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ABSTRACT 

 Apiose is a unique, branched-chain monosaccharide. It is a conserved initial residue of 

side chains A and B in the vascular plant cell wall polysaccharide rhamnogalacturonan II, an 

abundant side chain in the seagrass and duckweed-specific pectic polysaccharide 

apiogalacturonan, and a glycoside decorating numerous plant secondary metabolites. Detection 

of aqueous methanolic-soluble apiosides in mosses, liverworts, hornworts, and green algae 

revealed that apiosides are not exclusive to vascular plants. Recently, our research uncovered 

apiosyl-residues in extracts from the marine bacteria Geminicoccus roseus and plant pathogen 

Xanthomonas pisi. These apiose-containing glycans are synthesized using UDP-apiose as the 

donor. UDP-apiose together with UDP-xylose is formed from UDP-glucuronic acid by the 

bifunctional UDP-apiose/UDP-xylose synthase (UAS). UASs from vascular plants, avascular 

plants, and bacteria (bUAS) were identified and functionally characterized to distinguish them 

from other short-chain dehydrogenase/reductases. The initial goals of this research were to 1) 

determine if UDP-apiose synthesis regulates apioside deposition in plant cell walls and 2) 



identify and characterize an apiosyltransferase (ApiT) capable of utilizing UDP-apiose to 

synthesize wall apiosides. To address the first aim, we over-expressed duckweed UAS in the 

moss Physcomitrella patens, which led to an increase in aqueous methanolic-soluble apiose but 

did not result in discernible amounts of cell wall-associated apiose. Thus, bryophytes and algae 

likely lack the ApiT required to synthesize apiose-containing cell wall glycans but can synthesize 

secondary metabolite apiosides. Over-expression of duckweed UAS in Arabidopsis also led to 

increased methanolic-soluble apiose but not a significant increase in pectic apiose, suggesting the 

limiting factor for plant wall apiose is the glycosyltransferase machinery. The second aim was 

addressed when small amounts of apiose were detected in the cell pellet of Xanthomonas pisi. 

Examination of the bacterial genome revealed putative GTs (termed XpGTA and XpGTB) 

directly downstream of the bUAS ORF. Heterologous co-expression of UAS and XpGTB in E. 

coli demonstrated that these cells utilize UDP-apiose to generate an apioside detectable in the 

cell pellet fraction. Enzyme purification and assay demonstrated XpGTB is an apiosyltransferase 

that specifically uses UDP-apiose. 
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INTRODUCTION 

The distinct aim of the research and this dissertation was to identify apiosyltransferases 

involved in plant cell wall biosynthesis and extend our understanding of how synthesis of UDP-

apiose influences rhamnogalacturonan-II (RG-II) deposition in plant secondary cell walls. 

Chapter 1 begins with a description of the plant cell wall and primary wall components, 

specifically pectins and a description of RG-II. A summary of current knowledge of plant pectin 

glycosyltransferases (GTs) and a description of gram-negative bacterial wall GTs is provided. 

The known instances of apiose in nature are described as well as the prior work done to uncover 

the activated sugar donor UDP-apiose. This chapter then reviews short-chain 

dehydrogenase/reductase (SDR) enzymes and the mechanism of UDP-glucuronic acid 

decarboxylation. Chapter 1 concludes with an overview of gram-negative bacteria wall glycans 

and GTs involved in their synthesis.  

Chapter 2 describes the identification and characterization of UAS enzymes in avascular 

plants and the presence and location of the sugar apiose in these ancestral plants. UAS-like 

homologous genes from mosses, hornworts, liverworts, and green algae were cloned for 

heterologous expression and their gene products revealed to be true UDP-apiose/UDP-xylose 

synthases. Further, apiose was detected in aqueous-methanolic fractions of avascular plant 

cultures and not in the cell wall fractions. An attempt to force apiose into the wall fraction of the 

moss Physcomitrella patens by overexpressing UAS demonstrated increased methanolic apiose 

and no wall apiose. 
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Chapter 3 further describes the presence of apiose in bacteria, and identification and 

biochemical characterization of the bUAS enzymes responsible for its synthesis. Apiose was 

found in methanolic fractions of cultured Geminicoccus roseus and Xanthomonas pisi. In vitro 

assay of heterologously-expressed, purified UAS-like bacterial homologs showed they were truly 

able to synthesize UDP-apiose and had characteristics of known UAS enzymes. The bUAS 

transcripts as well as UDP-apiose were detected in cultures of the bacteria G. roseus and X. pisi. 

Chapter 4 continues with the discovery of an apiosyltransferase (ApiT) in the bacteria 

Xanthomonas pisi and partial characterization of the enzyme. Apiosides were detected in the 

non-phenolic, non-aqueous pellet fractions of E. coli engineered to overexpress this X. pisi ApiT 

(called XpGTB).  

Finally, Chapter 5 summarizes conclusions made from the work completed in the 

preceding chapters and suggests future research directions. 
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CHAPTER 1 

LITERATURE REVIEW 

INTRODUCTION 

Plant primary cell walls; pectins and glycosyltransferases 

 Plant cell walls accumulate more carbon than any other structures on the planet 

(Duchesne, 1989; Field et al., 1998; Poorter, 1997). This naturally abundant and renewing 

resource has established itself as a foundation for human construction as well as a potential 

source of bioenergy. Because the polysaccharide polymers that make up plant cell walls are 

innately recalcitrant (resistant to degradation), their use as feedstocks in bioethanol production 

requires stringent and costly pretreatments (Himmel et al., 2007). Study of these wall polymers’ 

composition and biosynthesis are necessary to understand and harness their usefulness.  

 From single cellular algae to more complex conifers, plant cell walls consist of a complex 

network of polysaccharides and proteins (Figure 1.1). As a plant cell grows and divides, it 

secretes a flexible primary wall first, allowing the cell to change shape and expand. The 

polymers comprising the primary wall include cellulose, hemicelluloses, and pectins (Popper & 

Fry, 2003). The secondary cell wall is then secreted by the cell and maintains the cells rigidity 

and shape. This wall is also made of similar polysaccharide polymers, but is much more enriched 

in cellulose and hemicellulose (Popper & Fry, 2008). In addition, secondary walls of woody 

plants are low in water content and rich in aromatic polymers called lignin (Boudet, 2000).  
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FIGURE 1.1 

 

FIGURE 1.1. Schema of primary plant wall structure and biosynthesis. Adapted from Mohnen 

et al. (2008) (https://www.ccrc.uga.edu/~mao/intro/ouline.htm). (A) Primary wall with cellulose 

and hemicellulose fibers in a pectin matrix. Cellulose synthases secrete fibrils at plasma 

membrane, while hemicelluloses and pectin are synthesized in the Golgi and transported to the 

wall. (B) Simplified cross-section of a mature plant cell with cellulose-rich, lignified secondary 

layers S1-3. 

 

Described as a network of cellulose fibers in a bed/gel of pectin, the wall is dynamic. It is 

believed the hydration of pectin forms a mutable gel in the middle lamella that allow cellulose 

microfibrils to adjust during growth and prevents rearrangement once growth halts (Cosgrove, 
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2005). In addition, this “gel” facilitates transport of intercellular signaling, and fragments of 

pectic domains have been found to act as bioactive signaling molecules (Bishop et al., 1984; 

Hahn et al., 1981).  

 Plant cell walls require various enzymatic activities for synthesis, modification, and 

reconstruction. Considered most important and intriguing for synthesis, glycosyltransferase 

activity is addition of glycosyl residues to polysaccharides (Albersheim, 2011). Currently, only a 

handful of plant cell wall glycosyltransferases (GTs) have been definitively characterized. For 

the pectins, these include; GAUT1 (Sterling et al., 2006) complex, RGXT1-3 (Egelund et al., 

2008; Egelund et al., 2006), XGD1 (Jensen et al., 2008), and GALS1 (Liwanag et al., 2012). 

Unfortunately, most of the GTs involved in plant cell wall synthesis are believed to be Golgi-

localized, Type II membrane-bound proteins (Oikawa et al., 2013) and difficult to express as 

soluble, active proteins. Additionally, these proteins may be difficult to express heterologously, 

since they require eukaryotic systems for post-translational modification and proper folding and 

may be active in protein complexes (Atmodjo et al., 2011; Harholt et al., 2012; Mutwil et al., 

2008; Oikawa et al., 2013; Zeng et al., 2010). For these reasons several heterologous expression 

systems have been explored, including Pichia pastoris (Cocuron et al., 2007; Edwards et al., 

1999; Egelund et al., 2008; Faik et al., 2002; X. L. Liu et al., 2011; Madson et al., 2003; Maris et 

al., 2009), insect cells (Egelund et al., 2006; Liepman et al., 2005), immortalized monkey kidney 

(COS) cells (Perrin et al., 1999), and Nicotiana benthamiana (Jensen et al., 2008).  

Advancement of heterologous expression and characterization of plant cell wall GTs has 

come from development of a human embryonic kidney (HEK) cells system (Sterling et al., 2006; 

Urbanowicz et al., 2014; Vanzin et al., 2002). Beyond the difficulties of expression of soluble, 

active protein, in vitro activity assays require sugar donors and acceptors, which may be difficult 
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to acquire or may be completely unknown. Development of Promega’s UDP-Glo
TM

 

Glycosyltransferase Assay (http://www.promega.com) has also progressed the field of plant wall 

GT research (Urbanowicz et al., 2014). Further, ability to synthesize rare or commercially 

unavailable nucleotide sugar donors will provided the tools to push this area of research forward 

(Bar-Peled et al., 2012).  

 

Gram-negative bacteria cell walls  

Bacterial cell surfaces are decorated with many different types of glycan structures 

(Figure 1.2). Gram-negative bacteria employ capsular polysaccharides (CPS), peptidoglycan, 

lipopolysaccharide (LPS), and some N- or O- linked glycoproteins (Logan, 2006; Messner, 2004) 

to interpret and respond to their environment. These cell-surface glycans are the first interactors, 

and are crucial for many cell processes such as motility, antibiotic resistance, and pathogenesis 

(Kay et al., 2010). Disturbance of bacterial wall glycans has grave consequences for the microbe; 

for example, improper peptidoglycan synthesis causes osmotic lysis in Staphylococcus 

(Chatterjee & Young, 1972), altered LPS structure makes E. coli and Salmonella more 

susceptible to antibiotics (Sanderson et al., 1974; Tamaki et al., 1971; Vaara, 1993), and defects 

in flagellin glycosylation attenuates Helicobacter colonization (Schirm et al., 2003).  
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FIGURE 1.2. 

 

FIGURE 1.2. Adapted from Brown et al. (2015). Diagram of a gram-negative bacterial cell wall, 

containing a layer of peptidoglycan in the periplasmic space and LPS and a glycoprotein 

anchored at the cell surface. A layer of glycocalyx comprised of EPS and CPS is outermost form 

the cell. 

 

Comparable to plants, synthesis of bacterial extracellular glycans utilizes mainly 

nucleotide sugar donors (Ardevol & Rovira, 2015), acceptor substrates, and GTs. Some GTs 

necessary for bacterial glycan synthesis are known, including several for the major components 

of gram-negative bacteria; peptidoglycan and LPS. Unlike plants, GTs associated with bacterial 

wall synthesis are much easier to study from the gene to the enzyme. Firstly, bacterial GTs are 

non-intronic and may reside in the genome in operons close to other genes required for synthesis 
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of the glycan structure, for example E. coli and Salmonella inner and outer core LPS GTs cluster 

in their respective genomes into three operons (Heinrichs et al., 1998). These GTs are typically 

not post-translationally modified (PTM) like plant GTs and do not localize to intracellular 

compartments. While some N- and O- protein glycosylation is described in certain bacteria 

(Szymanski et al., 1999; P. Thibault et al., 2001), few PTMs of bacterial GTs by phosphorylation 

have been described (Elsholz et al., 2014; Minic et al., 2007). Also, bacterial-derived genes are 

usually more easily heterologously expressed in E. coli than plant GTs (Rosano & Ceccarelli, 

2014; Sahdev et al., 2008).  

The CAZy database (http://www.cazy.org) has 102 GT families classified based on 

amino acid sequence and function (Campbell et al., 1997). Of these families, 79 have predicted 

bacterial members. Classification of these GTs into subfamilies is done by comparison of fold 

and mechanism (Coutinho et al., 2003; Osmani et al., 2009). Because eukaryotic GTs have very 

low sequence identity to bacterial GTs at both the nucleotide and amino acid levels, comparisons 

must be made at the structural level (Gloster, 2014; Jarrell et al., 2014; Liu & Mushegian, 2003). 

Even similarly classified GTs may have different activities, so, ultimate functional 

characterization of bacterial GTs requires an assay. 

 

PECTINS 

Structure and function 

 The pectins are plant cell wall polysaccharides rich in galacturonic acid subunits, and are 

divided into different domains based on composition and interaction partners. The domains 

include 1) the more abundant homogalacturonan (HGA, Figure 1.3A); 2) rhamnogalacturonan-I 

(RG-I, Figure 1.3B); 3) xylogalacturonan (XGA, (Figure 1.3C); 4) apiogalacturonan (ApiGalA, 

http://www.cazy.org/
https://www.frontiersin.org/articles/10.3389/fmicb.2016.00182/full#B13
https://www.frontiersin.org/articles/10.3389/fmicb.2016.00182/full#B47
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(Figure 1.3D); and 5) rhamnogalacturonan-II (RG-II), a highly complex polysaccharide 

consisting of an HGA backbone with four conserved side chains A-D (Figure 1.3E) (Ridley et 

al., 2001).  

 

FIGURE 1.3 

 

FIGURE 1.3. Structure of the pectic domains. (A) HGA is α-(1,4)-GalpA methylated at O-6 

carboxyl groups and acetylated at O-2/3. (B) RG-I is -[,4)-α-GalpA-(1,2)- α-L-Rhap-(1,]- highly 

substituted with arabinan, galactan, or arabinogalactan branches at O-4 of Rhap residues. (C) 

XGA is an HGA backbone with Xylp (or xylobiose) substitutions at O-3. (D) ApiGalA is an 
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HGA backbone with Api (or apibiose) substitutions at O-2/3. (E) RG-II is an HGA backbone 

with 4 intricate side chains A-D. 

 

HGA is a repeating polymer of α-(1,4)-linked D-galacturonic acid (GalpA) residues, 

which may be methylesterified at the carboxyl and O-2/3 acetylated depending on plant species 

and tissue type. HGA comprises up to 70% of total pectin (Mohnen, 2008) and has a mean 

degree of polymerization (DP) of 70-100 residues (J. F. Thibault et al., 1993; Yapo et al., 2007). 

In some species shorter and longer HGA domains have been detected, for example 4-10 GalpA 

residues in soybean extract (Nakamura et al., 2002) and >300 GalpA residues in tomato (Round 

et al., 2010). HGA has a dynamic roll in plant growth. Unmodified HGA is a highly charged 

chain that can complex metals, such as Ca
2+ 

and Pb
2+

 to form more tightly packed gels and 

reinforce rigidity of the wall during different developmental stages and tissues (Willats et al., 

2001). Conversely, HGA can be up to 80% methylesterified (Mohnen, 2008), which reduces this 

packing and increases the fluidity of this pectic domain in rapidly growing pollen tubes (Dardelle 

et al., 2010; Lehner et al., 2010). 

RG-I is an L-rhamnose-containing (Rhap) repeating disaccharide unit of –[,4)-α-GalpA-

(1,2)- α-L-Rhap-(1,]- and makes up 20-35% of the pectins (O'Neill et al., 1990). RG-I may also 

be differentially modified with methyl, acetyl, and arabinan, galactan, and/or arabinogalactan 

side chains based on species and tissue type (Guillemin et al., 2005; Ridley et al., 2001; Willats 

et al., 2001). In RG-I, 20-80% of Rhap residues are O-4-substituted with side chains of 1) 

arabinan, a chain of α-(1,5)-L-arabinofuranose (Araf) with O-2/3-linked Araf branches; 2) 

galactan, a chain of β-(1,4)-D-galactopyranose (Galp) with O-3-linked Araf or arabinan branches 

(Nakamura et al., 2002); and 3) arabinogalactan, β-(1,4)-linked galactan with O-3-linked Araf, β-
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(1,3)-galactan, β-(1,6)- galactan, or arabinan branches (Mohnen, 2002; O’Neill & York, 2003). 

RG-I side chains are highly variable among different plants and have been associated with 

disruption of HGA cross-linking during guard cell activity of transpiration control (Jones et al., 

2003). 

The substituted galacturonans XGA and ApiGalA are uniquely abundant in some plant 

species and tissues. XGA is an α-(1,4)-GalpA chain with branches of β-(1,3)-linked D-xylose 

(Xylp) or xylobiose (Xylp- β-(1,4)-Xylp) and is found in stems and leaves of Arabidopsis as well 

as reproductive and storage tissues of certain plants (Zandleven et al., 2007). ApiGalA is a 

similar α-(1,4)-GalpA chain with branches of β-(1,2/3)-linked D-apiofuranose (Api) or apiobiose 

(Api-β-(1,3’)-Api) and is distinctive to certain duckweeds and seagrasses (Duff, 1965; Hart & 

Kindel, 1970; Watson & Orenstein, 1975). While these substituted galacturonans are specific to 

certain plants and tissues types, their function is unclear. The branching of the GalpA backbone 

likely inhibits metal complexing and is resistant to endopolygalacturonase (EPG) hydrolysis, 

suggesting they may have a role in defense response to microbial pathogens (Avci et al., 2018; 

Jensen et al., 2008). Additionally, ApiGalA production in Spirodela is downregulated upon 

abscisic acid (ABA) treatment and dormancy induction, indicating its synthesis has a high 

metabolic cost and developmentally relevant function (Longland et al., 1989).  

With as many as 20 different sugars in 12 different linkages, RG-II is considered the most 

complex polysaccharide on Earth (Perez et al., 2003). Similar to the other substituted 

galacturonans, RG-II consists of an α-(1,4)-GalpA chain with much more complex side chains 

designated A-D (O'Neill et al., 2004) (Figure 1.4). Side chains C and D are initiated by α-(2,3)-

2-keto-3-deoxy-D-manno-octulosonic acid (Kdo) and β-(2,3)-2-keto-3-deoxy-D-lyxo-

heptulosaric acid (Dha), respectively and extended by α-(1,5)-Rhap and β-(1,5)-Araf, 
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respectively. Side chains A and B are initiated by β-(1,2)-Api and further decorated with unique 

sugars in diagnostic linkages, including α-L-aceric acid (AcefA), 2-O-methyl-α-L-fucopyranose 

(2MeFucp), and 2-O-methyl-α-D-xylopyranose (2MeXylp). Despite its complex composition, 

the glycosyl sequence of RG-II is extraordinarily conserved across diverse vascular plant 

species. Some minor variations from wine RG-II (Figure 1.4) have been reported in the 

substitutions at the α-L-arabinopyranose (Arap) residue of side chain B, with the most notable 

being α-(1-2)-L-rhamnopyranose (Rhap) instead of α-(1-3)-Rhap and absence of terminal β-L-

Araf in Arabidopsis (Glushka et al., 2003). Analyses of the fine structures of wine and 

Arabidopsis RG-II indicate potential variability of side chains A and B between and within 

species (Buffetto et al., 2014; Pabst et al., 2013). 

 

FIGURE 1.4 

 

FIGURE 1.4. From O’Neill et al. (2004). Fine structure of RG-II with side chains A-D. Changes 

in structure from different species and mutants are indicated by arrows. 
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The possibility of additional tissue- or species-specific glycoforms of RG-II cannot be 

excluded. Though no conserved RG-II structure has been described in avascular plants, trace 

amounts of 2MeFucp and 2MeXylp, are detectable in certain avascular bryophytes suggesting 

RG-II may be required for specialized cell types present in bryophyte reproduction (Matsunga et 

al., 2003). The most primitive vascular land plants, pteridophytes and lycophytes, have similar 

amounts of RG-II as later-evolved angiosperms, but the avascular bryophytes (including mosses, 

hornworts and liverworts) appear to contain small amounts of RG-II, if any (Matsunga et al., 

2003).  

RG-II only makes up as much as 8 % of the cell wall (w/w), even in pectin-rich dicots 

(Mohnen, 2008; O'Neill et al., 2004). In vascular plants, RG-II is primarily a homodimer cross-

linked by borate. The dimer forms as the two vicinal hydroxyl groups of Api in side chain A 

reacts with borate to form a diester (Ishii et al., 1999) (Figure 1.5). RG-II and its proper 

dimerization play an important part in higher plant growth and development. Incomplete cross-

linking of RG-II induced by boron deficiency or altered RG-II structure results in stunted plants 

or early lethality due to weakened cell walls (Fleischer et al., 1999; O'Neill et al., 2001). 

Likewise, mutant Nicotiana and Arabidopsis lacking enzymes involved in the synthesis of UDP-

apiose (Ahn et al., 2006; Reboul et al., 2011) and CMP-KDO (Kobayashi et al., 2011) are 

infertile with defective pollen tubes, indicating the importance of proper RG-II formation during 

plant reproduction.  
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FIGURE 1.5 

 

FIGURE 1.5. Structure of RG-II dimer. The borate diester through apiosyl residues of side chain 

A is magnified in the oval. Dotted lines represent terminal residues that are present in Nicotinia 

and wine RG-II but altered in Arabidopsis RG-II (O'Neill et al., 2004). 

 

Because they have the same backbone structure and co-extract by EPG digest, it is 

believed that RG-II, XGA, and ApiGalA are covalently linked to HGA (Coenen et al., 2007; 

Ishii & Matsunaga, 2001; O'Neill et al., 1990). Reports indicate that RG-I is also linked 

covalently to HGA, and does not fully separate after extraction and chemical treatment (Caffall 

& Mohnen, 2009; G. J. Coenen et al., 2008; Nakamura et al., 2002) (Figure 1.6).  
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FIGURE 1.6 

 

FIGURE 1.6. From Perez et al. (2003). A representation of all five pectic domains covalently 

linked through HGA backbone. Note: distances between domains are not to scale and are likely 

much greater in vivo. 

 

Biosynthesis 

The structures of the pectic domains have been extensively researched and characterized, 

but relatively little is known about their synthesis. Due to the complex glycosyl composition and 

modifications, at least 67 GTs, methyltransferases, and acetyltransferases are estimated to be 

required for biosynthesis of pectin (Caffall & Mohnen, 2009; Harholt et al., 2010; Mohnen, 

2008; Ridley et al., 2001). Earlier studies using microsome preps from various plant sources 

demonstrated galacturonosyltransferase (GalAT) activity towards HGA elongation (Lin et al., 
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1966; Villemez et al., 1965). These original assays utilized radio-labeled UDP-[
14

C]-GalpA as 

the donor and endogenous oligosaccharide acceptors. Later studies demonstrated exogenously 

supplied oligogalacturonides (OGAs) could act as acceptors (Doong et al., 1995), and more 

purified Golgi fractions were HGA:GalAT active (Sterling et al., 2001). Additional activities 

toward galactan (McNab et al., 1968) and arabinan (Odzuck & Kauss, 1972) synthesis as well as 

HGA methyltransferase (MT) activity (Kauss et al., 1967) were demonstrated using Golgi preps. 

Supporting this enzymatic evidence, immunolabeling of pectic epitopes, like HGA and RG-I 

demonstrated that they are located in the Golgi (Knox, 1992; Moore et al., 1991).  

Plant genome and transcriptome sequencing and reverse genetic techniques have 

identified several putative pectin biosynthesis GTs, however characterizing the individual GTs 

by functional assay has been challenging. Several candidate GTs have been identified by 

examination of cell wall mutants. For example, QUASIMODO1 (QUA1) was identified from an 

Arabidopsis mutant with very low HGA and encodes a putative HGA:GalAT (Bouton et al., 

2002; Orfila et al., 2005), and ARABINAN DEFICIENT1 (ARAD1) is a putative 

arabinosyltrasferase (AraT), as the arad1 mutant has shorter arabinan side chains on RG-I 

(Harholt et al., 2006). Additional putative GTs involved in RG-II synthesis have been suggested 

by using bioinformatic approaches, but none of these have been enzymatically confirmed 

(Voxeur et al., 2012) (Table 1.1). 
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TABLE 1.1. Arabidopsis gene candidates involved in RG-II synthesis. Adapted from Voxeur et al., 2012. 

 
Side 

Chain 

Sugar Linkage Nucleotide-sugar Mechanism Candidates GT 

family 

Literature 

        

A 

 

β-D-Apif β-1,2 UDP-α-D-Apif Inverting At3g42180, At5g25310, At4g38040; At1g04910 47; nc Jensen et al., 2008 

*β-L-Rhap α-1,3 UDP-β-L-Rhap Retaining At1g19710 4 Voxeur et al., 2012 

α-D-GalpA α-1,2 UDP-α-D-GalpA Retaining At5g04500 64  

α-L-Fucp α-1,4 GDP-β-L-Fucp Inverting At5g50420 68 Voxeur et al., 2012 

α-D-Xylp α-1,3 UDP-α-D-Xylp Retaining At4g01220 (MGP4) 77 Liu et al., 2011 

β-D-GalpA β-1,3 UDP-α-D-GalpA Inverting At5g52290 31  

β-D-GlcpA β-1,4 UDP-α-D-GlcpA Inverting At3g57630 47  

α-L-Galp α-1,2 GDP-β-L-Galp Inverting At4g38500 Nc Voxeur et al., 2012 

B β-D-Apif β-1,2 UDP-α-D-Apif Inverting At3g42180, At5g25310, At4g38040; At1g04910 47; nc Jensen et al., 2008 

α-L-Rhap α-1,3 UDP-β-L-Rhap Inverting At1g21480 47  

α-L-AcefA α-L Unknown Unknown    

β-D-Galp β-1,2 UDP-α-D-Galp Inverting At5g53340 (HPGT1) 31 Voxeur et al., 2012 

α-L-Fucp α-1,4 GDP-β-L-Fucp Inverting At5g50420 68 Voxeur et al., 2012 

α-L-Arap α-1,4 UDP-β-L-Arap Inverting At2g35100 47  

α-L-Rhap α-1,2 UDP-β-L-Rhap Inverting At5g25820 47  

β-L-Araf β-1,2 UDP-β-L-Araf Retaining At2g02060, At1g28695, At5g40900; At1g19710; 

At1g14590, At2g02061 

77; 4 Voxeur et al., 2012 

C α-D-Kdo α-2,3 CMP-β-Kdo Inverting At1g08660, At3g48820  29 Dumont et al., 

2014 

α-L-Rhap α-1,5 UDP-β-L-Rhap Inverting At2g03360, At2g03370 61  

D β-D-Dha β-2,3 Unknown Unknown At1G08660, At3g48820 29 Dumont et al., 

2014 

β-L-Araf β-1,2 UDP-β-L-Araf Retaining At2g02060, At1g28695, At5g40900; At1g19710; 

At1g14590, At2g02061 

77; 4 Voxeur et al., 2012 

* indicates updated configuration. Bold type indicates already characterized. NOTE: there is overlap/redundancy in candidates.
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Only a select few GTs involved in pectin biosynthesis have been unambiguously defined. 

This short list includes GAUT1, an HGA:GalAT (Sterling et al., 2006); XGD1, a 

xylogalacturonan-specific β-(1,3)-xylosyltransferase (XylT) that adds Xylp to HGA (Jensen et 

al., 2008); RGXT1, RGXT2, and RGXT3, are all α-(1,3)-XylTs that add Xylp to L-Fucp of RG-

II side chain A (Egelund et al., 2008; Egelund et al., 2006); and GALS1, a β-(1,4)-

galactosyltransferase (GalT) that adds Galp to galactan (Liwanag et al., 2012).  

A potential reason so few pectin biosynthesis GTs are conclusively characterized is that 

they are active in vivo in protein complexes. When GAUT1 was identified from tryptic digest of 

partially purified Arabidopsis microsomes, a homologous protein, GAUT7, was also detected by 

MS (Sterling et al., 2006). Heterologously expressed GAUT7 alone did not show HGA:GalAT 

activity, and SDS-PAGE demonstrated that GAUT7 covalently links to GAUT1 (Atmodjo et al., 

2011). Bimolecular fluorescence complementation (BiFC) of transiently co-expressed GAUT1 

with GAUT7 indicated GAUT7 serves to anchor GAUT1 in the Golgi (Atmodjo et al., 2011). 

Similarly, through fluorescence resonance energy transfer (FRET), ARAD1and its close 

homolog ARAD2 were shown to co-localize in the Golgi, and they homo- and hetero- dimerize, 

likely through disulfide bridges evidenced by non-denaturing SDS-PAGE (Harholt et al., 2012). 

The arad2 mutant, however, had similar arabinan as wild type (WT) and did not complement 

arad2, suggesting ARAD1 and ARAD2 do not have redundant activities (Harholt et al., 2012).  

 

Nucleotide sugars 

 Like currently characterized pectin GTs, additional GTs involved in pectin biosynthesis 

are predicted to use nucleotide sugars as immediate substrates (Ridley et al., 2001), and a large 

pool of many different activated sugar donors is necessary (Bar-Peled et al., 2012) (for RG-II, 
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see Table 1.1). Therefore, nucleotide sugar metabolic pathways are vital for plant growth and 

development. This is supported by studies of mutants impacting RG-II such as mur1 in 

Arabidopsis. Mur1 has a mutation in GDP-D-mannose-4,6-dehydratase (GMD), which catalyzes 

the first step in synthesis of GDP-Fucp (O'Neill et al., 2001). Mur1 plants have such severely 

reduced Fucp that Galp replaces Fucp in RG-II side chains (see Figure 1.4), and plants are 

dwarfed (O'Neill et al., 2001). Additional evidence is derived from viral-induced gene silencing 

(VIGS) of a UDP-apiose/UDP-xylose synthase in Nicotiana. UAS catalyzes the synthesis of 

UDP-apiose (UDP-Api) and UDP-xylose (UDP-Xyl) from UDP-glucuronic acid (UDP-GlcA) 

(Guyett et al., 2009; Molhoj et al., 2003). Mutants had reduced levels of Api, 2MeFucp, and 

2MeXylp and suffered wall thickening and cell death due to defective RG-II assembly (Ahn et 

al., 2006).  

To ensure availability of required nucleotide sugars for pectin (and other glycan) 

synthesis, plants have evolved multiple metabolic pathways of synthesis. The “map” of plant 

nucleotide sugar synthesis has several nodes (Figure1.7) where substrates can interconvert. In 

addition to de-novo synthesis and interconversion, plants can salvage free monosaccharides. The 

process begins with phosphorylation of a monosaccharide into a sugar-1-phosphate by kinase 

activity. Subsequently, pyrophosphorylases catalyze nucleotidyl transfer from a nucleotide 

triphosphate, generating a nucleotide sugar and inorganic pyrophosphate (Kotake et al., 2004; 

Schnurr et al., 2006; Yang et al., 2009).  
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FIGURE 1.7 

 

FIGURE 1.7. Adapted from Bar-Peled and O’Neill (2011). Nucleotide sugars used by plants and 

some interconversion pathways with known enzymes labeled. Red labels indicate a known 

salvage pathway. (A) Partial nucleotide sugar metabolic pathway involving substrates and 

enzymes described in text, excluding the following: UDP-galactose mutase (UGM) catalyzes 

interconversion of UDP-Galp and UDP-galactofuranose (UDP-Galf), and UDP-rhamnose 

synthase (RHM) catalyzes synthesis of UDP-rhamnose (UDP-Rha) from UDP-Glc. (B) Partial 

nucleotide sugar metabolic pathway. GDP-mannose epimerase (GME) catalyzes interconversion 

of GDP-L-galactose (GDP-L-Gal) and GDP-mannose (GDP-Man). GDP-keto-6-deoxymannose 

3,5-epimerase 4-reductase (GER) catalyzes synthesis of GDP-Fuc from GDP-keto-6-
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deoxymannose, the product of GMD. (C) No known forms of activated Dha or AcefA are 

known. 

 

Plants also have multiple copies of nucleotide sugar synthesis genes, further supporting 

the importance of nucleotide sugar substrates in proper pectin assembly. Homologs and gene 

families provide redundancy to ensure supply of nucleotide sugar substrates, for example there 

are four UDP-glucose dehydrogenase (UGDH) genes in Arabidopsis (Klinghammer & 

Tenhaken, 2007). UGDH catalyzes the synthesis of UDP-GlcA from UDP-glucose (UDP-Glc). 

Single mutant plants in UGD2 or UGD3 do not display growth phenotypes, but the ugd2/3 

double mutant showed thickened walls and shorter xyloglucan chains (Reboul et al., 2011). 

Interestingly, as UDP-GlcA is a substrate needed to synthesize other nucleotide sugars, ugd2/3 

mutants had reduced GalA, xylose, arabinose, and apiose (Reboul et al., 2011), suggesting UDP-

GlcA synthesis is a limiting step in pectin synthesis. 

UDP-D-glucuronate 4-epimerase (UGAE), which catalyzes interconversion between 

UDP-GlcA and UDP-galacturonic acid (UDP-GalA) has six members in its gene family in 

Arabidopsis, and all isoforms shows similar expression across tissue types (Gu & Bar-Peled, 

2004; Molhoj et al., 2004; Usadel et al., 2004). Similarly, the UDP-xylose synthase (UXS) gene 

family in Arabidopsis also has six members (Harper & Bar-Peled, 2002; Pattathil et al., 2005). 

UXS catalyzes the synthesis of UDP-Xyl from UDP-GlcA. In Arabidopsis, UXS1, UXS2, and 

UXS4 are membrane-bound with active sites in the Golgi lumen, while UXS3, UXS5, and UXS6 

are cytosolic. In addition, the cytosolic isoforms appear to impact xylan synthesis, as uxs3/5/6 

mutants showed decreased xylan content, while uxs1/2/4 mutants showed xylan content similar 

to wild type (Zhong et al., 2017). Mutation of one of the five UDP-glucose 4-epimerases (UGEs) 
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in Arabidopsis also had unexpected results. UGE catalyzes the conversion of UDP-Glc to UDP-

galactose (UDP-Gal). Examination of the mutant demonstrated decreased xyloglucan (XyG) 

only in roots, with no effect on RG-I (galactan) or RG-II composition (Nguema-Ona et al., 

2006). Transcription of different isoforms and partitioning of nucleotide sugar synthesis genes 

implies there may be levels of regulation of plant wall polysaccharide synthesis influenced by 

different rates of isoform activity, or isoform association with glycan-specific protein complexes.  

Nucleotide sugars synthesized in the cytosol are transported via nucleoside 

monophosphate/nucleotide sugar antiporters into the Golgi lumen, where synthesis of many wall 

matrix polysaccharides occurs (Capasso & Hirschberg, 1984). In Arabidopsis a family of 

nucleotide sugar transporters (NSTs) that transport nucleotide sugars from the cytosol into the 

Golgi lumen has been described and several members characterized (Ebert et al., 2015; 

Rautengarten et al., 2016; Rautengarten et al., 2014). Transport of the nucleotide sugars UDP-

arabinopranose (UDP-Arap) and UDP-arabinofuranose (UDP-Araf) has presented a conundrum; 

UDP-xylose 4-epimerase (UXE) catalyzes the interconversion of UDP-Xyl to UDP-Arap in the 

Golgi. The enzyme UDP-arabinose mutase/reversibly glycosylated peptide (UAM/RGP) 

interconverts UDP-Arap and UDP-Araf in the cytosol. Confocal microscopy data indicates that 

Arabidopsis UAM/RGP1, UAM/RGP2, and UAM/RGP5 localize in the cytosol but highly 

associated with the Golgi (Rautengarten et al., 2012). In addition, immunoprecipitation of 

hemagglutinin (HA)-tagged protein revealed that all three UAM/RGPs were present in protein 

complexes (Rautengarten et al., 2012). Therefore, in order for arabinosytransferases in the Golgi 

to use UDP-Araf, UDP-Arap must be transported out of the Golgi into the cytosol, where 

UAM/RGP can convert it into UDP-Araf, which needs to be transported back into the Golgi 

(Figure 1.8) (Oikawa et al., 2013; Rautengarten et al., 2017). For this process to work 
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efficiently, these proteins would have to be tightly associated if not in a complex. A similar 

model has been proposed for AXS1, a UDP-apiose/UDP-xylose synthase (UAS) from 

Arabidopsis (Reboul & Tenhaken, 2012). The product UDP-Api, like certain other nucleotide 

sugars (notably UDP-Araf) is not stable in solution and quickly degrades when synthesized in 

vitro. 

