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Abstract: The higher plant genomes sequenced to date include numerous genes
encoding proteins classified as belonging to CAZy family GT8. The large number
and diversity of GT8 proteins in higher plants, which currently constitute more
than 65% of the identified eukaryotic GT8 genes, highlight the importance of these
proteins in plants. Here we summarize a detailed phylogenetic study of GT8
proteins from three monocot and four dicot plant genomes that clearly divides
higher plant GT8 proteins into two distantly related sets of clades, many of which
are further divided into statistically well-supported subclades. One set, the
GAUT1 (GAlactUronosylTransferasel)-related family, includes the GAUT and
GAUT-Like (GATL) proteins, comprising one proven galacturonsyltransferase
and multiple additional members strongly implicated in the synthesis of pectins
and xylan, two major types of polysaccharides present in plant cell walls. The
second set, which includes Plant Glycogenin-like Starch Initiation Proteins
(PGSIPs) and Galactinol Synthases (GolSs), appears not to be directly involved in
plant cell wall synthesis. The PGSIPs have been suggested to play a role in
priming starch biosynthesis, while the GolSs are key enzymes in the synthesis of
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the raffinose family of oligosaccharides that play important roles in plant responses
to environmental stress. This chapter also summarizes data from biochemical,
transcriptional, and mutational studies that provide additional insights into pos-
sible functions of higher plant GT8 proteins. However, much work is needed to
fully define the roles of GT8 proteins in plants, particularly with respect to their
enzymatic function in plant cell wall biosynthesis.

Keywords: biosynthesis; cell wall; dicot; galactinol synthase; galacturonosyl-
transferase; GATL; GAUT; glycosyltransferase; GolS; GT8; monocot; pectin;
PGSIP; retaining; starch; xylan

Glycosyltransferase family 8 (GT8) of the CAZy Carbohydrate Active
Enzymes database (Cantarel et al. 2009 and see Chapter 4) is presently a
family of 973 predicted retaining glycosyltransferases (GTs) with 486 bacte-
rial, 451 eukaryote, 34 viral and 2 unclassified members. Of the eukaryote
GT8 members currently listed, 297 are from higher plants with 41 of these
from Arabidopsis.

The enzyme activities that have been confirmed biochemically for selected
members of this family include multiple bacterial o-glycosyltransferases,
many of which synthesize part of the core region of lipopolysaccharide
(LPS), as well as three classes of eukaryotic enzymes: glycogenin glucosyl-
transferases and plant glycogenin-like proteins; galactinol synthases; and a
galacturonosyltransferase involved in the synthesis of the plant cell wall
pectic polysaccharide, homogalacturonan. As a group, the GT8 enzymes
catalyse the transfer of diverse sugars (Glc, Gal, GIcNAC, GalA) onto lipo-
oligosaccharide, protein, inositol, oligosaccharide or polysaccharide accep-
tors using nucleotide sugar substrates.

After a very brief overview of bacterial GT8 enzymes, this chapter focuses
on the eukaryotic enzymes with particular emphasis on the GT8 genes
present in plants. The initial overview of bacterial GT8 enzymes, which are
involved in lipopolysaccharide biosynthesis, is provided in part because the
structure of one of these bacterial GT8 proteins has been determined by
X-ray crystallography (see below).

Lipopolysaccharides are amphipathic glycoconjugates located in the outer
membrane of Gram-negative bacteria, but whose synthesis begins on the
cytoplasmic side of the inner membrane and includes flipping and transport
across the periplasm (Raetz & Whitfield 2002). LPS has a protective and
permeability barrier function and also provides information for interaction
of bacteria with other cells. In this regard, LPS can also serve as a virulence
factor. LPS consists of a hydrophobic so-called lipid A domain, a non-
repeating core domain, and a distal polysaccharide domain such as O-specific
polysaccharide, enterobacterial common antigen (ECA) or capsular poly-
saccharide. Many of the bacterial GT8 enzymes, which include o1,2 and
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01,3 glucosyltransferases (GlcTs) and galactosyltransferases (GalTs), syn-
thesize part of the core region of LPS. The LPS core is an oligosaccharide
region that contains up to 15 glycosyl residues (Holst 2007). There is
structural variation between the core oligosaccharide regions of LPS from
different bacteria. Examples of GT8 LPS core GTs include the lipopolysac-
charide glucosyltransferase 1 (EC 2.4.1.58) (also known as lipopolysaccha-
ride glucosyltransferase 1 and UDPglucose:(heptosyl)lipopolysaccharide
1,3-glucosyltransferase) which transfers Glc from UDP-Glc onto the non-
reducing end heptose of some LPS inner cores (Miiller et al. 1972). Another
example is the bacterial lipopolysaccharide (LPS) al,3-galactosyltransferase
(EC 2.4.1.44) which catalyses the transfer of Gal from UDP-Gal on to Glc in
the partially completed outer LPS core (Holst 2007).

The eukarotic GT8 proteins are divided into three groups based on the
glycan synthesized. Proteins from each of these groups are found in plants.
These three groups of enzymes are:

1 Glycogenin glucosyltransferase (EC 2.4.1.186) which, in glycogen-
producing organisms such as mammals, is an a-glucosyltransferase that
first glucosylates itself at a Tyr residue and then elongates the Glc to form
an oligosaccharide of 5-13 ol,4-linked glucosyl resides attached to the
protein glycogenin (Hurley et al. 2005). This oligosaccharide primer is then
further glycosylated by glycogen synthase and branching enzyme to yield
glycogen, an energy storage polysaccharide.

2 Inositol 1-a-galactosyltransferase (galactinol synthase) (EC 2.4.1.123) is
another class of eukaryotic GT8 GTs which galactosylates myoinositol to
form UDP and O-o.-p-galactopyranosyl-[1—1]-L-myo-inositol, also known
as galactinol. Galactinol serves as the donor for stachyose and raffinose
synthesis. As such, galactinol synthase represents the first unique enzyme
in the biosynthetic pathway that leads to these oligosaccharides, which
are osmoprotectants in specialized plant tissues and serve as sources of
energy during the germination of some seeds (Saravitz et al. 1987).
Sequential transfer of aGal from galactinol on to sucrose yields the trisac-
charide (raffinose: aGal-1,6-0Glc-1,2-BFru) or the tetrasaccharide (stachy-
ose: 0Gal-1,6-aGal-1,6-0Glc-1,2-BFru).

3 The largest of the eukaryotic GT8 groups consists of plant cell wall biosyn-
thetic glycosyltransferases belonging to the GAUT1-related gene family.
Only one protein in this group has had its activity biochemically verified
and that is the pectin biosynthetic enzyme homogalacturonan ol,4-gal
acturonosyltransferase 1 (EC 2.4.1.43) (GAUT1) (Sterling et al. 2001).

As a group the GT8 enzymes are predicted to be retaining glycosyltrans-
ferases and to have a GT-A fold, on the basis of information gained from
the only two family members having a resolved crystal structure: UDP-
Gal:o1,4-galactosyltransferase (LgtC) from Neisseria meningitides, which
catalyses the transfer of p-Gal from UDP-Gal on to the Gal in a terminal
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lactose portion of LPS in Neisseria (Persson et al. 2001), and rabbit muscle
glycogenin (Gyg), the self-glucosylating initiation protein that synthesizes
the oligosaccharide primer for glycogen synthesis (Gibbons et al. 2002). Like
all retaining glycosyltransferases, the GT8 GTs synthesize glycoconjugates
with an a-anomeric configuration when p-nucleotide sugars (or other
activated sugars with an o linkage) are used as donor substrates. Of
course, retaining enzymes will synthesize B-linked glycoconjugates when
L-nucleotide sugars are the donor substrates.

