. Takahara H, Matsuda K: Biosynthesis of Glycogen in Neurospora crassa: 
Existence of a Glucoproteic Intermediate in the Initiation Process. Journal of 
Biochemistry 1977, 81:1587-1594. 

43. Viskupic E, Cao Y, Zhang W, Cheng C, DePaoli-Roach AA, Roach PJ: Rabbit 
skeletal muscle glycogenin. Molecular cloning and production of fully 
functional protein in Escherichia coli. Journal of Biological Chemistry 1992, 
267:25759-25763. 



	  

	   11	  

44. Gibbons BJ, Roach PJ, Hurley TD: Crystal Structure of the Autocatalytic Initiator 
of Glycogen Biosynthesis, Glycogenin. Journal of Molecular Biology 2002, 
319:463-477. 

45. Rothschild A, Tandecarz JS: UDP-glucose:protein transglucosylase in developing 
maize endosperm. Plant Science 1994, 97:119-127. 

46. Ardila FJ, Tandecarz JS: Potato Tuber UDP-Glucose:Protein Transglucosylase 
Catalyzes Its Own Glucosylation. Plant Physiology 1992, 99:1342-1347. 

47. Lavintman N, Tandecarz J, Carceller M, Mendiara S, Cardini CE: Role of Uridine 
Diphosphate Glucose in the Biosynthesis of Starch. European Journal of 
Biochemistry 1974, 50:145-355. 

48. Dhugga KS, Tiwari SC, Ray PM: A reversibly glycosylated polypeptide (RGP1) 
possibly involved in plant cell wall synthesis: Purification, gene cloning, and 
trans-Golgi  localization. Proceedings of the National Academy of Sciences 1997, 
94:7679-7684. 

49. Sagi G, Katz A, Guenoune-Gelbart D, Epel BL: Class 1 Reversibly Glycosylated 
Polypeptides Are Plasmodesmal-Associated Proteins Delivered to 
Plasmodesmata via the Golgi Apparatus. The Plant Cell Online 2005, 17:1788-
1800. 

50. Rautengarten C, Ebert B, Herter T, Petzold CJ, Ishii T, Mukhopadhyay A, Usadel B, 
Scheller HV: The Interconversion of UDP-Arabinopyranose and UDP-
Arabinofuranose Is Indispensable for Plant Development in Arabidopsis. The 
Plant Cell Online 2011, 23:1373-1390. 

51. Baba T, Noro M, Hiroto M, Arai Y: Properties of primer-dependent starch 
synthesis catalysed by starch synthase from potato tubers. Phytochemistry 
1990, 29:719-723. 

52. Mukerjea R, McIntyre AP, Robyt JF: Potent inhibition of starch-synthase by Tris-
type buffers is responsible for the perpetuation of the primer myth for starch 
biosynthesis. Carbohydrate Research 2012, 355:28-34. 

53. Szydlowski N, Ragel P, Raynaud S, Lucas MM, Roldán I, Montero M, Muñoz FJ, 
Ovecka M, Bahaji A, Planchot V, et al.: Starch Granule Initiation in 
Arabidopsis Requires the Presence of Either Class IV or Class III Starch 
Synthases. The Plant Cell Online 2009, 21:2443-2457. 

54. Ugalde JE, Parodi AJ, Ugalde RA: De novo synthesis of bacterial glycogen: 
Agrobacterium tumefaciens glycogen synthase is involved in glucan initiation 
and elongation. Proceedings of the National Academy of Sciences 2003, 
100:10659-10663. 

 
 



	  

	   12	  

 
 
Chapter 2: An integrative approach to the identification of Arabidopsis 
and rice genes involved in xylan and secondary cell wall development 

 
 
 
Preface 
 
This chapter is based on the following publication: 
 
Ai Oikawa, Hiren J. Joshi, Emilie A. Rennie, Berit Ebert, Chithra Manisseri, Joshua L. 
Heazlewood and Henrik Vibe Scheller (2010). An Integrative Approach to the 
Identification of Arabidopsis and Rice Genes Involved in Xylan and Secondary Wall 
Development. PLoS ONE, 5: e15481. 

 
This study used coexpression to identify several enzymes involved in xylan biosynthesis, 
among them the GT8 proteins Plant Glycogenin-like Starch Initiation Protein (PGSIP) 1 
and PGSIP3. The coexpression analysis thus provided the initial rationale for 
investigating proteins in the GT8 family. My contribution to this work included 
genotyping and characterizing pgsip1 insertional mutants. 

 
 
Abstract 
 
Xylans constitute the major non-cellulosic component of plant biomass. Xylan 
biosynthesis is particularly pronounced in cells with secondary walls, implying that the 
synthesis network consists of a set of highly expressed genes in such cells. To improve 
the understanding of xylan biosynthesis, we performed a comparative analysis of co-
expression networks between Arabidopsis and rice as reference species with different 
wall types. Many co-expressed genes were represented by orthologs in both species, 
which implies common biological features, while some gene families were only found in 
one of the species, and therefore likely to be related to differences in their cell walls. To 
predict the subcellular location of the identified proteins, we developed a new method, 
PFANTOM (plant protein family information-based predictor for endomembrane), which 
was shown to perform better for proteins in the endomembrane system than other 
available prediction methods. Based on the combined approach of co-expression and 
predicted cellular localization, we propose a model for Arabidopsis and rice xylan 
synthesis in the Golgi apparatus and signaling from plasma membrane to nucleus for 
secondary cell wall differentiation. As an experimental validation of the model, we show 
that an Arabidopsis mutant in the PGSIP1 gene encoding one of the Golgi-localized 
candidate proteins has a highly decreased content of glucuronic acid in secondary cell 
walls and substantially reduced xylan glucuronosyltransferase activity. 
 
 



	  

	   13	  

 
Introduction 

Plant cell walls are complex structures, predominantly composed of 
polysaccharides. Secondary walls develop in some cell types after the termination of cell 
expansion, and these walls usually contain lignin in addition to polysaccharides. The 
polysaccharides in secondary walls are largely represented by cellulose and 
hemicelluloses, particularly xylans. Pectin and other hemicelluloses, e.g. mannans and 
xyloglucans are much less abundant in secondary walls. For a recent review of 
hemicellulose structure and function, see Scheller and Ulvskov [1]. Xylans have a 
backbone of 1,4-linked β-xylosyl residues, some of which are substituted with single 
glucuronosyl (GlcA), 4-O-methyl-GlcA, and arabinofuranosyl residues. Furthermore, the 
xylose residues can be acetylated at O-2 and/or O-3, and in Poales the arabinofuranosyl 
residues can be feruloylated at O-5. More complex side chains can also be present, and 
the structural patterns vary both between species and tissues. Secondary walls in 
angiosperms contain xylan as the major hemicellulose, and this xylan generally has little 
or no arabinose and a high acetate content. Grass xylans tend to have more arabinose, and 
no arabinose has been detected in xylan from Arabidopsis. Xylans from different dicot 
and gymnosperm species, including Arabidopsis, have been shown to contain the 
complex structure β-D-Xyl-(1→4)-β-D-Xyl-(1→3)-α-L-Rha-(1→2)-α-D-GalA-(1→4)-
D-Xyl at the reducing end [2], [3], [4]. Such structures are yet to be reported in grasses. 

Pectin and hemicelluloses are synthesized in Golgi vesicles by 
glycosyltransferases (GTs) which use nucleotide sugars as donor substrates. The 
understanding of this biosynthesis is still rather limited, but multi-membrane-spanning 
enzymes belonging the Cellulose Synthase Like (CSL) family of proteins have been 
shown to synthesize β-1,4-linked backbones of mannans and glucomannans and be 
involved in biosynthesis of mixed linkage glucans and xyloglucan backbones. In contrast, 
the backbone of pectic homogalacturonan and sidechains of hemicelluloses and pectins 
seem to be synthesized by other families of GTs that are Type II membrane proteins. 
Recent reviews describe biosynthesis of hemicelluloses and pectin [1], [5]–[10]. Despite 
the abundance of xylans and their importance in wood, animal feed and food, little was 
known until recently about the genes required for xylan biosynthesis. In Arabidopsis, 
several genes involved in the formation of the secondary wall have been identified by 
screening for irregular xylem (irx) mutants and analysis of genes co-expressed with genes 
already shown to be involved in secondary wall formation [11], [12]. Several of the irx 
mutants are affected in genes encoding Type II membrane GTs that appear to be involved 
in xylan biosynthesis. These genes include members of families GT8 (PARVUS, IRX8), 
GT43 (IRX9 and IRX14), and GT47 (FRA8 also known as IRX7, and IRX10) [4], [13], 
[14]. The corresponding mutants have decreased xylan in stems, and an increase in the 
proportion of 4-O-Me-GlcA side branches relative to the non-methylated GlcA [13], [15]. 
Further biochemical analysis of the xylan reducing end structure and xylan chain length 
suggested that FRA8, IRX8 and PARVUS are involved in the synthesis of the reducing 
end structure, whereas IRX9, IRX10 and IRX14 may function in xylan backbone chain 
elongation [4], [13]–[15]. None of these proteins have had their biochemical activity 
demonstrated, but nevertheless the evidence that they are somehow involved in xylan 
biosynthesis is strong. The β-1,4-linked backbone of xylan led many to expect that CSL 
proteins would be responsible for synthesis of the backbone, but this seems highly 
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unlikely as there is no candidate CSL family available for such an activity. 
Co-expression analysis of genes is a method to identify candidate proteins 

involved in the same biological process, including proteins that function together in a 
complex. Along with the accumulation of microarray datasets, transcriptome co-
expression analysis has proven to be a powerful tool for identifying regulatory 
relationships in the transcriptional networks of model organisms, including Escherichia 
coli [16], yeast [17] and Arabidopsis [18]. While Arabidopsis is well established as the 
primary model species in plant biology, rice is quickly gaining popularity as a model 
organism. In addition to the availability of substantial genetic, molecular, and genomic 
resources, two features make rice attractive as a reference species: it represents distinct 
monocots and is a crop species. In an important transcriptional study, Mitchell et al. [19] 
compared EST data available for members of the Poaceae with transcriptional data for 
dicots. Based on this data they proposed candidates of GT families involved in grass 
xylan synthesis. Recently, high-density Affymetrix array data for rice has become 
publicly available, thereby enabling more sensitive co-expression profiling analysis for 
rice [20]. 

A number of online tools are available for plant co-expression analysis [21]. 
Among them, GeneCAT and ATTED-II are databases available for both Arabidopsis and 
rice co-expression data [22], [23]. ATTED-II currently uses array data from 1388 and 
208 GeneChip slides for Arabidopsis and rice, respectively, and genes co-expressed with 
bait genes are listed according to ‘Mutual Rank’ (MR), which performs significantly 
better than Pearson's correlation coefficient value [24]. In addition to the co-expression 
analysis, information regarding subcellular localization can also assist in determining 
functional associations between proteins [25]. A number of methods have been developed 
to predict the subcellular location of eukaryotic proteins. These methods can be broadly 
classified into methods utilizing sorting signals, experimental annotations, and amino 
acid composition [26]. While these approaches have been used to predict protein 
localizations in a variety of eukaryotic organelles, they have had limited success when 
applied to compartments of the endomembrane system [27]. 

In this study, we performed a comparative analysis of co-expression networks 
between Arabidopsis and rice, focusing on xylan biosynthesis. From a list comprising 
1146 co-expressed genes from Arabidopsis and rice using the ATTED-II database, we 
identified novel candidates involved in signal transduction, regulation and substrate 
transport, as well as enzymes directly involved in secondary wall biosynthesis. 
Furthermore, to predict their subcellular localization, we developed a new algorithm 
employing a Pfam-based method with experimental data from Arabidopsis. Based on the 
co-expression analysis and the predictions of subcellular locations, we propose a model 
of Arabidopsis and rice xylan synthesis and conserved signaling components for 
secondary cell wall development. 
 
 
Results 
 
Co-expression of three IRX genes encoding Arabidopsis xylan synthase 
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In Arabidopsis, genes IRX9 (At2g37090), IRX14 (At4g36890), and IRX10 
(At1g27440) are members of the GT43A, GT43B and GT47D subfamilies. The 
nomenclature used here for the different clades in GT43 and GT47 is according to 
Arabidopsis [28] and Brachypodium [29] studies and differs from that used to designate 
poplar genes [30]. These IRX genes are all expressed in tissues with secondary wall 
growth and are involved in xylan backbone synthesis [13], [14]. To view the correlation 
of their expression patterns across many microarray experiments, we performed a scatter 
plot analysis using CoexViewer based on the 237 data sets related to developmental 
series in the ATTED-II database (Appendix 1, Figure 1) [31]. Scatter plots of pairwise 
combinations of the three genes showed very similar patterns and strongly correlated 
expression, whereas the negative control RALF gene (At4g15800), which is mainly 
expressed in tissues with primary wall growth (e.g. rosette leaf), did not show any 
correlation with IRX9 expression. To identify other candidate genes likely to be involved 
in xylan accumulation, we used the CoexSearch tool available at ATTED-II, which uses 
MR for evaluation of the correlation between two different gene expressions. Appendix 
1, Table 1 shows the 300 most highly co-expressed Arabidopsis genes obtained for each 
of the three baits, IRX9, IRX14, and IRX10. Each co-expression list included the three bait 
genes as strongly co-expressed genes (low MR), and many genes were shared between 
the three sets of 300 genes, with a total of 124 genes (ca. 23%) shared amongst all three 
data sets (Appendix 1, Table 2; Figure 2-1A). 

The significance of this tight linkage amongst the three genes was further 
examined by analyzing other members of the Arabidopsis GT43 (IRX9-L and IRX14-L) 
and GT47D (F8H, FRA8 and IRX10-L) families [32]. The maximum MR range for the 
300th gene had weaker values ranging from 400 to 600 (except FRA8) when compared to 
co-expression sets for IRX9, IRX10 and IRX14 where the maximum MR was less than 
400 (Table 2-1). Surprisingly, Arabidopsis FRA8, which appears to be involved in 
forming 
the oligosaccharide at the reducing end of xylan, did not tightly co-express with IRX9, 
IRX10 or IRX14. FRA8 produced a tight network with an MR<192.8 for the 300th most 
highly co-expressed genes (Table 2-1), but this network did not overlap considerably 
with the network defined by xylan backbone synthesis genes IRX9, IRX10 and IRX14. 
Furthermore, the FRA8 network did not include the two other known genes implicated in 
synthesis of the oligosaccharide, i.e. IRX8 and PARVUS [4], [13] while both these genes 
were co-expressed with IRX9/IRX10/IRX14 genes. 
 
Co-expression analysis of GT43 and GT47D genes in rice 

 
To gain a better understanding of the similarities and difference between xylan gene 
networks in Arabidopsis and in grasses, we also investigated gene networks in rice. Rice 
has ten and seven genes belonging to the GT43 and GT47D families, respectively (Table 
2-1). Phylogenic analysis clearly separated the ten GT43 and seven GT47D genes into 
distinct clades, with six genes in the IRX10/IRX10-L clade, one gene in the FRA8/F8H 
clade, eight genes in the IRX9/IRX9-L clade, and two genes in the IRX14/IRX14-L clade 
(Figure 2-2A). We examined the expression of the rice GT43 and GT47D genes in 
different developmental stages using rice Affymetrix DNA array GSE6893 data [33]. 
Interestingly, the expression patterns could be clearly defined into two distinct groups 
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(Figure 2-2B). One type of expression profile was strongly dependent on tissue 
development stage and had high expression levels in tissues associated with secondary 

 
 
 
 
 

 
 
 
Table 2-1. Mutual Rank (MR) of the 300th co-expressed gene to each of the GT43 and 
GT47D family members. The values signify the MR of each of the 300th co-expressed genes 
with GT43 and GT47D members. Thus, the other 299 co-expressed genes have lower MR values. 
Low values signify highly correlated expression patterns. The genes shown in bold were used as 
baits for the final comparative co-expresssion analysis. The MRs for all genes are listed in 
Appendix 1, Table 1 and Appendix 1, Table 3. 
 
wall deposition. The other type of expression profile had relatively constant expression 
levels. For simplicity, we designate these two patterns ‘mountain type’ and ‘flat type’ 
expression, based on the appearance in Figure 2-2B. Most of the genes showing 
‘mountain type’ had low range of maximum MR for the 300th gene (Figure 2-2B, Table 
2-1). The high expression level in tissues with secondary wall formation and the strong 
co-expression indicate that the ‘mountain type’ genes are the likely homologs implicated 
in xylan biosynthesis in secondary walls, and hence the functional orthologs of the three 
Arabidopsis IRX genes used for the analysis above. The oligosaccharide at the reducing 
end of xylan, did not tightly co-express with IRX9, IRX10 or IRX14. FRA8 produced a 
tight network with an MR<192.8 for the 300th most highly co-expressed genes (Table 2-
1), but this network did not overlap considerably with the network defined by xylan 
backbone synthesis genes IRX9, IRX10 and IRX14. Furthermore, the FRA8 network did 
not include the two other known genes implicated in synthesis of the oligosaccharide, i.e.  
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Figure 2-1. Comparative co-expression analysis between Arabidopsis and rice. 
(A, B) Venn diagrams of the co-expressed genes with each of the three individual baits from 
Arabidopsis (A) and rice (B). (C, D) Expression profiles of the 25 genes that most closely match 
with the baits (thick lines). To confirm co-regulation, the transcriptional expression pattern of the 
top 25 shared genes of the 3-way intersection from Arabidopsis (A) and rice (B) is plotted. The y-
axes show relative gene expression values in base-2 logarithm against the average expression 
levels of each gene. 
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IRX8 and PARVUS [4], [13] while both these genes were co-expressed with 
IRX9/IRX10/IRX14 genes. 
 
Co-expression analysis of GT43 and GT47D genes in rice 

 
To gain a better understanding of the similarities and difference between xylan 

gene networks in Arabidopsis and in grasses, we also investigated gene networks in rice. 
Rice has ten and seven genes belonging to the GT43 and GT47D families, respectively 
(Table 2-1). Phylogenic analysis clearly separated the ten GT43 and seven GT47D genes 
into distinct clades, with six genes in the IRX10/IRX10-L clade, one gene in the 
FRA8/F8H clade, eight genes in the IRX9/IRX9-L clade, and two genes in the 
IRX14/IRX14-L clade (Figure 2-2A). We examined the expression of the rice GT43 and 
GT47D genes in different developmental stages using rice Affymetrix DNA array 
GSE6893 data [33]. Interestingly, the expression patterns could be clearly defined into 
two distinct groups (Figure 2-2B). One type of expression profile was strongly dependent 
on tissue development stage and had high expression levels in tissues associated with 
secondary wall deposition. The other type of expression profile had relatively constant 
expression levels. For simplicity, we designate these two patterns ‘mountain type’ and 
‘flat type’ expression, based on the appearance in Figure 2-2B. Most of the genes 
showing ‘mountain type’ had low range of maximum MR for the 300th gene (Figure 2-
2B, Table 2-1). The high expression level in tissues with secondary wall formation and 
the strong co-expression indicate that the ‘mountain type’ genes are the likely homologs 
implicated in xylan biosynthesis in secondary walls, and hence the functional orthologs 
of the three Arabidopsis IRX genes used for the analysis above. 
To select the best rice candidate genes for co-expression analysis we identified the IRX9, 
IRX10 and IRX14 homologs that fulfilled the following criteria: 1) ‘mountain-type’ 
expression profile (Figure 2-2B), 2) lowest maximum MR in the 300 most highly co-
expressed genes and 3) maximum number of shared genes. We selected the IRX9 
ortholog designated ‘OsGT43A’, IRX14 ortholog designated ‘OsGT43B’, and IRX10 
ortholog designated ‘OsGT47D’ and used them as baits for co-expression analysis at 
ATTED-II (Table 2-1, Appendix 1, Table 3). A large number of shared genes were 
observed in the pairwise combinations (Figure 2-1B) with OsGT47D-OsGT43B (165 
genes), OsGT47D-OsGT43A (121 genes), and OsGT43A-OsGT43B (123 genes). 
Combining the three genes, 83 (ca. 14%) of the 300 highest ranked genes were shared 
(Appendix 1, Table 4). These genes included well-known genes such as BC1 encoding 
COBL4 and cellulose synthase genes OsCesA4, OsCesA7 and OsCesA9, which are 
involved in secondary wall synthesis [34], [35]. Figure 2-1 (C and D) illustrates the 
transcriptional co-regulation of the top 25 shared genes for both species. 
 
Development of a Pfam-based predictor for plant endomembrane localization 

 
Knowledge of both co-expression of genes and sub-cellular localization of the 
corresponding proteins contribute to our understanding of protein function and putative 
interactions. To date, existing prediction algorithms have been unable to reliably predict 
localization to the endomembrane system in plants. For other eukaryotes, the pTARGET 
database employing a genome wide prediction method based on location-specific 
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Figure 2-2. Rice GT43A, GT43B and GT47D genes. 
(A) Phylogenic relationship of rice and Arabidopsis genes. Numbers at branches indicate 
bootstrap values from 500 trials. Phylogenetic tree was built by neighboring-joining method using 
ClustalW. The IRX10 and FRA8 genes in GT47D, the IRX9 and IRX14 genes in GT43, and their 
rice orthologues are clearly separated into distinct clades. (B) The ‘Mountain type’ expression 
pattern of the genes showing MR<280 for the 300 most highly co-expressed genes (upper panel). 
The ‘Flat type’ expression pattern of the genes which showed MR>280 or had no co-expression 
data available in ATTED-II (lower panel). Os01g0926700 is included in the mountain type 
because it has a similar profile, although no co-expression data are available for this gene in 
ATTED-II. The red and blue arrowheads show the genes used as baits for the final comparative 
co-expression analysis. The y-axes show raw expression values from rice Affymetrix DNA array 
GSE6893 data [33]. The x-axes show tissue type: R; Root_7d_seedling, ML; Mature_leaf, YL; 
Young_leaf, P1; Young_inflorescence_P1, P2-P6, Inflorescence stage P2 to P6; S1-S5, Seed 
stage S1 to S5. 
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functional domains currently provides the best prediction for subcellular location in the 
endomembrane systems [36]. Inspired by this technique we developed a predictor that 
utilizes Protein functional domain information (Pfam) [37] to predict plant sub-cellular 
localization. The prediction algorithm required a Pfam training set to establish the 
baseline distribution of the Pfam domains across multiple subcellular locations. The most 
comprehensive source of subcellular localization data was obtained from the AmiGO 
database (http://amigo.geneontology.org). To further improve the robustness of the 
training set, only 2740 experimentally evidenced (i.e. associated with the ‘IDA’ tag) 
entries were selected from the 5077 Arabidopsis proteins found in this database. This 
experimental AmiGO data set was further segmented into groups based upon the 
subcellular localization associated with the annotation, and Pfam domain information 
retrieved for each protein. This analysis resulted in data sets that map any given Pfam 
domain to an experimentally observed subcellular localization. In contrast to pTARGET, 
the developed prediction algorithm was modified to allow for more than one Pfam 
domain to contribute to the determination of localization. The pTARGET algorithm bases 
predictions upon Pfam domains that are uniquely located in specific subcellular 
compartments. In Arabidopsis, such a method would lead to, at best, 50% of the proteins 
being correctly localized. By accepting domains that are distributed across different 
localizations, all loci with Pfam domains can be identified. The trade-off to this method is 
that the algorithmic detection can become overly broad, and the specificity of the 
algorithm is lowered. The efficacy of the algorithm is dictated by the size of the training 
set, and the number of individual Pfam domains that are found in each subcellular 
compartment. For example, a bHLH protein (AT5G48560) has a PF00010 domain and 
the highest prediction score for PF00010 is 80.9% for nuclear localization. On the other 
hand, a LRR protein (AT1G67510) contains three Pfam domains, PF000560, PF00069, 
and PF08263. The highest prediction scores for these Pfam domains are 82.4%, 70.3% 
and 87.8% for plasma membrane localization, respectively. The final prediction score for 
this LRR protein for plasma membrane is then calculated as the geometric mean, i.e. the 
cubic root of (0.824 * 0.703 * 0.878) = 0.80. 
 
Characterization of the Pfam-based prediction performance 

 
Characterization of the Pfam-based predictor was carried out by calculating the 
sensitivity and specificity of the predictor upon a non-independent set of proteins. Since 
the algorithm is highly dependent upon the number and uniqueness of Pfam domains to 
determine localization, the training set was used as a benchmark set to understand how 
well the algorithm would work in a best case scenario, since all the Pfam domains have 
already been seen in the training set. Sensitivity across subcellular localizations ranges 
from 65% (Vacuole) to 85% (Nucleus), while specificity drops down to only 76%. To 
illustrate the threshold-dependency of the algorithm performance, a receiver operating 
characteristic (ROC) plot was used (Appendix 1, Figure 2). Across the different 
thresholds for including Pfam data in the final calculation, the localization algorithm 
performs much better than random localization as shown as dotted line on the ROC plots. 
This algorithm fills a specific need for the predicted localization of endomembrane 
system proteins. The performance of this algorithm can be readily compared to the best 
performing predictors as outlined in SUBA, the Arabidopsis subcellular database [38]. 
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SUBA contains pre-calculated localization scores for all Arabidopsis proteins, and the 
sensitivity and specificity was calculated for the members of the training set for each of 
the different predictors. SUBA also makes an ‘all predictors’ call using a winner-takes-all 
localization call to combine the results from multiple individual predictors. A comparison 
of this integrated ‘all predictors’ call with the Pfam-based predictor indicates that the 
most significant improvements in sensitivity over current predictors are found for the 
Golgi, plasma membrane, and vacuole (Figure 2-3A). In fact only the WoLFPSORT 
algorithm provides any prediction for these locations, but shows a lower sensitivity rate 
compared with Pfam-based prediciton. This improvement in localization capability is 
likely due to the various predictors focusing on properties and datasets not well tailored 
to the endomembrane system. Based on the improvement in the endomembrane 
prediction, we named this prediction method PFANTOM (plant protein family 
information-based predictor for endomembrane).  
 