 

FIGURE 1.8 

 

FIGURE 1.8. Adapted from Rautengarten et al. (2017). Model of UDP-Araf synthesis and its 

transport into the Golgi lumen. Salvage pathway is represented; L-arabinokinase (ARA1) 

phosphorylates Ara to Ara-1-P, and UDP-sugar pyrophosphorylase synthesizes UDP-Arap. 

Transporters listed are UDP-uronic acid transporter (UUAT), UDP-Xyl transporter (UXT), and 

UDP-Araf transporter (UArafT). UDP-Arap transporter is unidentified.  

 

Together, numerous GTs (at least 20 for RG-II, alone), several nucleotide sugar synthesis 

enzymes, and a handful of nucleotide sugar transporters work in a confined Golgi space to 

generate all non-cellulosic plant cell wall polysaccharides (Driouich et al., 2012). Considering 

the low amounts of RG-II in the primary wall and the fact that several of its component sugars 
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are unique to its structure, it is probable that the nucleotide sugars dedicated to RG-II 

biosynthesis are tightly controlled and limiting.  

 

APIOSE 

Natural occurrence 

The pentose apiose (Api) was first described in 1901 as a sugar constituent of the flavone 

apiin (apiosyl-glucoside of the flavone apigenin) extracted from parsley, a member of the genus 

Apium (Vongerichten, 1901). Since its discovery, several additional apiosylated compounds 

have been described in vascular plants, including different small molecule metabolites and the 

structural wall polysaccharides apiogalacturonan (ApiGalA) and rhamnogalacturonan-II (RG-II) 

(Beck, 1967; Darvill et al., 1978; Hart & Kindel, 1970; Nepogodiev et al., 2011). To date, Api is 

one of 20 described branch-chain monosaccharides found in nature (Beck, 1982), many of which 

are synthesized by microbes (Miljković, 1990). Api with hamamelose (Haberland & Kolodziej, 

1994; Ozawa, 1984; Shafizadeh, 1956) and aceric acid (Spellman, 1983; Vidal et al., 2000) are 

the only three branched-chain sugars found in plant walls. 

Structurally, Api is unusual as it has a tertiary alcohol (Figure 1.9). It is most commonly 

found in the 3-C-(hydroxymethyl)-β-D-erythrofuranose configuration, but has been found in the 

3-C-(hydroxymethyl)-α-L-threofuranose configuration in at least three instances (Ahn et al., 

2004; Cheng et al., 2012; Julião et al., 2009). In 26 vascular plants and six fungi, Api is a moiety 

of a large variety of secondary metabolites ranging from phenolic and terpenoid to aliphatic and 

alkaloid (Picmanova & Moller, 2016). Recently, avascular bryophytes and algae have been 

added to this list of plants containing apiosylated metabolites (Smith et al., 2016). In these 

compounds, Api can be directly attached to the aglycone, for example in the compounds 
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edgeworoside B (Baba, 1990) or attached to another sugar residue as in the case of apiin (O. T. 

Schmidt, 1930). Api may be the terminal (non-reducing) sugar, as O-β-D-Api has been found 

linked to glucose, galactose, rhamnose, xylose, and arabinose at various positions (Hamburger et 

al., 1985; Malafronte et al., 2009; Maurya et al., 1996; Tsai et al., 2011; Wu et al., 2007). 

Additionally, apiosides may be substituted by additional sugars or modifications at Api position 

2 (Julião et al., 2010), position 3’ (Cornelius et al., 2010), both positions 2 and 3’ (Day et al., 

2000), or position 3 (Wang et al., 2007). Of note, apiosides containing a carboxyl group may 

cyclize with a terminal Api to form a cyclic ester, as in the case for linderofruticoside A (Song et 

al., 2008), similar to the apiofuranosyl-1,2-cyclic phosphate degradation product of UDP-apiose 

synthesis (Guyett et al., 2009).  

 

FIGURE 1.9 

 

FIGURE 1.9. Adapted from Watson and Orenstein (1975). Structure of D-apiose; (A) open 

chain, (B) erythrofuranose, and (C) threofuranose configurations. Carbons are numbered. 
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 Api is also a component of vascular plant cell walls in the pectic polysaccharides RG-II 

and ApiGalA. In RG-II, Api of side chain A forms the borate ester bridge to dimerize two 

monomers, which can occur in parallel or antiparallel alignment (Bar-Peled et al., 2012; Ishii et 

al., 1999; Perez et al., 2003). Modeling the RG-II dimer using computational and spectroscopic 

techniques suggests two “disk-like” monomers stack on top of each other to dimerize through 

borate (Perez et al., 2003), and that this is stabilized by Ca
2+

 (Chormova & Fry, 2016; Fleischer 

et al., 1999; Kobayashi et al., 1999). Since current methods of RG-II research involve EPG 

treatment and extraction, it is unclear which dimer orientation forms in muro, and our 

understanding of RG-II organization is limited. 

Significantly large amounts of Api are found in the cell walls of the duckweeds Lemna 

and Spirodela and the seagrass Zostera in the form of ApiGalA (Hart & Kindel, 1970; Watson & 

Orenstein, 1975). Spirodela non-cellulosic cell-wall polysaccharides contain up to 26% apiose 

(w/w) (Longland et al., 1989), and ApiGalA comprises 11% of Zostera dry weight (w/w) 

(Gloaguen et al., 2010). It is unclear whether ApiGalA also dimerizes through borate, but recent 

findings that Lemna accumulate large amounts of boron suggest that this micronutrient is 

sequestered as borate esterified by ApiGalA (Avci et al., 2018). 

 

Functions of apiosides 

Since apiosides occur in a wide variety of compounds, the functional significance of 

naturally occurring apiose is broad. Plant secondary metabolites have been implicated in many 

functions, from signaling, protection against pathogens and herbivores, prevention of oxidative 

degradation, attracting pollinators and more. As a general property, addition of a glycose to a 

secondary metabolite increases its solubility of non-polar compounds and may provide storage of 
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energy. In the case of apiose, proposed functionality is varied and speculative. Proposed 

functions of apiosides are characterized by the function of the aglycone to which Api is attached 

or and by association to similar compounds. For example Api has been considered to protect 

against cold, because the branched-chain sugar alcohol hamamelitol is suggested to cryoprotect 

certain winter-hardy plants (Sellmair & Beck, 1968). 

 Flavones are natural antioxidants, protecting plant cells from oxidative stress. Because 

apiin biosynthesis in parsley is stimulated by ultraviolet (UV) irradiation and ozone, these 

apiosides may protect against oxidative insult (Eckey-Kaltenbach et al., 1993). Similarly, cell 

suspensions of parsley irradiated by UV demonstrate an increase in UAS transcript (Gardiner et 

al., 1980). 

More convincing evidence for a role of Api comes from studies with apiosylated and 

non-apiosylated compounds. For example, gentisic acid 5-O-β-D-apiofuranosyl-(1→2)-β-D-

glucopyranoside from Orixa japonica acted as a stronger repellant against the rutaceae-feeding 

butterfly Papilio xuthus L. than gentisic acid 5-O-β-D-glucopyranoside (Ono et al., 2004).  

Though untested, the release of free Api may act as a cell signal to plants under attack, in 

a similar cascade response as released HGA fragments (Ferrari et al., 2013). An apiosidase from 

the fungus Aspergillus niger hydrolyzes the glycosyl bond in apiosyl-glucosides of a terpene 

from grape, releasing free apiose (Dupin et al. 1992; Guo et al. 1999). 

 

Biosynthesis of apiose 

 Like certain other sugars, Api is first synthesized in its activated nucleotide sugar form, 

UDP-Api. First described by Sandermann and Grisebach in 1970, the mechanism for UDP-Api 

synthesis is still unsettled. Much work has been done to isolate and characterize the genes and 
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enzymes responsible for apiose metabolism. Partially purified extracts from parsley and Lemna 

cell suspensions demonstrated the generation of UDP-Api and UDP-Xyl from UDP-GlcA by an 

NAD
+
-dependent, 86 kDa enzyme through a decarboxylation reaction with a 4-keto intermediate 

(Baron et al., 1972; Gebb et al., 1975; Kindel & Watson, 1973; Matern & Grisebach, 1977; 

Mendicino & Abou-Issa, 1974; Sandermann & Grisebach, 1970; Sandermann et al., 1968; 

Wellmann & Grisebach, 1971) (Figure 1.10). The first functionally cloned and characterized 

UAS, AXS1 from Arabidopsis (Molhoj et al., 2003) opened the possibility of finding UAS in 

other plant species. Real-time NMR monitoring of Solanum UAS showed formation of the UDP-

4-ketoxylose intermediate as well as a apiofuranosyl-1,2-cyclic phosphate degradation product 

(Guyett et al., 2009).  

 UAS is classified as an extended short-chain dehydrogenase/reductase (SDR), and shares 

a conserved NAD
+
-binding domain and catalytic site amino acid sequence with UXS, and ArnA; 

two other extended SDRs that use the same UDP-GlcA substrate. The proposed reaction 

mechanism begins similarly to UDP-xylose synthase with a decarboxylation of UDP-GlcA and 

formation of UDP-4-ketoxylose intermediate. Next, a unique cleavage between C-2 and C-3 

opens the ring through a suggested retroaldol reaction, generating an enediol intermediate that 

undergoes aldol condensation and reduction by NADH to UDP-Api (Choi et al., 2012). The bi-

product UDP-Xyl is generated by direct reduction of the UDP-4-ketoxylose intermediate by 

NADH. A recent update to the UAS reaction mechanism suggests the first reaction step is a 

coupled oxidation/retroaldol cleavage to form an enediol transient that is then decarboxylated, 

aldol ring-contracted, and reduced to form UDP-Api (Eixelsberger et al., 2017). Substrates were 

site-specifically isotope-labeled to observe reaction intermediates and products by NMR. This is 

an interesting proposal, however, absence of the UDP-4-ketoxylose intermediate observed from 
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other UAS studies is unexplained, and high protein homology of UAS to UXS suggests catalysis 

through a similar mechanism. Crystallization of UAS would provide valuable insight into the 

true reaction mechanism. 

 

FIGURE 1.10 

 

FIGURE 1.10. Adapted from Eixelsberger et al. (2017). UDP-apiose/UDP-xylose synthase 

reaction mechanism. (A) The proposed UAS reaction mechanism: UDP-GlcA decarboxylation to 

UDP-4-ketoxylose intermediate, retroaldol ring cleavage to an enediol intermediate, aldol 

condensation to UDP-3-C-D-erythrofuranose intermediate, and reduction to UDP-Api. UDP-Xyl 

is formed by direct reduction of UDP-4-ketoxylose. Degradation of UDP-Api to apiofuranosyl-

1,2-cyclic phosphate and UMP occurs spontaneously. (B) Proposed updated UAS reaction 

mechanism: Coupled oxidation/retroaldol cleavage reaction generates enediol transient, followed 

by decarboxylation, aldol ring-contraction, and reduction in two potential products. 
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The only reports of apiosyltransferase activity to date are from partially purified Lemna 

and parsley cell suspensions. The Lemna enzyme exhibited transfer of radio-labeled [
14

C]Api 

from in vitro-synthesized UDP-[
14

C]-Api to endogenous acceptors to synthesize [
14

C]ApiGalA 

(Mascaro & Kindel, 1977). The parsley enzyme similarly showed transfer of [
14

C]Api to 

exogenously supplied apigenin-7-O-glucoside (Ortmann et al., 1972). The parsley enzyme was 

optimally active at neutral pH, inhibited by divalent metals, strongly inhibited by UDP and had a 

range of acceptors; most 7-O-glucosides of flavones (Ortmann et al., 1972). 

 

SDR GENE FAMILY 

The short-chain dehydrogenase/reductase (SDR) superfamily is vast with members in 

every domain of life (Jornvall et al., 1999). The members of this family are NAD(P)(H)-

dependent oxidoreductases with a large range of substrates, including lipids, amino acids, and 

carbohydrates. For many SDRs sequence homology is not high. All share a common N-terminal 

glycine-rich region that binds pyrophosphate and a Rossmann fold for dinucleotide binding; a 

central twisted parallel β-sheet bordered by α-helices (Lesk, 1995). SDRs are sub-classed into 

four groups: classical, divergent, complex and extended (Figure 1.11).  
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FIGURE 1.11 

 

FIGURE 1.11. Adapted from Kavanagh et al. (2008), Kim et al. (2008), and Fogel et al. (2010). 

Ribbon diagrams of SDRs; (A) Classical; (B) Extended; (C) Complex; (D) Divergent. Rossmann 

folds motifs with (A), (B), (D) β-strands in blue and α-helices in red, additional structure grey. 

(C) multiple domains assembled into complex. (Fogel et al., 2010; Kim et al., 2008)  

 

Another commonality of SDRs is that they perform acid-base catalysis via an ionized 

hydroxyl-tyrosine (Tyr, Y) that transfers a proton to/from substrate (Liu et al., 1997; Thoden et 

al., 2000). This activity is improved by an adjacent lysine (Lys, K) residue, which lowers the 

hydroxyl-tyrosine pKa (Benach et al., 1999). An active-site serine (Ser, S) polarizes the substrate 

carbonyl (Oppermann et al., 1997). The main-chain carbonyl of an asparagine (Asn, N) in the 

active site complexes water, connecting it to Tyr and assisting in proton transfer (Filling et al., 

2002). Most are homodimers or homotetramers (Grimm et al., 2000). 
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The classical SDRs are modeled after Drosophila alcohol dehydrogenase (ADH). 

Members are ~250 a.a. in length and share a single-domain structure with some sequence 

variations in the cofactor binding region. The active site sequence motif is YxxxK. Reactions 

proceed through a mechanism wherein the coenzyme binds first and leaves last (Chang et al., 

2007; Sahni-Arya et al., 2007). They perform oxidoreduction on hydroxyl- and keto groups of 

small molecule substrates, such as alcohols and secondary metabolites 

Divergent SDRs replace the active-site Lys with a hydrophobic residue, so the active site 

motif is YxxMxxxK (where M is methionine). The Lys is usually located 4 residues away and is 

spatially arranged to still facilitate activity (Kallberg et al., 2002). As the name implies, divergent 

SDRs contain members that perform double-bond reduction and may not utilize the active-site 

Tyr for acid-base catalysis (Fillgrove & Anderson, 2001). 

 Complex SDRs are part of large, multidomain enzyme complexes. The Asn, Ser, Tyr, and 

Lys are oriented into an active-site from parts of the scaffold. (Kallberg et al., 2002). The active-

site sequence motif for complex SDRs is YxxxN. The complex SDRs include fatty acid 

synthases. 

The extended SDRs are ~350 a.a. long and have the canonical YxxxK active-site motif 

(Jornvall et al., 1995). These include epimerases, such as UGE, and decarboxylases, such as 

UXS, for which mechanisms have been extensively elucidated. In the case of the UGE reaction, 

NAD
+
 binds tight and stays bound as its redox state changes. A proton is drawn from 4-OH with 

hydride transfer from C-4 to NAD
+
. The 4-ketohexose intermediate rotates, presenting the 

opposite side to NADH for reduction. 

The pocket size of epimerases influences substrate specificity; since human UGE has a 

larger cleft, it can accommodate catalysis of interconversion of UDP-N-acetyl-glucosamine 
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(UDP-GlcNAc) and UDP-N-acetyl-galactosamine (UGalNAc) (Liu et al., 1997; Thoden et al., 

2001). This substrate promiscuity complicates assigning true in vivo function of similar 

epimerases. The enzyme UDP-glucuronic acid 4-epimerase (UGAE) catalyzes a similar reaction 

as UGE; the interconversion of UDP-GlcA and UDP-GalA. Because both UGE and UGAE 

operate with the same mechanism, UGAEs may be miss-annotated as UGE (Reiter, 2008).  

 The mechanism of extended SDR decarboxylase activity is exemplified by UXS. Again, 

NAD
+
 cofactor binding drives oxidation of C-4-OH and decarboxylation of the C-6 carboxyl to 

form 4-keto-pentose. The intermediate is then reduced by NADH to generate UDP-Xyl (Bar-

Peled et al., 2001). Other UDP-GlcA decarboxylases, such as bacterial ArnA and, likely, the 

initial steps of UAS share this mechanism. ArnA encodes a UDP-GlcA decarboxylase able to 

form an intermediate UDP-4-keto-L-arabinose (Breazeale et al., 2005; Gu et al., 2010) on route 

to the formation of UDP-arabinose-4-amino and UDP-Ara4NF. 

Crystallization of human UXS (hUXS) and of bacterial ArnA demonstrates that the 

strength of NAD
+
 cofactor binding directly correlates to rate of decarboxylase reduction of the 

intermediate and release of NADH (Polizzi et al., 2012). ArnA can synthesize UDP-Xyl, 

however, because ArnA does not tightly hold NAD
+
, once the first step oxidation occurs, NADH 

and intermediate are allowed to leave the enzyme before UDP-Xyl can be generated through 

reduction by NADH. Because NAD
+
 binding strength is determined by the number of H-bonds 

formed between enzyme and cofactor, slight differences in amino acid sequence in the NAD
+
-

binding domain among UDP-GlcA decarboxylases likely influences what product is formed 

(Smith et al., 2016; Smith & Bar-Peled, 2017) (FIGURE 1.12).  
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FIGURE 1.12 

 

FIGURE 1.12. Adapted from Polizzi et al. (2012). Ligplot of H-bonding interactions between 

hUXS and NAD
+
 (dotted lines) and packing interactions (feathered lines). Amino acid 

interactions present in hUXS not in ArnA are indicated by red arrow and in red italics. 

 

GRAM-NEGATIVE CELL WALL GLYCANS 

Structures 

 Bacteria are primarily classified 1) according to Gram-staining and 2) according to cell 

shape. Gram-negative bacteria are defined as such due to their inability to retain crystal violet, a 

staining method developed by the Danish scientist Hans Christian Gram. The reason these 

bacteria do not stain as gram-positive do is that they have a lipid-rich outer plasma membrane 

and a much thinner layer of peptidoglycan (Salton, 1963). Bacterial cell shape is carefully 

controlled and maintained to support cell motility, attachment, predation, or predator escape 

(Young, 2006). The shape and integrity of a bacterial cell relies on continuous reorganization and 
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preservation of elements of the cell wall (Holtje, 1998), including the capsule, LPS, 

peptidoglycan, and glycoproteins.  

Many gram-negative bacteria are surrounded by a glycan layer called a capsule, which 

acts as a protective coat. Up to 10 µm thick, capsules are ~95% water and characterized as 

viscous gels (Beveridge, 1981). Capsules are made of long, typically charged polysaccharides 

(CPSs) with a DP of up to 200 sugars (Pelkonen & Finne, 1989). Structures are varied within and 

among species and serotypes. CPSs are synthesized by either the Wzy-dependent or ATP-

binding cassette (ABC) transporter-dependent pathways. In the Wzy-dependent pathway, a 

polyprenol-linked CPS in the cytoplasm is flipped across the inner membrane (IM) by the 

integral membrane protein Wzx and extended by another integral membrane Wzy protein with 

undefined “polymerase” activity (Daniels et al., 1998). The completely assembled CPS is 

translocated across the OM by a channel Wza protein. In the ABC-dependent pathway, CPSs 

synthesized in the cytoplasm are secreted by an ABC transporter and translocated outside the cell 

by a protein complex coordinated through an outer membrane polysaccharide protein (OPX) 

(Whitfield, 2006).  

At the cell surface, proteins, phospholipids, and LPS are the “barrier” layer, which must 

be porous enough to allow diffusion of nutrients and waste (Cowan et al., 1992). The membrane 

contains porins, and certain hydrophobic molecules can penetrate the barrier. Outer membranes 

of gram-negative bacteria are permeable to steroid probes (Plesiat & Nikaido, 1992). Surface 

binding proteins retain vitamins and can act as a reserve of pilins or virulence factors (Kessler & 

Safrin, 1988).  

LPS are most widely recognized as immunogenic compounds from gram-negative 

bacterial pathogens, but these molecules provide structural integrity and a semi-permeable 
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barrier to gram-negative bacteria. The structure is divided into a conserved lipid-A in the outer 

membrane to which a core glycan and highly variable O-polysaccharide (O-PS) are attached 

(Figure 1.13) (Whitfield & Trent, 2014). While Lipid-A is highly conserved, the O-antigenic 

region is extremely inconsistent and adaptable; for example E. coli possess over 180 different O-

antigens (Stenutz et al., 2006). 

 

FIGURE 1.13 

 

FIGURE 1.13. From Whitfield and Trent (2014). (A) Overview of LPS structure. (B) SDS-

PAGE of E. coli LPS represents the large amount of heterogeneity within a species. 

 

Inside the outer membrane is the periplasmic space. Here, the peptidoglycan layer 

provides structural support to gram-negative bacteria. Almost all prokaryotes synthesize 

peptidoglycan as a component of their cell walls, and the primary structure is the same. The 

sugar component is β-(1,4)-linked (GlcNAc) -β-(1,4)-N-acetyl-muramyl- N-acetylglucosamine 

(MurNAc-GlcNAc), which is crosslinked by tetrapeptides of L-alanine-D-isoglutamate-L-lysine 

(or diaminopimelic acid)-D-alanine. Peptidoglycan in gram-negative bacteria is conserved, and 
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consists of long glycan threads connected by flexible peptides (Matias et al., 2003). The glycan 

components can be up to 100 GlcNAc-β-(1,4)-MurNAc disaccharide units, averaging around 30 

(Glauner et al., 1988; Harz et al., 1990). Each glycan thread is modified by a covalently linked 

peptide crosslinked to a peptide from another thread. 

 A growing number of O-linked and N-linked glycoproteins may also be present on the 

surface of certain gram-negative bacteria. These can include adhesins, flagella, and pilins.  

 

Glycosyltransferases and examples in Gram-negative wall synthesis 

GTs can either invert or retain the anomeric configuration of the sugar transferred, 

depending on their method of action (Lairson et al., 2008). Crystallization of GTs with their 

substrates shows that inverting type GTs act through a direct displacement mechanism, similar to 

an SN2-like reaction. On the other hand, retaining GTs operate through a double displacement 

mechanism during which a glycosyl-enzyme intermediate occurs. Crystal structures also 

uncovered the two general-type folds GTs can adopt; namely GT-A and GT-B-type folds 

(Bourne & Henrissat, 2001). The small number of protein configurations common to all GTs 

studied suggests that most, if not all, have evolved from a small number of ancestral enzymes 

(Lairson et al., 2008). While both GT-A and GT-B have β/α/β Rossmann domains, GT-A types 

have an open β-sheet flanked by α-helices, and the fold is tightly associated but with separate 

domains of nucleotide sugar substrate and acceptor binding (Unligil & Rini, 2000) (Figure 1.14). 

Several GT-A types also have a distinct DXD motif for divalent metal cation binding (Breton et 

al., 2012; Wiggins & Munro, 1998). GT-B types also have two Rossman-like domains, but these 

are separated by a pocket (Vrielink et al., 1994).  
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Figure 1.14 

 

Figure 1.14. Adapted from Liang et al. (2015). Ribbon diagrams of the GT folds. GT-A has a 

single Rossman domain fold, while GT-B has two distinct domains. GT-C globular domain is 

shown. 

  

A GT-C-type fold has also been described, and appears to be specialized to lipid-linked 

sugar donor substrates (Liu & Mushegian, 2003). All GT-C types described are inverting (Birch 

et al., 2009; Igura et al., 2008). These GTs commonly contain an N-terminal transmembrane 

(TM) domain and C-terminal globular domain involved in catalysis, and several resemble 

oligosaccharyltransferase (OST) (Liang et al., 2015; Lizak et al., 2011).  

Several polysialyltransferases (PSTs) that synthesize CPSc have been characterized. 

PSTs have a GT-B fold, are in GT family 38 and act through an inverting mechanism. 

Characterization of PSTs from E. coli (McGowen et al., 2001) and Neisseria meningitis group B 

and C (Steenbergen & Vimr, 2003; Willis et al., 2008) demonstrate that all transfer sialic acid 

(NeuAc) from CMP-β-NeuAc onto a polysialic acid chain to make poly-α-(2,8/9)-NeuAc. 
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LPS biosynthesis of lipid-A occurs through the highly conserved Raetz pathway at the 

inner membrane. The process involves characterized enzymes; LpxA acylates UDP-GlcNAc to 

form UDP-3-O-acyl-GlcNAc, which is deacetylated by LpxC to make UDP-3-O-acyl-

glucosamine (UDP-3-O-acyl-GlcN); LpxD acylates UDP-3-O-acyl-GlcN to form a UDP-2,3-

diacyl-GlcN; LpxH cleaves a phosphoester to make 2,3-diacyl-GlcN-1-P (lipid-X) and UMP 

(Raetz & Whitfield, 2002). LpxB is the first GT in the pathway, and catalyzes condensation of 

one lipid-X molecule with UDP-2,3-diacyl-GlcN to form a 2,3-diacyl-GlcN-β-(1,6)- 2,3-diacyl-

GlcN-P and UDP (Crowell et al., 1986). LpxB is an inverting family 19 GT with a B-type fold. 

The tetra-acyl disaccharide-1-phosphate is then phosphorylated by LpxK to make lipid-IV before 

addition of Kdo by WaaA. WaaA is an inverting GT family 30 member with a B-type fold and 

catalyzes addition of Kdo from CMP-Kdo α-(2,6) to lipid-IV (Schmidt et al., 2012). WaaA again 

transfers Kdo α-(2,4) to the lipid-IV-linked Kdo. Lipid-A synthesis is completed by two 

acylations through LpxL and LpxM (Raetz & Whitfield, 2002).  

Lipid-A is further modified by GTs in the outer membrane to synthesize the core region. 

While variations are widely distributed and continue to be discovered, there is conservation in 

many of the best characterized systems, for example E. coli. One lipid-A modifying GT includes 

WaaC, an inverting GT in family 9 with a GT-B fold. WaaC catalyzes the addition of heptose 

from ADP-L-glycero-D-manno-heptose α-(1,6) to Kdo1 of lipid-A (Grizot et al., 2006). After 

core region completion, O-PS is synthesized and added to the core in Wzy or ABC-transporter 

dependent pathways like previously described (see above), and a complete LPS molecule is 

translocated to the surface.  

Peptidoglycan synthesis begins in the cell when MurNAc-pentapeptide is transferred 

from UDP- MurNAc-pentapeptide by a membrane-spanning protein MraY to form “lipid-I” 
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(Heydanek et al., 1969). The GT MurG then transfers GlcNAc to lipid-I from UDP-GlcNAc to 

form lipid-II. MurG is an inverting GT family 28 with a GT-B fold. (Hu et al., 2003). Lipid-II is 

then flipped into the periplasm by MurJ (Ruiz, 2008) and elongated by a membrane-bound 

peptidoglycan polymerase (PGP) GT, which adjoins lipid-II molecules. The GT head domain of 

PGP does not use a nucleotide sugar donor for catalysis and does not have a Leloir-type fold, but 

instead shares structural similarity to λ phage lysozyme (Lovering et al., 2007; Yuan et al., 

2007).  

An N-linked glycosylation pathway similar to that in eukaryotes has been established in 

the bacteria C. jejuni. This microbe has a protein glycosylation gene cluster (pgl) and transfers a 

heptasaccharide from undecaprenylpyrophosphate (Und-PP) to asparagine residues of target 

proteins with the conventional Asn-X-Ser/Thr sequon (Gupta & Brunak, 2002). PglB is the 

classical oligosaccharyl transferase (OST) with homology to Sttp3 of yeast (Szymanski & Wren, 

2005). The diagnostic and conserved WWDYG sequence is required for activity in vivo 

(Kowarik et al., 2006a; Kowarik et al., 2006b). PglB has 10-12 predicted TM domains, and can 

modify completely folded proteins in the periplasm (Tabish et al., 2011). PglB is an inverting GT 

family 66 member with a GT-C fold (Liang et al., 2015). 

 O-linked protein glycosylation onto Ser or threonine (Thr) in gram-negative bacteria can 

occur through OST-dependent and OST-independent pathways. The OST-dependent mechanism 

is similar to that for N-linked glycosylation in that the Und-PP is glycosylated, flipped from the 

cytosol to periplasm and OST transfers the glycan to target protein (Hug & Feldman, 2011). This 

type of glycosylation occurs on flagellins, adhesins, and type IV pilins (Lindenthal & 

Elsinghorst, 1999; Logan, 2006). In Pseudomonas aeruginosa type IV pilins are α-(1,5) 
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arabinofuranosylated by a GT family 39 with an inverting mechanism and GT-C fold 

(Faridmoayer et al., 2007; Kus et al., 2008). 

 

Implications for glycobiology 

The presence of apiose in plant walls as the critical cross-linker to dimerize RG-II 

demonstrates its importance at the molecular level. The boron requirement for vascular plants 

(tracheophytes) proper growth and development and that 80-90% of a plant’s boron is 

complexed in RG-II dimers reveals the biological relevance of this interesting branched-chain 

sugar.  

 It is a metabolically expensive task for an organism to make apiose. Green plants appear 

to have invested resources to make UDP-apiose/UDP-xylose synthase early on the evolutionary 

timeline, as UAS are evident in algae and ancestral land plants like mosses and liverworts. The 

complicated mechanism UAS used to decarboxylate UDP-GlcA and reduce the products UDP-

Api and UDP-Xyl appears to be partially conserved in other extended SDRs like UXS and 

bacterial ArnA. Evidence of bacterial UAS suggests that its activity may have evolved from a 

bacterial ancestral enzyme common to UXS and ArnA. 

 Certain bacteria have developed glycosylation techniques that mimic eukaryotic methods. 

It is reasonable to hypothesize that gram-negatives that live closely with plants or animals as 

symbionts or pathogens use these techniques to evade host defense mechanisms. Work towards 

uncovering transferases that utilize unique UDP-sugars like UDP-apiose will reveal the 

importance of apiose in biology. 
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CHAPTER 2 

 

FUNCTIONAL CHARACTERIZATION OF UDP-APIOSE SYNTHASES FROM 

BRYOPHYTES AND GREEN ALGAE PROVIDES INSIGHT INTO THE 

APPEARANCE OF APIOSE-CONTAINING GLYCANS DURING PLANT 

EVOLUTION
1
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ABSTRACT 

Apiose is a branched monosaccharide that is present in the cell wall pectic 

polysaccharides rhamnogalacturonan II and apiogalacturonan and in numerous plant secondary 

metabolites. These apiose-containing glycans are synthesized using UDP-apiose as the donor. 

UDP-apiose (UDP-Api) together with UDP-xylose is formed from UDP-glucuronic acid (UDP-

GlcA) by UDP-Api synthase (UAS). It was hypothesized that the ability to form Api 

distinguishes vascular plants from the avascular plants and green algae. UAS from several 

dicotyledonous plants has been characterized, however it is not known if avascular plants or 

green algae produce this enzyme. Here we report the identification and functional 

characterization of UAS homologs from avascular plants (mosses, liverwort, and hornwort), 

from streptophyte green algae and from a monocot (duckweed). The recombinant UAS-

homologs all form UDP-Api from UDP-GlcA, albeit in different amounts. Apiose was detected 

in aqueous methanolic extracts of these plants. Apiose was detected in duckweed cell walls but 

not in the walls of the avascular plants and algae. Over-expressing duckweed UAS in the moss 

Physcomitrella patens led to an increase in the amounts of aqueous methanolic-soluble apiose 

but did not result in discernible amounts of cell wall-associated apiose. Thus, bryophytes and 

algae likely lack the glycosyltransferase machinery required to synthesize apiose-containing cell 

wall glycans. Nevertheless, these plants may have the ability to form apiosylated secondary 

metabolites. Our data is the first to provide evidence that the ability to form apiose existed prior 

to the appearance of rhamnogalacturonan II and apiogalacturonan and provide new insights into 

the evolution of apiose-containing glycans.  
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INTRODUCTION 

Apiose (3-C-[hydroxymethyl]-D-erythrofuranose, Api) is a branched-chain 

monosaccharide that is present in many plant secondary metabolites and in the primary cell walls 

of vascular plants (Picmanova & Moller, 2016). To date, only two cell wall polysaccharides, 

namely rhamnogalacturonan II (RG-II) and apiogalacturonan (ApiGalA), have been shown to 

contain Api (O'Neill et al., 1990). ApiGalAs may have a limited taxonomic distribution as they 

have only been detected in the cell walls of seagrasses and duckweeds (Gloaguen et al., 2010; 

Golovchenko et al., 2002; Hart & Kindel, 1970). By contrast, RG-II is present in the primary 

walls of all vascular plants examined to date (Matoh et al., 1996; O'Neill et al., 1990). Apiose 

links two side chains (A and B) to the galacturonan backbone of RG-II. The apiosyl residues of 

side chain A in two RG-II molecules are cross-linked by a borate diester to form the RG-II dimer 

(Ishii & Matsunaga, 1996; Kobayashi et al., 1996; Matoh et al., 1993; O'Neill et al., 1996). At 

least 90% of the RG-II in primary walls exists as a dimer (Ishii et al., 1999), and a reduction in 

the extent of RG-II cross-linking typically results in the formation of abnormal cell walls 

(Fleischer et al., 1999). Plants carrying mutations that affect Api metabolism as well as RG-II 

structure and cross-linking are dwarfed or fail to develop normally (Ahn et al., 2006; Dumont et 

al., 2014; O'Neill et al., 2001; Pabst et al., 2013). 

Early studies of the biosynthesis of the plant flavonoid apiin (apigenin-7-[2-O-

apiosylglucoside]) in parsley led Grisebach and Döbereiner (H. Grisebach & Döbereiner, 1964) 

to propose that UDP-apiose (UDP-Api) and UDP-xylose (UDP-Xyl) are formed from UDP-

glucuronic acid (UDP-GlcA) by UDP-apiose synthase (UAS). Subsequent studies identified 

UDP-Api in parsley and in Lemna (Sandermann et al., 1968). It was then proposed that UDP-Api 

is the activated nucleotide sugar used by apiosyltransferases that catalyze the incorporation of 
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apiose into ApiGalA and into apiin (Hart & Kindel, 1970; Ortmann et al., 1972). No 

apiosyltransferase has been purified to homogeneity nor have the genes encoding this 

glycosyltransferase been identified. 

We previously hypothesized that the enzymes responsible for synthesis of UDP-Api are 

present only in vascular plants (Bar-Peled et al., 2012). The recent availability of the sequenced 

genome of the moss Physcomitrella patens (Rensing et al., 2008) and publicly available 

transcriptomic data for other avascular land plants and for green algae produced by the 1,000 

plants (1KP) project (Matasci et al., 2014) allowed us to re-examine this hypothesis. 

Here we report the identification and functional characterization of UAS homologs from 

the monocot Spirodela polyrhiza (a duckweed), four mosses (Physcomitrella patens, Dicranum 

scoparium, Hedwigia ciliata, and Sphagnum lescurii), a liverwort (Marchantia paleacea), a 

hornwort (Megaceros vincentianus), and two green algae (Mougeotia spp. and Netrium digitus). 

Our results provide evidence that UDP-Api appeared prior to the appearance of wall-associated 

apiose and that bryophytes and green algae likely synthesize apiose-containing secondary 

metabolites but lack the biosynthetic machinery required for the synthesis of apiose-containing 

wall polysaccharides.  

 

RESULTS 

Identification of UDP-apiose Synthase Homologs in Avascular Plants and Green Algae  

UAS-like homologs with >70% amino acid sequence identity to Arabidopsis 

AXS1/UAS1 were identified in monocots, mosses, liverworts, hornworts and streptophyte green 

algae (Table 2.1) using public ally available data from the 1,000 Plants (1KP) Project (Matasci 
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et al., 2014) and the Phytozome genomics portal. No UAS-like homologs were detected in the 

available transcriptomes of chlorophyte green algae.  