A detailed phylogenetic analysis of the complete CAZy Family GT8 has been
carried out using genes identified from fully sequenced organisms utilizing
the Pfam GT8 domain model (PF01501; http://pfam.sanger.ac.uk/
family?entry=PF01501) as the probe (Yin et al. 2010). We summarize the
results of those analyses here as they pertain to GT8 proteins identified
from those higher plants for which complete genome sequences have
been published. An E-value cutoff of 1€ was used as a threshold to identify
genes encoding GT8 family members. This threshold resulted in the identi-
fication of all 41 GT8 proteins previously identified in Arabidopsis (Sterling
et al. 2006) with no false positives identified. The plants used for the
analysis reported here include three monocots (Oryza sativa (Yu et al. 2002;
Goff et al. 2002), Sorghum bicolor (Paterson et al. 2009), Brachypodium
distachyon (http://www.phytozome.net/) and four dicots (Arabidopsis
thaliana (Arabidopsis Genome Initiative 2000), Populus trichocarpa (Tuskan
et al. 2006), Vitis vinifera (Jaillon et al. 2007), Glycine max (http://www.
phytozome.net/)). During the analysis it became clear that some proteomes,
such as those of Arabidopsis and rice, contain protein variants that arise
from alternative splicing. For such genes, we kept only one protein sequence
for each gene.

The plant GT8 family members identified in these screens are listed in
Table 6.1, together with useful information about each gene and its encoded
protein, including the plant species, Gene ID, GT8 clade, clade subfamily
(where identifiable), the number of ESTs found in GenBank, the presence of
signal peptide (as predicted by SignalP v3.0; Bendtsen et al. 2004)), the
number of transmembrane domains (as predicted by TMHMM v2.0; Krogh
et al. 2001)), and the protein length. All listed proteins contain the Glyco_
transf_8 (PF01501) Pfam domain. The EST matches were found by a BLAST
search of the full-length coding region sequences of the plant GT8 proteins
against the GenBank EST sequences obtained from PlantGDB (Dong et al.
2005). Using an E-value cutoff of <le?, ESTs more than 98% identical to
the query were kept and numerated. These results provide evidence that
at least 75% of the GT8 proteins listed are expressed in at least one plant
tissue.
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PGSIP-A

Arabidopsis

———— Poplar 65
Grape Gols
Soybean 10

—— Rice

—— Sorghum

——— Brachypodium

The phylogeny of higher plant GT8 proteins. The multiple sequence align-
ment of 319 full-length plant GT8 protein sequences (Table 6.1) was used to perform a
maximum likelihood (ML) phylogeny reconstruction, to which bootstrap analyses were
applied 100 times. The statistical bootstrap values are shown beside the branches to show
the confidence levels with regard to the clustering of relevant proteins into each group.
The colour scheme used for the branches is as follows: Arabidopsis, dark blue; poplar,
green; grape, aqua; soybean, yellow; rice, red; sorghum, brown; Brachypodium, purple.

The full-length GT8 protein sequences identified from the screen of fully
sequenced higher plant genomes were aligned using MAFFT v6.603 (Katoh
et al. 2005) and the resulting alignment was used to perform maximum
likelihood phylogeny reconstruction using PhyML v2.4.4 (Guindon &
Gascuel 2003). The phylogeny of plant GT8 proteins shown in Fig. 6.1
suggests that there are six monophyletic plant GT8 clades that are distrib-
uted into two widely divergent groups having only distant evolutionary
relatedness. One group contains the GAUT and GATL proteins, some of
which have been linked functionally to cell wall polysaccharide biosynthe-
sis. The other group contains the PGSIP and GolS proteins, some of which
have been linked to starch and raffinose or stachyose oligosaccharide syn-
thesis, respectively. Detailed phylogenetic studies of GT8 domains from all
sequenced organisms suggests that the two broad groups of plant GT8 pro-
teins each arose from distinct ancestral bacterial genes (Yin et al. 2010). A
more detailed discussion of each of these groups of proteins follows later in
this chapter.

Each of the monophyletic clades identified in the phylogenetic reconstruc-
tion of the GT8 protein sequences was subjected to further individual analy-
sis to discern subclade structures within each clade (Figs 6.2-6.7). The
full-length protein sequences for each clade were realigned using MAFFT,
and maximum likelihood phylogenies were built using PhyML as previ-
ously. The results of these studies demonstrate that most of the clades can
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Figure 6.2 The phylogeny of the GAUT clade and structures of the GAUT genes. This
ML phylogeny was built based on the multiple sequence alignment of full length GAUT
protein sequences identified from fully sequenced higher plant genomes. The bootstrap
values are shown to indicate the confidence level of each grouping. Subclades are named
in the ‘GAUT-alphabet’ format according to the phylogenetic grouping and gene struc-
ture conservation. The colour scheme for the branches is the same as that used in Fig.
6.1. The gene structure was plotted using the GSDS server (Guo et al. 2007) with intron—
exon coordinate information acquired from the downloaded annotation files of the seven
genomes. The intron-exon structure for each gene is shown on the right. The intron
phase indicates the position of the intron within a codon. If it is not located within a
codon the phase is 0. If it is located within a codon and after the first base of the codon
the phase is 1. If it is located within a codon and after the second base of the codon, the

phase is 2.
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be further classified into distinct well-supported subfamilies. The only
exceptions were the PGSIP-A and GolS clades, where the sequences avail-
able from the fully sequenced plant genomes do not provide sufficient reso-
lution to clearly discern the subclade structure of the clade.

All of the subclades in the cell wall biosynthesis-related clades (GAUT
and GATL) correspond to different monophyletic clusters with significant
bootstrap support values greater than or equal to 70%. Each of the GAUT
and GATL subclades contain sequences from each of the seven plant
genomes, indicating that the proteins in each subclade are orthologous to
each other. This result is not surprising, considering that all plants need to
synthesize walls and hence their polysaccharide constituents. The subclade
structures of the clades not related to cell wall synthesis (PGSIP and GolS)
are more complex. Not all subclades in the PGSIP and GolS groups con-
tained representative proteins from all seven plant genomes examined, and
some subclades lacked either monocot or dicot representatives. These results
suggest that monocots and dicots diverged in their needs for, and uses of,
enzymes involved in starch and raffinose biosynthesis, the annotated func-
tions of the PGSIP and GolS families, respectively.

6.3 GT8 clades related to plant cell wall
polysaccharide synthesis

Representatives of each of two clades (GAUT and GATL) in family GT8 were
initially implicated in plant cell wall synthesis based on altered wall pheno-
types exhibited by plants carrying mutations in these genes (Bouton et al.
2002; Lao et al. 2003; Shao et al. 2004). Subsequently, AtGAUT1 was demon-
strated to functionally encode a homogalacturonan galacturonosyltrans-
ferase (Sterling et al. 2006) involved in pectic polysaccharide synthesis.
Additional mutational and biochemical studies on members of the GAUT
and GATL clades further supported the hypothesis that members of these
two clades are involved in plant cell wall polysaccharide biosynthesis
(Caffall et al. 2009; Y. Kong, G. Zhou, Y. Yin, Y. Zhu, S. Pattathil, M.G. Hahn,
submitted for publication). Bioinformatic analyses of the entire GT8 family
also identified amino acid sequence motifs that are unique to the GAUT and
GATL clades among the family GT8 clades (Sterling et al. 2006; Yin et al.
2010), further substantiating the functional separation of the GAUT and
GATL from other clades within the GT8 family.