Experimental validation of localization predictions 

 
To validate the predictions given by PFANTOM, we selected 16 Arabidopsis 

proteins predicted by PFANTOM to be located in nucleus, Golgi apparatus, and plasma 
membrane (Table 2-2). Thirteen of the Arabidopsis proteins have not previously been 
examined for their intracellular distribution, whereas the remaining three proteins (ROP7, 
RIC2, RIC4) have been reported in fluorescent fusion protein experiments to be located 
in plasma membrane [39], [40] and were included as positive controls. For all 16 proteins 
the intracellular localization was determined by transiently expressing YFP-fusion 
proteins in Nicotiana benthamiana (Table 2-2, Figure 2-3). For comparison we also 
predicted localization with publically available web-based algorithms (Table 2-2). As 
predicted by PFANTOM, two transcription factors, bHLH protein (AT5G48560; Figure 
2-3B) and SND1 (AT1G32770; Figure 2-3C) showed the YFP signal in nucleus. 
AT3G18660 (PGSIP1; Figure 2-3G), AT4G33330 (PGSIP3; Figure 2-3H), AT5G01360 
(DUF231 protein; Figure 2-3I), and AT2G38320 (DUF231 protein; Figure 2-3J) showed 
the YFP signal in small, moving, and oval dots very similar to what was seen with the 
Golgi marker (ST- tmd-GFP; Figure 2-3D), and clearly different from the ER marker 
(GFP-HDEL; Figure 2-3F), which showed typical network pattern. We selected PGSIP1 
and PGSIP3, which were both predicted by PFANTOM to be Golgi localized, although 
PGSIP1 has been reported to be a chloroplast protein [41] and the Arabidopsis protein 
does have an N-terminal sequence that appears to fulfill the characteristics of a transit 
peptide according to the TargetP predictor. Furthermore, we also selected two DUF231 
proteins, which were ambiguously predicted to be vacuolar, but which belong to a large 
family of proteins, several of which are known to play a role in cell wall structure [42]. 
For the Plasma membrane and/or extracellular localized proteins, YFP fusion proteins of 
GH19 family and GPI anchored proteins such as AT3G16920 (CTL2; Figure 2-3K), 
AT5G03170 (FLA11; Figure 2-3L), AT5G60490 (FLA12; Figure 2-3M), AT5G15630 
(COBL4, IRX6; Figure 2-3N), AT1G67510 (LRR protein; Figure 2-3O), AT2G28250 
(NCRK; Figure 2-3P), AT1G27380 (RIC2; Figure 2-3Q), AT5G16490 (RIC4; Figure 2-
3R), AT5G45970 (ROP7; Figure 2-3S) showed the YFP signals as a single layer 
surrounding the cytoplasm identical to what was observed with a plasma membrane 
marker (pm-rk; Figure 2-3E). Interestingly, CTL2 and FLA11 show oval dots in addition 
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Figure 2-3. Validation of the PFANTOM method for plant subcellular localizations. 
(A) Comparison of the prediction performance of Pfam-based prediction (PFANTOM), all 
predictors by SUBA database, and WoLF PSORT. NC, nucleus; MT, mitochondrion; V, vacuole; 
PX, peroxisome; ER, endoplasmic reticulum; GO, Golgi apparatus; CT, cytosol; PM, plasma 
membrane; PL, plastid; EX, extracellular. (B-T) Subcellular localization of transiently expressed 
YFP-fusion proteins in N. benthamiana. (B) bHLH (AT5G48560); (C) SND1 (AT1G32770); (D) 
Golgi marker (STtmd-GFP); (E) ER marker (GFP-HDEL); (F) Plasma membrane marker (pm-
rk); (G) PGSIP1 (AT3G18660); (H) PGSIP3 (AT4G33330); (I) TBL3 (AT5G01360, belonging to 
DUF231); (J) Unknown protein (AT2G38320, belonging to DUF231); (K) CTL2 (AT3G16920); 
(L) FLA11 (AT5G03170); (M) FLA12 (AT5G60490); (N) COBL4 (AT5G15630, IRX6); (O) 
LRR protein (AT1G67510); (P) NCRK (AT2G28250); (Q) RIC2 (AT1G27380); (R) RIC4 
(AT5G16490); (S) ROP7 (AT5G45970); (T) ROPGEF4 (AT2G45890). A summary of the 
localization experiments is shown in Table 2. Scale bar = 20 µm. 
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Table 2-2. Validation of the Pfam prediction of Arabidopsis subcellular localization. Sixteen 
co-expressed genes were selected and intracellular localization was predicted by iPSORT [77], 
MitoProt [78], TargetP.1 [80], and WoLFPSORT [81]. Pfam was the prediction method described 
in this study, and experimental data are shown in Figure 5. NC, nucleus; MT, mitochondrion; 
V,vacuole; PX, peroxisome; ER, endoplasmic reticulum; GO, Golgi apparatus; CT, cytosol; PM, 
plasma membrane; PL, plastid; EX, extracellular. 
 
 
to the plasma membrane signal. These dots were larger than for Golgi and we are 
uncertain what they represent. The YFP signal of AT2G45890 (RopGEF4; Figure 2-3T) 
belonging to the GEF family, which is recruited to lipid rafts for small GTPase activation 
[43], [44] was not uniformly distributed but observed as large dots associated within the 
plasma membrane, suggesting an interaction with endogenous membrane proteins. The 
results show that for 11 of the 13 proteins (16 proteins excluding the three positive 
controls), i.e. all the nuclear and plasma membrane proteins and for the PGSIP proteins, 
there was agreement between the predicted location by PFANTOM and the observed 
localization (Table 2-2). 

 
Intracellular network for xylan formation in Arabidopsis and rice 

 
In an attempt to integrate the localization predictions based on Pfam and the co-
expression information from Arabidopsis and rice, we examined the Pfam domain 
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information from the intersection sets identified in the previous sections, comprising 124 
and 83 genes for Arabidopsis and rice, respectively (Appendix 1, Figure 3A; Appendix 1, 
Table 2; and Appendix 1, Figure 4). Appendix 1, Table 5 outlines the Pfam annotations in 
the high-ranking co-expression sets showing an average MR of less than 70. 
Interestingly, many of the Pfam domains were identified in both co-expression sets, 
suggesting functional components present in both Arabidopsis and rice. Furthermore, 
several sets of Pfam annotations were unique to either Arabidopsis or rice and likely 
relate to distinct features of their cell walls. Lastly, to obtain an insight into the putative 
functional interaction at the subcellular level, the localization of high-ranking co-
expressed components were predicted by the PFANTOM. Table 2-3 outlines the putative 
intracellular distribution of each Pfam domain from the co-expression set. The majority 
of proteins from this collection of tightly co-expressed genes could be assigned to three 
distinct intracellular compartments, the Golgi apparatus (13 Pfam domains), the plasma 
membrane (21 Pfam domains), and the nucleus (8 Pfam domains). This information 
assisted modeling of potential interactions in the context of shared subcellular 
localization. An intracellular working model was constructed outlining common and 
unique machinery in both Arabidopsis and rice (Appendix 1, Figure 3C, Figure 2-4). 
 
PGSIP proteins are putative glucuronyltransferases involved in glucuronoxylan synthesis 
 
The co-expression analysis identified a number of GTs located in the Golgi apparatus 
(Table 2-3, Figure 2-4). Most of these were the IRX genes already known to be involved 
in xylan biosynthesis. The four additional GT groups identified were RGP (GT75) and 
GT61 in rice, PGSIP1 and PGSIP3 in Arabidopsis, and GT31 proteins in both species but 
most highly co-expressed in rice. The rice RGPs (UAM1 and UAM3) have been shown 
to be UDP-arabinose mutases [45]. Since arabinose is abundant in rice xylan but has not 
been detected in Arabidopsis xylan, the data suggest that GT61 could be xylan 
arabinosyltransferases, in agreement with earlier speculations [1], [46]. The GT31 
proteins do not have an obvious suggested function, but they may be involved in 
synthesis of arabinogalactan proteins, e.g. the FLA11 and FLA12 proteins that are also 
seen in the co-expressed data sets. PGSIP1 and PGSIP3 proteins belong to GT8 family 
which in contrast to GT61 and GT31 contains retaining enzymes [47]. PGSIP proteins are 
only distantly related to the PARVUS and IRX8 proteins. Therefore, the most obvious 
function of PGSIP1 and PGSIP3 would be as xylan α-glucuronosyltransferases, given 
that a major difference between rice and Arabidopsis secondary walls is the 10-fold 
higher GlcA/Xyl ratio in Arabidopsis (data not shown). To test this hypothesis, we 
analyzed an Arabidopsis mutant in the PGSIP1 gene, which is more highly expressed in 
stems than PGSIP3. The pgsip1 mutant has a T-DNA insertion in the coding region and 
plants carrying the homozygous insertion were selected by PCR. No functional transcript 
could be detected in plants homozygous for the insertion (Figure 2-5). Although no 
morphological or irx phenotype was observed for the pgsip1 mutant line [11], the 
monosaccharide composition of cell walls from pgsip1 stems revealed a highly 
significant 66% reduction in the content of GlcA compared to the wild type (Figure 2-
5c). None of the other monosaccharides showed a difference. We furthermore tested the 
xylan GlcA transferase activity in microsomes isolated from stems, using an assay with 
exogenous xylohexaose as acceptor. The results showed that the GlcA transferase activity  
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Table 2-3. Analysis of the high-ranking co-expression sets from Arabidopsis and rice. 
Groups of proteins with the same Pfam domains were found in co-expression dataset. The table 
shows groups where at least one gene exhibited an average MR of less than 70. The number of 
genes corresponding to each Pfam is from the entire co-expression set in Arabidopsis (Appendix 
1, Table 1) and rice (Appendix 1, Table 3). The predicted location and score are shown according 
to the Pfam-based predictor. Abbreviations for subcellular compartments are the same as in Table 
2. A)PF01370, PF03005, PF04669, PF03151, PF4577, and PF07779 proteins have been observed 
in the Golgi apparatus (unpublished data) [82]. Based on the references they were categorized 
into the Golgi apparatus, although they showed a low score by PFANTOM. 
 

 
 

in pgsip1 was only about 50% of the wild type level (Figure 2-5D). This data strongly 
supports the hypothesis that PGSIP1 (and likely PGSIP3 as well) is a xylan α-
glucuronosyltransferase. Obviously, it will be necessary to substantiate this hypothesis by 
analysis of an independent allele or complementation of the mutant. 
 
 
Discussion 

 
Two in silico approaches; co-expression and localization 
 

To obtain a better insight into the biosynthesis and regulation of xylan across 
species we extended the strategy of co-expression analysis to both Arabidopsis and rice. 
Our comparative co-expression analysis used three bait genes in each species and 
identified both known and novel candidate genes involved in signal transduction, 
regulation and substrate transport, as well as enzymes directly involved in secondary wall 
biosynthesis. Previous studies have identified co-expressed genes related to secondary 
wall formation in Arabidopsis using different transcriptional profiling methods [11], [12], 
[48], [49]. Persson et al. [12] used regression analysis, Brown et al. [11] analyzed the 
slope profile using five selected tissue types, Ko et al. [48] identified genes highly 
expressed in stem, and Mutwil et al. [49] used mutual rank-based correlation matrices 
(cut-off of 30) for a co-expression network with the secondary wall CESA genes. Almost 
all the components identified in the previous studies are also included in the most highly 
co-expressed genes in our study (i.e. the 124 Arabidopsis genes in Appendix 1, Table 2 
include 83% of the genes published in any of the four references. The entire Arabidopsis 
co-expression list in Appendix 1, Table 1 includes 93% of the genes published in any of 
the four references). Hence, it is clear that it does not make much difference whether the 
analysis is done with CESA genes as in the previous studies or with xylan synthesis IRX 
genes as in our study. Nevertheless, our study led to the identification of many additional 
genes that were not identified in the previously published studies, including additional 
kinases, calmodulin binding proteins, MYC and MYB transcription factors, UDP-
glucuronic acid decarboxylase (UXS), UDP-glucose 6-dehydrogenase and several 
glycoside hydrolases (GH). These novel genes were probably identified by this study 
because our analysis by the MR includes co-expressed genes that show low PCC value 
[22], [24]. Many of the newly identified genes showed conserved functional domains in 
both the rice and the Arabidopsis based sets (see below), lending support to the relevance  
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Figure 2-4. Working model for xylan synthesis and regulatory components for secondary 
wall development. (A) Xylan synthesis candidates in Golgi apparatus. The components in this 
model correspond to Appendix 1, Table 3. In general only the larger gene family name is shown, 
except for GT8 and epimerases, which have many members of different molecular function and 
include PGSIP, IRX8, PARVUS, and UXS. Three gray color components, GT61, RGP and 
PGSIP proteins, were identified as co-expressed genes unique to Arabidopsis or rice. (B) 
Signaling and regulatory components on the plasma membrane to nucleus in mammals, 
Arabidopsis and rice. The components in this model correspond to genes outlined in Table 3. 
Proteins with a predicted location score more than 0.65 with common functional domain group in 
mammals and plants were selected as the components on plasma membrane. For the nucleus, 
proteins with functional domain typically annotated as transcription factor and with a predicted 
location score greater than 0.8 are shown in this model. 
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Figure 2-5. Analysis of an Arabidopsis pgsip1 mutant. (A) A T-DNA insertion mutant carrying 
an insertion in the third exon of PGSIP1 (AT3G18660) was obtained. White arrows indicate 
primer-annealing sites used for genotyping of the plants, and black arrows indicate primer-
annealing sites used for RT-PCR. (B) No functional transcript could be detected by RT-PCR in 
homozygous individuals. (C) Cell wall material isolated from the first to the third internode of 
inflorescence stems showed significantly lower contents of GlcA compared to wild type (Col-0) 
plants (five biological replicates, values are mean ± SD, significantly different at p<10−6 (t-test)). 
(D) Xylan glucuronosyltransferase activity was determined in microsomes prepared from the 
second internode of inflorescence stems. Data shown are mean ± SD with three biological 
replicates, each consisting of stem internodes from four plants. The activity is shown in dpm, 
where the maximal activity determined for Col-0 is about 400 dpm corresponding to 0.15 nmol 
GlcA incorporated per mg of protein. 
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of these genes and our method to identify them. As a further novel strategy in this study, 
we predicted the subcellular location of the co-expressed proteins. The currently available 
predictors either could not identify endomembrane proteins or had very low sensitivities 
for this subcellular location. Consequently we developed a Pfam-based algorithm, 
PFANTOM that improved sensitivity and specificity (Appendix 1, Figure 2; Figure 2-3). 
However, it should be noted that the ROC plots represent a characterization of a 
hypothetical best-case scenario based on the distribution of Pfam domains for which 
experimental data on subcellular location is already available. 

Obviously, localization for proteins that do not contain Pfam motifs with 
localization information cannot be predicted at present. In the lists of co-expressed genes 
(Appendix 1, Table 1 and S3), 85% of Arabidopsis and 84% of rice genes have Pfam 
information, and 79% of Arabidopsis genes and 76% of rice genes with Pfam domain 
information can be predicted with PFANTOM. Out of these components, 66% and 75% 
in Arabidopsis and rice, respectively, are predicted by PFANTOM to be located in the 
endomembrane compartments. Coverage is still limited for the Golgi apparatus in the 
Pfam-based predictor, although it exhibits an improved performance over the other 
available predictors for the Golgi apparatus (Figure 2-3A). For example, 1) DUF231 
proteins, which are localized in Golgi apparatus as shown in Figure 2-4, were predicted to 
be localized to the vacuole and the plastid, 2) GT61, DUF579, and Cas1p proteins could 
not be predicted by the Pfam-based predictor because no published experimental data is 
available for the associated Pfams (Table 2-3). More comprehensive studies of the Golgi 
proteome and/or combining with other prediction algorithm using hydrophobicity [50] 
would improve the usability of our prediction method. Our new method for the prediction 
of subcellular locations of plant proteins is robust enough for genome-wide predictions 
since it does not rely on the presence of signal or target peptides. Therefore, we were able 
to predict localization for the Arabidopsis and rice co-expression sets to gain further 
insights into putative functional interactions (Table 2-3). Interestingly, many of our co-
expressed components in secondary wall formation were predicted to be located in the 
endomembrane system, especially at the plasma membrane and Golgi apparatus, 
consistent with a role in signal transduction and cell wall formation. The available Golgi 
proteomic data is quite limited, and this also prevented us from testing the predictor with 
an independent test set. However, the experimental validation of 11 out of 13 tested 
proteins was very encouraging. Very recently, a method for subcellular prediction using 
machine learning and homology has been published and claimed to be efficient at 
predicting Golgi localization [51]. However, this method cannot predict ER or vacuole, 
but more importantly, their best classifier could only correctly predict the localization of 
CTL2, whereas the other 15 proteins we investigated experimentally either had no 
prediction at all or were incorrectly predicted. We are therefore convinced that our 
PFANTOM method, in spite of its limitations and simplicity, is better, at least for the 
analysis of the co-expressed data sets in this study, where proteins located in the 
endomembrane compartments are highly represented. 

 
Candidate genes for xylan formation in Golgi apparatus 

 
A working model was developed for proteins identified by co-expression with 

predicted locations in the endomembrane system (Figure 2-4A). Genes encoding xylan 
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biosynthesis components were expected to be co-expressed with UDP-GlcA 
decarboxylase (UXS). Importantly, we identified AtUXS3 and AtUXS6 in Arabidopsis 
and their two orthologs in rice as tightly co-regulated with xylan synthase genes 
(Appendix 1, Table 2, S4, and S9). These proteins had been missed in previously 
published studies although it is evident that UDP-GlcA decarboxylase must play an 
important role in secondary wall biosynthesis. Hence, the fact that we find these proteins 
further supports the relevance of the candidates identified in this study. Further 
candidates involved in xylan synthesis in the Golgi apparatus, that we identified are 
nucleotide sugar transporters (TPT) and members of GT8 family (IRX8, PARVUS, 
PGSIP1, PGSIP3). Although the reducing end structure -Xyl-Xyl-Rha-GalA-Xyl has not 
been identified in grasses, our rice co-expression profiling identified Os3g0300900 
belonging to the GATL clade, the same as PARVUS, and Os3g0211800/Os3g0413400 in 
the GAUT clade with IRX8. Since IRX8 and PARVUS are apparently involved in 
forming the reducing-end structure, our findings raise the possibility that rice also has the 
reducing-end structure. Other unknown proteins specific to plants such as DUF231, 
DUF246, and DUF579 were also included in co-expressed components in both 
Arabidopsis and rice. PGSIP1 (At3g18660) and PGSIP3 (At4g33330) and the DUF579 
genes (At3g50220, At1g09610, At1g33800, At5g67120, At4g09990) showed stronger 
co-regulation in Arabidopsis, implying more important roles in Arabidopsis than in rice. 
PGSIP1 has previously been reported to be located in the plastid and be involved in 
starch biosynthesis [41]. We have shown here that PGSIP1 and PGSIP3 are clearly 
located in the Golgi and that PGSIP1 appears to be xylan glucuronosyltransferase (Figure 
2-3G-H, Figure 2-5). The proteins are unlikely to have a direct function in starch 
biosynthesis, and in fact we could not observe any difference in starch content in the 
pgsip1 mutant by iodine staining of leaves (data not shown). PGSIP1 is a good example 
how the comparison of wall structure and co-expression patterns between rice and 
Arabidopsis enabled us to predict a function for PGSIP1, which was in turn 
experimentally confirmed. Since the genes identified in this study are related to 
secondary wall formation and not specifically to xylan biosynthesis, we could not a priori 
assume that e.g. PGSIP1 would have a role in xylan biosynthesis. However, the 
differences between the two species were most consistent with a role in xylan 
biosynthesis. We therefore believe that the comparative analysis in the present study is a 
very powerful tool to form hypotheses that can be tested and yield much more 
information than analysis of only Arabidopsis as in previous studies. 

The localization of the Cas1p-like protein, RWA1 (At5G46340), could not be 
predicted based on AmiGO data, but the RWA2 protein (At3g06550) has been found in 
Golgi preparations (H. Parsons and J. Heazlewood, unpublished data). RWA proteins are 
involved in polysaccharide acetylation (Y. Manabe and H.V. Scheller, unpublished) and 
have sequence similarity with the C-terminal multimembrane-spanning domain of Cas1p 
from fungi and animals. Interestingly, recent sequence analysis has shown that the N-
terminal domain of Cas1p has similarities with esterases and with DUF231 proteins, 
while the C-terminal domain has similarity with acetyltransferases [52]. This suggests 
that DUF231 and RWA proteins in plants exist together in protein complexes, which are 
likely to catalyze glycan acetylation. We propose that the RWA proteins (4 in 
Arabidopsis and 3 in rice) are unspecific whereas the DUF231 proteins (47 in 
Arabidopsis and 59 in rice) confer the specificity for particular polysaccharides. The 
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presence of RWA1 and DUF231 proteins in the co-expressed sets may suggest their 
involvement in xylan acetylation, but they may have other roles in secondary walls as 
suggested by analysis of DUF231 mutants that are deficient in cellulose [42]. 

The co-expressed genes also include GT31 proteins (Table 2-3, Figure 2-4), 
which may be involved in arabinogalactan biosynthesis. Interestingly, many of the rice 
genes in the families of galactosyltransferase (GT31), putative methyltransferase 
(DUF248) and Golgi unknown protein (DUF246) were identified as components showing 
strong co-regulation, compared with Arabidopsis, suggesting a more important role in 
rice cell walls and potentially related to the structural differences between rice and 
Arabidopsis walls. Furthermore, rice co-expression profiling showed that 18 genes 
comprising 5 Pfams are specific to rice, with no orthologs in the Arabidopsis co-
regulation network. They include RGPs (UAM1 and UAM3), which have UDP-arabinose 
mutase activity [45], and several GT61 proteins. The GT61 proteins are good candidates 
for xylan arabinosyltransferases [1], [46]. Mitchell et al. [19] identified members of the 
BAHD acyltransferases as candidate feruloyl transferases, and recent work supports their 
involvement in rice xylan feruloylation [53]. The BAHD proteins are cytoplasmic and 
this is consistent with a role in feruloylation of a cytoplasmic intermediate and not a 
direct feruloylation of xylan [1], [54]. We do not find BAHD family genes co-expressed 
with all three baits in rice, but Os06g0595800 and Os02g0483500 are BAHD family 
genes that are co-expressed with two of the baits, OsGT43B and OsGT47D (Appendix 1, 
Table 3). Hence, these two BAHD members are good candidates for feruloyltransferases 
involved in xylan biosynthesis. 

 
Highlights on signaling and regulatory components 

 
The co-expression analysis revealed a large number of highly co-expressed 

plasma membrane associated proteins and transcription factors (Table 2-3). In general, 
orthologous or very similar proteins were found in both the rice and Arabidopsis co-
expressed gene sets. Many of the identified proteins belong to protein families well 
known to participate in signal transduction. Notably, co-expression of entire gene sets 
related to GTPase signal cascade were conserved in both Arabidopsis and rice. GTPase 
signal cascade such as LRR receptor kinase, Rop/Rac GTPase, RICs, RopGEFs, and IQ 
domain protein resemble components known from other signal transduction pathways in 
mammals where such pathways are understood in more detail than in plants. As an 
example we have shown components of the mammalian TLR2 signaling cascade in 
Figure 2-4B. TLR2 contains an extracellular LRR domain that is critical for transmitting 
the peptideglycan, lipopeptide, and chitin signal across the cell membrane to initiate 
innate immunity response against pathogens [55], [56]. An adaptor molecule, MyD 88, 
associated with the toll/interleukin-1 receptor (TIR) intracellular domain of TLR2, 
recruits PI3K kinase, which is also regulated by Rho/Rac GTPase via RhoGEF protein 
[39], [55], [57]. The TLR complex, consisting of MyD88, PI3K kinase, and Rho/Rac 
GTPase activates a MAP kinase cascade, which leads to the activation of transcription 
factors including NF-κB [55]. Recent studies show that TLR2 and another receptor, 
TLR4, could also percept endogenous ligands and lead to not only immune response but 
also tissue remodeling especially for neurogenesis [58]. Similar to TLRs, the extracellular 
LRR domain of plant LRR kinase may recognize small molecules such as peptides and 
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saccharides, while the intracellular kinase domain of the LRR protein transduces the 
signal to kinase cascades when activated by Rop/Rac GTPase proteins. The Rop/Rac 
signaling activity is regulated by RICs and RopGEFs [59], [60]. AtRAC2/ROP7 is 
specifically expressed during late stages of xylem differentiation in Arabidopsis [39]. 
This signaling by AtRAC2/ROP7 might be mediated by co-expressed IQ domain proteins 
in our list based on the report that human IQGAP protein interacts with Rho/Rac GTPase 
[61]. This result suggests that they are key regulatory pathways during secondary wall 
development and can be crucial for the signaling perception. 

An important question concerns the actual signals that trigger the pathway. 
Strongly co-expressed components such as fasciclin-like arabinogalactan proteins 
(FLA11, FLA12) and chitinase-like protein (CTL2) were located to plasma membrane 
(Table 2-2). In support of a role of these proteins in secondary wall development, high 
expression levels of CTL and FLA genes were also found in development of poplar 
tension wood and cotton fiber [62], [63], [64], [65]. Two similar protein families, namely 
the fasciclin domain containing protein TGFBI (βig-H3), and chitinase-like proteins, 
CHI3L1 and CHI3L2, are present in mammals, and recent Massively Parallel Signature 
Sequencing (MPSS) analysis show similar expression pattern in brain cancer cells [66]. 
Another mammalian fasciclin domain containing protein, Stabilin-1, is receptor protein 
and has been reported to interact with chitinase-like protein SI-CLP [67]. Both SI-CLP 
and the plant chitinase-like proteins including CTL1 (At3g16920) and CTL2 
(At1g05850) lack a chitin biding domain and catalytic residues involved in chitin 
hydrolysis and appear to have no chitinase activities [30], [67], [68]. Based on these 
conserved characteristics of the chitinase-like proteins, i.e. lacking chitin-binding domain 
and chitinase activity, and transcriptional co-regulation with fasciclin domain proteins, 
chitinase-like proteins could bind with fasciclin domain proteins in plants as well as 
mammals and might lead to ligand-receptor signaling for the GTPase cascade [67] 
(Figure 2-5b). As the final components in the signal transduction pathways, we find 
several transcription factors such as MYB, MYC, and NAC, which may be activated by 
the kinase cascades and/or the calcium signaling and turn on downstream target genes, 
e.g. genes involved in cytoskeleton organization and encoding cellulose, lignin and xylan 
biosynthetic enzymes [69], [70], [71]. The simple model outlined in Figure 2-4B will 
clearly need modification as additional components in the signal transduction pathways 
are identified and as the hypothesized interactions are experimentally tested. 
Nevertheless, such models are useful frameworks for developing hypotheses that can be 
tested. 

 
Conclusion 

 
By the combined in silico approaches of expression profiling and localization 

prediction, we identified putative components of the intracellular network related to xylan 
synthesis and secondary wall development and proposed models for their function and 
interactions. Many of the components are identified in both Arabidopsis and rice, giving 
confidence that they have important roles in the functional network. The analysis enabled 
us to hypothesize a function of PGSIP proteins as xylan glucuronosyltransferases that 
was subsequently experimentally verified. To obtain direct evidence of the role of the 
other candidate genes in secondary wall formation, future work will involve confirmation 
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of protein-protein interactions, and determination of enzymatic activity of the 
biosynthetic enzymes. 
 
Methods 
 
Co-expression analysis and assessment of the gene function 
 

Co-expression information was obtained from the ATTED-II database 
(http://atted.jp). Source of GeneChip data in ATTED-II version 5.5 are the 1388 array 
slides from the 58 experiments on each developing stage, biotic and abiotic treatment. 
Scatter plots of co-expression of two genes were made with CoexViewer available at the 
ATTED-II database [31]. ATTED-II provides the top 300 genes co-expressed with bait 
genes in both Arabidopsis and rice. We used three bait genes for each species, obtained 
the MR for each gene, and calculated the average MR as the geometric mean of the three 
individual MR. Transcript level information during developmental stage in Arabidopsis 
and rice were obtained from Arabidopsis Affymetrix DNA array data available from 
AtGeneExpress at TAIR (http://www.arabidopsis.org) and rice Affymetrix DNA array 
data GSE6893 available from Rice array database (http://www.ricearray.org) [20]. The 
Pfam database (ver. 24.0) has a collection of 7677 unique protein functional domains 
based on Hidden Markov Models (http://pfam.wustl.edu) [37]. Pfam domain information 
of whole genome in Arabidopsis was downloaded from TAIR and for rice from the rice 
genome annotation project (http://rice.plantbiology.msu.edu)[72]. 
 
Pfam domain profiling of Arabidopsis proteins 

 
To develop the Pfam domain-based algorithm in plants, we downloaded 

Arabidopsis gene product information from the AmiGO database 
(http://amigo.geneontology.org) for the following localization terms; GO:0005634 (3012 
proteins; nucleus), GO:0005739 (1310 proteins; mitochondrion), GO:0005773 (621 
proteins; vacuole), GO:0005777 (201 proteins; peroxisome), GO:0005783 (407 proteins; 
endoplasmic reticulum), GO:0005794 (238 proteins; Golgi apparatus), GO:0005829 (669 
proteins; cytosol), GO:0005886 (2236 proteins; plasma membrane), GO:0009504 (18 
proteins; cell plate), GO:0009536 (3724 proteins; plastid), and GO:0048046 (333 
proteins; extracellular). To remove uncertain localization annotations such as ‘by 
similarity’ or ‘probable’, we restricted the gene products to 4422 Arabidopsis genes with 
the IDA evidence code, which indicates that the annotation is derived from experimental 
data. Since a protein can have multiple Pfam domains, this set of 4422 genes encoded a 
total of 6141 Pfam domain annotations consisting of 1781 different Pfam domains. In 
order to make predictions about the location of un-localized proteins, a reference data set 
was established from the AmiGO-derived data, which captured the distribution of Pfam 
annotations across the different localization GO terms. Since it is possible in the training 
set for a single Pfam to be annotated to more than one subcellular localization, we define 
a localization ratio for a single Pfam as the percentage of time the Pfam annotation is 
seen in a given localization. For a new protein, a score (valued from 0–100%) for a single 
localization can be obtained by calculating the geometric mean of the localization ratio 
for each of the Pfam domains that it is annotated with. By calculating this score for all 
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localizations, and selecting the localization with the highest score, it is possible to suggest 
the localization for a protein. 
 