An unrooted phylogenetic tree (Figure 2.1) was generated using the amino acid 

sequences of the UAS-like proteins (Fig. S1) together with other decarboxylases including 

Arabidopsis UDP-xylose synthase (UXS) and two bacterial enzymes: a bifunctional UDP-4-

keto-pentose/UDP-xylose synthase (RsU4kpxs) from the plant pathogen Ralstonia solanacearum 

and the C-terminal portion of ArnA that has a UDP-glucuronic acid 4-oxidase-6-decarboxylase 

activity (Breazeale et al., 2005; Gu et al., 2010). The UASs cluster into a group (III, in Figure 

2.1) comprised of several clades, which are distinct from the clades for UXS (I) and ArnA (II). 

These data suggest that UAS-like proteins first appeared in the streptophyte lineage of green 

plants. UAS, UXS, RsU4kpxs and ArnA are all decarboxylases that contain a conserved N-

terminal Gly-X-X-Gly-X-X-Gly motif (Fig. S1) that is proposed to be involved in NAD
+
 binding 

as well as the conserved Tyr-X-X-X-Lys motif with an upstream Ser that forms the catalytic site 

of the short-chain dehydrogenase/reductase (SDR) family (Harper & Bar-Peled, 2002; Kavanagh 

et al., 2008; Yin et al., 2011). 

To date there are no reports that avascular plants or green algae produce apiose 

(Picmanova & Moller, 2016). Thus, we sought to ascertain if their UAS-like homologs, which 

have ~70% sequence identity to Arabidopsis AXS1/UAS1, are capable of converting UDP-GlcA 

to UDP-Api. To this end, UAS-like homologs from the monocot S. polyrhiza (SpUAS), the 

mosses D. scoparium (DsUAS), H. ciliata (HcUAS), P. patens (PpUAS) and S. lescurii 

(SlUAS), the liverwort M. paleacea (MpUAS), the hornwort M. vincentianus (MvUAS), and the 

green algae Mougeotia spp. (MougUAS) and N. digitus (NdUAS) were cloned and expressed in 

E. coli and then functionally characterized  
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In microbe Formation of UDP-apiose  

The coding sequences of the selected UAS homologs were cloned into a modified 

pET28b E. coli expression vector (Yang et al., 2009). The UAS-containing plasmids or empty 

plasmid (negative control) were then individually transformed into E. coli together with a 

pCDFDuet plasmid containing the UDP-Glc dehydrogenase coding sequence (Broach et al., 

2012) from Bacillus thuringiensis (BtbDH) to ensure the production of UDP-GlcA. Nucleotide 

sugar-containing extracts from the isopropyl β-D-thiogalactoside (IPTG)-induced E. coli cells 

were shown by hydrophilic interaction liquid chromatography with electrospray mass 

spectrometry (HILIC-ESI-MS/MS) to contain two product peaks eluting at 11.3 and 12.2 min 

(Figure 2.2). These peaks were not detected in the comparable extract of E. coli cells harboring 

the empty plasmid (Figure 2.2). The ESI mass spectra of both components contained an ion at 

m/z 535.00 (Figure 2.2), which corresponds to [M-H]
-
 for a UDP-pentose. MS/MS analysis 

(Figure 2.3) of each product peak gave a fragment ion at m/z 323.00 that is consistent with 

[UMP-H]
-
. The peak eluting at 12.2 min has the same elution time and MS fragmentation pattern 

as authentic UDP-Xyl. Proton NMR (
1
H NMR) analyses confirmed that the UDP-pentose eluting 

at 11.3 min was UDP-Api. These data suggest that the UAS-like enzymes do synthesize UDP-

Api. 

 

Purified Recombinant UAS from S. polyrhiza, Mosses, a Liverwort, a Hornwort and Green Algae 

Convert UDP-GlcA to UDP-Api and UDP-Xyl  

To obtain additional evidence that the monocot, avascular plant and green algal UASs 

form UDP-Api, the recombinant His6-tagged proteins were solubilized from E. coli cells and 
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purified using nickel-affinity columns. Each recombinant UAS gave one major band on SDS-

PAGE with a predicted mass of between 45 and 48 KDa (Figure 2.4). Each purified UAS was 

shown by HILIC-ESI-MS/MS to convert UDP-GlcA to two UDP-pentose products. MS/MS 

analysis (Figure 2.5) of these product peaks (11.3 and 12.2 min) also gave a fragment ion at m/z 

323.00 that is consistent with [UMP-H]
-
. Signals consistent with the presence of UDP-Api and 

UDP-Xyl were detected in all the 
1
H NMR spectra when the recombinant enzyme assays were 

performed in deuterated buffer (Figure 2.6). 

S. polyrhiza UAS was the most highly expressed protein and was thus selected for further 

characterization. Real time 
1
H NMR spectroscopic analysis of the products formed when SpUAS 

reacts with UDP-GlcA (Figure 2.7 and Table 2.S1) confirmed that UDP-Api is the first product 

formed. SpUAS produces UDP-Api and UDP-Xyl in a ratio of ~1.7: 1.0, which is similar to 

potato UAS (Guyett et al., 2009). Our studies with SpUAS also confirm that some of the UDP-

Api is converted to the apiofuranosyl-1,2-cyclic phosphate during the in vitro reaction (Figure 

2.7). No degradation of UDP-Xyl is discernible over the course of the reaction. 

Real time NMR based-assays provides the opportunity to detect transient intermediates 

(Guyett et al., 2009). Our real time 
1
H NMR data using recombinant SpUAS confirms that UDP-

4-keto-xylose is an intermediate formed during the conversion of UDP-GlcA to UDP-Api, 

(Figure 2.7). Grisebach (H. Grisebach & Döbereiner, 1964) and subsequently Choi and 

colleagues (Choi et al., 2012) proposed that during UAS enzymatic catalysis a ring contraction 

step occurs through a retro-aldol mechanism . We detected no signals indicative of the formation 

of the proposed ene-diol intermediate. Nonetheless, if this intermediate is formed it may exist for 

such a short time or remain secured in the catalytic site of the enzyme and thus be “invisible” to 

1
H NMR spectroscopy. 



 

 49 

The recombinant enzyme, SpUAS, is most active in 50 mM Tris-HCl, pH 7.5 - 8.1, at 

temperatures between 37 and 42 °C (Figure 2.8A-B) and exists in solution as a dimer with a 

predicted size of 93 KDa (Figure 2.8C). SpUAS has a Km of 237 µM and Kcat/Km of 1.159 

µM s
-1

, while recombinant Arabidopsis AXS1/UAS1 has a reported Km of 7 µM and Kcat/Km 

of 0.043 µM s
-1

 (Molhoj et al., 2003). Previous studies have shown that UAS is inhibited by 

nucleotides and nucleotide sugars, including UDP-GalA (Molhoj et al., 2003). Under our assay 

conditions UDP-Xyl and NAD(P)H inhibited UAS activity by 20% and 36%, respectively, 

whereas UDP-GalA reduced activity by 82%. UDP-GalA is not a substrate for the recombinant 

UAS. Nonetheless, we cannot exclude the possibility that UDP-GalA competes with UDP-GlcA 

for substrate binding and thereby regulates SpUAS activity in vivo. 

 

Apiose is Discernible in Aqueous Methanolic Extracts but not in the Cell Walls of Mosses, 

Liverworts and Green Algae  

To explore the nature of apiose-containing molecules in the avascular plants and algae, 

living cultures of the mosses P. patens, Dicranum, Polytrichum, and Sphagnum; the liverworts 

Conocephalum and Marchantia; and the algae Mougeotia and Netrium were obtained (only the 

genera was provided by the supplier for those plants without species designation). Fresh tissue 

was extracted with a series of aqueous (aq.) and non-aqueous solvents (see Experimental 

Procedures). The residue remaining after these extractions is defined here as the cell wall. Apiose 

was detected after acid hydrolysis and GC-MS analyses of alditol-acetate derivatives in the aq. 

methanol-acetonitrile (methanolic) soluble fractions of all four mosses, both liverworts and 

Mougeotia (Table 2.2). No additional apiose was detected in the subsequent solvent extracts 

(Fractions II-IX, see Experimental Procedures) or in the cell walls generated from these plants 
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(Table 2.3). No Api was detected in any fractions from Netrium. By contrast, Api was abundant 

in the methanolic fraction and cell walls of S. polyrhiza. Such results are not unexpected, as the 

walls of this duckweed are known to contain large amounts ApiGalA (Hart & Kindel, 1970; 

Longland et al., 1989).  

 

Over-expression of SpUAS in P. patens and Detection of UDP-apiose  

We detected small amounts of Api in the methanolic extract of P. patens but no 

discernible amounts of Api were present in its cell wall. Moreover, no UDP-Api was detected in 

the nucleotide sugar-containing extracts of P. patens wild-type gametophyte tissue (Figure 2.9B) 

or any of the other avascular plants and green algae. Thus, we wondered if UDP-Api is being 

degraded or rapidly metabolized. We hypothesized that increasing the level of UDP-Api in P. 

patens gametophytes would generate a pool of activated Api that was sufficient to allow this to 

be incorporated into glycans of the cell wall. To this end, SpUAS was over-expressed in P. 

patens. The SpUAS transcript was detected in five independent transgenic lines (Figure 2.9A). 

None of the transformed lines had a visibly altered growth phenotype. The over-expressing lines 

readily formed detectable amounts of UDP-Api (Figure 2.9B). Increased amounts of Api were 

also present in the methanolic fractions from the over-expressing lines (Figure 2.9C). None of 

the lines contained discernible amounts of Api in their cell walls. Thus, we conclude that UDP-

Api is not appreciably degraded and is likely not a limiting factor for the incorporation of Api 

residues into walls of P. patens gametophyte.  
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DISCUSSION 

Our study is the first to identify functional genes encoding UDP-apiose synthase in 

avascular plants and green algae. The apiose in these plants was detected in aqueous methanolic 

extracts. However, we found no discernible amounts of apiose-containing glycans in the walls of 

any of the avascular plants or the algae. Thus, the Api detected in these plants is likely to be 

associated with a secondary metabolite. This contrasts with vascular plants, where apiose is 

present in the cell wall polysaccharides RG-II and ApiGalA and in secondary metabolites (Beck 

& Hopf, 1990; Darvill et al., 1978; Picmanova & Moller, 2016; Watson & Orenstein, 1975).  

Plants, many animals, fungi, Bacteria and Archaea produce enzymes (UXS) that convert 

UDP-GlcA to UDP-Xyl (Gotting et al., 2000; Gu et al., 2011; Harper & Bar-Peled, 2002; 

Kobayashi et al., 2002; Kuhn et al., 2001), whereas UAS forms both UDP-Api and UDP-Xyl in a 

ratio of ~2:1. It is not known if UXS or UAS is the ancestral gene. To date, no UAS genes have 

been identified in prokaryotes, whereas UXS is present in many Bacteria and Archaea. Thus, it is 

likely that UAS first appeared in the plant kingdom, possibly from UXS (Gu et al., 2011).  

The mechanism whereby UAS converts UDP-GlcA into two different UDP-sugars is not 

known. Plant UXS and UAS and the bacterial ArnA are all enzymes, which decarboxylate UDP-

GlcA via 4,6-dehydration and a UDP-4-keto-pentose intermediate. X-ray analyses of UXS and 

ArnA identified domains (Fig. S1) involved in catalysis and cofactor binding (Polizzi et al., 

2012; Walsh et al., 2015). Protein sequence alignment (Fig. S1), shows that residues implicated 

in nucleotide sugar binding and catalysis are conserved among UXSs from diverse organisms but 

are different in the UASs. Additionally, regions of unique amino acid insertions are present in 

UAS but not in UXS (Fig. S1, Regions 1-5) or ArnA (Regions 2-4). These distinct regions may 

facilitate or necessitate the subsequent ring cleavage and rearrangement. Site-directed 
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mutagenesis of these regions in combination with crystallographic and enzymatic activity studies 

are required to elucidate the mechanism of UAS activity and determine if it occurs via enediol 

intermediate. 

Plants synthesize numerous secondary metabolites. In vascular plants at least 1200 of 

these metabolites have been reported to contain an apiose (Picmanova & Moller, 2016). These 

apiose-containing compounds include flavonoids, terpenoids, and cyanogenic glucosides (Beck 

& Hopf, 1990; H. Grisebach, 1980; Picmanova & Moller, 2016; Watson & Orenstein, 1975). 

Apiosylated secondary metabolites may protect a plant from pathogens and herbivores. Several 

secondary metabolites, including flavonoids are known to provide such defense as well as 

protection against UV radiation and oxidative stress (Eckey-Kaltenbach et al., 1993; Neilson et 

al., 2013; Treutter, 2005). These metabolites are normally water insoluble. The addition of a 

glycose such as apiose to these compounds would enhance their water solubility and perhaps 

facilitate their transport within the plant. Interestingly, P. patens has been reported to lack 

functional borate exporters (Wakuta et al., 2015), thus the possibility cannot be excluded that 

apiosides sequester borate, which may become toxic if accumulated to high amounts (Camacho-

Cristobal et al., 2008). The ability to form apiose has broadened the library of secondary 

metabolites available to plants, including avascular bryophytes and algae. Mechanisms to 

incorporate apiose into the cell wall polysaccharides RG-II and ApiGalA must also have 

developed during the evolution of vascular plants from their avascular ancestors. Determining if 

the P. patens apiosyltransferases that utilize UDP-Api as a donor have common motifs with the 

apiosyltransferases involved in secondary metabolite and pectin biosynthesis in vascular plants 

will provide insight into the evolutionary origins of Api-containing glycans. 
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The cell walls of several green algae and bryophytes are known to contain 

homogalacturonan (HGA) (Baylson et al., 2001; Popper & Fry, 2003; Roberts et al., 2012). In 

the cell walls of vascular plants, apiose is attached to the HGA backbones of RG-II and 

ApiGalA. Since we could not detect wall-bound apiose, even in P. patens lines over-expressing 

SpUAS, it is probable that the apiosyltransferases required for the synthesis of RG-II and 

ApiGalA do not exist in bryophytes or green algae. It is notable that phylogenetic analyses of 

pectin-related gene families in P. patens suggest that this moss lacks homologs of vascular plant 

xylogalacturonan xylosyltransferases and rhamnogalacturonan I arabinosyltransferases 

(McCarthy et al., 2014). Thus, expanding the repertoire of cell wall pectin structures may have 

accompanied the transition from avascular to vascular plants. 

The identification and functional characterization of UASs from green algae and 

bryophytes provides a valuable tool to study the role of apiose and apiosylated metabolites in 

these organisms. The use of comparative genomics and transcript analyses will reveal 

glycosyltransferases responsible for addition of apiose to secondary metabolites and to wall 

polysaccharides. 

 

EXPERIMENTAL PROCEDURES 

Plant Material and Growth Conditions  

Living cultures of the mosses Dicranum, Sphagnum, Polytrichum, the liverworts 

Marchantia and Conocephalum, and the algae Mougeotia and Netrium were obtained from 

Carolina Biological (Burlington, NC), harvested and kept at -80 °C. Physcomitrella patens (Var 

Gransden) was maintained in liquid routine basal medium [1 L BCDAT medium = 10 ml each; 

medium B (0.1 mM MgSO4) + medium C (1.84 mM KH2PO4 pH 6.5) + medium D (1 M KNO3 
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and 4.5 mM FeSO4) + AT (0.5 M ammonium tartrate); with 1 ml trace elements (0.22 mM 

CuSO4, 10 mM H3BO3, 0.23 mM CoCl2, 0.1 mM Na2MoO4, 0.19 mM ZnSO4, 2 mM MnCl2, 

0.17 mM KI) and 1ml 1 M CaCl2; distilled deionized H2O added to 1 L]. Protonema were grown 

at 22 °C on cellophane-covered BCDAT agar plates (Nishiyama et al., 2000) in a controlled 

environment growth chamber (Conviron, Manitoba, Canada) with a 16/8 hour photoperiod. 

Spirodela polyrhiza was obtained from Joachim Messing (Waksman Institute of Microbiology, 

Rutgers University) and maintained on 0.8% agar (w/v) containing Schenk and Hildebrandt basal 

salts (1.6 g/L) and 0.5%sucrose (w/v), pH 5.8, in a Conviron growth chamber with a 14/10 hour 

photoperiod at 19 °C/15 °C. Between 6 and 8 fronds of S. polyrhiza were transferred to sterile 

liquid medium (50 ml) containing 1% (w/v) sucrose in 250 ml Erlenmeyer flasks and grown 

under a 14/10 hour photoperiod at 24 °C/20 °C. 

 

Identification and cloning of DsUAS, HcUAS, MougUAS, MpUAS, MvUAS, NdUAS, PpUAS, 

SlUAS, and SpUAS  

The moss, liverwort, and hornwort transcriptomes in the 1,000 Plants (1KP) Project and 

annotated monocot proteins in the Phytozome genomic portal were probed for homologs to the 

amino acid sequence of Arabidopsis AXS1/UAS1 by BLAST analyses. Analysis of the top-hits 

revealed proteins with high sequence identity to Arabidopsis AXS1/UAS1, including several 

green algae and moss proteins with >70% amino acid sequence identity, liverwort proteins from 

Treubia lacunosa (83% identity) and Marchantia paleacea (two incomplete; 65 and 82% 

identity), and hornwort proteins from Nothoceros aenigmatus and Megaceros vincentianus with 

77 and 76% identity, respectively. The top hit for S. polyrhiza (locus Spipo0G0011100, 

annotated as “bifunctional polymyxin resistance ArnA protein”) has an amino acid sequence 
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identity of 85% to Arabidopsis AXS1/UAS1. The nucleotide sequence corresponding to the S. 

polyrhiza protein was used for primer design and cloning.  

S. polyrhiza RNA was isolated from 10-day-old fronds. Fronds were collected, vacuum 

filtered over nylon mesh, rinsed with deionized water, blotted dry and then ground to a fine 

powder in liquid nitrogen using a mortar and pestle. Total RNA was extracted using a Qiagen 

RNeasy mini kit with an on-the-column DNAse treatment to eliminate genomic DNA 

contamination. RNA (0.5 µg) was then reverse transcribed with an oligo(dT) primer using 

SuperScript III reverse transcriptase (Life Technologies; Carlsbad, CA). A portion of the reverse 

transcriptase (RT) reaction (2 µl), dNTP’s, 1 unit of Phusion® high-fidelity DNA polymerase 

(New England Biolabs; Ipswich, MA) with 0.2 µM of each forward and reverse primers (IDT; 

Coralville, IA; Table 2.S2) were used to amplify the SpUAS with the following thermal cycler 

conditions: one 98 °C denaturation cycle for 30 s followed by 25 cycles (each of 8-s denaturation 

at 98 °C; 25-s annealing at 60 °C; 30-s elongation at 72 °C), and finally termination at 4 °C. The 

PCR product was directly cloned into the E. coli expression vector pET28b (Novagen; 

Darmstadt, Germany) modified to contain an N-terminal His6 tag followed by a TEV cleavage 

site (Yang et al., 2009). 

RNA was extracted from wild-type and transformed P. patens using 100 mg of 2-week-

old gametophyte tissue. Tissue was harvested and immediately frozen in liquid nitrogen and 

RNA extracted and reversed transcribed with oligo-dT. No PpUAS transcript was detected on 

1% (w/v) agarose gel even after a second round of PCR amplification using 0.2 µM of each 

forward and reverse primer (Table 2.S2) and an annealing temperature of 56 °C. The recently 

released P. patens Electronic Fluorescent Pictograph browser (Ortiz-Ramirez et al., 2016; Winter 

et al., 2007) indicates that PpUAS (gene ID Pp1s379_19V6.1) is only expressed at substantial 
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levels in stage S3 sporophyte and archegonia. Thus, a synthetic ORF gene corresponding to 

PpUAS was obtained (GenScript; Piscataway, New Jersey, USA).  

For transcript analysis of P. patens SpUAS-overexpressing lines, SpUAS transcript was 

amplified from 30 cycles using SpUAS_F and SpUAS_Mid_R primers (Table 2.S2). P. patens 

elongation factor 1-α (PpEf1a) was similarly amplified using forward and reverse primers (Table 

2.S2). PCR products were run on a 1% (w/v) agarose gel. 

Genes corresponding to the nucleotide sequences of Dicranum scoparium, Hedwigia 

ciliata, Mougeotia spp., Marchantia paleacea, Megaceros vincentianus, Netrium digitus, and 

Sphagnum lescurii UASs were obtained from GenScript, due to the lack of axenic lines. These 

ORF’s were cloned into the modified pET28b expression vector (Yang et al., 2009), using 

forward and reverse primers (see Table 2.S2). The predicted transcript for D. scoparium lacked 

8 amino acids at the N-terminal region based on sequence alignment with PpUAS. To obtain the 

entire D. scoparium ORF, its nucleotide sequence was extended to include the sequence 

corresponding to the amino acid sequence MTARVLND at the N-terminus based on the N-

terminal UAS sequence of the moss H. ciliata. For cloning the UAS ORF of M. paleacea, the 

middle portion of the predicted sequence was constructed to include the amino acid sequence 

RPLDTIYSNFIDALPVVRYCTDNNKRLIHFSTCEVYGKTIGCFLPNDSPLRKD based on 

sequence alignment with a UAS-like homolog in the liverwort Treubia lacunosa. 

Following cloning of the individual UAS genes, the plasmids were sequence verified 

(Georgia Genomics Facility; Athens, GA) and termed, pET28b-TEV-DsUAS.2, pET28b-TEV-

HcUAS.3, pET28b-TEV-MougUAS.1, pET28b-TEV-MpUAS2.1, pET28b-TEV-MvUAS.6, 

pET28b-TEV-NdUAS.2, pET28b-TEV-PpUAS.1, pET28b-TEV-SlUAS.1, and pET28b-TEV-

SpUAS.1. Their amino acid sequences were deposited in GenBank™ (accession numbers 
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KX344124, KX344125, KX344126, KX344127, KX344128, KX344129, KX344130, 

KX344131, and KX344132). 

 

Transformation of P. patens  

The ORF SpUAS was amplified by PCR using forward and reverse primers (Table 2.S2), 

directly cloned into pENTR
TM

/SD/D-TOPO
®
 and Gateway

®
 cloned into pTHUbiGate, a P. 

patens expression vector that has homologous recombination sites at P. patens locus 108 (Vidali 

et al., 2007), with LR Clonase II (Life Technologies). The expression of SpUAS in pTHUbiGate 

is driven by a ubiquitin promoter. For plant transformation, the binary plasmid, pTHUbiGate-

SpUAS (50 µg), was linearized with BsaAI (New England Biolabs) and then precipitated by the 

addition of ethanol. The precipitate was dissolved in sterile water (1 µg/µl) and then used to 

transform P. patens protoplasts (Nishiyama et al., 2000). 

P. patens protoplasts were prepared by treating protonema suspended in aq. 8.5% (w/v) 

mannitol for 60 min at room temperature with 2% (w/v) Driselase (Sigma-Aldrich; St. Louis, 

MO) and shaking at 60 rpm. The suspension was filtered through 40 µm nylon mesh and the 

released protoplasts suspended in 8.5% (w/v) mannitol. The suspension was centrifuged (250g, 5 

min, 22 °C), the supernatant discarded and the pellet re-suspended in 8.5% mannitol. The 

filtration and re-suspension were repeated 2 times. The number of protoplasts obtained was then 

determined using a hemocytometer. Protoplasts were centrifuged, and the protoplasts suspended 

to a density of approximately 2 x 10
6
 protoplasts/ml in 0.5 M mannitol containing 15 mM MgCl2 

and 0.1% (w/v) MES pH 5.6 (Nishiyama et al., 2000). 0.3 ml of the protoplast suspension and 

0.3 ml of PEG 8000 (Sigma-Aldrich) were added to 15 µl of BsaA1-linearized plasmid DNA, 

thoroughly mixed and then kept at room temperature for 10 min. The mixture was heat shocked 
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for 3 min at 45 °C and immediately cooled to room temperature in a water bath and kept for 10 

min. The suspension was then centrifuged, the supernatant discarded, and the protoplasts 

suspended in 5 ml liquid protoplast regeneration medium [PRML = BCDAT plus 8% (w/v) 

mannitol and 10 mM CaCl2]. A portion of this protoplast suspension (1.6 ml) was spread on 

cellophane layered over protoplast regeneration medium bottom layer [PRMB = BCDAT plus 

6% (w/v) mannitol, 10 mM CaCl2 and 1% (w/v) agar] (Nishiyama et al., 2000). The plates were 

kept for 5 days in a growth chamber at 22 °C. 

The cellophane was then transferred onto BCDAT medium containing ampicillin (100 

µg/ml) and kept for a further 7 days. The cellophane was then transferred onto BCDAT medium 

lacking antibiotic. After 7 days the cellophane was transferred to BCDAT medium with 

ampicillin and kept for an additional 7 days to obtain stable transformants. Transformants were 

verified by PCR of locus 108 using the appropriate forward and reverse primers (Table 2.S2) 

and transcript analysis. 

 

In microbe Assays  

NDP-sugars from E. coli harboring the expression plasmids were harvested as described 

(Yang et al., 2012). BL21-derived E. coli cells (3 ml) dually transformed with pCDFDuet-

BtbDH and either pET28b-TEV-DsUAS.2, pET28b-TEV-HcUAS.3, pET28b-TEV-

MougUAS.1, pET28b-TEV-MpUAS2.1, pET28b-TEV-MvUAS.6, pET28b-TEV-NdUAS.2, 

pET28b-TEV-PpUAS.1, pET28b-TEV-SlUAS.1, pET28b-TEV-SpUAS.1, or empty pET28b 

vector control were grown in LB medium [1.0% (w/v) Bacto tryptone, 0.5% (w/v) Bacto yeast 

extract, and 1.0% (w/v) NaCl] supplemented with chloramphenicol (35 μg/ml), kanamycin 

(50 μg/ml) and spectinomycin (25 μg/ml) at 37 °C and 250 rpm to an A600nm of 0.6. Isopropyl β-



 

 59 

D-thiogalactoside (IPTG, 0.5 mM) was then added, and the cells grown at 30 °C for 4 h. Each 

culture was centrifuged (8,000g, 3 min, 4 °C); the cell pellets were washed with 4 volumes PBS 

(10 mM NaH2PO4 pH 7.5, 150 mM NaCl), transferred to Eppendorf tubes, centrifuged (18,000g, 

1 min, 22 °C), and re-suspended in either 1 volume ice-cold deionized distilled water (DDW) for 

hydrophilic interaction liquid chromatography–electrospray ionization–tandem mass 

spectrometry (HILIC-ESI-MS/MS) analysis or deuterium oxide (D2O) for 
1
H NMR analysis. 10 

volumes of cold chloroform/methanol (1:1, v/v) or chloroform-d/methanol-d4 (Cambridge 

Isotopes Laboratories; Tewksbury, MA) were added, and the samples mixed for 20 min at 4 °C. 

The suspensions were centrifuged (18,000g, 5 min, 22 °C), and the upper aqueous phases 

collected and re-centrifuged. Portions of the aqueous phase were analyzed by HILIC-ESI-

MS/MS and by 
1
H NMR spectroscopy. 

 

Expression and Purification  

BL21-derived E. coli cells were transformed with pET28b-TEV-DsUAS.2, pET28b-

TEV-HcUAS.3, pET28b-TEV-MougUAS.1, pET28b-TEV-MpUAS2.1, pET28b-TEV-

MvUAS.6, pET28b-TEV-NdUAS.2, pET28b-TEV-PpUAS.1, pET28b-TEV-SlUAS.1, pET28b-

TEV-SpUAS.1, or the empty vector control. The cells were grown at 37 °C and 250 rpm for 16 h 

in LB medium (20 ml) containing kanamycin (50 µg/ml) and chloramphenicol (35 µg/ml). A 

portion (5 ml) of the culture was transferred to fresh LB plus antibiotics (245 ml) and grown 

under the same conditions until its A600nm was 0.8. IPTG was added to 0.5 mM to induce 

expression of UAS, and the culture then grown for an additional 4 h at 30 °C and 250 rpm. The 

induced cultures were cooled on ice and centrifuged (6,000g, 10 min, 4 °C). The cell pellet was 

suspended in lysis buffer [50 mM Tris-HCl pH 7.6, 10% (v/v) glycerol, 1 mM 
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ethylenediaminetetraacetic acid, 5 mM dithiothreitol 0.5 mM phenylmethylsulfonyl fluoride, 10 

ml]. The cells were ruptured by sonication and proteins were then isolated after centrifugation as 

described (Yang et al., 2009). The final soluble protein fraction (Fraction S20) was collected and 

kept on ice prior to purification.  

The His6-tagged proteins were purified using fast-flow Ni-Sepharose (GE Healthcare, 2 

ml resin packed in a 15 x 1 cm polypropylene column). Columns were washed and equilibrated 

with 50 mM sodium phosphate, pH 8.0, containing 300 mM NaCl, and then Fraction S20 was 

added. Bound His6-tagged proteins were eluted with the same buffer containing increasing 

concentrations of imidazole (10 - 250 mM). The active enzymes were eluted in 250 mM 

imidazole and then dialyzed (6,000 – 8,000 molecular weight cut-off, Spectrum Laboratories, 

Inc) at 4 °C three times for a total of 2 h against 50 mM Tris-HCl pH 7.6, containing 0.15 M 

NaCl, 10% (v/v) glycerol, 1 mM DTT, and 10 µM NAD
+
. The dialysates were divided into 150 

µl aliquots, flash-frozen in liquid nitrogen and stored at -80 °C. Aliquots of purified protein were 

assayed for activity and run on SDS-PAGE. 

SDS-PAGE was performed with 12% (w/w) polyacrylamide gels. Proteins were stained 

with 0.1% (w/v) Coomassie Brilliant Blue R-250 in aq. 20% methanol (MeOH) containing 7% 

(v/v) acetic acid and de-stained with aq. 20% methanol containing 7% (v/v) acetic acid. Protein 

concentrations were determined with the Bradford reagent (Bradford, 1976) using bovine serum 

albumin (BSA) as standard. The molecular mass of active recombinant SpUAS was estimated by 

size-exclusion chromatography eluted over a Superdex-75 100/300 GL column with dialysis 

buffer as eluent (Gu et al., 2010) and calibrating with proteins of known molecular mass (Bio-

Rad). 
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Recombinant UAS Enzyme Assays  

Unless otherwise indicated, reactions were performed in 50 mM Tris-HCl pH 7.9, (50 µl) 

containing 1 mM NAD
+
, 1 mM UDP-GlcA, and 10 µg of purified protein. The mixtures were 

kept at 37 °C for up to 45 min and the reactions terminated by placing the tubes in boiling water 

for 2 min followed by the addition of an equal volume of chloroform. The suspensions were 

vortexed and centrifuged (12,000g, 5 min, 22 °C), and the aqueous phase analyzed for nucleotide 

sugars. 
1
H NMR assays (180 µl) were performed in deuterium oxide (D2O) using 30 µg purified 

protein. 

 

Characterization of Recombinant SpUAS  

SpUAS activity was assayed in different buffers, at different temperatures and with 

various additives and nucleotide sugars. For pH studies, purified recombinant SpUAS (10 µg) 

was added to standard reactions (50 µl) containing various pH buffers (100 mM) and 1 mM 

NAD
+
 and 1 mM UDP-GlcA and kept at 37 °C for 30 min. Inhibition assays were performed by 

first supplementing the standard reaction mixtures with various nucleotides and nucleotide 

sugars, addition of purified protein and incubation. The amounts of reactants and products were 

determined by UV spectroscopy and used to calculate enzyme activity as follows. The products 

from each recombinant enzyme assay were chromatographed over a Q-15 anion exchange 

column (200 x 1 mm, Amersham Biosciences; Buckinghamshire, England) by elution with a 

linear gradient (5 mM to 0.6 M) of ammonium formate over 25 min at a flow rate of 0.25 ml/min 

using an Agilent (Santa Clara, CA) 1100 Series HPLC equipped with an G1313A auto-sampler, 

a G1315B diode array detector, and ChemStation software. Nucleotides and nucleotide sugars 

were detected by their A261nm (for UDP-sugars) and A259nm (for NAD
+
). The concentrations of 
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reactants and products were determined by comparison of their peak areas to a calibration curve 

of standard UDP-GlcA (Gu et al., 2010). 

Selected kinetic parameters of recombinant SpUAS (10 µg) were determined by varying 

the concentrations of UDP-GlcA in 50 µl reactions consisting of 1 mM NAD
+
 in 50 mM Tris-

HCl pH 7.9. Reactions were kept for 7 min at 37 °C quenched with an equal volume of 

chloroform and then vortex mixed. The reaction products in the aqueous phase were separated 

using a Q-15 anion exchange column as described above and reaction rates calculated from the 

depletion of the UDP-GlcA signal integral normalized to the NAD
+
 signal integral. Values from 

three independent replicates were used to generate a non-linear regression plot and resultant data 

using GraphPad Prism Version 6.04. 

 

HILIC-ESI-MS/MS  

ESI-MS/MS analysis was performed on a Shimadzu (Kyoto, Japan) LC-MS-IT-TOF 

operating in the negative ion mode. Plant nucleotide sugar extracts and in microbe and 

recombinant enzyme assay products were mixed with 2/3 volume aq. 95% acetonitrile (ACN) 

containing 25 mM ammonium acetate and an aliquot (10 - 20 µl) chromatographed over an 

Accucore amide-HILIC column (150 x 4.6 mm; Thermo Fisher Scientific; Waltham, MA), 

eluted at 0.4 ml min
-1

 with a linear gradient of aq. 75% (v/v) acetonitrile containing 40 mM 

ammonium acetate, pH 4.4, to 50% (v/v) acetonitrile containing 40 mM ammonium acetate, pH 

4.4, over 35 min using a Shimadzu LC-30AD HPLC. Mass spectra (mass range 100-2,000 m/z) 

were collected every 1.3 sec for 30 minutes. Second stage MS/MS data was collected by 

collision-induced dissociation (CID) with a collision energy of 35% and a nebulizing helium gas 

flow of 1.5 ml min
-1

 (Hwang et al., 2014). 
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Nucleotide sugar Extraction of Plant Tissue  

Fresh tissues (100 mg wet wt) were ground in liquid nitrogen using a mortar and pestle, 

transferred to Eppendorf tubes and ACN:MeOH:H2O (40:40:20, v/v/v, 1 ml) then added. The 

tubes were vortexed and rotated for 20 min at 4 °C. The tubes were centrifuged (18,000g, 5 min, 

22 °C) and the supernatant transferred to a clean tube. The solutions were concentrated to ~50% 

of their initial volume using a stream of nitrogen gas and portions (800 µl) analyzed by HILIC-

ESI-MS/MS as stated above. 

 

Real time 
1
H NMR Enzyme Assays  

All spectra were obtained using a Varian Inova 600 MHz spectrometer equipped with a 3 

mm cryogenic probe. Continuous 
1
H NMR spectroscopic monitoring of reactions (180 µl 

volume) were carried out at 37 °C in a mixture of D2O/H2O (9:1, v/v) containing 0.83 mM 2,2-

dimethyl-2-silapentane-5-sulfonate (DSS, internal reference), 50 mM Tris-HCl, pH 7.9, 1 mM 

UDP-GlcA, 1 mM NAD
+
 and purified recombinant enzyme (30 µg). One-dimensional 

1
H NMR 

spectra with the water resonance signal pre-saturated were collected 5 minutes post addition of 

enzyme in order to optimize spectrometer settings, and then spectra were continuously averaged 

every 2 min for up to 9 h. All chemical shifts are referenced to DSS at 0.00 ppm (Guyett et al., 

2009). 

 

Fractionation and cell wall polysaccharide extraction  

Fresh plant tissue (0.1 to 1 g) was suspended in cold ACN:MeOH:H2O (40:40:20, v/v/v, 

10 vol) and ground in a mortar and pestle on ice. The suspension was transferred to a 15 ml 
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falcon tube and kept for 30 min at 55 °C. The suspension was centrifuged (3,000g, 5 min, 22 °C) 

and the supernatant (Fraction I, “methanolic extract”) saved. Aq. 50% (v/v) EtOH (10 vol) was 

then added to the pellet, the suspension vortexed and kept for 30 min at 55 °C. The suspension 

was centrifuged and the supernatant (Fraction II) saved. The procedure was repeated using aq. 