6.3.1 Galacturonosyltransferase (GAUT) clade

The GAUT clade consists of genes encoding proven and putative glycosyl-
transferases involved in plant cell wall polysaccharide biosynthesis. The
GAUT proteins were first identified as being involved in cell wall poly-
saccharide synthesis in Arabidopsis through studies of a plant carrying a
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mutationin the QUASIMODO1/GAUTS8 gene (Bouton et al. 2002). Biochemical
proof of a role of this family of proteins in cell wall synthesis was independ-
ently obtained by enzyme purification, cloning and functional expression
studies that led to the identification of Arabidopsis GAUT1 as a pectin bio-
synthetic homogalacturonan galacturonosyltransferase (Sterling et al. 2006).
The proteins encoded by almost all GAUT genes are type Il membrane pro-
teins carrying a single transmembrane domain.

6.3.1.1 Phylogeny of GAUT clade

Initial phylogenetic studies of the GAUT family carried out in Arabidopsis
thaliana identified three clades of GAUT proteins: clade A (AtGAUTs 1-7),
clade B (AtGAUTs 8-11) and clade C (AtGAUTs 12-15) (Sterling et al. 2006).
Subsequently, a search of the sequenced genomes of rice (Oryza sativa) and
poplar (Populus trichocarpa) for GAUT homologs identified 21 poplar and 22
rice GAUTs and led to a refinement of the GAUT phylogeny into 7 subclades
(Caffall et al. 2009). Inclusion of additional GAUTs from more recently
sequenced plant genomes (e.g. grape, soybean, sorghum and Brachypodium)
has substantiated the existence of seven distinct GAUT subclades, each with
strong statistical support (bootstrap values >90%) (Fig. 6.2). For the purposes
of this review, we have designated the seven GAUT subclades (a—g) without
implying specific evolutionary relatedness between the subclades, since the
evolutionary relationships between the GAUT subclades is unclear because
of the relatively weak statistical support for these nodes. However, there is
very strong statistical support for the relatedness of genes within a subclade
(see Fig. 6.2). In addition, the structures of the GAUT genes are more con-
served within subclades than across the subclades. For example, among the
seven GAUT subclades, the GAUT-b and -c subclades have one or two
introns, many fewer than the other GAUT subclades (Fig. 6.2).

All of the major GAUT subclades contain both monocot and dicot proteins
(Fig. 6.2). This is, at first glance, somewhat surprising given the functional
association of the GAUTs with pectic polysaccharide biosynthesis (see
below) and the fact that pectin constitutes only about 10% of the walls of
monocots (Mohnen et al. 2008). This broad distribution of GAUT proteins in
all GAUT clades must then reflect a key role for these glycosyltransferases
in all higher plants.

The relative distributions of monocot genes vs. dicot genes in each GAUT
subclade are not uniform (Fig. 6.2). Thus, the GAUT-g clade has almost twice
as many monocot representatives as dicot representatives. Furthermore, not
all GAUTs have orthologues in all plants. For example, no monocot genes
orthologous to AtGAUT12 could be identified, which is consistent with
functional studies (see below). Likewise there are no obvious orthologues to
AtGAUT?2 in any plant included in the current analysis, suggesting that this
Arabidopsis gene may be a pseudogene. Whether or not the individual
GAUT subclades identified through phylogenetic analyses reflect the
function(s) of their members with respect to synthesis of specific plant cell
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wall polysaccharides remains unclear and awaits more detailed functional
studies on representative GAUT genes from each subclade.

6.3.1.2 Function of GAUT proteins

All of the GAUT genes, with the possible exception of GAUT2 which may
be a pseudogene, are expressed in all tissues examined to date, consistent
with a function for GAUTs in wall biosynthesis. Some GAUTs, however,
show higher levels of expression in some tissues. For example, GAUT8 and
GAUT12 are highly expressed in vascular tissues in Arabidopsis stem (Orfila
et al. 2005; Pena et al. 2007; Persson et al. 2007; Caffall et al. 2009).

Functional studies of GAUT proteins have relied largely on molecular
genetic and biochemical studies. The latter involved partial purification of
GAUT1 from solubilized membrane fractions of Arabidopsis suspension-
cultured cells. Proteomic analysis of the trypsin-digested solubilized protein
fraction with the greatest amount of GalAT activity revealed the presence
of only two putative glycosyltransferases; AtGAUT1 and AtGAUTY7.
Heterologous expression of AtGAUT1 in human embryonic kidney cells
yielded a1,4-GalAT activity in the presence of homogalacturonan oligosac-
charide acceptors (Sterling et al. 2006). Furthermore, anti-GAUT1 polyclonal
antibodies immunoabsorbed GalAT activity from the partially purified
Arabidopsis GalAT enzyme preparations. These data provide explicit bio-
chemical evidence that AtGAUT1 is a pectin homogalacturonan (HG) ol1,4-
galacturonosyltransferase (HG:GalAT) (Sterling et al. 2006) which transfers
GalA from UDP-GalA on to the non-reducing end of homogalacturonan
acceptors. This is the only GAUT for which enzyme activity has been con-
firmed in vitro. Interestingly, although no GalAT activity was detected in
heterologously expressed AtGAUT7, AtGAUT7 co-purifies and co-
immunoprecipates with AtGAUT1 and with HG:GalAT activity (M. A.
Atmodjo, Y. Sakuragi, X. Zhu, A. Burrell, S.S. Mohanty, J.A. Atwood III, R.
Orlando, H.V. Scheller and D. Mohnen, submitted for publication), suggest-
ing that AtGAUT7 and AtGAUT1 are components of a GalAT protein
complex involved in homogalacturonan biosynthesis.

Analyses of Arabidopsis plants carrying mutations in individual GAUT
genes have provided evidence for the involvement of GAUT proteins in the
synthesis of several polysaccharides present in higher plant cell walls. For
example, gaut8 (qual-1) mutants show defects in cell adhesion and have
reduced wall GalA and Xyl content, and a qual-1 mutant stem microsomal
membrane protein preparation shows reduced GalAT and xylan synthase
activity compared to WT (Orfila et al. 2005; Brown et al. 2007), suggesting
that that GAUTS is involved in pectin and/or xylan synthesis. Biochemical
and immunohistochemical analyses of gaut12 (irx8) mutants, which have a
collapsed xylem phenotype (Brown et al. 2005), demonstrated that these
mutants have somewhat reduced levels of GalA in their walls (Persson ef al.
2007) and reduced stem secondary wall xylan (Persson et al. 2007; Pefia
et al. 2007). Chemical studies of gaut12 walls revealed the absence of a Xyl-
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and GalA-containing pentasaccharide at the ends of xylan chains (Pefia
et al. 2007). The results of these biochemical analyses of gaut12 mutants have
lead to the proposal that GAUT12 may be an o1,4-GalAT that participates
in the synthesis of the so-called xylan primer/cap (Pefa et al. 2007) or of a
specific subfraction of pectic homogalacturonan (Persson et al. 2007).
Interestingly, monocots lack any apparent GAUT12 homolog, suggesting
that GAUT12 may have a specialized function in the synthesis of glucuron-
oxylan in dicots. Lastly, a function for GAUT11 in Arabidopsis seed muci-
lage and wall production has been proposed recently, based on associated
changes in seed mucilage production and expansion in Arabidopsis gaut11
mutants, suggesting a role for this protein in rhamnogalacturonan synthesis
(Caffall et al. 2009). For GAUTS8, GAUT11, and GAUT12, however, no data
exist, as yet, that would permit conclusions about the biochemical functions
of these proteins.