Cloning and transient expression of proteins 

 
All clones used in this study were constructed using Gateway™ technology 

(Invitrogen). The Entry clones were obtained via BP-reaction in pDONR-Zeo (for Golgi 
proteins) or through TOPO-reaction using the pENTR/D-TOPO vector (for plasma 
membrane and nuclear proteins). The genes were cloned using cDNA from Arabidopsis 
stem as template. The reverse primers contained no stop codon to enable C-terminal 
fusions. Sequences of forward and reverse primers can be sent on request. All Entry 
clones were verified by restriction analysis and sequencing. 

The binary vectors for expression of the N-terminal YFP fusion proteins under the 
control of 35S promoter were constructed via LR-reaction using the corresponding Entry 
clones. The full-length genes were cloned into the destination vectors pEarleyGate 101 
[73]. Marker proteins for ER (GFP-HDEL), Golgi (STtmd-GFP), and plasma membrane 
(pm-rk) have been described previously [74], [75]. The gene encoding p19 protein from 
tomato bushy stunt virus was used to suppress gene silencing. All vectors were used to 
transform Agrobacterium tumefaciens strain C58-1 pGV3850. Prior to leaf infiltration the 
bacteria were resuspended in AS-medium (10 mM MgCl2, 150 µM acetosyringone, 10 
mM MES pH 5.7) to OD600 0.5. Agrobacterium strains containing the YFP constructs and 
the p19 silencing plasmid were mixed 1:1 and co-infiltrated into leaves of 3–4 week old 
N. benthamiana plants. Abaxial epidermis of infiltrated leaves was assayed for 
fluorescence by confocal laser-scanning microscopy 2–3 d post infiltration. 
 
Confocal microscopy 

 
A Leica confocal microscope (Leica Microsystems) was used for confocal laser-

scanning microscopy. All images were obtained with 63× magnification and a glycerol-
immersion objective. GFP and YFP channels were acquired by simultaneous scanning 
using 488-nm laser lines for excitation; signals were detected between 500 and 530 nm. 
Images were processed using the Leica Confocal Software (Leica Microsystems) and 
Adobe Photoshop 7.0. 
 
Mutant analysis and glycosyltransferase assay 

 
The T-DNA insertion mutant in the PGSIP1 gene (SALK_063763) was obtained 

from the Arabidopsis Biologial Resource Center, Ohio. Plants were grown under short 
day conditions (8 h photoperiod) in growth chambers for 6 weeks before they were 
transferred to a growth room with a long-day regime (16 h photoperiod). After 14 days 
growth under long-day conditions the first to third internodes were harvested and cell 
walls prepared, hydrolyzed with TFA and subsequently analyzed by HPAEC for 
monosaccharide composition as previously described [76]. 

Xylan glucuronosyltransferase activity in microsomes prepared from stems was 
determined essentially as described [10], using 3.7 µM UDP-14C-D-GlcA (740 Bq per 
reaction, MP Biomedicals, Solon, Ohio), 50 µM unlabeled UDP-D-GlcA, and 6 µg 
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xylohexaose (Megazyme, Bray, Ireland) as acceptor in a 30 µl reaction volume. Products 
were separated by paper chromatography and analyzed by liquid scintillation counting 
according to Lee et al. [10]. 

For RT-PCR, total RNA was isolated from frozen stem tissue using the Plant 
RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. First-strand DNA 
synthesis was performed with oligo(dT) anchor primer and Superscript III reverse 
transcriptase (Invitrogen) according to the manufacturer's instructions. Two µL were used 
as template for PCR using the primers 5′-GTTTACGTCTGCGGTGCAAT-3′ and 5′-
AATTATTGCGTCACAAGTTATGG-3′ to amplify PGSIP1 cDNA and 5′-
CTCAAAGACCAGCTCTTCCATC-3′ and 5′-GCCTTTGATCTTGAGAGCTTAG–3′ to 
amplify ACT2 cDNA. The PCR program consisted of 2 min at 95°C, followed by 30 
cycles of 20 s at 95°C, 30 s at 49°C, and 1 min 15 s at 72°C, with a final extension step of 
10 min at 72°C. PCR products were visualized on 0.8% agarose gels.  
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Chapter 3: Three members of the Arabidopsis Glycosyltransferase 

Family 8 are xylan glucuronosyltransferases 

 
 
 
 
 
Preface 
 
This chapter is based on the following publication: 
 
Emilie A. Rennie, Sara Fasmer Hansen, Edward E.K. Baidoo, Masood Z. Hadi, Jay D. 
Keasling and Henrik Vibe Scheller (2012). Three Members of the Arabidopsis 
Glycosyltransferase Family 8 Are Xylan Glucuronosyltransferases. Plant Physiology, 
159: 1408-1417. 
 
My contributions to this work included designing experiments, collecting and interpreting 
data, and writing the manuscript. The results included in this publication represent the 
bulk of my characterization of the Glucuronic Acid Substitution of Xylan (GUX) 
proteins. Additional data on substitution patterns of GUX2 and GUX4 enzymes were 
obtained with help from Paul Hussey, a graduate student in Dr. Henrik Scheller’s group. 
It is worth clarifying that the proteins GUX1 and GUX2 are the same as PGSIP1 and 
PGSIP3, which were renamed in 2010 – shortly after the publication of the work in 
Chapter 2 – to reflect their role in xylan biosynthesis. 
 
 
Abstract 
 
Xylan is a major component of the plant cell wall and the most abundant noncellulosic 
component in the secondary cell walls that constitute the largest part of plant biomass. 
Dicot glucuronoxylan consists of a linear backbone of β(1,4)-linked xylose residues 
substituted with α(1,2)-linked glucuronic acid (GlcA). Although several genes have been 
implicated in xylan synthesis through mutant analyses, the biochemical mechanisms 
responsible for synthesizing xylan are largely unknown. Here, we show evidence for 
biochemical activity of GUX1 (for GlcA Substitution of Xylan 1), a member of 
Glycosyltransferase Family 8 in Arabidopsis (Arabidopsis thaliana) that is responsible 
for adding the glucuronosyl substitutions onto the xylan backbone. GUX1 has 
characteristics typical of Golgi-localized glycosyltransferases and a Km for UDP-GlcA of 
165 µM. GUX1 strongly favors xylohexaose as an acceptor over shorter 
xylooligosaccharides, and with xylohexaose as an acceptor, GlcA is almost exclusively 
added to the fifth xylose residue from the nonreducing end. We also show that several 
related proteins, GUX2 to only two of these proteins, GUX2 and GUX4, have activity as 
xylan α-glucuronosyltransferases. 
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Introduction 

 
Plant cell walls consist of crystalline cellulose microfibrils embedded in a matrix 

of pectins and hemicelluloses. Some cell types also have lignin in their walls. Xylans are 
the major hemicelluloses in dicot secondary cell walls and in both primary and secondary 
cell walls in grasses [1,2]. In Arabidopsis, xylan consists of a linear backbone of ß(1,4)-
linked D-xylose (Xyl) residues, some of which are acetylated at the C2 or C3 position. 
About one in eight Xyl residues are substituted with α(1,2)-linked D-glucuronic acid 
(GlcA) or 4-O-methyl-D-glucuronic acid (MeGlcA) [3]. Arabinose substitutions on the 
xylan backbone are also common in plants, especially in grasses, but have not been 
described in Arabidopsis. Xylans from grasses are unique in having some of the 
arabinose residues on xylan esterified with ferulic acid; this feature is not found in other 
plants [2,4]. Although the exact functions of these substitutions are not known, it is 
thought that they influence the solubility of xylan and its interaction with other cell wall 
components such as cellulose and lignin [2,5]. In addition, GlcA and (Me)GlcA 
substitutions inhibit enzymatic degradation of xylan into monosaccharides [6]. 

Xylans are the second most abundant polymer after cellulose in grasses and in 
dicot woody tissue, two sources of biomass that may potentially be used for conversion 
into biofuels. In addition to making up a large percentage of the sugars available for 
fermentation, xylans affect biomass recalcitrance because they are crosslinked to lignin 
through ester linkages to ferulate and (Me)GlcA [7,8]. Xylan structure is therefore an 
important consideration when engineering plants for improved saccharification and 
fermentation properties. However, the genes responsible for xylan synthesis have only 
begun to be discovered in the last few years through forward and reverse genetics in 
Arabidopsis. Three genes, Irregular Xylem (IRX) 9, IRX10, and IRX14, are thought to 
encode glycosyltransferases responsible for synthesizing the xylan backbone, as 
mutations in these genes cause a dwarf phenotype, collapsed xylem vessels, and a 
reduction in xylan content [9]. The related genes IRX9-like (IRX9L), IRX10L and IRX14L 
apparently function redundantly to synthesize xylan, as double irx9/irx9l, irx10/irx10l, 
and irx14/irx14l mutants exhibit more severe reductions in xylan than the single mutants 
and because they can fully complement the double mutants [10,11]. 

Dicot xylans contain the tetrasaccharide  4)-β-D-Xylp-(1  4)-β-D-Xylp-(1  
3)-α-L-Rhap-(1  2)-α-D-GalpA-(1  4)-D-Xylp at their reducing ends. This 
tetrasaccharide was first identified in birch and spruce [12,13] and has more recently been 
found in Arabidopsis [14]. Although the function of this tetrasaccharide is unclear, it has 
been proposed to function in initiation or termination of xylan synthesis [14,15]. The 
genes IRX8, Fragile Fiber 8 (FRA8/IRX7), FRA8 Homolog (F8H/IRX7L) and 
PARVUS/GATL1 are thought to encode glycosyltransferases involved in synthesizing the 
reducing end tetrasaccharide [9,15,16]. Mutations in these genes cause an increase in the 
heterodispersity of xylan degree of polymerization, indicating that theses genes are 
necessary for controlling chain elongation [3,14]. 
 The genes Glucuronic Acid Substitution of Xylan (GUX)1 and GUX2 have also 
been implicated in xylan synthesis in coexpression analyses from several groups [17-20]. 
These proteins were initially thought to be involved in starch synthesis and were named 
Plant Glycogenin-like Starch Initiation Proteins (PGSIPs) based on their homology to 
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mammalian glycogenin [21]. PGSIP1/GUX1 was also predicted to be chloroplast-
localized, and RNAi knock-downs of GUX1 showed less starch accumulation [21]. 
However, both GUX1 and GUX2 have since been shown to localize to the Golgi 
apparatus [6,17]. In addition, gux1 and gux2 mutants showed a significant reduction in 
both xylan GlcA substitutions and xylan GlcA transferase (GlcAT) activity in 
microsomal fractions [6,17,22]. Here, we provide biochemical evidence that GUX1 is 
directly responsible for adding GlcA substitutions to xylan. We also show that GUX2 and 
another related protein, GUX4, have xylan glucuronosyltransferase activity. 
 
 
 
Results 
 
 
Phylogenetic Analysis of the GUX/PGSIP Family of Proteins 

 
The GUX1 and GUX2 proteins belong to glycosyltransferase family 8 (GT8), 

which is quite diverse but is considered a single glycosyltransferase family according to 
the CAZy database (www.cazy.org) [23]. In plants GT8 contains the GUX clade, 
galactinol synthase (GolS), galacturonosyltransferase (GAUT), and GAUT-like (GATL) 
clades [24]. The three GT8 proteins in Arabidopsis that do not belong to these clades 
have been annotated as PGSIP6, PGSIP7 and PGSIP8 [24]. The positions of these 
proteins in the GT8 family tree are shown in Fig. 3-1A. The predicted topologies of the 
GUX and PGSIP proteins are shown in Fig. 3-1B. All five GUX proteins are predicted to 
be Type II membrane proteins with a single N-terminal transmembrane domain. In 
contrast, PGSIP6, PGSIP7 and PGSIP8 have between five and seven predicted 
transmembrane domains with scores above 0.5 according to the Aramemnon plant 
membrane protein database (http://aramemnon.uni-koeln.de) [25]. 
 
 
Expression and Purification of GUX1 

 
In order to investigate the biochemical function of GUX1, we transiently 

overexpressed the fusion protein GUX1-YFP-HA by infiltration of Nicotiana 
benthamiana leaves with Agrobacterium carrying the appropriate construct. We also 
expressed the Arabidopsis Rhamnogalacturonan Xylosyltransferase 2 (RGXT2) [26] as a 
control to ensure that the results of overexpressing GUX1 were not a general effect of 
overexpressing a Golgi-localized glycosyltransferase. Plants were co-infiltrated with 
Agrobacterium carrying a construct with the p19 gene from tomato bushy stunt virus, 
which encodes a protein that suppresses gene silencing, to ensure that proteins were 
highly expressed [27]. Microsomes were purified from the infiltrated plants and used 
directly in GlcAT assays with UDP-[14C]GlcA and xylohexaose as substrates, removal of 
unincorporated radiolabel by paper chromatography and quantification of the remaining 
labeled product by scintillation counting. The microsomes from plants expressing the 
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Figure 3-1. A, Phylogenetic tree of GT8 family proteins in Arabidopsis. Approximate likelihood 
values are shown at selected nodes. B, Predicted protein structures of the GUX1 to GUX5 and 
PGISP6 to PGSIP8 proteins. White bars represent transmembrane domains, and black bars 
represent the GT8 domain. The scale bar at bottom represents 100 amino acids (aa). 
 
 
GUX1 fusion protein had a high xylan GlcAT activity compared to the controls (Fig. 3-
2B). To further investigate that this activity was directly associated with GUX1, the 
GUX1-YFP-HA protein was isolated from microsomes by affinity purification with anti-
HA resin prior to activity assays (Fig. 3-2A). After purification the activity was much 
higher, whereas the activity in control purifications was at a background level (Fig. 3-
2B). XylT activity was assayed in the same samples to confirm that the decarboxylation 
of UDP-[14C]GlcA to UDP-[14C]Xyl and addition of Xyl to the xylohexaose acceptor did 
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not contribute to the activity. The amount of XylT activity was negligible, consistent with 
background RGXT2 activity levels (Fig. 3-2B). 
 
 
Analysis of the Enzymatic Product 

 
To confirm that the radiolabeled product was in fact xylohexaose with an α-linked 

[14C]GlcA substitution, we digested the product with a specific α-glucuronidase from 
Bacteroides ovatus (GH family 115).  Product incubated with the α-glucuronidase 
contained 7 dpm of radiolabel (SE±2, n=3), while product incubated with buffer alone 
contained 430 dpm (SE±11, n=3). This experiment confirmed that the label was α-linked 
GlcA since essentially all of the radiolabel was released by treatment with this enzyme. 
The product was further characterized by LC-TOF mass spectrometry to confirm that the 
product from a reaction using xylohexaose and unlabeled UDP-GlcA had the expected 
molecular mass (Fig. 3-2D). The compound with measured m/z [M+Na]+ = 1009.28579 
corresponds to within 0.19 ppm of the theoretical m/z of the sodium adduct of glucurono-
xylohexaose (1009.28598), and the compounds with m/z [M+Na]+ of 1010.29088 and 
1011.28884 represent isotopic peaks of this molecule. The compound with monoisotopic 
mass 1007.027 is unidentified, but it was also present in control reactions lacking the 
xylohexaose acceptor (Fig. 3-2C) or lacking GUX1 protein (Appendix 2, Fig. 1), and 
hence is not related to GUX1 activity. The sodium adduct of glucurono-xylohexaose 
indicated that it eluted from the HPLC column approximately ten seconds later than the 
unidentified compound (Appendix 2, Fig. 1), but we were unable to completely separate 
the peaks. However, we are confident that the sodium adduct of glucuronoxylohexaose is 
a distinct compound that was not present in the control reaction. No evidence of 
xylohexaose with addition of more than one GlcA was observed. 
The product was also characterized by digestion with β-xylosidase, which cleaves Xyl 
residues from the non-reducing end of the xylooligomer but is unable to cleave GlcA-
substituted Xyl residues. Digestion fragments were analyzed by LC-TOF mass 
spectrometry and quantified using available xylooligomers as standards. Approximately 
85% of digestion fragments were released as glucuronoxylobiose (Fig. 3-2E), indicating 
that the GlcA was positioned on the fifth Xyl from the non-reducing end of the molecule. 
A smaller amount of glucuronoxylotetraose indicated that the third Xyl from the 
nonreducing end is also a relatively good acceptor site for GUX1.  
LC-TOF-MS was also used to characterize products of glucuronosyltransferase reactions 
using different xylooligomer acceptors. Purified GUX1 supplied with Xyl and 
xylooligomers from xylobiose to xylohexaose as acceptors was able to transfer GlcA onto 
xylobiose and larger molecules (Fig. 3-2D). GUX1 showed a preference for larger 
acceptors, as the enzyme was most active when xylohexaose was used as the acceptor,  
and showed less than 10% activity when xylobiose was used as the acceptor. 
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Figure 3-2. Activity of recombinant GUX1 protein. A, Immunoblot of recombinant proteins 
from N. benthamiana. Column 1, microsomal proteins (20 µg) from plants expressing GUX1-
YFP-HA; column 2, microsomal proteins from plants expressing RGXT2-YFP-HA (20 µg); 
column 3, purified GUX1-YFP-HA (corresponding to 100 µg of microsomal protein); column 4, 
purified RGXT2-YFP-HA (corresponding to 100 µg of microsomal protein). B, Activity assays 
using microsomal or purified proteins with UDP-[14C]GlcA and xylohexaose as an acceptor. The 
microsomal GUX1 activity corresponds to 77.5 pmol GlcA h−1 mg−1 protein. C, Mass spectra of 
products from reactions using purified GUX1 with and without xylohexaose as an acceptor. The 
sodium adduct of glucuronoxylohexaose is the peak at m/z 1,009.28579 and is found only when 
xylohexaose is included. D, Products made using purified GUX1 enzyme when different 
xylooligomers, Xyl to Xyl6, are used as acceptors, detected by LC-MS. Values are shown as 
percentages relative to the amount of the Xyl6-GlcA product made. Values represent means of 
two replicates, with error bars showing the highest and lowest values. E, Fragments produced 
from the digestion of Xyl6-GlcA with xylosidase, detected by LC-MS. Values are shown as 
percentages of the total fragments produced. 
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Characteristics of Purified GUX1 Protein 

 
We used purified GUX1-YFP-HA protein to optimize conditions for GlcAT 

activity and further characterize the enzyme (Fig. 3-3). GUX1 activity increases with the 
amount of protein, has a temperature optimum at around 25°C, a pH optimum of 6.5, and 
requires Mn2+ but not Mg2+. The enzyme is relatively stable, as product increased almost 
linearly over the first 5 h before it leveled off. The Km value for UDP-GlcA was 
calculated to be 165 ± 28 µM (n = 2). 
 
Activity of the GUX/PGSIP Family Proteins 

 
We investigated the activity of the remaining GUX/PGSIP family proteins by 

transiently overexpressing them in N. benthamiana. Microsomal fractions from these 
plants were assayed in the same way as GUX1 (Fig. 3-4). As expected, plants infiltrated 
with GUX1 showed a large increase in GlcAT activity compared with plants infiltrated 
with the p19 construct alone. Overexpression of two other proteins, GUX2 and GUX4, 
caused an increase in GlcAT activity similar to GUX1. Overexpression of the remaining 
GUX/PGSIP proteins showed no increase in GlcAT activity over background levels. 
 
 
Subcellular Localization of the GUX/PGSIP Proteins 

 
GUX1 and GUX2 have previously been shown to localize to the Golgi [6,17]. We 

expressed the remaining members of the family in N. benthamiana with the Golgi marker 
α-mannosidase-mCherry [28]. All five GUX proteins and PGSIP6 colocalized with Golgi 
markers (Fig. 3-5). None of the GUX proteins or PGSIP6 colocalized with the plasma 
membrane marker AtPIP2A-mCherry (Appendix 2, Fig. 2). 
 
Discussion 
 

Although the GUX1 and GUX2 proteins were originally identified as Plant 
Glycogenin-like Starch Initiation Protein (PGSIP) 1 and PGSIP3, they have been 
implicated in secondary cell wall deposition in coexpression analyses by several groups 
[6,17,19,20]. In addition, gux1 and gux2 mutants have reduced xylan GlcA content and 
xylan GlcAT activity [6,17]. However, the previous studies did not provide direct 
evidence for the catalytic function of GUX proteins. Here, we provide definitive 
biochemical evidence that GUX1 and GUX2, as well as a related protein GUX4, have 
xylan glucuronosyltransferase activity. 

Although both GUX1 and GUX2 have been implicated in xylan synthesis, we 
chose GUX1 for purification and characterization because GUX1 is the most highly 
coexpressed with other xylan biosynthetic genes and the gux1 phenotype is the most  
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Figure 3-3. Characteristics of recombinant and purified GUX1 protein. A to E, Enzyme 
characteristics over amount of protein, where µg of protein corresponds to microsomal proteins 
used in purification (A); time (B); pH, where white and black symbols designate reactions using 
MES and HEPES buffer, respectively (C); temperature (D); and divalent cation concentration, 
where white and black symbols designate Mg2+ and Mn2+, respectively (E). Values represent 
means of two replicates, with error bars showing the highest and lowest values. F, Kinetic studies 
of GUX1. Assays were performed with increasing amounts of UDP-GlcA (10–3,000 µM). Each 
data point is the average of three technical replicates, with the white and black symbols 
designating data from two independently purified GUX1 preparations. Vmax values are normalized 
to 100. The solid curve is the Michaelis-Menten curve with Km = 165 µM obtained by nonlinear 
regression of the experimental data. 
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Figure 3-4. Glucuronosyltransferase activity of microsomal proteins from N. benthamiana 
overexpressing GUX and PGSIP proteins. White bars, reaction with no acceptor; gray bars, 
reaction with xylohexaose as the acceptor. Values are the mean ± SE for three biological 
replicates. 
 
 
severe [6]. GUX1 protein expressed in and purified from N. benthamiana showed a large 
increase in GlcAT activity that was not present in another purified Golgi-localized 
glycosyltransferase RGXT2, indicating that GUX1 is responsible for this activity. The 
lack of XylT activity indicates that conversion of UDP-[14C]GlcA to UDP-[14C]Xyl was 
not a significant factor in the assay, and analysis of the product confirmed that it was in 
fact α-glucurono-xylohexaose. We are therefore confident that our assay shows the 
formation of an α linkage between xylohexaose and GlcA. The linkage has not been 
determined in our experiments, but the data strongly suggests that it is the α(1,2)-linkage 
characteristic for glucuronosyl substitutions on xylan. 

We further analyzed the glucuronoxylohexaose product produced by purified 
GUX1 by digesting it with β-xylosidase. LC-MS analysis of the digestion products 
showed that approximately 85% of the GlcA-containing fragments released were 
glucuronoxylobiose (Fig. 3-2E). This result indicates that the majority of the 
glucuronoxylohexaose molecules had GlcA positioned on the fifth Xyl from the non-
reducing end. A smaller number of molecules – about 10% -- were cleaved to 
glucuronoxylotetraose, indicating that GUX1 was also able to transfer GlcA onto the 
third Xyl from the non-reducing end, although at lower efficiency. We also analyzed the 
preference of GUX1 for differently sized acceptors. GUX1 was able to transfer GlcA to 
acceptors as small as xylobiose, although it showed higher activity with larger 
xylooligomer acceptors (Fig. 3-2D). The highest activity was detected when xylohexaose 
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Figure 3-5. Subcellular localizations of the GUX1 to GUX5 and PGSIP6 proteins. Single-
plane confocal micrographs of the proteins fused with C-terminal YFP (top row), the Golgi 
marker α-mannosidase-mCherry (middle row), and merged YFP and mCherry channels (bottom 
row) are shown. Bar = 100 µm. 
 
 
was used as the acceptor. Taken together, these results indicate that although GUX1 does 
show preferences regarding acceptor size and placement of GlcA on the acceptor, its 
activity is somewhat flexible. This finding is interesting given that xylan extracted from 
Arabidopsis invariably shows a ratio of one GlcA for every eight Xyl residues even in 
mutants with large decreases in xylan content, indicating that the proportion of GlcA is 
controlled by a robust mechanism [3]. It is likely that mechanisms in the Golgi, such as 
interactions between GUX1 and other xylan biosynthetic enzymes or properties of the 
xylan polymer, control GlcA addition in ways that were not evident in our assays using 
purified protein and xylooligomer acceptors. 

GUX1 is a relatively stable protein and has typical properties in terms of pH and 
temperature optima. The Km for UDP-GlcA was determined to be 165 µM which is 
similar to that of other glycosyltransferases in the Golgi, e.g. RGXT2 (140 µM), [29]. 
UDP-xylose synthase (AtUXS1) is another Golgi-localized enzyme that uses UDP-GlcA 
as substrate, and for this enzyme a Km of 190 µM was determined [30]. 
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The GUX proteins belong to glycosyltransferase family 8 (GT8), which in 
Arabidopsis also contains the Galactinol Synthase (GolS), Galacturonosyltransferase 
(GAUT), and GAUT-like (GATL) clades (Fig. 3-1) [23]. The GAUT and GATL clades 
have been designated as putative cell wall biosynthesis-related genes while the remaining 
genes were grouped into a putative non-cell wall biosynthesis-related class [24]. The 
latter class includes the GolS proteins and eight proteins that were annotated as PGSIPs. 
Three of the PGSIP proteins have previously been re-annotated as GUX1-GUX3 after 
GUX1 and GUX2 were implicated in xylan synthesis [6,17]. Based on the results 
presented here, we have re-annotated PGSIP4 and PGSIP5 as GUX4 and GUX5, 
respectively. While GUX1-GUX5 are closely related to one another, the placement of 
PGSIP6 is less clear. Although PGSIP6 appears to be more closely related to the GUX 
clade than to the GolS clade, the support for this node is very low, indicating that the 
placement of PGSIP6 within the GUX and GolS clades cannot be determined definitively 
(Fig. 3-1A). PGSIP7 and PGSIP8 appear to be only distantly related to both the GUX and 
GolS clades. 

In order to determine the function of these proteins, we cloned and transiently 
expressed the five GUX proteins as well as PGSIP6 - PGSIP8 in N. benthamiana. GlcAT 
assays using microsomal proteins from these N. benthamiana plants indicated that 
GUX1, GUX2, and GUX4, but none of the other proteins, have xylohexaose-dependent 
glucuronosyltransferase activity (Fig. 3-5). Although all five GUX proteins and PGSIP6 
were expressed and localized to the Golgi (Fig. 3-5), it is possible that the YFP-HA tag 
prevented the proteins from being active as glucuronosyltransferases, or that our assay 
conditions were inappropriate for detecting activity of these proteins. However, GUX3 
and GUX5 are closely related to GUX1, GUX2 and GUX4, which all had activity in our 
assays. The finding that only some members of a glycosyltransferase clade have activity 
is not without precedent. For example, only three of five Arabidopsis members of the 
GT75 family had detectable activity even though all proteins were expressed in the same 
way in E. coli [31]. Furthermore, unlike the GAUT1 homogalacturonan synthase, 
GAUT7 did not have detectable activity when expressed in the same system [32] and it 
appears that the GAUT7 protein lacks key amino acid residues predicted to be involved 
in catalysis [33]. In the case of GAUT7, the protein appears to have a structural function 
as an anchor for GAUT1 rather than a catalytic function [33]. Hence, it may be a 
common finding that some glycosyltransferase homologs have lost their catalytic 
function and play a different role, e.g. as subunits in synthase complexes. It is also 
possible that GUX3, GUX5 and PGSIP6 have functions unrelated to xylan synthesis. 
GUX3 and PGSIP6 were identified in proteomic analyses of Golgi vesicles isolated from 
Arabidopsis cell culture [34,35]. Since undifferentiated cell cultures are enriched for 
primary cell walls, GUX3 and PGSIP6 may be involved in synthesis of a polymer that is 
present in higher amounts in primary walls. 