80% and 95% (v/v) EtOH to give soluble Fractions III and IV. The pellet was then suspended in 

water (5 vol) and kept for 30 min 55 °C. An equal volume of ethyl acetate was added and the 

suspension vortexed and kept for 30 min at 55 °C. The suspension was centrifuged and the top 

layer (Fraction V) was saved. The lower aqueous layer (Fraction VI) was transferred to a clean 

borosilicate tube. The pellet was suspended in CHCl3:MeOH (1:1, v/v, 5 vol) and vortexed. After 

centrifugation, the top aqueous layer (VII) was saved. The bottom organic layer (Fraction VIII) 

was also saved. The pellet was suspended in acetone (5 vol) and after centrifugation the 

supernatant (Fraction IX) was save. The final pellet, referred to as cell wall, was allowed to air 

dry overnight in a fume hood.  

 

Glycosyl Residue Composition Analysis  

The aqueous and organic solvent extracts or cell wall (~1 mg) were supplemented with 

myo-Inositol (10 µl of 5 mM solution) as an internal standard, evaporated to dryness at room 

temperature using a stream of filtered air (REACTIVAP III, Thermo Fisher) and then hydrolyzed 

for 2 h at 120 °C with 2M TFA (1 ml). TFA was removed by evaporation under a stream of 

filtered air (40 °C) and the residue washed with isopropanol (3 x 500 µl). The released 

monosaccharides were then converted into their corresponding alditol-acetate derivatives 

according to York et al (York et al., 1986), and the final residue dissolved in acetone (100 µl).  
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The alditol-acetate derivatives were analyzed by gas-liquid chromatography (GLC, 

Agilent 7890A) equipped with a mass selective detector (EI-MS, Agilent 5975C). The sample (1 

µl) was injected in the splitless mode using an Agilent 7693 auto-sampler onto a Restek RTx-

2330 fused silica column (0.25 mm I.D x 30 m, 0.2 µm film thickness) with helium as gas carrier 

at a flow rate of 1.1 ml min
-1

. The oven temperature was held at 80 °C for 2 min, followed by an 

increase of 30 °C min
-1 

to 170 °C, then at 4 °C min
-1 

to 235 °C and a hold at 235 °C for 20 min. 

The column was then kept at 250 °C for 7 min, cooled to 80 °C and kept at 80 °C for 1 min prior 

to the next injection. The injection port and the transfer line to the EI-MS were kept at 250 °C. 

Alditol-acetate derivatives of authentic apiose, rhamnose, fucose, ribose, arabinose, xylose, 

mannose, glucose, and galactose (50 µg each) were prepared under the same conditions as 

samples. Monosaccharides were identified based on their retention times and their EI mass-

spectra. Peak areas, obtained from the total ion chromatogram, were exported to Microsoft Excel 

and normalized using the amount of sample and the area of the internal standard. The amounts of 

each monosaccharide in a sample were calculated using the response factors of the 

monosaccharide standards.
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TABLES AND FIGURES 

TABLE 2.1 

UAS-like homologs identified in green algae and avascular plants. 

The amino acid sequence for Arabidopsis AXS1/UAS1 was used as the probe to identify 

sequences in the 1KP and Phytozome databases. Percent sequence identity (% ID) is shown. 

Organism % ID 

Green Algae  

Mesotaenium endlicherianum 75% 

Roya obtusa  75% 

Mougeotia spp.  73% 

Netrium digitus  72% 

Cylindrocystis brebissonii-M2213  72% 

Cylindrocystis cushleckae  73% 

Penium margaritaceum  78% 

Mesostigma viride  61% 

Hornworts  

Nothoceros aenigmaticus 77% 

Megaceros vincentianus 76% 

Liverworts  

Treubia lacunosa  83% 

Marchantia paleacea
1
  65%, 82% 

Mosses  

Niphotrichum elongatum 80% 

Philonotis fontana 80% 

Dicranum scoparium 81% 

Hedwigia ciliata 78% 

Sphagnum lescurii 79% 

Sphagnum fallax 79% 

Physcomitrella patens 74% 
1
2 partial sequences obtained  
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TABLE 2.2 

Glycosyl-residue compositions of the aqueous acetonitrile-methanol soluble material from green algae, avascular plants and S. 

polyrhiza. 

The glycosyl residue composition (mol %) was determined by GC-MS analysis of the alditol-acetate derivatives generated from the 

aq-ACN-MeOH-soluble fractions from Conocephalum (Cono), Dicranum (Dicran), Marchantia (March), Mougeotia (Moug), Netrium 

(Net), P. patens (Physco), Polytrichum (Poly), Sphagnum (Sphag), and S. polyrhiza (Spiro). Data is the average ± standard error of 

three independent samples. N.D. indicates not detected. 

Glycose Moug. Net March Cono Poly Physco Dicran Sphag Spiro 

 Monosaccharide (mol %) 

Rha 0.3 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.3 ± 0.3 0.6 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 

Fuc 5.2 ± 0.1 12.7 ± 2.1 2.8 ± 0.1 0.2 ± 0.2 0.4 ± 0.1 2.0 ± 0.2 1.7 ± 0.8 1.7 ± 0. 1 3.7± 0.3 

Rib 0.7 ± 0.1 4.7 ± 1.0 1.4 ± 0.1 0.2 ± 0.3 1.2 ± 0.1 1.9 ± 0.2 1.2 ± 0.1 1.9 ± 0.1 3.6 ± 0.1 

Ara 5.8 ± 0.3 10.4 ± 0.6 8.8 ± 0.1 3.5 ± 0.7 2.6 ± 0.1 11.4 ± 1.1 6.0 ± 0.2 11.1 ± 1.0 9.8 ± 0.2 

Xyl 3.1 ± 0.1 10.3 ± 1.7 2.9 ± 0.3 1.5 ± 0.5 0.5 ± 0.1 3.9 ± 0.3 5.9 ± 1.0 4.2 ± 0.7 3.9 ± 0.2 

Api 0.8 ± 0.1 N.D. 1.1 ± 0.1 0.5 ± 0.2 0.3 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 1.9 ± 0.3 3.1 ± 0.1 

Man 36.7 ± 0.1 15.8 ± 2.4 41.4 ± 0.1 41.3 ± 12.5 53.1 ± 0.2 4.9 ± 0.6 56.1 ± 0.5 58.6 ± 1.2 44.0 ± 0.5 

Gal 30.5 ± 0.1 39.3 ± 2.4 16.9 ± 0.1 4.0 ± 0.9 4.7 ± 0.1 54.3 ± 6.9 5.4 ± 0.6 5.0 ± 0.2 6.0 ± 0.2 

Glc 16.8 ± 0.1 6.0 ± 0.7 24.0 ± 0.1 47. ± 9.7 37.2± 0.2 20.5 ± 9.3 22.5 ± 1.2 15.3 ± 1.6 26.0 ± 0.4 
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TABLE.2.3 

Glycosyl-residue compositions of the cell walls isolated from selected green algae, avascular plants and S. polyrhiza. 

The glycosyl residue composition (mol%) was determined by GC-MS analysis of alditol-acetate derivatives generated from the cell 

walls of each plant. Data is the average ± standard error of three independent samples. N.D. indicates not detected. 

Glycose Moug Net March Cono Poly Physco Dicran Sphag Spiro 

 Monosaccharide (mol %) 

Rha 0.3± 0.1 0.4 ± 0.1 1.0 ± 0.1 0.3 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.5 ± 0.1 1.9 ± 0.1 0.9 ± 0.1 

Fuc 19.5 ± 3.1 21.4 ± 0.3 5.4 ± 0.1 1. 0± 0.1 1.1 ± 0.1 2.0 ± 0.1 4.1 ± 0.1 4.7 ± 0.1 2.8± 0.1 

Rib 0.3 ± 0.1 1.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 2.1 ± 0.2 0.5 ± 0.1 0.5 ± 0.1 2.8 ± 0.1 

Ara 11.7 ± 1.8 9.5 ± 0.5 24.9 ± 0.1 20.8 ± 0.9 6.7 ± 0.1 15.0 ± 0.7 11.7 ± 0.2 10.7 ± 0.1 14.8 ± 0.2 

Xyl 32.9 ± 4.1 10.1 ± 0.6 11.2 ± 0.1 12.2 ± 0.3 8.2 ± 0.1 15.1 ± 1.0 12.0 ± 0.3 11.3 ± 0.1 15.8 ± 0.8 

Api N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 21.4 ± 0.2 

Man 1.3 ± 0.2 1.8 ± 0.1 12.3 ± 0.1 21.5 ± 0.6 58.3 ± 0.1 8.0 ± 0.5 30.5 ± 2.1 30.4 ± 0.1 2.0 ± 0.1 

Gal 28.0 ± 10.2 23.8 ± 0.7 42.7 ± 0.1 40.0 ± 1.1 20.6 ± 0.1 48.5 ± 3.5 35.7 ± 2.9 36.3 ± 0.1 21.4 ± 0.6 

Glc 6.0 ± 0.9 31.5 ± 0.3 2.2 ± 0.1 3.9 ± 0.1 3.8 ± 0.1 8.2 ± 3.3 4.1 ± 0.1 4.2 ± 0.1 17.9 ± 0.5 
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FIGURE 2.1 

 

FIGURE 2.1. Unrooted phylogenetic tree of UDP-sugar decarboxylases from plants, bacteria 

and human. Amino acid sequences used are human UXS1 chain A (NP_079352.2), Arabidopsis 

UXS3 and UXS2 (NP_001078768.1 and NP_191842.1), Escherichia coli ArnA 

(WP_032205568.1) and Ralstonia solanacearum UDP-4-keto-pentose/UDP-xylose synthase 

(RsU4kpxs, WP_011001268.1). The UAS-like sequences used are from green algae 

(Mesostigma viride, Cylindrocystis brebissonii, Mougeotia spp., Cylindrocystis cushleckae, 

Netrium digitus, Roya obtusa, Penium margaritaceum and Mesotaenium endlicherianum), from 

hornwort (Megaceros vincentianus and Nothoceros aenigmaticus), from liverwort (Treubia 

lacunose) from moss (Physcomitrella patens, Niphotrichum elongatum, Hedwigia ciliata, 
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Philonotis fontana, Sphagnum lescurii and Sphagnum fallax), from lycophytes (Selaginella 

acanthonota Selaginella moellendorffii and Selaginella apoda,), and from angiosperms 

(Amborella trichopoda, Oryza sativa, Zea mays, Musa acuminata, Spirodela polyrhiza, Zostera 

marina, Arabidopsis thaliana, Populus trichocarpa, Medicago truncatula and Solanum 

tuberosum). Alignment was made using Clustal Omega (W. Li et al., 2015; McWilliam et al., 

2013; Sievers et al., 2011) and the tree generated using Dendroscope (Huson & Scornavacca, 

2012). 

 

FIGURE 2.2 

 

FIGURE 2.2. Extracted-ion chromatograms (XICs) of the nucleotide sugars generated in 

microbe using E. coli transformed with the UAS-like homolog from selected plants; From top to 

bottom, Standard (Std) UDP-GlcA, UDP-Xyl, and UDP-arabinopyranose (UDP-Arap), followed 

by MougUAS (Moug), NdUAS (Nd), MvUAS (Mv), PpUAS (Pp), HcUAS (Hc), SlUAS (Sl), 
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DsUAS (Ds). MpUAS (Mp), SpUAS (Sp), and empty vector control. Negative mode [M-H]
-
 ions 

diagnostic for UDP-pentose (m/z 535.0, solid line), UDP-uronic acid (m/z 579.0, dotted line) and 

Park’s nucleotide (m/z 595.6, dashed line) are displayed. Park’s nucleotide is a UDP-MurNAc-

pentapeptide that is used as an internal standard for nucleotide sugar detection as it is abundantly 

made in E. coli. In the XICs for Nd, Mv and Mp the signal for m/z 535.0 is amplified by a factor 

of 10, and in the XIC for Pp by a factor of 100. *unknown contaminant. 

 

FIGURE 2.3 

 

FIGURE 2.3. MS/MS spectra of the UDP-Api and UDP Xyl produced in microbe using E. coli 

transformed with UAS-like homologs from green algae and avascular plants. Second stage MS 

fragmentation data for the parent m/z 535.0 peaks at the indicated retention times; Left column 
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11.3 min and right column 12.2 min. From top to bottom, MougUAS, NdUAS, MvUAS, 

PpUAS, HcUAS, SlUAS, DsUAS. MpUAS, and SpUAS. The most abundant ion at m/z 323.0 is 

consistent with fragmentation of a UDP-sugar into [UMP-H]
-
. Other fragment ions include m/z 

211.0, 305.0, and 403.0; that are consistent with [Ura-2H]
-
, [UMP-H2O-H]

-
, and [UDP-H2O-H]

-
, 

respectively. 

 

FIGURE 2.4 

 

FIGURE 2.4. Expression of recombinant UAS-like proteins from green algae and avascular 

plants. SDS-PAGE of Ni-column-purified soluble protein extracted from E. coli cells induced to 

express DsUAS, HcUAS, MougUAS, MpUAS, MvUAS, NdUAS, PpUAS, SlUAS, and SpUAS, 

and empty vector control. Expected sizes are 43.0, 43.6, 45.5, 43.1, 44.8, 46.6, 45.6, 43.6, and 

46.6 KDa, respectively. The rightmost lane is the empty vector control. 
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FIGURE 2.5 

 

FIGURE 2.5. MS/MS spectra of UDP-Api and UDP Xyl generated by the purified recombinant 

UASs from green algae and avascular plants. Second stage MS fragmentation data for the parent 

m/z 535.0 peaks at the indicated retention times; Left column 11.3 min and right column 12.2 

min. From top to bottom, MougUAS, NdUAS, MvUAS, PpUAS, HcUAS, SlUAS, DsUAS. 

MpUAS, and SpUAS. The most abundant ion at m/z 323.0 is indicative of UDP-sugar 

fragmentation into [UMP-H]
 -
. Fragments at m/z 211.0 are consistent with [Ura-2H]

-
. 
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FIGURE 2.6 

 

FIGURE 2.6. Selected regions of 
1
H NMR spectra diagnostic for the products and intermediates 

generated by the purified recombinant UASs from green algae and avascular plants. Anomeric 

region between 5.50 and 5.75 ppm for the H1 protons of UDP-GlcA (G) reactant, UDP-Api (A) 

and UDP-Xyl (X) products and UDP-4-keto-Xyl (K) intermediate are shown (magnified by 3X 

for clarity). NMR region (5.95 and 6.08 ppm) diagnostic for UDP, NAD
+
 cofactor and 

apiofuranosyl-1,2-cyclic-phosphate (Ac) degradation product is included. NMR spectral traces 

from top to bottom show UAS activity of MougUAS, NdUAS, MvUAS, PpUAS, HcUAS, 

SlUAS, DsUAS. MpUAS, SpUAS and empty vector control. Peaks labeled N correspond to 
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NAD
+
 H5 and H6; R corresponds to ribose H1; U corresponds to uracil H5. For additional 

chemical shift assignments see Table 2.S1. 

 

FIGURE 2.7 
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FIGURE 2.7. Proposed reaction mechanism for UAS and real time 
1
H NMR analysis of 

recombinant SpUAS activity. Structures for reactant, products, detectable UDP-4-keto-Xyl 

intermediate (solid brackets), undetected UDP-enediol intermediate (dashed brackets) and 

degradation product are shown. The reaction was carried out at 37 °C. The selected anomeric 

region (between 5.3 and 6.1 ppm) for protons of reactant, intermediate and products is shown. 

Only select time-resolved spectra are displayed to prevent overcrowding of peaks. 

 

FIGURE 2.8 

 

FIGURE 2.8. Characteristics of recombinant SpUAS. A, the effect of temperature on the relative 

activity of purified recombinant SpUAS. B, the effect of pH buffers on the relative activity of 

purified recombinant SpUAS. C, size-exclusion chromatography of recombinant SpUAS 

suggests that the active enzyme exists in solution as a dimer. Purified recombinant SpUAS was 
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fractionated on a Superdex75 gel filtration column and fractions collected (every 30 sec) and 

assayed for activity. The relative activity (indicated by closed diamonds) was determined by 

HPLC. The molecular weight of the enzyme in solution is based on the interpolation from the 

relative elution times of standard protein markers (indicated by open circles). Error bars 

represent S.E. of 3 replicates. 

 

FIGURE 2.9 

 

FIGURE 2.9. Overexpression of SpUAS in P. patens resulting in increased amounts of UDP-

Api but not the formation of apiose-containing cell wall polysaccharides. A, transcript analysis of 

SpUAS. RNA extracted and cDNAs generated from wild-type P. patens (WT), 5 lines 

transformed to overexpress SpUAS (SpUAS OE 1-5), and from S. polyrhiza. SpUAS and 
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Physcomitrella Ef1α amplified by PCR and run on 1% (w/v) agarose; B, LC-MS analysis of 

ACN:MeOH:H2O (40:40:20, v/v/v) extracts from WT P. patens, SpUAS OE 1, SpUAS OE 5, 

and S. polyrhiza. XICs for m/z 535.0, diagnostic for UDP-pentose, are shown. Std contains UDP-

Xyl and UDP-Arap. UDP-Api is detected in S. polyrhiza and in the P. patens SpUAS-

overexpressing lines. In all but the Std trace, the m/z 535.0 signal has been amplified by a factor 

of 100; C, GC-MS analysis of alditol-acetate derivatives from ACN:MeOH:H2O (40:40:20, 

v/v/v) extracts. The region of the total ion count for xylitol (Xyl) and apiitol (Api) is expanded, 

and that for cell wall fractions is below. * indicates unknown contaminant. 
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SUPPLEMENTAL INFORMATION 

TABLE 2.S1. Chemical shifts and coupling constants for the protons of UDP-Api, UDP-Xyl and 

UDP-4-keto-Xyl formed from UDP-GlcA by recombinant SpUAS, and the apiofuranosyl-1,2-

cyclic phosphate that is formed by spontaneous degradation of UDP-Api 

  H1 H2 H3*a,b H4 H5 

UDP-α-D-Api (A)           

Chemical shifts,  (ppm
a
), 

peak shape  

J coupling constants (Hz) 

5.71 

Quartet  

J
1”, 2”

 4.5 

J
1”, P

 5.6 

4.01  

Quartet  

J
1”, 2”

 4.5  

J
2”, P

 2.2 

*3.5, 3.6  

J
3a”,3b”

 12.3 

4.08, 4.09  

J
4a”,4b”

 4.1 

 

 

            

UDP-α-D-Xyl (X)           

Chemical shifts,  (ppm
a
), 

peak shape  

J coupling constants (Hz) 

 

 

5.54 

Quartet  

J
1”, 2”

 3.4,  

J
1”, P

 7.0 

3.51 

Doublet 

J
2”, 3”

 3.5  

3.74  

Doublet 

J
3”, 4”

 9.5 

3.67  

 

3.78 

 

UDP-4-keto-Xyl (K)           

Chemical shifts,  (ppm
a
),  

peak shape  

J coupling constants (Hz) 

 

 

5.57 

Quartet  

J
1”, 2”

 3.5 

J
1”, P

 7.0 

3.94 

Doublet  

J
2”, 3”

 5.5 

*3.81  

Doublet 

J
3”, 4”

 9.8 

  3.53  

 

Apiofuranosyl-1,2-cyclic 

phosphate (Ac) 

          

Chemical shifts,  (ppm
a
),  

peak shape  

J coupling constants (Hz) 

 

 

5.93  

Doublet of 

doublets 

J
1”, 2”

 4.3 

J
1”, P

 15.1 

4.56  

Doublet 

J
2”, P

 7.0 

 3.56, 3.6 

J
3a”, 3b”

 12.3 

3.86, 3.94 

J
4a”, 4b”

 9.4 

  

Ribose (R)           

Chemical shifts,  (ppm
a
),  

J coupling constants (Hz) 

5.97  

J
1’, 2’

 3.6 

4.35 4.34 4.26 4.19, 4.23  

J
5a’, 5b’

 12 

 

Uracil (U)           

Chemical shifts,  (ppm
a
)         5.96 

J coupling constants (Hz)         J
5, 6

 8.1 

a 
Chemical shifts are in ppm relative to internal DSS signal set at 0.00 ppm. Proton-proton 

coupling constants in Hz are shown as well as the J1”, P coupling values between phosphate and 

the H1” proton of UDP-Api (A), UDP-Xyl (X), UDP-4-keto-Xyl (K) and apiofuranosyl-1,2-

cyclic phosphate (Ac). The chemical shift values for uracil (U) and ribose (R) protons are similar 
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to the uracil and ribose protons of other UDP-sugars. Compounds correspond to structures in 

Figure 2.7. * refers to the proton of the exocyclic carbon in UDP-Api and apiofuranosyl-1,2-

cyclic phosphate (Ac). Peak assignments were made using known values as reference (Gu et al., 

2011; Guyett et al., 2009). 

TABLE 2.S2. Primers used in plasmid generation, genotyping and transcript analysis. Obtained 

from IDT. 

Primer Sequence (5’-3’) 

DsAUS_F  GTATTTTCAGGGCGCCATGACGGCGAGGGTGCTG 

DsUAS_R  GCCGGATCGAATTCACTAAGTGACAATCGCCTTCGACATTG 

HcUAS_F  GTATTTTCAGGGCGCCATGGCGGGGGAGAGGGTG 

HcUAS_R  GCCGGATCGAATTCACTAGTTGTTGACGATCGCCTTGGAC 

MougUAS_F  GTATTTTCAGGGCGCCATGGTTGTCAGACTAGATCTGGATG 

MougUAS_R  GCCGGATCGAATTCATCATGCTGCTTTAGAAGAGTTCATGG 

MpUAS_F  GTATTTTCAGGGCGCCATGGCGCCGAGGCTGGAC 

MpUAS_R  GCCGGATCGAATTCATTACAAGTCACTTGTCGAAAATGTCTTGGAG 

MvUAS_F  GTATTTTCAGGGCGCCATGGCTCCTAGACTGGACCTG 

MvUAS_R GCCGGATCGAATTCATCAGGTTGAAGCTAGGACTTTGCAC 

NdUAS_F  GTATTTTCAGGGCGCCATGGCTGGAGGCATAAGACTGG 

NdUAS_R  GCCGGATCGAATTCACTAGAACTCCATCGCAACTGCCTTTAC 

pENTR_SD_TOPO_F  AAGGGTGGGCGCGCCGACCCAG 

pENTR_SD_TOPO_R  GGTGAAGGGCTCCTTCTTAAAGTTAAAC 

pENTR_SpUAS _F  GAAGGAGCCCTTCACCATGGCGGCTTCTGGCGCGGCTG 

pENTR_SpUAS _R  CGGCGCGCCCACCCTTGCTGGTTGCAACAGGTTTTGC 

pET28b_TEV_F  TGAATTCGATCCGGCTGCTAACAAAGCCCG 

pET28b_TEV_R  CATGGCGCCCTGAAAATACAGGTTTTC 

Physco_locus108_F  CATGCTGCGTGTAGACCTGGC 

Physco_locus108_R  CGCGTGTCAGGAGTACTCTTGC 

PpEF1a_F  GAAGCGGCGGAGATGAAC 

PpEF1a_R  ACGTCTGCCTCGCTCTAGC 

PpUAS_F  GTATTTTCAGGGCGCCATGACGGCGAGATTGAACCTC 

PpUAS_R  GCCGGATCGAATTCACTATTTGTAAGTAGATTTAGACATGGCCTTC 

SlUAS_F  GTATTTTCAGGGCGCCATGGTAGTGACGACGAGGGTG 

SlUAS_R  GCCGGATCGAATTCATCAGTTGGCAAGAGTCTTTGACATTG 

SpUAS_F  GTATTTTCAGGGCGCCATGGCGGCTTCTGGCGCGGCTG 

SpUAS_Mid_R  GTCGAGCGGGCGCGTGTTGTAG 

SpUAS_R  GCCGGATCGAATTCAGCTGGTTGCAACAGGTTTTGC 
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FIGURE 2.S1 
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FIGURE 2.S1. UXS, ArnA, and UAS multiple sequence alignment. Full amino acid sequence 

alignment of the UDP-GlcA decarboxylase domain of E. coli ArnA (WP_032205568.1), human 

UXS (HsUXS, NP_079352.2), fungal UXS from Cryptococcus neoformans (CnUXS, 

XP_572003.1), plant UAXS from Solanum tuberosum (NP_001275341.1), Arabidopsis 

AXS1/UAS1 & UXS3 (NP_180353.1 & NP_001078768.1), and the putative UAS-like enzymes 

of the algae Mougeotia spp. (MougUAS), liverwort Marchantia paleacea (MpUAS), hornwort 

Megaceros vincentianus (MvUAS), moss Physcomitrella patens (PpUAS), and the monocot 

Spirodela polyrhiza (SpUAS) were aligned with PRALINE (Simossis & Heringa, 2005) using 

the BLOSUM62 scoring matrix. AXS1/UAS1 was used to probe the 1KP database (Matasci et 

al., 2014) and the Spirodela polyrhiza genome (W. Wang et al., 2014) and aligned with other 

UAS and UAS-like protein sequences. Proposed catalytic and cofactor binding residues are 

outlined in black. Other proposed active-site residues and insertion regions are marked with grey 

and striped boxes, respectively in the numbering row.  
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CHAPTER 3 

 

SYNTHESIS OF UDP-APIOSE IN BACTERIA: THE MARINE PHOTOTROPH 

GEMINICOCCUS ROSEUS AND THE PLANT PATHOGEN XANTHOMONAS PISI
1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
James Smith, Maor Bar-Peled. 2017. PLOS One. PMCID: PMC5607165  

Reprinted here with permission of publisher 
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ABSTRACT 

The branched-chain sugar apiose was widely assumed to be synthesized only by plant 

species. In plants, apiose-containing polysaccharides are found in vascularized plant cell walls as 

the pectic polymers RGII and ApiGalA. Apiosylated secondary metabolites are also common in 

many plant species including ancestral avascular bryophytes and green algae. Apiosyl-residues 

have not been documented in bacteria. In a screen for new bacterial glycan structures, we 

detected small amounts of apiose in methanolic extracts of the aerobic phototroph Geminicoccus 

roseus and the pathogenic soil-dwelling bacteria Xanthomonas pisi. Apiose was also present in 

the cell pellet of X. pisi. Examination of these bacterial genomes uncovered genes with relatively 

low protein homology to plant UDP-apiose/UDP-xylose synthase (UAS). Phylogenetic analysis 

revealed that these bacterial UASs-like homologs belong in a clade distinct to UAS and 

separated from other nucleotide sugar biosynthetic enzymes. Recombinant expression of three 

bacterial UAS-like proteins demonstrates that they actively convert UDP-glucuronic acid to 

UDP-apiose and UDP-xylose. Both UDP-apiose and UDP-xylose were detectable in cell cultures 

of G. roseus and X. pisi. We could not however, definitively identify the apiosides made by these 

bacteria, but the detection of apiosides coupled with the in vivo transcription of bUAS and 

production of UDP-apiose clearly demonstrate that these microbes have evolved the ability to 

incorporate apiose into glycans during their lifecycles. While this is the first report to describe 

enzymes for the formation of activated apiose in bacteria, the advantage of synthesizing apiose-

containing glycans in bacteria remains unknown. The characteristics of bUAS and its products 

are discussed.  
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INTRODUCTION 

Apiose (3-C-[hydroxymethyl]-D-erythrofuranose, Api) is a common sugar residue of the 

plant pectic polymer rhamnogalacturonan-II (RG II) in vascular plant species and 

apiogalacturonan (O'Neill et al., 1990; Picmanova & Moller, 2016). In addition, apiose-

containing small secondary metabolites were detected in lichens (Rezanka & Guschina, 2000) 

and in the fungus Morchella conica (Zheng et al., 1998).  

In a screen for novel bacterial glycans, we unexpectedly found an apiosyl residue in 

methanolic extracts of two gram-negative proteobacteria: the alphaproteobacteria Geminicoccus 

roseus and the gammaproteobacteria Xanthomonas pisi (Figure 3.1). In addition to apiose we 

also detected xylose but the latter has been previously described in certain bacteria (Bystrova et 

al., 2006; Coyne et al., 2011; Fletcher et al., 2007; Gu et al., 2010; Gu et al., 2011; Isogai et al., 

1986; Knirel, 1990).  

In plants the activated nucleotide sugar donor used to synthesize apiose-containing 

glycan is UDP-apiose (UDP-Api). A bifunctional enzyme (UAS) converts UDP-glucuronic acid 

(UDP-GlcA) predominantly to UDP-Api but UDP-xylose (UDP-Xyl) is also made in a ratio 

close to 2:1. The UAS enzyme was characterized in several plant species and was named UDP-

apiose/UDP-xylose synthase (H. Grisebach & Döbereiner, 1964; Ortmann et al., 1972; 

Sandermann et al., 1968). UAS belongs to the short-chain dehydrogenase/reductase (SDR) 

superfamily, which also includes UDP-xylose synthase (UXS) (Harper & Bar-Peled, 2002). 

UDP-xylose synthase (UXS) was identified in plant, human and bacteria and this enzyme has a 

single activity converting UDP-glucuronic acid to UDP-xylose. Functionally characterized 

bacterial UXSs (Coyne et al., 2011; Gu et al., 2011) belong to nitrogen fixing rhizobium species 

that symbiotically reside with plants. Another bacterial species that harbors UXS is the common 
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human microbial gut species belonging to Bacteroides (Coyne et al., 2011). Certain plant 

pathogenic bacteria like Ralstonia solanacearum also synthesize UDP-xylose as a byproduct of 

the related enzymes Rsu4kpxs (Gu et al., 2010). Lastly, the common gram-negative bacterial 

gene ArnA encodes a UDP-glucuronic acid decarboxylase able to form an intermediate UDP-4-

keto-L-arabinose (Breazeale et al., 2005; Gu et al., 2010) on route to the formation of UDP-

arabinose-4-amino and UDP-Ara4NF. None of the UXS enzymes were demonstrated to have 

dual activity like UAS. 

In an effort to explain the existence of apiose in these bacteria [Geminicoccus roseus and 

Xanthomonas pisi], we searched their genomes for potential genes encoding such activity. Using 

plant UAS as a probe, we identified UAS-like homologous genes from several bacterial species. 

We show in this report that they all are capable of synthesizing UDP-Api from UDP-GlcA. The 

origin of UAS in these bacteria remains unclear. 

 

RESULTS: 

Detection of Apiose in Extracts of G. roseus and X. pisi 

Bacteria grown in liquid and agar media were collected and subjected to methanolic 

extractions. Following chemical hydrolyses, conversion of the monosaccharides to their alditol-

sugar derivatives and GC-MS analyses, the methanolic extract had a peak that migrated like 

apiose (Figure 3.1). The GC chromatogram and the electron impact MS fragmentation pattern of 

this peak structure was not reported in Bacteria but had all the chromatographic and mass 

spectral features of an apiose. For example, the peaks at m/z 290 (Figure 3.1A, insert) suggest a 

cleavage between C2-C3 of an apiose-derivative. The peaks at m/z 248 and 260 and at m/z 247 

and 187 are likely secondary ion fragments due to loss of m/z 42 (ketene) or 60 (acetate) from 
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m/z 290 and 289, respectively. The major peak at m/z 188 represents the deuterated form of the 

acetylated apiose-derivative. No apiose was detected in the organic solvent extracts. By contrast, 

a small amount of Api was apparent in the cell pellet of X. pisi but not G. roseus (Figure 3.1). In 

addition to apiose, these extracts also consist of other sugar residues like glucose, galactose, 

fucose, rhamnose, arabinose, and xylose. While both xylose and apiose have similar structures 

their MS fragmentation patterns differ significantly (Figure 3.1C). 

Because mass spectra are not sufficient to discriminate apiose from its two potential 

epimers, we sought to further validate the nature of the apiose-like GC-MS peak by identifying 

genes involved in the formation of the activated sugar. 

 

Identification and Phylogeny Analysis of Bacterial UDP-apiose/UDP-xylose Synthase-like 

Homologs 

The BLink and BLAST programs (Altschul et al., 1997) were used to identify bacterial 

proteins in the NCBI non-redundant database that share sequence similarity to functional 

bacterial UXSs as well as plant UAS. A search in Bacteria for homologs to the amino acid 

sequence of Arabidopsis AXS/UAS1 (AEC08054.1) identified several candidates in 

proteobacteria: Candidatus entotheonella and Geminicoccus roseus, Xanthomonas pisi and 

Yangia pacifica with 43, 46, 48 and 49% sequence identity to Arabidopsis AXS/UAS1, 

respectively. These bacterial UAS-like gene homologs are named herein bUAS. 

An unrooted phylogenetic tree (Figure 3.2) was generated. The analysis compared an 

alignment of amino acid sequences of functional plant and microbial proteins belonging to the 

short-chain dehydrogenase/reductase (SDR) family with the amino acid sequences of the above 

bacterial UAS (bUAS) proteins (Figure 3.S1). The sequence alignment included UDP-xylose 
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synthases (UXSs) from plant, mammal and fungi and two bacterial enzymes, a bifunctional 

UDP-4-keto-pentose/UDP-xylose synthase (RsU4kpxs) from the plant pathogen Ralstonia 

solanacearum and the C-terminal portion of ArnA that has a UDP-glucuronic acid 4-oxidase-6-

decarboxylase activity (Breazeale et al., 2005; Gu et al., 2010). UAS, UXS, RsU4kpxs and ArnA 

are all decarboxylases that contain domains common to all SDRs: a conserved N-terminal Gly-X-

X-Gly-X-X-Gly motif (Figure 3.S1; X= any amino acid) that is proposed to be involved in NAD
+
 

binding and Tyr-X-X-X-Lys motif with an upstream Ser that forms the catalytic site of the SDR 

family (Harper & Bar-Peled, 2002; Kavanagh et al., 2008; Yin et al., 2011). The bUASs cluster 

into a group distinct from the clades for bacterial ArnA and the UXSs (Figure 3.2).  

According to BLAST, the X. pisi UAS (XpUAS) protein shares 65% sequence identity 

with the homolog from G. roseus (GrUAS), 64% with that from Y. pacifica and 44% with that 

from C. entotheonella (CeUAS). The closest plant homolog to XpUAS belongs to Ornithogalum 

longibracteatum (sea onion; AMM04380.1) and shares only 51% sequence identity to XpUAS. 

Similarly, the GrUAS is 47% identical to UAS from the sea grass Zostera marina, and YpUAS is 

50% identical to UAS from Vitis vinifera (XP_002270884.1). Because no sea sponge genomes or 

transcriptomes are available, we cannot infer any relation of CeUAS to that of its host Theonella 

swinhoei, but its closest plant UAS homolog belongs to Amborella trichopoda () with 44% 

sequence identity. Examination of the genes flanking bUASs in each of these bacteria revealed 

that each is flanked by different genes, with no apparent conserved operon.  

Employing the phylogeny to assess origins of the bUASs was inconclusive. While the 

bUASs share a branch in the phylogeny (Figure 3.2), they have varying sequence identities and 

no common theme. Additionally, the bUAS sequences are not very identical to plant UAS 

sequences. It is possible that bUASs originated from a bacterial ancestral gene source, however 
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we cannot exclude the possibility that bUASs came from plant UAS through a gene transfer 

event. The limited number of bUAS examples prohibits specifying their origin or the 

evolutionary advantage they confer. Future deposition of additional bacterial sequences will 

provide a better understanding of the relationship among UASs. To date there are no reports that 

bacteria produce apiose (Picmanova & Moller, 2016). Because we could not determine at the 

GC-MS level if the pentose was apiose or an apiose epimer (for example two possible epimer 

forms of apiose at C-2 and C-3), and because the metabolic pathway leading to formation of 

these apiose-like residues, was unknown, we decided to clone the genes and determine if the 

UAS-like homologs are capable of converting UDP-GlcA to UDP-Api, or perhaps utilizing other 

UDP-sugar uronates, for example UDP-GlcNAc-uronate (UDP-GlcNAcA) or UDP-galacturonic 

acid (UDP-GalA). To this end, XpUAS, GrUAS and CeUAS were cloned, expressed in E. coli 

and then functionally characterized.  