An extensive analysis of the glycosyl residue compositions of cell walls
isolated from 26 homozygous T-DNA mutants of 13 of the 15 Arabidopsis
genes has provided additional information about GAUT protein function
(Caffall et al. 2009). These analyses demonstrated that gaut6, 8, 9, 10, 11, 12,
13 and 14 mutants have significant and reproducible changes in the levels
of galacturonic acid, xylose, rhamnose, galactose and/or arabinose com-
pared to walls of wild type Arabidopsis grown under the same growth
conditions (Caffall et al. 2009). These results strongly implicate these GAUTs
as being involved in the synthesis of at least six different biosynthetic link-
ages in pectins and/or xylans, based on the different patterns of changes in
wall composition observed in the distinct gaut mutant walls. An initial
hypothesis for GAUT function, based on the demonstrated homogalacturo-
nan galacturonosyltransferase activity for GAUT1, is that the GAUTs func-
tion as GalATs involved in pectin synthesis. The phenotypes of several gaut
mutants are compatible with this hypothesis. The walls of gaut6, 9, 10 and
11 mutants have significant reductions in GalA, suggesting a role in pectin,
and possibly homogalacturonan synthesis, for the proteins encoded by these
genes. Indeed, more detailed studies of GAUTS6, including preliminary het-
erologous expression data, provide compelling evidence that GAUT6 is a
putative pectin biosynthetic HG:GalAT (Caffall 2008; Caffall et al. 2009). Cell
walls of the gaut 13 and 14 mutants have increased GalA and Gal content
and reduced Xyl and Rha content compared to wildtype plants. Such changes
could reflect a role for these genes in rhamnogalacturonan I (RG-I) synthesis,
although such a function would require detailed enzymological studies of
the expressed proteins. The inability to recover homozygous gautl or gaut4
mutants, and the high expression level of these genes in Arabidopsis, sug-
gests a critical function for these proteins in plants. GAUT4 has 83% amino
acid similarity to GAUT1, and a reasonable hypothesis is that GAUT4 is also
a GalAT involved in pectin, and possibly, homogalacturonan synthesis.
However, proof of this requires critical studies of the enzyme activity of the
expressed protein. In summary, the available results are consistent with a
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role for the entire GAUT family as GalATs involved in pectin, and possibly
xylan, synthesis.

A family of genes closely related to the GAUT family was identified on the
basis of protein alignments (Lao et al. 2003; Sterling et al. 2006), and named
galacturonosyl transferase-like (GATL) genes based on the conservation of
specific amino acid motifs between the GATL and GAUT proteins (Sterling
et al. 2006). GATL genes and their corresponding proteins are distinguishable
from GAUTs based on three characteristics: (1) GATL genes and proteins are
smaller than GAUTs; (2) GATL proteins lack an identifiable trans-membrane
domain that is found in almost all GAUTs; and (3) GATL genes for the most
part lack introns (Fig. 6.3), unlike the GAUT genes, which typically have
extensive intron/exon structures (Fig. 6.2). Nonetheless, the conservation of
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The phylogeny of the GATL clade and gene structures of the GATL genes.
See legend of Fig. 6.2 for further details.
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specific amino acid motifs in the C-terminal domains of both GAUTs and
GATLs suggest possible functional commonalities, particularly with respect
to their roles in cell wall biosynthesis (Sterling et al. 2006; Yin et al. 2010).

6.3.2.1 Phylogeny of GATL clade

Phylogenetic analysis of full-length GATL protein sequences based on
genes from the fully sequenced plant genomes, using PhyML, a maximum
likelihood algorithm (Guindon & Gascuel 2003), yields a tightly clustered
tree with short branch lengths (Fig. 6.3). The latter suggests that the
GATLs have diverged less than have the GAUTs, whose tree overall has
significantly longer branch lengths (Fig. 6.2). The GATLs cluster into five
distinct clades (a—e) with reasonable statistical support for the nodes defin-
ing these clades. Further support for this GATL tree topology is provided
by the fact that each GATL clade subdivides into a monocot clade and a
dicot clade, a frequent observation in gene family phylogeny comparisons
between monocots and dicots. The latter also implies that the GATLs
have evolved separately in the two major higher plant lineages. Thus, it
may prove problematic to infer GATL function across the monocot/dicot
divide.

Among the seven fully sequenced plant genomes examined in this over-
view of family GT8, Arabidopsis and soybean have the largest diversity of
GATLs. AtGATL10 and Glyma19g01910 have no easily recognizable counter-
parts in the other five plants. The subdivision of the GATLs into five subc-
lades tempts one to infer five distinct functions for GATL genes in higher
plants. However, very few experimental studies have been done to identify
GATL function (see below), so firm conclusions on this point are premature.
There is some pairing of GATL genes in the tree: for example, AtGATLS
with AtGATL6 and AtGATL7, AtGATLS with AtGATLY, and the pairing of
all GATLs from poplar (arising from the recent whole genome duplication
event in the evolution of the poplar genome; see Tuskan et al. 2006). While
such gene/protein pairings suggest functional redundancies within each
pair, this must be proved experimentally. The little experimental evidence
that exists to date, for AtGATL5 and AtGATL6 (see below) and PAGATL1.1
and PAGATL1.2 (Kong et al. 2009; Lee et al. 2009), suggests that these pairs
of genes are not fully redundant functionally and that some functional spe-
cialization of these gene/protein pairs has occurred since duplication and
divergence.

6.3.2.2 Function of GATL proteins
Currently, little is known about the function(s) of most of the GATL proteins.
What functional evidence exists is largely derived from protein localization,
gene expression and mutational studies.

Analysis of the domain structure of the GATLs using sequence analysis
tools (as predicted by TMHMM v2.0; Krogh et al. 2001) reveals that about
half of the GATL proteins from the fully sequenced plant genomes are
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predicted to contain a single transmembrane domain (Table 6.1). However,
close examination of the GATL sequences reveals that these predicted trans-
membrane domains are located at or only a few amino acids away from the
N-terminus of the protein and are thus, most likely, signal peptides. Those
GATL proteins not predicted to contain a transmembrane domain are pre-
dicted to have a signal peptide (Table 6.1). Thus, all GATL proteins appear
to be directed to the endomembrane system. No other consensus membrane-
anchoring sequences (e.g. for the attachment of lipid anchors) were identi-
fied in the GATL amino acid sequences. Thus, most GATLs are predicted to
be soluble proteins.

The predicted domain structure of the GATL proteins raises the possibility
that these proteins are not involved in cell wall synthesis at all, but rather
play roles as glycosylating agents in other cellular processes (e.g. glycosyla-
tion of hormones and other metabolites), perhaps in subcellular compart-
ments other than the Golgi where most matrix cell wall polysaccharides are
thought to be synthesized (Mohnen et al. 2008). Thus, one key element in
the discovery of GATL function is the establishment of the intracellular loca-
tion of GATL proteins.