GT8 includes proteins with known function as glucosyltransferases (glycogenin) 
[36], galactosyltransferases (LgtC) [37], galacturonosyltransferases (GAUT1) [32] and 
glucuronosyltransferases (this work). Three structures are known from GT8; the LgtC 
galactosyltransferase from Neisseria meningitidis [37],  and glycogenin from rabbit [38] 
and human [39]. Structural modeling of GAUT1, which adds galacturonic acid onto the 
negatively charged polymer homogalacturonan, showed that the region where the 
acceptor is expected to lie contains a patch of positively charged residues, consistent with  
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Figure 3-6. Structural modeling of glycogenin and GUX1 to GUX5 proteins. A, Cartoon 
structure of glycogenin showing the active site with Mn2+ ion (blue), UDP-Glc (yellow), and DxD 
and Gln-164 (Q164) residues (magenta). B, Homology model of GUX1 showing the DxD and 
Gln-164 residues (magenta). C to H, Surface electrostatic models of glycogenin (C), GUX1 (D), 
GUX2 (E), GUX3 (F), GUX4 (G), and GUX5 (H). Positive and negative charges are shown as 
blue and red, respectively, as shown on the bar at bottom. 
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accommodation of a negatively charged acceptor [24], also observed for modeling of 
QUA1/GAUT8 (Hansen, 2009). We have analyzed the GUX proteins in a similar way 
(Fig. 3-6). GUX and PGSIP proteins contain a DQG motif that is absent in the GAUT 
and GATL clades. The glutamine residue in this motif (Q164 in glycogenin) has been 
suggested to act as a catalytic residue that transiently attaches to the substrate sugar 
molecule before transferring it to the acceptor [37,38]. Surface electrostatic models of 
GUX1 show a positively charged patch directly adjacent to this glutamine, which may 
help to stabilize the negatively charged GlcA while it is transiently attached to the 
enzyme (Fig. 3-6D). This positively charged region is not found near the catalytically 
active glutamine in glycogenin, which is expected to form an intermediate with the 
neutral sugar glucose (Fig. 3-6C). In addition, although the electrostatic models show that 
this region in GUX1 is the most positively charged, similar positively charged regions are  
found in GUX2, GUX4 and GUX5, but not GUX3. This observation could explain why 
GUX3 is not active even though it is the protein most closely related to GUX1. It is 
noteworthy that modeling of the GUX proteins show that GUX1, GUX2, and GUX4 have 
similar electrostatic patterns in the region of substrate binding, while GUX3 and GUX5 
are clearly more divergent (Fig. 3-6). The lack of activity and the apparently different 
structures of GUX3 and GUX5 suggest that these proteins may have a different role. 
However, given the very close phylogenetic relationship of all five GUX proteins, we 
suggest that the most likely role of GUX3 and GUX5 is as non-catalytic subunits in a 
GUX complex. This explanation could also account for why Lee et al. (2012) found that 
overexpression of GUX3 in tobacco BY2 cells led to an increase in xylan GlcAT activity 
in the cells even though our results and structural modeling suggest that GUX3 is not 
catalytically active. Further studies of protein-protein interactions among the GUX 
proteins and other proteins involved in xylan biosynthesis are needed to clarify the 
possible interactions between GUX proteins and other xylan biosynthetic proteins. 

The GUX1 – GUX5 proteins all have one predicted N-terminal transmembrane 
domain, which is expected for classical type II Golgi-localized GTs. In contrast, PGSIP6, 
PGSIP7 and PGSIP8 are predicted to have between five and seven transmembrane 
domains distributed along the length of the protein. This topology, along with their 
relatively distant relationship to the GUX proteins, indicates that these proteins are 
unlikely to function in transferring GlcA onto xylan. Analysis of knock out mutants may 
provide indications of such functions, although our preliminary studies of such mutants 
have not given any obvious phenotypes or suggestion of function. 
 
 
Additional Discussion 
 
 After the publication of this work in 2012, more detailed research was published 
showing the pattern of GlcA substitutions on xylan in gux1 and gux2 mutants [40]. This 
work used xylanase digestions of extracted xylan to show that that in gux1 mutants, GlcA 
was placed on both odd and evenly spaced Xyl residues an average of eight residues 
apart, while in gux2 mutants GlcA was placed on evenly-spaced Xyl residues between 
two and 26 residues apart. These results led to the proposal that xylan contains a ‘major 
domain’ substituted by GUX1 and a ‘minor domain’ substituted by GUX2. These 
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domains are thought to exist on the same xylan molecule since they could  
 
 

 
 
Figure 3-7.  Substitution patterns produced by GUX enzymes in vitro. Purified enzymes were 
incubated with UDP-GlcA and xylohexaose, then reaction products were digested with 
xylosidase. Remaining fragments were detected by LC-MS. Values shown are the mean of two 
replicates and are percentages of the total fragments produced. 
 
 
not be separated by size or charge; however, they likely convey distinct properties to 
different parts of the polymer. Because of the 180° rotation of each Xyl residue in the 
xylan backbone, the major domain is expected to have GlcA substitutions only on one 
face of the polymer, allowing it to interact with cellulose microfibrils. The minor domain, 
on the other hand, may form a more twisted structure that allows it dissociate from 
cellulose and form crosslinks to other cellulose microfibrils. These proposed structures 
are based on modeling rather than experimental data, but they raise interesting 
possibilities regarding the significance of the different xylan domains and how they affect 
interactions within the cell wall.  
 Strikingly, our in vitro work on GUX1 showed that it substitutes xylohexaose 
only on Xyl residues that are an even number of residues from the reducing end (Figure 
3-2E). This result matches the gux1 mutant data from Bromley et al. [40] extremely well 
and seems to indicate that a structural property of GUX1 itself – rather than properties 
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that arise from its placement in the Golgi or in a protein complex – confers its ability to 
substitute xylan on only one face of the molecule. A further implication is that the GUX1 
active site must recognize and position either the reducing or non-reducing end of the 
xylohexaose acceptor in order to selectively substitute either the second or fourth Xyl 
from the reducing end (or, equivalently, the third or fifth Xyl from the non-reducing end). 
If the xylan backbone is synthesized processively by addition of Xyl to the non-reducing 
end, then GUX1 must bind to this end intermittently in order to transfer GlcA in the 
patterns observed. Another possibility is that xylan is synthesized and substituted in 
smaller pieces that are later stitched together, either in the Golgi or in the apoplast. This 
second scenario might allow for alternation of major and minor domains on the same 
xylan molecule, as is seen in planta. In any case, major questions remain about how the 
xylan backbone is synthesized and substituted. 
 Another prediction from the gux1 mutant analysis is that GUX2, which appears to 
substitute the minor xylan domains, should not exhibit this specificity. We therefore 
tested whether GUX2 shows any specificity in vitro by digesting GUX2 reaction products 
with xylosidase, which cleaves unsubstituted Xyl residues from the non-reducing end of 
the xylooligomer, allowing us to deduce the structure of the original molecule. We also 
tested GUX4, which is also active when purified from agroinfiltrated N. benthamiana. 
The results (Figure 3-7) confirmed that only GUX1 shows specificity for evenly spaced 
Xyl residues, again matching the data from gux1 and gux2 mutants. It is not clear what 
structural properties differ between GUX1, GUX2, and GUX4 to account for these 
differences. More information about the structure and mechanisms of these enzymes – 
such as X-ray crystallography to determine where the acceptor binds or point mutation 
studies to identify important residues – could help us understand how these closely 
related enzymes can have nuanced but important differences in function. 
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Materials and Methods 
 
Phylogenetic Analysis 
 

Protein sequences obtained from The Arabidopsis Information Resource 
(www.arabidopsis.org) were aligned using MUSCLE 3.7 [41], and the phylogenetic tree 
was built using PhyML 3.0 aLRT [42] and viewed using FigTree version 1.3.1 
(http://tree.bio.ed.ac.uk/software/figtree/). 

 
Plant Material and Transient Expression 
 

Three- to 4-week old Nicotiana benthamiana ‘Domin’ plants were used for 
infiltration with Agrobacterium tumefaciens. Agrobacterium strain C58-1 pGV3850 
carrying the appropriate vectors was grown to log phase, pelleted at 3,500g, and 
resuspended in 10 mM MES-KOH, pH 5.6, 10 mM MgCl2, and 200 µM acetosyringone 
before being infiltrated into the abaxial surfaces of leaves. Agrobacteria were 
resuspended to an optical density at 600 nm of 1.0 for protein purification or an optical 
density at 600 nm of 0.1 for confocal microscopy. Plants used for protein purification and 
activity assays were coinfiltrated with a strain carrying a plasmid with the p19 gene from 
Tomato bushy stunt virus [43]. As much of each leaf as possible (approximately 95%) 
was infiltrated. The expression of genes fused to YFP was verified by monitoring YFP 
fluorescence with an epifluorescence microscope, and all cells in infiltrated areas were 
shown to express protein. 

 
Microsome Preparation 
 

Entire infiltrated leaves were harvested on day 3 after infiltration. All microsome 
preparation steps took place at 4°C. Leaf tissue was ground in buffer containing 50 mM 
HEPES-KOH, pH 7.0, 400 mM Suc, 1 mM phenylmethanesulfonyl fluoride, 1% (w/v) 
polyvinylpolypyrrolidone, and protease inhibitors (Roche Complete protease inhibitor 
tablets). The homogenate was filtered through two layers of Miracloth (EMD Millipore) 
and centrifuged at 3,000g for 10 min, then the supernatant was centrifuged at 50,000g for 
1 h. The pellet was resuspended in 50 mM HEPES-KOH, pH 7.0, and 400 mM Suc. 
Microsomes were used immediately or frozen in liquid nitrogen and stored at −80°C. No 
significant loss of activity was detected after freezing. 

 
Cloning and Construction of Expression Vectors 

 
All clones used in this study were constructed using Gateway technology 

(Invitrogen). The entry clones were obtained via BP (attB × attP recombination) reaction 
in pDONR-Zeo. The genes were cloned using cDNA from Arabidopsis (Arabidopsis 
thaliana) stems or leaves as template. The reverse primers contained no stop codon to 
enable C-terminal fusions. Sequences of forward and reverse primers can be provided on 
request. All entry clones were verified by restriction analysis and sequencing. Gateway 
expression vectors were constructed via LR (attL × attR recombination) reaction with the 
corresponding entry clone and the binary vector pEarleyGate101, which contains a 35S 
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promoter and a C-terminal YFP-HA tag [44]. 
 

Protein Purification 
 
All purification steps took place at 4°C. Microsomal proteins were first 

solubilized by incubating with 1% Triton X-100 for 10 min and subsequently 
centrifuging at 100,000g for 30 min. The supernatant was incubated with EZview Red 
anti-HA resin (Sigma-Aldrich) for 3 h, washed three times with 1% Triton X-100, 400 
mM Suc, 50 mM HEPES-KOH, pH 7.0, and 200 mM NaCl, and then washed three times 
with 400 mM Suc and 50 mM HEPES-KOH, pH 7.0. Resin-bound protein was used 
directly in GlcAT assays. For immunoblot analysis, proteins were resolved by SDS-
PAGE on 7% to 15% gradient gels and blotted onto nitrocellulose membranes (GE 
Healthcare). Blots were probed with a 1:10,000 dilution of rabbit anti-HA antibody 
(Sigma-Aldrich), followed by a 1:20,000 dilution of goat anti-rabbit IgG conjugated to 
horseradish peroxidase (Sigma-Aldrich), before applying ECL Plus detection reagent (GE 
Healthcare). Blots were imaged using a ChemiDoc-It 600 Imaging System (UVP). 
 
Glucuronosyltransferase and Xylosyltransferase Assays 

 
Xylan glucuronosyltransferase activity in microsomes or purified proteins was 

determined essentially as described [45] using 3.7 µM UDP-[14C]D-GlcA (740 Bq per 
reaction; MP Biomedicals), 50 µM unlabeled UDP-D-GlcA, and 400 µM xylohexaose 
(Megazyme) as acceptor in a 30-µL reaction volume. Products were separated by paper 
chromatography and analyzed by liquid scintillation counting according to [45]. 
Microsomes corresponding to 100 µg of protein were used. The reaction took place at 
20°C (except in Fig. 3-3D), and reaction time was 2 h (except in Fig. 3-3B). For 
determining the optimal Mn2+ and Mg2+ concentrations, protein was incubated with 10 
mM EDTA in a total volume of 5 µL on ice for 10 min before being added to the 30-µL 
reaction. For determining the optimal pH, MES buffer was used for pH 5.0, 5.5, 6.0, and 
6.5 and HEPES buffer was used for pH 7.0, 7.5, 8.0, and 8.5. For reactions with purified 
GUX1, an amount of protein corresponding to 100 µg of microsomal protein was used in 
each assay (except in Fig. 3-3A). The concentration of the purified protein was too low to 
be determined. The Km for UDP-GlcA was determined by varying the UDP-GlcA 
concentration and determining the amount of product made by the purified GUX1 in a 1-
h reaction. Xylosyltransferase assays were performed as described [45]. 

 
Analysis of Radiolabeled Glucuronoxylohexaose 

 
After the GlcAT reaction, labeled product was separated from unincorporated 

UDP-GlcA by spotting the reaction onto Whatman 3M chromatography paper and 
developing it in 95% ethanol:1.0 M ammonium acetate (2:1, v/v). The origin was cut out, 
and the product was eluted from the paper in 1 mL of water, dried down, and resuspended 
in 20 µL of water. α-Glucuronidase (0.5 µg) from Bacteroides ovatus was used to digest 
the product in 100 mM ammonium acetate, pH 5.5, in a total volume of 50 µL for 1 h at 
21°C. Digested product and product incubated with buffer alone were then analyzed by 
paper chromatography and scintillation counting as above. 
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Xylosidase Digestion of Glucuronoxylohexaose 

 
Purified GUX1 corresponding to 500 µg of microsomal proteins was incubated 

with 50 mM HEPES-KOH, pH 6.8, 5 mM MnCl2, 400 µM Xyl6, and 500 µM UDP-GlcA 
to produce glucuronoxylohexaose. This product was then digested with β-xylosidase 
(Sigma) in 100 mM HEPES-NaOH, pH 7.0, for 1 h at 70°C. Digested fragments were 
quantified using LC-TOF-MS. 
 
LC-TOF-MS Analysis 

 
Products from reactions using purified GUX1 both with and without xylohexaose 

were analyzed. Enzyme reactions were centrifuged in a 3.5-kD dialyzer (Novagen) before 
analysis. The solvents used were of HPLC grade or better (Honeywell Burdick & 
Jackson). Chemical standards were purchased from Megazyme and were made up to 20 
µM, as the stock solution, in methanol:water (50:50, v/v). The separation of metabolites 
was conducted on a Fermentation Monitoring HPX-87H column with 8% cross-linkage 
(150 mm length, 7.8 mm internal diameter, and 9 µm particle size; Bio-Rad) using an 
Agilent Technologies 1100 Series HPLC system. A sample injection volume of 10 µL 
was used throughout. The temperature of the sample tray was maintained at 4°C by an 
Agilent FC/ALS Thermostat. The column compartment was set to 50°C. Metabolites 
were eluted isocratically with a mobile phase composition of 0.1% formic acid in water. 
A flow rate of 0.5 mL min−1 was used throughout. The HPLC system was coupled to an 
Agilent Technologies 6210 TOF mass spectrometer using a one-to-five postcolumn split. 
Contact between both instruments was established by a local area network card in order 
to trigger the mass spectrometer into operation upon the initiation of a run cycle from the 
MassHunter workstation (Agilent Technologies). Nitrogen gas was used as both the 
nebulizing and drying gases to facilitate the production of gas-phase ions. The drying and 
nebulizing gases were set to 12 L min−1 and 30 ψ, respectively, and a drying gas 
temperature of 330°C was used throughout. Electrospray ionization was conducted in the 
positive ion mode, and a capillary voltage of 3,500 V was utilized. MS experiments were 
carried out in the full scan mode, at 0.86 spectra s−1, for the detection of [M+Na]+ ions. 
The instrument was tuned for a range of 50 to 1,700 m/z. Prior to LC-TOF-MS analysis, 
the TOF mass spectrometer was calibrated via an electrospray ionization low-
concentration tuning mix (Agilent Technologies). Data acquisition and processing were 
performed with the MassHunter software package. Xylooligomer standards ranging from 
Xyl to xylohexaose were used to estimate the amounts of glucuronoxylooligomers. 
 
Fluorescence Confocal Microscopy 

 
Abaxial epidermal sections from infiltrated leaves were used for microscopy. A 

Zeiss LSM 710 confocal microscope equipped with Argon and InTune lasers was used 
for confocal laser-scanning microscopy. All images were obtained with a 1.30 numerical 
aperture oil 40× objective. YFP and mCherry channels were imaged by simultaneous 
scanning using excitation/emission of 514/519 to 560 nm for YFP and 587/600 to 634 nm 
for mCherry. The Zen software package (Carl Zeiss) was used for image acquisition and 
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processing. 
 
Structural Modeling 

 
The SWISS-MODEL server was used to predict protein structures [46]	  [47]. 

Aligned regions were selected by the SWISS-MODEL server with an E-value cutoff of 
10−6, and amino acids 317 to 577 (GUX1), 296 to 555 (GUX2), 281 to 541 (GUX3), 266 
to 517 (GUX4), and 274 to 526 (GUX5) were used to make homology models with the 
glycogenin structure ILL2 [38]. Electrostatic outputs for these models were generated 
using PDB2PQR [48] [49], and surface electrostatics were calculated using the Adaptive 
Poisson-Boltzmann Solver software [50]. 
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Chapter 4: Xylan Biosynthesis 

 
 
 

Preface 
 
This chapter is based on the following manuscript, currently under external review: 
 
Emilie A. Rennie and Henrik Vibe Scheller (2013). Xylan Biosynthesis. Current Opinion 
in Biotechnology. 
 
This manuscript is an invited review covering the current state of our knowledge of xylan 
synthesis. My contribution to this work consisted of preparing text and figures. 
 
 
Abstract 
Plant cells are surrounded by a rigid wall made up of cellulose microfibrils, pectins, 
hemicelluloses, and lignin. This cell wall provides structure and protection for plant cells. 
In grasses and in dicot secondary cell walls, the major hemicellulose is a polymer of 
β(1,4)-linked xylose units called xylan. Unlike cellulose – which is synthesized by large 
complexes at the plasma membrane – xylan is synthesized by enzymes in the Golgi 
apparatus. Xylan synthesis thus requires the coordination of these synthetic enzymes as 
well as others that synthesize and transport substrates into the Golgi. Recent research has 
identified several genes involved in xylan synthesis, some of which have already been 
used in engineering efforts to create plants that are better suited for biofuel production. 
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Highlights 
 

• Xylan is a major component of plant biomass 
• Xylan is composed of a β(1,4)-linked xylose backbone with various substitutions 
• Recently, several new proteins have been implicated in the xylan biosynthesis 

pathway 
• Several strategies have modified xylan in order to engineer plants with improved 

properties 
 
 
 
Introduction 
 

Lignocellulosic biomass is made up largely of the secondary cell walls of plants 
and is composed primarily of cellulose, lignin, and the hemicellulose xylan. Xylan 
consists of a backbone of xylose units with various additional substitutions and is 
required for normal plant growth and development. Xylan also contributes to cell wall 
recalcitrance, decreasing the yield of sugars available for fermentation into biofuels. 
Furthermore, pentoses cannot be fermented by microorganisms such as yeast and 
therefore xylan represents a large fraction of biomass that cannot be efficiently utilized 
for fermentation. A complete understanding of the genes involved in xylan synthesis, 
how they are regulated, and how changes to these genes affect plant growth will allow us 
to design strategies for engineering plants with altered xylan.  
 
 
 
Xylan structure 
 

Xylan consists of a linear polymer of β-(1,4)-linked xylose residues substituted 
with acetyl, glucuronic acid (GlcA), 4-O-methylglucuronic acid (Me-GlcA), and 
arabinose residues (Figure 4-1). There is variation in xylan structures between different 
species and even between different tissues in the same species. In dicots, xylan is the 
predominant hemicellulose in secondary cell walls, but little is found in primary cell 
walls. In Arabidopsis, the ratio of Me-GlcA to GlcA substitutions is around two, and Me-
GlcA substitutions are found, on average, on one out of every eight xylose residues [1]. 
No arabinosyl substitutions have been reported in Arabidopsis or poplar, but they are 
known from other dicots. In contrast, xylans in grasses (Poaceae) contain much more 
arabinofuranose (Araf) and comparatively little GlcA. Araf may be α-(1,2) or α-(1,3)-
linked to the xylan backbone, and the α-(1,3)-linked residues may be further substituted 
with xylose, coumaric acid or ferulic acid. Little information is available regarding the 
frequency and patterns of substitutions in grasses, but in general the frequency of 
substitutions is lower in older tissues. 

Dicot xylan molecules include the tetrasaccharide 4-β-D-Xyl-(1–4)-β-D-Xyl-(1–
3)-α- L-Rha-(1–2)-α-D-GalA-(1–4)-D-Xyl at their reducing ends. The function of this 
tetrasaccharide is not known, although it has been suggested to serve either as an initiator  
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Figure 4-1. Generalized structures of xylan. Dicot xylan is substituted with GlcA, Me-GlcA, and 
acetate. Arabinose substitutions may be present but are frequently not found. The major domain 
has Me-GlcA on evenly spaced residues about eight xylose units apart, while the minor domain 
has Me-GlcA more closely spaced. Rhamnose and galacturonic acid are found at the reducing 
end. In grasses, xylan may also be substituted with arabinose, xylose, galactose, and ferulic and 
coumaric acid. 
 
 
or terminator of xylan backbone synthesis [2]. The structure of xylans is discussed in 
several recent reviews [3-6].   

One elusive question regarding xylan structure is its interactions with other cell 
wall polymers. Xylan has been proposed to coat cellulose microfibrils and crosslink them 
with each other or with other polymers via hydrogen bonding, which may be influenced 
by xylan substitution patterns since these patterns are expected to affect xylan’s 
conformation and solubility [1]. Xylan may also covalently bind to other polymers: it 
may be linked to lignin via ester bonds to GlcA and ether bonds to Xyl or Ara [7,8], and 
the ferulic acid esters in grass xylans can undergo oxidative dimerization to form 
crosslinks to adjacent xylan chains or to lignin. A recent report provides evidence that in 
Arabidopsis xylans can be covalently linked to both pectin and arabinogalactan proteins 
in a large proteoglycan complex called ‘Arabinoxylan Pectin Arabinogalactan Protein 1’ 
(APAP1), possibly via the rhamnose backbone residues in rhamnogalacturonan and 
arabinose residues in arabinogalactan [9]. The xylan found to be linked to these structures 
contained arabinose – which has not been observed before in Arabidopsis xylan – 
suggesting that the xylan in APAP1 is distinct from previously studied Arabidopsis 
xylans. Very little is known about synthesis of this xylan domain and how it is attached to 
APAP1. Understanding this process, including how much of xylan is linked to APAP1 
and whether links occur in the Golgi, as polysaccharides are synthesized, or in the 

Xylose  Rhamnose  Galactose  Acetyl  Feruloyl
Glucuronic acid Galacturonic acid Arabinose  Methyl  p-Coumaroyl

Dicots
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apoplast, will greatly affect our understanding of xylan’s biosynthesis and role in the 
wall.  
 
Glycosyltransferases and other enzymes involved in xylan synthesis 
 
Several enzymes have been implicated in xylan synthesis, many in the last few years. 
Figure 4-2 shows a schematic overview of xylan biosynthesis. Two members of 
Glycosyltransferase Family 43 (GT43), Irregular Xylem (IRX) 9 and IRX14, and one 
member of GT47, IRX10, encode putative xylosyltransferases required for synthesizing 
the xylan backbone. Mutations in these three genes cause dwarfing and a reduction in 
xylan content and xylosyltransferase activity [10,11]. In addition, related genes IRX9-like 
(IRX9-L), IRX10-L and IRX14-L appear to encode functionally redundant paralogs 
[11,12]. Overexpressing IRX9 and IRX14 together in tobacco cell culture results in 
higher microsomal xylan:xylosyltransferase enzyme activity, leading to the suggestion 
that these two proteins synthesize the xylan backbone cooperatively [13] . However, 
overexpression of rice IRX9 in Arabidopsis led to increased xylan synthase activity 
without the need for simultaneous overexpression of IRX14 [14]. Activity of purified 
IRX9 or IRX14 has not been shown in vitro, and it is not clear whether these proteins 
and/or IRX10 are catalytically active. A study of wheat xylan synthase showed that 
homologs of IRX14 and IRX10 could be coimmunoprecipitated, indicating the presence 
of several glycosyltransferases in the same xylan synthase complex [15]. The wheat 
xylan synthase complex also contained UDP-arabinose mutase, which is responsible for 
converting UDP-arabinopyranose to the UDP-arabinofuranose that is the substrate for 
xylan arabinosyltransferases [15,16]. The GlcA substitutions in Arabidopsis secondary 
cell wall are added by Glucuronic Acid Substitution of Xylan (GUX) 1 and GUX2, both 
members of the GT8 family [17-19]. Interestingly, Bromley et al. [1] showed that GUX1 
is responsible for adding GlcA to the majority of xylan on evenly spaced xylose residues 
ranging from 6 to 26 residues apart, while GUX2 adds GlcA to more closely spaced even 
and odd xylose residues. These two different activities result in synthesis of two distinct 
xylan domains, most likely separated from each other but coexisting on the same xylan 
molecule. The functional significance of these different domains is unclear, although they 
may affect xylan’s ability to crosslink cellulose microfibrils [1]. 

4-O-methyl groups are transferred from S-adenosylmethionine to GlcA residues 
by GXMT1, a protein containing a Domain of Unknown Function 579 (DUF579) 
[20,21]. Mutations in other DUF579 genes, specifically IRX15 and IRX15-L, have been 
shown to cause decreases in xylan content in Arabidopsis [22,23]; however, the 
biochemical function of IRX15 and IRX15L is unclear, and they are unlikely to 
methylate glucuronoxylan since the degree of methylation is increased in irx15 and irx15-
l mutants [20]. IRX15 and IRX15-L may instead be non-catalytically active members of a 
xylan synthesis protein complex, or they may methylate another cell wall polymer, such 
as pectin, that has an indirect effect on xylan synthesis. Pectin contains O-methylated 
fucose and xylose residues [24], and many cell wall mutants show reductions in both 
pectin and xylan, making it difficult to sort out pleiotropic effects [11,25-27]. 

A recent paper has identified members of the GT61 family that are likely to add 
arabinosyl residues to the xylan backbone [28]. The biochemical function has not been 
unequivocally demonstrated and it is unclear how many different types of enzymes that 
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are required to add the different O-2 and O-3 linked arabinosyl residues. Grass xylans 
often have xylose linked to O-2 of feruloylated arabinosyl residues and a recent paper 
 

 
 
 
 

 
 
 
Figure 4-2. Xylan is synthesized in the Golgi apparatus by Type II membrane proteins anchored 
by a single N-terminal transmembrane domain and with their catalytic domains in the Golgi 
lumen. Some proteins, such as IRX10, are predicted to lack a transmembrane domain. Substrates 
are synthesized in both the cytosol and in the lumen. UDP-GlcA is transported into the Golgi by 
an unknown transporter and converted into UDP-Xyl by UDP-Xyl Synthase (UXS). Another 
isoform of UXS is present in the cytosol, and UDP-Xyl synthesized there can also be transported 
into the Golgi. The relative fluxes through these two separate pathways are unknown. UDP-Xyl is 
converted to UDP-Arap inside the Golgi by UDP-Xyl Epimerase (UXE) [56] and UDP-Arap is 
converted to UDP-Araf by the mutase Reversibly Glycosylated Protein (RGP), located on the 
outer Golgi membrane [57]. Presumably transporters must move UDP-Arap out of and UDP-Araf 
into the Golgi, but these transporters have not yet been identified. Some isoforms of cytoplasmic 
UDP-Glc Epimerase (UGE) may also contribute to the conversion of UDP-Xyl to UDP-Arap 
[58]. BAHD acyltransferases in the cytosol are involved in xylan synthesis and presumably 
transfer ferulic acid to an intermediate, such as UDP-Araf, which is then transported into the 
Golgi and transferred onto xylan by unknown proteins. Acetate is likely added to xylan by the 
DUF231 protein Trichome Birefringence-like 29 (TBL29). Reduced Wall Acetylation (RWA) 
proteins are also involved in acetylation and may serve as acetyl-CoA transporters. S-
adenosylmethionine, the substrate for xylan methylation, is synthesized in the cytosol and must 
also be transported into the lumen. Not shown are transporters for coproducts such as CoA,  and 
S-adenosyl homocysteine, which must be removed from the Golgi and recycled in the cytosol. 
UMP is removed from the Golgi by the nucleotide sugar transporters, which function as 
antiporters. 
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indicated that another GT61 enzyme is a xylosyltransferase responsible for this structure 
[29]. Several papers have confirmed that acyltransferases belonging to the BAHD family 
are involved in the addition of ferulic and coumaric acid esters to xylan [30,31]. BAHD 
acyltransferases are cytoplasmic as are the hydroxycinnamoyl-CoA substrates and 
therefore it is surprising that these enzymes can mediate esterification of nascent xylan in 
the Golgi lumen. Most likely an intermediate acceptor is esterified in the cytoplasm and 
transported into the Golgi. It has been speculated that the intermediate could be feruloyl-
UDP-arabinofuranose [32], but evidence for this is lacking.  