 

Cloning of bUAS and in Microbe Formation of UDP-apiose 

The coding sequences of the selected UAS homologs were cloned into a modified 

pET28b E. coli expression vector (Yang et al., 2009). The bUAS-containing plasmids or empty 

plasmid (negative control) were then individually transformed into E. coli together with a pCDF 

plasmid containing the UDP-Glc dehydrogenase (Broach et al., 2012) that provides the potential 

substrate for bUAS in vivo. Nucleotide sugar-containing extracts from the isopropyl β-D-

thiogalactoside (IPTG)-induced E. coli cells were chromatographed by hydrophilic interaction 

liquid chromatography (HILIC) and analyzed by electrospray ionization mass spectrometry (ESI-

MS/MS) in the negative mode. Two peaks eluting at 11.0 and 12.0 min (Figure 3.3) were 

observed in strains harboring the bUAS but not in E. coli cells harboring plasmid control. The 
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mass spectra (Figure 3.3) of both peaks showed an [M-H]
-
 ion at m/z 535.0, that gave MS/MS 

ion fragments at m/z 403.0, 323.0 and 211.0 which are consistent with [UDP-H2O-H]
-
, [UMP-H]

-
 

and
 
[Ura-2H]

-
, respectively. The m/z 535.0 was not found in control E. coli expressing empty 

plasmid. Proton NMR (
1
H NMR) analyses confirmed that the UDP-pentose eluting at 11.0 min 

was UDP-Api, and not UDP-apiose-epimer. These data suggest that the bUAS enzymes do 

synthesize UDP-Api. 

 

Characterization of Purified Recombinant bUAS  

To obtain additional evidence for the nucleotide sugar metabolism and the specific UDP-

sugar uronate that the bUASs are utilizing to form UDP-Api, the recombinant His6-tagged 

proteins were solubilized from E. coli cells and purified using nickel-affinity column. The 

recombinant bUASs migrated on SDS-PAGE with a predicted mass of between 43 and 45 kDa 

(Figure 3.4). Each purified UAS was shown by HILIC-ESI-MS/MS to convert UDP-GlcA to 

two UDP-pentose products in the presence of NAD
+
. MS/MS analysis (Figure 3.4) of these 

product peaks (11.0 and 12.0 min) also gave a fragment ion at m/z 323.0 that is consistent with 

[UMP-H]
-
. Anomeric (H-1) peaks consistent with the presence of UDP-Api and UDP-Xyl were 

detected in all the 
1
H NMR spectra when the recombinant enzyme assays were performed in 

deuterated buffer (Figure 3.5). 

GrUAS was the most highly expressed protein and was thus selected for further 

characterization. Real time 
1
H NMR spectroscopic analysis of the products formed when GrUAS 

reacts with UDP-GlcA (Figure 3.6 and Table 3.S1) confirmed that UDP-Api is the first product 

formed. GrUAS produces UDP-Api and UDP-Xyl in a ratio of ~1.7: 1.0, which is similar to 

characterized plant UASs (Guyett et al., 2009; Molhoj et al., 2003; Smith et al., 2016). The NMR 
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study with GrUAS also confirm that some of the UDP-Api is degraded and converted to the 

apiofuranosyl-1,2-cyclic phosphate during the in vitro reaction (Figure 3.6); this instability of 

UDP-apiose is a known phenomenon (Choi et al., 2012; Guyett et al., 2009; Smith et al., 2016). 

No degradation of UDP-Xyl is discernible over the course of the reaction. 

The recombinant GrUAS is most active in 50 mM Tris-HCl, pH 8.0 - 8.5, at 37 °C 

(Figure 3.7A-B) and exists in solution as a dimer with a predicted size of 84 KDa (Figure 3.7C). 

GrUAS has a Km of 251 µM similar to that for Spirodela UAS (Smith et al., 2016), and a 

Kcat/Km of 60.2 nM s
-1

 (Table 3.1), while recombinant Arabidopsis AXS1/UAS1 has a reported 

Km of 7 µM and Kcat/Km of 43 nM s
-1

 (Molhoj et al., 2003). Previous studies have shown that 

UAS is inhibited by certain nucleotides and nucleotide sugars, especially UDP-Xyl and UDP-

GalA (Molhoj et al., 2003; Smith et al., 2016). Under our assay conditions UDP-Xyl and UDP-

GalA inhibited GrUAS activity by 9% and 77%, respectively (Table 3.2). 

 

Transcript Analysis of bUAS and Detection of UDP-apiose in X. pisi and G. roseus cultures 

To investigate if the bUASs are transcribed in these bacteria and if they produce UDP-

Api in vivo, cultures of X. pisi and G. roseus were grown in liquid and agar media. Analysis of 

RNA for bUAS transcript was positive for both species (Figure 3.8) albeit at lower amounts 

when compared with the control G. roseus transcript sigma factor RpoD (WP_027134046.1), 

and Sig70 (EGD11293.1) as expression control for X. pisi. Furthermore, at culture steady state, 

small amounts of UDP-Api and UDP-Xyl were detected by LC-MS/MS in aqueous extracts of 

living culture (Figure 3.8). Together, these data demonstrate that genes encoding bacterial UAS 

are expressed and the UAS enzymes are functionally active in vivo leading to production of 

UDP-Api in the specific bacteria tested.  
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DISCUSSION 

This report is the first to describe the sugar apiose in Bacteria, and subsequently this 

study led us to identify functional genes responsible for synthesizing the activated donor UDP-

apiose in prokaryotes. The activity of recombinant bacterial UDP-apiose synthase (bUAS) is 

specific and utilizes only UDP-glucuronic acid as a substrate. 

The bacterial species appearing to contain a UAS were isolated from various sources, 

including soil and sea. The organization of the operons harboring bUAS in these bacteria is not 

conserved. The genes flanking bUAS are also not conserved. In contrast, the organizations of 

bacterial operons that carry out synthesis of other sugar nucleotides are conserved, for example 

dTDP-rhamnose (Macpherson et al., 1994; Marolda & Valvano, 1995; Robertson et al., 1994). 

Thus, the ancestral origin of the bUAS remains somewhat elusive. Based on the current genomic 

database, to date only 8 bUASs exist and this number will likely increase as more marine 

bacteria are sequenced. Since the UAS belonging to the obligate endosymbiotic C. entotheonella 

shares less than 60% amino acid sequence identity with the other bUASs in this study, it is 

possible that there was no one single ancestral gene that gave rise to all of the bUASs. One 

possibility based on the limited sequences is that a duplication and sequence alteration of 

bacterial UXS or ArnA gave rise to these bUASs. However, one cannot rule out the possibility 

that early plant-derived UAS is the gene source for bUAS. Regardless of how or where they 

evolved, bUASs have the same catalytic domains and utilize the same chemistry as plant UASs 

(Figure 3.S1). 

The bUASs are phylogenetically distinct from other short-chain decarboxylase/reductases 

(SDRs) and share a branch with functional plant UASs (Figure 3.2) All domains of life possess 
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enzymes (UXSs) that convert UDP-GlcA to UDP-Xyl (Gotting et al., 2000; Gu et al., 2011; 

Harper & Bar-Peled, 2002; Kobayashi et al., 2002; Kuhn et al., 2001), while UAS appears to be 

limited to plants and now Bacteria. Only a select few prokaryotic species appear to contain 

apiose based on the presence of bacterial UAS (bUAS), suggesting it is advantageous for these 

organisms’ survival in their specific niche environments. Further support for this hypothesis is 

evidenced by the presence of UXS in the genomes of G. roseus, C. entotheonella and Y. pacifica, 

suggesting that these microbes require bUAS specifically for UDP-Api (not UDP-Xyl) synthesis. 

The apiose residue observed in the methanolic extracts of G. roseus and X. pisi as well as 

the cell pellet fraction of X. pisi is likely to be incorporated as a secondary metabolite and 

potentially a cell wall glycan in X. pisi. Because no Api was detected in the chloroform-extracted 

fractions of culture, it is unlikely that the final Api residue is part of a glycolipid. Our previous 

work had shown that in green algae and basal land plants, Api residues also associated with 

secondary metabolites (Smith et al., 2016). In vascular plants Api is present in the cell wall 

polysaccharides rhamnogalacturonan-II and apiogalacturonan and in secondary metabolites 

(Beck & Hopf, 1990; Darvill et al., 1978; Picmanova & Moller, 2016; Watson & Orenstein, 

1975). It is therefore possible that these organisms share a related family of apioside metabolites.  

 The identification and functional characterization of bUAS reveals a new metabolic 

pathway of UDP-GlcA metabolism by which select microbes have adapted to compete within 

their local environments. Our results provide important tools for the future study of apiose and 

apiosides in bacteria. Continued study of the pathways leading to apiosylated metabolites in 

bacteria will uncover new and interesting GT activities valuable to carbohydrate research. 
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EXPERIMENTAL PROCEDURES 

Bacterial strains  

Geminicoccus roseus ATCC BAA-1445 (G. roseus) and Xanthomonas pisi ATCC 35936 

(X. pisi) were obtained from the American Type Culture Collection in Manassas, VA. G. roseus 

strain was isolated from a marine aquaculture system in Germany (Foesel et al., 2007), and X. 

pisi strain was isolated from Pisum sativum in Japan (Vauterin et al., 1995). Unless otherwise 

stated, G. roseus cultures were grown on marine agar (Difco) at 30 
o
C, and X. pisi cultures grown 

on nutrient agar (Difco) at 25 
o
C. Liquid cultures were maintained in 125 mL of either marine 

broth or nutrient broth, shaking at 250 rpm. 

 

Glycosyl Residue Composition Analysis  

A 5 to 7-day-old culture (30 ml) was centrifuged (10,000 g, 5 min, 4 °C) and cell pellet 

was suspended in 10 volumes of cold MeOH:chloroform:H2O (40:40:20, v/v/v). The suspension 

was transferred to a 15 ml falcon tube and vortexed for 10 min (30 sec every 2 min, 4 °C). The 

suspension was centrifuged (10,000g, 5 min, 4 °C) and separated into a top methanolic water 

phase (termed methanolic), medial interphase (termed pellet) and bottom organic chloroform 

phase. A portion (20 µl) of the top methanolic fraction was analyzed on HILIC-ESI-MS/MS (see 

below) and the remainder transferred to a 13 mm borosilicate tube. The bottom chloroform 

fraction was transferred to a separate tube. The remaining interphase was resuspended in 2 ml 

DDW and samples centrifuged (10,000 g 5 min, 4 °C). Supernatant was vacuum aspirated, the 

pellet was again resuspended in 1 ml DDW and transferred to a new 13 mm borosilicate tube. 

The methanolic and organic solvent extracts or cell pellets (~1 mg) were supplemented 

with myo-Inositol (10 µl of 5 mM solution) as an internal standard, evaporated to dryness at 
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room temperature using a stream of air (REACTIVAP III, Thermo Fisher) and then hydrolyzed 

for 1 h at 120 °C with 1 ml of 1 M TFA. TFA was removed by evaporation under a stream of air 

(40 °C) and the residue washed with isopropanol (3 x 500 µl). The released monosaccharides 

were then converted into their corresponding alditol-acetate derivatives according to York et al 

(York et al., 1986), and the final residue dissolved in acetone (100 µl). 

A fraction (1 µl) of each of the alditol-acetate derivative samples was analyzed by gas-

liquid chromatography (GLC, Agilent 7890A) equipped with a mass selective detector (EI-MS, 

Agilent 5975C) and separated over a Restek RTx-2330 fused silica column as previously 

described (Smith et al., 2016). Alditol-acetate derivatives of standard apiose, rhamnose, fucose, 

ribose, arabinose, xylose, mannose, glucose, and galactose (50 µg each) were prepared under the 

same conditions as samples. Monosaccharides were identified based on their retention times and 

their electron impact (EI) mass-spectra. 

 

Identification and cloning of CeUAS, GrUAS and XpUAS  

The BLASTP program (Altschul et al., 1997) and BLAST Link (Blink) tool were probed 

to identify bacterial proteins (taxid: 2) in the NCBI non-redundant data base that share amino 

acid sequence homology to the Arabidopsis AXS1/UAS1 (At2g27860). Analyses of hypothetical 

proteins belonging to the proteobacteria Candidatus entotheonella, Geminicoccus roseus and 

Xanthomonas pisi revealed that they share homology to UXS. The predicted protein for XpUAS 

lacked 38 amino acids at the N-terminal region based on sequence alignment with other UASs. 

To obtain the entire XpUAS ORF, the X. pisi whole genome shotgun sequence 

(NZ_JPLE01000032) was used to extend the nucleotide sequence to include 114 nucleotides 

upstream of the predicted transcript. The nucleotide sequences corresponding to the C. 
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entotheonella and G. roseus proteins and the extended full-length nucleotide sequence for 

predicted XpUAS were used for primer design and cloning.  

Genomic DNA (gDNA) was isolated from 5-day-old liquid cultures (3 ml) of G. roseus 

and X. pisi. Cells were pelleted (14,000 rpm, 1 min) and 200 µl extraction buffer (0.2 M Tris pH 

8, 0.25 M NaCl, 25 mM EDTA, 1% SDS) added, and the samples were vortexed for 2 min. 

Samples were spun down (12,000 rpm, 5 min), and 150 µl of supernatant was transferred to a 

new tube. An equal volume of isopropanol was added, and precipitated gDNA was pelleted 

(12,000 rpm, 5 min). Supernatant was vacuum aspirated and samples were allowed to dry under 

laminar flow hood for 20 min. gDNA was re-suspended in 100 µl TE (10 mM Tris pH 8, 1 mM 

EDTA) and stored at 4 °C.  

A portion gDNA (2 µl), dNTP’s, 1 unit of Phusion® high-fidelity DNA polymerase 

(New England Biolabs; Ipswich, MA) with 0.2 µM of each forward and reverse primers (IDT; 

Coralville, IA; Table 3.S2) were used to amplify GrUAS and XpUAS the following thermal 

cycler conditions: one 98 °C denaturation cycle for 30 s followed by 25 cycles (each of 8-s 

denaturation at 98 °C; 25-s annealing at 60 °C; 30-s elongation at 72 °C), and finally termination 

at 4 °C. The PCR product was directly cloned into the E. coli expression vector pET28b 

modified to contain an N-terminal His6 tag followed by a TEV cleavage site (Yang et al., 2009). 

Because no axenic monoculture of C. entotheonella was available, a synthetic ORF gene 

corresponding to the nucleotide sequence of CeUAS was obtained (GenScript; Piscataway, New 

Jersey, USA). The ORF was cloned into the modified pET28b expression vector (Yang et al., 

2009), using forward and reverse primers (see Table 3.S2).  

Following cloning of the individual UAS genes, the plasmids were sequence verified 

(Georgia Genomics Facility; Athens, GA) and termed, pET28b-TEV-CeUAS.1, pET28b-TEV-
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GrUAS.1 and pET28b-TEV-XpUAS.1. Their amino acid sequences were deposited in 

GenBank™ (accession numbers MF191704, MF191705 and MF191706). 

 

Analysis of nucleotide sugars produced in microbe  

NDP-sugars from E. coli harboring the expression plasmids were harvested as described 

(Smith et al., 2016; Yang et al., 2012). BL21-derived E. coli cells (3 or 60 ml) co-transformed 

with pCDFDuet-BtbDH and either pET28b-TEV-CeUAS.1, pET28b-TEV-GrUAS.1, pET28b-

TEV-XpUAS.1 or empty pET28b vector control were grown in LB medium [1.0% (w/v) Bacto 

tryptone, 0.5% (w/v) Bacto yeast extract, and 1.0% (w/v) NaCl] supplemented with 35 μg/ml 

chloramphenicol, 50 μg/ml kanamycin, and 25 μg/ml spectinomycin at 37 °C and 250 rpm, 

induced with Isopropyl β-D-thiogalactoside (IPTG, 0.5 mM) at an OD600nm of 0.6 and grown at 

30 °C for 4 h. In microbe nucleotide sugars were extracted and analyzed by hydrophilic 

interaction liquid chromatography–electrospray ionization–tandem mass spectrometry (HILIC-

ESI-MS/MS) as described (Smith et al., 2016).  

 

His6-tagged protein expression and purification  

BL21-derived E. coli cells were transformed with pET28b-TEV-CeUAS.1, pET28b-

TEV-GrUAS.1, pET28b-TEV-XpUAS.1, or the empty vector control. The cells were grown at 

37 °C and 250 rpm for 16 h in 20 ml LB media containing kanamycin (50 µg/ml) and 

chloramphenicol (35 µg/ml). A portion (5 ml) of the culture was transferred to fresh 245 ml LB 

supplemented with antibiotics and grown under the same conditions until its OD600nm was 0.8. 

IPTG (0.5 mM) was then added to induce expression of the gene, and the culture then grown for 

an additional 4 h at 30 °C and 250 rpm. The induced cultures were cooled on ice and centrifuged 
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(6,000 g, 10 min, 4 °C). The cell pellet was suspended in 10 ml lysis buffer [50 mM Tris-HCl pH 

7.6, 10% (v/v) glycerol, 1 mM ethylenediaminetetraacetic acid, 5 mM dithiothreitol 0.5 mM 

phenylmethylsulfonyl fluoride]. The cells were ruptured by sonication and proteins were then 

isolated after centrifugation as described (Yang et al., 2009). The final soluble protein fraction 

(Fraction S20) was collected and kept on ice prior to immediate purification. 

The different His6-tagged proteins, including control empty plasmid, were each purified 

using fast-flow Ni-Sepharose (GE Healthcare, 2 ml resin packed in a 15 x 1 cm polypropylene 

column) as previously described (Smith et al., 2016), where the purified His6-bUAS-protein 

eluted in fraction E7 and had activity. The active enzymes were dialyzed (6,000 – 8,000 

molecular weight cut-off, Spectrum Laboratories, Inc) at 4 °C three times for a total of 2 h 

against 50 mM Tris-HCl pH 7.6, containing 0.15 M NaCl, 10% (v/v) glycerol, 1 mM DTT, and 

10 µM NAD
+
. The dialysates were divided into 150 µl aliquots, flash-frozen in liquid nitrogen 

and stored at -80 °C. Aliquots of purified protein were assayed for activity and analyzed on SDS-

PAGE. 

SDS-PAGE was performed with 12% (w/w) polyacrylamide gels. Proteins were stained 

with 0.1% (w/v) Coomassie Brilliant Blue R-250 in aq. 20% methanol (MeOH) containing 7% 

(v/v) acetic acid and de-stained with aq. 20% methanol containing 7% (v/v) acetic acid. Protein 

concentrations were determined with the Bradford reagent (Bradford, 1976) using bovine serum 

albumin (BSA) as standard, and the molecular mass of active recombinant GrUAS was estimated 

by size-exclusion chromatography as previously described (Smith et al., 2016).  

 

Recombinant bUAS Enzyme Assays  
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Unless otherwise indicated, the 50 µl reactions were performed in 50 mM Tris-HCl pH 

7.9, containing 1 mM NAD
+
, 1 mM UDP-GlcA, and up to10 µg of purified protein. The assay 

mixtures were incubated at 37 °C for up to 45 min and the reactions terminated by placing the 

tubes in boiling water for 2 min followed by the addition of an equal volume of chloroform. The 

suspensions were vortexed and centrifuged (12,000 g, 5 min, 22 °C), and the aqueous phase 

analyzed for nucleotide sugars. 
1
H NMR assays were performed in deuterium oxide (D2O) using 

30 µg purified protein in final volume of 180 µl. 

 

Characterization of Recombinant GrUAS  

GrUAS activity was assayed in different buffers, at different temperatures and with 

various additives and nucleotide sugars. For pH studies, reactions in total volume of 50 µl 

consisted of purified recombinant GrUAS (10 µg), 1 mM NAD
+
, 1 mM UDP-GlcA and various 

pH buffers (100 mM) and kept at 37 °C for 30 min. Inhibition assays were performed by first 

supplementing the standard reaction mixtures with 2 mM of various nucleotides and nucleotide 

sugars, addition of purified protein and incubation. The amounts of reactants and products were 

determined by UV spectroscopy and used to calculate enzyme activity as follows. The products 

from each recombinant enzyme assay were chromatographed over a column (200 x 1 mm) 

packed with 15 µm Source 15Q anion exchange resin (GE Healthcare, Pittsburgh, PA) by elution 

with a linear gradient (5 mM to 0.6 M) of ammonium formate over 25 min at a flow rate of 0.25 

ml/min using an Agilent (Santa Clara, CA) 1100 Series HPLC equipped with an G1313A auto-

sampler, a G1315B diode array detector, and ChemStation software. Nucleotides and nucleotide 

sugars were detected by their A261nm (for UDP-sugars) and A259nm (for NAD
+
). The 
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concentrations of reactants and products were determined by comparison of their peak areas to a 

calibration curve of standard UDP-GlcA (Gu et al., 2010). 

Selected kinetic parameters of recombinant GrUAS (10 µg) were determined by varying 

the concentrations of UDP-GlcA in 50 µl reactions consisting of 1 mM NAD
+
 in 50 mM Tris-

HCl pH 7.9. Reactions were kept for 7 min at 37 °C quenched with an equal volume of 

chloroform and then vortex mixed. The reaction products in the aqueous phase were separated 

using a Q-15 anion exchange column as described above and reaction rates calculated from the 

depletion of the UDP-GlcA signal integral normalized to the NAD
+
 signal integral. Values from 

three independent replicates were used to generate a non-linear regression plot and resultant data 

using GraphPad Prism Version 7. 

 

HILIC-ESI-MS/MS  

ESI-MS/MS analysis was performed on a Shimadzu (Kyoto, Japan) LC-ESI-MS-IT-TOF 

operating in the negative ion mode. Methanolic extracts, in microbe and recombinant enzyme 

assay products were mixed with 2/3 volume aq. 95% acetonitrile (ACN) containing 25 mM 

ammonium acetate and an aliquot (10 - 20 µl) chromatographed over an Accucore amide-HILIC 

column (150 x 4.6 mm; Thermo), eluted at 0.4 ml min
-1

 with a linear gradient of aq. 75% (v/v) 

acetonitrile containing 40 mM ammonium acetate, pH 4.4, to 50% (v/v) acetonitrile containing 

40 mM ammonium acetate, pH 4.4, over 35 min using a Shimadzu LC-30AD HPLC. Mass 

spectra (mass range 100-2,000 m/z) were collected every 1.3 sec for 30 minutes. Second stage 

MS/MS data was collected by collision-induced dissociation (CID) with a collision energy of 

35% and a nebulizing nitrogen gas flow of 1.5 ml min
-1

 (59). 
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Real-time 
1
H and 2-D HSQC NMR Enzyme Assays  

All spectra were obtained using a Varian Inova 600 MHz spectrometer equipped with a 3 

mm cryogenic probe. Continuous 
1
H and 2-D HSQC NMR spectroscopic monitoring of reactions 

(180 µl volume) were carried out at 37 °C in a mixture of D2O/H2O (9:1, v/v) containing 0.83 

mM 2,2-dimethyl-2-silapentane-5-sulfonate (DSS, internal reference), 50 mM Tris-HCl, pH 7.9, 

1 mM UDP-GlcA or 
13

C6-labeled UDP-GlcA, 1 mM NAD
+
 and purified recombinant enzyme. 

One-dimensional 
1
H and 2-D HSQC NMR spectra with the water resonance signal pre-saturated 

were collected 5 minutes post addition of enzyme in order to optimize spectrometer settings, and 

then spectra were continuously averaged every 2.5 min for up to 8 h. All chemical shifts are 

referenced to DSS at 0.00 ppm (Guyett et al., 2009). 

 

RNA isolation and RT-PCR  

RNA was extracted (Z. Li et al., 2016) from a 5-day-old culture of G. roseus and a 2-day-

old culture of X. pisi grown in liquid media. A 3 ml portion of liquid culture was centrifuged 

(14,000 rpm, 1 min, 22 °C); supernatant discarded; and the cells were flash frozen in liquid 

nitrogen and stored at -80°C until extraction. Cell pellets were resuspended in 400 μl TE-

lysozyme (20 mM Tris-HCl, pH 8, 1 mM EDTA, 1 mg/ml lysozyme; Sigma L6876), vortexed at 

room temperature for 10 min; and extraction was carried out after addition of 40 μl of fresh 10X 

EB (0.3 M NaOAc, pH 5.2, 5% sarkosyl, w/v, 50 mM EDTA, 10 % β-mercaptoethanol, v/v) and 

incubation at 65 °C and mixing for 3 min. Subsequently, 440 μl of preheated acidic phenol was 

added, and samples incubated at 65 °C while mixed by vortex for 7 min. Sample was then placed 

on ice for 3 min and centrifuged (10,000 g 5 min, 4 °C). The top 350 μl of the aqueous phase was 

transferred to a new tube and an equal volume of chloroform added. Sample was vortexed for 1 
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min; incubated at room temperature for 7 min; and then centrifuged (14,000 rpm, 5 min, 22 °C). 

The top 200 μl of the aqueous phase was transferred to a new tube mixed with 200 μl of cold 

isopropanol and placed at -20 °C overnight. Sample was then centrifuged (10,000 g, 10 min, 4 

°C) and the pellet was resuspended in 75% ethanol, again centrifuged (10,000 g, 10 min, 4 °C) 

and supernatant aspirated. Tubes were left open under laminar flow hood for 15 min to dry. 

Resulting nucleic acids were resuspended in 40 μl sterile, deionized distilled water (DDW) and 

RNA concentration measured with a nanodrop (Thermo Fisher Scientific; Waltham, MA). To 

digest remnant genomic DNA, 2 μg of RNA was DNAse treated according to manufacturer 

guidelines (Thermo). Following DNA digest (37 °C for 30 min) an equal volume of chloroform 

was added and mixed. Sample was centrifuged (14,000 rpm, 5 min, 22 °C) and top aqueous 

phase transferred to a new tube. RNA (0.5 µg) was then reverse transcribed with a random 

hexamer primer (Thermo) using SuperScript III reverse transcriptase (Life Technologies; 

Carlsbad, CA). A portion of the reverse transcriptase (RT) reaction (2 µl), dNTP’s, 1 unit of 

Phusion® high-fidelity DNA polymerase (New England Biolabs; Ipswich, MA) with 0.2 µM of 

each forward and reverse primers (IDT; Coralville, IA; Table 3.S2) were used to amplify 

GrUAS, XpUAS, G. roseus sigma factor RpoD (GrRpoD) and X. pisi sigma factor 70 (XpSig70) 

with the following thermal cycler conditions: one 98 °C denaturation cycle for 30 s followed by 

25 cycles (each of 8-s denaturation at 98 °C; 25-s annealing at 60 °C; 30-s elongation at 72 °C), 

and finally termination at 4 °C. 
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TABLES AND FIGURES 

TABLE 3.1.  

Enzymatic properties of recombinant GrUAS. 

 GrUAS 

Optimal pH
a
  7.7 - 8.1 

Optimal Temperature (°C)
a
 37 – 42 

Km (µM)
b
 251 ± 44.6 

Vmax (nM-s
-1

) 70.4 ± 4.53 

kcat (s
-1

) 15.1 ± 0.97 

kcat /Km (nM-s
-1

) 60.2 ± 7.05 

Mass of Active Protein/Dimer (kDa)
c
   (84.3) 

a
Optimal pH was determined using different buffers (Tris-HCl, sodium phosphate, & HEPES; pH 

range from 5.3 to 10.3). Temperature assays were conducted in Tris-HCl buffer pH 7.9. 
b
The data 

presented are calculated from the average of three experiments. 
c
The mass of active GrUAS 

eluted from Superdex75 gel filtration column (10.53 min) was estimated based on extrapolation 

of standard protein marker. 
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TABLE 3.2.  

Effect of nucleotide sugars and nucleotides on recombinant GrUAS activity. 

Additive Relative activity (%)
a
 

Water (Control) 100 ± 4.8 

UDP-glucose 89.1 ± 5.0 

UDP-galactose 98.5 ± 4.2 

UDP-arabinose 88.5 ± 5.6 

UDP-xylose 91.4 ± 5.6 

UDP-galacturonic acid 33.4 ± 9.5 

UDP 72.6 ± 5.5 

UMP 92.6 ± 5.0 

GDP 85.2 ± 7.9 

GMP 94.3 ± 3.7 

CDP 85.3 ± 4.6 

CMP 93.8 ± 4.5 

TDP 85.0 ± 4.8 

TMP 87.9 ± 4.9 

NADP 79.6 ± 3.3 

NADPH 82.6 ± 0.9 

NADH 105.3 ± 1.9 

 
a
Amounts of unreacted UDP-GlcA were determined by HILIC-HPLC. The activity is calculated 

as the average relative amount of UDP-GlcA consumed compared to the control from three 

experiments. 
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FIGURE 3.1 

 

FIGURE 3.1. GC-MS analysis of alditol-acetate derivatives from methanolic, chloroform and 

cell pellet fractions of G. roseus (Panel A) and X. pisi (Panel B). Standard (Std) contains 

authentic xylose and apiose. The region of the total ion count for xylose- (Xyl) and apiose- 

(Api)- alditol-acetate derivatives is expanded. Panels B and C are MS fragmentation patterns for 

standard Xyl and Api, respectively. * indicates unidentified residue. 
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FIGURE 3.2 

 

FIGURE 3.2. Phylogenetic analysis of proteins involved in the synthesis of UDP-apiose (UAS) and UDP-xylose (UXS). Amino acid 

sequences used are the C-terminal region of Escherichia coli ArnA (WP_032205568.1) that form UDP-4-keto-arabinose, Ralstonia 

solanacearum UDP-4-keto-pentose/UDP-xylose synthase (RsU4kpxs, WP_011001268.1), UXSs from bacteria (Sinorhizobium 

meliloti, ACY30251.1) mammal (human & Mus musculus, NP_079352.2 & NP_080706.1), fungi (Rhizopus microspores, 

CEI96046.1) and plant (Arabidopsis UXS3; NP_001078768.1). The bacterial UAS-like sequences used are from Candidatus 

entotheonella, Geminiciccus roseus, Xanthomonas pisi and Yangia pacifica (ETX00953.1, WP_084506503.1, WP_084725965.1 and
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WP_066111466.1). Other UASs used are from green algae (Netrium digitus, AOG75413.1), 

from hornwort (Megaceros vincentianus, AOG75412.1), from liverwort (Marchantia paleacea, 

AOG75410.1) from moss (Physcomitrella patens, AOG75414.1), and from angiosperms 

(Arabidopsis thaliana & Zostera marina; KMZ68719.1 & NP_180353.1, respectively. Bacterial 

UAS are outlined by a red box. Alignment was made using Clustal Omega (W. Li et al., 2015; 

McWilliam et al., 2013; Sievers et al., 2011) and the tree generated using Dendroscope (Huson 

& Scornavacca, 2012). 

 

FIGURE 3.3 

 

FIGURE 3.3. Activity of recombinant bacterial UDP-apiose synthase (bUAS) by in microbe 

assay. Analysis of in microbe nucleotide sugars by HILIC-LC-ESI-MS/MS. Panel A, top panel 

elution of standard (Std): UDP-GlcA, UDP-Xyl and UDP-arabinopyranose (UDP-Arap); 

Nucleotide sugars were extracted from E. coli cells induced to express genes encoding CeUAS, 
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GrUAS, XpUAS or empty vector as the control (bottom panel). [M-H]
-
 ions diagnostic for UDP-

pentose (m/z 535.0, solid line), UDP-hexuronic acid (m/z 579.0, dotted line) and Park’s 

nucleotide (m/z 595.6, dashed line) are displayed. Park’s nucleotide is a UDP-MurNAc-

pentapeptide that is used as an internal standard for nucleotide-sugar detection as it is abundantly 

made in E. coli. The m/z signal for CeUAS and XpUAS is amplified by a factor of 10. Panel B; 

Second stage MS fragmentation data for the parent m/z 535.0 peaks at the indicated retention 

times; Left column 11.0 min and right column 12.0 min. MS/MS ions at m/z 323.0, 211.0, 403.0 

are consistent with predicted fragmentation of a UDP-sugar into [UMP-H]
-
,
 
[Ura-2H]

-
, and 

[UDP-H2O-H]
-
, respectively. 
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FIGURE 3.4 

 

FIGURE 3.4. Activity of purified recombinant bUAS proteins. Total proteins from E. coli cells 

induced to express CeUAS, GrUAS, XpUAS and empty vector control, were isolated and the 

His6-tagged-proteins were purified by Ni-column (Panel A) and eluted at fraction E7. The 

recombinant proteins were tested for UAS activity by separating the reaction mixture by HILIC 

column. UAS activity was determined by its ability to form UDP-apiose and UDP-xylose peaks 

(both at m/z 535.0); detection of the peaks was carried out by MS/MS (Panel B). Panel A shows 

the expected sizes of CeUAS, GrUAS and XpUAS: 44.2, 42.9 and 45.1 kDa, respectively. Panel 

B; shows the MS/MS for the m/z 535.0 peaks of UDP-Api (left column, elution time 11.0 min) 

and UDP-Xyl (right column, 12.0 min). MS/MS ions at m/z 323.0, 211.0, 403.0 are consistent 
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with predicted fragmentation of a UDP-sugar into [UMP-H]
-
,
 
[Ura-2H]

-
, and [UDP-H2O-H]

-
, 

respectively. 

 

FIGURE 3.5 

 

FIGURE 3.5. 
1
H NMR spectra of purified recombinant bUAS reactions. Selected regions of 

1
H 

NMR spectra diagnostic for the products and intermediates generated by incubation of UDP-

GlcA and NAD
+
 with the purified recombinant UASs from bacteria. Anomeric region between 

5.50 and 5.75 ppm for the H1 protons of UDP-GlcA (G), UDP-Api (A) and UDP-Xyl (X) 

products and UDP-4-keto-Xyl (K) intermediate are shown. NMR region (5.95 and 6.15 ppm) 

diagnostic for UDP and NAD
+
 cofactor is included. NMR spectral traces from top to bottom 

show UAS activity of CeUAS, GrUAS, XpUAS and empty vector control. Peaks labeled N 

correspond to H5 and H6 protons of NAD
+
. ### indicates a mixture of ribose (R) and uracil (U) 

proton peaks of UDP from substrate and products. For additional chemical shift assignments see 

Table 3.S1. 
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FIGURE 3.6 

 

FIGURE 3.6. UAS reaction mechanism based on real time NMR analysis of recombinant 

GrUAS activity. NMR spectra of the UDP-apiose synthase activity at 37 
o
C showing conversion 

of the substrate (UDP-GlcA), to intermediate (UDP-4-keto-Xyl), products (UDP-Api and UDP-

Xyl ~ 2:1 ratio), and degradation product (apiofuranosyl-1,2-cylcic phosphate, Ac). The proton 

NMR spectrum of the sugar anomeric regions (H-1s, between 5.5 and 6.1 ppm) of substrate, 

intermediate and products is shown. Only select time-resolved spectra are displayed to prevent 

overcrowding of peaks. ### indicates a mixture of ribose (R) and uracil (U) proton peaks of UDP 

from substrate and products. For additional chemical shift assignments see Table 3.S1. 
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FIGURE 3.7 

 

FIGURE 3.7. The effects of temperature and pH on the activity of recombinant GrUAS. Panel 

A; maximum activity of GrUAS is at 37 °C. Panel B; maximum activity of GrUAS is in Tris-

HCl at a pH of 8.1. Panel C; Size-exclusion chromatography suggests recombinant GrUAS is 

active as dimer. GrUAS was fractionated on a Superdex-75 SEC column. Fractions were 

collected every minute and assayed for UAS activity. The relative activity (indicated by closed 

diamonds) was determined by HPLC. The molecular weight of the enzyme in solution is based 

on the relative elution times of standard protein markers (indicated by open circles). 

 

 

 

 

 

 



 

 115 

FIGURE 3.8 

 

FIGURE 3.8. In vivo indication for the functional activity of bUAS genes and enzymes. Panel 

A; RT-PCR analyses showing bUAS transcripts of G. roseus and X. pisi. Transcripts were 

amplified by PCR and a portion of the products were separated by agarose and EtBr stained. 

Panel B; LC-MS analysis of aq-methanolic (MeOH:chloroform:H2O; 40:40:20, v/v/v) extracts. 