The only experimental studies on GATL localization published thus far
have been carried out on GATLs from Arabidopsis and poplar. AtGATL1
(PARVUS) has been reported to be localized to the endoplasmic reticulum
(ER), on the basis of heterologous expression studies carried out in carrot
protoplasts (Lee et al. 2007). AtGATL1, PAGATL1.1 and PdGATL1.2 were
localized to both ER and Golgi on the basis of transient expression studies
in Nicotiana benthemiana leaves (Kong et al. 2009; Y. Kong, G. Zhou, Y. Yin,
Y. Xu, S. Pattathil and M.G. Hahn, submitted for publication). Other as yet
unpublished studies in Arabidopsis have demonstrated that several other
AtGATL proteins (AtGATL2, AtGATL5, AtGATL6, and AtGATL9) are local-
ized in the Golgi, and in some cases, in the ER (Y. Kong, G. Zhou, Y. Yin, Y.
Xu, S. Pattathil and M.G. Hahn, submitted for publication). Thus, the avail-
able evidence indicates that GATL proteins are in the correct subcellular
compartment to participate in cell wall or glycoprotein synthesis. Given the
apparent absence of transmembrane or other membrane-anchoring domains
in these proteins, another mechanism must be responsible for retaining the
GATL proteins in the endomembrane system. Otherwise, the GATL proteins
would be secreted via the default secretory pathway that targets proteins
entering the endomembrane system to the apoplast, unless they are other-
wise directed by signal sequences (Rojo & Denecke 2008). It is tempting to
speculate that GATLs are retained in the endomembrane system because
they participate with bona fide membrane-anchored proteins in biosynthetic
complexes that are responsible for cell wall polysaccharide biosynthesis.
However, most such enzymes that have been studied show Golgi localiza-
tion patterns (Mohnen et al. 2008), and the ER localization of at least some
GATLs is difficult to reconcile with such a model. Thus, the mechanism by
which GATLs are retained within the endomembrane system remains to be
experimentally determined.
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Studies in Arabidopsis have demonstrated that most GATL genes are
expressed throughout the plant, though with higher levels of expression for
individual GATL genes in particular tissues or cell types (Kong et al. 2009;
Y. Kong, G. Zhou, Y. Yin, Y. Xu, S. Pattathil and M.G. Hahn, submitted
for publication). Transcriptomic analyses in poplar and Arabidopsis have
documented co-expression of at least some of the GATLs with other genes
known to be involved in cell wall synthesis. For example, GATLI has been
found to be co-regulated with other cell wall genes in xylem (Ko et al. 2006;
Leplé et al. 2007; Minic et al. 2009), as have GATL6 and GATL9 (Kubo et al.
2005). These results suggest an involvement of GATL1 in the synthesis of
polysaccharides important for secondary wall formation, such as xylan
(Brown et al. 2007; Lee et al. 2007; Kong et al. 2009). GATL5 has been shown
to be co-expressed with other genes involved in synthesis of seed mucilage
(Y. Kong, G. Zhou, M. Atmodjo, A.M.A. Abdeen, T. Western, D. Mohnen
and M.G. Hahn, in preparation). Other studies have placed GATL genes in
context with other cell wall biosynthetic genes whose expression is altered
by responses to nutrient depletion (GATLS, GATLY; Vlieghe et al. 2003) or
environmental stress (GATL4; Tsabary et al. 2003) and developmental pro-
grammes (GATL7; Mandaokar et al. 2003). Whether or not such correlations
observed in transcriptomic analyses allow conclusions about functional
associations of GATLs with other cell wall synthetic or modifying enzymes
awaits experimental verification. In any case, these transcriptomic studies
imply a role for GATLs in polysaccharide biosynthesis.

Mutational studies have provided some experimental support for the
hypothesis that GATLs are involved in the synthesis of several cell wall
polysaccharides, including xylan (GATL1) and pectins (GATLS5 and GATLS6).
Mutations in GATL1 (parvus, glz1) were first isolated as plants with reduced
stature (Lao et al. 2003; Shao et al. 2004). Early glycosyl composition analyses
of leaves from the parvus mutant showed decreased xylose content and
modest increases in rhamnosyl and galactosyl residues, particularly in
young leaves (Lao et al. 2003). These results, indicating an involvement of
GATL1 in xylan and possibly pectin synthesis, have been substantiated, at
least in part, by recent studies of xylan synthesis in parvus mutants (Brown
et al. 2007; Lee et al. 2007; Kong et al. 2009; Lee et al. 2009). These studies
focused on secondary wall formation in stem and root xylem tissues and
examined changes in xylan structure in the mutant plants. The thickness of
the secondary walls in xylem tissues are dramatically reduced in parovus.
Furthermore, a tetrasaccharide present at the non-reducing terminus of
xylan chains in wildtype plants (Pefa et al. 2007) is absent in the mutant
and there is a significant decrease in xylan content of mutant walls (Brown
et al. 2007; Lee et al. 2007). However, the phenotype of parvus/glz1 mutants
is complex, with many character traits (e.g. stature, organ size, pollen
production and viability) affected, in addition to the effects on secondary
wall formation (Lao et al. 2003; Shao et al. 2004). Not all of these mutant
characters can easily be explained solely on the basis of defects in xylan
synthesis and additional studies will be necessary to exclude a role for
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GATL1 in pectin biosynthesis as had been suggested in earlier studies (Lao
et al. 2003).

A systematic analysis of insertional mutations in other GATL genes has
resulted in the association of at least some GATLs with the synthesis of
pectic polysaccharides in Arabidopsis. Mutations in AtGATL5 result in a
significant decrease in the synthesis of mucilage in Arabidopsis seeds. The
effect of the gatl5 mutation is enhanced by mutation of a second, closely
related gene (Fig. 6.3), AtGATL6, resulting in the almost complete absence
of seed mucilage. The single gat/6 mutant on its own shows little if any effect
on mucilage biosynthesis. Arabidopsis seed mucilage is largely composed
of unbranched rhamnogalacturonan I (Deng et al. 2009). Further detailed
characterization of the gatl5 mutant provides strong evidence that GATL5
participates in the synthesis of pectic polysaccharides (Y. Kong, G. Zhou, M.
Atmodjo, A.M.A. Abdeen, T. Western, D. Mohnen and M.G. Hahn, in prepa-
ration). In addition to its expression in developing seeds, GATL5 is expressed
throughout the plant, particularly in the vasculature of root and stem. These
results suggest that GATLS participates in pectin synthesis in other cellular
contexts besides mucilage synthesis.

An insertional mutation in AtGATL9 leads to defects in cell adhesion
(Y. Kong, G. Zhou and M.G. Hahn, unpublished results), a phenotype that
has been observed in plants carrying mutations in genes thought to be
associated with pectic polysaccharide biosynthesis (Bouton et al. 2002) (see
previous section on GAUT genes). A 20% reduction in GalA content was
detected in cell walls of gatl9 mutants, and over-expression studies also
suggest that GATL9 participates in pectin biosynthesis. However, further
detailed studies are necessary to demonstrate definitively that GATL9 is a
pectin biosynthetic enzyme.