A number of additional glycosyltransferases known as IRX7/FRA8 (and the 
homolog IRX7L/F8H), IRX8/GAUT12 and PARVUS/GATL1 have been implicated in 
xylan biosynthesis due to the xylan deficient phenotype of the corresponding loss-of-
function mutants [3,4]. These mutants have small amounts of xylan with a high molecular 
mass and absence of the reducing end oligosaccharide, which has led to the suggestion 
that they are involved in synthesizing the reducing end and that this structure functions as 
a type of terminator [2]. However, more recently the moss Physcomitrella patens, which 
does not appear to have the reducing end oligosaccharide, was shown to have likely 
orthologs of  IRX8, IRX7 and PARVUS [33]. The same is true for grasses, even though 
functional equivalence of the putative orthologs has not been demonstrated. Hence, these 
glycosyltransferases that affect the reducing end structure in Arabidopsis may not be 
directly involved in its biosynthesis.  

The acetyl esters that are frequently found on O-2 and O-3 of backbone xylose 
residues are ultimately derived from acetyl-CoA. Proteins belonging to the Reduced Wall 
Acetylation family are involved and may function at an initial biochemical reaction or as 
transporters, since these proteins are not specific for any particular polysaccharide [34]. 
Proteins belonging to the DUF231 family likely operate at a later biochemical reaction 
and have a restricted specificity. Recently, a DUF231 protein with a specific role in xylan 
acetylation was identified [35,36]. 
 
 
 
Glycosyl hydrolases involved in xylan synthesis 
 

Since grass xylan in general contains fewer branches in older tissue, one might 
expect that glycosyl hydrolases are involved in modifying xylan substitutions as the plant 
matures. Extracts from plants exhibit trans-β-xylanase, xylosidase, and arabinosidase 
activities, indicating that plants modify their xylan after synthesis [37]. Transcriptional 
studies in maize have identified several putative xylosidases and arabinosidases that are 
upregulated during expansion indicating that they might play a role in cell wall loosening 
or remodeling, possibly mirroring xyloglucan remodeling via xyloglucan 
endotransglycosylase during expansion in dicots [38]. Glycosyl hydrolases are also 
implicated in dicot xylan formation: xylanase and xylosidases are thought to be involved 
in xylan remodeling in Arabidopsis [39,40], and a β-xylosidase has been proposed to play 
a role in stem bending and tension wood formation in poplar by remodeling xylan [41]. 
However, it is unclear exactly how these enzymes modify xylan and what purpose these 
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modifications serve. This represents an interesting area for future study, particularly in 
grasses where xylan substitutions appear to be more plastic throughout development. 
Regulation of xylan synthesis 
 

Many transcription factors involved in xylan synthesis in Arabidopsis have been 
identified, particularly master switches such as Secondary Cell Wall Associated NAC 
Domain 1 (SND1) and several transcription factors directly downstream, including 
multiple MYB factors and a KNOTTED1-like homeodomain protein (reviewed in [42-
44]). Master regulators are active in separate tissues, such as NAC Secondary Cell Wall 
Thickening Factor 1 (NST1) which is active in fibers [45] and Vascular-related NAC 
Domain (VND) 6 and VND7 which are active in vessels [46]. The tissue-specific 
expression of these genes has made them useful for engineering plant cell walls in cases 
where it is desirable to target specific cell types [47,48]. Identification of downstream 
transcription factors – including those that directly regulate genes encoding xylan 
biosynthetic enzymes – may add to the repertoire of promoters available for tailoring 
expression.  Several candidates have been identified by monitoring expression of genes 
that are induced by known transcription factors [49] and by coexpression analysis [19]. In 
addition, similar sets of transcription factors appear to be involved in secondary cell wall 
synthesis in poplar [50], aspen [51], Brachypodium [52], and rice  [53], indicating that 
engineering strategies using these genes and their promoters may be broadly applicable 
for modification of crop plants. 
 
 
 
Biotechnology and xylan 
 

Xylan makes up a large fraction of plant biomass, second only to cellulose. 
However, the pentose sugars derived from xylan are not preferred for fermentation into 
biofuels and other products, since organisms such as yeast cannot naturally ferment 
xylose. Therefore, it is desirable to generate plants with a lower content of xylan. 
Likewise acetate is highly inhibitory for yeast and therefore xylan with a lower acetate 
content would be advantageous. Ferulic acid esters make xylan more recalcitrant and 
affect not only xylan hydrolysis but also cellulose hydrolysis. For these reasons there is a 
significant interest in generating plants with less xylan or altered xylan structure more 
compatible with downstream processes. In all these cases, simply down-regulating the 
biosynthetic enzymes is not a useful approach, since loss-of-function mutants are 
severely affected in growth and development. 

Ferulic acid content in grasses can be reduced by expressing ferulic acid esterases. 
This approach has been used by several groups, but at least in wheat the plants were 
adversely affected [32,54]. An alternative approach has been demonstrated in rice, where 
overexpression of a putative coumaroyl-transferase leads to increased coumaric acid ester 
content and decreased ferulic acid ester content, presumably due to substrate competition 
[30]. Coumaroyl esters do not readily participate in crosslinking and the resulting plants 
had improved saccharification without showing apparent adverse effects on growth and 
development. Like feruloyl esters, acetyl ester groups can be removed by expressing 
acetyl esterases. Expression of an Aspergillus acetylesterase with some specificity for 
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xylan in Arabidopsis and Brachypodium led to substantial reduction in cell wall 
acetylation and improved saccharification [55]. The plants did not display impaired 
growth, unlike knock-out mutants in the xylan acetyltransferase related protein 
TBL29/ESKIMO1 [35,36]. 
  Recently, a novel approach was established where Arabidopsis mutants deficient 
in xylan biosynthesis were complemented with the functional version of the mutated gene 
under control of a vessel-specific promoter [47,48]. The resulting plants showed growth 
comparable with the wild type plants and had restored vessel function necessary for 
efficient water and nutrient transport. However, the plants still had much lower xylan 
content because of the low content of xylan in the interfascicular fibers. Although the 
fiber cells had less xylan, some of the plant lines were mechanically as strong as the wild 
type plants. This approach of using complementation with tissue-specific promoters can 
likely also be used to improve the performance of mutants in other xylan-related genes.  
 
 
 
Conclusions 
 

Recent progress has identified several proteins involved in xylan biosynthesis 
including biosynthetic enzymes, transporters, and transcription factors. The functions of 
several individual enzymes have been definitively identified, and groups of proteins such 
as GT61 and BAHD enzymes are now known to be involved in addition of substitutions 
although the exact functions of different members of these groups still need to be 
determined. Related proteins may be responsible for different substitution patterns, as is 
the case in Arabidopsis, and future work may help determine what these patterns are and 
how they affect xylan structure and interactions with other cell wall polymers. At the 
same time, several enzymes that have been shown to affect xylan synthesis do not have 
obvious biosynthetic roles, indicating that there is still much to be learned. Other gaps 
include our limited knowledge of how linkages between xylan and other polymers are 
synthesized, the intermediates and transporters that supply substrates for enzymes in the 
Golgi, and how xylan is processed by glycosyl hydrolases during development. 
Discoveries in these areas are within reach and may bolster efforts to engineer xylan with 
improved properties for applications such as biofuel production. 
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Chapter 5: A member of Arabidopsis Glycosyltransferase Family 8 is an 
inositol phosphorylceramide glucuronosyltransferase involved in 

glycosphingolipid synthesis 
 
 
 
 
 

Preface 
 
After studying the functions of the GUX proteins, I was interested in the functions of the 
three remaining members of the PGSIP clade within GT8. I focused on PGSIP6 in 
particular because this protein was found in several Golgi proteomic studies, indicating 
that it is an important GT in this compartment. Once we had determined the function of 
PGSIP6, we renamed it Inositol Phosphorylceramide Glucuronosyltransferase 1 (IPGT1) 
to better reflect its biochemical activity. My contributions to this work included designing 
and performing yeast and N. benthamiana assays. Arabidopsis genotyping and pollen 
microscopy were contributed by Dr. Paul Dupree and members of his group at the 
University of Cambridge. 
 
 
 
Abstract 
 
Plant genomes encode hundreds of glycosyltransferases, but assigning functions to these 
proteins has proven difficult. At least two functions have been suggested for proteins in 
the GUX/PGSIP clade of Glycosyltransferase Family 8: autoglucosylation leading to 
initiation of starch synthesis, or glucuronosylation of the cell wall polymer xylan. 
Although a subgroup of these proteins have definitively been shown to synthesize xylan, 
the functions of the remaining proteins are still unknown, and the evidence for their role 
in starch synthesis is contradictory. Here we show that one member of this group, IPGT1, 
actually exhibits a third activity: synthesis of glycosyl inositol phosphorylceramides. 
IPGT1 transferred glucuronic acid to the sphingolipid inositol phosphorylceramide (IPC) 
when expressed in S. cerevisiae, and overexpression or silencing of IPGT1 in N. 
benthamiana resulted in an increase or a decrease, respectively, in IPC 
glururonosyltransferase activity. Mutations in the IPGT1 gene are pollen lethal, 
indicating that these sphingolipids are essential in plants. Assigning this novel activity to 
a member of Glycosyltransferase Family 8 sheds light on the synthesis of an important, 
plant-specific group of sphingolipids. 
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Introduction 
 

Glycosyl inositol phosphorylceramide (GIPC) sphingolipids are a major class of 
lipids in fungi, protozoans, and plants. These lipids consist of a phosphorylceramide 
backbone linked to an inositol and additional sugar residues. In plants, GIPCs are highly 
glycosylated and thus have limited solubility in typical lipid extraction solvents	  [1]. As a 
result, they have not received as much attention as the other major types of lipids. 
However, recent reports indicate that they are the predominant sphingolipids in the plant 
plasma membrane	  [2] and that they are involved in many essential processes, including 
pathogen defense	  [3] [4], symbiosis [5], and membrane trafficking and organization 
including formation of lipid rafts [6] [7]. 

GIPCs have been most extensively studied in Saccharomyces cerevisiae, and 
many genes involved in sphingolipid synthesis in plants have been identified based on 
their homology to yeast enzymes and their ability to complement the corresponding yeast 
mutants (reviewed in [8]). However, while inositol phosphorylceramide (IPC) structure is 
largely conserved, glycosylation patterns vary more widely between kingdoms. Plant 
GIPCs contain a core α(1,6)-linked glucuronic acid (GlcA) that can be modified by 
addition of (N-acetyl)glucosamine, mannose, galactose, arabinose, and fucose residues	  
[9,10]	  [1]	  [4]. These glycan structures are unique to plants; thus, finding the enzymes 
responsible for synthesizing the glycosyl portion of these glycolipids cannot rely on 
homology, and no enzymes have yet been identified in this pathway. 

We focused our investigation on the Arabidopsis protein Inositol 
Phosphorylceramide Glucuronosytransferase 1(IPGT1), a member of Glycosyltransferase 
Family 8 (GT8). This protein was formerly named Plant Glycogenin-like Starch Initiation 
Protein 6 (PGSIP6) because it is distantly related to glycogenin, and it has been suggested 
to catalyze the initiation of starch synthesis	  [11]. However, several of lines of evidence 
led us to suspect that IPGT1 is actually an IPC glucuronosyltransferase. First, IPGT1 is 
closely related to both the Glucuronic Acid Substitution of Xylan (GUX) proteins, which 
transfer GlcA onto the cell wall polymer xylan	  [12]	  [13], and the Galactinol Synthase 
(GolS) proteins, which transfer galactose onto inositol to synthesize galactinol	  [14]. We 
reasoned that IPGT1 might use the same substrate, UDP-GlcA, as the GUX proteins 
while using the same acceptor, inositol (in the form of inositol phosphorylceramide), as 
the GolS proteins (Figure 5-1). Second, IPGT1 belongs to a glycosyltransferase family 
that transfers sugars with a retaining mechanism resulting in α-linked sugars, consistent 
with the α configuration of the GlcA in GIPCs. Third, unlike its GUX and GolS relatives, 
IPGT1 is predicted to contain six transmembrane helices [13]. This domain structure is 
unexpected for a glycosyltransferase involved in starch, cell wall, or galactinol synthesis 
and could instead indicate that IPGT1 binds to a lipid acceptor. Finally, both fluorescent 
protein fusions and proteomic studies have shown that IPGT1 is localized to the Golgi 
apparatus	  [13]	  [15]	  [16], where glycosylation of sphingolipids is expected to occur	  [17]. 
This localization also provides strong evidence against the direct involvement of IPGT1 
in starch synthesis. 

We used several approaches to investigate the role of IPGT1 in GIPC synthesis. 
Our results show that IPGT1 does in fact possess IPC glucuronosyltransferase activity 
and that expression of IPGT1 is correlated to production of GIPCs in plants, allowing 
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Figure 5-1. Phylogenetic relationship of the GolS, GUX, and IPGT1 proteins led to proposal 
for IPGT1 function. IPGT1 is related to both the Galactinol Synthase (GolS) and Glucuronic 
Acid Substitution of Xylan (GUX) proteins, which transfer sugars with a retaining mechanism 
that creates α glycosidic linkages. IPGT1 uses the same donor substrate – UDP-GlcA – as the 
GUX proteins, while using the same acceptor substrate – inositol (Ins) or inositol 
phosphorylceramide – as the GolS proteins (dotted lines). Likelihood values are given at nodes. 
 
 
 
us to assign a novel enzymatic activity to the functionally diverse GT8 protein family. In 
addition, we found that IPGT1 is required in Arabidopsis, highlighting the importance of 
these abundant, yet poorly understood, sphingolipids. 
 
 
Results 
 
Introducing the plant-type sphingolipid pathway into yeast confirms that IPGT1 is an 
inositol phosphorylceramide glucuronosyltransferase 

 
Because GIPCs from Saccharomyces cerevisiae do not contain GlcA, this yeast 

provides an ideal system in which to test whether IPGT1 can transfer GlcA onto IPC. The 
major GIPC species in yeast are mannosyl inositol phosphorylceramide (MIPC) and 
mannosyl-diinositolphosphorylceramide (M(IP)2C)	  [18]; however, the yeast mutant sur1 
is defective in the mannosyltransferase that transfers mannose to IPC to synthesize MIPC 
and therefore accumulates IPC	  [19], the predicted acceptor substrate for IPGT1. Although 
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yeast do not naturally synthesize UDP-GlcA, the predicted donor substrate for IPGT1, we 
introduced the UDP-glucose dehydrogenase gene UDG2 from Arabidopsis	  [20] into the 
sur1 mutant yeast strain in order to produce this substrate. We also introduced the human 
UDP-GlcA transporter, hUGTrel7, to ensure that UDP-GlcA is present in the Golgi 
lumen	  [21]. This strategy is outlined in Figure 5-2a. 

Lipids from sur1 yeast expressing UGD2, hUGTrel7, and IPGT1 were extracted 
and analyzed by mass spectrometry (Figure 5-2c). The major IPC species in these yeast 
contained trihydroxy C18 saturated (t18:0) long-chain sphingobases (LCB) acylated to 
mono- or dihydroxy C26 fatty acids, with [M-H]- peaks at m/z 952.7 and 968.7, 
respectively [22] (Figure 5-2c). In wild-type yeast, additional peaks at m/z 1114.8 and 
1130.8 represent MIPC with the addition of a mannose residue (162 amu)	  [22]. However, 
these peaks were absent in sur1 yeast as expected, and when UGD2, hUGTrel7, and 
IPGT1 were expressed, peaks instead appeared at m/z 1128.6 and 1144.6 that represent 
the addition of a GlcA residue (176 amu) (Figure 5-2c). Tandem mass spectrometry 
confirmed the identity of these compounds (Figure 5-2d). These results indicate that 
IPGT1 is capable of transferring a GlcA residue from UDP-GlcA onto IPC in yeast. 

Lipids from transformed yeast were also visualized by thin-layer chromatography 
(TLC). Several bands representing polar lipids including IPC were visible near the 
solvent front, and expression of IPGT1 led to the appearance of an additional lipid band 
(arrowhead, Figure 5-2e). The slower migration of this band compared to IPC in the 
solvent system used is consistent with the addition of a charged group such as GlcA [23], 
and when the band was excised and analyzed with mass spectrometry it was determined 
to contain the peak at m/z 1128.6 representing GlcA-IPC. 

As additional controls, sur1 mutant yeast were transformed with all eight possible 
combinations of either empty vectors or vectors containing UGD2, hUGTrel7, and/or 
IPGT1 cDNA. Yeast expressing UGD2 and IPGT1, but not hUGTrel7, were able to 
produce some GlcA-IPC (Appendix 3, Figure 1). This result is consistent with a small 
amount of UDP-GlcA entering the Golgi lumen; background transport or leaking of 
UDP-GlcA has been observed before in yeast microsomes [21]. However, GlcA-IPC 
production was more pronounced when the UDP-GlcA transporter hUGTrel7 was also 
expressed, indicating that IPC glucuronosyltransferase activity likely occurs inside the 
Golgi lumen as expected. No other combinations led to production of GlcA-IPC, 
indicating that IPC glucuronosyltransferase activity is dependent on both UGD2 and 
IPGT1. The requirement for UGD2 provides additional evidence that the uronic acid in 
the compound with m/z 1128.6 is GlcA, and that UDP-GlcA is the substrate used in 
glucuronosylation. 

 
 

IPGT1 is required in Arabidopsis and is expressed throughout the plant 
 
GIPCs are a major component of plant plasma membranes and are involved in 

many essential processes; therefore we expected that mutations in the IPGT1 gene would 
cause severe phenotypes. Correspondingly, we were unable to obtain homozygous ipgt1 
mutants, and ratios of wild type to heterozygous plants from two insertional mutant lines 
indicated that the mutant ipgt1 allele is transferred through the male gametophyte at a 
frequency of 1-2% (Table 5-1). This result indicates that ipgt is most likely pollen lethal. 
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Figure 5-2. Production of GlcA-IPC in yeast. a) Diagram of strategy for expressing proteins to 
produce GlcA-IPC. UDP-Glucose Dehydrogenase 2 (UGD2), human UDP-Galactose Transporter 
Relative 7 (hUGTrel7) and IPGT1 were transformed into sur1 knockout yeast. b) Immunoblot 
showing expression of heterologous proteins in yeast with empty vectors (1) or vectors with 
UGD2, hUGTrel7 and IPGT1 (2). c) Mass spectrometry of lipids from yeast transformed with 
control (empty) or UGD2, hUGTrel7, and IPGT1 vectors. Major IPC species at m/z 952.7 and 
968.7 and corresponding GlcA-IPC species at m/z 1128.6 and 1144.6 are indicated. d) Tandem 
mass spectrometry confirming identification of the GlcA-IPC peak at m/z 1128.6. Expected m/z 
for each fragment ion are indicated in the diagram. e) TLC of lipids from sur1 yeast with empty 
vectors (lane 1) or vectors with UGD2, hUGTrel7 and IPGT1 (lane 2). The GlcA-IPC band is 
indicated by the arrowhead. 
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However, pollen grains did not show any obvious defects (Appendix 3, Figure 2). It is 
likely that IPGT1 is required at a later stage, such as during pollen tube guidance or 
fertilization. 

We expected that a protein responsible for synthesis of a major class of lipids 
would be expressed more or less constantly throughout development. This expectation 
was supported by quantitative PCR (Figure 5-3) showing expression of IPGT1 in all 
stages and tissues tested. Together, these results indicate that IPGT1 and therefore GIPCs 
are essential, especially during pollen development. 
 
 

Parent genotype Selfing   TEFemale  TEMale 

ipgt1-1/+  0.98:1 (672)  95% (455)  1% (527) 
ipgt1-2/+  0.93:1 (349)  92% (349)  2% (519) 

 
 
Table 5-1. Male gametophyte transmission deficiency of ipgt1. Transmission of the ipgt1 T-
DNA alleles was determined using the ratio of Basta-resistant and Basta-sensitive seedlings for 
ipgt1-1 and the ratio of Sulfadiazine-resistant and Sulfadiazine-sensitive seedlings for ipgt1-2 
after selfing and after performing reciprocal crosses with wild type plants. Selfing, Ratio of 
number of progeny with T-DNA insertion to number of progeny without T-DNA insertion. TE, 
percentage of progeny with T-DNA insertion. Total numbers of seedlings scored are indicated in 
parentheses. 

 
 

 
 
Figure 5-3. Expression of IPGT1. Quantitative PCR showing expression of IPGT1 cDNA in 
Arabidopsis tissues. Values are the mean ± standard error of three technical replicates and are 
expressed as the ratio to the control transcript, ubiquitin (UBI). 
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Overexpressing IPGT1 leads to increased IPC glucuronosyltransferase activity while 
silencing IPGT1 leads to decreased activity in Nicotiana benthamiana 

 
We developed an enzyme assay for IPC glucuronosyltransferase activity in 

microsomes from Nicotiana benthamiana. Although the acceptor IPC is not 
commercially available, it is present in plant microsomal fractions [24]. Microsomes 
were incubated with UDP-[14C]GlcA to allow [14C]GlcA to be transferred onto 
endogenous IPC, then the reaction was stopped and lipids were extracted and separated 
by TLC. The position of the radiolabeled lipids was visualized using a phosphorimager 
(Figure 5-4a). Radiolabel was incorporated into several bands; however, only one pair of 
bands was resistant to mild alkaline hydrolysis, which cleaves glycerolipid but not  

 
 
 

 
Figure 5-4. Assay for IPC glucuronosyltransferase activity in N. benthamiana.  a) TLC of 
radiolabeled lipids from N. benthamiana microsomes incubated with UDP-[14C]GlcA followed by 
mock (-) or mild alkaline hydrolysis treatment (+). Arrowhead indicates the placement of a GlcA-
IPC standard produced in yeast. b) Time course showing incorporation of radiolabel into the 
GlcA-IPC band. c) Intensity of radiolabeled GlcA-IPC bands produced from microsomes 
prepared from N. benthamiana plants expressing p19 (control), overexpressing GUX (GUX-OE) 
or IPGT1 (IPGT1-OE), or silencing GUS (GUS-S) or IPGT1 (IPGT1-S). Values are the mean +/- 
SE of three biological replicates. d) Expression levels showing silencing of IPGT1 homologs H1, 
H2, and H3 in N. benthamiana, in both GUS-S control and IPGT1-S plants. Values are 
expression levels relative to the control transcript, ubiquitin. Overexpression of GUX1-YFP-HA 
and IPGT1-YFP-HA was confirmed using fluorescence microscopy (not shown). 
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sphingolipid fatty acids [25]. In addition, these bands migrated to the same position as the 
GlcA-IPC produced in transgenic yeast, which was used as a standard. These bands were 
therefore designated as [14C]GlcA-IPC. 

In order to test whether IPGT1 is responsible for the production of [14C]GlcA-IPC 
in planta, we used agroinfiltration to transiently overexpress both IPGT1-YFP-HA and 
GUX1-YFP-HA fusion proteins in N. benthamiana leaves. GUX1 is a 
glucuronosyltransferase that acts on the cell wall polymer xylan and was used as a control 
to determine whether IPC glucuronosyltransferase activity was specific to IPGT1. Both 
constructs were co-agroinfiltrated with p19, a viral protein that is used as a suppressor of 
gene silencing, to ensure that the proteins were highly expressed. Overexpressing IPGT1-
YFPHA caused an increase in the intensity of the [14C]GlcA-IPC band to about 270% of 
that of the p19 control (Figure 5-4c). However, in microsomes from plants 
overexpressing GUX1-YFPHA, the intensity of the band was similar to that in 
microsomes from plants infiltrated with p19 alone. 

We also used virus-induced gene silencing (VIGS) to reduce expression the N. 
benthamiana homologs of IPGT1. Plants were also infiltrated with a control construct 
designed to silence the GUS transcript, which is not endogenous to plants. The N. 
benthamiana genome encodes three IPGT1 genes (Appendix 3, Figure 3). Because the 
genes share high sequence similarity, we designed a construct to knock down expression 
of all three transcripts at once, with remaining transcript levels between 10 and 40% of 
those in the GUS-silenced control (Figure 5-4d). Assays using microsomes from plants 
silencing the N. benthamiana IPGT1 homologs resulted in a reduction of the [14C]GlcA-
IPC band to about 35% of that produced by GUS-S control microsomes. 

These results indicate that the amount of IPC glucuronosyltransferase activity in 
planta correlates to IPGT1 expression levels. 
 
 
Discussion 
 

Using biochemical approaches, we have shown that IPGT1 is an inositol 
phosphorylceramide glucuronosyltransferase. This is the first enzyme shown to 
participate in glycosylation of plant GIPCs. 

IPGT1 is required for plant growth and development 

 The identification of IPGT1 is a step forward in characterization of GIPC 
synthesis and provides an additional tool with which to investigate the functions of these 
sphingolipids. Unfortunately, we were not able to characterize ipgt1 mutants as ipgt1 
alleles were transmitted through pollen at very low frequencies, indicating that these 
mutations are pollen lethal (Table 5-1). ipgt1 pollen appeared to develop normally 
(Appendix 3, Figure 2), meaning that ipgt1 plants are affected in some process during 
either pollen tube growth or fertilization. Several scenarios could explain how GIPCs are 
involved in pollen tube growth. Membranes are especially dynamic during this process: 
lipids are turned over rapidly in growing pollen tubes [26] [27], and membranes are 
continuously secreted and recycled with up to 80% of plasma membrane secreted at the 



	  

	   86	  

tip later being endocytosed [28]. GIPCs may be required for membrane organization 
during this process. Pollen tube growth also requires extreme protein secretory activity	  
[29]; since GIPCs are synthesized in the endoplasmic reticulum and Golgi membranes, 
they may be necessary for secretory function. Sphingolipids are known to be required for 
proper Golgi morphology and protein secretion [30]. In addition, many plasma 
membrane-localized transporters and signaling components are required for tube growth 
and are located only at the pollen tube tips, indicating that precise spatial organization of 
the membrane is necessary [31]. Lipid rafts have been suggested to play a role in 
positioning membrane proteins during pollen tube growth [32] [33], and there is some 
evidence that GIPCs are enriched in lipid rafts [6]	  [7]. 

However, IPGT1 function is not limited to pollen. Transmission of the mutant 
allele through the male gametophyte was 1-2%, indicating that although pollen is 
severely affected, a small percentage of pollen is able to fertilize ovules. If even 1% of 
pollen is functional, then we would expect about 0.5% of offspring from selfed ipgt1 
mutants – or about five of the 1021 plants tested (Table 1) – to be homozygous mutants. 
However, we did not recover any homozygotes, indicating that embryos cannot develop 
without functional IPGT1. 