Negative mode [M-H]
-
 ions diagnostic for UDP-pentose (m/z 535.0, solid line; amplified by a 

factor of 10), UDP-hexuronic acid (m/z 579.0, dotted line) and Park’s nucleotide (m/z 595.6, 

dashed line) are displayed. 
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SUPPLEMENTAL INFORMATION 

TABLE 3.S1. Chemical shifts and coupling constants for the protons of UDP-Api, UDP-Xyl and 

UDP-4-keto-Xyl formed from UDP-GlcA by recombinant GrUAS, and the apiofuranosyl-1,2-

cyclic phosphate that is formed by spontaneous degradation of UDP-Api 

  H1 H2 H3*a,b H4 H5 
UDP-α-D-Api (A)           
Chemical shifts,  (ppm

a
), 

peak shape  
J coupling constants (Hz) 

5.71 
Quartet  
J

1”, 2”
 4.5 

J
1”, P

 5.6 

4.01  
Quartet  
J

1”, 2”
 4.5  

J
2”, P

 2.2 

*3.5, 3.6  

J
3a”,3b”

 12.3 
4.08, 4.09  
J

4a”,4b”
 4.1 

 

 

            
UDP-α-D-Xyl (X)           
Chemical shifts,  (ppm

a
), 

peak shape  

J coupling constants (Hz) 

 

 

5.54 
Quartet  
J

1”, 2”
 3.4,  

J
1”, P

 7.0 

3.51 
Doublet 
J

2”, 3”
 3.5  

3.74  

Doublet 
J

3”, 4”
 9.5 

3.67  

 
3.78 
 

UDP-4-keto-Xyl (K)           
Chemical shifts,  (ppm

a
),  

peak shape  

J coupling constants (Hz) 

 

 

5.57 
Quartet  
J

1”, 2”
 3.5 

J
1”, P

 7.0 

3.94 
Doublet  
J

2”, 3”
 5.5 

*3.81  

Doublet 
J

3”, 4”
 9.8 

  3.53  

 

 

Apiofuranosyl-1,2-cyclic 

phosphate (Ac) 

          

Chemical shifts,  (ppm
a
),  

peak shape  

J coupling constants (Hz) 

 

 

5.93  

Doublet of doublets 
J

1”, 2”
 4.3 

J
1”, P

 15.1 

4.56  

Doublet 
J

2”, P
 7.0 

 3.56, 3.6 

J
3a”, 3b”

 12.3 

3.86, 3.94 
J

4a”, 4b”
 9.4 

  

Ribose (R)           

Chemical shifts,  (ppm
a
),  

J coupling constants (Hz) 
5.97  

J
1’, 2’

 3.6 
4.35 4.34 4.26 4.19, 4.23  

J
5a’, 5b’

 12 

 
Uracil (U)           
Chemical shifts,  (ppm

a
)         5.96 

J coupling constants (Hz)         J
5, 6

 8.1 

      
a 
Chemical shifts are in ppm relative to internal DSS signal set at 0.00 ppm. Proton-proton 

coupling constants in Hz are shown as well as the J1”, P coupling values between phosphate and 

the H1” proton of UDP-Api (A), UDP-Xyl (X) and UDP-4-keto-Xyl (K). The chemical shift 

values for uracil (U) and ribose (R) protons are similar to the uracil and ribose protons of other 
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UDP-sugars. Compounds correspond to structures in Figure 3.7. * refers to the proton of the 

exocyclic carbon in UDP-Api and apiofuranosyl-1,2-cyclic phosphate (Ac). Peak assignments 

were made according to known values (Gu et al., 2011; Guyett et al., 2009). 

 

TABLE 3.S2. Primers used in plasmid generation, genotyping and transcript analysis. Obtained 

from IDT. 

Primer Sequence (5’-3’) 

CeAUS_F  GTATTTTCAGGGCGCCATGAAAATCCTGCTGTTAGGTG 

CeUAS_R  AGCCGGATCGAATTCACTACGTAAACTGTGGAATCCAAC 

GrUAS_F  GTATTTTCAGGGCGCCATGCGTGTGGTCATCCTGGGTTG 

GrUAS_R  AGCCGGATCGAATTCATCAGGCGGCCTTCGGCG 

XpUAS_F  GTATTTTCAGGGCGCCATGCAGCGAAATCCAATTTCTCAG 

XpUAS_R  AGCCGGATCGAATTCATCACTGCGTAGCTTCTTCTG 

pET28b_TEV_F  TGAATTCGATCCGGCTGCTAACAAAGCCCG 

pET28b_TEV_R  CATGGCGCCCTGAAAATACAGGTTTTC 

GrRpoD_F  GCATCCCGGTCCACATGATC 

GrRpoD_R  TCAGGTATCCAGGAAGGAGCG 

XpSig70_F  GTTGTAGCGATTACCGCCCG 

XpSig70_R  GCTCAGGCGCAATTTGGC 
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FIGURE 3.S1 
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FIGURE 3.S1.  

UXS, ArnA, and UAS multiple sequence alignment. Full amino acid sequence alignment of the 

UDP-GlcA decarboxylase domain of E. coli ArnA (WP_032205568.1), mouse UXS1 

(MmUXS1, NP_080706.1), bacterial UXS1 from Sinorhizobium meliloti (SmUXS1, 

ACY30251.1), fungal UXS from Rhizopus microsporus (RmUXS, CEI96046.1), Arabidopsis 

UAS1 & UXS3 (AtUAS1 & AtUXS3, NP_180353.1 & NP_001078768.1), and the UAS from 

algae Netrium digitus (NdUAS, AOG75413.1), moss Physcomitrella patens (PpUAS, 

AOG75414.1), and the bacterial UAS from Geminicoccus roseus (GrUAS) were aligned with 

PRALINE (Simossis & Heringa, 2005) using the BLOSUM62 scoring matrix. Proposed catalytic 

and cofactor binding residues are outlined in black. Other proposed active-site residues and 

insertion regions are marked with grey and striped boxes, respectively in the numbering row.  
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CHAPTER 4 

 

IDENTIFICATION AND PARTIAL CHARACTERIZATION OF AN 

APIOSYLTRANSFERASE FROM THE PLANT PATHOGEN XANTHOMONAS PISI
1
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James Smith, Maor Bar-Peled.  

To be submitted to PLOS One. 
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ABSTRACT 

The rare branched-chain sugar apiose, once thought to only be present in the plant 

kingdom, was recently found in two bacterial species: Geminicoccus roseus and Xanthomonas 

pisi. Glycans with apiose residues were detected in aqueous methanol-soluble fractions as well as 

in the insoluble pellet fraction of X. pisi. While the genes encoding bacterial UDP-apiose 

synthases (bUASs) were characterized in these bacterial species, the enzyme(s) involved in the 

incorporation of the apiose into glycans remained unknown. In the X. pisi genome two genes 

flanking the bUAS were annotated as hypothetical glycosyltransferase (GT) proteins. The first 

GT (named XpGTB) has a Leloir type B fold and a conserved putative lipopolysaccharide-

modifying (LPS) GT family 90 domain. The second GT (XpGTA) has a type A fold and contains 

a conserved prokaryotic GT family 2 domain. XpGTA and XpGTB genes were cloned and 

heterologously expressed. Analysis of nucleotide sugar extracts from E. coli expressing XpGTA 

or XpGTB with UAS showed XpGTA utilized UDP-xylose and XpGTB utilized UDP-apiose as 

substrate. Indirect activity assay revealed that XpGTB is an apiosyltransferase able to 

specifically use UDP-apiose. Further support for the apiosyltransferase activity was 

demonstrated by in microbe co-expression of UAS and XpGTB in E. coli showing the utilization 

of UDP-apiose to generate an apioside detectable in the pellet fraction. This work provides 

evidence that X. pisi evolved the ability to synthesize an apioside of indeterminate function; 

however the evolution of the bacterial ApiT remains to be determined. 

 

INTRODUCTION 

Bacteria produce a large array of glycan structures that are associated with the cell 

surface. Gram-negative bacteria produce peptidoglycan, lipopolysaccharide (LPS), capsular 
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polysaccharides (CPS), and some N- or O- linked glycoproteins (Logan, 2006; Messner, 2004), 

which have been implicated in cellular recognition of the environment and may be important for 

vital pathways including adherence, motility, and pathogenesis (Kay et al., 2010). Synthesis of 

these glycans requires sugar donors, acceptor substrates, and glycosyltransferases (GTs). 

GTs are known to have specific substrate specificity and are classified based on 

conserved three-dimensional fold (Gloster, 2014; Jarrell et al., 2014; Liu & Mushegian, 2003) 

into 105 different families in the Carbohydrate-Active EnZymes (CAZy) database 

(http://www.cazy.org) (Campbell et al., 1997; Coutinho et al., 2003). Some GTs necessary to 

synthesize peptidoglycan have been identified and some crystal structures solved (Ha et al., 

2000; Marrec-Fairley et al., 2000; van Heijenoort, 2001), and the steps and required machinery 

for synthesis of LPS have been extensively characterized in E. coli (C. R. Raetz, 1990, 1993; C. 

R. H. Raetz, 1996; Wyckoff et al., 1998). However, a large number of bacterial glycan structures 

and GTs that synthesize them remain a mystery. High variability and limited structural data 

restricts predictability of function, making identification and characterization of GTs responsible 

for synthesis of bacterial glycan structures challenging. 

Xanthomonas is an agriculturally and industrially relevant bacterium, as it is pathogenic 

towards a large range of crops, and secretes an exopolysaccharide (EPS), called xanthan gum, 

used in the food industry as a thickening agent (Jansson et al., 1975; Melton et al., 1976). In 

addition, the LPS of Xanthomonas campestris pv. campestris has been shown to influence its 

virulence (Braun et al., 2005; Dow et al., 1995). 

We previously discovered the presence of apiose (3-C-[hydroxymethyl]-D-

erythrofuranose, Api) in the soil-dwelling plant pathogen Xanthomonas pisi (Smith & Bar-Peled, 

2017) and subsequently isolated and characterize the nucleotide sugar donor UDP-apiose and the 
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enzyme that forms it, UDP-apiose/UDP-xylose synthase (bUAS), in this bacteria. Evidence of 

apiose in X. pisi culture suggested X. pisi was able to use UDP-apiose to make a cell-surface 

apioside. In an effort to explain this, we searched for potential genes encoding apiosyltransferase 

(ApiT) activity. 

Here we report the identification of genes encoding two putative GTs and that one is 

utilizing UDP-apiose and the other UDP-xylose. No apiosyltransferase has previously been 

purified to homogeneity nor have the genes encoding this glycosyltransferase been identified. 

This is the first report to identify a gene encoding an apiosyltransferase and the first 

apiosyltransferase activity documented in Bacteria. 

 

RESULTS 

Identification and phylogenetic analysis of putative glycosyltransferases in apiose operon of X. 

pisi 

Examination of X. pisi genomic DNA revealed two hypothetical proteins 

(XpiCFBP4643_06445 and XpiCFBP4643_06450) directly downstream from the bacterial UDP-

apiose synthase (bUAS) (Figure 4.1A) one of which has 4 nucleotides overlap with the gene 

bUAS suggesting the genes are organized in an operon. BLAST (Altschul et al., 1997a) analysis 

of XpiCFBP4643_06445 revealed few proteins that align. The closes homolog is a hypothetical 

protein C7B62_17955 from Pleurocapsa sp. CCALA 161 that shares low sequence identity with 

an e-value of 2e
-21

. Interestingly, we noticed that XpiCFBP4643_06445 had very low homology 

e-
19

 to a protein belonging to pfam05686 classified as glycosyl transferases belonging to GT90. 

Based on the CAZy GT database, proteins in GT90 had a putative type B fold. Therefore, we 

tentatively named it XpGTB. The third gene in the operon, XpiCFBP4643_06450, was annotated 
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to have a domain shared by GT family 2 (pfam13704), had a putative type A fold, and was 

termed XpGTA. 

 The BLAST program (Altschul et al., 1997b) was further used to identify bacterial 

proteins in the NCBI non-redundant database that share sequence similarity to XpGTA and 

XpGTB. The BLAST hits with highest sequence identity to XpGTA were from Synechococcus 

sp., Desulfonatronum thiosulfatophilum, and Methylobacterium sp.. Those with highest sequence 

identity to XpGTB were all below 35%, but include proteins from Mycena chlorophos, 

Pleurocapsa sp., and Sphingomonadaceae.  

Unrooted phylogenetic trees were generated for representative members of GT family 2, 

including XpGTA and members of GT family 90, including XpGTB (Figure 4.1B). XpGTA 

clusters into a clade with the predicted procollagen galactosyltransferase 1 precursor from 

Norway rat Rattus norvegicus and predicted proteins from other eukaryotic members including a 

sea anemone and a marine diatom. XpGTB is in its own unique clade indicating its distinction 

from the closest annotated tree members; a predicted viral protein from Gryllus bimaculatus 

iridovirus and human and zebrafish KDEL1 (Figure 4.1B).  

The analyses compared alignments of amino acid sequences of representatives from 

respective GT families. Since most of these representatives are uncharacterized, and because 

there is low sequence identity between the X. pisi GT representatives and their respective GT 

family members, these GTs were heterologously expressed in E. coli and functionally 

characterized against a screen of potential UDP-sugar donors 

 

Initial determination of XpGTA and XpGTB glycosyltransferase activities 
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To investigate if these GTs use UDP-apiose and UDP-xylose as substrates, the coding 

sequences of XpGTA and XpGTB were cloned into modified pET28b E. coli expression vector 

(Yang et al., 2009). Since UDP-apiose has a relatively short lifespan and naturally degrades 

within 4 h to apiofuranosyl-1,2-cyclic-phosphate (Guyett et al., 2009; Smith et al., 2016) we set 

up a ‘reporting system’ to determine the consumption of UDP-apiose in-vivo. For these 

experiments (we named herein in microbe) pET plasmids containing XpGTA or XpGTB alone, 

and a pET plasmid containing both XpGTA and XpGTB together were co-transformed with a 

pCDF plasmid containing both a UDP-glucose dehydrogenase (UGDH) (Broach et al., 2012) and 

a UDP-apiose synthase (UAS) to provide the potential UDP-apiose and UDP-xylose substrates 

for the GTs (Smith & Bar-Peled, 2017). Cell extracts from the isopropyl β-D-thiogalactoside 

(IPTG)-induced E. coli cells were processed and examined for presence and relative amounts of 

UDP-Api and UDP-Xyl. Peaks corresponding to UDP-Api and UDP-Xyl were compared 

(Figure 4.2).  

In cells co-expressing UAS with XpGTA, there is a noticeable decrease in the relative 

amount of UDP-Xyl extracted and no change in the amount of UDP-Api (Figure 4.2), while 

there is no such decrease in control samples. This suggests that XpGTA consumes UDP-xylose 

as a substrate, perhaps transferring it to a substrate yet to be defined. Surprisingly, cells co-

expressing UAS with XpGTB show a marked decrease in UDP-Api and no change in UDP-Xyl 

when compared to controls (Figure 4.2). The decrease in UDP-Api in cells expressing XpGTB 

indicates XpGTB is likely specifically utilizing UDP-Api in microbe. This suggests that XpGTB 

consumes UDP-apiose as a substrate, perhaps transferring it to a substrate yet to be defined. 

There is also possibility that in the absence of ‘true acceptor’ (as in the in-vivo assays carried out 

in E. coli and not in the native environment of X. pisi) that the glycosyltransferase may act to 
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hydrolyze UDP-sugar substrate (Brockhausen, 2014; Leemhuis et al., 2003; Sheikh et al., 2017; 

Sindhuwinata et al., 2010). Extracts from cells expressing both XpGTA and XpGTB along with 

UAS have less UDP-Xyl and UDP-Api relative to the internal Park’s nucleotide (UDP-MurNAc-

pentapeptide) than controls (Figure 4.2). To further explore the specific activity of these two 

GTs, His-tag recombinant proteins were expressed and purified and in vitro assays were 

developed.  

 

Purification of XpGTA and XpGTB and in vitro assay 

To obtain additional evidence for the specific activities of XpGTA and XpGTB, the 

recombinant His6-tagged proteins were solubilized from E. coli cells and purified using nickel-

affinity column. The recombinant XpGTA (with theoretical mass 32.9 kDa) and XpGTB (41.4 

kDa) migrated on SDS-PAGE with predicted masses (Figure 4.3A).  

Reactions of XpGTB with UDP-Api have over ten-fold more luminescence than other 

UDP-sugar substrates, indicating its specificity for UDP-Api (Figure 4.3B). Reactions of 

XpGTA with UDP-sugar substrate demonstrate a 3-fold increase in luminescence with UDP-Xyl. 

Promega’s UGlo Kit® was used to test activities of each GT. In order to develop an ApiT assay, 

UDP-Api substrate had to be generated quickly in vitro, HPLC purified and flash frozen (see 

methods). To determine the specific NDP-sugar donor substrate of each GT, a UDP-sugar 

substrate screen was initially developed, to which purified enzyme was added. Because the 

acceptor substrate(s) were unknown, reactions were allowed to hydrolyze UDP-sugar substrate 

using water as the acceptor (Sheikh et al., 2017) and reaction product analyzed by luminometer 

according to manufacturer’s instructions.  
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UDP-apiose synthesis and purification 

Generation of pure UDP-Api substrate is not trivial due to the fact that it spontaneously 

degrades into a apiofuranosyl-1,2-cyclic-phosphate in solution (Guyett et al., 2009; Smith et al., 

2016). Generation of UDP-Api required in vitro synthesis using an active recombinant UDP-

apiose synthase, UAS (Smith et al., 2016). The UAS reaction products included NAD
+
, UDP-

Api, and UDP-Xyl. Products were quickly separated over HILIC HPLC, and the UDP-Api peak 

was collected, briefly air dried, and resuspended in DDW. Small aliquots were then flash-frozen 

in liquid N2 and saved at -80 °C. This methodology allowed us to control and reduce the native 

degradation of UDP-Api. To validate purity and relative stability of UDP-Api, a small amount of 

freshly prepared UDP-Api was diagnosed by LC-MS (Figure4. 4A). The data shown (Figure 

4.4B) provide evidence that UDP-Api is intact and lacking UDP-Xyl product contamination. 

Pure UDP-Api was necessary to screen XpGTA and XpGTB for activity using the UDP-Glo
TM

 

assay. Without UDP-Api, no activity would be assigned to XpGTB. 

 

In microbe production of apiosides 

To further investigate if the XpGTA and XpGTB were actively synthesizing glycans in 

microbe, engineered E. coli cultures were fractionated and analyzed for the presence and 

abundance of xylose and apiose. Bacteria grown in liquid media were pelleted and subjected to 

aqueous-methanol:chloroform extractions to lyse cells and separate hydrophilic small molecules 

and hydrophobic lipid moieties from the cell surface (termed pellet) fraction. Pellets were 

successively washed with water and dried. Samples were chemically hydrolyzed and 

monosaccharides converted to their alditol-sugar derivatives for GC-MS analysis.  
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The pellet fractions of only the UGDH+UAS+XpGTB and 

UGDH+UAS+XpGTB_XpGTA strains had a peak that migrated like apiose (Figure 4.5). The 

electron impact MS fragmentation pattern of this peak’s structure was similar to authentic 

apiose; for example, the major diagnostic peak at m/z 188 (Smith & Bar-Peled, 2017). Apiose 

was not detected in the UGDH+UAS+XpGTA, UGDH+UAS, or XpGTB_XpGTA control 

strains, and no xylose was detected in any of the pellet fractions. In addition to apiose, these 

extracts also consist of glucose, galactose, and arabinose sugar residues (Table 4.1). 

Further fractionations of cell pellets to extract LPS using hot-phenol (Forsberg et al., 

2000) were attempted; however, no apiose was detected in these extracts (data not shown). 

 

DISCUSSION 

Here we describe the first evidence of an apiosyltransferase able to specifically use UDP-

apiose as substrate.  We show that the X. pisi genome consists of an operon with genes encoding 

UDP-apiose synthase (bUAS), an apiosyltransferase (XpGTB), followed by another enzyme that 

uses UDP-xylose (XpGTA). The apiosyltransferase belongs to CAZy GT family 90 and consists 

of mammalian protein O-glucosyl- and xylosyltransferases and putative plant enzymes with a 

domain of unknown function (DUF821) that may also function in O-glucosylation. 

XpGTA is classified as GT family 2 in CAZy, which contains over 120,000 bacterial 

proteins as well as cellulose synthase from plant and may be the largest GT family in the 

database. The N-terminal portion (~100 aa) of XpGTA is classified as containing β-4-

glucosyltransferase (cd02511) (Breton & Imberty, 1999; Campbell et al., 1997; Coutinho et al., 

2003; Gagneux & Varki, 1999; Kahler et al., 1996; Kanipes et al., 2008; Kapitonov & Yu, 1999) 

and WcaA (COG0463) (Stevenson et al., 1996) conserved domains by the Conserved Domain 
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Database (CDD) (Marchler-Bauer et al., 2017). WcaA is a GT involved in synthesis of the 

exopolysaccharide (EPS) colonic acid (CA) produced by E. coli (Stevenson et al., 1996). 

Domain cd02511 contains GTs important for synthesis of the lipooligosaccharide (LOS) cores of 

the bacteria Neisseria meningitidis (Kahler et al., 1996) and Campylobacter jejuni (Kanipes et 

al., 2008), and domain pfam13704 are described as putative prokaryotic glucosyltransferases 

(Marchler-Bauer et al., 2017). Based on these classifications, we hypothesize that XpGTA may 

be involved in EPS or LOS synthesis. 

The C-terminal portion (~200 aa) of the apiosyltransferase, XpGTB, also consists of a 

CAP10 domain (smart00672) (Chang & Kwon-Chung, 1999) and GT family 90 (pfam05686) 

(Klutts et al., 2007) by the CDD (Marchler-Bauer et al., 2017). The CAP10 from the fungus 

Cryptoccocus neoformans is a β-1,2-xylosyltransferases involved in capsular-polysaccharide 

formation and virulence (Chang & Kwon-Chung, 1999). Since discovery of this domain, 

capsular-associated proteins of C. neoformans have been classified into GT family 90 and 

characterized as β-1,2-xylosyltransferases that modify the capsular polysaccharide as well as 

some glycosphingolipids (Castle et al., 2008; Klutts & Doering, 2008; Klutts et al., 2007). 

Proteins homologous to CAP10 have been identified in plants and animals and are described in 

the CDD as “putative lipopolysaccharide-modifying enzymes” (Marchler-Bauer et al., 2017). In 

Drosophila melanogaster, Rumi (AAN13920.1) was identified and characterized as a soluble, 

ER-localized, CAP10-domain-containing protein involved in protein O-glycosylation and O-

xylosylation critical to Notch signaling (Acar et al., 2008; Takeuchi et al., 2011). Additional 

homologs have been characterized in human and mouse (Fernandez-Valdivia et al., 2011; 

Ramkumar et al., 2015; Teng et al., 2006). Because XpGTB has a conserved GT family 90 

domain, we hypothesized that it may be an apiosyl- or xylosyltransferase possibly involved in 
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extracellular polysaccharide modification. Very few deductions could be made from the GT 

family assignments. 

The evolution of this unique operon remains elusive. About 1500 and 2000 bp upstream 

of the operon a disrupted transposase coding gene is annotated. It is possible that the bUAS, 

XpGTB, and XpGTA encoding genes ended up in this operon by horizontal gene transfer 

between X. pisi and host plant.  In fact, other Xanthomonas species are reported to contain 

evidence of cross-kingdom gene transfer (Gardiner et al., 2012). Alternatively, X. pisi may have 

independently evolved a way to use UDP-apiose to out-compete other microbes. There is 

evidence that Xanthomonas pathovars are able to rapidly diversify by genomic rearrangement 

and diversification from common ancestral genes (Bansal et al., 2017). 

As a soil-dwelling plant pathogen, X. pisi is constantly struggling to evade host defenses 

and vie for survival in its local microbiome.  One way to best the competition is to evolve unique 

methods of “fight or flight.” The identification and characterization of XpGTB as a genuine 

apiosyltransferase reveals a new activity exclusive to X. pisi. Perhaps displaying an apioside at 

the surface cloaks X. pisi from host defense or allows it to combat rival microbes. Future studies 

involving knock-out strains would provide biological relevance of apiose in this microbe. 

 

EXPERIMENTAL PROCEDURES 

Bacterial strains 

Xanthomonas pisi ATCC 35936 (X. pisi) was obtained from the American Type Culture 

Collection in Manassas, VA, USA. The X pisi strain was isolated from Pisum sativum in Japan 

(Vauterin et al., 1995). Unless otherwise stated, X. pisi cultures were grown on nutrient agar (BD 

Difco) at 25 
o
C. Liquid cultures were maintained in 250 mL of nutrient broth, shaking at 250 
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rpm. E. coli cells used were Bl21-derived Rosetta (DE3) cells (Novagen) modified with a pLysS 

plasmid (Stratagene). 

 

Identification and cloning of XpGTA and XpGTB 

The genomic DNA surrounding bUAS of X. pisi (10,000 bp upstream and 10,000 

downstream) was examined for in-frame amino acid-coding sequences and sent into the 

BLASTX program (Altschul et al., 1997b). Resultant X. pisi predicted proteins 

WP_046963858.1 (XpGTB) and WP_0052764980.1 (XpGTA) were submitted to BLASTP 

against the NCBI non-redundant database to obtain conserved domains from the Conserved 

Domain Database (CDD). XpGTB had conserved CAP10 (smart00672) and GT family 90 

(pfam05686) domains, and XpGTA was shown to contain conserved GT family 2 (pfam13704), 

Beta4Glucosyltransferase (cd02511), and WcaA (COG0463) domains.  

RNA was extracted and XpGTA, XpGTB, and XpGTB_XpGTA cDNA amplified as 

described (Z. Li et al., 2016) from a 2-day-old culture of X. pisi grown in liquid media, using 

forward and reverse primers (IDT, Coralville, IA, USA; Table 4.S1). The PCR product was 

directly cloned into the E. coli expression vector pET28b modified to contain an N-terminal His6 

tag followed by a TEV cleavage site (Yang et al., 2009). 

Following cloning of the individual X. pisi GT genes, the plasmids were sequence 

verified (Eurofins, LUX) and termed, pET28b-TEV-XpGTA.2, pET28b-TEV-XpGTB.1 and 

pET28b-TEV-XpGTB_XpGTA.7. Their amino acid sequences were deposited in GenBank™. 

 

Analysis of nucleotide sugars produced in microbe 
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Nucleotide sugars from E. coli harboring the expression plasmids were harvested as 

described (Smith et al., 2016; Yang et al., 2012). E. coli cells co-transformed with pCDFDuet-

SpUAS_BtbDH and either empty pET28b vector control (UGDH+UAS), pET28b-TEV-

XpGTA.2 (UGDH+UAS+XpGTA), pET28b-TEV-XpGTB.1 (UGDH+UAS+XpGTB), pET28b-

TEV-XpGTB_XpGTA.7 (UGDH+UAS+XpGTB_XpGTA) or negative control pET28b-TEV-

BtbGlyT046 (UGDH+UAS+BtbGlyT046), and cells co-transformed with empty pCDFDuet 

vector control and either pET28b-TEV-XpGTA.2, pET28b-TEV-XpGTB.1, and pET28b-TEV-

XpGTB_XpGTA.7 alone were grown in LB medium [1.0% (w/v) Bacto tryptone, 0.5% (w/v) 

Bacto yeast extract, and 1.0% (w/v) NaCl] supplemented with 35 μg/ml chloramphenicol, 50 

μg/ml kanamycin, and 25 μg/ml spectinomycin at 37 °C and 250 rpm, induced with Isopropyl β-

D-thiogalactoside (IPTG, 0.5 mM) at an OD600 of 0.6 and grown at 30 °C for 4 h. In microbe 

nucleotide sugars were extracted and analyzed by hydrophilic interaction liquid chromatography 

electrospray ionization tandem mass spectrometry (HILIC-LC-ESI-MS/MS) as described (Smith 

et al., 2016). Briefly, in microbe extracts were mixed with 2/3 volume aq. 95% acetonitrile 

(ACN) containing 25 mM ammonium acetate and an aliquot (10 - 20 µl) chromatographed over 

an Accucore amide-HILIC column (150 x 4.6 mm; Thermo), eluted at 0.4 ml min
-1

 with a linear 

gradient of aq. 75% (v/v) acetonitrile containing 40 mM ammonium acetate, pH 4.4, to 50% 

(v/v) acetonitrile containing 40 mM ammonium acetate, pH 4.4, over 35 min using a Shimadzu 

LC-30AD HPLC. Mass spectra (mass range 100-2,000 m/z) were collected every 1.3 sec for 30 

minutes. Second stage MS/MS data was collected by collision-induced dissociation (CID) with a 

collision energy of 35% and a nebulizing nitrogen gas flow of 1.5 ml min
-1

 (Hwang et al., 2014). 

 

His6-tagged protein expression and purification 
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E. coli cells transformed with pET28b-TEV-XpGTA.2, pET28b-TEV-XpGTB.1, or the 

empty vector control were grown, induced, and protein was extracted and purified over Ni-

column as described (Yang et al., 2009). The final soluble protein fraction (Fraction S20) was 

collected and kept on ice prior to immediate purification. The different His6-tagged proteins, 

including control empty plasmid were separated SDS-PAGE [12% (w/w) polyacrylamide] and 

stained. Protein concentrations were determined with the Bradford reagent (Bradford, 1976) 

using bovine serum albumin (BSA) as standard. 

 

Generation of UDP-apiose 

 Reactions (50 µl) of 1 mM UDP-GlcA with 10 µg of purified SpUAS and 0.5 mM NAD
+
 

were carried out, separated over an Accucore amide-HILIC column (150 x 4.6 mm; Thermo 

Fisher Scientific; Waltham, MA), as described above (Smith et al., 2016). Nucleotides sugars 

were detected by their A261nm (for UDP-sugars) and A259nm (for NAD
+
). UDP-apiose eluted at 

~11.2 min, was collected, and aliquots were flash-frozen in liquid N2 and saved at -80 °C. To 

validate purity and relative stability of UDP-Api, a small amount of freshly prepared UDP-Api 

was diagnosed by on LC-MS (see above). 

 

Recombinant XpGTA and XpGTB enzyme assays 

Unless otherwise indicated, the 10 µl UDP-Glo
TM

 (Promega, Madison, WI, USA; 

http://www.promega.com) reactions were performed in 50 mM KH2PO4 pH 7.5, containing 0.1 

mM UDP-sugar 1 µg of purified protein. The assay mixtures were incubated at room temperature 

for up to 1.5 h. The reactions were terminated by addition of an equal volume of UDP-Glo 

Detection Reagent in white polystyrene 384-well assay plates (Corning, Corning, NY, USA) and 



 

 135 

incubated for 1 h at room temp. Luminescence was measured using a multifunctional microplate 

reader (POLARstar OPTIMA; BMG Labtech, Ortenberg, DEU). Relative luminescence was 

calculated by subtracting blank, containing enzyme without UDP-sugar substrate, and dividing 

by background, UDP-sugar with boiled enzyme. 

 

Glycosyl residue composition analysis 

5 to 18-hr-old E. coli cultures (250 ml) were centrifuged (10,000 g, 5 min, 4 °C) and cell 

pellets suspended in 10 volumes of cold MeOH:chloroform:H2O (40:40:20, v/v/v). The 

suspensions were transferred to 15 ml falcon tubes and vortexed for 10 min (30 sec every 2 min, 

4 °C). The suspensions were centrifuged (10,000g, 5 min, 4 °C) and separated into a top 

methanolic-water phase (termed methanolic), medial interphase (termed pellet) and bottom 

organic chloroform phase. A portion (20 µl) of the top methanolic fraction was analyzed on 

HILIC-LC-ESI-MS/MS (see above). The bottom chloroform fraction was transferred to a 

separate tube. The remaining interphase was re-suspended in 2 ml DDW and samples centrifuged 

(10,000 g 5 min, 4 °C). Supernatant was again washed by re-suspension in 2 ml DDW and 

centrifugation and supernatant vacuum aspirated. The pellet was again re-suspended in 1 ml 

DDW and transferred to a new 13 mm borosilicate tube. 

In microbe pellets, methanolic and organic solvent extracts or standards (~1 mg) were 

supplemented with myo-Inositol (10 µl of 5 mM solution) as an internal standard, evaporated to 

dryness at room temperature using a stream of air (REACTIVAP III, Thermo Fisher, Waltham, 

MA, USA) and then hydrolyzed for 1 h at 120 °C with 1 ml of 1 M TFA. TFA was removed by 

evaporation and the released monosaccharides were then converted into their corresponding 

alditol-acetate derivatives according to York et al (Rezanka et al., 2013), and the final residue 
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dissolved in acetone (100 µl). A fraction (1 µl) of each of the alditol-acetate derivative samples 

was analyzed by gas-liquid chromatography as described (Smith et al., 2016). 
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TABLES AND FIGURES 

TABLE 4.1 Glycosyl-residue compositions of microbe pellets. The glycosyl residue composition (mol%) was determined by GC-

MS analysis of alditol-acetate derivatives generated from the pellet fraction of transformed E. coli. Data is the average ± standard error 

of three independent samples. N.D. indicates not detected. 

 UGDH+UAS UGDH+UAS 
+BtbGlyT046 

UGDH+UAS 
+ XpGTA 

UGDH+UAS 
+XpGTB 

UGDH+UAS 
+XpGTB_XpGTA 

XpGTA XpGTB XpGTB_

XpGTA 

  Monosaccharide (mol %) 

         

Rib 83.2 ± 1.0 85.5 ± 3.2 90.2 ± 1.2 50.3 ± 3.5 56.6 ± 5.9 89.0 ± 1.4 86.5 ± 2.0 82.1 ± 2.2 

Ara 1.0 ± 0.2 1.1 ± 0.2 0.7± 0.03 0.6 ± 0.1 0.9 ± 0.4 0.7± 0.02 0.6± 0.1 0.9± 0.01 

Xyl N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

Api N.D. N.D. N.D. 2.78 ± 0.4 1.42 ± 0.4 N.D. N.D. N.D. 

Man 0.4 ± 0.2 0.3 ± 0.2 0.3 ± 0.1 0.4 ± 0.04 0.4 ± 0.2 0.4 ± 0.1 0.6± 0.01 0.8± 0.02 

Gal 3.9 ± 0.2 4.2 ± 0.2 4.3± 0.8 41.2 ± 4.5 35.1 ± 2.2 5.7± 0.8 7.1± .6 4.1± 0.4 

Glc 2.2 ± 0.2 1.0 ± 0.1 1.7± 0.3 1.2 ± 0.03 1.0 ± 0.04 1.7± 0.2 3.1± 0.04 2.4± 0.3 

GlcN 2.0 ± 0.1 1.2 ± 0.3 1.1 ± 0.1 1.0 ± 0.7 0.9 ± 0.3 0.7± 0.2 .9 ± 0.02 2.1 ± 0.2 

GlcNAc 8.2 ± 0.3 7.0 ± 0.1 2.4± 0.3 2.2 ± 0.07 3.1 ± 0.13 2.0 ± 0.2 1.1 ± 0.3 7.9 ± 1.1 
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FIGURE 4.1 

 

FIGURE 4.1. X. pisi apiose operon and phylogeny of GTs. (A) Gene organization of the apiose 

operon in X. pisi genome (NZ_JPLE01000032.1) from position 177,470 to 181,515 bp. -35 and -

10 promoters were predicted using Bacterial Promoter Prediction website (BacPP, 

https://molbiol-tools.ca/Promoters.htm). Operon schema was generated using SnapGene® 

Viewer version 3.1.4 (GSL Biotech, Chicago, IL). (B) phylogenetic analysis of XpGTB and 

XpGTA. Amino acid sequences from representatives of pfam05686 and pfam13704 selected by 

https://molbiol-tools.ca/Promoters.htm
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the CDD were used. Alignments were made using Clustal Omega (W. Li et al., 2015; 

McWilliam et al., 2013; Sievers et al., 2011) and the trees generated using Dendroscope (Huson 

& Scornavacca, 2012). 