Arabidopsis plants carrying single mutations in other GATL genes do not
display easily identifiable morphological or cell wall abnormalities (Y. Kong
and M.G. Hahn, unpublished results), suggesting that some redundancies
exist with regard to GATL function at least in this plant.

The proteins in the remaining GT8 clades have not been tied experimentally
to cell wall synthesis. Three clades (PGSIP clades) include proteins that were
originally identified (Qi et al. 2005; Chatterjee et al. 2005) on the basis of their
sequence similarity to fungal and mammalian proteins, called glycogenins,
which are self-glycosylating proteins that serve as initiators of glycogen
biosynthesis in those organisms (Roach & Skurat 1997). The other clade
(GolS clade) contains proteins that have been associated with the synthesis
of raffinose family oligosaccharides that appear to have roles in plant stress
responses. These non-cell-wall-related GT8 clades include proven and puta-
tive o-p-glycosyltransferases that use protein or inositol acceptors and
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glucose or galactose nucleotide sugars as donors. All of these clades have
characteristic features and sequence motifs that distinguish them from each
other and from the GT8 families related to cell wall synthesis, discussed
previously.

All living organisms store chemical energy in some way in order to survive
when their living conditions change. The energy-storing molecules are syn-
thesized at times when nutrition is easily available, and are used when
sustenance is scarce or in times of stress. The energy storage carbohydrate
in most organisms other than plants is glycogen. The biosynthesis of glyco-
gen, an al,4-linked glucan with o1,6 branch points at approximately every
ten glucosyl residues, is a three-step process that includes initiation, elonga-
tion and branching (Alonso et al. 1995a). The first step in the biosynthesis of
glycogen, initiation, is carried out by glycogenin, a self-glucosylating protein
that serves as an initiator of glycogen synthesis, and is believed to play a
key regulatory role in glycogen synthesis (Roach & Skurat 1997; Lomako
et al. 2004). The initiation step involves transfer of a glucosyl residue from
UDP-GIc to a single tyrosyl residue on glycogenin forming a Glc-1-O-tyrosyl
linkage on glycogenin (Smythe et al. 1988). This step is one of several glyco-
genin self-glucosylation reactions, which are repeated about ten times to
yield glycogenin with a covalently bound oligoglucan oligosaccharide. It has
been suggested that glycogenin exists functionally as a dimer in which one
subunit glycosylates the other (Alonso et al. 1995b).

Starch, which is used as a storage polymer in plants and is synthesized in
the chloroplast, is structurally similar to glycogen, in that it also consists of
an ol,4-linked glucan with o1,6 branch points. Unlike glycogen, however,
starch is made of two basic polymers, amylopectin and amylose. The
branched amylopectin has approximately 1 branch point per 30 glucose
units while amylose is less branched (Hoover 2001). Some plant starches,
such as waxy maize starch, are composed only of amylopectin (Angellier-
Coussy et al. 2009). Starch is semicrystalline, with granular sizes ranging
from ~2um in rice up to 85um in other plant species. Another difference
between glycogenin and amylopectin, aside from the frequency of branch-
ing, is that the activated sugar for glycogenin initiation is UDP-Glc, while
ADP-GlIc is used for starch synthesis (Ball et al. 1998). Although glycogen
and amylopectin have very similar chemical characteristics, glycogen is fully
soluble and non-crystalline (Calder 1991), while amylopectin is more crystal-
line (Ball ef al. 1996).

Plant proteins with sequence similarity to mammalian glycogenin were
first identified in Arabidopsis (Chatterjee et al. 2005) and rice (Qi et al. 2005),
and in two thermo-acidophilic red algae (Barbier et al. 2005). These proteins
were named plant glycogenin-like starch initiation proteins (PGSIP)
(Chatterjee et al. 2005), which we also refer to in this review as plant
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glycogenin-like proteins, and it has been suggested that they may be involved
in the initiation of starch amylopectin biosynthesis in a manner similar to
glycogenin in glycogen synthesis. Some of the genes encoding PGSIPs have
been shown to be upregulated by auxin (Goda et al. 2004), wounding (Guan
& Nothnagel 2004), and by environmental stress (Qi et al. 2005) or disease
(Schaff et al. 2007).

6.4.1.1 Phylogeny of PGSIP clades
Phylogenetic analysis using PhyML, a Maximum Likelihood algorithm
(Guindon & Gascuel 2003), distributed the glycogenin-like proteins from the
seven higher plant genomes into three distinct phylogenetic clades whose
evolutionary relationships are not completely clear due to the relatively
weak statistical support for some of the nodes in this part of the family GT8
tree (see Fig. 6.1). The PGSIP-B and PGSIP-C clades likely derive from a
common ancestor. However, the evolutionary relationship of these two
clades with the PGSIP-A clade is not clear.

All PGSIP proteins contain the following consensus MEME motif (Bailey
& Elkan 1994):

YSK[FL]RLWQLTDYD[KR][VI][VI]F[IL]DADL[LI][VI]L
[RK]NIDFLFA [CM][PG][QE]

In addition, each PGSIP clade is characterized by one or more MEME
motifs that are unique to the proteins in a given clade. The functional sig-
nificance, if any, of the distribution of the PGSIP proteins into three clades
cannot be ascertained at present, as no plant PGSIP protein has yet been
functionally characterized (see below).

The PGSIP-A clade contains both monocot and dicot PGSIP genes that are
distributed among several subclades (Fig. 6.4). However, the orthologous
relationships across the monocot/dicot divide in this clade are not clear for
all subclades. For example, there are two monocot subclades most closely
related to two dicot subclades containing AtPGSIP1 (At3g18660) and
AtPGSIP2 (Atlg77130), but the two monocot clades branch earlier than the
two dicot clades. The three monocot genomes included in this analysis do
not appear to contain genes orthologous to AtPGSIP4 or AtPGSIP5, suggest-
ing that these gene products play distinctive roles in dicots.

The PGSIP-B and PGSIP-C clades each consist of single monophyletic
groups of genes split among monocots and dicots (Fig. 6.5, Fig. 6.6). A dis-
tinguishing characteristic of the PGSIP-B clade is that the genes in this clade
have, on average, twice as many exons as do the genes in either the PGSIP-A
or PGSIP-C clades. The exon/intron gene structure is also highly conserved
within both the PGSIP-B and PGSIP-C clades (Fig. 6.5, Fig. 6.6), but less well
conserved within the PGSIP-A clade (Fig. 6.4).