In addition, we found that IPGT1 is expressed at all developmental stages tested 
(Figure 5-3). IPGT1 has also been found in Golgi proteomes from several studies using 
tissue cultures, indicating that it is expressed under cell culture conditions	  [15] [16]. This 
widespread expression is not unexpected, since recent reports have indicated that GIPCs 
are a major component of plant plasma membranes [2]	  [34]. Sphingolipids are also 
concentrated in the outer leaflet of the membrane, indicating that they are subject to 
additional levels of organization	  [17]. It is becoming increasingly evident that GIPCs are 
quantitatively important and probably have functions in the secretory system and/or 
plasma membrane that have not yet been determined. GIPCs have also recently been 
implicated in salicylic acid-dependent signaling and the hypersensitive response during 
defense against pathogens [4]	  [3], and additional physiological roles in vegetative tissues 
may be uncovered as more biosynthetic proteins are identified and characterized. 

 
Specificity for IPC acceptors 

Plants produce several different ceramide species with variations in long chain 
sphingobase and fatty acid structure. The makeup of ceramides differs between 
sphingolipid pools such as free ceramides, ceramide phosphates, glucosylceramides, and 
GIPCs [34]. The significance of ratios of different ceramides in these pools – and how 
these ratios are determined – is largely unknown. Understanding the flux of ceramides 
through various sphingolipid synthesis pathways will be important for characterizing 
sphingolipid functions in planta, and enzyme specificity may be one way that these 
fluxes are controlled. We did not investigate the acceptor specificity of IPGT1 in detail; 
however, expression of IPGT1 in yeast caused glucuronosylation of IPCs containing 
several different ceramide species, indicating that IPGT1 is capable of somewhat relaxed 
acceptor specificity at least with respect to ceramide fatty acid hydroxylation and length. 
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Materials and Methods 
 
Phylogenetic Analysis 
 

Protein sequences were obtained from The Arabidopsis Information Resource 
(www.arabidopsis.org) or the Sol Genomics Network (http://solgenomics.net/) and were 
aligned using MUSCLE 3.7 [35]. Phylogenetic trees were built using PhyML 3.0 aLRT 
[36] and viewed using FigTree version 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/). 
 
Cloning and construction of expression vectors 

 
Arabidopsis and N. benthamiana cDNA was cloned using cDNA from 

Arabidopsis stems or leaves, or  N. benthamiana leaves, as template. The human cDNA 
hUGTrel7 was obtained from the CCSB Human Orfeome Collection (Thermo Scientific). 
Entry clones were constructed using Gateway technology (Invitrogen) via BP (attB × attP 
recombination) reaction in pDONR-Zeo. The reverse primers contained no stop codon to 
enable C-terminal fusions. Sequences of forward and reverse primers can be provided on 
request. All entry clones were verified by restriction analysis and sequencing. Gateway 
expression vectors were constructed via LR (attL × attR recombination) reaction. The 
binary vector pEarleyGate 101, which contains a 35S promoter and a C-terminal YFP-
HA tag, was used for expression in N. benthamiana [37]. Yeast expression vectors used 
were a Gateway-enabled pRS423 with a HIS3 marker [38] for hUGTrel7 and pDRf1-GW 
with URA3 or LEU2 markers [39] for UGD2 and IPGT1 cDNA. 
 The binary vectors TRV RNA1 and TRV RNA2 were used for VIGS [40]. A 400-
bp cDNA fragment with homology to all three IPGT1 homologs was ligated into the 
multiple cloning site of TRV2 using EcoRI and XbaI restriction sites. 

The sur1 knockout yeast strain (MATalpha Strain YPL057C) was obtained from 
the Yeast Knockout Collection (Thermo Scientific). 
 
Electrospray ionization mass spectrometry 
 

Yeast were grown in appropriate media, pelleted at 2,000g, then extracted three 
times in five volumes of 1-butanol. The extracts were pooled, partitioned once against 0.5 
volume water to remove salts and proteins, and dried. Dried lipids were resuspended in 
chloroform/methanol/4 M ammonium hydroxide (9:7:2 v/v/v) plus 0.2 M ammonium 
acetate and infused at a rate of 20 uL/min into a MDS SCIEX 2000 Q-Trap mass 
spectrometer (Applied Biosystems) operating in negative ion mode. For MS/MS, 
collision energy was set to -80 eV. 
 
Thin layer chromatography 
 

Pelleted yeast were extracted in chloroform/methanol/4 M ammonium hydroxide 
(9:7:2 v/v/v) plus 0.2 M ammonium acetate at 40 °C and centrifuged to separate the 
organic and aqueous phases. The aqueous phase was cooled to -20 °C, then centrifuged 
again. The bottom phase was collected, dried, spotted onto silica gel TLC plates and 
developed in the same solvent used for extraction. 
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Plant material and transient expression 
 

Three- to four-week old Nicotiana benthamiana ‘Domin’ plants were used for 
infiltration with Agrobacterium tumefaciens. Agrobacterium strain C58-1 pGV3850 
carrying the appropriate vectors was grown to log phase, pelleted at 3,500g, and 
resuspended in infiltration media consisting of 10 mM MES-KOH, pH 5.6, 10 mM 
MgCl2, and 200 µM acetosyringone before being infiltrated into the abaxial surfaces of 
leaves. Agrobacterium carrying the vector with the gene of interest mixed 1:1 with a 
strain carrying a plasmid with the p19 gene from Tomato bushy stunt virus [41]. The final 
optical density at 600 nm (OD600) for each strain was 1.0. As much of each leaf as 
possible (approximately 95%) was infiltrated. The expression of genes fused to YFP was 
verified by monitoring YFP fluorescence with an epifluorescence microscope, and all 
cells in infiltrated areas were shown to express protein. Entire leaves were harvested 4 d 
after infiltration. 

 
Virus Induced Gene Silencing 
 
 VIGS was performed essentially as described [42]. Two-week old plants were 
used for VIGS experiments. Agrobacterium strains carrying the vectors IPGT1-TRV 
RNA2 or GUS-TRV RNA2 vectors were resuspended in infiltration media as above and 
mixed 1:1 with Agrobacterium carrying the TRV RNA1 vector for a final OD600 of 
approximately 0.4 for each strain. Cultures were infiltrated into the abaxial surfaces of 
leaves. Silenced leaves were harvested 10 d after infiltration. Spread of silencing was 
monitored by infiltrating neighboring plants with a construct designed to silence 
phytoene desaturase, causing photobleaching. 
 
Microsome preparation 
 

All microsome preparation steps took place at 4°C. Leaf tissue was ground in 
buffer containing 50 mM HEPES-KOH, pH 7.0, 400 mM Suc, 1 mM 
phenylmethanesulfonyl fluoride, 1% (w/v) polyvinylpolypyrrolidone, and protease 
inhibitors (Roche Complete protease inhibitor tablets). The homogenate was filtered 
through two layers of Miracloth (EMD Millipore) and centrifuged at 3,000g for 10 min, 
then the supernatant was centrifuged at 50,000g for 1 h. The pellet was resuspended in 50 
mM HEPES-KOH, pH 7.0, and 400 mM Suc. Microsomes were used immediately or 
frozen in liquid nitrogen and stored at −80°C. No significant loss of activity was detected 
after freezing. 
 
Inositol phosphorylceramide glucuronosyltransferase assay 
 
 Assay reactions included 50 mM HEPES-KOH pH 7.0, 5 mM MnCl2, 1 mM 
DTT, 400 mM sucrose, 100 µg N. benthamiana microsomal proteins, and 4.4 µM UDP-
[14C]GlcA (1480 Bq; MP Biomedicals) in a total volume of 50 µL . Reactions were 
mixed and incubated at 21 °C for 1 h, then the reaction was stopped by the addition of 
300 uL 1-butanol. The butanolic phase was partitioned against 300 µL water, then an 
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additional 300 µL 1-butanol was added and the partition was repeated. The butanolic 
phases were combined, dried, spotted onto silica gel TLC plates (Sigma), and developed 
in chloroform/methanol/4 M ammonium hydroxide (9:7:2 v/v/v) plus 0.2 M ammonium 
acetate. Plates were exposed to phosphor screens for 2-5 d before being imaged with a 
Typhoon 8600 Variable Mode phosphorimager. Band intensities were quantified using 
ImageJ software following instructions given in the user guide 
(http://imagej.nih.gov/ij/index.html)	  [43]. Mild alkaline hydrolysis was performed by 
incubating samples in methanolic 0.1 M potassium hydroxide for 1 h at 21 °C, then 
neutralizing with acetic acid and drying the samples. After this treatment, samples were 
once again resuspended in butanol and partitioned against water to remove salts. 
 
Detection of proteins by immunoblot 
 
Microsomal proteins were used, or soluble proteins were extracted from yeast as in [44]. 
Proteins were resolved by SDS-PAGE on 7% to 15% gradient gels and blotted onto 
nitrocellulose membranes (GE Healthcare). Blots were probed with a 1:10,000 dilution of 
an antibody raised in rabbit against the attB2 Gateway site (Invitrogen) [45] followed by 
a 1:20,000 dilution of goat anti-rabbit IgG conjugated to horseradish peroxidase (Sigma-
Aldrich), before applying ECL Plus detection reagent (GE Healthcare). Blots were 
imaged using a ChemiDoc-It 600 Imaging System (UVP). 
 
Expression analysis 
 
RNA was extracted from Arabidopsis tissue using a RNeasy Plant Mini Kit (Qiagen). 
One µg of RNA was used as template in a reverse transcriptase reaction using iScript™ 
cDNA Synthesis Kit (Bio-Rad). Real-time PCR was done with Absolute SYBR Green 
ROX Mix (ABgene) on a StepOnePlus Real-time PCR system (Applied Biosystems) 
according to conditions described earlier [46] using StepOne 2.0 software (Applied 
Biosystems).  
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Chapter 6: Conclusion 
 
 

My dissertation research has helped to determine the functions of six members of 
the Arabidopsis GT8 family. We found that three of the GUX proteins within GT8 – 
GUX1, GUX2 and GUX4 – are xylan glucuronosyltransferases. It is not clear what 
purpose the remaining two proteins – GUX3 and GUX5 – serve in plants. Plants contain 
many GT families with multiple closely related members, as is the case for the GUX 
proteins. It will be interesting to determine if these related proteins have similar but 
slightly different functions, have the same biochemical function but are expressed in 
different tissues or under different conditions, have functions other than catalysis, or are 
simply redundant. 

For the remaining PGSIP proteins, we determined that one of them – 
PGSIP6/IPGT1 – is an IPC glucuronosyltransferase functioning in synthesis of GIPCs. 
We did not investigate whether the related proteins PGSIP7 and PGSIP8 share this 
activity; however, because they are related to IPGT1 and have similar predicted 
transmembrane domain structures, it is likely that they are also involved in GIPC 
synthesis. It is possible that PGSIP7 and PGSIP8 are also IPC glucuronosyltransferases, 
although they were not able to rescue the pollen lethality of ipgt1 mutants indicating that 
their functions are distinct from that of IPGT1. Alternatively, they may transfer another 
monosaccharide to GIPCs. Galactose is also found in GIPCs, and other GT8 members 
can transfer this sugar. It is also possible that they transfer GlcA only to inositol that is 
already substituted with another sugar. Although this structure has not yet been identified 
in Arabidopsis, some GIPCs in tobacco leaves and rose cell cultures contain inositol 
substituted with α(1-2)-linked mannose in addition to the α(1-6)-linked GlcA [1]	  [2]. It is 
possible that the presence or absence of mannose dictates which enzyme is able to add 
GlcA. Since so little is known about GIPC structures and synthesis, there is some room 
for speculation, and it will be extremely interesting to determine if and how synthetic 
scenarios such as this affect GIPC functions. 

The GT8 family provides a snapshot of our current knowledge of GT functions in 
plants. Of the 41 members of this family in Arabidopsis, eight have been definitively 
assigned a function based on biochemical evidence. Of these, two (GUX1 and GUX2) 
have slight but important differences in activity that could only be detected by careful 
studies. Both the GAUT and the GolS clades include some members with a known 
function, along with several others that are presumed, in the absence of evidence, to have 
the same function. GUX proteins are still referred to in sequence databases and in the 
literature as PGSIP proteins involved in starch synthesis [3], even though there is clear 
evidence that they synthesize xylan. Meanwhile, we can only speculate about the 
functions of the GATL proteins, although at least some of them are important for cell 
wall synthesis. 

Identifying the functions of the remaining GTs in Arabidopsis will require 
multiple approaches. The activities of both the GUX proteins and IPGT1 were 
determined by characterizing mutant phenotypes, localizing fluorescent fusion proteins, 
and most importantly by demonstrating the activity of these enzymes when they were 
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expressed heterologously. My experiences with the GUX and IPGT1 proteins support the 
observation that experimental data are by far the most important factor in correctly 
annotating enzyme functions. A limitation of current predictive approaches is that they 
are based on sequence similarities while our understanding of how amino acid sequences 
determine substrate specificity and activity is virtually non-existent. Site-directed 
mutagenesis of GTs – which could allow for determination of residues that are critical for 
specificity – has been pursued to a very limited extent, and none of the membrane-bound 
GTs in plants have had their structure determined by crystallography. Obtaining 
knowledge of structure-function relationships is an important goal for the future and 
would allow us to make much better predictions about GT functions. However, predictive 
approaches based on homology are still valuable. It would not have been possible for us 
to propose the idea for IPGT1 function without phylogenetics showing its relationship to 
both the GUX and GolS proteins. Moreover, predicted GTs and other enzymes are being 
added to sequence databases at a very high rate, and it will be impossible to correctly 
assign functions to each one using only experimental data. I have learned that it is best to 
balance acceptance and skepticism of annotations based on homology. This recognition 
will be important going forward, as we still have much to learn about GT functions in 
plants. 
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Table 1. 300 co-expressed Arabidopsis genes listed by three baits, IRX9 
(At2g37090), IRX10 (At1g27440) and IRX14 (At4g36890).  
The original mutual ranks (MRs) were retrieved from the ATTED-II database 
(http://atted.jp/). A lower MR indicates stronger co-expression. Gene descriptions 
were downloaded from the TAIR database (http://www.arabidopsis.org/). 
 

Bait IRX14 (At4g36890)    IRX9 (At2g37090) IRX10 
(At1g27440)  

no. original 
MR AgI Original 

MR   AgI Original 
MR   AgI 

1 5 At1g19170  1.7 At4g33330  3.2 At3g15050  
2 6.6 At3g42950  2.8 At5g17420  5.3 At3g50220  
3 7.6 At1g27380  4 At5g15630  6.9 At5g15630  
4 8.7 At3g28345  7 At1g27380  7.3 At3g42950  
5 11.6 At3g15050  7.2 At3g50220  7.8 At1g63910  
6 13.2 At1g27440  7.4 At3g18660  8.2 At5g17420  
7 17.1 At3g50220  7.9 At4g17220  9.9 At2g41610  
8 17.1 At1g11090  8.1 At4g18780  10.2 At2g37090  
9 17.8 At2g40120  8.6 At5g06930  10.2 At3g49930  

10 20.5 At5g49720  8.7 At2g43050  10.5 At1g07120  
11 20.7 At4g32010  9.9 At3g61380  10.7 At3g18660  
12 21.4 At2g37090  10.2 At3g16920  10.7 At5g12870  
13 23.1 At1g09440  10.2 At1g27440  12 At1g09610  
14 23.4 At1g63430  10.4 At4g27435  12 At2g31930  
15 24 At1g63910  10.8 At2g03200  12 At1g27380  
16 25.1 At1g07120  10.9 At5g44030  12.4 At5g03170  
17 30.7 At1g32770  11 At5g60720  13.2 At4g36890  
18 31 At2g41610  11.1 At1g62990  14.5 At2g29130  
19 34.3 At5g46340  11.6 At1g58160  14.7 At2g20650  
20 35.5 At4g18780  11.7 At1g72220  14.9 At1g80170  
21 36.2 At1g33800  11.8 At2g47670  15.1 At2g40120  
22 36.7 At5g54690  11.8 At1g33800  15.2 At5g01190  
23 37.8 At3g18660  12 At3g15050  15.4 At4g28500  
24 39 At5g15630  12.4 At5g03170  16 At4g18780  
25 39.8 At2g20650  12.5 At2g40120  16.1 At1g32770  
26 41.2 At4g33330  12.8 At4g28500  16.4 At5g46340  
27 41.6 At3g08550  13.2 At1g24030  16.5 At5g44030  
28 43.7 At3g16920  13.3 At5g54690  17.5 At3g16920  
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29 45 At5g44030  13.4 At5g01360  18.4 At1g22480  
30 45.2 At2g31930  13.5 At1g08340  18.9 At5g60720  
31 46 At1g09610  15.3 At3g27200  19.1 At1g67510  
32 47 At4g10840  15.4 At1g07120  19.8 At5g45970  
33 47.6 At5g60720  16.2 At5g42180  20.2 At1g09440  
34 48.2 At5g17420  16.9 At2g38080  20.6 At3g49880  
35 52.2 At1g22480  18 At1g63910  21.5 At4g17220  
36 52.2 At5g59290  18.2 At2g43660  22 At5g54690  
37 52.3 At4g27435  19.2 At3g62020  22.2 At4g33330  
38 52.4 At1g27920  19.2 At3g23090  22.4 At3g62020  
39 53.6 At5g01360  20 At2g41610  23.4 At5g05390  
40 54.3 At1g80170  20 At1g63300  23.5 at4g28380 
41 56.3 At1g67510  20.8 At2g29130  24 At4g27435  
42 57 At5g60570  21.4 At4g36890  24.2 At1g73640  
43 57.1 At5g03170  21.4 At1g09610  24.3 At1g08340  
44 58 At4g17220  21.5 At1g78815  24.7 At1g63520  
45 58.6 At1g14380  22 At5g46340  25.3 At1g27920  
46 58.6 At5g23550  24.6 At5g47530  25.4 At2g38080  
47 59.6 At2g35100  24.8 At1g16490  25.5 At5g01360  
48 59.9 At1g05570  25.2 At5g67210  25.8 At5g60490  
49 63.7 At4g17880  25.7 At5g01190  28.1 At1g24030  
50 64.5 At2g38080  25.7 At3g45870  28.6 At1g68200  
51 66 At2g01570  26.1 At5g61340  29.8 At5g14510  
52 68 At2g33990  26.8 At3g56230  30.7 At5g59290  
53 69.2 At3g19370  27.6 At5g45970  31 At1g19170  
54 70.9 At2g47160  28.4 At2g31930  31.6 At3g45870  
55 71.6 At5g01190  29.4 At1g32770  33.2 At2g44745  
56 72.5 At4g28500  30.1 At5g60020  34 At4g22680  
57 72.5 at3g59690 30.7 At1g27920  34.5 At1g31720  
58 73 At5g60490  31 At1g22480  34.8 At5g40020  
59 74.9 At2g28760  31 At2g28760  35.1 At4g23496  
60 75.5 At4g29350  31.2 At5g05390  35.9 At5g60020  
61 78.2 At4g14760  32.3 At1g21140  36.7 At1g79620  
62 80.6 At4g34050  32.8 At1g72230  37.1 At5g06930  
63 83.2 At4g29080  35.2 At2g20650  37.2 At1g33800  
64 83.2 At3g48140  36.2 At5g48560  38.5 At1g66810  
65 85 At2g29130  36.9 At3g21710  39.8 At1g78815  
66 88 At4g22580  37.5 At1g09440  41.4 At1g19940  
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67 88.5 At2g43660  37.6 At5g15490  42.9 At2g43660  
68 89.9 At1g71010  38.1 At5g59290  43.8 At3g61910  
69 91.6 At5g45970  38.4 At1g19940  45.6 at3g59690 
70 92 At5g34940  38.5 At1g32100  46 At5g65040  
71 95.1 At3g55420  40 At1g19170  47.3 At1g32100  
72 95.5 At1g55610  40.8 At4g26220  47.8 At5g63580  
73 95.8 At5g48560  42.1 at3g59690 49.5 At5g67210  
74 97.2 At2g41770  42.2 At1g79180  50 At1g74660  
75 97.4 At1g02500  44.5 At4g16400  50.2 At5g40630  
76 97.8 At3g62020  44.9 At1g29050  50.4 At1g72220  
77 99.6 At2g04850  45.9 At5g16600  51.8 At2g28760  
78 102.7 At1g79620  46.7 At5g02640  52 At2g31900  
79 106 At5g59305  46.7 At5g25830  55 At5g59305  
80 106.2 At2g36910  47 At1g30840  55.3 At1g14390  
81 106.3 At3g57420  47.2 At2g17940  56.7 At5g48560  
82 106.8 At5g42180  47.4 At1g74660  57.5 At5g42180  
83 107.8 At1g72230  48.9 At5g40020  58.5 At4g08160  
84 109.7 At5g63580  49.4 At5g60490  58.7 At5g02640  
85 110.3 At2g38120  49.8 At1g31720  58.8 At5g24510  
86 111.5 At1g08280  50.2 At5g47635  59.2 At2g17940  
87 113.4 At1g24030  50.2 At1g33700  60.7 At1g16490  
88 113.5 At1g08340  52.9 At5g12870  63 At1g72990  
89 114.5 At1g06470  53.3 At1g73640  63.6 At5g48740  
90 115.3 At1g78815  54.3 At1g47410  64.3 At1g79180  
91 117.5 At4g12910  57.9 At1g79620  64.7 At5g25830  
92 119.5 At4g11150  60.6 At4g30110  65.5 At1g47485  
93 121.4 At1g31720  61.1 At1g01900  67.2 At2g04850  
94 122.1 At4g30110  61.5 At4g22680  67.9 At2g03450  
95 123.5 At5g67210  63.5 At1g07750  69 at5g38010 
96 123.5 At2g32580  63.7 At4g33810  70.3 At3g59845  
97 128.8 At5g20650  64.7 At1g63120  71.2 At4g14380  
98 129.6 At1g47485  64.9 At1g25530  71.6 At3g02500  
99 131.5 At5g06610  67.5 At1g61810  72.1 At1g47410  