 

FIGURE 4.2 

 

FIGURE 4.2. In microbe activity of XpGTA and XpGTB. Analysis of in microbe nucleotide 

sugars by HILIC-LC-ESI-MS/MS. (A) top panel elution of standard (Std): UDP-GlcA and UDP-

Xyl; Nucleotide sugars were extracted from E. coli cells induced to express genes encoding 

BtbUGDH and SpUAS only; BtbUGDH and SpUAS along with a putative N-acetyl-glucosamine 

transferase from Bacillus thuringiensis (BtGlyT046), XpGTA, XpGTB, or XpGTB with 

XpGTA; or only XpGTB with XpGTA as control (bottom panel). Extracted ion chromatograms 
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(XICs) of [M-H]
-
 ions diagnostic for UDP-pentose (m/z 535.0, solid line), UDP-hexuronic acid 

(m/z 579.0, dashed line) and Park’s nucleotide (m/z 595.6, dotted line) are displayed. Park’s 

nucleotide is a UDP-MurNAc-pentapeptide that is used as an internal standard for nucleotide-

sugar detection as it is abundantly made in E. coli. 

 

FIGURE 4.3 

 

FIGURE 4.3. Activity of purified XpGTA and XpGTB proteins. (A) Nickel-purified proteins 

from E. coli cells induced to express XpGTA, XpGTb, and empty vector control with expected 

sizes of XpGTA and XpGTb: 32.9 and 41.4 kDa, respectively. (B) Bar graph of relative 
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luminescence from UDP-Glo® assays. Assays of 50 mM KH2PO4 pH 7.5, 0.1 mM UDP-sugar, 

0.5 µg enzyme in 10 µl total volume reacted at room temperature for 1-1.5 hr. Equal volume of 

UDP-Glo® detection reagent added to stop reaction for 1 hr. Relative luminescence is fold signal 

over background; measured by subtracting blank (enzyme without UDP-sugar) and dividing by 

background (UDP-sugar with boiled enzyme).  

 

FIGURE 4.4 

 

FIGURE 4.4. HPLC-purified in vitro synthesized UDP-apiose. (A) Total ion count (TIC, dashed 

line) and XIC [M-H]
-
 ions diagnostic for UDP-pentose (m/z 535.0, solid line). (B) Average of all 
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ions at 11.0 min (MS, top panel) and average of all fragmented ions at 11.0 min (MS/MS, bottom 

panel). 

 

FIGURE 4.5 

 

FIGURE 4.5. Detection of apiose in microbe. GC-MS analysis of alditol-acetate derivatives 

from cell pellet fractions of E. coli engineered to overexpress BtbUGDH + SpUAS with X. pisi 

GTs in microbe. Standard (Std) contains authentic xylose and apiose. The region of the total ion 

count for xylose- (Xyl) and apiose- (Api) alditol-acetate derivatives is expanded. * indicates 

unidentified residue.  
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SUPPLEMENTAL INFORMATION 

 

TABLE 4.S1. Primers used in plasmid generation. Obtained from IDT. 

Primer Sequence (5’-3’) 

XpGTA_F  GTATTTTCAGGGCGCCATGACAGGCATGCGTCTGATAC 

XpGTA_R AGCCGGATCGAATTCACTACATGTCATTGCTGCAGGC 

XpGTB _F  GTATTTTCAGGGCGCCATGACATCGAGCTCCGCCAAAG 

XpGTB _R AGCCGGATCGAATTCACCGAGGCCCCGCATGCG 

BtbGlyT046_F  GTATTTTCAGGGCGCCATGTGAGTACTCCTATTATTGCTTATG 

BtbGlyT04_R AGCCGGATCGAATTCACTAGCATTCATCTGTATTCTTTTCTTCCTTTC 

pET28b_TEV_F  TGAATTCGATCCGGCTGCTAACAAAGCCCG 

pET28b_TEV_R  CATGGCGCCCTGAAAATACAGGTTTTC 

XpSig70_F  GTTGTAGCGATTACCGCCCG 

XpSig70_R  GCTCAGGCGCAATTTGGC 
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

As the cross-linking residue for RG-II dimerization through borate, the origin of Api 

represents an important hallmark in vascular land plant evolution. The origin of Api can be 

inferred from the evolution of UAS activity to synthesize UDP-Api. Both UAS and UXS 

decarboxylate UGlcA to a 4-keto- intermediate, and both show sequence similarity to the 

decarboxylase domain of the bacterial SDR ArnA. Alignment of several UDP-GlcA 

decarboxylase enzymes from bacteria and plant reveals that plant and bacterial UAS are more 

closely related to bacterial ArnA than plant and bacterial UXS. A common ancestral prokaryotic 

UAS/UXS probably evolved into two separate enzymes with distinct functions. ArnA may be the 

extant version of that ancestral enzyme. It is possible that the original enzyme did not bind 

NAD
+
 tightly, causing release of incompletely reduced intermediates and NADH. Over time, the 

enzyme evolved to hold NAD
+
 more tightly or in different orientations, which allowed the 

enzyme to perform additional activities; complete reduction of UDP-4-ketopentose to UDP-Xyl 

(UXS) and retroaldol ring cleavage/aldol condensation (UAS). While sequence alignment 

suggests domains responsible for these activities, a crystal structure of UAS or directed 

mutation/domain engineering is required for a full understanding of the catalytic mechanism. 

The presence of UAS in avascular plants and the detection of Api in secondary 

metabolite extracts of bryophytes and green algae suggests that Api originated in early avascular 
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land plants. Because overexpression of SpUAS in Physcomitrella did not result in synthesis of 

wall apiosides, it is likely that the GTs (or nucleotide sugar transporters) responsible for wall 

apioside synthesis do not exist in Physcomitrella. This hypothesis is supported by absence of the 

XGD1 family of GTs from Physcomitrella genome (McCarthy et al., 2014). It would be 

interesting to transform Physcomitrella with XGD1 to find if it could make xylogalacturonan. 

Both UAS and a CMP-KDO synthase (KdsA) homolog exist in the genome of the moss 

Physcomitrella. The KdsA homolog has over 70% sequence identity to the Arabidopsis protein, 

and expressed sequence tag (EST) data substantiates that the Physcomitrella KdsA homolog is 

expressed. No Api has been detected in Physcomitrella (Bar-Peled et al., 2012). If, and under 

what conditions, any RG-II glycoform is made in Physcomitrella (perhaps in specialized 

reproductive tissues). Of note, the Physcomitrella UAS expression appears to be restricted to 

spore S3 and archegonia stages 

GTs involved in pectin biosynthesis are predicted to use nucleotide-sugars as immediate 

donors (Mohnen, 2008), which suggests RG-II side chains are sequentially added by GTs using 

available nucleotide-sugar donors. These nucleotide-sugars are typically transported from the 

cytosol into the Golgi lumen, and the most recent data indicates that particular transporters are 

tightly associated or complexed with partner GTs (Oikawa et al., 2013). In some cases, the 

nucleotide-sugar metabolizing enzymes are also closely coupled to these Golgi-residing 

transporters and GTs. Such is the case for an Arabidopsis UDP-arabinose mutase (UAM) and is 

proposed for AXS1, a UDP-apiose/UDP-xylose synthase (Reboul & Tenhaken, 2012). 

Considering the low amounts of RG-II in the primary wall and the fact that several of its 

component sugars are unique to its structure, it is probable that the nucleotide-sugars dedicated 

to RG-II biosynthesis are tightly controlled and limiting.  
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Because the backbone of RG-II is HGA, it is reasonable to postulate that RG-II 

biosynthesis is initiated by addition of a primary branch residue (Api, KDO, or DHA) of one of 

the side chains to HGA. The structure of ApiGalA favors the notion that Api is the first sugar 

transferred to HGA to begin synthesis of side chain A or B. The substituted galacturonide 

ApiGalA has an HGA backbone with side chains of β-(1,2/3)-D-apiofuranose and β-(1,2/3)-

apiobiose, where apiobiose is D-apiofuranose-β-(1,3)-D-apiofuranose (side chains are either 

attached to O-2 or O-3). Interestingly, some Xyl is also reported in extracted ApiGalA, 

supporting the idea that the bifunctional UDP-apiose/UDP-xylose synthase is closely coupled to 

a potentially promiscuous GT in the Golgi and that Api or Xyl is added to HGA as fast as it is 

generated (Longland et al., 1989).  

The discovery of the GAUT, XGD, RGXT, and GALS enzymes provides pectin 

biosynthesis research with an invaluable tool whereby the genes encoding these proteins are used 

to probe co-expression data for additional HGA, XGA, or RG-II-specific enzymes or to validate 

candidates (Voxeur et al., 2012). Using these probes and excluding GTs from Physcomitrella, we 

constructed a candidate list worth investigating. The most recent discovery of an ApiT in 

bacteria may give insights and provide additional bioinformatics tools to uncover a plant-sourced 

apiosyltransferase involved in RG-II synthesis.  
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APPENDIX A 

ACRONYMS AND ABBREVIATIONS 

 

a.a.  amino acid 

AIR  alcohol insoluble residue 

Apif  apiofuranose 

ApiGalA apiogalacturonan 

ApiT  apiosyltransferase 

Araf  arabinofuranose 

Arap  arabinopyranose 

AX  arabinoxylan 

bUAS  bacterial UAS 

CAZy  Carbohydrate Active enZYmes 

CPS  capsular polysaccharide 

Dha  2-keto-3-deoxy-D-lyxo-heptulosaric 

EPG  endopolygalacturonase 

Fucp  fucopyranose 

Galp  galactopyranose 

GalpA  galacturonic acid 

GAUT  galacturonosyltransferase 

GAX  glucuronoarabinoxylan 
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GC  gas chromatography 

Glc  glucopyranose 

GlcpA  glucuronic acid 

GlcAT  glucuronosyltransferase 

GT  glycosyltransferase 

HEK  human embryonic kidney 

HGA  homogalacturonan 

IM  inner membrane 

Kdo  2-keto-3-deoxy-D-manno-octulosonic acid 

LC-MS/MS liquid chromatography tandem mass spectrometry 

LOS  lipoooligosaccharide 

LPS  lipopolysaccharide 

Manp  mannopyranose 

MWCO  molecular weight cut off 

NMR  nuclear magnetic resonance 

OM  outer membrane 

RG-I  rhamnogalacturonan-I 

RG-II  rhamnogalacturonan-II 

RGP  reversibly glycosylated peptide 

RGXT  RG-II:α-(1,3)-xylosyltransferase 

Rhap  rhamnopyranose 

RT  real-time 

SDR  short-chain hydrogenase/reductase 
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SE  standard error 

T-DNA  transfer DNA 

UAM  UDP-arabinose mutase 

UAS  UDP-apiose/UDP-xylose synthase 

UXS  UDP-xylose synthase 

UGDH  UDP-glucose dehydrogenase 

UV  ultraviolet 

XGA  xylogalacturonan 

XpGTA X. pisi GT A 

XpGTB  X. pisi GT B 

Xylp  xylopyranose 

XylT  xylosyltransferase 
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DOWNREGULATION OF UDP-ARABINOMUTASE GENE IN SWITCHGRASS 

(PANICUM VIRGATUM L.) RESULTS IN INCREASED CELL WALL LIGNIN WHILE 

REDUCING ARABINOSE-GLYCANS
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ABSTRACT  

Switchgrass (Panicum virgatum L.) is a C4 perennial prairie grass and a dedicated 

feedstock for lignocellulosic biofuels. Saccharification and biofuel yields are inhibited by the 

plant cell wall’s natural recalcitrance against enzymatic degradation. Plant hemicellulose 

polysaccharides such as arabinoxylans structurally support and cross-link other cell wall 

polymers. Grasses predominately have Type II cell walls that are abundant in arabinoxylan, 

which comprise nearly 25% of aboveground biomass. A primary component of arabinoxylan 

synthesis is uridine diphosphate (UDP) linked to arabinofuranose (Araf). A family of UDP-

arabinopyranose mutase/reversible glycosylated polypeptides (UAM/RGPs) catalyze the 

interconversion between UDP-arabinopyranose (UDP-Arap) and UDP-Araf. The expression of a 

switchgrass arabinoxylan biosynthesis pathway gene, PvUAM1, was decreased via RNAi to 

investigate its role in cell wall recalcitrance in the feedstock. PvUAM1 encodes a switchgrass 

homolog of UDP-arabinose mutase, which converts UDP-arabinopyranose to UDP-

arabinofuranose. Southern blot analysis revealed each transgenic line contained between one to 

at least seven T-DNA insertions, resulting in some cases, a 95% reduction of native PvUAM1 

transcript in stem internodes. Transgenic plants had increased pigmentation in vascular tissues at 

nodes, but were otherwise similar in morphology to the non-transgenic control. Cell wall-

associated arabinose was decreased in leaves and stems by over 50%, but there was an increase 

in cellulose. In addition, there was a commensurate change in arabinose side chain extension. 

Cell wall lignin composition was altered with a concurrent increase in lignin content and 

transcript abundance of lignin biosynthetic genes in mature tillers. Enzymatic saccharification 

efficiency was unchanged in the transgenic plants relative to the control. Plants with attenuated 

PvUAM1 transcript had increased cellulose and lignin in cell walls. A decrease in cell wall-
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associated arabinose was expected, which was likely caused by fewer Araf residues in the 

arabinoxylan. The decrease in arabinoxylan may cause a compensation response to maintain cell 

wall integrity by increasing cellulose and lignin biosynthesis. In cases in which increased lignin 

is desired, e.g., feedstocks for carbon fiber production, down-regulated UAM1 coupled with 

altered expression of other arabinoxylan biosynthesis genes might result in even higher 

production of lignin in biomass.  

 

INTRODUCTION 

Switchgrass (Panicum virgatum) is a perennial grass species that is considered to be a 

lignocellulosic bioenergy feedstock with great potential, owing to its wide adaptations to various 

geographies and temperate climates. Recalcitrance, which is the inherent resistance of cell wall 

polysaccharides to be digested into fermentable sugars, is a sizeable economic barrier to 

lignocellulosic biofuel production. At the center of recalcitrance is the heterogeneous 

composition of plant cell walls, which are made of three main types of polymers: cellulose, 

lignin, and hemicellulose (Dixon, 2013). Feedstock genomics and biotechnology have enabled a 

better understanding of cell wall recalcitrance, including that for switchgrass (Casler et al., 2011; 

Chen et al., 2016). Relatively few studies exist in which hemicellulose has been manipulated 

were carried out to determine its role in cell wall recalcitrance in biofuel crops (Vega-Sanchez 

and Ronald, 2010).  

In plants, hemicelluloses are comprised of non-cellulose cell wall polysaccharides, and 

share a sugar backbone composed of 1,4-linked β-D-glycoses and include xyloglucan mixed-

linkage glucan, xylan, and glucomannan. Xylan itself constitutes a sub-grouping of 

polysaccharides whose members are distinguished from one another by the types of 
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oligosaccharide side chains linked to the 1,4-linked β-D-xylopyranose (Xylp) backbone (Rennie 

and Scheller, 2014; York and O’Neill, 2008; Scheller and Ulvskov, 2010). The backbone of 

xylans isolated from grasses for example, is decorated by a large number of L-arabinose residues 

(found only in furanose form, Araf), and hence referred to as arabinoxylans. The Araf residues 

are attached to the Xylp residues in the backbone predominately at O-3 but occasionally at O-2. 

Some of these Araf residues are linked at O-2 with an additional α-L-Araf or a β-D-Xylp residue. 

Grass xylans also contain small amounts of GlcA and Me-GlcA sidechains at O-2 (Ebringerova 

and Heinze, 2000). Xylan may also contain non-carbohydrate modification of O-acetyl esters and 

methyl etherified sugars, as well as feruloyl, and p-coumaroyl moieties (Bar-Peled and O'Neill, 

2011; Faik, 2010). For example, the aromatic residues (feruloyl and p-coumaroyl) can be ester-

linked to O-5 of terminal or substituted arabinose residues of xylan, whereas the acetate can be 

attached at O-2, O-3 or both to xylose in the backbone. In grass species, ferulic acid is ester-

linked to the C5 hydroxyl of Araf in arabinoxylan and in ether linkages of lignin monomers 

(Hartley and Ford, 1989; Scalbert et al., 1985). Although the role of feruloylation is not well 

understood, an increase in ferulic acid modification of arabinoxylan has been associated with 

cells that have stopped elongating (Carpita, 1986). Feruloylation has been hypothesized to prime 

polymerization of lignin thereby interconnecting a network of xylan and lignin (De O. 

Buanafina, 2009; Iiyama et al., 1994). Additionally, adjacent arabinoxylan chains decorated with 

ferulic acid can dimerize through oxidative coupling, which may condense wall polymers into a 

tightly packed matrix enhancing the walls stability and resistance to degradation (Hatfield et al., 

1999). Disruption of these ether linkages between arabinoxylan and lignin is an inviting target 

for improving cell wall degradation. 
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The diversity in xylan structures is known, but the functional role for such diversity is 

largely unknown. For example, it is not understood why xylan chemotypes differ among tissues 

in the same plants. It was proposed that xylan interacts with cellulose and lignin, which serves to 

strengthen cell walls (Scheller and Ulvskov, 2010). Arabinoxylans comprise over 25% of the 

mass of grass cell walls (Faik, 2010; Konishi et al., 2011). The formation of arabinoxylan 

requires the building blocks UDP-xylose and UDP-arabinofuranose (UDP-Araf). UDP-

arabinopyranose mutase (UAM) converts UDP-arabinose (pyranose-form, Arap) to UDP-Araf 

(Konishi et al., 2010; Konishi et al., 2007). UAM orthologs are found in some microalgae and 

land plants in which they comprise a small gene family (Kotani et al., 2013). Interestingly, UAM 

can also reversibly glycosylate itself in the presence of UDP-sugars, such as UDP-glucose, UDP-

galactose and UDP-xylose (hence the name RGP) (Dhugga et al., 1991; Konishi et al., 2010; 

Konishi et al., 2007; Rautengarten et al., 2011). The role of UAM as an RGP is not well 

understood in the context of cell wall and glycan formation. It was hypothesized that the RGP 

function of UAM may regulate the internal balance of UDP-sugars in the cell or compete for the 

formation of UDP-Araf, and this hypothesis has been explored in Arabidopsis, algae, 

Brachypodium, and rice (Konishi et al., 2011; Kotani et al., 2013; Rancour et al., 2015; 

Rautengarten et al., 2011). However, UAM’s potential role in recalcitrance has never been 

examined nor manipulated in any bioenergy feedstock.  

In this study, it was hypothesized that manipulation of the level of UDP-Araf in cells 

would alter the amount of arabinoxylan in switchgrass cell walls, and potentially alter feedstock 

recalcitrance. In this study, a switchgrass UAM1 homolog (PvUAM1) was down-regulated in 

independent transgenic lines of switchgrass, wherein cell wall composition, saccharification, and 

plant growth were analyzed. 
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RESULTS 

Identification of PvUAM homologs  

Orthologous of functional UDP-arabinomutase (UAM1) amino acid sequences from 

monocot and eudicot plant species were used to identify the switchgrass PvUAM1 sequence 

(Fig. 1). The UAM1 has additional function or reversibly glycosylated protein (RGP1), hence 

forward be named UAM1/RGP1 or UAM1. PvUAM1 has 93% and 86% amino acid sequence 

similarity to the rice UAM1 and Arabidopsis UAM1/RGP1, respectively. Sequence relationships 

of UAM proteins from diverse plant species grouped into a central monocot cluster and a split 

eudicot grouping. PvUAM1 belongs to the monocot group. In addition to UAM1, two other 

UAM-homologs are known. PvUAM1 is 48% similar to PvUAM2 whereas PvUAM1 has 86% 

amino acid sequence similarity to PvUAM3. 

 

Molecular and phenotypic characterization of PvUAM-RNAi transgenic plants 

To study the role of PvUAM1 in switchgrass in hemicellulose metabolic pathways RNAi-

transgenic plants were generated. Seven independent transgenic events regenerated from 

transformed callus were analyzed (Fig. 2A). Southern blot analysis showed that each transgenic 

line carried at least one and up to seven T-DNA inserts (Fig. S2B). One transgenic line (270-3) 

did not survive and was removed from subsequent analysis. The PvUAM1 transcript abundance 

was less than that of the control in each of six remaining transgenic lines in both stems and 

leaves. For example, PvUAM1 transcript level in stems and leaves of the RNAi plant lines, 

decreased by 67-95% and to 77-98% relative to the non-transgenic control, respectively (Fig. 

2B). Gene expression analysis of PvUAM homologs (PvUAM1, PvUAM2, and PvUAM3) was 
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performed on stem internode sections (Fig. 2C). PvUAM2 expression amongst all transgenic 

lines was not significantly different than the control. However, and although unintended, the 

PvUAM1 RNAi target sequence was similar enough to cause significant downregulation in both 

PvUAM1 and PvUAM3 homologs for lines 270-1 and 270-2. PvUAM3 transcript was 

significantly reduced in lines 270-1 and 270-2 by 90% and 74% relative to the control, 

respectively. An opposite effect was observed for 270-4 in which PvUAM3 was found to be 

upregulated 4.6 fold over the control. PvUAM3 transcript abundance was unchanged in 270-5, 

270-6, and 270-7 compared to the non-transgenic control. Interestingly, we found no apparent 

correlation between number of T-DNA insert and the reduced transcript abundance of UAM1 in 

these transgenes.  

There were several instances of altered plant growth among the transgenic switchgrass 

lines (Table 1). Transgenic plant lines 270-1, 270-2, 270-5 and 270-7 had equivalent number of 

tillers compared to the control whereas lines 270-4 and 270-6 had significantly more tillers per 

plant. Plant lines 270-1, 270-2, and 270-6 were shorter, whereas 270-4 and 270-5 were 

equivalent to control. Line 270-7 was taller when compared with control line. Tiller stem width 

was significantly reduced up to 22% in lines 270-1, 270-2, and 270-6, but was increased in 270-7 

by up to 6%, whereas the remainder of the lines had unchanged stem width from the control. 

Fresh weight was significantly increased from the control by up to 102% in lines 270-2, 270-4, 

270-5, and 270-7, whereas lines 270-1 and 270-6 were equivalent to control. Dry biomass results 

were similar to that of fresh weight except line 270-6 was also higher than control. Panicle 

number was significantly increased in all transgenic lines. In addition to the above mentioned 

phenotypic differences between PvUAM-RNAi lines and control we interestingly found that line 

270-1, 270-2, and 270-4 appeared to have an increased level of red pigment in the stem nodes 
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when compared with the non-transgenic plants (Fig. 3A). Cross sectioning of fresh stem nodes 

and internodes at the E3 (elongation) developmental stage on plant line 270-4 showed a dark 

pigmentation that was deposited in the vascular bundles and outer tissue of the nodes (Fig. 3B).  

 

The walls of PvUAM-RNAi transgenic plants have reduced arabinose 

Following phenotypic analyses of PvUAM-RNAi transgenic plants we determined the 

sugar composition of polysaccharides in the cell walls of these lines. When compared with wall 

the control, the cell walls of leaves from transgenic PvUAM-RNAi lines had up to 51% 

decreased arabinose content (Fig. 4A). Similarly, the wall from transgenic stem showed up to 

39% decreased arabinose content (Fig. 4B). The highest reduction in arabinose was observed in 

leaf and stem of line 270-1, which also exhibited the highest PvUAM1 knockdown. 

In addition to a reduced level of arabinose content in the wall, most transgenic plant lines 

also had an increased level of xylose (up to 16%) in leaves and stems (Fig. 4C and 4D). Line 

270-5 was not significantly different in leaf or stem xylose content from the control line. The 

level of glucose in leaf wall was lower (up to 16% decreased) in most transgenic lines when 

compared with control (Fig. 4E). Lines 270-1 and 270-4 had up to 18% reduced glucose in stem, 

while stem glucose of the remaining lines was not significantly altered from control (Fig. 4F). 

The galactose content in stem cell wall was significantly lower (up to 60% decreased) in 

transgenic plant lines 270-1, 270-2, and 270-4 while lines 270-5, 270-6, and 270-7 were similar 

to the control (Table S3). In leaves, on the other hand, the amount of galactose in the wall was 

slightly lower (up to 17% decreased) only in line 270-1 (Table S4). The rhamnose content in leaf 

walls was variable among transgenic plants, with a significant increase (up to 83%) in lines 270-

2, 270-4 and 270-6 (Table S4) when compared with control. In stems, most transgenic lines 



 

208 

 

exhibited reduced levels of wall rhamnose (up to 51%) (Table S3). Cell wall mannose levels in 

leaves and stems were similar among transgenic and control plants (Table S3 and S4). The 

amount of cellulose in both stem internodes and leaves was determined as well. An increase in 

cellulose levels was observed in stems of all PvUAM-RNAi transgenic lines (Fig. 5A), and in 

leaves, transgenic lines 270-1 and 270-6 showed a significantly higher amount cellulose when 

compared to the control (Fig. 5B). The cellulose level in leaves for lines 270-2, 270-4, 270-5, 

and 270-7 were equal to the control (Fig. 5B). 

Because total sugar analysis is insufficient to identify gross changes in polysaccharide 

structure and organization, NMR analysis of extracted arabinoxylan was performed. 

 

Arabinoxylan has altered side chains in PvUAM-RNAi mutants 

Most of the Araf residues in the cell walls of switchgrass are found in arabinoxylan 

sidechains. To determine if the synthesis of this polymer was altered in PvUAM-RNAi 

transgenic plants, we to analyzed arabinoxylan oligosaccharides generated by enzymatic 

hydrolysis of the arabinoxylan solubilized from the stem internodes and in the leaves by 
1
H-

NMR. This method for example, should distinguish in principle an arabinose in the furanose 

form from a pyranose form and should provide linkage anomeric configurations (α- or β-form) as 

well as linkage positions (xylan 1-4 and any branching 1-2, 1-3, etc.). In addition, NMR is an 

excellent method to identify and quantify resolved sugar signals in mixtures of polymers.  

The 
1
H-NMR analysis of material solubilized with 1 M KOH from the stem walls and 

hydrolyzed with a xylanase showed clearly that the most abundant component in the sample 

corresponded to arabinoxylo-oligosaccharides (Fig. S3). The spectra contained intense signals 

that corresponded to the anomeric proton of α- and β- reducing Xyl. Signals for both α-Xyl and 
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β-Xyl are detected by NMR, because the reducing end Xyl of the digested xylo-oligomers in 

solution undergoes opening that assumes both α and β closed-ring configurations. The NMR 

spectra contained two clearly resolved signals that corresponded to the anomeric proton of two 

types of arabinose residues. One signal (δ 5.39) was identified as terminal α- L-arabinosyl 

residues linked at O-3 to xylose in the backbone. This signals also corresponded to the terminal 

Ara in the disaccharide sidechain α-L-Araf-(1→2)-α-l-Araf-(1→3)-, which has the same 

chemical shift and cannot be differentiated with this analysis. The other signal (δ 5.55) 

corresponded to Araf substituted at O-2 with a single α-Araf or a β-Xylp residue. The relative 

amount of anomeric signal for a primary branch arabinose decorating the xylan backbone (2-α-

Ara) in stems was increased in lines 270-1, 270-2, and 270-4 over control and was found to be 

equivalent for 270-5, 270-6, and 270-7. In stems the relative anomeric signal for terminal 

arabinose residues (T-α-Ara) was decreased in lines 270-1 and 270-2 compared to control while 

remaining lines were fairly equivalent (Table 2). In stems there was a marked increase in α-4-

MeGlcA anomeric signal in lines 270-1, 270-2, and 270-4 while the remaining transgenic lines 

were equivalent to the control. The α-4-MeGlcA signal represents side-chain decoration of 

xylan. Line 270-1 and 270-2 have less overall arabinose branching compared to non-transgenic 

primarily due to the decreased in terminal arabinose (T-α-Ara) signal (Fig. S3). Because T-α-Ara 

signal is representative of H1 of arabinofuranose for both monomeric and extended branches, 

these data suggest stem arabinoxylan in lines 270-1 and 270-2 has relatively more extended 

branches (2-α-Ara) than monomer. Additionally, in these lines there appears to be increased 

MeGlcA decoration of the stem xylan backbone.  

As in stems, the leaves the α-Xyl and β-Xyl were unchanged from control (Table 3). Leaf 

signal for 2-α-Ara was increased in 270-1 and 270-2 compared to control and equivalent for the 
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other lines. Leaf signal for T-α-Ara was reduced in lines 270-1 and 270-2 compared to control. 

From leaves the α-4-MeGlcA signal was only markedly increased in line 270-1 (Table 3). These 

results largely indicate that leaf arabinoxylan structure in lines 270-1 and 270-2 has been altered 

similar to stems; relatively less overall branching of the xylan backbone with more extended 

branches than monomers.  

 

Saccharification of PvUAM-RNAi lines is unchanged for total sugars 

PvUAM-RNAi plant cell wall sugars were analyzed for polysaccharide enzymatic release 

from dried R1 tillers. Enzymatic sugar release is one indicator for the level of recalcitrance of the 

plant cell wall against enzymatic degradation. Enzymatic glucose release was increased up to 

13% for 270-4, 270-6 whereas lines 270-1, 270-2, 270-5, and 270-7 were equal to control (Fig. 

6A). Enzymatic release of xylose was significantly increased only in line 270-5 by 17% while 

the other transgenic lines were equivalent to control (Fig. 6B). When data for glucose and xylose 

released were added, there was no apparent change amongst transgenic plants and the control for 

total combined sugar release upon saccharification (Fig. 6C).  

 

Lignin biosynthesis: gene expression, lignin content and composition in tillers 

Lignin amount was up to 13% higher in transgenic plants compared with the control (Fig. 

7A). Interestingly however, the relative ratio of the monolignol components syringyl and 

guaiacyl (also known as S/G ratio) was increased by 9% and 14%, only in transgenic plants 270-

2 and 270-7, respectively (Fig. 7B) compared to control. Since py-MBMS lignin estimates do not 

include H lignin, thioacidolysis was performed on stems of control and representative transgenic 

lines 270-1 and 270-6. All samples had similar H lignin measuring between 4-6% of total lignin 
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(Table S5). Because the samples have similar H lignin and it does not contribute much to the 

spectra/total lignin content, it does not significantly change our lignin values and falls within the 

error rate of py-MBMS total lignin analysis. 

The finding that transgenic PvUAM-RNAi lead to increase in lignin prompt us to 

examine selected genes involved in lignin biosynthesis. The relative amount of gene transcript 

was determined by qRT-PCR. There was increased expression of PAL, F5H, 4CL, C4H, and 

CAD genes in PvUAM-RNAi transgenes when compared to control (Fig. 8). Expression levels of 

COMT, C3H, CCR, and HCT genes were unchanged compared to control. 

 

DISCUSSION 

Arabinoxylans, which comprise a relatively large portion of cell walls in grass species, 

likely play an important role in recalcitrance in feedstocks such as switchgrass. Arabinoxylans 

strengthen cell walls through cross linkages with other cell wall polysaccharides and lignin (Faik, 

2010; Rennie and Scheller, 2014; Scheller and Ulvskov, 2010; Tan et al., 2013). UDP-Araf has 

been identified as a common sugar donor for the synthesis of Araf-containing side chains of the 

xylan backbone, which play an integral part in cross linking to other cell wall components 

(Anders et al., 2012). Currently the UAM class of plant proteins is the sole candidate known to 

convert UDP-Arap to UDP-Araf (Konishi et al., 2011). It has been hypothesized that decreasing 

the pool of available UDP-Araf would, in turn, change how arabinoxylans interact with cellulose 

microfibrils and lignin: the reduction of numbers of cross linkages would increase the solubility 

of arabinoxylans (Sternemalm et al., 2008). Hence, we propose that a reduction of PvUAM1 

would reduce arabinose side chains used for cross linkages among cell wall components, ergo, 

reducing recalcitrance. Our data partially supports the proposition, as the decrease in Araf 
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residues was accompanied with an increase in the total amount of lignin suggesting a 

compensation mechanism that has as result unchanged cell wall recalcitrance in the transgenic 

lines (270-1 and 270-2).  

 

PvUAM downregulation affects plant growth 

Two of the shorter plants (transgenic lines 270-1 and 270-2) had decreased expression of 

both PvUAM1 and PvUAM3. A similar double knockdown was seen in some transgenic rice due 

to the close homology of the OsUAM1 and OsUAM3 resulting in down-regulation of both 

homologs (Konishi et al., 2011). Transgenic switchgrass with the double knockdown showed the 

significant differences in cell wall-associated arabinoxylan side chains in both stems and leaves. 

Downregulation of only PvUAM1 did not result in a significant change to the side chains. The 

transgenic switchgrass exclusively downregulated for PvUAM1 were taller; rice OsUAM1-RNAi 

plants were shorter (Konishi et al., 2011).  

Lines 270-5, 270-6 and 270-7 did not have as strong a knock-down of PvUAM1 as events 

270-1, 270-2 and 270-4. The relative lower knock-down may be due to insertional effects, but for 

events 270-5, 270-6 and 270-7 we also did not observe significant alteration in residual Ara or 

arabinoxylan structure.  

 Based on the qRT-PCR results we hypothesize that UAM2 may not function in 

arabinoxylan biosynthesis, because UAM2 appears to be expressed at or over non-transgenic 

wild-type in all lines without effectively recovering arabinose content in these lines. The large 

over expression of UAM3 in 270-4 is also silent in terms of glycosyl makeup. The largest effect 

seems instead to come from UAM1 expression, evidenced by a correlated decrease in residual 

Ara with PvUAM1 knockdown among all lines. While lines 270-4, 270-5, 270-6 and 270-7 have 
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reduced residual Ara in both leaf and stem, it is not as strong as the reduction in Ara in events 

270-1 and 2, especially in stem tissue. 

Rice UAM1 and UAM3 (OsUAM1 and OsUAM3) are most homologous to PvUAM1 and 

PvUAM3 and are known to function as UDP-Ara mutases, while OsUAM2, which is homologous 

to PvUAM2, reportedly does not have mutase activity (Konishi et al., 2007). The reason 

PvUAM2 expression fluctuates among events of line 270 is unknown, as is the fluctuation in 

PvUAM3 expression (Fig. 2C). 

 

PvUAM downregulation alters cell wall-associated sugars with no change to sugar release 

The phenotype we observed of decreased cell wall-associated arabinose is congruent with 

prior research in rice, Arabidopsis and Brachypodium (Konishi et al., 2011; Rancour et al., 2015; 

Rautengarten et al., 2011). In leaves, the PvUAM1 transcript and cell wall-associated arabinose 

was significantly decreased in all lines except 270-5, which had the least PvUAM1 knockdown.  

As arabinose is a component of arabinoxylan, NMR was employed to deeper characterize 

arabinoxylan side chain structure. While a large amount of structural information can be deduced 

from the NMR spectra, there are regions of overlap in the anomeric signals of the xylo-oligos 

(Balazs et al., 2013). Specifically, the signals for monomeric α-L-Araf side chains and the 

terminal α-L-Araf in the disaccharides side chain Araf-(1,2)-α-L-Araf- are unresolved as are the 

2-Araf signals for D-Xylp-(1,2)-α-L-Araf-(1,3)- and α-L-Araf-(1,2)-α-L-Araf disaccharide side 

chains. However, with NMR analysis we can detect the changes in the amount of terminal and 

substituted Araf sidechains relative to the total amount of residues in the oligosaccharides. 

Overall, the data (Table 2 and 3) suggest that the switchgrass PvUAM-RNAi lines with 

knockdown of both PvUAM1 and PvUAM3 have an altered arabinoxylan structure, and that the 
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reduction of available UDP-Araf causes either 1) reduced Araf branching, or 2) reduced 

decoration of substituted side chains with a terminal Araf residue (Rancour et al., 2015; Rancour 

et al., 2012). Evidence from 270-1 and 270-2 stems demonstrates there is a concomitant increase 

in glucuronate and 4-Me-glucuronate signals, which may be due to increased substitution with 

glucuronic acid (GlcA) to make glucuronoarabinoxylan (GAX). Arabinoxylan sidechains on the 

other lines with only PvUAM1 knockdown were not significantly different from the non-

transgenic control. 

The majority of the transgenic lines also showed a slight change in the amount of residual 

glucose in the walls of both stems and leaves (Fig. 4E and 4F). The glucose observed may come 

from small changes in xyloglucan or mixed-linkage glucan, which is known to accumulate in 

developing tissues (such as seed brans) and can be detected in mature stem and leaf tissues 

(Carpita, 1996). Of note, glucose attributed to starch was particularly increased in all transgenic 

lines (Fig. S4). In transgenic rice and Arabidopsis in which the relevant UAM1 homolog had 

decreased expression, there was no significant change to cell wall-associated glucose (Konishi et 

al., 2011; Rautengarten et al., 2011). Xylose was increased in the cell walls of leaves and stems 

of all transgenic lines except 270-5 stem (Fig. 4C and 4D). In transgenic AtUAM1-RNAi 

Arabidopsis xylose was increased, but in OsUAM1-RNAi rice in was unchanged (Konishi et al., 

2011; Rautengarten et al., 2011).  