199

's|ie3dp Jayny Joy

2’9 "B14 Jo puaba| 935 "sauab y-dISDd JO SaINdNJIS aUsb pue ape y-dI1SDd aYy Jo AuabojAyd sy

PILT \\nv_m P8 PIL P9 PIS DIy PIE DI PIT__PI0 s oseyd UONUI:Z T 0 UoNUl == UOXe ==
ey st = R ] T'0795TB80RWA|ID/WH
e A L o8] T1°0//70650BWAID/WH
T'0.€zeh50RWAID/WH
T'0v26€Br0RWA|D/WH
= T'0695TA90RWA|D/WH
£6€02000 €duabnad
3 €T005000 €duabnad
L — = T'0998TOELV/TdISDV
TO0Y¥87E000dAINS D/AN
T°00200STZ0rWAID/WH
O T°0,€820yTRWA|D/WH
T'0870vBz0RWAID/WH
w——— T0ETLLOTLV/ZdISDdWY
., B a— T'¥8T'A'TMO and
- o T 1008827 TO00dAIASD/AN
——p—— £$Z0TE Y0 D' TOSIMBUID) 1XTIS/QSs
T°018950zIpRIg/PY
1°082596T0SO D07/s0
T'0v.vzbzipeig/pq
0€60200600S/0s
1°0205€620SO D071/s0
—_—— £9.T00% 1yd O'Bd Tysauaby/gs
[ m—] T°0085vPEIPRIG/PY
—— 1°089.2bsIpeIg/Pq
—— 1'2928T°€'TMD 8/qs
T°00T9eh. TeWA|D/WH
T°0206007 TeWwA|D/wWhH
T'080170670eWA|D/WH
B—— T'0EEEEDYLV/EdISDAIV
B TOOTT87TO00dAIASD/AN
0 8T/00% O°TA TasIMaua9 xJisand
0€6¥700100S/qS
1°009800£0SO D0O1/S0
T'05€zZ/bTIpRIg/Pq
g T°0286€PE0RWA|D/WH
T°08€ZyBETRWA|D/WH
e T°02562B0TRWAID/WH

O T'STOT X TMB and
i1 0720000 PIO}eds O°6d yysauabynd

] T'0r6vSOTLV/rdISOdIV
= T0O08E8ZZO00dAINSO/AN

—

001
oot |28
S5
00T
p3— T'066809TLV/SdISOdl V= _
00T

00T
00T

00T

00T
00T
65
19
66

c/L
00T

00T



200 m Plant Polysaccharides

e 0.1 0s/LOC 0s02g41520.1 o0—oilol—f80-0d8
o7 bd/Bradi3g49200.1 00— oblod —ofR0 22— oln@—0 0y
100 0s/LOC 0Os04g43700.1 D0bi—0924800
o sb/estExt fgeneshl pg.C chr 61566 o2etl—o2-880—0oig
65 bd/Bradi5g15780.1 00—l —0008800#0
p—— AP G SIP6/AT5G 18480.1 ia ]
vv/GSVIVP00002209001 i 1200890 0202000
pt/eugene3.00130489 o0lot-0010008 88
gm/Glyma03g40980.1 B0l —of
gm/Glymal9g43630.1 B0 o2 oh
gm/Glyma20g37000.1 bR 223
gm/Glymal0g30700.1 oot oo ‘
—— exon —— ntron 0 1 2:intron phase o 1D 2k b A0 SKb 6D 7K K0 9D 10D1IROIZOITD I

Figure 6.5 The phylogeny of the PGSIP-B clade and gene structures of the PGSIP-B
genes. See legend of Fig. 6.2 for further details.
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Figure 6.6 The phylogeny of the PGSIP-C clade and gene structures of the PGSIP-C
genes. See legend of Fig. 6.2 for further details.

6.4.1.2 Function of PGSIP proteins

The function(s) of plant glycogenin-like proteins remains to be established.
What little information exists originates from mutational, bioinformatic
and transcriptomic analyses. There are published reports of plant self-
glucosylating proteins and polypetides (Ardila & Tandecarz 1992; Singh
et al. 1995; Langeveld et al. 2002), but none have been shown to be involved
in the initiation of starch biosynthesis. The initial discovery and naming of
the PGSIP protein clades was made based on a search of the Arabidopsis
genome for genes encoding proteins with sequence similarity to mammalian
and yeast glycogenin (Chatterjee et al. 2005). Six of these proteins (AtPGSIP1-
6) have amino acid motifs consistent with a possible function of these pro-
teins as glycosyltransferases. However, they lack the conserved Tyr residue
that is the site of self-glycosylation in glycogenin. In yeast, glycogenin is
glycosylated at multiple Tyr sites (Mu ef al. 1996) and the Arabidopsis
PGSIPs do contain alternative Tyr residues that could be used as the sites
for self-glycosylation. More critically, only two Arabidopsis glycogenin-
like proteins, AtPGSIP1 and AtPGSIP3, are predicted (see http://
www.cbs.dtu.dk/services/ChloroP/; Emanuelsson et al. 1999) to contain a
transit peptide to target the polypeptide to the chloroplast (Chatterjee et al.
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2005 and unpublished results), the organelle in which starch biosynthesis
occurs. Indeed, plants carrying a knock-out mutation in PGSIP1 are starch-
deficient in their leaves (Chatterjee et al. 2005). These results suggest that
PGSIP1 plays a role in starch biosynthesis, at least in Arabidopsis. However,
no enzymatic activity has been demonstrated for this protein as yet. The
absence of a clear transit peptide for chloroplast targeting in the other PGSIP
proteins raises questions about the possible role(s) of these proteins in starch
biosynthesis. To date, no experimental verification of the subcellular locali-
zation of any of the PGSIPs has been reported.

AtPGSIP7 and AtPGSIPS lack conserved motifs involved in binding of the
donor ligand, UDP-Glc, and also lack a conserved His residue (in the
HxxGxxKPW motif at position 277) important for Mn** binding (Chatterjee
et al. 2005). Thus, it is doubtful that the proteins in the PGSIP-C clade are
involved in starch biosynthesis, and detailed studies will be required to
define the function(s) of the proteins in this clade.

Transcriptomic analyses have revealed that PGSIPs are up-regulated in
response to hormones (Goda et al. 2004; Qi et al. 2005), wounding (Guan &
Nothnagel 2004), and environmental stress (Qi et al. 2005) or disease (Schaff
et al. 2007). However, these analyses by themselves are not enlightening as
to the function(s) of the up-regulated PGSIPs. Interestingly, bioinfomatic
identification of Arabidopsis genes co-expressed with cellulose synthases
(CESA) identified, among others, AtPGSIP1 as being co-expressed with sec-
ondary cell wall CESA 4, 7, and 8 (Persson et al. 2005). These results suggest
a possible role for at least this PGSIP in secondary cell wall biosynthesis in
Arabidopsis. These transcriptomic and bioinformatic analyses will need to
be followed up with detailed molecular genetic and biochemical studies to
define the functions of PGSIPs in plants.

Plants are constantly exposed to changes in their environment including
nutrient depletion, temperature extremes, and drought. To survive such
challenges plants have developed means to store energy, maintain cellular
integrity and preserve cellular metabolism. One such survival mechanism
is through the formation of carbohydrates that can be transported and/or
stored, and that can serve as protectant molecules (Peterbauer & Richter
2001; Browse & Lange 2004). Raffinose family oligosaccharides (RFOs) are
examples of such carbohydrates.

RFOs are water-soluble non-reducing carbohydrate molecules. There is a
substantial body of literature on RFO accumulation and function in plants
(Peterbauer & Richter 2001; Browse & Lange 2004), so only a few highlights
and examples will be presented here. All plants, at some point, synthesize
some RFOs, but many neither transport nor accumulate large quantities in
their tissues and/or organs. For example, ryegrass has been shown to accu-
mulate small amounts of raffinose and loliose under normal, non-stress,
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conditions (Amiard et al. 2003). In contrast, other plants store RFOs in large
concentrations, sometime 25-80% of their dry weight, in tubers (French 1954;
Keller & Matile 1985) and in photosynthesizing leaves where they are local-
ized in mesophyll cells (Senser & Kandler 1967; Bachmann et al. 1994). RFOs
also accumulate in seeds (Korytnyk & Metzler 1962, Handley et al. 1983a;
Handley et al. 1983b; Blackman et al. 1992; Haritatos et al. 2000; Peterbauer
et al. 2001), as well as in vegetative tissues of many plants (French 1954;
Zimmermann 1957; Handley et al. 1983a), and serve as the predominant
transport carbohydrate in cucurbits (Handley et al. 1983a; Keller & Pharr
1996).