100 132.7 At3g21190  68.2 At4g31730  72.7 At5g16600  
101 136.7 at5g38010 68.6 At5g14510  74 At2g03200  
102 136.7 At4g29100  69.4 At1g14390  74.4 At5g46115  
103 140.8 At2g44745  70.4 At1g28470  75.3 At4g16400  
104 142.2 At3g05280  71 at4g28380 79.7 At4g01680  
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105 144.6 At4g12650  71.3 At5g63580  80 At4g09990  
106 144.9 At4g23496  72 At3g42950  80.6 At1g47655  
107 146.4 At5g61840  74.2 At3g52370  81.9 At5g16490  
108 148.3 At5g14510  76.4 At4g08160  82.8 At3g08490  
109 148.7 At5g18520  79.7 At3g02500  83 At4g33450  
110 149.3 At4g10380  82 At2g03450  83.7 At2g46760  
111 151 At5g05390  82.2 At4g09990  84.4 At5g14090  
112 151.8 At3g46830  83.6 At5g26620  85.2 At1g77700  
113 153.2 At2g36880  84 At4g14380  85.7 At5g37970  
114 157.2 At5g12260  84.3 At3g59010  86.5 At1g70500  
115 157.4 At1g28120  84.3 At5g58980  87 At2g38320  
116 160.1 At1g73640  84.3 At1g72990  87.9 At4g04410  
117 160.8 At4g09630  84.5 At2g04850  88.5 At4g30110  
118 162.5 At4g38920  85.6 At1g80170  88.8 At3g15220  
119 162.5 At3g02350  85.6 At2g27740  90.1 At3g59010  
120 163 At2g35860  86.9 At1g72200  92 At4g34970  
121 163.8 At4g13890 87.5 At3g05890  94.2 At1g19300  
122 164 At3g17420  88.8 At3g16340  94.4 At1g58370  
123 165.7 At5g65670  90.3 At1g20160  94.8 At1g31490  
124 166.1 At3g63120  90.6 At4g23496  95.5 At1g54790  
125 168.6 At1g45688  91.7 At5g58500  95.9 At1g58070  
126 169.1 At1g64620  91.8 At5g48740  96 At1g58160  
127 170 At2g41900  93 At4g18640  96.1 At2g20550  
128 170.3 At5g35730  93.7 At1g19190  97.9 At3g30530  
129 170.6 At1g04410  94.2 At3g10340  99.7 At5g61340  
130 172.2 At2g44680  95.1 At3g19370  100 At2g27740  
131 174.1 At3g45600  95.3 At2g01660  103 At3g13730  
132 176.8 At1g58160  95.8 At2g44745  103.2 At5g01930 
133 177.4 At3g52930  96.1 at5g38010 105.1 At5g26620  
134 178.3 At1g55760  96.8 At2g33990  106.7 At2g35700  
135 178.9 At3g14410  97.1 At2g31900  107.1 At1g75590  
136 183.2 At2g03450  97.4 At5g55950  107.9 At5g58980  
137 184.1 At4g36860  97.5 At5g40630  108.5 At3g56230  
138 190.6 At1g52420  97.7 At5g46115  108.9 At4g33810  
139 194.5 At1g14390  99.3 At3g49880  109.3 At3g56700  
140 194.8 At5g59890  99.4 At4g01140  109.4 At1g20160  
141 196.3 At5g60020  99.5 At4g33450  109.6 At2g40530  
142 196.6 At1g52760  99.6 At1g54790  109.9 At5g23810  
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143 197.4 At2g17150  100.2 At5g38610  110.1 At3g09710  
144 197.5 At3g58600  102.5 At1g64620  111.4 At1g69080  
145 198.6 At3g10630  103.1 At1g70500  113.5 At4g18640  
146 198.8 At3g05270  104.2 At1g66810  117.8 At5g26330  
147 199.7 At4g09890  107.1 At3g59845  120.3 At1g17950  
148 201.1 At1g16490  107.2 At1g68200  124 At5g50130  
149 202.7 At5g40020  110.7 At1g17950  125.7 At4g39410  
150 203.5 At3g53610  111.7 At3g27960  127.1 At1g21890  
151 203.9 At1g68360  113.8 At3g07130  128.3 At3g21710  
152 205.1 At4g13940  114.1 At1g30515  131 At1g72230  
153 205.8 At2g16510  114.3 At3g17420  131.2 At1g62990  
154 206.9 At1g79940  114.9 At1g75280  135 At5g38000 
155 209.8 At3g49880  116.5 At2g38320  135.9 At2g28870  
156 211.1 At4g17310  118.3 At5g65040  136.5 At5g16570  
157 214.9 At3g51710  118.6 At1g07090  137.8 At3g51710  
158 215 At3g13870  119.2 At1g14380  139.3 At1g70500 
159 215.3 At1g28440  121.5 At5g11230  139.7 At4g03340  
160 215.3 At1g13440  123.2 At1g18880 142.3 At2g37280  
161 216 At5g37310  123.3 At5g48930  142.9 At2g43050  
162 217.9 At2g11140  123.5 At5g03260  143 At1g79760  
163 219.9 At3g22540  124.6 At5g16490  146.7 At3g23090  
164 220.1 At1g79180  124.9 At5g50720  146.8 At5g03260  
165 220.1 At5g46115  125.1 At3g08490  149.5 At5g65170  
166 220.8 At1g74660  126.3 At2g28250  150.4 At2g23360  
167 221.5 At1g55740  127.2 At1g63520  153.1 At4g00230  
168 224 At4g39990  128.2 At5g03530  153.5 At5g04330  
169 224.5 At5g48740  129 At3g21550  154.8 At1g66960  
170 226.7 At5g11740  129.8 At5g38000 157.5 At5g15490  
171 228.6 At3g59845  135.4 At4g03340  159.8 At5g67090  
172 228.9 At1g76550  136.6 At3g51710  164 At3g19370  
173 229.5 At1g72160  140.6 At1g47485  164.2 At3g12890  
174 230.8 At3g50590  141 At3g21240  166.9 At1g14380  
175 230.8 At1g62990  144.2 At2g24762  167.8 At2g47670  
176 231 At1g18880 148 At1g19300  168.1 At1g02500  
177 231.8 At5g12250  148 At1g68795  173.2 At3g16340  
178 232.8 At4g30200  149.7 At1g58070  177.3 At5g02440  
179 232.9 At4g39390  151.7 At2g46760  177.8 At3g62160  
180 232.9 At5g67470  151.9 At1g26820  178.3 At1g20850  
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181 235.7 At5g26330  152.1 At4g34050  179.6 At3g54040  
182 235.8 At2g38090  153.2 At3g08630  182.2 At1g71930  
183 236.3 At1g19430  153.5 At1g63000  182.7 At4g32780  
184 236.3 At2g03600 155.2 At2g40900  182.8 At3g61380  
185 236.5 At5g02440  158 At5g62150  182.9 At3g57420  
186 238.2 At5g56040  159.3 At3g15990  183.5 At2g28250  
187 239.1 At2g31390  160.3 At2g22850  184.3 At3g17280  
188 239.1 At5g07460  161.7 At3g56730  186.9 At1g63300  
189 240.6 At2g20190  162.1 At2g24170  187.7 At1g07090  
190 241.7 At4g09990  162.3 At1g67510  188.3 At1g05310  
191 241.8 At4g22160  163 At2g23360  188.7 At5g15900  
192 242.3 At4g24060  166 At4g37970  189.2 At1g79420  
193 243.3 At1g56230  166.5 At5g26330  194.8 At1g30760  
194 243.9 At4g18070  167.3 At2g20550  195.1 At5g63540  
195 243.9 At1g56700  168.8 At4g34970  195.1 At1g67030  
196 243.9 At5g55500  169.4 At1g58370  195.4 At1g18880 
197 245.3 At3g27960  170 At3g25290  195.7 At2g33990  
198 245.9 At2g43130  171 At3g61910  196.2 At5g47635  
199 247.2 At3g53520  171.3 At3g09710  199 At2g20680  
200 248.2 At4g08160  173.3 At1g35625 201.7 At3g28345  
201 248.3 At4g01850  173.8 At5g01970  202.1 At2g11140  
202 249.2 At5g25100  176.2 At2g19580  204.5 At2g20780  
203 251.1 At5g23860  176.2 At1g01640  205.1 At1g49210  
204 251.2 At3g20100  176.4 At2g28110  206.8 At1g68795  
205 251.7 At2g28870  176.7 At2g37750  207 At1g55610  
206 252.8 At3g57650  178.5 At5g40960  208.4 At2g37900  
207 253.7 At5g58970  179.2 At3g29630  211.1 At5g11410  
208 255.2 At5g49980  179.7 At3g49930  211.1 At5g28490  
209 255.6 At2g20680  179.7 At1g05260  213.8 At4g09480  
210 255.8 At2g29970  182.3 At1g52760  215.6 At2g24070  
211 256.6 At3g07130  182.7 At4g24430  219.3 At3g02980  
212 257.9 At3g45310  186.2 At5g15180  219.8 At5g01970  
213 260.5 At3g21710  187.3 At5g62580  221.1 At5g48930  
214 261.1 At1g32100  190.2 At1g70500 223.1 At3g27960  
215 261.1 At3g13730  191.7 At3g17940  223.2 At2g17260  
216 264.5 At5g05950  193.4 At4g09480  224.8 At1g64620  
217 267.2 At2g01070  194.6 At1g34060 225.1 At1g63120  
218 269.1 At4g33640  195.8 At5g09220  225.2 At4g39320  
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219 271.1 At1g28680  197 At1g62800  226.9 At3g05270  
220 271.3 At5g56660 197.8 At2g33310  227.1 At4g26220  
221 271.4 At1g30510  200.3 At5g05960  230 At1g28080  
222 272.5 At5g15490  201.2 At4g30460  230.3 At4g10840  
223 273.4 At5g20885  201.8 At1g69230  234.1 At2g40890  
224 273.7 At1g19300  202.2 At4g01680  235.3 At3g49070  
225 274 At1g59650  202.9 At4g35060  236.5 At1g61810  
226 275.9 At4g16920  203 At5g64530  236.8 At5g62380  
227 276.4 At1g18580  206.4 At5g04470  237.5 At4g32010  
228 277.8 At1g79970  208.4 At3g54040  238 At4g22160  
229 278.1 At2g18160  211.4 At1g76250  238.2 At3g44730  
230 278.2 At5g03530  213.2 At1g60960  241.2 At4g37970  
231 278.6 At1g80530  214.2 At4g26320  246.5 At3g59480  
232 279.2 At2g31900  215 At1g11070  246.8 At2g40470  
233 279.9 At4g22680  215.1 At2g28870  247.1 At2g45890  
234 281.3 At1g05850  215.7 At1g02500  247.3 At1g36940  
235 281.7 At1g30840  217.6 At5g07460  247.6 At5g47530  
236 284.8 At1g68200  218.7 At1g67030  248.9 At3g28960  
237 285.2 At2g19580  220.7 At4g04410  251.7 At5g58520  
238 288.6 At3g13772  220.8 At2g23550  253.9 At1g80520  
239 291.6 At5g54160  221.7 At5g10220  254.1 At3g17420  
240 292.5 At5g38000 223.8 At5g14500  254.3 At5g05960  
241 294.9 At4g31140  224.4 At4g11180  255.2 At1g30840  
242 295.4 At1g14340  224.7 At1g03920  256.6 At1g55180  
243 296.5 At4g08150  226.3 At1g26300  257.4 At5g50720  
244 298.8 At5g08290  227.6 At2g37280  258.1 At4g23720  
245 298.9 At5g61340  228.2 At5g59305  259.1 At5g38610  
246 300.8 At2g23360  231.4 At1g79760  260.8 At1g01640  
247 300.9 At1g66810  231.7 At4g28370  261.3 At1g55810  
248 302 At4g39320  231.8 At3g62740  261.3 At1g12260  
249 303.8 At3g23820  231.8 At2g36710  262.7 At1g53290  
250 304.1 At5g58980  237.5 At1g02950  263.4 At1g53660  
251 311 At3g17940  238.8 At3g02980  264.2 At4g26320  
252 311.3 At3g07340  238.9 At5g66460  268.6 At1g43790  
253 311.4 At1g47410  241 At1g76550  268.8 At4g31730  
254 312.1 At1g44800  241 At4g00230  271.6 At1g03010  
255 312.3 At5g65040  241.4 At2g24070  273.7 At4g25434  
256 312.8 At2g17940  241.5 At1g47840 275.5 At5g66630  
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257 315.6 At1g07090  242.1 At1g21890  276.2 At5g55950  
258 317 At1g64090  243.1 At3g22070  278.4 At5g58360  
259 317 At5g11230  243.7 At3g25930  281.7 At3g03860  
260 319.6 At3g11130 243.7 At4g29230  282.9 At3g17380  
261 319.8 At4g17770  243.9 At5g66170  286.5 At2g31110  
262 320.3 At3g61380  244.1 At4g09890  289 At1g75280  
263 321.3 At2g39705  244.3 At3g30530  291.2 At1g02950  
264 321.4 At3g16340  244.7 At3g58600  292.6 At3g48970  
265 322.8 At1g72220  244.8 At1g71930  292.7 At5g51670  
266 323.9 At1g23190  245.6 At1g13830  294.9 At3g22540  
267 324 At1g34270  246.1 At5g37970  298.1 At1g56720  
268 327.8 At4g27320  246.5 At2g40890  299 At5g58500  
269 328.2 At1g75500  247.5 At1g69080  301.3 At2g41300  
270 330 At1g74510  251.4 At2g24580  304.5 At5g24310  
271 334.7 At2g31370  252 At1g07380  304.8 At4g35290  
272 334.7 At3g12890  252.2 At5g47720  305.6 At1g52760  
273 334.9 At1g30890  253.1 At3g22540  305.7 At1g10800  
274 339.6 At2g26600  256.5 At2g38360  306.9 At3g48185  
275 345.5 At3g52880  261.8 At3g28960  308.9 At2g40200  
276 345.5 At1g48230  263.7 At1g60710  313.6 At1g30900  
277 346.8 At3g09410  263.9 At5g43180  314.4 At1g29200  
278 347.6 At3g48185  267.3 At1g44800  316.1 At1g80730  
279 348.6 At2g03200  267.9 At1g51680  316.6 At1g76250  
280 348.6 At5g24310  271.3 At3g56170  320.2 At2g38090  
281 350.8 At3g21270  272.6 At3g07340  321.4 At2g36880  
282 351.4 At1g79420  273.5 At5g24510  321.8 At5g07460  
283 352.5 At5g11710  274.7 At1g48930  323 At3g55420  
284 355.9 At1g15370  275 At2g35860  323.9 At1g10460  
285 364 At4g02080  275.3 At5g07220  325.4 At1g25530  
286 368 At3g59360  277.4 At3g44730  326.1 At5g09220  
287 368.6 At5g58930  279 At5g03190  326.6 At1g28470  
288 369.4 At3g07690  280.5 At1g73370  327.3 At3g26800  
289 370.3 At1g55810  282.6 At1g10460  334.5 At4g35350  
290 370.7 At1g07380  284.1 At2g35700  334.9 At1g21220  
291 371.4 At3g17430  285.2 At3g21840  337.6 At5g39090  
292 371.6 At2g24762  286.9 At2g20680  338.3 At1g72200  
293 373.2 At5g05960  288.1 At5g38280  338.9 At3g07130  
294 374.6 At3g09710  289.1 At2g12400  340.8 At5g17600  
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295 377.9 At5g65480  289.6 At5g52500  351.3 At3g22070  
296 378 At1g75590  290.6 At1g10970  353.5 At5g24170  
297 379.6 At3g23000  290.7 At3g23430  354 At2g24762  
298 379.9 At5g20470 290.7 At5g04330  354.9 At3g55300  
299 380 At5g05980  291.6 At2g38090  354.9 At4g15093  
300 380.2 At1g20160  295.6 At1g13600  356.9 At1g03920  

	  
	  
	  
Table 2. The 124 shared Arabidopsis genes. 
The 124 Arabidopsis genes were obtained from the intersection of co-expressed genes from 
three baits, IRX9 (At2g37090), IRX10 (At1g27440) and IRX14 (At4g36890). The MRs for each 
bait gene is the original MR + 1. MR average was calculated as the geometric mean of the 
individual MRs. Gene descriptions were downloaded from TAIR. Pfam IDs were downloaded from 
the Pfam database ver. 24.0 (http://pfam.sanger.ac.uk/). 
 

AGI MR by irx14 MR by Irx9 MR by IRX10 MR average 

At1g27440 14.2 11.2 1 5.4 
At2g37090 22.4 1 11.2 6.3 
At4g36890 1 22.4 14.2 6.8 
At3g15050 12.6 13 4.2 8.8 
At1g27380 8.6 8 13 9.6 
At3g50220 18.1 8.2 6.3 9.8 
At5g15630 40 5 7.9 11.6 
At5g17420 49.2 3.8 9.2 12.0 
At4g33330 42.2 2.7 23.2 13.8 
At3g18660 38.8 8.4 11.7 15.6 
At2g40120 18.8 13.5 16.1 16.0 
At1g63910 25 19 8.8 16.1 
At3g42950 7.6 73 8.3 16.6 
At1g07120 26.1 16.4 11.5 17.0 
At4g18780 36.5 9.1 17 17.8 
At2g41610 32 21 10.9 19.4 
At1g19170 6 41 32 19.9 
At3g16920 44.7 11.2 18.5 21.0 
At5g44030 46 11.9 17.5 21.2 
At5g03170 58.1 13.4 13.4 21.9 
At5g60720 48.6 12 19.9 22.6 
At4g17220 59 8.9 22.5 22.8 
At5g54690 37.7 14.3 23 23.1 
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At1g09610 47 22.4 13 23.9 
At5g46340 35.3 23 17.4 24.2 
At4g27435 53.3 11.4 25 24.8 
At1g32770 31.7 30.4 17.1 25.4 
At4g28500 73.5 13.8 16.4 25.5 
At2g31930 46.2 29.4 13 26.0 
At1g33800 37.2 12.8 38.2 26.3 
At1g09440 24.1 38.5 21.2 27.0 
At5g01360 54.6 14.4 26.5 27.5 
At2g20650 40.8 36.2 15.7 28.5 
At2g29130 86 21.8 15.5 30.7 
At2g38080 65.5 17.9 26.4 31.4 
At5g01190 72.6 26.7 16.2 31.5 
At1g22480 53.2 32 19.4 32.1 
At1g08340 114.5 14.5 25.3 34.8 
At1g27920 53.4 31.7 26.3 35.4 
At3g62020 98.8 20.2 23.4 36.0 
At1g24030 114.4 14.2 29.1 36.2 
At5g45970 92.6 28.6 20.8 38.0 
At5g59290 53.2 39.1 31.7 40.4 
At2g43660 89.5 19.2 43.9 42.3 
At1g80170 55.3 86.6 15.9 42.4 
At5g60490 74 50.4 26.8 46.4 
At1g78815 116.3 22.5 40.8 47.4 
At5g42180 107.8 17.2 58.5 47.7 
At5g05390 152 32.2 24.4 49.2 
At2g28760 75.9 32 52.8 50.4 
At3g59690  73.5 43.1 46.6 52.9 
At5g67210 124.5 26.2 50.5 54.8 
At1g67510 57.3 163.3 20.1 57.3 
At5g48560 96.8 37.2 57.7 59.2 
At1g72220 323.8 12.7 51.4 59.6 
At1g58160 177.8 12.6 97 60.1 
At1g73640 161.1 54.3 25.2 60.4 
At1g31720 122.4 50.8 35.5 60.4 
At5g60020 197.3 31.1 36.9 60.9 
At1g79620 103.7 58.9 37.7 61.3 
At2g03200 349.6 11.8 75 67.6 
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At5g14510 149.3 69.6 30.8 68.4 
At1g16490 202.1 25.8 61.7 68.5 
At5g40020 203.7 49.9 35.8 71.4 
At1g62990 231.8 12.1 132.2 71.8 
At5g63580 110.7 72.3 48.8 73.1 
At3g49880 210.8 100.3 21.6 77.0 
At2g44745 141.8 96.8 34.2 77.7 
At4g23496 145.9 91.6 36.1 78.4 
At1g72230 108.8 33.8 132 78.6 
At1g32100 262.1 39.5 48.3 79.4 
At1g74660 221.8 48.4 51 81.8 
At2g04850 100.6 85.5 68.2 83.7 
At4g22680 280.9 62.5 35 85.0 
At1g79180 221.1 43.2 65.3 85.4 
At3g61380 321.3 10.9 183.8 86.3 
At4g30110 123.1 61.6 89.5 87.9 
At1g14390 195.5 70.4 56.3 91.8 
At5g61340 299.9 27.1 100.7 93.5 
At2g17940 313.8 48.2 60.2 96.9 
At1g68200 285.8 108.2 29.6 97.1 
At5g38010 137.7 97.1 70 97.8 
At2g03450 184.2 83 68.9 101.7 
At3g19370 70.2 96.1 165 103.6 
At4g08160 249.2 77.4 59.5 104.7 
At1g14380 59.6 120.2 167.9 106.3 
At1g47485 130.6 141.6 66.5 107.1 
At1g66810 301.9 105.2 39.5 107.9 
At1g47410 312.4 55.3 73.1 108.1 
At3g21710 261.5 37.9 129.3 108.6 
At2g33990 69 97.8 196.7 109.9 
At5g48740 225.5 92.8 64.6 110.6 
At5g59305 107 229.2 56 111.2 
At2g31900 280.2 98.1 53 113.4 
At4g09990 242.7 83.2 81 117.8 
At5g46115 221.1 98.7 75.4 118.1 
At5g15490 273.5 38.6 158.5 118.7 
At5g65040 313.3 119.3 47 120.7 
At3g59845 229.6 108.1 71.3 121.0 
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At5g58980 305.1 85.3 108.9 141.5 
At1g30840 282.7 48 256.2 151.5 
At1g02500 98.4 216.7 169.1 153.3 
At1g20160 381.2 91.3 110.4 156.6 
At1g19300 274.7 149 95.2 157.4 
At1g64620 170.1 103.5 225.8 158.4 
At3g51710 215.9 137.6 138.8 160.4 
At5g26330 236.7 167.5 118.8 167.6 
At3g17420 165 115.3 255.1 169.3 
At3g16340 322.4 89.8 174.2 171.5 
At5g38000 293.5 130.8 136 173.5 
At1g18880  232 124.2 196.4 178.2 
At3g27960 246.3 112.7 224.1 183.9 
At1g07090 316.6 119.6 188.7 192.6 
At3g09710 375.6 172.3 111.1 193.0 
At2g28870 252.7 216.1 136.9 195.5 
At2g23360 301.8 164 151.4 195.7 
At3g07130 257.6 114.8 339.9 215.8 
At1g52760 197.6 183.3 306.6 223.1 
At2g20680 256.6 287.9 200 245.4 
At3g22540 220.9 254.1 295.9 255.1 
At5g07460 240.1 218.6 322.8 256.8 
At2g24762 372.6 145.2 355 267.8 
At5g05960 374.2 201.3 255.3 267.9 
At2g38090 236.8 292.6 321.2 281.3 
	  
	  
	  
Table 3. 300 co-expressed rice genes listed by three baits, OsGT43A (Os05g0123100), 
OsGT43B (Os04g0650300) and OsGT47D (Os01g0926400). 
The original mutual ranks (MRs) were obtained from the ATTED-II database. A lower MR 
indicates stronger co-expression. 
 

Bait Os43A (Os05g0123100)  Os43B (Os04g0650300)  

no. original 
MR  RAP Original 

MR   RAP Original 
MR   

1 1 Os03g0291800  2.5 Os02g0715300  4.5 
2 3.5 Os07g0604800  4.5 Os01g0357900  5.1 
3 4.5 Os05g0168500  4.9 Os09g0494200  9.8 
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4 4.9 Os01g0837300  5.1 Os05g0210100  11.5 
5 5.7 Os05g0123200  6.5 Os08g0498100  13 
6 6 Os01g0631100  7.4 Os01g0837300  14.8 
7 8.1 Os03g0314200  8.3 Os03g0261100  15.4 
8 8.8 Os02g0164300  8.5 Os06g0707200  17.8 
9 8.8 Os04g0103300  9 Os05g0386800  18.7 

10 9.5 Os05g0462500  9.2 Os05g0402300  18.7 
11 10.5 Os12g0159600  13 Os03g0852400  19.2 
12 10.7 Os03g0605300  13.8 Os02g0628200  20.4 
13 10.9 Os03g0278000  13.9 Os05g0582100  20.7 
14 14.1 Os03g0852400  15.9 Os04g0689500  20.7 
15 14.9 Os02g0312600  16.1 Os10g0553300  20.9 
16 15.2 Os01g0844400  16.2 Os10g0180000  21.3 
17 15.5 Os01g0265100  17 Os01g0926600  21.9 
18 15.6 Os02g0708400  17.2 Os02g0329800  22.2 
19 16.3 Os08g0554900  17.4 Os07g0208500  22.3 
20 17.4 Os12g0443500  17.6 Os12g0443500  22.6 
21 18.3 Os12g0571300  17.7 Os06g0163300  25 
22 18.4 Os02g0625500  19 Os03g0854100  25.4 
23 19.8 Os08g0560300  21.4 Os01g0358100  25.4 
24 19.9 Os04g0613200  21.9 Os06g0247900  27.5 
25 20.1 Os02g0820400  22 Os03g0121200  29.1 
26 20.9 Os08g0511400  22.2 Os08g0160500  29.2 
27 21.6 Os06g0284200  22.9 Os05g0494500  31.1 
28 22.5 Os03g0861100  24.2 Os11g0155100  31.9 
29 22.7 Os06g0126500  25.3 Os05g0474400  32 
30 22.9 Os09g0237600  25.9 Os05g0114000  32 
31 22.9 Os06g0707200  27.5 Os08g0237000  36.5 
32 27.4 Os01g0338000  30 Os08g0115800  36.9 
33 28.2 Os04g0519700  31.8 Os01g0644600  37.1 
34 28.6 Os02g0802200  35.3 Os02g0250400  37.8 
35 28.7 Os12g0566300  35.9 Os06g0156600  39.6 
36 31.4 Os05g0114000  36.3 Os02g0198700  40.5 
37 31.4 Os05g0563600  36.5 Os03g0291800  40.6 
38 31.4 Os02g0518100  36.8 Os09g0397800  42 
39 32.7 Os06g0223900  37 Os06g0126500  43.1 
40 33.2 Os11g0455800  37.2 Os03g0323900  43.8 
41 34.4 Os12g0152100  37.4 Os06g0214800  46.2 
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42 34.5 Os02g0715300  37.6 Os02g0550100  47.9 
43 34.6 Os05g0140100  37.8 Os01g0926400  48.1 
44 35.1 Os05g0388600  37.9 Os04g0229100  50.2 
45 35.5 Os05g0582100  38.7 Os03g0709300  51.4 
46 38.1 Os08g0386700  38.8 Os08g0117400  51.5 
47 40.1 Os03g0211800  39.2 Os06g0506200  53 
48 41 Os12g0566000  39.5 Os05g0563600  53 
49 41.2 Os03g0721300  40 Os05g0176100  54.3 
50 41.9 Os03g0577500  40.1 Os03g0736300  55.9 
51 42.4 Os02g0678400  40.2 Os03g0757900  56.1 
52 42.7 Os03g0143700  41.2 Os03g0253600  57.9 
53 43.9 Os05g0391200  41.4 Os07g0691300  58.1 
54 44.8 Os07g0159500  43 Os01g0159200  58.5 
55 44.8 Os07g0510400  43 Os03g0278000  60 
56 44.9 Os03g0237000  44.6 Os01g0323600  63.9 
57 45.8 Os11g0139400  45.5 Os05g0159300  64.5 
58 46 Os06g0681600  46.1 Os05g0140100  65.6 
59 46.5 Os05g0565100  47.6 Os09g0248100  66.1 
60 46.9 Os02g0735200  47.7 Os06g0687900  66.5 
61 47 Os08g0127500  47.7 Os01g0185300  67.5 
62 48.5 Os04g0689500  48.2 Os03g0288700  68.2 
63 50.2 Os01g0285300  48.2 Os05g0134400  69.5 
64 55.4 Os01g0291500  48.2 Os01g0281600  70.4 
65 58.5 Os12g0577200  48.5 Os01g0702700  70.6 
66 62.2 Os12g0151500  49 Os05g0320700  70.9 
67 62.8 Os03g0854100  50.5 Os02g0790600  73.5 
68 63.3 Os06g0132100  51.8 Os07g0424400  76.7 
69 64.4 Os09g0376700  52.6 Os01g0875700  76.8 
70 65.8 Os05g0319700  52.9 Os05g0462500  79 
71 65.8 Os05g0159300  53 Os06g0284200  80.2 
72 66.1 Os04g0549700  53 Os01g0111900  81.4 
73 66.5 Os04g0402700  55.1 Os08g0475400  82.8 
74 67.3 Os07g0590700  55.3 Os04g0447600  82.9 
75 67.5 Os03g0633800  55.6 Os04g0380200  84 
76 67.6 Os12g0126000  55.9 Os05g0438500  84.8 
77 67.8 Os09g0494200  55.9 Os07g0564600  86.7 
78 67.9 Os04g0653200  57.1 Os07g0462200  87.2 
79 68.5 Os09g0461700  58.2 Os06g0712200  87.3 
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80 69.2 Os03g0128000  58.4 Os04g0416700  89 
81 69.6 Os03g0294800  59.8 Os02g0528100  90.1 
82 69.6 Os05g0386800  60 Os09g0524800  91.1 
83 70.5 Os04g0512300  60.2 Os06g0595800  91.8 
84 71 Os01g0150000  60.9 Os06g0132100  92 
85 71.2 Os01g0680900  61.2 Os05g0553400  92.1 
86 71.2 Os01g0847700  63.2 Os01g0610500  93.8 
87 72.1 Os07g0510500  64.1 Os04g0549700  94.3 
88 73.6 Os12g0601400  65 Os06g0131700  98.2 
89 73.8 Os03g0661300  65 Os01g0844400  100.2 
90 75.2 Os04g0101400  65.2 Os06g0254700  100.5 
91 75.5 Os01g0951100  65.4 Os03g0661300  100.8 
92 75.9 Os12g0182500  66.9 Os10g0576900  101.7 
93 76.4 Os06g0172200  68.9 Os02g0761600  103.1 
94 77 Os02g0738900  69.5 Os09g0482780  103.2 
95 77.2 Os02g0695200  70 Os04g0649900  105.7 
96 77.3 Os03g0599800  70.4 Os04g0613200  107.2 
97 77.3 Os02g0236200  70.6 Os01g0593600  107.8 
98 78.2 Os01g0167500  71.3 Os02g0518100  108 
99 81 Os01g0856500  71.3 Os03g0116400  108.8 