 Transgenic Brachypodium with BdUAM1 knocked down by RNAi showed an increase of 

xylose in the cell walls in some lines and a decrease in others (Rancour et al., 2015). 

  Even though an increase in cellulose (Fig. 5A and 5B) content was detected, no 

significant change in enzymatic saccharification was found (Fig. 6A and 6C). Line 270-5 had 

increased enzymatic xylose release, which might be attributed to the increase in available stem 
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cell wall-associated xylose (Fig. 4D and 6B). Transgenic Brachypodium with BdUAM1 knocked 

down by RNAi had slightly increased enzymatic glucose release from stems, but significantly 

lower release from leaves (Rancour et al., 2015). We did not analyze saccharification by organ, 

only whole tillers.  

 

PvUAM down-regulation increases lignin content and composition 

Attenuated UAM switchgrass plants had higher lignin in tillers. Furthermore, the 

composition of lignin in most PvUAM1 transgenic switchgrass shifted toward more syringyl (S) 

lignin units, evidenced by increased S/G ratio and no significant change in H lignin content. This 

shift may be explained by the concomitant increase in expression of key enzymes in the lignin 

biosynthesis pathway. When BdUAM1 was knocked down in Brachypodium lignin was increased 

in the leaves, but was found to be unchanged in sheath/stem portions of tillers (Rancour et al., 

2015). Lignin was not analyzed in the rice and Arabidopsis studies involving UAM1 knockdown 

(Konishi et al., 2011; Rautengarten et al., 2011). Even though there was an increase in cell wall 

lignin in our study, saccharification was mostly unchanged, which contrasts to the similar study 

in Brachypodium, in which saccharification increased (Fig. 7A) (Rancour et al., 2015). For line 

270-5, PvUAM1 expression was reduced to 56% of native PvUAM1 transcript, lignin content 

and composition was unchanged, while enzymatic xylose release increased. Further knockdown 

of PvUAM1 expression (as seen in other lines) caused an increase in lignin production without 

reducing enzymatic sugar release. One might speculate that altered ferulated xylan formation 

affects lignification and in order to maintain proper plant growth and development compensation 

is made by increasing lignin content which has been reported in Brachypodium (Rancour et al., 

2015) and now switchgrass. Ferulation is suggested to enable cross-linking of these 
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polysaccharides to each other as well as to lignin (Molinari et al., 2013). These cross-links are 

believed to strengthen the cell wall and in part, contribute to the enhanced rigidity of the walls.  

Examination of the converse phenotype, where lignin is down-regulated shows evidence 

of a potential cell wall compensation mechanism as hemicellulose is increased to replace missing 

lignin. In the maize brown-midrib lignin mutants (bm3), cell wall-associated xylose content was 

discovered to be equivalent or higher in certain lines while arabinose, rhamnose, and xylose-

substitutions decreased (Guillaumie et al., 2008). In transgenic switchgrass using RNAi to 

downregulate COMT lignin biosynthetic gene, an increase in hemicellulose, xylan, and arabinan 

were observed (Baxter et al., 2014). In both the bm3 maize mutants and the RNAi-COMT 

switchgrass lines, the disruption in lignin biosynthesis gave rise red pigmentation attributed to an 

increase in cinnamaldehyde (Guillaumie et al., 2008; Fu et al., 2011). The observed darkened 

internodes in the PvUAM-RNAi lines may also be caused by a lignin biosynthesis metabolite 

shift (Fig. 3). In-depth characterization of cell wall polysaccharides in cell wall mutants might 

reveal the interactions amongst cell wall biosynthesis pathways. 

We propose a model of the interaction of hemicellulose and lignin in light of our study 

(Fig. 9). In this model, an increased buildup of UDP-Xyl in UDP-Ara mutase KD-lines, leads to 

glucose accumulation (Glc-6-phosphate, Glc-1-P, UDP-Glc, sucrose) that is shunted towards 

phenylpropanoid production via the shikimic acid pathway. Shikimic acid is the precursor for 

phenylalanine, which is at the top of the lignin biosynthesis pathway (Whetten and Sederoff, 

1995). Sucrose is converted to UDP-glucose which is either up taken by cellulose synthase (Ces) 

complex to form cellulose or is converted to UDP-GlcA by UDP-glucose dehydrogenase (UGD). 

UDP-GlcA is converted by UDP-D-xylose synthase (UXS) to UDP-D-xylose. Excess UDP-D-

xylose in the Golgi stack can inhibit UGD and UXS preventing further buildup of UDP-D-xylose 
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(Harper and Bar-Peled, 2002). UDP-D-xylose is either converted to 1,4-β-D-xylan by a xylan 

synthase (XS) or into the arabinose precursor UDP-L-Arap (Rennie and Scheller, 2014). UDP-L-

Arap is converted to UPD-L-Araf by UAM and then recruited into arabinose or arabinoxylan 

((Konishi et al., 2011; Kotani et al., 2013; Rancour et al., 2015; Rautengarten et al., 2011; Rennie 

and Scheller, 2014). We propose that the reduction in available UPD-L-Araf caused by PvUAM-

RNAi results in an increase of UDP-D-xylose with a corresponding reduction in arabinoxylan 

branching. The possible reduction in Araf side chains, which are normally ferulated by an 

unknown feruloyl transferase, causes an increase of feruloyl-CoA. Excess ferulic and caffeic acid 

accumulation is shunted to lignin biosynthesis. This model is supported by the decrease in 

arabinose and arabinose-furanose side chains (Fig. 6 and Tables 2 and 3) found in the PvUAM-

RNAi lines. The increase in lignin content and S/G ratio along with upregulation of lignin 

biosynthetic genes (Fig. 7 and 8) supports the probability of increased synaptic acid levels being 

generated by increased F5H transcript. Further testing of hypotheses inferred by this model could 

be accomplished by making combinatorial knockdowns of genes that code enzymes in 

arabinoxylan and lignin biosynthetic pathways. Pleiotropic perturbations in gene expression and 

metabolic flux would be informative. Identification and characterization of the suspected feruloyl 

transferase would aid in discerning the complete molecular mechanism for how the cross linking 

between arabinoxylan and lignin occurs.  

Interference with arabinofuranose metabolism has impacted cross-linking and lignin, with 

no evident influence on sugar release in switchgrass. The increase in lignin of PvUAM-RNAi 

plants might seem unfavorable for lignocellulosic ethanol production, however, the sugar release 

efficiency was not affected by the increase in lignin content. While PvUAM-RNAi might not be 

directly suitable for bioenergy feedstocks, they might be employed as a crossing partner with 
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other switchgrass low in lignin. Particular examples are COMT and MYB4 transgenic lines 

modified for decreased lignin and increased sugar release efficiency, which might complement 

the increase in glucose, lignin, and biomass of PvUAM-RNAi transgenics in transgene stacks 

(Baxter et al., 2014, Baxter et al., 2015; Fu et al., 2011; Shen et al., 2012). Additional 

switchgrass lines that might be useful to cross with UAM1 knockdown transgenics are MYB4 

and miR156 overexpressors, both of which were dwarfed but yielded relatively high biofuel 

production (Baxter et al., 2015; Fu et al., 2012; Shen et al., 2012). Additionally, any feedstock 

that produces inordinately high amounts of lignin might be useful for co-products, such as 

carbon fiber and bio-plastics (Lindsey et al., 2013; Ragauskas et al., 2014).  

We have identified UAM in switchgrass and the downregulated PvUAM1 switchgrass 

plants have altered cell wall sugar content and side chains. Downregulation of PvUAM1 

produced a decrease in arabinose with concurrent increase in lignin content in the cell walls of 

transgenic switchgrass. We propose a model in which the decrease of available arabinoxylan 

caused an increase in lignin content due to excess metabolites not being used for arabinoxylan-

lignin cross linking. Enzymatic saccharification was not negatively affected by the increase in 

lignin content possibly due to an increase in cellulose and mol % of xylose in walls of transgenic 

leaves and stems. Some transgenic PvUAM1 were larger, which would be useful for commercial 

biomass and carbon sequestration platforms as well as a lignin feedstock. 

 

EXPERIMENTAL PROCEDURES  

PvUAM1 gene isolation, and RNAi construct 

The amino acid sequence of switchgrass UAM protein was compared with UAM 

orthologues from eudicots and monocots: SiUAM1 (XP004982467.1), ZmUAM1 
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(NP001105598.1), SbUAM1 (XP002464260.1), OsUAM1 (XP006650286.1), BdUAM1 

(XP003562308.1), TaUAM1 (CAA77237.1), SlUAM1 (NP001234554.1), VvUAM1 

(XP002263490.1), BdUAM1 (XP003569874.1), GmUAM1 (XP003552602.1), BrUAM1 

(XP009117866.1), AtUAM3 (AAM65020.1), AtUAM1 (AT3G02230.1), PtUAM1 

(Potri.004G117800.1), MtUAM1 (Medtr5g046030.1), OsUAM1 (Q8H8T0.1), OsUAM3 

(Q6Z4G3.1), OsUAM2 (Q7FAY6.10), AtUAM2 (NP197069.1), EgUAM1 (AGE46030.1), 

PdUAM1 (XP008811806.1). The sequences among UAM proteins were compared using 

alignment in the MUSCLE program (http://www.ebi.ac.uk/Tools/mas/muscle/) and alignment 

curated by Gblocks using the Phyologeny.fr software program (http://www.phylogeny.lirmm.fr) 

(Anisimova and Gascuel, 2006; Dereeper et al., 2008). The neighbor joining tree was generated 

using the MEGA 7.0 program (Tamura et al., 2013). The switchgrass PvUAM1, PvUAM2, 

PvUAM3, gene sequences were identified by BLASTN analysis of the switchgrass genome 

(https://phytozome.jgi.doe.gov/pz/portal.html) using the monocot UAM sequences from maize 

(GI: 542592), foxtail millet (GI: 101771463), and sorghum (GI: 8062976). The nucleotide 

coding sequence of the PvUAM1 open reading frame was identified and a 193 bp target sequence 

was used to generate the RNAi plasmid construct (Fig. S1). The target sequence was amplified 

by PCR and was cloned into the pCR8 entry vector and then Gateway® sub-cloned into the 

pANIC-8A plant expression vector (Mann et al., 2012b) to yield the pANIC-8A-PvUAM1 

construct (Fig. S2A).  

 

Transgenic plant production and growth analysis  

Inflorescences of the ‘Alamo’ switchgrass ‘ST1’ genotype was used to generate Type II 

embryogenic callus (Burris et al., 2009). Agrobacterium tumefaciens strain EHA105 harboring 

http://www.ebi.ac.uk/Tools/mas/muscle/
https://phytozome.jgi.doe.gov/pz/portal.html
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the pANIC-8A-PvUAM1 vector was used for transformation. Transformed calli were grown on 

agar containing LP9 growth medium (Burris et al., 2009), supplemented with 400 mg/L Timentin 

(ticarcillin disodium and clavulanate potassium) and 40 mg/L hygromycin for approximately two 

months at 25 ° C in the dark. Subsequently the transgenic calli were transferred to regeneration 

medium as described by Li and Qu (2011) and was supplemented with 250 mg/L cefotaxime to 

stimulate regeneration (Danilova and Dolgikh, 2004). The T-DNA region of pANIC-8A-

PvUAM1 plasmid also contains a cassette that constitutively expresses an orange fluorescence 

protein (OFP) reporter from the hard coral Porites (pporRFP) that is brightly fluorescent in 

transgenic plants (Mann et al., 2012a). Epi-fluorescence microscope having a 535/30 nm 

excitation filter and 600/50 nm emissions filter was used to track OFP fluorescence during 

transgenic callus development and to identify individual putative transgenic lines during growth 

on agar-plate. Regenerated transgenic plants were rooted and acclimated according to Burris et 

al. (2009).  

 T0 transgenic and non-transgenic ST1 control plants were grown in growth chambers 

under 16 h light/8h dark cycles at 25 °C until moved to a greenhouse with same conditions. 

Fertilizer (0.02% solution of Peter’s soluble 20-20-20) was applied twice per month and plants 

were irrigated as needed. For growth analysis, each transgenic event and the non-transgenic 

control was vegetatively divided into three clonal replicates. The wild-type (ST1) control was 

derived from ST1 inflorescence callus which recovered from tissue culture and which was not 

exposed to Agrobacterium tumefaciens. Each replicate, starting from a single-tiller, was grown in 

a 1 L pot that was randomly sited in the greenhouse. Plants were grown until the reproductive 

(R1) developmental stage as defined by Hardin et al. (2013) and tiller and panicle numbers were 

counted. The five tallest tillers for each replicate were used to estimate total plant height. The 
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stem width at 10 cm from the potting surface of each of these tillers was measured with a digital 

caliper. Tillers were harvested and green fresh weight was recorded. Harvested tillers were 

placed into a drying oven at 42 °C for five days and dry weight was subsequently recorded. Hand 

sectioning was performed on fresh tillers and nodal sections to assess vascular phenotypes under 

a dissecting microscope and to depict deposition of pigment. 

 

Southern blot analysis for T-DNA copy number 

Approximately 100 mg of young (1 week-old from recently cut-back plants) fresh leaf 

tissue per plant was used to extract DNA (Freeling and Walbot, 1994). DNA quality was 

assessed using gel electrophoresis and quantified using a Nanodrop spectrofluorometer (Thermo 

Fisher, Wilmington, DE, USA). Twenty micrograms of DNA from each sample was digested 

with NcoI, which cuts once within the T-DNA. Digested DNA from transgenic plants and the 

control, was separated on a TAE-agarose gel, and transferred to a nylon membrane (Amersham 

Hybond™+ GE Healthcare, Pittsburgh, PA, USA). Blots were pre-hybridized with DIG easy hyb 

(Roche DIG kit, Nutley, NJ, USA) solution at 42 °C. The blots were then hybridized with the 

hygromycin DIG-PCR probe, washed, and probe was detected after the membrane was exposed 

to x-ray film according to manufacturer’s instructions (Roche). The DNA probe (972 bp) used to 

detect the number of hygromycin (hph) gene cassette in DNA from transgene lines was amplified 

by PCR and labeled with digoxigenin (Roche). 

 

RNA extraction, qRT-PCR analysis of UAM’s and lignin biosynthetic gene transcript 

Quantitative RT-PCR was performed to estimate transcript abundance of PvUAM and 

lignin biosynthetic genes in transgenic PvUAM1-RNAi and non-transgenic plants. Total RNA 
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was isolated from triplicate R1 tiller stem internodes and leaf cuttings using TRI Reagent 

following manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, USA). Purified RNA was 

treated with DNase-1 (Promega, Madison, WI, USA) and 3 µg treated RNA was used to generate 

cDNA using oligo-dT and Superscript III according to manufacturer’s instructions (Life 

Technologies, Carlsbad, CA, USA). qRT-PCR analysis was performed with Power SYBR Green 

PCR master mix according to manufacturer’s protocols (Life Technologies) for optimization of 

annealing temperature, primer concentration, and cDNA concentration. Primers used for 

transcript analysis of PvUAM are listed in Table S1 and for lignin biosynthetic genes in Table 

S2. The optimized qRT-PCR protocol utilized a dilution of cDNA 1:100 with thermal cycling at 

95 °C for 3 min, and 40 cycle repeats of (95 °C for 10 s and 60.0 °C for 30 s). The relative levels 

of transcripts were normalized to switchgrass ubiquitin 1 (PvUbi1) as a reference gene (Shen et 

al., 2009) using primer set: PvUBi1_F 5’- CAGCGAGGGCTCAATAATTCCA -3’ and 

PvUbi1_R 5’ - TCTGGCGGACTACAATATCCA - 3’ (Xu et al., 2011). All experiments were 

carried out in triplicate technical replicates. The differential Ct method was used to measure 

transcript abundance after normalization to PvUbi1 (Schmittgen and Livak, 2008). 

 

Glycosyl residue composition and gas liquid chromatography (GLC) analysis 

Tillers at the R1 developmental stage were collected from a single plant grown in a 

greenhouse for approximately 6-8 weeks. The tillers were cut and divided into stem and leaf 

sections. A sample section was weighed, ground in liquid nitrogen, and washed as previously 

reported (Martinez et al., 2012) with slight modifications. Each 1 g sample was suspended in 10 

ml 80% EtOH, vortexed for 2 min, then centrifuged (6,000 x g 5 min, 25 °C). The supernatant 

was removed, and the resulting cell pellet was washed two times each with 10 ml 95% EtOH, 
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and then with 10 ml 100% EtOH. The cell pellet was resuspended in 10 ml chloroform:MeOH 

1:1 (v/v) and mixed by tilting for 1 hr. Each cell pellet residue sample was filtered through 

Whatmann # 15 filter paper over vacuum and rinsed with acetone. Once dry, the alcohol-

insoluble residue (AIR) samples were weighed and passed through a 0.5 mm mesh. AIR sample 

(10 mg) was suspended in 1 ml buffer (0.1 M sodium acetate, 0.01% Thimerosal, pH 5.0) and 

treated with an amylase mixture; Spirizyme Excel (1.2 µL) and Liquozyme SC DS (6 µL) 

(Novozymes, Bagsværd, DK; # NAPFM084 and AUP61163, respectively), as described by 

Decker (2012). Starch digestion was carried out at 55 °C overnight and subsequently the slurry 

sample was filtered through double filter layers (50 µm nylon mesh on top of Whatman Grade 

GF/A filter), and washed with buffer. The polysaccharides in each 1 mg AIR sample were 

hydrolyzed with 2N trifluoroacetic acid and the free monosaccharides were converted to their 

alditol acetate derivatives as previously described (York et al., 1986). All samples (including 

sugar standards) were supplemented with 50 µL 5 mM inositol as an internal standard. Alditol 

acetate sample or standard (1 µL) was separated on a Restek RTx-2330 fused silica column (0.25 

mm I.D. x 30 m, 0.2 µm film thickness) using an Agilent 7890A GLC equipped with a flame 

ionizing detector (Agilent, Santa Clara, CA, USA). Relative molar percent content was 

calculated from the areas of sugar peaks identified by standard retention times and normalized to 

sample mass and internal standard. 

 

Isolation and fractionation of wall polysaccharides and oligosaccharides 

AIR sample (250 mg) was de-starched as above in 25 ml buffer treated with 30 µL 

Spirizyme Excel (Novozymes, Copenhagen, DNK) and 150 µL Liquozyme SC DS at 55 °C 

overnight, filtered and washed with buffer. To remove loosely bound pectin, the amylase-
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insoluble residue was resuspended in 25 ml oxalate solvent (0.5% ammonium oxalate, 0.01% 

Thimerosal, pH 5.0) and shaken overnight at room temperature. The slurry was filtered through 

double filter layers, washed with oxalate, and the insoluble residue was reserved. Each oxalate-

treated residue was resuspended in 25 ml 1 M base solution (1 M KOH, 1% NaBH4) and shaken 

overnight at room temperature. The slurry was filtered through double filter layers. The filtrate 

that contained soluble polysaccharide was reserved and the insoluble residue slurry on top of 

double layer filter was wash with 1 M KOH and insoluble pellet was reserved. The filtrate and 

wash 1 M KOH-solubilized wall polymers were combined, supplemented with a drop of octanol 

as antifoam, neutralized to pH 7 with glacial acetic acid and later dialyzed (3500 MWCO) 

against deionized water for 2 to 3 days. The insoluble residue after 1 M KOH treatment was 

resuspended in 25 ml 4 M base solution (4 M KOH, 1% NaBH4), shaken overnight at room 

temperature and filtered. The 4 M KOH soluble fraction was neutralized and dialyzed as 

described above. The dialyzed KOH fractions were centrifuged (11,000 x g for 30 min, 25 °C), 

concentrated by Rotovapor, lyophilized, and used to generate oligosaccharides by enzymatic 

digestion. The 4 M-KOH insoluble residue (enriched in cellulose) was stored at -20 °C for 

analysis of cellulose.  

 

Preparation of arabinoxylooligosaccharides and NMR analysis 

Between 5–20 mg of 1 M KOH soluble and dialyzed fraction (above) was dissolved in 1-

5 ml of 50 mM ammonium formate, pH 5.0. One unit of endoxylanase (from Trichoderma viride 

Megazyme, Wicklow, IRL) was added and the solution incubated at 37 °C for 24 h. Hydrolase 

activity was terminated by boiling for 10 min in a water bath and the sample was centrifuged at 

3,600 x g for 15 min at room temperature. The supernatant was transferred to a tube and 
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lyophilized. A portion of freeze-dried arabinoxylooligomers (1-2 mg) was dissolved in 0.5 ml 

deuterium oxide (99.9 %; Cambridge Isotope Laboratories, Tewksbury, MA) and supplemented 

with 1 μL acetone that was used as an internal chemical shift reference. One-dimensional and 

two-dimensional 
1
H NMR spectra were collected on a 600 MHz Varian Inova NMR 

spectrometer equipped with a 3-mm cold probe and a sample temperature of 25 °C. Data were 

processed with MestReNova (Version 9.1; Mestrelab Research, Santiago de Compostela, ES). 

All chemical shifts were measured relative to internal acetone (δ H 2.225). 

 

Cellulose quantification  

Thirty milligrams of 4 M KOH insoluble residue were weighed into a conical borosilicate 

tube with Teflon-lined screw cap, and 3 ml solvent (acetic acid/water/nitric acid, 8/2/1, v/v/v) 

was added (Updegraff, 1969). The sample was vortexed, heated in a boiling water bath for 30 

min with occasional mixing, cooled to room temperature, and centrifuged (2,500 x g for 3 min). 

The pellet was re-suspended twice in 5 ml water, centrifuged, and the supernatant discarded. The 

enriched cellulose pellet was treated with 2.5 ml of 72% sulfuric acid (Updegraff, 1969) and 

incubated at room temperature for 1 h while mixing every 10 min by vortex. Samples were then 

transferred to a 15 ml Falcon tube and water added to 10 ml. Ten microliters of solution was 

transferred to a new borosilicate tube and diluted to 400 µL with water. One milliliter of ice-cold 

anthrone reagent (0.2 g anthrone in 100 ml concentrated sulfuric acid (95–98%)) was added, and 

the mixture was heated in a boiling water bath for 15 min. Following the anthrone reaction, the 

amount of sugars in the cellulosic polysaccharide fraction of nitric acid-treated unfractionated 

cellulose was determine by measuring absorbance at 620 nm with a DU 800 series 

spectrophotometer (Beckman Coulter, Brea, CA, USA) using glucose from Avicel as standard. 
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Cell wall sugar release and lignin content and composition 

Tillers were collected at the R1 developmental stage from greenhouse-grown plants and 

air dried for 3 weeks at room temperature before grinding to 1 mm (20 mesh) particle size. Sugar 

release efficiency was determined via NREL high-throughput sugar release assays on extractive- 

and starch-free samples using glycosyl hydrolases according to NREL protocol (Decker et al., 

2012; Selig et al., 2010). Glucose and xylose release was determined by colorimetric assays with 

total sugar release being the sum of glucose and xylose released. Lignin analysis was performed 

on the same samples described above. The lignin content and composition was determined by 

high-throughput pyrolysis molecular beam mass spectrometry (py-MBMS) on starch-free 

samples (Sykes et al., 2009) at the National Renewable Energy Laboratory (NREL, Golden, CO, 

USA). Additionally, p-hydroxyphenyl (H) lignin analysis was determined by thioacidolysis 

according to NREL protocol (Harman-Ware et al., 2016).  

 

Statistical analysis  

Statistical analysis was carried out with biological and technical replicates using SAS® 

(Version 9.3; SAS Institute Inc., Cary, NC, USA) programming of mixed model ANOVA and 

least significant difference. This statistic analyses were performed on PvUAM1 and PvUAM1 

homolog transcript abundance by qRT-PCR, growth analysis, cell wall-associated sugar content, 

NMR sugar side chain analysis, cellulose quantification, enzymatic sugar release, lignin content 

and composition, and lignin biosynthesis gene quantification by qRT-PCR. The standard error of 

the mean was calculated and displayed as error bars. P-values of ≤ 0.05 were considered to be 

statistically significant. 



 

227 

 

TABLES AND FIGURES 

Table 1. Growth of down-regulated PvUAM1 transgenic and non-transgenic (NT-ST1) switchgrass lines. Tiller number refers to 

the mean tally of all tillers per pot present at time of collection. Tiller height refers to the mean value of the five tallest tillers 

per replicate pot. Stem width of the five tallest tillers per replicate pot was measured at the potting level and averaged. Panicle 

number refers to the mean value of panicles present at time of collection per pot. Fresh weight refers to the mean value of fresh 

total biomass collected per pot. Dry weight refers to the mean value of total biomass collected and then dried for five days at 

42 °C per pot. Error bars represent standard error of the mean of three whole plant replicates. Values that share the same letter 

are not significantly different as calculated by LSD (p ≤ 0.05). 

Line Tiller 

number 

LSD Tiller 

height 

(mm) 

LSD Stem 

width 

(mm) 

LSD Panicle 

number 

LSD Fresh 

weight (g) 

LSD Dry 

weight (g) 

LSD 

270-1 32.0 ± 

4.9 
AB 

873.67 ± 

17.9 
D 

3.61 ± 

0.12 
C 3.7 ± 0.8 ABC 

87.70 ± 

16.24 
BC 

22.86 ± 

4.37 
BC 

270-2 29.0 ± 

4.9 
AB 

923.9 ± 

17.9 
D 

3.68 ± 

0.12 
C 5.3 ± 0.8 AB 

165.24 ± 

16.24 
A 

40.21 ± 

4.37 
A 

270-4 42.3 ± 

4.9 
A 

1089.1 ± 

17.9 
BC 

4.12 ± 

0.12 
AB 5.0 ± 0.8 AB 

170.35 ± 

16.24 
A 

39.72 ± 

4.37 
A 

270-5 33.7 ± 

4.9 
AB 

1087.2 ± 

17.9 
BC 

4.37 ± 

0.12 
A 3.3 ± 0.8 BC 

135.81 ± 

16.24 
AB 

35.64 ± 

4.37 
AB 

270-6 40.0 ± 

4.9 
A 

1039.9 ± 

17.9 
C 

3.88 ± 

0.12 
BC 5.7 ± 0.8 A 

128.15 ± 

16.24 
ABC 

34.15 ± 

4.37 
AB 

270-7 36.0 ± 

4.9 
AB 

1185.9 ± 

17.9 
A 

4.36 ± 

0.12 
A 4.3 ± 0.8 ABC 

174.21 ± 

16.24 
A 

41.23 ± 

4.4 
A 

NT- 22.0 ± B 1118.3 ± B 3.85 ± BC 2.7 ± 0.8 C 86.34 ± C 18.62 ± C 



 

228 

 

ST1 4.9 17.9 0.12 16.24 

 

4.37 
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Table 2. Glycosyl side chain analysis from stems of down-regulated PvUAM1 transgenic 

and non-transgenic (NT-ST1) switchgrass lines. 2-α-Ara refers to the internal chains of 

arabinose present. T-α-Araf refers to the terminal residues of arabinose present. α-4-GlcA refers 

to the glucuronic acid present. Values represent relative % of 
1
H-signal of the total xylan signal. 

Error bars represent standard error of the mean of three stem internode replicates. Values that 

share the same letter are not significantly different as calculated by LSD (p ≤ 0.05). 

Line 

2- α –Ara 

(% signal) LSD 

T-α-Araf (% 

signal) 

LSD α-4-GlcA  

(% signal) LSD 

270-1 3.91 ± 0.22 A 
9.27 ± 0.10 ABCD 

4.27 ± 0.18 A  

270-2 3.68 ± 0.20 BC 9.70 ± 0.37 D 4.46 ± 0.65 ABC 

270-4 3.11 ± 0.09 CD 11.4 ± 0.12 BCD 3.32 ± 0.33 BCD 

270-5 2.60 ± 0.10 CD 12.1 ± 0.16 A 2.24 ± 0.38 CD 

270-6 2.35 ± 0.05 CD 11.5 ± 0.16 AB 1.97 ± 0.29 CD 

270-7 2.59 ± 0.05 CD 10.6 ± 0.17 AB 2.14 ± 0.28 CD 

NT-ST1  2.54 ± 0.12 D 11.2 ± 0.18 CD 2.47 ± 0.28 D 

 

Table 3 Glycosyl side chain analysis from leaves of down-regulated PvUAM1 transgenic 

and non-transgenic (NT-ST1) switchgrass lines. 2-α-Ara refers to the internal chains of 

arabinose present. T-α-Araf refers to the terminal residues of arabinose present. α-4-GlcA refers 

to the glucuronic acid present. Values represent relative % of 
1
H-signal of the total xylan signal. 

Error bars represent standard error of the mean of three leaf replicates. Values that share the 

same letter are not significantly different as calculated by LSD (p ≤ 0.05). 

Line 

2- α –Ara  

(% signal) LSD 

T-α-Araf  

(% signal) 

LSD α-4-GlcA  

(% signal) LSD 

270-1 3.72 ± 0.22 A 
9.27 ± 0.07 AB  

2.87± 0.66 A 

270-2 4.03± 0.07 A 9.13 ± 0.06 BC 2.04 ± 0.34 AB 

270-4 2.84 ± 0.04 D 9.86 ± 0.33 D 1.95 ± 0.46 B 

270-5 3.11 ± 0.20 BCD 11.5 ± 0.21 A 1.40 ± 0.33 B 

270-6 3.05 ± 0.15 BC 10.7 ± 0.26 AB 1.79 ± 0.28 B 

270-7 3.00 ± 0.15 CD 10.9 ± 0.03 AB 1.55 ± 0.36 B 

NT-ST1  2.88 ± 0.21 CD 10.9 ± 0.28 AB 2.01 ± 0.24 AB 
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Figure 1 Neighbor-joining cluster analysis of UAM amino acids. The numerals on branches 

represent number of amino acid substitutions per site for known UAM protein sequences. The 
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scale bar shows 0.05 amino acid substitutions per site. Switchgrass UAM homologs are indicated 

by colored arrows, PvUAM1 (Pavirv000Ib03909; red), PvUAM2 (Pavir.GA00131.1; grey), 

PvUAM3 (Pavir.EA02197.1; black). Tree generated using the MEGA 7.0 program (Tamura et 

al., 2013) of UAM amino acid sequence alignments using Gblocks at the phylogeny.fr website 

(http://phylogeny.lirmm.fr). Analysis using 1000 bootstrap replicates was performed. 

 

 

  

http://phylogeny.lirmm.fr/
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Figure 2 A) Representative down-regulated PvUAM1 transgenic and non-transgenic (NT-

ST1) switchgrass lines. B) Relative expression of PvUAM1 in leaf and stem tissues of 

transgenic and non-transgenic lines. C) Relative expression of PvUAM1, PvUAM2, and 

PvUAM3 in stem tissue of transgenic and non-transgenic lines. Relative expression analysis 

was determined by qRT-PCR and normalized to switchgrass ubiquitin 1 (PvUbi1). Bars 

represent mean values of three replicate stem internode or leaves ± standard error. Asterisks 

indicate significant differences from non-transgenic control plants at p ≤ 0.05 as tested by LSD 

method.   
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Figure 3 Stem node phenotype from fresh E3 (elongation growth stage) tillers in down-

regulated PvUAM1 transgenic switchgrass. A) Comparison of transgenic PvUAM1 (270-4) 

and non-transgenic (NT-ST1) nodes and internodes. Arrows indicate nodes. B) Cross-sections of 

vascular bundles at nodes and internodes of transgenic and non-transgenic plants. Arrow 

indicates darkened vascular bundle. 
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Figure 4 Arabinose (A, B), xylose (C, D), and glucose (E, F) content in leaf (A, C, E) and 

stem (B, D, F) of transgenic and non-transgenic (NT-ST1) lines as determined by gas 

chromatography. Samples were normalized to internal standard (inositol) with mol% 

representing the % of total cell wall-associated sugars measured. Bars represent mean values of 

three biological replicates ± standard error. Bars represented by same letters are not significantly 

different as calculated by LSD (p ≤ 0.05).  
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Figure 5 Cellulose content in stems (A) and in leaves (B) of transgenic and non-transgenic 

(NT-ST1) lines as determined by Updegraff reagent. Bars represent mean values of three 

biological replicates ± standard error. Bars represented by same letters are not significantly 

different as calculated by LSD (p ≤ 0.05). 
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Figure 6 Glucose (A), xylose (B), and total sugar (C) release from transgenic and non-

transgenic (NT-ST1) whole tiller cell wall residues as determined by enzymatic hydrolysis. 

Bars represent mean values of three whole plant replicates ± standard error. Bars represented by 

same letters are not significantly different as calculated by LSD (p ≤ 0.05).  
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Figure 7 Lignin content (A) and S/G ratio (B) of down-regulated PvUAM1 transgenic and 

non-transgenic (NT-ST1) whole tiller cell wall residues as determined by PyMBMS. Bars 

represent mean values of three whole plant replicates ± standard error. Bars represented by same 

letters are not significantly different as calculated by LSD (p ≤ 0.05). 
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Figure 8 Relative expression of lignin biosynthetic genes in transgenic (270-1) and non-

transgenic (NT-ST1) stem internodes as determined by qRT-PCR. The relative expressions 

were normalized to switchgrass ubiquitin 1 (PvUbi1; Relative Expression UBQ). Bars represent 

mean values of three replicate tiller internode ± standard error. Asterisks indicate significant 

differences from non-transgenic control plants at p ≤ 0.05 as tested by LSD. PAL, phenylalanine 

ammonia-lyase; F5H, ferulate 5-hydroxylase; 4CL, 4-coumarate: CoA ligase; COMT, caffeic 

acid 3-Omethyltransferase; C4H, coumaroyl shikimate 4-hydroxylase; C3H, coumaroyl 

shikimate 3-hydroxylase; CCR, cinnamoyl CoA reductase; CAD, cinnamyl alcohol 

dehydrogenase; HCT, hydroxycinnamoyl. 
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Figure 9 Proposed model arabinoxylan and lignin biosynthesis pathway interactions for 

down-regulated PvUAM1 transgenic switchgrass. Proposed model arabinoxylan and lignin 

biosynthesis pathway interactions for down-regulated PvUAM1 transgenic switchgrass. 

Biosynthesis proteins denoted in black ovals: Ces, cellulose synthase, UGD, Uridine diphosphate 

(UDP)-glucose dehydrogenase; UXS, UDP-D-xylose synthase, XS, xylan synthase; UXE, UDP-

xylose esterase, UAM, UDP-arabinomutase (Red lettering); AX-AraT, arabinoxylan 

arabinosyltransferase (Porchia et al., 2002); XAX1, xylosyl-α-(1,3)-arabinosyl substitution of 

xylan 1 (Chiniquy et al., 2012); PAL, phenylalanine ammonia-lyase; C4H, coumaroyl shikimate 

4-hydroxylase; C3H, coumaroyl shikimate 3-hydroxylase; COMT, caffeic acid 3-O-

methyltransferase; F5H, ferulate 5-hydroxylase; 4CL, 4-coumarate: CoA ligase; Ftase?, 
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undetermined feruloyl transferase. Red arrows indicated up-regulated genes verified by qRT-

PCR. Black arrow indicated down regulation of gene verified by qRT-PCR. Green arrows 

indicated cell wall components which have been increased. Metabolites are indicated: Frc, 

fructose; Glc, glucose; Glc6P, glucose-6-phosphate, Glc1P, glucose-1-phosphate; ER4P, 

erythrose-4-phosphate; DAHP, dihydroxyacetone phosphate; UDP-Glc, UDP-glucose; UDP-

GlcA, UDP-glucuronic acid; UDP-D-Xyl, UDP-D-xylose; UDP-L-Arap, UDP-L-

arabinopyronose; UDP-L-Araf, UDP-L-arabinofuranose. Blue arrows denote suspected reduction 

in metabolites resulting from down regulation of PvUAM. Grey arrows indicate shift in flux. 
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