RFOs are believed to prolong seed survival and storage by protecting the
embryo during the desiccation that occurs during seed maturation
(Peterbauer et al. 2001). Plants can also accumulate RFOs in response to
diverse abiotic stresses (Nishizawa et al. 2008) such as temperature extremes
or drought. Under freezing conditions, for example, ice forms first in the
extracellular compartments of plants that are exposed to low temperatures,
causing a reduction of water potential and consequent loss of water from
cells by osmosis (Browse & Lange 2004). Similar processes take place under
drought conditions due to desiccation and dehydration. RFOs, under these
conditions, are thought to act as osmolytes to maintain cellular integrity and
function (Nishizawa et al. 2008).

RFOs are synthesized by a transfer of a galactosyl residue from galactinol
to the glucosyl residue of sucrose, resulting in an o1,6 linkage. The first step
in the synthesis of any RFO is the synthesis of galactinol that is catalysed by
galactinol synthases (GolS), which are members of CAZy family GT8. The
only known function for galactinol, to date, is that of a galactosyl donor in
RFO biosynthesis (Saravitz et al. 1987; Peterbauer et al. 2002). Raffinose (Gal-
Suc), stachyose (diGal-Suc), verbacose (triGal-Suc), etc. are formed as a
result of the action of several galactosyltransferases (e.g. raffinose synthase,
stachyose synthase, etc.) (Peterbauer et al. 2001).

6.4.2.1 Phylogeny of GolS clade

Phylogenetic analysis using PhyML, a maximum likelihood algorithm
(Guindon & Gascuel 2003), distributed the galactinol synthases from the
seven higher plant genomes into a single, strongly supported monophyletic
clade (see Fig. 6.1). The evolutionary relationship of the GolS clade to the
other non-cell-wall synthetic GT8 clades remains unclear due to the rela-
tively weak statistical support for the nodes in this part of the family GT8
tree (see Fig. 6.1).

The subclade structure within the GolS clade is unclear, as most of the
nodes between subgroups of GolS proteins have very weak statistical
support (Fig. 6.7). Such weak support for subclades within the GolS clade
was also reported in earlier phylogenetic analyses of GolS sequences (Volk
et al. 2003; Zhao et al. 2004). Nonetheless, it is clear that monocots have a
smaller number and diversity of GolS genes compared with dicots, and that
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the monocot galactinol synthases cluster together in one subclade that is
most closely related to a dicot cluster containing AtGolS4 and AtGolS7 (Fig.
6.7). Thus, it appears that dicots have developed or retained a greater diver-
sity of uses for RFOs than have monocots.

6.4.2.2 Function of GolS proteins

Galactinol (O-o-p-galactopyranosyl-[1—1]-L-myo-inositol) is synthesized by
galactinol synthase (EC 2.4.1.123) which transfers a galactosyl residue from
UDP-Gal on to myo-inositol in a reversible reaction yielding galactinol and
UDP. This is a regulatory step in RFO biosynthesis (Robbins & Pharr 1987;
Saravitz et al. 1987; Hitz et al. 2002). Galactinol synthase was first isolated
from pea seeds (Frydman & Neufeld 1963), and later from Cucumis sativum
(Pharr et al. 1981), and cotyledons of kidney bean (Liu et al. 1995). GolS activ-
ity has been associated with RFO biosynthesis in cucumber fruit (Handley
et al. 1983a) and maturing soybean seeds (Saravitz et al. 1987).

GolS enzymatic activity is readily assayable, as both donor and acceptor
are known and available. Furthermore, GolS proteins do not have any trans-
membrane domains (Table 6.1) and are thus expected to be soluble proteins,
greatly simplifying functional assays of heterologously expressed GolS pro-
teins. Indeed, a number of GolS genes have been shown to encode functional
galactinol synthases (Zhao et al. 2004).

There is an extensive literature on the regulation and expression of GolS
genes in plants, particularly with respect to environmental stresses such as
desiccation (including both drought and seed maturation), salinity, and low
temperatures (Obendorf 1997; Peterbauer & Richter 2001). At least in dicots,
it appears that different GolS genes have specialized functions. For example,
two GolS genes in Arabidopsis (AtGolS1 and AtGolS2) (Panikulangara et al.
2004) and one in maize (ZmGolS2) (Zhao et al. 2004) are highly expressed in
mature and dry seeds, where they most likely acting as desiccation stress
response factors. Other galactinol synthase genes are expressed at low levels
in seeds and are induced by diverse stresses, including temperature stresses
(Taji et al. 2002; Fowler & Thomashow 2002; Amiard et al. 2003; Downie
et al. 2003; Panikulangara et al. 2004; Zhao et al. 2004). AtGolS1 and AtGolS2
are also up-regulated in leaves in response to drought and salinity
(Nishizawa et al. 2008), by a combination of high light and heat stress
(Panikulangara et al. 2004; Nishizawa et al. 2006), or by treatment with per-
oxide (Nishizawa et al. 2008). AtGolS3 (Nishizawa et al. 2008), and GolS genes
in Ajuga reptans (Bachmann et al. 1994), tomato (Downie et al. 2003) and
alfalfa (Cunningham et al. 2003) are induced during cold stress. GolS tran-
script levels decrease rapidly when plants are returned to normal growth
conditions (Cunningham et al. 2003).

Molecular genetic studies confirmed a role for GolS genes and RFOs in
plant responses to environmental and pathogen stress. Over-expression of
AtGOLS2 resulted in the improved drought tolerance of transgenic
Arabidopsis plants (Panikulangara et al. 2004). These plants also showed
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increased levels of galactinol and raffinose in leaves (Panikulangara et al.
2004). A knock-out mutation in the AtGolS1 gene in Arabidopsis results in
impaired galactinol flux and raffinose synthesis (Panikulangara et al. 2004).

Galactinol synthase is also shown to protect plants against pathogen infec-
tions. A cucumber galactinol synthase CsGolS1 gene was isolated from root
tissue colonized by Pseudomonas chlororaphis (Kim et al. 2008). Over-expression
of CsGolS1 in transgenic tobacco plants resulted in a constitutive resistance
against pathogen infection and stimulated the accumulation of defence-
related genes (Kim et al. 2008). The CsGolS1 over-expressing transgenic
plants also showed an increased tolerance to drought and high salt stress
conditions (Kim et al. 2008).

The CAZy family GT8 genes present in higher plants are divided into two
distantly related sets of proteins. One set, which includes the GAUTs and
GATLs, has been strongly implicated as having roles in the synthesis of
pectins and xylans, two major groups of polysaccharides present in plant
cell walls. The second set, which includes PGSIPs and GolSs, appear not to
be directly involved in plant cell wall synthesis. The PGSIPs have been sug-
gested to play a role in priming starch biosynthesis, while the GolSs are key
enzymes in the synthesis of the raffinose family of oligosaccharides that play
important roles in environmental stress responses in plants. The large
number and diversity of GT8 proteins in higher plants highlights the impor-
tance of these proteins for the biology of plants. However, much work
remains to be done to define the biochemical functions of GT8 proteins,
particularly those in the GAUT, GATL, and PGSIP clades.
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