100 81 Os07g0462200  71.8 Os02g0483500  109.6 
101 81.9 Os12g0104400  72.5 Os06g0218600  109.7 
102 82.3 Os03g0847900  72.9 Os10g0536700  109.7 
103 84.9 Os11g0546100  73.3 Os02g0611800  110 
104 85.6 Os05g0499300  75 Os11g0496500  111.3 
105 86 Os05g0499400  75.3 Os01g0867700  111.7 
106 86.1 Os10g0512700  75.4 Os03g0111200  113.2 
107 87.6 Os09g0266600  75.5 Os05g0272800  113.5 
108 87.7 Os04g0518200  75.7 Os01g0703300  113.6 
109 88 Os03g0413400  76 Os02g0532900  113.6 
110 88.4 Os03g0416200  76.2 Os02g0106100  114.8 
111 88.5 Os02g0761600  77.3 Os07g0604800  114.9 
112 89.3 Os02g0538700  77.7 Os07g0624700  115.2 
113 90.2 Os06g0506200  78.3 Os04g0512300  116.5 
114 90.3 Os12g0443600  79.4 Os03g0267500  118 
115 90.4 Os08g0528500  80 Os01g0686000  119.4 
116 93 Os10g0467800  80.3 Os01g0285300  119.6 
117 93.5 Os04g0650300  80.8 Os04g0110200  120 
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118 94.4 Os12g0115700  80.9 Os04g0382400  120.4 
119 96.4 Os08g0341700  82.2 Os12g0134000  120.4 
120 97.5 Os11g0455500  82.7 Os05g0226900  120.6 
121 97.9 Os03g0815200  82.8 Os12g0159600  121.7 
122 98.2 Os07g0424400  83.4 Os02g0735200  122.1 
123 101 Os01g0296700  83.7 Os06g0703300  122.1 
124 101.8 Os07g0208500  84.2 Os04g0569300  123.4 
125 103.3 Os08g0567000  85.7 Os06g0731800  124.1 
126 104.9 Os09g0482780  87 Os01g0842500  124.7 
127 106.2 Os12g0623900  88.2 Os05g0179300  125.2 
128 106.5 Os08g0429200  88.8 Os01g0198500  127 
129 107.6 Os05g0280200  88.9 Os06g0304600  127 
130 108.5 Os10g0529300  90.5 Os06g0710400  128.7 
131 108.8 Os04g0676400  91.7 Os08g0440000  129.2 
132 109.8 Os03g0223000  92 Os03g0564600  129.4 
133 109.9 Os05g0556400  92 Os04g0685400  130.1 
134 112 Os08g0556400  92.7 Os11g0566800  130.1 
135 113.2 Os08g0541500  93.5 Os05g0123100  131 
136 113.4 Os03g0795100  95.5 Os01g0111800  131.5 
137 113.9 Os02g0604300  95.5 Os05g0280200  131.9 
138 114.9 Os09g0533900  95.8 Os12g0149000  132.1 
139 114.9 Os01g0842500  95.8 Os02g0767300  132.3 
140 117 Os09g0443800  95.8 Os02g0135500  133.2 
141 117.3 Os11g0592600  96.3 Os11g0600900  133.2 
142 118.6 Os01g0732000  97 Os02g0666200  137.4 
143 120.6 Os01g0752200  97.2 Os02g0778400  137.4 
144 120.8 Os02g0329800  97.5 Os02g0753500  137.7 
145 121.5 Os05g0586400  97.6 Os03g0220100  138.5 
146 121.7 Os01g0260800  99 Os05g0556400  139.1 
147 121.7 Os01g0329900  99 Os03g0241600  139.3 
148 122.3 Os01g0897300  99.5 Os01g0675500  140.5 
149 123.5 Os07g0694700  100.6 Os07g0622200  141.4 
150 124.5 Os08g0151300  100.8 Os06g0696600  141.6 
151 126.2 Os05g0435800  101.1 Os02g0653800  143.1 
152 126.3 Os05g0494500  101.3 Os02g0471500  144.3 
153 126.5 Os02g0175400  101.4 Os03g0421800  148.5 
154 126.6 Os01g0934700  101.5 Os03g0775200  149 
155 126.8 Os02g0448400  101.6 Os05g0563000  150.8 
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156 126.9 Os05g0430700  102 Os02g0697800  150.8 
157 127.2 Os04g0608300  102.5 Os05g0199100  151.5 
158 127.4 Os08g0155100  103.6 Os04g0406600  151.9 
159 127.5 Os02g0718900  104 Os07g0590700  152.6 
160 128.6 Os01g0926600  105.8 Os04g0408600  152.9 
161 129.4 Os07g0586700  105.8 Os05g0564400  153.7 
162 129.7 Os11g0514900  106.3 Os03g0719000  153.8 
163 129.9 Os09g0526800  106.4 Os01g0179200  155 
164 130.8 Os01g0971400  108.1 Os01g0110200  155.1 
165 131 Os01g0926400  108.7 Os07g0252400  155.1 
166 131 Os03g0253600  109 Os10g0467800  156.1 
167 131.4 Os08g0475400  109.2 Os12g0104400  156.6 
168 133.1 Os07g0104100  109.5 Os06g0223800  157.4 
169 133.4 Os11g0693800  110.2 Os11g0614400  157.9 
170 133.6 Os08g0498100  110.4 Os11g0546100  158 
171 133.6 Os01g0645000  110.7 Os03g0413400  158.1 
172 134.3 Os11g0178800  110.8 Os04g0602900  160 
173 135.5 Os02g0786500  111 Os05g0568600  160.4 
174 135.7 Os08g0550200  112.4 Os05g0209500  160.6 
175 136 Os02g0628200  112.8 Os07g0107300  161.7 
176 136.9 Os01g0260100  113.8 Os05g0123200  162.3 
177 137.2 Os07g0693000  114.1 Os03g0687000  164.2 
178 137.5 Os03g0116900  114.3 Os05g0496500  164.2 
179 137.6 Os03g0713400  114.9 Os02g0758800  164.5 
180 138.2 Os02g0637700  115 Os12g0104700  165.2 
181 138.3 Os04g0636400  115.3 Os05g0586400  166.1 
182 139 Os04g0408600  116.5 Os05g0383200  166.3 
183 139 Os02g0778400  117.7 Os03g0242200  168.4 
184 139.1 Os05g0210100  118.5 Os05g0499300  169 
185 140.3 Os10g0536700  119.3 Os09g0462200  169 
186 140.5 Os05g0489100  120.6 Os05g0401400  169.8 
187 141.7 Os07g0627700  121.3 Os01g0860400  170 
188 144.6 Os05g0165500  122.1 Os10g0457600  170.1 
189 145.2 Os02g0653200  123.1 Os02g0538700  170.3 
190 145.2 Os02g0224800  124.4 Os01g0805900  171.4 
191 149.3 Os04g0338000  124.6 Os04g0677200  172.1 
192 149.5 Os12g0571700  124.7 Os04g0463000  172.3 
193 150.2 Os09g0414900  130.8 Os07g0104100  172.6 
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194 151.4 Os03g0736300  131.1 Os02g0187800  172.9 
195 151.4 Os01g0835500  131.4 Os08g0459600  174.5 
196 152 Os12g0638700  134.1 Os10g0552300  175.7 
197 152.9 Os07g0667300  134.2 Os02g0164300  175.8 
198 153.2 Os04g0569300  134.7 Os02g0623300  177.4 
199 153.2 Os08g0269500  135.7 Os01g0207400  178.2 
200 153.2 Os04g0105200  135.7 Os09g0533900  179.4 
201 155 Os07g0572400  135.8 Os11g0178800  179.7 
202 155 Os01g0182300  136.4 Os03g0273800  180.3 
203 155.3 Os04g0337500  136.5 Os08g0487500  180.7 
204 155.6 Os03g0421800  136.5 Os03g0718100  181.8 
205 156.5 Os06g0659800  137 Os04g0103300  182.1 
206 156.6 Os01g0110200  137.5 Os01g0823400  182.5 
207 157.6 Os08g0103500  137.5 Os03g0223000  183.4 
208 157.8 Os01g0697100  138.3 Os01g0584100  185 
209 158.3 Os02g0617800  138.4 Os11g0604600  185.3 
210 158.6 Os04g0483500  138.9 Os11g0455800  185.5 
211 158.6 Os05g0176100  139.3 Os03g0299600  185.8 
212 158.9 Os09g0248100  139.5 Os03g0234900  186.1 
213 159 Os05g0440800  139.8 Os01g0290700  186.5 
214 159.7 Os01g0716200  139.9 Os08g0524200  186.8 
215 160.6 Os02g0752200  140 Os05g0499400  187.8 
216 161.3 Os04g0416700  140.6 Os01g0265100  188.7 
217 163.2 Os02g0555700  141.4 Os02g0653200  190.1 
218 163.3 Os02g0718100  142 Os02g0797700  190.2 
219 163.6 Os05g0593100  142.1 Os03g0128000  191.1 
220 164 Os08g0108300  142.4 Os01g0664200  191.2 
221 164.3 Os10g0555600  142.4 Os05g0209600  191.8 
222 165.2 Os05g0470000  143 Os01g0645000  193 
223 165.2 Os07g0572600  143.9 Os07g0622900  193.5 
224 165.7 Os01g0644600  145.7 Os05g0332300  193.8 
225 165.8 Os10g0539900  146 Os03g0416200  194.3 
226 167.7 Os06g0554800  147.7 Os03g0799200  194.8 
227 167.9 Os06g0247900  148 Os07g0600200  195.3 
228 168.9 Os04g0110200  150.4 Os07g0584500  195.4 
229 169.2 Os01g0111800  150.7 Os03g0789200  195.5 
230 169.7 Os03g0757900  151.1 Os03g0749300  197.2 
231 171 Os06g0304600  153 Os01g0253400  197.9 
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232 171.1 Os06g0140400  153.2 Os01g0338000  199.8 
233 172.5 Os02g0109800  153.5 Os09g0422500  203.8 
234 173.6 Os08g0157400  154 Os08g0243500  204.9 
235 174.3 Os06g0178900  155.2 Os10g0200700  205.4 
236 175 Os05g0332300  155.3 Os05g0382600  205.7 
237 176.3 Os02g0100600  157 Os10g0532600  206.2 
238 176.9 Os05g0582000  158 Os12g0109700  206.8 
239 178.4 Os02g0722300  159.1 Os01g0801500  207.5 
240 178.8 Os04g0529800  159.9 Os06g0551500  210.7 
241 181.8 Os10g0132300  160.6 Os08g0531100  213 
242 182.5 Os08g0430500  160.8 Os01g0752200  214.9 
243 182.7 Os10g0539400  162.9 Os01g0611000  215.6 
244 182.9 Os04g0243700  164.8 Os05g0168500  215.9 
245 183.7 Os01g0358100  165.5 Os03g0123500  216 
246 183.8 Os05g0168700  165.5 Os09g0469500  216 
247 184.3 Os03g0767600  165.7 Os12g0626200  216 
248 185 Os03g0397700  167.1 Os09g0266600  216.6 
249 185.8 Os05g0568000  167.1 Os07g0585500  217.3 
250 186.5 Os01g0805900  168.5 Os01g0756200  217.5 
251 186.6 Os01g0288200  168.6 Os09g0420300  217.9 
252 186.9 Os08g0445000  168.8 Os08g0560300  217.9 
253 187.2 Os09g0422500  169.7 Os09g0438000  219.2 
254 188.8 Os06g0661900  170 Os08g0127500  223.3 
255 189 Os11g0297800  170.2 Os10g0529300  224.6 
256 189.1 Os08g0524400  171.5 Os03g0788600  225.4 
257 189.1 Os12g0554800  171.8 Os01g0856500  226.5 
258 189.5 Os01g0209400  173.2 Os07g0160600  227.5 
259 189.8 Os10g0551200  173.4 Os01g0809300  227.6 
260 190.4 Os08g0503800  174.3 Os06g0545900  228.2 
261 190.4 Os11g0109700  174.3 Os06g0133900  228.2 
262 192.2 Os05g0108800  174.4 Os11g0157200  228.8 
263 192.8 Os02g0695600  175.3 Os04g0441800  229.2 
264 194.2 Os09g0420300  177.1 Os06g0216700  229.3 
265 195.1 Os03g0807500  178 Os03g0599800  229.3 
266 196.5 Os01g0953600  178.2 Os01g0799900  230.9 
267 198.3 Os07g0637400  178.9 Os07g0615200  232 
268 199 Os10g0532600  180.4 Os12g0566300  233.1 
269 199.5 Os10g0563900  181 Os01g0263300  233.8 
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270 200.7 Os07g0574800  181 Os05g0186300  237.4 
271 200.7 Os03g0783700  181.1 Os02g0695600  238.6 
272 202.1 Os03g0775200  181.7 Os01g0740400  239.3 
273 202.1 Os05g0272800  181.9 Os11g0139400  239.4 
274 202.9 Os06g0156600  182 Os02g0718100  239.8 
275 203.1 Os07g0166700  183.1 Os03g0110300  241 
276 203.2 Os12g0223300  184.1 Os04g0570800  242.4 
277 203.4 Os07g0454700  184.4 Os11g0157300  243.6 
278 204.7 Os04g0535400  185.4 Os07g0448400  244.1 
279 206.1 Os03g0273200  186.9 Os01g0971400  246.9 
280 207.5 Os07g0524000  186.9 Os02g0692000  249.9 
281 207.7 Os12g0126200  187.4 Os06g0234600  250.3 
282 209 Os03g0637900  189.4 Os01g0294700  250.4 
283 210 Os01g0300200  190.8 Os03g0850700  250.6 
284 210 Os07g0549100  191.4 Os02g0621800  251.3 
285 210.9 Os04g0105300  191.7 Os01g0631100  252.1 
286 211.8 Os01g0842400  191.9 Os01g0953600  256.8 
287 212.4 Os02g0683900  193.2 Os03g0438100  257.6 
288 213.4 Os01g0823400  193.7 Os02g0678400  257.8 
289 213.9 Os04g0619300  194.5 Os03g0700700  258 
290 216.6 Os02g0727300  194.7 Os11g0109700  259.5 
291 217 Os05g0563000  195.1 Os12g0151500  260.1 
292 218.1 Os04g0567800  195.5 Os02g0246900  260.3 
293 218.2 Os08g0428400  196 Os09g0307300  260.6 
294 219.1 Os05g0494000  197.1 Os10g0555600  260.7 
295 219.9 Os11g0614400  197.2 Os02g0626100  261.2 
296 220 Os12g0502000  199.1 Os02g0627100  262 
297 220 Os02g0704500  199.7 Os01g0917900  262.5 
298 220.4 Os08g0249100  200.2 Os03g0721300  262.6 
299 221 Os02g0767500  201 Os01g0855000  264.3 
300 221.3 Os01g0756200  201.1 Os05g0494000  265 

	  
	  
	  
Table 4. The 83 shared rice genes. 
The 83 rice genes were obtained from the intersection of co-expressed genes from the baits 
OsGT43A (Os05g0123100), OsGT43B (Os04g0650300) and OsGT47D (Os01g0926400). The 
MR for each bait gene is the original MR + 1. MR average was calculated as the geometric mean 
of the individual MRs. Gene descriptions were downloaded from RAP-DB. Pfam IDs were 
downloaded from the Pfam database ver. 24.0. 
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RAP MR by 
OsGT43A 

MR by 
OsGT43B 

MR by 
OsGT47D 

MR 
average 

Os04g0650300 94.5 1 38.8 15.4 
Os05g0386800 70.6 10 6.1 16.3 
Os01g0926400 132 38.8 1 17.2 
Os01g0837300 5.9 8.4 133.1 18.8 
Os09g0494200 68.8 5.9 23.3 21.1 
Os05g0123100 1 94.5 132 23.2 
Os06g0707200 23.9 9.5 59.5 23.8 
Os02g0164300 9.8 135.2 14 26.5 
Os03g0291800 2 37.5 257.8 26.8 
Os02g0715300 35.5 3.5 180.4 28.2 
Os07g0208500 102.8 18.4 15.8 31.0 
Os03g0852400 15.1 14 153.9 31.9 
Os04g0613200 20.9 71.4 26.4 34.0 
Os07g0604800 4.5 78.3 161.4 38.5 
Os08g0560300 20.8 169.8 16.4 38.7 
Os05g0563600 32.4 40.5 57.1 42.2 
Os05g0582100 36.5 14.9 151.8 43.5 
Os06g0126500 23.7 38 92.1 43.6 
Os06g0284200 22.6 54 68.5 43.7 
Os07g0462200 82 58.1 21.9 47.1 
Os05g0462500 10.5 53.9 191.2 47.7 
Os02g0329800 121.8 18.2 48.9 47.7 
Os05g0123200 6.7 114.8 149.5 48.6 
Os03g0278000 11.9 44 225.6 49.1 
Os02g0628200 137 14.8 61 49.8 
Os01g0644600 166.7 32.8 22.9 50.0 
Os01g0926600 129.6 18 56.9 51.0 
Os04g0689500 49.5 16.9 176.8 52.9 
Os01g0111800 170.2 96.5 10.8 56.2 
Os05g0140100 35.6 47.1 110.6 57.0 
Os01g0265100 16.5 141.6 80 57.2 
Os07g0424400 99.2 52.8 38.1 58.4 
Os05g0114000 32.4 26.9 231.9 58.7 
Os03g0736300 152.4 41.1 33 59.1 
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Os11g0139400 46.8 182.9 26.4 60.9 
Os05g0159300 66.8 46.5 74.5 61.4 
Os12g0159600 11.5 83.8 266 63.5 
Os03g0775200 203.1 102.5 12.5 63.8 
Os05g0494500 127.3 23.9 90 64.9 
Os01g0631100 7 192.7 206.4 65.3 
Os06g0132100 64.3 61.9 71.9 65.9 
Os05g0176100 159.6 41 44.8 66.4 
Os04g0416700 162.3 59.4 32.1 67.6 
Os01g0358100 184.7 22.4 85 70.6 
Os06g0506200 91.2 40.2 132.9 78.7 
Os04g0549700 67.1 65.1 134.2 83.7 
Os09g0482780 105.9 70.5 91.1 87.9 
Os03g0661300 74.8 66.4 140.3 88.7 
Os01g0285300 51.2 81.3 175.5 90.1 
Os07g0590700 68.3 105 102.7 90.3 
Os12g0566300 29.7 181.4 156 94.4 
Os10g0536700 141.3 73.9 81.2 94.6 
Os04g0512300 71.5 79.3 161.6 97.1 
Os03g0128000 70.2 143.1 101.5 100.7 
Os09g0533900 115.9 136.7 66.6 101.8 
Os03g0721300 42.2 201.2 125.1 102.0 
Os11g0546100 85.9 111.4 111 102.0 
Os11g0455800 34.2 139.9 230.3 103.3 
Os05g0272800 203.1 76.5 93 113.1 
Os02g0538700 90.3 124.1 130.2 113.4 
Os05g0280200 108.6 96.5 173.1 122.0 
Os01g0842500 115.9 88 178.4 122.1 
Os05g0556400 110.9 100 170.8 123.7 
Os10g0467800 94 110 187.1 124.6 
Os10g0529300 109.5 171.2 104.2 125.0 
Os09g0248100 159.9 48.6 252.3 125.2 
Os02g0653200 146.2 142.4 101.2 128.2 
Os03g0223000 110.8 138.5 138.7 128.6 
Os01g0756200 222.3 169.5 59.1 130.6 
Os04g0110200 169.9 81.8 166.2 132.2 
Os03g0416200 89.4 147 188.8 135.4 
Os05g0499300 86.6 119.5 251.6 137.6 
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Os05g0499400 87 141 218.9 139.0 
Os01g0971400 131.8 187.9 117.5 142.8 
Os07g0104100 134.1 131.8 170 144.3 
Os01g0645000 134.6 144 179.2 151.4 
Os04g0408600 140 106.8 238.4 152.8 
Os05g0586400 122.5 116.3 262.2 155.2 
Os10g0555600 165.3 198.1 119 157.4 
Os11g0178800 135.3 136.8 230.2 162.1 
Os01g0110200 157.6 109.1 251.4 162.9 
Os02g0718100 164.3 183 205.9 183.6 
Os05g0494000 220.1 202.1 191.1 204.1 
	  
	  
Table S8. The Pfam information of the high-ranking co-expression sets.  
Sets of Pfam domains were found in co-expressed gene groups, where at least one gene 
exhibited an average MR of less than 70. The AGI and RAP codes corresponding to each Pfam 
ID are from entire co-expression sets in Arabidopsis and rice (Table S1 and S3). Red color 
indicates genes with average MR less than 70. The predicted locations are shown according to 
the PFANTOM. 
 
Pfam ID RAP AgI  
Golgi apparatus 

PF03016 
Os01g0926400 
Os01g0926600 
Os03g0144800 
Os10g0180000 

At1g27440 At1g34270 
At2g28110 At2g35100 
At4g22580 At5g61840 

PF03360 
Os04g0650300 
Os05g0123100 
Os01g0675500 
Os06g0687900 

At2g37090 At4g36890 

PF01501 
Os03g0211800 
Os03g0300900 
Os03g0413400 

At4g33330 At3g18660 
At5g54690 At1g19300 
At1g18580 At3g02350 

PF01762 
Os02g0164300 
Os03g0577500 
Os08g0386700 

At1g53290 

PF04577 
Os06g0707200 
Os02g0329800 
Os02g0135500 

 

PF03214 
Os07g0604800 
Os03g0599800 

 

PF03141 
Os03g0775200 
Os04g0570800 

At1g19430 
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PF07779 
Os05g0582100 
Os01g0631100 
Os03g0314200 

At5g46340 

PF03151 

Os02g0628200 
Os11g0139400 
Os05g0494500 
Os06g0506200 
Os01g0167500 
Os05g0168700 

At1g06470 At1g30840 
At1g48230 At1g53660 
At3g14410 At3g17430 
At4g39390 At5g11230  
At5g55950 

Tri-phosphate transporter  

PF04669 
Os04g0649900 At3g50220 At1g09610 

At1g33800 At5g67210 
At4g09990 

DUF579 

PF03138 
(PF10250) 

Os06g0284200 
Os06g0545900 

At1g29200 At3g21190 
DUF246 

PF03005 

Os03g0291800 
Os01g0652800 
Os03g0291800 
Os05g0470000 
Os06g0234600 
Os09g0397400 
Os12g0104700 
Os12g0106300 

At5g01360 At1g29050 
At2g31110 At2g38320 
At5g15900 

DUF231 

PF01370 
Os01g0837300 
Os03g0278000 
Os02g0678400 
Os10g0576900 

At5g59290 At2g28760 
At1g63000 At3g23820 
At3g53520 epimerase 

Plasma Membrane  (extracellular) 

PF00071 

Os05g0280200 
Os02g0120800 
Os02g0312600 
Os02g0653800 
Os05g0564400 

At5g45970 At1g73640 
At2g43130 At3g46830 
At3g53610 At4g39990 
At5g03530 

ROP RAB GTPase  

PF00025 

Os01g0265100 
Os01g0338000 

At4g02080 

ADP-ribosylation GTPase 

PF00612 

Os05g0123200 
Os01g0716200 
Os01g0896200 

At3g15050 At1g14380 
At2g33990 At3g09710  
At3g59690 At2g31900 
At3g15050 

IQ-DOMAIN 

PF00069 

Os01g0664200 
Os02g0236200 
Os03g0241600 
Os05g0319700 
Os05g0332300 
Os05g0440800 
Os08g0109800 
Os08g0249100 
Os09g0237600 
Os09g0375600 
Os12g0108100 

At2g40120 At1g09440 
At1g24030 At3g17420 
At1g03920 At1g56720 
At2g28250 At3g15220 
At3g23000 At5Gg8280 

protein kinase  
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PF00560, 
PF08263, 
PF00069 

Os03g0127700 
Os03g0397700 
Os04g0463000 

At1g67510 At1g79620 
At1g28440 At1g55610 
At5g56040 LRR family protein  

PF00786 

Os03g0847900 At1g27380 At5g16490 
ROP interactive CRIB 

protein (RIC) 

PF02469 

Os05g0563600 
Os09g0482780 
Os03g0128000 
Os09g0248100 
Os01g0159200 
Os01g0668100 
Os03g0788600 
Os07g0160600 
Os08g0321000 

At5g03170 At5g60490 
At2g35860 At3g52370 

Fasciclin-like 
Arabinogaractan protein 

(FLA) 

PF00182 

Os09g0494200 At1g05850 At3g16920 

chitinase-like protein (CTL) 

PF00295 

Os02g0781000 
Os03g0124900 
Os12g0554800 

At3g42950 At1g19170 
At1g80170 At1g70500 
At1g70500 Polygaracturonase 

PF07983 

Os03g0421800 
Os07g0168600 

At2g43660 At1g13830 
At4g31140 

β-(1;3)-glucanase 

PF00759 

Os03g0736300 
Os09g0533900 
Os06g0247900 

At1g19940 At1g48930 
At5g49720 

cellulase 

PF07731, 
PF00394, 
PF07732 

Os01g0842500 
Os01g0842400 
Os03g0273200 
Os12g0108000 

At2g38080 At5g01190 
At5g05390 At5g60020 
At2g29130 At5g03260 putative laccase 

PF03552 

Os07g0208500 
Os07g0424400 
Os05g0176100 
Os10g0467800 
Os03g0837100 
Os07g0252400 
Os08g0160500 
Os09g0422500 

At5g17420 At4g18780 
At5g44030 

cellulose synthase  

PF04833 

Os05g0386800 
Os03g0416200 

At5g15630 

COBRA  
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PF02298 

Os02g0653200 
Os01g0281600 
Os03g0709300 
Os03g0807500 
Os06g0216700 
Os06g0218600 

At1g22480 At1g72230 
At5g26330 At3g27200 

plastocyanin-like domain-
containing protein 

PF00097 

Os01g0703300 
Os01g0917900 
Os02g0692000 
Os02g0790600 
Os04g0243700 
Os06g0167200 
Os08g0157400 
Os08g0445000 
Os08g0487500 
Os09g0376700 
Os10g0540000 
Os11g0604600 

At2g20650 At5g48560  
At1g35625 At1g49210 
At1g72200 At4g28370 
At5g17600 At5g20885 

zinc finger (C3HC4-type 
RING finger)  

PF06749 

Os07g0462200 
Os01g0253400 

At4g27435 At1g31720 

DUF1218 

PF00190 

Os01g0249200 
Os01g0284500 

At3g62020 At1g07750 
At1g10460 

GERMIN-LIKE PROTEIN  

PF07058 

 At4g17220 

ATMAP70-5 

PF00786 
PF00620 

 At1g08340  

RhoGAP 

PF07320 
(PF03168) 

Os12g0159600 
Os04g0416700 
Os02g0538700 
Os04g0685400 
Os05g0199100 
Os06g0163300 
Os11g0157200 
Os11g0157300 
Os02g0100600 
Os03g0696000 

 

Hairpin-induced protein 

Nucleus 

PF00249 

Os05g0140100 
Os01g0285300 
Os01g0702700 
Os02g0695200 
Os05g0553400 
Os08g0151300 

AT1G63910 AT4G22680 
AT1G79180 AT1G16490 
AT1G17950 AT2G38090 
AT4G01680 AT4G33450 
AT5G12870 AT5G16600 

MYB 
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PF00010 
Os04g0350700 At5g48560 At2g40200 

At3g07340 At4g17880 MYC 

PF02365 

Os02g0623300 
Os05g0563000 
Os06g0131700 
Os08g0115800 

At1g32770 At4g28500 
At1g12260 At1g28470 
At1g71930 At3g61910 
At4g29230 At5g62380 
At5g64530 

NAC 

PF00642 
Os01G0645000 
Os05g0576300 

At1g68200 At1g66810 
At2g41900 dTIS 

PF04640 
Os08g0560300  

DUF597 

PF00514 
Os02g0727300 
Os03g0116900 
Os06g0223800 

At5g14510 
armadillo/beta-catenin 

repeat  

PF00719 
Os05g0114000 
Os05g0438500 

 
PRLI-interacting factor  

PF04852 
 At1g78815 At1g07090 

At5g28490 At5g58500 LSH 

Other components 

PF00141 

Os10g0536700 
Os05g0499300 
Os05g0499400 
Os07g0104100 
Os01g0263300 
Os01g0294700 
Os03g0121200 
Os03g0234900 
Os05g0134400 
Os06g0681600 
Os07g0694700 

At5g42180 At1g05260 
At5g15180 

peroxidase 

PF00026 
Os06g0304600 At2g03200 

aspartyl protease  

PF01419 
Os10g0132300 At1g58160 

jacalin lectin 

PF03999 
Os03g0719000 
Os08g0531100 

At1g27920 
MAP65-8 

PF04784 
Os03g0267500 At5g60720 

DUF547 
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PF00240, 
PF02179 

Os06g0126500 
Os09g0524800 
Os02g0250400 
Os05g0209600 
Os05g0210100 
Os06g0156600 
Os06g0531900 

At5g07220 

Ubiquitin domain 

PF00657 
Os05g0159300 
Os01g0329900 

At1g54790 
Lipase, GDSL 

PF06814 
Os05g0462500 
Os06g0132100 
Os11g0546100 

At2g01070 At5g18520 
Transmembrane 

receptor 

	  
	  
	  
	  
	  
	  



	  

	   128	  

	  

Appendix 2 
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Supplemental Figure S1. 
A, HPLC elution profiles of product from reaction using purified GUX1. 
Top, profile of the sodium adduct of glucurono-xylohexaose alone 
(m/z = 1009.28579). Bottom, profile of the unknown compound with m/z = 
1007.02724. B, mass spectrum of a GlcAT control reaction that did not 
include purified GUX1, showing the contaminant peak at 1007.02851 
and its isotope peaks. 
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Supplemental Figure S2. Subcellular localizations of the 
GUX1 – GUX5 and PGSIP6 proteins. Single-plane confocal 
micrographs of the proteins fused with C-terminal YFP (top 
row), the plasma membrane marker AtPIP2-mCherry (middle 
row), and merged YFP and mCherry channels (bottom row). 
Bar = 100 µm. 



	  

	   130	  

	  

Appendix 3 
 
 

 
 
Figure 1. Production of GlcA-IPC in sur1 yeast expressing UGD2, hUGTrel7, and IPGT1.  
All yeast contain the sur1 knockout mutation and vectors with Leu, His, and Ura 
markers. Vectors are either empty (contain a small non-coding DNA fragment in the Gateway 
site) or include UGD2, hUGTrel7, and/or IPGT1 cDNA.  Mass spectrum of lipids from each 
yeast transformant showing GlcA-IPC peaks at m/z 1128.6 (t18:0/h26:0 ceramide) and 1144.6 
(t18:0/d26:0 ceramide). 
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Figure 2. IPGT1 is expressed during pollen development. A) RT-PCR of IPGT1 and Histone 
H3 (control) in the uninucleate microspore (UNM), bi-cellular pollen (BCP), tri-cellular pollen 
(TCP), and mature pollen grains (MPG). Phenotype of wild type (B, D, and F) and ipgt1 (C, E 
and G) pollen is indistinguishable. Light microscopy  of mature pollen grains (A, B); fluorescence 
microscopy after DAPI staining (D, E) and Alexander staining (F, G). Arrows indicate the 
diffusely stained vegetative nucleus; arrowheads indicate the densely stained sperm cell nuclei. 
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Figure 3. Homologs of GUX, PGSIP, and IPGT1 proteins in N. benthamiana. In order to 
silence homologs of IPGT1, we identified members of the GUX/PGSIP/IPGT clade in N. 
benthamiana. IPGT1 has three closely related members in N. benthamiana. Likelihood ratios are  
shown at nodes. 
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